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Summary

Communication between stromal and immune cells is essential to main-

tain tissue homeostasis, mount an effective immune response and pro-

mote tissue repair. This ‘crosstalk’ occurs in both the steady state and

following a variety of insults, for example, in response to local injury, at

sites of infection or cancer. What do we mean by crosstalk between cells?

Reciprocal activation and/or regulation occurs between immune and stro-

mal cells, by direct cell contact and indirect mechanisms, including the

release of soluble cytokines. Moving beyond cell-to-cell contact, this

review investigates the complexity of ‘cross-space’ cellular communication.

We highlight different examples of cellular communication by a variety of

lung stromal and immune cells following tissue insults. This review exam-

ines how the ‘geography of the lung microenvironment’ is altered in vari-

ous disease states; more specifically, we investigate how this influences

lung epithelial cells and fibroblasts via their communication with immune

cells and each other.

Keywords: epithelial cells; fibroblasts; lung; stromal–immune cell interac-

tions.

Introduction

The interactions between stromal and immune cells dur-

ing the steady state and in response to disease causing

agents are complex, encompassing a vast network of

interactions and regulatory mechanisms.1,2 Stromal cells,

including epithelial, endothelial cells and fibroblasts, pro-

vide a structural framework that enables haematopoietic

cells to carry out their functions. Stromal cells provide,

however, much more structural support.3,4 Immune cells

(tissue-resident and those carrying out surveillance

around the body) are instructed by resident stromal cells

in their development, survival and function. Interactions

between stromal and immune cells must be tightly

regulated, failure of cell communications can result in

aberrant repair processes, uncontrolled cell growth and

cancer.5

The respiratory epithelium is a ‘front line’ of defence

and is exposed to a variety of atmospheric contaminants

and noxious stimuli including pollution, cigarette smoke,

respiratory microbes and allergens. Epithelial cells are sus-

ceptible to damage in a variety of lung injury models

including the bleomycin model of pulmonary fibrosis, in

partial pneumonectomy and following influenza virus

infection.6–8 Pulmonary fibroblasts respond to environ-

mental signals triggered by injury or infections, and the

controlled accumulation of fibroblasts to sites of inflam-

mation is crucial for effective tissue repair.9,10 Classically,
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fibroblast activation occurs following lung injury leading

to myofibroblast differentiation and expression of alpha-

smooth muscle actin (a-SMA).11 Destruction and aber-

rant remodelling of extracellular matrix (ECM) is a com-

mon pathological feature of several diseases including

pulmonary fibrosis,12 asthma,13 lung cancer14 and chronic

viral infections.10

New technologies can reveal receptor–ligand
interactions and provide a spatial context to
immune–stromal cell communication

Signals delivered by one cell to another via cell surface

molecules require direct cell–cell contact. In protective

immune responses, important interactions of this type

include the killing of infected cells by CD8 T cells via

Fas/FasL interactions.15,16 Direct contact between stromal

and immune cells is also required to maintain lung

homeostasis. For example, inhibitory signals through the

receptor–ligand interaction CD200-CD200R on lung

epithelial cells and alveolar macrophages require physical

proximity and act to encourage a return to the resting

state following infection.17

Paracrine cell–cell communication does not require

direct cell–cell contact but depends on the diffusion of

signalling molecules from one cell to another. Interactions

between immune and stromal cells often occur following

the release of soluble, cell-derived cytokines and chemoki-

nes (e.g. interferon-alpha (IFN-a) and C-X-C motif che-

mokine ligand (CXCL10)). Non-haematopoietic stromal

cells express the cognate receptors for these molecules18

and following tissue injury are capable of inducing bidi-

rectional activation of circulating immune cells via the

production of chemokines, for example CXCL10.

Progress in transcriptomic analysis, including single-cell

RNA-sequencing (scRNA-seq), is increasing the depth of

understanding of cellular crosstalk in homeostasis and in

disease states. Spatial transcriptomics can provide this

information in the context of the tissue microenviron-

ment by monitoring gene expression in intact tissue sec-

tions rather than dissociated cells. Analysis of these data

using tools such as CellPhoneDB19 (~ 900 receptor–ligand
pairs) and CellTalker20 (~ 2000 receptor–ligand pairs)

allows us to interrogate our knowledge and predict recep-

tor–ligand interactions.

Expression of mRNA of receptor/ligand pairs in disso-

ciated tissues is not sufficient to determine cell–cell inter-
actions. The molecules must be localized in the correct

cellular compartment as soluble molecules, such as

cytokines, usually act locally.21 Visualization of interac-

tions or close proximity between neighbouring cells can

be examined using microscopy. Immunofluorescent and

immunohistochemical methods can be combined for pro-

tein detection and in situ hybridization approaches, such

as RNA-scope, used to visualize gene expression. By

adding further spatial context to ligand–receptor interac-

tions, it is possible to attribute functional properties to

cells based on anatomical location. A combination of

these approaches may be ideal to investigate transcrip-

tional profiles of all lung-resident stromal cells and allow

spatial allocation to distinct microenvironmental niches.

For example, studies investigating how the lung response

to injury alters cellular communication22,23 identified a

new subset of endothelial cells capable of communication

with neighbouring alveolar epithelial cells through vascu-

lar endothelial growth factor (VEGF) signalling.23

Transcriptional studies have highlighted that fibroblasts

display ‘positional identity’, with distinct transcriptomes

depending on tissue and within-tissue location.24,25

Importantly, several recent studies in the human and

mouse lung illustrate the switch between stromal–stromal

and stromal–immune cell interactions in disease states.25–

29 Multiple studies also highlight the biological relevance

of profiling of different cell types in adult tissues, demon-

strating how altered cell–cell communication following

infection or disease results in specific ‘networks’ across

space and local microenvironmental niches.22,23,26,30,31

Pulmonary homeostasis and stromal cell
heterogeneity

The lung consists of a diverse population of stromal cells

that act in concert with innate and adaptive immune cells

to maintain and restore pulmonary homeostasis. The

upper respiratory tract is a heterogeneous cellular ecosys-

tem consisting of pseudostratified epithelium that con-

tains multiciliated, mucus-secreting goblet cells, tuft,

neuroendocrine cells and a population of basal cells.32

Secretory and multiciliated cells perform mucociliary

clearance, a self-clearing mechanism that removes inhaled

particles from the upper airways, preventing their transit

to the deeper more distal areas of the lung.33 Low-level

mucus production by the healthy airway forms a protec-

tive layer that is important for both host defence and

immune homeostasis.

In the distal lung, the respiratory bronchi branch into

bronchioles then terminal bronchioles that extend into the

alveolar ducts and alveolar sacs. Within the alveolus, two

morphologically and functionally distinct populations of

epithelial cells are found, alveolar type I (ATI) and type II

(ATII) epithelial cells. Maintenance of the alveolar epithe-

lium during homeostasis and regeneration after lung injury

in vivo are fuelled by the surfactant-producing ATII cells,

which can renew and differentiate into ATI cells, special-

ized for gas exchange.34 A proportion of ATII cells have

higher ‘clonogenic potential’, they form discrete ‘renewal

foci’ often localized within the perivascular regions at the

edge of the lung following injury,35 suggesting these speci-

fic locations within the tissue are ‘hot spots’ for alveolar

renewal. It is unclear whether the proposed ATII cell
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heterogeneity is the result of differences in cell-intrinsic

potential or microenvironmental regulation. The anatomi-

cal location(s) and plasticity of these cells are reviewed and

described in detail by Basil et al.36

Complex multidirectional interactions between ATII

cells and fibroblasts help maintain the alveolar unit. For

example, fibroblasts communicate with endothelial cells

and ATII cells via gaps in the basement membranes and

secretion of growth factors.35 Localization to the alveolar

space is a unique feature of alveolar macrophages (AM).

Their activation is tightly regulated to limit inflammatory

responses by several cell–cell interactions with epithelial

cells. Epithelial cells deliver inhibitory signals to AMs via

CD200–CD200R interactions,17 while interleukin-10 (IL-

10) and avb6-integrin tethered transforming growth fac-

tor-beta (TGF-b) block pathways that lead to inflamma-

tion. Following epithelial injury/loss, numerous

molecules, including IFN-c, IL-1 and TNF-a, drive AM

activation. Macrophages can also communicate with ATII

cells by transmitting anti-inflammatory signals through

gap junctions and secreting cytokines that promote

epithelial cell proliferation.37 This exemplifies cellular

communication across a local environment and is illus-

trated in Figure 1. Critically, each cell relies on healthy

functioning neighbours, with damage altering the beha-

viour of multiple cell types.

Parenchymal lung fibroblasts are located mainly within

the interstitial space, while airway fibroblasts have a pre-

dominantly subepithelial distribution. Heterogeneity of

fibroblasts in the murine and human lung during home-

ostasis and disease is increasingly recognized38–40;

although there is no consensus on fibroblast lineages,

subtypes, biological properties or plasticity. Pulmonary

fibroblast subpopulations differ in surface marker expres-

sion (e.g. presence or absence of Thy1) and have specific

growth characteristics and antigen presentation func-

tions.41 Alterations in cytokine production, lipid content

and cytoskeletal composition have been demon-

strated,11,42,43 suggesting fibroblasts may either be derived

from different cell types, represent different stages of acti-

vation or are influenced by the surrounding milieu. A

recent study by Xie et al.40 defined six mesenchymal cell

types in the normal mouse lung: myofibroblasts, Col13a1

matrix fibroblasts, Col14a1 matrix fibroblasts, lipofibrob-

lasts, mesenchymal progenitors, mesothelial cells and

endothelial cells. Fibroblasts in different tissues may pro-

vide location-specific signalling to neighbouring cells and

positional cues for wound healing and tissue regeneration.

This concept is termed ‘positional memory’.44

Stromal cells display immune effector functions
and have ‘poised immune potential’

Following infection, pulmonary epithelial cells and fibrob-

lasts secrete a wide range of chemokines and cytokines

that can control cell survival, influence proliferation and

participate in the recruitment and activation of immune

cells in the lung. Both cell types express pattern recogni-

tion receptors (PRRs), such as Toll-like receptor (TLRs),

react to stress and secrete antimicrobial peptide media-

tors.45,46 Airway epithelial cells secrete anti-inflammatory

cytokines to facilitate local clearance of apoptotic cells.47

Fibroblasts actively modulate immune cell behaviour by

adjusting either the local cellular or cytokine microenvi-

ronment. For example, fibroblasts amplify and perpetuate

the immune response via constitutive and inducible

expression of C-C and CXC chemokines or inhibit the

recruitment of circulating immune cells to sites of tissue

injury.3 These functions were highlighted by a recent

study by Krausgruber et al.25 where the authors analysed

fibroblasts, epithelial cells and endothelial cells from 12

different tissues in mice in homeostasis and following a

systemic viral infection with LCMV. This study identified

the expression of chemokine genes by stromal cells, for

example Ccl25, Ccl21a, Cxcl10, Cxcl12, Ccl2 and Ccl13,

that function to attract immune cells. Stromal cells

expressed genes encoding ligands and receptors including

B2m, Cd74, Sdc1, Sdc4, Tnfrsf1a and Vcam1, which facil-

itate communication with immune cells such as B cells,

macrophages and T cells.25

In this study, different stromal cell subtypes from the

same organ displayed more transcriptional similarity

among shared ‘immune genes’ than the same stromal

subtypes isolated from different organs, suggesting co-or-

dination of their response.25 Though this study was per-

formed in mice, the alteration of cellular communication

networks from baseline stromal–stromal to stromal–im-

mune interactions in response to viral infection is consis-

tent with findings from Vieira Braga et al.,26 in the

human lung.

Interestingly, Krausgruber et al. suggest some immune

genes expressed by stromal cells have an ‘unrealized

immune potential’ and are ‘poised’ for expression

(ATAC-seq showed chromatin in an open state). ‘Poised’

genes have an open, accessible promoter but with low

levels of gene expression in stromal cells. This indicates

the potential of these genes to facilitate a rapid response

by stromal cells when infection occurs, protecting the

organ in which they reside.25 This was further confirmed

by infection of mice with LCMV; genes with ‘unrealized

potential’ were now expressed in fibroblasts and endothe-

lial cells. However, some key response modules, including

IFNGR1, display high chromatin accessibility across all

samples, suggesting the rapid ability to respond to type 1

IFN is common.25 It should be noted that stromal cells

from mucosal sites (e.g. lung and gut) had very few genes

that displayed ‘unrealized immune potential’, this might

be due to the fact that stromal cells at barrier sites are

constantly exposed to a variety of stimuli and are the

‘first line of defence’.
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Figure 1. Diagram showing stromal–immune cell communication in the upper and distal airways in lung homeostasis and disease. (A) The upper

airways (trachea and main stem bronchi) are lined by a pseudostratified epithelium consisting of secretory (club and goblet), ciliated, tuft and

basal cells. Ciliated cells facilitate the removal of foreign particles and debris via mucociliary clearance (thick red arrow). A layer of stromal

fibroblasts is located beneath the basement membrane. (B) Epithelial cells attempt to clear infections by inducing apoptosis or by dedifferentia-

tion (damaged epithelium shown in red). The epithelium can secrete mucins, and a variety of cytokines and chemokines (solid arrows) that acti-

vate and attract immune cells to the lung. Secreted factors include, but are not limited to, interferon-alpha/beta (IFN-a/b), C-X-C motif

chemokine ligand 8 (CXCL8) and interleukin-1 alpha/beta (IL-1a/b). These factors drive stromal fibroblast proliferation (dotted curly arrows)

and recruit airway macrophages to sites of injury. Airway macrophages and fibroblasts release soluble factors, for example interleukin-13 (IL-13).

Activated T cells in the lung can produce interferon-gamma (IFN-c) and exert their direct effects on macrophages and stromal cells. (C) In the

homeostatic lung, alveolar macrophages (AM) are resident in the alveolar space (blue area) while fibroblasts are found in the interstitium (beige

area). AMs are regulated by the epithelium through their interactions with CD200, expressed by type II alveolar cells (ATII) and transforming

growth factor‑b (TGF-b) tethered to the epithelial cell surface by avb6 integrin, and with secreted interleukin‑10 (IL‑10). (D) In the injured alve-

olus, there is apoptosis or necrosis of the epithelium (AT1 and ATII), denudation of the basement membrane, influx of inflammatory cells and

activation of macrophages, with release of proteases, oxidants (ROS), cytokines and other inflammatory mediators. These factors (solid arrows)

include, but are not limited to, interleukin-6 (IL-6), C-X-C motif chemokine ligand 10 (CXCL10) and interleukin-1 alpha/beta (IL-1a/b). In the

pulmonary interstitium, activated fibroblasts become ECM-producing myofibroblasts, proliferate (dotted curly arrows) and release inflammatory

chemokines IL-6 and C-C motif chemokine ligand 2 (CCL2).
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Recent work from Labarta-Bajo et al.48 found that the

gut epithelial response to LCMV-Cl 13 infection was dri-

ven by IFNAR signalling. Continuous replication of

LCMV-Cl 13 occurred in haematopoietic cells and fibrob-

lasts, but not in the epithelial cells of the intestine. Type

1 IFN signalling, driven by infected haematopoietic cells

and fibroblasts, drove increased intestinal epithelial cell

(IEC) expression of T-cell chemo-attractants, Cxcl9 and

Cxcl10, and promoted recruitment of CD8 T cells.

Further profiling of stromal cell chromatin accessibility

in cells at mucosal sites is needed, particularly in infection

challenge models where it is feasible to compare viral

replication and clearance. Localized lung infection with

respiratory viruses (e.g. influenza) represent a more

organ-specific challenge. ATAC-seq performed prior to,

during and following infection would reveal infection and

immune-driven alterations in interactions between

immune and stromal cells, enabling further characteriza-

tion of the phenomenon of unrealized immune potential.

Lung stromal response to influenza virus
infection

Influenza A virus (IAV) is a common respiratory patho-

gen causing respiratory infections that are a significant

cause of morbidity and mortality worldwide.49,50 The

World Health Organisation (WHO) estimates annual epi-

demics result in about 3 to 5 million cases of severe ill-

ness and about 290 000 to 650 000 respiratory deaths.

The lung contains various heterogeneous populations of

epithelial cells that are altered following IAV infection.

Lost or damaged cells can be replaced by a number of

biological processes. One such process is transdifferentia-

tion in which cells can regress to a point where they can

switch lineages or can directly turn into a distinct cell

type.51 Dedifferentiation of airway cells (e.g. basal cells,

secretory cells, tuft cells) has been observed in several

studies following lung injury,52 indicating a high degree

of cellular plasticity. The differentiation of intrapul-

monary basal-like cells following influenza virus-induced

injury is reviewed extensively here.53 Mice and humans

exhibit dramatic lung regeneration following IAV-induced

injury involving numerous populations of progenitor

cells.54–57 Several studies have employed lineage tracing

strategies; one caveat of this approach is the possibility

that transdifferentiating cells are identified because the

putative originating cell marker is actually an injury-re-

sponsive gene. To avoid inappropriate marking of cell

types, lineage labelling should be performed far in

advance of induced injury and investigate equivalent cell

types in the steady state.

The pulmonary epithelium is immunologically active

and essential for regulating immune responses in the

lung.58 Epithelial dysplasia in mice after infection with

IAV is associated with prolonged inflammation.59,60

Several groups have also identified the presence of inter-

mediate or transitional ATI/ATII cells in the mouse and

human lung following injury.6–8,61 These transitional cell

states are found in response to influenza virus infection,6

in response to bleomycin-induced pulmonary fibrosis and

in recent landmark studies in the lungs of idiopathic

pulmonary fibrosis (IPF) patients.62,63 Choi et al.61 iden-

tified alterations in communication between ‘transitional’

epithelial cells and macrophages following acute lung

injury. Interstitial macrophages were present in larger

numbers post-injury and were adjacent to lung ATII

cells. These macrophages serve as a major producer of

IL-1b, which promoted growth of alveolar (ATII) orga-

noids in vitro.61 Similar findings were observed by Kat-

sura et al.,64 following IAV infection, whereby immune-

derived inflammatory cytokines, IL-1 and TNF-a,
released from inflamed areas serve as a facultative ‘in-

flammation-associated niche’, driving proliferation of

ATII cells.

The function and behaviour of fibroblasts are regulated

both by biochemical and by physical cues.65 IAV infection

can cause abnormal remodelling of lung parenchyma

depending on the severity of infection.59 The pulmonary

ECM continuously provides cells with tightly chore-

ographed spatiotemporal changes in biochemical and bio-

physical signals to regulate tissue-specific cell functions

and fate. Additionally, the ECM is itself a reservoir for

numerous growth factors and cytokines, which are crucial

for cell differentiation and proliferation.66 During infec-

tion, lung fibroblasts respond to damaged epithelial cells,

transmit inflammatory signals and modify the ECM to

generate a tissue environment promoting immune

responses to infection.

A study by Boyd et al.10 identified two subsets of

inflammatory fibroblasts, interferon-responsive fibroblasts

that peak around day 3 post-infection and damage-re-

sponsive fibroblasts that peak around day 12. At day 10

post-infection, when anti-IAV T-cell responses peak,

damage-responsive fibroblasts, expressing the metallopro-

teinase, ADAMTS4, were found in areas of interstitial

inflammation at distal airways.67 The presence of the

ECM protease ADAMTS4 resulted in increased migration

of CD8+ T cells across versican-coated membranes in a

Transwell assay and was associated with increased disease

in vivo. By modifying the extracellular matrix, fibroblasts

can influence the migration of immune cells that enter

inflamed tissues, and, at least in this study, demonstrate

immune and stromal cells collaborating to amplify

immunopathology. Interestingly, ADAMTS4 is also

enriched in the fibrotic human lung.63

In the absence of fibroblast-derived ADAMTS4, fewer

CD8+ T cells were present in the lung and versican levels

were higher.10 This agrees with several studies demon-

strating that versican can suppress cytotoxic T-cell

responses and inhibit migration.68,69 Cancer-associated

ª 2021 The Authors. Immunology published by John Wiley & Sons Ltd., Immunology, 163, 239–249 243

Lung immune–stromal cell crosstalk



fibroblasts (CAFs) can perform a similar function.5

Immunomodulatory CAFs found in breast cancer can

regulate the migration of T cells and limit their cytotoxic

functions; notably, patients with low levels of these CAF

cells had a survival advantage.70 Figure 2 illustrates how

fibroblast modification of the ECM regulates T-cell

migration.

The ageing process can impact the lung microenviron-

ment. A recent study by Goplen et al.71 showed the aged

mouse lung displays defective CD8+ T-cell immunity and
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Figure 2. Fibroblast modification of the ECM regulates T-cell entry into the lung in IAV infection and cancer. (A) Following IAV infection,

ECM modified by fibroblast activity integrates innate immune signals to regulate the adaptive immune environment of the lung. Fibroblasts pro-

duce inflammatory chemokines and cytokines that drive ATII proliferation, for example interleukin-1 beta (IL-1b) and tumour necrosis factor-al-

pha (TNF-a). ECM protease-producing fibroblasts degrade the ECM allowing T cells to migrate from the vasculature into the lung tissue to

combat infection. Components are labelled with dotted line arrows. (B) Cancer-associated fibroblasts (CAFs) also modify the ECM and regulate

T-cell entry into the tumour microenvironment. Inflammatory CAF (iCAF) subtypes secrete numerous chemokines and cytokines (indicated by

curly arrows), such as transforming growth factor-b (TGF-b), interleukin-6 (IL-6), interleukin-1 (IL-1) and lymphocyte inhibitory factor (LIF)

that promote the growth and proliferation of tumour cells. Other soluble factors released by iCAFs such as C-X motif chemokine ligand 12

(CXCL12) and vascular endothelial growth factor A (VEGFA) inhibit (blunted arrow) the antitumour immune response via suppression of cyto-

toxic CD8 T cells. Finally, CAFs can synthesize ECM components (MMPs and collagens), and modification of the ECM by IL-6 and C-C motif

chemokine ligand 2 (CCL2) contributes to increased ECM stiffness, which in turn reduces (blunted arrow) the infiltration of effector T cells to

the tumour site. NSCLC, non-small-cell lung cancer.
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increased tissue damage following IAV. Excessive accumu-

lation of tissue-resident influenza-specific, memory CD8

T cells (TRM) occurred in the parenchyma of the aged

lung. CD8 TRM cells require TGF-b during development

and to persist. In aged lungs, elevated TGF-b levels were

accompanied histologically by chronic inflammation and

by fibrotic sequelae after viral pneumonia.71 A possible

explanation for these findings is that a net gain in lung

TGF-b levels, as seen with ageing, may act on lung

parenchymal fibroblasts, to promote the production of

collagen and amplify the fibrotic phenotype.

Specialized microenvironments in the infected
lung: friends or foes?

Lung macrophage infection by the bacteria Mycobacterium

tuberculosis (M.tb) drives a localized inflammatory

response, inducing chemokine secretion, and promotes

recruitment of macrophages, neutrophils and T cells.72

These cells form an organized structure called a granu-

loma. Later, T and B cells surround the granuloma and

are further enclosed by fibroblasts, demarcating the

peripheral structure and perhaps containing the infec-

tion.73 In the M.tb-infected lung, alveolar macrophages,

bronchial epithelial cells and fibroblasts upregulate

expression of ECM-degrading matrix metalloproteinases

(MMPs).74,75 Degradation of the ECM can destabilize the

granuloma. In the human lung, airway epithelial cells and

fibroblasts adjacent to granulomas produce MMP3 in

response to lymphocyte-derived IL-17.76 Expression of

myeloid-derived oncostatin M (OSM) in human granulo-

mas promotes the production of MMP1 and MMP3 by

lung fibroblasts.77 These data indicate that stromal MMP

production promotes tissue destruction, amplifies the

inflammatory response and facilitates the dissemination

of M.tb throughout the lung parenchyma.

Pulmonary viral infection is associated with the forma-

tion of ectopic-inducible bronchus-associated tissue

(iBALT) in the lung.60,78 iBALTs are located in the

perivascular space surrounding large blood vessels and

airways.79 They are an excellent example of a specialized

microenvironment whereby communication between stro-

mal and immune cells promotes immunity. Sites of

iBALT aid robust B- and T-cell responses to influenza

virus and are highly organized, with distinct B-cell folli-

cles and T-cell areas, supporting the proliferation of these

cells.80 It is important to note that organized iBALTs with

distinct T/B zones are only found in the IAV-infected

lungs of young mice and not adult mice, as such, these

findings require cautious interpretation.80,81

Highly specialized stromal cells facilitate organization,

maintenance and survival of leucocytes within iBALT.

CD31+ PNAd+ high endothelial venules (HEV) form near the

outer edges of the B-cell follicle and serve as entry points for

recirculating lymphocytes.82 Lymphatic endothelial cells

(LECs) are found in areas surrounding iBALT and support T-

cell recruitment and survival via secretion of chemokines

(CCL21 and CCL19). In secondary lymphoid organs, mainte-

nance of the B-cell follicle depends on secretion of CXCL13

by CD35+ follicular dendritic cells (FDCs).83 Podoplanin

(PDPN) is a signature molecule of immunomodulatory

fibroblasts.84 Interestingly, a non-classical B-cell follicle has

also been described in iBALT, lacking FDCs, instead using

podoplanin (PDPN)+CD35� CD31� CXCL12+ fibroblast-

like stromal cells to maintain the B-cell area.85 Similar findings

were observed by Denton et al.,86 whereby the production of

CXCL13 by lung fibroblasts induced after IAV infection drives

CXCR5-dependent recruitment of B cells. These PDGRFa+

lung fibroblasts express high levels of podoplanin. Intrigu-

ingly, these CXCL13+ fibroblasts are functionally distinct from

both FDCs and other populations of resident lung fibroblasts,

indicating anatomical location within the lung is an important

driver of immunomodulatory function.

Transcriptionally altered lung epithelial cells are detected

following IAV infection for prolonged periods of time; some

of these cell types appear to be long-lived and express high

levels of immune genes.87,88 Heaton et al. characterized a

long-lived population of club cells, showing increased inter-

feron stimulation that displayed high levels of pro-inflamma-

tory chemokines, Cxcl10, Ccl20 and Ccl5, after viral

clearance.87 This is a model in which infected, surviving club

cells establish a pro-inflammatory environment at the

bronchi, not only promoting increased control of new viral

infections but also contributing to lung pathology. Fiege

et al.88 demonstrate that in addition to club cells, ciliated

epithelial cells, ATI and ATII cells can survive IAV infection.

These surviving cells undergo enhanced proliferation com-

pared with uninfected cells following IAV clearance and

upregulate PD-L1 expression. These cells evade CD8 T-cell-

mediated killing by rapidly clearing viral infection, thus limit-

ing immunopathology. Rane et al.89 demonstrate the appear-

ance of solitary chemosensory cells (SCCs), a type of tuft cell,

in the distal lung following IAV-induced lung injury. These

keratin-5 (Krt5+) cells are located in close proximity to dys-

plastic epithelium and close to inflammatory cells, suggesting

crosstalk between the epithelial and immune compartments.

This may promote inflammation that drives and/or main-

tains epithelial dysplasia. However, these Krt5+ cells rarely

resolve into ATI or ATII cells and instead form dysplastic ‘ep-

ithelial scars’ that persist through the life span of mice.55,56

As they do not contribute to lung function, it is possible they

represent areas of localized fibrosis. Replacing pulmonary

alveoli with scar tissue has long-term functional and physio-

logical consequences for the lung.59,90–92

Pulmonary fibrosis promotes stromal–immune
cell interactions

Lung remodelling eventually leads to resolution of injury

and repair. If this fails or the process becomes self-
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sustaining, uncontrolled tissue fibrosis can occur. Progres-

sive tissue fibrosis leads to disruption of cellular architec-

ture, loss of organ function and eventually death.

Idiopathic pulmonary fibrosis is a chronic progressive

form of interstitial lung disease, characterized pathologi-

cally by heterogeneous areas of inflammation and fibrosis

in the lung.93 A prevailing theory in IPF, broadly applica-

ble to mouse models of lung fibrosis, is that the alveolar

epithelial cell is the initial site of insult/injury. Mecha-

nisms of pulmonary fibrosis are reviewed extensively

here.94

In the bleomycin model of pulmonary fibrosis, Strunz

et al.7 identified a unique transitional cell state (Krt8+ alveo-

lar differentiation intermediate state (ADI)) with a unique

transcriptional signature. This included a p53-driven gene

programme and features of cellular senescence, preceding

the regeneration of ATI cells. These findings are supported

by Kobayashi et al.,8 who identified alveolar epithelial cells

that undergo exhaustive stretching during transdifferentia-

tion that makes them vulnerable to DNA damage and dis-

play enrichment of binding sites for transcription factors,

including TP53, ETS1, NF1, ATF3 and SOX4. Strunz et al.7

demonstrated ADI expression of profibrogenic factors and a

distinct connectome of receptor–ligand pairs, between

endothelial cells, fibroblasts and macrophages in infected

compared with na€ıve mice. These Krt8+ ADI cells form a

unique cellular niche during the fibrogenic phase of tissue

repair, concurrent with myofibroblasts and M2 macro-

phages, displaying differences in communication with these

cell types and the alveolar epithelium.

Reyfman et al.95 identified profibrotic macrophages in

lungs of humans and mice with pulmonary fibrosis. The

existence of these profibrotic macrophages was validated

by recent landmark studies in the IPF lung.62,63

Adams et al.62 showed that profibrotic macrophages were

elevated in the IPF lung; these cells express SPP1, and as dis-

ease progresses, ECM remodelling genes are elevated

(SPARC, GPC4, PALLD, CTSK and MMP9). During late

stage disease, these profibrotic macrophages start expressing

colony-stimulating factor (CSF1), indicating a possible auto-

crine feedback loop for recruitment and activation. Macro-

phages usually provide tropic factors to fibroblasts in return

for survival cues; typically, fibroblasts produce CSF1; and

the CSF receptor (CSFR) is exclusively expressed by macro-

phages. Zhou et al.,96 identified CSF1-CSF1R as the minimal

interaction necessary to sustain fibroblast/macrophage cir-

cuitry in vivo. In this study, the presence of high levels of

CSF1 promoted macrophage growth. A study by Joshi

et al.97 identified M-CSF/M-CSFR signalling in monocyte-

derived alveolar macrophages as a critical regulator of the

fibrotic niche. These macrophages were specifically localized

to fibrotic regions in the proximity of lung fibroblasts and

expressed molecules known to drive fibroblast proliferation,

such as PDGFA. This suggests additional signalling increases

the fibrotic milieu.

Transcriptionally distinct fibroblast subtypes have been

identified, in distinct regions of the fibrotic lung. Myofibrob-

lasts are found in subepithelial regions around airways and

areas of cystic remodelling, while HAS1hi (hyaluronan syn-

thase 1) fibroblasts are restricted to the immediate subpleu-

ral region.63 In contrast, PLIN2+ (perilipin-2) and other

LUM+ (lumican) fibroblasts are found diffusely in

parenchymal regions. Consideration of the spatial location

of these altered cells within the lung confirms the impor-

tance of matching transcriptional signatures with discrete

anatomical locations. However, it is not possible to deter-

mine conclusively whether the fibroblast subsets identified

here represent either phenotypically distinct populations or

a continuum of activation states.

Cellular interactions within IPF lungs were investigated

through analysis of receptor–ligand pairs. This revealed

that dominant interactions were between aberrant basa-

loid cells, fibroblasts, myofibroblasts and T cells.62 The

functional capabilities of these cells and their distinct

contribution to the lung microenvironment require fur-

ther investigation. It is important to consider that in

these studies,62,63 the healthy/control human lung has

been rejected for transplant and may exhibit inflamma-

tion. Additionally, these ‘control’ lungs are likely to have

experienced acute injury, infection and/or previous envi-

ronmental exposures.

The COVID-19 cytokine storm: do myeloid-
derived cytokines drive the activation of stromal
cells?

The mechanism by which severe acute respiratory syn-

drome coronavirus 2 (SARS-CoV-2) causes lung damage

has yet to be fully elucidated. SARS-CoV-2 infection does

closely resemble that of SARS-CoV infection, with aggres-

sive inflammatory responses strongly implicated in caus-

ing damage to the airways.98 Disease severity in patients

is likely a consequence of a combination of viral infection

and host response; the pathophysiology of COVID-19 is

reviewed here.99 Importantly, interactions between

immune and epithelial cells correlate with disease sever-

ity.100 Enhanced plasma concentrations of TNFSF14, EN-

RAGE and OSM correlate with disease severity; the recep-

tors for these myeloid-derived cytokines are highly

expressed by human lung fibroblasts and are implicated

in fibrotic remodelling of the lung.101 It is plausible that

these myeloid-derived cytokines activate the lung stromal

microenvironment. Taken together, these findings indi-

cate stromal–immune interactions are likely more pro-

nounced in severe COVID-19 patients and may

ultimately lead to end-stage organ damage.

Understanding the long-term consequences for the

virally infected lung is of critical importance and could

underlie the distinct severity of responses observed in

COVID-19 patients. We need to ascertain therefore
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whether past infections have consequences for future

immune responses via changes to the stromal cells.

Altered stromal cells may provide immune protection

directly, for example via antiviral cytokine or generate

protective immunity through communication with CD4

and/or CD8 T cells or B cells. Conversely, the expression

of ‘immune genes’ by stromal cells may promote inflam-

mation causing tissue destruction. More in-depth and

temporal analysis of stromal–immune crosstalk is

required to reveal the mechanisms that underlie these

protective or pathogenic interactions.

Conclusions

Cellular communication between immune and stromal

cells in the lung regulates a diverse range of biological

process. Stromal cells can perform functions classically

attributed to immune cells, providing immunomodula-

tory functions and educating local immune cells within

the lung. Inflammatory fibroblasts can integrate danger

signals from epithelial cells and resident immune cells to

produce diverse inflammatory cytokines, ECM compo-

nents and degradative enzymes that modify the local tis-

sue environment. This illustrates that communication

between immune and stromal cells is bidirectional, pro-

viding mutual support for the persistence of both cell

types. Regenerative cues from both the stromal and

immune compartments regulate epithelial repair spanning

vast areas of the lung, and immune cell recruitment to

sites of injury is tightly regulated via local modulation of

ECM. Further elucidation of these context-dependent

interactions may provide us with novel strategies to limit

excessive inflammation and maintain the normal architec-

ture of the lung following tissue injury.

Author contributions

J.C.W and M.K.L.M conceptualized the study with equal

contribution. J.C.W drafted the manuscript and figures.

M.K.L.M revised manuscript and figures. J.C.W and

M.K.L.M approved the final version for submission.

Conflict of interest

The authors have declared that no conflict of interest exists.

Financial support

This work was supported by the Wellcome Trust

[210703/Z/18/Z].

Data availability statement

Data sharing is not applicable to this article as no data

sets were generated or analysed during the current study.

References

1 Brown FD, Turley SJ. Fibroblastic reticular cells: organization and regulation of the T

lymphocyte life cycle. J Immunol. 2015; 194:1389–94.

2 Nowarski R, Jackson R, Flavell RA. The Stromal Intervention: regulation of immunity

and inflammation at the epithelial-mesenchymal barrier. Cell. 2017; 168:362–75.

3 Van Linthout S, Miteva K, Tsch€ope C. Crosstalk between fibroblasts and inflamma-

tory cells. Cardiovasc Res. 2014; 102:258–69.

4 Young MR. Endothelial cells in the eyes of an immunologist. Cancer Immunol

Immunother. 2012; 61:1609–16.

5 Sahai E, Astsaturov I, Cukierman E, DeNardo DG, Egeblad M, Evans RM, et al. A

framework for advancing our understanding of cancer-associated fibroblasts. Nat Rev

Cancer. 2020; 20:174–86.

6 Jiang P, Gil de Rubio R, Hrycaj SM, Gurczynski SJ, Riemondy KA, Moore BB, et al.

Ineffectual Type 2-to-Type 1 alveolar epithelial cell differentiation in idiopathic pul-

monary fibrosis: persistence of the KRT8(hi) Transitional State. Am J Respir Crit Care

Med. 2020; 201:1443–7.

7 Strunz M, Simon LM, Ansari M, Kathiriya JJ, Angelidis I, Mayr CH, et al. Alveolar

regeneration through a Krt8+ transitional stem cell state that persists in human lung

fibrosis. Nat Commun. 2020; 11:3559.

8 Kobayashi Y, Tata A, Konkimalla A, Katsura H, Lee RF, Ou J, et al. Persistence of a

regeneration-associated, transitional alveolar epithelial cell state in pulmonary fibrosis.

Nat Cell Biol. 2020; 22:934–46.

9 El Agha E, Moiseenko A, Kheirollahi V, De Langhe S, Crnkovic S, Kwapiszewska G, et al.

Two-way conversion between lipogenic and myogenic fibroblastic phenotypes marks the

progression and resolution of lung fibrosis. Cell Stem Cell. 2017; 20:261–73.e3.

10 Boyd DF, Allen EK, Randolph AG, Guo XJ, Weng Y, Sanders CJ, et al. Exuberant fibrob-

last activity compromises lung function via ADAMTS4. Nature. 2020; 587:466–71.

11 Hinz B, Phan SH, Thannickal VJ, Galli A, Bochaton-Piallat ML, Gabbiani G. The

myofibroblast: one function, multiple origins. Am J Pathol. 2007; 170:1807–16.

12 Decaris ML, Gatmaitan M, FlorCruz S, Luo F, Li K, Holmes WE, et al. Proteomic

analysis of altered extracellular matrix turnover in bleomycin-induced pulmonary

fibrosis. Mol Cell Proteomics. 2014; 13:1741–52.

13 Roche WR, Beasley R, Williams JH, Holgate ST. Subepithelial fibrosis in the bronchi

of asthmatics. Lancet. 1989; 1:520–4.

14 Pickup MW, Mouw JK, Weaver VM. The extracellular matrix modulates the hall-

marks of cancer. EMBO Rep. 2014; 15:1243–53.

15 Yonehara S, Ishii A, Yonehara M. A cell-killing monoclonal antibody (anti-Fas) to a

cell surface antigen co-downregulated with the receptor of tumor necrosis factor. J

Exp Med. 1989; 169:1747–56.

16 Trauth BC, Klas C, Peters AM, Matzku S, M€oller P, Falk W, et al. Monoclonal anti-

body-mediated tumor regression by induction of apoptosis. Science. 1989; 245:301–5.

17 Snelgrove RJ, Goulding J, Didierlaurent AM, Lyonga D, Vekaria S, Edwards L, et al. A

critical function for CD200 in lung immune homeostasis and the severity of influenza

infection. Nat Immunol. 2008; 9:1074–83.

18 Lukacs NW, Kunkel SL, Allen R, Evanoff HL, Shaklee CL, Sherman JS, et al. Stimulus

and cell-specific expression of C-X-C and C-C chemokines by pulmonary stromal cell

populations. Am J Physiol. 1995; 268:L856–61.

19 Efremova M, Vento-Tormo M, Teichmann SA, Vento-Tormo R. Cell PhoneDB: infer-

ring cell-cell communication from combined expression of multi-subunit ligand-re-

ceptor complexes. Nat Protoc. 2020; 15:1484–506.

20 Cillo AR, K€urten CHL, Tabib T, Qi Z, Onkar S, Wang T, et al. Immune landscape of

viral- and carcinogen-driven head and neck cancer. Immunity. 2020; 52:183–99.e9.

21 Jones SA, Rose-John S. The role of soluble receptors in cytokine biology: the agonistic

properties of the sIL-6R/IL-6 complex. Biochim Biophys Acta. 2002; 1592:251–63.

22 Zepp JA, Zacharias WJ, Frank DB, Cavanaugh CA, Zhou S, Morley MP, et al. Distinct

mesenchymal lineages and niches promote epithelial self-renewal and myofibrogenesis

in the lung. Cell. 2017; 170:1134–48.e10.

23 Niethamer TK, Stabler CT, Leach JP, Zepp JA, Morley MP, Babu A, et al. Defining

the role of pulmonary endothelial cell heterogeneity in the response to acute lung

injury. Elife. 2020; 9:53072.

24 Croft AP, Campos J, Jansen K, Turner JD, Marshall J, Attar M, et al. Distinct fibrob-

last subsets drive inflammation and damage in arthritis. Nature. 2019; 570:246–51.

25 Krausgruber T, Fortelny N, Fife-Gernedl V, Senekowitsch M, Schuster LC, Lercher A,

et al. Structural cells are key regulators of organ-specific immune responses. Nature.

2020; 583:296–302.

26 Vieira Braga FA, Kar G, Berg M, Carpaij OA, Polanski K, Simon LM, et al. A cellular

census of human lungs identifies novel cell states in health and in asthma. Nat Med.

2019; 25:1153–63.

27 Lakins MA, Ghorani E, Munir H, Martins CP, Shields JD. Cancer-associated fibrob-

lasts induce antigen-specific deletion of CD8+T Cells to protect tumour cells. Nat

Commun. 2018; 9:948.

ª 2021 The Authors. Immunology published by John Wiley & Sons Ltd., Immunology, 163, 239–249 247

Lung immune–stromal cell crosstalk



28 Choi H, Sheng J, Gao D, Li F, Durrans A, Ryu S, et al. Transcriptome analysis of

individual stromal cell populations identifies stroma-tumor crosstalk in mouse lung

cancer model. Cell Rep. 2015; 10:1187–201.

29 Deprez M, Zaragosi LE, Truchi M, Becavin C, Ruiz Garc�ıa S, Arguel MJ, et al. A Sin-

gle-cell Atlas of the human healthy airways. Am J Respir Crit Care Med. 2020;

202:1636–45.

30 Cohen M, Giladi A, Gorki AD, Solodkin DG, Zada M, Hladik A, et al. Lung single-

cell signaling interaction map reveals basophil role in macrophage imprinting. Cell.

2018; 175:1031–44.e18.

31 Raredon MSB, Adams TS, Suhail Y, Schupp JC, Poli S, Neumark N, et al. Single-cell

connectomic analysis of adult mammalian lungs. Sci Adv. 2019; 5:eaaw3851.

32 Tam A, Wadsworth S, Dorscheid D, Man SF, Sin DD. The airway epithelium: more

than just a structural barrier. Ther Adv Respir Dis. 2011; 5:255–73.

33 Bustamante-Marin XM, Ostrowski LE. Cilia and mucociliary clearance. Cold Spring

Harb Perspect Biol. 2017; 9:a028241.

34 Rock JR, Barkauskas CE, Cronce MJ, Xue Y, Harris JR, Liang J, et al. Multiple stromal

populations contribute to pulmonary fibrosis without evidence for epithelial to mes-

enchymal transition. Proc Natl Acad Sci USA. 2011; 108:E1475–83.

35 Barkauskas CE, Cronce MJ, Rackley CR, Bowie EJ, Keene DR, Stripp BR, et al. Type 2

alveolar cells are stem cells in adult lung. J Clin Invest. 2013; 123:3025–36.

36 Basil MC, Katzen J, Engler AE, Guo M, Herriges MJ, Kathiriya JJ, et al. The cellular

and physiological basis for lung repair and regeneration: past, present, and future. Cell

Stem Cell. 2020; 26:482–502.

37 Cakarova L, Marsh LM, Wilhelm J, Mayer K, Grimminger F, Seeger W, et al. Macro-

phage tumor necrosis factor-alpha induces epithelial expression of granulocyte-macro-

phage colony-stimulating factor: impact on alveolar epithelial repair. Am J Respir Crit

Care Med. 2009; 180:521–32.

38 Hung C, Linn G, Chow YH, Kobayashi A, Mittelsteadt K, Altemeier WA, et al. Role

of lung pericytes and resident fibroblasts in the pathogenesis of pulmonary fibrosis.

Am J Respir Crit Care Med. 2013; 188:820–30.

39 Habiel DM, Hogaboam CM. Heterogeneity of fibroblasts and myofibroblasts in pul-

monary fibrosis. Curr Pathobiol Rep. 2017; 5:101–10.

40 Xie T, Wang Y, Deng N, Huang G, Taghavifar F, Geng Y, et al. Single-cell deconvolution

of fibroblast heterogeneity in mouse pulmonary fibrosis. Cell Rep. 2018; 22:3625–40.

41 Derdak S, Penney DP, Keng P, Felch ME, Brown D, Phipps RP. Differential collagen

and fibronectin production by Thy 1+ and Thy 1- lung fibroblast subpopulations. Am

J Physiol. 1992; 263:L283–90.

42 Endale M, Ahlfeld S, Bao E, Chen X, Green J, Bess Z, et al. Temporal, spatial, and

phenotypical changes of PDGFRa expressing fibroblasts during late lung development.

Dev Biol. 2017; 425:161–75.

43 Rehan VK, Sugano S, Wang Y, Santos J, Romero S, Dasgupta C, et al. Evidence for

the presence of lipofibroblasts in human lung. Exp Lung Res. 2006; 32:379–93.

44 Chang HY, Chi JT, Dudoit S, Bondre C, van de Rijn M, Botstein D, et al. Diversity,

topographic differentiation, and positional memory in human fibroblasts. Proc Natl

Acad Sci USA. 2002; 99:12877–82.

45 Bhattacharyya S, Kelley K, Melichian DS, Tamaki Z, Fang F, Su Y, et al. Toll-like

receptor 4 signaling augments transforming growth factor-b responses: a novel mecha-

nism for maintaining and amplifying fibrosis in scleroderma. Am J Pathol. 2013;

182:192–205.

46 Gay NJ, Symmons MF, Gangloff M, Bryant CE. Assembly and localization of Toll-like

receptor signalling complexes. Nat Rev Immunol. 2014; 14:546–58.

47 Juncadella IJ, Kadl A, Sharma AK, Shim YM, Hochreiter-Hufford A, Borish L, et al.

Apoptotic cell clearance by bronchial epithelial cells critically influences airway inflam-

mation. Nature. 2013; 493:547–51.

48 Labarta-Bajo L, Nilsen SP, Humphrey G, Schwartz T, Sanders K, Swafford A, et al.

Type I IFNs and CD8 T cells increase intestinal barrier permeability after chronic viral

infection. J Exp Med. 2020; 217:20192276.

49 Nair H, Brooks WA, Katz M, Roca A, Berkley JA, Madhi SA, et al. Global burden of

respiratory infections due to seasonal influenza in young children: a systematic review

and meta-analysis. Lancet. 2011; 378:1917–30.

50 Somes MP, Turner RM, Dwyer LJ, Newall AT. Estimating the annual attack rate of

seasonal influenza among unvaccinated individuals: a systematic review and meta-

analysis. Vaccine. 2018; 36:3199–207.

51 Jopling C, Boue S, Belmonte JCI. Dedifferentiation, transdifferentiation and repro-

gramming: three routes to regeneration. Nat Rev Mol Cell Biol. 2011; 12:79–89.

52 Tata PR, Mou H, Pardo-Saganta A, Zhao R, Prabhu M, Law BM, et al. Dedifferentia-

tion of committed epithelial cells into stem cells in vivo. Nature. 2013; 503:218–23.

53 de Mello F, Costa M, Weiner AI, Vaughan AE. Basal-like progenitor cells: a review of

dysplastic alveolar regeneration and remodeling in lung repair. Stem Cell Rep. 2020;

15:1015–25.

54 Kumar PA, Hu Y, Yamamoto Y, Hoe NB, Wei TS, Mu D, et al. Distal airway stem

cells yield alveoli in vitro and during lung regeneration following H1N1 influenza

infection. Cell. 2011; 147:525–38.

55 Taylor MS, Chivukula RR, Myers LC, Jeck WR, Waghray A, Tata PR, et al. A con-

served distal lung regenerative pathway in acute lung injury. Am J Pathol. 2018;

188:1149–60.

56 Vaughan AE, Brumwell AN, Xi Y, Gotts JE, Brownfield DG, Treutlein B, et al. Line-

age-negative progenitors mobilize to regenerate lung epithelium after major injury.

Nature. 2015; 517:621–5.

57 Xi Y, Kim T, Brumwell AN, Driver IH, Wei Y, Tan V, et al. Local lung hypoxia determines

epithelial fate decisions during alveolar regeneration. Nat Cell Biol. 2017; 19:904–14.

58 Iwasaki A, Foxman EF, Molony RD. Early local immune defences in the respiratory

tract. Nat Rev Immunol. 2017; 17:7–20.

59 Keeler SP, Agapov EV, Hinojosa ME, Letvin AN, Wu K, Holtzman MJ. Influenza A

virus infection causes chronic lung disease linked to sites of active viral RNA rem-

nants. J Immunol. 2018; 201:2354–68.

60 Moyron-Quiroz JE, Rangel-Moreno J, Kusser K, Hartson L, Sprague F, Goodrich S,

et al. Role of inducible bronchus associated lymphoid tissue (iBALT) in respiratory

immunity. Nat Med. 2004; 10:927–34.

61 Choi J, Park J-E, Tsagkogeorga G, Yanagita M, Koo B-K, Han N, et al. Inflammatory

signals induce AT2 cell-derived damage-associated transient progenitors that mediate

alveolar regeneration. Cell Stem Cell. 2020; 27:366–82.e7.

62 Adams TS, Schupp JC, Poli S, Ayaub EA, Neumark N, Ahangari F, et al. Single-cell

RNA-seq reveals ectopic and aberrant lung-resident cell populations in idiopathic pul-

monary fibrosis. Sci Adv. 2020; 6:eaba1983.

63 Habermann AC, Gutierrez AJ, Bui LT, Yahn SL, Winters NI, Calvi CL, et al. Single-

cell RNA sequencing reveals profibrotic roles of distinct epithelial and mesenchymal

lineages in pulmonary fibrosis. Sci Adv. 2020; 6:eaba1972.

64 Katsura H, Kobayashi Y, Tata PR, Hogan BLM. IL-1 and TNFa contribute to the

inflammatory niche to enhance alveolar regeneration. Stem Cell Rep. 2019; 12:657–66.

65 Burgstaller G, Oehrle B, Gerckens M, White ES, Schiller HB, Eickelberg O. The

instructive extracellular matrix of the lung: basic composition and alterations in

chronic lung disease. Eur Respir J. 2017; 50.

66 Hynes RO, Naba A. Overview of the matrisome – an inventory of extracellular matrix

constituents and functions. Cold Spring Harb Perspect Biol. 2012; 4:a004903.

67 Alspach E, Lussier DM, Miceli AP, Kizhvatov I, DuPage M, Luoma AM, et al. MHC-

II neoantigens shape tumour immunity and response to immunotherapy. Nature.

2019; 574:696–701.

68 Evanko SP, Potter-Perigo S, Bollyky PL, Nepom GT, Wight TN. Hyaluronan and ver-

sican in the control of human T-lymphocyte adhesion and migration. Matrix Biol.

2012; 31:90–100.

69 Chang MY, Kang I, Gale M Jr, Manicone AM, Kinsella MG, Braun KR, et al. Versican

is produced by Trif- and type I interferon-dependent signaling in macrophages and

contributes to fine control of innate immunity in lungs. Am J Physiol Lung Cell Mol

Physiol. 2017; 313:L1069–86.

70 Wu SZ, Roden DL, Wang C, Holliday H, Harvey K, Cazet AS, et al. Stromal cell

diversity associated with immune evasion in human triple-negative breast cancer.

Embo J. 2020; 39:e104063.

71 Goplen NP, Wu Y, Son YM, Li C, Wang Z, Cheon IS, et al. Tissue-resident CD8(+) T

cells drive age-associated chronic lung sequelae after viral pneumonia. Sci Immunol.

2020; 5:eabc4557.

72 Ong CW, Elkington PT, Friedland JS. Tuberculosis, pulmonary cavitation, and matrix

metalloproteinases. Am J Respir Crit Care Med. 2014; 190:9–18.

73 O’Kane CM, Boyle JJ, Horncastle DE, Elkington PT, Friedland JS. Monocyte-depen-

dent fibroblast CXCL8 secretion occurs in tuberculosis and limits survival of

mycobacteria within macrophages. J Immunol. 2007; 178:3767–76.

74 Elkington PT, Emerson JE, Lopez-Pascua LD, O’Kane CM, Horncastle DE, Boyle JJ,

et al. Mycobacterium tuberculosis up-regulates matrix metalloproteinase-1 secretion

from human airway epithelial cells via a p38 MAPK switch. J Immunol. 2005;

175:5333–40.

75 Elkington PT, Nuttall RK, Boyle JJ, O’Kane CM, Horncastle DE, Edwards DR, et al.

Mycobacterium tuberculosis, but not vaccine BCG, specifically upregulates matrix

metalloproteinase-1. Am J Respir Crit Care Med. 2005; 172:1596–604.

76 Singh S, Maniakis-Grivas G, Singh UK, Asher RM, Mauri F, Elkington PT, et al.

Interleukin-17 regulates matrix metalloproteinase activity in human pulmonary tuber-

culosis. J Pathol. 2018; 244:311–22.

77 O’Kane CM, Elkington PT, Friedland JS. Monocyte-dependent oncostatin M and

TNF-alpha synergize to stimulate unopposed matrix metalloproteinase-1/3 secretion

from human lung fibroblasts in tuberculosis. Eur J Immunol. 2008; 38:1321–30.

78 Tschernig T, Pabst R. Bronchus-associated lymphoid tissue (BALT) is not present in

the normal adult lung but in different diseases. Pathobiology. 2000; 68:1–8.

79 Fleige H, F€orster R. Induction and analysis of bronchus-associated lymphoid tissue.

Methods Mol Biol. 2017; 1559:185–98.

80 Halle S, Dujardin HC, Bakocevic N, Fleige H, Danzer H, Willenzon S, et al. Induced

bronchus-associated lymphoid tissue serves as a general priming site for T cells and is

maintained by dendritic cells. J Exp Med. 2009; 206:2593–601.

ª 2021 The Authors. Immunology published by John Wiley & Sons Ltd., Immunology, 163, 239–249248

J. C. Worrell and M. K. L. MacLeod



81 Turner DL, Bickham KL, Thome JJ, Kim CY, D’Ovidio F, Wherry EJ, et al. Lung

niches for the generation and maintenance of tissue-resident memory T cells. Mucosal

Immunol. 2014; 7:501–10.

82 Ager A. High endothelial venules and other blood vessels: critical regulators of lym-

phoid organ development and function. Front Immunol. 2017; 8:45.

83 Wang X, Cho B, Suzuki K, Xu Y, Green JA, An J, et al. Follicular dendritic cells help

establish follicle identity and promote B cell retention in germinal centers. J Exp Med.

2011; 208:2497–510.

84 Acton SE, Farrugia AJ, Astarita JL, Mour~ao-S�a D, Jenkins RP, Nye E, et al. Dendritic

cells control fibroblastic reticular network tension and lymph node expansion. Nature.

2014; 514:498–502.

85 Fleige H, Ravens S, Moschovakis GL, B€olter J, Willenzon S, Sutter G, et al. IL-17-in-

duced CXCL12 recruits B cells and induces follicle formation in BALT in the absence

of differentiated FDCs. J Exp Med. 2014; 211:643–51.

86 Denton AE, Innocentin S, Carr EJ, Bradford BM, Lafouresse F, Mabbott NA, et al.

Type I interferon induces CXCL13 to support ectopic germinal center formation. J

Exp Med. 2019; 216:621–37.

87 Heaton NS, Langlois RA, Sachs D, Lim JK, Palese P, tenOever BR. Long-term survival

of influenza virus infected club cells drives immunopathology. J Exp Med. 2014;

211:1707–14.

88 Fiege JK, Stone IA, Dumm RE, Waring BM, Fife BT, Agudo J, et al. Long-term sur-

viving influenza infected cells evade CD8+ T cell mediated clearance. PLoS Pathog.

2019; 15:e1008077.

89 Rane CK, Jackson SR, Pastore CF, Zhao G, Weiner AI, Patel NN, et al. Development

of solitary chemosensory cells in the distal lung after severe influenza injury. Am J

Physiol Lung Cell Mol Physiol. 2019; 316:L1141–49.

90 Qiao J, Zhang M, Bi J, Wang X, Deng G, He G, et al. Pulmonary fibrosis induced by

H5N1 viral infection in mice. Respir Res. 2009; 10:107.

91 Pociask DA, Robinson KM, Chen K, McHugh KJ, Clay ME, Huang GT, et al. Epige-

netic and transcriptomic regulation of lung repair during recovery from influenza

infection. Am J Pathol. 2017; 187:851–63.

92 Zacharias WJ, Frank DB, Zepp JA, Morley MP, Alkhaleel FA, Kong J, et al. Regenera-

tion of the lung alveolus by an evolutionarily conserved epithelial progenitor. Nature.

2018; 555:251–5.

93 Lederer DJ, Martinez FJ. Idiopathic pulmonary fibrosis. N Engl J Med. 2018;

378:1811–23.

94 Wynn TA. Integrating mechanisms of pulmonary fibrosis. J Exp Med. 2011; 208:1339–50.

95 Reyfman PA, Walter JM, Joshi N, Anekalla KR, McQuattie-Pimentel AC, Chiu S,

et al. Single-cell transcriptomic analysis of human lung provides insights into the

pathobiology of pulmonary fibrosis. Am J Respir Crit Care Med. 2019; 199:1517–36.

96 Zhou X, Franklin RA, Adler M, Jacox JB, Bailis W, Shyer JA, et al. Circuit design fea-

tures of a stable two-cell system. Cell. 2018; 172:744–57.e17.

97 Joshi N, Watanabe S, Verma R, Jablonski RP, Chen C-I, Cheresh P, et al. A spatially

restricted fibrotic niche in pulmonary fibrosis is sustained by M-CSF/M-CSFR sig-

nalling in monocyte-derived alveolar macrophages. Eur Respir J. 2020; 55:1900646.

98 Wong CK, Lam CW, Wu AK, Ip WK, Lee NL, Chan IH, et al. Plasma inflammatory

cytokines and chemokines in severe acute respiratory syndrome. Clin Exp Immunol.

2004; 136:95–103.

99 Tay MZ, Poh CM, R�enia L, MacAry PA, Ng LFP. The trinity of COVID-19: immu-

nity, inflammation and intervention. Nat Rev Immunol. 2020; 20:363–74.

100 Chua RL, Lukassen S, Trump S, Hennig BP, Wendisch D, Pott F, et al. COVID-19

severity correlates with airway epithelium-immune cell interactions identified by sin-

gle-cell analysis. Nat Biotechnol. 2020; 38:970–9.

101 Arunachalam PS, Wimmers F, Mok CKP, Perera R, Scott M, Hagan T, et al. Systems

biological assessment of immunity to mild versus severe COVID-19 infection in

humans. Science. 2020; 369:1210–20.

ª 2021 The Authors. Immunology published by John Wiley & Sons Ltd., Immunology, 163, 239–249 249

Lung immune–stromal cell crosstalk


