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Innate defenses in the lung

This Perspective series seeks to summarize the present
concepts regarding the biological processes that medi-
ate intrinsic and innate host defense against microbial
invasion of the lung. From an evolutionary standpoint,
the requirements for an extensive gas exchange region
that comes in direct contact with inhaled particles and
pathogens present a formidable challenge that has
been countered by the layering and intersection of sev-
eral intrinsic defense systems.

These systems, detailed in the accompanying arti-
cles, maintain pulmonary form and function
required for ventilation by means of structural,
mechanical, chemical, and cellular strategies, as well
as innate and acquired host defenses. The epithelial
barrier itself represents a first line of defense against
pathogens, and its effectiveness is greatly enhanced
by fluid homeostasis and mucociliary clearance. As
discussed by Knowles and Boucher in this series,
these mechanisms protect the epithe-
lium and physically remove inhaled
pathogens from the lung. Additional
protection comes from polypeptide
mediators of the innate host defense,
such as the defensins and other
antibiotic peptides reviewed by Ganz
in this series, and the collectin fami-
ly, considered by McCormack and
Whitsett. Professional phagocytes
also play their part in host defense in
this tissue, in part by responding 
to molecules found on the surface 
of common pathogenic microbes. 
Finally, the cytokine and chemokine 

pathways that cooperate with host defense polypep-
tides to mediate initial host defenses by phagocytes
also orchestrate tissue repair and subsequent
acquired immune responses following infection, as
discussed by Strieter et al. The interplay of these var-
ious mechanisms is depicted in Figure 1.

The concerted effects of mechanical, innate, and
acquired host defense systems serve to recognize,
localize, kill, and remove pathogens to maintain
sterility of pulmonary tissues and the host. In gener-
al, pathogens are cleared from the lung without per-
sistent or robust inflammation, thus protecting its
inherent structure and maintaining its function fol-
lowing exposure to microbes. It is the failure of vari-
ous arms of the host defense systems that allows local
or systemic infection and destruction of lung tissue
that are frequently the basis of morbidity and mor-
tality from common lung diseases, whether related to
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Figure 1
The sterility of the respiratory tract is maintained by
the concerted actions of the epithelial barrier, innate
defense molecules, and responses of both the epithe-
lium and professional phagocytes that remove
pathogens and their products from the lung.



genetic or environmental disease processes. Deficient
or uncontrolled host defenses and inflammation
underlie some of the most common pulmonary dis-
orders — chronic obstructive pulmonary disease, cys-
tic fibrosis, acute and chronic pneumonia, asthma,
emphysema, and bronchopulmonary dysplasia.

Structure and function of the respiratory
epithelium: form dictates function
The lung is a complex organ consisting of a series of
branching tubules and alveoli that are highly vascu-
larized to provide a large gas exchange surface. The
respiratory tract is lined by endodermally derived
epithelial cells that differentiate from the foregut
endoderm. Commitment and proliferation of respi-
ratory epithelial cells are dependent upon mesenchy-
mal-epithelial interactions, mediated by a number of
distinct and intersecting autocrine-paracrine path-
ways (e.g., bone morphogenetic protein–4 [BMP-4],
FGF, sonic hedgehog [SHH]; see ref. 1 for review),
which, in turn, regulate gene transcription to influ-
ence cell fate, proliferation, and function. In the lung,
commitment and differentiation of the respiratory
epithelium are mediated, at least in part, by the
homeodomain protein NKx2.1 (also known as thy-
roid transcription factor-1 [TTF-1]), as well as tran-
scription factors of the forkhead family (hepatocyte
nuclear factor-3β [HNF-3β], HNF-3α, and hepato-
cyte factor homologue-4 [HFH-4]) and the zinc fin-
ger family (GATA-6) (reviewed in refs. 2–4). Lung
tubules undergo stereotypic, dichotomous branching
to form bronchi, bronchioles, and the peripheral air-
ways and alveoli.

Initially, the lung is lined by an undifferentiated
columnar epithelium, but as lung morphogenesis
proceeds, the tubules are lined by an increasingly
diverse population of respiratory epithelial cells that
vary both spatially — along the cephalocaudal axis —
and temporally. In the adult human lung, conducting
airways are lined by a pseudostratified epithelium

consisting of at least a dozen morphologically distinct
epithelial cells, including squamous, ciliated, noncil-
iated bronchiolar (Clara cells), basal, intermediate,
serous, goblet, and neuroepithelial cells, as well as
alveolar type II and type I epithelial cells. This diversi-
ty of cell type accomplishes the various physiologic
tasks that optimize mucociliary clearance, precise reg-
ulation of fluid homeostasis, and the synthesis and
secretion of a myriad of such host defense proteins as
lysozyme, defensins, surfactant proteins (SPs), and
lactoferrin. The abundance and activity of the various
cell types, which are strongly influenced by infection
and other inflammatory stimuli, can themselves
influence host defense function and respiratory cell
proliferation and differentiation during repair. In the
normal lung, the diverse repertoire of respiratory
epithelial cells is maintained in their proper places
and activation states, and they interact with profes-
sional phagocytes and the lymphoid components of
the acquired immune system. In addition, an exten-
sive system of tracheal-bronchial glands is lined by
distinct epithelial cell types that produce mucous,
fluid, and other host defense proteins critical for
mucociliary activity that clears particles and
pathogens from the lung. The generation and main-
tenance of this panoply of epithelial cell types provide
structural framework required for host defense func-
tions. Acute injury and chronic injury lead to epithe-
lial cell dysplasia and metaplasia, as in the conducting
airways in smokers, where squamous cell metaplasia
and goblet cell hyperplasia are common. Epithelial
defenses and mucociliary clearance are thus compro-
mised, rendering the lung susceptible to injury by par-
ticles and pathogens.

Transcriptional control of lung 
formation and repair
The formation, maintenance, and repair of the post-
natal lung depend upon precisely regulated expres-
sion of many of the same transcription factors
involved in formation of the lung earlier in lung mor-
phogenesis. Three distinct families of transcription
factors, including the homeodomain protein TTF-1,
the zinc finger protein GATA-6, and a forkhead fami-
ly member, HNF-3β (also known as Foxβ2), play crit-
ical roles in the differentiation of foregut endoderm
to form the progenitors of the lung parenchyma (Fig-
ure 2). GATA-6 and HNF-3β are involved in formation
of the endoderm per se (5–8), while TTF-1 is required
for the generation of epithelial cells that form the
lung periphery (9). Later in development, these same
transcription factors regulate the transcription of
host defense molecules, such as SP-A, SP-B, SP-C, and
Clara cell secretory protein, modifiers of lung inflam-
mation following infection or injury (10).

The precise temporal/spatial formation and func-
tion of the respiratory epithelium are controlled 
at the level of transcription, mediated by the con-
certed actions of both tissue-specific and ubiqui-
tous nuclear proteins. These nuclear transcription 
proteins influence differentiation of specific epithe-
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Figure 2
Transcription proteins, including TTF-1, HNF, and GATA family mem-
bers, mediate lung morphogenesis, epithelial cell differentiation, and
gene expression, creating the diverse cells of the epithelial barrier and reg-
ulating intrinsic and innate host defense responses.



lial cell types and regulate the synthesis of the dis-
tinct host defense proteins elaborated by subsets of
respiratory epithelial cells. For example, during
development, HFH-4 (also known as Foxj1) is
required for ciliated cell differentiation, expression of
β-tubulin, and formation of cilia in conducting air-
ways (11). Defects in ciliated cell function, as seen in
ciliary dyskinesia and Kartagener syndrome, cause
situs inversus and disturb mucociliary clearance,
leading to chronic infection and destruction of lung
tissues. While initially derived from common pro-
genitors, the heterogeneous epithelial cell types lin-
ing the respiratory tract are generated under the
direction of cell-cell, cell-matrix, autocrine-paracrine,
and transcriptional pathways that are influenced by
their microenvironments. Distinct respiratory
epithelial cells synthesize diverse classes of host
defense molecules that maintain pulmonary sterility.
There is increasing evidence that the genetic path-
ways that initially direct lung morphogenesis during
development are later employed to regulate the syn-
thesis of host defense molecules and cellular respons-
es to pathogens that, in turn, influence cell prolifer-
ation and tissue remodeling. Repair following injury,
at least in part, recapitulates molecular and cellular
processes mediating lung formation.

Shared pathways mediating lung morphogenesis,
innate host defenses, and repair
The vertebrate lung is a relatively late evolutionary
adaptation required for terrestrial survival, first
appearing approximately 350–400 million years ago
in the mid-Devonian fossil record. Of the estimated
40,000 distinct genes expressed by the human
genome, relatively few are uniquely expressed in the
lung, many of the molecular pathways controlling
lung morphogenesis being borrowed from similar
processes in other organs conserved among diverse
phyla that were established long before the advent of
the lung. Unique combinations of molecules mediat-
ing signaling and transcriptional pathways in many
organs are used to form and maintain lung structure
and function.

Signaling pathways involved in lung morphogene-
sis, lung defense, and repair are highly conserved.
FGF receptor–, transcription factor–, cytokine-, and
NF-κB–dependent pathways shared among diverse
phyla participate in lung morphogenesis and repair.
It is perhaps the unique combinatorial use of ancient
signaling mechanisms that provides the molecular
framework underlying lung formation and function.
Indeed, the genes involved in generation and func-
tion of the lung have ancient antecedents, for exam-
ple in Caenorhabditis elegans and Drosophila. FGF sig-
naling via the Drosophila genes branchless and breathless
(an FGF receptor [FGFR] and ligand, respectively) is
required for formation of the tracheal system in the
fly (12, 13), much as it is for lung formation in verte-
brates (Figure 3). Likewise, FGF signaling medi-
ates diverse functions of the respiratory epithelium. 
Deletion of either FGF-10 or FGFR signaling results

in nearly complete lack of lung formation in the
mouse (14, 15). Surprisingly, mutation in FGF-10
(11) or the FGFR2IIIb (16) also blocks formation of
the limbs, FGF signaling mutants being both “lung-
less” and “limbless.” It may be significant that the
FGF pathway determines the formation of two
organs that have been critical for adaptation of ver-
tebrates to terrestrial habitats; namely, breathing and
tetrapod ambulation.

While FGF signaling is critical for lung formation,
FGF family members also enhance epithelial cell pro-
liferation and differentiation in the postnatal lung
(17). Both FGF-7 and FGF-10 increased respiratory
epithelial cell proliferation and enhanced expression
of TTF-1 and its downstream targets, e.g., SP-A, -B,
and -C, that are involved in innate defense and surfac-
tant activity in the lung (18, 19). Furthermore, FGF
stimulated production of cytokines and chemokines,
recruiting and activating professional phagocytes.
Likewise, FGF increased the expression of aquaporin
V and C1-dependent fluid secretion to regulate fluid
transport by the respiratory epithelium (18–20).

NF-κB: another intersection between lung
morphogenesis and innate host defense
Transcriptional control of both acquired and innate
host defense systems in the lung and other organs
depends upon the nuclear translocation and activa-
tion of NF-κB in target cells (21). NF-κB family mem-
bers include at least three polypeptides, P50, P65, and
Rel-A. Like the FGF signaling pathway, NF-κB plays a
dual role in lung morphogenesis and inflammatory
responses to various pathogens. NF-κB is regulated by
cell surface receptors of the Toll-like receptor (TLR)
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Figure 3
FGF signaling in formation of the trachea and lung has been conserved
from insects to vertebrates. FGFs influence proliferation, migration, and
differentiation of respiratory epithelial cells, surfactant protein, and other
host defense polypeptides that, in turn, orchestrate cytokine expression
and the function of professional phagocytic cells mediating innate and
acquired host defenses.



family. Activation of TLR/NF-κB is regulated, at least
in part, by binding of pattern recognition molecules
that present carbohydrate peptide or lipid compo-
nents of pathogens (for example, endotoxin and pro-
teoglycan) to professional phagocytes or epithelial cell
surfaces (reviewed in ref. 22). In the lung, both SP-A
and SP-D, members of the collectin family of polypep-
tides, bind promiscuously to complex carbohydrates,
serving as nonself pattern recognition molecules,
binding the surfaces and products of respiratory
pathogens, presenting them for phagocytosis, and
modulating subsequent inflammatory responses dur-
ing infection (23). Furthermore, SP-A and SP-D inter-
act with CD14/TLR to influence cellular responses to
pathogens via transcriptional pathways activated by
NF-κB translocation to the nucleus of responding
cells (24, 25). Members of the TLR family and associ-
ated pathways were first recognized for their involve-
ment in dorsal-ventral patterning during Drosophila
development and in fungal host defense (26). TLRs
and their homologues are critical mediators of innate
defenses in plants and animals, activating gene tran-
scription via NF-κB to enhance killing of microor-
ganisms and the inflammatory response (Table 1; see
also ref. 22). Thus, the ancient NF-κB pathway serves
complex and critical roles in both morphogenesis and
antimicrobial host defense.

NF-κB and gene expression in lung 
morphogenesis and repair
Increased activity of NF-κB in embryonic lung mes-
enchyme inhibits growth and budding of the respirato-
ry epithelium, while inhibition of NF-κB signaling
enhances proliferation and budding of the respiratory
epithelial cells in a process likely mediated by autocrine-
paracrine mechanisms (27). While the mechanisms of
action of NF-κB in the lung mesenchyme are not fully
clarified, enhanced NF-κB activity blocks FGF-10
expression in the embryonic lung, suggesting that 
NF-κB and FGF signaling are linked during both lung
and limb morphogenesis. NF-κB also regulates the
expression of the water transport protein aquaporin V
(28), various innate host defense proteins (defensins and
mucins), and cytokines, and it activates professional
phagocytes following pulmonary injury or infection.

Events in lung morphogenesis, at least in part, are reca-
pitulated during inflammation and repair. As shown in
Figure 4, the multicomponent innate defense response
mollifies inflammation and initiates morphogenetic
events that result in the orderly repair of the respiratory
epithelium and underlying stroma. Indeed, FGF and
NF-κB pathways are critically involved in lung repair.
TTF-1 and its downstream targets are also increased dur-
ing repair following severe lung injury (29). FGF protects
respiratory epithelial cells during lung injury in vivo (30)
and enhances expression of TTF-1 and its demonstrat-
ed targets, SP-A, SP-B, and SP-C, as well as fluid trans-
port proteins (18–20). TTF-1 regulates epithelial cell dif-
ferentiation and proliferation and influences the
expression of innate host defense molecules. In turn,
these molecules influence the activation state, oxidant
production, and apoptotic activity of professional
phagocytes that are involved in clearance of apopto-tic
cells and pathogens from the lung (23).

The multiplicity and interaction of structural and cel-
lular components of the intrinsic and innate host
defenses of the lung are orchestrated temporally and
spatially and are graded stochastically to prevent initial
invasion, to limit the extent of injury, and to achieve
rapid repair following pulmonary infection by respira-
tory pathogens. Detailed knowledge of these pathways
should improve our understanding of the pathogene-
sis of common lung diseases and lead to new therapies
based on knowledge of lung morphogenesis, repair,
and innate host defense systems.
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Table 1
Conservation of NF-κB–dependent pathways in morphogenesis, lung inflammation, and host defense

Drosophila Mammalian lung

Ligand Spaetzel LPS
Receptor Toll TLR
Transcription factor induced Dorsal (NF-κB) NF-κB 
Developmental role Dorsal-ventral patterning, morphogenesis Lung morphogenesis
Role in host defense Antifungal responses Cytokine production/host defense proteins 

A proteolytic process originating in the dorsal region of the fly embryo produces Spaetzel that binds Toll on the cell surface, ultimately translocating Dorsal (an 
NF-κB homologue) to the nucleus of target cells to influence transcription of genes critical for morphogenesis or host defense. In vertebrates, homologous signal-
ing systems recognize bacterial components, activating TLRs, in turn activating NF-κB to regulate host defense responses. NF-κB also plays a critical role in lung
morphogenesis in vertebrates.

Figure 4
Formation and function of the lung are mediated by intrinsic and
innate defense systems that are orchestrated by ancient transcription-
al and signaling pathways that have allowed adaptation of vertebrates
to air breathing.
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