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Among lung pathologies, a1AT, chronic obstructive pulmonary
disease (COPD), emphysema, and asthma are diseases triggered
by local environmental stress in the airway that we refer to herein
collectively as airway stress diseases (ASDs). A deficiency of a-1-
antitrypsin (a1AT) is an inherited genetic disorder that is a conse-
quence of the misfolding of a1AT during protein synthesis in liver
hepatocytes, reducing secretion to the plasma and delivery to the
lung. Deficiency of a1AT in the lung triggers a similar pathological
phenotype to other ASDs. Moreover, the loss of a1AT in the lung is
a well-known environmental risk factor for COPD/emphysema. To
date there are no effective therapeutic approaches to address ASDs,
which reflects a general lack of understanding of their cellular basis.
Herein, we propose that ASDs are disorders of proteostasis. That is,
they are initiated and propagated by a common theme—a challenge
to protein folding capacity maintained by the proteostasis network
(PN) (see Balch et al., Science 2008;319:916–919). The PN is a net-
work of chaperones and degradative components that generates
and manages protein folding pathways responsible for normal
human physiology. In ASD, we suggest that the PN system fails to
respond to the increased burden of unfolded proteins due to genetic
and environmental stresses, thus triggering pulmonary pathophys-
iology. Weintroducetheenablingconceptofproteostasis regulators
(PRs), small molecules that regulate signaling pathways that control
the composition and activity of PN components, as a new and
general approach for therapeutic management of ASDs.
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Cellular integrity relies on the correct folding of its protein
constituents to maintain the specialized functions of cells and
tissues that support normal human physiology and protect us
from disease pathology. Generation and maintenance of the
protein fold for function is the task of the protein homeostasis
or proteostasis system (1–5). The proteostasis network or PN
consists of more than 2,000 chaperone and degradative compo-
nents along with their respective adaptive signaling pathways.
Folding components include the ubiquitous Hsp40, Hsp/Hsc70,
and Hsp90 chaperone-cochaperone systems. Protective degra-
dative pathways include the ubiquitin-proteasome system
(UPS) (6) and autophagic-lysosomal-endosomal pathways that
remove defective and/or unwanted proteins (7–10). Signaling
pathways that modulate the composition of the PN include the
unfolded protein response (UPR) (11), the heat-shock response
(HSR) (12, 13), ubiquitin-proteasome system (UPS), as well as
Ca21-sensing (14, 15) and inflammatory (16) pathways. The

components and signaling pathways responsible for generating
PN protective pathways vary considerably across the diversity
of cell types comprising the human ‘‘cellome’’ (2, 13, 17, 18).
These observations suggest that the PN is central for both the
generation and the maintenance of the protein fold for special-
ized cell and tissue function during the human healthspan.

The PN can be significantly challenged by alterations in the
genome (mutation and single nucleotide polymorphisms [SNPs])
such as occurs in the liver with a1AT deficiency (19–22), in re-
sponse to pathogen challenge (parasites, bacteria, and viruses)
(23–25), to environmental stressors including toxins, and in the
case of lung airborne pollutants such as allergens (asthma) and
smoking (chronic obstructive pulmonary disease/emphysema),
which trigger inflammatory responses (26–28). Collectively,
these events trigger protein misfolding through disruption of
folding pathways and/or post-translational oxidative insult,
accelerating the decline of proteostasis protection that occurs
normally in response to aging (2, 29, 30). These events can trig-
ger multiple alarm systems including inflammatory responses
characteristic of chronic obstructive pulmonary disease (COPD),
emphysema, and asthma (16).

Variation in the concentration and/or composition of the
components of the PN occurs in response to both cell-
autonomous (that is, within the cell) and cell-nonautonomous
(that is, environmental or outside the cell) events that can
overwhelm PN function, leading to a breakdown of the network
and subsequently triggering human pathology characteristic of
many inherited and sporadic protein folding diseases (1, 2, 5).
Deficiency of a1AT is an inherited disease that challenges both
liver and pulmonary function. In the liver, a1AT variants
trigger cell autonomous proteostasis disease; in the lung, its
reduced levels triggers an environmental stress response similar
to that involved in COPD, emphysema, and asthma, a pathology
that we now collectively refer to as airway stress disease (ASD).

Herein, we describe ASDs from the perspective of proteo-
stasis (1, 2, 5) and propose a new paradigm for deconvolution of
disease mechanism and therapeutic management. We posit that
environment-triggered ASDs (31) exceed the capacity of the
proteostasis program to maintain the protein fold in the lung,
a hypothesis that is consistent with the impact of smoking and
pollutants (airborn toxins and allergens) across a broad spectrum
of pulmonary disorders (32, 33). In PART 1, we define proteostasis
and the concept of the proteostasis boundary as a 3-dimensional
surface that encompasses folding kinetics and protein stability
(energetics) to explain how proteostasis operates. In PART 2, we
briefly focus on the cell biological, biochemical, and biophysical
properties of a1AT variant protein folds that trigger proteostasis
disease in the liver as an example of the response of the pro-
teostasis system to a cell-autonomous challenge. In PART 3, we
use a1AT variants as a defined example of a cell-nonautonomous
(environmental) challenge to proteostasis that triggers human
pulmonary ASD pathology (21). We emphasize the role of the
PN in maintenance of lung function in response to those environ-
mental factors that can trigger progressive pathological failure of
the proteostasis program. In PART 4, we will discuss emerging
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pharmacological strategies that may be used to enhance PN
function to protect human biology from ASDs. We emphasize that
an understanding of proteostasis in pulmonary disease presents an
unanticipated opportunity to revise both our perception of lung
dysfunction and the potential for therapeutic options that could
have significant clinical benefit by reducing the onset of disease.

PART 1. THE PN IN HEALTH AND DISEASE

What is proteostasis? Proteins in the crowded proteome envi-
ronment of a cell require folding assistance throughout their
normal lifespan. PN players generate, maintain, and remove
proteins (1, 2, 4, 29, 30) (Figure 1). We define the PN as a fully
integrated, layered system (Figure 1) that contains chaperones
(both general [Hsc/Hsp70, Hsp90] and their protein client specific
co-chaperones such as Hsp40-, Hop-, p23-, and tetratricopeptide
repeat [TRP]–containing proteins), folding enzymes such as
protein disulfide isomerases, degradation components belonging
to the UPS and lysosome-endosome-autophagy networks, and
multiple signaling networks (e.g., HSR and UPR) that control
both the composition and concentration of the PN components
in response to the cellular genome and the local environment to
maintain proteome health.

It is now evident that the composition and capacity of the PN
is unique to each cell type (2), such as the alveolar cells found in
the lung that are subject to ASD. This is because each cell type
presents a unique and dynamic challenge to the PN based on
the genomic and proteomic program required to generate and
maintain their specialized physiologies and to protect the cell
against pathophysiological insults. Most PN components have
sisoforms differentially distributed in the cytosol and the sub-
cellular compartments comprising the exocytic, endocytic, lyso-
somal, autophagic, and mitochondrial environments suggesting
a high degree of compartment specialization in proteostasis func-
tion. Moreover, we now recognize that the PN includes neuronal
signaling pathways (neuroendocrine pathways) that integrate PN
function across cell and tissue boundaries (30, 34) (Figure 1).

Proteostasis is constantly stressed by SNPs, mutation(s) and
the local extracellular environment: a task that compromises the
PN in, for example, ASDs in response to airborne pollutants
and allergens. Thus, folding stress can stretch the inherited
capacity of the PN to deal with misfolded proteins. Regulatory
pathways that respond to stress conditions can either resolve the
folding protein or promote cell death when pushed beyond the
limits of sustainable correction by the PN (16, 35).

It is important to appreciate that the PN is based on an
energetic standard (2) and performs a highly adaptable quality
control function. The PN per se has no knowledge of ‘‘function’’
necessary for providing an exact quality control decision.
Rather, the proteostasis system sets in as yet unknown ways
variable energetic standards in each cell type that supports the
protein fold in a manner that is ultimately advantageous for cell
and tissue function to promote organismal survival (2, 36, 37).
This standard can be augmented in both a cell-autonomous and
cell-nonautonomous fashion through UPR, HSR, and inflam-
matory responses to address folding problems. Thus, it is the
local activity of the PN that ultimately dictates functionality
rather than the protein sequence per se (2, 38). Indeed, what is
an acceptable protein seqeuence/fold at at one timepoint in the
cell, can be discarded in response to both genetic and environ-
mental factors that affect proteostasis capacity. We refer to the
balance of protein folding and degradative pathways main-
tained by the proteostasis system to promote healthspan as the
yin and yang of the proteome balance (3).

The balance that drives the dynamic physiology of each cell
type can become out-of-balance (imbalanced) in disease such as

occurs in ASDs (1, 3, 29, 30). What do we mean by imbalance of
PN function? To understand the role of proteostasis in human
heath and the response that protects us from pathology, we
need to quantify the general relationship between the energetics
of protein folding pathways and PN components that are
essential for the biological protein folding reaction. We have pre-
viously used mathematical modeling based on classic Michalis-
Menten kinetics to address this conceptual challenge, which we
referred to as FoldEx (38). In FoldEx, we described how the
inherited energetics of the polypeptide chain sequence, such
as found in a1AT, are read by the PN in the endoplasmic
reticulum (ER), the first step in the exocytic pathway, to
achieve a state of functional folding acceptable for export to
post-ER compartments and secretion at the cell surface (38).
We have recently generalized the FoldEx model to include all
protein folding reactions in the cell that are managed by the PN

Figure 1. Managing proteostasis in human lung disease. Illustrated are

the layers of interactions that facilitate the function of the proteostasis

network to generate and maintain functional proteins in the lung and
counter the challenges to the protein fold as occurs in a-1-antitrypsin

(a1AT) and airway stress disease (ASD). The proteostasis network is

composed of the components outlined in the first layer (in blue font),
including the ribosome, chaperones, aggregases, and disaggregases

that direct folding, as well as pathways that select proteins for

degradation (e.g., the ubiquitin-proteasome system [UPS], endoplas-

mic reticulum [ER]-associated degradation [ERAD] systems, proteases,
autophagic pathways, lysosomal/endosomal targeting pathways, and

phagocytic pathways; the latter being responsible for the recognition,

uptake, and degradation of extracellular proteins). The second layer

includes signaling pathways (in green font) that regulate the levels and
activity of components found in the first layer to allow adjustment of

composition in response to folding stress such as found in a1AT

deficiency and ASDs. The third layer (in red font) includes genetic
and epigenetic pathways, physiologic stressors, and intracellular me-

tabolites that affect the activities defined by the second and first layers.

These are the genetic and epigenetic and environmental influences

that challenge the protein fold and lead to a1AT deficiency and ASD.
The proteostasis network is under dynamic biological control at all

times and can be therapeutically adjusted by proteostasis regulators

(PRs), a new class of small molecules that can be used to rebalance the

proteostasis program to benefit human health (3, 5). Reproduced with
permission from Reference (2).
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(2). This model is referred to as FoldFx and expands the
concept of folding for export from the ER to that of achieving
and maintaining general protein function in the context of the
local PN.

A critical feature of the FoldEx/Fx models is the concept of
the ‘‘proteostasis boundary’’ or ‘‘PB,’’ that is, the integrated
cellular proteostasis system that supports the protein fold (2, 39)
(Figure 2a). The location and shape of the PB in 3-dimensional
space is directly linked to the local composition and concentra-
tion of both folding and degradative PN components essential
for generating and maintaining the protein fold (Figure 2a). The
PB defines a surface that dictates the minimal energetics that
a protein must have to achieve folding and function in the
context of a given PN capacity of the cell. Thus, the position of
a protein relative to the PB maintained by the PN is defined by
each protein’s folding thermodynamics (from unstable to stable,
x axis), folding kinetics (from slow to fast, z axis) and misfolding
kinetics (from slow to fast, y axis). The functional state of
a protein in the cell (as indicated by the nodes [the proteins] and
the edges [their links to other proteins within the network]
[Figure 2a]) establishes the success or failure of biology in
generating and managing the fold. If it is below the PB shown in
Figure 2a, its fold and function is supported by the PN; if above
the PB, the PN is not adequate to support the fold for function
(e.g., its folding pathway is compromised, it is more sensitive to
misfolding, and/or its thermodynamic stability is compromised)
and the protein is either degraded or forms nonfunctional
aggregates, which disrupts biology (Figure 2b). Diseases that
increase the demand on the PN and that cannot be met by
stress-responsive pathways that increase PN capacity (Figure
2b, green arrow), cause a collapse of the PB (Figure 2b, red
arrow). This can result in the failure of folding of multiple
proteins and a major disruption of biological networks required
for cell integrity. For further description of the PB, we refer the
reader to references (2, 4, 5).

In summary, the proteostasis system provides a folding
environment that generates and protects protein function in
biology that can be severely challenged in both acute and
chronic diseases such as ASDs.

PART 2. a1AT DEFICIENCY: A CELL-AUTONOMOUS
PROTEOSTASIS CHALLENGE TO HEPATOCYTES

As a member of the serine protease inhibitor (serpin) family,
a1AT is the most abundant antiprotease in the serum. a1AT is
mainly produced by hepatocytes in the liver, but also in
unknown amounts by other cells or tissues such as lung alveolar
cells lining the interstitium and lung macrophages (21). Given
that a1AT (patho)physiology has been extensively reviewed
(19–22), it is presented below only briefly to inform the reader
of the features of disease relevant to the proteostasis concept.

The a1AT locus is pleomorphic with approximately 75 alleles.
The M variant has normal function (Figure 3a). Other variants
have different impacts on the properties of the protein fold and,
hence, the PN and presentation of disease. Among the mutations
leading to a1AT deficiency (6), the most common and severe
form of disease occurs in response to a substitution of glutamic
acid with a lysine at position 342, referred to as the Z-variant.
The presence of misfolded Z-variant a1AT in the hepatocyte
provides an example of cell-autonomous disease triggering liver
dysfunction and cancer (Figure 3b). Following translocation into
the ER, wild-type (WT) a1AT only transiently interacts with the
ER lumenal PN chaperones BiP and calnexin to generate the
normal fold. In contrast, monomeric and misfolded soluble
intermediates of the Z-variant of a1AT can be detected to form
stable complexes containing the PN folding chaperone compo-
nents calnexin-ERp57/BiP/GRP94 (19, 40). This soluble but
misfolded pool challenges the PN folding capacity of the ER
and is targeted for degradation (19, 40, 41). Degradation of the
soluble misfolded a1AT variants involves fold sensing pathways,
targeting a1AT through ER-associated degradation (ERAD)
(42–45) and/or glycoprotein ERAD (GERAD) (46) pathways.
ERAD involves the Sec61 translocon and cytosolic p97/valosin
containing protein (VCP)-dependent complexes, SCF (Skp1,
Cullins, F-box proteins)-ubiquitin ligase complexes, and the
cytosolic proteasome (6, 41). The GERAD pathway involves
a carbohydrate recognition/calnexin-linked cycle and the EDEM
family of proteins that target misfolded cargo to the Sec61
translocon (47–50).

Figure 2. The proteostasis boundary that controls lung

function in health and disease. The location of each node

(or green sphere) in the network represents a correspond-

ing protein’s folding energetics (stability, x axis; folding
kinetics, z axis; and misfolding kinetics, y axis). Each

connection (green line) represents a physical or functional

interaction that maintains the biological operation of the

cell. The purple surface defines the proteostasis boundary
(PB), defined by the composition of the proteostasis

network (PN) in the lung. The location of the PB impacts

the function of proteins based on their unique folding/
misfolding kinetics and thermodynamic stability. It is

shown as being the same for all proteins reflecting the

general features of proteostasis capacity inherent in the

highly abundant chaperone and degradative PN compo-
nents (5). Many specialized components of the PN may

augment the folding/misfolding kinetics or stability of

a protein in the context of the general proteostasis pro-

gram to achieve function. (a) All of the nodes driving
normal lung function are within the proteostasis boundary

of a healthy cell, indicating that their function is fully
supported by the PN. (b) Mutations such as found in a1AT deficiency or in response to environmental challenges (e.g., allergens, air pollutants, or
smoke leading to ASDs) can alter the folding kinetics or energetics of a protein, making their corresponding nodes fall outside the proteostasis

boundary. This can lead to either loss of function (red node, i.e., Z-variant a1AT monomer) or aggregation (black node, i.e., Z-variant a1AT ER

associated aggregate). Both states occur in a1AT deficiency. They likely strongly influence onset and progress of all ASDs. The double-ended green-

red arrow at the base of the PB indicates that PN capacity can be increased by stress signaling pathways (green tip) or collapsed (red tip) by stress
challenges that exceed the capacity of the PN to correct the folding problem (see text). Reproduced with permission from Reference (2).
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In addition to generation of soluble misfolded monomers
that are targeted to the proteasome, the Z-variant mutation also
triggers polymer/aggregate formation in the ER, preventing
export. Due to a conformational change in the ‘‘reactive loop’’
that is responsible for protease inhibition (19, 21), the E342K
substitution opens up a b-sheet and allows the reactive loop of
a second a1AT molecule to insert at this point to form a dimer
that extends into polymers, the mechanism of which is under
debate (19, 51–53). The abnormal aggregate accumulates in the
ER of the hepatocyte. The formation of Z-a1AT aggregates can
lead to a significant gain-of-toxic function in the liver. The
hepatic cell partially protects itself from these ER-associated
inclusion bodies using proteostasis-based ER-targeted autopha-
gic pathways (10, 19, 20, 40, 54, 55).

Thus, in the FoldEx/Fx model of a healthy cell, such as
a normal liver secreting wild-type a1AT, the position of the
a1AT node and its edges lie beneath the PB, indicating that
the PN of the ER is adequate to support folding for function
and serum sufficiency (Figure 2a). In contrast, the energetics
and kinetics of folding and misfolding of a1AT variant alleles
largely fall outside the capacity of the PN and, hence, trigger
liver disease in cell-autonomous fashion (Figure 3b). De-
clining PN function during aging (56, 57) is likely to signifi-
cantly contribute to the advance of cell-autonomous a1AT
deficiency and the progressive, age-related onset of liver dis-
ease (1, 29, 30).

PART 3. a1AT AS A MODEL
FOR ENVIRONMENT-TRIGGERED
CELL-NONAUTONOMOUS ASD

Serum a1AT is delivered to the lung by as-yet uncharacterized
transepithelial transport pathways (Figure 3a). Unlike the cell-
autonomous challenge a1AT variants poses to the hepatocyte
during nascent synthesis, reduced levels of a1AT in the lung
trigger cell-nonautonomous disease and pulmonary pathophys-
iology similar to that found in ASDs such as COPD and
emphysema (Figure 3c). As should be evident, the clinical
course of disease will reflect the biochemical and biophysical
properties of a particular allele and its impact on the a1AT fold,
some being more severe than others.

The principal role of a1AT in the lung is to inhibit, by
irreversible binding, serine proteases, in particular those se-
creted by neutrophils for host defense purposes. Inhibition
maintains lung integrity by preventing the degradation of the
extracellular matrix in the alveolar interstitium (21, 22, 40, 58,
59). Thus, a1AT serves as an ‘‘environmental factor’’ in the lung
that is necessary to prevent protein folding stress engendered by
general protease attack on the lung epithelial layer. Its absence
triggers inflammatory responses that signal to the proteostasis
system to make every effort to repair the problem(s), at least
until proteostasis capacity is reached. Beyond this point, pathol-
ogy becomes the dominating feature of disease and therefore is
a symptom, not a cause.

Consistent with its role as a cell-nonautonomous proteostasis
agent in ASD, one of the most important genetic disorders
predisposing the lung to COPD and emphysema is a deficiency
in a1AT (19, 21, 22, 31, 52, 60). In other words, a folding
challenge to proteostasis makes the lung more susceptible to
environmental stress. Alleles identified to date that can be
classified as potential deficiency-inducing and lung stress–
inducing folds have been estimated to occur in 10% of cases
of COPD (61), which suggests a substantial and undiagnosed
impact of a1AT deficiency in the human population (48). These
alleles induce panacinar emphysema, chronic bronchitis, bron-
chiectasis, and pulmonary vascular dilatation with severe hypo-
xaemia as early as the third to fifth decade of life (59, 62).
Conversely, whereas a1AT is a risk factor for ASD, a1AT
deficiency pathology is also strikingly enhanced by many
environmental airway threats, particularly smoking, which
triggers general oxidative stress and protein misfolding in lung
cells, further exacerbating the already strained PN capacity.
Thus, an inherited or environmental challenge to the lung
proteostasis system predisposes pulmonary tissue to folding
stress (63–67), suggesting that a1AT and ASDs have a common
origin: inadequate protection by the endogenous cellular pro-
teostasis program that becomes progressively weaker with age.

Although monomeric a1AT deficiency clearly contributes to
variant a1AT ASD, Z-a1AT aggregates may also have a cell-
nonautonomous impact on proteostasis. The Z-a1AT variant
has been detected in lung lavages and in lung tissue sections
from individuals with disease (19, 21, 22, 54, 68–70). One

Figure 3. Role of proteostasis in cell-nonautonomous
ASD. (a) Wild-type (WT) a1AT is correctly folded and

secreted from hepatocytes in the presence of a healthy PN

(large arrow), populating the lung with a protective anti-

protease environment. (b) In a1AT deficiency and, in
particular, Z-variant disease, a1AT is misfolded and poorly

secreted (small arrow). The presence of variant a1AT in

liver leads to progressive hepatocyte pathology by a cell-

autonomous mechanism by challenging the capacity of the
PN to deal with the folding problem. Proteostasis imbal-

ance in the liver is influenced by the presence of both the

misfolded monomer and the accumulation of aggregated
Z-variant in the ER of the hepatocyte. Liver disease can be

exacerbated by environmental insults including alcohol,

toxins, and pathogens. (c) a1AT deficiency affects the lung

by a cell-nonautonomous mechanism. The loss of anti-
protease protection normally afforded by WT a1AT is

similar to environmental insults such as pollution and

cigarette smoke, which taxes pulmonary proteostasis ca-

pacity through oxidative stress and triggers inflammatory
correction pathways. Pathogens can further exacerbate

inflammatory responses to amplify loss of proteostasis

capacity.
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possibility is that these polymers may accelerate pulmonary
symptoms through a gain-of-toxic-function mechanism not
unlike the impact of toxic oligomers in triggering many neuro-
degenerative diseases (12, 29, 56, 71). It has been shown that
wild-type a1AT can be internalized by endothelial cells and is
proinflammatory (72). Z-a1AT has been reported to be local-
ized with and chemotactic for neutrophils (70, 73, 74). We
speculate that Z-variant a1AT aggregates may be taken up by
endothelial cells as the UPR is activated in monocytes from
individuals with a1AT deficiency (75). An excess of neutrophils
and associated inflammatory response(s) found in COPD,
emphysema and asthma are thought to accelerate the disease
state. Indeed, the importance of proteostasis capacity is evident
in hits recovered in statistically powered genome-wide asso-
ciation studies (GWAS) (76). These studies are beginning to
define the architectural principles that could challenge the
pulmonary proteostasis program. Genes involved in nicotine
addiction leading to increased smoking may prematurely chal-
lenge the PN; genes involved in extracellular matrix stability
may tax maintenance and repair proteostasis pathways respon-
sible for fibrosis; and genes resulting in enhanced susceptibility
to oxidative stress are all events that would have a common
origin in exceeding PN capacity required to maintain the
protein fold for normal lung cell function.

Thus, wild-type a1AT serves as a protective environmental
factor in a cell-nonautonomous fashion in the pulmonary func-
tion. In contrast, variant-triggered a1AT deficiency alters the
sustainability of alveolar epithelial integrity in response to protein
misfolding, leading us to suggest that all ASDs have a common
origin triggered by a challenge to the proteostasis system.

PART 4. THERAPEUTIC MANIPULATION OF THE PN: A
NEW PARADIGM FOR ASD MANAGEMENT

In PARTS 1–3 We have attempted to use a1AT deficiency to
illustrate the operation of the proteostasis program in managing
protein folding in a cell-autonomous fashion in the hepatocyte
(Figure 3b), and we used the known role of a1AT as an envi-
ronmental factor in the lung (Figure 3c) as an example of a cell-
nonautonomous environmental threat to pulmonary physiology.
In both instances, we have argued that disease is a consequence
of proteostasis stress. From a therapeutic perspective, this new
focus on the mechanism of pathogenesis (the proteostasis sys-
tem) rather than symptoms (the inflammatory response) pro-
vides us with a rigorously defined pharmacological approach to
address ASDs.

Currently, the limited treatments available for ASD pulmo-
nary dysfunction (including those caused by a1AT deficiency)
involve therapeutic inhalation of steroids like formoterol or
salmeterol to reduce endpoint inflammatory/(immune) responses
(77), lung transplantation, and/or intravenous augmentation
(weekly or bimonthly) of pooled plasma-purified a1AT (62, 78,
79). The former create as many problems as they try to resolve,
the latter are the most specific to a1AT disease etiology but are
costly, and they currently lack proof of efficacy, if not negatively
indicated, as a therapeutic alternative (80).

A new proteostasis-based therapeutic strategy for pulmonary
disease would take advantage small molecules that regulate
the composition and concentration of PN components through
regulatory pathways including, among others, HSR (26, 81–86),
UPR (87–93), UPS (94–96), anti-oxidant response elements
(ARE), inhibition or activation histone deacetylase (HDAC)/
histone acetylase (HAT) pathways that impact protein folding
pathways (97–103), and mitochondrial UPR (oxidative stress
pathways) (104). Each of these pathways protects the cell in
response to the types of folding stress that would occur in ASDs.

We refer to these compounds as proteostasis regulators (PRs) (1,
2, 5). The utility of PRs for the correction of misfolding disease is
supported by recent observations that correction of cellular-
folding defects can be achieved by adjusting the activity of the
PN in cystic fibrosis (105), neurogenerative disease (85, 106–108),
Friedreich’s Ataxia (97, 98), and cancer (2, 91, 92, 96, 99, 100, 109,
110), all diseases that challenge proteostasis. By altering the
composition of the PN (Figure 1) and hence the shape of the PB
(Figure 2), these are anticipated to, for example, reduce and/or
prevent misfolding in response to cell-autonomous inherited
mutation/SNPs and/or misfolding in a cell-nonautonomous fash-
ion in response to, for example, oxidative damage that can occur
through environmental stressors such as smoking, air pollutants,
or allergens (Figure 3). PRs could also operate at the tissue and
organismal level in a cell-nonautonomous fashion through neural
signaling pathways. As shown recently in C. elegans models of
heat stress (30, 34), neuroendocrine-derived signaling pathways
play a major role in regulation of PN stress protection in a cell-
nonautonomous manner.

PART 5. OVERVIEW: PROTEOSTASIS AND THE
MANAGEMENT OF HUMAN LUNG DISEASE

In PARTS 1–4 we have attempted to provide a fresh perspective on
ASD based on the concept that challenges to the protein fold are
the common initiating event. The slow onset of pulmonary
disease is defined by repetitive challenges to the PN capacity,
which ultimately fails in response to aging. With this view in
mind, we envision that PRs would fulfill an unmet need in
pulmonary therapeutics by strengthening the biology of the
proteostasis program that routinely protects us from environmen-
tal folding insults (1, 17, 18, 111). The lung proteostasis program,
being one of the major frontline defenses to human pathology, is
likely to benefit significantly if managed more effectively. Phar-
macological management through PRs may provide considerable
benefit in the clinic by giving lung tissue, through its own
emergent biological protective proteostasis programs, a chance
to protect itself against folding stress, apoptosis, and fibrosis. If
applied in a timely fashion, given the role of proteostasis in
development and longevity (5, 29, 30, 56), PRs may provide
a favorable environment for regeneration of pulmonary function
through management of the stem cell environment.
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