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Abstract

Many acute and chronic lung diseases could benefit from improved
regeneration therapy. In development and throughout life,
genetically encoded exposure memory systems allow environmental
exposures, diet, and infectious agents to direct subsequent
phenotypic adaptation and responses. The impact of such memory
systems on lung regeneration is currently unknown. This article
provides a brief overview of advances in redox biology and
medicine as a framework for elucidating exposure memory and
delineating spatiotemporal responses in lung regeneration. New
imaging and omics methods enable precise definition to advance

knowledge of development and the cumulative changes in lung
biochemistry, structure, and cell populations occurring from prior
and ongoing exposures. Importantly, conditioning steps may

be needed to reverse exposure memory and enable effective
regeneration. Thus, to complement developmental biology and
regenerative medicine, research programs are needed to gain
systematic knowledge of how lifelong exposures impact lung biology
and support transition of lung regeneration from hypothetical to
practical medicine.
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Adult lungs exhibit little cell regeneration in
the absence of injury and repair but have
capacity to rapidly regenerate new cells after
injury (1, 2). Failure of these repair and
regeneration systems results in chronic
lung dysfunction (2), and improved
understanding of these systems may result
in improved management and treatment
strategies. Means to monitor and support
lung repair and regeneration in the absence
of overt disease are limited, however, and
there is an expectation that understanding
cumulative lifelong exposures, such as
encompassed in the concept of the
exposome, will be essential to understand
mechanisms and variations among
individuals. Thus, opportunity exists to
protect against long-term declines in
lung function and decrease morbidity
and mortality from lung diseases by
mapping out responses to common
exposures, delineating molecular

$452

impediments to efficient repair and
regeneration, and developing
preconditioning regimens to enhance
specific reparative processes.

A concept diagram is provided in
Figure 1, in which cumulative lifetime
exposures (3, 4) and adaptive responses
result in lungs with scarring, damaged
extracellular matrix, mutations, senescent
cells, abnormal cell populations, and
epigenetic changes. Some of these
contribute to lung disease and/or serve as
barriers to regeneration. Regeneration of
the diseased lung requires a conditioning
phase to remove barriers to regeneration,
clear scars and replace dysfunctional
extracellular matrix, eliminate mutated and
senescent cells, reset adaptive systems, and
reverse epigenetic marks. With such
conditioning steps, induction of lung
regeneration niche and expansion and
elaboration of new architecture and cell

populations can be pursued to regenerate
lung function (5).

The complexity of lung anatomy and
cell physiology, with approximately 40 cell
types and a broad spectrum of lung diseases
(6-10), suggests that systematic study
will be needed to address the multiple
molecular pathways, anatomic diversities,
temporal behaviors, and relative intensities
of phenotypes in lung regeneration. In
addition, the diversity of lung diseases must
be addressed. For instance, asthma may be
well controlled with infrequent symptoms
or uncontrolled and life threatening (11);
such differences may reflect underlying
differences in exposure history. Respiratory
distress syndromes can occur acutely, and
prior exposures may determine which
repair and regenerative methods are needed
to prevent permanent loss of function (12).
Similarly, in cystic fibrosis, recurring
exacerbations result in long-term lung
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Figure 1. Conceptual diagram for lung regeneration. After accumulation of lifelong exposures
and adaptive responses in disease development, a conditioning phase is needed to enable efficient

regeneration of lung function.

failure (13), and the lifelong history of
exposures may define the need for different
conditioning regimens to support
regeneration. Improved lung regeneration
in this diverse spectrum, as well as in
chronic obstructive pulmonary disease,
idiopathic pulmonary fibrosis, sarcoidosis,
bronchiolitis obliterans, and other chronic
lung diseases, will have considerable impact
in pulmonary medicine.

Beers and Morrisey provide an
excellent review of lung repair, remodeling,
and regeneration, noting a connection
between the signaling pathways of lung
development and those responding to lung
injury (5). They define regeneration as full
functional recovery of airway epithelial
cell-lined airway and alveolar lined spaces,
as opposed to repair, which can include
aberrant repopulation, scarring, and
fibrosis. They summarize two aspects of
developing polarity in organogenesis. Early
ventral to dorsal polarity involves
Wingless-related MMTYV integration site
(Wnt) 2/2b — fibroblast growth factor
10 — homeodomain protein gene Nkx2.1
signaling in the mesoderm to delineate the

trachea and lungs from the esophagus in
the endoderm (Figure 2, left). As discussed
below, these processes occur with spatial
and temporal redox control, involving O,
delivery, pH control, and H,0, and redox
potential gradients (Figure 2, center).
Proximal to distal polarity develops
through additional cytokine and growth
factor signaling, with extensive and
reiterative branching of the endoderm and
mulitpotent progenitor cells giving rise to
multiple epithelial lineages. Considerable
progress has been made in defining the
signaling pathways and mapping cell
lineages (14).

Although similarities exist between
development and post-injury signaling,
regeneration after injury differs from lung
development in that the latter has a
preformed scaffold and occurs within the
context of exposure memory (Figure 2,
right). The process involves immune cells,
proliferation of remaining epithelial cells,
and recruitment of different progenitor
populations. Prior research shows that fetal
alcohol exposure or vitamin C deficiency
affects lung cell populations and function in
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postnatal life (15-17), implying that the
character of the scaffold influences
regeneration. Systematic knowledge of
exposure memory (3, 18) is needed to
determine whether conditioning to reverse
exposure memory will promote lung
regeneration.

This article reviews advances in
understanding of oxidative stress and redox
biology as a basis to improve strategies for
lung regeneration. A brief discussion of
newer concepts of oxidants and oxidative
stress is followed by consideration of central
principles of redox organization as they
affect the lung and lung regeneration. We
then address emerging research on the
exposome and exposure memory systems
that enable an organism to adapt during
lifetime to environmental exposures. We
follow this with more specific consideration
of spatial and temporal heterogeneities
that occur within aerobic organisms and
the implications of such organization
for strategies to regenerate lung tissues.
Finally, we briefly review progress in
integrative omics and the potential
to delineate network structures that
support normal lung development and
regeneration.

Oxidative Stress and Redox
Biology

Oxidative stress is an imbalance between
oxidants and antioxidants in favor of the
oxidants, leading to a disruption of redox
signaling and control and/or molecular
damage (Box 1) (19). The original
definition by Sies (20) encompassed only
macromolecular damage, but later
discovery of redox signaling mechanisms
(21), especially proinflammatory signaling
by simple change in the redox potential of
the cysteine/cystine couple (22), led to a
proposal that oxidative stress should be
viewed in terms of disruption of redox
signaling and control (21).

A salient point concerning terminology
for regenerative medicine is that oxidative
stress is not synonymous with “oxidation.”
Oxidation is a chemical term referring to
loss of electrons. For every oxidation
reaction in biological systems, there is a
reduction reaction in which another
molecule accepts one or more electrons and
becomes reduced. All aerobic life depends
on oxidation-reduction reactions for energy
supply, so oxidation cannot be equated with
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Figure 2. Exposure memory and lung regeneration. Signaling processes in development are similar
to those in repair and provide strategies for use of chemokines and growth factors in lung
regeneration (left). Improved understanding of spatial and temporal redox gradients provides
additional strategies to facilitate lung regeneration. These include well-known effects of O, partial
pressure, pH conditions, optimal redox potential, H,O, signaling, and energy precursor supply. Lung
regeneration differs from lung development in that regeneration of lung must accommodate the
preexisting lung scaffold (right). Within this scaffold, individual lifelong exposures result in multiple
types of exposure memory. The impact of this exposure memory on regeneration is currently
unknown. Importantly, exposure memory could impose barriers and require preconditioning for
regeneration. E,, =redox potential; Glc = glucose; GIn = glutamine. Based on References 5, 14, 37,

and 3. Lung drawing from Pixabay.com.

oxidative stress. Many biological oxidants,
including H,0,, have important
biological functions so that increased
H,0, production, such as occurs in redox
signaling during development and
regeneration, should not be termed
“oxidative stress.” A more appropriate
description is simply “increased H,0,
production.” Oxidative stress, by
definition, always denotes adverse
conditions (Box 1).

At nanomolar concentrations, H,O,
regulates redox-dependent cellular
signaling mechanisms in development and
organ tissue repair. This process is distinct
from oxidative stress and is termed “redox
signaling,” defined in terms of redox
mechanisms of cell communication (Box 1).
An overlap of terminologies occurs for
wound repair, where oxidative stress can
function in redox signaling. Numerous
aspects of wound repair, organ adaptation,
and regeneration mechanisms (e.g., redox
signaling in hypoxia-inducible factor
[HIF]-1a regulation of hypoxia [23], redox
signaling of growth factor [vascular
endothelial growth factor, platelet-derived
growth factor, epidermal growth factor,
fibroblast growth factor]-dependent cell
proliferation) have been studied in detail
(24-26). Redox mechanisms also provide
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an organizational structure for cells
through the redox proteome (27, 28). This
process has been described in terms of
“redox sensing,” defined as mechanisms
orthogonal to redox signaling, which
control cell organization, trafficking, and
functional integration (29). Understanding
of oxidative stress, redox sensing, and redox
signaling provides a sound foundation to
optimize conditions for lung regeneration
therapy.

Both kinetic and thermodynamic
parameters are important to describe
normal cell function and dysfunction caused
by oxidants. Thermodynamics describes the
energetics of systems, whereas kinetics
describes the rates of processes. Living
systems exist as kinetically determined,
nonequilibrium states, yet individual
components can operate under high-flux,
near-equilibrium conditions or under
kinetically limited, nonequilibrium
conditions. The details of these relationships
are beyond the scope of the present
discussion, but, importantly, the redox
potential, Ep,, provides a convenient way to
compare the tendency of molecules to
donate or accept electrons; in such
processes, E}, is expressed in millivolts (21).
Redox couples with a more negative E;, are
better reductants, whereas those with more

positive E,, are better oxidants. The
biological range spans nearly 1,000 mV;

in healthy systems, steady-state redox
potentials of donor/acceptor couples are
often maintained within 10- to 30-mV
ranges; thus, a large positive shift of E;, that
disrupts normal function also denotes
oxidative stress. In extracellular spaces, E;,
is more positive than in cells (e.g., plasma
Ej, for glutathione (GSH)/glutathione
disulfide (GSSG) is —138 mV [30], median
epithelial lung lining fluid Ej, is —170 mV
[31], and lung E;, is —232 mV [32]).
Further variations occur within organelles,
with mitochondria and nuclei having more
negative E;, (more reducing) than cytosol,
and the cisternae of the endoplasmic
reticulum having more positive Ej,
(intermediate between cytoplasm and
extracellular pools) (33). These values are
important because they point to the need
to maintain appropriate redox conditions
to support lung regeneration.

Finally, a point of confusion surrounds
the term “reactive oxygen species” or ROS.
The term was introduced at a time when
there was an assumption that hydroxyl
radicals generated by reaction of superoxide
and a hydroperoxide (Fenton reaction 34]).
This is a central mechanism of oxidative
stress, human aging, and disease. Although
this is correct for ionizing radiation, such as
used in cancer therapy, this is quantitatively
minor relative to the total range of
oxidative processes. Although useful for
earlier studies of oxidative stress, this use is
now discouraged because it provides little
useful information. If evidence is not
available to show that an oxidant involves
oxygen, then the term can be an
overinterpretation or misinterpretation. If
there is evidence for increased superoxide
anjon radical, hydroperoxide, or other
oxidizing species, then science is best
served by use of the more specific
chemical terminology, along with the
criteria for interpretation. If an oxidant is
uncharacterized, it should be described simply
as an “oxidant” (Box 1). In development and
regeneration of the lung, O, is an oxidant
that has signaling activity through HIF-1a
(35, 36). Many other biologic oxidants have
been described, and these oxidants function
through specific signaling events as well as less
specifically in maintaining networks of
redox-sensitive elements (27). More precise
use of terminology can be expected to aid in
delineating relevant mechanisms for lung
regeneration.
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Box 1. Terminology for Lung
Regeneration

Oxidative stress is defined as an adverse
process: An imbalance between oxidants
and antioxidants in favor of oxidants,
leading to a disruption of redox signaling
and control and/or molecular damage.
This term is appropriate for conditions
causing lung injury but not as a
mechanism for regeneration.

Redox signaling is defined as cellular
communication involving an oxidant or
reductant as a messenger. H,O, is a
common messenger and results in
transient, usually reversible oxidation of
target proteins.

Redox sensing is defined as biological
control processes in which structural
organization, trafficking, macromolecular
interactions, and complex activities are
integrated through redox switches. These
are orthogonal to redox signaling and
have a sustained time course.

Reactive oxygen species (ROS) is a loosely
defined term and should be avoided.
Preferred terminology is “oxidant” when
uncharacterized and the name of the
oxidant when known (e.g., H,O,).

The Redox Code

The central principles of redox organization
are provided by the redox code (37), where
“code” is used to mean a system of
principles. These principles help define the
molecular logic of redox processes during
lung regeneration. Four principles
summarize major points of redox theory
(i.e., generalizations that describe the redox
interactions in bioenergetics, metabolism,
and macromolecular structure and
function) (Figure 3). The first principle

is that metabolism is organized through
high-flux, nicotinamide adenine dinucleotide
(NAD) and nicotinamide adenine
dinucleotide phosphate (NADP) systems
operating at near equilibrium with central
metabolic fuels for bioenergetics,
catabolism, and anabolism (37). This
principle provides a foundation for lung
regeneration as a critical starting point for
understanding the need for specific
metabolic fuels to support the energy
demands and biosynthetic precursor needs
for structural and functional regeneration.

The nicotinamide adenine dinucleotide
(NAD) system supports catabolic reactions
using dietary fuels (carbohydrates, fats,
proteins) and O, for ATP supply and also
accepts electrons from diverse substrates for
catabolism and elimination of wastes (38).
To achieve these unrelated demands to
eliminate wastes while maintaining stable
energy supply, the system operates in a
near-equilibrium state with major
metabolic fuels. This allows elimination
processes to proceed at rates dictated by
availability of resources for energy demand.
Importantly, the cytoplasmic and
mitochondrial pools of NADH/NAD*
(reduced/oxidized) are maintained at
distinct redox potentials (E,Cyt, —240 mV;
EpMit, —320 mV) with high-flux transport
systems allowing continuous interaction
between the compartments (37, 39, 40).
Maintenance at proper set points is
essential for lung regeneration.

The NADP system is a counterpart to the
NAD system, functioning in biosynthetic
processes (anabolism), defense, cell signaling,
and energy storage. Although the chemical
properties of the active niacinamide functional
group are identical in NADP and NAD, the
specificity of interaction with proteins allows
these systems to be poised at different E}, and
serve these different biologic functions. To
support anabolism and detoxification, the
cytoplasmic and mitochondrial NADP
systems are maintained at substantially more
negative redox potentials (more reducing)
than the NAD systems in the same
compartments. These values, —390 and
—415 mV, respectively, for cytoplasm and
mitochondria (37, 40), provide the energy for
biosynthesis of nucleotide bases, reduction of
ribose to deoxyribose, biosynthesis of fatty
acids, heme, and other critical processes of
anabolism.

Importantly, both the NAD and NADP
systems are under rapid equilibration with
oxidizable fuels so that catabolism,
anabolism, and related functions are
coordinated in subcellular compartments
and in different organ systems. This has
important implications for lung
regeneration because it emphasizes that
design of regeneration strategies must
support anabolic needs for NADPH. The
NAD and NADP systems differ in that a
large number of oxidizable substrates can
reduce NAD" to NADH, whereas few
oxidizable substrates have a sufficiently
negative E;, to support reduction of
NADP* to NADPH under the prevailing
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E,, values in cells. These include substrates
undergoing oxidative decarboxylation,
especially glucose 6-phosphate going to
ribose 5-phosphate catalyzed by glucose
6-phosphate dehydrogenase (G6PDH) and
phosphogluconate dehydrogenase. The
rate of glucose use to support NADPH via
the pentose phosphate cycle has been
estimated to be 20% of the rate of glucose
use to support ATP production, indicating
that in regenerative processes, the

capacity to maintain NADPH supply for
biosynthesis may become critical (41, 42).
Other mechanisms to support NADPH
supply, including an NADP-linked
isocitrate dehydrogenase, malic enzyme, or
the mitochondrial transhydrogenase, may
be essential to regeneration.

The second principle of the redox code
is that kinetically controlled sulfur switches
regulate structural and functional
organization of the proteome and functional
genome (Figure 3). Accumulating data
suggest that 10 to 20% of the more than
200,000 cysteine (Cys) residues encoded in
the human genome undergo reversible
oxidation (43), a process linking protein
folding, protein activation/deactivation,
macromolecular interactions, and
directional trafficking to the bioenergetic
and metabolic regulation of cells (43). The
central organization structure is linked
to the bioenergetics systems through
mitochondrial H,O, production and H,0,
generation by NADPH oxidases (Nox)

(44, 45). Relatively slow, kinetically controlled
oxidation of Cys (46, 47) in transcription
factors, actin cytoskeleton, mRNA and
microRNA (miRNA) processing and
trafficking machinery, molecular
chaperones and docking proteins,
translation and apoptosis machinery,

and enzymes for glycolysis, lipid, and
protein metabolism, is countered by
thioredoxin- or GSH-dependent reduction,
each linked to NADPH, to maintain stable
steady states (27, 28). The broad impact of
oxidative stress on the redox proteome
structure has been delineated in lung
fibroblasts for low, environmental levels of
cadmium exposure (48). Although
incompletely characterized for cell
differentiation and lung development, lung
regeneration will require that this NADPH-
dependent oxidant and reductant supply
structure is appropriately maintained.

Parallel links between the bioenergetics
and metabolic organization and the
macromolecular organization and function
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Figure 3. Principles of the redox code provide rationale for systematic variation of O,, pH, and thiol/disulfide supply systems to optimize regeneration.
Reprinted by permission from References 37 (A, B, D) and 49 (C). Cys = cysteine; NAD = nicotinamide adenine dinucleotide; NADH = nicotinamide
adenine dinucleotide reduced; NADP = nicotinamide adenine dinucleotide phosphate; NADPH = nicotinamide adenine dinucleotide phosphate reduced;
Nox = nicotinamide adenine dinucleotide phosphate reduced oxidase; BMAL = brain and muscle arnt-like; ER = endoplasmic reticulum; EROS = ER oxidase
system; FRQ = frequency; GSH = glutathione; GR = glutathione disulfide reductase; HyPer = hydrogen peroxide sensor; HyPerYFP = Hyper tagged with
yellow fluorescent protein; PDI = protein disulfide isomerase; Prx = peroxiredoxin; TIM = timeless; TR = thioredoxin reductase; Trx = thioredoxin.

are also provided by other bioenergetics activation/deactivation cycles of H,0, regeneration (Figure 3) (49). Such
components. For instance, acetyl-CoA production supports signaling and spatiotemporal sequencing can be expected
supports protein acetylation, S-adenosyl- spatiotemporal organization (37). for lung regeneration, but specific studies
methionine supports methylation, and NAD"  Incorporation of this principle into will be needed to discover whether hypoxia-
supports ADP-ribosylation of proteins. regenerative strategies may facilitate proper  oxygenation cycles under control of HIF-
Sirtuins, involved in histone regulation of polarity and timing, factors that are la, peroxide flux driven by mitochondrial
gene expression, are regulated by the critical for appropriate structural and activity, Nox-dependent H,0O, activation/
[NADH]/[NAD "] ratio (4), and are likely to ~ functional restoration. Tools to monitor deactivation cycles, or another redox
be essential for regeneration programming. spatiotemporal sequence are available to system is used.

The third principle of the redox code  directly visualize tissue-scale gradient of The fourth principle of the redox
is that coupling of NAD(P) systems to H,0,, as shown for tadpole tail code is that redox networks, from
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microcompartments to subcellular and
cellular organization, form an adaptive
system to respond to the environment (37).
Redox proteomics and redox metabolomics
provide a mechanistic interface between the
environment and the functional genome
(50). This is important for lung regeneration
because it emphasizes the need to consider
the environmental causes of lung dysfunction;
if these are not eliminated, then any
regeneration will ultimately fail. In a broader
sense, this principle may present the most
daunting aspect of lung regeneration because
it implies that regeneration will require both
elimination of agents causing disease and
removal of the molecular memories of prior
exposures.

The Exposome and
Exposure Memory

Recognition that the redox proteome and
redox metabolome serve as an adaptive
interface between an organism and its
environment (28) laid the foundation to
consider redox biology as a critical
mechanistic interface between the functional
genome and the exposome (50). As indicated
above, this is directly relevant to lung
regeneration, because at any point in an
individual’s life, lung structure and function
retain a history of prior exposures. The
exposome, originally defined by Wild (4), is
the cumulative measure of environmental
influences and associated biological
responses throughout the lifespan, including
exposures from the environment, diet,
behavior, and endogenous processes (51).
The logical extension of the redox interface
concept focuses attention to the molecular
logic of metazoan evolution that gave rise to
the mammalian respiratory system (3). A key
aspect is the evolution of genetically encoded
exposure memory systems (3) (i.e., systems
that “remembered” thickness of barrier
functions, optimal length of bronchioles and
alveolar size for O, delivery, number and
location of mitochondria, sensory input, etc.).
These memory systems provide mechanisms
for an individual to adapt to environment
(e.g., food supply, altitude, etc.) during
lifespan to provide competitive advantage (3).

The relevance of exposure memory
systems (Figure 2) (3) to lung regeneration
is readily apparent. For instance, positive
and negative selection in the immune
system provides memory of prior
exposures. In lung regeneration,

preservation of beneficial aspects would be
desirable, while at the same time, some

of these may antagonize regenerative
potential. Similarly, epigenetic mechanisms
result in long-term changes in control of
gene expression. Some of these are likely to
function in opposition to regeneration, and
others are likely to provide beneficial
adaptations. Other exposure memories
include epiproteomic changes (e.g., post-
translational modifications, proteolytic
processing, crosslinking and aggregation in
response to environmental exposures)
(52-54); lipidomics changes in cell and
organellar membranes and other
components of the lipidome; glycomic
changes from prior dietary compositions
(55, 56), infections (57), and other
exposures; and heteroplasmic changes of
mitochondria to adapt bioenergetics
function to match food availability.

An important opportunity exists to
map exposure memory in the lung by
systematically evaluating environmental
exposures, cell populations, mitochondrial
populations, and epigenetic and epiproteomic
characteristics that accumulate. For instance,
methods are available to measure telomere
length in different cell types of human lung
and gain an understanding of cell senescence
and exhaustion of replicative potential.
Methods are available to monitor
environmental chemical accumulation in
the lungs and lung mitochondria (58), and
methods are available to measure chemical
adducts of long-lived proteins, DNA
mutations in nuclear and mitochondrial
DNA, and epigenetic changes of specific
cell populations. Medical protocols will
be needed to remove or correct the
molecular memories that are deleterious and
establish or optimize regenerative potential.

Spatial and Temporal
Heterogeneities

Advances in understanding growth factor
signaling in lung development portend
considerable advances in lung regeneration
(14). Elucidation of the specific signaling
events in the epithelial differentiation,
vascularization, mesenchyme, and immune
development will enable targeted activation
and switching in cell and molecular
phenotypes. Yet all of these processes
occur naturally within well-controlled
microenvironments. Thus, one can expect
that effective management of physical and
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chemical/metabolic environments will be
essential for regeneration.

The study by Hwang and Sinskey (59)
showed that mammalian cells in culture
have Po,, pH, and Ej, requirements for
optimal growth (60). Tissue and
intracellular O, gradients were shown for
mammalian cells in the 1970s and 1980s
(61-63). The importance of HIF-1a
signaling microvascular development (64)
and lung cell phenotypic switching (65, 66)
suggests that specific control of Po, will be
critical for lung regeneration. Similarly,
intracellular pH control and directional pH
gradients could be essential for appropriate
growth and differentiation responses.
Intracellular pH gradients have been
detected (67) but not characterized for lung
cells during development. Fluorescent O,
and pH indicators are available to facilitate
mapping of these gradients in lung
regeneration models, and application of
these strategies is likely to aid in
understanding mechanistic details to
improve regenerative potential.

Although gradients of Po, and pH have
been known for decades, experiments to
test whether modulation of gradients
affects cell or tissue regeneration appear to
be unavailable. In principle, agents that
stimulate mitochondrial biogenesis (68) or
alter mitochondrial homeostasis (69, 70)
can be used to manipulate O, gradients.
Similarly, inhibitors of polarized
transporters, such as bicarbonate
transporters and H"-coupled cation
transporters, can be used to control
transcellular pH gradients (67). Evidence
for tissue O, gradients occurs in different
organ systems (71), but cellular studies are
mostly restricted to differentiated cells.
There is an important need for basic
research to explore O, and pH gradient
effects in stem cells and organogenesis.

Thiol/disulfide redox gradients are
more complex and difficult to map but
will also be critical to strategies for lung
regeneration. Protein abundance varies
over nine orders of magnitude (72), and
reactivities of thiols with oxidants such as
H,0, vary over six orders of magnitude
(73). If polarity in redox organization is
critical for regenerative signaling, then it
will be necessary to apply advanced
proteomics approaches to characterize
regenerative models. Transient expression
of targeted reductant proteins, such as
nuclear localization signal-thioredoxin-1
(74), similar peroxiredoxin fusion proteins
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(75), or targeted oxidant proteins, such

as

nuclear localization signal-D-amino acid

oxidase (76), could be used to induce
redox gradients during organogenesis

or

regeneration. This represents a frontier

for regenerative medicine, but rapid

development of imaging methods suggests
that future strategies can take advantage
of the new technologies to substantially

advance progress.

Integrative Omics

Perhaps the most promising advances

for lung regeneration lie in the explosive

development of omics technologies. Recent
advances in miRNA research are beginning
to show the miRNAs that direct and block

functional responses in the lung (77).

Transcription can be measured on a single-

cell basis to enable reconstruction of
transcriptional programs (78). Mass

spectrometry-based proteomics methods
have not yet achieved sensitivity to measure
changes in a single cell, but fluorescent
fusion proteins, epitope-tagged proteins,
and fluorescent enzyme products can be

used to map changes in protein abundance,
distribution, and catalytic activity at a
single-cell level.

Redox proteomics now allows
measurement of oxidation of hundreds of
specific protein Cys (28, 79, 80). In
principle, this can be increased to
thousands using existing technologies (81-
83). By combining redox proteomics with
high-resolution metabolomics, mechanistic
links can be obtained from changes in
specific proteins with changes in products
of associated enzymatic activities. Similarly,
transcriptome—metabolome interactions
have been used to identify critical hubs in
toxicologic mechanisms (84) and show that,
in principle, such approaches can be used
to define central organizational hubs for
tissue and organ regeneration.

Efforts to sequence the exposome (18)
are expected to further facilitate protocol
development by providing understanding
of molecular and cellular responses to the
environment (Figure 4). For instance,
components of the microbiome may be
activating or inhibitory factors for specific
lung cells and/or structures (Figure 4).
Recent research on microbiome-

metabolome interactions (85) shows that
microbial groups associate with metabolic
pathways, indicating that microbial
populations could affect regeneration
potential (Figure 4). Elucidation of miRNA-
directed and/or exposure-related epigenetic
changes may provide further means to
direct lung regeneration. Studies of
environmental chemical burden associated
with disease may help identify residual
chemicals that interfere with lung
regeneration. Characterization of long-lived
macromolecular structures and barrier
remodeling in the lung may lead to
new methods to eliminate scarring
and diffusion barriers and enhance
restoration of function. Similarly,
improved understanding of immune cell
populations can further be expected to
guide elimination of dysfunctional
components while retaining beneficial
immunologic memory. Importantly,
integrative omics tools are now available
to directly link these information-rich
data toward applications in lung
regeneration.

Especially during the last decade,
increased numbers of omics studies,
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Figure 4. The cumulative lifelong perturbations in metabolic and cellular functions contribute to lung disease. The lungs are exposed to airborne
particulates, environmental chemicals, and infectious agents. Within the lungs, the body burden of these environmental agents causes many types
of molecular responses. Central panel reprinted by permission from Reference 85; right panel is from wikipdedia.org for idiopathic pulmonary fibrosis
(https://en.wikipedia.org/wiki/ldiopathic_pulmonary_fibrosis). ATSDR = Agency for Toxic Substances and Disease Registry.
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including genomics, epigenomics,
metabolomics, and proteomics, have been
used in studies for lung development,
remodeling, and regeneration (86-88). In
many cases, discovery was limited and
partially understood due to single-molecule
approaches at the level of cellular and
molecular signaling. Therefore, to improve
our understanding of the complicated
paradigm of lung development and
regeneration, increased emphasis on
systems biology analyses combining
multiple omics studies, including genomics,
proteomics, redox proteomics, and
metabolomics with bioinformatics analysis
will be needed. The results of this powerful
approach will provide the critical pathways
and associated molecules to establish a
systems-level understanding of lung

Summary and Perspective

Improved use of terminology for oxidative
stress will facilitate communication and
critical thinking concerning challenges of
lung regeneration. Simple concepts of an
imbalance of prooxidants and antioxidants
have been replaced by more realistic
descriptions in terms of redox biology.
Central principles of redox biology are now
enumerated and provide a complement to
molecular signaling needed for strategies
leading to successful recovery of lung
function. These principles provide a central
logic for regeneration model development.
Bioenergetic and metabolic organization is
linked to macromolecular structure and
controlled through activation-deactivation
cycles of oxidant generation. Characterization

organization in the developing lung with
ultrahigh-resolution omics methods will
provide the knowledge base to support
systematic improvement of lung regeneration
methods and outcomes. A relatively
unexplored barrier to successful recovery of
lung function lies in the complex and poorly
defined exposure memories of prior
environmental, dietary, and infectious agents.
Like many great challenges, lung regeneration
must be viewed realistically, one step at a
time. Emerging knowledge and new tool
development support optimism that
systematic use of combined molecular and
redox control procedures will enable precise
and effective restoration of diseased lungs. M

Author disclosures are available with the text

regeneration.

of the redox switches and spatiotemporal
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