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Resolving lung injury: a new role for Tregs
In controlling the innate immune response

Anthony Pietropaoli and Steve N. Georas

Division of Pulmonary and Critical Care Medicine, University of Rochester Medical Center, Rochester, New York, USA.

Inflammation-associated lung injury is a major cause of morbidity and mor-
tality for patients in intensive care units. Although the cellular and molec-
ular events that initiate lung inflammation are now well understood, the
mechanisms that promote its resolution remain poorly defined. In this issue
of the JCI, D’Alessio et al. show in a mouse model that recovery from acute
lung injury is not simply a passive process, but involves Tregs in an active
resolution program (see the related article beginning on page 2898).

Overview of lung injury

Acute lung injury (ALI) is a syndrome
defined by bilateral pulmonary infiltrates
on chest radiography and arterial hypox-
emia in the absence of left atrial hyperten-
sion. This syndrome has a rapidly progres-
sive clinical presentation characterized by
acute onset of dyspnea and respiratory fail-
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ure requiring mechanical ventilation; when
arterial hypoxemia is particularly severe, it
is classified as acute respiratory distress
syndrome (ARDS; ref. 1). ALI can be caused
by direct and indirect pulmonary insults.
The initial pathophysiologic events are
endothelial and epithelial injury, excessive
permeability of the alveolar-capillary unit,
and alveolar and interstitial accumulation
of proteinaceous fluid and inflammatory
cells (1). This inflammatory response dis-
rupts alveolar function, impairing fluid
clearance, surfactant production, and gas
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exchange (2). Neutrophils are a key com-
ponent of lung inflammation in ALI and
are recruited to the lung by chemotactic
signals produced by alveolar macrophages
and other lung cell types (3, 4).

ALI occurs in response to a variety of
acute illnesses, with common direct causes
including pneumonia and aspiration of
gastric contents, and common indirect
causes including extrapulmonary sepsis
syndrome and trauma (5, 6). The public
health burden is high, with an incidence
of approximately 80 cases per 100,000
person-years and mortality approaching
40% (7). Interestingly, persistent pulmo-
nary inflammation and dysfunction are
strongly associated with mortality (8), yet
the cause of death in patients with ALI is
usually multisystem organ failure instead
of intractable respiratory insufficiency
(9). This apparent paradox is explained by
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Table 1

Other potential antiinflammatory or proresolution mediators and molecules in the lung

Secreted, soluble, or gaseous mediators
Carbon monoxide

Catecholamines

Endocannabinoids

Indoleamine 2,3 dioxygenase

NO, NO metabolites, and NO-regulated proteins

Soluble IL-6 receptor (sIL6R)
Surfactant proteins and related phospholipids
Cell surface receptors

Adenosine receptor 2B (A2BAR)
Annexin 1

Inhibitory costimulatory molecules (e.g., B and T lymphocyte attenuator [BTLA]

and programmed cell death 1 [PD-1])
Mucin 1 (MUC1)

Intracellular molecules or transcription factors

Aryl hydrocarbon receptor (AhR)

Hematopoietic prostaglandin D2 synthase (hPGD2S)

Heme oxygenase 1 (HO-1)
NOS
PPARy

Mediators and molecules are in addition to those described in the text. This table is not meant to

be exhaustive.

animal and human studies showing that
inflammatory mediators from the lung
spill into the systemic circulation, induc-
ing extrapulmonary organ dysfunction and
promoting the downhill cascade toward
multisystem organ failure (10). Therefore,
therapies aimed specifically at accelerating
resolution of the pulmonary inflammatory
response could pay dividends that extend
well beyond the lung. Over the last decade,
it has been proven that reducing ventila-
tor-delivered pressure and volume attenu-
ate pulmonary and systemic inflammation
and mortality (11), but pharmacologic
therapies for ALI remain limited. Glucocor-
ticoids have been extensively studied, but
their efficacy remains controversial (12),
and the search for other effective antiin-
flammatory treatments continues.

Resolution biology:

an emerging discipline

Although inflammation is an essential and
protective response to tissue injury and
infection, excessive and persistent inflam-
mation can lead to chronic organ dysfunc-
tion. In the case of lung injury, unchecked
inflammation likely contributes to the
progression from ALI to ARDS to multi-
system organ failure. Therefore, once the
offending insult has been neutralized,
prompt resolution of lung inflammation
is a desirable goal. Why this does not occur
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in many patients is currently unclear; in
fact, the mechanisms involved in the reso-
lution of inflammation in general are still
poorly understood. In their study reported
in this issue of the JCI, D’Alessio et al. have
addressed this gap in our current knowl-
edge and firmly implicate a versatile subset
of CD4* T lymphocytes in the resolution of
ALI in mice exposed to LPS (13).

In many models, resolution of inflam-
mation is not simply a passive process (e.g.,
caused by removal of the offending insult
and burnout of inflammatory cells), but
involves active resolution programs (14).
New cellular and molecular pathways
involved in the resolution of inflamma-
tion are being uncovered at a rapid pace
(Table 1), and although the precise dis-
tinction between proresolution and anti-
inflammatory can be challenging, recent
working definitions have been proposed
that should facilitate future research in
this area. For example, a careful kinetic
analysis of inflammatory cell numbers can
define the resolution interval (Ri), the time
from maximal infiltration of inflammatory
cells to the 50% reduction point (15). Reso-
lution-promoting pathways or molecules
should be particularly effective at reduc-
ing the Ri and may have less effect on the
magnitude or extent of inflammation at its
peak. Proresolution mediators might also
preferentially accumulate or be generated
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at later time points during the course of an
inflammatory reaction. Although the Ri
has not been extensively studied in human
subjects, support for the importance of
prompt resolution comes from the obser-
vation that BAL neutrophils remain elevat-
ed in nonsurvivors with ARDS (3).

During the resolution phase, recruited
cells and necrotic material need to be
cleared and disrupted tissue structures
regenerated. To use a military analogy,
after the troops have been marshaled and
the enemy neutralized, the battlefield
needs to be cleaned up. In ALI, neutrophils
need to be cleared from the alveolar space,
endothelial and epithelial barrier structures
regenerated, and edema fluid reabsorbed
(2). Neutrophil apoptosis is an important
first step in the transition to resolution,
because apoptosis preserves membrane
structure and results in noninflamma-
tory cell death and clearance. Interestingly,
engulfment of apoptotic neutrophils by
macrophages (via recognition of cell sur-
face phosphatidylserine and other surface
receptors) induces a phenotypic switch
away from proinflammatory cytokine pro-
duction and toward secretion of proreso-
lution mediators such as TGF-f (16). The
regulation of macrophage phenotype may
also involve additional cellular and soluble
inputs. For example, clearance of apoptotic
cells (i.e., efferocytosis) can be inhibited by
factors secreted by immune cells (17). Per-
haps the persistence of BAL neutrophils in
nonsurvivors with ARDS reflects a failure
to undergo apoptosis and efferocytosis,
undermining the proresolution program?

An important recent advance came from
the discovery of novel lipid mediators that
are generated late in inflammatory reac-
tions and promote active resolution of
inflammation by inhibiting granulocyte
infiltration and promoting monocyte
recruitment. These include metabolites
of arachidonic acid (e.g., lipoxin A4 and
aspirin-triggered 15 epi-lipoxins) and
omega-3 polyunsaturated fatty acids (e.g.,
resolvins, protectins, and the recently
described maresins; refs. 14, 18). This is
an active area of research in which new
metabolic pathways, cell surface recep-
tors, and therapeutic potentials are being
rapidly defined. For example, resolvin E1
was recently shown to markedly hasten
the resolution of allergic airway inflam-
mation in a mouse model, in part by
enhancing the clearance (or reducing the
Ri) of different inflammatory cell types
(19). Using a model similar to that of the
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Potential mechanisms by which Tregs suppress inflammation and lung injury. In the normal lung (A), only alveolar macrophages are present
within the distal air spaces. After LPS-induced ALI (B), neutrophils and macrophages accumulate in the alveolar space and release inflamma-
tory mediators that cause barrier dysfunction and pulmonary edema. In their study in mice in this issue of the JCI, D’Alessio et al. (13) report
that effective resolution of this process involves CD4+CD25* Tregs (C), which cause neutrophil apoptosis and efferocytosis and produce the
proresolution mediator TGF-$ upon contact with alveolar macrophages.

D’Alessio et al. study (13), aspirin-trig-
gered 15 epi-lipoxin A4 was also shown to
attenuate LPS-induced lung injury in mice
by countering myeloperoxidase signaling
(20). Other lipid compounds, including
lysolipid and sphingolipid mediators (e.g.,
lysophosphatidic acid and sphingosine-1
phosphate), have potential antiinflam-
matory and proresolution effects because
they promote cellular egress from tissue
and tighten barrier structures (21). Very
little is known about the expression or
function of these novel lipid mediators in
humans with ALI or ARDS. Although they
are challenging to measure in biological
fluids, future studies investigating their
expression and function in patients with
different stages and severity of lung injury
may be enlightening.

Resolution of lung injury:

a new role for Tregs

D’Alessio et al. used multiple approaches,
including adoptive transfer and neutraliz-
ing antibodies, to uncover a crucial role for
CD4'CD25"Foxp3* Tregs in resolving LPS-
induced lung inflammation in mice (13).
This important study establishes what we
believe to be a new player in the resolution
program and implicates a versatile subset
of antigen-specific CD4* T lymphocytes in
suppressing an innate immune response
that is not classically considered to be anti-
gen driven. Similar to conventional T cells,
CD4*CD25"Foxp3* Tregs develop in the
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thymus and escape into the periphery with
a diverse repertoire of TCRs that recognize
both foreign and self peptides (although
probably enriched in the latter). The vast
majority of research to date has implicated
Tregs in suppressing antigen-driven and
T cell-dependent adaptive immune respons-
es, especially in models of autoimmunity,
infections, and cancer (reviewed in refs. 22,
23). In these diseases, Tregs are thought to
be activated in an antigen-dependent man-
ner and to inhibit self-reactive or pathogen-
ic T cells through multiple mechanisms,
including contact-dependent inhibitory cell
surface receptors (e.g., CTLA-4), secretion of
inhibitory cytokines (e.g., IL-10 and TGF-f),
competition for growth factors (e.g., IL-2),
and potentially direct lysis (24).

In contrast to these models, LPS-induced
ALI occurs independently of antigen-acti-
vated lymphocytes because of nonspecific
inflammation induced by innate immune
cells expressing the TLR4 signaling com-
plex (e.g., macrophages, epithelial cells, and
dendritic cells). In support of this notion,
D’Alessio et al. found no differences in
early inflammatory indices in RAG-1-defi-
cient mice, which lack mature T and B cells,
and in fact found that these immunodefi-
cient mice fared substantially worse at later
time points after LPS challenge, with mark-
edly enhanced lung inflammation (13). By
performing careful kinetic analyses, flow
cytometry, and adoptive transfer studies,
these authors convincingly demonstrated
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that CD4°'CD25" T cells expressing the
Treg markers Foxp3 and folate receptor 4
were crucially involved in resolving lung
injury and inflammation at these later time
points. Importantly, CD4*CD25" Tregs
were still effective when administered 24
hours after LPS, in contrast to most stud-
ies, which test agents administered before
the onset of lung injury. The authors’ find-
ings add to a growing body of literature
implicating T cells (both conventional and
regulatory) in dampening innate immune
responses that are typically independent of
a specific antigen (25-27).

By measuring and neutralizing cytokines
and performing in vitro coculture assays,
D’Alessio et al. (13) implicate a model in
which Tregs in the alveolar space induce
neutrophil apoptosis and suppress mac-
rophage cytokine secretion independent
of the antiinflammatory cytokine IL-10,
and dependent at least in part on TGF-f
(Figure 1). The authors show that TGF-§
is produced during cell-cell interactions
between Tregs and macrophages in vitro
(in keeping with current models of TGF-§
production; ref. 28), possibly reflecting
TLR4 engagement on both cell types (29).
However, it seems unlikely that sufficient
LPS persists in the lung at later time points
after challenge (e.g., 7-10 days) to engage
TLRs expressed on alveolar Tregs. Anoth-
er possibility is that the intense inflam-
mation accompanying LPS challenge
enhances antigen presentation within the
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lung and that CD4*CD25*Foxp3* Tregs
are indeed activated in an antigen-depen-
dent manner. Future studies examining
the TCR specificity and activation of Tregs
— and conventional T cells — in the lung
during ALI should be revealing. Perhaps,
in this context, we should refer to this
remarkably versatile resolution-promoting
cell type as Tres?

Future directions and translational
perspectives

The report by D’Alessio et al. (13) raises
some important questions and should
spur future research in the field. First,
what are the mechanisms by which
CD4'CD25" Tregs accumulate in the lung
at later stages of lung injury? The authors
consider both recruitment of cells into the
alveolar space from the circulation and
expansion from resident lung lympho-
cytes, possibilities that are not mutually
exclusive. It will be interesting in future
studies to determine the role of chemo-
kines and cytokines (e.g., IL-2 and others
that signal through the common y chain)
in Treg expansion in the lung. Future
studies using transgenic and gene-targeted
mice in which Foxp3* Tregs can be tracked
and deleted may be particularly insight-
ful in this regard and may avoid some
of the artifacts introduced by adoptive
transfer. Second, are other pro-resolution
mediators produced during interactions
between Tregs and lung cells (e.g., some of
the lipid mediators discussed above)? In
addition to hastening clearance of inflam-
matory cells, do Tregs or proresolution
mediators accelerate the recovery of epi-
thelial and endothelial barrier function?
Third, would a similar protective effect of
Tregs be observed in models of lung injury
induced by active infections in which anti-
gen-specific lymphocytes may be required
to help clear the pathogens? Most impor-
tantly, D’Alessio et al. have identified a cell
type involved in the resolution of ALI that
we should now start studying in detail in
human subjects.
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