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CD4+CD25+Foxp3+ Tregs resolve
experimental lung injury in mice and are
present in humans with acute lung injury

Franco R. D’Alessio,! Kenji Tsushima,' Neil R. Aggarwal,! Erin E. West,!
Matthew H. Willett,' Martin F. Britos, Matthew R. Pipeling,’
Roy G. Brower,! Rubin M. Tuder,'?2 John F. McDyer,' and Landon S. King'

Division of Pulmonary and Critical Care Medicine, Department of Medicine, and
2Department of Pathology, Johns Hopkins University School of Medicine, Baltimore, Maryland, USA.

Acute lung injury (ALI) is characterized by rapid alveolar injury, inflammation, cytokine induction, and neu-
trophil accumulation. Although early events in the pathogenesis of ALI have been defined, the mechanisms
underlying resolution are unknown. As a model of ALI, we administered intratracheal (i.t.) LPS to mice and
observed peak lung injury 4 days after the challenge, with resolution by day 10. Numbers of alveolar lympho-
cytes increased as injury resolved. To examine the role of lymphocytes in this response, lymphocyte-deficient
Rag-17/-and C57BL/6 WT mice were exposed to i.t. LPS. The extent of injury was similar between the groups of
mice through day 4, but recovery was markedly impaired in the Rag-17~ mice. Adoptive transfer studies revealed
that infusion of CD4*CD25*Foxp3* Tregs as late as 24 hours after i.t. LPS normalized resolution in Rag-17/~
mice. Similarly, Treg depletion in WT mice delayed recovery. Treg transfer into i.t. LPS-exposed Rag-17/~
mice also corrected the elevated levels of alveolar proinflammatory cytokines and increased the diminished
levels of alveolar TGF-f and neutrophil apoptosis. Mechanistically, Treg-mediated resolution of lung inju-
ry was abrogated by TGF-f3 inhibition. Moreover, BAL of patients with ALI revealed dynamic changes in
CD3*CD4*CD25"CD127"°Foxp3* cells. These results indicate that Tregs modify innate immune responses dur-
ing resolution of lung injury and suggest potential targets for treating ALI, for which there are no specific

therapies currently available.

Introduction

Acute lung injury (ALI), a syndrome of rapid-onset bilateral pulmo-
nary infiltrates of noncardiac origin, is characterized by alveolar-
capillary injury, inflammation with neutrophil accumulation, and
release of proinflammatory cytokines (1). ALI can result in persis-
tent respiratory failure and prolonged dependence on mechanical
ventilation, increasing susceptibility to multiorgan dysfunction
and mortality. ALI produces nearly 200,000 hospitalizations and
75,000 deaths in the United States each year (2). Despite extensive
investigation aimed at early diagnostic and pathogenetic factors
of ALIL, current management is mainly supportive, as specific ther-
apies have not been identified. Animal models focused on early
events (24-48 hours) in ALI pathogenesis have yielded insights
into mechanisms that initiate injury; however, little is known
about potential determinants of resolution.

Injury resolution is an active process (3) that requires a series of
integrated steps including transitions in the balance of pro- and
antiinflammatory cytokines, as well as clearance of neutrophils
from sites of inflammation (4-6). Similar events are likely required
to achieve resolution of ALL. Lymphocytes have been implicated in
regulation of numerous inflammatory, autoimmune, and allergic
conditions (7-9), as well as in protection against experimental bac-
terial sepsis (10); however, potential roles for lymphocytes in the
pathogenesis or resolution of ALI have not been described. A sub-
set of CD4* lymphocytes described as Tregs, expressing the surface
marker CD25 (IL-2 receptor o) as well as the transcription factor
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Forkhead box protein 3 (Foxp3), have been implicated in control-
ling autoreactive T cells in vivo (11). Recent reports indicate that
Tregs exert suppressive effects in an increasing array of pathophysi-
ologic events (12, 13), including regulation of immune responses
after burn injury in mice (14) and in chronic infections such as
pulmonary aspergillosis (15) and Pneumocystis pneumonia (16), and
therefore might participate as mediators in ALI or its resolution.

Using a well-established model of lung injury, intratracheal (i.t.)
LPS, we identified a critical role for Tregs in resolution of ALL Lym-
phocyte-deficient recombinase activating gene-1-null (Rag-17/")
mice (17) exhibited a profound impairmentin resolution of lung inju-
ry that was reversed by administration of isolated Tregs, and deple-
tion of Tregs in WT mice delayed recovery. In the absence of Tregs,
LPS-induced proinflammatory responses were sustained, and neu-
trophil apoptosis was reduced. TGF-f, but not IL-10, was required to
achieve Treg-mediated resolution of ALI In addition, we identified
the presence of human Tregs (CD3*CD4*CD25*CD127"°Foxp3°)
in BAL in 2 patients who met clinical-radiological criteria (18, 19)
for ALL Our results provide evidence of an integral role for Tregs in
resolution of ALI, which we believe to be novel, as well as evidence
for cross-talk between innate and adaptive immune systems in the
transition from injury to repair in the lung.

Results
Resolution of lung injury is impaired in lymphocyte-deficient mice. In pre-
liminary studies, we investigated alveolar inflammatory cell infil-
tration and histologic evidence of injury in the lung at early and
late time points after i.t. LPS challenge in 4 mouse strains. In all
strains, we observed lymphocyte recruitment to the alveolar com-
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partment of the lung within several days of i.t. LPS instillation
(data not shown). Because little has been described of lymphocyte
participation in any aspect of ALI, we sought to examine a potential
role for lymphocytes in injury and/or repair by exposing Rag-17/~
mice and WT C57BL/6 mice to i.t. LPS, followed by assessment of
injury parameters at intervals to day 10. Mortality in Rag-17/~ mice
was approximately 2-fold higher than the 15%-20% observed in
WT mice (Figure 1A). Surviving Rag-17~ mice continued to appear
ill, with decreased activity, lack of grooming, piloerection, and
sustained weight loss (Figure 1B). In contrast, WT mice exhibit-
ed return of activity and grooming by day 6 after LPS and gained
weight back to baseline levels by day 10 (Figure 1B). Routine BAL
fluid cultures revealed no evidence of infection in any mice.

Measures of lung injury, including BAL protein (Figure 1C), BAL
total cell (Figure 1D) and differential counts (Figure 1E), and lung
histology (Figure 1, F and G), indicated similar degrees of injury in
the 2 groups on days 1 and 4, but striking evidence of delayed reso-
lution in Rag-17/~ mice on day 10. BAL protein and cell counts were
higher on day 10 after LPS in Rag-17~ mice than in WT mice. Alveo-
lar neutrophils, which peaked in both groups on day 4 (Figure 1E),
were nearly absent (<1%) by day 10 in WT mice, but remained ele-
vated in Rag-17/~ mice. BAL macrophages were also higher in Rag-17~
mice than WT mice on day 10. In WT mice, BAL lymphocytes
increased significantly by day 4 after i.t. LPS and remained elevated
to day 10. Lymphocytes were absent in Rag-17/~ mice.

Histology revealed marked neutrophilic alveolar and interstitial
infiltration by day 1 after LPS in WT mice, with increased intersti-
tial thickening and mixed cellular infiltration on day 4 (Figure 1F).
By day 10, histology had returned to nearly normal in WT mice.
In the Rag-17/~ mice, histologic changes were similar to those in
WT mice on days 1 and 4 after LPS; however, interstitial thicken-
ing and cellular infiltration persisted to day 10, indicating marked
impairment of resolution. Semiquantitative histopathological
lung injury scores confirmed the day-10 differences seen in the
Rag-1/- group (Figure 1G). Movat staining revealed increased
interstitial collagen in both WT and Rag-17/~ mice on day 4 after i.t.
LPS (Figure 1H). Interstitial collagen was markedly reduced in WT
mice by day 10, but persisted in Rag-17~ mice. In summary, mul-
tiple parameters indicate that despite early injury similar to that
of WT animals, lymphocyte-deficient Rag-17/~ mice manifested a
profound impairment in resolution of lung injury after i.t. LPS.

Alveolar Tregs increase after ALL In order to begin understanding
the potential contribution of specific lymphocyte subsets to the
LPS response, we performed flow cytometry on lung and alveo-
lar compartment cells to define temporal changes in lymphocyte
populations. No B lymphocytes (CD45-B220) were identified
in the alveolar compartment (data not shown), but we observed
a progressive influx of CD3* (CD4*, CD8*, and CD4-CD8") T
lymphocytes into the alveolar compartment (Supplemental Fig-
ure 1; supplemental material available online with this article;
doi:10.1172/JCI36498DS1). Lymphocytes were not increased in
the lung parenchyma (Supplemental Figure 2). To begin testing
potential functional roles for lymphocytes in the response, we
performed adoptive transfer (AT) of cells into Rag-17/~ mice by tail
vein injection 60 minutes after LPS instillation. Transfer of whole
spleen cells isolated from congenic CD45.1 naive WT mice (to
distinguish donor from recipient) uniformly produced complete
resolution of i.t. LPS-induced lung injury in Rag-17/~ mice by day
10 (Figure 2A); injury did not resolve in mice receiving PBS sham
infusion or AT of CD4-depleted spleen cells, as also confirmed by
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lung injury scores (Figure 2B). Flow cytometry revealed that donor
congenic cells trafficked into the alveolar compartment of recipi-
ent mice. These findings indicated that CD4" cells mediate resolu-
tion of lung injury.

Recent reports demonstrate important roles for Tregs in downreg-
ulation of inflammation, best established in antigen-specific mod-
els (20-22). Given that resolution of injury in our model required
CD4* cells, we hypothesized that Tregs play a critical role in this
process. Flow cytometry revealed that the number of CD4*CD25*
cells increased in the alveolar compartment of WT mice as early as
day 1 afteri.t. LPS (Figure 2, C and D). The number of CD4*CD25*
cells did not increase in the lung tissue (data not shown).

In order to differentiate activated CD4* cells, which can induce
CD25 from Tregs, we performed intracellular staining for the tran-
scription factor Foxp3, which is the best-established marker to
define murine Tregs and is necessary for the suppressive function
exhibited by these cells (23). Approximately 90% of CD4*CD25*
cells in the spleens of control mice were Foxp3* (Figure 2C). A simi-
lar percentage of CD4*CD25" cells were Foxp3* in the spleens of
LPS-treated mice (data not shown). The percentage of CD4*CD25*
alveolar cells expressing Foxp3* was approximately 60% at day 1
after i.t. LPS, fell to 38% by day 4, and increased to about 80% by
day 10, nearing the frequency for Foxp3* expression in spleen cells
and similar to the frequency usually reported for mice (13). We
believe this difference in Foxp3 expression between alveolar and
spleen cells reflects both an increase in CD25 expression in non-
Tregs (activated T cells) and downregulation of Foxp3 by inflam-
mation and/or LPS, as recently described (24) and further evaluat-
ed below. The absolute number of alveolar CD4*CD25"Foxp3* cells
increased significantly by day 1 after i.t. LPS, peaked at day 7, and
remained elevated at day 10 (Figure 2D). To reinforce that these
cells were Tregs, we also examined expression of a surface marker,
Folate receptor 4 (FR4), recently found to be highly expressed in
both naturally occurring and TGF-pB-induced Tregs (25). Great-
er than 90% of CD4*CD25" cells in mouse spleen expressed FR4
(Figure 2E), similar to what we observed for Foxp3. After i.t. LPS,
changes in the percentage of FR4" cells over time were similar to
the profile for Foxp3. Figure 2F summarizes the dynamic changes
in alveolar Treg abundance; these observations indicate that Tregs
progressively increase in the alveolar compartment in the transi-
tion from injury to resolution.

When examining the colabeling of Tregs for Foxp3* and FR4*
expression, we noted that there was a tight correlation between both
markers in splenic Tregs. Greater than 98% of Foxp3* spleen Tregs
colabeled with FR4*, while more than 90% of CD4*CD25*FR4*
spleen cells expressed Foxp3*. This correlation was similar in alveo-
lar CD4*CD25" cells except at the peak of injury at day 4 after i.t.
LPS, when approximately 60% of Foxp3* cells colabeled for FR4",
whereas about 40% of CD4*CD25'FR4" alveolar cells coexpressed
Foxp3" (Supplemental Figure 3).

Transfer of Tregs mediates resolution of ALI in lymphopenic mice. In
order to specifically assess a potential role for Tregs in mediating
resolution of lung injury, we isolated CD4*CD25- or CD4*CD25*
cells from spleens of congenic CD45.1 WT mice and performed
AT into Rag-17/~ mice 1 hour after instillation of i.t. LPS. Approxi-
mately 90% of CD4*CD25" spleen cells were Foxp3* at the time of
transfer. Donor lymphocytes (CD45.1) were detected in the BAL
of Rag-17/~ mice after LPS, but were not detected in the BAL of
uninjured control Rag-17/~ mice (data not shown), which revealed
that Tregs traveled into the inflamed environment. Transfer of
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Figure 1

Resolution of lung injury is markedly impaired in lymphocyte-deficient
Rag-1-- mice. Mice (n = 8-10 per group per time point) were chal-
lenged with i.t. LPS. (A and B) Survival (A) and body weight relative
to baseline (B) were plotted after injury. (C—E) BAL total protein (C),
total cell counts (D), and differential cell counts (E) were determined in
WT and Rag-1-- mice after treatment with water control or with LPS.
(F) Lung sections were stained with H&E. Original magnification, x20;
x100 (insets). (G) Histopathological mean lung injury scores from x20
lung sections (n = 5 animals per group per time point). (H) Movat stain
for collagen (blue) from WT and Rag-7-- mice after injury. Original
magnification, x40. TP < 0.05, log-rank test (mortality curves) and
unpaired Student’s t test (other injury parameters).

Tregs significantly improved survival, in contrast to the effects
of saline control infusion or AT of CD4-depleted spleen cells or
CD4*CD25- cells (Figure 3A). Surviving mice treated with PBS
or CD4°CD25- cells appeared ill through day 10, whereas mice
receiving Tregs had return of activity and grooming (generally by
day 6) as well as weight gain back to baseline by day 10 (data not
shown). Because the profile for numerous endpoints was similar
between WT and Rag-17/~ mice on days 1 and 4 after LPS (Figure
1), we examined day-10 injury parameters to assess the effective-
ness of AT to promote resolution. LPS-treated mice receiving PBS
or CD4*CD25" cells had impaired injury resolution, with persis-
tent histologic changes (Figure 3, B and C), as well as elevation
of BAL protein (Figure 3D) and cell counts (Figure 3E) on day
10. Similarly, lung injury did not resolve in Rag-17/~ mice receiv-
ing isolated CD8" cells. In contrast, mice receiving Tregs exhibited
nearly complete resolution of each of these parameters. Although
transfer of 10° Tregs produced injury resolution, transfer of 10* or
10° Tregs did not produce resolution (data not shown). Resolution
of lung injury was achieved even when we transferred Tregs into
Rag-17~ mice as late as 24 hours after i.t. LPS, as evidenced by lung
histology (Figure 3F) and by decreased BAL total cells and protein
(data not shown), a striking finding that suggests a potential role
as rescue therapy in ALL

Phenotype and function of alveolar Tregs during resolution of ALL
We sought to better define both the phenotypic changes and
the function of Tregs recruited into the alveolar compartment
after i.t. LPS. As described above, the percentage of alveolar
CD4*CD25" cells in LPS-treated WT mice that expressed Foxp3
(or FR4) was reduced compared with the percentages observed in
spleen. Indeed, when we performed AT of isolated CD4*CD25*
cells from WT spleen that were greater than 90% Foxp3* into
Rag-17/~ mice, the percentage of Foxp3* cells in BAL on day 4
after LPS fell below 35% before returning nearly to baseline lev-
els by day 10 (Figure 4A), similar to the pattern observed in WT
mice. A recent report indicates that LPS can downregulate Foxp3
expression (21). To determine whether LPS could alter Foxp3
expression in isolated CD4*CD25" cells, we purified Tregs from
spleens of WT mice (85%-90% CD4*CD25*Foxp3*) and placed
them in culture in the presence or absence of LPS and in the
presence or absence of macrophages (Figure 4, B and C). Chal-
lenge of isolated Tregs with LPS for 24 hours had little effect on
the expression of Foxp3 and FR4 in the purified Treg popula-
tion (Figure 4, B and C). Similarly, the addition of macrophages
had only a modest effect on Foxp3 and FR4 expression. In con-
trast, the incubation of Tregs with macrophages and LPS for
only 24 hours resulted in a significant decrease in both Foxp3
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and FR4 expression (Figure 4C). This finding suggests that both
Foxp3 and FR4 expression in Tregs may be downregulated in the
inflammatory alveolar microenvironment.

Tregs were originally described as suppressing the proliferation
of other lymphocyte subsets (26). We sought to determine whether
CD4*CD25" cells in the alveolar compartment could suppress pro-
liferation of responder lymphocytes. We performed fluorescence-
activated cell sorting (FACS) to isolate CD4'CD25" cells from
the BAL of WT mice on day 4 after i.t. LPS. In these experiments,
approximately 50% of the CD4*CD25" cells isolated from BAL were
Foxp3*. When responder CD4*CD25" cells (harvested from WT
spleen) were incubated with anti-CD3 antibodies and irradiated
APCs, proliferation (as assessed by *H thymidine uptake) increased
approximately 15-fold (Figure 4D). Coculture of CD4°'CD25"
responder cells with CD4"CD25" cells isolated from spleen (>90%
Foxp3*) significantly reduced proliferation of stimulated responder
cells. When CD4*CD25* cells isolated from BAL of LPS-injured mice
were cocultured with anti-CD3- and APC-stimulated responder
cells, responder cell proliferation was reduced, comparable to the
reduction produced by coculture with spleen Tregs.

Together, the results of these studies indicate that Foxp3 and
FR4 downregulation in Tregs occurs when LPS-activated mac-
rophages are present. This likely contributes to the reduction in
the percentage of alveolar CD4*CD25" cells that are Foxp3* in
vivo after LPS, as we observed in both WT and Rag-17/~ mice. In
addition, CD4*CD25" cells recruited to the alveolar compartment
manifest suppressive function, as classically described for Tregs.

Manipulation of Tregs in WT mice determines resolution of lung injury.
Given that AT of Tregs restored resolution of lung injury in Rag-17/
mice, we determined whether Tregs participate in the response to
LPS in WT mice. Administration i.p. of mAb PC61 against CD25
(27, 28) produced a greater than 90% reduction in CD4*CD25*
cells in spleen and blood (data not shown). WT mice receiving
PC61 had reduced survival after LPS compared with isotype Ab-
treated mice (Figure SA), as well as higher BAL protein (Figure 5B)
and cell counts (Figure SC). Lung histology and lung injury scores
revealed a delay in resolution in the Treg-depleted group (Figure
5, D and E), demonstrating a fundamental role for endogenous
Tregs in resolution of ALI in normal hosts.

To examine the possibility that increasing the number of Tregs
in WT mice could improve survival and/or accelerate resolution in
response to higher doses of LPS, we adoptively transferred Tregs
into WT mice following administration of twice our standard dose
of LPS. Of the PBS-infused mice, 4 of 10 died, whereas only 1 of 10
mice receiving Tregs died (Figure SF). Consistent with the effect on
survival, lung histology revealed accelerated resolution of injury in
Treg-infused mice compared with controls (Figure 5G), and sur-
viving Treg-treated mice were clinically improved (e.g., grooming,
activity, and weight gain) compared with controls. In addition,
BAL protein and cell counts (data not shown) were significantly
reduced in the Treg-treated group. These studies indicate that in
addition to mediating resolution of ALI in Rag-I17/~ mice, Tregs play
a central role in resolution of lung injury in WT mice.

Tregs alter the alveolar inflammatory milien. We examined the abun-
dance of pro- and antiinflammatory cytokines in the alveolar com-
partment, as this balance is likely to play an important role in deter-
mining the course of the LPS response. Proinflammatory cytokines
TNF-o and IL-6 peaked at day 1 in both WT and Rag-17/~ mice, but
were higher in Rag-17/~ mice on days 4 and 10 (Figure 6A). AT of
Tregs, but not CD4°CD25- cells, into Rag-17/~ mice reduced TNF-a.
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Alveolar CD4+CD25*Foxp3+ Tregs increase after injury with i.t. LPS. (A) Representative lung sections were stained with H&E (n = 10 per group)
to reveal morphologic changes on day 10 after i.t. LPS in Rag-7-- mice. Animals received AT via tail vein injection of PBS sham treatment,
10 x 108 WT CD4-depleted splenocytes, or WT splenocytes from whole spleen. Original magnification, x40. (B) Mean histopathological lung
injury scores by day 10 after i.t. LPS (n = 6-8 animals per group). (C) BAL cells from WT animals were analyzed by flow cytometry for the pres-
ence of CD4+CD25+ surface staining and intracellular transcription factor Foxp3+ at baseline and after injury; corresponding populations in the
spleen were used for comparison. (D) Absolute Treg numbers at baseline and after injury. *P < 0.05 versus control. (E) Surface staining for FR4

was determined in CD4+CD25+ cells from spleen and BAL after LPS. (F)

Relative expression of Foxp3 and FR4 in CD4+CD25* cells (left axis),

as well as CD25* expression in the CD4+ pool (right axis), isolated from the BAL at baseline and after i.t. LPS. Numbers within plots in C and E

denote the percentage of cells in the respective quadrants.

and IL-6 to WT levels. A similar profile (higher in Rag-17~ mice, and
reduced by AT of Tregs) was observed for IL-12p40 on day 10, but
not at earlier times. IL-10 was not detected in the BAL fluid. The
reparative cytokine TGF-f3 was significantly increased in WT mice,
but not Rag-17/~ mice, on day 4 after LPS. Transfer of Tregs into
Rag-17/~ mice produced a doubling of TGF-$ on day 4 after LPS,
while AT of CD4*CD25- cells did not alter the TGF-f profile. The
lymphocyte chemokine RANTES increased in both WT and Rag-1/~
mice on day 1, but was lower in WT and Treg-treated Rag-I17/~ mice
on days 4 and 10. Myocyte chemoattractant protein-1 (MCP-1) was
increased in Rag-17/~ mice (consistent with the observed increase in
2902
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alveolar macrophages; Figure 1F) and was reduced by AT of Tregs.
BAL IFN-y increased similarly in both WT and Rag-17~ mice, and
IL-4 and IL-13 were not significantly elevated in either group (data
not shown), consistent with a polarized type 1 response after LPS-
induced lung injury. The general pattern of alveolar cytokine/che-
mokine expression in Treg-depleted WT mice on day 4 afteri.t. LPS
(Figure 6B) was similar to that in Rag-17~ mice, reinforcing a central
role for Tregs in modulating the alveolar inflammatory milieu.
Alveolar macrophages are thought to play a prominent role in the
pathogenesis of lung injury (29, 30), and they constituted greater
than 80% of the non-neutrophil alveolar cells on days 4 and 10 after
Volume 119 Number 10
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AT of Tregs mediates resolution of lung injury in Rag-71-- mice. Rag-1-- mice were challenged with i.t. LPS and 1 hour afterward received PBS
sham treatment or 1.0 x 106 WT CD4+CD25- or WT CD4+CD25* splenocytes. (A) Rag-71-- mouse survival over a 10-day period. 1P < 0.05
versus sham control, log-rank test. (B) H&E stain of representative lung sections on day 10 after i.t. LPS and infusion of PBS or the indicated
lymphocyte subsets. Original magnification, x40. (C) Mean histopathological lung injury scores (n = 8—10 animals per group). *P < 0.05. (D and
E) BAL total protein (D) and total cell counts (E) were determined in WT and Rag-7-- mice on day 10 after AT (n = 10 per group). TP < 0.05 versus
Rag-1-- sham control. (F) Lung H&E staining demonstrate that AT of Tregs into injured Rag-7-- mice as late as 24 hours after i.t. LPS achieved

resolution of lung injury (n = 5 per group). Original magnification, x40.

LPS, as assessed by cytospins and flow cytometry (F4/80 labeling). To
determine whether Tregs can directly alter macrophage function, we
cocultured CD4*CD25" and CD4*CD25" cells with alveolar macro-
phages isolated from LPS-naive WT mice. LPS stimulated a 20-fold
increase in TNF-a. in the macrophage supernatant at 24 hours (Fig-
ure 6C). Addition of CD4*CD25" cells (approximately 90% Foxp3*),
butnot CD4*CD25 cells, 2 hours after LPS significantly attenuated
TNF-a production, even at lymphocyte/macrophage ratios as low as
1:10, which indicates that Tregs can alter alveolar macrophage func-
tion to attenuate components of the innate immune response. Treg-
mediated effects have been described as being both contact depen-
dentand contact independent. To examine the contact requirement
for Treg-mediated downregulation of macrophage TNF-o. produc-
tion, we performed coculture studies in a 96-well Transwell system.
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Isolated macrophages from LPS-naive WT mice were plated in the
bottom well and stimulated with LPS. At 2 hours after LPS expo-
sure, spleen CD4*CD25" cells or CD4*CD25" cells were added into
either the bottom or the top well at a lymphocyte/macrophage ratio
of 1:2 (Figure 6D). When added to the bottom well, Tregs (but not
CD4*CD25" cells) reduced LPS-stimulated macrophage TNF-a
production by greater than 60%. When lymphocytes were added
to the top well, TNF-a production was not significantly reduced,
even when 4 times as many Tregs were added to the top well (data
not shown). Addition of 50 mg/ml anti-TGF-f inhibited the direct
response, but not the indirect response (Figure 6D).

To determine whether Tregs also enhance the antiinflammatory
response of macrophages, we examined potential regulation of
macrophage TGF-f secretion by Tregs. It has previously been shown
Number 10 2903

Volume 119 October 2009



research article

A AT Spleen LPS 4 days LPS 10 days B |  Tregs  Tregs/Macs
& 3ZAT I?s. ‘ 0.80 B P{IREE! q
(@7 .
=+ Media
+
wy
™~
o
9]
*'5 | e — s +
_b._ L
Y Foxp3™ Isotype 3 0,00 000 .0
C D @]
60 tr
. CD25 o) 3 %
- 1 == Spleen CD4*CD25
100 = e 50 =3 Spleen CD4*CD25*/ CD25" b T )
T 80 t 40 E=m BAL CD4*CD25% CD25 Media
a ] 1
S 60 cpm 1 ool 09 ml ood
+ 301 t . -
X 40 (X10%) ‘
Y 20 201 LPS
& 0 104 00 0.0010,00 0.0
LPS -+ - +
+
Macrophages - -+ 4 0 - FR4
Unstimulated media 1:10 1:3
Treg: CD25" ratio
Stimulated

Figure 4

Phenotype and function of alveolar Tregs during resolution of ALI. (A) Histograms showing the percentage of Foxp3+ cells in the pool of donor
CD4+CD25* splenocytes (AT spleen) as well as in CD4*CD25* cells recovered in the BAL from LPS-injured Rag-7-- mice on days 4 and 10
after LPS. Labeling for isotype control Ab at day 10 is also shown. (B) Purified Tregs from naive WT spleens were cultured in the presence or
absence of 100 ng/ml LPS and/or macrophages. Representative flow cytometry shows the relationship between Foxp3 and FR4 expression
under different conditions. Numbers within plots denote the percentage of cells in the respective quadrants. (C) Relative expression of Foxp3
and FR4 in CD4+CD25+ cells from the experiments in B. TP < 0.05 versus Tregs without LPS or macrophages. (D) Proliferative responses of
CD4+CD25- lymphocytes to 0.5 mg/ml anti-CD3 and irradiated APCs (Stimulated) in the presence or absence of CD4+*CD25+ cells isolated from
spleen or sorted from BAL of WT mice on day 4 after LPS and cultured at the indicated ratios. Unstimulated CD4+CD25- lymphocytes were not
exposed to anti-CD3 and irradiated APCs. TP < 0.05 versus media-stimulated CD25- cells.

that alveolar macrophages cannot be stimulated by LPS in vitro to
make TGF- (31, 32); our own experience was similar. In order to
examine potential effects of Tregs on macrophage TGF-f produc-
tion, we used thioglycollate-induced peritoneal macrophages and
exposed them to LPS in vitro. Active TGF-f was detected in the
supernatant (Figure 6E). Coincubation of thioglycollate-induced
macrophages with Tregs and LPS increased TGF-f} secretion
2.5-fold; coincubation with CD4*CD25 cells had no effect.

No TGF-f secretion was detected in the supernatants of isolated
LPS-stimulated Tregs, nor could we detect Treg cell surface expres-
sion of latency-associated peptide (LAP; Figure 6F), a reported
marker for TGF-f-mediated Treg suppressive effects (33). We also
did not detect LAP in ex vivo BAL CD4*CD25* cells from LPS-
stimulated mice or in CD4*CD25* cells cocultured under basal
conditions or after LPS stimulation in the presence or absence of
macrophages (data not shown). In contrast, we detected Treg cell
surface LAP in a positive control experiment in which CD4*CD25*
splenocytes were stimulated with anti-CD3 (10 ug/ml) and IL-2
(50 U/ml) for 4 days (Figure 6F), as previously reported (33).
These findings not only indicate that Tregs are not the source of
increased TGF-f in response to LPS, they are consistent with con-
tact-dependent Treg-mediated downregulation of macrophage
proinflammatory responses as well as with Treg-enhanced produc-
tion of TGF-f by activated macrophages.

Tregs enbance alveolar neutrophil clearance. Persistence of alveolar
neutrophils in ALI patients is associated with worse outcomes (34,
35). In our studies, we observed a significant difference in alveolar
neutrophils between WT and Rag-17/~ mice (Figure 7A), as well as
2904
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between Treg-depleted and WT mice (Figure 7B). Multiple mecha-
nisms may contribute to both the increase and persistence of neu-
trophils in Rag-17/~ mice, including enhanced recruitment. How-
ever, the expression of keratinocyte chemokine (KC), G-CSF, and
GM-CSF, 3 potent neutrophil chemokines/survival factors in BAL
fluid, varied between WT and Rag-17~ mice on day 1, but was not
different on subsequent days (Supplemental Figure 4). In contrast,
BAL neutrophil apoptosis on day 4 after LPS was reduced in Rag-17/~
mice, and increased after AT of Tregs, but not after transfer of
CD4"CD25- cells (Figure 7C).

We also observed a similar effect of Tregs on neutrophil apop-
tosis in ex vivo cultures. Mixed cultures of neutrophils and mac-
rophages, isolated from BAL of Rag-17~ mice on day 4 after i.t.
LPS, were incubated for 24 hours with medium alone, CD8"cells,
CD4'CD25 cells, or CD4*CD25" cells (90% Foxp3*) isolated from
WT spleen. Both neutrophil apoptosis (Figure 7D) and mac-
rophage-mediated efferocytosis (Figure 7E) were significantly
increased in the presence of Tregs. Furthermore, the fraction of
neutrophils persisting in macrophage-neutrophil cocultures from
WT and Rag-17~ mice at 24 and 48 hours was reduced when Tregs
were present compared with cocultures in the absence of Tregs
(Supplemental Figure 5). Together with the in vivo results from
LPS-treated mice, these studies indicate that Tregs play a critical
role in apoptosis and clearance of neutrophils from the alveolar
compartment after lung injury.

Treg-mediated resolution is abrogated by interference with TGF-B, not
IL-10. The suppressive effects of Tregs have been proposed to be
mediated by IL-10 or TGF-f in different models of inflammation
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Manipulation of Tregs in WT mice determines resolution of lung injury. WT mice were pretreated with 0.5 mg of CD25-depleting PC61 mAb or iso-
type Abi.p. on days -2, 0, 3, and 6 relative to i.t. LPS (day 0). (A) Survival curves over 10 days (n = 20 per group). (B and C) BAL total protein (B)
and total cell counts (C) were determined at the indicated time points (n = 6 per group per time point). (D) H&E stain of representative lung sec-
tions at the indicated times. Original magnification, x40. (E) Mean lung injury scores (n = 4 per group per time point). (F) To assess the effect of
increasing Treg number, WT mice were challenged with twice our standard i.t. LPS dose (7.5 mg/kg) and 1 hour later given an infusion of 2 x 108
Tregs or 100 ul PBS sham treatment, and survival was assessed (n = 10 per group). (G) Representative H&E-stained lung sections on day 7
after LPS in mice receiving PBS or Tregs. Original magnification, x40. TP < 0.05 versus respective control, log-rank test (mortality curves) and

unpaired Student’s t test (other parameters).

(33, 36, 37). To examine potential roles for these molecules in our
model of Treg-dependent resolution of lung injury, we compared
the response to LPS in Rag-17/~ mice after AT of IL-10~/~ Tregs (har-
vested from the spleens of IL-10~~ mice) or after AT of WT Tregs
followed by treatment with an anti-TGF-f§ Ab or isotype Ab (Fig-
ure 8A). On day 7 after LPS, PBS-treated Rag-17/~ mice exhibited
persistence of inflammation in the lung. Rag-17/~ mice receiving
IL-107/~ Tregs had near-complete resolution of injury by day 7.
Similarly, Rag-17/~ mice that received WT Tregs followed by iso-
type Ab also exhibited near-complete resolution of lung injury. In
contrast, Rag-17/~ mice that received WT Tregs followed by anti-
TGF-B Ab had impaired resolution of lung injury, as assessed by
lung histology and lung injury scores (Figure 8, A and B), as well
as persistent elevation of BAL protein (Figure 8C) and cell counts
(Figure 8D). BAL neutrophils were 3-fold greater in the group that
received anti-TGF-f compared with PBS- or isotype Ab-treated
mice (Figure 8D). Flow cytometry with Annexin V/7-AAD stain-
ing revealed that neutrophil apoptosis decreased in the group
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receiving anti-TGF-f Ab compared with isotype Ab-treated mice
(Figure 8E), indicating a potential mechanism by which inhibi-
tion of TGF-f signaling contributes to delayed resolution of lung
injury. Although resolution was delayed with TGF-f3 inhibition, all
Treg-treated Rag-17/ mice receiving anti-TGF-f survived, similar
to Treg-treated Rag-17/~ mice that received isotype Ab. In marked
contrast, 30% mortality was seen in PBS-treated Rag-17/~ mice.

To further examine the role of TGF-f in resolution of ALI, we
inhibited TGF-f in WT mice by administering anti-TGF-f} antibod-
ies i.p. on days 0, 2, and 4 after i.t. LPS. In the anti-TGF-f} group,
2 of 6 mice died on day 4, whereas all mice survived in the isotype
Ab-treated group. In mice receiving anti-TGF-f antibodies, lung
histology revealed delayed resolution (Figure 8F), although the dif-
ferences in lung injury scores (Figure 8G) did not reach statistical
significance (P = 0.1). Consistent with the increased mortality, BAL
total cell counts and BAL neutrophils (Figure 8H) were increased in
the anti-TGF-f group. BAL neutrophil apoptosis was also signifi-
cantly decreased in the anti-TGF-f} group (Figure 8, I and J), con-
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Figure 6

Tregs alter alveolar cytokine profiles after LPS-induced lung injury.
WT and Rag-7-- mice received LPS or sterile water as control i.t. (A)
Rag-1-- mice received CD4+CD25- or CD4+CD25* cells by tail vein
injection 1 hour after LPS. BAL was harvested at the indicated times and
assayed for the indicated cytokines. TP < 0.05 versus respective Rag-1--
value. (B) BAL cytokines were assessed on day 4 after i.t. LPS in mice
receiving isotype Ab or PC61. *P < 0.05 versus respective isotype
value. (C) Primary alveolar macrophages were isolated from unstimu-
lated WT mice and exposed to 10 ng/ml LPS. (D) Cocultures of alveolar
macrophages and the indicated T cells (1:2 lymphocyte/macrophage
ratio) was performed both directly (in the bottom chamber of a Transwell
plate) and indirectly (macrophages and T cells in the bottom and top
chambers, respectively), and TNF-a was measured 24 hours after LPS
stimulation. (E) Thioglycollate-induced peritoneal macrophages were
harvested, plated on 24-well plates (1 x 108 cells/well), and cocultured
with CD4+CD25* or CD4+CD25- cells or with media alone at a 1:2
lymphocyte/macrophage ratio in the presence or absence of 10 ng/ml
LPS. Active TGF-p was measured in supernatants by ELISA. (C-E)
TP <0.05; *P < 0.05. (F) Cell surface expression of LAP in CD4+CD25+ sple-
nocytes incubated with medium (unstimulated) or cultured with 10 ug/ml
anti-CD3 and 50 U/ml IL-2 (stimulated), ex vivo BAL CD4+CD25+ cells
on day 4 after i.t. LPS, and isotype Ab control.

sistent with findings for TGF-f blockade in LPS-injured Rag-17~
mice (Figure 7C). Moreover, addition of anti-TGF-f antibodies
to in vitro macrophage-Treg cocultures (Figure 6D) abrogated
Treg-mediated inhibition of macrophage TNF-a production
after LPS exposure. Because WT mice exhibited a significant
peak in BAL TGF-f3 on day 4 after i.t. LPS that was not present in
Rag-17/- mice (Figure 6A), we administered recombinant TGF-f i.p.
(1 ug/mouse/dose) into injured Rag-17~ mice on days 3 and 4 after
i.t. LPS; however, this did not enhance resolution, underscoring
the critical requirement for Tregs to mediate resolution.

Alveolar Tregs are present in humans with ALI. We sought to deter-
mine whether Tregs can be detected in humans with ALL Patients
were enrolled within 6 days of ALI onset, and mini-BAL (38) and
blood sampling were performed on days 0, 1, and 2 after enroll-
ment. Patient 1 was a 50-year-old woman who developed lithium
toxicity complicated by acute renal failure and encephalopathy,
with subsequent aspiration and development of ALI. She was
enrolled within 1 day of the onset of ALL. Her BAL showed an
absolute increase by day 2 in CD3* T lymphocytes, including both
CD4* and CD8* subpopulations (Figure 9, A and B). BAL Tregs
(CD3*CD4*CD25*CD127"°Foxp3*) increased approximately
10-fold from day O to day 2 after ALI onset. Treg percentages and
absolute numbers did not change in peripheral blood (Figure 9,
A and C). Patient 2 was a 41-year-old man who developed acute
severe pancreatitis complicated by ALI. He was not enrolled until
5 days after the onset of ALL. Compared with patient 1, patient
2 had an increased number of Tregs at enrollment (day 5 after
ALI onset), followed by a decline by day 7 after ALI onset (Figure
9B). In contrast, the absolute number of blood Tregs in patient 2
increased over time (Figure 9C). These findings indicate that Tregs
are present in the alveolar compartment of humans with ALI and
that Treg numbers are dynamically regulated.

Discussion

To our knowledge, the roles of innate and/or adaptive immune
pathways in resolution of ALI have not been previously
described. Indeed, compared with the wealth of investigation
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of early steps in the pathogenesis of injury, very little is known
in general about mechanisms that determine resolution (1). In
this report, we identified that CD4*CD25"Foxp3* Tregs serve
a fundamental role in mediating resolution of lung injury by
modulating innate immune responses.

No single animal model reproduces all of the complex character-
istics of ALI in humans. We chose to study LPS-induced respons-
es for several reasons. First, this model has been widely used to
examine lung injury, and numerous components of the response,
particularly acute pathways, have been extensively characterized
and are highly reproducible (39-41). Second, LPS, a potent activa-
tor of innate immune pathways, can produce diffuse lung injury
without prohibitive mortality, greatly facilitating a focused evalu-
ation on resolution of ALL

Morris observed a recruitment of T cells during murine LPS-
induced lung inflammation (42), but concluded that these
cells were not critically involved in a model of mild lung injury
induced by i.n. LPS (1 ug/mg mouse). The results of our present
studies indicate that lymphocytes did not play a major role in
the pathogenesis of injury, because the severity of injury 4 days
after LPS (as assessed by BAL cell counts, BAL protein, and lung
histology) was similar between WT and Rag-17/~ mice. In contrast,
resolution of ALI in both WT and Rag-1/~ mice was determined
by the presence or absence of Tregs.

The transcription factor Foxp3 is the best-established marker for
defining Tregs, particularly in mice (13, 43, 44), and is thought to
play an essential role in generation of suppressive function (44,
45). Wan and Flavell elegantly showed that reduction of Foxp3
in Foxp3-IRES-luciferase-IRES-eGFP (FILIG) mice produced an
aggressive autoimmune syndrome, with altered Treg surface prop-
erties and impaired Treg-suppressive activity (46). A spontaneous
scurfy Foxp3 gene mutation in mice produces a fatal autoimmune
lymphoproliferative disease (47). Similarly, humans with muta-
tions in FOXP3 develop the clinical syndrome immunodysregula-
tion, polyendocrinopathy and enteropathy, X-linked syndrome
(IPEX; ref. 48), and decreased FOXP3 expression has been associ-
ated with human diseases (49-51).

In WT mice, we detected CD4*CD25'Foxp3* Tregs in the alveo-
lar compartment as early as 24-48 hours after exposure to i.t. LPS,
after which Treg numbers increased and remained elevated through
day 10. The relative extent to which the increase in alveolar Tregs
represents recruitment, proliferation, or a combination of the two
is presently unknown, although preliminary studies indicate loss
of CFSE signal in the BAL by day 7 after transfer of CFSE-labeled
Tregs into injured Rag-17/~ mice, suggestive of not only alveolar
recruitment, but also active proliferation (F.R. D’Alessio and L.S.
King, unpublished observation). Tregs have been shown to migrate
to inflamed tissues, infectious sites, and tumor microenvironments
(52), and we observed enrichment of Tregs in BAL fluid of injured
mice. The percentage of alveolar CD4*CD25" cells that were Foxp3*
decreased after LPS-induced injury and inflammation. Although
influx of activated CD4* cells expressing CD2S5 contributed to the
observed decrease in the percentage of Foxp3* cells, we believe the
changes in percent cells expressing Foxp3 reflect more than simply
the influx of activated T cells. First, when purified Tregs from WT
spleen (90%-95% Foxp3*) were transferred into Rag-17/~ mice after
i.t. LPS, only 30%-40% of alveolar CD4*CD25" cells harvested on
day 4 were Foxp3*, consistent with downregulation of Foxp3 in the
inflamed alveolus. Second, our ex vivo studies revealed that when
purified Tregs from WT spleen were cultured in the presence of
Volume 119 Number 10
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Tregs facilitate alveolar neutrophil clearance in vivo and in vitro. (A) After administration of i.t. LPS and AT of PBS sham treatment or the indi-
cated lymphocyte subtypes, the percentage of neutrophils in the BAL on day 10 was assessed. TP < 0.05 vs. sham. (B) Percent neutrophils in
the alveolar compartment of WT mice after receiving isotype or Treg-depleting Abs. TP < 0.05 versus isotype Ab. (C) Percent BAL neutrophils
undergoing apoptosis, as assessed by dual labeling with Annexin V and 7-AAD on day 4 after i.t. LPS in WT or Rag-7-- mice receiving PBS or
AT of Tregs or CD4+CD25- cells. (D) WT and Rag-7-- mice were exposed to i.t. LPS, and on day 1 or day 4, both BAL and ex vivo BAL mixed
cultures were performed. Neutrophils and macrophages were cultured in vitro for 6 hours, then media or the indicated lymphocyte subset was
added in a 1:10 lymphocyte/macrophage ratio. (E) Neutrophil apoptosis or macrophage phagocytosis was assessed 24 hours after addition of

the indicated cells in vitro. *P < 0.05 vs. day-1 Rag-7-~ and media only.

LPS and macrophages, both Foxp3 and FR4 — a highly expressed
surface marker in natural Tregs that can be effectively targeted
by Ab to mediate Treg depletion (25, 53) — were reduced within
24 hours. Mechanisms underlying this downregulation are not yet
known, although IL-6, which is highly abundant in the alveolar
compartment of injured mice and released from LPS-stimulated
macrophages, has been shown to downregulate Foxp3 expression
in natural Tregs (54, 55).

In addition to defining Tregs by phenotypic markers, we found
using both in vivo and in vitro studies that these cells exhibit
suppressive function. Despite containing only 50% Foxp3* cells,
CD4'CD25" cells sorted from the alveolar compartment of WT
mice on day 4 after i.t. LPS suppressed proliferation of stimulat-
ed responder CD4*CD25- cells as effectively as did natural Tregs
isolated from naive spleen. This is consistent with the findings of
Caramalho, who demonstrated that LPS can increase Treg suppres-
sor efficiency (56); changes in Foxp3 expression after LPS were not
assessed in that report. In vivo, we found that Tregs abrogated lung
inflammation in Rag-17/~ mice in which no other lymphocytes were
present, strongly indicating Treg effects on nonlymphoid cells.

In our model, resolution of ALI is achieved by Treg-mediated
modulation of innate immune responses in the lung. After transfer
of Tregs (but not CD4*CD25- cells) into Rag-17/~ mice, proinflam-
matory cytokines decreased and TGF-3 doubled. These changes
occurred as early as day 4 after injury, coinciding with a signifi-
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cant increase in alveolar Tregs. Similarly, Treg-depleted WT mice
had elevated proinflammatory cytokine levels and reduced TGF-f3
compared with isotype Ab-treated WT mice. Given that the abso-
lute number of BAL Tregs represents less than 0.01% of the total
alveolar cells at any point, we hypothesized that Tregs interact with
alveolar macrophages— which are abundant in number at all times
— to mediate resolution. Alveolar macrophages play a critical role
in innate immune responses in the lung, through their ability to
recognize pathogens by way of Toll-like receptors as well as through
their capacity to produce a wide range of pro- or antiinflammatory
mediators and chemokines, to phagocytose apoptotic neutrophils,
and to kill bacteria. Macrophages participate in the initiation of
inflammatory responses (classically activated, M1 macrophage) as
well as resolution of these responses (alternatively activated, M2
macrophage; refs. 57, 58). Our coculture studies demonstrate that
Tregs can abrogate LPS-induced TNF-a production from isolated
alveolar macrophages in a contact-dependent manner. Coupled
with reports of Treg-mediated effects on dendritic cell function
(59, 60), our findings strongly indicate cross-talk between innate
and adaptive immune systems in regulating the inflammatory
environment in the lung after injury.

Further evidence of Treg-mediated modulation of innate
immune responses in the lung derived from analysis of alveolar
neutrophil dynamics. Apoptosis of inflammatory cells is funda-
mental to resolution of inflammation, and failure to clear these
October 2009
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TGF-p blockade abrogates Treg-mediated effects on resolution of lung injury. PBS sham treatment or AT of 1 x 108 Tregs (isolated from WT or
IL-10-- mice) was performed via tail vein injection (day 0) into i.t. LPS—injured Rag-71-- mice. Anti-TGF-f Ab (150 ug/dose per mouse on days 0
and 4) or isotype Ab were administered. (A) H&E stain of representative lung sections on day 7 after i.t. LPS (n = 5 per group). Original magnifica-
tion, x40. (B) Mean histopathological lung injury scores (n = 4 per group). (C—E) BAL total protein (C) and total cell counts (D) were determined
for groups as designated. BAL neutrophil apoptosis (E) was measured by flow cytometry using dual labeling with Annexin V/ 7-AAD. n = 10 per
group. (F) Anti-TGF-p or isotype Abs were administered to WT mice on days 0, 2, and 4 after i.t. LPS, and lung histology was examined on day
7. Original magnification, x20. (G) Mean histopathological lung injury scores for samples from F (n = 4 per group). P = 0.1. (H) BAL total cell
and neutrophil counts. (I and J) After gating on Ly6G cells, decreased BAL neutrophil apoptosis was observed by staining with Annexin V and
7-AAD. (J) Flow cytometry of Ly6G+ cells (neutrophils) labeled with Annexin V and 7-AAD. Numbers within plots denote the percentage of cells
in the respective quadrants. *P < 0.05 versus respective sham control; TP < 0.05 versus respective isotype control.

cells leads to excessive tissue damage and sustained injury (3,
61). We found that in the absence of Tregs in both Rag-17/~ and
WT mice, alveolar neutrophils persisted after LPS, and neutro-
phil apoptosis was reduced. The observed increase in neutro-
phil number did not appear to result from increased neutrophil
chemotactic signals, although we cannot definitively rule out the
contribution of an unidentified chemotactic signal. Rather, we
demonstrated that when Tregs were present, both in vivo and in
vitro, neutrophil apoptosis was increased, consistent with recent
reports of findings in vitro (15, 24). Additionally, macrophage

The Journal of Clinical Investigation

htep://www.jci.org

efferocytosis was enhanced in the presence of Tregs, supporting
the role of these cells in neutrophil clearance. Moreover, phago-
cytosis of neutrophils by macrophages induces TGF-f31 secretion,
resulting in accelerated resolution of inflammation, as previously
described (32). Treg-mediated neutrophil apoptosis can result
from multiple mechanisms, and studies are ongoing to define
these pathways in our model.

TGF-f can have pleiotropic effects in different contexts, includ-
ing as a potent regulator of the immune and inflammatory sys-
tems (62). Disruption of the gene encoding TGF-f in mice pro-
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CD3+CD4+CD25hCD127'°Foxp3+ cells in the blood compartment. Intracellular staining with human isotype control Ab for FoxP3, in cells gated as
described above, is also shown. Numbers within plots denote the percentage of cells in the respective quadrants or gated regions. (B) Absolute
number of CD3*CD4+*CD25"CD127'°Foxp3* Tregs in the BAL (right axis) and blood (left axis) over time in patients with ALI. (C) Absolute number
of CD3+CD4+CD25"CD127"°Foxp3+ Tregs in the blood of patients with ALLI.

duces multifocal inflammatory cell infiltration and multiorgan
failure (63). In response to bleomycin, TGF-f plays a critical role
in the resolution of lung tissue injury (64). However, TGF-f3 may
also have harmful effects in different contexts (65). Sustained
elevation of TGF-f has been linked to autoimmune disorders, sus-
ceptibility to opportunistic infections, and fibrotic complications
of chronic inflammatory conditions (62), and TGF-f increased
alveolar epithelial permeability by a mechanism that involved
depletion of intracellular glutathione (66). We believe a tightly
regulated increase of TGF- at sites of inflammation is important
for resolution of lung injury.

In our studies, TGF- in BAL fluid increased on day 4 after LPS
when Tregs were present. We could not detect secretion of TGF-f3
by Tregs, nor could we detect cell surface expression of the TGF-f3-
associated marker LAP in Tregs from the BAL of LPS-challenged
mice or in cocultures of LPS-activated macrophages and Tregs.
This is not entirely surprising, because Treg TGF-f expression is
upregulated by activation through the TCR (33), a signaling path-
way not used by LPS. Consistent with a non-Treg source for TGF-f3,
alveolar TGF-f} was reduced but present in mice even when Tregs
were absent, that is, both in Treg-depleted WT mice and in Rag-17/~
mice. We found that Tregs boosted macrophage secretion of TGF-f.
In addition, Treg-mediated contact-dependent reduction of TNF-a.
from LPS-stimulated macrophages was lost by inhibition of TGF-f,
which suggests cross-talk between innate and adaptive immune
cells that drives resolution. Our in vivo and in vitro findings are
consistent with in vitro data from Tiemessen et al. showing that
human Tregs can induce alternative activation of monocytes and
inhibit their proinflammatory response to LPS (67).

The mechanisms underlying suppressive effects of Tregs in vivo
appear to be complex (13, 44, 68-70). IL-10-mediated Treg effects
have been demonstrated, particularly in antigen-specific respons-
es (71-73). We found that Treg-derived IL-10 was not required to
2910
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achieve resolution of lung injury after i.t. LPS. Although TGF-f
has also been proposed to play a critical role in Treg-mediated
suppression (33, 74, 75), recent work indicates that TGF-f may
be more important in influencing Treg-suppressive activity and
Foxp3 expression (76), rather than as a Treg-derived mediator (77,
78). Consistent with this notion, we were unable to detect either
secreted or membrane-bound TGF-f§ from Tregs after LPS stimu-
lation. Regardless, inhibition of TGF-3 abrogated Treg-dependent
suppression of macrophage TNF-a production, as well as Treg-
mediated resolution of lung injury, in both WT and Rag-17~ mice.
Although inhibition of TGF-f in our model altered the inflam-
matory response and delayed injury resolution, the effect was not
as profound as that observed when Tregs were absent. We believe
this indicates that Tregs mediate resolution through both TGF-f-
dependent and -independent mechanisms. We cannot exclude a
contribution from other potential mechanisms of Treg-mediated
immunosuppression, such as modulation of dendritic cell func-
tion and maturation through cytotoxic T lymphocyte antigen-4
(CTLA-4) or lymphocyte-activation gene 3 (LAG-3); adenosine-
mediated immunosuppression by ectoenzymes CD39 and CD73;
or suppression by cytolysis through secretion of granzymes (44).
Nakos and colleagues described a general increase in BAL total
lymphocytes in patients with ALI for greater than 6 days compared
with earlier time points (79). To our knowledge, we are the first to
describe the presence of Tregs in the airspaces of humans with ALL
Alveolar Treg numbers dynamically changed during the course of
ALIL Longitudinal analysis of Treg abundance and phenotype in
larger numbers of patients with ALI is beyond the scope of this ini-
tial description, but could prove highly informative in examining
the potential contribution of Tregs to resolution of human ALL
We found that after lung injury with LPS, Tregs migrated to the
inflamed alveolar compartment, where they orchestrated a com-
plex series of events, fundamentally driving the transition from
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a proinflammatory environment in the alveolus to one favoring
resolution and repair. Modulation of innate immune respons-
es, including neutrophil apoptosis, macrophage function, and
cytokine profiles, is central to the coordination of this response.
Treg-mediated effects ultimately manifest as facilitated resolu-
tion of lung injury and improved survival, and reinforce a recent
report indicating that adaptive immune cells can play central roles
in regulating innate immune pathways (80). Notably, we observed
Treg-mediated resolution even when cells were delivered as rescue
therapy 24 hours after the onset of ALIL a striking contrast with
most experimental interventions for ALI to date.

ALI in critically ill patients is an important clinical problem,
accounting for more than 75,000 deaths each year in the United
States. No specific therapies are available. To date, the predomi-
nant focus of work in this area has been on interruption of early
events in disease pathogenesis, with almost no description of
potentially distinct mechanisms of resolution. We believe that our
work highlights a fundamental role for Tregs in regulating innate
immune responses to mediate resolution of ALL

Methods

Mice. Male C57BL/6 congenic CD45.1 mice, C57BL/6 WT and Rag-1"/

mice, and C57BL/6 IL-107~ mice (6-8 weeks old) were purchased from The
Jackson Laboratory and housed in a pathogen-free facility. All experiments
were conducted under protocols approved by the Johns Hopkins Animal
Care and Use Committee.

Mouse preparation. Mice were anesthetized with i.p. ketamine and acetyl-
promazine (150 and 13.5 mg/kg, respectively) before exposure of the tra-
chea. Escherichia coli LPS (O55:BS Sigma-Aldrich L2880) at 3.75 ug/g mouse
or sterile water as control was instilled i.t. via a 20-gauge catheter. At 1,4, 7,
and 10 days after instillation, 8-10 mice per group were anesthetized and
killed by exsanguinations from their inferior vena cava.

Analysis of BAL fluid. BAL was obtained by cannulating the trachea with
a 20-gauge catheter. The right lung was lavaged twice (each aliquot 0.7 ml;
calcium-free PBS); total returns averaged 0.9-1.1 ml/mouse. BAL was rou-
tinely cultured; no mice were found to be infected in these studies. BAL
was centrifuged at 600 g for 8 minutes at 4°C. The cell-free supernatants
were stored at -80°C for later analysis. The cell pellet was diluted in PBS,
and total cell number was counted with a hemocytometer after staining
with trypan blue. Differential counts were done on cytocentrifuge prepara-
tions (Cytospin 3; Shandon Scientific) stained with Dif-Quik stain (Baxter
Diagnostics), counting 300 cells per sample. Flow cytometry (as described
below) of BAL fluid was performed in our initial studies to confirm neutro-
phil numbers (GR-1 labeling) and closely correlated with our BAL cytospins
counts; subsequent evaluation of neutrophil numbers was performed only
with cytospin/cell differentials. Total protein was measured in the cell-free
supernatant using the method of Lowry (81).

Isolation of lung mononuclear cells. Lungs were minced and incubated at
37°Cin an enzyme cocktail of RPMI containing 2.4 mg/ml collagenase I
and 20 ug/ml DNase (Invitrogen), then mashed through a 70-um nylon
cell strainer (BD Falcon). A 23% and 70% bilayer Percoll (Amersham Biosci-
ences) gradient was performed, and the interface was later collected.

Lung morphology and lung injury scoring. Lungs from animals (n = 5 per
time point) were inflated to 25 cm H,O with 1% low-melting agarose
(Invitrogen) for histologic evaluation by H&E staining (82). Two investi-
gators blinded to group assignments analyzed the samples and determined
levels of lung injury according to the semiquantitative scoring outlined
below. All lung fields at x20 magnification were examined for each sample.
Assessment of histological lung injury was performed by grading as fol-

lows: 1, normal; 2, focal (<50% lung section) interstitial congestion and
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inflammatory cell infiltration; 3, diffuse (>50% lung section) interstitial
congestion and inflammatory cell infiltration; 4, focal (<50% lung section)
consolidation and inflammatory cell infiltration; 5, diffuse (>50% lung sec-
tion) consolidation and inflammatory cell infiltration. The mean score was
used for comparison between groups.

Isolation of CD4*CD25* T cells and CD4*CD25~ T cells and AT. Spleens were
removed and prepared for single-cell suspensions. CD4* T cells were
isolated from the resulting splenocytes using magnetic bead separation.
Briefly, total splenocytes were depleted of CD8 (Ly-2), CD11b (Mac-1),
CD45R (B220), CD49b (DXS), Ter-119 cells using biotin-labeled spe-
cific mAbs (Miltenyi Biotec), anti-biotin magnetic beads, and an LD
magnetic bead column (Miltenyi Biotec). To isolate CD4*CD25" and
CD4'CD25" T cells, purified CD4* T cell populations were incubated
with PE-labeled anti-CD25 Ab (Miltenyi Biotec) and anti-PE magnetic
beads and were isolated by MACS separation column, and CD4*CD25"
T cells were isolated by negative selection using anti-CD25 microbeads.
The purity of CD4*, CD4°CD25*, and CD4*CD25" T cell fractions was
always greater than 95%. Purified single-cell suspensions (1 x 10° cells
in 100 ul PBS) were adoptively transferred 60 minutes or 24 hours after
i.t. LPS via tail vein injection.

Flow cytometry. Cells were incubated with Fc Block-2.4G2 (BD Bioscienc-
es — Pharmingen) Ab to block Fey III/II receptors before staining with a
specific Ab. The following Abs (BD Biosciences — Pharmingen) were used
for surface staining: FITC-conjugated anti-CD4 and PE-conjugated anti-
CD25, PerCPCyS5.5-conjugated anti-CD8, allophycocyanin-conjugated
anti-CD3, and respective isotype Abs. For intracellular staining of Foxp3,
cells were fixed and permeabilized with Foxp3 staining buffer (eBiosci-
ence), then stained with allophycocyanin-conjugated anti-mousefoxp3
mADbs (0.5 ug per 106 cells; eBioscience). Lymphocytes were gated with
characteristic low forward scatter/side scatter, using a FACSAria instru-
ment and FACSDiva for data acquisition (Becton Dickinson) and Flowjo
for analysis (Tree Star Inc.).

Human BAL analysis. We screened patients in the Johns Hopkins Hospital
Intensive Care Unit who met previously defined criteria for ALI (19). After
securing informed consent, we performed mini-BAL (38), a nonbroncho-
scopic bedside method of performing a small-volume BAL that involves
blind specimen sampling from distal airspaces. Specimens were obtained
with the Combicath (Plastimed) catheter. Briefly, the catheter was intro-
duced from its protective sheath into the endotracheal tube through a
standard bronchoscopy adapter. It was then gently advanced into a lung
until it became wedged in a distal airway. We injected 2 20-ml aliquots of
normal saline and a 5-ml air bolus into the lungs. Retrieval of fluid usu-
ally averages between 4 and 8 ml. Upon completion of the procedure, the
catheter was removed from the endotracheal tube.

Cells were Fc incubated with human IgG (Rockland) to block Fc recep-
tors; surface stained with allophycocyanin-Cy7-conjugated anti-CD3 (SK7;
BD Biosciences — Pharmingen), AF700-conjugated anti-CD4 (RPA-T4;
BD Biosciences — Pharmingen), PECy7-conjugated anti-CD25 (M-A251;
BD Biosciences — Pharmingen), PacOrange-conjugated anti-CD8 (3B5;
Invitrogen), and PerCPCy5.5-conjugated anti-CD127 (RDRS; eBioscience);
and intracellularly stained with allophycocyanin-conjugated anti-Foxp3
(PCH101; eBioscience). Panel used a UV excitable live dead discrimination
assay (Invitrogen). Cells were analyzed on a FACSAria (BD Biosciences)
with FloJo software (Tree Star Inc.). All human work was approved by an
Institutional Review Board at the Johns Hopkins Hospital.

Measurement of lung homogenate cytokines/chemokines. A mouse cytokine
multiplex kit (Mouse Cytokine 10-plex; Bio-Rad Laboratories) was used to
assay BAL fluid for GM-CSF, G-CSF, KC, IL-1f, IL-4, IL-13, IL-6, MIP-1a.,
MCP-1, and IL-12. ELISA kits were used for TNF-a, IL-10, IFN-y, and active
TGF-f in BAL (R&D Systems).
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TGF-B neutralization. Pan-TGF-f polyclonal neutralizing Abs (AB-
100-NA) and normal rabbit IgG (AB-105-C) were purchased from R&D
Systems. Groups of 10 mice received 150 ug per injection per mouse of’
anti-TGF-f or rabbit IgG as control at days 0 and 4 after LPS and AT, as
described previously (74, 83, 84).

In vivo depletion of Tregs. WT animals were given 0.5 mg/dose/mouse i.p. of
adepleting CD25 mAb (PC61; BioXcell) or isotype (rat IgG, Sigma-Aldrich)
on days -2, 0, 3, and 6 after i.t. LPS challenge. Depletion of CD4*CD25*
cells was confirmed in spleen and blood by flow cytometry.

In vitro proliferation assays. CD4*CD25- cells (5 x 10*) from C57BL/6
mice were cultured in 96-well plates (0.2 ml) with 5 x 10* irradiated APCs
(T-depleted spleen cells) and 0.5 ug/ml anti-CD3 for 3 days in the pres-
ence of varying numbers of Tregs. Proliferation was measured in triplicates
by the incorporation of [3H]TdR during the last 8 hours of the coculture.
APCs were obtained by negative selection of CD90.2 spleen population
using magnetic microbeads (Miltenyi).

Ex vivo BAL cocultures. Cells obtained from BAL, performed 4 days
after LPS instillation, were resuspended at 0.5 x 10 cells/ml in RPMI
supplemented with 10% FCS and 1% penicillin/streptomycin, and cul-
tured on 8-well tissue culture slides (Fisher Scientific). Duplicate sam-
ples were set up, and experiments were repeated twice. After 2 hours,
lymphocyte subsets as designated at a lymphocyte/macrophage ratio
of 1:10 were added to cultures, and cells were harvested at 24 and
48 hours by gentle scraping. Cytospins were stained with Diff-Quik
for determination of phagocytosis of neutrophils by macrophages.
Neutrophil apoptosis was determined by Hoechst 33342 staining
(10 ug/ml) after brief fixation with methanol.

Peritoneal macrophage cultures. Peritoneal macrophages were lavaged from
C57BL/6 WT mice (The Jackson Laboratory) 4 days after injection of 3 ml
sterile thioglycollate (Sigma-Aldrich). Cells adhered overnight in RPMI
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1640 emented with 10% heat-inactivated low-LPS FBS plus 1% penicillin/
streptomycin and 1% glutamine before use.

Neutrophil apoptosis. BAL cells obtained 4 days after LPS were stained for
Annexin V and 7-AAD (BD Biosciences) and analyzed by flow cytometer.
Neutrophils were identified by Ly6G-FITC (BD Biosciences), and apopto-
sis was determined by Annexin V*/7-AAD- double staining using Flowjo
software (Tree Star Inc.).

Statistics. Differences in measured variables between groups at each time
point were assessed by 2-tailed unpaired Student’s ¢ test. Survival curves were
analyzed with the log-rank test. Data are expressed as mean + SEM where
applicable. Statistical difference was accepted at P values less than 0.05.
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