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ABSTRACT

gd T lymphocytes are a unique T cell population with

important anti-inflammatory capabilities. Their role in

acute lung injury, however, is poorly understood but may

provide significant insight into lung-protective mecha-

nisms occurring after injury. In a murine model of lung

injury, wild-type C57BL/6 and TCRd2/2 mice were ex-

posed to Escherichia coli LPS, followed by analysis of gd

T cell and macrophage subsets. In the absence of gd

T cells, TCRd2/2 mice developed increased inflammation

and alveolar-capillary leak compared with wild-type

C57BL/6 mice after LPS exposure that correlated with

expansion of distinct macrophage populations. Classi-

cally activated M1 macrophages were increased in the

lung of TCRd2/2 mice at d 1, 4, and 7 after LPS exposure

that peaked at d 4 and persisted at d 7 compared with

wild-type animals. In response to LPS, Vg1 and Vg7 gd

T cells were expanded in the lung and expressed IL-4.

Coculture experiments showed decreased expression

of TNF-a by resident alveolar macrophages in the

presence of gd T cells that was reversed in the presence

of an anti-IL-4-blocking antibody. Treatment of mice with

rIL4 resulted in reduced numbers of M1 macrophages,

inflammation, and alveolar-capillary leak. Therefore, one

mechanism by which Vg1 and Vg7 gd T cells protect

against LPS-induced lung injury is through IL-4 expres-

sion, which decreases TNF-a production by resident

alveolar macrophages, thus reducing accumulation of

M1 macrophages, inflammation, and alveolar-capillary

leak. J. Leukoc. Biol. 99: 373–386; 2016.

Introduction
Lung injury resulting in ARDS is a medical condition with an
unacceptably high mortality [1]. Despite recent advances in
supportive care of these patients [2, 3], mortality remains as high
as 45% in patients with severe ARDS [1]. ARDS is pathologically

identified by diffuse alveolar damage and characterized by
increased permeability of the alveolar-capillary interface with
extravasation of inflammatory cells and protein-rich fluid into
the alveolar space, resulting in acute hypoxemia [4]. As bacterial
pneumonia is the most common risk factor for the development
of ARDS [4], acute lung inflammation, resulting in progressive
epithelial and endothelial damage characteristic of ARDS, is
believed to be caused by activation of the innate immune
response through binding of microbial products to alveolar
macrophages and lung epithelial cells, followed by a subsequent
influx of neutrophils [5, 6]. Studies have identified unique roles
for macrophages in the pathogenesis of ARDS [7–11]. For
example, persistently elevated levels of MCP-1 in BAL fluid,
a chemokine important for recruitment of monocytes to sites of
inflammation, correlated with a predominance of monocyte-like
alveolar macrophages in the lung and severity of respiratory
failure [7], as well as higher lung-injury scores in patients with
ARDS [12]. In addition, 7 d after onset of ARDS, elevated levels
of IL-1b in the lung, a cytokine produced predominantly by
activated macrophages, were associated with an increased risk
of death [12]. Collectively, these studies suggest that persis-
tence of specific proinflammatory macrophages may result in
an increased risk of death in patients with ARDS. Consistent
with these human observations, in the E. coli LPS-induced
model of lung injury, RAMs persist, whereas recruited
macrophage populations accumulate early after LPS exposure
and steadily decline in number [13]. These studies suggest that
LPS-induced lung injury may be an ideal model to define
specific subset populations of macrophages important for
development of ARDS.
gd T cells are a unique subset of lymphocytes important in

regulation of the immune response generated against microbial
pathogens [14]. The location of gd T lymphocytes in the
subepithelium of alveolar regions of the lung [15] suggests that
these cells play an important role in the immune response
directed against microbial pathogens [16]. In addition, gd T cells
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have been shown to regulate macrophage homeostasis and
activation in murine models of infection [17]. Although
different subsets of macrophages and their cytokine and
chemokine expression have been implicated in the pathogen-
esis of ARDS, the role of gd T lymphocytes and their complex
interactions with macrophages in acute lung injury is essentially
unknown. With the use of the well-established murine model of
ARDS, we tested the hypothesis that gd T cells protect against
LPS-induced lung injury through regulation of distinct macro-
phage subsets.

MATERIALS AND METHODS

Mice
Eight-week-old C57BL/6J, TCRd2/2, and C.129-Il4tm1Lky/J (IL-4 reporter)
mice (The Jackson Laboratory, Bar Harbor, ME, USA) were given 5 mg LPS
(serotype O55:B5; Sigma, St. Louis, MO, USA)/g body weight by
intratracheal administration under light anesthesia by use of isoflurane.
TCRd2/2 mice were given 250 pg rIL-4 (R&D Systems, Minneapolis, MN,
USA) or sterile PBS with LPS 5 mg/g body weight intratracheally and then
375 pg rIL-4, 3 h later, followed by 250 pg, 6 and 12 h after initial LPS dose
on d 0. TCRd2/2 mice were given 250 pg rIL-4 every 6 h for 3 doses on d 1
and 125 pg every 6 h on d 2 and 3 (3 doses each day). Sham controls were
given sterile PBS at identical time points after initial LPS administration.
All doses of IL-4 or sterile PBS were given by intratracheal administration.
To quantify leak across the alveolar-capillary interface in the lung, C57BL/6J
and TCRd2/2 mice were given 100 ml 70 kD FITC-labeled dextran
(30 mg/ml; Sigma) by retro-orbital injection. After 2 h, the mice were
euthanized, peripheral blood collected, and whole lung BALs performed
by use of 1 ml sterile PBS. The fluorescence intensity in serially diluted
BAL and serum samples was analyzed by Fluorometer (Perkin-Elmer,
Waltham, MA, USA) and whole lung lavage samples normalized to serum
fluorescence. Fluorescence intensity was converted to a concentration of
FITC-labeled dextran by use of a standard curve. These studies were
approved by the Animal Care and Use Committee at the University of
Colorado.

Cytokine and chemokine levels
C57BL/6J and TCRd2/2 mice were euthanized at 0, 1, 4, and 7 d after LPS
administration and cytokine and chemokine levels determined by Luminex
assay, as described previously [18, 19]. In brief, lungs were removed en bloc
from mice and snap frozen in liquid nitrogen after the heart, esophagus,
trachea, and tracheal lymph nodes were dissected away from the lung. Frozen
lung or spleen samples were grinded into powder and resuspended in lysis
buffer (5 ml/mg tissue; 25 mM Tris-HCL, 150 mM NaCl, 1 mM EDTA, 1%
Nonidet P-40, and 5% glycerol, pH 7.4) containing protease inhibitors
(Sigma) and benzonase (Sigma). Lung samples in lysis buffer were rotated at
room temperature for 60 min followed by centrifugation at 12,000 g for
15 min at 4°C. Supernatant (50 ml) was analyzed by use of Luminex Bead
Arrays (Life Technologies, Carlsbad, CA, USA).

Flow cytometric analysis
Lungs were processed as described previously [20]. In brief, lungs were
removed en bloc from mice, cut into small pieces, and placed in complete
RPMI media containing 10% FBS (Hyclone Laboratories, Logan, UT, USA),
penicillin/streptomycin (Life Technologies), and 1 mg/ml collagenase (Sigma)
after the esophagus, trachea, and tracheal lymph nodes were dissected away
from the lung. Lung samples were digested for 5 min at 37°C, followed by
sequential aspiration through 18 and 22 gauge needles and centrifugation at
1200 rpm for 5 min at room temperature. The supernatant was poured off and
cells resuspended in RBC lysis buffer (eBioscience, San Diego, CA, USA) for
5 min at room temperature. After RBC lysis, complete RPMI media were added

and the cell suspension poured over a 70 mM filter, followed by centrifugation
at 1200 rpm for 5 min at room temperature. Cells were counted and stained in
96-well plates by use of the following mAb: Vg1 (2.11), Vg4 (UC3), Vg7
(GL1.7), Cd (GL3), F4/80 (BM8), Ly6C (HK1.4), MHCII (M5/114.15.2),
CD11c (N418), CD11b (M1/70), CD107b (M3/84), CD80 (16-10A1), CD86
(GL-1), Ly6G (RB6-8C5), Armenian hamster IgG (eBio299Arm), rat IgG1
(eBRG1), rat IgG2a (RTK2758), rat IgG2b (eB149/10H5), and CD16/32 (93;
eBioscience) and SiglecF (E50-2440), CD64 (X54-5/7.1.1), CD124 (mIL-4R-M),
CD45 (30-F11), anti-mouse IL-4 (11B11), and CD3 (17A2; Becton Dickinson,
Franklin Lakes, NJ, USA). Intracellular staining for CD206 (C068C2;
BioLegend, San Diego, CA, USA) and TNF-a (MP6-XT22; Becton Dickinson),
after fixation and permeabilization, was performed, per the manufacturer’s
instructions (Life Technologies). All samples were analyzed on a LSRII Flow
Cytometer (Becton Dickinson). Compensation parameters were performed by
use of single-stain OneComp eBeads (eBioscience). Data files were analyzed by
use of FlowJo software (Tree Star, Ashland, OR, USA).

RNA isolation, cDNA synthesis, and quantitative PCR
Vg1, Vg4, and Vg7 gd T cells were positively selected by use of anti-biotin
microbeads (Miltenyi Biotec, San Diego, CA, USA) and RNA isolated by use of
Qiagen RNeasy Mini Kit (Qiagen, Valencia, CA, USA), according to the
manufacturer’s instructions. RNA was reverse transcribed into cDNA by use of
SuperScript III Reverse Transcriptase (Life Technologies) after DNAse treatment
(Promega, Madison, WI, USA). Quantitative PCR was performed by use of SYBR
Green PCR Master Mix (Life Technologies) and run on an ABI PRISM 7300
Sequence Detection System (Life Technologies). Gene-specific primers were
designed by use of PubMed GenBank. 18s RNA was used as the control gene.

Histopathology
H&E staining was performed as described previously [18, 19]. In brief, lungs
were removed en bloc from mice and infused with 10% formalin by use of
a manometer to maintain a constant pressure of #20 cm H2O until complete
lung expansion was obtained. The trachea was tied off by use of suture and
lungs placed in 10% formalin before paraffin embedding and staining
with H&E.

Coculture of gd T cells and RAMs
gd T cells were isolated by BAL from the lungs of wt C57BL/6J mice, 24 h after
intratracheal exposure to LPS (5 mg/gm). gd T cells were positively selected
by use of a biotinylated Cd mAb (clone GL3; eBioscience) and anti-biotin
microbeads (Miltenyi Biotec), following the manufacturer’s instructions.
Alveolar macrophages were isolated by BAL from the lungs of naı̈ve wt
C57BL/6J mice. Alveolar macrophages (3000) were cultured with 3000 gd

T cells in RPMI/10% FBS in the presence of 5 mg/ml LPS in the presence of
an anti-IL-4 mAb (clone 11B1; eBioscience) or isotype control (IgG1; clone
eBRG1; eBioscience) for 24 h at 37°C 5% CO2. Supernatants were analyzed in
triplicate for TNF-a levels by use of a mouse TNF-a ELISA kit (eBioscience),
following the manufacturer’s instructions.

Statistical analysis
Unpaired t test and ANOVA with Tukey’s multiple comparisons test were used
to determine statistical significance between different strains of mice and
treatment groups at each time point after LPS exposure. P , 0.05 was
considered statistically significant (GraphPad Software, La Jolla, CA, USA).

RESULTS

LPS-induced lung inflammation is increased in the
absence of gd T cells
To determine if gd T cells are important in acute lung injury, wt
C57BL/6 and TCRd2/2 mice were exposed to LPS by intra-
tracheal instillation. As shown in Fig. 1A, LPS-exposed mice
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developed interstitial infiltrates at d 1, which were increased
at d 4 and began to resolve by d 7 in wt C57BL/6 and TCRd2/2

mice. To investigate whether gd T cells protect against LPS-
induced lung inflammation, total cell counts were performed on
collagenase-disrupted lungs of individual wt C57BL/6 and
TCRd2/2 mice. As shown in Fig. 1B, total cell numbers were
increased at d 1, peaked at d 4, and began to decline at d 7 after
LPS exposure. TCRd2/2 mice, however, had a 1.7-fold increased
number of cells in the lung at d 4 compared with wt C57BL/6
mice that persisted at d 7 (Fig. 1B). Since one of the hallmarks of
ARDS is breakdown of the alveolar-capillary interface with
extravasation of protein-rich fluid into the alveolar space, we
measured fluorescence intensity in the alveolar compartment 2 h
after intravenous injection of FITC-labeled, 70 kD dextran.
Fluorescence intensity was similar in wt C57BL/6 and TCRd2/2

mice at d 0, 1, and 7 after LPS exposure (Fig. 1C). Fluorescence
intensity in the alveolar space, however, was increased, on
average, 2.5-fold in TCRd2/2 mice compared with wt C57BL/6
animals at d 4 (Fig. 1C). Collectively, these data demonstrate that
in the absence of gd T cells, total lung inflammation and alveolar-
capillary leak were increased 4 d after LPS exposure.

Increased numbers of macrophages in the lung of
TCRd2/2 mice
As macrophages have been implicated in the pathogenesis of
acute lung injury [13], and gd T cells have been shown to regulate
macrophages [17], the number of F4/80+ macrophages was
determined in the lung of wt C57BL/6 and TCRd2/2 mice after
LPS exposure. As shown in Fig. 2A, F4/80+ macrophage numbers
were increased nearly 2-fold in TCRd2/2 mice relative to wt
C57BL/6 mice, 4 d after LPS exposure, and remained persistently
elevated at d 7. As M1-type cytokines and chemokines have been
implicated in the pathogenesis of acute lung injury [21] and

increased risk of death [12], we measured protein levels of these
cytokines and chemokines in total lung homogenates from LPS-
exposed mice. On average, IL-1a levels were 5-fold higher and
MIP-1a levels nearly 3-fold higher in the lung of TCRd2/2 mice
relative to wt C57BL/6 mice at 4 d after LPS exposure (Fig. 2B).
IL-1b levels remained elevated in the lung of TCRd2/2 mice,
4 d after LPS exposure (Fig. 2B). In addition, IL-1a, IL-1b, and
MIP-1a levels were significantly higher in the lung compared
with spleen (P , 0.05) of TCRd2/2 mice at d 1 and 4 following
LPS exposure and significantly higher in the lung compared
with spleen (P , 0.05) at d 1 following LPS exposure in wt
C57BL/6 mice (Fig. 2B). Levels of these cytokines and
chemokines in the spleen, however, were not statistically
different between wt C57BL/6 and TCRd2/2 mice at any time
points. These data indicate that in the absence of gd T cells,
macrophage numbers and M1-type cytokines and chemokines
were increased in the lung of TCRd2/2 mice relative to wt
C57BL/6 mice after LPS exposure.

Increased numbers of M1 macrophages in the lung of
TCRd2/2 mice
To determine if in the absence of gd T cells, intratracheal
exposure to LPS resulted in accumulation of macrophages with
a classically activated M1 phenotype, we used flow cytometry to
identify M1 macrophages in the lung. With the use of multiple
markers of expression, we identified a population of
F4/80+Ly6C+CD2062 cells that also expressed MHCII, CD11c,
CD11b, CD80, and CD86, consistent with a M1 macrophage
phenotype [10, 11, 22–28] (Fig. 3A and Supplemental Fig. 1).
Macrophage expression of MHCII, CD11c, CD80, and CD86, as
well as CD64 and MAC3, however, was similarly expressed in wt
C57BL/6 and TCRd2/2 mice at d 0 and 1, 4, and 7 after LPS
exposure (Fig. 3A and Supplemental Fig. 1). Although the absence

Figure 1. Increased lung inflammation and injury in
mice deficient in gd T cells. (A) Representative
H&E of lungs from wt C57BL/6 and TCRd2/2 mice
exposed to intratracheal LPS is shown. Data shown
represent 5 individual mice from 3 separate
experiments (original magnification, 1003). (B)
Total cell counts were performed on total lung
digests from wt C57BL/6 (wt) and TCRd2/2 (d2/2)
mice exposed to intratracheal LPS. Data represent
at least 8 wt C57BL/6 and 8 TCRd2/2 mice at each
time point, compiled from at least 3 individual
experiments (means 6 SD). (C) Capillary leak
measured as FITC-labeled, 70 kD dextran, isolated
from the alveolar space by lavage. Data represent at
least 8 wt C57BL/6 and 8 TCRd2/2 mice at each
time point, compiled from at least 3 individual
experiments (means6 SD). Unpaired t test was used
to determine statistical significance between wt
C57BL/6 and TCRd2/2 mice at each time point.
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of gd T cells did not appear to significantly affect surface
expression of M1 macrophage markers, the number of M1
macrophages, identified as F4/80+Ly6C+CD2062MHCII+ cells, was
increased in TCRd2/2 compared with wt C57BL/6 mice at 1, 4,

and 7 d after LPS exposure, with a.2.5-fold increase in the number
of M1 macrophages at d 4 and .3-fold increase at d 7 (Fig. 3B).

Decreased numbers of RAMs/M2c macrophages in
TCRd2/2 mice
To determine if accumulation of other macrophage populations
were altered in the absence of gd T cells, F4/80+SSChi cells from
collagenase-disrupted lungs of LPS-exposed wt C57BL/6 and
TCRd2/2 mice were analyzed (Fig. 4A and Supplemental Fig. 2).
The F4/80+SSChiLy6C2CD206+ cells expressed MHCII, CD11c,
CD11b, CD80, and CD64, with lower levels of expression of CD86
and MAC3, which represent a RAM/M2c macrophage population
[10, 11, 22–29] (Fig. 4A and Supplemental Fig. 2). In the absence of
gd T cells, the number of F4/80+SSChiLy6C2CD206+MHCII+ cells in
the lung of TCRd2/2 mice was decreased compared with wt
C57BL/6 mice, 4 d after LPS exposure (Fig. 4B). Although there was
a.3-fold expansion in numbers of F4/80+SSChiLy6C2CD206+MHCII+

cells at d 7 compared with d 4 in wt C57BL/6 and TCRd2/2

mice, there was not a statistically significant difference in
numbers of RAM/M2c macrophages between these murine
strains at d 7. To identify further other subset populations of
macrophages, the F4/80+SSClow gate was analyzed. The
F4/80+SSClowLy6C2CD206+ population contained cells that
expressed higher levels of MHCII, as well as CD11c, CD11b,
CD80, CD86, CD64, and MAC3, consistent with a M2a
macrophage phenotype [10, 11, 22, 23, 25–29] (Fig. 5A and
Supplemental Fig. 3). There was a trend toward increased
numbers of F4/80+SSClowLy6C2CD206+ cells in TCRd2/2 mice
compared with wt C57BL/6 animals at d 4, which persisted, and
was statistically significant at d 7 following LPS exposure (Fig. 5B).

TNF-a levels increased in the lung in the absence of gd
T cells
As TNF-a and IFN-g are cytokines that polarize monocytes to M1 or
classically activated macrophages [24], their levels were evaluated in
the lung of wt C57BL/6 and TCRd2/2 mice after LPS exposure.
TNF-a levels were, on average, 2-fold higher in the lung of TCRd2/2

compared with wt C57BL/6 mice at d 1 following LPS exposure
and remained elevated in both strains of mice at d 4 but were
markedly decreased at d 7 (Fig. 6A). TNF-a levels were significantly
higher in the lung compared with spleen (P , 0.05) of TCRd2/2

mice at d 1 and 4 following LPS exposure and significantly higher in
the lung compared with spleen (P , 0.05) at d 1 following LPS
exposure in wt C57BL/6 mice (Fig. 6A). TNF-a levels in the spleen,
however, were not statistically different between wt C57BL/6 and
TCRd2/2 mice at any time points. The levels of IFN-g were
increased at d 1 and 4 after LPS exposure but not significantly
different between the 2 strains of mice (Supplemental Fig. 4). As
IL-4 and IL-13 are 2 cytokines that polarize monocytes to alternatively
activated M2 macrophages [23], these cytokines were also evaluated
and found to be decreased in the lung of TCRd2/2 relative to wt
C57BL/6 mice at d 1 following LPS exposure, although the
difference in their levels did not reach statistical significance (Fig. 6B
and Supplemental Fig. 4).

RAMs produce TNF-a in the lung after LPS exposure
Although a number of cells can produce TNF-a, RAMs are an
important source of TNF-a in the lung. RAMs were identified by

Figure 2. Increased macrophage numbers in the lung. (A) F4/80+

macrophage counts in total lung digests from wt C57BL/6 and TCRd2/2

mice exposed to intratracheal LPS. Data represent at least 8 wt C57BL/6
and 8 TCRd2/2 mice at each time point, compiled from at least 3
individual experiments (means 6 SD). Unpaired t test was used to
determine statistical significance at each time point. (B) Cytokine and
chemokine levels from supernatants of total lung and spleen digests from
wt C57BL/6 and TCRd2/2 mice exposed to intratracheal LPS. wt
C57BL/6 lung (d) and spleen (s) and TCRd2/2 lung (n) and spleen (N;
means6 SD). Unpaired t test was used to determine statistical significance
between lung digests from wt C57BL/6 and TCRd2/2 mice at each time
point (*P , 0.05; **P , 0.01).
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use of flow cytometry as F4/80+SSChiLy6C2CD206+SiglecF+ cells
(Fig. 6C) and expressed TNF-a at d 1 following LPS exposure by
intracellular cytokine staining (Fig. 6D). F4/80+Ly6C+CD2062

M1 macrophages and F4/80+SSClowLy6C2CD206+ M2a macro-
phages expressed less TNF-a at d 1 following LPS exposure
(Fig. 6D). There was a .3-fold increased number of
F4/80+SSChiLy6C2CD206+SiglecF+ RAMs that expressed TNF-a
relative to F4/80+Ly6C+CD2062 M1 macrophages and 5-fold
increased number compared with F4/80+SSClowLy6C2CD206+

M2a macrophages at d 1 following LPS exposure (Fig. 6E). These
data demonstrate that RAMs were an important source of TNF-a
expressed by macrophages in the lung after LPS exposure.

gd T cells expanded in the lung after intratracheal
LPS exposure
To determine if gd T cells were expanded in the lung of mice
exposed to intratracheal LPS, collagenase-disrupted lungs from
wt C57BL/6 mice were analyzed by flow cytometry. As shown in
Fig. 7, gd T cells were found in the lung at d 1, 4, and 7,
following intratracheal LPS exposure, with expansions of Vg1,
Vg4, and Vg7 gd T cells. Vg1 and Vg4 gd T cell numbers
increased from d 1 to 4 after LPS exposure but were decreased
at d 7 (Fig. 7D). Although similar numbers of Vg1 and Vg7 gd

T cells were present in the lung at d 1, Vg7 gd T lymphocytes
peaked at d 1 and slowly declined in number at d 4 and 7 after

Figure 3. M1 macrophages in the lung of mice exposed to intratracheal LPS. (A) Representative density and histogram plots of M1 macrophages
in total lung digests of wt C57BL/6 and TCRd2/2 mice at d 4 following LPS exposure. Data represent at least 8 wt C57BL/6 and 8 TCRd2/2

mice from at least 3 individual experiments. Light gray histograms represent isotype control. (B) M1 macrophage cell numbers in total lung
digests from wt C57BL/6 and TCRd2/2. Data represent 6 wt C57BL/6 and 6 TCRd2/2 mice at d 0, 8 wt C57BL/6 and 8 TCRd2/2 mice at d 1,
9 wt C57BL/6 and 9 TCRd2/2 mice at d 4, and 10 wt C57BL/6 and 10 TCRd2/2 mice at d 7, compiled from at least 3 individual experiments
(means 6 SD). Unpaired t test was used to determine statistical significance between wt C57BL/6 and TCRd2/2 mice at each time point.

A B

Figure 4. RAM/M2c macrophages in the lung of mice exposed to intratracheal LPS. (A) Representative density and histogram plots of RAM/M2c
macrophages in total lung digests of wt C57BL/6 and TCRd2/2 mice at d 4 following LPS exposure. Data represent at least 8 wt C57BL/6 and 8 TCRd2/2

mice from at least 3 individual experiments. Light gray histograms represent isotype control. (B) RAM/M2c macrophage cell numbers in total
lung digests from wt C57BL/6 and TCRd2/2. Data represent 6 wt C57BL/6 and 6 TCRd2/2 mice at d 0, 8 wt C57BL/6 and 8 TCRd2/2 mice at d 1,
9 wt C57BL/6 and 9 TCRd2/2 mice at d 4, and 10 wt C57BL/6 and 10 TCRd2/2 mice at d 7, compiled from at least 3 individual experiments (means6 SD).
Unpaired t test was used to determine statistical significance between wt C57BL/6 and TCRd2/2 mice at each time point.
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LPS exposure (Fig. 7D). As there was a trend toward decreased
IL-4 levels in the lung of TCRd2/2 relative to wt C57BL/6 mice
(Fig. 6B), IL-4 expression was assessed in sorted subset populations
of gd T cells isolated from the alveolar space by lavage. IL-4 was
expressed by Vg1 and Vg7 gd T cells but not Vg4 gd

T lymphocytes, with .150-fold greater expression of IL-4 by Vg7
gd T cells compared with Vg1 gd T lymphocytes at d 1 following
LPS exposure (Fig. 7E). To determine further if different subsets
of gd T cells expressed IL-4, IL-4 reporter mice that express GFP
under the IL-4 promoter were studied 24 h after intratracheal LPS
exposure. As shown in Fig. 7F, Vg7 gd T cells expressed a large
percentage of IL-4 compared with Vg1 and Vg4 gd T lymphocytes.

IL-4 blockade results in enhanced TNF-a expression
by RAMs
As gd T cells have been shown to be in close contact with
macrophages in the lung [15], gd T cells were isolated from the
alveolar compartment of wt C57BL/6 mice by lavage, 24 h after
intratracheal exposure to LPS and cultured with RAMs from naı̈ve
wt C57BL/6 mice to determine if gd T lymphocytes could suppress
TNF-a expression by alveolar macrophages. As shown in Fig. 8A,
increasing numbers of gd T cells suppressed LPS-induced TNF-a
production by alveolar macrophages. gd T lymphocytes, cocultured
with RAMs in the presence of LPS and a mAb directed against IL-4,
resulted in increased levels of TNF-a in the supernatant compared
with coculture of gd T cells and RAMs in the presence of LPS and
isotype control mAb (Fig. 8B). These data suggest that expression of
IL-4 is an important mechanism by which gd T cells suppress TNF-a
production by alveolar macrophages.

Treatment of TCRd2/2 mice with rIL-4 reduced
accumulation of M1 macrophages
To determine if treatment with IL-4 could protect the lung from
LPS-induced lung injury, TCRd2/2 mice were treated with rIL-4
after intratracheal LPS exposure. As shown in Fig. 9A,

inflammation was markedly reduced in mice that received rIL-4
compared with PBS-treated controls, 4 d after LPS exposure. In
addition, both total cell and macrophage numbers were de-
creased in the lung of TCRd2/2 mice treated with intratracheal
rIL-4 compared with PBS controls (Fig. 9B and C). Alveolar-
capillary leak was also reduced significantly in LPS-exposed
TCRd2/2 mice treated with rIL-4 relative to PBS control mice
(Fig. 9D). To determine further which macrophage subsets were
altered in response to rIL-4 treatment after LPS exposure, we
performed flow cytometry and cell counts on the lungs of rIL-4-
and PBS-treated mice. M1 macrophages, with the expression
pattern of F4/80+Ly6C+CD2062MHCII+CD11c+CD11b+SiglecF2,
were decreased nearly 2-fold in the lung in response to rIL-4
compared with PBS-treated controls 4 d after LPS exposure
(Fig. 10A and D). Consistent with previous reports that show
that IL-4 induces expression of CD206 [23, 29], mice treated
with rIL-4 appeared to have increased CD206 expression by flow
cytometry (Fig. 10B and C). There was, however, no difference
in numbers of RAM/M2c macrophages that expressed
F4/80+SSChiLy6C2CD206+MHCII+CD11c+CD11b+, suggesting
that despite increased expression of CD206, these cells did not
accumulate in increased numbers in the lung in response to
rIL-4 treatment compared with PBS-treated controls (Fig.
10D). There was also no significant difference in numbers
of M2a macrophages with an expression pattern of
F4/80+SSClowLy6C2CD206+MHCII+CD11c+CD11b+, suggest-
ing that despite increased expression of CD206, these cells
also did not accumulate in increased numbers in the lung in
response to rIL-4 treatment compared with PBS-treated
controls (Fig. 10D).

DISCUSSION

Lung injury resulting in ARDS is a clinical syndrome with very
high mortality [1], despite recent advances in supportive care of

Figure 5. M2a macrophages in the lung of mice exposed to intratracheal LPS. (A) Representative density and histogram plots of M2a
macrophages in total lung digests of wt C57BL/6 and TCRd2/2 mice at d 4 following LPS exposure. Data represent at least 8 wt C57BL/6 and 8 TCRd2/2

mice from at least 3 individual experiments. Light gray histograms represent isotype control. (B) M2a macrophage cell numbers in total lung
digests from wt C57BL/6 and TCRd2/2. Data represent 6 wt C57BL/6 and 6 TCRd2/2 mice at d 0, 8 wt C57BL/6 and 8 TCRd2/2 mice at d 1,
9 wt C57BL/6 and 9 TCRd2/2 mice at d 4, and 10 wt C57BL/6 and 10 TCRd2/2 mice at d 7, compiled from at least 3 individual experiments
(means 6 SD). Unpaired t test was used to determine statistical significance between wt C57BL/6 and TCRd2/2 mice at each time point.
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Figure 6. TNF-a levels were increased in the lung of mice deficient in gd T cells. (A) TNF-a levels in supernatants of total lung and spleen digests from
wt C57BL/6 and TCRd2/2 mice exposed to intratracheal LPS. wt C57BL/6 lung (d) and spleen (s) and TCRd2/2 lung (n) and spleen (N). Data
represent at least 6 wt C57BL/6 and 6 TCRd2/2 mice at each time point from 3 individual experiments (means 6 SD). Unpaired t test was used to
determine statistical significance at each time point (*P , 0.05). (B) IL-4 levels in supernatants of total lung digests from wt C57BL/6 and TCRd2/2 mice

(continued on next page)
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these patients [2, 3]. gd T lymphocytes are a unique T cell
population with important anti-inflammatory capabilities, but
their role in acute lung injury is poorly understood. With the
use of the well-established murine model of LPS-induced lung
injury, mice deficient in gd T cells were exposed to E. coli LPS to
determine if gd T lymphocytes protect against injury. In the
present study, we show that in the absence of gd T cells, total
lung inflammation and alveolar-capillary leak were increased
after LPS exposure. Consistent with previous reports [30, 31],
total lung inflammation peaked at d 4 following LPS exposure.
In the absence of gd T cells, however, total lung inflammation
was increased at d 4 and remained elevated at d 7 relative to wt
mice after LPS exposure, suggesting that gd T cells protect
against LPS-induced lung inflammation. Lung injury resulting
in ARDS is characterized by increased permeability of the
alveolar-capillary interface with extravasation of inflammatory
cells and protein-rich fluid into the alveolar space, resulting in
acute hypoxemia [4]. To determine if gd T cells also protect
against accumulation of fluid in the alveolar space, indicating
breakdown of the alveolar-capillary interface, mice were
injected intravenously with FITC-labeled dextran, followed by
whole lung lavage of the alveolar compartment. In the absence
of gd T cells, permeability of the alveolar-capillary interface was
increased relative to wt mice, 4 d after LPS exposure. The fact
that alveolar-capillary leak, the hallmark of ARDS, was in-
creased in LPS-exposed TCRd2/2 mice relative to wt C57BL/6
mice suggests that the absence of gd T cells resulted in
increased lung injury. In addition, leak across the alveolar-
capillary interface was similarly reduced in wt C57BL/6 and
TCRd2/2 mice at d 7 following LPS exposure, suggesting that
repair of alveolar-capillary function still occurred in the
absence of gd T cells and despite persistent inflammation.
These data suggest that gd T cells most likely protect in the
acute phase of LPS-induced lung injury and may not be
required for resolution of inflammation or repair of the
alveolar-capillary interface. Previous investigators have shown
that Tregs may be important for resolution of LPS-induced lung
injury [31]. Therefore, these data suggest that gd T cells
protect against LPS-induced lung inflammation and alveolar-
capillary dysfunction, but resolution of lung injury can proceed
in the absence of gd T lymphocytes, most likely as a result of the
presence of Tregs or other cell types.
Previous reports indicate that gd T cells regulate macrophages

[17]. As macrophages have been implicated in ARDS [7–11] and
LPS-induced lung injury [13], distinct macrophage subsets were
analyzed by use of flow cytometry in the presence and absence of
gd T lymphocytes. Proinflammatory M1 macrophages were
identified as F4/80+Ly6C+CD2062MHCII+ cells [10, 11, 22–28]
and in the absence of gd T cells, found to be expanded further, 1,
4, and 7 d after LPS exposure relative to wt mice. In addition, M1

macrophage numbers and M1-type cytokines, such as IL-1a and
IL-1b and chemokine MIP-1a, remained significantly elevated in
TCRd2/2 relative to wt C57BL/6 mice at d 4 following LPS
exposure, which correlated with alveolar-capillary leak, suggest-
ing that gd T lymphocytes protect against lung injury by
regulating expansion of proinflammatory M1 macrophages.
Interestingly, proinflammatory M1 macrophages remained ele-
vated at d 7 following LPS exposure, but the levels of M1-type
cytokines IL-1a and IL-1b and chemokine MIP-1a were markedly
reduced, which associated with resolution of alveolar-capillary
leak, suggesting that repair of the alveolar-capillary interface can
occur despite persistent presence of M1 macrophages, most likely
as a result of decreased expression of proinflammatory cytokines
and chemokines.
As classically activated M1 macrophages are polarized from

monocytes by TNF-a and IFN-g [24], levels of these cytokines
were assessed in the lung following LPS exposure. In the absence
of gd T cells, TNF-a levels were increased in the lung of TCRd2/2

mice, 24 h following LPS exposure, suggesting that gd T cells may
limit expansion of M1 macrophages by regulating TNF-a levels in
the lung. Consistent with previous reports [32], our data
confirmed that alveolar macrophages expressed TNF-a in
response to LPS. Although IL-4 has been shown to polarize
monocytes to alternatively activated macrophages [23], studies
have also demonstrated that IL-4 is an important cytokine that
regulates expression of TNF-a by alveolar macrophages [33–37].
In addition, gd T cells have been shown to express IL-4 [38, 39]
and closely interact with macrophages in the lung [15]. In
response to LPS, Vg1 and Vg7 gd T cells isolated from the
alveolar compartment expressed IL-4. When alveolar macro-
phages and gd T cells were stimulated with LPS in the presence
of a blocking anti-IL-4 mAb, TNF-a expression by alveolar
macrophages was markedly increased, suggesting that IL-4
expression by gd T cells is an important mechanism by which
they limit TNF-a expression by alveolar macrophages and thus,
TNF-a levels in the lung with subsequent, decreased expansion of
M1 macrophages. The fact that IL-4-expressing gd T cells were
isolated from the alveolar space and able to decrease TNF-a
expression by alveolar macrophages in response to LPS suggests
that these cells most likely interact in the alveolar compartment.
As IL-4 can be expressed by other cell types [40], we cannot
exclude the contribution of IL-4 from other cells, such as
neutrophils and CD4+ T cells. Vg4 gd T cells were also expanded
in the lung but did not express high levels of IL-4, suggesting that
Vg4 T cells lymphocytes may have other regulatory roles in LPS-
induced lung injury. gd T cell numbers, however, peaked at d 4
following LPS exposure that correlated with increased alveolar-
capillary leak, despite decreased levels of IL-4 in the lung. These
findings suggest that expression of IL-4 by gd T cells at d 1
following LPS exposure was critical for limiting TNF-a

exposed to intratracheal LPS. (C) Representative density and histogram plots of RAMs in total lung digests of wt C57BL/6 mice at d 1 following LPS
exposure. Data represent at least 7 mice from 3 individual experiments. Light gray histograms represent isotype control. (D) Representative density
and histogram plots of TNF-a-expressing macrophage subsets in total lung digests of wt C57BL/6 mice at d 1 following LPS exposure. Data are
representative of 3 separate experiments. Open histograms represent isotype control. (E) Number of TNF-a-expressing macrophage subsets in total lung
digests from wt C57BL/6 mice exposed to intratracheal LPS at d 1 following LPS exposure. Data represent 7 mice from at least 3 individual
experiments (means 6 SD). ANOVA with Tukey’s multiple comparisons test was used to determine statistical significance.
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A

B

C

Figure 7. gd T cells in the lung of wt C57BL/6 mice exposed to intratracheal LPS. (A) Representative density plots of percentage of CD3+ T cells
expressing Cd in total lung digests of wt C57BL/6 mice exposed to intratracheal LPS. (B) Number of gd T cells in total lung digests of wt C57BL/6 mice
exposed to intratracheal LPS (means 6 SD). Data represent at least 10 mice compiled from at least 3 separate experiments at each time point. ANOVA
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production by alveolar macrophages and thus, polarization of
proinflammatory M1 macrophages that promoted lung injury
at d 4. In addition, the fact that gd T cells were increased in the
lung at d 4 and persisted 7 d after LPS exposure further suggests
that these cells may have additional regulatory roles in LPS-
induced lung injury.

Although M1 macrophages were increased in the lung upon
LPS exposure in the absence of gd T cells and correlated with
increased inflammation and alveolar-capillary leak, M2a macro-
phages, identified as F4/80+SSClowLy6C2CD206+MHCII+ cells
[10, 11, 22–29], were also increased in the lung but at
7 d following LPS exposure. Although IL-4 induces expression of

D

F

E

Figure 7. (Continued)

with Tukey’s multiple comparisons test was used to determine statistical significance. (C) Representative density plots of percentage of gd T cells
expressing Vg1, Vg4, and Vg7 in total lung digests of wt C57BL/6 mice exposed to intratracheal LPS. (D) Number of gd T cells expressing Vg1, Vg4, and
Vg7 in total lung digests of wt C57BL/6 mice exposed to intratracheal LPS (means6 SD). Data represent at least 9 mice compiled from at least 3 separate
experiments at each time point. ANOVA with Tukey’s multiple comparisons test was used to determine statistical significance. (E) Quantitative PCR for
IL-4 from Vg1, Vg4, and Vg7 gd T cell subsets. Data are representative of 3 separate experiments performed in triplicate on individual subset populations
of gd T cells. 18srRNA was used as the control gene. ANOVA with Tukey’s multiple comparisons test was used to determine statistical significance.
(F) Representative density plots of percentage of Vg1, Vg4, and Vg7 expressing IL-4 by GFP in total lung digests of IL-4 reporter mice (C.129-Il4tm1Lky/J),
24 h after exposure to intratracheal LPS. Data represent 2 mice from 3 separate experiments.
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CD206 in alternatively activated macrophages [23, 29], IL-4 levels
were markedly reduced after d 1 following LPS exposure,
suggesting that gd T cells may also regulate expansion of M2a
macrophages through IL-4-independent mechanisms. Interest-
ingly, increased numbers of anti-inflammatory M2a macrophages
[11, 23] correlated with resolving inflammation and alveolar-
capillary leak, suggesting that this macrophage subset may
promote resolution of LPS-induced lung injury. Alternatively,
expansion of M2a macrophages may have occurred as a com-
pensatory response to increased lung injury in TCRd2/2 mice
independent of a direct regulatory role of gd T cells. In addition,
RAM/M2c macrophages, identified as F4/80+SSChiLy6C2

Figure 9. Decreased lung inflammation and injury in mice treated with
rIL-4. (A) Representative H&E of lungs from TCRd2/2 mice exposed to
intratracheal LPS, followed by treatment with rIL-4 or PBS, is shown. Data
shown represent 5 individual mice from 2 separate experiments (original
magnification, 1003). (B) Total cell counts performed on total lung
digests from TCRd2/2 mice exposed to intratracheal LPS, followed by
treatment with intratracheal rIL-4 or PBS. (C) F4/80+ macrophage
numbers in total lung digests from TCRd2/2 mice exposed to intra-
tracheal LPS, followed by treatment with intratracheal rIL-4 or PBS. (D)
Capillary leak measured as FITC-labeled dextran isolated from the
alveolar space by lavage from TCRd2/2 mice exposed to intratracheal
LPS, followed by treatment with intratracheal rIL-4 or PBS. Data
represent at least 8 mice from 2 separate experiments (means 6 SD).
Unpaired t test was used to determine statistical significance.

Figure 8. Blocking IL-4 increased expression of TNF-a by RAMs. (A)
TNF-a levels measured in the supernatant by ELISA of RAMs (AM)
cultured with increasing numbers of gd T cells (gd) stimulated with LPS.
(B) TNF-a levels measured in the supernatant by ELISA of RAMs and gd

T cells stimulated with LPS in culture in the presence of anti-IL-4 mAb
(aIL4) or isotype control mAb (aIL4IC). Data are representative of 3
separate experiments performed in triplicate. ANOVA with Tukey’s
multiple comparisons test was used to determine statistical significance.
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CD206+MHCII+ [10, 11, 22–29], were decreased in the absence
of gd T cells at d 4 but greatly expanded at d 7 following LPS
exposure. As M2c macrophages are also considered to have anti-
inflammatory properties [11, 23], these findings may suggest that
reduced numbers at d 4 following LPS exposure contributed to
increased lung injury in the absence of gd T cells but recovered

by d 7 to promote resolution of leak across the alveolar-capillary
interface. Although the majority of F4/80+SSChiLy6C2CD206+MHCII+

cells at d 1 included alveolar macrophages, our flow
cytometry-gating strategy did not distinguish RAMs and M2c
macrophages at d 4 and 7. Therefore, it is possible that increased
numbers at d 7 represent RAMs and not M2c macrophages,

A

B

Figure 10. M1 macrophages decreased in the lung of mice treated with rIL-4. (A) Representative density and histogram plots of M1 macrophages in total
lung digests of TCRd2/2 mice treated with rIL-4 or PBS control after LPS exposure. Open histograms represent isotype control. (B) Representative
density and histogram plots of RAM/M2c macrophages in the lung of TCRd2/2 mice treated with rIL-4 or PBS control after LPS exposure. Open
histograms represent isotype control. (C) Representative density and histogram plots of M2a macrophages in total lung digests of TCRd2/2 mice treated
with rIL-4 or PBS control after LPS exposure. Open histograms represent isotype control. (D) Numbers of macrophage subsets in total lung digests from
TCRd2/2 treated with rIL-4 or PBS control after LPS exposure. Data represent 8 mice from 2 separate experiments (means 6 SD). Unpaired t test was
used to determine statistical significance.
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although previous reports suggest relative stability of alveolar
macrophage numbers after LPS-induced lung injury [13].
To determine the therapeutic role of IL-4 in LPS-induced

lung injury, mice were treated with rIL-4. Mice treated with rIL-
4 after LPS exposure had decreased numbers of M1 macro-
phages compared with controls with reduced alveolar-capillary
leak, suggesting that rIL-4 had a therapeutic benefit by
reducing accumulation of M1 macrophages and decreasing
permeability across the alveolar-capillary barrier. Although IL-
4 induces expression of CD206 [23, 29], numbers of RAM/M2c
and M2a macrophage subsets were not statistically different
between mice treated with rIL-4 and PBS-treated controls.
Therefore, expression of IL-4 by gd T cells appears to be an
important mechanism by which these cells protect against LPS-
induced lung injury. Although IL-4 levels were decreased in
the lung of TCRd2/2 mice, and IL-4 can be expressed by other
cell types, it is possible that other cells may also protect against
LPS-induced lung injury through IL-4 production (Supple-
mental Fig. 5).
Although macrophages have been implicated in the patho-

genesis of ARDS [7, 8], the regulatory role of gd T cells on
different macrophage subsets in acute lung injury is poorly

understood. In the present study, we identified distinct subsets of
gd T cells that protect against LPS-induced lung injury through
expression of IL-4, with subsequent reduction in TNF-a
expression by alveolar macrophages, resulting in decreased
accumulation of proinflammatory M1 macrophages. The fact
that IL-4 and TNF-a are elevated in the lung of patients with
ARDS [21] and LPS-exposed mice suggests that mechanisms that
promote inflammation and alveolar-capillary damage with sub-
sequent extravasation of protein-rich fluid and inflammatory
cells into the alveolar compartment are most likely similar.
Therefore, the fact that IL-4-expressing gd T cells reduced TNF-a
expression by alveolar macrophages thus resulting in decreased
accumulation of proinflammatory M1 macrophages in the lung
provides valuable insight into mechanisms by which these unique
T cells protect against lung injury.
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