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Tristetraprolin (TTP) is a mRNA binding protein that binds to adenylate-uridylate-rich
elements within the 3′ untranslated regions of certain transcripts, such as tumor
necrosis factor (Tnf ) mRNA, and increases their rate of decay. Modulation of TTP
expression is implicated in inflammation; however, its role in acute lung inflammation
remains unknown. Accordingly, we tested the role of TTP in lipopolysaccharide (LPS)-
induced acute lung injury (ALI) in mice. LPS-challenged TTP-knockout (TTPKO) mice,
as well as myeloid cell-specific TTP-deficient (TTPmyeKO) mice, exhibited significant
increases in lung injury, although these responses were more robust in the TTPKO.
Mice with systemic overexpression of TTP (TTP1ARE) were protected from ALI, as
indicated by significantly reduced neutrophilic infiltration, reduced levels of neutrophil
chemoattractants, and histological parameters of ALI. Interestingly, while irradiated
wild-type (WT) mice reconstituted with TTPKO hematopoietic progenitor cells (HPCs)
showed exaggerated ALI, their reconstitution with the TTP1ARE HPCs mitigated
ALI. The reconstitution of irradiated TTP1ARE mice with HPCs from either WT or
TTP1ARE donors conferred significant protection against ALI. In contrast, irradiated
TTP1ARE mice reconstituted with TTPKO HPCs had exaggerated ALI, but the response
was milder as compared to WT recipients that received TTPKO HPCs. Finally, the
reconstitution of irradiated TTPKO recipient mice with TTP1ARE HPCs did not confer
any protection to the TTPKO mice. These data together suggest that non-HPCs-specific
overexpression of TTP within the lungs protects against ALI via downregulation of
neutrophil chemoattractants and reduction in neutrophilic infiltration.

Keywords: tristetraprolin, Zfp36, acute lung injury, inflammation, neutrophil

INTRODUCTION

Acute lung injury (ALI) and its severe form, acute respiratory distress syndrome (ARDS), are
serious health concerns due to a high rate of mortality (1). ALI is characterized by elevated levels
of proinflammatory mediators, exaggerated neutrophil recruitment, and compromised pulmonary
epithelial-endothelial barrier, resulting in increased vascular permeability (2). Non-cardiogenic
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pulmonary edema, characterized by excessive accumulation of
protein-rich edematous fluid and inflammatory cells in the
alveolar spaces, results in hypoxemia in ARDS that requires
aggressive clinical management including mechanical ventilation
(1). Despite significant health burdens posed by these diseases,
the identity of key cellular and molecular players of host defense
against ALI remains unclear.

Zinc finger protein 36 (ZFP36), commonly known as
tristetraprolin (TTP), is an mRNA binding protein that binds
to adenylate-uridylate-rich elements (AREs) within the 3′
untranslated regions (3′UTRs) of target mRNAs and increases
their rate of decay (3). Germline TTP-knockout (TTPKO) mice
exhibit the spontaneous development of a systemic inflammatory
syndrome characterized by cachexia, erosive arthritis, myeloid
hyperplasia, dermatitis, conjunctivitis, and autoimmunity (4).
These phenotypes were shown to be essentially completely
prevented in TTPKO mice with either TNF receptor deficiency,
or when TTPKO mice were treated with anti-TNF antibodies
(5). Biochemical studies demonstrated that TTP binds to AREs
within the tumor necrosis factor (Tnf ) mRNA 3′UTR and results
in Tnf mRNA degradation under normal conditions (6, 7).
Subsequent reports have shown that a number of other pro-
inflammatory mediators including CXCL1 (8, 9), CXCL2 (8), IL-
10 (10), IL-17 (11), CCL3 (12), and IL-23 (13) are also regulated
by TTP (14). Recently, using a systemic TTP overexpression
(TTP1ARE) mouse model, we demonstrated protective effects of
enhanced TTP levels in chronic immune-mediated inflammatory
diseases including mouse models of arthritis, psoriasis, and
autoimmune encephalomyelitis (15). TTP1ARE mice lack AREs
in the 3′UTR of the endogenous TTP gene (Zfp36) that results
in increased stability of TTP mRNA and, in turn, moderately
increased expression of TTP protein in essentially all the
tissues (15). Together, these studies have indicated that TTP
may be an endogenous anti-inflammatory protein and that
enhancing its levels may be beneficial against various chronic
inflammatory diseases.

In the present study, we investigated the role of TTP in
regulating lung inflammation in a mouse model of ALI. Using
an oropharyngeal aspiration approach, lipopolysaccharide (LPS)-
induced ALI was modeled in adult mice, and the animals were
monitored for signs of ALI. To identify the protective role of TTP
in a cell-specific manner, we performed bone marrow irradiation
and reconstitution experiments in wild-type (WT), TTPKO (4),
and systemic TTP overexpression (TTP1ARE) mice (15). Our
findings elucidate cell-specific roles of TTP in protection against
ALI, and indicate that TTP is an important modulator of
endotoxin-induced ALI.

MATERIALS AND METHODS

Mice
Zfp36 Floxed mice (Zfp36Flox/Flox) (16) were crossed with
LysMcre recombinase expressing mice (17) to generate mice
for experimental (Cre+/+/Zfp36Flox/Flox; TTPmyeKO) and
control (Cre−/−/Zfp36Flox/Flox; Cre+/+/Zfp36WT/WT) groups.
Genotype status of progeny was determined by polymerase chain

reaction (PCR) as described previously (16). TTP knockout
mice (TTPKO) and TTP overexpression mice (TTP1ARE) have
been described before (4, 15). All the animal experiments
were performed in accordance with principles and procedures
outlined in the National Institute of Health Guide for the Care
and Use of Laboratory Animals and were approved by the
Louisiana State University Animal Care and Use Committee.

LPS Challenge
Both male and female adult (8–10-week-old) mice were used
for experiments. Mice were anesthetized with isoflurane/oxygen
followed by administration of 10 µg Lipopolysaccharide (LPS)
from Escherichia coli O111:B4 (L4391, Sigma-Aldrich) per mouse
dissolved in sterile endotoxin-free saline (50 µl total volume), or
an equivalent volume of sterile endotoxin-free saline as a vehicle
control, via oropharyngeal aspiration (18). Mice were observed
for signs of distress including anorexia, weight loss, hunched
posture, ruffled haircoat, labored breathing, and dehydration
every 8–12 h post LPS challenge. Mice exhibiting at least four
of these clinical signs were humanely euthanized before the
end of the study.

LPS-Induced Acute Lung Injury
Following saline or LPS treatment, mice were anesthetized
with 2,2,2-tribromoethanol (Sigma-Aldrich, St. Louis, MO,
United States) at the indicated time points, and mid-line
laparotomy was performed. Briefly, bronchoalveolar lavage fluid
(BALF) was harvested from the right lung. Recovered BALF was
processed and analyzed for total and differential cell counts by
routine methods (19). Unlavaged left lung lobes were fixed in
10% neutral buffered formalin (NBF) and used for preparation
of slides for histopathological evaluation. Right lung lobes were
snap-frozen and stored at−80◦C.

Measurement of Cells in BALF
Bronchoalveolar lavage fluid was harvested and centrifuged
at 500 × g for 5 min, and the supernatant was stored at
−80◦C for further analyses. The cell pellet was resuspended
in 500 µl of PBS and total cell counts were determined using
a hemocytometer (Brightline, Horsham, PA, United States).
Cytospins were prepared using 200 µl of cell suspension (Statspin
Cytofuge 2; HemoCue, Brea, CA, United States) followed by
differential staining (Modified Giemsa kit; Newcomer Supply,
Middleton, WI, United States).

Measurement of Cytokines in BAL
Mouse cytokine and chemokine levels were assayed in
cell-free BALF supernatant using Luminex-XMAP–based
assay (MCYTOMAG-70K), according to the manufacturer’s
instructions (EMD Millipore, Billerica, MA, United States).

Histology
Five micrometer sections of lung were stained with Hematoxylin
and Eosin (H&E) for routine histology. Histology: A
semiquantitative histopathological scoring system was used
to analyze the sections as follows: (1) Consolidation (percent of

Frontiers in Immunology | www.frontiersin.org 2 September 2020 | Volume 11 | Article 2164

https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


fimmu-11-02164 September 2, 2020 Time: 13:47 # 3

Choudhary et al. Tristetraprolin in Acute Lung Injury

total surface area of lung section affected); (2) bronchiolitis (0,
no bronchioles affected; 1, one bronchiole affected; 2, between
2–4 bronchioles affected; 3, more than 4 bronchioles affected);
(3) perivascular edema (1, minimal; 2, mild; 3, moderate; 4,
severe); (4) perivascular inflammation/inflammatory cells (0,
absent; 1, minimal; 2, mild; 3, moderate; 4, severe); (5) airspace
edema (1, minimal; 2, mild; 3, moderate; 4, severe); (6) airspace
hemorrhages (0, absent, 1, patchy, mild; 2, extensive, moderate;
3, extensive, severe). Slides were graded in a blinded manner
without knowledge of sex and treatment groups.

Bone Marrow Transplantation
Bone marrow transplantation experiments were performed as
described previously (20). Briefly, 8–10-week old recipient
mice were irradiated with 6 Megavolt X-rays from a Linear
Accelerator (Varian Clinac 21EX) with two (dorsal and ventral)
525-rad (525 cGy) doses. To prepare bone marrow cells for
transplantation, femur bones of donor mice were flushed to
collect bone marrows, and single cell suspensions were prepared.
A total of 8 × 106 cells were injected into the tail vein of
lethally irradiated recipient mice. Reconstituted recipient mice
were given 0.2% neomycin sulfate dissolved in acidified water for
the first 2 weeks post-transplantation. LPS-challenge experiments
were performed 8 weeks post bone marrow reconstitution,
which has been previously shown to be an optimal period for
repopulation of resident alveolar macrophages with donor cells
following total body irradiation (21).

Immunoblotting
Lung tissue was lysed using PierceTM RIPA buffer (Thermo Fisher
Scientific, Waltham, MA, United States) supplemented with
PierceTM protease inhibitor mixture (Thermo Fisher Scientific,
Waltham, MA, United States) and phosphatase inhibitors
(10 mM sodium fluoride and 1 mM sodium orthovanadate).
Tissues were mechanically homogenized using a bead beater
(Thermo Fisher Scientific, Waltham, MA, United States). Tissue
lysates were centrifuged (13,000 × g, 10 min, 4◦C) to remove
insoluble material and protein concentration of the supernatants
was measured through Bradford assay (Bio-Rad Laboratories,
Hercules, CA, United States). Equivalent amounts of denatured
protein was separated on a 4–12% Bis-Tris plus precast gels
(Invitrogen, Carlsbad, CA, United States), transferred on to
PVDF membrane (Invitrogen, Carlsbad, CA, United States) and
probed with a 1:5000 dilution of rabbit antiserum raised against
a recombinant mouse TTP-maltose binding protein fusion (15)
followed by incubation with horseradish peroxidase-conjugated
goat anti-rabbit IgG (Bio-Rad). Signal was determined using
SuperSignal West Pico chemiluminescent substrate (Pierce) on
X-ray film.

Statistical Analysis
Significant differences among groups were determined by one-
way analysis of variance (ANOVA) followed by Tukey’s post hoc
test for multiple comparisons except for cytokine assays where
two-way ANOVA was used. Measurements from two groups
were compared using Student’s t-test assuming unequal variance.
All data were expressed as mean ± SEM. A p-value < 0.05

was considered statistically significant. Statistical analyses were
performed using GraphPad Prism 7.0 (GraphPad Software, La
Jolla, CA, United States).

RESULTS

Germline Deletion of TTP Increases the
Severity of LPS-Induced ALI in Mice
In order to explore the role of TTP in ALI, TTPKO and littermate
control WT mice were subjected to ALI through oropharyngeal
aspiration of endotoxin (LPS) (Single dose; 10 µg LPS/mouse)
for a period of 72 h. While saline-treated TTPKO and WT
groups had comparable numbers of total immune cells in the
BALF (saline-treated WT; 58 × 103

± 15 × 103, saline-treated
TTPKO, 74 × 103

± 19 × 103), LPS administration resulted in
increased infiltration of immune cells in both the TTPKO and
the WT groups. The total number of recovered immune cells
in LPS-challenged TTPKO mice (4867 × 103

± 1167 × 103)
were ∼ fourfold higher as compared to LPS-challenged WT
(1184 × 103

± 467 × 103) mice (Figure 1A). Increases
in total cell counts in LPS-challenged TTPKO mice were
attributed to a significant increase in neutrophil (Figure 1B),
macrophage (Figure 1C), and lymphocyte counts (Figure 1D).
These increases were associated with an increased injury to the
pulmonary vascular barrier, as depicted by the presence of red
blood cells in the cytospins prepared from the BALF fluid of
TTPKO mice (Figure 1E; right panel, black arrow) versus control
LPS-challenged WT mice (Figure 1E; left panel). Histologically,
the lungs of LPS-challenged WT mice were characterized by
mild to moderate consolidation (∼ 26% of total area of lung
section), two- to fourfold increase in alveolar septal thickening
(broken green arrow), moderate perivascular and airspace edema,
and perivascular inflammation (Figures 1F–H). In contrast, the
lung injury in LPS-challenged TTPKO mice was characterized
by severe consolidation (>90% of total area of lung section)
(Figures 1F,G) that included infiltration of neutrophils, edema,
fibrin, and airspace hemorrhage within the airway and alveolar
lumen, multifocal loss of bronchiolar epithelium with infiltration
of neutrophils and red blood cells within the bronchiolar lumen,
and moderate to severe perivascular edema and inflammation
(Figures 1F–H). Of note, ∼50% LPS-challenged TTPKO mice
succumbed to LPS challenge before 72-h and these had to be
excluded from the analysis. These data suggest that systemic
loss of TTP results in extreme susceptibility of mice to LPS-
induced ALI.

TTP Deletion in Myeloid Cells Results in
Increased LPS-Induced ALI in Mice
In order to explore the role of myeloid cell-specific TTP
on inflammatory response in ALI, myeloid cell-specific
TTP deficient mice (TTPmyeKO; Cre+/+/Zfp36Flox/Flox) and
control (Cre control; Cre+/+/Zfp36WT/WT and Flox control;
Cre−/−/Zfp36Flox/Flox) mice were challenged with LPS. Similar
to saline-treated WT and TTPKO groups, saline-treated control
and TTPmyeKO groups had comparable numbers of total
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FIGURE 1 | Continued
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FIGURE 1 | Germline deletion of TTP increases the severity of LPS-induced ALI in mice. Total cell counts (A) in the BALF from adult saline administered and
LPS-challenged WT and TTPKO mice. Differential cell counts are shown for neutrophils (B), macrophages (C), and lymphocytes (D). Data are represented as
mean ± SEM. Statistical analysis was performed by one-way ANOVA followed by Tukey’s correction for multiple comparison test. *p < 0.05; **p < 0.01;
***p < 0.001. N = 3 each for WT and TTPKO saline controls; N = 6, WT group; N = 3, TTPKO group for LPS-challenge group. Three LPS-challenged TTPKO mice
succumbed to LPS-challenge before 72 h and were not lavaged for further analyses. Representative photomicrographs of Wright–Giemsa stained BALF cytospins of
LPS-challenged WT (E; left panel) and LPS-challenged TTPKO (E; right panel) mice. Neutrophil (red arrow), macrophage (green arrow), lymphocyte (blue arrow), red
blood cell (black arrow) (original magnification ×400). Representative photomicrographs (F) from H&E-stained left lung lobe sections from adult LPS-challenged WT
(F; left panel) and LPS-challenged TTPKO (F; right panel) mice. Septal thickening (green broken arrow), intra-alveolar neutrophilic infiltrates (green arrow),
intra-alveolar red blood cells (red arrow), bronchiolar lumen neutrophilic accumulation (blue arrow), and perivascular cellular infiltration (black arrow). Asterisk
represents alveolar space that is minimally affected (F; Left) or severely consolidated with blood and neutrophils (F; right) (original magnification ×200).
Semiquantitative histopathological scoring for consolidation (G) is shown as a percent of total surface area of the lung section affected in LPS-challenged WT and
LPS-challenged TTPKO mice. Semiquantitative histopathological scoring of lung sections for bronchiolitis, perivascular edema, perivascular inflammation, airspace
hemorrhage, and airspace edema in LPS-challenged WT and LPS-challenged TTPKO mice (H). Statistical analysis in G and H was performed using Student’s t-test.
*p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001.

immune cells (Flox control; 46 × 103
± 1 × 103, TTPmyeKO;

60 × 103
± 5 × 103). LPS administration resulted in increased

numbers of immune cells in TTPmyeKO as well as both the
control groups. This increase in total cell counts was, however,
significantly greater in TTPmyeKO (1636 × 103

± 136 × 103)
compared to Cre control (925 × 103

± 109 × 103) mice.
The increase in cellular recovery did not reach statistical
significance in LPS-challenged TTPmyeKO when compared to
the LPS-challenged Flox control group (p = 0.07) (Figure 2A).
This effect was comparable in both sexes (data not shown).
Of note, the increase in cellular infiltration was ∼ threefold
less in LPS-challenged TTPmyeKO (1636 × 103

± 136 × 103)
(Figure 2A) when compared to LPS-challenged TTPKO mice
(4867× 103

± 1167× 103) (Figure 1A). While neutrophil counts
were comparable between LPS-challenged TTPmyeKO and LPS-
challenged control mice (Figures 2B,E), macrophage counts were
significantly elevated in the BALF obtained from LPS-challenged
TTPmyeKO mice compared to the two groups of control mice
(Figures 2C,E). Lymphocyte counts did not differ between the
LPS-challenged TTPmyeKO and the two groups of control mice
(Figures 2D,E). Histopathological analysis revealed comparable
levels of lung consolidation with widespread inflammatory
cellular infiltrates within the airspaces of both LPS-challenged
TTPmyeKO and Flox control mice; however, perivascular edema,
perivascular inflammation, and airspace edema were somewhat
exaggerated in LPS-challenged TTPmyeKO mice compared to
the Flox control group (Figures 2F–H). Unlike LPS-challenged
TTPKO mice, airspace hemorrhage was not observed in any of
the groups. All the LPS-challenged TTPmyeKO mice survived LPS
challenge, as compared to the LPS-challenged TTPKO mice, in
which ∼50% mortality was observed. These data indicate that
myeloid cell-specific TTP is essential for protection against ALI.

Systemic TTP Overexpression (TTP1ARE)
Mitigates LPS-Induced ALI in Mice
During Acute and Sub-Acute Course of
Lung Injury
Next, we examined whether the systemically TTP overexpressing
(TTP1ARE) mice exhibit protection against ALI. In experimental
ALI, while time points earlier than 72 h of LPS-challenge

represent acute phases of ALI, later time points represent
somewhat sub-acute to chronic or resolution phases of
endotoxin-induced ALI in mice (22). Therefore, we examined
both LPS-challenged WT and LPS-challenged TTP1ARE mice
over time points representing acute to subacute phases, i.e.,
12 h, 24 h, 72 h, 5 days, and 7 days. The numbers of
inflammatory cells in BALF did not differ in saline-treated
WT (26.6 × 103

± 5.4 × 103, 59.3 × 103
± 6.2 × 103,

41.8 × 103
± 2.1 × 103, 54.1 × 103

± 5.0 × 103, and
50 × 103

± 2.8 × 103 cells at 12 h, 24 h, 72 h, 5 days,
and 7 days, respectively) and saline-treated TTP1ARE mice
(31.2 × 103

± 4.1 × 103, 51.2 × 103
± 14.0 × 103,

38.7 × 103
± 5.0 × 103, 31.6 × 103

± 7.9 × 103, and
50.8× 103

± 3.6× 103 cells at 12 h, 24 h, 72 h, 5 days, and 7 days,
respectively) (Figure 3A).

Lipopolysaccharide administration resulted in increased
numbers of total cells in BALF from both WT and TTP1ARE

mice when compared to saline administration (Figure 3A).
Total cell counts in BALF from LPS-challenged WT mice were
748.9 × 103

± 72.7 × 103, 735.6 × 103
± 28.0 × 103,

1258 × 103
± 121 × 103, 270 × 103

± 25.0 × 103, and
115.4 × 103

± 6.9 × 103 at 12 h, 24 h, 72 h, 5 days, and 7 days
time points, respectively (Figure 3A). Interestingly, significantly
reduced numbers of immune cells were recovered from the
lungs of LPS-challenged TTP1ARE mice compared to lungs of
LPS-challenged WT mice at all time points examined post LPS-
challenge (264.6 × 103

± 24.0 × 103, 358.4 × 103
± 62.1 × 103,

633.1 × 103
± 71.6 × 103, 153.3 × 103

± 9.4 × 103, and
83.2 × 103

± 4.3 × 103 at 12 h, 24 h, 72 h, 5 days, and 7 days,
respectively) (Figure 3A).

The decrease in total cell counts in LPS-challenged
TTP1ARE mice was contributed by significantly reduced
numbers of neutrophils at 12, 24, and 72 h (Figures 3B,E).
Interestingly, however, the total numbers of macrophages were
only significantly different between LPS-challenged WT and
LPS-challenged TTP1ARE mice at 12 h and 5 days time points
(Figures 3C,E). Lymphocyte counts were not significantly
different in LPS-challenged TTP1ARE mice compared to
LPS-challenged WT mice (Figures 3D,E). Cellular counts
followed the same trend in both the sexes (data not shown).
Reduced cellular infiltration was also evident in cytological
slides prepared from LPS-challenged WT and LPS-challenged
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FIGURE 2 | Continued
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FIGURE 2 | Myeloid-TTP deficiency exacerbates LPS-induced ALI in mice. Total cell counts (A) in the harvested BALF of adult saline- (white bars; N = 2 each for
Flox control and TTPmyeKO) or LPS-challenged Cre Control (Cre+/+/Zfp36WT/WT, gray bar; N = 3), Flox Control (Cre-/-/Zfp36Flox/Flox, purple bar; N = 6), and
TTPmyeKO (Cre+/+/Zfp36Flox/Flox, green bar; N = 6) mice. Differential cell counts are shown for neutrophils (B), macrophages (C), and lymphocytes (D). Data are
represented as mean ± SEM. Statistical analysis was performed by one-way ANOVA followed by Tukey’s correction for multiple comparisons. NS, non-significant;
*p < 0.05; ***p < 0.001; ****p < 0.0001. Representative photomicrographs of Wright–Giemsa stained BALF cytospins from LPS-challenged Flox Control (E; Left)
and TTPmyeKO (E; right) mice. Neutrophil (red arrow), macrophage (green arrow), lymphocyte (blue arrow) (original magnification ×400). Representative
photomicrographs from H&E-stained left lung lobe sections from post-72 h LPS-challenged Flox Control (F; Left) and TTPmyeKO (F; right) mice (original magnification
×200). Asterisk represents alveolar spaces minimally obliterated in Flox control (F; left) and severely obliterated in LPS-challenged TTPmyeKO mice (F; right).
Bronchiolar lumen neutrophilic infiltrates (blue arrow), absent in LPS-challenged Flox control (F; left) but present in LPS-challenged TTPmyeKO (F; right).
Semiquantitative histopathological scoring for consolidation (G) is shown as a percent of total surface area of the lung section affected in LPS-challenged Flox
control and LPS-challenged TTPmyeKO mice. Semiquantitative histopathological scoring of lung sections for bronchiolitis, perivascular edema, perivascular
inflammation, and airspace edema in LPS-challenged Flox control and LPS-challenged TTPmyeKO mice (H). N = 5 (Flox control); N = 6 (TTPmyeKO). Statistical analysis
in G and H was performed using Student’s t-test. *p < 0.05.

TTP1ARE BAL fluid, which showed the sparsely present
neutrophils, macrophages, and lymphocytes in LPS-challenged
TTP1ARE mice compared to dense presence of these cells in
LPS-challenged WT mice (Figure 3E). Histologically, LPS-
challenged WT lungs exhibited ∼ 33% lung consolidation with
significantly increased infiltration of immune cells within the
airspaces, bronchiolitis, perivascular edema, and inflammation
(Figures 3F–H). In contrast, bronchiolitis and perivascular
edema were significantly attenuated in LPS-challenged TTP1ARE

mice. Lung consolidation, perivascular inflammation, and
airspace edema were not significantly different between the two
groups, and airspace hemorrhage was not observed in any group
(Figures 3F–H).

We next analyzed the changes in the protein expression levels
of TTP over the course of ALI in WT and TTP1ARE mice
whole lung tissue. As shown in Figure 3I, basal expression
levels of TTP were higher in TTP1ARE versus WT lungs. Upon
LPS administration, the expression levels of TTP increased
in both WT and TTP1ARE mice lungs by 12 h post LPS
administration. This increase was significant in TTP1ARE mice
lungs as compared to unchallenged WT mice lungs. The levels of
TTP started reducing at subsequent time points in both WT and
TTP1ARE lungs. While the TTP expression decreased to basal
levels in WT mice, the TTP expression remained at relatively
higher levels in the TTP1ARE mice lungs at all subsequent
time points. These data show that the presence of higher levels
of TTP under basal conditions, combined with a significant
increase at 12 h post-LPS challenge and maintenance of higher
expression levels at later time points post LPS challenge, protects
TTP1ARE mice from ALI.

Protection From ALI in TTP
Overexpressing Mice (TTP1ARE) Is
Associated With Reduced Secretion of
Neutrophil Chemoattractants and
Pro-inflammatory Cytokines
Cellular recruitment within the lung in response to LPS challenge
is mediated by the production of chemoattractants. Therefore,
next we sought to examine the levels of inflammatory cytokines
and chemokines within the BALF of LPS-challenged WT and
LPS-challenged TTP1ARE mice. Of the 25 cytokines/chemokines
analyzed, four cytokines/chemokines, including G-CSF,

KC, IL-6, and IL-12p40, were found to be significantly
different between the LPS-challenged WT and the LPS-
challenged TTP1ARE mice. G-CSF was significantly reduced
in LPS-challenged TTP1ARE compared to LPS-challenged
WT mice at 12 and 72 h; KC and IL-6 were significantly
reduced at 12 h; and IL-12 (p40) was significantly reduced
at 72 h post-LPS challenge (Figures 4A–D). Interestingly,
the levels of TNFα (Figure 4E) and MIP2 (Figure 4F),
two known TTP targets, were not significantly different
between the two groups.

Non-hematopoietic Cell-Specific TTP
Overexpression Within the Lung Is
Essential for Protection Against ALI
To determine the cell-specific role of TTP levels in ALI, we
modulated TTP levels in hematopoietic progenitor cells (HPCs)
and non-HPCs. In order to test whether donor HPCs repopulate
the recipient mouse lungs, we first made bone marrow chimeras
in which total body irradiated WT mice were transplanted with
HPCs from a mouse expressing green fluorescent protein (GFP)
in their somatic cells. We found that greater than 90% of the
cells recovered from the BALF of these mice were GFP positive
(data not shown).

Next, we generated three bone marrow chimeras in which
irradiated WT recipient mice received HPCs from either
WT (WT→WT), TTP1ARE (TTP1ARE

→WT), or TTPKO

(TTPKO
→WT) mice (Figure 5A). While saline-treated

TTPKO
→WT chimeras had no signs of cellular infiltration

that included total cells (Figure 5B), neutrophils (Figure 5C),
macrophages (Figure 5D), and lymphocytes (Figure 5E),
LPS-challenged WT→WT, TTP1ARE

→WT, and TTPKO
→WT

chimera mice had significant cellular recruitment, as indicated
by BALF total cellular counts (Figure 5B), neutrophils
(Figure 5C), and macrophages (Figure 5D). While LPS-
challenged TTP1ARE

→WT mice had somewhat reduced cellular
infiltration as compared to LPS-challenged WT→WT chimeras
(Figures 5B–D), the LPS-challenged TTPKO

→WT chimera
mice had remarkably higher number of BAL cellular counts
(Figures 5B–D). Lymphocyte counts did not differ significantly
between the three groups (Figure 5E).

Histologically, ∼23, 26, and 47% of the lung parenchyma
was consolidated in LPS-challenged WT→WT, LPS-challenged
TTP1ARE

→WT, and LPS-challenged TTPKO
→WT group,
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FIGURE 3 | Continued
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FIGURE 3 | Systemic TTP overexpression (TTP1ARE) mitigates LPS-induced ALI in mice during acute and sub-acute course of lung injury. Total cell counts (A) in the
BALF from adult WT and TTP1ARE mice are shown at 12h, 24h, 72h, 5 days, and 7 days, respectively, post-LPS challenge. Differential cell counts are shown for
neutrophils (B), macrophages (C), and lymphocytes (D) at various time points as above. Data are represented as mean ± SEM. Statistical analysis was performed
by one-way ANOVA followed by Tukey’s correction for multiple comparisons in A–D. NS, non-significant; *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
N = 3–4 for saline control (WT and TTP1ARE) mice at all time points; N = 6–8 for LPS-challenged mice (WT and TTP1ARE) at all time points. Representative
photomicrographs of Wright–Giemsa stained BALF cytospins of WT (E; left panel) and TTP1ARE (E; right panel) mice. Neutrophil (red arrow), macrophage (green
arrow), lymphocyte (blue arrow) (original magnification ×400). Representative photomicrographs (F) from H&E-stained left lung lobe sections from LPS-challenged
adult WT (F; left panel) and TTP1ARE (F; right panel) mice (original magnification ×200). Bronchiolar lumen neutrophilic infiltrates (blue arrow) and alveolar obliteration
(*) present in the WT mice (F; left panel) but not in the TTP1ARE mice (F; right panel). Consolidation is shown as a percent of total surface area of the lung section
affected (G) in WT and TTP1ARE mice. Histopathological scoring for bronchiolitis, perivascular edema, perivascular inflammation, and airspace edema is shown (H)
in WT and TTP1ARE mice. N = 3 (G,H). Statistical analysis in G,H was performed using Student’s t-test. **p < 0.01. A representative immunoblot and corresponding
quantification of the immunoblots (I) showing TTP expression in WT (lanes 1–5: saline, LPS challenged lungs at 12h, 24h, 72h, and 5days, respectively) and
TTP1ARE (lanes 6–10: saline, LPS challenged lungs at 12h, 24h, 72h, and 5days, respectively) mice lungs. The lane labeled as KO contains an equivalent amount of
protein from the TTPKO (negative control) mouse lung. Tubulin was used as a loading control. Statistical analysis was performed by one-way ANOVA. Data are
represented as mean ± SEM. N = 3. *p < 0.05.

respectively (Figures 6A top panel, 6C). Consolidated
parenchyma was characterized by the presence of large
infiltrates of neutrophils and macrophages within the airspaces
(alveolar and airway). Other histological findings included the
presence of edema and immune cells within the perivascular
spaces, bronchial lumen cellular infiltrates, airspace edema, and
occasional bronchoalveolar lymphoid aggregates (Figures 6D–
G). These data suggest that while baseline expression of TTP
in HPCs is essential for protection against exaggerated ALI,
its overexpression in these cells does not confer significant
additional advantage.

Next, we generated bone marrow chimeras in which
irradiated TTP1ARE recipient mice received HPCs from either
WT (WT→TTP1ARE), TTP1ARE (TTP1ARE

→TTP1ARE),
and TTPKO (TTPKO

→TTP1ARE) mice (Figure 5A). As
compared to WT recipient chimera counterparts, LPS-challenged
WT→TTP1ARE, LPS-challenged TTP1ARE

→TTP1ARE, and
LPS-challenged TTPKO

→TTP1ARE chimeras had significantly
lower degrees of cellular recruitment, that included total cells
(Figure 5B, blue solid bar, orange solid bar, green solid bar),
neutrophils (Figure 5C, blue solid bar, orange solid bar, green
solid bar), and macrophages (Figure 5D, blue solid bar, orange
solid bar, green solid bar). Lymphocyte counts were significantly
reduced in LPS-challenged TTP1ARE

→TTP1ARE compared
to the LPS-challenged WT→WT chimeras (Figure 5E).
Although the LPS-challenged TTPKO

→TTP1ARE chimeras
had significantly higher cellular recruitment as compared
to LPS-challenged WT→TTP1ARE and LPS-challenged
TTP1ARE

→TTP1ARE chimeras, the extent of recruitment
was much diminished in LPS-challenged TTPKO

→TTP1ARE

chimera as compared to LPS-challenged TTPKO
→WT

chimera (Figure 5B).
Histologically, ∼11, 13%, 17% of the lung parenchyma

was consolidated in LPS-challenged WT→TTP1ARE, LPS-
challenged TTP1ARE

→TTP1ARE, and LPS-challenged
TTPKO

→TTP1ARE, respectively (Figures 6A bottom panel,
Figure 6C). Histologically, mild increases in septal thickening
with cellular infiltration, mild bronchiolitis, perivascular edema,
inflammation, and airspace edema, and occasional BALTs were
evident in all the three groups (Figures 6D–G, solid blue, orange,
and green bars). These data suggest that enhanced expression
of TTP in lung non-HPC populations conferred significant

protection against ALI. Further, this protection is somewhat
compromised in the absence of baseline levels of TTP in HPCs.
A tabular summary of differential cellular and ALI responses in
various chimeric mice is included in Supplementary Table 1.

Finally, we generated bone marrow chimeras in which
irradiated TTPKO recipient mice received HPCs from TTP1ARE

(TTP1ARE
→TTPKO). As expected, the cellular counts were

significantly higher than any of the other LPS-challenged
chimeras (Figures 5B–E, Red solid bar). However, total cellular
counts in LPS-challenged TTP1ARE

→TTPKO chimera were ∼
twofold lower than the LPS-challenged TTPKO mice (Figure 1).
Additionally, none of the LPS-challenged TTP1ARE

→TTPKO

chimeras succumbed to ALI, as compared to 50% mortality in
LPS-challenged TTPKO mice (Figure 1). These data suggest that
complete loss of TTP in lung non-HPC populations significantly
exaggerates ALI, and that overexpression of TTP in HPCs
may provide partial protection in severe ALI. Histologically,
this group exhibited the most severe lung injury, characterized
by ∼70% lung consolidation with neutrophils, macrophages,
fibrin, and edema, severe bronchiolitis, and moderate to severe
bronchiolar and alveolar hemorrhages (Figures 6B–G).

DISCUSSION

Tristetraprolin knockout (TTPKO) mice exhibit a systemic
inflammatory syndrome that is characterized by cachexia,
polyarticular synovial arthritis, dermatitis, and myeloid
hyperplasia (4). However, the lungs of TTPKO mice exhibit very
little spontaneous inflammation, characterized by the presence
of rare foci of leucocytic infiltrates within the pulmonary
parenchyma (8). These rare leucocytic infiltrates are abrogated
upon combined deletion of TTP and TNF receptors, indicating
the role for TNF activity in leucocytic infiltration (8). Myeloid
cell-specific loss of TTP (TTPmyeKO) does not recapitulate
the TTPKO phenotype, indicating that non-myeloid cells are
required for the overall manifestation of the TTP deficiency
syndrome (16). However, TTPmyeKO mice were found to be
hypersensitive to endotoxin-induced systemic inflammation,
particularly through exaggerated TNF production, delineating
the critical role of myeloid cell-specific TTP in protection
against systemic injury and inflammation (16). The role of
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FIGURE 4 | BALF levels of key pro-inflammatory cytokines and chemokines are significantly reduced in TTP overexpression mice compared to WT control mice.
Levels of G-CSF (A), KC (B), IL-6 (C), IL-12 (p40) (D), TNFα (E), and MIP2 (F) in the BALF from adult WT and TTP1ARE mice are shown. Saline-treated WT (open
circles), saline-treated TTP1ARE (open squares), LPS-challenged WT (closed blue triangles), and LPS-challenged TTP1ARE (closed magenta triangles). Statistical
analysis was performed by two-way ANOVA followed by Tukey’s correction for multiple comparisons. Data are represented as mean ± SEM. N = 3 (WT and
TTP1ARE saline control); N = 5 (WT and TTP1ARE LPS). *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
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FIGURE 5 | Effect on ALI following bone marrow irradiation and reconstitution of WT, TTP overexpressing (TTP1ARE), and TTP knockout (TTPKO) mice. Experimental
design (A) for bone marrow irradiation and reconstitution experiment followed by LPS-induced ALI. Total cell counts (B) in the BALF from adult recipient WT,
TTP1ARE, and TTPKO mice post 72 h after LPS-challenge. Open black bar (saline administered recipient WT mice); open blue bar (WT→WT), open orange bar
(TTP1ARE

→WT), open green bar (TTPKO
→WT), solid blue bar (WT→TTP1ARE), solid orange bar (TTP1ARE

→TTP1ARE), solid green bar (TTPKO
→TTP1ARE), solid red

bar (TTP1ARE
→TTPKO). Differential cell counts are shown for neutrophils (C), macrophages (D), and lymphocytes (E). Statistical analysis was performed by one-way

ANOVA followed by Tukey’s correction for multiple comparisons within the three recipient groups and Student’s t-test between the three recipient groups. Data are
represented as mean ± SEM. N = 2 (saline control); N = 4 (WT→WT), N = 4 (TTP1ARE

→WT); N = 9 (TTPKO
→WT), N = 10 (WT→TTP1ARE), N = 3

(TTP1ARE
→TTP1ARE), N = 11 (TTPKO

→TTP1ARE), N = 7 (TTP1ARE
→TTPKO). *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.

TTP in localized lung inflammation, however, has remained
unexplored. Therefore, in this study we sought to explore the role
of TTP in ALI. We hypothesized that TTP modulates acute lung
inflammation and that cell-specific modulation of TTP levels will
differentially affect the outcome of acute lung inflammation.

The unchallenged TTPKO mice display minor degrees of
leukocytic infiltration in lung parenchyma that were thought
to be contributed by TNF activity (8). Here, in LPS-challenged
TTPKO mice, immune cell infiltration was ∼ fourfold higher as
compared to LPS-challenged WT mice. In fact, the susceptibility
of TTPKO mice to LPS-induced ALI was so severe that ∼50%
TTPKO mice succumbed to LPS-challenge within 24–72 h post-
LPS administration, while no mortality was observed in LPS-
challenged WT mice. The surviving TTPKO mice displayed severe
pulmonary pathology with exaggerated airspace and interstitial
neutrophilic infiltration, exaggerated edema, vascular congestion,
and lung injury that included epithelial and endothelial damage.
It is likely that the increased production of inflammatory
mediators, that are otherwise regulated by TTP, in LPS-
challenged TTPKO mice, contribute to their worsened pulmonary
pathology. One such mediator, TNF, is already established to be
highly secreted in TTPKO mice (4, 6).

Macrophages are the primary source of TNF in ALI (23,
24) although alveolar epithelial cells have also been suggested
to release TNF in LPS-induced lung inflammation (25).
Accordingly, we reasoned that, if macrophages are the primary
source of TNF, deletion of TTP in myeloid cells would enhance

its activity, leading to worsening of pulmonary pathology.
Although the LPS-challenged TTPmyeKO mice had exaggerated
pulmonary pathology as compared to LPS-challenged WT mice,
the extent of tissue damage and neutrophilic infiltration was not
as severe as in LPS-challenged TTPKO mice. These differences
in the sensitivity of systemic versus myeloid cell-specific TTP-
deficient mice indicate that TTP in cells other than myeloid-cells
may play critical roles in modulating endotoxin-induced ALI.
These data suggest that while loss of myeloid cell-specific TTP
worsens the ALI, TTP expression in non-myeloid cells confers
significant protection.

Clinically, the numbers of neutrophils within the BALF
of patients with ARDS have been shown to correlate with
the severity of disease and poor outcome (26, 27). Despite
being the first line of defense against pathogenic insults,
excessive recruitment and activation of neutrophils leads to lung
tissue damage and loss of lung function (28, 29). Therefore,
targeting neutrophilic recruitment through suppressed release
of key neutrophil chemoattractants may be an attractive
therapeutic strategy against ALI. We observed correlations
between TTP deficiency or TTP overexpression and neutrophilic
inflammation. For example, BALF counts and tissue infiltration
of neutrophils were overwhelming in the LPS-challenged
TTPKO mice. These outcomes were also exaggerated, but to
a lesser degree, in LPS-challenged TTPmyeKO mice. On the
other hand, these outcomes were significantly attenuated in
the LPS-challenged TTP1ARE mice. Our findings are in line
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FIGURE 6 | Continued
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FIGURE 6 | Histopathological assessment of ALI following bone marrow irradiation and reconstitution of WT, TTP overexpression (TTP1ARE), and TTP knockout
(TTPKO) mice. Representative photomicrographs from H&E-stained left lung lobe sections from LPS-challenged recipient WT (A; top panel), LPS-challenged recipient
TTP1ARE (A; bottom panel), and LPS-challenged recipient TTPKO (B) mice (original magnification ×200). Bronchiolar lumen neutrophilic infiltrates (blue arrow),
presence (* in obliterated alveolar space) or absence (* in open alveolar space) of alveolar obliteration, alveolar septal thickening (green dotted line), bronchiolar and
alveolar space hemorrhage (red arrow), alveolar space neutrophils (green arrow). Consolidation is shown as a percent of total surface area of the lung section
affected (C) in all chimeras. Histopathological scoring for bronchiolitis (D), perivascular edema (E), perivascular inflammation (F), and airspace edema (G) are shown
in all chimeras. WT recipient (open blue, orange, green bars); TTP1ARE recipient (solid blue, orange, green bars); TTPKO recipient (solid red bar). N = 4 (WT→WT),
N = 4 (TTP1ARE

→WT), N = 9 (TTPKO
→WT), N = 10 (WT→TTP1ARE), N = 3 (TTP1ARE

→TTP1ARE), N = 11 (TTPKO
→TTP1ARE), N = 7 (TTP1ARE

→TTPKO). Data are
represented as mean ± SEM. Statistical analysis in C–G was performed by one-way ANOVA followed by Tukey’s correction for multiple comparisons within the three
recipient groups and Student’s t-test between the three recipient groups. *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001.

with previous reports in other tissues. For instance, massive
infiltration of neutrophils has been shown to occur in the skin
of TTPKO mice subjected to psoriasis-like inflammation (30),
whereas reduced airway neutrophilic infiltration was shown
in mice genetically modified to express constitutively active
endogenous unphosphorylated TTP following challenge with
cigarette smoke (31).

A number of studies have shown that TTP is phosphorylated
at multiple sites by p38-regulated kinase MAPK-activated
protein kinase 2 (MAPKAPK2) and that TTP activity is
significantly affected by its phosphorylation status (32–34). TTP
phosphorylation has been shown to result in reduced TTP
activity/reduced binding of TTP to AREs, thus resulting in
stabilization of its target mRNAs (35). Regulation of TTP activity
by p38 MAPK was in fact shown to result in a biphasic response
of TNFα-induced IL-6 expression in human bronchial smooth
muscle cells (36). Conversely, dephosphorylation of TTP resulted
in reduced expression of IL-6 and IL-8 in A549 lung epithelial
cells (37). Since LPS is an inducer of both TTP and p38
MAPK, TTP would be expected to undergo phosphorylation
and inactivation shortly after LPS challenge. However, the effect
of TTP phosphorylation is transient and would be expected
to be reversed upon dephosphorylation when p38 is turned
off. Although we did not track the phosphorylation status
of TTP in various lung cells during ALI, we speculate that
the P38-mediated phosphorylation of TTP occurs well before
12h post LPS challenge and is reversed by 12 h time point.
Consistent with our speculation, we found differential effect of
TTP overexpression on late phase cytokines (KC) versus early
phase cytokines (TNF) (Figure 4).

Tristetraprolin is a known regulator of key neutrophil
chemoattractants including CXCL1/KC (8, 9) and CXCL2/MIP2
(8, 38). CXCL1/KC is a central chemokine in neutrophil
recruitment into the airspace in ARDS (39–41). Clinically,
increased concentrations of IL-8 (CXCL1/KC homolog in
human), disease severity, and neutrophil migration into airspaces
have been shown to be correlated (42–44). Cxcl1 mRNA
3′UTR contains TTP-binding sites and has been previously
demonstrated to be a direct target of TTP (8, 9). Consistent
with this, the LPS-challenged TTP1ARE mice had significantly
lower CXCL1/KC concentrations. In contrast, the two well
characterized TTP targets, TNF and MIP2/CXCL2, were not
significantly different between LPS-challenged WT and LPS-
challenged TTP1ARE mice. These observations are in line with
our previous report, in which no differences were observed in
the levels of TNF and MIP2/CXCL2 in the serum of WT and

TTP1ARE mice systemically challenged with LPS (15). These two
inflammatory mediators peak early (before 6 h in the serum)
(15), and we speculate that overexpressed TTP may be less
effective at mRNA decay due to its phosphorylation status at these
early time points.

G-CSF, another neutrophil chemoattractant, is also
consistently detected within the BALF of ALI and ARDS
patients and has been suggested to be associated with the
accumulation and activation of neutrophils in ARDS (45).
Plasma G-CSF levels have also been shown to correlate with
clinical outcome in patients with ALI (27, 46). G-CSF has also
been shown to exacerbate bleomycin induced lung injury in
rats through marked infiltration of activating neutrophils (47).
G-CSF levels have been found to be increased in TTPKO mouse
plasma (48). Although G-CSF has not been shown to be a
direct TTP target, G-CSF mRNA 3′UTR in mouse possesses two
TTP binding sites, UAUUUAU. The BALF G-CSF levels were
significantly reduced in LPS-challenged TTP1ARE mice. G-CSF
levels were also found to be significantly reduced in TTP1ARE

mice in a previous study where we showed TTP1ARE mice to
be significantly protected from exhibiting collagen-antibody
induced arthritis (15).

Lipopolysaccharide-challenged TTPmyeKO mice exhibited
milder ALI as compared to LPS-challenged TTPKO mice,
indicating that total loss of TTP expression in non-myeloid
as well as myeloid cells contributes to severe ALI. On the
other hand, systemic TTP overexpression conferred significant
protection against LPS-induced ALI. Here, we addressed two
logical questions: (1) whether enhanced levels of TTP in non-
HPCs would ameliorate endotoxin-induced ALI, (2) whether
enhanced levels of TTP in HPCs would confer protection against
endotoxin-induced ALI. Towards this, employing various bone
marrow chimeras, we investigated cell-specific roles of TTP in
protection against ALI. In these experiments, we modulated TTP
levels in HPCs by using bone marrow donors that were either
WT, TTP1ARE, or TTPKO. To modulate TTP levels in non-HPCs,
WT, TTP1ARE, or TTPKO recipients were used. One limitation of
this study was that since HPCs also include various non-myeloid
populations, we were not able to specifically investigate the effect
of TTP modulation in myeloid cells.

The bone marrow irradiation and reconstitution experiments
revealed somewhat unexpected but interesting findings. As
compared to WT→WT chimera, the ALI in TTP1ARE

→WT
chimeras was somewhat attenuated, whereas the ALI in
TTPKO

→WT chimeras had worsened significantly. These data
suggest that, when the TTP expression in non-HPCs is
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FIGURE 7 | Conceptual model depicting the role of TTP in ALI. The resident
cells, myeloid and epithelial, in the lung airspaces respond to the exposure of
endotoxin, i.e., LPS. LPS-induced synthesis of chemokine production in the
resident cells is modulated via TTP-dependent post-transcriptional regulation
in a cell-specific manner. The current study suggests that enhanced TTP
expression in non-hematopoietic progenitor cells (HPCs) suppresses the
release of neutrophil chemoattractants and protects against ALI. Non-HPC
populations include airway (Ciliated, Club, subepithelial cells) and alveolar type
I and II cells (ATI and ATII), endothelial cells (Endo), and fibroblasts (fibro); TTP,
tristetraprolin; LPS, lipopolysaccharide.

genetically unaltered (WT TTP in the recipient’s non-HPCs),
the TTP overexpression in HPCs is partially protective against
LPS-induced ALI. However, when the TTP expression was
ablated in non-HPCs [TTP depleted in the recipient’s non-
HPCs (TTP1ARE

→TTPKO chimera)], the overexpression of
TTP in the HPCs was not sufficient to confer protection
against ALI. As compared to TTP1ARE

→TTPKO chimeras, in
TTPKO

→TTP1ARE chimeras, the mere overexpression of TTP
in non-HPCs (TTP overexpression in the recipient’s non-HPCs)
provided significant protection, even though the HPCs were
TTP-deficient. However, this protection was further enhanced
when the normal levels of TTP were restored in the HPCs
(WT→TTP1ARE chimera). Based on these data, we conclude
here that the TTP levels in non-HPCs are critical in protection
against ALI. Further, while the WT levels of TTP in HPCs are
essential for additional protection, the overexpression of TTP
in HPCs is not significantly advantageous. Since the non-HPCs
population in lungs consists of a multitude of cell types including
epithelial cells, endothelial cells, and fibroblasts, the cell-specific
role of TTP still remains elusive.

Contribution of non-HPC-specific TTP toward modulation
of inflammatory responses has also been suggested in previous
reports. For instance, TTP regulation of TNF in keratinocytes,
but not in myeloid or dendritic cells, was shown to protect mice
from exacerbation of psoriasis-like pathology, development of
spontaneous systemic inflammation, and dactylitis (30). Another
study suggested a role of intestinal epithelial cell-specific TTP

in exacerbation of acute colitis (49). Along similar lines, TTP
depletion in myeloid cells did not replicate the TTP-deficiency
phenotype (16), and the spontaneous reactive granulopoiesis
seen in TTPKO mice was suggested to be caused by a non-cell
autonomous mechanism likely contributed by liver cells (48). All
these studies indicated an essential role of TTP in non-HPCs
in regulating inflammation. Among various non-HPC cell types
in the lung, alveolar epithelial cells produce pro-inflammatory
cytokines and chemokines (50). In in vitro conditions, LPS-
challenged pulmonary type II epithelial cells have been shown
to produce greater levels of neutrophil chemoattractants [IL-8, a
human homolog for CXCL1 (KC), CXCL2 (MIP2), and CXCL5
(LIX)] indicating that TTP in lung alveolar epithelial cells may
play an important role in regulating ALI (50). Consistent with
these reports, while our data indicate critical roles of non-HPCs
in lungs in mediating neutrophil recruitment to the airspaces, the
exact identity of these non-HPCs remain unknown.

CONCLUSION

In conclusion, our results show that (a) enhancing the levels
of TTP is protective against endotoxin-induced ALI; (b) the
protective effect seen in TTP1ARE mice is attributable to reduced
neutrophilic recruitment and, in turn, reduced lung damage;
(c) reduced neutrophilic recruitment is attributed to reduced
secretion of chemoattractants, particularly KC and G-CSF; and
that, (d) TTP in non-HPCs plays an essential role in protection
against endotoxin-induced ALI. Based on these results, we
propose a model in which endotoxin damages epithelial cells
within the lung, which then initiates a cascade of events
leading to exaggerated release of proinflammatory mediators
and neutrophilic chemoattractants, resulting in further lung
damage and neutrophilic infiltration (Figure 7). In this process,
TTP acts as an intracellular regulator for the expression of
proinflammatory mediators and neutrophilic chemoattractants.
TTP expression in the non-HPCs, i.e., most likely epithelial and
endothelial cells, confers protection against endotoxin-induced
ALI via suppression of mRNAs encoding proinflammatory
mediators and neutrophilic chemoattractants. Hence, strategies
to increase TTP expression or activity in non-HPCs together
with HPCs population may prove beneficial for patients with
ALI/ARDS. In future studies, TTP expression within the lung
could also be investigated as a prognostic indicator for the
severity of ALI/ARDS. Our studies could also have implications
for the lung hyper-inflammation and potentially life-threatening
cytokine storms in the severe coronavirus disease (COVID-19).

DATA AVAILABILITY STATEMENT

The raw data supporting the conclusions of this article will be
made available by the authors, without undue reservation.

ETHICS STATEMENT

The animal study was reviewed and approved by LSU IACUC.

Frontiers in Immunology | www.frontiersin.org 14 September 2020 | Volume 11 | Article 2164

https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


fimmu-11-02164 September 2, 2020 Time: 13:47 # 15

Choudhary et al. Tristetraprolin in Acute Lung Injury

AUTHOR CONTRIBUTIONS

SP conceived and designed the study, maintained the animal
colony, and performed histopathological analyses. IC, TV, and BL
conducted animal necropsies. YS, CB, and RL performed BALF
cellularity assays. RL performed the intravenous injections. YS,
TV, IC, and CB performed cytokine assays. JL performed the
irradiations. SJ provided technical expertise on bone marrow
transplantations and reviewed the manuscript. PB provided
various transgenic and knockout mice and edited the manuscript.
SP and YS wrote and reviewed the manuscript for intellectual
contents. All authors contributed to the article and approved the
submitted version.

FUNDING

The work was supported by LSU Lung COBRE (NIGMS Grant
# P20GM130555; SP), LSU-Tulane COBRE (NIGMS Grant #

5P30GM110760; SP), and LSU SVM Startup funds (SP). This
work was also supported in part by the Intramural Research
Program of the NIEHS, NIH.

ACKNOWLEDGMENTS

We thank Thaya Stoufflet for assistance with multiplex cytokine
assays, Sherry Ring for histological tissue processing, and
Deborah Stumpo for helping with the TTP mutant mice and
their genotyping.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fimmu.
2020.02164/full#supplementary-material

REFERENCES
1. Matthay MA, Zemans RL. The acute respiratory distress syndrome:

pathogenesis and treatment. Annu Rev Pathol. (2011) 6:147–63. doi: 10.1146/
annurev-pathol-011110-130158

2. Butt Y, Kurdowska A, Allen TC. Acute lung injury: a clinical and molecular
review. Arch Pathol Lab Med. (2016) 140:345–50. doi: 10.5858/arpa.2015-
0519-RA

3. Patial S, Blackshear PJ. Tristetraprolin as a therapeutic target in inflammatory
disease. Trends Pharmacol Sci. (2016) 37:811–21. doi: 10.1016/j.tips.2016.07.
002

4. Taylor GA, Carballo E, Lee DM, Lai WS, Thompson MJ, Patel DD, et al.
A pathogenetic role for TNF alpha in the syndrome of cachexia, arthritis,
and autoimmunity resulting from tristetraprolin (TTP) deficiency. Immunity.
(1996) 4:445–54.

5. Carballo E, Blackshear PJ. Roles of tumor necrosis factor-alpha receptor
subtypes in the pathogenesis of the tristetraprolin-deficiency syndrome. Blood.
(2001) 98:2389–95. doi: 10.1182/blood.V98.8.2389

6. Carballo E, Lai WS, Blackshear PJ. Feedback inhibition of macrophage tumor
necrosis factor-alpha production by tristetraprolin. Science. (1998) 281:1001–
5. doi: 10.1126/science.281.5379.1001

7. Lai WS, Carballo E, Strum JR, Kennington EA, Phillips RS, Blackshear PJ.
Evidence that tristetraprolin binds to AU-rich elements and promotes the
deadenylation and destabilization of tumor necrosis factor alpha mRNA. Mol
Cell Biol. (1999) 19:4311–23. doi: 10.1128/MCB.19.6.4311

8. Qiu LQ, Lai WS, Bradbury A, Zeldin DC, Blackshear PJ. Tristetraprolin
(TTP) coordinately regulates primary and secondary cellular
responses to proinflammatory stimuli. J Leukoc Biol. (2015)
97:723–36.

9. Datta S, Biswas R, Novotny M, Pavicic PG Jr., Herjan T, Mandal P, et al.
Tristetraprolin regulates CXCL1 (KC) mRNA stability. J Immunol. (2008)
180:2545–52. doi: 10.4049/jimmunol.180.4.2545

10. Stoecklin G, Tenenbaum SA, Mayo T, Chittur SV, George AD, Baroni TE,
et al. Genome-wide analysis identifies interleukin-10 mRNA as target of
tristetraprolin. J Biol Chem. (2008) 283:11689–99.

11. Lee HH, Yoon NA, Vo MT, Kim CW, Woo JM, Cha HJ, et al. Tristetraprolin
down-regulates IL-17 through mRNA destabilization. FEBS Lett. (2012)
586:41–6.

12. Kang JG, Amar MJ, Remaley AT, Kwon J, Blackshear PJ, Wang PY, et al. Zinc
finger protein tristetraprolin interacts with CCL3 mRNA and regulates tissue
inflammation. J Immunol. (2011) 187:2696–701.

13. Molle C, Zhang T, Ysebrant L, de Lendonck C, Gueydan M, Andrianne F,
et al. Tristetraprolin regulation of interleukin 23 mRNA stability prevents a
spontaneous inflammatory disease. J Exp Med. (2013) 210:1675–84.

14. Brooks SA, Blackshear PJ. Tristetraprolin (TTP): interactions with mRNA and
proteins, and current thoughts on mechanisms of action. Biochim Biophys
Acta. (2013) 1829:666–79. doi: 10.1016/j.bbagrm.2013.02.003

15. Patial S, Curtis AD II, Lai WS, Stumpo DJ, Hill GD, Flake GP, et al.
Enhanced stability of tristetraprolin mRNA protects mice against immune-
mediated inflammatory pathologies. Proc Natl Acad Sci USA. (2016)
113:1865–70.

16. Qiu LQ, Stumpo DJ, Blackshear PJ. Myeloid-specific tristetraprolin deficiency
in mice results in extreme lipopolysaccharide sensitivity in an otherwise
minimal phenotype. J Immunol. (2012) 188:5150–9. doi: 10.4049/jimmunol.
1103700

17. Clausen BE, Burkhardt C, Reith W, Renkawitz R, Forster I. Conditional gene
targeting in macrophages and granulocytes using LysMcre mice. Transgenic
Res. (1999) 8:265–77.

18. Madenspacher JH, Fessler MB. A non-invasive and technically non-intensive
method for induction and phenotyping of experimental bacterial pneumonia
in mice. J Vis Exp. (2016) 115:54508. doi: 10.3791/54508

19. Lewis BW, Sultana R, Sharma R, Noel A, Langohr I, Patial S, et al.
Early postnatal secondhand smoke exposure disrupts bacterial clearance and
abolishes immune responses in muco-obstructive lung disease. J Immunol.
(2017) 199:1170–83. doi: 10.4049/jimmunol.1700144

20. Cai S, Zemans RL, Young SK, Worthen GS, Jeyaseelan S. Myeloid
differentiation protein-2-dependent and -independent neutrophil
accumulation during Escherichia coli pneumonia. Am J Respir Cell Mol
Biol. (2009) 40:701–9.

21. Matute-Bello G, Lee JS, Frevert CW, Liles WC, Sutlief S, Ballman K, et al.
Optimal timing to repopulation of resident alveolar macrophages with donor
cells following total body irradiation and bone marrow transplantation in
mice. J Immunol Methods. (2004) 292:25–34. doi: 10.1016/j.jim.2004.05.010

22. Matute-Bello G, Downey G, Moore BB, Groshong SD, Matthay MA, Slutsky
AS, et al. An official American thoracic society workshop report: features and
measurements of experimental acute lung injury in animals. Am J Respir Cell
Mol Biol. (2011) 44:725–38. doi: 10.1165/rcmb.2009-0210ST

23. Naidu BV, Woolley SM, Farivar AS, Thomas R, Fraga CH, Goss CH, et al. Early
tumor necrosis factor-alpha release from the pulmonary macrophage in lung
ischemia-reperfusion injury. J Thorac Cardiovasc Surg. (2004) 127:1502–8.

24. Soni S, Wilson MR, O’Dea KP, Yoshida M, Katbeh U, Woods SJ, et al. Alveolar
macrophage-derived microvesicles mediate acute lung injury. Thorax. (2016)
71:1020–9.

25. McRitchie DI, Isowa N, Edelson JD, Xavier AM, Cai L, Man HY, et al.
Production of tumour necrosis factor alpha by primary cultured rat alveolar
epithelial cells. Cytokine. (2000) 12:644–54.

26. Abraham E. Neutrophils and acute lung injury. Crit Care Med. (2003)
31:S195–9. doi: 10.1097/01.CCM.0000057843.47705.E8

Frontiers in Immunology | www.frontiersin.org 15 September 2020 | Volume 11 | Article 2164

https://www.frontiersin.org/articles/10.3389/fimmu.2020.02164/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fimmu.2020.02164/full#supplementary-material
https://doi.org/10.1146/annurev-pathol-011110-130158
https://doi.org/10.1146/annurev-pathol-011110-130158
https://doi.org/10.5858/arpa.2015-0519-RA
https://doi.org/10.5858/arpa.2015-0519-RA
https://doi.org/10.1016/j.tips.2016.07.002
https://doi.org/10.1016/j.tips.2016.07.002
https://doi.org/10.1182/blood.V98.8.2389
https://doi.org/10.1126/science.281.5379.1001
https://doi.org/10.1128/MCB.19.6.4311
https://doi.org/10.4049/jimmunol.180.4.2545
https://doi.org/10.1016/j.bbagrm.2013.02.003
https://doi.org/10.4049/jimmunol.1103700
https://doi.org/10.4049/jimmunol.1103700
https://doi.org/10.3791/54508
https://doi.org/10.4049/jimmunol.1700144
https://doi.org/10.1016/j.jim.2004.05.010
https://doi.org/10.1165/rcmb.2009-0210ST
https://doi.org/10.1097/01.CCM.0000057843.47705.E8
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


fimmu-11-02164 September 2, 2020 Time: 13:47 # 16

Choudhary et al. Tristetraprolin in Acute Lung Injury

27. Aggarwal A, Baker CS, Evans TW, Haslam PL. G-CSF and IL-8 but not GM-
CSF correlate with severity of pulmonary neutrophilia in acute respiratory
distress syndrome. Eur Respir J. (2000) 15:895–901. doi: 10.1034/j.1399-3003.
2000.15e14.x

28. Grommes J, Soehnlein O. Contribution of neutrophils to acute lung injury.
Mol Med. (2011) 17:293–307. doi: 10.2119/molmed.2010.00138

29. Weiland JE, Davis WB, Holter JF, Mohammed JR, Dorinsky PM, Gadek JE.
Lung neutrophils in the adult respiratory distress syndrome. Clinical and
pathophysiologic significance. Am Rev Respir Dis. (1986) 133:218–25.

30. Andrianne M, Assabban A, La C, Mogilenko D, Salle DS, Fleury S, et al.
Tristetraprolin expression by keratinocytes controls local and systemic
inflammation. JCI Insight. (2017) 2:e92979.

31. Nair PM, Starkey MR, Haw TJ, Liu G, Collison AM, Mattes J, et al.
Enhancing tristetraprolin activity reduces the severity of cigarette smoke-
induced experimental chronic obstructive pulmonary disease. Clin Transl
Immunol. (2019) 8:e01084.

32. Mahtani KR, Brook M, Dean JL, Sully G, Saklatvala J, Clark AR. Mitogen-
activated protein kinase p38 controls the expression and posttranslational
modification of tristetraprolin, a regulator of tumor necrosis factor alpha
mRNA stability. Mol Cell Biol. (2001) 21:6461–9. doi: 10.1128/MCB.21.9.
6461-6469.2001

33. Chrestensen CA, Schroeder MJ, Shabanowitz J, Hunt DF, Pelo JW,
Worthington MT, et al. MAPKAP kinase 2 phosphorylates tristetraprolin on
in vivo sites including Ser178, a site required for 14-3-3 binding. J Biol Chem.
(2004) 279:10176–84. doi: 10.1074/jbc.M310486200

34. Ronkina N, Shushakova N, Tiedje C, Yakovleva T, Tollenaere MAX, Scott
A, et al. The role of TTP phosphorylation in the regulation of inflammatory
cytokine production by MK2/3. J Immunol. (2019) 203:2291–300.

35. Hitti E, Iakovleva T, Brook M, Deppenmeier S, Gruber AD, Radzioch D,
et al. Mitogen-activated protein kinase-activated protein kinase 2 regulates
tumor necrosis factor mRNA stability and translation mainly by altering
tristetraprolin expression, stability, and binding to adenine/uridine-rich
element. Mol Cell Biol. (2006) 26:2399–407. doi: 10.1128/MCB.26.6.2399-
2407.2006

36. Prabhala P, Bunge K, Rahman MM, Ge Q, Clark AR, Ammit AJ. Temporal
regulation of cytokine mRNA expression by tristetraprolin: dynamic control
by p38 MAPK and MKP-1. Am J Physiol Lung Cell Mol Physiol. (2015)
308:L973–80.

37. Rahman MM, Rumzhum NN, Hansbro PM, Morris JC, Clark AR, Verrills
NM, et al. Activating protein phosphatase 2A (PP2A) enhances tristetraprolin
(TTP) anti-inflammatory function in A549 lung epithelial cells. Cell Signal.
(2016) 28:325–34. doi: 10.1016/j.cellsig.2016.01.009

38. Mahmoud L, Moghrabi W, Khabar KSA, Hitti EG. Bi-phased regulation of
the post-transcriptional inflammatory response by Tristetraprolin levels. RNA
Biol. (2019) 16:309–19. doi: 10.1080/15476286.2019.1572437

39. Bozic CR, Kolakowski LF Jr., Gerard NP, Garcia-Rodriguez C, von Uexkull-
Guldenband C, Conklyn MJ, et al. Expression and biologic characterization of
the murine chemokine KC. J Immunol. (1995) 154:6048–57.

40. Jorens PG, Van Damme J, De Backer W, Bossaert L, De Jongh RF, Herman AG,
et al. Interleukin 8 (IL-8) in the bronchoalveolar lavage fluid from patients with
the adult respiratory distress syndrome (ARDS) and patients at risk for ARDS.
Cytokine. (1992) 4:592–7. doi: 10.1016/1043-4666(92)90025-M

41. Chollet-Martin S, Montravers P, Gibert C, Elbim C, Desmonts JM, Fagon JY,
et al. High levels of interleukin-8 in the blood and alveolar spaces of patients
with pneumonia and adult respiratory distress syndrome. Infect Immun.
(1993) 61:4553–9.

42. Groeneveld AB, Raijmakers PG, Hack CE, Thijs LG. Interleukin 8-related
neutrophil elastase and the severity of the adult respiratory distress syndrome.
Cytokine. (1995) 7:746–52. doi: 10.1006/cyto.1995.0089

43. Miller EJ, Cohen AB, Matthay MA. Increased interleukin-8 concentrations
in the pulmonary edema fluid of patients with acute respiratory distress
syndrome from sepsis. Crit Care Med. (1996) 24:1448–54. doi: 10.1097/
00003246-199609000-00004

44. Miller EJ, Cohen AB, Nagao S, Griffith D, Maunder RJ, Martin TR, et al.
Elevated levels of NAP-1/interleukin-8 are present in the airspaces of patients
with the adult respiratory distress syndrome and are associated with increased
mortality. Am Rev Respir Dis. (1992) 146:427–32.

45. Wiedermann FJ, Mayr AJ, Kaneider NC, Fuchs D, Mutz NJ, Schobersberger
W. Alveolar granulocyte colony-stimulating factor and alpha-chemokines in
relation to serum levels, pulmonary neutrophilia, and severity of lung injury
in ARDS. Chest. (2004) 125:212–9. doi: 10.1378/chest.125.1.212

46. Suratt BT, Eisner MD, Calfee CS, Allard JB, Whittaker LA, Engelken DT,
et al. Plasma granulocyte colony-stimulating factor levels correlate with
clinical outcomes in patients with acute lung injury. Crit Care Med. (2009)
37:1322–8.

47. Adachi K, Suzuki M, Sugimoto T, Yorozu K, Takai H, Uetsuka K,
et al. Effects of granulocyte colony-stimulating factor (G-CSF) on
bleomycin-induced lung injury of varying severity. Toxicol Pathol. (2003)
31:665–73.

48. Kaplan IM, Morisot S, Heiser D, Cheng WC, Kim MJ, Civin CI. Deletion
of tristetraprolin caused spontaneous reactive granulopoiesis by a non-cell-
autonomous mechanism without disturbing long-term hematopoietic stem
cell quiescence. J Immunol. (2011) 186:2826–34. doi: 10.4049/jimmunol.
1002806

49. Eshelman MA, Matthews SM, Schleicher EM, Fleeman RM, Kawasawa YI,
Stumpo DJ, et al. Tristetraprolin targets Nos2 expression in the colonic
epithelium. Sci Rep. (2019) 9:14413.

50. Thorley AJ, Ford PA, Giembycz MA, Goldstraw P, Young A, Tetley TD.
Differential regulation of cytokine release and leukocyte migration by
lipopolysaccharide-stimulated primary human lung alveolar type II epithelial
cells and macrophages. J Immunol. (2007) 178:463–73. doi: 10.4049/
jimmunol.178.1.463

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2020 Choudhary, Vo, Bathula, Lamichhane, Lewis, Looper, Jeyaseelan,
Blackshear, Saini and Patial. This is an open-access article distributed under the
terms of the Creative Commons Attribution License (CC BY). The use, distribution
or reproduction in other forums is permitted, provided the original author(s) and
the copyright owner(s) are credited and that the original publication in this journal
is cited, in accordance with accepted academic practice. No use, distribution or
reproduction is permitted which does not comply with these terms.

Frontiers in Immunology | www.frontiersin.org 16 September 2020 | Volume 11 | Article 2164

https://doi.org/10.1034/j.1399-3003.2000.15e14.x
https://doi.org/10.1034/j.1399-3003.2000.15e14.x
https://doi.org/10.2119/molmed.2010.00138
https://doi.org/10.1128/MCB.21.9.6461-6469.2001
https://doi.org/10.1128/MCB.21.9.6461-6469.2001
https://doi.org/10.1074/jbc.M310486200
https://doi.org/10.1128/MCB.26.6.2399-2407.2006
https://doi.org/10.1128/MCB.26.6.2399-2407.2006
https://doi.org/10.1016/j.cellsig.2016.01.009
https://doi.org/10.1080/15476286.2019.1572437
https://doi.org/10.1016/1043-4666(92)90025-M
https://doi.org/10.1006/cyto.1995.0089
https://doi.org/10.1097/00003246-199609000-00004
https://doi.org/10.1097/00003246-199609000-00004
https://doi.org/10.1378/chest.125.1.212
https://doi.org/10.4049/jimmunol.1002806
https://doi.org/10.4049/jimmunol.1002806
https://doi.org/10.4049/jimmunol.178.1.463
https://doi.org/10.4049/jimmunol.178.1.463
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

	Tristetraprolin Overexpression in Non-hematopoietic Cells Protects Against Acute Lung Injury in Mice
	Introduction
	Materials and Methods
	Mice
	LPS Challenge
	LPS-Induced Acute Lung Injury
	Measurement of Cells in BALF
	Measurement of Cytokines in BAL
	Histology
	Bone Marrow Transplantation
	Immunoblotting
	Statistical Analysis

	Results
	Germline Deletion of TTP Increases the Severity of LPS-Induced ALI in Mice
	TTP Deletion in Myeloid Cells Results in Increased LPS-Induced ALI in Mice
	Systemic TTP Overexpression (TTPARE) Mitigates LPS-Induced ALI in Mice During Acute and Sub-Acute Course of Lung Injury
	Protection From ALI in TTP Overexpressing Mice (TTPARE) Is Associated With Reduced Secretion of Neutrophil Chemoattractants and Pro-inflammatory Cytokines
	Non-hematopoietic Cell-Specific TTP Overexpression Within the Lung Is Essential for Protection Against ALI

	Discussion
	Conclusion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References


