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The Role and Effects of Glucocorticoid-Induced Leucine
Zipper in the Context of Inflammation Resolution
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Joilson O. Martins,” Patricia M. R. Silva,# Karina B. Gomes,* Vanessa Pinho,”*
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Glucocorticoid (GC)-induced leucine zipper (GILZ) has been shown to mediate or mimic several actions of GC. This study assessed
the role of GILZ in self-resolving and GC-induced resolution of neutrophilic inflammation induced by LPS in mice. GILZ expres-
sion was increased during the resolution phase of LPS-induced pleurisy, especially in macrophages with resolving phenotypes.
Pretreating LPS-injected mice with trans-activator of transcription peptide (TAT)-GILZ, a cell-permeable GILZ fusion protein,
shortened resolution intervals and improved resolution indices. Therapeutic administration of TAT-GILZ induced inflammation
resolution, decreased cytokine levels, and promoted caspase-dependent neutrophil apoptosis. TAT-GILZ also modulated the activation
of the survival-controlling proteins ERK1/2, NF-kB and Mcl-1. GILZ deficiency was associated with an early increase of annexin Al
(AnxA1l) and did not modify the course of neutrophil influx induced by LPS. Dexamethasone treatment resolved inflammation and
induced GILZ expression that was dependent on AnxA1. Dexamethasone-induced resolution was not altered in GILZ ™~ mice due to
compensatory expression and action of AnxAl. Our results show that therapeutic administration of GILZ efficiently induces a pro-
apoptotic program that promotes resolution of neutrophilic inflammation induced by LPS. Alternatively, a lack of endogenous GILZ

during the resolution of inflammation is compensated by AnxA1 overexpression. The Journal of Immunology, 2015, 194: 4940-4950.

esolution of inflammation is an active and continuous

process with production and activation of biochemical

mediators and signaling pathways to ensure rapid and
successful restoration of tissue homeostasis (1-3). During the res-
olution phase of inflammation, multiple proresolving molecules
are produced to temper the inflammatory response and guarantee
the return to homeostasis.

One of the most important endogenous proresolution pathways is
that mediated by glucocorticoids (GCs) produced by the adrenal
glands. Exploiting these physiological effects, GCs are among the
most important drugs that have been developed for the treatment of
inflammatory diseases. However, metabolic side effects of GCs limit
their therapeutic application (4-6). The mechanisms of GCs are
complex and depend on inhibition of transcription factors, such as
NF-kB and AP-1, as well as induction of anti-inflammatory regu-
latory proteins such as annexin Al (AnxAl), GC-induced leucine

zipper (GILZ), and MAPK phosphatase (MKP)-1 (3). Thus, there is
a growing interest in understanding the effects of GC-induced
proteins that may allow dissociation of GC anti-inflammatory ef-
fects from their adverse metabolic effects.

GILZ was first identified in 1997 (7) and has been characterized as
a novel GC-induced protein that mediates many anti-inflammatory
effects of GC in leukocytes (5, 8). GILZ has been reported to in-
teract with NF-kB and AP-1, and to inhibit the MEK/ERK1/2
pathway by binding to the upstream proteins Ras and Raf-1.
These mechanisms are thought to be important for their ability to
attenuate inflammation (8). GILZ appears to have a physiological
role in the regulation of inflammatory mechanisms; however, there
are few reports that explore its role in inflammatory disease (9—13).

AnxAl is another GC-induced protein that has been shown to be
anti-inflammatory and proresolving in various animal models of
inflammation and in physiological conditions (4). Indeed, AnxAl
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limits initial steps of inflammation, specifically the recruitment of
leukocytes and generation of proinflammatory mediators. AnxAl
also acts on the resolution phase of inflammation by inducing
apoptosis of neutrophils (14, 15) and increasing efferocytosis by
macrophages (16, 17). Importantly, AnxAl production and ac-
tivities are involved in proresolution effects of GCs (18) and
histone deacetylase inhibitors (19). Recently, it was demonstrated
in vitro that GILZ is a target of the anti-inflammatory effects of
AnxAl (20). However, whether AnxAl cooperates with GILZ
in vivo to convey the anti-inflammatory and proresolving activities
of endogenous or synthetic GCs remains unknown.

In this study, we investigated the role of GILZ in natural and GC-
driven resolution of inflammation. We demonstrate that GILZ is
expressed during the resolving phase of inflammation in macro-
phages with proresolving phenotypes. Pharmacological treatment
with recombinant GILZ protein reduces resolution intervals and
promotes resolution of LPS-induced neutrophilic inflammation,
whereas self-resolving inflammation was dependent on a com-
pensatory balance between AnxAl and GILZ expression.

Materials and Methods

Animals

All procedures described in this study had prior approval from the Animal
Ethips Committee of Universidade Federal de Minas Gerais, Brazil (Comité
de Etica em Experimentagdo Animal/Universidade Federal de Minas
Gerais protocol no. 15/2011). Male BALB/c mice (8-10 wk) bred in the
Animal Facility of Centro de Bioterismo of Universidade Federal de Minas
Gerais (Brazil) were housed under standard conditions and had free access
to commercial chow and water. GILZ-deficient male mice were generated
as described (13), and C57BL/6 littermates were bred in the animal facility
of the Immunopharmacology Laboratory.

Drugs, reagents, and Abs

The peptide trans-activator of transcription peptide (TAT) and the TAT-
GILZ fusion protein (constructed by inserting GILZ cDNA in the TAT-C
vector to produce an in-frame fusion protein) were generated as described
(9). Briefly, TAT and TAT-GILZ were in-frame cloned into the pGEX-4T2
plasmid (GE Healthcare). The pGEX-4T2 plasmid is a GST fusion vector
carrying a tac promoter for chemically (isopropyl B-p-thiogalactopyrano-
side) inducible high-level expression of the protein. GST fusion protein
was expressed in Escherichia coli grown at 30°C and induced with 0.1 mM
isopropyl B-p-thiogalactopyranoside for 90 min. Following lysis by soni-
cation, most of the induced protein was found in the soluble material,
which was purified with glutathione—Sepharose 4B beads (GE Healthcare)
following the manufacturer’s instructions. Eluted proteins were dialyzed
for 48 h against PBS. Protein quantification and purity were evaluated by
SDS-PAGE and by Coomassie blue staining. LPS contamination in each
batch of TAT and TAT-GILZ was evaluated by using a Limulus amebocyte
lysate chromogenic endotoxin quantification kit (Pierce, catalog no.
88282). LPS contamination was low (<0.5 endotoxin unit/ml or <0.05
ng). For comparison, the amount of LPS injected to induce cell recruitment
was 1.250 endotoxin units (250 ng/cavity). ZVAD-fmk and Ac2-26 peptide
were from Tocris Bioscience (Ellisville, MO). Rabbit anti-p-ERK1/2,
anti-Mcl-1, and mouse anti—p-IkB-a Abs were from Cell Signaling
Technology (Beverly, MA). Rabbit anti-GILZ and anti-MKP-1 and sec-
ondary anti-rabbit and anti-mouse peroxidase conjugate Abs were pur-
chased from Santa Cruz Biotechnology (Santa Cruz, CA). Rabbit anti-
AnxAl was purchased from Invitrogen (Carlsbad, CA). Anti—f-actin,
LPS (from E. coli serotype O:111:B4), and dexamethasone (Dex) were
from Sigma-Aldrich (St. Louis, MO). Anti-AnxAl antiserum was a gift
from Dr. Steve Poole (Biotherapeutics Group, National Institute for Bio-
logical Standards and Control, U.K.).

Leukocyte migration into the pleural cavity induced by LPS

Mice received an intrapleural (i.pl.) administration of LPS (250 ng/cavity)
or PBS as previously described (15, 21). Cells present in the pleural cavity
were harvested at different times after LPS injection by washing the cavity
with 2 ml PBS. Total cell counts were performed in a modified Neubauer
chamber using Turk’s stain. Differential cell counts were performed on
cytocentrifuge preparations (Shandon III) stained with May—Griinwald—
Giemsa using standard morphological criteria to identify cell types. The
results are presented as the number of cells per cavity.
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Treatment protocols

To evaluate the effect of anti-inflammatory/proresolving agents on LPS-
induced pleurisy, mice were treated with the synthetic GC Dex (2.0 mg/kg,
i.p.), Ac2-26 peptide (100 g, i.p.), or TAT-GILZ peptide (0.2 mg/kg,
i.p.) 4 h after LPS challenge. The peptide TAT (0.1 mg/kg, i.p.) was used
as a control. In other experiments, TAT-GILZ or the control peptide were
administered before LPS injection in a pretreatment protocol. To prevent
the action of AnxAl induced by Dex, mice were treated with anti-AnxAl
antiserum (0.1 ml hyperimmune serum diluted in 100 wl PBS/mouse,
i.p.) (22). Nonimmune goat serum was used as control. ZVAD-fmk (1 mg/
kg), a broad-spectrum caspase inhibitor (21), was given systemically (i.p.) 15
min before TAT-GILZ injection. Drugs were dissolved in DMSO or ethanol
and diluted further in PBS. Control mice received vehicle only.

Calculation of resolution indices

We quantified the resolution indices as described (23, 24). Murine pleural
exudates were collected at 4, 8, 24, 48, and 72 time points after challenge.
The numbers of PMN and mononuclear cells were determined by total and
differential leukocyte counting. Using these two cell types, the resolution
of acute inflammation was defined in quantitative terms by the following
resolution indices: 1) magnitude (Y. and Tp.y), where . indicates
maximal PMN and T,,,x indicates time point when PMN numbers reach
maximum; 2) duration (Tsp), which indicates time point when PMN
numbers reduce to 50% of maximum; and 3) resolution interval (R;),
which indicates interval between T,,., and Tso, when 50% PMN are lost
from the pleural cavity.

Assessment of leukocyte apoptosis

Apoptosis was assessed morphologically as previously reported (15, 21).
Briefly, cells (5 X 10 collected after LPS administration were cytocen-
trifuged, fixed and stained with May—Griinwald—Giemsa, and counted
using oil immersion microscopy (X100 objective) to determine the pro-
portion of cells with distinctive apoptotic morphology (cells with chro-
matin condensation, nuclear fragmentation, and formation of apoptotic
bodies out or inside macrophages). At least 500 cells were counted per
slide, and results are expressed as the mean = SEM of percentage of cells
with apoptotic morphology. Assessment of apoptosis was also performed
by flow cytometry using FITC-labeled annexin V (ApoDETECT Annexin
VFITE kit, Invitrogen) and propidium iodide, as an index of loss of nuclear
membrane integrity.

Flow cytometry analysis for leukocyte populations and
expression of GILZ and AnxAl

Cells present in the pleural cavity were harvested at 24 and 48 h after
administration of LPS or PBS (24 h). The populations of macrophages and
neutrophils were analyzed by staining with fluorescent mAbs against
F4/80 (PE-Cy7, eBioscience, San Diego, CA), Grl (FITC, BioLegend, San
Diego, CA), Grl (PE, BioLegend), CD11b (PE-CyS5, BD Biosciences, San
Jose, CA), CDl1l1c (PE-Cy7, BD Biosciences), GILZ (PE, eBioscience),
AnxAl (Santa Cruz Biotechnology, Santa Cruz, CA), and anti-rabbit
(Alexa 647, BD Biosciences). After being stained for surface markers,
cells were permeabilized with permeabilization buffer (eBioscience) for 30
min. Stained cells were acquired in a BD LSRFortessa cell analyzer (BD
Biosciences) and analyzed using FlowJo software (Tree Star, Ashland,
OR). Gating strategy is ilustrated in Supplemental Fig. 2D. Macrophage
populations were defined according to F4/80, Grl, and CD11b expression.
Cells selected in the side scatter/forward scatter gate (first dot plot in
Supplemental Fig. 2D) were analyzed for F4/80 and Grl expression
(second dot plot in Supplemental Fig. 2D). F4/80* cells were further an-
alyzed for intensity of F4/80 expression (first row in Supplemental Fig.
2D); the F4/80™¢ population was then evaluated for CD11b expression,
then F4/80™9CD11b°" cells, considered resolution-promoting macro-
phages (Mres). The F4/80*Grl~ population was further analyzed for in-
tensity of F4/80 expression (second row in Supplemental Fig. 2D); the
F4/80™&" population was then evaluated for CD11b expression; the M2
population is F4/80"€", Gr1~, CD11b™&", The F4/80*Grl* population was
further analyzed for intensity of F4/80 expression (third row in Supplemental
Fig. 2D); the F4/80'°" population was then evaluated for CD11b expression;
the M1 population is then F4/80'°%, Gr1*, CD11b™*, The three macrophages
populations were evaluated for GILZ and AnxA1 expression (fifth and sixth
columns in Supplemental Fig. 2D). The percentage presented in each dot plot
is related to the previous population analyzed. AnxAl labeling was per-
formed at 1:500 dilution, and cells from AnxAl-deficient mice showed no
detectable labeling (not shown). Negative controls were cells stained with
fluorochrome-bound secondary Abs only.
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Quantitation of mRNA expression by real-time PCR

Total RNA from cells harvested from the pleural cavity was extracted
using the RNeasy Mini kit (Qiagen, Crawley, U.K.) according to the
manufacturer’s instructions. cDNA was synthetized using 1 pg RNA with
SuperScript III reverse transcriptase (Invitrogen), following the manu-
facturer’s instructions. Real-time PCR was performed in duplicate, with
1 nl cDNA at a concentration of 100 ng, 0.5 wM primers and Power SYBR
Green PCR Master Mix (Applied Biosystems, Warrington, U.K.) using
StepOne (Applied Biosystems, Foster City, CA, USA). The data were
analyzed using StepOne System software with a cycle threshold (Ct) in the
linear range of amplification and then processed by the 2742 method.
Primers (Integrated DNA Technologies) used are the following: AnxAl
(5'-ATCAGCGGTGAGCCCCTATC-3’, 5'-TTCATCCAGGGGGCTTTCCT-
G-3'), GILZ (5'-CAGCAGCCACTCAAACCAGC-3’, 5'-ACCACATCCCC-
TCCAAGCAG-3'), and Gapdh (5'-AGAAGACTGTGGATGGCCCC-3', 5'-
TGACCTTGCCCACAGCCTT-3"). A dissociation step was always included
to confirm the absence of unspecific products. In each experiment, samples
of all groups were run on one plate with two technical replicates. Gapdh was
used as an endogenous control to normalize the variability in expression
levels, and results were expressed as fold increase.

Lysate preparation and Western blot analysis

Inflammatory cells harvested from the pleural cavity were washed with PBS
and whole-cell extracts were prepared as previously described (15, 25).
Protein amounts were quantified with the Bradford assay reagent from Bio-
Rad (Bio-Rad, Hercules, CA). Extracts (50 pg) were separated by electro-
phoresis on a denaturing 10-15% polyacrylamide-SDS gel and electro-
transferred to nitrocellulose membranes, as described (26). Membranes were
blocked overnight at 4°C with PBS containing 5% (w/v) nonfat dry milk and
0.1% Tween 20, washed three times with PBS containing 0.1% Tween 20,
and then incubated with specific primary Abs (Mcl-1, p-ERK1/2, p—IkB-a,
AnxAl, GILZ, MKP-1, or anti B-actin) using a dilution of 1:1000 in PBS
containing 5% (w/v) BSA and 0.1% Tween 20. After washing, membranes
were incubated with appropriated HRP-conjugated secondary Ab (1:3000).
Immunoreactive bands were visualized by using ECL detection system, as
described by the manufacturer (GE Healthcare, Piscataway, NJ).

Measurement of cytokines and chemokines

The levels of cytokines IL-1B, TNF-a, and IL-6 and of the chemokines
CCL2 and CCL5 were measured in supernatants obtained from pleural
cavity washes after TAT-GILZ treatment or at different time points after
LPS challenge in GILZ-deficient male mice and C57BL/6 littermates by
ELISA, using commercially available Abs according to the procedures
supplied by the manufacturer (R&D Systems, Minneapolis, MN).

Corticosterone assay

Blood samples of mice injected with saline or LPS were collected with
heparin and centrifuged at 2000 X g for 15 min for plasma collection.
Samples were stored at —80°C until assayed. Corticosterone was measured
using a corticosterone EIA kit (Cayman Chemical, Ann Arbor, MI),
according to the manufacturer’s instructions.

Statistical analysis

All results are presented as the means = SEM. Data were analyzed by one-
way ANOVA, and differences between groups were assessed using the
Student—Newman—Keuls posttest. When only two groups were evaluated,
a Student ¢ test was used. A p value <0.05 was considered significant.
Calculations were performed using the Prism 5.0 software for Windows
(GraphPad Software, San Diego, CA).

Results

Self-resolving inflammation of LPS-induced pleurisy is
accompanied by increased expression of GILZ in resolution
macrophages

We performed experiments in a well-established model of LPS-
induced pleurisy (15, 21). In this model i.pl. injection of LPS
induces a time-dependent influx of neutrophils into the pleural
cavity of mice that peaks at 8-24 h and decreases thereafter.
Resolution of neutrophilic inflammation took place at 48 h, co-
incident with the mononuclear cell influx into the pleural cavity
(Fig. 1A). Next, we investigated whether GILZ expression was
associated with resolution phase of neutrophilic inflammation and

GILZ INDUCES RESOLUTION OF INFLAMMATION

whether macrophages were a source of this protein. As observed in
Western blot (Fig. 1B) and quantitative PCR analysis (Fig. 1C),
GILZ was detected in PBS-injected mice, virtually disappeared
during LPS-induced neutrophilic infiltration, and was again strongly
detected during the resolution phase (48-72 h). The kinetics of
AnxAl expression were quite similar to GILZ as shown by Western
blot (15) and quantitative PCR (Supplemental Fig. 1). In the early
phase of inflammation macrophages are an important source of
cytokines and inflammatory mediators, but at later time points this
cell type is crucial for the resolution of inflammatory response (27).
Based on a recent description of three macrophage populations,
that is, M1 (F4/80°°Gr1"Cd11b™%), M2 (F4/80"€"Gr1~Cd11b"™e"),
and Mres (F4/80™Cd11b'°%) (28, 29), we performed evaluation of
these populations by flow cytometry in cells from the pleural cavity
of LPS-injected mice. As shown in Fig. 1D and 1G, we detected
more M2 and Mres macrophages at 48 h. M2 macrophages were
detected in PBS-injected mice, were significantly reduced at 8 h,
and significantly increased at 48 h after LPS challenge (Fig. 1D).
The number of M2 cells was higher than that of Mres (Fig. 1D, 1G).
The kinetics of M2 macrophage numbers were quite similar to those
of GILZ and AnxA1 expression. In contrast, M1 macrophages were
not detected in PBS-injected mice, were abundant at 8 h, and vir-
tually disappeared 48 h after LPS challenge (Supplemental Fig.
2A). In M1 macrophages, GILZ expression was not detected in
PBS-injected mice, but it was increased at 8 and 48 h after LPS
injection (Supplemental Fig. 2B). In contrast, AnxA1 expression in
M1 macrophages was increased at 8 h but virtually disappeared
48 h after LPS challenge (Supplemental Fig. 2C). Significantly,
expression of both GILZ and AnxA1l was increased in M2 (Fig. 1E
and 1F, respectively) and Mres macrophages (Fig. 1H and 11, re-
spectively) at 48 h; AnxA1" Mres macrophages were approximately
10-fold more abundant than GILZ* Mres macrophages (Fig. 1H,
1I). The gating strategy used is shown in Supplemental Fig. 2D.
These results indicate that changes in GILZ expression in macro-
phages coincide with self-resolving neutrophilic inflammation.

Pre- and posttreatment of LPS-inflamed mice with the TAT-
GILZ peptide induces resolution of neutrophilic inflammation

Next, we evaluated the effects of TAT-GILZ, a GILZ fusion protein
containing a TAT peptide to allow the in vivo delivery of the protein,
on resolution of inflammation. TAT-GILZ or the peptide control
(TAT peptide only) were injected before LPS challenge, and cells
were collected at 4, 8, 24, 48, and 72 h after challenge. We quantified
the resolution interval (Ri) by defining acute inflammatory param-
eters (23, 24). Pretreatment with TAT-GILZ significantly reduced
the number of PMN recruited to the pleural cavity and shortened R;
by ~12 h (Fig. 2A). To verify its therapeutic potential, TAT-GILZ
was administered 4 h after LPS challenge and cells were obtained
from the pleural cavity by washing at 5, 8, and 24 h after LPS
administration. Posttreatment of mice with TAT-GILZ greatly de-
creased neutrophil accumulation in the pleural cavity at 8 and 24 h
(Fig. 2C). In both protocols, TAT-GILZ treatment did not signifi-
cantly alter the number of mononuclear cells (Fig. 2B, 2D), and
TAT peptide alone had no significant effect. In keeping with these
findings, treatment of mice with TAT-GILZ 4 h after LPS challenge
decreased pleural IL-6 and TNF-a levels (Fig. 2E and 2F, respec-
tively) but did not modify pleural IL-1B levels (Fig. 2G). These
results indicate that pharmacological treatment with a GILZ fusion
protein induces resolution of neutrophilic inflammation.

TAT-GILZ promotes resolution of neutrophilic inflammation by
inducing neutrophil apoptosis and inhibiting survival pathways

We queried whether the induction of leukocyte apoptosis was an
underlying mechanism of TAT-GILZ-induced resolution of LPS-
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FIGURE 1. Time course of GILZ expression during LPS-induced pleurisy. Mice were injected with LPS (250 ng/cavity, i.pl.) or PBS and the cells
present in the pleural cavity were harvested at several time points and processed for total and differential leukocyte counts of cytospin preparations by (A)
light microscopy, (B) Western blot, and (C) quantitative PCR analysis for GILZ expression. Flow cytometry analysis of pleural leukocytes collected after
PBS or LPS injection is shown. (D) M2 (F4/80™&"Gr1~CD11b"&") number, (E) M2 expressing GILZ, and (F) AnxAl. (G) Mres (F4/80™¢CD11b"")
number, (H) Mres expressing GILZ, and (I) AnxAl. Results are expressed as the number of cells per cavity or fold increase and are shown as the mean =
SEM of at least five mice in each group. Quantitative PCR data were performed in samples from control and treated groups of at least five animals for each
time point. Analyses of gene expression were performed with two technical replicates with samples of all groups run on one plate. For loading control,
membranes were reprobed with anti—B-actin. Blots are representative of three independent experiments using pooled cells from at least five animals in each
experiment. *p < 0.05, **p < 0.01 when compared with PBS-injected mice. 'p < 0.05, #p < 0.01, " p < 0.001 when compared with 8 h after LPS-

injected mice.

induced pleurisy. To investigate this, TAT-GILZ-injected mice
were pretreated with a broad-spectrum caspase inhibitor, zZVAD-
fmk. The results presented in the Fig. 3A show that the effect of
TAT-GILZ on pleural neutrophil numbers was prevented by the
pan-caspase inhibitor. Importantly, treatment with zZVAD alone did
not alter the kinetics of neutrophil recruitment after injection of
LPS (21). Accordingly, treatment of mice with TAT-GILZ induced

neutrophil apoptosis in the pleural cavity, as assessed using either
morphological criteria (Fig. 3B) or annexin V staining (Fig. 3C).
In contrast, treatment with TAT-GILZ did not induce apoptosis
of macrophages (Supplemental Fig. 3). We also evaluated bio-
chemical markers of survival pathways that control neutrophil
lifespan. Using Western blotting of cell extracts of TAT-GILZ—-
treated mice, we found that treatment with TAT-GILZ reduced
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cellular levels of p-ERK1/2, p—IkB-a, and Mcl-1 (Fig. 3D). Taken
together, these findings indicate that GILZ plays an important role
in the signaling events leading to the neutrophil proapoptotic
program during the resolution of acute inflammation.

Resolution of neutrophilic inflammation in GILZ™'~ mice was
accompanied by increased levels of AnxAl and corticosterone

In attempt to characterize better the role of endogenous GILZ in
resolution of acute inflammation, we conducted a kinetic study of
LPS-induced pleurisy in GILZ™~ mice and compared them to
wild-type (WT) littermates (C57BL/6). The resolution of inflam-
mation was accompanied by decreased neutrophil accumulation in
the pleural cavity in both GILZ™/~ and WT mice (Fig. 4A). The
number of pleural mononuclear cells at 48 h after LPS was lower
in GILZ™'™ mice than in WT mice (Fig. 4B). Pleural levels of the
cytokines IL-6 and TNF-a and monocyte chemoattractive che-
mokines CCL2 and CCL5 were similar in WT and GILZ '~ mice
(Fig. 4C).

Based on previous studies in which using small interfering RNA
strategies to inhibit GILZ resulted in exacerbation of inflammatory
response (10, 13), similar resolution of LPS-induced inflammation
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in GILZ™'~ and WT mice (Fig. 4A) was unexpected. We hy-
pothesized the existence of compensatory mechanisms such as the
expression of other GC-induced proteins in the setting of GILZ
deficiency. Interestingly, GILZ '~ mice showed an early increase
of the active intact anti-inflammatory 37-kDa form of AnxAl, but
not MKP-1, another GC-induced anti-inflammatory protein that
inhibits MAPK activation (Fig. 4D). GILZ ™"~ mice had increased
expression of AnxAl without stimulation (PBS injected mice) as
compared with WT mice (Supplemental Fig. 4). When mice were
challenged with LPS, detectable AnxAl was almost entirely in
the cleaved (inactive) form in WT mice, whereas intact AnxAl
remained abundant in GILZ™'~ mice and AnxAl mRNA was
increased (Supplemental Fig. 4).

It has been demonstrated that lack of AnxA1 results in increased
numbers of corticotrophs (30), and AnxAl1~'" mice show in-
creased corticosterone levels after inflammatory stimulus (31).
Therefore, we hypothesized that an increase in corticosterone
levels could underlie the increased expression of AnxAl in GILZ-
deficient mice. Plasma corticosterone levels in GILZ '~ mice
after LPS stimulation were twice those observed in WT mice (WT,
60.7 + 11.9 ng/ml; GILZ™'~, 126.5 + 30.6 ng/ml; p < 0.05).
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FIGURE 3. Effect of treatment with TAT-GILZ on neutrophil apoptosis in vivo. Mice were injected with LPS (250 ng/cavity, i.pl.) or PBS and 4 h later
received an injection of TAT (0.1 mg/kg, i.p.), TAT-GILZ (0.2 mg/kg, i.p.), or vehicle. The pan-caspase inhibitor zZVAD-fmk (1 mg/kg, i.p.) was given 15
min before the peptide. (A) The number of neutrophils, (B) cells with distinctive apoptotic morphology, (C) frequency of annexin V* neutrophils, and (D)
Western blot to detection of p-ERK, Mcl-1, and p—IkB-a were evaluated 4 h after peptide treatment. For loading control, membranes were reprobed with
anti—(-actin. Blots are representative of three independent experiments using pooled cells from at least five animals in each experiment. *p < 0.05, ***p <
0.001 when compared with PBS-injected mice. *p < 0.05 when compared with 8 h after LPS-challenged mice.

These data are akin to those observed when comparing AnxAl-
deficient mice (31), suggesting a regulatory effect on corticoste-
rone production in absence of either of these GC-induced proteins.
Taken together, these findings suggest that self-resolution of in-
flammation in GILZ™’~ mice may depend on a compensatory
effect mediated by overexpression of AnxAl induced by endog-
enous GC.

Anti-AnxAl abolished Dex-induced GILZ accumulation

AnxAl is a GC-induced protein that mediates the anti-inflam-
matory and proresolving activities of endogenous and exogenous
GC (15, 18, 32). It was demonstrated in in vitro experiments using
AnxA1~’~ macrophages that GILZ is a mediator of the anti-
inflammatory effects of AnxA1 (20). Therefore, we asked whether
AnxAl is upstream of GILZ during responses to exogenous GC in
our in vivo phlogistic settings. Treatment of LPS-injected mice

with Dex decreased pleural neutrophil accumulation (Fig. 5A).
Compared to PBS-treated controls, the administration of LPS
markedly inhibited GILZ expression in pleural cells, but this ef-
fect was reversed by GC treatment, as evidenced by increased
GILZ expression in Dex-treated mice (Fig. 5B). To evaluate
whether AnxAl could control GILZ expression in vivo, mice were
treated with anti-AnxA1 neutralizing Ab before Dex treatment.
Neutralization of AnxA1l abolished the effects of Dex on neutro-
phil accumulation (Fig. 6C) as previously shown (15) and in-
hibited the expression of GILZ (Fig. 5C), suggesting that AnxAl
is required for GC induction of GILZ in vivo. Next, we evaluated
whether Ac2-26, a synthetic peptide that contains the N-terminal
active portion of AnxAl, could induce GILZ expression. By flow
cytometry, we found that Ac2-26 peptide treatment increased
intracellular GILZ in macrophages (F4/80* cells) within 1 h
(Fig. 5D). This result was not seen in neutrophils, examined by
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FIGURE 4. Time course of leukocyte influx, cytokine/chemokine, and AnxAl levels during LPS-induced inflammation in WT and GILZ ~/~ mice. WT
and GILZ ™'~ mice were injected with LPS (250 ng/cavity, i.pl.) and the cells present in the pleural cavity were harvested at different times and processed
for total and differential leukocyte counts of cytospin preparations by (A and B) light microscopy and (D) Western blot analysis for AnxA1 and MKP-1. (C)
Levels of IL-6, TNF-a, CCL2, and CCL5 (in pg/ml) were measured by ELISA assay in supernatants obtained from pleural cavity washes after LPS
injection. Results are shown as the mean = SEM of at least four mice in each group. For loading control, membranes were reprobed with anti—3-actin. Blots
are representative of two independent experiments using pooled cells from at least four animals in each experiment. *#p < 0.01 when GILZ KO mice were
compared with WT mice 48 h after LPS challenge. For levels of IL-6, TNF-a, CCL2, and CCLS5: *p < 0.05, **p < 0.01 when compared with 8 h after
LPS-challenged mice WT groups. *p < 0.01 when compared with 4 or 8 h after LPS-challenged mice KO groups.

labeling GILZ in cells stained with Gr1™ in the same experi-
mental setting (data not shown).

Neutralizing AnxAl in GILZ™'™ mice abolishes resolution of
neutrophilic inflammation

Next, we queried whether GC could induce resolution of inflam-
mation in the absence of GILZ. Treatment of LPS-injected mice
with Dex promoted resolution of neutrophilic inflammation in both
WT and GILZ ™'~ mice genotypes (Fig. 6A). In WT mice, reso-
lution of inflammation was associated with increased expression
of intact AnxAl. As shown before (Fig. 4D, Supplemental Fig.
4A), GILZ™'~ mice expressed increased intact AnxAl in pleural
cavity cells after LPS injection (compare lanes I and 3, Fig. 6B),
and this was not further increased by Dex treatment (compare
lanes 3 and 4, Fig. 6B). Finally, we investigated whether inhibiting
AnxAl in GILZ™'~ mice could affect the phenotype of these
mice. By using an AnxA1 neutralizing Ab previously used in other
studies (15, 22), we showed that mice in which AnxAl was
neutralized were refractory to resolution induced by Dex (Fig.
6C), indicating that by preventing the compensatory effects of
AnxAl, GILZ™'~ mice lost the ability to resolve inflammation in
response to GC treatment. Of note, treatment of mice with a con-

trol goat nonimmune serum had no effect on the resolution of
inflammation (data not shown). These results clearly suggest that
enhanced AnxAl expression compensates for the lack of GILZ in
mediating acute and GC-induced resolution of inflammation.

Discussion

GCs are potent anti-inflammatory and immunosuppressive drugs
that are used therapeutically for the treatment of many inflam-
matory conditions. The broad-spectrum effects of GCs depend on
their inhibitory effects on transcription factors, such as NF-kB and
AP-1, and their capacity to induce anti-inflammatory regulatory
proteins. Our group has recently shown the importance of AnxAl,
a GC-induced protein, in driving natural and Dex-induced reso-
lution of inflammation (15). Another GC-induced protein, GILZ,
has been reported to interact with the same transcription factors as
those of the GC receptor, and thereby to inhibit inflammation (8).
However, the role of endogenous GILZ on natural and GC-
induced resolution of acute inflammation has not been estab-
lished. In this work, we studied whether GILZ mediates GC
effects in the resolution of inflammation and investigated the
proresolving properties of exogenously administrated GILZ.
Moreover, because GILZ mediates AnxAl anti-inflammatory ac-
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tivity in macrophages (20), we investigated the possible relation-
ship between GILZ and AnxAl in the resolution of neutrophilic
inflammation. We found that GILZ is expressed in resolving Mres
and M2 macrophages, suggesting that GILZ could play a key role
in macrophage-induced resolution activities. Exogenous admin-
istration of a GILZ fusion protein (TAT-GILZ) promoted resolu-
tion of acute inflammation by inducing neutrophil apoptosis. In
GILZ ™'~ mice, despite decreased mononuclear cell numbers,
natural resolution of inflammation was unaltered, associated with
enhanced plasma levels of corticosterone and early appearance of
intact AnxAl. These latter results suggest that AnxAl compen-
sates for the lack of GILZ and permits natural resolution of in-
flammation in GILZ™’~ mice. Finally, we showed that GILZ
expression is dependent on AnxA1l during Dex-induced resolution
of LPS inflammation, and Dex-induced resolution of inflammation
is preserved in GILZ '~ mice, an effect explained by a compen-
satory increase in expression of AnxAl.

The kinetics of GILZ expression during a self-resolving model
of pleurisy were similar to kinetics of AnxAl expression (and as
described in Ref. 15); that is, resident cells of the pleural cavity
express GILZ and during the productive phase of LPS-induced
pleurisy GILZ expression is inhibited. Indeed, it has been dem-
onstrated that GILZ is downregulated in human alveolar macro-
phages upon TLR activation (33) and in HUVECs and mac-
rophages upon treatment with TNF-a (34). In contrast, during the
resolution phase, 48-72 h after LPS, GILZ expression was up-
regulated, and cells producing GILZ and AnxAl were mostly
Mres and M2 macrophages.

Macrophages are thought to be important at the onset of in-
flammation by producing proinflammatory mediators and per-
forming effector functions. As the inflammatory response evolves,
macrophages are reprogrammed toward a more resolving/restorative
phenotype and are orchestrators of a series of events leading to
successful resolution of inflammation (27, 35). One of the main
functions of macrophages is elimination of apoptotic granulocytes
(efferocytosis). Indeed, efferocytosis itself may reprogram macro-
phages with change of their phenotype. In models of self-resolving
inflammation, various phenotypes of macrophages may coexist (28,
36, 37). M2 (or M2-like) macrophages are highly efferocytic and

PBS I Ac2261h
LPS 250ng/cavity

produce anti-inflammatory molecules such as IL-10 and TGF-3 and
biologically active amounts of proresolving mediators, including
resolvins, protectins, and maresins (29, 38). Such mediators have
the potential to inhibit further PMN recruitment, intensify monocyte
migration, and amplify efferocytosis. M2 macrophages then switch
to Mres phenotype, which display reduced phagocytosis, but instead
produce antifibrotic and antioxidant proteins that limit tissue damage
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FIGURE 6. Effect of treatment with Dex and anti-AnxAl antiserum in
GILZ™’~ mice. WT and GILZ ™'~ mice were injected with LPS (250 ng/
cavity, i.pl.) or PBS and 4 h later received an injection of Dex (2 mg/kg,
i.p.) or antiserum anti-AnxA1 (200 pl, i.p.) 1 h before Dex. Cells present in
the pleural cavity were harvested 4 h after Dex or Dex plus anti-AnxA1l
and processed for (A and C) neutrophil counts and (B) Western blot
analysis of AnxAl. Results are shown as the mean = SEM of at least five
mice in each group. For loading control, membranes were reprobed with
anti—B-actin. Blots are representative of two independent experiments
using pooled cells from at least five animals in each experiment. **#p <
0.001 when compared with PBS-injected mice, *p < 0.05 when compared
with 8 h after LPS-challenged mice.
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and fibrosis (28). It has been demonstrated that GILZ is constitu-
tively expressed in nonphlogistic conditions in human and murine
macrophages (39). In the present study, we demonstrated that
GILZ was expressed in M2 and Mres macrophages and its ap-
pearance coincides with resolution of inflammation. Indeed,
GILZ acts physiologically to balance the inflammatory process
(5), and in this study we show, to our knowledge for the first
time, a temporal relationship between increases in GILZ and
M2/Mres macrophages during the resolution of inflammation.
Many mediators can accelerate the clearance of apoptotic gran-
ulocytes mediated by macrophages, including AnxA1l, IL-10, and
proresolution lipids (2). The increased expression of GILZ and
AnxA1 (15) observed during the resolution phase of inflammation
may contribute to increase the efferocytic capacity of macrophages,
an effect already demonstrated for AnxAl (17, 40).

Similar to AnxA1l, GILZ has been shown to mediate several anti-
inflammatory effects of GC, including modulation of T lymphocyte
activation, apoptosis of thymocytes, and antiproliferative and anti-
inflammatory activities, and it is upregulated by IL-10 and TGF-$
in several cell types (7, 8). More recently, a study showed that
GILZ promoted the induction of regulatory T cells and that lack of
GILZ in T cells of GILZ knockout (KO) mice caused the devel-
opment of spontaneous colitis (41). In this study, we demonstrated
that treating mice with a TAT-GILZ fusion protein induced reso-
lution of neutrophilic inflammation in both preventive and ther-
apeutic schedules. TAT-GILZ accelerated resolution of acute
inflammation, reducing the magnitude of PMN infiltration and
shortening the resolution interval. Additionally, we showed that
TAT-GILZ treatment was associated with decreased levels of the
important proinflammatory cytokines, IL-6 and TNF-a. Indeed, in
more complex models of inflammation where TAT-GILZ was used
it was an effective strategy to control inflammation. For instance,
TAT-GILZ administration promoted a protective effect in a model
of inflammatory bowel disease (9) and spinal cord injury (12).
Moreover, recent studies showed that GILZ overexpression in-
hibits endothelial cell adhesion function (42) and protects against
endotoxemia (43) and arthritis (13).

The apoptosis of neutrophils is an important event in resolution
of acute inflammation (2, 15, 21). The involvement of GILZ in the
process of apoptosis has been suggested by experiments in GILZ
transgenic mice, which overexpress GILZ in the T cell lineage.
Thymocytes from these mice undergo apoptosis, activate caspase-
8 and caspase-3, and downregulate Bcl-x;, suggesting that GILZ
has effects similar those of GCs (44). Alternatively, another study
showed that GILZ inhibited thymocyte apoptosis induced by TCR
activation by inhibiting NF-kB activity and IL-10 production (45).
Additionally, GILZ did not induce apoptosis in mature mouse
T cell lymphocytes (8, 44). These results indicate that GILZ
regulates T cell apoptosis and, similar to GC, induces apoptosis in
resting T cells while protecting activated T lymphocytes. Inhibi-
tion of the PI3K/Akt pathway resulted in GILZ upregulation and
increased apoptosis of multiple myeloma cells (46). Interestingly,
GILZ acts as a Ras signal suppressor and decreases activation
of ERK and Akt, leading to reduction of cell proliferation and
transformation (47). Furthermore, GILZ interacts with mamma-
lian target of rapamycin complex 2, inhibiting AKT phosphory-
lation and activating FOXO3a-mediated transcription of the
proapoptotic protein Bim in BCR-ABL" cells (48). In our study,
we demonstrated, to our knowledge for the first time, that TAT-
GILZ was able to induce neutrophil apoptosis and inhibit impor-
tant prosurvival pathways such as p-ERK1/2, NF-kB, and Mcl-1.
Altogether, these data clearly do show that GILZ plays an important
role in the signaling events underlying the proapoptotic and pro-
resolving effects that lead to resolution of acute inflammation.

GILZ INDUCES RESOLUTION OF INFLAMMATION

A study of Yang et al. (20) showed that GILZ could be a me-
diator of the anti-inflammatory effects of AnxAl, a known anti-
inflammatory and proresolving protein (4, 32). They showed lower
levels of GILZ in Dex-treated AnxAl-deficient macrophages, as
compared with Dex-treated WT macrophages (20). A follow-up
study using lung fibroblasts showed that the involvement of
AnxAl in GC induction of GILZ was independent of formyl
peptide receptor 2, suggesting that there was no requirement for
engagement of the AnxA1 receptor for effects on GILZ expression
(49). Our group has previously shown that by inhibiting AnxAl,
the effect of Dex to induce resolution of neutrophilic inflammation
was abolished (15). Importantly, in the present study, we show that
this effect is associated with decreased GILZ expression, sug-
gesting that in vivo there is a crosstalk between GILZ and AnxAl.
Moreover, the inhibition of the compensatory increase of AnxAl
in GILZ™~ mice induced refractoriness to resolution induced by
Dex. Indeed, we were able to show in vivo that injection of the
AnxAl peptide Ac2-26 in LPS-inflamed mice increased GILZ
expression in macrophages, an effect not shown in vitro (20).
Therefore, these findings suggest a regulatory relationship be-
tween AnxAl and GILZ, in which AnxAl is involved in a
mechanism leading to modulation of GILZ expression in in vivo
settings.

In the model of LPS-induced pleurisy used in this study, GILZ
deficiency resulted in a reduction of the number of total leukocytes
and mononuclear cells, but curiously the absence of GILZ did not
modify the natural course of resolution of neutrophilic inflam-
mation, that is, neutrophilic inflammation resolved similarly in
GILZ-deficient and WT mice. In a self-resolving model of zymosan-
induced peritonitis, AnxAl-deficient mice resolved inflammation
similarly to WT mice, despite greater numbers of neutrophils and
increased amounts of the chemokines KC and IL-1( at early time
points (50). Additionally, AnxA1l KO mice showed defective GC
suppression of inflammation in carrageenan-induced edema,
zymosan-induced peritonitis, and Ag-induced arthritis, when GC
was administered previously to the inflammatory stimulus (18,
32). In the context of GILZ deficiency it has been demonstrated
that inhibition of endogenous GILZ by small interfering RNA

TAT-GILZ
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— and TNF-a
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and NF-kB activation |8
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FIGURE 7. Proposed model for TAT-GILZ-induced resolution of in-
flammation. TAT-GILZ, a GILZ fusion protein containing a TAT peptide to
allow the in vivo delivery of the protein, decreases proinflammatory
cytokines IL-6 and TNF-a, inhibits prosurvival proteins such as p-ERK1/2,
p-IkB-a, and Mcl-1, short resolution intervals, and also promotes neu-
trophil apoptosis. These sequences of events result in an efficient resolu-
tion of acute inflammation.
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increased the severity of a mouse model of collagen-induced
arthritis, with enhanced production of TNF-a and IL-13 (10).
However, GILZ KO mice did not present difference in severity of
inflammation as compared with WT mice in a model of arthritis
(13), although GILZ treatment using an adenoviral strategy was
therapeutically effective. This latter study (13) is in agreement
with our findings using LPS-induced inflammation, showing that
absence of GILZ does not modify the severity or course of natural
resolution of inflammation, but that an exogenous GILZ-based
strategy efficiently resolves acute inflammation. Taken together,
these studies indicate that GILZ may affect differently the out-
come of inflammation resolution in different experimental models,
possibly due to the fact that GILZ and AnxAl influence each
other’s expression. In contrast to these findings, it has been shown
that there was worsening of arthritis and refractoriness to Dex
treatment after silencing GILZ expression in vivo (10). In our
experiments, the kinetics of cell influx and the effects of Dex were
unaltered in GILZ-deficient mice. Because in our experimental
conditions there was enhanced expression of AnxAl in the ab-
sence of GILZ, it was reasonable to suggest that compensatory
AnxA1l expression in GILZ KO mice could replace the loss of
GILZ. Interestingly, increased levels of AnxAl in GILZ-deficient
mice after LPS stimulus were associated with increased plasma
levels of corticosterone. More importantly, blockade of AnxAl
with a neutralizing Ab blocked the capacity of GCs to promote
resolution in GILZ-deficient mice, suggesting that the increase of
AnxAl in the absence of GILZ could account for the normal
resolution phenotype in these mice. The ability of AnxAl to exert
inhibitory effects in the absence of GILZ also likely explains the
hitherto perplexing observation that GILZ deficiency does not
appear to impair the anti-inflammatory effects of GC (13). In this
context, the potential for a GILZ-based therapy to be proresolving
during inflammation is fairly clear. There are as yet no data on
which to determine whether such an approach would result in GC-
like immunosuppressive effects, as well as increased infections,
during chronic therapy.

In conclusion, our findings indicate that although endogenous
GILZ is redundant for the self-resolving model of acute inflam-
mation used in the present study, therapeutic administration of GILZ
efficiently induces a proapoptotic program in neutrophils leading to
resolution of acute inflammation (Fig. 7). To our knowledge, this is
the first observation that GILZ promotes resolution of neutrophilic
inflammation by inducing apoptosis of neutrophils. Moreover, our
results suggest that the lack of phenotype of GILZ-deficient mice in
some experimental contexts is likely due to compensation mediated
by an increase in AnxA1 expression. Hence, these results reinforce
the idea that there is a coordinated regulation of GILZ and AnxAl,
and that exploitation of the association of these proteins may rep-
resent a powerful anti-inflammatory strategy for the treatment of
inflammatory diseases.
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