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a  b  s  t  r  a  c  t

T-cell  intracellular  antigen-1  (TIA-1)  is  a  translational  repressor  that  dampens  the  production  of  proin-
flammatory  cytokines  and  enzymes.  In  this  study  we  investigated  the  role  of  TIA-1  in  a  mouse  model
of  pulmonary  inflammation  induced  by  exposure  to the  allergenic  extract  (Df)  of  the  house  dust  mite
Dermatophagoides  farinae.  When  intranasally  challenged  with  a low  dose  of  Df,  mice  lacking  TIA-1  pro-
tein  (Tia-1−/−)  showed  more  severe  airway  and  tissue  eosinophilia,  infiltration  of  lung bronchovascular
bundles,  and  goblet  cell  metaplasia  than  wild-type  littermates.  Tia-1−/− mice  also  had  higher  levels  of

−/−

-cell intracellular antigen-1
llergen-mediated pulmonary

nflammation
ytokines
ranslation

Df-specific  IgE  and  IgG1 in  serum  and  ex  vivo  restimulated  Tia-1 lymph  node  cells and  splenocytes
transcribed  and  released  more  Th2/Th17  cytokines.  To  evaluate  the  site  of  action  of  TIA-1,  we  stud-
ied  the  response  to Df in bone  marrow  chimeras.  These  experiments  revealed  that  TIA-1  acts  on  both
hematopoietic  and  non-hematopoietic  cells  to  dampen  pulmonary  inflammation.  Our  results  identify
TIA-1  as a  negative  regulator  of  allergen-mediated  pulmonary  inflammation  in  vivo.  Thus,  TIA-1  might

 the  p
be an  important  player  in

. Introduction

Asthma is a common syndrome characterized by reversible
irflow obstruction, airway hyperresponsiveness, and chronic
nflammation of the bronchial mucosa [1,2]. Asthma is commonly
ssociated with atopy, the tendency to form IgE to innocuous envi-
onmental proteins (allergens) [3].  At least some of the lower

irway pathology in asthma is thought to be driven by the
daptive immune response to allergens, with house dust mite aller-
ens being the most prevalent environmental proteins to which

Abbreviations: ARE, adenosine/uridine rich element; ARE-BP, ARE-binding pro-
ein; BAL, bronchoalveolar lavage; BM,  bone marrow; BV, bronchovascular; BVB, BV
undle; CAE, chloroacetate esterase; CR, Congo red; Df,  protein extract from Der-
atophagoides farinae; PAS, period acid Schiff; PLN, parabronchial lymph nodes;

ia-1, gene encoding for T-cell intracellular antigen-1 protein; TIA-1, T-cell intra-
ellular antigen-1 protein; 3′ UTR, 3′ untranslated region; WT,  wild-type.
∗ Corresponding author at: Division of Rheumatology, Immunology and Allergy,
righam and Women’s Hospital, Smith Research Building, Room 638B, 1 Jimmy Fund
ay, Boston, MA 02115, USA. Tel.: +1 617 525 1202; fax: +1 617 525 1310.

E-mail address: panderson@rics.bwh.harvard.edu (P.J. Anderson).

165-2478/$ – see front matter ©  2012 Elsevier B.V. All rights reserved.
ttp://dx.doi.org/10.1016/j.imlet.2012.04.001
athogenesis  of bronchial  asthma.
© 2012 Elsevier B.V. All rights reserved.

asthmatic subjects are sensitized [4,5]. The presence of IgE spe-
cific for dust mite and other allergens permits immediate-type
hypersensitivity responses in the respiratory mucosa in response
to allergen exposure. Additionally, allergen-specific T cells gener-
ate cytokines that initiate and amplify the characteristic pathologic
features [6–8]. These features (eosinophilia, neutrophilia, goblet
cell metaplasia, and remodeling) are thought to reflect contribu-
tions from both T helper (Th)2 (IL-4, IL-5, IL-13) and Th17 (IL-17A,
IL-17F)-type cytokines, all of which are readily demonstrable in
biopsies from the airways of asthmatic individuals [9–12], and all
of which are induced by mouse models of airway disease triggered
by sensitization and challenge to antigen [13–17].

Cytokine generation is essential for the development of specific
immune responses and clearance of pathogens, but has the poten-
tial to cause disease if dysregulated or prolonged [18,19].  Thus,
the profile and magnitude of cytokines generated in response to
a stimulus is controlled by several mechanisms. Transcription
factors determine the development of specific Th1 (T bet), Th2

(GATA3) and Th17 (Ror�T) subsets with specialized profiles of
cytokine generation in response to cell activation [20–23].  Post-
transcriptional control of nuclear export, cytoplasmic localization,

dx.doi.org/10.1016/j.imlet.2012.04.001
http://www.sciencedirect.com/science/journal/01652478
http://www.elsevier.com/locate/immlet
mailto:panderson@rics.bwh.harvard.edu
dx.doi.org/10.1016/j.imlet.2012.04.001
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ranslation initiation, and degradation of cytokine transcripts
lso plays a major role in setting the level of cytokine production
24–26]. Most posttranscriptional control mechanisms dampen
ytokine expression as a check on the overproduction of poten-
ially injurious inflammatory mediators [24–26].  A common type
f posttranscriptional control is mediated by adenine/uridine-rich
lements (AREs) found in the 3′ untranslated regions (UTRs) of
ytokine transcripts that recruit one or more ARE-binding proteins
ARE-BPs) to regulate the translation and stability of specific tran-
cripts [25,27,28].  These posttranscriptional control mechanisms
re critical determinants of inflammatory mediator production in
ells of both the innate and adaptive immune systems [24–28].

T-cell intracellular antigen-1 (TIA-1) is an ARE-BP that func-
ions as a translational silencer [29]. TIA-1 binds to AREs in the
′ UTRs of mRNAs that encode inflammatory mediators such as
umor necrosis factor (TNF)-� [29]. TIA-1 also targets mRNAs
hat encode pro-inflammatory enzymes such as cyclooxygenase-

 (COX-2) [30,31].  Binding of TIA-1 inhibits translation initiation
y a partially characterized mechanism [32]. Recent data implicate
IA-1 and TIAR proteins as key factors in the translation regula-
ion of mRNAs bearing 5′-terminal oligopyrimidine tracts (5′TOPs)
33,34].

Because inhibition of translation initiation prevents the assem-
ly of polysomes, TIA-1 displaces its associated transcripts

nto non-polysomal ribonucleoprotein (RNP) particles [32,35]. By
oordinately repressing the translation of multiple inflamma-
ory mediators, TIA-1 applies a posttranscriptional “brake” that
revents pathological inflammation [25]. Mutant mice lacking
IA-1 (Tia-1−/− mice) have a profound inflammatory diathesis.
hey are markedly more susceptible to lipopolysaccharide (LPS)-
nduced septic shock than WT  controls [29]. Moreover, Tia-1−/−

ice develop spontaneous arthritis, associated with patholog-
cal overexpression of TNF-� [36]. TIA-1 is widely expressed
n hematopoietic and non-hematopoietic cells [37]. Whereas
PS-activated Tia-1−/− macrophages overproduce TNF-�, T cell
eceptor-activated Tia-1−/− T cells do not [38]. TIA-1, however,
epresses the translation of IL-4 and IL-13 in T cell receptor-
ctivated T cells [39]. Thus, the effects of TIA-1 are cell-type and
ranscript specific.

In this study, we sought to determine the role of TIA-1 in
he control of pulmonary inflammation induced by the allergenic
xtract (Df) derived from the house dust mite, Dermatophagoides
arinae. The Df extract is biologically complex, can activate cells
f the innate immune system to initiate the immune response
4,40,41], and breaks tolerance through the respiratory mucosa,
otentially more closely mimicking the pathophysiology of atopic
ensitization in humans than traditional models using systemic
mmunization protocols with exogenous adjuvants [42]. Here we
how that TIA-1 exerts major control over the expression of
ytokines in parabronchial lymph nodes, thus dampening the Th2
nd Th17, but not Th1, responses elicited by the allergen and lead-
ng to exaggeration of pulmonary pathology. We  thus suggest that
ost-transcriptional control mechanisms operated by TIA-1 may
ontribute substantially to the pathogenesis of bronchial asthma.

. Materials and methods

.1. Df-induced pulmonary inflammation

C57BL/6 wild type (WT) and Tia-1−/− [29] littermate male mice
ere housed under specific pathogen-free conditions and main-
ained on a 12-h light/dark cycle. On days 0, 4, 7, 11, 14, and 18,
even- to nine week-old WT  and Tia-1−/− mice were lightly anes-
hetized and treated intranasally with 1 �g of protein extract from
he dust mite Dermatophagoides farinae (Df;  Greer Laboratories,
 Letters 146 (2012) 8– 14 9

Lenoir, NC) dissolved in 20 �l of endotoxin-free NaCl 0.9% (Sigma,
St. Louis, MO)  or the saline alone [15].

Twenty-four hours after the last treatment, NaCl- or Df-treated
mice were euthanized by i.p injection of an overdose of sodium
pentobarbital (Sigma) and were exsanguinated. Mice were then
cannulated with a polyethylene tube (22G; Terumo Medical Cor-
poration, Elkton, MD), lungs were washed three times with 0.7 ml
of ice-cold PBS containing 10% fetal bovine serum and 0.5 mM
EDTA. In >95% of the mice, the volume recovered was consis-
tently 1.9–2.0 ml.  The recovered bronchoalveolar lavage (BAL) was
centrifuged, the cells were separated from the fluid and cytocen-
trifuged onto slides and stained with Diff-quick (Fisher Diagnostic,
Middletown, VA). At least 200 leukocytes on the cytospin prepara-
tions were counted from non-adjacent optical fields and classified
as mononuclear cells (macrophages and lymphocytes), neutrophils,
or eosinophils, according to the standard hemocytological criteria.
All animal studies described in this paper were approved by the Ani-
mal  Care and Use Committee of the Dana Farber Cancer Institute
(Boston, MA).

2.2. Lung histology

Left lungs from NaCl- and Df-treated mice were fixed for at least
8 h in 4% paraformaldehyde in 0.1 M sodium phosphate (pH 7.6),
washed twice with PBS containing 2% DMSO, suspended in 50 mM
NH4Cl overnight at 4 ◦C and embedded in glycolmethacrylate as
described previously [43]. Two-micrometer-thick glycolmethacry-
late sections were stained by the chloroacetate esterase (CAE)
reaction to assess inflammatory cell infiltrates, the periodic acid
Schiff (PAS) reaction to depict mucus-secreting epithelial cells (gob-
let cells) or with Congo red dye to highlight eosinophil infiltrates.

The extent of cellular infiltration of the tissue was evaluated by
a pathologist without knowledge of the particular mouse strain or
procedure on fifteen bronchovascular bundles (BVBs) of compara-
ble large-caliber preterminal bronchi (diameter 200–220 �M)  from
the lung sections obtained for each mouse in the different experi-
mental groups. The goblet cells positively stained for the presence
of mucus were enumerated in at least four independent BVBs of
each lung. Data were expressed as the average of goblet cell counts
stained in each bronchus of each section per millimeter of bronchial
basal lamina, as measured by Image J (National Institutes of Health
image analysis software [http://rsbweb.nih.gov/ij]) [15].

2.3. Measurement of total and Df-specific serum Igs

Mice were bled and sera were collected and saved at −80 ◦C
until assayed. To measure Df-specific IgG1 and IgE a 96 well plate
was  coated with Df (5 �g/ml) and incubated at 4 ◦C overnight.
The plates were blocked with a buffer containing serum (assay
buffer; eBioscience, San Diego, CA) for 2 h, then serial dilu-
tions of sera were incubated for 2 h at room temperature
(for Df-specific IgG1), or overnight at 4 ◦C (for Df-specific IgE).
Immunoglobulin isotypes were measured by using either alka-
line phosphatase-conjugated anti-mouse IgG1 (1:2500, Southern
Biotech, Birmingham, AL) followed by substrate p-nitrophenyl
phosphate (read at 405 nm), or biotinylated anti-mouse IgE (mon-
oclonal clone R35-118 at 2 �g/ml, BD Biosciences, Franklin Lakes,
NJ) and streptavidin-horseradish peroxidase, followed by substrate
2,2′-azino-bis(3-ethylbenzothiazoline-6-sulphonic acid) (read at
405 nm).

2.4. In vitro restimulation of splenocytes and lymph node cells

with Df

Spleens and parabronchial lymph nodes (PLNs) were collected
from each mouse and separately homogenized through a 70-�m

http://rsbweb.nih.gov/ij
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ylon mesh (BD Biosciences) in complete medium [RPMI-1640 con-
aining 10% FBS (Sigma), 1% non-essential amino acids (Sigma),

 mM l-Glutamine (Sigma), 100 U/ml penicillin and 100 �g/ml
treptomycin (Sigma), 25 mM HEPES (Mediatech-Cellgro, Man-
ssas, VA), 1 mM sodium pyruvate (Mediatech-Cellgro), 50 �M
-mercaptoethanol (Sigma)]. The red cells were lysed with RBC

ysis buffer (154 mM NH4Cl, 10 mM KHCO3, 125 �M EDTA) and the
otal number of cells was determined. Splenocytes and PLN cells
ere seeded at final concentration of 4 × 106/ml and stimulated

72 h, 37 ◦C) with Df 20 �g/ml. At the end of the incubation, super-
atants were collected to evaluate cytokine (IL-4, IL-5, IL-13, IL-17A,
nd IFN-�) release by specific ELISA (eBiosciences).

At the end of the culture, the rate of apoptosis in WT  and Tia-1−/−

plenocytes, measured as binding of FITC-conjugated Annexin V
BD Biosciences), was assayed by flow cytometry on a FACSCantoTM

ow cytometer (BD Biosciences) and data were analyzed with
lowJo software (Tree Star, Ashland, OR).

.5. Generation of bone marrow chimeras

Five-week old sex-matched WT  and Tia-1−/− mice were lethally
rradiated with 1200 Rads (12 Gy) in 2 splitted doses, 4 h apart.

ithin 24 h from the irradiation, the bone marrow (BM) of WT
nd Tia-1−/− donors was collected and 107 nucleated cells were
nfused via the tail vein into sex-matched irradiated mice in 200 �l
f PBS. As a result of the bone marrow transfer, four groups of
himeric mice were generated: WT  BM into WT  mice (WT  → WT),
ia-1−/− → WT,  WT  → Tia-1−/−, Tia-1−/− → Tia-1−/−. For the first
ight weeks after the injection of BM cells, chimeric mice were
ed with drinking water supplemented with enrofloxacin (Baytril®,
ayer HealthCare, Leverkusen, Germany). Ten weeks after the injec-
ion, mice were exposed to six doses of NaCl or Df according to
he same protocol described above and euthanized 24 h after the
ast instillation. Before the beginning of treatment with NaCl or Df,
eripheral blood was drawn from sample mice of each group for
he evaluation of complete blood count.

.6. Statistics

Data are expressed as mean ± SEM from the indicated number
f experiments. Significance was determined with a two-tailed het-
roscedastic Student’s t-test. *p < 0.05, **p < 0.01, ***p < 0.001.

. Theory

TIA-1 represses the translation of IL-4 and IL-13 in T cell
eceptor-activated T cells. IL-4 and IL-13 are cytokines critically
nvolved in asthma pathogenesis. In this study, we  sought to deter-

ine the role of TIA-1 in the control of pulmonary inflammation
nduced by the allergenic extract (Df) derived from the house dust

ite, Dermatophagoides farinae.

. Results

.1. Df-induced pulmonary inflammation is increased in Tia-1−/−

ice

To investigate the role of TIA-1 in the pulmonary inflammatory
esponse induced by exposure to the allergenic extract (Df) of the
ouse dust mite Dermatophagoides farinae,  C57BL/6 mice lacking
IA-1 protein (Tia-1−/−) and their wild-type (WT) littermates were

dministered a low dose of the allergen (1 �g of protein in 20 �l of
aCl 0.9%) intranasally, twice weekly for three consecutive weeks.
ecause we anticipated that TIA-1 would act as a suppressor of

nflammation in this model, we chose the 1 �g dose of Df so as to
Letters 146 (2012) 8– 14

elicit minimal inflammation in the WT  C57BL/6 mice. Cohorts of
WT mice and Tia-1−/− mice were simultaneously treated with NaCl
0.9% alone, as a control. Twenty-four hours after the last instillation,
mice were euthanized and cannulated to collect the bronchoalve-
olar lavage (BAL) and the lungs were examined histologically.

Compared to WT  mice that received saline, WT  mice treated
with the allergen showed an increased total number of cells in the
airways (41.41 ± 2.21 vs.  20.09 ± 1.00 × 104, p < 0.001; Fig. 1A), with
a slight increase in the total number of mononuclear cells (mono-
cytes/macrophages and lymphocytes), a mild neutrophilia and a
moderate eosinophilia (Fig. 1B). The numbers of BAL fluid cells
recovered from saline-treated Tia-1−/− mice were similar to those
recovered from the naïve WT  controls. With Df treatment, the num-
ber of cells in BAL of Tia-1−/− mice was significantly higher than
in the WT  (60.00 ± 2.78 vs.  41.41 ± 2.21 × 104, p < 0.001; Fig. 1A).
The difference in the number of cells retrieved from the BAL was
associated with a 2-fold increase of eosinophils (22.90 ± 2.59 vs.
11.37 ± 1.64 × 104, p < 0.001; Fig. 1B) and a modest but signifi-
cant increase in the number of mononuclear cells (36.09 ± 1.54
vs. 28.80 ± 1.17 × 104, p < 0.001) in Tia-1−/− mice. The numbers of
neutrophils were similar between the two  strains (Fig. 1B).

Consistent with the data from BAL analysis, histological eval-
uation of lung tissue revealed bronchovascular inflammation in
mice that received Df,  but not in those treated with saline. The
infiltrates consisted of Congo red staining eosinophils, neutrophils,
lymphocytes and plasma cells surrounding BVBs (Fig. 2A and B).
Moreover, the administration of Df induced the metaplasia of
mucus-producing goblet cells (Fig. 2A-g, h; arrows). These fea-
tures were even more evident in the lungs of mice treated with
Df, while the histology of saline-treated Tia-1−/− mice were sim-
ilar to the WT  controls (Fig. 2A and B). Morphometric analysis
confirmed that Df-treated Tia-1−/− mice have significantly higher
numbers of inflamed BVBs than WT  controls (11.52 ± 0.43 vs.
7.95 ± 0.48/15 BVBs, p < 0.001; Fig. 2C). Similarly, Tia-1−/− mice
have ∼70% more mucus-producing goblet cells (measured as the
number of cells staining with periodic acid Schiff per millime-
ter of bronchial basal lamina) than WT controls (34.68 ± 2.10 vs.
20.24 ± 1.96/mm, p < 0.001; Fig. 2C).

4.2. The increased Df-induced pulmonary inflammation in
Tia-1−/− mice is associated with the increase of Th2- and
Th17-polarized immune responses

Next, we sought to determine whether increased Df-induced
pulmonary inflammation in Tia-1−/− mice correlated with an effect
of TIA-1 protein on the production of the inflammatory cytokines
that drive allergic inflammation in the lungs. Splenocytes and PLN
cells from Df treated WT  and Tia-1−/− mice were restimulated
in vitro with Df (at 20 �g/ml for 72 h), and cytokines in the super-
natants were detected by ELISA.

As shown in Fig. 3, splenocytes from Tia-1−/− mice released sig-
nificantly higher levels of IL-4, IL-13, and IL-17A, but not IFN-�, than
WT controls (Fig. 3A). Splenocytes from Tia-1−/− mice also released
higher levels of IL-5 but in this case the increase was not signif-
icant. PLN cells from Tia-1−/− mice released higher levels of IL-5,
IL-13 and IL-17A, but not IFN-�, than WT  controls (Fig. 3B). How-
ever IL-17A was  the only cytokine that was significantly increased
in the PLN Tia-1−/− group. These results indicate that TIA-1 nor-
mally dampens the expression of some Th2 and Th17 cytokines in
Df-challenged lung.

In order to confirm that the differences in cytokine release
between Df-restimulated WT and Tia-1−/− lymphoid cells were not

reflecting a different viability in vitro, at the end of the incubation
with Df,  splenocytes from the two strains were separated from the
supernatants, washed and stained with FITC-conjugated annexin
V. The binding of FITC-annexin V to WT  and Tia-1−/− cells was
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Fig. 1. Df-induced airway inflammation in WT and Tia-1−/− mice. WT and Tia-1−/− mice were exposed to six doses of NaCl or Df 1 �g intranasally over three weeks. Twenty-
four  hours after the last treatment mice were euthanized and bronchoalveolar lavage (BAL) was  performed. Cells from the BAL were separated from the fluid, counted,
c ation 
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ytocentrifuged onto slides and stained with Diff-Quick. (A) Total and (B) subpopul
or  Df-treated group) and Tia-1−/− (�; n = 22 for NaCl-treated group and n = 65 for D
re  mean ± SEM. *p < 0.05, **p < 0.01, ***p < 0.001.

valuated by flow cytometry. The results demonstrated that WT
nd Tia-1−/− splenocytes had a similar percentage of apoptotic
ells after being cultured with Df for 72 h (data not shown).
We  also evaluated whether the altered response of the adaptive
mmune system to Df in Tia-1−/− mice also affected the humoral
ompartment and the synthesis of immunoglobulins (Igs). Serum
as collected from WT  and Tia-1−/− mice exposed to NaCl or Df

ig. 2. Df-induced lung inflammation in WT and Tia-1−/− mice. (A) Lung sections showin
,  f) or Df (WT: c, g; Tia-1−/−: d, h) 24 h after the last intranasal challenge were stained by t
r  by the periodic acid Schiff reaction (PAS, e–h) to depict mucus-secreting cells (arrows)
ye  to demonstrate accumulation of eosinophils (arrows) in BVBs. Pictures are from on
riginal magnifications, 20× (A) and 40×  (B). (C) Quantitative analysis of pulmonary infla
etaplasia, measured as the numbers of PAS-positive goblet cells per mm of bronchial b
T  (�; n = 39) and Tia-1−/− (�; n = 46) mice exposed to Df.  Data are combined from five in
differential cell counts from BAL of WT  (�; n = 22 for NaCl-treated group and n = 54
ted group) mice. Data are combined from seven independent experiments. Values

and Df-specific IgE and Df-specific IgG1 were measured by ELISA.
In both strains, treatment with Df led to the synthesis of antigen-
specific IgE and IgG1. In accordance with an increased Th2 response

in Tia-1−/− mice, this group of mice had significantly higher Df-
IgE and Df-IgG1 compared to WT  (0.106 ± 0.015 vs. 0.066 ± 0.009
p < 0.05 and 0.793 ± 0.061 vs.  0.516 ± 0.058 p < 0.001 O.D. at 405 nm,
respectively; Fig. 4B).

g bronchovascular bundles (BVBs) from mice treated with NaCl (WT: a, e; Tia-1−/−:
he chloroacetate esterase reaction (CAE, a–d) to assess inflammatory cell infiltrates
. (B) Lung sections of Df-treated WT (a) and Tia-1−/− (b) mice stained by Congo red
e representative mouse per strain and treatment from five separate experiments.
mmation. The extent of cellular infiltration, on a total of 15 BVBs, and of goblet cell
asal lamina, was determined on glycolmethacrylate-embedded lung sections from
dependent experiments. Values are mean ± SEM. *p < 0.05, **p  < 0.01, ***p < 0.001.
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Fig. 3. Parabronchial lymph node cellularity and cytokine generation from in vitro restimulated WT and Tia-1−/− parabronchial lymph node cells and splenocytes. Parabronchial
lymph  node cells and splenocytes were isolated from NaCl- and Df-treated WT and Tia-1−/− mice and incubated in vitro with Df,  as described in Section 2. At the end of the
incubation the indicated cytokines were measured in the supernatants by ELISA. Cytokine release from Df-restimulated (A) splenocytes and (B) parabronchial lymph node
cells  of WT (�) and Tia-1−/− (�) mice exposed to Df.  Data are combined from five (splenocy
*p  < 0.05, **p < 0.01, ***p < 0.001.

Fig. 4. Levels of Df-specific IgE and Df-specific IgG1 in serum of WT and Tia-1−/−

mice. Df-specific IgE (A) and Df-specific IgG1 (B) in serum of wild-type mice (�)
and Tia-1−/− (�) mice 24 h after the last intranasal instillation were measured by
ELISA. Data are combined from six (Df-specific IgE) and seven (Df-specific IgG1)
independent experiments. Values represent the mean ± SEM. *p < 0.05, **p < 0.01,
***p  < 0.001.
tes) or three (lymph node cells) independent experiments. Values are mean ± SEM.

4.3. Both parenchymal and hematopoietic cells contribute to the
increased inflammatory response to Df in Tia-1−/− mice

To determine the relative contribution of TIA-1 in hematopoi-
etic cells vs. lung parenchymal cells in response to intranasally
administered Df,  we generated radiation-induced chimeric mice.
Irradiated WT  and Tia-1−/− mice were reconstituted with bone
marrow (BM) from WT  and Tia-1−/− mice in order to produce
4 groups of chimeric mice: WT  BM into WT  mice (WT  → WT),
WT → Tia-1−/−, Tia-1−/− → WT,  and Tia-1−/− → Tia-1−/−. Ten weeks
after the reconstitution a complete blood cell count was performed
to verify the reconstitution of peripheral blood cells and mice
were exposed to six doses of NaCl 0.9% or Df (1 �g/dose) over
three weeks. Twenty four hours after the last instillation mice
were euthanized and analyzed as described above. First, we
evaluated the airway response to Df in terms of BAL cellularity. The
intranasal instillation of Df induced an increase in total number of
cells in mice of all groups compared to mice that received saline
(data not shown). Among the two groups with WT  parenchy-
mal  cells, Tia-1−/− → WT  mice showed a small increase in total
number of BAL cells compared to WT  → WT  (45.00 ± 3.84 × 104

vs.  40.00 ± 2.48 × 104 cells; Fig. 5A). The two groups of mice with
host tissues lacking TIA-1 showed a significantly higher number
of BAL cells compared to chimeras with WT  parenchymal cells
and Tia-1−/− → Tia-1−/− mice had a moderate but not significant
increase compared to WT → Tia-1−/−,mice (48.19 ± 2.19 × 104 vs.
60.29 ± 5.64 × 104 cells; Fig. 5A). The analysis of cell subpopula-
tions in BAL showed that the Df-induced influx of neutrophils and
eosinophils was similar in WT  → WT  and Tia-1−/− → WT groups
(neutrophils: 2.86 ± 0.49 × 104 and 2.33 ± 0.51 × 104, respectively;
eosinophils: 6.40 ± 1.88 × 104 and 6.14 ± 1.13 × 104, respec-
tively; Fig. 5B). The absence of TIA-1 from parenchymal tissue
resulted in a slight (∼20% and ∼30%, respectively) increase in BAL
neutrophils and eosinophils (WT  → Tia-1−/−: 3.46 ± 0.77 × 104

and 9.23 ± 1.87 × 104 vs.  WT  → WT:  2.33 ± 0.51 × 104 and
6.14 ± 1.14 × 104, respectively; Fig. 5B), when the mice received

WT bone marrow. However, the highest number of neutrophils and
eosinophils was found in the BAL of mice with both parenchymal
and hematopoietic cells of Tia-1−/− origin (4.70 ± 0.76 × 104 and
15.39 ± 3.69 × 104, respectively; Fig. 5B). Thus, neutrophils and
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Fig. 5. Df-induced pulmonary inflammation and immunologic response in WT/Tia-1−/− bone marrow chimeras. WT and Tia-1−/− mice were irradiated and reconstituted with
bone  marrow from sex-matched WT and Tia-1−/− mice in order to generate four groups of chimeras: WT + WT BM,  WT + Tia-1−/− BM,  Tia-1−/− + WT  BM,  and Tia-1−/− + Tia-1−/−
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M.  Mice were then exposed to six doses of NaCl 0.9% or Df 1 �g intranasally and e
ell  counts from BAL of chimeras reconstituted with WT (n = 14 for WT recipients an
ecipients) bone marrow. Data are combined from three independent experiments.

osinophils in BAL of Tia-1−/− → Tia-1−/− mice were increased
y 2- and 2.5-fold vs. Tia-1−/− → WT  and 1.4- and 1.7-fold vs.
T → Tia-1−/−, respectively.
These results using bone marrow chimeras indicated that TIA-

 has effects on both parenchymal and hematopoietic cells that
onspire to dampen the allergic inflammatory response induced
y exposure to Df.

.  Discussion

TIA-1 is a multifunctional RNA-binding protein that regulates
he splicing and translation of multiple mRNAs [29,44,45].  Mutant

ice lacking TIA-1 have an inflammatory diathesis manifest by
he development of spontaneous inflammatory arthritis [29]. The
nflammatory phenotype is thought to result from increased trans-
ation of transcripts encoding TNF�, IL-1�, IL-6, COX-2 and MMPs
30,31]. TIA-1 binds to adenine/uridine-rich elements found in the
′-untranslated regions of these transcripts to inhibit translation

nitiation by a partially characterized mechanism [32,33]. By coor-
inately dampening the translation of several transcripts encoding

nflammatory mediators, TIA-1 has profound effects on the inflam-
atory response [36].
Here we report that Tia-1−/− mice are significantly more sen-

itive to dust mite antigen-induced pulmonary inflammation than
T controls. In the absence of TIA-1, inflammatory cell infiltrates

n bronchial airways, as well as inflammatory cell infiltrates, bron-
hovascular bundles, and mucin production in pulmonary tissues
re increased compared to WT  controls (Figs. 1 and 2). The absence
f TIA-1 enhances the immune response to Df as evidenced by

 significant increase in Df-specific IgE and IgG1 antibody pro-
uction (Fig. 4). The systematic effects of a lack of TIA-1 are also
videnced by increased activation of restimulated splenocytes and
arabronchial LN cells (Fig. 3). These findings are consistent with
revious results showing that TIA-1 dampens synovial inflamma-
ion and indicate that TIA-1 can dampen inflammation in different
issues.

Our results reveal that TIA-1 directly or indirectly represses
he production of Th2 (i.e., IL-4, IL-5 and IL-13) and Th17 (i.e., IL-
7) cytokines, but does not significantly affect the production of
h1 (i.e., IFN-�) cytokines in Df-challenged mice. This may  be a
onsequence of the binding of TIA-1 to sequences in the 3′-UTRs
f these transcripts. Alternatively, TIA-1 may  inhibit the produc-

ion of another protein to indirectly affect the production of Th2
nd Th17 cytokines. This possibility is supported by studies of
one marrow chimeras that implicate both hematopoietic and non-
ematopoietic cells in the inflammatory phenotype observed in the
ized 24 h after the last administration. (A) Total and (B) subpopulation differential
11 for Tia-1−/− recipients) and Tia-1−/− (n = 16 for WT  recipients and n = 14 Tia-1−/−

s are mean ± SEM. *p < 0.05, **p < 0.01, ***p < 0.001.

absence of TIA-1. In these experiments, pulmonary inflammation
is increased when TIA-1 is absent from either hematopoietic cells
or non-hematopoietic parenchymal cells (Fig. 5). As the absence of
TIA-1 in parenchymal cells increases the pulmonary infiltration of
neutrophils and eosinophils, it is possible that TIA-1 represses the
translation of transcripts encoding factors that recruit these cells
to the inflamed lung.

We recently demonstrated that mutant mice lacking FAST, a
protein that antagonizes the function of TIA-1 [46] are resistant
to Df-induced pulmonary inflammation [47]. This suggests that
TIA-1 and FAST may  cooperatively modulate levels of cytokine
and chemokine expression at the level of translation. Radiation
chimeras revealed that the anti-inflammatory effects of FAST were
due to reduced neutrophil infiltration and caused by the absence
of FAST in lung parenchymal cells. We hypothesized that FAST
prevents the TIA-1-induced translational repression of neutrophil
chemoattractants in this model. These results are consistent with
our findings that TIA-1 represses the recruitment of neutrophils
to the inflamed lung (Fig. 5). Our findings also reveal that TIA-
1 represses the recruitment of eosinophils to the inflamed lung.
This differs from the effects of mice lacking FAST in which the
recruitment of eosinophils is unaffected. This may  be due to dif-
ferential expression of TIA-1 and FAST in pulmonary cells that
produce neutrophil and eosinophil chemoattractants. Although we
have not yet identified these cells, a comparison of TIA-1 and FAST
expression in inflamed lung may  help identify the responsible cell
types.

Taken together, our results reveal a post-transcriptional pro-
gram that uses TIA-1 and FAST to modulate the translation of
cytokines and chemokines that promote allergen-induced pul-
monary inflammation. The finding that FAST is overexpressed in
peripheral blood mononuclear cells in patients with asthma and
atopy [48] strongly suggests that this post-transcriptional control
pathway plays an important role in human disease. As such, these
regulatory proteins may  be good targets for the development of
a new class of anti-inflammatory drugs for use in patients with
allergic asthma.

Acknowledgements

The work was supported by grants from the National Institutes
of Health AI-52353 and HL-36110 to J.A.B. and (AI065858) to P.J.A.,

and by a generous contribution from the Vinik family.

G.G. is supported in part by an educational grant from the Ph.D.
Program in Clinical Pathophysiology and Experimental Medicine of
the University of Naples “Federico II”, Italy.



1 ology 

C

R

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

tein  promotes immune-mediated pulmonary inflammation. J Immunol
4 M. Simarro et al. / Immun

A.O.D. research was supported by a grant from the Instituto
arlos III (ref PS09/02510).

eferences

[1] Barnes PJ. The cytokine network in asthma and chronic obstructive pulmonary
disease. J Clin Invest 2008;118(11):3546–56.

[2] Boyce JA. Asthma 2005–2006: bench to bedside. J Allergy Clin Immunol
2006;118(3):582–6.

[3] Platts-Mills T, Vaughan J, Squillace S, Woodfolk J, Sporik R. Sensitisation,
asthma, and a modified Th2 response in children exposed to cat allergen: a
population-based cross-sectional study. Lancet 2001;357(9258):752–6.

[4] Barrett NA, Austen KF. Innate cells and T helper 2 cell immunity in airway
inflammation. Immunity 2009;31(3):425–37.

[5] Platts-Mills TA, Erwin EA, Heymann PW,  Woodfolk JA. Pro: the evidence
for  a causal role of dust mites in asthma. Am J Respir Crit Care Med
2009;180(2):109–13, discussion 120-1.

[6] Gould HJ, Sutton BJ. IgE in allergy and asthma today. Nat Rev Immunol
2008;8(3):205–17.

[7] Medoff BD, Thomas SY, Luster AD. T cell trafficking in allergic asthma: the ins
and outs. Annu Rev Immunol 2008;26:205–32.

[8] Rivera J, Fierro NA, Olivera A, Suzuki R. New insights on mast cell activation via
the  high affinity receptor for IgE. Adv Immunol 2008;98:85–120.

[9]  Al-Ramli W,  Prefontaine D, Chouiali F, Martin JG, Olivenstein R, Lemiere C, et al.
T(H)17-associated cytokines (IL-17A and IL-17F) in severe asthma. J Allergy Clin
Immunol 2009;123(5):1185–7.

10] Brightling CE, Symon FA, Holgate ST, Wardlaw AJ, Pavord ID, Bradding P.
Interleukin-4 and -13 expression is co-localized to mast cells within the airway
smooth muscle in asthma. Clin Exp Allergy 2003;33(12):1711–6.

11] Saha SK, Berry MA,  Parker D, Siddiqui S, Morgan A, May R, et al. Increased
sputum and bronchial biopsy IL-13 expression in severe asthma. J Allergy Clin
Immunol 2008;121(3):685–91.

12] Ying S, Robinson DS, Meng Q, Rottman J, Kennedy R, Ringler DJ, et al. Enhanced
expression of eotaxin and CCR3 mRNA and protein in atopic asthma. Asso-
ciation with airway hyperresponsiveness and predominant co-localization of
eotaxin mRNA to bronchial epithelial and endothelial cells. Eur J Immunol
1997;27(12):3507–16.

13] Lambrecht BN, De Veerman M,  Coyle AJ, Gutierrez-Ramos JC, Thielemans K,
Pauwels RA. Myeloid dendritic cells induce Th2 responses to inhaled antigen,
leading to eosinophilic airway inflammation. J Clin Invest 2000;106(4):551–9.

14] Lewkowich IP, Lajoie S, Clark JR, Herman NS, Sproles AA, Wills-Karp M. Aller-
gen  uptake, activation, and IL-23 production by pulmonary myeloid DCs
drives airway hyperresponsiveness in asthma-susceptible mice. PLoS One
2008;3(12):e3879.

15] Lundequist A, Nallamshetty SN, Xing W,  Feng C, Laidlaw TM,  Uematsu S,
et  al. Prostaglandin E(2) exerts homeostatic regulation of pulmonary vascular
remodeling in allergic airway inflammation. J Immunol 2010;184(1):433–41.

16] Okamoto M, Matsuda H, Joetham A, Lucas JJ, Domenico J, Yasutomo
K,  et al. Jagged1 on dendritic cells and Notch on CD4+ T cells initi-
ate lung allergic responsiveness by inducing IL-4 production. J Immunol
2009;183(5):2995–3003.

17]  Piggott DA, Eisenbarth SC, Xu L, Constant SL, Huleatt JW,  Herrick CA, et al.
MyD88-dependent induction of allergic Th2 responses to intranasal antigen.
J  Clin Invest 2005;115(2):459–67.

18] Lloyd CM,  Hawrylowicz CM.  Regulatory T cells in asthma. Immunity
2009;31(3):438–49.

19] Wills-Karp M.  Immunologic basis of antigen-induced airway hyperresponsive-
ness. Annu Rev Immunol 1999;17:255–81.

20] Doherty T, Broide D. Cytokines and growth factors in airway remodeling in
asthma. Curr Opin Immunol 2007;19(6):676–80.

21] Durrant DM,  Gaffen SL, Riesenfeld EP, Irvin CG, Metzger DW.  Development of
allergen-induced airway inflammation in the absence of T-bet regulation is
dependent on IL-17. J Immunol 2009;183(8):5293–300.

22] Tilley SL, Jaradat M,  Stapleton C, Dixon D, Hua X, Erikson CJ, et al. Retinoid-
related orphan receptor gamma  controls immunoglobulin production and
Th1/Th2 cytokine balance in the adaptive immune response to allergen. J
Immunol 2007;178(5):3208–18.
23] Zhang F, Nakamura T, Aune TM.  TCR and IL-12 receptor signals cooperate to
activate an individual response element in the IFN-gamma promoter in effector
Th cells. J Immunol 1999;163(2):728–35.

24] Anderson P. Post-transcriptional control of cytokine production. Nat Immunol
2008;9(4):353–9.

[

Letters 146 (2012) 8– 14

25] Anderson P, Phillips K, Stoecklin G, Kedersha N. Post-transcriptional regulation
of  proinflammatory proteins. J Leukoc Biol 2004;76(1):42–7.

26] Stoecklin G, Anderson P. Posttranscriptional mechanisms regulating the
inflammatory response. Adv Immunol 2006;89:1–37.

27] Caput D, Beutler B, Hartog K, Thayer R, Brown-Shimer S, Cerami A. Identi-
fication of a common nucleotide sequence in the 3′-untranslated region of
mRNA molecules specifying inflammatory mediators. Proc Natl Acad Sci USA
1986;83(6):1670–4.

28] Hamilton TA, Novotny M,  Datta S, Mandal P, Hartupee J, Tebo J, et al. Chemokine
and chemoattractant receptor expression: post-transcriptional regulation. J
Leukoc Biol 2007;82(2):213–9.

29] Piecyk M,  Wax  S, Beck AR, Kedersha N, Gupta M,  Maritim B, et al. TIA-1 is a
translational silencer that selectively regulates the expression of TNF-alpha.
EMBO J 2000;19(15):4154–63.

30] Cok SJ, Acton SJ, Morrison AR. The proximal region of the 3′-untranslated region
of cyclooxygenase-2 is recognized by a multimeric protein complex containing
HuR, TIA-1, TIAR, and the heterogeneous nuclear ribonucleoprotein U. J Biol
Chem 2003;278(38):36157–62.

31] Dixon DA, Balch GC, Kedersha N, Anderson P, Zimmerman GA, Beauchamp RD,
et  al. Regulation of cyclooxygenase-2 expression by the translational silencer
TIA-1. J Exp Med  2003;198(3):475–81.

32] Wax  SD, Nakamura H, Anderson PJ. The tumor necrosis factor-alpha AU-rich
element inhibits the stable association of the 40S ribosomal subunit with RNA
transcripts. Biochem Biophys Res Commun 2005;333(4):1100–6.

33] Damgaard CK, Lykke-Andersen J. Translational coregulation of 5′TOP mRNAs
by  TIA-1 and TIAR. Genes Dev 2011;25(19):2057–68.

34] Ivanov P, Kedersha N, Anderson P. Stress puts TIA on TOP. Genes Dev
2011;25(20):2119–24.

35] Kedersha N, Cho MR,  Li W,  Yacono PW,  Chen S, Gilks N, et al. Dynamic shuttling
of TIA-1 accompanies the recruitment of mRNA to mammalian stress granules.
J  Cell Biol 2000;151(6):1257–68.

36] Phillips K, Kedersha N, Shen L, Blackshear PJ, Anderson P. Arthritis suppres-
sor  genes TIA-1 and TTP dampen the expression of tumor necrosis factor
alpha, cyclooxygenase 2, and inflammatory arthritis. Proc Natl Acad Sci USA
2004;101(7):2011–6.

37] Beck AR, Medley QG, O’Brien S, Anderson P, Streuli M. Structure, tissue distribu-
tion and genomic organization of the murine RRM-type RNA binding proteins
TIA-1 and TIAR. Nucleic Acids Res 1996;24(19):3829–35.

38] Saito K, Chen S, Piecyk M,  Anderson P. TIA-1 regulates the production of tumor
necrosis factor alpha in macrophages, but not in lymphocytes. Arthritis Rheum
2001;44(12):2879–87.

39]  Scheu S, Stetson DB, Reinhardt RL, Leber JH,  Mohrs M,  Locksley RM.  Activation of
the integrated stress response during T helper cell differentiation. Nat Immunol
2006;7(6):644–51.

40] Barrett NA, Maekawa A, Rahman OM, Austen KF, Kanaoka Y. Dectin-2 recogni-
tion of house dust mite triggers cysteinyl leukotriene generation by dendritic
cells. J Immunol 2009;182(2):1119–28.

41] Hammad H, Chieppa M,  Perros F, Willart MA, Germain RN, Lambrecht BN. House
dust mite allergen induces asthma via Toll-like receptor 4 triggering of airway
structural cells. Nat Med  2009;15(4):410–6.

42] Boyce JA, Austen KF. No audible wheezing: nuggets and conundrums from
mouse asthma models. J Exp Med  2005;201(12):1869–73.

43] Friend DS, Gurish MF,  Austen KF, Hunt J, Stevens RL. Senescent jejunal mast cells
and  eosinophils in the mouse preferentially translocate to the spleen and drain-
ing lymph node, respectively, during the recovery phase of helminth infection.
J  Immunol 2000;165(1):344–52.

44] Izquierdo JM,  Majos N, Bonnal S, Martinez C, Castelo R, Guigo R, et al. Regulation
of  Fas alternative splicing by antagonistic effects of TIA-1 and PTB on exon
definition. Mol  Cell 2005;19(4):475–84.

45] Forch P, Puig O, Kedersha N, Martinez C, Granneman S, Seraphin B, et al. The
apoptosis-promoting factor TIA-1 is a regulator of alternative pre-mRNA splic-
ing.  Mol  Cell 2000;6(5):1089–98.

46] Li W,  Simarro M, Kedersha N, Anderson P. FAST is a survival protein that
senses mitochondrial stress and modulates TIA-1-regulated changes in protein
expression. Mol  Cell Biol 2004;24(24):10718–32.

47] Simarro M,  Giannattasio G, De la Fuente MA,  Benarafa C, Subrama-
nian KK, Ishizawar R, et al. Fas-activated serine/threonine phosphopro-
2010;184(9):5325–32.
48] Brutsche MH,  Brutsche IC, Wood P, Brass A, Morrison N, Rattay M,  et al. Apopto-

sis  signals in atopy and asthma measured with cDNA arrays. Clin Exp Immunol
2001;123(2):181–7.


	The translational repressor T-cell intracellular antigen-1 (TIA-1) is a key modulator of Th2 and Th17 responses driving pu...
	1 Introduction
	2 Materials and methods
	2.1 Df-induced pulmonary inflammation
	2.2 Lung histology
	2.3 Measurement of total and Df-specific serum Igs
	2.4 In vitro restimulation of splenocytes and lymph node cells with Df
	2.5 Generation of bone marrow chimeras
	2.6 Statistics

	3 Theory
	4 Results
	4.1 Df-induced pulmonary inflammation is increased in Tia-1−/− mice
	4.2 The increased Df-induced pulmonary inflammation in Tia-1−/− mice is associated with the increase of Th2- and Th17-pola...
	4.3 Both parenchymal and hematopoietic cells contribute to the increased inflammatory response to Df in Tia-1−/− mice

	5 Discussion
	Acknowledgements
	References


