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Abstract
Expression of IL-33 is elevated in patients with pulmonary diseases, and full-length (not
proteolytically processed) IL-33 is the predominant form in the lungs in health and disease. To
determine whether activation of IL-33 is needed for functional effects, activities of full-length
mouse (flm) and mature mouse (mm) forms of IL-33 were compared in vivo. Replication-deficient
adenoviral constructs were used for gene delivery. Both isoforms caused pulmonary infiltration of
lymphocytes and neutrophils, whereas mmIL-33 also caused pulmonary eosinophilia and goblet
cell hyperplasia, and increased expression of IL-4, IL-5, IL-13, IL-17, MCP-1, and KC. The
different effects were not associated with differential release from IL-33-producing cells or by
differences in subcellular distributions of IL-33 isoforms. Germline deficiency of the cell surface
receptor chain ST2 abrogated the mmIL-33-induced Th2-associated effects (pulmonary
eosinophilia, goblet cell hyperplasia, and increased IL-4 and IL-5), yet the lymphocytic infiltration
induced by flmIL-33 or mmIL-33 was not fully abrogated by the absence of ST2. The similar
effects of IL-33 isoforms were associated with comparable regulation of gene expression, notably
matrix metalloproteinases MMP3, MMP10, and MMP13. Thus, full-length IL-33 is functionally
active in vivo in an ST2-independent fashion, and its effects are partially different from those of
mature IL-33. The different effects of these isoforms, particularly the pro-Th2 effects of mature
IL-33, are due to differential utilization of the IL-33 receptor chain ST2, whereas their similar
effects result from regulation of gene expression.
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INTRODUCTION
Interleukin (IL)-33, a member of the IL-1 family of cytokines (1)(2), has recently emerged
as a key regulator of inflammatory and immune processes (3)(4). It is also a chromatin-
associated protein acting as a transcriptional regulator, making it a dual-function protein that
is both a cytokine and a nuclear factor (5), similar to alarmins IL-1α and HMGB1. The key
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component of the IL-33 receptor (R), T1/ST2 (6), is expressed on a variety of cell types (T
lymphocytes, dendritic cells, NK and NKT cells, basophils, eosinophils, and mast cells), and
is responsible for this cytokine’s biological activity in these diverse cells (4). T1/ST2 is
expressed both as a membrane-associated and as a soluble protein, with activated Th2 cells
expressing predominantly the soluble form (7).

The mechanisms of post-synthetic processing of IL-33 remain to be fully understood. A
seminal study (6) has suggested that, although the full-length (fl) human (h) and mouse (m)
IL-33 are respectively composed of 270 and 266 amino acids, cleavage of flIL-33 with
caspase-1 yields “mature” hIL-33 (residues 112–270) and mature mIL-33 (residues 109–
266). Whereas maturation of flIL-33 by caspase-1 has been shown in vitro (6), conversion of
the IL-33 precursor in cells may occur via digestion by calpain (8). The issue of IL-33
maturation has been further complicated by several findings. The release of IL-33 by
macrophages in cell culture was found to be unaffected by caspase-1 deficiency and
inhibition of caspase-8 and calpain (9). Moreover, flIL-33 is fully capable of binding to the
IL-33R, whereas caspase-3, instead of promoting maturation, inactivates the cytokine
function of flIL-33 without affecting its ability to translocate to the nucleus (10). Extensive
evidence suggests that caspase cleavage is not required for pro-IL-33 secretion and
bioactivity but that caspase-dependent processing actually inactivates IL-33 bioactivity (11)
(12)(13). Several previous studies have been performed with recombinant mature IL-33, and
the results are not necessarily fully representative of the in vivo biology of IL-33. Consistent
with this notion and in contrast to the effects of in vivo treatment with mature IL-33 (6), a
recent report on IL-33 transgenic mice showed that the CMV promoter-driven constitutive
systemic expression of flmIL-33 leads to pulmonary inflammation with a significant
accumulation of lymphocytes, monocytes, and neutrophils, but mild accumulation of
eosinophils in the lungs (14).

In this study, we sought to compare the effects of full-length mouse (flm) and mature mouse
(mm) IL-33 on mouse lung in vivo. Lung has been selected as the target organ because of
the emerging specific roles of IL-33 in pulmonary pathology. Lung tissue normally
expresses IL-33 (6), and the levels of this cytokine in the lungs are increased in asthma (15)
(16) and influenza virus infection (17), whereas serum levels of IL-33 are elevated in
patients with scleroderma lung disease (18). The levels of soluble ST2 protein were elevated
in the sera of patients with asthma (19) and acute exacerbation of idiopathic pulmonary
fibrosis (20).

MATERIALS AND METHODS
Patients and patient samples

The study was approved by the Institutional Review Board at the University of Maryland.
Patients with idiopathic pulmonary fibrosis (IPF) were recruited from the University of
Maryland Medical Center. Bronchoalveolar lavage (BAL) samples were obtained from
patients with IPF and normal healthy volunteers, and IPF tissue samples were obtained from
lung explants or video-assisted thoracoscopic (VATS) biopsy. Normal lung tissue samples
were obtained from lungs harvested initially for lung transplantation, but ultimately not used
for transplantation purposes.

Adenoviral Constructs
Adenoviral gene delivery was used to express IL-33 in mouse lungs in vivo. Replication-
deficient recombinant adenoviruses (AdV) were constructed, manufactured, and validated as
in previous reports (21)(22)(23)(24)(25). Briefly, the GenBank sequence NM_001164724.1
for mouse IL-33 was used to artificially synthesize (GenScript, Piscataway, NJ, USA) DNA
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fragments corresponding to full-length mouse (flm) and mature mouse (mm, amino acids
109–266). Separately, an artificial fusion construct was created consisting of the flmIL-33
coding sequence preceded by the first 78 basepairs of the mouse IL-1ra sequence, which
correspond to the first 26 amino acids (the secretory signal peptide) of the mIL-1ra protein
(26). The encoded recombinant protein was termed secreted fusion construct (sfc) IL-33.
Each of the fragments was subcloned into a shuttle vector and transferred into a
recombinant, replication-deficient AdV vector using RAPAD technology (Vira-Quest, North
Liberty, IA, USA). The constructs were designed to ensure expression of IL-33 under
control of the CMV promoter, and the validity of the constructs was confirmed by direct
automated sequencing. The AdVs were purified by two rounds of CsCl-gradient
centrifugation, and the resulting purified viruses had a concentration of ~1×1012 particles/ml
and an infectious titer of ~4×1010 PFU/ml. All viruses, including control AdV-NULL,
which did not encode a cytokine, encoded GFP in their backbone under control of a separate
(RSV) promoter. Infectivity of the viruses was confirmed by GFP fluorescence of infected
primary pulmonary mouse fibroblasts (27)(28), as well as HEK293, A549, small airway
epithelial (SAEC), and TC-1 (transformed mouse lung epithelial) cells in culture (all from
American Type Culture Collection, Manassas, VA). Transcription was confirmed by real-
time quantitative PCR with primers specific for mIL-33 mRNA. Production of mIL-33
protein was confirmed by ELISA and western blot (R&D Systems, Minneapolis, MN) of
cell lysates and supernates.

In vivo and in vitro experiments
Most of the experiments were performed in female C57BL/6 mice aged 10–12 weeks (The
Jackson Laboratory, Bar Harbor, ME). ST2-deficient animals on the Balb/c background
were produced as previously reported (29), and wild type Balb/c mice were used as controls
for the experiments with Il1lr1−/− (herein referred to as ST2−/−) animals. The animals were
treated in accordance with a research protocol approved by the Institutional Animal Care
and Use Committee of the University of Maryland. The adenoviruses were instilled
intratracheally as previously described in detail (21)(22)(23)(24)(25). Quantitative PCR of
lung homogenates was used to confirm overexpression of mRNAs for the delivered
cytokines. The ELISA of pulmonary homogenates from these mice were used to confirm the
overexpression of the delivered cytokines on days 7, 14, and 21. Bronchoalveolar lavage
(BAL), pulmonary homogenates, histological and immunohistological analyses, flow
cytometry, and all other assays were performed as previously described (21)(22)(23)(24)
(25). Multiplex analyses (Luminex, Austin, TX) of cytokine levels in BAL and lung
homogenates were performed in triplicate in each sample from each animal, and the mean
values and standard deviations were calculated for each triplicate. Cell culture, preparation
of intracellular and cytoplasmic cell fractions, quantitative reverse transcription-real time
polymerase chain reaction (RT-Q-PCR), ELISA, western blotting, and statistical analyses of
data were performed as previously described (21) (22)(23)(24)(25)(27)(28).

RESULTS
Expression of IL-33 in human lungs

Initial experiments were aimed at determining whether IL-33 is present in human lungs. As
a prototypic diffuse parenchymal lung disease, idiopathic pulmonary fibrosis (IPF), was
selected, which is characterized by pulmonary inflammation and architectural remodeling of
the lung. Immunohistochemical analyses used a commercial antibody developed against the
mature (proteolytically processed) human (h)IL-33, and was thus reactive against both full-
length and processed isoforms. Although some staining for hIL-33 was observed in healthy
lungs (Figure 1B), significantly more intense staining was observed in the lungs of patients
with IPF than in healthy controls (Figure 1C-H). Cells within inflammatory infiltrates
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(Figure 1C, D) and in the vicinity of fibrotic foci – a hallmark feature of IPF (Figure 1E-H)
– stained positively for hIL-33 in these patients. These observations suggested that the
overall level of hIL-33 is increased in the lungs of patients with IPF compared to healthy
controls. ELISA assays of BAL samples confirmed that total hIL-33 was elevated in the
lungs of these IPF patients (Figure 1I).

Subsequent western blotting analyses of human lung homogenates were performed using an
antibody reactive against both full-length and mature hIL-33. Because of the differential
electrophoretic mobility of these IL-33 isoforms, these assays allowed for clear separation of
full-length and mature IL-33 isoforms in human lungs (Figure 1J). The full-length IL-33
isoform was predominant in human lungs, although both full-length and mature human
isoforms were present in the majority of samples.

Distinct and similar effects of full-length and mature IL-33 on pulmonary cellularity and
cytokine milieu

In light of the findings in human lungs (Figure 1), further experiments were aimed at
assessing possible similar and different effects of flmIL-33 and mmIL-33 in vivo.
Recombinant adenoviruses encoding IL-33 isoforms were prepared and validated as
described in the Methods. Infectivity of the AdV preparations was confirmed by GFP
fluorescence of cultured cells at 24–72 h after infection (Figure 2A), and expression of IL-33
in these cultures was confirmed by western blot (Figure 2B). Intratracheal instillations of the
AdV in mice in vivo were also performed, leading to increased expression of GFP (Figure
2C) and IL-33 (Figure 2D) in the lungs.

Mice instilled intratracheally with any of the AdV showed no signs of morbidity, such as
body weight loss, ruffled fur, dehydration, diarrhea, hunched posture, or decreased motor
activity at any time post-infection. There was minimal mortality (<5%) immediately
following the instillation procedure, but it was not significantly different between the study
groups. At days 7 and 14 after the instillations, BAL samples showed significant changes
induced by flmIL-33 and mmIL-33. BAL lymphocytes and, to a lesser extent, neutrophils
were elevated in the flmIL-33-expressing animals, whereas profound eosinophilia, along
with increases in lymphocytes and neutrophils were observed in mmIL-33-expressing
animals (Figure 3). A more detailed analysis of the kinetics of changes in the BAL
cellularity following AdV-flmIL-33 administration confirmed increases in lymphocytes and
neutrophils on days 7–28 (Figure 3), whereas no changes were observed in the numbers of
macrophages or eosinophils (p > 0.05, one-way ANOVA). Analyses of lung homogenates
for cytokines revealed that, as expected for mmIL33, a significant skewing toward the Th2
pattern occurs, but no such changes were observed in flmIL-33-expressing mice (Figure 4).
In addition to the cytokines shown in Figure 4 there were no significant differences in
pulmonary levels of IL-1β, IL-6, IL-12p40, IL-12p70, TNF-α, MIP-1α, RANTES, IFN-α,
or IFN-β among the groups of animals tested.

The changes observed in mmIL-33-expressing mice were consistent with the well-known
pro-Th2 activity of mature IL-33. However, the observations in flmIL-33-expressing mice
were somewhat unexpected, as full-length IL-33 is considered to be inactive as a cytokine.
In light of the findings above, subsequent analyses focused on histological changes in the
flmIL-33-expressing mice. On days 3, 7, and 14 after instillation, minimal accumulation of
scattered neutrophils and mononuclear cells was observed in the peribronchial and
perivascular areas and in the lung parenchyma of mice infected with AdV-NULL (Figure 5).
Minimal histologic changes were noted 3 days after intratracheal instillation of AdV-
flmIL33. However, in agreement with the observed changes in the BAL cellularity, there
were perivascular and peribronchial infiltrates consisting of lymphocytes, but also
neutrophils and macrophages (Figure 5). This was associated with severe endothelialitis, as
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evidenced by endothelial karyorrhexis, perivascular nuclear dust, pericyte vacuoles,
perivascular edema, loosening of the sub-endothelial connective tissue, denuded
endothelium, and by the presence of hemosiderin-laden macrophages. The delivery of
flmIL-33 did not, whereas the delivery of mmIL-33 did, induce goblet cell hyperplasia
(Figure 5). Combined, these observations suggest that flmIL-33 is independently active in
mouse lungs in vivo in a fashion different from that of mmIL-33.

Secretion and subcellular distribution of IL-33 isoforms
The observed different and similar effects of IL-33 isoforms in the lung in vivo require
mechanistic explanations. Four mechanisms were considered to explain the differences and
similarities: 1) secretion from the producing cells, 2) intracellular distribution, 3) utilization
of cell surface receptor, and 4) regulation of gene expression.

First, the possibility was considered that the difference in the observed phenotypes upon
gene delivery of flmIL-33 and mmIL-33 may be due to differences in secretion of these
isoforms from cells. Both flmIL-33 and mmIL-33 remained predominantly intracellular and
were not released into the supernate of expressing cell cultures (Figure 6). Consistent with
this observation, expression of flmIL-33 and mmIL-33 were observed in lung homogenates
(Figure 2D), but not in BAL fluids, in which IL-33 was undetectable by ELISA. Thus, the
major portion of expressed full-length or mature IL-33 remains predominantly intracellular,
and only a small fraction of the protein is released from cells. Subsequent experiments tested
similar in vivo delivery of sfcIL-33, which is readily secreted from expressing cells (Figure
6). The changes induced by sfcIL-33 in BAL cellularity, pulmonary cytokines, and lung
histology were indistinguishable from those induced by flmIL-33 (Figures 3–5). Thus,
differences in protein secretion are unlikely to drive the differential effects of flmIL-33 and
mmIL-33 in vivo.

Then, to assess possible differences in the intracellular localizations of flmIL-33 and
mmIL-33, nuclear and cytoplasmic fractions of the cells infected with AdV particles
encoding the corresponding proteins were isolated and tested for IL-33 (Figure 7). In
contrast to flmIL-33, which was localized predominantly in the cell nucleus, mmIL-33 was
present in both nuclear and cytoplasmic compartments, with the cytoplasmic levels
exceeding nuclear levels by approximately 3 fold. This observation suggests that flmIL-33
exerts its effects through intranuclear activities in the expressing cells, whereas mmIL-33
acts in both nuclei and cytoplasm. The latter notion is somewhat challenged by the
observation that sfcIL-33 was distributed approximately equally between the nuclear and
cytoplasmic fractions, yet the in vivo effects of sfcIL-33 were the same as those of flmIL-33.
This observation suggests that perhaps not only cytoplasmic localization but also IL-33
maturity or even protein maturity alone may be important for the Th2 effects of mmIL-33.
However, there appeared to be no clear association between subcellular localization of IL-33
isoforms and their in vivo effects. The subsequent experiments focused on the remaining
two mechanistic considerations, utilization of cell surface receptor and effects on gene
expression.

Independence of the effect of full-length IL-33 from ST2
Since secretion and subcellular distribution of IL-33 isoforms did not appear to be associated
with their functional effects, subsequent experiments were performed in ST2−/− mice, with
the goal of determining whether this known mmIL-33 receptor also mediates the effects of
flmIL-33 in vivo. Deficiency of ST2 significantly strongly attenuated the mmIL-33-driven
pulmonary eosinophilia (Figure 8), and ELISA assays revealed that ST2-deficient animals
had no increase in pulmonary IL-4 or IL-5 following mmIL-33 expression. However, the
increases in lymphocytes persisted in flmIL-33- and mmIL-33-expressing ST2-deficient
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animals (Figure 8). Moreover, deficiency of ST2 failed to attenuate flmIL-33-induced
pulmonary infiltration, and attenuated the size of, but did not completely abrogate,
mmIL-33-induced infiltrates (Figure 8). In contrast to WT mice, ST2-deficient animals did
not show hyperplasia of goblet cells in response to mmIL-33 delivery. Thus, it appears that
the effects of flmIL-33 on the lung are ST2-independent, as is mmIL-33-induced
lymphocytosis, whereas mmIL-33-driven Th2 deviation is ST2-dependent. This observation
may explain the different effects of flmIL-33 and mmIL-33 in the lung in vivo.

Similar effects of IL-33 isoforms on gene expression
As stated above, a difference in engaging the ST2 receptor molecule appeared to drive
differences in the effects of IL-33 isoforms on Th2 skewing of cytokines, goblet cell
hyperplasia, and pulmonary eosinophilia. However, those findings did not explain observed
similar effects of IL-33 isoforms, such as induction of pulmonary infiltration with
inflammatory cells. To assess the possibility that flmIL-33 and mmIL-33 may exert their
similar functional effects by similarly regulating gene expression, pilot experiments were
performed in which TC-1 cells were infected with either AdV-flmIL-33 or AdV-mmIL-33,
and gene expression profiling was performed using Affymetrix Mouse Genome 430 2.0
short oligomer arrays. The results suggested that each of the IL-33 isoforms similarly
upregulated gene expression of CCL2 (MCP-1), IL-6, and matrix metalloproteinases
(MMP)3, MMP10, and MMP13 in comparison with AdV-NULL-infected cells. To assess
the magnitude of these changes more precisely, quantitative reverse transcription-
polymerase chain reaction (RT-Q-PCR) experiments were carried out, and revealed that
expression of these genes was similarly and significantly increased by gene delivery of
either of flmIL-33 or mmIL-33 (Figure 9A). To demonstrate the relevance of these findings
to the in vivo situation, pulmonary homogenates were prepared and western blotting
performed for MMP10 and MMP13, revealing similar increases in the lungs of IL-33
isoform-overexpressing mice (Figure 9B). These observations suggest that the similar
effects of IL-33 isoforms on the lungs in vivo may be associated with similar regulation of
gene expression.

DISCUSSION
The observed results indicate that IL-33 is elevated in the lungs of patients (Figure 1A, B),
and that full-length IL-33 is the predominant naturally expressed form in health and disease
(Figure 1C). Further studies in experimental animals indicated that full-length IL-33
promotes inflammation differently from the mature form of the cytokine in an ST2-
independent fashion. Although flmIL-33 and mmIL-33 were similarly expressed in cell
culture and in mouse lungs in vivo (Figures 2, 6), their functional effects were different.
Expression of both isoforms caused accumulation of lymphocytes and neutrophils (Figures
3, 5), but in contrast to the mature isoform, the full-length isoform did not induce pulmonary
eosinophilia, goblet cell hyperplasia, or Th2 skewing of the cytokine profile (Figure 3–5).

These observations may resolve the existing controversy about IL-33 functional effects. On
the one hand, in numerous studies, activation of the IL-33R was associated with the Th2
cytokine pattern. IL-33 was found to be a chemoattractant for human Th2 cells (30).
Intranasal administration of IL-33 triggered an allergic response in the airways (31), and the
systemic in vivo treatment with mature IL-33 lead to eosinophilia and a significant increase
in serum IgE along with Th2-driven pathological changes in the lungs and the digestive tract
(6), perhaps due to the preferential expression of the IL-33R on Th2 cells under the control
of a transcription factor GATA-3 (32)(33), independently of stimulation with Th2 cytokines
IL-4, IL-5, or IL-10 (34)(35). Treatment with an anti-IL-33, but not a control antibody,
significantly reduced serum IgE secretion, the numbers of eosinophils and lymphocytes, and
the concentrations of IL-4, IL-5, and IL-13 in bronchoalveolar lavage fluid in a mouse
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model of asthma (36). Administration of either anti-T1/ST2 antibody or T1/ST2-
immunoglobulin fusion protein abrogated Th2 cytokine production and pulmonary
eosinophilia, but not Th1 cytokine production in an ovalbumin-induced animal model of the
Th2-driven immune response (37). In respiratory syncytial virus infection in mice, inhibition
of T1/ST2 with a monoclional antibody attenuated Th2-driven, but not Th1-driven,
immunopathology (38). In T1/ST2-deficient mice, formation of pulmonary granuloma
induced with Schistosoma mansoni eggs and characterized by eosinophil infiltration was
abrogated compared with wild-type controls, and the levels of Th2 cytokines were
significantly reduced in T1/ST2-deficient mice (29).

However, IL-33 may also promote responses other than Th2. IL-33 synergizes with T cell
receptor (TCR) signaling and IL-12 in promoting IFN-γ production and the effector
function of CD8+ T cells (39). Primary responses to IL-33 in bone marrow-derived human
macrophages favored M1 chemokine generation, while the addition of IL-33 to polarized
human macrophages amplified M2 chemokine expression (40). In human invariant NKT
cells, IL-33 dose-dependently enhanced production of IL-4, IL-5, IL-13, but also IL-2, TNF-
α, and IFN-γ (41). House dust mite preparation combined with APC, IL-2, and IL-33
induced production of both IL-4 and IFN-γ in Th2-polarized cells (41). IL-33 also mediated
antigen-induced cutaneous and articular mechanical hypernociception through the induction
of TNF-α, IL-1β, and IFN-γ (42). It is thus possible that IL-33 is naturally produced and
acts in more than one form, each with different functions.

Detailed mechanistic explanations for the independent effects of flmIL-33 and for the
observed differences and similarities between flmIL-33 and mmIL-33 will require further
analysis, but some important conclusions can be made based on the data presented.
Although flmIL-33, mmIL-33, and sfcIL-33 differed in secretion from cells (Figure 6) and
in subcellular distribution (Figure 7), these differences did not correlate with corresponding
functional effects in vivo. The flm-33-induced cellular infiltration of the lungs was
independent of ST2, whereas mmIL-33 required ST2 to induce Th2-associated effects
(Figure 8). These findings are in agreement with the notion that IL-33 may act without
engaging a cell surface receptor, by acting as a transcription factor (5) or co-factor (43).
Indeed, flmIL-33 remained predominantly intranuclear (Figure 7), and both flmIL-33 and
mmIL-33 similarly regulated gene expression, most notably of matrix metalloproteinases
MMP3, MMP10, and MMP13 (Figure 9). These enzymes are known for their contribution
to pulmonary inflammation (44–47), and their similar regulation by flmIL-33 and mmIL-33
may explain the similar in vivo effects of these isoforms on lung inflammation (Figure 3, 5).

These observed effects were specifically induced by the delivered IL-33 isoforms and were
not artifacts induced by the adenoviral vehicle. First, mice instilled with AdV-NULL
showed minimal, if any, infiltration of cells in the lungs, suggesting that the response to the
infection with the non-replicating adenovirus was minimal within the timeframe of the
experiments. Second, all adenoviral constructs encode a foreign protein (GFP) in their
backbone under a different (RSV) promoter, leading to strong GFP expression in cells
infected with any of these viruses. AdV-NULL-infected mice over-expressing GFP in their
lungs show minimal if any pulmonary response, suggesting that over-expression of a foreign
protein has minimal effect on the lung within the experimental timeframe. A similar
unpublished observation was made by us using recombinant adenovirus-mediated delivery
of an unrelated protein, keratoepithelin, in which expression in mouse lungs did not cause
pulmonary infiltration of inflammatory cells or changes in the cytokine profile. Third,
delivery to mouse lung of an unrelated protein (chemokine CCL18) using the same
adenoviral system resulted in a highly selective accumulation of T cells, but with no
accumulation of B cells, macrophages, or eosinophils, and with minimal disturbance of the
pulmonary cytokine milieu (21–23), all of which are in contrast to the observed effects of
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IL-33 isoforms. Fourth, in contrast to the observed effects of IL-33 isoforms, similar
recombinant adenovirus-mediated delivery of IL-4 resulted in the accumulation of both T
and B cells, but without macrophages in pulmonary infiltrates, and with different changes in
the cytokine milieu (24, 25). Moreover, the observed effects, particularly on pulmonary
eosinophilia and the cytokine profile, were distinctly specific to IL-4 splice variants
delivered (24, 25). Finally, adenoviral vectors have undergone significant investigation in
the clinic and showed immense promise for delivery of desired genes (48). Together, these
observations suggest that the observed outcomes are specific to the proteins being delivered,
and are different from an overall inflammatory response or broad immune activation.

It may appear that our findings on flmIL-33 by AdV-mediated delivery to the lungs
contradict those previously reported in a transgenic model (14). Although there was mild
pulmonary eosinophilia along with Th2 skewing of BAL cytokines in the flmIL-33
transgenic model, these effects may be explained by their observation of partial spontaneous
activation of IL-33. Additionally, our model of acute IL-33 gene delivery in an organ-
specific fashion arguably represents a more relevant realistic tissue response than the
constitutive ubiquitous over-expression model. Therefore, these two models should not be
compared directly, as transgenic animals with continued overexpression of a gene are well
known to “re-wire” their regulatory pathways during pre- and post-natal development.

In summary, full-length IL-33 is independently active in vivo in an ST2-independent
fashion, causing infiltration of the lung with inflammatory cells, and with particularly
notable accumulation of lymphocytes in lung tissue and bronchoalveolar lavage. The Th2
effects of mature IL-33 are ST2-dependent, yet this isoform induces some lymphocytic
infiltration in the lungs even in the absence of ST2. The similar non-Th2 effects of full-
length and mature IL-33 isoforms are associated with similar regulation of gene expression,
particularly matrix metalloproteinase, in the lungs.
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Figure 1.
Expression of IL-33 in human lung. A-H. Immunohistochemistry for IL-33 in lung tissue
obtained from one healthy volunteer and three patients with idiopathic pulmonary fibrosis
(IPF), as indicated. Similar observations were obtained in two additional healthy controls
and three additional patients with IPF. This anti-IL-33 antibody (Ab) indiscriminately reacts
with full-length and mature forms of hIL-33 (brown staining). Lung tissue stained with
isotype control Ab (A), or with anti-IL-33 Ab from the healthy control (B) and 3 patients
with IPF were imaged with a ×10 objective (C, E). Selected areas were imaged with a ×20
objective (D, F) or a ×40 objective (G, H). I. ELISA for total IL-33 in BAL from five
healthy volunteers (light circles) and ten patients with IPF (dark circles). J. Western blotting
of lung tissue homogenates from four patients with IPF (IPF) and two healthy controls (Ctrl)
for IL-33 (upper gel) and β-actin (lower gel). Recombinant mature human (mh) IL-33
protein was used as a positive control in the right-most column. Loading of the samples was
normalized to total protein.
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Figure 2.
Validation of infectivity and IL-33 gene delivery by recombinant AdV constructs. A.
Recombinant adenoviruses infect cells causing green fluorescence due to GFP expression
encoded in the viral backbone. Bright field microscopy (left), GFP fluorescence microscopy
(middle), and image overlay (right) of AdV-flmIL-33-infected mouse epithelial TC-1 cells
48 h after infection (×20 objective). Similar results were obtained with all other constructs in
these cells and also in A549 primary small airway epithelial cells and primary pulmonary
mouse fibroblasts. No fluorescence was observed in cells without AdV infection. B. Western
blotting with anti-mIL-33 antibody of fibroblast culture lysates infected with AdV encoding
the indicated proteins. rmIL-33 is a commercial preparation of mature IL-33 (R&D
Systems). Samples were normalized to total protein for loading. C. ELISA of whole lung
homogenates for GFP, ng/ml ± SD, on day 14 after instillation of adenoviruses encoding the
indicated proteins. D. ELISA of whole lung homogenates for mIL-33, ng/ml ± SD. WT mice
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(open bars) and ST2−/− mice (closed bars) were analyzed 14 days after infection with AdV
encoding the indicated proteins, with 3–5 animals per group.
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Figure 3.
Changes in cellular composition of bronchoalveolar lavage induced by gene delivery of
IL-33 to the lungs of C57Bl/6 mice in vivo (mean ± SD), with 3–7 animals per group and
with significant differences from AdV-NULL-challenged mice indicated with asterisks (p <
0.05). The top panel shows BAL cell counts in mice overexpressing the indicated IL-33
isoforms on day 14. The bottom panel shows the dynamics of BAL lymphocytes and
neutrophils in flmIL-33-overexpressing mice.
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Figure 4.
Levels of pulmonary cytokines (pg/ml) in multiplex assays of lung homogenates (mean ±
SD, with 5–10 animals per group) in mice expressing IL-33 isoforms as indicated.
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Figure 5.
Histological changes in mouse lungs following flmIL-33 gene delivery 14 days after AdV
construct instillation. Shown from top to bottom are H&E staining of lung sections from
mice infected with viral construct for delivery of indicated IL-33 isoforms;
immunohistochemistry of flmIL-33-expressing mouse lungs for CD3, B220, Mac3, and
Ly6G, as indicated; periodic acid-Schiff staining of flmIL-33- (lower left) and mmIL-33-
expressing (lower right) mouse lungs.
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Figure 6.
ELISA for mIL-33 of TC-1 cell culture supernates (open bars) and lysates (shaded bars), in
triplicate, 48 h after infection with AdV constructs encoding the indicated proteins. The
same ELISAs were repeated in A549 and SAEC cells with similar results.
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Figure 7.
Levels of IL-33 in nuclear (closed bars) and cytoplasmic (open bars) fractions of TC-1 cells
infected with AdV encoding the indicated proteins (pg per μg total protein ± SD) measured
by ELISA. Below, western blotting of the same nuclear (N) and cytoplasmic (C) samples for
histone deacetylase 2 (HDAC2) and β-actin.
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Figure 8.
Responses to IL-33 gene delivery in ST2-deficient animals. The top two panels show BAL
cell counts in flmIL-33- and mmIL-33-expressing mice on day 14 after construct instillation
in wild-type (left) and ST2 −/− (right) mice. Significant differences from AdV-NULL-
challenged mice are indicated with asterisks (p < 0.05). Below, histological changes in the
lungs following flmIL-33 or mmIL-33 gene delivery (H&E staining).
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Figure 9.
Regulation of gene expression by flmIL-33 and mmIL-33 in cell culture (A) and in vivo (B).
A. Mean fold increase ± SD in the levels of indicated mRNAs in TC-1 cells infected with
indicated constructs versus cells infected with AdV-NULL, 48 h after infection, by RT-Q-
PCR. Repeated on two occasions with similar results. Note the log scale on the vertical axis.
B. Western blot of mouse lung homogenates for MMP10 and β-actin, 14 days after
instillation of adenoviruses encoding IL-33 isoforms. Sample loading was normalized to the
entire left lung: the whole lung was homogenized and an equal fraction of the homogenate
loaded on the gel in each case.
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