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A B S T R A C T

Proteolytic activation of the IL-33 precursor, full-length interleukin-33 (FLIL33), at multiple sites within the
sensor domain (aa 95–109) yields several functionally mature (MIL33) forms. Unlike nuclear FLIL33, in-
tracellular MIL33 occurs in the cytoplasm, is secreted from source cells, and exerts biological effects by acti-
vating the ST2 receptor on target cells. Previous studies and our findings in this report indicated that IL-33 forms
that are substantially longer than those produced by cleavage within the sensor domain are biologically indis-
tinguishable from classical MIL33. We utilized a series of human and mouse N-terminal FLIL33 mutants to
narrow down the boundaries of the nuclear localization sequence to aa 46–67, a segment known to include a
portion of the chromatin-binding motif as well as another site controlling intracellular stability of FLIL33 in an
importin-5-dependent fashion. The N-terminal FLIL33 deletion mutants starting prior to this region were in-
tranuclear, non-secreted in cell culture, and manifested modest functional activity in vivo, similar to FLIL33. By
contrast, the mutants starting after this region were cytoplasmic, secreted from cells in culture, and overtly
biologically active in vivo, similar to MIL33. The deletion mutants starting within this region manifested an
intermediate phenotype between FLIL33 and MIL33. Thus, this segment of IL-33 molecule controls multiple
aspects of its biology, including subcellular localization, extracellular secretion, and functional maturation into
the longest possible form of mature IL-33 cytokine. Future anti-IL-33 therapies may be based on interfering with
this segment, thus restraining extracellular release and maturation of IL-33 into the active cytokine.

1. Introduction

Unlike the majority of cytokines that are produced and secreted by
source cells “on demand” in response to microenvironmental stimuli,
IL-33 is constitutively and inducibly expressed as an intracellular,
mostly intranuclear, precursor, full-length IL-33 (FLIL33) [1]. FLIL33 is
released from necrotic cells and becomes proteolytically activated ex-
tracellularly into mature IL-33 (MIL33) [2,3], binds to its cell-surface
receptor ST2 on target cells, activates intracellular signaling, and elicits
functional effects, thus acting as an alarmin and a powerful inducer of
the Th2 phenotype, including recruitment of eosinophils [1–11]. Ad-
ditionally, IL-33 may be actively secreted from live cells, including in its
activated, MIL33 form [8,12–18], although the mechanisms of such
secretion are unknown. The intracellular precursor FLIL33 is also in-
dependently active and contributes to injury responses and to the pa-
thophysiology of diseases [1,4–8,19–25].

Overall, IL-33 biology involves a complex interplay between its

transcriptional regulation, intracellular protein stability, regulation of
subcellular distribution, intracellular signaling from FLIL33, active se-
cretion or necrotic release, and proteolytic activation to form the MIL33
cytokine. The precise regulation of each of these aspects and their in-
terplay is poorly understood. Early studies roughly identified the region
aa 60–80 as responsible for the nuclear localization of FLIL33 [22] and
aa 40–58 as responsible for chromatin binding [26], but it remains
unknown whether these regions simultaneously control functional
maturation of IL-33. The same group later identified the region aa
95–109 as the “sensor domain” responsible for the proteolytic activa-
tion of FLIL33 into MIL33 variants of various lengths [2,3,10]. How-
ever, others have shown that a much longer form of mouse (m) IL-33,
starting at aa 68, is localized cytoplasmically and acts in vivo as MIL33
[18], but they did not test even longer N-terminal deletion mutants.
Here we describe a finding of a long-form human (h) MIL33, which
spurred a more detailed analysis of the protein’s N-terminal sequence,
leading to a more precise identification of the segment that controls
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such key aspects of IL-33 biology as its nuclear localization, secretion,
and maturation into MIL33.

2. Materials and methods

2.1. Recombinant constructs

The plasmid and replication-deficient adenoviral (AdV) constructs,
all driven by the cytomegalovirus promoter, were designed, prepared
(plasmids by Genscript, Piscataway, NJ and AdVs by ViraQuest, North
Liberty, IA), validated, and used as previously described in detail
[8,23–25]. The constructs that included the C-terminal portion of hIL-
33 [hFLIL33, hFLIL33(71–79A9), hFLIL33(71–79DEL), and hMIL33] also
contained a C-terminal HA tag (YPYDVPDYA) connected by a flexible
linker peptide (G3S)3.

2.2. Primary human and mouse cell cultures

Deidentified primary human lung fibroblasts from adult healthy
donors were purchased from Lonza (Walkersville, MD) and used at
passages 4–6. To obtain primary mouse lung cell cultures, wild-type
C57BL/6 mice were euthanized by CO2 asphyxiation followed by cer-
vical dislocation. After opening the ribcage, lungs were perfused
through the right ventricle with 10ml of ice-cold PBS. Lungs were
isolated, minced, and digested with collagenase and DNase I (both from
Sigma-Aldrich, St. Louis, MO). Cells were strained through a 70 μm
filter and plastic-adherent cells were propagated by two cycles of pas-
saging in DMEM medium supplemented with 10% bovine calf serum.
The cultures were maintained in a humidified atmosphere of 5% CO2 at
a temperature of 37 °C in DMEM supplemented with 10% serum as well

as glucose, L-glutamine, sodium pyruvate, nonessential amino acids,
and antibiotic-antimycotic mixture as previously described [8,23–25].
For experiments, the cells were harvested by trypsinization, washed,
counted, and seeded on 6-well culture plates at a density of 3× 105

cells/well in 0.5% bovine calf serum-containing DMEM. Gene delivery
was achieved using electroporation of cells with recombinant plasmids
utilizing the Amaxa Nucleofector (Lonza). In each reaction,
1× 105–1×106 cells and 0.5–2.0 μg of plasmid were used, based on
preliminary experiments to optimize expression of each delivered re-
combinant protein. Alternatively, infections of cultured cells with re-
plication-deficient recombinant AdV constructs were used to over-
express proteins or peptides of interest. For these infections,
1× 105–5×106 plaque-forming units/ml of AdVs were used per
3×105 cells in culture. Western blotting, ELISA, and fluorescent mi-
croscopy were performed as previously described [8,23–25].

2.3. In vivo studies

All experiments were performed in 10–12week-old mice in ac-
cordance with a research protocol approved by the University of
Maryland Institutional Care and Use Committee. Wild-type C57BL/6
mice were purchased from The Jackson Laboratory (Bar Harbor, ME).
ST2-deficient mice on C57BL/6 background were a king gift from Dr.
Andrew N. J. McKenzie, Medical Research Council Laboratory of
Molecular Biology, Cambridge, UK [27]. The intratracheal instillation
of AdVs, euthanasia, broncholaveolar lavage procedures, preparation of
lung homogenates, and ELISAs of homogenates for selected cytokines
were performed as previously described in detail [8,23–25].

Fig. 1. Properties of hFLIL33(71–79A9) and
hFLIL33(71–79DEL) mutants in cultured cells. A.
ELISA of cell lysates and cell culture supernates
of primary human fibroblasts 72 h after electro-
poration with plasmids encoding the wild-type
or mutant variants of hFLIL33, mean pg/
ml ± SD. B, C. Western blots of primary human
fibroblast lysates 72 h after transfection with
plasmids encoding the indicated hFLIL33 var-
iants. The arrows on the left indicate the inter-
mediate-size bands observed in
hFLIL33(71–79A9)-expressing cells. D.
Immunofluorescence of cultured primary human
fibroblasts using an anti-HA antibody. Cells were
transfected with plasmids encoding the in-
dicated hFLIL33 variants and tested 72 h later.
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3. Results

In our recent studies [24,25], we examined intracellular stability of
human (h) FLIL33, including by mutating segments of the N-terminal
portion of the molecule. As a continuation of this systematic effort, we
mutated a charged amino acid-rich region of hFLIL33 at aa 71–79, by
either replacing this entire cluster (KTGRKHKRH) with poly-alanine
[hFLIL33(71–79A9)] or by deleting it [hFLIL33(71–79DEL)]. Similar to
the FLIL33, the hFLIL33(71–79DEL) mutant remained predominantly
intracellular, whereas similar to MIL33, the hFLIL33(71–79A9) mutant
was released in large amounts into the supernates of cells electro-
porated with the encoding plasmids (Fig. 1A, repeated in five primary
cell cultures from separate donors, in duplicate cultures for each FLIL33
form). Western blots of these cell lysates revealed that
hFLIL33(71–79A9)-expressing but not hFLIL33(71–79DEL)-expressing
cells contained IL-33 bands that were intermediate in size between
hFLIL33 and hMIL33; double or single intermediate-size bands were
observed variably among the tested fibroblast cultures (Fig. 1B, C).
Immunocytochemical staining for the HA tag, which was fused to the C-
terminus of all these constructs through a flexible linker, revealed that
unlike the predominantly intranuclear wild-type hFLIL33 and similar to
the predominantly cytoplasmic MIL33 [25], the hFLIL33(71–79A9)
mutant was abundant in the cytoplasm (Fig. 1D, repeated in five pri-
mary cell cultures from separate donors with similar results). These
combined observations suggested that the hFLIL33(71–79A9) mutant
undergoes partial degradation, perhaps proteolytic cleavage by a cur-
rently unknown enzyme, resulting in a protein product that behaves
similarly to MIL33 in terms of subcellular localization and extracellular
release, but is substantially larger than the known MIL33 variants
[2,3,10]. Replication-deficient, recombinant adenoviral (AdV) con-
structs encoding wild-type hFLIL33, mMIL33, and hFLIL33(71–79A9),
as well as a non-coding AdV-NULL vehicle control were prepared and
administered intratracheally to mice (Fig. 2). Gene delivery of both
mMIL33 and hFLIL33(71–79A9), but not wild-type hFLIL33, induced
massive accumulation of inflammatory cells in the lungs based on
bronchoalveolar lavage (BAL) cell counts (Fig. 2A), mostly due to
pronounced pulmonary eosinophilia (Fig. 2B). Germline deficiency of
ST2 abrogated mMIL33-induced [8] and hFLIL33(71–79A9)-induced
eosinophilia (Fig. 2B), indicating that both molecules acted through this
cell-surface receptor. Lymphocytes and neutrophils were also elevated
by hFLIL33(71–79A9) gene delivery (Fig. 2C, D, respectively) similar to
the effect of mMIL33 overexpression [8]. Both mMIL33 and
hFLIL33(71–79A9) potently induced the levels of Th2 cytokines IL-4, IL-
5, IL-13, and CCL2 (Fig. 2E–H). Thus, the product of hFLIL33(71–79A9)
degradation, despite being substantially larger in size, behaves similarly
to the classical MIL33 both in cell culture and in vivo.

This observation of hFLIL33(71–79A9) activity, combined with a
previous report of a long form of mMIL33, which begins at aa 68 [18],
suggested that functional maturation of FLIL33 into larger MIL33 forms
may occur in a substantially more N-terminal region than the known
proteolytic activation domain at aa 95–109 [2,3,10]. To more precisely
define this region, a series of plasmids were constructed and used to
overexpress fusion proteins of various segments of the N-terminal re-
gion of FLIL33 with monomeric Scarlet-I (mScI) fluorescent protein
[28] connected by a flexible linker (G4S)3 (Fig. 3). Selection of the
segments was guided by the boundaries of charged amino acid clusters
in the N-terminal part of the FLIL33 molecules. We reasoned that cy-
toplasmic rather than nuclear localization of an IL-33 form would be
more conducive to its secretion and subsequent functional cytokine
activity. As expected, the complete N-terminal segment of FLIL33 (aa
1–111) mediated nuclear localization of the fluorescent fusion construct
1–111mScI. Consistent with the notion that the region below aa 71 is
necessary for nuclear localization of FLIL33, the aa 1–69 fragment of
FLIL33 similarly mediated nuclear localization of the fusion construct
1–69mScI. However, a shorter peptide, aa 1–58 of FLIL33, while
translocating the fused mScI (1–58mScI) to the nucleus, also remained

present in the form of small granules in the cytoplasm. Thus, the aa
59–69 region is important for ensuring complete nuclear localization of
the protein. The fusion constructs of shorter lengths of the N-terminal
portion of FLIL33 with mScI (1–40mScI, 1–25mScI, and 1–13mScI)

Fig. 2. Properties of hFLIL33(71–79A9) and hFLIL33(71–79DEL) mutants in
vivo. A–D. Total and differential (eosinophils, lymphocytes, neutrophils) cell
counts of BAL samples from wild type and ST2 knockout mice infected in-
tratracheally with AdV constructs encoding the indicated variants of IL-33; day
14 after infection. E–H. ELISAs of lung homogenates for IL-4, IL-5, IL-13, and
CCL2 in WT mice infected intratracheally with AdV constructs encoding the
indicated variants of IL-33; day 14 after infection. In panels E–H, dots represent
individual mice and horizontal bars show mean values for each group.
Statistically significant differences (p < 0.05) from AdV-NULL-infected mice
are indicated with asterisks.
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were either extranuclear or distributed through both the nucleus and
cytoplasm. The 13–69mScI and 46–69mScI fusion constructs were in-
tranuclear, suggesting that the area below aa 46 is not needed for the
nuclear translocation. Amino acids 68 and 69 (P and S) are not charged,
suggesting that they may not be required for the nuclear trafficking.
Indeed, the 46–67mScI is localized entirely intranuclearly. As men-
tioned above, the region below aa 58 contributes to but is not by itself
sufficient for the exclusively nuclear localization of the protein. Fur-
thermore, the 57–69mScI fusion protein was distributed through both
the nucleus and cytoplasm, suggesting that the integrity of the aa 46–67
segment is important for complete nuclear localization. We have thus
narrowed down aa 46–67 (KLRSGLMIKKEACYFRRETTKR) as the nu-
clear localization sequence (NLS) of FLIL33. The combined observations
described above suggested that any form of IL-33 starting C-terminally
of aa 67 is an extranuclear, secreted, functionally mature IL-33 cyto-
kine.

To ensure that the observations in Fig. 2 obtained with human IL-33
forms administered to mice were not artifactual cross-species effects, to
generalize the observations presented in Figs. 1–3 to both human and
mouse forms of IL-33, and to explore the functional activity of a partial
NLS, N-terminal deletion constructs of mFLIL33 were prepared. The
segment of mFLIL33 that is orthologous to aa 46–69 in hFLIL33 spans
aa 48–71 (RLRSGLTIRKETSYFRKEPTKRYS). Plasmid and AdV con-
structs were used that encode N-terminal deletion mutants of mIL-33
starting at aa 48 (48mIL33), aa 60 (60mIL33), and aa 71 (71mIL33).
Primary mouse lung cells were electroporated with these constructs,
and cell lysates and culture supernates were tested 72 h later for IL-33

levels by ELISA. Consistent with the findings made with hFLIL33 mu-
tants, 48mIL33 was not secreted, 71mIL33 was abundantly secreted,
and 60mIL33 was partially secreted (Fig. 4A, repeated on three separate
occasions, in duplicate cultures for each IL-33 form). To determine
whether these differences in secretion are paralleled by functional ac-
tivity, corresponding AdV constructs encoding these mutants were
prepared and instilled intratracheally in mice. Similar to mFLIL33 [8],
such gene delivery of 48mIL33 induced mild lymphocytosis and neu-
trophilia, but did not induce accumulation of eosinophils (Fig. 4B–E).
By contrast, similar to mMIL33 [8], gene delivery of 71mIL33 induced
overt eosinophilia (Fig. 4C), whereas overexpression of 60mIL33 re-
sulted in an intermediate phenotype (Fig. 4B–E). Similar to mMIL33
[8], deficiency of the ST2 receptor abrogated the effects of 60mIL33
and 71mIL33 gene delivery (Fig. 4B–E). Moreover, gene delivery of
71mIL33 induced the levels of Th2 cytokines IL-4 and IL-5 similar to the
effect of mMIL33 [8], with 60mIL33 having a similar but less pro-
nounced effect (Fig. 4F, G).

4. Discussion

We made a serendipitous observation of spontaneous intracellular
degradation of the human FLIL33(71–79A9) mutant. The product
manifested biological properties of MIL33, such as cytoplasmic ex-
pression, secretion from expressing cells, and ST2-dependent pro-Th2
activity in vivo (Figs. 1 and 2). However, its gel mobility suggested a
substantially larger molecular size than that of a classical MIL33, which
is generated through proteolysis of FLIL33 in the protease sensor

Fig. 3. Subcellular localization of the fusion constructs between the indicated segment peptides of FLIL33 and mScI. A. Fluorescence microscopy, red channel, of two
representative cells for each FLIL33 segment is shown; repeated in primary NHLFs from three separate donors, with at least 50 overexpressing cells analyzed for each
donor, with consistent results. B, C. Fluorescent images of cells with DAPI-stained nuclei (blue) expressing the indicated IL-33 segment peptide – mScI fusion proteins
(red), and the overlays of the two channels. D. The horizontal bars represent the corresponding FLIL33 N-terminal peptide sequences to scale; closed bars represent
nuclear and open bars extranuclear or combined localization. (For interpretation of the references to colour in this figure legend, the reader is referred to the web
version of this article.)
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domain spanning aa 95–109 [2,3,10]. These findings echoed the report
of a similar long form of mouse MIL33 [18]. These combined findings
indicated that IL-33 maturation may occur N-terminally of the protease
sensor domain and prompted the need to definitively define the
boundaries of the N-terminal region(s) that control(s) subcellular lo-
calization, secretion, and cytokine activity of IL-33 forms. We tested a
series of FLIL33 N-terminal peptides for their ability to mediate intra-
nuclear trafficking of a fluorescent fusion protein (Fig. 3). We reasoned
that nuclear localization would not be conducive to IL-33 secretion
from intact cells, whereas cytoplasmic localization could be permissive
of secretion, with possible receptor-mediated functional activity. The
results indicated that the integrity of the aa 46–67 segment of IL-33
precursor is important for complete nuclear localization, and its
shortening permits cytoplasmic presence. Subsequently, N-terminal
deletion mutants of mouse IL-33 precursor were also tested to de-
termine whether the orthologous region controls nuclear localization,
and whether its absence permits secretion and functional cytokine ac-
tivity in both species. The combined observations presented in Figs. 1–3
suggested that the 48mIL33 mutant, which had the entire NLS pre-
served, would remain intracellular and non-secreted from cells. The
71mIL33 mutant, in which the entire NLS was removed, was expected
to localize cytoplasmically, undergo secretion, and exert the cytokine
effects of mMIL33. The 60mIL33 mutant, in which only a portion of the
NLS was preserved, was expected to manifest an intermediate pheno-
type between mFLIL33 and mMIL33. Indeed, 71mIL33 was secreted
from cells in culture, 48mIL33 was not, and 60mIL33 was partially
secreted. Gene delivery in vivo revealed that 71mIL33 induces eosi-
nophil recruitment and elevations in the levels of Th2 cytokines (Fig. 4)
similarly to the Th2 phenotype-inducing effect of mMIL33 [8]. By
contrast, similar to mFLIL33 [8], 48mIL33 had no effect on eosinophils
and only induced mild lymphocytosis and neutrophilia, similar to
FLIL33 [8]. The phenotype induced by 60mIL33 was intermediate,
consistent with the notion that the entire NLS is needed to ensure
complete nuclear localization of IL-33, and to prevent its secretion and
cytokine activity.

Our findings narrow down the previous characterization of the NLS
of FLIL33 [18,22,26], specifically to the aa 46–67 segment. We further
demonstrate that the integrity of this NLS is important for the exclusive
nuclear localization of IL-33, whereas its cleavage leads to partially
nuclear and also cytoplasmic localization. Moreover, our data indicate
that three key features of IL-33, including its subcellular localization,
secretion from source cells, and cytokine activity through ST2 receptor,
are all controlled by this region in the N-terminal portion of FLIL33. We
have validated these observations not only in primary cell culture but
also in mice in vivo, thus making the findings relevant to the complexity
of the in vivo environment. It should be also noted that human IL-33
forms are biologically active in mice in vivo (Fig. 2). Although novel,
our findings are consistent with previous observations. The aa 46–67
region of FLIL33 is encoded within exon 3 of the IL-33 gene, suggesting
that IL-33 splice variants omitting this region would be present cyto-
plasmically in the producing cells, be secreted, and act as mature pro-
Th2 cytokines. Indeed, such splice variants have been recently dis-
covered [29,30]. Further supporting the functional importance of this
protein segment, a part of its sequence (aa 46–56) controls intracellular
degradation of FLIL33 in an importin-5-dependent fashion [25].

In summary, we have precisely outlined the NLS of FLIL33, which
simultaneously represents the most N-terminal region of the FLIL33
molecule that controls subcellular localization, intracellular stability,
extracellular secretion, and functional activity of IL-33, and deletion of
which produces the longest functional MIL33 cytokine. It remains to be
determined which specific proteases natively cleave FLIL33 protein N-
terminal to, within, or C-terminal to this region, and under which
conditions. Nevertheless, the new information presented in this report
may offer opportunities to therapeutically target IL-33 processing and
function.

Fig. 4. Properties of N-terminal deletion mutants of mFLIL33. A. ELISA of cell
lysates and cell culture supernates of primary mouse cells 72 h after electro-
poration with plasmids encoding the indicated mFLIL33 mutants, mean pg/
ml ± SD. B–E. Total and differential (eosinophils, lymphocytes, neutrophils)
cell counts of BAL samples from wild type and ST2 knockout mice infected
intratracheally with AdV constructs encoding the indicated variants of mIL-33;
day 10 after infection. F, G. ELISAs of lung homogenates for IL-4 (F) and IL-5
(G). In panels B–G, dots represent individual mice and horizontal bars show
mean values for each group. Statistically significant differences (p < 0.05)
from AdV-NULL-infected mice are indicated with asterisks.
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