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Background: Conflicting data describe Interleukin 33 as a nuclear factor and ligand for a transmembrane receptor complex.
Results: IL-33 displays multi-compartmental geography, inter-organelle flux and extracellular release from mechanically

stressed cells.

Conclusion: IL-33 manifests dynamic subcellular mobility and secretion from living cells upon biomechanical strain.
Significance: IL-33 belongs to a group of factors displaying dual inflammatory and mechano-responsive properties.

Interleukin 33 (IL-33), a member of the Interleukin 1 cytokine
family, is implicated in numerous human inflammatory diseases
such as asthma, atherosclerosis, and rheumatoid arthritis.
Despite its pathophysiologic importance, fundamental ques-
tions regarding the basic biology of IL-33 remain. Nuclear local-
ization and lack of an export signal sequence are consistent with
the view of IL-33 as a nuclear factor with the ability to repress
RNA transcription. However, signaling via the transmembrane
receptor ST2 and documented caspase-dependent inactivation
have suggested IL-33 is liberated during cellular necrosis to
effect paracrine signaling. We determined the subcellular local-
ization of IL-33 and tracked its intracellular mobility and extra-
cellular release. In contrast to published data, IL-33 localized
simultaneously to nuclear euchromatin and membrane-bound
cytoplasmic vesicles. Fluorescent pulse-chase fate-tracking doc-
umented dynamic nucleo-cytoplasmic flux, which was depend-
ent on nuclear pore complex function. In murine fibroblasts in
vitro and in vivo, mechanical strain induced IL-33 secretion in
the absence of cellular necrosis. These data document IL-33
dynamic inter-organelle trafficking and release during biome-
chanical overload. As such we recharacterize IL-33 as both an
inflammatory as well as mechanically responsive cytokine
secreted by living cells.

In the innate immune system, numerous features of the
Interleukin (IL)* 1 family member IL-33 have suggested this
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cytokine acts as an “alarmin,”(1) serving as a warning signal
between cells at times of injury or cell death. For instance, IL-33
has been shown to be heterochromatin associated, functioning
as a transcriptional repressor in living cells (2). In contrast,
IL-33 is known to signal via a transmembrane receptor complex
of ST2 and Interelukin-1 receptor accessory protein, activating
downstream tyrosine kinases and modulating NF-«B activity
(3,4). As IL-33 is cleaved at its receptor binding site by caspase
3 in the context of cellular apoptosis,(5) it has been suggested
that IL-33 is released from the nuclear space only during necro-
sis, whereby it is free to bind its cell surface receptor and affect
paracrine inflammatory signaling. The lack of a nuclear export
sequence, and like other alarmins such as high-mobility group
protein B1 and members of the Interleukin 1 family such as
Interleukin-1 « and B, the lack of a canonical secretory signal
sequence have been taken as support for the alarmin hypothesis
of IL-33. Interestingly however, IL-33 expression is stimulated
in the context of non-fatal cellular stretch, particularly in
mechano-sensitive cells such as fibroblasts (6). Thus an alter-
ative hypothesis to resolve this inconsistency is that IL-33 is
trafficked for release from living cells via non-classical mecha-
nisms upon sublethal biomechanical strain. To address this
possibility, we sought to clarify the subcellular location and
inter-organelle flux of IL-33 in resting and mechanically stim-
ulated cells, and explored IL-33 release both in vitro and in vivo.

EXPERIMENTAL PROCEDURES

Reagents—Cloning kits and reagents were purchased from
Invitrogen (Carlsbad, CA). Cell culture reagents, fluorescent
antibodies, probes and dyes were purchased from Invitrogen.
Immunohistochemistry reagents were purchased from Vector
Laboratories (Burlingame, CA). Antibodies were obtained from
AbCam (Cambridge, MA) except for anti-IL-33 antibody
Nessy-1 clone (N1) from Enzo Life Sciences (Plymouth Meet-
ing, PA) and anti-HA antibody (clone 16B12) from Covance
(Princeton, NJ). Anti-IL-33 Elisa was purchased from Enzo Life
Sciences. Design and characterization of our anti-IL-33 anti-
body was previously described (6). Lentiviral plasmids, packag-
ing cells and transfection reagents were purchased from System
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Biosciences (Mountain View, CA). General laboratory chemi-
cal reagents were purchased from Sigma-Aldrich.

Cloning and Plasmids—Full-length human IL-33 was
obtained via PCR from a ¢cDNA library as described (6). PCR
primers contained engineered restriction enzyme sites. Fluoro-
proteins were similarly subcloned with engineered restriction
enzyme sites. HA and tetracysteine tags were engineered into
PCR primers with sequences 5'-TGTTGTCCCGGGTGTT-
GTGCA-3" and 5'-TACCCTTACGATGTACCGGATTACG-
CACTCGACGCA-3', respectively. pCR-Blunt II Topo vector
was used as intermediate vector. Fluoroprotein and epitope
tags were cloned at the 5'- or 3’-end of IL-33 in the pCDH-EF1-
MCS-T2A-Puro lentiviral vector for cell line creation or in
pCDH-CMV-MCS-EF1-copGFP for in vivo gene transfer. All
constructs were verified by sequencing.

Lentivirus Preparation and Cell Line Creation—Lentiviral
constructs were introduced with psPAX and pMD2.G packag-
ing and envelope vectors into 293TN cells using PureFection
reagent per manufacturer’s protocol. 72 h later, culture media
were harvested and lentiviral particles concentrated by ultra-
centrifugation (if destined for in vivo delivery) or Peg-IT rea-
gent (if destined for cell line creation). Stable cell lines were
created by transducing NIH3T3 cells with concentrated lenti-
virus plus polybrene and subjecting them to subsequent puro-
mycin selection. Expression was confirmed via Western blot-
ting for IL-33 and/or HA as appropriate. For in vivo lentiviral
delivery, virus was titered by transducing NIH3T3 cells. MOI
was calculated by flow cytometric counting of the percent of
cells displaying copGFP reporter fluorescence. Lentivirus was
delivered at an MOI of 950 -1000.

In Vivo Lentiviral Gene Transfer and Transaortic Constric-
tion Experiments—All animal procedures were conducted in
accordance with guidelines published in the NIH Guide for the
Care and Use of Laboratory Animals and were approved by the
Harvard Medical School Standing Committee on Animals.
C57BL/6L male mice between the ages of 8 —10 weeks under
pentobarbital anesthesia and with ventilator assist were used as
described (6). For myocardial gene transfer, ten microliters of
lentivirus with polybrene was directly injected into left ventric-
ular myocardial tissue under visualization via thoracotomy. For
pulmonary gene transfer, forty microliters of lentivirus with
polybrene was instilled into the trachea. Postoperative care was
conducted as described (6). On post-operative day seven, mice
were either anesthetized with pentobarbital and ventricular or
pulmonary tissue harvested or mice underwent transaortic
constriction versus sham surgery as described (6). After surgery,
mice were maintained in post-operative recovery for 2 h prior
to sacrifice and tissue harvest. All tissues were fixed in 4% para-
formaldehyde prior to 70% ethanol dehydration, paraffin
embedding, and sectioning.

Biomechanical Strain—Cells were plated at subconfluence
on fibronectin-coated strain dishes as described (6). Cyclic
strain was conducted at 1 Hertz, 8% biaxial stretch in serum-
free medium supplemented with insulin, transferring, and sele-
nium. Media was collected at end-strain and passed through a
0.2-micron filter. Cellular lysates from independent unstrained
samples were collected in RIPA buffer and diluted in an equal
volume of serum-free medium. Samples were interrogated via
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anti-IL-33 ELISA. Optical density was converted to absolute
IL-33 concentration via standard curve utilizing recombinant
human IL-33 serially diluted in DMEM.

Tetracysteine Pulse-chase Experiments—Stable cell lines
expressing a tetracysteine-tagged IL-33 were pulsed with a tet-
racysteine-avid fluorescein dye and washed with British anti-
lewisite in PBS (FIAsH reagent, Invitrogen) per manufacturer’s
instructions. Cells were either fixed, or allowed a chase period
prior to fixation prior to further immunohistochemical proc-
essing and microscopy. For cytoskeleton disruption experi-
ments, cells were pre-treated with either latrunculin B (1 um in
DMEM) or nocodazole (5 um in DMEM) 2 h prior to pulse
initiation. For ATP depletion experiments, cells were switched
from high-glucose DMEM growth medium to glucose-free
DMEM supplemented with 25 mm 2-deoxy-D-glucose and 6
mM sodium azide 2 h prior to pulse initiation.

Histology and Microscopy—For immunofluorescence, cells
were fixed with 4% paraformaldehyde and permeabilized with
0.5% Triton-X. Tissues sections were processed via citrate-buf-
fer antigen retrieval. Samples were then blocked with 10% goat
serum and 0.1% Triton-X in PBS, incubated in primary anti-
body overnight at 4 °C, washed, and incubated in AlexaFluor
secondary antibodies for one hour at room temperature. Hoe-
scht dye was used for nucleic acid counterstaining. For HA-tag
immunofluorescence in tissue sections, the signal was resolved
via biotinylated secondary antibody followed by tyrimide
amplification prior to fluorophore-conjugated streptavidin ter-
tiary antibody application. For immunohistochemistry of pul-
monary tissue sections, samples were processed as above.
Mouse-on-mouse and streptavidin-biotin blocking kits were
utilized prior to incubation in primary antibody. Samples were
imaged via confocal or epifluorescent microscopy as indicated.
For epifluorescence, images were captured on an Olympus
IX-70 microscope via Metamorph software (Molecular
Devices, Sunnyvale, CA). For time-lapse microscopy, images
were captured on an Olympus IX-70 microscope with an auto-
mated, motorized stage controlled via IP Lab software (BD Bio-
sciences, Franklin Lakes, NJ). For confocal microscopy, images
were captured on a Carl Zeiss LSM-710 microscope via LSM
Image Browser (Carl Zeiss, Germany). For tetracysteine-based
electron microscopy, cells were grown on fibronectin-coated
Aclar membranes (Honeywell International, Canton, MA,
USA) and fixed with 4% paraformaldehyde. Resorufin deriva-
tive treatment and photoconversion of 3,3’-diaminobenzidine
were performed as described (7). Standard transmission elec-
tron microscopy techniques were then utilized as described (8).
All images were post-processed in Image] (NIH) and Photo-
shop (Adobe Systems, San Jose, CA).

Statistical Analyses—Statistical analyses were performed with
PRISM 5.0 (GraphPad, LaJolla, CA). For two sample comparisons,
a two-tailed ¢ test was employed. For time-course experiments,
significance was assessed via one-way ANOVA with Bonferroni
Multiple Comparison post-test. All data are expressed as means =
S.E. p values less than 0.05 are considered significant.

RESULTS

Previously published data suggest that IL-33 fused to a fluo-
roprotein occupies a nuclear position (2, 9, 10). Similarly in our
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hands, fibroblasts stably expressing fluoroprotein-tagged IL-33
displayed restricted nuclear localization. When these cells were
subjected to cyclic biaxial stretch, nuclear localization of the
fusion protein was unaltered (supplemental Fig. S1). Because
IL-33 is a 32 kilodalton protein, fusion to a fluoroprotein
roughly doubles its molecular weight; it is therefore possible
that our current understanding of IL-33 behavior is biased by an
artificial restriction of cellular mobility induced by fluoropro-
tein fusion. Consistent with this supposition, immunofluores-
cent interrogation of wild type IL-33 in primary endothelial
cells and fibroblasts in culture revealed both nuclear and cyto-
plasmic localization (Fig. 1A). This localization was also seen in
a fibroblast cell line stably expressing IL-33 fused to a small
epitope tag (Fig. 1B). Furthermore, overexpression of this HA
epitope-tagged IL-33 in cardiac ventricular tissue and respira-
tory epithelium in vivo revealed an identical nucleo-cytoplas-
mic staining pattern (Fig. 1C). These data suggest that when
IL-33 mobility is not restricted by fusion to a fluoroprotein, it
simultaneously occupies both nuclear and cytoplasmic
positions.

Because IL-33 contains a nuclear localization sequence and
chromatin-binding domain in its N terminus,(2) we hypothe-
sized that IL-33 exhibits dynamic inter-organelle flux between
the nuclear and cytoplasmic compartments. Utilizing fluores-
cent dyes engineered for avidity to a four-cysteine epitope (7)
we found that fibroblasts stably expressing tetracysteine-tagged
IL-33 (TC-IL-33) exhibited nuclear and cytoplasmic localiza-
tion mimicking the native expression pattern in primary cells
(Fig. 2A4). As these tetracysteine-avid dyes are compatible with
electron microscopy, we defined the sub-cellular geography of
IL-33 in resting fibroblasts expressing TC-IL-33. Nuclear IL-33
molecules were clustered in areas of euchromatin, in distinc-
tion to the association of fluoroprotein-tagged IL.-33 with het-
erochromatin as described previously (2). In the cytoplasmic
space, amalgams of electron density could be seen within mem-
brane-bound vesicles, explaining the speculated pattern of
cytoplasmic IL-33 staining seen by immunofluorescence (Fig.
2B). Taken together, these data suggest that in resting cells,
IL-33 associates with nuclear euchromatin and simultaneously
resides in the vesicular compartment of the cytoplasm.

It was unclear whether the cytoplasmic residence of IL-33
occurs just after molecular synthesis or if newly synthesized
molecules are first transported to the nucleus, from where they
then efflux into the cytoplasmic space for vesicular packaging.
To investigate this, we imaged live cells stably expressing TC-
IL-33 via epifluorescent time-lapse microscopy after a pulse of
tetracysteine-avid dye. Beginning at 20 min post-pulse and pro-
ceeding over the course of 2 h, uniformly stained cells gradually
lost their nuclear fluorescence to exhibit a predominantly cyto-
plasmic pattern, suggesting translocation of nuclear IL-33 to
membrane-bound cytoplasmic vesicles over time (Fig. 2C and
supplemental video). When these cells were treated with an
acidophilic fluorophore at the end of the chase period, colocal-
ization of IL-33 and acidic cytoplasmic granules was noted, sug-
gesting cytoplasmic IL-33 is packaged into secretory vesicles or
late endosomes (data not shown).

To confirm that newly synthesized molecules are indeed ini-
tially trafficked to the nuclear space, we performed a pulse-
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FIGURE 1. IL-33 simultaneously occupies multiple sub-cellular domains.
A, IL-33 displays nuclear and cytoplasmic localization in wild type primary
cells. The subcellular localization of IL-33 was interrogated by immunofluo-
rescence epifluorescent microscopy utilizing two different anti-IL-33 anti-
bodies. Rat neonatal cardiac fibroblasts (RNCF), human skin fibroblasts (HSF),
and human coronary endothelial cells (HCEC) in culture were probed with
either a commercially available anti-IL-33 antibody (upper panels) or our pre-
viously characterized anti-IL-33 antibody (lower panels). IL-33 signal is
pseudocolored green, with anti-tubulin staining (denoting the cytoplasmic
space) pseudocolored red. Note our anti-IL-33 antibody does not react with
ratIL-33 underimmunofluorescence protocols. Scale bars represent 10 um. B,
small epitope tags allow proper modeling of wild type IL-33 localization. In
contrast to fluoroprotein-tagged IL-33, an HA tag at either the amino (HA-IL-
33) or C(IL-33-HA) terminus permitted nuclear (arrowheads) and cytoplasmic
(arrows) localization of stably expressed IL-33 in fibroblasts as seen by confo-
cal microscopy in a pattern mimicking the wild type condition. Scale bars
represent 10 wm. C, IL-33 occupies nuclear and cytoplasmic positions in vivo.
Lentivirus harboring HA-IL-33 as well as a non-fusion GFP reporter was
injected into the left ventricle (upper panels) or instilled into the trachea (lower
panels) of anesthetized mice. Upon genomic integration and protein expres-
sion, cardiac myocytes revealed strong cytoplasmic HA-IL-33 staining
(probed via an anti-HA antibody) in infected cells demarked by GFP expres-
sion. Respiratory epithelial cells of terminal bronchioles displayed nuclear
and cytoplasmic immunohistochemical staining of HA-IL-33 in cells
demarked by GFP expression (arrowheads). Images are representative of 2-3
animals per group and 6-10 microscopic fields per animal. Scale bars repre-
sent 10 wm.

chase-pulse experiment whereby fibroblasts stably expressing
TC-IL-33 were treated with tetracysteine-avid fluorescein dye,
rendering all existent TC-IL-33 molecules fluorescent in the
green spectral range. Subsequently, the dye was withdrawn and
the live cells were allowed a chase period. At the end of the
chase, a pulse of tetracysteine-avid resorufin dye was adminis-
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FIGURE 2. IL-33 displays dynamic nucleo-cytoplasmic flux. A, tetracys-
teine-tagged IL-33 (TC-IL-33) displays nuclear and cytoplasmic localization. A
fibroblast cell line stably expressing TC-IL-33 was probed with tetracysteine-
avid fluorescein derivative and one of two anti-IL-33 antibodies (commer-
cially available N1 or a11 raised by our laboratory). Confocal microscopy
revealed nuclear (arrowheads) and cytoplasmic (arrows) localization of TC-
IL-33 (pseudocolored green), similar to the pattern of wild-type IL-33 staining
in mock-transfected cells (anti-IL33 antibody signal pseudocolored red). Note
mock-transfected cells did not evidence fluorescein fluorescence. Scale bars
represent 10 um. B, cytoplasmic IL-33 is housed within vesicles. As the tetra-
cysteine-avid resorufin derivative can render 3,3’-diaminobenzidine electron
dense,(8) the subcellular localization of TC-IL-33 was interrogated by trans-
mission electron microscopy. Nuclei displayed punctate electron densities
(arrowheads) concentrated in areas of euchromatin (Ec). The cytoplasm evi-
denced electron densities within membrane-bound structures (arrows). P
and N denote plasma and nuclear membranes, respectively. Hc indicates het-
erochromatin. Scale bars represent 1 um. G, IL-33 displays dynamic nucleo-
cytoplasmic flux. Fibroblasts stably expressing TC-IL-33 were pulsed with
tetracysteine-avid fluorescein derivative and imaged by time-lapse epifluo-
rescent microscopy. Shown are representative images at 0 and 80 min post-
pulse. Over the chase period, a transposition of fluorescence from the nucleus
(arrowheads) to the cytoplasmic space (arrows) is evident. A time-lapse movie
may be viewed as part of the supplemental materials. Scale bars represent 10
um. D, newly synthesized IL-33 molecules are nuclear in their localization.
Pulse-chase-pulse experiments were performed by exposing fibroblasts sta-
bly expressing TC-IL-33 to a primary application of tetracysteine-avid fluores-
cein derivative followed by secondary resorufin derivative exposure after a
variable chase period. By this method, all existent IL-33 molecules at the time
of the initial pulse were rendered fluorescein-positive. Molecules synthesized
after the primary pulse were non-fluorescent until application of the resorufin
derivative at the end of the chase period, allowing differential fluorescence of
molecules synthesized at different times. Cells treated with resorufin deriva-
tive without a chase period did not evidence red fluorescence in any subcel-
lular compartment. Cells permitted a 40-min chase period evidenced fluores-
cein fluorescence in the cytoplasm and resorufin fluorescence in the nucleus
(arrowhead). Scale bars represent 10 um.
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tered, rendering all newly synthesized IL-33 molecules fluores-
cent in the red spectral range. When no chase period is permit-
ted, all nuclear and cytoplasmic TC-IL-33 molecules appeared
fluorescein-bound without evidence of resorufin fluorescence.
When a 40-min chase period was permitted, fluorescein fluo-
rescence was relegated to the cytoplasmic space, with resorufin
fluorescence evident solely in the nucleus (Fig. 2D). Taken
together, these data suggest that newly synthesized IL-33 mol-
ecules are initially imported into the nucleus for euchromatin
association, from where they gradually efflux into the cytoplas-
mic space to be packaged into secretory vesicles.

The cellular machinery involved in nuclear efflux of IL-33
was suggested by the finding that increasing the molecular
weight of IL-33 via fluoroprotein fusion restricted its localiza-
tion to the nucleus. As nuclear pore complexes are known to be
unbiased in their transport of proteins with molecular weight
under 40 kilodaltons (11). IL-33 may utilize the pore complex as
a means of inter-organelle transit. To investigate this possible
relationship between the nuclear pore complex and IL-33,
high-resolution transmission electron microscopy was per-
formed. On nuclear membrane cross-section, electron densi-
ties of TC-IL-33 highlighted the nuclear pore complexes. When
nuclear pores were sectioned en face, IL-33 molecules could be
seen within the central core of the complex itself (Fig. 34). To
document the functional necessity of pore complexes for IL-33
nuclear efflux, we inhibited pore complex molecular transport
via wheat germ agglutinin microinjection prior to tetracys-
teine-avid dye pulse-chase. After a 60 min chase period, control
cells revealed the expected loss of nuclear fluorescence and
retained a spiculated cytoplasmic fluorescence, consistent with
trans-organelle movement of IL-33 from nucleus to cytoplas-
mic vesicles. However, in wheat germ agglutinin-injected cells,
nuclear efflux of TC-IL-33 was abrogated, documented by
retention of labeled IL-33 in the nucleus (Fig. 3B). These data
suggest 1L-33 utilizes the nuclear pore complex in its gradual
efflux from the nuclear to cytoplasmic vesicular space in resting
cells.

To better understand possible mechanisms underlying the
observed nucleo-cytoplasmic translocation of IL-33, pulse-
chase experiments were conducted in the context of cytoskel-
etal disruption or under conditions of cellular ATP depletion.
When cells stably expressing TC-IL-33 were pretreated with
latrunculin B (to disrupt the actin cytoskeleton) prior to tetra-
cysteine-avid fluorescein derivative pulse-chase, the pattern
and timing of nucleo-cytoplasmic translocation of IL-33 was
similar to control (Fig. 4B). However, when similar experiments
were conducted in the presence of nocodazole (to disrupt the
microtubule network), cytoplasmic vesicular IL-33 localization
was seen at time 0 (immediately after tetracysteine-avid fluo-
rescein derivative pulse), suggesting that an intact microtubule
network retards nuclear efflux of IL-33 (Fig. 4C). When pulse-
chase experiments were conducted in under glucose-free con-
ductions and in the presence of sodium azide (to poison
mitochondrial ATP production), cytoplasmic vesicular IL-33
staining was seen at end-chase, but the vesicles appeared peri-
nuclear in their location, rather than distributed throughout
the cytoplasm as was seen in controls. This observation may
suggest that cytoplasmic distribution of vesicular IL-33 may be
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FIGURE 3. Nucleo-cytoplasmic shift of IL-33 is dependent on the nuclear
pore complex. A, IL-33 localizes to nuclear pore complexes. High-magnifica-
tion transmission electron microscopy of fibroblasts stably expressing TC-
IL-33 exposed to the tetracysteine-avid resorufin-derivative displayed elec-
tron densities highlighting nuclear pore complexes (NPC). The left panel
shows the complex in cross section. The middle panel depicts the complex en
face whereby IL-33 molecules can be seen within the pore channel itself
(enlarged inright panel). In these images, IL-33 can also be seen localizing to a
chromatin strand (Cr). P and N denote plasma and nuclear membranes
respectively.Scale bars represent 1 um. B, normal nuclear pore complex func-
tion is obligatory for nuclear efflux of IL-33. Fibroblasts stably expressing TC-
IL-33 were microinjected with either Texas-red conjugated wheat germ
agglutinin (WGA) to block nuclear pore molecular transit or Texas-red conju-
gated dextran (Dx) as control. Cells were then treated with the tetracysteine-
avid fluorescein derivative and allowed a 60-min chase period. In the left
panel, Texas-red wheat germ agglutinin can be seen binding the plasma and
nuclear membranes (pseudocolored red). Clear retention of nuclear fluores-
cein-labeled IL-33 can be seen (pseudocolored green, arrowhead). In contrast,
control cells injected with Texas-red dextran (right panel) evidence efflux of
IL-33 from the nucleus into the cytoplasm (arrow). Scale bars represent 5 um.

an ATP-dependent process (Fig. 4D). Taken together, these
findings suggest that the kinetics of IL-33 nucleo-cytoplasmic
flux is affected by the microtubule network, and ATP is
required for normal cytoplasmic transit.

The observed localization of IL-33 to cytoplasmic vesicles,
and IL-33’s known up-regulation in the context of sublethal
biomechanical strain (6) ideally positions this cytokine for
release from mechanically stressed cells whereby it could carry
out its extracellular functions as a danger signal to neighboring
cells without the need for cellular necrosis. To investigate this
possibility, fibroblasts stably expressing TC-IL-33 were sub-
jected to cyclic biaxial stretch for pre-specified time periods.
Over the first 4 h of stimulus, a gradual and significant increase
in extracellular IL-33 concentration could be detected. A sub-
sequent decline in the extracellular concentration of IL-33 by
8 h of strain suggested rapid degradation of the protein when it
is removed from its intracellular locale (Fig. 54). Given that
fragmentation of IL-33 by proteases is a known phenomenon
(5,12) we constructed a fluorescent immunoassay which simul-
taneously interrogated the N and C termini of TC-IL-33 to
ascertain if the full-length protein is released in the context of
mechanical deformation. By this method, after 4 h of cyclic
biaxial strain, an increase in extracellular IL-33 concentration
was detected in comparison to unstrained control (Fig. 5B),
suggesting IL-33 was indeed secreted as a fully intact molecule.
To confirm that the application of mechanical deformation was
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0 min 60 min

FIGURE 4. IL-33 translocation depends on an intact microtubule network,
and is ATP dependent. A-C, kinetics of IL-33 nucleo-cytoplasmic flux is
enhanced upon microtubule disruption. A fibroblast cell line stably express-
ing TC-IL-33 was pulsed with tetracysteine-avid fluorescein derivative and
allowed a chase period of 0 or 60 min (left and right panels, respectively) under
variable conditions of chemical cytoskeletal disruption. A denotes control
condition. B depicts experiments conducted in the presence of latrunculin B,
to disrupt the actin cytoskeleton. C depicts experiments conducted in the
presence of nocodazole, to disrupt the microtubule network. Under condi-
tions of microtubule disruption, cytoplasmic vesicular IL-33 can be seenin the
absence of a chase period (arrowhead). D, cytoplasmic transit of vesicular
IL-33is ATP dependent. Tetracysteine-avid fluorescein derivative pulse-chase
was conducted under conditions of cellular ATP depletion (glucose free
DMEM supplemented with 2-deoxy-p-glucose and 6 mm sodium azide). At
the end of a 60-min chase period, punctate fluorescein staining can be seen
relegated to a perinuclear position (arrowhead) rather than distributed
throughout the cytoplasm as is seen in the control condition (panel A). Fluo-
rescein staining is depicted in green. Phalloidin-based actin (latrunculin and
ATP-depletion experiments) or anti-tubulin (nocodazole experiments) stain-
ing is depicted in red. Scale bars represent 10 um.
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FIGURE 5. Biomechanical strain induces IL-33 secretion from living cells. A, biomechanical strain induces IL-33 secretion. Fibroblasts stably expressing
TC-IL-33 were subjected to 1 Hz cyclic 8% biaxial stretch for the number of hours indicated. Extracellular media was assayed via ELISA, and raw optical density
values converted to IL-33 concentration via a standard curve followed by normalization to IL-33 in total cellular lysate. At 4 h, a 3.9-fold increase in optical
density was measured (p = 0.012 by ANOVA; *, p < 0.01 for 0 versus 4 h by Bonferroni post-test; n = 4 per time point; whiskers represent mean and S.E.). B, IL-33
is released in full-length form. TC-IL-33 expressing cells were subjected to cyclic biaxial stretch for 4 h or left unstrained as control. Culture media was sampled,
and TC-IL-33 was captured in a microplate coated with an anti-C-terminal IL-33 antibody. N-terminal tetracysteine fluorescence was induced by exposure to
resorufin derivative dye. Raw optical density was normalized to the signal from total cellular lysate. A 1.8-fold increase in fluorescence was noted under
conditions of strain compared with control (¥, p = 0.008; n = 4 per condition; whiskers represent mean and S.E.). C, IL-33 is released from primary cells upon
application of mechanical strain. Primary human skin fibroblasts were subjected to cyclic biaxial stretch for 4 h or left unstrained as control. Extracellular media
was assayed via ELISA, and raw optical density values converted to IL-33 concentration via a standard curve followed by normalization to IL-33 in total cellular
lysate. A 3.0-fold increase in optical density was noted in the context of strain (*, p = 0.02, n = 4-5 per condition; whiskers represent mean and S.E.). D, IL-33 is
lost from cells subjected to biomechanical overload in vivo. Lentiviral particles housing HA-IL-33 and a non-fusion GFP reporter were injected into the left
ventricle of anesthetized mice. Seven days later, mice underwent sham surgery (upper panels) or 2-h transaortic constriction (TAC, lower panels) to induce acute
pressure overload of the left ventricle. Cardiac sections of sham hearts revealed strong HA-IL-33 staining (probed via an anti-HA antibody) in infected cells
demarked by GFP expression. In hearts subjected to TAC, HA-IL-33 immunofluorescence was absent from GFP positive cells. Images are representative of 2-3
animals per group and 6-10 microscopic fields per animal. Scale bars represent 10 um.

not causing cell loss or death, we verified cellular viability by — data not shown). Together these data document the time-de-
assessing cell density immediately before, immediately after, pendent release of uncleaved, full-length IL-33 from living cells
and 1 day after the application of 4 h of biomechanical strain, under conditions of sublethal biomechanical strain.

and by assessing membrane-impermeant nucleic acid dye We verified that the phenomenon of IL-33 release from liv-
uptake and propidium idodide uptake after the application of ing, mechanically stressed cells was not a feature of cell lines but
4 h of cyclic strain. Preservation of cellular viability was revealed  also a property of primary cells in vitro and in vivo. Primary
by all three methods (p value non-significant versus control, human skin fibroblasts in culture subjected to cyclic biaxial
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strain secreted IL-33 into the extracellular space measurable
after 4 h of stimulus (Fig. 5C). To extend this finding of IL-33
release to in vivo conditions, mice co-expressing HA-tagged
IL-33 and a non-fusion GFP reporter in myocardial tissue via
viral gene transfer were subjected to acute transaortic constric-
tion, which induces acute pressure overload of the left ventricle
and causes an abrupt mechanical stress at the cellular level.
Immunofluorescent analysis of tissue sections documented co-
localization of the HA and GFP signals in sham-operated
hearts. In hearts subjected to 2 h of pressure overload however,
HA-IL-33 was absent from GFP-positive cells, suggesting the
release of IL-33 from healthy ventricular myocytes when sub-
jected to mechanical stress (Fig. 5D). These data therefore doc-
ument the secretion of IL-33 from living cells subjected to acute
biomechanical strain both in culture and in vivo.

DISCUSSION

In this work, we describe IL-33 as a multi-organelle protein
released from mechanically stressed cells. Fluorescent molecu-
lar fate-tracking revealed that newly synthesized molecules are
initially shuttled into the nucleus to associate with euchroma-
tin, from where IL-33 utilizes the nuclear pore complex to tran-
sit into the cytoplasmic space and reside in membrane-bound
vesicles.

Euchromatic localization of IL-33 is consistent with pub-
lished data suggesting IL-33 may serve as a repressor of tran-
scription (2). Although gene silencing is generally associated
with facultative or constitutive heterochromatin, evidence sug-
gests that expression of genes within transcriptionally active
euchromatin may be modulated by various factors (e.g. protein-
based transcriptional modifiers). Whether IL-33 acts as an
“insulator” protein, what its binding partners may be, and what
its precise function is within euchromatic regions of the
nucleus remains to be investigated (13).

The evidence for nucleo-cytoplasmic flux of IL-33 and the
protein’s residence in cytoplasmic vesicles ideally positions
IL-33 for release in response to physical cellular strain. Consist-
ent with this notion, we documented secretion of uncleaved
IL-33 from living cells upon the application of biomechanical
stress.

The finding that microtubule disruption enhances the kinet-
ics of IL-33 efflux was surprising. Traditionally, an interaction
between microtubules and nuclear pore complexes has been
studied in the context of non-canoncial nuclear import (14).
Whether and in precisely what fashion nuclear pore complexes
and the perinuclear microtubule network interact with IL-33 to
modulate efflux kinetics remains to be explored in more detail.

The current understanding of IL-33 biology classifies this
molecule as a heterochromatin-associated nuclear transcrip-
tion factor (2). Because the receptor for IL-33 exists as a trans-
membrane protein complex, and given IL-33 is cleaved in its
receptor-binding domain during apoptosis by caspase 3, it has
been suggested that IL-33 is liberated only upon cellular necro-
sis (5). IL-33 has therefore been grouped with Interleukin-1
beta and High-mobility group protein Bl as an “alarmin.” The
data presented here articulates a behavior of IL-33 in living
biomechanically responsive cells both at rest and under condi-
tions of physical deformation. Therefore IL-33 may be rechar-
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acterized as not only an inflammatory cytokine, but also a
mechano-sensitive paracrine factor. Based on this, we propose
functional grouping of IL-33 with Interleukin-1 alpha, which
exhibits similar properties as an inflammatory and stress-re-
sponsive factor (15). In aggregate then, these molecules com-
prise a novel class of cytokines which not only function as sig-
nals in an activated innate immune system but also respond to
mechanical stimuli via rapid secretion from structural and sup-
porting cells of physically stressed mammalian tissues.

It is possible that IL-33 behaves differently, with differing
subcellular localization and secretory characteristics, depend-
ing on the cell type and stimulus applied. Data published to date
has focused on cells of the innate immune system, particularly
mast cells, basophils, and other granulocytes. Our seemingly
contradictory data in fibroblasts may reflect the specific condi-
tions of a physical stimulus on a mechano-sensitive cell type.

Furthermore, although in vitro strain experiments are rela-
tively pure in the sense that the controlled stimulus is exclu-
sively physical in nature, it has been shown that cardiac pres-
sure overload results not only in mechanical strain on cardiac
cells, but also activates numerous inflammatory cytokine loops
such as those involving interleukin-18 (16), interleukin-1, and
interleukin-6 (17), tumor necrosis factor «,(18) and Toll-like
receptor 4,(19) as well as numerous hormonal systems (20).
Whether the observed release of IL-33 from living ventricular
cells in vivo represents a correlate to the in vitro mechanical
strain condition or is more attributable to these paracrine sys-
tems is unclear. In our system, the short duration (2 h) of
transaortic constriction needed to elicit IL-33 release would
suggest that mechanical stimulus rather than paracrine systems
involved in cardiac hypertrophy are at play.

In conclusion, while IL-33 is typically regarded as an inflam-
matory cytokine with extracellular function prompted by
necrosis-mediated release, we recharacterize IL-33 as a
mechanically responsive molecule secreted from living cells
subjected to biomechanical overload and place it within a
restricted class of such interleukins with active in both inflam-
matory and biomechanically stressed conditions.
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