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Abstract

The experiments described herein define a unique program of
polarization of suspended human eosinophils stimulated with IL-5
family cytokines. We found that eosinophil granules and the nucleus
move in opposite directions to form, respectively, a granular
compartment and the nucleopod, a specialized uropod occupied by
the nucleus and covered with adhesion receptors, including P-
selectin glycoprotein ligand-1, CD44, and activated o3, integrin.
Ligated IL-5 family receptors localize specifically at the tip of the
nucleopod in proximity to downstream signaling partners Janus
tyrosine kinase 2, signal transducer and activator of transcription-1
and -5, and extracellular signal-regulated kinase. Microscopy and
effects of cytochalasin B and nocodazole indicate that remodeling of
filamentous actin and reorientation of the microtubule network are
required for eosinophil polarization and nucleopod formation. IL-5

methionyl-leucyl-phenylalanine. Global reorganization of
cytoskeleton, organelles, adhesion receptors, and signaling molecules
likely facilitates vascular arrest, extravasation, migration, granule
release, and survival of eosinophils entering inflamed tissues from the
bloodstream.
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Clinical Relevance

We describe global reorganization of cytoskeleton, organelles,
adhesion receptors, and signaling molecules in eosinophils
stimulated with IL-5, including formation of a unique cellular
protrusion called a nucleopod. This reorganization likely
facilitates vascular arrest, extravasation, migration, granule

induces persistent polarization and extracellular signal-regulated
kinase redistribution that are associated with eosinophil priming,
a robust response on subsequent stimulation with N-formyl-

Eosinophils are recognized by their
characteristic bilobed nucleus and abundant
granules (1). In healthy individuals, most
eosinophils reside in the gastrointestinal
tract (1). In response to helminthic
infections or allergic provocations,
eosinophils are recruited to the sites of
inflammation, where they produce
cytokines and lipid mediators and release
toxic granule proteins (2). IL-5 family
cytokines, comprised of IL-5, IL-3, and
granulocyte/macrophage

release, and survival of eosinophils entering inflamed tissues
from the blood stream.

colony-stimulating factor (GM-CSE),
regulate eosinophil differentiation and
maturation (3). IL-5 family cytokines also
act on mature eosinophils to enhance
adhesion to endothelium, survival, and
granule release (3, 4). The IL-5 family
cytokine receptors comprise a cytokine-
specific a subunit (IL-5Re, IL-3Ra, or GM-
CSFRa) and a common 3 (Bc) subunit,
and activate their signaling cascades via
receptor-associated kinases (3). Other
agonists, such as eotaxin and N-formyl-

methionyl-leucyl-phenylalanine (fMLF),
activate eosinophils via G protein—coupled
receptors (5, 6).

IL-5 causes eosinophils to undergo
a rapid increase in forward scatter (FSC),
a flow cytometric parameter that is sensitive
to cell size, shape, and refractive index (7, 8).
Microscopy has shown that all IL-5 family
cytokines cause eosinophils to change from
a round to an elongated shape after
a 16-hour incubation (9). To compare
changes of FSC and cell shape, we analyzed
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eosinophils with and without IL-5
treatment in parallel by flow cytometry and
microscopy. We examined distribution of
cytoskeleton, adhesion receptors, cytokine
receptors, cellular organelles, and signaling
molecules. We describe a set of coordinated
changes driven by the cytoskeleton,
including formation of a unique type of
uropod that contains the nucleus. We relate
the coordinated changes to enhanced
extracellular signal-regulated kinase (ERK)
phosphorylation in response to fMLF after
priming of eosinophils with IL-5.

Materials and Methods

Materials
Information about reagents and antibodies
is presented in the online supplement.

Human Eosinophils and Neutrophils
Eosinophils from heparinized blood of
donors with atopy were purified by Percoll
centrifugation and removal of cells bearing
CD14, CD16, and/or glycophorin A by
the AutoMACS system (Miltenyi, Auburn,
CA) (10). Purity of eosinophils was over
99%, as determined by the Hema 3 Wright-
Geimsa staining kit (Fisher Scientific,
Waltham, MA). A granulocyte mixture that
contained greater than 90% neutrophils
was set aside before negative selection

and used for neutrophil experiments. The
studies were approved by the University
of Wisconsin-Madison Health Sciences
Institutional Review Board. Informed
written consent was obtained from each
subject before participation.

Flow Cytometry

Purified eosinophils in incubation buffer
(RPMI-1640 with L-glutamate, 25 mM
HEPES, and 0.1% human serum albumin,
2.5 X 10° cells/ml) were incubated at 37°C
for 1 hour before all procedures. In
dose-response experiments, 0.5 X 10°
eosinophils were coincubated with IL-5 and
2.5 pg/ml primary or isotype control
antibody at 37°C for 5 minutes. For time
course experiments, 0.5 X 10° eosinophils
were incubated with 50 ng/ml IL-5 for the
indicated time, and 2.5 pwg/ml primary
antibody was added for the last 5 minutes
of incubation. In some experiments,
primary antibody was added in the last 1 or
2 minutes of a 5-minute IL-5 incubation.
Incubation was terminated by 2%
paraformaldehyde (PFA; final

concentration) and residual PFA was
quenched by 0.1 M glycine. Fixed cells were
incubated with 1:1,000 AF488-anti-mouse-
F(ab’), for 30 minutes at 4°C. After PBS
wash, samples were kept in 0.1% PFA at
4°C and analyzed within 24 hours on

a BD FACSCalibur flow cytometer with
CellQuest Software (BD Biosciences, San
Jose, CA). Overlap of fluorescence channels
was precompensated by using BD Calibrite
Beads. At least 40,000 eosinophils gated in
the scatterplot of FSC versus sideward
scatter were collected for each sample. Flow
data were analyzed and plotted by FlowJo
9.3.2 (Tree Star, Ashland, OR) and Prism 5
(GraphPad Software, La Jolla, CA).
Formulas for calculating mean fluorescence
and FSC are presented in the online
supplement.

Fluorescence Microscopy

The staining protocol for surface antigens
was the same as for flow cytometry, except
that staining for P-selectin glycoprotein
ligand (PSGL)-1 and Bc subunit was
performed on fixed eosinophils in some
experiments. Fixed cells were cytospun
onto coverslips at 600 rpm for 3 minutes in
a Shandon Cytospin 2 (Thermo Scientific,
Asheville, NC). Coverslips had been acid
washed and, in later experiments, coated
with 0.1% poly-L-lysine after we found that
the coating resulted in a more uniform
field of cells. Staining for cytoskeleton,
intracellular antigens, and cell nuclei

(by 4’,6-diamidino-2-phenylindole) was
done after cytospin. Fixation and
permeabilization conditions were
optimized as indicated in the online
supplement. Appropriate nonimmune
antibody staining controls were done in
all experiments.

Mounted coverslips were first
examined for quality and initial impressions
with an Olympus BM60 fluorescence
microscope (Olympus, Melville, NY) using
a 100X/1.3 oil immersion objective and
then analyzed with a Nikon AIR confocal
microscope (Nikon Instruments Inc.,
Melville, NY) using a 100X/1.4 oil
immersion objective with 1 or 1.2 airy unit
pinhole and 0.15- to 1.00-pwm z stack
thickness. Each coverslip, containing over
200 cells, was thoroughly examined, after
which images of typical fields were acquired
and exported by NIS Elements Advanced
Research software (Nikon Instruments
Inc.). Images within a given experiment
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were acquired and processed using identical
settings.

Statistical Analysis and Replication
Pooled and normalized flow cytometric data
are expressed as means (£ SEM). In
experiments linking activation of af3,-
integrin and shape change, the same sample
was analyzed by flow cytometry and
microscopy. The non-zoomed-in and
zoomed-in microscopic images are
representative of at least three experiments
from different donors. Except where
indicated, features emphasized in the
figures characterized roughly 80% or more
of the cells examined for a given
experimental condition.

Results

IL-5 Polarizes Eosinophils with
Formation of a Granular

Compartment and a Specialized
Uropod, the Nucleopod

To examine the relationship between FSC
and shape change, suspended eosinophils
were treated with IL-5, fixed, and analyzed
by flow cytometry or microscopy. We began
by defining the effects of concentration
and length of IL-5 treatment. FSC increased
20-30% at IL-5 concentrations of 1 ng/ml
or higher, with a maximum effect at 10 ng/ml
and no differences between 10 and

50 ng/ml (see Figure E1A in the online
supplement). Excess IL-5 (50 ng/ml) caused
FSC to increase rapidly in the first 10
minutes, and then slowly afterwards
(Figure 1A). FSC histograms of eosinophils
treated with IL-5 for 5, 10, or 30 minutes
were right shifted and partially overlapped
(Figure 1B). When examined by differential
interference contrast microscopy after
cytospin, unstimulated eosinophils were
round, and had granules throughout the
cytoplasm (Figure 1C, control [CTRL]).
After treatment with IL-5 for 5 minutes,
eosinophils developed an acorn-like shape
with a granular compartment (Figure 1C,
IL-5, arrowhead) and an agranular
protrusion (arrow). The morphology of
eosinophils did not change appreciably with
longer incubations. Thus, the rapid increase
in FSC correlates with a striking
polarization of eosinophils, and the slower
increase at later time points possibly is due
to changes in refractive index or cell size,
rather than further shape change.
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Figure 1. IL-5-induced forward scatter (FSC) increase correlates with eosinophil polarization into

a granular compartment and a uropod that contains the nucleus. (A) Purified eosinophils were
incubated without or with 50 ng/ml IL-5 for up to 30 minutes. FSC from three subjects are presented
as mean (= SEM) of percentage change from baseline. (B) Histograms of FSC of eosinophils
incubated with buffer for 5, 10, or 30 minutes (overlapping thin solid lines), or with 50 ng/ml IL-5 for
5 minutes (dotted line), 10 minutes (solid line), or 30 minutes (dashed line). (C) Differential interference
contrast (DIC) images after cytospin of unstimulated (CTRL) or 50 ng/ml IL-5-treated eosinophils
generated as in (B). The arrowhead points to the granular compartment, and the arrow points to the
agranular protrusion. (D) Eosinophils were incubated with or without 50 ng/ml IL-5 for 5 minutes.
Anti—P-selectin glycoprotein ligand (PSGL)-1 antibody was added simultaneously with IL-5, or anti-
CD44 antibody was added in the last 2 minutes of incubation. After fixation, primary antibodies were
detected by AF488-anti-mouse-F(ab’), (green), and filamentous actin (F-actin) was stained by
tetramethlrhodamine isothiocyanate—phalloidin (red). Nuclei were stained by 4',6-diamidino-2-
phenylindole (DAPI; blue). Arrowheads point to the F-actin—rich granular compartments, and arrows
point to the agranular protrusion that contains the nucleus and is enriched in uropod markers, PSGL-1
and CD44. Scale bars, 10 pm. CTRL, control; FSC-H, FSC high.

656

The agranular protrusion resembles the
uropods of neutrophils and lymphocytes,
which are enriched in surface CD44 and
PSGL-1 and contain only sparse filamentous
actin (F-actin) (11-13). In unstimulated
eosinophils (Figure 1D, CTRL), CD44 or
PSGL-1 (green) was diffusely distributed on
the cell membrane, and F-actin (red) was
associated with cell membrane and also
present in the cytoplasm. The bilobed
nucleus (blue) was located to one side of the
cell. In IL-5-treated eosinophils, CD44 and
PSGL-1 were found on the agranular
protrusion (Figure 1D, arrows, and Figure
E2), whereas F-actin was preferentially
distributed in the granular compartment
(Figure 1D, arrowheads, and Figure E2).
Redistribution of granules was also
appreciated in fluorescence microscopy
controls employing nonimmune antibodies;
after IL-5, the weakly autofluorescent
granules (14) were clustered at one pole of
the cells (Figure E3). Staining with 4',6-
diamidino-2-phenylindole revealed that the
agranular protrusion contained the nucleus,
with its two lobes jammed together. Thus,
the IL-5-induced agranular protrusion has
the properties of uropods with enrichment
of CD44 and PSGL-1 and relative lack of
F-actin. Translocation of the nucleus into
the uropod, however, to our knowledge, is
unique to eosinophil activation, so we refer
to this special uropod as the “nucleopod.”

IL-5 Induces Polarization
Concomitantly with Activated aump2
Localized on the Nucleopod

IL-5 up-regulates the density and activation
state of eosinophil surface a3, and
enhances oy3,-dependent adhesion
(15-17). We found that both increase in
FSC and up-regulation and activation of
surface o3, were induced by IL-5 at
concentrations of 1 ng/ml or greater (Figure
E1B). Similar to the FSC increase

(Figure 1A), 5-minute incubation with

50 ng/ml IL-5 was sufficient to induce
maximal o, activation (Figure E1C). In
the scatterplot of activated (3, (monoclonal
antibody [mAb] 24) reactivity versus FSC
in a typical experiment (Figure 2A), the
distribution of eosinophils treated with

10 ng/ml IL-5 (black dots) was shifted
upwards and to the right, and overlapped
minimally with the distribution of control
cells (gray dots). The distribution of
eosinophils treated with 1 ng/ml IL-5

was similar to that of the combination of
control and 10 ng/ml IL-5 groups. We set
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Figure 2. IL-5-induced aMB2 activation on the nucleopod is associated with the increase of FSC. (4)
Purified eosinophils were exposed to different concentrations of IL-5 for 5 minutes together with
antibody monoclonal antibody (mAb) 24 to activated B, integrins before fixation. Scatterplots of
eosinophils treated with buffer (O ng/ml IL-5, gray dots, upper panel; 10 ng/ml IL-5, black dots, upper
panel; and 1 ng/ml IL-5, black dots, lower panel). The x axis is FSC, and the y axis is fluorescence
signal of mAb24 staining. The dashed line in both panels was drawn based on separation of the 0-ng/
ml IL-5 into 80% mAb24 negative and 20% mAb24 positive, as described in the main text. (B)
Histogram showing FSC of eosinophils from (4), treated with buffer (dotted peak), 1 ng/ml IL-5 and
mAb24 negative (thick solid peak), 1 ng/ml IL-5 and mAb24 positive (thin solid peak), or 10 ng/ml IL-5
(dashed peak). (C) Eosinophils were processed as in (A), with antibody CBRM1/5 to activated ayy,
ICRF44 to total apy, and TS1/18 to total B, as well as with mAb24. (D) Purified eosinophils were
incubated with or without 26 ng/ml IL-5 at 37°C for 5 minutes. Primary antibody, including NKI-L16 to
activated o, was added in the last 1 or 2 minutes before fixation. Arrows point to the agranular
nucleopods. Scale bars, 10 pm.

a cutoff line (Figure 2A, dashed line) shown in Figure 2B, in the 1-ng/ml IL-5

defining 80% of eosinophils as negative and
20% as positive for mAb24 staining in the
control group. Using this cutoff, 61% of
eosinophils were mAb24 positive and 39%
were mAb24 negative in the 1 ng/ml IL-5
group, whereas 96% of eosinophils were
mADb24 positive and 4% were mAb24
negative in the 10 ng/ml IL-5 group. As

group, mAb24-positive eosinophils (thin
solid peak) had similar FSC to that in the
10-ng/ml IL-5 group (dashed peak), and
mAb24-negative eosinophils (thick solid
peak) had similar FSC to that in the control
group (dotted peak). These results, together
with those in Figure 1, indicate that
activation of (3,-integrins and eosinophil
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polarization occur simultaneously, and are
part of an all-or-none reaction induced by
IL-5 in the concentration range of 1 ng/ml
(40 nM) or greater.

Antibodies to total ay; (ICRF44) or {3,
(TS1/18) evenly stained the surfaces of
unstimulated and IL-5-stimulated
eosinophils (Figure 2C and Figure E4).
Unstimulated eosinophils had minimal
activated oy (CBRM1/5) or B, (mAb24).
After IL-5 treatment, strong CBRM1/5 or
mADb24 staining localized to the nucleopod
(arrows). Antibodies CBRM1/5 and mAb24
recognized fixed integrin poorly, and so were
added before cell fixation. We therefore
considered how the localization on
nucleopods is related to the known
phenomenon of integrin clustering induced
by ligating integrins with primary antibody
followed by secondary antibody (18).

Our fluorochrome-conjugated secondary
F(ab’), fragment was added after cell
fixation. Antibodies to activated or total
o, did not induce clustering on
unstimulated eosinophils, and antibodies to
total a3, did not induce integrin clustering
on IL-5-stimulated eosinophils. NKI-L16 to
activated o, (19) localized to clusters
scattered along the cell membrane of IL-
5-stimulated eosinophils without nucleopod
localization (Figure 2D). When mAb24 or
CBRM1/5 was added in the final 1 or 2
minutes of IL-5 incubation, nucleopod
localization was also observed. Therefore, we
conclude that the enrichment of activated
o2 on the nucleopod is not driven by
antibody, and that o3, is either specifically
activated on the nucleopod or, on activation,
is redistributed rapidly to the nucleopod.

IL-5 Causes Reorganization of the
Eosinophil Cytoskeleton

As shown in Figures 1D, 3A, and E5,
phalloidin-stained F-actin was linearly
associated with the cell membrane in
resting eosinophils (CTRL), whereas F-
actin was preferentially distributed in the
granular compartment of IL-5-treated cells
(arrowheads), with some present at the tip
of the nucleopod. Eosinophils pretreated
with cytochalasin B, an inhibitor of actin
polymerization, stained diffusely with
tetramethylrhodamine isothiocyanate-
phalloidin (Figure E6) and remained round
without uropod formation or focal
enrichment of CD44 after IL-5 treatment
(Figures 3B, E6, and E7). These results
indicate that actin polymerization and
reorganization of F-actin drives
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Figure 3. Reorganization of cytoskeleton in IL-5-treated eosinophils and effects of cytoskeleton-
related reagents. (A) Purified eosinophils in suspension were incubated with buffer (CTRL) or 50 ng/ml
IL-5 for 10 minutes, fixed, and stained for F-actin, as described in MATERIALS AND METHODS. Arrowheads
point to the F-actin—rich granular compartments. (B) Eosinophils were pretreated with cytochalasin B
(Cyto B) for 30 minutes and then incubated with buffer (CTRL) or IL-5 together with anti-CD44
antibody for 10 minutes. Matching DIC images show cell morphology. (C) Eosinophils were treated as
in (A), fixed by 0.7% glutaraldehyde, and stained for y-tubulin. (D) Eosinophils were treated and
processed as in (C), but stained for a-tubulin: left two panels, maximum projection images

(i.e., images stacking all signals from confocal slices); right panel, three-dimensional slices of a single
cell. CP, coronal plane; SP, sagittal plane. (E) Eosinophils were incubated with 10 uM nocodazole,
anti-CD44 antibody, and buffer (CTRL), or 50 ng/ml IL-5 for 10 minutes, and then fixed and stained as
in (B). Arrows point to uropod-like protrusions that lack nuclei. (F) Eosinophils were pretreated with 1
M taxol for 30 minutes and incubated with buffer or 50 ng/ml IL-5 for 10 minutes; mAb24 antibody
was added in the last 2 minutes before fixation. Matching DIC images show cell morphology, and
allow the positions of agranular nuclei to be localized. Samples were examined on the Olympus BM60
epifluorescence microscope and imaged by an RT slider digital camera and SPOT RT Software v3.4
(Diagnostic Instruments, Sterling Height, Ml). (G) Eosinophils treated with buffer (CTRL) or 50 ng/ml
IL-5 for 10 minutes were fixed by 90% methanol and stained for vimentin, as described in MATERIALS
AND MEeTHODS. Primary antibodies were labeled by AF488-anti-mouse-F(ab’),. In all panels except
(F), nuclei were stained by DAPI. Scale bars, 10 pm.

IL-5-induced polarization of suspended
eosinophils.

The microtubule organizing center
(MTOC), detected by anti—y-tubulin

antibody, was not readily visible in most
control eosinophils, but was clearly located
between the nucleus and the granular
compartment in IL-5-treated eosinophils
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(Figures 3C and E5). In both resting and
IL-5-treated eosinophils, microtubules
stained by anti-a-tubulin antibody were
distributed in a network throughout the cell
(Figures 3D and E5). In IL-5-treated cells,
microtubules were orientated like a cage
around the nucleus, and converged at the
nucleopod tip. Occasionally, a few
microtubules were present between the two
lobes of eosinophil nucleus (crosshairs in
the three-dimensional slices in Figure 3D).
The tubulin polymerization inhibitor,
nocodazole, depolymerized the microtubule
network (Figure E6) and caused appearance
of CD44-positive, uropod-like protrusions
without or with IL-5 treatment (Figures 3E,
arrows, and E7). Nuclei of nocodazole-
treated eosinophils, however, were not
present in the protrusions. In contrast,
pretreatment with the microtubule
depolymerization inhibitor, taxol, had no
effect on IL-5-induced polarization,
nucleopod formation, and activation of 3,-
integrins (Figures 3F and E7). These results
suggest that the pre-existing microtubule
network assists nucleus positioning during
eosinophil polarization.

Vimentin was distributed throughout
control eosinophils, with enrichment in the
center near the nucleus. In IL-5-treated cells,
the tip region of the nucleopod was enriched
with vimentin (Figures 3G and E5).

Other IL-5 Family Cytokines and
Eotaxin also Polarize Eosinophils

IL-3 and GM-CSF have similar effects as IL-5
on eosinophil adhesion and migration, and
eotaxin is known to increase FSC of eosinophils
(7, 9, 17). These activators were also similar
to IL-5 in causing eosinophil polarization with
nucleopod formation (Figures 4A and ES8).
In contrast, phorbol 12-myristate 13-acetate
induced random clusters of activated {3,, but
no nucleopod formation.

Neutrophils Do Not Form Nucleopods
in Response to GM-CSF

Neutrophils have been shown to form
uropods that do not contain nuclei when
treated with fMLF (12, 20). We used GM-
CSF, for which receptors are expressed on
eosinophils and neutrophils (21), to
perform a head-to-head comparison
between suspended eosinophils and
neutrophils. Resting neutrophils were
round, with diffuse PSGL-1 on the cell
membrane, similar to resting eosinophils
(compare Figures 4B and 1D). In contrast
to GM-CSF-treated eosinophils with
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Figure 4. IL-5 family cytokines and eotaxin polarize eosinophils with nucleopod formation, whereas
granulocyte/macrophage colony-stimulating factor (GM-CSF) polarizes neutrophils without
nucleopod formation. (A) Eosinophils were treated with 50 ng/ml IL-3, 50 ng/ml GM-CSF, 30 ng/ml
eotaxin, or 5 nM phorbol 12-myristate 13-acetate for 5 minutes. Anti-CD44 or mAb24 was added in
the last 2 minutes. DIC images were merged with fluorescence images of either CD44 staining (green)
or mAb24 staining (green) and DAPI staining (blue). (B) Purified neutrophils (Neu) were fixed and
stained by anti-PSGL-1. (C) Purified eosinophils (Eos) or neutrophils were incubated with 50 ng/ml
GM-CSF for 10 minutes, fixed, stained by anti-PSGL-1, and imaged with and without DIC. (D)
Neutrophils were incubated with 50 ng/ml GM-CSF for 10 minutes, fixed by glutaraldehyde, and
stained for a-tubulin or y-tubulin. Maximum projection images (i.e., images stacking all signals from
confocal slices). Primary antibodies were labeled by AF488-anti-mouse-F(ab’),. Nuclei were stained

by DAPI. Scale bars, 10 pm.

nucleopods enriched in PSGL-1, the
locations of nuclei in GM-CSF-treated
neutrophils were random in relation to
PSGL-1-staining uropods (Figures 4C

and E9). In resting neutrophils,
microtubules diffusely radiated from

a centrally located MTOC (Figure E10A),
whereas, in GM-CSF-treated neutrophils,
microtubules were reoriented preferentially
toward one side of the cell (Figures 4D
and E10A). The MTOC was generally
surrounded by nuclear lobes in resting
(Figure E10B) and GM-CSF-activated
neutrophils (Figures 4D and E10B), which
is different from the MTOC of polarized
eosinophils (Figures 3C and E5).

The nuclear lobes of activated neutrophils
were not confined by the microtubule
network.

IL-5 Family Cytokines Induce
Clustering of Cognate Receptors at
the Tip of the Nucleopod

We examined the distribution of IL-5Ra,
IL-3Ra,, GM-CSFRa, and B¢ on suspended
eosinophils with and without a 10-minute
treatment of each cytokine. IL-5Ra, IL-
3Ra, GM-CSFRa, and B¢ were scattered on
the surface of unstimulated eosinophils
(Figure 5A, CTRL). When cells were
stimulated with IL-5, IL-5Ra and Bc
became clustered at the nucleopod tip, but
IL-3Ra and GM-CSFRa were not. Similar
specific clustering of IL-3Ra and GM-
CSFRa were also observed after treatment
with IL-3 and GM-CSF, respectively.
Antibodies to « subunits did not recognize
antigens on fixed eosinophils, and thus
were preincubated with live eosinophils

Han and Mosher: IL-5 Polarizes Eosinophil with Nucleopod Formation

before adding the cytokine. Because the
anti-Bc 1C1 antibody does recognize

fixed antigen, we determined its
distribution on IL-5-treated and PFA-
fixed eosinophils to rule out possible
antibody-induced clustering. Staining of Bc
subunit at the nucleopod tip of fixed, but
nonpermeabilized, stimulated cells was
similar to the staining of live stimulated
cells (Figure E12). We also used polyclonal
antibodies against IL-5Ra (C20,
extracellular epitope; aa, 310-335) and Bc
(H300, cytoplasmic epitope; aa, 598-897)
on fixed and permeabilized cells to locate
receptor subunits in cytoplasm as well as
the cell surface (Figures 5B and E11). In
control eosinophils, most IL-5Ra staining
was centrally located between the nuclear
lobes, and some was associated with the cell
membrane. After 10 minutes of IL-5
treatment, most IL-5Ra staining was
located in the nucleopod, especially at the
tip region (Figure 5B, arrows). B¢, which
stained more strongly than IL-5Ra, was
distributed similarly to IL-5Ra in resting
cells, and was in the central area and at the
nucleopod tip of IL-5-treated cells. These
results indicate that binding of each IL-5
family cytokine to its receptor preferentially
triggers movement of the cognate receptor
to the tip of the nucleopod.

IL-5 Activates Janus Tyrosine Kinase/
Signal Transducer and Activator

of Transcription Pathway in

the Nucleopod

IL-5 induces Janus tyrosine kinase (JAK) 1/2
activation and subsequent phosphorylation
of signal transducer and activator of
transcription (STAT) 1 and STATS5, which
then dimerize and move into the nucleus
(22, 23). In contrast to sparse
phosphorylated JAK (pJAK) 2 staining
randomly associated with the cell
membrane of resting eosinophils, an
intense locus of pJAK2 was found at the
nucleopod tip after IL-5 treatment for 10
minutes (Figures 6A and E13). Similarly,
in contrast to the negative staining of
phosphorylated STAT (pSTAT) 1 and
pSTATS5 in resting eosinophils (Figure
E13), there was intense staining of pSTAT1
or pSTATS5 at the nucleopod tip, together
with nuclear localization that was best
shown in three-dimensional slices (Figures
6B and 6C). Preincubation with the JAK2
inhibitor, TG101348, blocked IL-5-induced
appearance of pSTAT-1 (Figure E14).
These results indicate that clustered
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Figure 5. IL-5 family cytokines induce specific clustering of cognate receptors at the nucleopod tip. (4)
Eosinophils in suspension were incubated with primary antibody against the subunit of the indicated
cytokine receptor at 37°C for 30 minutes, then stimulated with or without (CTRL) the indicated cytokine
for 10 minutes, and fixed. Antibody against IL-5Ra was detected by F(ab’)2 conjugated

to phycoerythrin, whereas antibodies against IL-3Ra, GM-CSFRa, and Bc were detected by
AF488-anti-mouse-F(ab’),. Arrows point to the tips of nucleopods. (B) Eosinophils were incubated
with buffer or IL-5 for 10 minutes before fixation, permeabilization, and staining by anti-IL-5Ra (C20) or
anti-Bc (H300). Primary antibodies were detected by AF488-anti—rabbit-F(ab’),. Nuclei were stained
by DAPI. Arrows point to IL-5Ra or B¢ staining at the tips of nucleopods. Scale bars, 10 pm.

IL-r-ligated receptors at the nucleopod tip
couple efficiently to downstream signaling
cascades.

Eosinophil Polarization Is Associated
with Enhanced ERK Phosphorylation
in Response to fMLF

Western blotting has shown that eosinophils
treated with IL-5 for 1 hour have more
robust ERK phosphorylation in response to
subsequent stimulation with fMLF when
compared with naive cells treated with
fMLF; this phenomenon is called priming
(24, 25). We found no phosphorylated ERK
(pERK) staining in resting eosinophils,
positive pERK staining in the nucleopod
and granular compartment after 10-minute
incubation with IL-5, especially at the
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nucleopod tip and potential leading edge,
and no pERK staining after a 60-minute
incubation with IL-5 (Figure 7A).
Eosinophils treated with IL-5 for 10 or 60
minutes, however, were equally polarized,
as shown in differential interference
contrast images. Preincubation with the
ERK activation inhibitor, PD98059, blocked
IL-5-induced appearance of pERK (Figure
E14). When eosinophils were treated with
fMLF for 3 minutes and stained for pERK,
polarization and ERK phosphorylation
were found in a minority of eosinophils
(Figure 7B; arrowheads point to polarized,
PERK-positive cells). In eosinophils treated
with IL-5 for 60 minutes, a subsequent 3-
minute treatment with fMLF induced ERK
phosphorylation in almost all cells, with the

same pERK distribution as in eosinophils
treated with IL-5 for 10 minutes (compare
Figures 7A and 7B). These data corroborate
published Western blotting results
indicating that a 60-minute incubation
with IL-5 renders the eosinophils more
sensitive to subsequent stimulation

with fMLF (24, 25), even though ERK
phosphorylation has returned to basal
level at this time point (26).

We examined the distribution of total
ERK under the same conditions. In resting
eosinophils, ERK staining was centrally
located and linearly associated with cell
membrane (Figure 7C). In eosinophils
treated with IL-5 for 10 or 60 minutes, ERK
was located at the nucleopod tip and in
the granular compartment; in other words,
IL-5 induced persistent ERK redistribution
independent of ERK activation. In
eosinophils treated with fMLF for 3 or
60 minutes, only a few cells were polarized
with redistribution of ERK to the
nucleopod and the granular compartment
(Figure 7D). These results indicate that
ERK redistribution is part of eosinophil
polarization induced by IL-5, and
such localization may explain
enhanced ERK phosphorylation in
response to fMLF.

Discussion

The experiments described herein define
a program of polarization in suspended
human eosinophils stimulated with IL-5.
Granules move to one end of the cell, and
the nucleus moves to the other end to form
the nucleopod, a specialized uropod into
which is packed the nucleus. Ligated IL-5
receptor is localized specifically to the tip
of the nucleopod in proximity to its
downstream signaling partners, JAK2,
STAT1, STATS, and ERK. Copious F-actin
appears in the granular compartment, the
MTOC becomes precisely located between
the nucleus and granular compartment,
microtubules run between the MTOC and
the nucleopod tip to form a cage around the
nucleus, and the nucleopod tip contains
abundant vimentin. Effects of cytochalasin B
and nocodazole indicate that reorganization
of F-actin and an intact microtubule
network are required for polarization and
nucleopod formation.

We can only speculate on the roles of
the eosinophil nucleopod, and focus this
discussion on two general types of function.
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CP

CP

Figure 6. Localization of phosphorylated Janus tyrosine kinase (pJAK) 2, phosphorylated signal
transducer and activator of transcription (0STAT) 1, and pSTATS5 in eosinophils after IL-5 stimulation.
Suspended eosinophils were treated with buffer (CTRL) or IL-5 at 37°C for 10 minutes before fixation
and staining for (4) pJAK2 or (B) pSTAT1 or pSTAT5 at 4°C overnight. Arrows point to the tips of
nucleopods. Insets are matching DIC images. (C) Three-dimensional slices of pSTAT1 or pSTAT5
staining of an eosinophil. Crosshairs indicate the corresponding positions in three views. Primary
antibody was detected by FITC-anti-goat IgG or AF488-anti-rabbit-F(ab’).. Nuclei were stained by

DAPI. Scale bars, 10 pm.

The first is extravasation of eosinophils
from inflamed blood vessels. The second
is events that occur after extravasation,
including regulation of gene transcription,
migration, degranulation, and production
of nonprotein mediators.

The generally accepted paradigm
for the initiation of leukocyte arrest
involves tethering of selectin ligands that
are concentrated on the tips of microvilli

to endothelial cell selectins, followed

by rolling and tethering of leukocytes
mediated by the selectin ligands, CD44,
and a4f3;-integrin (12, 27-30). Of the
seven integrin heterodimers on eosinophils,
oy, and P, are particularly important
for trafficking in asthma (31). Studies

of human volunteers with asthma

indicate that both integrins exist in an
extended, partially activated form on
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circulating eosinophils, ay3; due to
encounters of eosinophils with activated
platelets and a3, as a tonic effect of
the low level (~ 10 pg/ml) of IL-5 in
the circulation (31). Such partially
activated forms of integrin have the
potential to engage counter-ligands,
such as vascular cell adhesion molecule-1
on activated endothelial cells, and switch
to a high-affinity form by a concerted
series of cytoplasmic changes
(“inside-out” signaling induced by
chemokines and cytokines elaborated

in or near the inflamed vessel) and
ligand-induced changes (“outside-in”
signaling) (29).

Stable arrest of leukocytes requires (in
additon to functional activation of integrins)
loss of microvilli and realignment of
membrane, redistribution of integrins, and
reinforcement of cell stiffness in the contact
area (30). We envision the nucleopod, on
which high-affinity a3, is specifically
activated, and which has an underlying cage
of microtubules, as participating in these
three latter functions, thus allowing the
arrested eosinophil to resist the peeling
process of flow-induced detachment.
Consistently, eosinophils from switch-
associated protein-70-deficient mice, which
are defective in formation of structures
identified as uropods, adhere poorly to
inflamed vessels in intravital experiments
(32). Thus, we consider the rapid
polarization and nucleopod formation
by suspended eosinophils in response
to the concentrations (ng/ml) of IL-5
that can be found, for example, in
bronchoalveolar lavage after segmental
antigen challenge (33), as a model of
the changes that occur as eosinophils
encounter such stimulation and stably
arrest in and extravasate from vessels of,
for instance, the bronchi of subjects with
asthma.

For neutrophils, a3, and the uropod
have been demonstrated to be central to
“mechanotactic crawling” of arrested cells
perpendicular to the direction of blood
flow; by such crawling, the arrested cell
moves to a nearby site to leave the blood
vessel (34, 35). Whether the eosinophil
nucleopod functions similarly needs further
investigation, as do the differences that
cause movement of the nucleus into the
uropod of activated eosinophils, but not of
activated neutrophils. Morphologies of
microtubule networks may contribute to
the difference, but do not represent the
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Figure 7. Localization of extracellular signal-regulated kinase (ERK) and phosphorylated ERK
(PERK) in eosinophils activated with IL-5 and/or N-formyl-methionyl-leucyl-phenylalanine (fMLF).
(A) Eosinophils were treated with buffer (CTRL) or 50 ng/ml IL-5 for 10 or 60 minutes before
fixation and staining for pERK. (B) Eosinophils without or with IL-5 pretreatment for

60 minutes were stimulated with 100 nM fMLF for 3 minutes before fixation and staining for
pERK. (A and B) Matching DIC images show the morphology of eosinophils. (C) Eosinophils
were treated with 50 ng/ml IL-5 for 10 or 60 minutes before fixation and staining for total ERK.
(D) Eosinophils were treated with 100 nM fMLF for 3 or 60 minutes before fixation and staining
for total ERK. Primary antibody was detected by AF488-anti-rabbit-F(ab’),. Nuclei were stained

by DAPI. Arrows point to the minority of cells that developed nucleopods in response to fMLF alone.

Scale bars, 10 pm.

complete explanation. Human neutrophils
are deficient in various nuclear envelope
components, including lamins and lamin B
receptor (36). Loss of lamins from the
nuclear envelope impairs nuclear
positioning in fibroblasts and skeletal
muscle (37, 38). Eosinophils express lamin
B1 (39, 40), and, in a pilot experiment, we
localized lamin B1 in the nuclear envelope
(Figure E15). Thus, the difference between
the nuclear envelopes of neutrophils and
eosinophils may also contribute to the
different locations of their nuclei after
activation.

Published time-lapse phase images
of newt eosinophils migrating on an
uncharacterized surface demonstrate, from

662

leading edge to rear, an agranular

leading edge, a granular zone, the MTOC,
and the nucleus (41). Experiments are
ongoing to learn which features of the
polarized suspended eosinophil persist
during cell adhesion and migration after
extravasation. As a model system, we are
using surfaces coated with periostin, an
extracellular matrix protein that is
preferentially deposited in the asthmatic
bronchus, and is a ligand for activated
opB, of eosinophils stimulated with IL-5,
IL-3, or GM-CSF (17). IL-5-treated
eosinophils adherent to perostin for

1 hour form prominent podosomes near
the apparent leading edge, some distance
away from the apparently trailing nucleus

ORIGINAL RESEARCH

(17). PSGL-1 remains concentrated

at the nuclear pole, but less strikingly

so than on suspended cells (M. W.
Johansson and D. F. Mosher, unpublished
observation). We suspect that the adhesive
ligands gathered on the nucleopod are

in part shed or cycled on initiation

of migration.

IL-5 family cytokines up-regulate
synthesis of a number of mRNAs and
proteins (40). Compartmentalization to
the nucleopod of ligated cytokine receptor,
receptor-associated JAK, downstream
STAT effectors, and nuclear targets may
serve to initiate the transcriptional
programs efficiently. IL-5 family cytokines
also prime eosinophils to react with
increased release of granule proteins,
increased production of leukotriene C4,
and chemotaxis on subsequent stimulation
with other activators (42-46). fMLF
induces greater ERK phosphorylation, as
analyzed by Western blotting, in IL-
5-primed eosinophils than in unprimed
cells (25). Polarization of eosinophils is
accompanied by distribution of ERK to the
granular compartment as well as to the
nucleopod tip. Such a distribution is
associated with priming of eosinophils to
another round of ERK phosphorylation
on stimulation with fMLF. Thus, we
speculate that the compartmentalization
of signaling molecules induced by IL-5
family cytokines in the potential leading
edge and granular pole primes
extravasated eosinophils to migrate and
release granule contents and mediators as
the cells encounter additional agonists
elaborated by point sources in inflamed
tissues. M
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