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Constitutively active ezrin increases membrane tension, slows migration, and
impedes endothelial transmigration of lymphocytes in vivo in mice
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ERM (ezrin, radixin moesin) proteins in
lymphocytes link cortical actin to plasma
membrane, which is regulated in part by
ERM protein phosphorylation. To assess
whether phosphorylation of ERM pro-
teins regulates lymphocyte migration and
membrane tension, we generated trans-
genic mice whose T-lymphocytes ex-
press low levels of ezrin phosphomimetic
protein (T567E). In these mice, T-cell num-
ber in lymph nodes was reduced by 27%.
Lymphocyte migration rate in vitro and in
vivo in lymph nodes decreased by 18% to

47%. Lymphocyte membrane tension in-
creased by 71%. Investigations of other
possible underlying mechanisms revealed
impaired chemokine-induced shape
change/lamellipod extension and in-
creased integrin-mediated adhesion. No-
tably, lymphocyte homing to lymph nodes
was decreased by 30%. Unlike most de-
scribed homing defects, there was not
impaired rolling or sticking to lymph node
vascular endothelium but rather de-
creased migration across that endothe-
lium. Moreover, decreased numbers of

transgenic T cells in efferent lymph sug-
gested defective egress. These studies
confirm the critical role of ERM dephos-
phorylation in regulating lymphocyte mi-
gration and transmigration. Of particular
note, they identify phospho-ERM as the
first described regulator of lymphocyte
membrane tension, whose increase prob-
ably contributes to the multiple defects
observed in the ezrin T567E transgenic
mice. (Blood. 2012;119(2):445-453)

Introduction

Normal immune function depends on lymphocytes in circulation
binding to vascular endothelium, transmigrating across the endothe-
lium, and migrating within tissue.!* Lymphocyte migration and
transmigration depend on cytoskeletal reorganization, including
especially the actin cytoskeleton. However, linkage between plasma
membrane and actin cytoskeleton is a potentially important aspect,
which has not yet been well studied. Ezrin-radixin-moesin (ERM)
proteins are a trio of very closely related human paralogs whose
primary function is mediating linkage between the plasma mem-
brane and cortical actin, which is the shell of polymerized actin that
lies just below the membrane.*> One of the most fundamental
aspects of ERM protein function is their ability to regulate that
linkage by switching between active and inactive conformations. In
the active conformation, the N-terminal region, the FERM domain,
binds to plasma membrane lipids and cytoplasmic tails of transmem-
brane proteins and the C-terminal region binds to F-actin. How-
ever, in the dormant conformation, those 2 regions bind intramolecu-
larly to each other and therefore cannot mediate linkage via
intermolecular interactions. The conformational switch between
dormant and active forms is initiated and sustained by ERM protein
binding to PI(4,5)P2 in the plasma membrane.*’ In addition,
C-terminal phosphorylation plays an important role in stabilizing
the active conformation. Solved structures of the dormant ERM
protein elucidate the mechanism whereby phosphorylation stabi-
lizes the active conformation. The critical threonine that is phosphor-
ylated in ERM proteins (T567 in ezrin) is in the C-terminus close to

the interface involved in the autoinhibitory binding of the C-
terminus to the FERM. T567 phosphorylation reverses the charge
of that region and disrupts electrostatic interactions that normally
promote autoinhibitory binding.*?

ERM protein phosphorylation is dynamically regulated in many
cell types in diverse physiologic contexts. Rapidly induced phos-
phorylation was first described by Furthmayr et al during
thrombin activation of platelets.® Rapidly induced dephosphory-
lation was initially described in immune cells stimulated by
soluble factors, such as chemokines that promote their recruit-
ment from blood into tissue.”! Because it is plausible that such
regulated phosphorylation is functionally important in cellular
processes, substantial investigation has been directed at estab-
lishing that connection. One of the most powerful approaches
has been cell transfection with phosphomimetic mutant con-
structs of ERM proteins in which the phosphorylated threonine
is replaced by a negatively charged residue to mimic phosphory-
lation.!" Such phosphomimetic ERM proteins resemble normal
active ERM in their enhanced localization at the plasma
membrane in transfected cells.'? They have been used in many
biochemical and cell biologic studies of ERM protein activation/
function to probe the roles of ERM phosphorylation/dephosphor-
ylation.”!3-21 For example, regulation of ERM protein phosphor-
ylation has been implicated in functions as diverse as compaction
in the mouse early embryo,'* cell rounding in mitosis,?' and
promotion of uropod formation in lymphocytes.!?
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Importance of regulated ERM protein phosphorylation in 1 or
more of the events involved in lymphocyte recruitment from blood
into tissue was suggested by findings that a key trigger of this
process (chemokines) induced rapid dephosphorylation of ERM
protein. We hypothesized that ERM protein phosphorylation would
regulate lymphocyte migration,” which is dependent on the cortical
cytoskeleton and its interactions with the overlying plasma mem-
brane. Several in vitro studies support the view that the presence of
phosphomimetic ERM protein (ie, ERM protein unable to dephos-
phorylate) impairs lymphocyte migration.>!”-!8 However, appar-
ently conflicting findings have been reported in 2 other studies.!>1¢
Discrepancies between studies, which may reflect heterogeneity in
cell types studied and in amounts of phosphomimetic ERM protein
expressed, left ambiguity regarding the role of ERM protein
phosphorylation in cell migration.

Membrane tension of the plasma membrane is, in effect, the
resistance of the plasma membrane to deformation (resistance to a
change in shape). Because many cellular processes involve defor-
mation of the plasma membrane, theoretical considerations predict
that membrane tension would regulate diverse cellular events
occurring at the plasma membrane.??> Although still limited in
number, cell biologic investigations of membrane tension in
eukaryotic cells suggest that membrane tension is a “master
regulator” of many cellular processes.???¢ Of likely relevance to
cell migration, Sheetz et al provided evidence that lamellipod
extension was negatively regulated by membrane tension.?® The
membrane tension of eukaryotic cell plasma membrane derives
largely from the linkage of plasma membrane to the underlying
cytoskeleton.??2” Only one family of molecules in eukaryotic cells
has been shown to regulate membrane tension, namely, class I
myosins.”® We hypothesized that ERM proteins might also be
involved in regulating membrane tension by virtue of their role,
when phosphorylated/activated, in linking plasma membrane to
actin cytoskeleton. While our studies were in progress, analysis of
zebrafish mesoderm cells provided the first evidence that ERM
proteins contribute to membrane tension.?

We generated transgenic mice expressing phosphomimetic
ERM protein in lymphocytes to determine whether ERM protein
phosphorylation regulates lymphocyte plasma membrane tension
and downstream cellular functions, such as migration, which are
expected to be controlled by this physical parameter. Ezrin and
moesin, the 2 ERM proteins expressed in lymphocytes, have very
high sequence similarity and are functionally interchangeable in
many systems; we chose to study ezrin rather than moesin because
some evidence indicates that ezrin has additional unique roles in
lymphocytes.?*3! Our results from these transgenic mice demon-
strate that even a low level of phosphomimetic ezrin protein
markedly elevates membrane tension and impairs lymphocyte
migration. In addition, it impairs lymphocyte homing not by the
usual mechanism of impaired intravascular adhesion to endothe-
lium but rather by impairing transmigration.

Methods

Mice and cell culture

To generate ezrin transgenic mice, mouse ezrin mutant T567E cDNA was
inserted into an hCD2-based mini-cassette. A hemagglutinin (HA) peptide
sequence (YPYDVPDYA) was inserted at the C-terminus of the protein just
before the stop codon. Transgenic mice were made and maintained on
C57BL/6 background (National Cancer Institute). Control mice include
both Ezrin wild-type (WT) transgenic mice made simultaneously and WT
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C57BL/6 mice (littermates of the T567E transgenic mice). All mice used in
the present study were housed in a specific pathogen-free facility and cared
for in accordance with National Institutes of Health guidelines, and all
protocols were approved by the National Cancer Institute Animal Care and
Use Committee.

Cell fractionation and Western blot

Primary T cells were purified from lymph node and spleen cells by
removing B cells using Qiagen anti-mouse IgG magnetic beads. CD4*
lymphoblasts were generated by selecting lymph node CD4 cells with
anti-CD4 magnetic beads (Miltenyi Biotec) and activating them by plating
2 X 10° per well in 6-well plates coated with 5 wg/mL anti-CD3 antibodies.
Three days later, the culture was fed with medium supplemented with IL-2
(Sigma-Aldrich; 50 U/mL) every other day. Before use, the cells were
washed once and resuspended in HBSS (Sigma-Aldrich) with 2% FCS at
10 X 10 per milliliter. Biochemical fractionation was done as previously
described.” Western blot was performed using rabbit polyclonal anti-ezrin
(Upstate Biotechnology), mouse monoclonal anti-ezrin pT567 (BD Biosci-
ence), and monoclonal anti-Na/K-ATPase (Epitomics) using an infrared
imaging system (Odyssey; Li-Cor Biosciences).

SDF-1 stimulation-induced shape change

Freshly isolated lymphocytes were resuspended in HBSS containing 0.1%
BSA (Sigma-Aldrich) and put on a rocker for 2 hours at 37°C for recovery.
Then the cells were stimulated with SDF-1 (PeproTech) at a final
concentration of 200 ng/mL at 37°C for the indicated time and the
stimulation was terminated by mixing the cells with an equal volume of 4%
paraformadehyde. Cells were stained with phalloidin to detect F-actin and
scored blind for polarization as described.” Images were acquired using
Zeiss LSM510 Meta with a 40XC-apochromat (NA 1.2) water immersion
objective lens. Image analysis was performed with Zeiss LSM 4.0 software.
Anti-HA peptide tag mouse monoclonal antibody (Covance) was used to
detect transgenic protein. For determination of asymmetry of transgenic
protein localization within the cell, a binary image was created from the
fluorescent image of anti-HA-stained cells and used to determine the cell
outline and to calculate the cell center. A line was drawn through the center
along the longest axis of the cell. The cell was bisected by creating a line
through the center perpendicular to the long axis, and regions were created
corresponding to each half. Those regions were applied to the original
image to calculate mean pixel intensity in each half, and the ratio between
back and front was calculated.

Adhesion assay

The 96-well flat-bottomed plates were precoated with 5 pg/mL of recombi-
nant mouse ICAM-1/Fc or VCAM-1/Fc (R&D Systems) or 2% BSA as a
control. Cultured T lymphoblasts were washed 3 times with PBS, resus-
pended in PBS at 1 X 10° cell/mL, and labeled with 5 wg/mL 7-bis
(2-carboxyethyl)-5(and-6) carboxyfluorescein for 30 minutes at 37°C and
washed 3 times with HBSS media containing 1mM HEPES, 0.1% BSA,
1 mM CaCl,, ImM MgCl,, with or without ImM MnCl,. A total of
0.5 X 10° labeled cells were plated into each precoated well, and the plates
were incubated at 37°C for 25 minutes. The wells were washed vigorously
3 times with the aforementioned HBSS buffer and the remaining adherent
cell number assessed using a fluorescence microplate reader (Bio-Tek)
using excitation and emission wavelengths of 485 and 528 nm.

Transwell assay

The transwell assay was done as previously described!” using 3-pm pore
size transwells. Cells (2-10 X 106) were placed in the upper chamber of the
transwell; the lower chamber was filled with RPMI 1640 with 400 ng/mL
SDF-1 and 0.2% BSA. After 2 hours at 37°C, cells were collected and
counted using fluorescent beads as a standard (Caltag/Invitrogen) on a
FACSCalibur (BD Biosciences).

In vitro migration assay

T lymphoblasts (1 X 10°) were added to a MatTek dish in which the center
well was coated with ICAM-1 (10 pg/mL, 37°C for 1 hour) and filled with
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Figure 1. Initial characterization of ezrin transgenic A
mice. (A) Assessment of ezrin localization at the plasma WT
membrane. Purified peripheral T-lymphocytes were soni-
cated, the nuclei and cellular debris were removed by
centrifugation, and the postnuclear fraction (PN) was
separated by ultracentrifugation into the soluble fraction
(S100, cytosolic) and the pellet (P100, containing plasma
membrane). Samples resolved by SDS-PAGE were
analyzed by Western blot with antibodies to HA (to detect
transgenic ezrin), to pERM (to detect endogenous phos-
phorylated ERM; note that this antibody does not detect
the T567E ezrin), to ezrin (to detect endogenous and
transgenic ezrin), and to Na/K ATPase (to assess plasma
membrane enrichment in P100). Note that loading for the
P100 fraction was 6 times that of the PN and S100
fractions (18 X 108 vs 3 X 10° cell equivalents) to as-
sure sensitive detection of protein localization there.
(B) Lower T-lymphocyte number in lymph nodes in
T567E mice (P < .05). Data are mean =+ SE of the
number of T cells recovered from cervical, axillary, ingui-
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nal, lumbar, and mesenteric lymph nodes of 7 individual
mice. (C) Reduced in vitro lymphocyte transmigration in
T567E mice (P < .05). Primary splenic lymphocytes
(20 x 10%/mL) were incubated in the upper chamber of
transwell chambers with 3-um polycarbonate mem-
branes, and the number of cells transmigrated to the
lower chamber containing 400 ng/mL SDF-1 was as-
sessed after 2 hours by flow cytometry. Data are mean
+ SE of transmigration results for 7 T567E mice and
5 WT mice assessed in 4 separate experiments.
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(D) Slower migration rate of CD4 T-lymphoblasts from 0
T567E mice (P < .0001). Migration was assessed on an
ICAM-1—coated surface. Data are mean = SE of values
for 72 WT and 80 T567E cells in 3 separate experiments.

T-cells

2% FCS HBSS. The cells were allowed to settle for 5 minutes, the
unattached cells were gently washed off, and the dish was filled with
approximately 2 mL 2% FCS HBSS. Live cell time-lapse images were
acquired using a Zeiss Axiovert 200M microscope equipped with a 20X
(NA 0.8) plan-apochromat objective lens, differential interference contrast
optics, a Photometrics Coolsnap ES CCD camera, and Axiovision Version
4.8 image acquisition software. Image analysis was performed using the
Track Objects module of Metamorph Version 7.7 software. Briefly, regions
of interest were placed around each cell in the initial image frame in the
time series and followed through the subsequent image frames. The position
coordinates for each cell were recorded, and the cell migration speed was
calculated.

Statistics and reproducibility

P values were calculated with unpaired ¢ test or Mann-Whitney test by
GraphPad Prism. Each figure represents data on at least 2 representative
independent experiments.

Measurement of membrane tension, in vivo homing, and
intravital microscopy

Measurement of membrane tension, in vivo homing, and intravital micros-
copy are described in supplemental Methods (available on the Blood Web
site; see the Supplemental Materials link at the top of the online article).

Results

Generation of transgenic mice expressing ezrin T567E in
T-lymphocytes

Ezrin transgenes were expressed under the control of a human CD2
mini-cassette to restrict expression primarily to T-lymphocytes.
The mutant construct incorporated a TS67E mutation that mimics
activation by phosphorylation and was C-terminally tagged with a
peptide hemagglutinin tag (with less potential for altering ERM
function than the larger GFP tag). For control purposes, transgenic
mice expressing the corresponding construct without the TS67E

e N & o o

Non-T-cells WT TS67E

mutation were also generated. To maximize physiologic relevance,
we selected transgenic lines in which ezrin T567E protein was
expressed at levels about half that endogenous ezrin in normal
resting lymphocytes (supplemental Figure 1). Because the WT
ezrin transgene was expressed at lower levels than ezrin TS67E,
homozygous WT ezrin transgenic mice were used since their
protein expression was minimally greater than in the ezrin T567E
heterozygotes. Selective expression of the transgenes in
T-lymphocyte was evident, for example, in their expression in
T-lymphocytes rather than B-lymphocytes (supplemental Figure 2).

One of the cardinal features of activated ERM protein is
localization at the plasma membrane, in contrast to autoinhibited
ERM protein that is primarily cytosolic. We assessed membrane
localization of the ezrin T567E transgenic protein in primary
lymphocytes by biochemical fractionation because their scant
cytoplasm makes immunofluorescent assessment of membrane
localization difficult. The results (Figure 1A) demonstrate that
much of the transgenic ezrin TS67E protein is present in the
membrane fraction. In contrast, little of the WT ezrin transgenic
protein is found there. This behavior of transgenic protein mimics
the behavior of endogenous ezrin protein, the majority of which is
cytosolic (ezrin blot), but the phosphorylated subset of ERM
proteins is predominantly at the membrane (pERM blot). Biochemi-
cal fractionation of primary short-term cultured lymphoblasts also
confirmed that ezrin T5S67E preferentially localized at the plasma
membrane in such cell preparations (data not shown).

We investigated whether there were any major abnormalities in
the development of T-cell lineage cells or in their steady-state
distribution within lymphoid tissue in ezrin T567E transgenic mice.
Analysis of thymocytes showed that positive selection, as identi-
fied by cells coexpressing CD69 and TCRf, was intact as was
generation of mature CD4 and CDS cells (supplemental Figure
3A). In the periphery, the distribution between CD4 and CD8
subsets in lymph node was within the normal range (supplemental
Figure 3B) and CDS5 expression (investigated as an activation
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Figure 2. Ezrin T567E transgenic lymphocytes have increased membrane
tension. (A) Representative single tether force traces are shown for WT and ezrin
transgenic T567E T-cell blasts. (B-C) Bar graphs showing mean = SE of the PTF and
the SSTF from WT (solid fill) and T567E (white fill) T-cell blasts. (WT PTF,
75.9 = 15.7; WT SSTF, 36.8 = 7.1; T567E PTF, 107.8 + 18.5; T567E SSTF,
64.8 = 10.9). “Populations are significantly different (P < .05). The PTF represents
the force required for successful formation of a membrane tether. The PTF has a
small contribution from the force required to overcome the membrane’s resistance to
a change in shape and a larger contribution from the force required to break
membrane-cytoskeleton adhesion bonds.32

marker) was not changed (supplemental Figure 3C). However,
T-cell number was somewhat reduced in lymph nodes in ezrin
T567E transgenic mouse (~ 27%, Figure 1B). We therefore
investigated whether transgenic T cells had alterations in migration
and in homing that could contribute to this phenotype.

Abnormalities in T-lymphocyte migration in vitro

Our initial studies assessed lymphocyte migratory responses to
chemokines in transwell chambers (Figure 1C). The percentage of
ezrin TS67E splenic T cells migrating was markedly reduced
relative to littermate controls. In contrast, the percentage of splenic
non-T cells that migrated was equivalent between the transgenic
and controls; thus, impairment of migration was restricted to the
lymphocyte population in which the transgenic protein was ex-
pressed. The transmigration assay is especially complex, including
chemokine-mediated activation, adhesion, shape change, and migra-
tion. To assess whether migration per se is impaired, we assessed
migration speed in a model system in which migration is spontane-
ous, rather than chemokine-induced. Migration of lymphoblasts on
ICAM-1-coated surface was recorded and the migration paths
analyzed (Figure 1D). Migration rate of ezrin T567E transgenic
T cells was 18% slower than WT ezrin transgenic T cells.

Analysis of molecular processes that could impair migration

We investigated plasma membrane tension, which is increasingly
viewed as a master regulator of many cellular processes that
involve membrane deformation, including cell migration. Mem-
brane tension is measured in an optical trap assay in which a thin
membrane tether (~ 100-nm diameter) is pulled from the cell
surface and the required forces are measured corresponding to the
peak during initiation of the tether (peak tether force [PTF]) and the
steady state for tether maintenance at a constant length (steady-
state tether force [SSTF]; Figure 2). The forces measured in WT
lymphoblasts (36.8 pN SSTF, 75.9 pN PTF) are at the very high
end of diverse cell types previously studied using similar methods.
For example, intestinal epithelial cells and fibroblasts exhibit SSTF
values of approximately 35 pN and 8 pN, respectively, and PTF of
approximately 60 pN and 10 pN, respectively. There are no compa-
rable studies of membrane tension in other hematopoietic cells, but
measurements in neutrophils using different technology measured
a “cross-over force” (which may be functionally similar to our
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measurement of PTF) of approximately 40 to 50 pN.3* A marked
increase in membrane tension was observed in the ezrin T567E
transgenic lymphocytes. Representative single traces (Figure 2A)
illustrate that T567E transgenic cells require a higher force for
tether formation (PTF) and for tether maintenance at a constant
length (SSTF). Statistical analysis of populations of cells confirms
that PTF is 21% greater in the TS67E transgenic cells than in WT
cells (Figure 2B). SSTF, which is directly related to apparent
membrane tension,> is increased by 71% (Figure 2C).

Because shape change is essential to migration, we analyzed
T-cell shape change in response to chemokine stimulation. Resting
primary T cells have a characteristic spherical morphology with
cortical F-actin uniformly distributed at the plasma membrane; this
morphology is shared by WT and ezrin T567E transgenic cells
(Figure 3A-B). Within 1 minute after chemokine stimulation, the
majority of WT cells become polarized with substantial depolymer-
ization of the cortical F-actin in most areas of the cell and the
striking extension of a lamellipod driven by localized actin
polymerization. The ezrin T567E transgenic cells also generally
polarized their F-actin at one pole of the cell but showed much
more limited extension of lamellipods. To objectively score shape
change, we used the parameter “elliptical form factor,” which
equals 1.0 for a circle and becomes progressively larger as cells
become elongated (Figure 3B). Change in ezrin T567E transgenic
cell shape was about half that of WT cells (Ashape index = 0.18 vs
0.37). WT transgenic ezrin protein was preferentially localized at
the trailing edge of the T cells, but transgenic TS67E ezrin was
significantly more asymmetric in its distribution (Figure 3C). These
findings are consistent with the preferential localization of ERM
protein in the uropod, especially phospho-ERM. 535

Finally, we analyzed static adhesion of T lymphoblasts to
immobilized ligands ICAM-1 and VCAM-1 (Figure 3D), which
could influence migration. Adhesion of the T567E transgenic
T cells was consistently greater than WT cells to both ICAM-1 and
VCAMS-1 in the absence of Mn?*. Note that adhesion of ezrin
T567E T cells was similar to WT cells in the presence of Mn?"
(Figure 3E), which activates integrin-mediated binding by inducing
a conformational change in those molecules. Because levels of
expression of the adhesion receptors (LFA-1, VLA-4) are equiva-
lent in both cell types (supplemental Figure 4), the augmented
adhesion in the absence of Mn?* apparently reflects an increase in
integrin-mediated adhesion (eg, because of altered affinity or
altered cytoskeletal linkage), not increased expression of integrins.

Slower T-lymphocyte migration in vivo

To ascertain whether slower migration was also evident in vivo,
migration was assessed by 2-photon microscopy in lymph node. To
achieve a well-controlled comparison of ezrin TS67E transgenic
T cells with controls, the 2 cell populations were stained with
different dyes, coinjected intravenously, and their migration in
lymph node cortex assessed approximately 18 hours later. Paths of
WT (red) and TS67E transgenic (green) cells in deep T-cell cortex
were analyzed (Figure 4A-C). Migration of T567E transgenic cells
was 20% slower than WT cells analyzed concurrently. Because
there are some differences in tissue organization of different
subregions of the T-cell area of lymph nodes, we analyzed
separately migration in cortical subregions close to B-cell follicles.
In those areas (Figure 4D-F), the decrease in migration speed of
TS67E transgenic cells was even more pronounced (47% decrease).
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Figure 3. Adhesion and shape change. (A) Shape A
change of representative primary CD4 T cells before (—)
or 60 seconds after (+) SDF-1 stimulation. Midplane
confocal images stained for actin (phalloidin, red) and for
the transgenic protein (using anti-HA, green). (B) Scor-
ing of populations of cells from panel A (n = 30) for their
shape 5 minutes after SDF-1 stimulation. Because the
elliptical form factor scores = length of longest axis/
length of axis perpendicular to that, a value of 1.0 is a
round cell, and higher values are progressively more
elliptical (P < .001). (C) Analysis of asymmetry of trans-
genic protein. Lymphocytes were stimulated with SDF-1
and stained with anti-HA to detect localization of WT or
T567E transgenic protein. For each cell, average pixel
intensity was compared between the front and the back.
Data are the mean =+ SE of values for 70 cells each
(P < .0.05). (D-E) Adhesion of CD4 T-lymphoblasts to
immobilized VCAM-1 or ICAM-1 in the absence (D) or
presence (E) of Mn2+.

% adherent cells

VCAM1

Defective homing but normal binding to endothelium

The reduction in number of T cells in lymph nodes of TS67E
transgenic mice (Figure 1B) raised the possibility that lympho-
cyte recirculation might be impaired. We assessed homing of
T cells to lymph node by intravenous adoptive transfer of a
mixture of TS67E transgenic and WT lymph node cells followed
by measurement of the number found in lymph node and blood.
There was a 30% reduction in the number of T567E transgenic
T-lymphocytes in lymph node after 1 hour and a corresponding
increase of those cells in blood (Figure 5A). In contrast, non-
T cells from T567E transgenic and WT mice were equivalent in
lymph node and blood. Two possible explanations for impaired
homing were considered first: altered microvilli® or reduced
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expression of adhesion molecules involved in homing/recircula-
tion. Scanning electron microscopy did not identify any appar-
ent alteration in microvilli in T567E transgenic T cells (supple-
mental Figure 5). Surface expression of the relevant integrins
was not reduced (supplemental Figure 6). However, inconsis-
tently, a small reduction in CD62L was identified on T567E
transgenic CD4 T cells. Its significance was unclear because
CDG62L is easily shed by protease cleavage,’® but it raised the
possibility of a resulting defect in rolling.

We therefore analyzed in vivo the lymphocyte-endothelial
adhesion cascade whereby T-lymphocytes bind to lymph node
vascular endothelium. Labeled T cells were injected into the
arterial system of a mouse and lymphocyte adhesion imaged during

C_

g 201 l.*LI Figure 4. Slower migration of ezrin T567E transgenic
E T cells in lymph node in vivo. One day before imaging,
2151 =t Oo WT B-lymphocytes, which were stained with blue
s So (CMF,HC), were injected to delineate B-cell follicles.
g 104 by % T-lymphocytes from WT mice were stained red (CMTMR)
H L] and from ezrin T567E transgenics were stained green
T 5 ok (CMFDA), mixed, injected intravenously, and migration
2 04 in inguinal lymph node was assessed 18 hours later by
L Wt  T567E 2-photon microscopy. (A) Image of region of central
T-cell cortex marking representative region for analysis.

F Bar represents 100 pm. (B) Frame from region analyzed
T o0 Fekk along with tracks of WT (green) and ezrin T567E
£ 28 g transgenic (red). Bar represents 30 pm. (C) Summary of
E:L1 54 ::‘: migration speed of individual cells shows lower average
Y P speed of ezrin T567E transgenic lymphocytes (P < .0001).
10 ‘*‘ 00 Data are mean = SEM: WT (10.8 + 0.3 um/s; N = 55), Tg
E 0 Y (8.7 = 0.4 pm/s; N = 40). (D-F) Comparable analyses of
: 5- migration near the border between T-cell area and B-cell
2 ° follicle. Migration speed mean + SEM: WT (12.2 = 0.5 pm/
& 0l————— min; N =239), Tg (6.4 = 0.3 pm/min; N = 30). All P values

were calculated using the Mann-Whitney test in Prism
Version 5 (GraphPad). ***P < .0001.
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Figure 5. Impaired homing of ezrin T567E transgenic

B :g_ mT567E T cells to lymph nodt_e. (A) In vi\(o homing to lymph
awT node. To assess homing in an internally controlled
E 70+ manner, 2 different T-cell preparations were stained with
E 60 different levels of CFDA, mixed, injected intravenously,
il 504 and their recovery in lymph node and blood was as-
A 13 u Lymph node ';, 404 sessed by flow cytometry after 1 hour. Data are mean
O blood £ a0 + SEM for pairs of mice in an experiment representative
=o T of 4 performed in which the experimental mix (right side
@ 204 of panel) was ezrin T567E transgenic cells and WT cells.
10'] Izl The control mix (left side of panel) was WT cells and WT
T 1 T cells. Recovery ratios for the control mix were all close to
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their first pass through lymph node high endothelial venules
(HEVs). Video recordings were analyzed to score the fraction of
lymphocytes that rolled on lymph node vascular endothelium
(Figure 5B) and the fraction of rolling lymphocytes that transi-
tioned to stable binding (Figure 5C). No defect was identified in
either rolling or stable binding.

Defective entry and exit from lymph node

The lack of a defect in rolling or firm adhesion was notable
because most of the described defects in homing are caused by
impairments in these steps. We reasoned that the defect could
reflect a disability of adherent TS67E transgenic lymphocytes in
entering into the lymph node. We therefore analyzed events that
follow lymphocyte adhesion to lymph node endothelium, with
special attention to their persistence in the vessel and/or their
transmigration across the endothelial well into the lymph node
parenchyma. To unambiguously view the vessel boundary,
HEVs were stained by a low concentration of fluorescence-
labeled MECA-79 (Figure 6A). This allowed visualization of
cell migration in the lumen followed either by transmigration
into parenchyma or disappearance, apparently by de-adhesion
(Figure 6B; supplemental Video 1). Approximately 80% of WT
cells that bound to the HEVs went on to transmigrate, but only
50% of TS567E transgenic cells did so (Figure 6C). Moreover,
the TS67E transgenic cells that did transmigrate took about
twice as long to do so as WT cells (Figure 6D).

It was paradoxical that the rate of entry of TS67E transgenic
cells into lymph node was reduced but that the number of T567E
transgenic cells in parenchyma was similar to that of WT cells at
24 hours. We therefore considered the possibility that TS67E
transgenic cells might also have impaired egress from lymph node.
Findings of cell frequency in efferent lymph provided support for
that hypothesis. The frequency of WT cells within the sinus was
several-fold higher than TS67E transgenic cells (Figure 6E), even
though these cells were about equally represented in the lymph
node cortex (Figure 6F).

mT567E
owWT non-T cells. (B) Assessment of lymphocyte rolling in

lymph node (P < .05) and increased in blood (P < .01),
but recovery ratios close to 1.0 were observed for the

inguinal lymph node. Lymph node T cells were injected
intra-arterially, and the number showing slow movement
characteristic of rolling during the first pass through the
lymph node was scored blind. The venule order designa-
tions were assigned by counting successive generations
of venular branches in the upstream direction from the
large collecting venule that drains into the superficial
epigastric vein (with first being the largest and fifth being
the smallest). (C) Same as in panel B but showing
assessment of the fraction of rolling cells that bind for
more than 30 seconds.

3 4

Discussion

The foregoing studies demonstrate that expression of mutant ezrin
protein mimicking phosphorylated ezrin results in substantial
impairment of lymphocyte entry into (and exit from) lymph node
and their migration within it. These findings provide a strong
teleologic explanation why chemokines induce rapid ERM dephos-
phorylaton because they are prototypic stimulators of lymphocyte
recruitment into lymph node.” The discussion focuses on the
following: (1) why functional changes are observed despite the
relatively low level of expression of phosphomimetic ezrin; and
(2) the contribution of phospho-ERM to membrane tension and
related stiffening mechanisms, and their ability to influence lympho-
cyte transmigration and migration.

Limited increase in active ERM protein has functional
consequences

An increase of active ezrin (transgenic phosphomimetic ezrin) at
the membrane impairs lymphocyte shape change (Figure 3), slows
down lymphocyte migration (by 18% in vitro and 20%-47% in
vivo; Figures 1 and 4), and impairs lymphocyte entry into lymph
node after binding to endothelium (by 30%; Figure 5). The
implication of these findings is that processes/pathways that
regulate ERM protein phosphorylation state must be precisely
regulated. These results confirm predictions that ERM dephosphor-
ylation is important to facilitate shape change, transmigration, and
migration.” In contrast, the present findings do not confirm a
separate prediction that ERM dephosphorylation might promote
collapse of microvilli® because T567E transgenic lymphocytes
showed no augmentation of microvilli, no consistent delay in
microvilli resorption after chemokine stimulation (supplemental
Figure 5), and no defect in sticking to endothelium (Figure 5).
Perhaps the low level of expression of the transgene in the
transgenic model explains the absence of an effect on microvillus
collapse.

Of particular note is the impaired transmigration across vascular
endothelium (Figure 6). There is limited precedent for this kind of
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Figure 6. Defect in entering and leaving lymph node. (A-D) Imaging of events at
the endothelial interface in lymph node. HEVs were stained by a low concentration of
fluorescence-labeled MECA-79 (visualized as gray). T-lymphocytes from WT mice
were stained red (CMTMR) and from ezrin T567E transgenics were stained green
(CMFDA), mixed and injected intravenously while inguinal lymph node was being
imaged at frame rate of 5 seconds. (A) A representative still image of HEVs showing
lymphocytes at the endothelial surface and in the immediate vicinity of the vessel
40 minutes after cell injection. (B) Four sequential still images with corresponding
time stamp. Dashed line indicates the edge of vessel delineated by MECA-79 stain,
which is better seen on lower magnification view. Sequence illustrates an ezrin T567E
transgenic T-cell initiating transmigration (maximal at 8:55), then withdrawing
extension (11:05) and de-attaching (11:45). (C) Scoring of the success or failure of
WT or T567E transgenic T-lymphocytes to transmigrate from endothelium into
interstitium. (D) Average time taken for lymphocytes to transmigrate (P = .0185).
Data are mean = SEM: WT (563.9 +8.2; N=19), Tg (100.6 = 14.1; N = 16).
P values were calculated with Mann-Whitney test by Prism Version 5 (GraphPad).
*P < .05. (E) Thirty minutes of cumulative image of cell movement in representative
lymph node in efferent lymph. Arrow indicates direction of lymph flow. (F) Comparison
of the relative number of lymphocytes of ezrin T567E versus WT-lymphocytes from
panel E in cortical sinus compared with cortex. ***P < .01.

transmigration defect in contrast to more frequently described
defects in rolling or strong adhesion. The most relevant precedents
are demonstrations that hematopoietic cells unable to properly
down-regulate LFA-1 or a4/B7 affinity had impaired migration
into peritoneum or lymphoid tissue.3”* One study documented
perturbed intravascular crawling of such cells to transmigration
sites and compromised diapedesis across endothelium.?” Could
alterations in integrin regulation contribute to the defects in our
model because we observed a modest increase in adhesion to
ICAM-1 and VCAM-1? Possibly, but multiple differences suggest
that is not the primary mechanism in our model. Unlike the findings
in models with altered integrin affinity regulation, (1) our trans-
genic lymphocytes did not display a huge increase in sticking
fraction (compare with ~ 4 times increase with integrin altera-
tions?”¥); (2) our transgenic lymphocytes lost their adhesion
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difference in the presence of Mn?" (Figure 3C); and (3) impaired
polarization was observed in ezrin T567E transgenic lymphocytes
in an anchorage independent assay, in which integrin adhesion is
not involved (Figure 3A-B). At some level, the finding that our
transgenic lymphocytes “fall off”” endothelium resembles the defect
observed in knockout mice lacking signaling molecules, such as
PI-3K,* Vav-GEFs,*! and Syk.*> However, it differs fundamentally
because those models have not had associated impairment of
recruitment into tissue*'*? and because our lymphocytes have
prolonged transit time in moving across endothelium (Figure 6D).

The present results strongly argue that regulated ERM phosphor-
ylation is critical for lymphocyte migration and transmigration.
They substantially address 3 key previous concerns. First, our
transgenic cells have documented low level expression of the
phosphomimetic protein (supplemental Figure 1), unlike the unchar-
acterized expression levels in cells used in previous potentially
contradictory studies.!>1¢ Second, previous studies have used a
single in vitro model, transmigration in transwell chambers.'>-1¢ In
contrast, we have dissected components of that complex response
and extended the analysis to multiple in vivo functional assays
(Figures 4-6). Third, to maximize physiologic relevance, we have
used primary lymphocytes, unlike a previous study of spontane-
ously polarized tumor cells EL4 cells.!?

Membrane tension

The large literature on ERM proteins demonstrates that they
participate in many cellular and molecular processes.*>*3 This is
perhaps predictable because: (1) ERM proteins are among the most
abundant cytosolic proteins in lymphocytes**; (2) ERM proteins
bind to more than 50 different binding partners; and (3) binding
occurs via 4 well-defined binding sites and many other proposed
regions. Therefore, it is not surprising that multiple mechanisms
(Figures 2 and 3) might contribute to the impairment of migration
and transmigration in ezrin T5S67E transgenic lymphocytes.

In these studies, we identify a new mechanism by which ERM
proteins may regulate shape change and migration, namely, by
controlling membrane tension. Membrane tension in the ezrin
TS67E lymphocytes is increased by 71% relative to controls cells.
Our results confirm the recent studies of Diz-Munoz that ERM
protein positively regulates membrane tension*® and extend them
by implicating the phosphorylated form in mediating this function.
An increase in membrane tension would be predicted to impair
lamellipod extension based both on theoretical considerations and
on experimental data.?® Because membrane tension opposes protru-
sion of the lamellipod, an increase in membrane tension would be
predicted to make it harder for cells to extend a lamellipod, which
has been confirmed experimentally in fibroblasts.?® The phenotype
of ezrin T567E lymphocytes undergoing chemokine-induced polar-
ization resembles that predicted for cells with increased membrane
tension: actin polymerization at one pole, but ineffective lamelli-
pod extension at that pole (Figure 3).

ERM proteins (especially phospho-ERM) enhance cellular
resistance to shape change as measured in 3 distinct assays:
measurement of (1) membrane tension, (2) cortical tension, and
(3) global cell deformability. First, low levels of phospho-ERM
markedly increase membrane tension (Figure 2). Second, Baum et
al reported increased cortical tension in Drosophila-cultured S2R
cells during mitosis and after transfection with phosphomimetic
moesin.?! Third, Delon et al reported that transfection of lympho-
cytes with a dominant negative ERM construct reduces lymphocyte
resistance to global deformation.*> These 3 assays measure attri-
butes of stiffness that are distinct but related. Cortical tension is a
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measure of the local deformability of the cytoskeleton immediately
below the plasma membrane (especially actin-based cortical cyto-
skeleton in lymphocytes); it is measured by assessing how much
force is required to indent a local area of the cell. Membrane
tension (assessed by pulling a membrane tether) measures the
in-plane stiffness of a membrane bilayer, but a dominant determi-
nant of it is the physical connections between the cytoskeleton and
the overlying plasma membrane.?-3? Global cell deformability is a
more inclusive measurement, which includes both of the previous
parameters as well as nuclear deformability; it is measured by
determining how much a whole cell is deformed by a distributed
force (such as centrifugation). Because these 3 parameters are
inter-related, we cannot conclude that defects in transmigration and
migration in these transgenic lymphocytes are uniquely caused by
isolated changes in any one of them. Rather, we hypothesize that
there is cooperativity among these mechanisms. For example, an
increase in the connection between membrane and cortex in the
presence of phospho-ERM (measured by membrane tension)
probably promotes recruitment and enhancement of cortical cyto-
skeleton (which is measured by cortical tension).

There are additional complexities that are only partially under-
stood regarding the relationship between phospho-ERM and migra-
tion. For example, that relationship depends on the cell type
studied, apparently at least partly attributable to the mode of
migration those cells use. In contrast to lymphocytes, which use
lamellipod extension to migrate other cell types, such as primordial
germ cells in zebrafish and some cancers cells, migrate using
bleb-like protrusions.*® Knockdown of ERM protein in zebrafish
decreased membrane tension of mesoderm and increased bleb
formation (as predicted). However, it did not alter their instanta-
neous rate of migration.”” Unexpectedly, it decreased their straight-
ness of migration; the mechanism was speculated to relate to
alterations in protrusion types. A recent report may help explain the
zebrafish results because it found that ERM protein enrichment in
the uropod contributed to directional control of certain kinds of
bleb-dependent migration.*’ In our lymphocytes, the phosphomi-
metic ezrin was preferentially localized in the rear of the cell
(Figure 3C), but its presence did not enhance the straightness of
migration in vitro of lymphocytes (which is not dependent on
blebs; data not shown). Such uropod enrichment of phosphomimetic-
ezrin in transgenic lymphocytes might contribute to their impaired
migration via resistance to shape change either by: (1) contributing
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to changes in membrane tension (which is determined not only by
local membrane-cortex attachment, but also by such attachment
elsewhere in the cell??); or (2) affecting global resistance to shape
change (because of the extended arc of membrane-associated
ezrin there).

The present studies identify phospho-ERM as a major regulator
of lymphocyte membrane tension, migration, and transmigration.
There are probably additional regulators of membrane tension in
lymphocytes that we predict will also regulate lymphocyte migra-
tion. Class I myosins are excellent candidates because they
resemble ERM proteins in: linking actin cytoskeleton to plasma
membrane, regulating membrane tension and/or local deformabil-
ity in various cell types or unicellular organisms,?$4%30 and
influencing cell migration in Dictyostelium discoideum.>®
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