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Receptor-ligand binding is an essential interaction for biological function. Oxidative stress can modify receptors
and/or membrane lipid dynamics, thus altering cell physiological functions. The aim of this study is to analyze
how oxidative stress may alter receptor-ligand binding and lipid domain distribution in the case of
progesterone-induced blocking factor/progesterone-induced blocking factor-receptor. For membrane fluidity
regionalization analysis of MEC-1 lymphocytes, two-photon microscopy was used in individual living cells.
Lymphocytes were also double stained with AlexaFluor647/progesterone-induced blocking factor and Laurdan

fifnv;%:)d;te to evaluate -induced blocking factor/progesterone-induced blocking factor-receptor distribution in the different
PIBE-R membrane domains, under oxidative stress. A new procedure has been developed which quantitatively analyzes
Oxidative stress the regionalization of a membrane receptor among the lipid domains of different fluidity in the plasma
Membrane fluidity membrane. We have been able to establish a new tool which detects and evaluates lipid raft clustering from
Laurdan two-photon microscopy images of individual living cells. We show that binding of progesterone-induced
Lipid raft blocking factor to progesterone-induced blocking factor-receptor causes a rigidification of plasma membrane

which is related to an increase of lipid raft clustering. However, this clustering is inhibited under oxidative stress
conditions. In conclusion, oxidative stress decreases membrane fluidity, impairs receptor-ligand binding and
reduces lipid raft clustering.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

Progesterone-dependent immunomodulation is one of the mecha-
nisms that enable pregnancy to proceed to term [1]. Immunologic
effects of progesterone are mediated by a protein named progesterone-
induced blocking factor (PIBF) which induces a Th2 cytokine production
by T lymphocytes in vitro and in vivo and modulates peripheral NK
activity. Though PIBF production is a characteristic feature of normal
pregnancy, this molecule was recently found to be over-expressed in
highly proliferating cells and malignant tumors independently from the
progesterone receptor status [2,3].

PIBF binds to the glycosylphosphatidylinositol (GPI) anchored PIBF
receptor (PIBF-R) which, upon ligand binding, combines with the
alpha chain of the IL-4R for signaling. Therefore, engagement of the
PIBF-R results in Jak1 phosphorylation which, in turn, activates STAT6

Abbreviations: DMSO, dimethylsulphoxide; FBS, fetal bovine serum; GP, generalized
polarization; I, liquid disordered; I, liquid ordered; L, gel phase; PIBF, Progesterone-
Induced Blocking Factor; PMA, phorbol-12-myristate-13-acetate; ROS, reactive oxygen
species.
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[1]. GPI-anchored proteins are enriched in the leukocyte membrane
within glycosphingolipid-cholesterol rafts. These submicron domains
need cholesterol for their function and, in line with this, depletion of
cholesterol from the cell membrane abolished the STAT6 inducing effect
of PIBF. In methyl-B-cyclodextrin (MP-CD) treated lymphocytes,
neither PIBF nor IL-4 was able to Tyr-phosphorylate STAT6, suggesting
that not only the PIBF-receptor but also the a chain of the IL-4 receptor
might be raft-associated [4]. Lipid rafts are thought to be platforms
within the plasma membrane which aid cell signaling and are rigid
compared to other domains in the plasma membrane. These lipid rafts
are enriched in sphingolipids and cholesterol and are associated to a
subset of membrane proteins with an important role in signal transduc-
tion and membrane traffic [5-8].

Lipids within the plasma membrane are one of the preferential targets
of reactive oxygen species (ROS) which cause lipid peroxidation. In partic-
ular, polyunsaturated phospholipids are an extremely vulnerable target,
due to the susceptibility of their chains to lipid peroxidation [9,10]. Recent
data have shown that oxidative stress, produced by ROS, can modify the
receptors impairing their normal functions [11,12]. This process also
disturbs the bilayer structure, modifies membrane properties such as
membrane fluidity, alters the physiological functions of cell membranes
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and contributes to cell membrane damage [9,10]. Altered membrane
fluidity might also affect membrane protein function by modifying lipid
microenvironment and interactions [13-16]. Several reports have de-
scribed a decrease of membrane fluidity in different cell membranes as
a consequence of lipid peroxidation [17-20]. The immune system is com-
posed by different cell types that have different sensitivities to oxidative
damage, depending on their effector functions [20-24].

Recent techniques are able to visualize different lipid domains within
the plasma membranes of individual cells [8,25,26]. One of these
techniques, known as two-photon microscopy, allows obtaining high
resolution images of single cells, in vivo, which enables visualizing the dis-
tribution of membrane fluidity in different domains within the plasma
membrane. The environment-sensitive probe Laurdan (6-dodecanoyl-2-
dimethylamino-naphthalene) is used, which exhibits an emission spec-
tral maximum shift from 440 nm to 490 nm in the transition from gel
phase to liquid phase [27,28]. By using a multiphoton confocal microscope
it is possible to excite the fluorophore with two photons at double the
wavelength causing it to fluoresce [27-33].

Previously we have reported that oxidative stress reduces plasma
membrane fluidity of THP-1 induced macrophages [20]. Membrane ri-
gidification may cause an impaired cellular function. In lymphocytes,
PIBF-R signaling is essential for pregnancy; an inefficient receptor
signaling could impair implantation. The aim of the present study is to
analyze lymphocyte membrane fluidity and PIBF/PIBF-R binding distri-
bution in different membrane lipid domains of individual cells, under
oxidative stress conditions.

2. Materials and methods
2.1. Cell line culture

MEC-1 lymphocytes were established and characterized from pe-
ripheral blood of a patient with B-chronic lymphocytic leukemia [34].
MEC-1 cells were cultured in RPMI medium 1640, 10% fetal bovine
serum (FBS) with GlutaMax and without phenol red (Invitrogen).
Cells were maintained at 37 °C in 5% CO,. All experiments were
performed within the cell passages 20-50.

2.2. Analysis of cell viability under oxidative stress conditions

We determined the highest H,0, concentration allowing acceptable
levels of viability. 200 pl of MEC-1 lymphocytes at 5 x 10° cells/ml was
seeded in each well of 96 microwell plates for viability analysis. Cells
were then centrifuged at 300 xg for 5 min and washed three times
with PBS. H,0; in fresh medium without FBS was added to final concen-
trations ranging from 0.1 mM to 10 mM. After 4 h at 37 °C and 5% CO,
cells were centrifuged, washed and viability was assessed by MTT assay
(EZAU Cell Proliferation Assay, Biomedica Gruppe, Wein, Austria). This
assay measures the reduction of MTT (3-[4,5-dimethylthiazol-2-yl]-2,5-
diphenyltetrazolium bromide) to formazan (1-(4,5-dimethylthiazol-2-
yl)-3,5-diphenylformazan) catalyzed by mitochondrial dehydrogenase
in functional mitochondria. Results showed that the H,0, concentrations
below 5.0 mM for 4 h maintained cell viability above 80%.

2.3. Oxidative stress induction in MEC-1 cells for two-photon microscopy
analysis

For oxidative stress induction, MEC-1 cells were centrifuged at
300 xg for 5 min. Cell pellet was then resuspended in RPMI phenol
and serum free medium at a final concentration of 10° cells/ml. Cells
were then incubated during 2 h at 0.5, 1 or 2 mM H,0; at 37 °Cin a
5% CO, atmosphere. After oxidative induction, cells were washed
three times with the same RPMI medium and thereafter cells were
stained with Laurdan as described in section below.

24. Laurdan-staining of lymphocytes membranes

Lymphocytes were labeled with Laurdan (6-dodecanoyl-2-
dimethylamino-naphthalene). Laurdan was dissolved to a concentration
of 2 mM in dimethylsulfoxide (DMSO) and stored at — 20 °C at the dark.
For membrane labeling, cells were incubated in medium without FBS at a
final concentration of 5 uM Laurdan for 30-60 min at 37 °C and 5% CO,
with agitation. In the Laurdan-stained lymphocyte suspension the final
concentration of DMSO was less than 0.25% (v/v). This cell suspension
was used to evaluate membrane fluidity by two-photon microscopy.

2.5. Two-photon microscopy technique

Membrane fluidity distribution in stained lymphocytes was evaluat-
ed as previously described [20], with a multiphoton scanning confocal
microscope Leica TCS-SP5 (Leica Microsystems, Heidelberg GmbH) at
the Servei de Microscopia (UAB). Images were obtained with a 63 x oil
immersion objective lens and a 1.4 numerical aperture, at a resolution
of 512 x 512 pixels and at a scan speed of 400 Hz, by using LEICA LAS
AF software. After fluorescence excitation with the multiphoton laser
at 800 nm, the two-photon microscope captures two simultaneous
emission images, with wavelengths ranging from 400-460 nm and
470-530 nm.

Emission intensities from every image pixel were introduced into
the generalized polarization (GP) Eq. (1) providing a final GP value,
which is a measure of membrane fluidity:

GP — 1(400—460) —Gx l(470753o>

)

L400-460) + G * Lia70-530)

where G is a correction factor for the microscope being used, which was
calculated by using Eq. (2):

_ GPtheoJrGPtheo X GI)exp —1 _Gpexp

G= 2
GI)theo X Gpexp - GPtheo+GPexp —1 ( )

where GPye, is the GP theoretical value of a standard solution of 5 M
Laurdan in DMSO, which has a known value (GPg,e, = 0.207), whereas
GPeyp is the GP value of the same solution measured in our confocal
microscope [35]. GP values range from —1, corresponding to the
highest fluidity, to +1 for the lowest fluidity. GP images, therefore,
show membrane fluidity distributions across the cell membrane provid-
ing an excellent tool for membrane dynamics visualization [20,36].

2.6. Image analysis

In order to obtain a GP value for each pixel, a WiT 8.3 imaging
software (Dalsa Digital Imaging, Canada) was used and adapted for
two-photon images. All calculations were carried out in floating point
format and all images were first converted to 8-bit unsigned format
[36]. Images were then processed with a custom made sub-program.
Background values were set to zero: Eq. (1) denominator was converted
to a binary image with background values set to zero and nonbackground
values set to one, then the binary image was multiplied by the GP
image [32]. Images were then pseudo colored by means of Adobe
Photoshop 7.0. All GP images were corrected using the G factor previously
obtained from a 5 pM Laurdan solution for each experiment [36]. GP
distributions were obtained from the histograms of the GP images.

2.7. Detection of PIBF receptors in lymphocytes by conventional confocal
microscopy

MEC-1 lymphocytes were first placed under oxidative stress as
described above. After the 2 h incubation with hydrogen peroxide,
cells were washed and incubated with soluble PIBF bound to
AlexaFluor647 fluorochrome. Fifty microliters of PIBF-AlexaFluor647,



150 C. de la Haba et al. / Biochimica et Biophysica Acta 1838 (2014) 148-157

at a concentration of 25 pg/ml, was added to 2 x 10° cells and incubat-
ed for 1 hat37 °C.Then cells were washed three times and stained with
Laurdan as described in section above. PIBF receptor images were
obtained with a conventional confocal microscope Leica TCS-SP5
(Leica Microsystems, Heidelberg GmbH), at the Servei de Microscopia
(UAB) consecutively after obtaining membrane fluidity images.

2.8. Assessment of lipid peroxidation in lymphocyte membranes

Lipid peroxidation in lymphocyte membranes was assessed, as pre-
viously described [20], by using C11-BODIPY>3/%°! (4 4-difluoro-5-(4-
phenyl-1,3-butadienyl)-4-bora-3a,4a-diaza-s-indacene-3-undecanoic
acid, Invitrogen), a fluorescent fatty acid analog which incorporates into
membranes. Upon oxidation, both the excitation and emission fluores-
cence spectra of the dye shift to shorter wavelengths [37,38]. A 2 mM
stock solution of C11-BODIPY>21”°°! was prepared by dissolving the
probe in DMSO and then it was stored at —20 °C in the dark.

200 pl of MEC-1 lymphocytes at 1 x 10° cells/ml was seeded in each
well of 96-microwell plates for probe incorporation. Cells were then
centrifuged and washed three times with PBS and stained in medium
without FBS at a final concentration of 10 uM C11-BODIPY>81/%9! for
45 min at 37 °C and 5% CO,. After BODIPY incubation, cells were centri-
fuged and washed three times with PBS. H,0, was then added to a final
concentration ranging from 0.25 mM to 5 mM, and cells were incubat-
ed for 2 h at 37 °C. Control cells were incubated in the same conditions
without H,0,. A multi-well spectrofluorometer (Victor3, Perkin-Elmer)
was used to measure the emissions corresponding to the oxidized
(green fluorescence: Nexcitation» 488 NM; Nemission, 520 Nm) and non-
oxidized (red fluorescence: Nexcitation, 945 NM; Nemission, 790 NM) states
of the probe. Oxidation of C11-BODIPY>3/>°! was estimated by calculat-
ing the ratio between green fluorescence (oxidized) and total fluores-
cence (oxidized plus non-oxidized), in order to normalize for probe
uptake and distribution into cellular membranes [39].

Lipid peroxidation induced by hydrogen peroxide was compared to
the effect of the free radical initiator 2,2’-azobis(2-amidinopropane)
dihydrochloride (AAPH) (Sigma-Aldrich). AAPH has been used success-
fully to study the actions of free radicals upon cell membrane lipid
peroxidation [38,40,41]. To assess the azo compound oxidizing effect,
5 mM AAPH solution in medium without FBS was added to lympho-
cytes loaded with C11-BODIPY>81/°!, as described above, in 96-well
plates. The plates were incubated for 2 h at 37 °C. Oxidation of
C11-BODIPY>81291 was estimated by calculating the ratio between
green fluorescence and total fluorescence.

2.9. Statistics

Statistical analyses were performed by using SigmaPlot for Windows
11.0 (Systat Software, Inc.). The number of cells analyzed (n) for each
experiment ranged from 100 to 200. Comparisons between control
and oxidation treatments were performed by one-way analysis of
variance based on ranks (Kruskal-Wallis) followed by post-hoc Dunn's
test. Statistical significance was set at p < 0.05.

3. Results

3.1. Lymphocyte membrane fluidity distribution under oxidative stress in
single cells by two-photon microscopy

GP images and GP frequency distribution graphs show that lympho-
cytes under oxidative stress become substantially enriched in high GP
areas orange-red colored, corresponding to rigid domains. Fig. 1(A-D)
shows the Laurdan generalized polarization (GP) images of MEC-1
cells, at 37 °C, in control conditions (Fig. 1A) and in oxidizing conditions,
in 0.5 mM H,0, (B), 1 mM H,0, (C) and 2 mM H,0, (Fig. 1D). Images
(Fig. 1A-D) were pseudocolored with an arbitrary color palette

(Fig. 1D), which shows extreme fluidity (GP value — 1) in purple color
and extreme rigidity (GP value + 1) in red color.

GP images were then transformed to GP frequency distributions
curves for quantification of membrane fluidity differences. GP frequency
distributions, at 37 °C, of control and treated lymphocytes are shown in
Fig. 1F. For a better observation of these frequency changes, GP frequen-
cy distribution values of control cells were subtracted from the corre-
sponding values of each GP distribution of H,0, treated lymphocytes
(Fig. 1F). The resulting frequency difference curves are shown in
Fig. 1G. Oxidation increases the frequency difference in GP values from
+0.30 to + 1.00, whereas GP values from — 0.5 to + 0.3 decrease in fre-
quency. In order to statistically analyze the frequency changes for every
single cell, the area under the frequency distribution curve (Fig. 1F) of
these two GP zones was measured and compared. The results of this
analysis showed that higher GP values, from +0.30 to 4+ 1.00, in treated
cells showed a significant increase (p < 0.05) compared to control cells
(data not shown). This increase was at the expense of a significant
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Fig. 1. GP images and GP frequency distributions Laurdan-stained lymphocytes under oxi-
dative stress. MEC-1 lymphocytes were incubated without H,0,, as control cells, (A) and
with: 0.5 mM H,0, (B), 1 mM H,0, (C) and 2 mM H,0, (D) for 2 h. Scale bar, 5 pm.
After incubation, lymphocytes were stained with 5 pM Laurdan. Images were collected
(n = 100) at 37 °C in a two-photon microscope, GP images were calculated and then
pseudocolored with an arbitrary color palette (E). GP images were transformed to GP fre-
quency distribution curves and normalized (sum = 100) (F): dots show experimental
data and continuous lines show best fitting curves to the experimental data using the
Gaussian functions or Weibull functions for asymmetric curves. GP frequency distribution
values of control lymphocytes were subtracted from the corresponding values of each GP
distribution of H,0, treated lymphocytes. The resulting frequency difference distribution
curves are shown in (G): dots indicate values of the resulting frequency differences and
smoothed lines were obtained using a Savitzky-Golay algorithm. A vertical line has been
drawn in F and G diagrams, crossing the GP point with common frequencies
(GP ~ +0.3), to help defining two zones with different behavior in the GP scale.
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decrease of the intermediate GP values (from — 0.5 to + 0.3). This sug-
gests that, as a consequence of oxidation, lymphocyte plasma mem-
brane becomes more rigid.

It is interesting to attribute the above described GP frequency
changes to the different kinds of lipid phases, as it is accepted for lipid
bilayers of viable cell membranes. The GP values corresponding to
these different lipid phases have been estimated by comparison with
membrane models showing compositions similar to those of cell mem-
branes [36,42,43]. GP values above +0.55 and below — 0.05 represent
membranes in gel and fluid phases, respectively [36,42]. GP values
approximately between +0.25 and +0.55 have been attributed to
liquid-ordered (l,) or lipid raft domains whereas GP values between
—0.05 and +0.25 would correspond to the surrounding non-raft
regions or liquid-disordered (l4) phase [5,29].

An increase in the frequency of a given GP population, observed for
oxidized lymphocytes in Fig. 1F-G, may be interpreted as: 1) an increase
in the corresponding mean domain size, through domain clustering
and/or 2) an increase in the abundance of this kind of domains, as sug-
gested by Gaus et al. [36]. Two-photon microscopy allows visualizing
the distribution of lipid domains, so that an accurate quantification of
the size and the number of every type of domains can be obtained
from the original experimental data. Therefore we investigated if raft
domains, as platforms for efficient signaling, could increase in number
or in size. These two parameters were statistically analyzed from the
data obtained for every single cell, as previously described [20], by
using a custom-made software. The mean and SEM obtained for the
size of domains with +0.25 > GP < +0.55 (lipid rafts) and for the
size of domains with GP > 4 0.55 (gel phase), for control or oxidized
lymphocytes are shown in Fig. 2. No significant changes were found in
the size of raft domains or in the size of gel-like domains as a conse-
quence of H,0, lymphocyte oxidation (Fig. 2A). However, the number
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Fig. 2. Statistical analysis of the size and the number of rigid membrane domains. The mean
size, in pixels, (A) and the mean domain number (B) of the raft (4+0.25 < GP < +0.55) and
gel phase domains (GP > +0.55) were plotted as a function of hydrogen peroxide concen-
tration. Error bars correspond to SEM. Statistical analysis showed significant differences
(p < 0.05) between control and treated lymphocytes in the mean domain number of both
raft and gel phase domains.

of both lipid raft and gel-like domains significantly increased as the
H,0, concentration raised (Fig. 2B).

3.2. PIBF/PIBF-R binding and membrane dynamics in lymphocytes

For the study of PIBF binding to its receptor, conventional confocal
microscopy and two-photon microscopy were used. Lymphocytes
were double stained with AlexaFluor647/PIBF and Laurdan. The excita-
tion and emission wavelengths patterns of these fluorochromes are
suitable to yield separate information without interference. PIBF fluo-
rescence images were obtained by conventional microscopy and GP im-
ages by two-photon microscopy; both images were consecutively
acquired for comparison. Information of PIBF distribution in the differ-
ent kinds of membrane domains was determined by superposition of
GP images to their corresponding PIBF fluorescent images. For two-
photon microscopy, lymphocytes were incubated with recombinant
PIBF for 1 h and membrane fluidity distribution evaluated by two-
photon microscopy. The GP images (Fig. 3A-C) show an enrichment of
high GP areas orange-red colored in the lymphocyte surface, corre-
sponding to rigid regions, due to binding of PIBF to its receptor. GP fre-
quency distributions, at 37 °C, of control and PIBF bound lymphocytes,
which presented interesting differences when compared, are shown in
Fig. 3D. A vertical line has been drawn in Fig. 3D crossing the GP point
with common frequencies (GP ~ +0.3), to help defining two zones
with different behavior in the GP scale. For a better observation of
these frequency changes, GP frequency distribution values of control
lymphocytes were subtracted from the corresponding values of each
GP distribution of activated lymphocytes (Fig. 3D). The resulting
frequency difference curves are shown in Fig. 3E where the two above
defined GP zones can also been observed. This figure shows that
PIBF binding induces a curve shift towards the high positive end of
the GP scale. GP values of PIBF bound lymphocytes from —0.5 to
+ 0.3 decrease in frequency while GP values from +0.3 to +1.00
increase in frequency. These results show that plasma membranes
of lymphocytes bound to PIBF become more rigid than non bound
plasma membranes.

Results showed that lipid raft domains significantly increase in size
when PIBF binding occurs (Fig. 4A). The mean number (Fig. 4B) of
lipid raft domains significantly decreases upon PIBF binding. With this
procedure we have an evidence that PIBF binding in lymphocytes causes
clustering of lipid raft and gel-like domains.

3.3. Effect of oxidative stress on PIBF/PIBF-R binding and membrane fluidity
in lymphocytes

In H,0,-treated cells there is a substantial loss of high end positive
GP pixels, colored in orange-red, on the lymphocyte surface. Fig. 5A-E
shows the Laurdan generalized polarization (GP) images of PIBF
bound MEC-1 cells, at 37 °C, in control conditions (0.0 mM H,0,) (A)
and in oxidizing conditions from 0.5 to 2.0 mM H,0, (B-D). GP frequen-
cy distributions, at 37 °C, of control and treated lymphocytes are shown
in Fig. 5F and the resulting subtracted frequency difference curves are
shown in Fig. 5G. Frequency distribution curves (Fig. 5F-G) show that
oxidation induces a decrease of frequency in GP values from + 0.30 to
+1.00, whereas GP values from —0.5 to + 0.3 increase in frequency.
These results show that plasma membranes of lymphocytes bound to
PIBF under oxidative stress become more fluid than the membranes of
non-oxidized cells.

Lipid domain analysis of lymphocytes in the presence of PIBF, under
oxidative stress, showed a decrease of lipid raft clustering. The average
raft size of PIBF bound to its receptor in lymphocytes was reduced
significantly by 2 mM H,0, (Fig. 6). Although the results for raft size
were not significantly different at 0.5 and 1.0 mM, as compared to the
control, a concentration dependent decrease tendency can be observed.
Raft domain number and gel-like domain number did not vary signifi-
cantly under oxidative conditions.
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Fig. 3. Effect of PIBF/PIBF-R on lymphocyte plasma membrane fluidity. MEC-1 lymphocytes
were incubated without PIBF as control cells (A) and with 25 pg/ml sPIBF (B) for 1 h at
37 °C. Scale bar, 5 um. After incubation, lymphocytes were stained with 5 uM Laurdan.
Images were collected (n = 100) at 37 °C in a two-photon microscope. GP images were
calculated and then pseudocolored with an arbitrary color palette (C). GP images were
transformed to GP frequency distribution curves and normalized (sum = 100) (D): dots
show experimental data and continuous lines show best fitting curves to the experimental
data using the Gaussian functions or Weibull functions for asymmetric curves. GP frequency
distribution values of control lymphocytes were subtracted from the corresponding values of
each GP distribution of PIBF bound lymphocytes. The resulting frequency difference distribu-
tion curves are shown in (E): dots show experimental values of the resulting frequency dif-
ferences and smoothed lines were obtained using a Savitzky-Golay algorithm. A vertical line
has been drawn in D and E diagrams, crossing the GP point with common frequencies
(GP ~ +0.3), to help defining two zones with different behavior in the GP scale.

3.4. PIBF/PIBF-R membrane distribution in lymphocytes under oxidative
stress

PIBF binding to its receptor was evaluated by conventional confocal
microscopy. Lymphocytes were placed under oxidative stress and incu-
bated with PIBF-AlexaFluor647 for 1 h. Fig. 7C shows the fluorescence
intensity values of PIBF bound to its receptor as a function of H,0, con-
centration. These results show that lymphocytes under oxidative stress
have less fluorescence intensity of PIBF/PIBF-R binding, indicating that
less binding is achieved.

Taking advantage of the double staining approach, we obtained
total PIBF intensities which corresponded to each phase of the lipid
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Fig. 4. Statistical analysis of the size and the number of rigid membrane domains induced
by PIBF/PIBF-R binding. The mean size, in pixels, (A) and the mean domain number (B) of
the raft (+0.25 < GP < +0.55) and gel phase domains (GP > +0.55) were plotted for
control and PIBF bound lymphocytes. Error bars correspond to SEM. Statistical analysis
showed significant differences (p < 0.05) between PIBF bound lymphocytes and control
cells in the size of both lipid raft and gel phase domains, and in the number of lipid raft
domains.

membrane. We matched the PIBF fluorescence intensity of each pixel
with their corresponding pixel in the GP image. We grouped all
the PIBF fluorescent pixels in the different membrane phases using
their corresponding GP value: fluid phase (GP < —0.05), non-raft
(—0.05 < GP < 0.25), lipid raft (4+0.25 < GP < 0.55) and gel phase
(GP > 0.55). The intensities of the pixels were added in each group.
This analysis was performed under oxidative stress conditions. Results
are shown in Fig. 7D. Control lymphocytes bound to PIBF, without oxida-
tive stress, had higher fluorescence intensity in all the phases compared to
lymphocytes under oxidative stress. The fluorescence intensity upon PIBF
binding decreased under oxidative stress conditions: around 20% in the
fluid phase, 30% in the non-raft, 40% in the lipid raft and 50% in the gel
phase.

3.5. Lipid peroxidation in lymphocytes under oxidative stress conditions

For a better understanding of the molecular mechanisms
involved in oxidative stress and changes in membrane dynamics,
membrane lipid peroxidation was determined in our experimental
conditions. Oxidation of the probe C11-BODIPY581/591 showed
significant levels of lipid peroxidation at 2 and 5 mM H,0, concentra-
tions. Lipid peroxidation is prevented by the antioxidative activity
of the cell at low H,0, concentrations. The positive control, a free radical
initiator AAPH (Fig. 8), also showed significant high levels of lipid
peroxidation.
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Fig. 5. Membrane fluidity distribution in PIBF bound lymphocytes under oxidative stress.
MEC-1 lymphocytes were incubated without H,0, as control cells, (A) and with: 0.5 mM
H,0, (B), 1 mM H,0,; (C) and 2 mM H,0, (D) for 2 h. Scale bar, 5 um. After incubation all
lymphocytes, including control cells, were activated with 25 pg/ml sPIBF at 37 °C for 1 h.
Then cells were stained with 5 uM Laurdan. Images were collected (n = 150) at37 °Cina
two-photon microscope. GP images were calculated and then pseudocolored with an arbi-
trary color palette (E). GP images were transformed to GP frequency distribution curves
and normalized (sum = 100) (F): dots show experimental values and continuous lines
show best fitting curves to the experimental data using the Gaussian functions or Weibull
functions for asymmetric curves. GP frequency distribution values of control lymphocytes
were subtracted from the corresponding values of each GP distribution of H,0, treated
lymphocytes. The resulting frequency difference distribution curves are shown in
(G): dots indicate values of the resulting frequency differences and smoothed lines were
obtained using a Savitzky-Golay algorithm. A vertical line has been drawn in F and in G
diagrams to help defining two zones with different behavior in the GP scale.

4. Discussion

We used a high resolution technique, two-photon microscopy,
which allows visualizing individual living cells. This allows obtaining
important biological results on viable cells without altering the proper-
ties of the plasma membrane. The aim was to analyze the effects of
oxidative conditions on lymphocyte membrane fluidity regionalization,
i.e. distinguishing lipid macrodomains in the plasma membrane.

The membrane fluidity distribution obtained for non oxidized
lymphocytes in the present study showed GP frequency values similar
to those obtained with lymphocytes in similar conditions by Gaus
et al. [5]. Interesting results were obtained in our group: lymphocyte
membrane fluidity distribution curve was shifted towards higher GP
values when compared to macrophage membrane fluidity distribution
[20] suggesting a more rigid membrane in lymphocytes as compared
to macrophages. This is in accordance with the function of these two
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Fig. 6. Statistical analysis of the size and the number of rigid membrane domains in PIBF
bound lymphocytes under oxidative stress conditions. The mean size, in pixels, (A) and
the mean domain number (B) of the raft (+0.25 < GP < +0.55) and gel phase domains
(GP > +0.55) were plotted for PIBF bound lymphocytes and control cells. Error bars
correspond to SEM. Oxidative stress by 2.0 mM H,0, induced significant differences
(p < 0.05) for raft domain size in PIBF bound lymphocytes.

types of cells. It has also been described [32] that aortic endothelial
cells have a GP distribution similar to our lymphocyte GP data.

Under oxidative stress conditions, lymphocytes underwent a signif-
icantincrease in frequency of both rigid lipid domains: lipid rafts and gel
phase domains. Previously we have described a significant increase in
frequency of both rigid lipid domains of macrophage membranes
under oxidative stress [20] which is consistent with the data presented
in this article. Although oxidative stress has been extensively studied, no
previous data in the literature have been reported by using two-photon
microscopy.

The increase observed in lipid raft frequencies in oxidized lympho-
cytes can be attributed either to an increase in mean domain size, medi-
ated by domain clustering, or to an increase in the number of this kind
of domains, as suggested by Gaus et al. [36]. It is presently accepted
that, in unstimulated cells, lipid rafts appear as small in size (under
250-300 nm) and unstable domains. Nevertheless, in several cellular
biological functions, these small domains fuse giving rise to larger,
stable, biologically active lipid rafts. Therefore we applied a novel com-
puter software, previously developed in our group [20], for the analysis
of the size and number of lipid rafts. This new tool allowed determining
that the increase in rigidity of lymphocyte membranes under oxidative
stress was due to an increase in number, rather than in size, of rigid do-
mains. These results obtained in lymphocytes are in line with our earlier
results on macrophages where increased number, but not size, of raft
and gel-like domains was also observed due to oxidative stress [20]. In
studies using detergent-resistant membrane (DRM) from endothelial
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Fig. 7. PIBF/PIBF-R binding distribution in lymphocytes under oxidative stress conditions.
MEC-1 lymphocytes were incubated without H,0,, as control cells, and with: 0.5 mM
H,0,, 1 mM H,0, and 2 mM H,0, for 2 h. Scale bar, 5 um. After incubation all lympho-
cytes, including control cells, were activated with 25 pg/ml sPIBF at 37 °C for 1 h. Then
cells were stained with 5 M Laurdan. This figure shows GP and PIBF fluorescence images
of representative PIBF bound lymphocytes in the absence (A) and in the presence (B) of
2 mM H,0,. Scale bar, 5 pm. PIBF fluorescence images were collected (n = 160 cells) at
37 °Cin a conventional confocal microscope. The PIBF fluorescence of whole cells was an-
alyzed at each H,0, concentration (C) and significant differences (p < 0.05 or p < 0.001)
were found as compared to the control. PIBF/PIBF-R binding distribution was analyzed
and compared among the different kinds of domains in plasma membrane under oxida-
tive stress (D). In all H,O, concentrations, significant differences (p < 0.05) were found
in raft and non-raft PIBF distribution when compared to lymphocytes in the absence of
H,0,.

cells, it has been reported an increase of lipid rafts as a response to oxi-
dative stress which may lead the cell towards a survival or apoptotic
pathway [20,44,45]. The implication of ROS in lipid raft formation in
the plasma membrane of other types of cells has previously been
described by using raft isolation and visualization techniques [44,46].
Several studies have also reported an increase of lipid rafts in membrane
extracts of lymphocytes [47] and other cell lines [44], under oxidative
stress conditions.

Most of the literature is concentrated in lipid rafts, although gel-like
domains are also present in the plasma membrane. In biological mem-
branes, the size of the lipid domains, as lipid rafts or gel-like domains, de-
pends on the complexity of the membrane lipid composition, lipid-lipid
interactions and on the presence of multivalent lipid-binding proteins
[48]. Other factors like the membrane-associated cytoskeleton would
play a major role both in regulating raft size [49] and in lateral domain
positioning. Also in model membranes the domain formation, size, and
shape, critically depend on various experimental conditions [42].

Changes in membrane fluidity could affect cell function through
receptor-ligand binding. We used MEC-1 lymphocytes to investigate
PIBF binding to its receptor (PIBF-R) in lymphocytes under physiological
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Fig. 8. Lymphocyte membrane lipid peroxidation under oxidative stress. MEC-1 lympho-
cytes were stained with the lipid analog C11-BODIPY>8'/%! treated with H,0, for 2 h at
37 °C. Bars indicate the mean percentage values of C11-BODIPY oxidation. Error bars
correspond to SEM. Statistical analysis showed significant differences between oxidized
lymphocytes and control (p < 0.05) for 2.0 mM H,0, and (p < 0.001) for 5.0 mM H0,.
5.0 mM azo initiator (AAPH) was used as a positive lipid peroxidation control.

or oxidative stress conditions. Upon PIBF binding to its receptor in phys-
iological conditions, the membrane of lymphocytes became enriched in
rigid domains. This increase of rigid domains caused by receptor-ligand
interactions in T-lymphocyte membranes after the interaction of
CD3 with anti-CD3-coated polystyrene beads was also described by
Gaus et al. [5], or in detergent-resistant membrane (DRM) extracts
from T-lymphocytes activated with anti-CD3 by Larbi et al. [50]. This ri-
gidification process has also been observed in cell to cell interactions:
Gaus et al. [5] observed a frequency increase in high GP values at the
site of formation of the immunological synapse in studies with T
lymphocytes and dendritic cells. All these reports together suggest
that changes in membrane fluidity are a key feature in many important
membrane biological functions.

Surprisingly, although membrane fluidity distribution showed simi-
lar results for PIBF bound to lymphocytes and for lymphocytes placed
under oxidative stress, the domain analysis revealed important differ-
ences in domain size and number. While lymphocytes under oxidative
stress increased the number of small lipid raft domains and no cluster-
ing was detected, in case of PIBF/PIBF-R binding, raft domains within
the plasma membrane were clustering together forming large raft plat-
forms. This would trigger different biological responses through signal
transduction pathways. It is reported in the literature that upon stimu-
lation, e.g., ligand-receptor binding, the raft-preferring receptors tend
to cluster, inducing large stabilized lipid rafts, from small unstable
rafts [6,51,52]. Reports have described, using DRMs, raft clustering
upon activation of the Fcy receptor IIA (FcyRIIA) in U937 monocytes
[53]. Altrock et al., by using conventional confocal microscopy, reported
raft clustering upon interaction of integrins to a fibronectin layer in
human acute myelogenous leukemia KG-1 myeloblasts [54]. In isolated
DRM from B cells, raft coalescence has been described [55]. The forma-
tion of larger rafts is thought to aid cell signaling. In conclusion, the
detailed analysis of rafts is required as a complementary study to better
understand the biological significance of raft dynamics within cell
function.

In the present study (Fig. 6A) raft-like domains in control lympho-
cyte membranes appear to be bigger than gel phase domains. In a previ-
ous report [20] we found in macrophages that raft-like domains have a
double mean size as compared with gel-like domains. A similar result
was obtained by Gofii & Alonso [56] in model membranes.


image of Fig.�7
image of Fig.�8

C. de la Haba et al. / Biochimica et Biophysica Acta 1838 (2014) 148-157 155

We propose that gel-like domains observed in our studies could
correspond, as indicated by their high GP values, at least partially to cer-
amide (Cer) enriched domains. These kinds of rigid domains have been
shown to be present in cellular membranes and they are involved in cell
processes [57]. The molecular functions and Cer-enriched membrane
platforms seem to be the reorganization of receptor and intracellular
signaling molecules [58]. It has been proposed that, in complex systems
like plasma membranes, gel-like Cer-enriched domains do not appear to
exist as large platforms but, instead, they appear as small “islands” of Ly
phase [56]. As stated by Silva et al., Cer per se is not able to induce nei-
ther the formation of large platforms in model membranes nor domain
coalescence [59]. On the contrary, the formation of large gel-like plat-
forms has been associated with cell apoptosis and other pathological
conditions [58,60]. Interestingly, in our experimental conditions gel-
like domains appear small in size; cells are alive with a viability above
80%.

Our focus of interest is to establish a relationship between oxidative
stress and lipid peroxidation, membrane fluidity and plasma membrane
receptor-ligand interactions. Our model was the binding of PIBF to its
receptor in lymphocytes. Conventional confocal microscopy revealed
decreased PIBF receptor-ligand binding under oxidative stress, as
compared to control lymphocytes. This could be attributed either to ox-
idative modifications on the receptor or to the lipid dynamics of plasma
membrane.

Several data reported cellular impaired functions under oxidative
conditions. Denu and Tanner have shown how these conditions are
able to inactivate protein phosphatases in vitro [61]. Other studies
showed that the Epidermal Growth Factor (EGF) receptor in A549 ade-
nocarcinoma cells becomes aberrantly phosphorylated in comparison of
the control cells [11]. It has also been reported in an osteoblastic cell line
(OB-6) a decreased cellular signaling and a decreased cellular protein
expression of the Wnt signaling pathway [12]. This is consistent with
our results of PIBF binding in which the efficiency of signal transduction
through the receptor could be then diminished.

We compared lymphocytes in the absence of PIBF in control condi-
tions to lymphocytes bound to PIBF under oxidative stress conditions.
Two-photon microscopy and domain analysis showed interesting re-
sults. Our two-photon data showed a drastic decrease in the frequency
of lipid rafts in the PIBF bound lymphocyte membranes: their fluidity
distribution is nearly coincident with that of lymphocytes in resting
conditions (and in the absence of PIBF). This indicates that the rigidify-
ing changes in membrane fluidity induced by PIBF binding in untreated
cells are abolished by oxidative stress. These results again confirm how
oxidative stress perturbs drastically membrane dynamic changes
induced by PIBF/PIBF-R binding.

Domain analysis of lymphocytes in the presence of PIBF revealed that
oxidative stress caused a drastic decrease in lipid raft size in such a way
that the size is at the same order as resting lymphocytes. Our results
demonstrate that oxidative stress produces modifications in the plasma
membrane lipid domain dynamics which can account for the reduced
receptor-ligand interaction. These oxidative membrane modifications
would induce an effect on the receptor structure and binding.

Interestingly, at high levels of oxidative stress conditions, two simul-
taneous significant changes were observed: lipid peroxidation and inhi-
bition of lipid raft clustering. This suggests that oxidative stress modifies
phospholipids within the plasma membrane, thus altering the physical
properties and dynamics of the membrane. All these modifications can
inhibit raft clustering and finally alter receptor-ligand interactions.

Under normal pregnancy conditions the concentration of PIBF
continuously increases during gestation. Check et al. [62] reported that
the failure to detect PIBF at 3-5 weeks of seemingly normal pregnancies
is associated with a higher miscarriage rate. PIBF induces Th2 dominant
cytokine production by progesterone receptor-positive pregnancy
lymphocytes [63-65], a required feature of normal human pregnancy.
It was also reported by Kelemen et al. [66] that PIBF induces increased
production of asymmetric antibodies during pregnancy. Therefore,

PIBF was proposed as a progesterone-induced immunomodulatory
molecule secreted by lymphocytes, mainly uterine or decidual y6 T cells,
during pregnancy [1].

The decreased PIBF binding caused by oxidative stress occurred
mainly in lipid raft domains. This kind of domains acts as platforms
which aid cell signaling. PIBF receptor has been shown to be raft-
associated [67], therefore a disruption of raft clustering under oxidative
conditions could directly affect cell signaling [52]. PIBF/PIBF-R binding
in lymphocytes has been shown to induce IL-3, IL-4 and IL-10, through
the STATG6 signaling pathway [1]. Recent studies have shown that in-
creased expression of pro-inflammatory cytokines and low levels of
PIBF and IL-10 are associated to preterm delivery [68].

Progesterone causes a release of PIBF which modulates the anti-
abortive effect of progesterone. Patients with spontaneous abortions
have been shown to have low PIBF (50%) and IL-10 levels [68]. Our
PIBF results with conventional confocal microscopy show a reduced
binding (40%) of PIBF to its receptor and lipid dynamic modifications
due to oxidative stress. This could be a risk factor for spontaneous
abortion caused by oxidative stress related pathologies.

Kozma et al. [4] demonstrated an association of the PIBF receptor
and IL-4Ro. The binding ligand-receptor activates the STAT6 pathway
mediated by IL-4Ro. A decrease in PIBF concentration or in the binding
efficiency of this molecule to its receptor, or even an inhibition of the
cocapping of PIBF and IL-4R would partially or totally suppress the intra-
cellular signaling pathways giving a cytokine profile not compatible
with gestation.

It is clear the great importance of the binding PIBF/PIBF-R for
a correct immunoregulation of a successful pregnancy. It is also
well known that many pathologies associated to infertility are re-
lated to oxidative stress. In this paper we analyze membrane fluid-
ity in physiological or oxidative conditions. The ligand-receptor
interactions might be modified by oxidative stress; this is the
reason to use PIBF-PIBF-R as a good approach to investigate the
immunomodulatory disruption that may appear in many infertility
pathologies.

Our data indicate that under oxidative stress conditions and in the
presence of PIBF: 1) less PIBF is bound to the membrane receptor and
2) raft formation, or clustering is impaired. Both may be responsible
for the altered cellular response and failure in immunomodulation
during pregnancy. These data together suggest that the failure in PIBF
binding to its receptor, thus inhibiting or inactivating signal transduc-
tion pathways, may disturb cellular function. A detailed study of plasma
membrane lipid dynamics is essential to understand cell function in
deleterious oxidative conditions. Further investigation should be
performed correlating the modifications in membrane lipid dynamics
and their influence on cellular signaling pathways.
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