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T-cell activation requires the formation of the immunological synapse (IS) between a T-cell and an
antigen-presenting cell (APC) to control the development of the adaptive immune response. How-
ever, calcium release, an initial signal of T-cell activation, has been found to occur before IS for-
mation. The mechanism for triggering the calcium signaling and relationship between calcium
release and IS formation remains unclear. Herein, using live-cell imaging, we found that intercellular
adhesion molecule 1 (ICAM-1), an essential molecule for IS formation, accumulated and then was
depleted at the center of the synapse before complete IS formation. During the process of ICAM-1
depletion, calcium was released. If ICAM-1 failed to be depleted from the center of the synapse, the
sustained calcium signaling could not be induced. Moreover, depletion of ICAM-1 in ISs preferen-
tially occurred with the contact of antigen-speci¯c T-cells and dendritic cells (DCs). Blocking the
binding of ICAM-1 and lymphocyte function-associated antigen 1 (LFA-1), ICAM-1 failed to deplete
at the center of the synapse, and calcium release in T-cells decreased. In studying the mechanism of
how the depletion of ICAM-1 could in°uence calcium release in T-cells, we found that the movement
of ICAM-1 was associated with the localization of LFA-1 in the IS, which a®ected the localization of
calcium microdomains, ORAI1 and mitochondria in IS. Therefore, the depletion of ICAM-1 in the
center of the synapse is an important factor for an initial sustained calcium release in T-cells.
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1. Introduction

The formation of the immunological synapse (IS) is
a dynamic process in which a multi-molecular as-
sembly of receptors and adhesion molecules accu-
mulates at the interface of T-cell and antigen-
presenting cells (APCs). It plays a vital role in
controlling T-cell activation.1 When a T-cell
recognizes the arti¯cial planar bilayer anchored
with major histocompatibility complex-peptide
(MHC-peptide) and intercellular adhesion molecule
1(ICAM-1),1 a broad central zone of ICAM-1 ac-
cumulation is ¯rstly established in the IS. At the
same time, the T-cell receptor-peptide-MHC (TCR-
pMHC) is detected in the outer region of the
IS. Then, ICAM-1 moves from the center to the
periphery of the IS to form a ring around the TCR-
pMHC.1 This classical matured IS is called a bull-
seye IS.1,2 Another type of matured IS is the mul-
tifocal IS, which is characterized by interspersed
ICAM-1 molecules among multiple small accumu-
lations of TCR-pMHC complexes and phosphory-
lated signaling molecules at the T-DC interface.3,4

The process of both types of synapses is character-
ized by ICAM-1 accumulation and exclusion from
the center to the periphery of the synapse. More-
over, both mature synapses are believed to be cor-
related with T-cell activation. However, the
mechanism of how synapses control T-cell activa-
tion is still unknown.

Calcium release is an initial marker for T-cell
activation, and facilitates the organization of the
IS. Calcium release supports the redistribution of
receptors, signaling molecules and organelles to-
ward the T-cell–APC interface to induce down-
stream signaling events and ultimately support T-
cell functions.5,6 However, the mechanism of how to
trigger the calcium signaling remains unclear.
Previous reports have shown that the calcium re-
sponse could be initiated after a few seconds of in-
teraction of T-cells and DCs, before the IS was
completely formed.1,5–9 This early calcium response
requires the accumulation of a small amount of
adhesion molecules and a few TCR-pMHC pairs. It
was estimated that a few tens of speci¯c TCR-
pMHC pairs at the surface of one DC were su±-
cient to trigger such a signal.8 Even a single TCR-
pMHC might be su±cient to trigger a small and
transient calcium response.10 However, Revy et al.11

showed that in T-cell–DC synapses formed in the
absence of antigens and MHC molecules, ICAM-1,
LFA-1 and CD43 accumulation were involved and
led to a number of T-cell responses: a local increase
in tyrosine phosphorylation, small calcium respon-
ses, weak proliferation and long-term survival.
These responses indicated that adhesion-molecule
accumulation at synapses was able to initiate cal-
cium release. However, the mechanism of how ad-
hesion molecules participate in calcium release is
unclear.

ICAM-1 is an essential molecule in IS formation
and T-cell activation and is dynamically trans-
ported from the center to the periphery of the syn-
apse.1,2,12 Recently, ICAM-1 clustering has been
proven to promote ligand-dependent LFA-1 acti-
vation in T-cells to contribute to T-cell priming and
adhesion.13 Conversely, constraining ICAM-1 mo-
bility opposes the force on LFA-1 exerted by the T-
cell cytoskeleton.13 Thus, the dynamic mobility of
ICAM-1 in the process of IS formation may a®ect T-
cell activation by regulating LFA-1 movement.
Moreover, the binding of ICAM-1 and LFA-1 could
a®ect the migration of neutrophils and F-actin po-
lymerization,14–16 which control the location of
calcium microdomains at the IS to lead to calcium
release.5,17 Therefore, the movement of ICAM-1
during IS formation may regulate calcium release in
T-cells by binding with LFA-1 and regulating its
movement. In our previous work, we established a
DC2.4-ICAM-1-EGFP cell line and validated use of
this cell line in studying the synapse formation be-
tween T-cells and DCs in the natural state of pri-
mary CD4þ T-cell immune response.18 The cell line
of DCs, DC2.4, has the characteristics of DCs and
can mimic their function.19,20 Here, using this
model, we studied the relationship between the
mobility of ICAM-1 and calcium release in T-cells,
as well as the mechanism of how the mobility of
ICAM-1 led to calcium release. We found out that
calcium released in T-cells was correlated with
ICAM-1 depletion in the center of the T-DC inter-
face. The depletion of ICAM-1 was associated with
the movement of LFA-1 that could control the lo-
cation of ORAI1 and mitochondria at the IS. This
¯nding suggested that ICAM-1 depletion in the
center of immunological synapses was important for
calcium release in T-cells.
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2. Materials and Methods

2.1. Animals and cell culture

OT-II transgenic mice (C57BL/6 background) were
purchased from the Jackson Laboratory (Sacra-
mento, CA, USA). C57BL/6 mice were purchased
from Shanghai Slac Laboratory Animal Co., Ltd
(Shanghai, China). All animals were maintained in
a speci¯c pathogen-free facility. All animal experi-
ments were approved by the Ethics Committee of
Fudan University (20120302-023) and were under-
taken in accordance with the Guidelines for the
Care and Use of Laboratory Animals (No. 55 issued
by Ministry of Health, Peoples Republic of China
on 25th January, 1998).

Primary CD4þ T-cells were obtained from
spleens of 6–8 weeks C57BL/6 mice. OT-II CD4þ
T-cells were selected from spleens of 6–8 weeks OT-
II� Rag-/- mouse by using a CD4 negative-selection
kit (Miltenyi Biotech, Auburn, CA, USA). SEB-
speci¯c T-cells were positively selected by PE anti-
TCRv� 3, �7 and �8) antibody and anti-PE-
microbeads (Miltenyi Biotech, USA). Nonspeci¯c
antigen T-cells were obtained from CD4þ T-cells of
C57BL/6 mice by removing the SEB or OVA-spe-
ci¯c T-cells via microbeads with the anti-speci¯c
TCR antibody. Cells were cultured in RPMI 1640
medium (Sigma, St. Louis, MO, USA) containing
10% FBS (Atlanta Biologicals, USA) and supple-
mented with 1mM L-glutamine, 50�M 2-mercap-
toethanol (2-ME), and 1 mM nonessential amino
acids at 37�C in a 5% CO2 incubator. The DC2.4
cell line was a kind gift from Professor Kenneth
L. Rock (University of Massachusetts Medical
School) and cultured in RPMI 1640 containing 10%
FBS at 37�C in a 5% CO2 incubator. The ICAM-1-
EGFP/DC2.4 cell line was established and cultured
as previously reported.18

2.2. Reagents and antibodies

The peptide OVAð323�339Þ and recombinant murine
interferon gamma (IFN-�) were purchased from
Sigma-Aldrich (St Louis, MO, USA) and Pepro-
Tech (Rocky Hill, NJ, USA), respectively. For
live cell imaging, H57-597-Fab-TCR��-Alexa Fluor
647 (Molecular Probes, Carlsbad, CA, USA) and
H155-F(ab)-LFA-1(CD11a/CD18)-PE (Biolegend,
San Diego, CA, USA) were used as nonblocking
antibodies.21,22 For calcium imaging, Calcium
CrimsonTM (Molecular Probes, Carlsbad, CA,

USA) was used. For LFA-1 blocking, anti-LFA-1
antibody (anti-CD11a and anti-CD18) was used to
pretreat T-cells before contacting DCs. For ICAM-1
blocking, anti-ICAM-1 antibody (10�g/mL) was
used to pretreat DCs (2� 106) before contacting
T cells. For ICAM-1 knockdown, siRNA duplexes
against the fragment of the ICAM-1 gene (5 0-
CCTCCGGACTTTCGATCTT-3 0) and non-
targeting siRNA control #1 were purchased from
RiboBio Co. Ltd. (Guangzhou, China). Both
siRNAs were used for transfection into the DC2.4-
ICAM-1-GFP cell line separately. After 48 h of
transfection, cells were used in live-cell imaging
experiments, and protein knockdown was assessed
by Western blotting (Supplementary Fig. 1).

2.3. DC maturation and CD4+

T-cell-DC contact

For maturation of ICAM-1-EGFP/DC2.4 cells,
IFN-� (20 ng/mL) was incubated in the medium
overnight. Lipopolysaccharide ((LPS), 100 ng/mL)
was added for a 1 h incubation.19,20 OVAð323�339Þ
(5�M) and SEB (100 ng/ml) were used to pulse the
DC cell line for 2 h and 30min, respectively. For live
cell imaging, H57-F(ab)-TCR��-Alexa Fluor 647
was used to stain T-cells at 4�C for 30min. Then, T-
cells were incubated with antigen-pulsed DCs
(T: DC ¼ 10:1) for imaging. Confocal microscopy
was performed for live cell imaging as previously
reported.18,23

2.4. Confocal microscopy

Images were taken with a confocal microscope
(Leica TCS SP5, Leica Microsystems GmbH, Wet-
zlar, Germany) equipped with an APO oil immer-
sion objective lens (63�, NA ¼ 1:40). To quantify
redistribution of molecules at the contact site,
T-DC doublets were selected from bright-¯eld
images and evaluated by °uorescent image stacks.
Each image stack consisted of 6–15 sections with
1�m per step at the z-axis. Time-lapse scanning
was performed for live cell imaging for 10min at 10 s
intervals with 512� 512 pixels per frame.

2.5. Calcium imaging

For calcium imaging, OT-II CD4þ T-cells were in-
cubated with H57-Fab-TCR��-Alexa Fluor 647 at
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4�C for 30min, washed twice, and then labeled with
10�M Calcium CrimsonTM in 1mL calcium-free
PBS at 25�C for 60min. Then, cells were washed
twice and added to the antigen-pulsed ICAM-1-
EGFP/DC2.4. Afterwards, the calcium imaging in
T-cells was detected as previously reported.18,23

2.6. Image analysis

The images were analyzed with Leica Application
Suite Advanced Fluorescence software (Leica
Microsystems GmbH, Germany) and Imaris soft-
ware (Bitplane, Switzerland). Segmentation, ren-
dering, area and maximum-intensity projection
were used. Utilizing these tools, 3D intercellular
contacts could be visualized from multiple angles.
Only T-DC pairs whose contact orientation was
proper for x–y plane projection were taken into
consideration for further analysis.

Kymographic analysis was performed essentially
as described previously.24 A kymograph is created
from a multi-time point image sequence and is able
to display time dependent events. In brief, videos of
IS formation between a DC and a T-cell and calcium
response in the T-cell were collected and analyzed
with ImageJ (National Institutes of Health, USA).
For analysis of ICAM-1-GFP mobility in the IS, a
line along the diameter of the IS was used to gen-
erate a kymographic image. For analysis of the cal-
cium release in the T-cell, a line along the diameter
of the T-cell was used to generate a kymographic
image. Flow rate of ICAM-1-GFP was analyzed by
Imaris software (Bitplane, Switzerland).

2.7. Data analysis

For all statistics, two-tailed Student's t-test and
one-way ANOVA were applied to compare two
normal distribution datasets. Mann–Whitney U
test was used to compare two nonparametric data-
sets. Signi¯cance levels and symbols employed were
p < 0:05 (*), p < 0:01 (**) and p < 0:001 (***).

3. Results

3.1. Calcium release in T-cells during
ICAM-1 depletion in the center

of T-DC interface to form ISs

It is well known that ICAM-1 promotes T-cell ac-
tivation as a co-stimulator, but the e®ect of

mobility of ICAM-1 on T-cell activation is incom-
pletely understood. In previous study,18 we estab-
lished a DC2.4-ICAM-1-EGFP cell model to study
the IS formation between T-cells and DCs. Based on
this model, here, we dynamically imaged the con-
tact of T-cells and DC2.4-ICAM-1-EGFP cells to
analyze the relationship between the movement of
ICAM-1 and calcium release in T-cells. We found
out that within the ¯rst 5min of the formation of a
bullseye IS, ICAM-1 accumulated at the center of
the T-DC contact area, while TCR clusters moved
to the interface of ICAM-1 clusters. Then, ICAM-1
began to be depleted at the center of the synapse
(Figs. 1(a) and 1(b), at 200 s), followed by trans-
portation of ICAM-1 from the center to the pe-
riphery (Figs. 1(a) and 1(b), from 200 s to 480 s).
The diameter of the depletion area of ICAM-1 in-
creased from 0.35�m to 1.42�m. Calcium in the T-
cell was initially released at 280 s (Figs. 1(a) and
1(b)). After calcium release, there was little change
in the diameter of the depletion area of ICAM-1
(Figs. 1(a) and 1(b)). There was a sustained and
high level of calcium released in the T-cell at 480 s.
Meanwhile, ICAM-1 was completely depleted, while
TCR clusters accumulated at the center of the
synapse, indicating the mature synapse was formed
(Figs. 1(a) and 1(b)). With analysis of the °uores-
cent distribution of ICAM-1 along the diameter of
the synapse at di®erent time points, we found out
that the °uorescent value of ICAM-1 decreased in
the middle of the synapse, while it increased at
periphery of the synapse at 200 s. At 480 s, the
°uorescent value of ICAM-1 was higher at the pe-
riphery than that at the center of the synapse.
Meanwhile, the °uorescent value of TCR increased
at the center of the synapse (Fig. 1(c)). Kymograph
analysis showed the extension of ICAM-1 from
center to periphery (white arrow) occurred before
calcium release (white arrow) (Fig. 1(d)). During
ICAM-1 depletion at the center of the synapse, the
°ow rate of ICAM-1 in the IS increased and then
deceased slowly after the sustained calcium release
in the T-cell (Fig. 1(e)).

Similar process occurred in multifocal IS forma-
tion. ICAM-1 began to be depleted at the center of a
speci¯c plane of the multifocal IS at 160 s, while the
diameter of the depletion area of ICAM-1 increased.
After that, calcium signaling in the T-cell was re-
leased (Supplementary Fig. 2). We repeated the
experiments in 25 T-cells and obtained similar
results. The mean time of ICAM-1 depletion before
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calcium release was 165� 81 s. The process of
ICAM-1 accumulation and depletion occurred be-
fore the calcium release and complete IS formation.
These results indicated that the mobility of ICAM-1
might a®ect calcium release and IS formation.

However, a portion of immature ISs, which only
accumulated ICAM-1 within the contact between
T-cells and DCs, could not induce sustained calcium
signaling in T-cells (Fig. 2(a)). ICAM-1 depletion

did not occur in these synapses. The distribution of
TCR and ICAM-1 was di®used (Fig. 2(b)). Tran-
sient and slight calcium signaling was observed in
T-cells without sustained and high level of calcium
signaling, which was believed to be the symbol of
full T-cell activation. Analysis of the distribution of
the °uorescent value of ICAM-1 in the synapse
showed that the °uorescent value did not change
signi¯cantly (Fig. 2(c)). Kymograph analysis could

Fig. 1. ICAM-1 depletion in a bullseye IS occurred before calcium release in a T-cell: (a) The relationship between the diameter
change of the area of ICAM-1 depletion and calcium signaling in a T-cell. (b) Images of calcium signaling in a T-cell and synapse
formation at di®erent time points. Bar ¼ 2�m. (c) Analysis of °uorescent distribution of ICAM-1 and TCR along the diameter of
the synapse at di®erent time points. (d) Kymograph analysis of the relationship between ICAM-1 depletion from the center to the
periphery and calcium release in a T-cell. The white arrow in the left panel indicates the trend of ICAM-1 movement from the center
to the periphery of the IS. The white arrow in the right panel indicates the calcium release in a T-cell. (e) The °ow rates of ICAM-1
in the synapse during bullseye IS formation.
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not ¯nd a trend for the movement of ICAM-1
from the center to the periphery of the synapse
(Fig. 2(d)). The °ow rate of ICAM-1 in the IS with
only ICAM-1 accumulation °uctuated in the range
of 0.02–0.06�m/s (Fig. 2(e)). The average °ow rate
of ICAM-1 in the IS with only ICAM-1 accumula-
tion was lower than that in the IS that had ICAM-1
depletion at the center of the synapse (Fig. 2(f),
n ¼ 15, **p < 0:01). The calcium signaling in T-
cells forming mature ISs, which had ICAM-1 de-
pletion at the center of the synapse, was higher than
that in T-cells forming immature ISs, which only
had ICAM-1 accumulation at the interface of T-DC
(Fig. 2(g)).

Both the bullseye ISs and the multifocal ISs were
mature ISs and had ICAM-1 depletion at the center
of the synapse. The diameter of the ICAM-1

depletion area in the multifocal IS was larger than
that in the bullseye IS (Supplementary Fig. 2(f)).
Moreover, the calcium concentration in T-cells that
formed a multifocal IS was higher than that formed
a bullseye IS (Supplementary Fig. 2(g)). All of these
results indicated that ICAM-1 depletion in the
synapse might correlate with sustained calcium re-
lease in T-cells, while the movement of ICAM-1 in
IS might a®ect calcium release in T-cells.

3.2. ICAM-1 depletion at the center of
the IS occurred only

at the interface of antigen-speci¯c
T-cell-DC

In our experiment, we analyzed the synapses for-
mation between CD4þ T-cells from OT-II

Fig. 2. The movement of ICAM-1 in the immature IS, which only accumulated ICAM-1 in the IS, and calcium release in a T-cell
forming an immature synapse: (a) The relationship between the diameter change of the area of ICAM-1 depletion and calcium
signaling in a T-cell. The movement of ICAM-1 at the interface of the synapse and calcium signaling in the T-cell contacted by the
DC was detected by confocal microscopy with frames per 40 s. (b) The imaging of calcium signaling in a T-cell and its contact with a
DC. Bar ¼ 2�m. (c) Analysis of the distribution of the °uorescent values of ICAM-1 and TCR along the diameter of the synapse at
0 s and 120 s. (d) Kymograph analysis of the relationship between ICAM-1 movement and calcium release in a T-cell. (e) The °ow
rate of ICAM-1 in the synapse during formation of T-DC contact. (f) The °ow rate of ICAM-1 in the T-DC contact that had ICAM-
1 depletion in the center of the synapse or in the T-DC contact that only had ICAM-1 accumulation. (mean � s.e.m., n ¼ 15, three
independent experiments), **p < 0:01 (two-tailed Student's t-test). (g) The concentration of calcium in T-cells which formed an IS
with ICAM-1 depletion or that in T-cells which formed an IS with only ICAM-1 accumulation (mean � s.e.m., n ¼ 25, three
independent experiments), ***p < 0:001 (two-tailed Student's t-test).
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transgenic mice and DCs pulsed OVA antigen, and
the synapses formation between CD4þ T-cells
which include SEB antigen-speci¯c T-cells and non-
speci¯c T-cells from wild type mice, and DCs pulsed
SEB antigen. For OVA antigen stimulation, ICAM-
1 depletion at the center of synapses occurred at
81.6� 4.4% of T-DC contact, while 10� 1.15% of
T-DC contact failed to deplete ICAM-1 and formed
immature synapses with ICAM-1 only accumulat-
ing at the interface of T-DC contact. Additionally,
8.3� 3.75% of T-cells failed to form synapses with
DCs. However, for SEB stimulation, the percen-
tages of ISs with ICAM-1 depletion and ISs without
ICAM-1 depletion were 60� 7.6% and 18.3� 6.0%,
respectively. In our model, the ICAM-1-GFP-DC2.4
cell line was a stable, monoclonal screened, and
transfected by ICAM-1-GFP. Thus, the di®erence
in T-cell activation may be caused by factors from
T-cells. We ¯rst considered whether antigen-speci¯c
T-cells were involved in di®erences in T-cell acti-
vation caused by ICAM-1 depletion.

To further investigate the factors that a®ect the
mobility of ICAM-1, we imaged the IS formation
between DCs and co-cultured antigen-speci¯c
T-cells or nonantigen speci¯c T-cells, respectively.
We found out that ICAM-1 depletion at the center
of the IS occurred mostly at the interface of antigen-
speci¯c T-cells and DCs pulsed with OVA or
SEB. The en face images revealed that bullseye ISs
consisted of ICAM-1 molecules surrounding a
unique TCR cluster, while multifocal ISs consisted
of ICAM-1 clusters intermingling with many TCR
clusters (Fig. 3(a)). However, nonantigen speci¯c T-
cells either had ICAM-1 accumulated only at the
interface of T-cells and DCs or had no signi¯cant
ICAM-1 accumulation (Fig. 3(b)). The distribution
of TCR and ICAM-1 at both types of T-DC con-
tacts was essentially di®used (Fig. 3(b)). Without
antigen stimulation, 13.3� 4.4% of T-cells formed
contacts with DCs to only accumulate ICAM-1 at
the interface of T-DC (Fig. 3(c)). The percentage of
ICAM-1 depletion at the center of the synapses was
higher than the percentage of only ICAM-1 accu-
mulation in ISs in antigen-speci¯c T-cells (Fig. 3(c),
***p < 0:001). Moreover, the percentage of ICAM-1
depletion at the center of synapses that formed
between antigen-speci¯c T-cells and DCs was
greater than that formed between nonantigen-spe-
ci¯c T-cells and DCs as well as than that formed in
the T-DC contact without antigen stimulation
(Fig. 3(c), ***p < 0:001). These results suggested

that antigen-speci¯c T-cells might prefer to form
mature ISs with ICAM-1 depletion from the center
of synapses, while the formation of mature ISs
might correlate with the extension of ICAM-1 from
the center to the periphery of synapses. Further-
more, the study showed that the level of calcium
release in antigen-speci¯c T-cells was higher than
that in nonantigen-speci¯c T-cells or T-cells with-
out antigen stimulation (Fig. 3(d), ***p < 0:001).
Thus, the depletion of ICAM-1 at the synapse may
preferentially occur in antigen-speci¯c T-cells,
which could induce a high level and sustained cal-
cium release.

3.3. Blocking ICAM-1 led to a decrease
in the percentage of IS formation

and a low level of calcium
in T-cells

To further analyze the role of ICAM-1 depletion
in T-cell activation, mature DCs were pretreated
with anti-ICAM-1 antibody to block ICAM-1,
then pulsed with antigen and co-cultured with T-
cells. With anti-ICAM-1 antibody treatment,
T cells failed to make e®ective contacts with DCs,
while the percentage of T-DC contact decreased
(Figs. 4(a) and 4(b)). The percentages of ICAM-1
accumulation and depletion in ISs decreased sig-
ni¯cantly (Fig. 4(b)). With anti-ICAM-1 antibody
treatment, the °ow rate of ICAM-1 in ISs decreased
(Fig. 4(c)), while the level of calcium in T-cells was
lower than that in T-cells without treatment. The
peak of calcium signaling in T-cells that made
contact with anti-ICAM-1 antibody treated DCs
was lower than that in T-cells without treatment
(Fig. 4(d)). Furthermore, these results were repli-
cated by down-regulation of ICAM-1 expression
with siRNA-ICAM-1 in DCs (Supplementary
Fig. 1(c)). Therefore, the movement of ICAM-1 is
important for calcium release in T-cells during IS
formation.

3.4. ICAM-1 depletion at the center of

synapses was correlated with the

movement of LFA-1

LFA-1 is the ligand of ICAM-1 and a co-stimulated
factor for T-cell activation. To investigate how the
mobility of ICAM-1 in°uenced calcium release in T-
cells, we labeled T-cells with anti-LFA-1 antibody
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and co-cultured them with ICAM-1-EGFP/DC2.4
cells. ICAM-1 co-localized with accumulated LFA-1
in both types of mature ISs (Fig. 5(a) and Supple-
mentary Fig. 3(a)). By imaging the dynamic process
of T-cells contacting DCs, we found at early time
points (from 0 s to 300 s) LFA-1 only co-localized

with the most central region of accumulated
ICAM-1 (Fig. 5(a) and Supplementary Fig. 3(a)).
After incubation for 300 s, LFA-1 molecules co-lo-
calized with the entire ICAM-1–rich region of ISs.
Kymograph analysis showed the depletion of
ICAM-1 at the center of the synapse occurred before

Fig. 3. The localization of ICAM-1 in the IS formed between an antigen-speci¯c/nonspeci¯c T-cell and a DC: (a) The types of
synapses formed between an antigen-speci¯c T-cell and a DC. A multifocal IS that had multiple sites for ICAM-1 depletion (the left
and upper line) and a bullseye IS that had ICAM-1 depletion in the center of the IS (the left and down line) were formed. The
°uorescent distribution of ICAM-1 and TCR along the diameter of the two types of synapses was shown on the right panel.
Bar ¼ 2�m. (b) The synapses formed between a nonspeci¯c antigen T-cell and a DC. ISs with only ICAM-1 accumulated at
the contact of T-DC or without ICAM-1 accumulation at the contact of T–DC were shown. Bar ¼ 2�m. (c) Percentage of T-DC
contact which had ICAM-1 depletion or only ICAM-1 accumulation at antigen-speci¯c-T-cell–DC contact, nonspeci¯c- T-cell-DC
contact, or T-DC contact without antigen. (d) The calcium response in antigen-speci¯c T-cells with ICAM-1 depletion at
T-DC contact, nonspeci¯c T-cells with only ICAM-1 accumulation at T-DC contact and T-cells without antigens at contact
DC. (mean � s.e.m., n ¼ 25, three independent experiments), ***p < 0:001 (two-tailed Student's t-test).
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the LFA-1 depletion at the synapse (Fig. 5(b), as
the white arrow shows). The extension of LFA-1
from the center to the periphery might follow the
mobility of ICAM-1 (Fig. 5(b)). However, for the
synapse with only ICAM-1 accumulation, LFA-1
accumulated and co-localized with ICAM-1 at the
contact of T-DC, and lost its ability to move from
the center to the periphery at synapses with only
ICAM-1 accumulation (Figs. 5(c) and 5(d)).

By blocking LFA-1, the percentage of T-DC
contacts decreased (Figs. 5(e) and 5(f)). The T-DC
contacts failed to accumulate ICAM-1 at the in-
terface and lost the ability to deplete ICAM-1 at
the center of the IS. LFA-1 could not accumulate
at the interface of T-DC (Fig. 5(e)). In addition,
by blocking ICAM-1, LFA-1 failed to accumulate
into the synapse (Fig. 5(e)). These results indicated
that the binding of ICAM-1-LFA-1 was a factor
a®ecting the depletion of ICAM-1 at the center
of ISs.

3.5. The movement of LFA-1 a®ected

calcium release in T-cells by
controlling the location of ORAI1

and mitochondria at the IS

With anti-LFA-1 antibody pretreatment, both the
°ow rate of LFA-1 and the calcium release in T-cells
decreased (Fig. 5(g)). These results indicated that
LFA-1 might a®ect calcium release in T-cells. To
analyze how LFA-1 a®ected calcium release in T-
cells, we imaged the location of LFA-1, ORAI1 and
mitochondria at the synapse. ORAI1 is a key
member of the calcium release-activated calcium
channel protein family in CD4þ T-cells and plays an
important role in increasing the local calcium con-
centration in T-cells.17 Mitochondria are essential
for calcium homeostasis in fundamental cellular
functions such as metabolism and signaling in a
large variety of cell types.25 Interestingly, the ability
of mitochondria to regulate calcium signaling

Fig. 4. Blocking ICAM-1 inhibited the accumulation of ICAM-1 in ISs and calcium release in T-cells: (a) With/without
anti-ICAM-1 antibody treatment, the contact of T-DC was imaged, Bar ¼ 10�m. (b) With/without anti-ICAM-1 antibody
treatment, the percentages of T-DC contact, ICAM-1 accumulation in the IS and ICAM-1 depletion in the IS. (c) The °ow rate
of ICAM-1 in the synapses with/without anti-ICAM-1 antibody treatment. (mean � s.e.m., n ¼ 20, three independent experi-
ments), ***p < 0:001 (two-tailed Student's t-test). (d) With/without anti-ICAM-1 antibody treatment, the calcium release in
T cells contacting DCs was measured. (mean � s.e.m., n ¼ 20, three independent experiments), ***p < 0:001 (two-tailed
Student's t-test).

ICAM-1 depletion in the center of IS

1750015-9

J.
 I

nn
ov

. O
pt

. H
ea

lth
 S

ci
. 2

01
8.

11
. D

ow
nl

oa
de

d 
fr

om
 w

w
w

.w
or

ld
sc

ie
nt

if
ic

.c
om

by
 H

U
A

Z
H

O
N

G
 U

N
IV

E
R

SI
T

Y
 O

F 
SC

IE
N

C
E

 A
N

D
 T

E
C

H
N

O
L

O
G

Y
 o

n 
09

/1
3/

18
. R

e-
us

e 
an

d 
di

st
ri

bu
tio

n 
is

 s
tr

ic
tly

 n
ot

 p
er

m
itt

ed
, e

xc
ep

t f
or

 O
pe

n 
A

cc
es

s 
ar

tic
le

s.



Fig. 5. The movement of ICAM-1 and LFA-1 in ISs: (a) The localization of ICAM-1 and LFA-1 at a bullseye IS that had ICAM-1
depletion in the center of the IS. It was measured at 0 s and 300 s after a T-cell contacted a DC. Bar ¼ 2�m. (b) Kymograph analysis
of the dynamic change of ICAM-1 and LFA-1 along the diameter of the synapse from 0 s to 300 s. The white arrows in the panel
indicate the trend of ICAM-1 and LFA-1 movement from the center to the periphery of the IS. (c) The localization of ICAM-1 and
LFA-1 at T-DC contact with only ICAM-1 accumulation. (d) Kymograph analysis of the dynamic change of ICAM-1 and LFA-1
along the diameter of the synapse that only had ICAM-1 accumulation in the T-DC contact. (e) With treatment of anti-ICAM-1
antibody and anti-LFA-1 antibody, the localization of ICAM-1 and LFA-1 were measured at T-DC contact. (f) With/without
treatment of anti-LFA-1 antibody, the percentage of T-DC contact was measured. (g) With/without treatment of anti-LFA-1
antibody, the concentration of calcium in the T-cell was measured. The arrows in ¯gures (b) and (d) point the movement of
direction of accumulated ICAM-1 or LFA-1. The arrows in the ¯gure (a) showed the center of synapse. The arrows in the ¯gures (c)
and (e) showed the interface of T- DC contact.
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depends on their sub-cellular localization.26 In our
experiment, we found out that ORAI1 could co-
localize with LFA-1 in mature ISs that had ICAM-1
depletion, while it could not co-localize with syn-
apses with only ICAM-1 accumulation (Figs. 6(a)
and 6(b) and Supplementary Fig. 4(a)). Mitochon-
dria were accumulated into mature ISs and partly
co-localized with LFA-1, while it could not accu-
mulate into synapses with only ICAM-1 accumula-
tion (Figs. 6(c) and 6(d) and Supplementary
Fig. 4(b)). By blocking LFA-1 with anti-LFA-1
antibody, the °uorescent values of ORAI1 and mi-
tochondria were greatly reduced (Figs. 6(b) and
6(d)). LFA-1 failed to deplete at the center of the

synapses, while ORAI1 and mitochondria failed to
localize into the synapse (data not shown). These
data suggested that LFA-1 could modulate the lo-
calization of ORAI1 and mitochondria in ISs.

4. Discussion

T-cell activation is an essential step for immune
surveillance and immune response. Calcium signal-
ing in T-cells is an initial marker of T-cell activation
and is linked to cell functions.5,6,27 Moreover, the
calcium signal in the activated T-cells must reach a
cytosolic concentration ten-fold higher than that in
the resting T-cells and be sustained for at least 2 h

Fig. 6. The co-localization of ORAI1, mitochondria and LFA-1 in mature ISs with ICAM-1 depletion or immature ISs with only
ICAM-1 accumulation: (a) The localization of ORAI1 and LFA-1 in a mature IS (bullseye IS) and an immature IS. Bar ¼ 2�m.
(b) The °uorescence of ORAI1 in the mature IS, immature IS, and IS with anti-LFA-1 antibody treatment. (mean � s.e.m., n ¼ 25,
three independent experiments), ***p < 0:001 (two-tailed Student's t-test). (c) The localization of mitochondria and LFA-1 in a
type of mature IS (bullseye IS) with ICAM-1 depletion or immature IS with only ICAM-1 accumulation. (d) The °uorescence of
mitochondria in the mature IS, immature IS and IS with anti-LFA-1 antibody treatment. (mean � s.e.m., n ¼ 25, three independent
experiments), ***p < 0:001 (two-tailed Student's t-test).
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to trigger e®ective genes expression.7,28,29 For this
purpose, many T-cell signaling molecules and cal-
cium microdomains accumulate into ISs to sustain
calcium signaling.7,17 However, whether the mobil-
ity of those molecules could a®ect the calcium sig-
naling was unclear. Herein, by imaging live cells, we
found out that the mobility of ICAM-1 in synapses
was correlated with the initial calcium release in
T-cells. In the process of IS formation, the accu-
mulation and consequent depletion of ICAM-1
occurred, followed by calcium release and TCR
accumulation into the center of the IS (Fig. 1).
Without ICAM-1 accumulation or ICAM-1 deple-
tion at the center of the IS or by blocking the
movement of ICAM-1, the sustained and high level
of calcium level could not be induced. Those results
indicated ICAM-1 accumulation and depletion at
the center of the IS was correlated with initial cal-
cium release in T-cells (Supplementary Fig. 5). The
movement ICAM-1 might trigger the initial calcium
release in T-cells. In addition, ICAM-1 depletion at
the center of the IS might provide a site for TCR
to accumulate and localize at the center of the IS
to recognize p-MHC, which might contribute to the
sustained calcium level and T-cell activation.
Whether TCR accumulation a®ects ICAM-1
movement or the initial calcium release a®ects TCR
or ICAM-1 movement, needs further study.

By studying the mechanism for how ICAM-1
depletion induced calcium release in T-cells, we
found out that the mobility of ICAM-1 was associ-
ated with the movement of LFA-1. The extension of
ICAM-1 from the center to the periphery of syn-
apses was accompanied with the mobility of LFA-1.
Moreover, the movement of LFA-1 might in°uence
the locations of ORAI1 and mitochondria in the IS,
which were believed to regulate the localization of
calcium in°ux in T-cells. This result is similar to the
study of Contento R30 about the ICAM-1-LFA-1
binding results in mitochondria translocation to the
IS and signaling in T-cell. We further proved that
the depletion of ICAM-1 in the synapse is an im-
portant factor for calcium release in T-cells. The
mobility of ICAM-1-LFA-1 bond clusters at sites of
synapses might regulate calcium signaling in T-cells
by controlling the localization of ORAI1 and mito-
chondria at the synapse (Supplementary Fig. 5).

Another possible mechanism of ICAM-1 deple-
tion leading to calcium release is that ICAM-1 de-
pletion at the center of synapses might be preparing
an area for TCRs to localize at the center to form

stable TCR-MHC-peptide contact, which is better
for TCR signal pathway activation. The activation
of the TCR signal pathway is believed to be essen-
tial for intracellular calcium release. TCR engage-
ment with peptides conjugated to MHC on APCs
leads to activation of signal transduction pathways,
which promote a rapid release of calcium from the
endoplasmic reticulum (ER) calcium stores.31–33

To analyze why ICAM-1 could accumulate and
then be depleted at the center of synapses, we
compared the ICAM-1 accumulation at the antigen-
speci¯c T-DC contact and nonspeci¯c T-DC con-
tact. We found out that antigen-speci¯c T-cells
preferred to form the mature IS that involved
ICAM-1 accumulation and depletion. Nonantigen-
speci¯c T-cells formed immature ISs without
ICAM-1 depletion. Thus, ICAM-1 depletion might
be a characteristic to distinguish mature ISs from
immature ISs and a de¯ning characteristic for the
contact of antigen-speci¯c T-cells to DCs. For an-
tigen-speci¯c and nonspeci¯c T-cells, the status of
DCs is the same. For antigen-speci¯c T-cells, anti-
gen-speci¯c TCRs recognize the antigen and cluster
into many micro-TCR clusters, which keep moving
on the surface of T-DC. However, for nonantigen-
speci¯c T-cells, TCRs cannot recognize antigens
and fail to accumulate into the IS. TCRs recognize
antigens and bind MHCs to activate cytoskeletal
proteins, such as F-actin, by the MHC signaling
pathway. F-actin may regulate the mobility of
ICAM-1.13 Thus, the movement of antigen-speci¯c
TCR might be the reason for ICAM-1 accumulation
and depletion in the formation of mature ISs. The
movement of micro-TCR clusters at the interface of
T-DC might activate the F-actin in DCs by MHCs
to promote ICAM-1 movement. However, those
hypotheses need further study. In addition, antigen-
speci¯c T-cells are usually believed to be activated
more e±ciently than nonspeci¯c T-cells to induce
the antigen-speci¯c immune surveillance. However,
molecular mechanism for how antigen-speci¯c T-
cells are activated in a short time, while nonspeci¯c
T-cells are not, is still unclear. ICAM-1 accumula-
tion and depletion at the IS to induce the initial
calcium response in T-cells and form a mature IS to
supply T-cell activation might be a factor for ef-
fective activation in antigen-speci¯c T-cells. The
correlations and mechanisms of calcium release in
nonspeci¯c T-cells and the movement of ICAM-1
need further investigation. The immature synapse
has been believed to be signaled at time scales of
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1-5min1 during which adhesion molecules ICAM-1–
LFA-1 bond with each other to signal the start of
the synapse formation process. At the timescale
mentioned, these larger bonds are substituted by
smaller TCR-pMHC molecules and associated co-
receptors to take over the signaling of immunolog-
ical synapse. Recently, some studies questioned
the minute-time scale and suggested that the im-
mature synapse occurs at the time scale of sec-
onds.34–36 Our study con¯rmed this ¯nding by using
the live-cell calcium imaging. The timescale
switches from minutes to seconds might be in°u-
enced by the movement of ICAM-1, which corre-
lates with calcium release.
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