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Interaction between ICAMI1 in endothelial cells and LFA1 in
T cells during the pathogenesis of experimental Parkinson's disease
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Abstract. Parkinson's disease (PD) is a chronic progres-
sive disease that affects the central nervous system with a
variety of symptoms. Although the precise etiology of PD
is not yet fully understood, there is evidence to suggest
that T cells serve an important role in the pathogenesis of
PD. However, how T cells are recruited in the brain tissue
remains to be elucidated. The present study utilized human
samples from patients with and without PD to investigate
the infiltration of T cells in lesions in the central nervous
system. A chemically-induced mouse PD model was also
used to investigate the roles of T cells in the pathogenesis
of PD. Depletion of CD4* or CD8* T cells was achieved
using neutralizing antibodies. Adhesion molecule levels
were assessed by flow cytometry. The results of the study
indicated that T cell infiltration was evident in both human
and murine samples of PD. Blocking CD4* or CD8" T cells
attenuated the severity of murine PD. Intercellular adhesion
molecule 1 (ICAM1 or CD54) was upregulated in mouse
PD compared with controls, and its receptor, lymphocyte
function-associated antigen-1 (LFA1) was overexpressed in
T cells of the brain in PD mice compared with controls.
Furthermore, inhibition of ICAMI1 or LFA1 attenuated
PD-associated characteristics in mice. In conclusion, the
interaction between ICAMI1 and LFAL1 plays a role in
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recruiting T cells to the central nervous system to mediate
experimental PD.

Introduction

Parkinson's disease (PD) is a common, progressive degen-
erative disease of the central nervous system that causes
loss of steady motor function (1). PD is clinically character-
ized by resting tremor, bradykinesia, rigidity, impairment of
balance, akinesia, postural reflex loss and other non-motor
symptoms (1-4). The pathophysiological changes of PD are
associated with the death of dopaminergic neurons in the
substantia nigra pars compacta (SNpc), which subsequently
leads to a lack of dopamine production and/or release in the
striatum and motor impairment (5).

In addition to traditional pathological findings, such
as intracellular inclusions containing a-synuclein during
post-mortem diagnosis (6,7), there is evidence to indicate
that PD is an inflammatory disease. Microglia are activated
and express human leukocyte antigen DR isotype molecules
in patients with PD (8). T-cell infiltration, which is absent
in normal brain tissue, has been observed in samples from
patients with PD (9,10), indicating that T cells might play a
role during the inflammatory pathogenesis of PD.

Inflammation observed in patients with PD has raised
questions, such as how T cells migrate through the
blood-brain barrier, and whether blocking T-cell infiltra-
tion can attenuate and slow the progression of PD (11,12).
Cellular adhesion molecules such as intercellular adhesion
molecule 1 (ICAMI1 or CD54) are upregulated during
inflammation in the central nervous system and play an
important role in T-cell recruitment (11,12). However, the
involvement of ICAMI in the pathogenesis of PD remains
to be elucidated. The present study investigated whether
ICAMI1 and its ligand lymphocyte function-associated
antigen 1 (LFA-1) interact with each other to mediate T-cell
infiltration. The results revealed that T-cell infiltration was
evident in patients with PD and mice with experimental
PD, depletion of CD4* T cells or CD8* T cells attenuated
the severity of experimental PD, ICAMI1 was upregulated
in the brain tissue of experimental PD mice, and blocking
the ICAMI1-LFALI axis reduced T-cell infiltration and the
severity of PD in experimental mice.
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Materials and methods

Ethics consideration. The ethics committee of Ningbo First
Hospital approved and supervised the proposed experimental
protocol (approval no: 2017-R044). Written consent forms were
explained, agreed to and signed by the next-of-kin of deceased
patients with PD and patients without central nervous system
disease.

Histological diagnosis of PD. Brain tissues were obtained from
post-mortem individuals (PD patients, 4 males and 4 females;
age range, 67-89 years) admitted to Ningbo First Hospital
between January and June 2017. Sex- and age-matched patients
without PD served as controls. Brain tissues were processed
as frozen sections. Serial sections (4-6 ym) were cut. Slides
were fixed with 10% formalin for 30 min at room temperature
(RT), and stained with hematoxylin and eosin (Sigma-Aldrich;
Merck KGaA) according to the manufacturer's instructions.
PD diagnosis was confirmed for patients with PD or excluded
for control patients in line with a published criterion by two
experienced pathologists (13).

Immunofluorescence staining. Brain tissue obtained from the
SNpc of human or mouse samples was processed as frozen
sections and cut into serial sections of thickness 4-6 ym. Slides
were fixed in 10% formalin for 30 min at RT and blocked
with 10% goat serum (Gibco; Thermo Fisher Scientific,
Inc.) for 30 min at RT. Samples were then incubated with
fluorescence-conjugated antibodies for 30 min at RT, which
are listed in Table I. The number of tyrosine hydroxylase
(TH)-producing cells in the lesions of the brain was used as
an indicator for disease severity as previously reported (10).
Briefly, histological sections were stained with anti-TH primary
antibodies for 30 min at RT (Table I). After washing with
PBS, slices were stained with anti-rabbit AF647-conjugated
secondary antibodies (1:1,000, Thermo Fisher Scientific, Inc.;
cat. no. A32733) for 30 min at RT.

Experimental PD induction. A total of 395 Male
C57/Bl6 mice, aged 10-12 weeks old, were purchased
from the Jackson Laboratory. Mice were kept in a specific
pathogen-free environment with controlled temperature
(23°C) and humidity (40-60%), under a 12-h light/dark cycle.
Mice were allowed ad libitum access to food and water.
Experimental PD was induced by intraperitoneally injecting
1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP;
Sigma-Aldrich; Merck KGaA) according to a published
protocol (10). Briefly, MPTP (20 mg/kg) in 100 ml of saline
was intraperitoneally injected 4 times at 2-h intervals, and
mice were sacrificed by cervical dislocation under general
anesthesia by isoflurane inhalation (oxygen flow, 0.8 1/min;
isoflurane vaporizer, 3%) at designated time points (4 days
after MPTP injection) following the last injection. Control
mice received 100 ml saline via intraperitoneal injection. A
total of 9 mice per group were utilized in each experiment,
which was repeated in triplicate.

Open field tests. Behavioral assessments were performed
4 days following MPTP injection using open field tests, which
are the most common tests for behavior of MPTP-treated PD
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mice (14). The experimental procedure was adapted from a
previous publication (15). All tests were performed between
12:00 and 2:00 p.m. in normal lighting. Briefly, a white plastic
rectangular box with dimensions of 80x40x20 cm was utilized
for open field tests. The bottom of the box was drawn with a
grid of 5x5-cm? squares. The total distance that a mouse moved
was manually measured by counting the number of squares.
Rearing, which represents exploratory activity, and grooming,
which indicates displacement response, were scored when a
mouse was placed in the open field for 5 min (16).

Neutralizing antibodies. The abundance of CD8* and CD4*
T cells as well as the efficacy of deletion of these two cell types
in the brain tissue were determined by immunofluorescence.
Circulating CD8" and CD4* T cells were also measured by
flow cytometry when neutralizing antibodies were applied. To
deplete CD8* T cells, an anti-CD8 antibody (clone 2.43; Bio X
cell; cat. no. BP0061) at a dose of 250 ug in 100 ul PBS was
intraperitoneally injected at days -7 and -3 before MPTP injec-
tion (day 0). Control mice received isotype control antibodies
(rat anti-mouse IgG2b; Bio X Cell; cat. no. BP0090) following
the same regimen as CD8* T cell depletion.

To deplete CD4* T cells, anti-CD4 antibodies (cloneGK1.5;
Bio X Cell; cat. no. BPO003-1) were administered at a dose of
250 pg in 100 ul PBS by intraperitoneal injection at days-7
and -3. Control mice received isotype control antibodies (rat
anti-mouse IgG2b; Bio X Cell; cat. no. BP0090) using the
same regimen of anti-CD4 antibodies.

Cell type-specific expression of ICAM-1 and LFA1 was
determined by flow cytometry. For blocking of ICAMI,
anti-ICAMI1 antibodies (clone YNI1/1.7.4; Thermo Fisher
Scientific, Inc.) were administered at a dose of 4 mg/kg by
intraperitoneal injection at days-7 and -3. Control mice received
mouse IgG2bk isotype control antibodies (Thermo Fisher
Scientific,Inc.) following the same regimen as ICAM-1 blockade.
For blocking of LFA1, anti-CDl11a antibodies (clone M17/4;
Thermo Fisher Scientific, Inc.) were intraperitoneally injected at
a dose of 100 ug at days-7 and -3. Control mice received mouse
IgG2bk isotype control antibodies following the same regimen
as LFA-1blockade. A total of 9 mice per group were utilized in
each experiment, which was repeated in triplicate.

Flow cytometry. Mouse brain tissue was processed using a
commercial kit for brain tissue dissociation (Miltenyi Biotec,
Inc.; cat. no. 130-107-677) to obtain single-cell suspensions
according to the manufacturer's instructions. Circulating T
cells were obtained by lysing red blood cells for 5 min at RT
and centrifugation at 300 x g for 10 min at RT. Splenic T cells
were obtained by mechanical isolation using a cell strainer and
centrifugation at 300 x g for 10 min at RT.

Cells were treated with anti-CD16/32 antibody (1:200;
Thermo Fisher Scientific, Inc.; cat. no. 14-0161) for 10 min
at RT, and then stained with the designated antibodies listed
in Table I. Following incubation with the corresponding anti-
bodies, cells were analyzed with an Attune NxT flow cytometer
(Thermo Fisher Scientific, Inc.). Data were presented and
analyzed using Kaluza 1.3 (Beckman Coulter, Inc.).

Statistical analysis. Data are presented as the mean + SD.
Data were compared using Student's t-test for two groups or
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Table I. Antibodies used for immunostaining and flow cytometry.
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Antibody (clone) Manufacturer (cat. no.) Utilization Dilution
Tyrosine hydroxylase (TH) Abcam (ab112) IF 1:1,000
CD8-PE (53-6.7) eBioscience; Thermo Fisher Scientific, Inc. (12-0081-82) IF, FC 1:100
CD4-PE (RM4-5) eBioscience; Thermo Fisher Scientific, Inc. (12-0042-82) IF, FC 1:100
CD45-APC (30-F11) eBioscience; Thermo Fisher Scientific, Inc. (17-0451-82) FC 1:100
CD31-PE (390) eBioscience; Thermo Fisher Scientific, Inc. (12-0311-82) FC 1:100
ICAMI-FITC (YN1/1.7.4) eBioscience; Thermo Fisher Scientific, Inc. (11-0541-82) FC 1:100
CD3-PE (145-2C11) eBioscience; Thermo Fisher Scientific, Inc. (12-0031-82) FC 1:100
LFAI1-FITC (M18/2) eBioscience; Thermo Fisher Scientific, Inc. (11-0181-82) FC 1:100

PE, phycoerythrin; APC, allophycocyanin; ICAM1, intercellular adhesion molecule 1; LFA1, lymphocyte function-associated antigen-1; IF,

immunofluorescence; FC, flow cytometry.

one-way ANOVA with Bonferroni's post hoc test for multiple
groups. Associations between the abundance of CD8* or
CD4* T cells and severity of PD were analyzed using linear
regression. P<0.05 was considered to indicate a statistically
significant difference. Statistical analysis was performed using
GraphPad Prism 7 (GraphPad Software, Inc.).

Results

T-cell infiltration is observed in the brain tissue of PD patients
and MPTP-intoxicated mice. To explore T-cell infiltration in
the brain tissue of patients with PD, post-mortem samples
were used for immunofluorescence staining. In agreement
with previous reports (10,17), CD8* T cells and CD4* T cells
were observed in the brain tissue of patients with PD, but were
expressed at a significantly lower level in patients without PD
(Fig. 1A and B). CD8* T-cell infiltration positively associated
with disease duration (Fig. 1C), suggesting that CD8* T-cell
infiltration might contribute to disease severity. Subsequently,
the MPTP-intoxicated mouse model of PD was used to study
T-cell recruitment in an experimental setting. Mice treated
with MPTP gradually manifested symptoms of hypoactivity
beginning at 12 h after MPTP injection. Four days after MPTP
injection, mice treated with MPTP also harbored CD4* and
CD8* T cells in the brain tissue, mainly in the SNpc and
striatum regions (Figs. 1D and E; S1); whereas these two types
of immune cells were not evident in saline-treated mice. These
results indicate that T-cell infiltration is a feature in patients
with PD and experimental PD mice.

Depletion of CD4* T cells or CD8* T cells attenuates
experimental PD. Next, it was determined whether the disease
severity in the mouse model of PD was CD4* T cell- or CD8*
T cell-dependent. Neutralizing antibodies or matched isotype
control antibodies were used to deplete CD4* T cells or CD8*
T cells in MPTP-treated mice. The efficacy of CD4* or CD8*
T-cell depletion was determined by measuring circulating
T cells using flow cytometry (data not shown). Depletion of
CD4* T cells and CD8* T cells in the lesions of MPTP-treated
mice was also confirmed by immunofluorescence (Fig. 2A). As
shown in Fig. 2B and C, depletion of CD4* T cells attenuated

disease severity, as indicated by the increased number of TH*
cells at 4 days after MPTP injection compared with isotype
control antibody-treated mice. The behaviour of the mice was
also observed using open field tests. As shown in Fig. 2D-F,
depletion of CD4* attenuated behavioral dysfunctions in
MPTP-treated mice compared with isotype control anti-
body-treated mice. Similar results were also observed in mice
treated with anti-CD8 neutralizing antibodies (Fig. 2C-F).
These data suggest that CD4* and CD8* T cells play a detri-
mental role in the pathogenesis of experimental PD.

ICAM|1 expression in endothelial cells and LFAI expression
in T cells are upregulated in MPTP-treated mice. Cellular
adhesion molecules on endothelial cells play a role in the
initiation of leukocyte infiltration through the blood-brain
barrier (18). Thus, the expression of cellular adhesion mole-
cules was investigated. According to the literature, ICAMI is
critical for T-cell recruitment in inflammatory brain condi-
tions; LFA1, a major ligand of ICAMI, expressed by T cells
interacts with ICAMI to mediate T-cell infiltration in the
brain during a number of conditions (11,12). Therefore, the
expression of ICAMI in endothelial cells and LFA1 in T cells
were investigated. Flow cytometry results showed that endo-
thelial cells (defined as CD45-CD31" cells) collected from the
brain of MPTP-treated mice expressed high levels of ICAM1
(Fig. 3A and B) compared with saline-treated mice at day 4
after MPTP injection. Since saline-treated mice presented
with very low T-cell infiltration in the brain, T cells collected
from the brain, blood and spleen of MPTP-treated mice were
analyzed. As shown in Fig. 3C and D, T cells collected from
the brain expressed increased levels of LFA1 compared with
circulating and splenic T cells, indicating that upregulation of
LFA1 on T cells was specific to brain inflammation at day 4
after MPTP injection. These results indicate that the interac-
tion between endothelial ICAMI1 and LFA1 expressed by T
cells might be involved in the process of MPTP-induced PD.

Blocking ICAM1 or LFAI alleviates MPTP-induced PD in
mice. Whether blocking the ICAM1/LFA1 axis could be used
as a therapeutic strategy for experimental PD was investigated.
Antibodies neutralizing ICAM1 or CDl1a (a subunit of LFA1)
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Figure 1. T-cell infiltration is observed in patients with PD and MPTP-treated mice. (A) CD8* and CD4* T cells were measured in patients with or without PD
using immunofluorescence. Scale bars, 20 ym. (B) CD8" and CD4* T-cell levels increased in the brain tissue of patients with PD compared with the control

group. n=8. ““P<0.001. (C) The abundance of CD8* T cells in the brain tissue positively associated with disease duration. MPTP-treated mice also harbored
increased levels of (D) CD8* and (E) CD4* T cells in the brain tissue 4 days after MPTP injection. n=9. Experiments were performed in triplicate. ““P<0.001.
PD, Parkinson's disease; MPTP, 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine; CTRL, control.

were administered to MPTP-treated mice, while matched
isotype control antibodies were used as controls. Blocking
ICAMI1 or its ligand LFA1 significantly reduced disease
severity in MPTP-challenged mice as measured by the number

of TH* cells (Figs. 4A; S2) and behavior (Fig. 4B-D) compared
with isotype antibody-administered mice. Subsequently,
anti-ICAMI and anti-CD11a antibodies were co-administered
to experimental animals; no synergistic effects were observed
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Figure 2. Depletion of CD8* or CD4* T cells attenuates MPTP-induced brain damage. (A) Depletion of CD4* and CD8* T cells in MPTP-treated mice was
confirmed by immunofluorescence. Scale bars, 20 ym. (B) Representative images of TH* cell staining (visualized by AF-647 secondary antibodies, blue in the
images) in the brain tissue of mice. Scale bars, 20 ym. (C) Depletion of CD8* or CD4* T cells attenuated the severity of MPTP-induced Parkinson's disease in
mice as measured by the abundance of TH* cells. Mouse behavior, including (D) distance moved, (E) rears and (F) grooms were assessed by open field tests.
MPTP-treated mice showed impaired behavior, but depletion of CD4*or CD8* T cells attenuated behavioral dysfunction. n=9. Experiments were performed

in triplicate. “P<0.01 and ““P<0.001. MPTP, 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine; CTRL, control; TH, tyrosine hydroxylase; a-CD4, anti-CD4
antibodies; a-CDS8, anti-CD8 antibodies.
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Figure 3. ICAM1 is upregulated in brain endothelial cells and LFA1 is elevated in brain tissue T cells collected from MPTP-treated mice. (A) Representative
images of ICAMI1 in brain tissue endothelial cells of saline- or MPTP- treated mice. MPTP-treated mice exhibited increased levels of ICAMI. (B) Endothelial
cells collected from the brains of MPTP-treated mice expressed significantly higher levels of ICAM1 4 days after MPTP injection (n=9). Experiments were
performed in triplicate. “*"P<0.0001. (C) Representative images of LFA1 expressed in different tissues of MPTP-treated mice. Brain tissue exhibited higher
expressions of LFA1 on T cells. T cells (CD45*CD3"*) were collected from the blood, spleen and brain of MPTP-treated mice. (D) T cells in the brain of
MPTP-treated mice expressed significantly increased levels of LFA1 compared with the blood and spleen at day 4 after MPTP injection. n=9. Experiments
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were performed in triplicate. “P<0.05 and *"P<0.001. ICAMI, intercellular adhesion molecule 1; LFA1, lymphocyte function-associated antigen-1; MPTP,

1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine.

(data not shown), indicating the possibility that the interac-
tion between ICAMI1 and LFA1 in this setting might be
specific with no involvement of any other receptors or ligands.
Therefore, blocking ICAMI1 or LFA1 may have therapeutic
potential in PD.

Discussion

The present study demonstrated that T cells play a role during the
pathogenesis of PD. The results indicate that T-cell infiltration
is a universal feature in patients with PD and experimental PD
mice. Depletion of CD4* or CD8* T cells by the administration
of neutralizing antibodies attenuated the severity of experi-
mental PD in mice as assessed by the abundance of TH* cells
in the brain tissue and behavioral assessment by open field tests.
Moreover, endothelial ICAM1 and LFA1 expressed on T cells
appear to be involved during the process of T cell recruitment,
as inhibiting T-cell recruitment by blocking the ICAM1-LFA1

axis alleviated experimental PD. Therefore, the present study
highlighted the therapeutic potential of using strategies where
the ICAMI1-LFAL1 axis is inhibited for treatment of PD.

PD is a progressive degenerative disease of the central
nervous system that affects millions of individuals world-
wide (1-4). The precise etiology of PD has not yet been fully
elucidated, where the loss of dopamine-producing neurons
in the SNpc mediates the pathogenesis (10). A growing body
of evidence, including findings in the present study, indicate
that aberrant immune responses in the brain contribute to the
pathogenesis of PD (1-4,10). It has been reported that T cells
are recruited into the SNpc during experimental PD (9,10).
T-cell infiltration was also observed in the brain tissue of
patients with PD and mice with experimental PD in the present
study. Considering that dysregulated inflammation in the
brain occurs in other central nervous system diseases such as
Alzheimer's disease and multiple sclerosis (1-4), more research
should be focused on the immunopathogenesis of these brain
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and ""P<0.001. ICAMI, intercellular adhesion molecule 1; MPTP, 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine; TH, tyrosine hydroxylase; CTRL, control;

a-ICAMLI, anti-ICAMI1 antibodies; a-CD11a, anti-CD11a antibodies.

conditions and how to manipulate the aberrant inflammatory
responses in order to treat these diseases.

Interactions between ICAM1 and LFAL1 are critical during
the recruitment of leukocytes to inflamed sites (19). The
ICAMI-LFAL axis is overactivated in patients with PD (20).
Although ICAMI1 or LFA1 expression was not assessed in
the human cohort of the present study, it is possible that PD
patients in the present cohort have high expressions of ICAM1
and LFA1, although this warrants further examination. The
present study found that endothelial ICAMI1 is upregulated
in mice with experimental PD compared with control mice.
The role of the ICAMI1-LFA1 axis in PD was also investi-
gated. Notably, the aforementioned study (20) did not conduct
functional assays in terms of disease severity when the axis is
inhibited, whereas the present data indicated the roles of the
ICAMI-LFA1 axis in the pathogenesis of PD. T cells in the
SNpc of mice treated with MPTP expressed increased levels
of LFA1 compared with T cells harvested from the peripheral

circulation or the spleen, indicating that T cells in the brain
tissue of mice with PD are more activated. In the process of
experimental PD, endothelial cells in the brain tissue harbor
increased ICAMI1 expression. Circulating T cells in the
inflamed area of the brain upregulate the expression of LFA1
to interact with ICAMI1 expressed by endothelial cells. This
interaction further activates T cells to begin the multiple-step
process of T-cell recruitment (21), including capture, rolling,
adhesion and transmigration, which involves the interaction
between ICAM1 and LFA1. However, the present study did not
investigate in which of the aforementioned steps the interaction
between ICAMI1 and LFALI plays the most prominent effect.
Advanced imaging techniques such intravital microscopy will
provide a means to trace each step of leukocyte recruitment in
order to elucidate the precise influence of the ICAMI1-LFA1
axis on PD pathogenesis.

T-cell infiltration is a hallmark of PD in humans and experi-
mental PD in mice (10). Depletion of CD4* or CD8" T cells
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resulted in improved disease status, indicating that T cells in
the brain tissue are detrimental. The current study speculates
that there might be several theories as to how T cells execute
pathological effects in PD. First, CD8" T cells exert cytotoxic
effects in the setting of PD to mediate cell death in the inflamed
brain tissue. Second, CD4* T cells, possibly T helper (Th) 1
and Th17 cells, produce pro-inflammatory cytokines such as
tumor necrosis factor (TNF)-a to increase apoptosis of neurons.
Pathogenic Th17 cells expressing TNF-a and IL17 have been
observed in other inflammatory conditions (22,23), and might
also contribute to the pathogenesis of PD. Chemokines secreted
by T cells might recruit other leukocytes such monocytes and
neutrophils to perform cell-killing effects. It is worth noting that
more studies are warranted for the precise detrimental roles of
T cells in the pathogenesis of PD.

A limitation of the present study is that the levels of
CD4* or CD8" T cells in the central nervous system when the
ICAMI1-LFA1 axis is inhibited were not measured. However,
the present study showed that when the ICAMI1-LFAL1 axis is
inhibited or when T cells are depleted, the disease severity
is attenuated. Hence, it is hypothesized that the abundance
of T cells in the brain lesions would decrease when the
ICAMI-LFAL axis is inhibited. The roles of the axis in T-cell
recruitment during the pathogenesis of PD are worthy of
exploration.

Intervention in the ICAMI1-LFA1 axis has possible
therapeutic benefits for patients with PD. The depletion of T
cells and also inhibition of T-cell recruitment attenuated the
severity of PD, highlighting the potential of intervention in
the ICAMI1-LFA1 axis in a clinical setting. Blocking T-cell or
other leukocyte recruitment has been shown to be effective in
a number of inflammatory conditions, including inflammatory
bowel disease and multiple sclerosis, and so it may also be a
possible therapeutic strategy for patients with PD.

In conclusion, ICAM1 expressed in endothelial cells and
LFA1 expressed in T cells play an essential role in T cell
recruitment during experimental PD in mice.
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