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Abstract: Introduction. PECAM-1 and NKRP1A are both involved in the vascular transmigration
of T lymphocytes. Vascular transmigration is a crucial process in multiple sclerosis pathogenesis.
Methods and aim. The current paper presents an analysis of PECAM-1 and NKRP1A expression
on yd T cells. Expression of PECAM-1 and NKRP1A on subsets of y5 T cells was performed with
flow cytometry. Results. Based on the flow cytometry data, PECAMI1 was slightly differentially
modulated on v T cells—it was up-regulated during relapse, but down-regulated during remission.
Moreover, a significant downregulation of CD3 expression was noted on yd T cells from MS patients,
most notably during relapse. Conclusions. This may be a sign of the overall activation of y5 T cells
in the course of multiple sclerosis.
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1. Introduction

Multiple sclerosis (MS) is a chronic, demyelinating disease of the central nervous
system (CNS) with autoimmune background and increasing incidence and prevalence
during recent years, especially in women [1-3]. MS is considered the most commonly
diagnosed inflammatory neurological disorder in the young adult population [4]. MS leads
not only to disability but also mental health problems, job loss or other socioeconomic
difficulties [5-7]. Despite advances in the understanding of MS pathogenesis, there are
still numerous gaps in our knowledge and consequently, the causal treatment is still
unknown [8].

Natural killer cell surface protein P1A (NKRP1A/CD161) is a family of receptors with
both activating and inhibitory properties, expressed mostly on natural killer (NK) cells as
well as on T lymphocytes and dendritic cells (DC) [9,10]. In mice, the following receptors
within the NKRP1A family can be distinguished: NK-RP1A, NKp80, and NKp65, while in
humans the only receptor is NKRP1A [11]. The functions of NKRP1A receptor depends
on the cell type it is expressed on. In the case of NK cells it shows inhibitory properties,
and on T cells acts as activating receptor, stimulating the production of pro-inflammatory
cytokines such as IL-17 and IFN-y [12]. NKRP1A has been shown to be expressed on y5 T
cells as well [13,14].

Platelet endothelial cell adhesion molecule (PECAM-1/CD31) is a protein present on
a variety of cells within the vascular compartment, including different subpopulations of
lymphocytes [15]. The role of PECAM-1 during inflammation is diverse and wide, as they
are involved in many mechanisms such as transmigration of leukocytes through intracel-
lular junctions, apoptosis, angiogenesis, and many others [16-18]. In several pathways,
PECAM-1 serves as a signaling molecule [17]. In patients with multiple sclerosis, there is
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an increased expression of different cell adhesion molecules in the central nervous system,
especially around the lesions, in cerebral microvessels, and on local immune cells [19-21].
Furthermore, expression of PECAM-1 in patients with MS is upregulated in serum, plasma
and cerebrospinal fluid [22-24]. Moreover, PECAM-1 might be involved in stabilizing
the blood-brain barrier, the integrity of which is crucial for preventing neuroinflamma-
tion [24,25]. v& T cells, particularly the V51 subset, also express PECAM-1 protein [26].

vd T cells form a small subset of T cells, comprising usually up to 5% thereof; human
Y8 T can then be further divided into three major subsets based on 6 chain expression,
namely V61, V52 and V&3 [27]. Due to the lack of specific anti-V$3 antibodies, that subset
is relatively poorly understood. V61 and V32 cells differ in some aspects—the former
recognises non-classical MHC molecules, e.g., MIC-A, MIC-B and ULBPs, while the latter
responds to phosphoantigens that accumulate in neoplastic cells and as a result of some
bacterial infections [27]. Moreover, V51 tends to preferentially express PECAM-1, while
V52 seems to be more skewed towards NKRP1A [26]. Both receptors are important for
transmigration through vascular endothelium [28].

In our recent study, we have observed a significant upregulation of RORYT, a classical
Th17-related transcription factor, in iNKT and yb T cells during relapse in relapsing-
remitting multiple sclerosis [29]. The aim of the current study is to further evaluate
Th17-like v T and total vd T cells in MS with a focus on the expression of two adhesion
molecules—PECAM-1 and NKRP1A.

2. Materials and Methods
2.1. Study Group

The study group consisted of 29 patients diagnosed with the relapsing-remitting form
of multiple sclerosis, recruited to the study at the Department of Neurology, the Medical
University of Lublin after meeting the appropriate inclusion criteria. Inclusion criteria
for the study group were described as: no other autoimmune diseases diagnosed, no
glucocorticoid intake in the last 4 weeks before blood donation, no medical history of
neoplasms, no history of neurosurgery procedures. In the control group, those criteria were
described as: no hospitalization in the last 6 weeks before blood sampling, no autoimmune
diseases, neurological diseases and neoplasms diagnosed, no diagnosed MS in first-degree
relatives, no neurosurgical procedures in the medical history. Twenty-three patients were in
remission and six during the relapse; eighteen of the patients were treated with natalizumab,
eight patients with cladribine, fingolimod or immu-838 and three patients were not treated.
The control group consisted of 15 healthy volunteers with similar age and sex distribution.
More information is provided in Table 1. Blood samples were taken from patients and
healthy volunteers after they had signed written informed consent. Blood was taken into
EDTA-coated tubes and processed immediately. The study protocol was approved by the
Bioethical Committee at the Medical University of Lublin.

Table 1. Basic information about study groups; EDSS—expanded disability status scale; ARR—annual
relapse rate. Values are presented as median, IQR.

% Women Age EDSS ARR Years after Diagnosis
MS patients 76.47% 43 (29.5-51) 3.5 (3-5.5) 0 (0-1) 10 (7.5-14.75)
Healthy volunteers 70.00% 44 (26-58)

2.2. Flow Cytometry

100 uL of peripheral blood was stained with anti-human antibodies against surface
antigens: FITC anti-human TCRyd (BioLegend, San Diego, CA, USA; #331208), FITC
anti-human V41 (ThermoFisher, Waltham, MA, USA; #TCR2730), FITC anti-human V62
(BioLegend, #331406), PE-Cy5 anti-human CD3 (BioLegend, #344866), Alexa Fluor 700 anti-
human CD161 (BioLegend, #339942) and APC-Cy?7 anti-human CD31 (BioLegend, #303120),
PE anti-human PD-1 (BD, Franklin Lakes, NJ, USA; #557946). Blood was incubated at
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room temperature in the dark for 20 min. BD FACS Lysing Solution was then added to
each tube and incubated for 10 min at room temperature in the darkness, thus cells were
permeabilized, fixed and erythrocytes were lysed [30,31]. Samples were then centrifuged
and washed twice with PBS. In the next step, antibodies against intracellular antigens
(Pacific Blue anti-human IL-17A; BioLegend, #512312) were added and incubated for
20 min in the dark at room temperature. Once again samples were washed with PBS.
CytoFlex LX (Beckmann Coulter, Brea, CA, USA) was used for sample acquisition. The
gating strategy is summarised in Figure 1. The detailed configuration of cytometers used in
the study is presented in Supplementary Table S1. Kaluza (Beckmann Coulter) was used to
analyse flow cytometry data. Data are either presented as percentage of positive cells or as
mean fluorescence intensity (MFI). MFI is a measure of the density of antigen expression, it
is especially useful for antigens where no clear cut-off value between positive and negative
cells can be established.
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Figure 1. Cont.
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Figure 1. Gating strategy. Initially, singlets were gated based on FSC-H/FSC-A. Next, a lymphocyte
gate was applied on SSC-A /FSC-A. Finally, T lymphocytes were gated as CD3+ cells (A). Then, v
T, V61 or V52 cells were gated among CD3+ cells. Expression of IL-17A and PD-1 was assessed as
a percentage of positive cells, thus FMO (left) controls were used for gating (B-D). PECAM-1 and
NKRP1A expression was quantified using MFI instead.
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2.3. Cell Sorting

PBMCs were isolated using Gradisol L (Aqua-Med, L6dZ, Poland) in a density gradient.
Isolated cells were stained with anti-human monoclonal antibodies PE-Cy7 anti-human
CD3 (BD, #563423) and FITC anti-human TCRy$ (BioLegend, #331208), incubated for
20 min at room temperature in the dark, and then washed with 2 mL of PBS. y6 T were
then sorted with BD FACS Aria ITu (Becton Dickinson, Franklin Lakes, NJ, USA). Each time
after sorting, the purity of cells was assessed, samples were further processed only if the
purity was >95%. Cells were suspended in the RLT buffer (Qiagen, Inc., Valencia, CA, USA)
with 3-mercaptoethanol and immediately frozen at —80 °C.

2.4. RT-qPCR

Total RNA was isolated with Blood RNA Mini Kit (Qiagen), the manufacturer’s
manual was followed. Then, cDNA was synthesized with the Transcriptor First Strand
c¢DNA Synthesis Kit (Roche Applied Science, Mannheim, Germany). cDNA was then
used for qPCRs. TagMan (ThermoFisher, Applied Biosystems, Austin, TX, USA) probes
for CD31 (Hs00169777_m1) and CD161 (Hs00174469_m1) were used to quantify mRNA
expression, Human GAPDH Endogenous Control (ThermFisher) was used to quantify
home-keeping gene expression. Reactions were set up with The TagMan FastAdvanced
MasterMix (ThermoFisher) in 20 puL. and ran with Applied Biosystems 7300 Real-Time PCR
System (ThermoFisher). The relative expression was calculated as 2~2¢T. ACT is calculated
as (Ct gene of interest—Ct internal control).

2.5. Statistical Analysis

Data were analysed with GraphPad Prism 8 (GraphPad Software, San Diego, CA,
USA). The Shapiro-Wilk test was used to assess data distribution. The Kruskal-Wallis
test with Dunn-Sidak correction was employed for flow cytometry data analysis while U
Mann-Whitney for qPCR data. The data are presented as the median and interquartile
range (IQR). Statistical correlations were calculated with the Spearman test.

3. Results
3.1. CD3 Is Significantly Down-Regulated on vé T Cells

At first, we analysed the percentage of v T cells in peripheral blood along with
IL-17A and the expression of PD-1 on them. vd T cells were insignificantly decreased
in MS patients (Figure 2A). IL-17A expression was significantly higher in relapse than
in the control group (Figure 2B, p < 0.05). Contrary, PD-1 expression was the highest
during remission (Figure 2C, p = 0.34). We have also noticed a different expression of CD3,
thus we have then compared CD3 MFI (mean fluorescent intensity) values—indeed, MS
patients, especially in relapse, had around the 2-fold lower expression of CD3 (Figure 2D).
The expression of NKRP1A and PECAM-1 had similar expression levels in all groups
(Figure 2E,F).



J. Clin. Med. 2022, 11, 3210

6 of 12

D

CD3 MFI

15+ B 10 * C 25+
A
= 8 20 >
-
10- . © e "
X 64 . 5 15-
i .o :t ‘ + .
N~ 4 A o 10
B i T, e 4
’} ® = 2+ N w 5 :f _L
Alh g ° a s Al, UF
A‘ [ | A ° [ ]
0 T T T 0 T T -I 0 T ‘IA 1
¢ & & e & O e & O
2 .0 < & .0 & & .0 <°
R & NI W QR & ™
o & \'b‘ & o \‘b & O
F & & & & & &
<& < <&
300000 * E 8000 F 20000
I I i L ]
[ ]
g = 6000 A — 15000+ ah
200000~ s s T R S s 4
— 4000 o+ o 10000
(2] -—
o O
100000 O TI_ %‘ 'L S o L,
. E =
% : 2000 ol o “: e
L[] & ry &
" o &
0 T i T 0 T T T ; ('\ 1
e L& O e & O o O
\'bqe .bqo éf} \qu ."g\o (.\é &@Q & o°°
e & f e & f ¢ &
® &*

Figure 2. The results for the whole y5 T population. A horizontal line with whiskers represents a
median with an inter-quartile range (IQR). (A)—percentage of yd T among total T cells, (B)—percentage
of IL-17+ 8 T cells, (C)—percentage of PD-1+ v5 T cells, (D-F)—MEFI values for CD3, CD31 and CD161
respectively. MFI—mean fluorescence intensity. * denotes p < 0.05.

3.2. PECAM-1 Is Slightly Down-Regulated in V51 during Remission

Then, we analysed a V51 subset. The percentage of V51 was insignificantly higher
in MS patients than in controls (Figure 3A). Similarly to total y3 T cells, PD-1 expression
was lower in relapse (Figure 3C). Moreover, CD3 expression was almost three-fold lower
in relapse than in the control group (Figure 3D). Finally, PECAM-1 was insignificantly
down-regulated in remission compared to the relapse and control group, while NKRP1A
showed a very slight up-regulation in remission (Figure 3E).
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Figure 3. The results for the V51 subset. The horizontal line with whiskers represents the median with
inter-quartile range (IQR). (A)—percentage of V61 among total T cells, (B)—percentage of IL-17+ V51
cells, (C)—percentage of PD-1+ V51 cells, (D-F)—MFI values for CD3, CD31 and CD161 respectively.
MFI—mean fluorescence intensity. * denotes p < 0.05, ** p < 0.01.

3.3. CD3 Is Further Down-Regulated in V52 Cells

The percentage of V52 was insignificantly higher in MS patients, especially during
relapse (Figure 4A). PECAM-1 expression on V52 was similar during relapse and in control
subjects, but was lower in remission, while NKRP1A was insignificantly up-regulated
in remission (Figure 4E). The most striking difference was observed for CD3 expression,
which was more than 2-fold lower in relapse than in control (Figure 4D).

3.4. PECAM-1 mRNA Is Up-Regulated While NKRP1A mRNA Is Downregulated in 6 T
during Relapse

Finally, we further confirmed our results in RT-qPCR. mRNA expression for PECAM-1
tended to be higher in relapse (Figure 5A). Moreover, a noticeable drop in mRNA expression
of NKRP1A was observed during relapse (Figure 5B).
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3.5. Correlations

Correlations between clinical (annual relapse rate [ARR], expanded disability status
scale [EDSS], years from diagnosis, age) and immunological factors (percentages of y5 T,
V61, Vo2, vd T dim, vd T bright, expression of CD31, CD161 and CD3 ony6 T, V51 and V$2)
were calculated with Spearman test. Both the expression of CD3 and CD31 on V51 cells
significantly correlated with ARR with r = 0.61 and r = —0.65 respectively. The expression
of CD31 and CD161 on all three subsets strongly positively correlated between the subsets.
The full correlation matrix can be found in Supplementary Table S2.
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Figure 4. The results for the V52 subset. A horizontal line with whiskers represents a median with
inter-quartile range (IQR). (A)—percentage of V52 among total T cells, (B)—percentage of IL-17+ V52
cells, (C)—percentage of PD-1+ V52 cells, (D-F)—MFI values for CD3, CD31 and CD161 respectively.
MFI—mean fluorescence intensity. * denotes p < 0.05.
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Figure 5. The results for the NKRP1A and PECAM-1 mRNA expression in sorted y& T cells. A
horizontal line with whiskers represents the median with inter-quartile range (IQR). (A)—expression
of PECAM1 mRNA, (B)—expression of NKRP1A mRNA.

4. Discussion

The most important observation from the current study is a significant decrease in
CD3 expression in v T cells from MS patients. The decrease in CD3 expression may
potentially be a result of TCR-dependent activation of y6 T lymphocytes [32,33]. A decrease
in surface CD3¢ was also noted in cancer patients—both in tumour-infiltrating lymphocytes
and peripheral blood T lymphocytes—in-vitro studies suggest that this may possibly be
mediated by tumour-derived microvesicles [34]. Moreover, in conventional T cells, CD3 is
naturally expressed at different levels in various subsets, e.g., FoxP3+ cells have significantly
higher surface expression of CD3 than FoxP3- ones [35].

PECAM-1 is a molecule that serves a plethora of different functions. PECAM-1
seems to control the activation of T cells in order to prevent AICD (activation-induced cell
death) due to overstimulation [36]. PECAM-1 cytoplasmic domain with ITIM motifs is
phosphorylated after TCR-mediated activation, protein-tyrosine phosphatases are then
recruited and eventually, TCR signalling is inhibited [37]. Moreover, PECAM-1 is known to
be preferentially expressed by naive Th cells [38]. In several autoimmune murine models,
including experimental autoimmune encephalomyelitis, PECAM-1-deficiency leads to a
more severe disease course [37]. Furthermore, an increased level of soluble PECAM-1 was
observed among MS patients [23,24]. PECAM-1 apart from lymphocytes is also expressed
on vascular endothelial cells and is most probably important for the maintenance of the
blood-brain barrier [25]. Nevertheless, we have not observed any significant difference
in PECAM-1 expression between MS patients and healthy controls neither in the case of
pan-yd T cells nor for V61 and V62 subsets.

Interestingly, our results are mostly in-line with Poggi et al. who observed a distinct
expression pattern of NKRP1A and PECAM-1 on yd T cells [28]. They observed a high
PECAM-1 and low NKRP1A expression on V41 and the opposite on V52 cells. Indeed, func-
tional studies proved that V51 preferentially use PECAM-1 for endothelial transmigration,
while V52 tends to use NKRP1A [39]. Indeed, previous studies show that NKRP1A is an
important molecule for V2 transmigration in both healthy volunteers and MS patients [26].
Moreover, NKRP1A+ v T cells are significantly up-regulated in the cerebrospinal fluid
of MS patients [40]. Similar overexpression of NKRP1A+ cytotoxic T cells was previously
observed in MS patients [41].

Lymphocyte transmigration through the blood-brain barrier constitutes an important
step in MS pathogenesis [42]. The importance of the blood-brain barrier has been recently
thoroughly reviewed by Schreiner et al. [43]. Indeed, two modern and highly effective
drugs (natalizumab and fingolimod) target the transmigration of lymphocytes [44,45].
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Differences in PECAM1 and NKRP1A expression between MS patients (especially in
relapse) and healthy controls seems to reflect increased transmigratory potential. Moreover,
down-regulation of CD3 suggest wide-spread activation of vd T cells in MS, especially
during relapse. We have previously reported a higher potential for IL-17A production by
v6 T lymphocytes in MS patients [29]. Bearing in mind the importance of IL-17A in MS
pathogenesis [46,47], it seems that v T lymphocytes may play an important role both in
immunopathogenesis of MS in general and also in pathogenesis of MS relapses. Major
findings and their possible implications are summarized in Figure 6.
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Figure 6. Summary of major findings and their theoretical implications for multiple sclerosis im-
munopathogenesis.

The current study has some important limitations. Most importantly, it was carried
out on a limited sample size which consisted of patients without any treatment and those
already treated. Moreover, no analysis of cerebrospinal fluid y5 T cells was performed.

5. Conclusions

We have observed a significant activation of yd T cells in MS patients, especially
pronounced during relapse. Along with previously reported results, this suggests a possible
important role of y5 T cells in MS.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/jcm11113210/s1, Table S1: The detailed configuration of cytometers;
Table S2: Spearman correlation matrix for major clinical and immunological parameters.
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