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Stroke induces a robust inflammatory response. However, it still lacks a systematic view of the various immune cell types due to the
limited numbers of fluorophore used in the traditional FACS technique. In our current study, we utilized the novel technique mass
cytometry (CyTOF) to analyze multiple immune cell types. We detected these immune cells from the ischemic brain, peripheral
blood, spleen, and bone marrow at different time courses after stroke. Our data showed (1) dynamic changes in the immune cell
numbers in the ischemic brain and peripheral organs. (2) The expression levels of cell surface markers indicate the inflammation
response status after stroke. Interestingly, CD62L, a key adhesion molecule, regulates the migration of leukocytes from blood
vessels into secondary lymphoid tissues and peripheral tissues. (3) A strong leukocyte network across the brain and peripheral
immune organs was identified using the R program at day 1 after ischemia, suggesting that the peripheral immune cells
dramatically migrated into the ischemic areas after stroke. This study provides a systematic, wide view of the immune components

in the brain and peripheral organs for a deep understanding of the immune response after ischemic stroke.

1. Introduction

Stroke is one of the leading causes of human death world-
wide [1]. Focal cerebral ischemia is the major type of
stroke, leading to rapid neuronal injury. Stroke outcome
is modulated by immune responses, which are character-
ized by neuroinflammation in the ischemic brain and
immune suppression in the peripheral organs [2, 3].
Despite extensive studies in the past decades, a systematic
picture of the immune response across the whole body is
not fully understood.

Neuronal injury immediately after stroke triggers the
resident microglia activity, followed by the infiltration of
peripheral circulating leukocytes [4-8]. In contrast, lym-

phopenia occurs from a few hours to weeks in the periph-
eral immune organs [9-13]. We and others have reported
that there are correlations between brain neuroinflamma-
tion and immunosuppression in the peripheral organs
[14]. In our current study, we used the mass cytometry
(CyTOF) technique to quantify the immune cell numbers
in different organs from 1 day to 14 days after stroke
and analyzed the cell surface marker expressions, which
showed that CD62L might mediate some specific immune
cell type, such as Tregs, recruitment during the subacute
stroke status. In addition, the R program was used to pre-
dict the immune cell networks across organs at different
timeframes. All of these findings aim to reveal a compre-
hensive picture of the immune response after stroke.
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2. Materials and Methods

2.1. Animals and Surgery. Male C57BL/6] mice were used in
this study (8-10 weeks, stock number 000664) and were pur-
chased from Jackson Laboratories (Maine, USA). Five mice
were housed in each cage at the Stanford animal facility
under a 12:12h light-dark cycle (lights on at 07:00 a.m.), at
a temperature of 65-75°F and 40-60% humidity, with freely
available food and water. All animal experiments were per-
formed under the protocols based on the NIH Guidelines
for Care and Use of Laboratory Animals. All experiments
were performed in accordance with the ARRIVE (Animal
Research Reporting In Vivo Experiments) Guidelines and
approved by the Stanford Institutional Animal Care and
Use Committee (IACUC). For the sham group and at each
time point, samples from five mice were collected. Anesthesia
was induced by 5% isoflurane and maintained by 1.5 to 2%
isoflurane mixed with medical air with a facemask. Middle
cerebral artery occlusion (MCAO) was induced as previously
described [3, 8]. Briefly, after isolating the common carotid
artery (CCA), external carotid arteries (ECA), and internal
carotid arteries (ICA), the left MCA was occluded by gently
inserting a silicone-coated 6-0 nylon suture (Doccol Corp.,
Sharon, MA) from the ECA into the MCA; occlusion was
verified by laser Doppler. Reperfusion was achieved after
90 min of MCAO by suture withdrawal [13, 15]. Sham con-
trol group is a sham group that had been subjected to the
stroke-induction procedure (without actually inducing
stroke), aiming to rule out the effect of the procedure itself
on the expression of or recovery from stroke. The mice in
the sham group were euthanized on day 3.

2.2. Collection of Peripheral Blood, Bone Marrow, Spleen, and
Ischemic Brains. The mice were euthanized at day 1, day 3, day
7, and day 14 after stroke. The ischemic brain tissue, periph-
eral blood, spleen, and bone marrow were collected, as
described [16, 17] for CyTOF analysis. Mice with sham sur-
gery underwent the same procedure without MCA occlusion.
Before animal euthanization, peripheral blood (50 ul) was col-
lected from the tail vein of the animals into a tube containing
100 pl of 10mM EDTA at 1 day, 3 days, 7 days, and 14 days
after stroke or from animals with sham surgery. After euthani-
zation by an overdose of isoflurane, the right tibia bone and
the spleen were removed and placed into cold RPMI 1640
(Life Technologies, Carlsbad, CA). After the mice were per-
fused with iced phosphate-buffered saline (PBS), the brains
were collected and ischemic hemispheres were dissected.

2.3. Cell Preparations for CyTOF Immunostaining. All cell
isolation procedures were performed either on ice or at 4°C.
(A) The whole blood cells were used for immunostaining
without further isolation. (B) To prepare the splenocytes,
the spleen was minced, filtered through a 70 ym cell strainer
into 5ml of RPMI 1640, and then centrifuged at 200 x g for
10 min. The cell pellet was resuspended, and red blood cells
were lysed in 1 ml of ACK red blood cell lysis buffer; then,
2 ml of RPMI 1640 was added and centrifuged, and the pellet
was resuspended in PBS for further staining. (C) Bone
marrow cells in the tibia bone were flushed out by using a
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syringe containing 1 ml of RPMI 1640. The cells were centri-
fuged at 200 x g for 10 min and then resuspended in PBS for
staining. (D) Each ischemic hemisphere was minced in RPMI
1640 and filtered through a 70 ym cell strainer and adjusted
to 7ml, to which 3ml of 90% Percoll (GE Healthcare, Chi-
cago, IL) was added and mixed. 2ml of 70% Percoll was
loaded into the bottom of the cell suspension and centrifuged
at 600 x g for 30 min. The interphase cells were collected,
added to RPMI 1640, adjusted to a final volume of 5ml, cen-
trifuged at 200 x g for 10 min, and resuspended in PBS for
turther staining.

2.4. Live/Dead Staining. To discriminate the live cells from
dead cells for mass cytometry, cisplatin was used to stain
the dead cells, as it enters intracellularly via compromised cell
membranes and labels all proteins. In brief, the whole blood
and cells (1 —2x 10° cells each sample) prepared from the
brain, spleen, and bone marrow were washed with PBS and
centrifuged at 300 x g for 5min. The supernatant was dis-
carded, and the cell pellet was stained in a 100 ul solution
of Cell-ID Cisplatin (Fluidigm Corp., S. San Francisco, CA)
with a final concentration of 5 uM cisplatin. After incubating
at room temperature (RT) for 5min, the staining was
quenched with 500 ul Maxpar Cell Staining Buffer (Fluidigm
Corp.) and centrifuged to discard the supernatant.

2.5. Barcoding Procedure. In conventional flow cytometry,
every sample is collected and stained separately, which raises
the variability due to sample staining and machine analysis
procedures. Thus, huge efforts for standardization and nor-
malization are required to enhance the comparability
between different samples. However, in mass cytometry, bar-
coding systems are used so that different samples can be
combined as one multiplexed sample. Data obtained will
then be subjected to debarcoding for individual sample anal-
ysis. The barcoding system reduces variability between sam-
ples and instrument sensitivity. The barcode system used in
our study was previously established [18], with a commer-
cially available kit. This 20-Plex Pd barcoding system pro-
vides 20 different barcodes, which allows us to label 20
samples and then pool them together for further processing
as a single, multiplexed sample. The mass-tag barcoding
agents label cell samples with a unique combination of three
palladium (Pd) isotopes. To barcode samples, the samples
need to be fixed and permeabilized. The cells were resus-
pended in 1 ml Fix I Buffer (Fluidigm Corp.) and incubated
for 10min at RT. The cells were centrifuged, and the cells
in the pellet were permeabilized by washing with 1 ml Bar-
code Perm Buffer (Fluidigm Corp.). After fixation and per-
meabilization, each sample was resuspended in 800 ul
Barcode Perm Buffer (Fluidigm Corp.), added to barcodes,
diluted in 100 yl Barcode Perm Buffer, mixed, and incubated
for 30 min at RT. The cells were centrifuged and washed
twice with 1 ml of Maxpar Cell Staining Buffer. The resulting
cell pellet was used for immunostaining.

2.6. Immunostaining. After barcoding, the cells were resus-
pended in 50 ul Maxpar Cell Staining Buffer. Fc-Receptor
(BioLegend, San Diego, CA) blocking solution was added
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TaBLE 1: Antibodies used in this study.

TaBLE 2: Identified immune cell types and their identifying markers.

Antibodies Clone Metal label Cell types Defined markers
Anti-mouse Gr-1 IA8 141Pr Monocyte derived macrophages (MoM®s) CD45"CD11b*
Anti-mouse CD11c N418 142Nd Microglia derived macrophages (MiM®@s) CD45°CD11b*
Anti-mouse CD69 H1.2F3 145Nd afT cells TCRB'CD3*
Anti-mouse CD45 30-F11 147Sm pOT cells TCRB CD3"
Anti-mouse CD11b M1/70 148Nd B cells CD45"B220"
Anti-mouse B220 RA3-6B2 176Yb CD8 T cells CD45" CD8"
Anti-mouse CD25 PCé61 151Eu CD4 T cells CD45" CD4"
Anti-mouse CD3 145.2C11 152Sm Treg cells CD3*CD4" CD25"
Anti-mouse Ter119 Ter119 154Sm CD4 Ty CD3"CD4'CD44"
Anti-mouse CD62L MEL-14 160Gd CD8 Ty CD3"CD8"CD44"
Anti-mouse CD8 53-6.7 168Er NK cells CD45" NK1.17
Anti-mouse TCRf H57-597 169Tm
Anti-mouse NK1.1 PK136 170Er
Anti-mouse CD44 IM7 171Yb correlat%ons. that were -1 or 1 were thrown gut. We usefl
. the Benjamini-Hochberg adjustment for multiple compari-
Anti-mouse CD4 RM4-5 172Yb sons, then further restricted the cutoff value to only analyze
DNA staining 191/1931r correlations where R? > 0.90. The data was loaded into R stu-
Live/dead sating 195Pt dio (v1.1.383; R v 3.4.3) and network graphs were generated
Barcoding 102-110Pd using the iGraph package (v1.1.2) with a Fruchterman-

then incubated for 10 min, and then 50 ul of antibody cock-
tail was added to make a total of 100 ul volume. The mixture
was gently vortexed, incubated for 30 min at RT, and centri-
fuged, and the supernatant was discarded. The cell pellet was
added to 500 ul of intercalator solution (Fluidigm Corp.),
gently vortexed, and incubated for 1 h at RT. The cells were
washed by adding 1 ml of Maxpar Cell Staining Buffer and
centrifuged. The cell pellet was resuspended with EQ Four
Element Beads (Fluidigm Corp.) solution, and the cell con-
centration was adjusted to 2.5 —5x 10°/ml. The cells were
injected into the CyTOF machine and processed for data
acquirement (CyTOF2, Fluidigm Corp.). The list of antibod-
ies is summarized in Table 1; all antibodies were purchased
from Fluidigm Corp. The immune cell types identified by
CyTOF in the brain and peripheral immune organs are listed
in Table 2.

2.7. Data Analysis. The raw data were first calibrated using
beads. The multiplexed samples were debarcoded by the
Debarcoder software (Fluidigm Corp.) to separate different
samples based on a single-cell algorithm, to provide individ-
ual data files. Then, the data were analyzed by using Cyto-
bank [19] and SPADE [20]. The values were transformed to
ArcSinh scales. Heat map data were generated using the Arc-
Sinh ratio with the minimum value as control baseline using
Cytobank https://www.cytobank.org [19, 21] to present the
cell marker expression changes in different cell types. The
expression level of each marker was normalized by dividing
the maximal measured median intensity value.

2.8. R Program Analysis. Correlational matrices were gener-
ated using total cell numbers for each animal at various time
points across the four organs, for each organ across the five
time points, resulting in large correlational matrices. Any

Reingold clustering. Graphs were exported as .svg and edited
in Inkscape for clarity. To present the immune cell-type net-
work, the red lines indicate the positive correlations, while
the black lines show the negative correlations. Among the
various immune cell types, when they are connected by either
ared line or black line, they were considered within the same
network.

2.9. Statistical Analysis. Data are expressed as mean + SD.
Differences were considered statistically significant when
P <0.05. Parametric data from different groups were com-
pared using 1-way ANOVA followed by Student-New-
man-Keuls tests using GraphPad Prism. Two-way
ANOVA was used when comparing groups with two var-
iants (GraphPad Software, Inc., San Diego, CA, USA).

3. Results and Discussion

3.1. The Trend of Various Immune Cell Numbers at Different
Time Points after Ischemic Stroke. There are two major
improvements for CyTOF compared to traditional FACS: first
and foremost, the number of probes used in one reaction sig-
nificantly increased. Secondly, the CyT'OF procedure requires
barcoding of each sample before staining (Figure 1(a)). All of
the samples go through the same staining, washing, and per-
meabilization steps as a single multiplexed sample. This
reduces the variations among samples, and the results are
more consistent and accurate. In the current study, the sam-
ples from the sham group and various time points after stroke
on set were collected and stained strictly following the CyTOF
staining protocol. Then, the data were analyzed using both
viSNE and SPADE (Figure 1(b)). viSNE presents a two-
dimensional data; each individual cell shows a scatter plot to
present the labeled marker expression level for each cell [22].
SPADE organizes cells into a hierarchy based on the related


https://www.cytobank.org

4 Journal of Immunology Research
Sample isolation Mass cytometry Data analyses
> . Spade
e < Ischemic brain Barcoding & P
T i
6 Blood + ViSNE
& Spleen » g ( ) Staining »
; \a Heatmap
N Bone marrow analysis
R “R” analysis
[Do D1 D3 D7 D14 l} Cell collection for immnuce cell
MCAO ays network
Sample collection
(a)
Brain
CD45 CDl11b B220 cDp3 NK1.1
. B cells A é 0
0 . 0 L,
001 (B220) | S 0 ol .
| ; 1
L Resident MoM®: Rrine.t) e ’ %
oM@s ! x '
cells . (CDash a MIM(Z)]S‘ CD3 T cells *.NK cells
Infiltrating cells €055 W ssi Corb) (CDas* (CD45°CD3") [if 384 (CD45 2091
(CD45Me) CD1Ib) | 5,7 320 NKLI)
= 1420 MoMOs 1053 q ?} 151.3 CD3 T cells 1334 NK cells T 4257
3| PRes  Inf 290.8 o {MiMOs - 2324 Beis |7 3 5415 ) 49.26 B . 20.71
st & 59.47 z “ 5119 é ¢ g: 19.13 é’ 792 g 21 9.729
3 " 1169 ©1 & 1077 3 6.077 3 ss | B - 3.853
[ R ] % ]
0 0 L 0 0 T
CD45 CD45 CD45 CD45 CD45 tSNE1
cD8 CD4 CD25 CD44 TCRB
. . ) ,
0 0 0
B CDA Teff/menm ool
CD4 T cells - (CDa*CDag)—* <y CD8 Teft/me — 0 T cells
CD8 T cells - (CD3*CD4") ~ ¥ (CD$*CD44) | || oo © (CD3'TCRS) [ '*?
~ ~ 3 - 4.29 2581 * -
(CD3°CD8") i :
82.14 N 246.2 T 5340 47.66 48.84
e 3415 DLl 78.09 . 1 il 785.5 ] 2258 apLeells 23
= 2 g oo gl B 2 s g
a o) 139 a zZ 2456 8 21 ST 115.4 27 1035 & Z 10.49
OF b © 2 s} Z S % 2 P k2
w i 3 ; ;942 e ;OPFZ E W,%“’;t] 16.62 E 4.032 &6,—1‘—«“5 Z.lwl
CD3 ) |‘§‘N‘Ei T CD3 o ‘tQ‘N‘E‘l‘ ' CD3 CD3
(b)
CD11b
% ﬁ L. 01
¢ & -~ Remaining cells
em
pe,
- /(//
B cells S 17—w<<
2
B L SR
/ .- e\
\'- - . . '\\ .
e T NG MiM@
N
NK cells
D+—DCs
CD4T cells *_~
yO T cells™ .5y = CD3 T cells 517
CD8 Teff/mem
CD8 T cells
(©

F1GURE 1: Characterization of the brain immune cell populations using mouse MCAO model by CyTOF. (a) Experimental workflow: mice
with stroke and sham surgery were euthanized for tissue collections. The ischemic brain hemisphere, blood, spleen, and bone marrow
were collected at days 1, 3, 7, and 14 after stroke, and immune cells were isolated and barcoded by a combination of three palladium (Pd)
mass tags. Cells from the same tissue types were collected at the same time points, pooled, and stained using metal-labeled 17 antibodies
against cell surface markers. The CyTOF data was analyzed using Cytobank and presented by SPADE, ViSNE, and standard dot pot. The
marker intensity was analyzed using a heat map. The cell number correlations were analyzed using R programming language and
presented as network. (b) Representative gating method. Cell surface markers used for cell-type identification including CD45, CD11b,
B220, NK1.1, CD3, CD8, CD4, CD44, CD25, and TCRp. Illustrative SPADE tree (top), viSNE (bottom right), and standard dot pot
(bottom left) to present identified immune cell types in the ischemic brain. In SPADE, the colored standards present the markers’ median
expression levels, and the node sizes show the cell numbers. In viSNE, the color gradients show the markers’ intensity, and each dot
represents a single cell. All of the figures are representative data on day 3 after stroke onset. (c) Illustrative SPADE identification of brain
immune cells (day 3).
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F1GURE 2: The trend of cell number changes in different tissues among acute, subacute, and chronic stages after MCAO in mice. (a) Total cell
number changes in the brain, blood, spleen, and bone marrow from sham, day 1, day 3, day 7, and day 14. (b) Changes in various immune cell
numbers in the sham group brain and day 1, day 3, day 7, and day 14 after stroke. Based on the cell numbers, the brain immune cells were divided
into three different groups. The first group (Figure 2(b), left) includes MoM@s and MiM®@s. P = 0.06 (MiM@s, sham control vs. day 1 group).
The second group (Figure 2(b), middle) includes B cells, CD3 T cell, CD4 T cells, CD8 T cells, y0T cells, and CD4 Tpgp/pn cells. The third group
(Figure 2(b), right) includes CD8 Ty cells, Treg cells, NK cells, and ¢cDCs. (c) Changes in various immune cell numbers in the peripheral
blood, spleen, and bone marrow from the sham group and day 1, day 3, day 7, and day 14 after stroke. Based on the cell numbers, cells were
divided into two groups. The first group (on the left) includes B cells, CD3 T cell, CD4 T cells, CD8 T cells, and Grl" cells (in the spleen,
GR1" cells were listed in the second group). The second group (on the right) includes CD4 Tpppnien cells, CD8 Typpnpn cells, pOT cells,
Treg cells, NK cells, and ¢DCs. *Sham vs. different time points. *1d vs. various time points. 7D < 0.05, ****P < 0.01, ***'***P < 0.001, and
****/####P <0.0001.
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F1GURE 3: Cell surface markers significantly expressed in different immune cell subtypes from samples of sham, day 1, day 3, day 7, and day 14
poststroke in the brain, blood, spleen, and bone marrow. (a) The surface marker expression levels of specific immune cells according to their
cell types in the ischemic brain. The heat map depicts the ArcSinh ratio of median values. The minimum value in each protein expression was
used as a control. The cell surface markers include CD45 expression on MiM@s and MoM®@s; B220 expression on B cells; CD4 expression on
CD4" T cells; CD8 expression on CD8" T cells; CD44 expression on CD4 Ty, and CD8 Ty, cells; CD25 expression on Tregs; CD11c
expression on cDCs; NK1.1 expression on NK cells; and Gr-1 expression on Gr-1* cells. (b-d) Illustrative SPADE tree to present the
identified immune cell types in the peripheral blood (b), spleen (c), and bone marrow (d) (left). The cell surface marker expression levels
of specific immune cells’ on the corresponding immune cell types (right).

phenotype markers to identify cell types and shows the cellular
heterogeneity [20].

As a result, we identified 11 leukocytes recruited in the
ischemic brain (Figure 1(c)).

Consistent with previous data, CyTOF results showed
that the total leukocyte numbers significantly increased in
the brain after ischemic stroke but dropped in the peripheral
blood, spleen, and bone marrow (Figure 2(a)). Across the
time points, the total leukocyte population numbers in the
ischemic brains were increased from day 1 and reached a
peak at day 3 after ischemia (Figure 2(a)). We divided the
brain immune cells into three groups, based on the cell num-
bers, for a clear review of each cell type (Figure 2(b)). First,
MiM@s and MoM@s are the major immune components in
the ischemic brain. There were approximately a half million
resident microglia in the ischemic hemisphere, which
quickly responded to ischemia and increased from day 1,
while MoM@s increased from day 1 and peaked at day
3. In the subacute stage, the MoM@ numbers maintained
at a relatively higher level (Figure 2(b), left). Notably,
unlike most T cells (including CD4, CD8, and TEM cells),
which reached peaks on day 3, B cells responded much
faster to stroke damage and dramatically migrated into
the brain from day 1 (Figure 2(b), middle). In addition,
NK cells also entered the ischemic brain from day 1 and
reached a peak on day 3 after stroke.

On the other hand, the total cells in the blood and spleen
all experienced a significant decrease (Figures 2(a) and 2(c)).
In the bone marrow, both Grl* and B cells showed
significant decrease (Figure 2(c)).The detailed characteriza-
tion of the immune cells using CyTOF are provided in

supplementary data. (Supplementary Figure 1 for the blood,
Supplementary Figure 2 for the spleen, and Supplementary
Figure 3 for the bone marrow). The top channels show the
SPADE analysis, and bottom/right channels show the
viSNE analysis (supplementary data). In Figure 2, for better
visualization, the cell types are depicted in two separated
graphs based on cell numbers (10° vs. 10° or 107). In our
current study, we have seen a dramatic decrease of Gr1™ cells
containing both monocytes and neutrophils from the acute
phase in the peripheral blood, which further confirmed that
the number of monocytes and neutrophils is closely related
to stroke status. Previous studies indicated that leukocyte
numbers could be used as markers to estimate the severity of
ischemic stroke. As an inflammation marker, the monocyte
counts could predict not only the first cerebral infarction
[23] but also the recurrent ischemic events [24]. The total
immune cells in the spleen had a significant decline on day 1
with the most dramatic decrease on day 3 after MCAO
(Figure 2(b)). The leukocyte cell numbers in the peripheral
blood were also taken as an indicator for stroke severity. For
instance, data collected from a 3-month study in Chinese
stroke patients showed that the ratio of lymphocytes to
monocytes in the blood is a novel predictor for acute
ischemic stroke [25]. The total white blood cell count and
absolute neutrophil count were used as prognostic
biomarkers in human intracerebral hemorrhage (ICH) [10].
The spleen has a critical connection with the ischemic brain
during the stroke-induced inflammation process. It serves as
a major reservoir for circulating immune cells and a crucial
peripheral immune organ that mediates inflammation [26].
Rats splenectomized 2 weeks before permanent MCAO had
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FIGURE 4: The surface marker expression levels of specific immune cells on corresponding cell types. The expressions of CD11c, Gr-1, CD45,
CD11b, CD19, CD25, CD62L, TCR-beta, NK1.1, CD4, CD44, CD3e, CD8a, and B220 in various leukocytes, including cDC, B cell, CD8 T cell,
CD4 T cell, CD8 T, CD4 Ty Treg, and NK cell, in the ischemic brain, peripheral blood, spleen, and bone marrow were measured from
samples of sham, day 1, day 3, day 7, and day 14 poststroke in the brain, blood, spleen, and bone marrow. The expression of CD62L has
significant increases at day 7 in NK cells, CD8 T cells, microglia, and monocyte-derived macrophages (MiM@s and MoMs) in the brain tissue.

more than an 80% decrease in infarction [27]. Although, with
or without splenectomies, it did not significantly affect the cell
number changes in the blood [27], the absolute spleen weight
started to decrease from 24 h, and the most significant decline
was seen around 50h after MCAO [9]. In our current study,
we have also seen a dramatic decrease of total immune cells

3.2. The Expression Changes of Immune Cell Surface Markers
Indicate the Possible Function and Status of Immune Cells.
Our research also revealed that the expression levels of cell
surface markers changed in various leukocytes across differ-
ent time points (Figures 3 and 4). The most dynamic changes

in the spleen 1 day after MCAO, with the significant
decrease appearing at day 3 (Figure 2(b)). This decrease is a
systematic response, and all cell type numbers had declined.
A previous report showed that various spleen immune cells,
including NK cells, monocytes, and T cells, labeled by
carboxyfluorescein diacetate succinimidyl ester (CFSE) can
be detected in the ischemic brain [9], which shows that the
spleen serves as a source of immune cells migrating into the
brain and plays a role in neuroinflammation. All of these
confirmed that lymphopenia happened in the peripheral
organs and the decreased immune cell numbers may be used
as predictors for stroke outcome.

of those surface marker expressions happened in the ische-
mic brain. CD4 and CD8 had higher expressions from day
1 to day 3 (the acute phase) than day 7 and day 14 (subacute
phase), while the CD45 expression of both MiM@s and
MoM@s kept a relatively higher level over the whole period
(Figure 3). Cell surface markers are mainly used to identify
leukocyte phenotypes, but their expression levels also reveal
the maturation state and functions of individual cells. For
instance, Itoh et al. showed that CD4 expression levels corre-
lated with Th cell polarization; specifically, Th2 cells express
less CD4 compared to Thl cells [28]. In our current study,
compared to sham control, we found that CD4 expressions
in the acute phase (day 1 and day 3) were higher than the



10 Journal of Immunology Research

Day 1 t,?’t
. | MoM@  con
Sham g Ch4 2 \ SN
CD8—Grl+ D3 =k /
@4 \ . [
o r A
Grl+ NKT = AT
\ / 'yﬁT""ms P NK | @7 — NK
— D4 e EM. \H
R0 & [
AVELLY Yo B e o
/ \\/ [ \Grl+
G
R @
NG g ek e s q){ ¢
N\ Y L /HK & EM Treg L S
B KT
Brain Spleen
Blood Bone marrow Brai
rain Spleen
Blood Bone marrow
() (b)
Day 3 Day 7 2}(1‘
voT . 75 Grl+
&1 NK MoM@ NK
T epa CD4 Gri+ |
B Treg B CD8
~eDC D4
NKT. oM
i B —Gps— O cps—— 10T
aps /- i E/M
_DC EM g cp4—CD3 NK
DG / Nt W
CDZ,-CD“ cDC—¥oT MiM@  NKT — B
/ | . - CD3
L NKT ¥
x A _Metio g CD3 T
CD8 — NK ~ape )
- T - CD8
€8 % p4
Brain Spleen
Blood Bone marrow
Brain Spleen
Blood Bone marrow
(0 (d)
Day 14
CD3
& NKT
Treg i
| )
cps  €D4  NKT _% 4
o . Treg
D8 lI'N NKT
EM = D3 NK

-
=4
s

S

T ¢
CD4- Grl+ T Grl+ =
i —gpc——F £
- s $c 2
Gri+ MK EM 23
‘, . ¢bs £
45T c D4 (N I
MiM& Sham  d1 d3 d7 d14
./"""-7
MoMO
/EM
Ch4
Brain Spleen
Blood Bone marrow
(e) ®

FIGURE 5: R programming analyses for various immune cell correlations among different organs after stroke. The leukocyte samples were
isolated from the brain, blood, spleen, and bone marrow from animals euthanized at day 1, day 3, day 7, and day 14 poststroke. The
correlations were analyzed based on cell numbers by using R programming language. Blue circles represent the immune cells from the
brain; purple, green, and yellow represent the immune cells from the blood, spleen, and bone marrow, respectively. The red line represents
a positive correlation while the black line represents a negative correlation. Immune cell networks present at different time points: (a)
sham; (b) day 1; (c) day 3; (d) day 7; (e) day 14. (f) Network numbers from different days after stroke and sham animals are depicted.



Journal of Immunology Research

expression in the subacute phase (day 7 and day 14), suggest-
ing that in the acute phase, the CD4 T cells are more likely to
polarize to Thl status in the proinflammation stage
(Figure 3). Others also reported that stroke resulted in
increased CD45 expression intensity shifting from low to
medium 24 h after stroke onset [29]. Our results showed that
CD45 expressions increased in both MiM@s and MoM®@s in
the ischemic brain after stroke. Furthermore, it was reported
that CD11b expression increased in microglia after stroke
[26]. Our data showed that CD11b expression increased after
stroke compared to the sham group (Figure 3).

Interestingly, our data showed that the CD62L expres-
sion in the brain had significantly increased in NK cells,
CD8 T cells, microglia, and monocyte-derived macro-
phages (MoM@s) at day 7 (Figure 4). CD62L, also known
as L-selectin (SELL), is a key adhesion molecule that regu-
lates both the leukocyte migration at the inflammation
sites and the lymphocyte recirculation between the blood
and lymphoid tissues. It is commonly accepted that
stroke-induced brain damage causes neuronal cell death
and the release of damage-associated molecular patterns
(DAMPs), which initiates the innate and adaptive immune
response [30]. However, it is still not clear which factor
facilitates the relative long-term immune response [30].
We assumed that the homing immune cell molecule
CD62L may have worked as the “tracker” to attract spe-
cific immune cells from the peripheral immune cell migra-
tion into the brain. Specifically, CD62L acts as a “homing
receptor” to enter the secondary lymphoid tissues via high
endothelial venues [31]. Interestingly, in our current study,
the CD62L significantly increased in day 7 after stroke on set,
while the total immune cell numbers in brain peaks on day 3.
This phenomenon suggests that in the stroke-induced neuroin-
flammation, CD62L may track some specific, not all of,
immune cell types. Specifically, in 2019, Ito et al. showed that
the Tregs had a consistent increase, especially after day 5 [32].
In addition, in our current data, we showed that there was
a constant decrease of CD4 Tregs in the peripheral blood,
which further supports with Ito et al’s data that more Treg
cells have migrated into the brain. Taken together, our
results confirmed that stroke resulted in dynamic changes
in many cell surface markers in various leukocytes after
stroke. The cell surface marker expression levels could reveal
the immune responses after stroke.

3.3. Computational Analysis of Immune Cell Networks from
Different Tissues at Various Time Points. Based on the cell
numbers, we described the correlation between different cell
types among various tissues at different time points using the
R program. The red lines indicate the positive correlations
between different immune cell types, while the black lines
show the negative correlations. This computational analysis
predicts the possible immune cell relationships and the net-
works among the brain, peripheral blood, spleen, and bone
marrow (Figure 5). In sham animals, the analysis shows that
there are interactions between immune cells from the bone
marrow (yellow circles) and blood (purple circles), but most
immune cells mainly grouped within each tissue
(Figure 5(a)). However, the dramatic changes happened at
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day 1 after stroke, when the peripheral immune cells
migrated into the brain. All cell types from the different
organs are grouped as one big network (Figure 5(b)), indicat-
ing that all cell types interact with each other among the
ischemic brain, peripheral blood, spleen, and bone marrow.
Nevertheless, the single, big network observed at day 1 is bro-
ken down into 6 small networks at day 3. As a result, immune
cells mainly formed networks within their original organs at
day 3, and the correlations across different organs are dra-
matically reduced. However, a significant network between
the brain and the spleen was detected, likely indicating
that the immune cells from the spleen still affect or inter-
act with the immune components in the brain in a longer
time frame (Figure 5(c)).

To explore the interactions among various immune cells
across different time courses, we analyzed the network via
different time points. We showed a significant brain-spleen
interaction, especially in the acute phase (Figure 5). This
result is consistent with previous studies that spleen-derived
proinflammatory cells move into the peripheral circulation
and subsequently migrate into the ischemic brain [33]. The
major immune cell types involved in the brain-blood interac-
tion are Grl™ cells and CD3 T cells, including both CD4 and
CD8 T cells (Figure 5(c)). In addition, some limited interac-
tions between the bone marrow, blood, and spleen were
observed (Figure 5(c)). This interaction reduction trend con-
tinues to decrease from day 7 to day 14 after stroke
(Figures 5(d) and 5(e)). The numbers of individual networks
from sham animals and animals surviving at different days
after stroke were portrayed (Figure 5(f)), indicating that the
correlations between immune cell types across different
organs increased at day 1 and decreased from day 3 to day
14 after stroke.

In conclusion, our study provides a systematic charac-
terization of the immune cells among different tissues and
organs from the acute to chronic phase after ischemic
stroke in mice. However, there are also some limitations
in our current study. For instance, adding functional cell
markers into the antibody panel could show the functional
changes of various immune cells. Nevertheless, this current
study shows a systematic overview of cell populations and
provides more information in terms of cell number, cell-
cell network, and phenotypes.
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Supplementary Materials

Supplementary Figure 1: representative SPADE and viSNE
figures for cell-type identification in peripheral blood and
major cell surface markers used for cell identification
including CD45, CD11b, CDl11c, Grl, B220, NK1.1, CD3,
CD8, CD4, CD44, CD25, and TCRp. Illustrative SPADE
tree (top) ViSNE (bottom) to present identified immune
cell types in peripheral blood. In SPADE, the colored stan-
dards present the expression levels of markers’ median,
and the node sizes show the numbers of cells. In viSNE,
the color gradients show the markers’ intensity, and each
dot presents a single cell. Supplementary Figure 2: repre-
sentative SPADE and viSNE figures for cell type identifica-
tion in blood and major cell surface markers used for cell
identification including CD45, CD11b, CDl11¢, Grl, B220,
NK1.1, CD3, CD8, CD4, CD44, CD25, and TCRg. Illustra-
tive SPADE tree (top) viSNE (bottom) to present identi-
fied immune cell type in the spleen. In SPADE, the
colored standards present the expression levels of markers’
median, and the node sizes show the numbers of cells. In
VviSNE, the color gradients show the markers’ intensity,
and each dot presents a single cell. Supplementary Figure
3: representative SPADE and viSNE figures for cell-type
identification in the bone marrow and major cell surface
markers used for cell identification including CD45,
CD11b, CDllc, Grl, B220, NK1.1, CD3, CD8, CD4,
CD44, CD25, and TCRf. Ilustrative SPADE tree (top)
viSNE (bottom) to present identified immune cell type in
the bone marrow. In SPADE, the colored standards pres-
ent the expression level of markers’ median, and the node
sizes show the numbers of cells. In viSNE, the color gradi-
ents show the markers’ intensity, and each dot presents a
single cell. (Supplementary Materials)
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