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ABSTRACT: Ischemic postconditioning (IPostC) is a concept of ischemic stroke treatment, in which several
cycles of brief reocclusion after reperfusion are repeated. It is essential to have an accurate understanding of the
immune response in IPostC. By using high parametric single-cell mass cytometry, immune cell subsets and
characterize their unique functions from ischemic brain and peripheral blood were identified after IPostC. This
study enabled us to better understand the immune cell phenotypical and functional characteristics in ischemic
brain and peripheral blood at the single-cell and protein levels. Since some cell surface markers can serve as
functional markers, reflecting the degree of inflammation, the cell surface marker intensity among different
groups was analyzed. The results showed that downregulation of 4E-BP1 and p38 of Microglia and MoDM in the
ischemic brain was involved in IPostC-induced protection. In the peripheral blood, downregulation of P38 of

CD4 T cell and Treg has also participated in I[PostC-induced protection.
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Inflammation and immunity are crucial elements to
understanding the pathobiology of stroke, which is a
destructive illness. Stroke is one of the leading causes of
death worldwide. The immune system involved in the
ischemic brain damage, in turn, the damaged brain has an
immunosuppressive effect that promotes lethal infections
that threaten people’s survival after stroke [1]. Ischemic
postconditioning (IPostC) refers to a series of transient
occlusions of cerebral blood vessels after reperfusion,
which is an emerging concept for stroke treatment [2-4].
Our previous studies have shown that IPostC promoted
the decrease of brain infarction size and alleviated
neurological deficits in mice [5] and rats [4, 6-10],

probably by blocking both innate and adaptive immune
cells infiltrated into the ischemic brain [5]. In addition,
peripheral lymphopenia was actively attenuated by [PostC
and thus improved systemic immunodepression. Thus,
[PostC exerts a prominent protective effect on the
ischemic brain and offers new stroke therapies [5]. Also,
our previous studies have demonstrated that some
signaling events involved in IPostC, which has shown to
play a vital role in IPostC-induced protection. There are
targeting classic immune signaling events such as serine-
threonine kinase Akt [11, 12], mechanistic target of
rapamycin (mTOR) [13] and mitogen-activated protein
kinase (MAPK) [14] pathway, which improves the
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outcomes after [PostC. However, we are not entirely
understood the regulatory functions of immune factors
and their corresponding underlying mechanisms. In this
study, our focus was to analyze the effects of IPostC on
the potential link between immune cells and signaling
events in the ischemic brain and peripheral blood.

Despite the importance of immune response in [PostC,
our ability so far is limited to characterize immune cell
populations and understand their distinct functions fully.
In order to identify immune cell populations in brain
tissues, most of the studies have relied on flow cytometry,
immunohistochemistry, and gene expression assay. While
we have been taught a lot by these techniques, they also
have some limitations. Mass Cytometry, which is also
named Cytometry by time of flight (CyTOF), combines
flow cytometry with mass spectrometry of inductively
coupled plasma (ICP) [15]. CyTOF uses the same clones
of antibodies using in flow cytometry, which conjugated
to rare earth metals as reporters. A significant benefit is to
avoid the interference of autofluorescence from cells and
spectral overlap between dyes used for flow cytometry
[16, 17]. CyTOF stands for a step-change to capture
phenotypical and functional characteristics of immune
cells in such a broad and high-dimensional perspective at
the single-cell level [18, 19].

Here, we used CyTOF to broadly identify the immune
cell subsets in ischemic brain and peripheral blood after
IPostC. Using this approach, we defined the phenotype
and characterize in lymphoid and myeloid cell subsets
(including T cells, B cells, NK cells, dendritic cells (DCs),
monocytes, and macrophages) after [PostC. The evoked
intracellular responses were assessed by measuring
immune signaling events involved, including the
phosphorylation of crucial kinases and transcription
factors or total protein levels of regulatory factors.

MATERIALS AND METHODS
Mice

Adult (8-10 weeks of age; 20-25 g) male C57BL/6 mice
were purchased from The Jackson Laboratory (Bar
Harbor, ME, USA). Mice were maintained under specific-
pathogen-free (SPF) conditions in veterinary service
center of Stanford university. Five mice were kept in a
12:12-h light cycle in each cage. The temperature was set
at 65-75°F with 40-60% humidity. All experiments were
performed in accordance with the National Institutes of
Health’s Guide for the Care and Use of Laboratory
Animals and in accordance with the ARRIVE (Animal
Research Reporting In Vivo Experiments) guidelines. All
procedures and protocols were approved by the
Institutional Animal Care and Use Committee of Stanford
University.

Middle cerebral artery occlusion (MCAQ) and IPostC

Before surgery, anesthesia was induced by 5% isoflurane
and maintained at 2% isoflurane during the procedure.
The core body temperature was monitored with a rectal
probe and maintained throughout the entire procedure at
37+0.5°C with a surface heating system. Focal ischemia
was induced as described previously. Briefly, make a
ventral midline neck incision under the operating
microscope, the left common carotid artery (CCA) and
external carotid artery (ECA) were exposed and isolated.
The ECA and the CCA distal to its bifurcation were
ligated. A loose tie was made around the CCA proximal
to its bifurcation and the internal carotid artery (ICA). A
small incision was made in the CCA and a 6-0 silicon
coated nylon monofilament with a 0.23 mm tip diameter
(Doccol, Redlands, CA, USA) passed into it. With the
filament inserted, the loose tiec around the CCA was
secured, then remove the loose tie around the ICA and the
filament guided up the ICA until a slight resistance was
felt, approximately 9-10mm. Successful occlusion was
verified by Laser Doppler. After 60 min induced
ischemia, the filament was removed. Sham-operated mice
underwent the same procedure, but without monofilament
insertion.

To induce IPostC, the suture was withdrawn only
about 2 mm to allow brief, repetitive MCA occlusions.
[PostC with 3 cycles of 15 sec occlusion/30 sec release
started at 2 min after reperfusion. Animals were observed
throughout recovery from anesthesia.

Single-cell suspension preparation

After [PostC, the mice were sacrificed at day 1 and day 3.
The ischemic brain and peripheral blood were collected as
described below for CyTOF analyses. Before perfusion,
blood samples were collected from the caudal vein by
using hematocrit tubes, then transfer into an ethylene
diamine tetraacetic acid (EDTA)-coated sterile test tube
and washed twice with staining buffer. Mice were
anesthetized with an overdose of isoflurane and then
perfused with ice-cold phosphate-buffered saline (PBS).
Ischemic hemisphere was dissected and transferred to
RPMI-1640 (Sigma-Aldrich) solution. The homogenate
was filtered through a 70 pm Falcon™ cell strainers (BD
Falcon, NJ, USA) after being homogenized with the
plunger of a syringe. Then gradient centrifugated with
30% and 70% Percoll (Sigma-Aldrich, GE Healthcare
Life Sciences, USA). The suspension was centrifuged at
600 x g for 30 min at 4°C with the brake of the centrifuge
switched off. The interphase cells were collected by
aspiration with plastic pipette and completely washed
with RPMI-1640 solution [20]. The cell pellets were
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resuspended in 1 ml of staining buffer and washed one
more time.

Mass cytometry

First, approximately 3x10° cells from each sample were
incubated with Cell-ID Cisplatin (Fluidigm, CA, USA)
for 10 min to identify live/dead cells, then washed twice
with Maxpar cell staining buffer (Fluidigm, CA, USA).
To barcode the samples, they had to be fixed and
permeabilized [21]. For fixing, the cells were re-
suspended in 1 ml Fix I buffer (Fluidigm, CA, USA) and
incubated for 10 min at room temperature, and then
centrifuged. The pellets were permeabilized by washing
with 1 ml Maxpar barcode perm buffer (Fluidigm, CA,
USA). After fixation and permeabilization, the cells were
resuspended in 800 pl barcode perm buffer, mixed with
the barcodes diluted in 100 pl barcode perm buffer and
incubated for 30 min at room temperature. After that, the
cells were centrifuged and washed twice with 1 ml of
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Maxpar cell staining buffer. The cells were resuspended
in 50 ul Maxpar cell staining buffer for immunostaining,
added with Fc-receptor (BioLegend, CA, USA) blocking
solution and incubated for 10 min. Followed by stained
each sample with the antibody cocktail (antibody panel
shown in Supplementary Table 1) in 100 pl final volume
for 30 min at room temperature. The cells were
centrifuged and discarded the supernatant. This was
followed by incubation with 500 pl intercalating solution
(Iridium, Fluidigm, CA, USA) for 1lh at room
temperature. The cells were washed twice by adding 1 ml
of Maxpar cell staining buffer and centrifuged, and once
with 1 ml of MilliQ water before acquisition. To
normalize the data from different acquisition time, EQ
four element beads (Fluidigm, CA, USA) were added and
adjusted cell concentration to 2.5-5x10%/ml. Then the
cells were injected into the CyTOF machine and
processed for data acquirement (CyTOF2, Fluidigm, CA,
USA).
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Figure 1. Schematic illustration of experimental design and procedure. (A) C57/BL6 mice were divided into 3 groups, Sham,
MCAO, and IPostC. (B) Animals were euthanized for tissue collections at 1, 3 days after stroke, and immune cells were isolated
from the ischemic brain hemisphere and peripheral blood. (C) All samples were barcoded by a combination of three palladium
(Pd) mass tags. Cells from the same tissue collected at the same time point were pooled, stained using metal-labeled 35 antibodies
against cell surface markers, transcriptional factors, and phosphorylated proteins. (D) The samples were analyzed by mass
cytometry (CyTOF). The probes are separated on the basis of their mass to charge ratio and plotted with time. (E) Raw mass
cytometry data were normalized for signal variation over machine-time using normalization beads containing known concentration
of metal isotopes. (F) The combined sample was then loaded into existing matlab-based debarcoding software to automatically
assign cells back to their initial identity. In the separation tab, observe the barcode separation plots and choose a minimum barcode
separation value just before the event yield dramatically drops. Event plot for barcode population shows clear separation with very
few events appearing in the gap which is expected. (G) The CyTOF data was analyzed by manual gating and viSNE. The marker
intensity was analyzed using heatmap. ICP: Inductively Coupled Plasma.

Data processing and analysis

All acquired files in the experiment were normalized and
debarcoded using the Helios software. Then we use
Cytobank https://www.cytobank.org (Cytobank Inc.)
for further data processing and analysis.

To detect clusters of cells with similar expressions
of cell surface markers in CyTOF, live CD45*

leukocytes were gated, and a selected marker expression
on a single cell level was clustered using the
unsupervised dimensionality reduction algorithm t-
Distributed Stochastic Neighbor Embedding (t-SNE)
algorithm? in Cytobank (1,000 iterations, Perplexity 30,
Theta 0.5) [22, 23]. The final KL divergence was 1.849.
Cell populations were then defined in accordance with
standard definitions of cell types based on the expression
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of markers, which were used are listed in Supplementary  and no expression is 0 in the heatmap. According to
Table 2. In each cell subsets, the markers’ intensity = manual gating, the percentage of major cell subsets was
levels were calculated on a transformed (arcsinh(X/5))  identified.

median value. So, 1 represented the highest expression,
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Figure 2. Mass cytometry reveals immune cell subsets in ischemic brain at day 3 after stroke or
IPostC. (A) Live CD45" cells concatenated from the ischemic brain of all mice studied (n= 5) were
clustered using the viSNE on the expression of 14 cell surface markers. Expression levels of selected
markers in the resulting viSNE clustered cell populations are shown. (B) viSNE plots of clustered CD45"
cells are displayed for representative mice at day 3 after stroke. The analysis identifies 11 populations
including myeloid, lymphocytes, and unknown subsets. (C) Heatmap showing the relative expression
level of 14 cell surface markers on the 10 immune cell subsets identified by the viSNE clustering shown
in (B). (D) Quantification of immune cell subsets identified in the viSNE clustering outlined in B,
between sham, MCAO and ITPostC. Data are presented as Mean = SD, and dots on the bars represent
individual samples. MoDMs, monocyte-derived macrophages; CD4Tem/ CD8Tem cell, effector
memory CD4 and CD8 T cells. Treg, regulatory T cells; cDC, conventional dendritic cells; NK cells,
natural killer cells. n=5/group. *, **, P<0.05, 0.01, respectively, between the two indicated groups.
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Figure 3. Mass cytometry reveals immune cell subsets in peripheral blood at day 3 after stroke or IPostC. (A) Live
CD45* cells concatenated from the peripheral blood of all mice studied (n= 5) were clustered using the viSNE on the
expression of 14 cell surface markers. Expression levels of selected markers in the resulting viSNE clustered cell

populations are shown. (B) viSNE plots of clustered CD45" cells are

displayed for representative mice at day 3 after

stroke. The analysis identifies 10 cell populations including myeloid cells and lymphocytes. (C) Heatmap showing the
relative expression level of 14 cell surface markers on the 10 immune cell subsets identified by the viSNE clustering
shown in (B). (D) Quantification of immune cell subsets identified in the viSNE clustering outlined in B, between sham,
MCAO and IPostC. Data are presented as Mean + SD, Dots represent individual samples, CD4 Tem/ CD8 Tem cell =
effector memory T cells/B cells; Treg cells = regulator of T cells; cDC=conventional dendritic cells; NK cells = natural
killer cells, n=5/group, *, **, P<0.05, 0.01, respectively. between the two indicated groups.
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Detraction and visualization of differential functional
proteins

Differential expression endogenous functional immune
features in each cell type were compared between MCAO
group and Sham group using ANOVA test. Endogenous
functional immune features with two-fold difference and
adjust p value less than 0.01 were selected as significant
differential expression functional immune features. The
expression changes compared to the mean expression of
Sham group (n=5) were shown in the heatmap with
hierarchical clustering by distance using R package. We
next compared the expression change between MCAO
group and IPostC group and restricted the comparison in
the differential functional immune features. Functional
immune features with significant two-fold (p adjust
<0.01) difference between MCAO and I[PostC group were
selected as the IPostC responding functional immune
features. The expression changes were shown as a

Sham MCAO 1d

IPostC 1d

heatmap after normalized to the mean value of Sham
group, with hierarchical clustering by distance using
gplots package (heatmap.2 function) of R program
(version 3.5.1).

Statistical analysis

Data are expressed as Mean + SEM. Statistical analyses
were performed using GraphPad Prism 7.0 software
(Software for Science, San Diego, CA). The sample size
calculation was performed at a power of 0.8 and to a
significance level of 0.05 by using G*Power software.
One-way ANOVA followed by Tukey post hoc test was
used for comparisons of three or more groups using
GraphPad prism (GraphPad Software, Inc., CA, USA).
Two-way ANOVA followed by Bonferroni post-tests was
used for multiple comparisons. Differences were
considered statistically significance for p < 0.05. All the
results represent a single experiment.

MCAO 3d IPostC 3d

CD4 T cell
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Figure 4. Changes in cell surface markers in different immune cells from samples of sham, MCAO, IPostC at 1, 3 days
post-stroke in ischemic brain and peripheral blood. The heatmap depicts the arcsinh ratio of median values. The
minimum value in each protein expression was used as a control. The expression levels of cell surface markers include
CD11b on Microglia and MoDMs, B220 on B cells, CD4 on CD4"T cells, CD8 on CD8'T cells, CD44 on CD4 Tem
and CD8 Tem cells, CD25 on Tregs, CDIl1lc on cDCs, and CD49b on NK cells. MoDMs, monocyte-derived
macrophages; CD4 Tem/CD8 Tem cell, effector memory CD4 and CD8 T cells; Treg cells, regulatory T cells; ¢cDC,
conventional dendritic cells; NK cells, natural killer cells. n = 5/group.

RESULTS

Application of mass cytometry for phenotypic and
functional analysis of immune cells after IPostC

We used an advanced strategy to enable capture the
immune cell subsets within the ischemic brain and

peripheral blood after IPostC, as shown in Figure 1. In our
study, a 35 antibodies CyTOF panel (Supplementary
Tablel) was designed, which used to analyze the cellular
phenotypes and signaling events after [PostC. Single cell
suspensions of ischemic brain and peripheral blood from
Sham, MCAO or [PostC group at day 1 and day 3 after
stroke (Fig. 1B), and then were stained with the antibody
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panel. All antibodies used in this study have been
validated for commercial purposes and titrated in our
experiments. The mass-tag barcoding system was used to
make multiplexed samples to reduce sample variations
(Fig.1C). The barcoded samples were introduced into the
CyTOF, the probes are separated on the basis of their mass
to charge ratio, and a mass spectrum that represents the
identify and quantity of each isotopic probe vs time
resolution was detected (Fig.1D). Since variations in
instrument performance can occur across a series of
sample runs or even within a single run, the acquired data
were calibrated by the MATLAB normalization method
(Fig.1E). After debarcoding, the results were analyzed
using Cytobank (ViSNE and heatmap) and R software

A B
Ischemic Brain

(Fig.1F). Several cell phenotype markers were used to
identify immune cell subsets in the ischemic brain after
IPostC. There is a strategy of analyzing CD45 expression
to distinguish resident and infiltrating immune cells,
which is higher expression on infiltrating immune cells.
In the CD45"%cells, Microglia (CD45°¥CD11b") was
identified based on the expression of CD11b. The
remaining CD45" cells were termed ‘undefined cells’
(CD45"°YCD11b7). CD45 is also used to identify
infiltrating myeloid cells (CD45"¢"CD11b") in the
ischemic brain. Multiple immune cell subsets were also
present in the peripheral blood, including B220* B cells,
CDA4 T cells, CD8T cells, CD4 Tem cells, CD8 Tem cells,
Tregs, NK cells, cDC and Monocytes.
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Figure 6. Inmune signaling events response to IPostC in the ischemic brain. (A) The heatmap shows significant
changes of functional proteins in different immune cell subsets at day 1 and day 3 after stroke or IPostC. The
expression changes were normalized to the mean value of Sham group on the heatmap, with hierarchical clustering
by distance using R package. Functional proteins with significant differences (two-fold, p adjust <0.01) between
MCAO and IPostC group were selected. (B) The bar graph represents the number of functional proteins that are
significantly changed in different immune cell subsets in the ischemic brain at 1, 3 days after IPostC. (C) The diagram
shows functional proteins with significant changes in different immune cell subsets. (D) Bar graphs show the
expression levels of p-4E-BP1 and p-P38 in Microglia and MoDM. *, ** P<0.05, 0.01, respectively, between the

two indicated groups. n=5/group.

IPostC alters immune cells composition in ischemic
brain and peripheral blood

First, we performed a viSNE analysis to capture a broad
overview of the immune cell subsets at day 1 and day 3
after [PostC. It generates a two-dimensional map where
cells with similar multidimensional phenotypes are placed

close to each other while maintaining single-cell
resolution [22]. To ensure a similar impact of the cells on
the viSNE analysis, the number of cells incorporated from
the ischemic brain and peripheral blood were matched.
Application of viSNE algorithm to the live CD45" events
and gating based on distribution of cell markers
expression, including CD45, CD11b, CD3e, TCRp, CD4,
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CD8a, B220, CD44, CD25, CD49b, CD11c¢, Ly6G, Ly6C,
F4/80. (Fig. 2A, 3A). Indeed, approximately 10 immune
cell subsets were defined in ischemic brain and peripheral
blood (Fig. 2B, 3B). The heatmap of cell markers (Fig.
2C, 3C) displays how they are expression and intensity
difference between the immune cell subsets. However,
compared to MCAO group, I[PostC significantly
decreased the percentage of CD4 T cells, CD4 Tem cells,
cDC, and MoDM in the ischemic brain at day 1
(Supplemental Fig.1A) and day 3 after stroke (Fig. 2D).
We found that [PostC robustly increased the percentage
of CD4 T cells, CD8 Tem cells, B cells, and monocytes
compared to MCAO group in the peripheral blood at day
1 (Supplemental Fig.1B) and day 3 after (Fig. 3D). The
number of immune cell subsets was also quantified
(Supplemental Fig.2, 3). These results demonstrate
[PostC inhibited the infiltration of immune cells in the
ischemic brain. In addition, [PostC robustly attenuated
peripheral lymphopenia and thus improved systemic
immunodepression, which is consistent with our previous
studies.

IPostC alters the functional cell surface makers
expression

Cell surface markers useful for the identification and
characterization of immune cell subsets. Some cell
surface markers play a key role in intercellular
communication and recognition, which have the task of
allowing the transport of molecules across the membrane.
Previous study has shown that hypoxic-ischemic
encephalopathy induced CD11b expression on circulating
Gr-1 positive cells [24].The expression of these cell
surface markers in multiple immune cells was also
influenced by stroke. To compare the different expression
among the various cell subsets at day 1 and day 3 after
[PostC (Fig.4), we summarized these results in the two
compartments. The heatmap depicts the arcsinh ratio of
median values. The minimum value in each protein
expression was used as a control. The cell surface markers
include CD11b expression on Microglia and MoDMs,
B220 expression on B cells, CD4 expression on CD4 T
cells, CD8 expression on CD8 T cells, and CD44
expression on CD4 Tem and CD8 Tem cells. CD25
expression on Tregs. CD11c expression on cDCs. CD49b
expression on NK cells. The results also showed the
expression of CD4, CD8a, CD44, B220, CD49b, CD11b
in relevant immune cell populations was all upregulated
at day 1 and day 3 after stroke in the ischemic brain,
however, [PostC decreased their expressions, which
signify their unique roles in specific cell population and
need more investigations. Comparable data obtained from
peripheral blood also showed that the expression densities
of some cell markers in relevant immune populations

were influenced by IPostC. These results demonstrate the
expression of cell surface marker reflects the degree of
inflammation in different tissues, which manipulate the
functions of immune cells and further influence brain

injury.

Immune signaling events response to stroke in ischemic
brain and peripheral blood

In our study, the intracellular responses were assessed by
measuring immune signaling events. The total protein
levels of regulatory factors (IkBa) , the phosphorylation
of key kinases (including p-PLCg2, p-ERK1/2, p-EGFR,
p-P38, p-AKT, p4E-BP1 and p-S6) and transcription
factors (p-STATI, p-STAT3, p-STAT4, IRF4, IRFS,
Tbet, Gata3) were involved. Results shown in Fig. 5A are
the differences in endogenous signaling in response to
stroke, respectively. It seems that all the signaling events
increased in the ischemic brain (Fig.5 A-C), including p-
4E-BP1, p-EGFR, p-AKT, p-P38, IxBa, Arg-1 were
observed striking increased in CD4 T cells. In CD8 T
cells, p-4E-BP1 and p-ERK1/2 were increased. p-4E-
BP1, p-EGFR, IkBa, IRF4 were increased in cDCs. In
microglia, p-4E-BP1, p-ERK1/2, p-P38, IkBa, iNOS were
observed increased. p-4E-BP1, p-EGFR, p-PLCg2, p-
P38, IkBa, Arg-1 were observed increased in MoDMs.
The expression of p-PLCg2 in CD4 Tem cells and pEGFR
in B cells were significantly increased (Supplemental
Table. 2-3).

In the peripheral blood, the top 12 immune signaling
events split into 4 events that were elevated and 6 events
that were decreased in all cell subtypes after stroke. 2
features were elevated or decreased in some cell subtypes
(Fig.5D-F). The evoked p-P38 signal was visibly
increased in CD4 Tem cells, CD8 Tem cells, Tregs and
NK cells compared with those in MCAO group. The
expression level of p-STAT4 signal increased in CD4 T
cells, CD4 Tem cells, CD8 Tem cells, B cells, Tregs, NK
cells, cDCs and monocytes was dramatically increased
after stroke. The evoked p-STAT3 was increased in CD4
T and CD4 Tem cells. The expression of p-ERK1/2 and
IkBa increased in Tregs and cDCs respectively. The
analysis revealed that endogenous p-pS6 signals were
decreased in CDS8 T cells, CD8 Tem cells, B cells, NK
cells subsets. A decrease expression of iINOS was
observed in multiple adaptive immune cell subsets,
including CD4 T cells, CD8 T cells, CD4 Tem cells, CD8
Tem cells and B cells subsets. IRF4 was significantly
decreased in CD4 T cells, CD4 Tem cells, CD8 Tem cells
and monocytes. p-EGFR was decreased in CD8 T cells,
CDS8 Tem and NK cells. p-STAT1 was decreased in CD4
T cells, CD4 Tem and NK cells. p-ERK1/2 was decreased
in CD8 Tem cells. p-PLCg2 and Arg-1 were decreased in
monocytes (Supplemental Table. 2-3).
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Figure 7. Immune signaling events response to IPostC in the peripheral blood. (A) The heatmap compares significant
changes of functional proteins in different immune cell subsets at day 1 and day 3 after stroke or IPostC. The expression
changes were normalized to the mean value of the Sham group and were hierarchically clustered by distance using R package.
Functional proteins with significant differences (two-folds, p adjust <0.01) between the MCAO and [PostC groups were
selected. (B) The bar graph shows the number of significantly changed functional proteins in different immune cell subsets in
the peripheral blood at 1, 3 days after [PostC. (C) The diagram indicates the names of significantly changed functional proteins
in different immune cell subsets. (D) Bar graphs represent the expression levels of P38 in CD4 T cells and Treg cells,
respectively. *, ** P<0.05, 0.01, respectively, between the two indicated groups. n=5/group.

Downregulating of 4E-BP1 and P38 in Microglia and
MoDM response to IPostC

Differences in signaling responses to IPostC were
identified and compared to the sham group according to
signal intensities. In response to IPostC, 8 immune
signaling events were decreased compared to MCAO
group (Fig. 6A). Compliance with signaling activities, 8
events related to signaling responses in immune cell
subsets were elevated after stroke, that is, p-4E-BP1, p-
P38, p-ERK1/2, IxBa and iNOS in Microglia. p-4E-BP1,
p-P38, p-PLCg2 and Arg-1 in MoDMs. p-4E-BP1 in CD4
T cells and p-AKT in ¢DCs (Fig.6B). Particularly, a
decrease in p-P38 and p-4E-BP1 signals were observed
across microglia and MoDM (Fig.6C-D). This suggests
that Microglia and MoDM are key cell types related to
mechanisms regulate the activity during IPostC. [PostC
induced protection is involved in downregulating 4E-BP1
and P38 of Microglia and MoDM after stroke.

Downregulating P38 in CD4 T cell and Treg response to
IPostC

In the peripheral blood, 9 immune signaling events were
decreased response to [PostC (Fig.7A)., including p-P38,
p-ERK1/2, p-PLCg2, p-S6, p-STATI, p-STAT4, IRF4,
iNOS and Arg-1. p-P38 was observed striking decreased
in CD4 T cells, B cells, Tregs and ¢cDCs. In CD8 Tem
cells, p-ERK1/2 was increased response to [PostC. In
contrast, p-ERK1/2 was decreased. P-STAT4 in CD8
Tem cells, Tregs and NK cells were observed decreased.
P-STATI in CD4 T cells, CD4 Tem cells and NK cells
were increased. IRF4 was increased in CD4 T cells and
CD4 Tem cells. iNOS were observed increased in CD4
and CD8 T cells. P-S6, Arg-1 were observed increased in
CD8 T cells and MoDMs respectively. The expression of
p-PLCg2 in Tregs was significantly decreased (Fig.7B).
This suggests that CD4 T cell and Treg are crucial cell
types in the peripheral blood during IPostC. IPostC
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induced protection is involved in downregulating P38 of
CD4 T cell and Treg after stroke (Fig.7C-D). Yet, when
taken together, the signaling events P38, a critical pattern

Ischemic Brain

Stroke

Damaged ﬁ‘:

Neuron

in ischemic brain and peripheral blood after [PostC, are
broadly blunted across immune cells.

Peripheral Blood

CDA4 T cell/Treg

IPostC

P38

Figure 8. Our results showed that downregulation of 4E-BP1 and p38 of Microglia and MoDM in the ischemic brain was
involved in IPostC-induced protection. In the peripheral blood, downregulation of P38 of CD4 T cell and Treg has also

participated in [PostC-induced protection.

DISCUSSION

After ischemic stroke, brain injury triggers a series of
robust inflammatory response, leading to the activation
and infiltration of inflammatory cells into the ischemic
brain. [25-28]. Most literature indicates that inflammation
promotes the expansion of stroke lesions and worsens
neurodeficits during stroke acute phase [29, 30]. Further,
inhibit the immune response in the brain can limit the
extent of stroke injury [26, 27, 31-33]. Contrary, the
injured brain can transition the functional status of the
peripheral immune system from competence to
suppression after acute stroke, as manifested by
lymphopenia, decreased the levels of inflammatory
cytokines, monocyte and lymphocyte dysfunction [29, 34,
35].

The sudden break of blood supply in the vascular
region results in neural cells' death, engendering an
ischemic core, surrounded by a hypoperfused region
termed the penumbra [36]. Focal cerebral ischemia leads
to microglia are activated in the cerebral cortex of the
ischemic hemisphere. Microglia are the first cell

populations in the CNS to react to these danger signals
within minutes of ischemia onset [25]. Astrocytes actively
participate in the immune response after injury by
recruiting peripheral immune cells and interacting with
microglia via secreting cytokines and chemokines [37,
38]. Following ischemia, dynamic blood-brain barrier
(BBB) permeability changes result in endothelial swelling
[39], and invasion of peripheral myeloid cells and
lymphocytes drive inflammation progression. This leads
to the production of adhesion molecules and
proinflammatory cytokines, which in turn aggravates the
damage of brain parenchyma and vasculature [40].

In a murine MCAO model, myeloid cells and
lymphocytes were identified in the contralateral
hemisphere throughout acute and chronic phases, which
is continuously at least 2 weeks after stroke [41, 42].
Neutrophils are attracted to the activated endothelium and
reach perivascular space, which is detected in the
microvessels within the first hour after ischemic stroke.
Alternatively, other inflammatory cells such as
macrophages, lymphocytes, and dendritic cells are
infiltrated in the ischemic hemisphere. Attracted by
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specific  chemokines, immature proinflammatory
monocytes infiltrate the ischemic tissue where they
mature into macrophages and are involved in tissue repair
after acquiring alternative polarization signs. Current
experimental evidence suggests that lymphocytes, in
particular, accumulation of T cells within the thalamus,
seem to play innate functions and interact with players in
thrombosis and hemostasis in the acute phase of stroke
[42]. Experimental studies found that induced persistence
of NK cells in the ischemic tissue achieved by interfering
with nicotinic acetylcholine receptor did not modify
lesion size but increased systemic interferon vy, protected
from bacterial infection, and enhanced post-stroke
survival [35].

For many years, flow cytometry is the main technique
of immune cell phenotyping in the ischemic brain, which
is allowing simultaneous detection of several antigens.
But the significant challenges of flow cytometry are tissue
autofluorescence and spectral overlap. However, CyTOF
offers a significant advance in stroke research, which
allows high-dimensional multi-parameter analysis [43].
Here, we use this technique can detect the surface-marker
expression of in various immune cell subsets at the single-
cell level after [PostC.

Our results demonostrate [PostC inhibited the
infiltration of immune cells in the ischemic brain. In
addition, IPostC robustly attenuated peripheral
lymphopenia, which is consistent with our previous
studies. Also, we found that the expression of cell surface
marker reflects the degree of inflammation, which
manipulate the functions of immune cells and further
influence brain injury. In the current study, CyTOF was
used to study neuroinflammation after IPostC. With this
high dimensional technique for single-cell analyses, we
identified 10 phenotypes of leukocytes recruited in the
ischemic brain. We find that IPostC strongly inhibits the
phosphorylation of 4EBP1 and P38 in Microglia and
MoDM in the ischemic brain.

After acute cerebral ischemia, activated microglia
response to the influx of immune cells and cellular
damage, which release cytotoxic and cytoprotective
substances. In ischemic brain tissue, infiltrated monocyte-
derived macrophages are key modulators of the immune
system. Resident microglia and MoDM are involved in
the production of inflammatory cytokines, such as
transforming necrosis factor-a (TNF-a), interleukin-1§
(IL-1B), and transforming growth factor-f (TGF-p).
Several studies have reported that microglia and MoDM
induce neuronal injury in the acute phase of ischemic
stroke through a TLR-4-dependent manner and trigger the
proinflammatory mediator. Pharmacological inhibition of
microglia showed protective effects in cerebral ischemia
by inhibiting a microglia-derived inflammatory mediator.
Most recently, we demonstrated that the mTOR cell

signaling pathway contributes to brain damage after
[PostC. We measured some of the phosphorylated
proteins associated with the mTOR pathway in the
ischemic hemisphere, including S6K1, S6, and 4EBPI.
[PostC attenuated reductions in their levels after stroke.
Furthermore, mTOR inhibition, both by the mTOR
inhibitor rapamycin and mTOR shRNA, aggravated
ischemic outcomes and eliminated the protective effect of
IPostC [44].

During acute diseases, inflammatory mediators
released, which activate multiple intracellular signaling
cascades, including the MAPK signal transduction
pathway. It is an important intracellular signal
transduction system and plays a crucial role in the
recruitment of leukocytes to inflammation sites.
Stimulated leukocytes by pro-inflammatory cytokines
result in the activation of MAPK isoform p38. However,
the functional consequences of p38 MAPK activation,
including adhesion, migration, and effector functions are
just beginning to be elucidated [45-47]. The leading
members of MAPK family are extracellular signal-
regulated protein kinase (ERKI1/2), c-Jun N-terminal
protein kinase (JNK), and p38 MAPK. Many studies
showed that p38 MAPK plays a role in the protective
effects of ischemic preconditioning. However, some
reports indicated that the activation of p38 MAPK might
closely be associated with the regulation of inflammation
and oxidative stress. Microglial phagocytosis in living
slice cultures was inhibited by the p38MAPK inhibitor
SB203580 [48]. The survival and phagocytosis of
activated microglia in vitro were promoted by MAPKs,
including p38 [49].

From a clinical perspective, IPostC appears to be
attractive as it can be potentially translated, in particular
for patients subjected to endovascular therapies. A large
amount of data supports its beneficial effects in neurons.
Our study provides proof-of-concept that [PostC may also
modify immune cell subsets’ crosstalk (Fig. 8).

A limitation of our study is that most of neutrophils
were excluded in the ischemic brain with the current cell
isolation protocol. CyTOF does not provide the
information of position, which may be essential for a
particular cell phenotype. However, imaging mass
cytometry [50] could be valuable to address this issue.
The panel of antibodies in our study has been validated,
which could be useful for imaging CyTOF in the future.
The advantage of CyTOF is to address multiple cell
phenotyping and intracellular signaling events after
[PostC. Increased understanding of the function of
cellular subsets and intracellular signaling events will
enable us to develop more selectively targeted
therapies. For instance, only young male adult animals
were used in our study; nevertheless, animal age and sex
are important factors that significantly affect stroke
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outcomes and neuroinflammation [51, 52]. Therefore,
future experiments should be conducted by including
female and aged animal models.

Conflicts of interest

The authors declare no conflicts of interest.

Supplementary Materials

The Supplemenantry data can be found online at:
www.aginganddisease.org/EN/10.14336/AD.2020.1115.

References

(1]

(2]

(3]

[4]

(5]

(6]

[7]

(8]

(9]

[10]

(1]

Iadecola C, Anrather J (2011). The immunology of
stroke: from mechanisms to translation. Nat Med,
17:796-808.

Zhao ZQ, Corvera JS, Halkos ME, Kerendi F, Wang
NP, Guyton RA, et al. (2003). Inhibition of myocardial
injury by ischemic postconditioning during
reperfusion: comparison with ischemic
preconditioning. Am J Physiol Heart Circ Physiol,
285:H579-588.

Zhao H, Sapolsky RM, Steinberg GK (2006).
Interrupting reperfusion as a stroke therapy: ischemic
postconditioning reduces infarct size after focal
ischemia in rats. J Cereb Blood Flow Metab, 26:1114-
1121.

Zhao H (2009). Ischemic postconditioning as a novel
avenue to protect against brain injury after stroke. J
Cereb Blood Flow Metab, 29:873-885.

Joo SP, Xie W, Xiong X, Xu B, Zhao H (2013).
Ischemic postconditioning protects against focal
cerebral ischemia by inhibiting brain inflammation
while attenuating peripheral lymphopenia in mice.
Neuroscience, 243:149-157.

Lee JJ, Li L, Jung HH, Zuo Z (2008). Postconditioning
with isoflurane reduced ischemia-induced brain injury
in rats. Anesthesiology, 108:1055-1062.

Pignataro G, Meller R, Inoue K, Ordonez AN, Ashley
MD, Xiong Z, et al. (2008). In vivo and in vitro
characterization of a novel neuroprotective strategy
for stroke: ischemic postconditioning. J Cereb Blood
Flow Metab, 28:232-241.

Ren C, Gao X, Niu G, Yan Z, Chen X, Zhao H (2008).
Delayed postconditioning protects against focal
ischemic brain injury in rats. PLoS One, 3:¢3851.
Xing B, Chen H, Zhang M, Zhao D, Jiang R, Liu X, et
al. (2008). Ischemic postconditioning inhibits
apoptosis after focal cerebral ischemia/reperfusion
injury in the rat. Stroke, 39:2362-2369.

Wei D, Xiong X, Zhao H (2015). Tim-3 cell signaling
and INOS are involved in the protective effects of
ischemic postconditioning against focal ischemia in
rats. Metab Brain Dis, 30:483-490.

Gao X, Ren C, Zhao H (2008). Protective effects of
ischemic postconditioning compared with gradual

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

(21]

[22]

(23]

[24]

[25]

reperfusion or preconditioning. J Neurosci Res,
86:2505-2511.

Gao X, Zhang H, Takahashi T, Hsieh J, Liao J,
Steinberg GK, et al. (2008). The Akt signaling
pathway contributes to postconditioning's protection
against stroke; the protection is associated with the
MAPK and PKC pathways. J Neurochem, 105:943-
955.

Xie R, Cheng M, Li M, Xiong X, Daadi M, Sapolsky
RM, et al. (2013). Akt isoforms differentially protect
against stroke-induced neuronal injury by regulating
mTOR activities. J Cereb Blood Flow Metab,
33:1875-1885.

Sawe N, Steinberg G, Zhao H (2008). Dual roles of the
MAPK/ERK1/2 cell signaling pathway after stroke. J
Neurosci Res, 86:1659-1669.

Bandura DR, Baranov VI, Ornatsky OI, Antonov A,
Kinach R, Lou X, et al. (2009). Mass cytometry:
technique for real time single cell multitarget
immunoassay based on inductively coupled plasma
time-of-flight mass spectrometry. Anal Chem,
81:6813-6822.

Bendall SC, Nolan GP, Roederer M, Chattopadhyay
PK (2012). A deep profiler's guide to cytometry.
Trends Immunol, 33:323-332.

Spitzer MH, Nolan GP (2016). Mass Cytometry:
Single Cells, Many Features. Cell, 165:780-791.
Korin B, Dubovik T, Rolls A (2018). Mass cytometry
analysis of immune cells in the brain. Nat Protoc,
13:377-391.

Korin B, Ben-Shaanan TL, Schiller M, Dubovik T,
Azulay-Debby H, Boshnak NT, ef al. (2017). High-
dimensional, single-cell characterization of the brain's
immune compartment. Nat Neurosci, 20:1300-1309.
Liu Y, Tang G, Li Y, Wang Y, Chen X, Gu X, et al.
(2014). Metformin attenuates blood-brain barrier
disruption in mice following middle cerebral artery
occlusion. J Neuroinflammation, 11:177.

Zunder ER, Finck R, Behbehani GK, Amir el AD,
Krishnaswamy S, Gonzalez VD, et al. (2015).
Palladium-based mass tag cell barcoding with a
doublet-filtering scheme and single-cell
deconvolution algorithm. Nat Protoc, 10:316-333.
Amir el AD, Davis KL, Tadmor MD, Simonds EF,
Levine JH, Bendall SC, et al. (2013). viSNE enables
visualization of high dimensional single-cell data and
reveals phenotypic heterogeneity of leukemia. Nat
Biotechnol, 31:545-552.

Kimball AK, Oko LM, Bullock BL, Nemenoff RA,
van Dyk LF, Clambey ET (2018). A Beginner's Guide
to Analyzing and Visualizing Mass Cytometry Data. J
Immunol, 200:3-22.

Ten VS, Sosunov SA, Mazer SP, Stark RI, Caspersen
C, Sughrue ME, et al. (2005). Clg-deficiency is
neuroprotective against hypoxic-ischemic brain injury
in neonatal mice. Stroke, 36:2244-2250.

Li M, Li Z, Ren H, Jin WN, Wood K, Liu Q, et al.
(2017). Colony stimulating factor 1 receptor inhibition
eliminates microglia and attenuates brain injury after
intracerebral hemorrhage. J Cereb Blood Flow Metab,

Aging and Disease * Volume 12, Number 3, June 2021

824


http://www.aginganddisease.org/EN/10.14336/AD.2020.1115

Yao Y., etal

Study of ischemic postconditioning with Mass Cytometry

[26]

(27]

(28]

[29]

[30]

(31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

37:2383-2395.

Li M, Li Z, Yao Y, Jin WN, Wood K, Liu Q, ef al.
(2017). Astrocyte-derived interleukin-15 exacerbates
ischemic brain injury via propagation of cellular
immunity. Proc Natl Acad Sci U S A, 114:E396-E405.
Gan Y, Liu Q, Wu W, Yin JX, Bai XF, Shen R, ef al.
(2014). Ischemic neurons recruit natural killer cells
that accelerate brain infarction. Proc Natl Acad Sci U
S A, 111:2704-2709.

Zhang F, Yan C, Wei C, Yao Y, Ma X, Gong Z, et al.
(2018). Vinpocetine Inhibits NF-kappaB-Dependent
Inflammation in Acute Ischemic Stroke Patients.
Transl Stroke Res, 9:174-184.

Fu Y, Liu Q, Anrather J, Shi FD (2015). Immune
interventions in stroke. Nat Rev Neurol, 11:524-535.
Urday S, Kimberly WT, Beslow LA, Vortmeyer AO,
Selim MH, Rosand J, et al. (2015). Targeting
secondary injury in intracerebral haemorrhage--
perihaematomal oedema. Nat Rev Neurol, 11:111-122.
Zhu Z, Fu Y, Tian D, Sun N, Han W, Chang G, ef al.
(2015). Combination of the Immune Modulator
Fingolimod With Alteplase in Acute Ischemic Stroke:
A Pilot Trial. Circulation, 132:1104-1112.

FuY, Zhang N, Ren L, Yan Y, Sun N, Li YJ, ef al.
(2014). Impact of an immune modulator fingolimod
on acute ischemic stroke. Proc Natl Acad Sci U S A,
111:18315-18320.

Yao Y, Miao W, Liu Z, Han W, Shi K, Shen Y, et al.
(2016). Dimethyl Fumarate and Monomethyl
Fumarate Promote Post-Ischemic Recovery in Mice.
Transl Stroke Res, 7:535-547.

Meisel C, Schwab JM, Prass K, Meisel A, Dirnagl U
(2005). Central nervous system injury-induced
immune deficiency syndrome. Nat Rev Neurosci,
6:775-786.

Liu Q, Jin WN, Liu Y, Shi K, Sun H, Zhang F, ef al.
(2017). Brain Ischemia Suppresses Immunity in the
Periphery and Brain via Different Neurogenic
Innervations. Immunity, 46:474-487.

Shi K, Tian DC, Li ZG, Ducruet AF, Lawton MT, Shi
FD (2019). Global brain inflammation in stroke.
Lancet Neurol, 18:1058-1066.

Burda JE, Bernstein AM, Sofroniew MV (2016).
Astrocyte roles in traumatic brain injury. Exp Neurol,
275 Pt 3:305-315.

Hayakawa K, Esposito E, Wang X, Terasaki Y, Liu Y,
Xing C, et al. (2016). Transfer of mitochondria from
astrocytes to neurons after stroke. Nature, 535:551-
555.

Gauberti M, Fournier AP, Docagne F, Vivien D,
Martinez de Lizarrondo S (2018). Molecular Magnetic
Resonance Imaging of Endothelial Activation in the
Central Nervous System. Theranostics, 8:1195-1212.
De Meyer SF, Denorme F, Langhauser F, Geuss E,
Fluri F, Kleinschnitz C (2016). Thromboinflammation

[41]

[42]

[43]

[44]

[45]

[46]

[47]

(48]

[49]

[50]

[51]

[52]

in Stroke Brain Damage. Stroke, 47:1165-1172.
Llovera G, Hofmann K, Roth S, Salas-Perdomo A,
Ferrer-Ferrer M, Perego C, et al. (2015). Results of a
preclinical randomized controlled multicenter trial
(pRCT): Anti-CD49d treatment for acute brain
ischemia. Sci Transl Med, 7:299ral21.

Jones KA, Maltby S, Plank MW, Kluge M, Nilsson M,
Foster PS, et al. (2018). Peripheral immune cells
infiltrate into sites of secondary neurodegeneration
after ischemic stroke. Brain Behav Immun, 67:299-
307.

Muratani M, Nakamura T, Nakano GI, Mukawa K
(1989). Ultrastructural study of two subtypes of gastric
adenoma. J Clin Pathol, 42:352-359.

Wang P, Xie R, Cheng M, Sapolsky R, Ji X, Zhao H
(2018). The mTOR cell signaling pathway is crucial to
the long-term protective effects of ischemic
postconditioning against stroke. Neurosci Lett,
676:58-65.

Herlaar E, Brown Z (1999). p38 MAPK signalling
cascades in inflammatory disease. Mol Med Today,
5:439-447.

Chang M, Guo F, Zhou Z, Huang X, Yi L, Dou Y, et
al. (2018). HBP induces the expression of monocyte
chemoattractant protein-1 via the FAK/PI3K/AKT and
p38 MAPK/NF-kappaB pathways in vascular
endothelial cells. Cell Signal, 43:85-94.

Drube S, Kraft F, Dudeck J, Muller AL, Weber F,
Gopfert C, et al. (2016). MK2/3 Are Pivotal for IL-33-
Induced and Mast Cell-Dependent Leukocyte
Recruitment and the Resulting Skin Inflammation. J
Immunol, 197:3662-3668.

Ma XL, Kumar S, Gao F, Louden CS, Lopez BL,
Christopher TA, et al. (1999). Inhibition of p38
mitogen-activated  protein  kinase  decreases
cardiomyocyte apoptosis and improves cardiac
function after myocardial ischemia and reperfusion.
Circulation, 99:1685-1691.

Ohnishi M, Katsuki H, Izumi Y, Kume T, Takada-
Takatori Y, Akaike A (2010). Mitogen-activated
protein kinases support survival of activated microglia
that mediate thrombin-induced striatal injury in
organotypic slice culture. J Neurosci Res, 88:2155-
2164.

Giesen C, Wang HA, Schapiro D, Zivanovic N, Jacobs
A, Hattendorf B, et al. (2014). Highly multiplexed
imaging of tumor tissues with subcellular resolution
by mass cytometry. Nat Methods, 11:417-422.
Ahnstedt H, McCullough LD (2019). The impact of
sex and age on T cell immunity and ischemic stroke
outcomes. Cell Immunol, 345:103960.

Labots G, Jones A, de Visser SJ, Rissmann R,
Burggraaf J (2018). Gender differences in clinical
registration trials: is there a real problem? Br J Clin
Pharmacol, 84:700-707.

Aging and Disease * Volume 12, Number 3, June 2021

825



