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Different impairment of immune and inflammation
functions in short and long-term after ischemic stroke
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Abstract: Ischemic stroke therapy and prognosis outcomes largely depend on the time periods after symptom onset.
This study aims to explore the difference of global gene expression profiles and impairment of biological functions
between short-term and long-term after stroke onset. We compared three short-term (3 h, 5 h and 24 h) and a
long-term (6-month) gene expression levels by a multi-platform microarray data integration method. RankProd was
used to calculate the differentially expressed genes between stroke patients and controls. DAVID Bioinformatics Re-
sources was utilized to determine affected biological functions. Consensus cluster and hierarchical cluster methods
were employed to compare the gene expression patterns of the commonly biological functions among these four
time course groups. The results showed that severe impairment of inflammation and immune related functions in 5
h and 24 h after symptom onset. However, these functions were less affected in the 3 h and the 6-month groups. In
addition, several key genes (CCL20, THBS1, EREG, and IL6 et al.) were dramatically down-regulated in 5 h and 24
h groups, whereas these genes showed no change or even a slight contrary expression in 3 h or 6-month groups.
This study has identified the large differences of altered immune and inflammation functions based on gene levels
between short and long-term after stroke onset. The findings provide valuable insight into the clinical practice and
prognosis evaluation of ischemic stroke.
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Introduction Ischemic strokes account for the vast majority

(85%) of stroke events and it often occurs in the

Stroke is a major risk factor that threatens the
global health of the elderly population. Actually,
stroke influences people of all ages, but risk
markedly increases with aging. The risk of
stroke is doubled for every decade after the
age of 55 [1]. Stroke is also an important cause
of serious, long-term disability in patients who
survive and experience the physical and mental
consequences of the insult for many years
thereafter [2]. Vascular cognitive impairment,
with or without dementia, is a serious long-term
consequence of stroke. Unlike physical dys-
function, cognitive dysfunction caused by the
stroke often cannot be recovered [3].

middle cerebral artery [4, 5]. When the cerebral
artery in brain ruptures is clogged by thrombus,
atherosclerotic plaque or other particles, nerve
cells in this brain region will turn to die in few
minutes due to the deficiency of oxygen supple-
ment [6]. Treatment of ischemic stroke must be
initiated within three hours of symptom onset in
order to prevent irreversible neuronal damage
and function loss [7]. Without therapeutic inter-
vention in time, the ischemic region will under-
go irreversible damage and dysfunction, and
brain injury area continues to spread out and to
be widened. Recombinant tissue-type plasmin-
ogen activator (rt-PA) has been used to dissolve
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Table 1. Differentially expressed genes in four
different time periods after symptom onset

Time Periods GTgr:ils Up-regulated Down-regulated
3h 20307 83 33
5h 20307 26 35
24 h 20307 127 93
6-month 20307 18 15

the clot to re-establish quickly the blood flow to
the brain and reduce neuronal injury. It has
become the gold standard therapy for patients
presenting within 3 hours of symptom onset
[8].

Numerous studies using human and animal
stroke models have found the large changes in
different time periods after symptom onset. A
previous study showed several gene expres-
sion changes and impairment of CD28 signal-
ing, toll-like receptor signaling and other path-
ways within 24 hours after ischemic stroke
onset [9]. Stamova et al. found an incremental
gene expression changes in peripheral immune
cells after cardioembolic stroke onset within 3,
5 and 24 h, and these changes vary largely in
male and females [10]. However, Krug et al.
found different biological function impairment
(such as immune and inflammatory responses,
platelet o granule membrane, response to
virus) after 6-months of symptom onset [11]. In
addition, a rat stroke model showed different
protein expression of brain derived neurotroph-
ic factor (BDNF), neurotrophin-3 (NT-3), tumor
necrosis factor-a (TNF-a), and interleukin-6 (IL-
6) on 3, 7, 14 and 28 days post-injury [12].

Although the deregulated genes or biological
pathways vary in these studies, all these impair-
ments were closely related to immune func-
tions. However, there were no studies that
focus on comparing the altered genes expres-
sion and affected biological functions between
short and long-term after symptom onset in
human. Our recent study showed that impair-
ment of immune related pathways and anti-
stroke target genes expression varies greatly
between sex and ages in ischemic stroke [13].
Given the time course after stroke onset signifi-
cantly alters the biological functions and
numerous genes expression, in current study
we aimed to compare the influenced pathways
and key genes in short-term and long-term after
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symptom onset by a multi-platform gene
expression data integration method.

Materials and methods
Microarray data collection

Human ischemic stroke microarray datasets
were searched and downloaded from NCBI-
GEO database (http://www.ncbi.nim.nih.gov/
geo) in January 2016. The data selection crite-
ria were: (1) all datasets were genome-wide; (2)
the samples of each dataset must include isch-
emic stroke patients and controls; (3) each
dataset should provide the time period infor-
mation after stroke; (4) raw data was available.
Based on the above criteria, we finally chose
two datasets for the integrate analysis (GSE-
22255 and GSE58294). Dataset of GSE22255
(contributed by Krug T) analyzed 20 patients
and 20 controls after symptom onset 6-months.
GSE58294 dataset (contributed by Stamova B)
contained 69 ischemic stroke samples (time
courses within 3, 5, and 24 h of each 23 sam-
ples) and 23 controls. All these two datasets
were tested using the Affymetrix Human
Genome U133 Plus 2.0 Array. Details of the two
datasets were seen in the Supplementary Table
1.

Data preprocessing

R v3.2.2 was performed for data preprocess-
ing. We used Robust Multichip Average (RMA)
algorithm in oligo package [14] to normalize the
raw expression data and generate the normal-
ized gene expression intensity of the two data-
sets. Gene annotation, integration and renor-
malization of the two datasets were carried out
using custom written Python code. We removed
probes that with no gene annotation or that
matched multiple gene symbols. Next, we cal-
culated the average expression values of mul-
tiple probe IDs that matched to an official gene
symbol, and took this value to represent the
expression intensity of the corresponded gene
symbol. The renormalization method was
reported in our previous publication [15]. The
distribution of RMA processed and global renor-
malized gene expression values in two studies
were shown in the Supplementary Figure 1.

Bioinformatics analysis

RankProd [16] was used to detect differentially
expressed genes between ischemic stroke
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Figure 1. Consensus matrix of the union genes in 3 commonly biological processes. A white to blue color scale

represented the consensus values.

patients and controls. Differentially expressed
genes were defined as the absolute values
of the logarithmic transformed fold-change
(log2(FC)) > log2(1.5) and a FDR adjusted P
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value < 0.05. Up- and down-regulated genes
were considered as log2(FC) > log2(1.5) and
log2(FC) < log2(1.5), respectively. Differentially
expressed genes in 3, 5, 24 h and 6-month
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Figure 2. Heatmap of commonly 3 GO Biological Processes. Four time periods are represented by different colors.
The color bar showed the range of log2 (fold-change). A. The immune response; B. The defense response; C. The

response to wounding.

groups were calculated as case samples in
each group compared to all control samples.

Functional Annotation Tool in DAVID Bioinfor-
matics Resources 6.7 [17] was used to perform
GO Biological Processes enrichment analysis in
each group. The input parameters were differ-
entially expressed genes listed in each group.
Biological processes with a P value < 0.01 were
considered to be significantly enriched. Venn
diagram was used to show the overlapped
enriched biological processes in each group.
We filtered 3 overlapped biological processes
(immune response, defense response and
response to wounding) and extracted the genes
in these processes in QuickGO (http://www.ebi.
ac.uk/QuickGO-Beta/). We then obtained the
union genes of these processes and used Co-
nsensus Cluster Plus [18] to assess the gene
expression clustering profiles across all isch-
emic stroke samples. We utilized heatmap in
“pheatmap” package to show the log2(FC) of
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genes in 4 time course groups in the filtered 3
processes, and the hierarchical clustering
method was chosen as “ward.D2”.

Results
Differentially expressed genes overview

The numbers of differentially expressed genes
in four time periods after stroke were shown in
Table 1. We detected total of 20307 genes in
each group. There were 83 up-regulated genes
and 33 down-regulated genes in the 3 h group,
26 up-regulated genes and 35 down-regulated
genes inthe 5 h group, 127 up-regulated genes
and 93 down-regulated genes in the 24 h group,
and 18 up-regulated genes and 15 down-regu-
lated genes in the 6-month group. The Venn
diagram of these dysregulated genes was
shown in the Supplementary Figure 2. There
were two overlapped up-regulated genes in
these four groups (XIST and TSIX).
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Table 2. The number of differentially expressed genes in the three
commonly GO Biological Processes in ischemic stroke

ession heterogeneity across
these 4 groups, we observed

3h 5h

6-month the log2(FC) of genes in these

GO Biological Processes

Up Down Up Down Up Down Up Down

biological processes in all

Immune response 14 3 4 16 12
Defense response 15 5 4 14 14
Response to wounding 3 2 1 9 7

1 1 subgroups (Figure 2). The clu-
1 0 ster results suggested that
1 0 the genes expression pat-

terns in the 3 biological pro-
cesses were similar in the 3 h
group and the 6-month group.
The 5 h and 24 h group also
showed the similar expres-
sion alterations in all these

log2(FC)
1

- CCL20 EREG IL1B IL6 THBS1 CCR2 IL1A

Figure 3. LogFC barplot of the key genes in 3 commonly GO Biological Pro-
cesses. Four time periods groups are represented by different colors.

Enriched GO biological processes in four
groups

We got 7, 51, 57 and 3 enriched GO Biological
Processes in 3, 5, 24 h and 6-month group,
respectively. Venn diagram of the enriched bio-
logical processes in each group was shown in
the Supplementary Figure 3. There were 5 com-
monly enriched biological processes in 3, 5 and
24 h groups: immune response, defense res-
ponse, response to wounding, inflammatory
response and acute inflammatory response.
The processes of inflammatory response and
acute inflammatory response were child pro-
cesses of defense response.

Gene expression profiles in common biological
processes

We extracted the genes in immune response,
defense response and response to wounding
and mapped to our datasets. Totally, we
mapped 1365, 1490 and 725 genes of these 3
biological processes, respectively. The num-
bers of union genes in these processes were
2252. Figure 1 showed the consensus matrix
of these 2252 genes expression patterns in all
datasets. The cluster results demonstrated
that these 2252 genes expression profiles in all
case samples were clearly divided into two cat-
egories. To further elucidate the gene expr-
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PF4v1  SERPING1

biological processes. The nu-
mbers of dysregulated genes

=§: in these biological processes
24h were shown in Table 2. There
I 6 month

were more up-regulated ge-
nes than down-regulated ge-
nes in the 3 h group. Intere-
stingly, these genes in the
6-month group also showed a
similar trend of over-expres-
sion, although most of these genes have never
reached to significant levels of our criteria.
However, in the 5 and 24 h groups, there were
more down-regulated genes than up-regulated
genes in all 3 biological processes. These
results implicate that impairments of immune
response, defense response and response to
wounding functions vary largely among differ-
ent time periods after stroke onset.

Fold changes of key genes in four time periods
after stroke

The numbers of common genes in the immune
response, defense response and response to
wounding were 175 (Supplementary Figure 4).
Among them, 5 genes were down-regulated in 5
h group, and 9 genes were down-regulated in
24 h group. However, no genes were dysregu-
lated in 3 h or 6-month group. Figure 3 showed
the logFC of these 9 genes. The results indicat-
ed that CCL20, EREG, IL1B, IL-6 and THBS1
were down-regulated in both 5 and 24 h groups,
especially IL-6. In addition, CCR2, IL1a, PF4V1
and SERPING1 were only dysregulated in 24 h
group. Totally, there were 8 genes displayed
low-expression patterns in 5 and 24 h group.
Conversely, these genes did not vary or only
had a slight up-regulation in 3 h and 6-month
groups.
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Discussion

Although some reports have demonstrated
gene expression alteration in brain tissues
after stroke onset, it has been unknown wheth-
er these are any links between gene profile pat-
terns and immune functions between early and
late stages of stroke. In this study, we provided
evidence that a high similarity in gene expres-
sion patterns in the immune response, defense
response and response to wounding biological
processes of ischemic stroke patients between
5 and 24 h groups after symptom onset. These
two groups all showed serious injury in the
above processes. However, gene profiles were
considerably different between 3 and 5 h
although there was a relatively small change
between 3 h and 6-month groups after stroke
onset. We identified 9 key genes in the above
biological processes, most of these genes
showed a huge down-regulated in 5 and 24 h
groups. Conversely, no key gene was dysregu-
lated in 3 h or 6-month groups, suggesting the
5 h is a key time point for stroke revision
although these gene changes no longer lasted
in the late stage of stroke.

It is notable that several dysregulated genes
were identified among these four time course
groups. Two genes were commonly up-regulat-
ed in four time periods after symptom onset
(XIST and TSIX). X inactive specific transcript
(XIST) belongs to long non-coding RNA, being
important for X-chromosome inactivation in
female cells. Up-regulated XIST results in coat-
ing of the entire X chromosome by XISTRNA in
cis, whereas TSIX (XIST antisense RNA) tran-
scription acts as a negative regulator of XIST
[19]. Dysregulated XIST and TSIX were closely
related to many complex diseases. A recent
study observed that XIST expression is signifi-
cantly reduced in breast tumor samples and
cancer cell lines, suggesting the tumor sup-
pressor role of XIST in breast cancer [20]. In
females, highly overexpressed XIST and other
transcripts reflected the huge gender-specific
transcriptomic differences in new-onset heart
failure [21]. Therefore, it is speculated that the
dysregulated XIST and TSIX could also play an
important role in stroke onset.

The present study also revealed the severe

damage of immune and inflammatory process-
es in ischemic stroke. Previous studies have
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found the associations between systemic
inflammatory conditions and cardiovascular
diseases including stroke [22, 23]. More recent-
ly, it has been recognized that inflammation not
only predisposes to ischemic stroke, but also
directly drives many pathogenic aspects of
ischemic stroke [24]. Several tissues are con-
sidered immune-privileged sites because of
their unique immune surveillance activities.
Traditional view is that the central nervous sys-
tem (CNS) is an immune-privileged site. How-
ever, subsequent studies proved it is a false
assumption that the CNS lacks immune surveil-
lance and that neuronal homeostasis was not
compatible with typical immune cell patrolling
[25]. In addition, accumulated mechanistic
studies found that there were several distinct
immune responses in CNS compared with
other peripheral tissues, including: (1) lack of
lymphatic vessels in the brain parenchyma that
would allow for egress of immune cells from the
CNS; (2) CNS glial cells inability to propagate an
effective immune response; (3) and low levels
of dendritic cells (DC) which can dampen brain
inflammatory responses [26, 27]. Furthermore,
classical lymphatic vessels were found in the
CNS meninges, providing a mechanism by
which immune cells can drain from the brain
interstitial fluid directly with the peripheral
immune system [28].

Under inflammatory conditions, including those
associated with stroke, the mechanisms that
govern normal CNS immune surveillance are
perturbed [29]. CNS leukocyte trafficking can
increase under these inflammatory conditions,
leading to leukocyte penetration into the brain
parenchyma through multiple barriers, includ-
ing: (1) blood to the subarachnoid space via
leptomeningeal vessels; (2) blood to the paren-
chymal perivascular space through the neuro-
vascular unit (NVU), with tight junctions forming
the so-called BBB; (3) blood to the CSF, which
bathes the brain and spinal cord, via the cho-
roid plexus; and (4) blood to the CSF via menin-
geal spaces and ependymal cell layers, which
line the cerebral ventricles [30]. Therefore, the
immune and inflammatory changes in blood
under ischemic stroke can accurately reflect
the conditions in the brain. In this study, we
analyzed the blood transcripts in four time
course after stroke onset and revealed severe
damage of the immune response, defense
response and response to wounding biological
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processes in 5 and 24 h group after stroke
onset. In these two groups, several key genes
(CCL20, EREG, IL1B, IL6, THBS1, CCR2, IL1q,
and SERPING1) were all down-regulated,
regardless of CCR2, IL1«, and SERPING1 did
not reach significance in 5 h group.

CCL20 belongs to the subfamily of small cyto-
kine CC genes. Cytokines are a family of secret-
ed proteins involved in immune regulatory and
inflammatory processes. CC cytokines are pro-
teins characterized by two adjacent cysteines.
Increased CCL20 protein expression was
directly toxic to primary neurons and oligoden-
drocytes subjected to oxygen glucose depriva-
tion in traumatic brain injury rats [31]. In addi-
tion, CCL20, CXCL16 and other cytokines were
highly expressed in the CNS during both pre-
clinical and acute experimental auto immune
encephalomyelitis (EAE) [32]. Furthermore, a
recent study showed that in stroke rats model
treated with human umbilical cord blood exhib-
ited significantly altered inflammatory response
genes, including CCL20 [33]. Based on the
above results and our findings, we speculate
that CCL20 may be considered as a candidate
therapeutic target and/or biomarker for neuro-
logical disorders in future investigations.

Epiregulin (EREG) is a member of the epidermal
growth factor (EGF) family. EREG involves in a
large range of biological processes including
inflammation, wound healing and cell prolifera-
tion. In a transplantation of mesenchymal stem
cells (MSC) swine model, the investigators have
observed intracoronary injection of MSC secret-
ed biologically active factors (vascular endothe-
lial growth factor, endothelin, epiregulin, et al.)
that could achieve early protection of ischemic
myocardium and improve cardiac repair and
contractility [34]. Furthermore, intermittent
hypoxia (IH) treated cell conditioned medium
exhibited significant increases in mRNAs for
EREG, AREG and NRG1, suggesting that these
EGFs could be involved in the proliferation of
IH-induced vascular smooth muscle cells [35].
These studies demonstrated that high expres-
sion of EREG is beneficial for ischemic heart
disease. Our new observation implicates that
the low-expressed EREG could cause ischemic
stroke injury.

Both of IL1x and IL13 are members of the inter-
leukin 1 cytokine family. IL1a and IL1p are main
regulators of the inflammation process and
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involve in various immune responses, inflam-
matory processes, and hematopoiesis [36].
These two genes encode IL1ax and IL1[3, respec-
tively. Experimental results showed abnormal
levels of IL1a or IL1B lead to inflammatory dis-
eases [36]. IL1 is also known to involve in the
neurodegeneration of acute and chronic brain
disorders, including ischemic stroke and some
neurodegenerative diseases, although the
cytokine is also thought to be involved in the
recovery of neurological functions [36, 37].
Interleukin-6 (IL6) is a key early mediator of the
inflammatory and overall immune responses
[38]. Previous studies showed many different
cells including astrocytes, mast cells, mono-
cytes, macrophages, fibroblasts and endotheli-
al cells can secrete IL6 after cerebral ischemia
[24, 39]. Others have observed that IL6 plays a
central role in the pathogenesis of several isch-
emic cardiovascular disorders, including isch-
emic stroke [40]. Furthermore, a recent report
suggested that IL6 is essential for promoting
social interaction on the neurogenesis as well
as long-term functional recovery after ischemic
stroke [41]. In addition, a meta-analysis includ-
ing 20-subject studies showed the correction
between higher circulating IL6 levels and poor
stroke prognosis [42]. Our results showed IL1x,
IL1B and IL6 were all low-expressed in 5 and 24
h groups, indicating that severe immune func-
tion injury has appeared in these two time
courses.

Angiogenesis is essential for recovery from
ischemic stroke and other neurovascular dis-
eases. Thrombospondin 1 (THBS1) is the first
identified endogenous angiogenesis inhibitor.
Because of important roles of THBS1 and 2 in
synapse formation and axonal outgrowth, defi-
ciency of these proteins leads to impaired
recovery after stroke [43]. Nonetheless, recent
studies also found increased blood thrombos-
pondin concentrations in both acute ischemic
stroke and acute intracerebral hemorrhage
patients are highly associated with short-term
and long-term clinical outcomes [44, 45]. It is
noteworthy that the blood THBS1 levels vary
largely in different time points after ischemic
stroke onset. Blood THBS1 level was strikingly
increased in baseline and 2 h after onset,
whereas its levels were drastically reduced in
12 and 24 h [46]. We observed the key time
point is 5 h after stroke onset since THBS1 was
down-regulated in 5 h but not in 3 h. Thus,
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THBS1 could be served as a prognostic bio-
marker of ischemic stroke.

Taken together, present study has showed huge
differences in global gene expression and
impaired biological functions in short-term and
long-term ischemic stroke onset. We revealed
severe impairment of inflammation and immune
functions and identified several key genes that
are drastically low-expressed in 5 and 24 h
after symptom onset. CCL20, THBS1 and IL
families have been identified to be related to
prognosis in patients with stroke. Moreover,
targeting these factors and downstream signal
pathways could be therapeutically relevant in
patients with stroke.
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Supplementary Table 1. Details of the GSE22255 and GSE58294 datasets

GSE22255 GSE58294
Contributor(s) Krug T et al., 2010 Stamova B et al., 2014
Samples
Ischemic 20 69
Control 20 23
Cell Type Peripheral Blood Mononuclear Cells Peripheral White Blood Cells
Time after stroke 6 month within 3 h,5hand 24 h
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Supplementary Figure 1. Value distribution of GSE22255 and GSE58294. A. The distribution of RMA processed
gene expression values of ischemic stroke datasets. There was a large deviation in the distribution of gene expres-
sion values in the two datasets. B. The distribution of global renormalized (after RMA processed) gene expression
values of ischemic stroke datasets. The distribution of gene expression values in the two datasets had a relatively
consistent range.

Supplementary Figure 2. Venn Diagram of differentially expressed genes in four different time periods after stroke.
A. The up-regulated genes, B. The down-regulated genes.
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Supplementary Figure 3. Venn Diagram of enriched GO Biological Processes in four different time period after
ischemic stroke.

immune response defense response

response to wounding

Supplementary Figure 4. Venn Diagram of mapped genes in 3 overlapped GO Biological Processes in ischemic
stroke.



