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Abstract

Understanding how the blood transcriptome of human intracerebral hemorrhage (ICH) differs from ischemic stroke (IS)
and matched controls (CTRL) will improve understanding of immune and coagulation pathways in both disorders.
This study examined RNA from 99 human whole-blood samples using GeneChip® HTA 2.0 arrays to assess differentially
expressed transcripts of alternatively spliced genes between ICH, IS and CTRL. We used a mixed regression model with
FDR-corrected p(Dx) <0.2 and p <0.005 and |FC| > I.2 for individual comparisons. For time-dependent analyses,
subjects were divided into four time-points: O(CTRL), <24h, 24-48h, >48h; 489 transcripts were differentially
expressed between |ICH and CTRL, and 63 between IS and CTRL. ICH had differentially expressed T-cell receptor
and CD36 genes, and iNOS, TLR, macrophage, and T-helper pathways. IS had more non-coding RNA. ICH and IS both
had angiogenesis, CTLA4 in T lymphocytes, CD28 in T helper cells, NFAT regulation of immune response, and gluco-
corticoid receptor signaling pathways. Self-organizing maps revealed 4357 transcripts changing expression over time in
ICH, and 1136 in IS. Understanding ICH and IS transcriptomes will be useful for biomarker development, treatment and
prevention strategies, and for evaluating how well animal models recapitulate human ICH and IS.
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Introduction

Intracerebral hemorrhages (ICHs) account for about
10%-15% of human strokes.' ICH is a severe type of
stroke,> with worse functional outcomes and higher
mortality rates compared to ischemic stroke (IS).'
Stroke diagnosis is based on patient history, neuro-
logical exam, and brain imaging. Differentiating ICH
from IS can be challenging when imaging is not readily
available. However, ruling out ICH is essential for early
thrombolytic or endovascular therapy for IS to be
initiated. Thus, understanding the specific pathways
involved in the response to the acute brain injury
caused by ICH and IS is essential for identifying poten-
tial diagnostic biomarkers, and novel targets for treat-
ment and prevention.

Peripheral blood cells play major roles in clotting,
atherosclerosis, and the acute brain injury caused by
ICH and IS.*” Leukocytes interact with blood clots,
platelets, atherosclerotic plaque and, through adhesion
molecules, with endothelial cells and produce chemo-
kines, cytokines and hormones.'”!" Peripheral
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leukocytes infiltrate injured brain and influence out-
come.'® " Though the peripheral immune response
has been studied extensively in human IS,""'*'7 little
is known about gene expression changes following
ICH.'®'® In addition, little is known about the alterna-
tively spliced transcriptome of peripheral blood cells
following ICH and IS.'*'®!® Alternative splicing is
the process by which a single gene produces multiple
RNA transcripts and protein isoforms with different
but related functions. It is one of the main means
of regulating immune and clotting pathways and has
been implicated in many diseases.'” 2! Thus, we inves-
tigated peripheral blood at transcript-isoform level
resolution following ICH and IS, and the changes
that occur over time.

Our study reveals ICH has a different transcriptome
architecture from IS and CTRL in the coding and non-
coding transcriptome, involving differences in immune
cell genes including T-cell receptors (TCRs) in ICH
only, and in clotting, angiogenesis/vasculogenesis,
macrophage, T-cell and cell death pathways in ICH
and IS. The molecular differentiation of ICH and IS
may be useful in biomarker development, understand-
ing biological processes to identify novel targets for
treatment or prevention, and for comparing to animal
models of ICH and IS to determine which best recap-
itulate the immune response to ICH and IS in humans.

Materials and methods
Study subjects

Ninety-nine male (M) and female (F) patients with ICH
(n=33,24M/9F), acute IS (n =33, 24 M/9 F), and vas-
cular risk factor (VRF) — matched control subjects
(CTRL, n=33, 24M/9F) were recruited between
2005 and 2013 from Universities of California at
Davis and San Francisco, and at the University of
Alberta, Canada. The protocol was approved by the
UC Davis and UC San Francisco Institutional
Review Boards and the University of Alberta Health
Research Ethics Board and adheres to all federal and
state regulations related to the protection of human
research subjects, including The Common Rule, the
principles of The Belmont Report, and Institutional
Policies and procedures. Written informed consent
was obtained from all participants or their proxy.
ICH or IS diagnoses, made by board-certified neurolo-
gists, were confirmed by CT or MRI imaging.?> The 33
IS subjects were represented by 11 cardioembolic, 11
large-vessel, and 11 lacunar causes of IS. Five out of
the 33 IS patients were treated with rtPA (recombinant
tissue plasminogen activator) prior to the blood draw.
CTRLs included subjects matched for VRFs and
included stroke mimics, such as migraine and simple

seizures. Samples were matched for age, race, sex, and
VRFs, including hypertension, diabetes mellitus, hyper-
lipidemia, and smoking status. Exclusion criteria
included previous stroke (for control subjects) and IS
with hemorrhagic transformation.

Blood collection, RNA isolation

Blood collection in Paxgene tubes and RNA isolation
were performed as previously described.'® There was a
single blood draw per subject. Time after symptom
onset for ICH and IS varied from 4.5 to 124.3h
(Supplementary Table 1). CTRL subjects were desig-
nated as time zero. Blood draw time was included as
a covariate in statistical analyses.

Arrays and processing

The GeneChip® Human Transcriptome Array (HTA)
2.0 (Affymetrix, Santa Clara, CA) was used with details
of the processing and quantification of expression pro-
vided in the Supplementary Methods.

Pairwise group comparisons

A mixed regression model was used for transcript-level
analyses: Diagnosis (ICH, IS, CTRL, fixed effect), sex,
age, time-since-event, and technical variation (scan
batch, random effect). REML variance estimate suit-
able for mixed models was used.”® Transcripts with
FDR-corrected p(Diagnosis) <0.2, which also had
p<0.005 and |FC|>1.2 for individual comparisons
(ICH vs. CTRL, IS vs. CTRL, or ICH vs. IS), were
considered significant. The Fisher’s least significant dif-
ference was used for individual contrasts.**

Time-dependent changes in transcript expression

For time-dependent analyses, VRF-matched controls
(n=33) were considered as time-point 0 (TPO), and
ICH and IS subjects were binned separately for time
since event into three time-points: <24 h (TP1), 2448 h
(TP2) and >48 h (TP3). Mixed regression model on tran-
script-level data was used: diagnosis, sex, age, time-point,
and an interaction of diagnosis x time-point. p < 0.005
and |FC| > 1.2 on the individual contrasts from the inter-
action term were considered significant.

Self-organizing maps analyses

To identify similar temporal profiles of expression
following ICH and IS over the four time-points, we
performed self-organizing map (SOM)?* and Learning
and Neighborhood functions, as implemented in Partek
Genomics Suite (Supplementary Methods).
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Prediction of activation/inhibition of pathways and
upstream transcriptional regulators

Pathway enrichment analysis was performed in ingenu-
ity pathway analysis (IPA, Ingenuity Systems®).?® IPA
was used to predict whether pathways were activated or
inhibited and to identify potential upstream transcrip-
tional regulators (Upstream Transcriptional Regulators
Analysis, IPA, Supplementary Methods).

Results
Demographic and clinical characteristics

Demographic and clinical characteristics are in
Supplementary Table 1. There was no significant differ-
ence in VRFs. The age of the subjects (years &= SD) was
62+14.3 (ICH), 64.8+13.0 (IS) and 63.5+13.1
(CTRL) and was not significantly different between
groups. Time since event between IS and ICH was
not significant (p =0.22) (Supplementary Table 1).

Transcriptome architecture differences between
ICH and CTRL

We identified 489 differentially expressed transcripts (DET)
(394 genes) between ICH and CTRL (Figure 1(a),
Supplementary Table 2(a), Supplementary Figure 2(a)).

DET were predominantly protein coding (52%), of
which 55% were down-regulated (Supplementary
Table 2(a)); 3% were non-coding RNA (Figure 1(a))
and included microRNA, small-nuclear RNA, small-
nucleolar RNA and long intergenic non-coding RNA
(Supplementary Table 2(a)). Differences per biotype
between the ICH versus CTRL and IS versus CTRL
are illustrated in Figure 1(a) and (b).

Notably, 7% of all DET in ICH were TCR genes: 33
transcripts, all were of the alpha type, and all were
down-regulated in ICH compared to CTRL. Twenty-
nine were from the TR_J gene type (for the Joining seg-
ment), one from the TR_C gene type (for the Constant
segment), two from the TR_V gene type (for the
Variable segment), and one TR_V Pseudogene
(Supplementary Table 2(a)).

To identify blood cell-type specific DET following
ICH, we overlapped our DET with genes reported to
be cell-type specific in human peripheral blood.?’ In
ICH, the up-regulated transcripts showed significant
overlap with CD66b(+) (Neutrophil)-specific genes
(hypergeometric probability of overlap p=28.4e-10),
with CDI14(+)(Monocytes) (p=4.7¢-03), and the
down-regulated transcripts showed significant overlap
with CD4(+)(T helper (Th) cells)-specific genes
(p=1.2e-02) (Figure 2(b)).

Functional analysis of the 489 ICH DET revealed
they were enriched in 70 canonical pathways

(@ 489 DET in ICH vs. CTRL
*

* 1%

1%
*

— % N

ncRNA  T-cell Receptors
Biotypes of DET

(b)

396 DET in IS vs. CTRL
*

ncRNA

Hl protein coding
M T-cell receptor gene
mncRNA

retained intron
Htagged for decay

| antisense
M pseudogene

M not annotated
Bl processed transcript

Figure 1. Transcriptome architecture of intracerebral hemorrhage (ICH, a) and ischemic stroke (IS, b) patients as compared to

vascular risk-factor matched Controls (CTRL). The architecture is based upon differential expression of transcripts (DET) of alter-
natively spliced genes for different biological subtypes of RNA (Biotypes). Asterisks denote significant differences between the ICH and
IS transcriptomes for the particular transcript biotype. The bright orange arrow points to T-Cell receptor genes (orange) and the light

grey arrow points to non-coding RNA (ncRNA)(grey).
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Figure 2. Over-represented canonical pathways (a, top 25 pathways) and differentially expressed transcripts from cell type — specific
genes (b) in ICH versus CTRL. (a) The X-axis represents negative log|o (Benjamini-Hochberg corrected p-value). —log,o (Benjamini-
Hochberg corrected p-value) > 1.3 corresponds to Benjamini-Hochberg corrected p-value < 0.05. Orange bars represent predicted
activation of the pathway, blue bars — predicted inhibition of the pathways, grey bars — direction cannot be predicted. Pathways having
significant Z-scores for activation (Z > 2) or for inhibition (Z < —2) are denoted to the right of the pathway bar. (b) DET of cell-type
specific genes in the 489 DET from ICH versus CTRL analysis. P-values represent the hypergeometric probability of overlap between
our DET list (by gene symbol) and the list of cell-type specific genes from the HaemAtlas.”” Red — genes with upregulated DET
(expressed higher in ICH than in CTRL); green — genes with down-regulated DET (expressed lower in ICH than in CTRL).

(Figure 2(a), Supplementary Table 3(a)). Most were
involved in immune system function, including 30 cel-
lular immune response, 20 cytokine, and 10 T-cell path-
ways — as well as TLR Signaling, iNOS and Production
of NO and ROS in Macrophages, Leukocyte
Extravasation Signaling, and Renin-Angiotensin
Signaling. The most highly over-represented pathway,
TCR Signaling, is presented in Figure 3. ICH DET
from 36 genes were involved in angiogenesis and/or
vasculogenesis (Supplementary Figure 1(a)).

Transcriptome architecture differences between IS
and CTRL

There were 63 DET (from 61 genes) between IS and
CTRL (Supplementary Table 2(b), Supplementary
Figure 2(b)). To increase the DET in the IS wvs.
CTRL subjects for pathway analysis so numbers of
DET were similar to ICH versus CTRL, we selected
IS versus CTRL DET with p <0.005 and FC > |1.2].
This yielded 396 DET (from 379 genes) between IS
and CTRL (Supplementary Table 2(c)). The transcrip-
tome architecture for IS versus CTRL showed the DET

were predominantly protein coding transcripts (38%),
of which 59% were down-regulated (Figure 1(b)). Non-
coding DET were also observed (13%) (Figure 1(b)),
including miRNA (13), snRNA (14), snoRNA (2) and
lincRNA (8), with 91% of these ncRNAs being upre-
gulated in IS (Supplementary Table 2(c)).

Functional analysis revealed the 396 IS DET were
over-represented in 18 canonical pathways (Figure 4(a),
Supplementary Table 3(b)), including immune pathways
CTLA4 Signaling in Cytotoxic T Lymphocytes, CD28
Signaling in T-helper cells, NFAT Regulation of the
Immune Response, fMLP Signaling in Neutrophils and
CXCR4 Signaling; coagulation pathways such as
Thrombin Signaling; and cell—cell and cell-extracellular
matrix (ECM) interactions, such as Integrin and FAK
Signaling pathways; 26 DET were from genes involved
in angiogenesis (Supplementary Figure 1(b), p-value
of overlap=0.013). Downregulated transcripts showed
a trend towards significance for over-representation
in neutrophil-specific and erythroblast-specific genes
(Figure 4(b)). The down-regulated transcripts showed a
significant overlap with megakaryocyte-specific genes
(p=0.02) (Figure 4(b)).
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Figure 3. Ingenuity pathway analysis representation of the most s

ignificant pathway in ICH versus CTRL — T cell receptor

signaling. Green — down-regulated transcript in ICH as compared to CTRL; Red — up-regulated transcript in ICH as compared

to CTRL.

Comparing the transcriptome architectures
of IS and ICH

Figure 1 compares the ICH (489 DET in ICH wvs.
CTRL) (a) and IS (396 DET in IS vs. CTRL) (b) tran-
scriptomes. ICH had significantly more DET from
TCR genes (7%) than IS (0%) (Figure 1). ICH had
less DET in ncRNA genes (3%) than IS (13%). ICH
had more protein coding genes (52%) than IS (38%)
and less antisense DET (0.8%-1%) than IS (5%).
When the biotype representation of the more stringent

list of 63 DET in IS versus CTRL (Supplementary
Figure 1(b)) was compared to the biotypes of the 489
DET in ICH versus CTRL (Figure 1(b) and
Supplementary Figure 1(a)), TCR genes biotype was
significantly different (p =0.04), while the ncRNA bio-
type showed a trend towards significance (p =0.08).
The upstream regulators predicted to contribute
to the observed changes in the alternatively spliced
transcriptome were different in ICH compared to IS
(Supplementary Figure 3). For example, cytokine
IFNBI (interferon beta 1) was predicted to be inhibited
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Figure 4. Over-represented canonical pathways (a) and differentially expressed transcripts from cell type — specific genes (b) in IS
versus CTRL. A. The X-axis represents negative log,o (Benjamini-Hochberg corrected p-value). —log,o (Benjamini-Hochberg cor-
rected p-value) > |.3 corresponds to Benjamini-Hochberg corrected p-value < 0.05. Blue bars — predicted inhibition of the pathways
(though no pathway passes Z < — 2 for significant inhibition), grey bars — direction of the pathway cannot be predicted. (b) DET of cell-
type specific genes in the 396 DET from IS versus CTRL analysis. P-values represent the hypergeometric probability of overlap
between our DET list (by gene symbol) and the list of cell-type specific genes from the HaemAtlas.”” Green — genes with down-

regulated DET (expressed lower in IS than in CTRL).

in ICH, but not involved in IS. IL17A (interleukin
17A), CSF3 (colony stimulating factor 3), IL1 (inter-
leukin 1) and OSM (oncostatin M) were predicted to be
activated in ICH but not in IS. Transcription regula-
tors, such as MYC (v-myc avian myelocytomatosis
viral oncogene homolog), VHL (von Hippel-Lindau
tumor suppressor) and E2F1 (E2F transcription
factor 1 [Cell cycle regulator E2F1 modulates angiogen-
esis via pS53-dependent transcriptional control of
VEGF]) were predicted to be inhibited in ICH (MYC
approached significance for activation in IS) but not IS.
The growth factors TGFA and HGF were predicted to
be activated in ICH but not IS.

There were some common features of the ICH and
IS transcriptomes. There was a significant overlap
between the 396 DET in IS versus CTRL and the
489 DET in ICH versus CTRL (33 downregulated in
IS and ICH, and 17 up-regulated in IS and ICH;
hypergeometric probability of overlap p < le-16)
(Figure 5(a)). These common transcripts included
immune/inflammatory response genes such as JAK2,
RUBCN and VIM (vimentin, implicated in neuroin-
flammation of brain®®), and transcriptional activation
of RNA genes, such as PBX1, NCOR1, MYCBP2,
and PPP2RS5C.

Four pathways overlapped between ICH and IS
(Figure 5(b)). Even though these four pathways over-
lapped, most regulated transcripts were different. The
only common transcripts from these four overlapping
pathways were JAK?2 (Janus kinase 2, upregulated in

both ICH and IS), PPP2R5C (protein phosphatase 2
regulatory subunit B gamma, downregulated in both
ICH and IS), as well as transcription factor PBX1
(PBX homeobox 1), which was downregulated in
both ICH and IS, with much greater down-regulation
in ICH (—17.2 fold) than IS (—1.7 fold).

Direct comparison of ICH and IS transcriptomes

A direct comparison between the ICH and IS transcrip-
tomes identified 256 DET (from 212 genes)
(Supplementary Figure 4, Supplementary Table 2(d)).
The DET were over-represented in 55 pathways
(Supplementary Figure 5(a), top 25 pathways,
Supplementary Table 3(c)). These included cellular
immune response (25 pathways, 8 of which were
T-cell pathways), and/or cytokine signaling (13 path-
ways), and/or humoral immune response (3 pathways),
growth factor signaling (such as HGF Signaling, ErbB
Signaling) and cardiovascular signaling (renin-angio-
tensin signaling) (Supplementary Table 3(c)).

The DET expressed at higher levels in ICH than
in IS showed significant overlap with neutrophil-
specific genes (hypergeometric probability of overlap
p=06.4e-12) (ACSL1, BCL2A1, CD55, FAMI26B,
FLOT2, FNDC3B, GCA, IL1R2, ILIRAP, KLHL2,
MAPK14, NFIL3, NUMB, PPPIR3D, RBPJ,
SIPA1L2, SLA, STX3, TBC1D14, TGF-alpha), and
with monocytes (p =8.5e-03) (CYP1B1, EXT1, GAS7,
TBCI1D8). The transcripts expressed at lower levels
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upregulated DET and green are down-regulated DET.

in ICH than IS showed significant overlap with T
helper-specific genes (p=1.4e-04) (AQP3, DPP4,
FHIT, INPP4B) (Supplementary Figure 5(b)).

Transcriptome changes within 24 h following ICH
and IS

In the first 24 h, there were 2667 DET in ICH compared
to 311 in IS (Supplementary Table 4(a) and (b)) with a
specific  architecture for each (Supplementary
Figure 6(a)). The ICH transcriptome had higher pro-
portion of DET from protein coding genes and pseudo-
genes. ICH had 55 DET from TCR genes compared to
none for IS. ICH had less ncRNA and antisense
RNA compared to IS (Supplementary Figure 6(a));
18 DET overlapped between the ICH and IS
(Supplementary Figure 6(b)). There were 135 pathways
over-represented in ICH in the first 24 h, including 51
immune pathways (Supplementary Table 5(a)). The
most over-represented pathways were TCR signaling
(FDR corrected p-value=2.1e-08), and 8 out of the
top 10 pathways were T-cell pathways (FDR p=2.1e-
08-3.4¢-04). There were also macrophage, B cell and
natural killer cell immune pathways, and hypoxia and
thrombin signaling were also associated with ICH.

There were 29 pathways over-represented in IS in the
first 24h (Supplementary Table 5(b)). These included
nine immune pathways, thrombin signaling and cell-
cell interactions.

The difference between the early ICH and IS tran-
scriptomes from the CTRL transcriptome was also
underscored by the fact that the 2667 DET in ICH
and the 311 DET in IS could separate the ICH and
IS from CTRL based on principal components analysis
(Supplementary Figure 7(a) and (b)).

Dynamic changes in the transcriptome architecture
in IS and ICH

We next examined DET over time. We designated
CTRL as time-point 0 (TP0), and examined DET at
TP1 (<24h), TP2 (24-48h), and TP3 (>48h).
Overall, there were 4537 transcripts in ICH (from
3259 genes) that changed expression over time in
ICH, while 1136 transcripts (from 1016 genes) changed
in IS (p<0.005 and FC=>|1.2|) (Figure 6,
Supplementary Table 8). ICH and IS showed different
patterns of transcript regulation over time (Figure 6).
For example, for each period, the proportion of up to
down-regulated DET was opposite for ICH and IS
(Figure 6(b) and (d)). The most pronounced transcrip-
tomic response was in the acute phase (TP1 vs. TPO,
<24 h) for both ICH (2,667 DET) and IS (311 DET)
(Figure 6(a)). In terms of total number of up- and
down-regulated DET, this was greatest at TP1 for
ICH and decreased over time (Figure 6(c)). For IS,
however, the total number of up- and down-regulated
DET increased from TP1 to TP2 and then decreased
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Figure 6. Dynamic changes in transcript expression in ICH and IS. TPO indicates time-point 0 (CTRL), TPI indicates time-point |
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from TP2 to TP3, with the greatest number of regulated
DET at 24-48 h (Figure 6(c)).

Clustering of DET based on similarity in their time-
dependent profiles

Time-dependent changes of DET were clustered
using SOMs to identify transcripts with common
expression profiles and to examine the biological func-
tions and pathways for each profile. Though we started
with 16 temporal profiles, similar profiles were grouped
together to yield 10 temporal profiles. Supplementary
Figure 8 shows eight profiles, and Supplementary
Figure 9 — the other two profiles. The transcriptome
architecture varied for each of the different time-
dependent profiles for ICH and IS (Supplementary
Figure 8). For example, transcripts encoding TCR
genes were differentially expressed in profiles 2, 4, and
6 in ICH (bright orange pie chart segments and arrows
in Supplementary Figure 8; asterisks show statistical
significance for the difference between IS and ICH),

while no TCR genes were regulated over time in IS.
In addition, there were more ncRNAs (non-coding
RNAs) in IS in profiles 1, 3, 5, 6 and 7, compared to
the analogous profiles in ICH (light grey pie chart seg-
ments in Supplementary Figure 8).

Biological processes and pathways over-represented
over time in ICH and IS

We next examined biological pathways and processes
(Supplementary Table 7, Figure 7 — for profiles 1-9,
Supplementary Figure 9 - for Profile 10) and
Canonical Pathways and Biofunctions (p <0.05)
(Supplementary Table 8) that changed over time in
ICH and IS. There were many changes including
inflammatory pathways in neutrophils, macrophages,
T-cells and natural killer (NK) cells; cell death, coagu-
lation and metabolic pathways; and biofunctions
involved in regulation of RNA transcription and spli-
cing, post-transcriptional regulation and regulation of
protein synthesis. Notably, DET for CD36 and VIM
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are in Profile 5 in ICH, both involved in cerebral amyl-
oid angiopathy, one of the major causes of ICH. FER
(FER tyrosine kinase) and ITGB2 (Integrin Subunit
Beta 2) are in Profile 8 in IS and are involved in infil-
tration of immune cells to sites of inflammation.
Coagulation Factor 12 (F12) and fibrinogen gamma
chain (FGGQG) are in Profile § in IS, and are involved
in extrinsic and intrinsic prothrombin activation path-
ways. HMOX2 is in Profile 6 in ICH and participates
in heme degradation. Hypoxia-related genes CA6
(carbonic anhydrase 6) and HIF1A (hypoxia inducible
factor 1 alpha subunit) are in Profile 8 in IS
(Supplementary Table 8, Figure 7).

TCR genes and pathways differentiate ICH from IS

There were 55 DET (ICH_TP1 vs. CTRL_TPO) from
TCR genes in ICH that were not detected in IS (TCR
genes from Supplementary Table 4). Supplementary
Figure 10(a) and (b) show that expression values of
these can differentiate ICH on principal components
analysis from IS and CTRL, respectively. In addition,
there were 107 transcripts from genes involved in TCR
function (Supplementary Table 9) that were differen-
tially expressed in ICH_TP1 versus CTRL_TPO that
could differentiate ICH from IS_TP1 (Supplementary
Figure 11(a)) and from CTRL_TPO (Supplementary
Figure 11(b)) on principal components analysis, but
they cannot differentiate IS from CTRL.

Cell count and CIBERSORT deconvoluted data

Complete blood count with or without differential
was performed on some of the subjects as part of
their medical work-up. There was no statistical signifi-
cance (Mann—Whitney p-value < 0.05, 1000 iterations)
in the numbers of their white blood cells, hemoglobin,
hematocrit, platelets, and the percentage of their neu-
trophils, monocytes and lymphocytes (Supplementary
Table 10). In addition, we performed CIBERSORT
deconvolution  gene  expression  analysis  (see
Supplementary =~ Methods  and  Supplementary
Table 11). Of the 22 human hematopoietic phenotypes
investigated by the deconvolution algorithm, including
seven T cell phenotypes, significant difference was pre-
dicted only in the T-cell CD4 memory resting pheno-
type in the ICH versus CTRL and ICH versus IS
comparisons (lower in ICH than in IS and CTRL)
(Supplementary Table 11). Indeed, the deconvolution
analysis suggested a significantly smaller number
of CD4+ resting T-cells in ICH versus CTRL and
ICH versus IS, but no significant difference in
v0T-Cells, CD8+ T-Cells, CD4+ memory activated
T-Cells, CD4+ naive T-Cells types, follicular helper
T-Cells, regulatory T-Cells (Tregs), NK cells resting,

NK cells activated, memory B cells, naive B cells, and
Plasma Cells.

Discussion

The data show alternatively spliced transcripts in blood
of ICH patients differ from IS, with little overlap
between the two. The time course and numbers of regu-
lated transcripts differ in ICH compared to IS. There
were many TCR transcripts differentially expressed
in ICH not observed in IS, and a lesser percentage of
non-coding RNA in ICH compared to IS. The data
support the notion that alternative splicing is important
in ICH and IS.%”* The study is significant for identify-
ing potential treatment targets for acute and subacute
immune responses which may be involved in injury and
repair, and to identify biomarkers that might be exam-
ined within the rtPA or endovascular therapy windows.
Since little is known about the genomic response fol-
lowing ICH in human peripheral blood, we focused the
discussion on ICH.

ICH immune response

There is a strong immune/inflammatory response
after ICH, which includes microglial activation,
leukocyte infiltration and production of inflammatory
mediators.® Indeed, HMGBI Signaling, IL-6 Signaling,
TLR Signaling and p38MAPK Signaling were pre-
dicted to be activated following ICH (Z>2.0).
HMGBI, a potent initiator of inflammation, belongs
to the so-called danger-associated molecular pattern
molecules (DAMPs) which are released from dying
cells.” DAMPs act through receptors, including toll-
like receptors (TLRs) to induce inflammation. TLR
Signaling was predicted to be activated in ICH.
Transcripts from eight genes (including TLR2, TLR4,
TLRS5 and TLRS8) were upregulated in ICH versus
CTRL; and TLRI1, TLR2, TLR4, TLR5 and TLRS
showed time-dependent changes in ICH. TLR4 signal-
ing in resident microglia and peripheral infiltrating
leukocytes has been implicated in ICH-induced brain
injury.®® Increased expression of TLR2 and TLR4 in
peripheral monocytes is associated with poor outcomes
in ICH patients.* Improved neurological function after
experimental ICH is observed in TLR4-knockout
mice,*** and the TLR2/4 heterodimer mediates
inflammatory injury in ICH.*® Thus, TLRs are poten-
tial therapeutic targets in ICH.>*3’

IL-6 (Interleukin 6) and p38 MAPK signaling path-
ways were also predicted to be activated in ICH. IL-6 is
a regulator of acute-phase responses and a lymphocyte
stimulating factor. Increased plasma IL-6 has been
associated with increased risk for hemorrhage from
cerebral arteriovenous malformations (AVMs).*® TL-6
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induces expression of MMP-9 which degrades extracel-
lular matrix in vasculature, damages endothelial cells,
and increases risk for AVMs to rupture, particularly in
carriers of a SNP in IL-6 (174G > C).*® p38 MAPK,
p38 mitogen-activated protein family of kinases are
activated by inflammatory cytokines, death ligands,
TGF-B-related polypeptides and oxidative stress,
which results in enhanced transcriptional activity, pro-
tein synthesis and cell death. Transforming growth
factor-B (TGF-p) signaling pathway was also activated
in ICH (Z=2.0, p=8.73E-03). The TGF-B receptor
complex is involved in hereditary hemorrhagic telangi-
ectasia, which has a high rate of AVM and ICH.*® Our
data also show TGF signaling in blood leukocytes
modulates hemorrhagic transformation following
1S.%%° Thus, these DET and pathways may be thera-
peutic targets for ICH.

Neutrophils, monocytes and T-cells following ICH

Following ICH, the blood-brain barrier (BBB) is
disrupted with associated edema and leukocyte extrava-
sation.**! Leukocyte extravasation signaling was
over-represented in ICH. This is the process by which
leukocytes migrate from blood to tissue during injury/
inflammation. Neutrophils are the first leukocyte type
to enter the brain after ICH. Their role appears to be
primarily deleterious in ICH, though some functions
are beneficial.*> However, increased neutrophils or
increased neutrophil to lymphocyte ratio in humans
are associated with increased perihematomal edema,*
correlate  with 90-day outcomes after ICH,**
ICH expansion*® and 30-day mortality after ICH.*’
In addition, though neutrophils appear to remain in
and around vessels following IS, neutrophils enter
brain parenchyma and the clot following ICH.*®
Neutrophils contribute to the ICH-induced brain
injury by disrupting the BBB, producing reactive
oxygen species, and proinflammatory molecules.’
Neutrophil depletion decreases BBB breakdown, axon
injury and inflammation following experimental ICH.*

Monocytes also enter the brain after ICH and appear
to have adverse effects early.*' Indeed, monocyte blood
counts are associated with human 30-day case fatality
after ICH.>® Monocytes also appear to contribute to
tissue repair and hematoma phagocytosis later after
ICH.*' Macrophages and dendritic cells dominate the
inflammatory infiltrate by 12h after experimental
ICH.”" Studies suggest that monocyte entry is reduced
and outcomes are improved after neutrophil depletion in
experimental ICH.> In our study, in ICH versus CTRL,
we found a significant enrichment of up-regulated tran-
scripts from CD66+ neutrophil- and CD 144 monocyte-
specific genes, signifying the importance of differential
transcript expression in these cell types following ICH.

A major finding was the large number of over-repre-
sented T-cell pathways in ICH versus CTRL, the major-
ity of which were represented by down-regulated
transcripts. In addition, there was significant overlap
with CD4+ Th-specific genes in ICH versus CTRL,
which were also down-regulated (Figure 2). Many
TCR transcripts were also down-regulated in ICH
(discussed below). iCOS-iCOSL signaling in T helper
cells was predicted to be suppressed in ICH versus
CTRL. This regulates activation of T-cells and effector
T-cell functions and generates Thl and Th2 responses.
In IS, different T-cell subsets may play critical roles in
brain injury and repair mechanisms.” Less is known
about the role of T lymphocytes following ICH.’
Lymphocytes have been detected in cerebrospinal fluid
by 6 h following ICH.” In a mouse model of ICH, CD4+
T cells were the predominant leukocyte type infiltrating
brain one day post ICH, with numbers peaking at five
days.* Different T cell populations infiltrate the brain
after ICH, including proinflammatory ydT cells and
immunosuppressive Treg (regulatory T-Cells).” Treg
transfer attenuates neurological deficit after ICH> and
perihematomal inflammation in experimental models of
ICH.>® Regulatory T cells decrease ICH injury by mod-
ulating microglia/monocytes via IL10/GSK38/PTEN.’

Our data also show T-cell signaling pathways are
important in ICH. There were several T-cell pathways
in profiles such as 2, 3, 4, 8 and 9 (Figure 7). There were
common pathways that were over-represented in differ-
ent time-dependent profiles. For example, Profiles 3 and
4 in ICH, which had opposite direction (Profile 3 peaked
at day 2, while Profile 4 dipped at day 2), had 35
common pathways, 10 of which were T cell pathways.
These complex temporal profiles of T-Cell path-
ways underscore the importance of further investigating
the transcriptome changes in isolated different subpopu-
lations of T-cells following ICH in human. One possibil-
ity is that there is a decrease in T-cell numbers (or at
least for some of the T-cell subtypes) in the peripheral
blood following ICH, and/or they might be sequestered
in the brain at the site of the hemorrhage/hematoma.

To explore the possibility of a lower number of
T-cells in the peripheral blood, we examined whether
there were cell number differences between the ICH, IS
and CTRL groups. As noted in the results, there were
no significant differences in the white blood cell count,
platelet count, and in the total lymphocyte, monocyte
and neutrophil percent at the time of the blood draw
used for the transcriptomic study. The deconvolution
analysis,”® however, suggested a significantly smaller
number of CD4+ resting cells in ICH versus CTRL
and ICH versus IS. Thus, it is possible that decreases
of circulating CD4+ T cells might account for the
decreases of T cell receptor and signaling genes in this
study. This needs to be examined in the future.
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Figure 7. Biological interpretation of the time-dependent profiles of ICH and IS (Profiles 1-9; Profile 10 is presented in
Supplementary Figure 8). Venn diagram displays the number of canonical pathways over-represented in each of the time-dependent
profiles. The top five relevant canonical pathways and top five relevant biofunctions are listed. (a) Profile I; (b) Profile 2; (c) Profile 3;
(d) Profile 4; (e) Profile 5; (f) Profile 6; (g) Profile 7; (h) Profile 8; (i) Profile 9.

TCR transcripts can differentiate ICH from IS

Transcripts from TCR genes were only differentially
expressed in ICH, but not in IS as compared to
CTRL; 33 DET from TCR genes were differentially
expressed (all down-regulated) between ICH and
CTRL, and the expression of many TCR transcripts

was time-dependent with 55 DET from TCR genes
being down-regulated within 24 h post ICH.

TCR are antigen receptors on T cells. They recognize
MHC (HLA) associated antigenic peptides that are pre-
sented by antigen presenting cells. TCR consists of two
distinct units: an antigen-recognizing unit comprised
either of TCR «-B heterodimer, or y-6 heterodimer,
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and a signal transduction unit comprised the CD3 com-
plex. TCR «-B heterodimer recognizes processed anti-
gens which are presented as peptides by the HLA
proteins, whereas TR y-3 recognizes nonpeptidic anti-
gens. The a, B, y and & chains are encoded by genes
located in four major loci: the TR o (TRA), TR B
(TRB), TR vy (TRG) and TR & (TRD). Four TCR
gene types: variable (V), diversity (D) (for TRB and
TRD), joining (J) and constant (C) genes contribute to
the TCR chain synthesis. After somatic recombination,
the variable domain at the N-terminal end of each TCR
chain engages in a V-(D)-J rearrangement. The remain-
der of the chain, or constant region, is encoded by a C
gene. Thus, there is large diversity of TCRs that is a
result of the combinatorial and junctional diversity.>
In our data, we had many transcripts from TCR genes
that were differentially expressed between ICH and
CTRL, all down-regulated in ICH, and most all were
from the o, J (joining) type. Time-dependent profiles
2,4 and 6 in ICH (Figure 7) also contained TCR tran-
scripts. In addition, during the acute response to ICH
(within 24 h), there were 55 TCR transcripts, all down-
regulated in ICH compared to CTRL. TCR genes and
genes from T-cell associated pathways were able to dif-
ferentiate ICH from IS on a principal components ana-
lysis. IS could not be differentiated from CTRL based on
TCR genes, signifying they may be ICH-specific bio-
markers. These data suggest TCR genes might be used
as novel biomarkers to differentiate ICH from IS which
needs to be confirmed in future studies.

Angiogenesis/vasculogenesis following ICH

A significant enrichment of vasculogenesis and angio-
genesis-associated genes was found in ICH versus
CTRL (transcripts from 36 genes). Both processes
were predicted to have tendency towards being acti-
vated (positive Z-scores, but smaller than 2.0 — the
threshold for significant activation). Previous studies
suggest upregulation of angiogenesis following ICH,
leading to remodeling that may improve function in
animal models and patients.®! Circulating endothelial
progenitor cells show therapeutic promise in animal
ICH models.®' Thus, the differentially expressed tran-
scripts from genes implicated in angiogenesis or vascu-
logenesis provided here may represent potential human
therapeutic targets. Thus, following ICH, just as occurs
in IS, there is vascular re-modeling which is likely
modulated by the peripheral immune system.

Other genes and pathways

There were many splicing regulators that were differen-
tially expressed in ICH. For example, several FYN
transcripts, which is a Src protein tyrosine kinase

family member, involved in intracellular signaling of
various processes including T-cell development and
activation,® were differentially expressed over time fol-
lowing ICH. Transcripts from SRSF1, SFSF7, SFSF8
and SRSF11 were differentially expressed over time
in ICH. SRSF genes (serine and arginine rich splicing
factors) are implicated in regulating alternative splicing
in immune cells.’' Transcripts from TIA-1 (TIA1 cyto-
toxic granule associated RNA binding protein, for-
merly known as T-cell restricted intracellular antigen
1) had time-dependent expression in ICH and IS.
TIA-1 is involved in alternative pre-RNA splicing and
regulation of mRNA translation and is a silencing
translator of TNFo.*! These data underscore the poten-
tial importance of alterative splicing in the pathophysi-
ology of ICH.

The expression of CD36 and VIM transcripts
increased over time in ICH (Profile 5, Figure 7).
CD36 and VIM are implicated in cerebral amyloid
angiopathy (CAA) which is one of the major causes
of ICH (12-15% in elderly).®* CAA develops as a
result of deposition of amyloid-p (AP) in cerebral
blood vessels and leads to damaged endothelial cells,
disrupted blood-brain barrier, and disrupted vascular
function. CD36, which is an innate immune receptor
involved in AP trafficking, has been implicated in
CAA. CD36 was suggested to promote vascular amyl-
oid deposition and cerebrovascular damage, leading to
neurovascular dysfunction and cognitive deficits.** In
addition, CD36 is a phagocytosis scavenger receptor
found on monocytes, macrophages, microglia and
plays a role in resolution of the clot following ICH.
Stimulation of CD36 with agonists of PPARy, RXR
and Nrf2 improves hematoma resolution and improves
behavioral outcomes in experimental ICH.%>-%¢

VIM is a cytoskeletal protein involved in the
immune response and in LDL transport. It is found
on the surface of numerous cells, including platelets,
apoptotic neutrophils and T cells, activated macro-
phages, vascular endothelial cells and brain micro-
vascular endothelial cells.””" VIM is expressed on
the surface of vascular endothelial cells (so-called
superficial VIM) following infection with dengue virus
(causing hemorrhagic disease) and has been proposed
to be involved in binding of the virus.”” VIM has also
been implicated in neuroinflammation, cerebral ische-
mia, and in CAA.?*7*75 Our data underscore the need
to investigate the role of CD36, VIM and the many
other genes in ICH patients.

There were two DET in RNF213 (Ring Finger
Protein 213) that changed with ICH. Variants in this
gene are associated with Moyamoya disease which is
associated with ICH that results from progressive inter-
nal carotid artery occlusions and proliferation of lenti-
culostriate penetrator arteries.’®



1832

Journal of Cerebral Blood Flow & Metabolism 39(9)

Non-coding transcriptome in ICH

miRNA-21 was upregulated in ICH versus CTRL and
had time-dependent expression as well. There was sig-
nificant overlap between the DET of ICH versus CTRL
and miR-21 targets (15 genes overlapped), and the
majority (11 of 15 genes) were down-regulated as
would be expected, since mRNA levels have opposite
direction of the levels of the targeting miRNA.
miRNA-21 plays a role in angiogenesis by promoting
survival, migration and tube formation of endothelial
cells, which simultaneously inhibits tissue inhibitor of
metalloproteinase-3 (TIMP3) expression and promotes
matrix metalloproteinase-2 (MMP2) and matrix metal-
loproteinase-9 (MMP9) expression and secretion.’’
Other pathways regulated by miRNAs regulated
following ICH include an influx of macrophages
(miR-181),”® B-cell development (miR-132),” expan-
sion of B-la lymphocytes (miR-210),” proliferation
of lymphocytes (miR-132, miR-181, miR-21, miR-
210),”° Thl and Th2 pathways (miR-21),** and angio-
genesis/vasculogenesis (miR-21, miR-210, miR-132,
miR-181).8' miR-181 regulates inflammatory responses
in monocytes and macrophages,’® acts as antigen sen-
sitivity ““rheostat” during T-cell development,®? and
influences the outcome of cerebral ischemia in vitro
and in vivo.®® Analyses of the combined mRNA-
miRNA and other ncRNA expression networks will
shed more light on the involvement of these regulatory
RNAs in the peripheral immune response to ICH and
their involvement of angiogenesis/vasculogenesis.

Limitations

Sample sizes were relatively small, requiring validation
in future studies. Since VRFs were matched between
ICH and IS subjects, it is likely they were on similar
medications — though this will have to be studied in
detail in the future. Investigating individual blood cell
types in the future will help delineate their unique con-
tribution to the immune response and pathophysiology
of ICH and IS that could only be inferred from
the whole blood studies here. Future validation of indi-
vidual DET in a larger, independent cohort and with
alternative expression methods, such as qRT-PCR or
targeted RNA-Seq is needed. In addition, even though
we did not observe subgrouping based on biological sex
and rtPA administration (Supplementary Figure 13),
how the transcriptome changes following ICH and IS
in relation to these and other factors will need to be
investigated in future studies. This is not a prospective
study. Since no pre-IS and pre-ICH samples are avail-
able for the IS and ICH subjects, the initiation of the
differential expression cannot be pinpointed exactly.
Nevertheless, examining the immune response over

time provides us with a better understanding of the
acute and subacute changes following ICH and IS, as
well as the processes involved in injury and repair. In
addition, differences in the cell numbers of specific cell
subtypes may drive some of the observed differences.
That is why future studies should focus on isolated cell
subtypes, particularly T-cells, neutrophils and mono-
cytes to further investigate the findings.
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