UC Davis
UC Davis Previously Published Works

Title

Aging Immune System in Acute Ischemic Stroke

Permalink

Ihttps://escholarship.org/uc/item/7627h3wd|

Journal

Stroke, 52(4)

ISSN
0039-2499

Authors
Sykes, Gina P

Kamtchum-Tatuene, Joseph

Falcione, Sarina

Publication Date
2021-04-01

DOI
10.1161/strokeaha.120.032040

Peer reviewed

eScholarship.org

Powered by the California Digital Library

University of California


https://escholarship.org/uc/item/7627h3wd
https://escholarship.org/uc/item/7627h3wd#author
https://escholarship.org
http://www.cdlib.org/

1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
Stroke. Author manuscript; available in PMC 2022 April 01.

-, HHS Public Access
«

Published in final edited form as:
Stroke. 2021 April ; 52(4): 1355-1361. d0i:10.1161/STROKEAHA.120.032040.

The aging immune system in acute ischemic stroke: A
transcriptomic analysis

Gina P Sykes, BSc,
Division of Neurology, Department of Medicine, Faculty of Medicine and Dentistry, University of
Alberta, Edmonton, Canada

Joseph Kamtchum-Tatuene, MD,
Neuroscience and Mental Health Institute, Faculty of Medicine and Dentistry, University of
Alberta, Edmonton, Canada

Sarina Falcione, BSc,
Department of Medical Microbiology and Immunology, Faculty of Medicine and Dentistry,
University of Alberta, Edmonton, Canada

Sarah Zehnder, BSc,
Division of Neurology, Department of Medicine, Faculty of Medicine and Dentistry, University of
Alberta, Edmonton, Canada

Danielle Munsterman, BSc,
Division of Neurology, Department of Medicine, Faculty of Medicine and Dentistry, University of
Alberta, Edmonton, Canada

Boryana Stamova, PhD,
Department of Neurology, University of California, Davis, Sacramento

Bradley P Ander, PhD,
Department of Neurology, University of California, Davis, Sacramento

Frank R Sharp, MD,
Department of Neurology, University of California, Davis, Sacramento

Glen Jickling, MD

Division of Neurology, Department of Medicine and Neuroscience and Mental Health Institute,
Faculty of Medicine and Dentistry, University of Alberta, Edmonton, Canada, and Department of
Neurology, University of California, Davis, Sacramento

Abstract

Corresponding Author: Gina P Sykes, Department of Medicine, University of Alberta, 87 Ave 114 St, Edmonton, AB T6G 2J7,
Canada, Phone: 780-248-1095, gsykes@ualberta.ca.

Financial Disclosures: JKT: Bank of Montreal Financial Group and NMHI.

GPS, SF, SZ, DM, BPA, BS, FRS, GCJ: None

Supplemental Materials:

Supplemental Methods



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Sykes et al.

Background and Purpose: With advancing age, alterations occur to the immune system,
including an increase in inflammation (inflammaging) and a reduced ability to respond to new
immune challenges. The role of an aging immune system in patients with ischemic stroke remains
unclear, though age is an important determinant of stroke risk and outcome. This study assessed
the aging immune system in patients with acute ischemic stroke by differences in leukocyte gene
expression in relationship to age.

Methods: Peripheral blood RNA from two cohorts with acute ischemic stroke was measured by
whole genome microarray and genes associated with advancing age were identified (FDR-
corrected P< 0.05, partial correlation coefficient > |0.3]). Genes were characterized by pathway
analysis and compared to age-associated genes from non-stroke studies (n = 3,973).

Results: There were 166 genes associated with age in Cohort 1 (derivation cohort, n = 94). Sixty-
nine of these age-associated genes were verified in Cohort 2 (validation cohort, n = 79). Identified

genes included a decrease in CR2, CD27, CCR7, and NT5E. Genes were associated with altered B
cell receptor signaling, lymphocyte proliferation, and leukocyte homeostasis. Forty-three of the 69
age-associated genes in stroke were also associated with age in non-stroke studies.

Conclusion: A relationship between leukocyte gene expression and age in patients with
ischemic stroke was identified. The changes include alterations to the adaptive humoral immune
system, which may influence age-related stroke risk and outcome.

Graphical Abstract

Cohort (1)
® Cohort ()
- % Stroke

Acute
Ischemic

Immune Response |

#
Y % *;i
daka

® o

; ,FXAgeﬂ‘

Stroke. Author manuscript; available in PMC 2022 April 01.

Page 2



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Sykes et al. Page 3

Keywords

stroke; aging; immune system; outcome; stroke; ischemic; Cerebrovascular Disease/Stroke;
Ischemic Stroke

Introduction

Age is an important determinant of stroke risk and outcome.? Improved understanding of the
biological changes that occur with age may reveal novel treatment opportunities for stroke.
The effect of aging on the immune system has been characterized in rodent stroke models
and traumatic brain injury?= as well as in hypertension, diabetes, and hypercholesterolemia.
6-8 This study assessed the aging immune system in patients with acute ischemic stroke by
leukocyte gene expression analysis.

A number of changes occur in the immune system with age. Immune cells begin to display
diminished functional capacity for antigen presentation, cell trafficking, and responses to
cytokine stimulation.® The system becomes immunosenescent, producing immune responses
with reduced specificity and effectiveness to antigenic stimulation.19-12 There is also a rise
in inflammatory markers with age (e.g. C-reactive protein, IL-6, and TNF), which is
associated with stroke morbidity, pneumonia, and death. 13-15

Age-related changes in immune cells may alter the peripheral response to cerebral ischemia.
These are important to understand as they may;, in part, explain age-related differences in
stroke outcome. We examined leukocyte response to cerebral ischemia in relationship to age
using transcriptomic analysis. Differences in leukocyte gene expression and pathways
associated with age in patients with stroke were identified. These provide insight to age-
associated factors that may contribute to worse post-stroke outcomes and increased risk of
infection, and may represent potential targets for reducing the impact of age in stroke.16

Methods

Data Availability Statement:

Data from this study will be made available to qualified investigators upon reasonable
inquiry.

Study participants

Patients were recruited from the University of California, Davis and the University of
Alberta between January 2009 and December 2015. The study was approved by the
institutional review board at each site. All participants provided informed written consent.

Two stroke cohorts were studied. Ischemic stroke was diagnosed by two board-certified
stroke neurologists using standardized criteria and required evidence of infarction on brain
imaging. Cohort 1 (derivation cohort) consisted of 94 patients with acute ischemic stroke (47
women and 47 men) and Cohort 2 (validation cohort) consisted of 79 patients (40 women
and 39 men). Comparisons were made to age-associated genes from two non-stroke aging
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gene expression sources, described further in Methods: Functional Analysis. Additional
details (patient criteria, etc.) are presented in the Supplemental Materials.

Sample and data processing to identify age-associated genes in stroke cohorts

Blood samples were collected in Cohort 1 at a median time of 46 hours after stroke onset
(IQR: 25 to 72 hours) and in Cohort 2 at a median time of 35 hours after stroke onset (IQR:
22 to 68 hours) (P=0.46, Mann-Whitney U test). Samples were processed after
thrombolysis as described previously.1? Briefly, total RNA was isolated and measured by
Affymetrix GeneChip arrays (Affymetrix, Santa Clara, CA). Data processing was completed
using Partek Genomics Suite (v7.0, St. Louis, MO)18 and /< software version 3.6.3.1° Raw
CEL file data were normalized by Robust Multichip Averaging (RMA), then probe sets were
summarized to the gene level and filtered to annotated transcripts. The relationship of gene
expression with age was evaluated by analysis of co-variance (ANCOVA) across age tertiles,
adjusted for sex and study batch.29 Differentially expressed genes were considered
significant with a false discovery rate (FDR)-corrected £ < 0.05 and partial correlation
coefficient > |0.3| (for details see Supplemental Materials).

Functional Analysis

Functional analysis of differentially expressed genes was performed using Ingenuity
Pathway Analysis (IPA 8.0, QIAGEN Inc.)?! and by literature review. Age-associated genes
in stroke were compared to external sources of genes associated with aging. In the Peters
(2015) study, a meta-analysis by Peters et al., 22 the peripheral blood of 7,074 samples from
14 microarray studies was examined for age-associated genes (1,497 genes reported). The
Digital Ageing Atlas (DAA) identified age-associated genes from 42 human microarray and
RNA sequencing studies (2,577 genes reported).23

Statistical analysis

Results

Unless otherwise noted, £ < 0.05 was considered to be statistically significant and statistical
analyses and graphs were generated using Partek Genomics Suite (v7.0, St. Louis, MO)18, R
software version 3.6.319 and the R package ggpubr (version 0.2.5).24 Patient characteristics
were compared over age tertiles and between cohorts using the Chi-squared test for
categorical variables and analysis of variance (ANOVA) for continuous variables except
where noted; normality was evaluated by the Shapiro-Wilk test. False discovery rate for age-
associated genes was adjusted using the Benjamini-Hochberg approach. Hypergeometric
overlap of gene lists was performed using Fisher’s exact test (< 0.001).

Patient characteristics

Two stroke cohorts were studied as summarised in Table 1. In Cohort 1 (derivation cohort,
94 patients), the mean age was 65.9 years (SD 12.5 years, range 37.8 to 89.6 years). Patients
were divided into age tertiles. Cohort 1 comprised 50% females, and was of diverse race and
ethnicity with 69.1% Caucasian, 11.7% African-American, 5.3% Asian, 3.2% Hispanic, and
10.6% of other races. Demographics were evenly distributed among the age tertiles, except
for the lowest tertile which was predominantly Caucasian. Cohort 2 (validation cohort, 79
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patients) was similar to Cohort 1 with a mean age of 63.8 years (SD 12.6 years, range 36.4
to 90.8 years), and was 50.6% female. Race and ethnicity were 49.4% Caucasian, 21.5%
African American, 6.3% Asian, 15.2% Hispanic, and 7.6% of other races.

Age-associated gene expression in patients with stroke

There were 166 genes associated with age (FDR-corrected £ < 0.05, partial correlation
coefficient > |0.3|) in Cohort 1. Of these, 137 genes (82.5%) decreased with age and 29
genes (17.5%) increased (Table I in the Supplemental Material). The 166 age-associated
genes are shown to separate the upper and lower tertiles of patients in a hierarchical
clustering (Figure 1A). In Cohort 2, there were 850 genes associated with age (FDR-
corrected P< 0.05, partial correlation coefficient > |0.3|), with 588 genes (69.2%) decreasing
with age and 262 genes (30.8%) increasing (Figure 1B and Table I1 in the Supplemental
Materials). There were 69 genes associated with age from Cohort 1 that were confirmed in
Cohort 2, shown in part in Table 2 and Figure 2A (Figure 2B and Table 111 in the
Supplemental Materials). The probability that this overlap occurred by chance is £=9.95 x
10752 (Fisher’s exact test). Among the genes associated with age in Cohort 1 and Cohort 2
were CR2, CD27, CCR7, and NT5E (Figure 2A).

Functional analysis of age-associated genes in patients with stroke

Functional pathways of the genes in Cohort 1 and Cohort 2 associated with age are
summarized in Table 3. Canonical pathways identified include B cell receptor signaling and
development, T helper cell differentiation, and IL-7 signaling. Disease-related pathways
associated with age include activation and proliferation of lymphocytes, leukocyte and
cellular homeostasis, B cell proliferation and antibody response.

Comparison to other studies of age-associated gene expression

Age-associated genes in patients with stroke were also compared to age-associated genes
from the Peters (2015) study?2 and the Digital Ageing Atlas (DAA).23 The overlap of age-
associated genes in the two stroke cohorts and these groups is shown in Figure | in the
Supplemental Material. Of the 69 age-associated genes confirmed in both stroke cohorts, 42
genes (60.9%) were present in the Peters (2015) study and 7 genes (10.1%) in the DAA
study. Compared to aging genes in the DAA study, Cohort 1 shared 18 genes (10.8%) and
Cohort 2 shared 114 genes (13.4%). Compared to the Peters (2015) study, Cohort 1 shared
76 genes (45.8%, P=1.88 x 10742) and Cohort 2 shared 207 genes (24.4%, P=1.10 x
107%6) (Figure I and Table II in the Supplemental Materials).

Discussion

Age-associated differences in leukocyte gene expression from patients with acute ischemic
stroke were identified, relating to functions of the humoral and adaptive immune system
including lymphocyte signaling and immune homeostasis.

A number of genes with B cell-specific expression were associated with advancing age in
stroke, including CR2 (CD21), MS4A1 (CD20), and CD79 (Iga/p)?® (Tables 2 and 3, Figure
2A). As part of the humoral immune system, B cells have roles in immune activation and in
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combating infections.28 The effect of B cells on stroke outcome is an emerging area, with
potential beneficial, detrimental, and equivocal roles described.2” B cells have roles in
hypertension and diabetes mellitus, which may also contribute to their effect in stroke.6 With
age, B cells display impaired antibody production and a shift in subset composition.28 This
is consistent with the decrease in CD21 (CR2) we observed, which may suggest a shift in B
cells toward a pro-inflammatory CD21'°W B cell subset. This subset has been linked to age,
autoimmune disease, and chronic infection.2® In stroke, a shift toward the CD21'°% B cell
subset with age could increase the risk for post-stroke infection and inflammatory responses
to cerebral ischemia.

We also observed a change in IL-7 signaling between older and younger patients (Table 3).
This may indicate a shift in T cell functional capacity, which has been reported to occur with
age.39-32 Additionally, our data showed a decrease in CD27and CCR7 with age: markers
that, among others, are characteristic of terminally differentiated and exhausted
lymphocytes.33 Advancing age is linked to a higher proportion of IL-7R1°% CD8+ T cells,
which exhibit the diminished proliferative and cytokine-producing characteristics of
terminally differentiated effector memory cells (Table 11 in the Supplemental Material). Late
memory and exhausted B cells have a reduced capacity for antibody generation, which is a
necessary component for a robust immune response to pathogens. This, paired with a change
in T helper cell differentiation (Table 3), may contribute to increased infection risk in older
patients with stroke.3* Additional functional evaluation of immune cell subsets is needed to
clarify understanding regarding the role of B cell and T cell populations in this context.

An aged immune system may also increase the risk in developing a potentially harmful pro-
inflammatory and autoreactive response following stroke.3> We observed a change in
leukocyte homeostasis with age (Table 3). This may affect the ability to maintain peripheral
inflammatory balance with age, resulting in more autoreactive pro-inflammatory
lymphocytes.36 Genes associated with age in this regard include HLA-DOA, HLA-DOB3’
CD22, CD7238:39 RAS-GRP30 and NT5E (CD73), which may lead to increased
inflammation with age. For example, when CD73 is knocked out in a rodent stroke model
infarct volume is increased and associated with increased inflammation.4!

Our study findings are bolstered by the confirmation of age-associated genes in a second
cohort despite differences in patient characteristics. The overlap of identified age-associated
genes in other aging studies also supports the robustness of the findings, as these studies
involved a wide selection of subjects across a multitude of phenotypic characteristics. The
strength of gene overlap with other aging studies points toward a true “aging signature”
being detected, which will be valuable for discerning age-associated impacts in stroke.
While important changes in leukocyte gene expression with age were identified, our study
has limitations. Sample size remains relatively small, thus further evaluation in larger
cohorts is required. Age is complex, and the factors that account for changes in the immune
system with age post-stroke warrant further study. The rationale for genes to alter expression
with age is also complex and warrants additional investigation. Further evaluation is required
to assess the factors that contribute to immune related changes with age in patients with
stroke such as antigen exposure, comorbid disease, or epigenetic modifications.*2-44 Qur
gene expression analysis suggests immune cell subsets varied with age in patients with
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stroke, and therefore further functional analysis will be of interest to delineate specific roles
of B and T cell subsets with age in stroke.

Conclusions:

With advancing age there is a change in leukocyte gene expression in patients with ischemic
stroke. The observed differences in leukocytes may influence age-related stroke risk, stroke
outcome, and risk of infection, thus warrant further study.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Hierarchical cluster plot of genes associated with agein patients with ischemic strokein
(A) Cohort 1 and (B) Cohort 2.

Colour scale below genes on x-axis shows the range in normalized gene expression changes
(z-score). Increased gene expression is shown in pink and decreased expression in yellow.
Patients are on the y-axis with the lowest age tertile in green (36.4 to 60.8 years) and the
highest age tertile in navy blue (73.4 to 90.8 years).
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Figure 2. Gene boxplots (A) and Venn Diagram (B) of age-associated genesfound in Cohort 1
and Cohort 2 (P < 0.05, partial correlation coefficient > |0.3]).

(A) Genes differentially expressed with age in both Cohorts 1 and 2. From left to right, top
to bottom; BLNK, CCR6, CCR7, CD27, CD79B, CRZ, IGHM, NT5E. Cohort 1 (n = 94) is
shown in grey and Cohort 2 (n = 79) is shown in orange. Partial correlation coefficients (/)
and Pvalues of significance for Cohort 1 range from —0.55 to —0.36 and 2.44 x 1078 to 1.62
x 1074, respectively, and for Cohort 2 from —0.55 to —0.38 and 2.27 x 107" to 1.33 x 1073,
respectively (all Pvalues are adjusted by the Benjamini-Hochberg method). Gene expression
on the y-axis is displayed as least square (LS) means with 95% confidence intervals. Gene
expression was standardized to a mean of zero and standard deviation of one. (B) Venn
diagram of age-associated genes found in Cohort 1 (grey) and Cohort 2 (orange). The total
number of genes is indicated and associated gene expression direction (increased or

decreased) is indicated with arrows.
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Table 1.

Characteristics of Ischemic Stroke Patients Divided by Age Tertiles

Parameter Tertilel Tertile2 Tertile3 P value

Cohort 1 (n=94) n=31 n=31 n=32 NA
Age, mean (SD) 52.2 (6.22) | 66.1(3.80) 80.1 (4.34) NA
Sex Female, n (%) 17 (54.8%) | 14 (45.2%) | 16 (50.0%) 0.75
Hypertension, n (%) 19 (61.3%) | 27 (87.1%) 25 (78.1%) 0.06
Diabetes Mellitus, n (%) 10 (32.3%) | 12(38.7%) | 10 (31.3%) 0.80
Hyperlipidemia, n (%) 13 (41.9%) | 18 (58.1%) 20 (62.5%) 0.23
Smoking History, n (%) 15 (48.4%) | 17 (54.8%) | 11 (34.4%) 0.25
NIHSS admission, median (IQR) 3(2-10) 2(1-3) 2.5 (1-5.75) 0227

Cohort 2 (n=79) n=31 n=26 n=22 NA
Age, mean (SD) 51.7(6.20) | 65.5(3.84) | 79.9 (4.55) NA
Sex Female, n (%) 16 (51.6%) | 13(50.0%) | 11 (50.0%) 0.99
Hypertension, n (%) 22 (71.0%) | 18 (69.2%) 14 (63.6%) 0.18
Diabetes Mellitus, n (%) 10 (32.3%) | 8(30.8%) 5 (22.7%) 0.85
Hyperlipidemia, n (%) 12 (38.7) 13 (50.0%) 10 (45.5%) 0.73
Smoking History, n (%) 17 (54.8%) | 9(34.6%) | 10 (45.5%) 0.31
NIHSS admission, median (IQR) 3 (2-4.25) 2 (1-4) 45 (2.5-5.75) 0.63%

NA indicates not applicable

*
evaluated using Kruskal-Wallis test for multiple groups
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