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Abstract

Background and aims: Despite mechanistic data implicating unresolving inflammation in
stroke pathogenesis, data regarding circulating immune cell phenotypes — key determinants of
inflammation propagation versus resolution - and incident stroke are lacking. Therefore, we aimed
to comprehensively define associations of circulating immune phenotypes and activation profiles
with incident stroke.

Methods: We investigated circulating leukocyte phenotypes and activation profiles with incident
adjudicated stroke in 2104 diverse adults from the Multi-Ethnic Study of Atherosclerosis (MESA)
followed over a median of 16.6 years. Cryopreserved cells from the MESA baseline examination
were thawed and myeloid and lymphoid lineage cell subsets were measured using polychromatic
flow cytometry and intracellular cytokine activation staining. We analyzed multivariable-adjusted
associations of cell phenotypes, as a proportion of parent cell subsets, with incident stroke
(overall) and ischemic stroke using Cox regression models.

Results: We observed associations of intermediate monocytes, early-activated CD4™ T cells,

and both CD4* and CD8* T cells producing interleukin-4 after cytokine stimulation (T}, and

T, respectively) with higher risk for incident stroke; effect sizes ranged from 35% to 62%
relative increases in risk for stroke. Meanwhile, differentiated and memory T cell phenotypes were
associated with lower risk for incident stroke. In sex-stratified analyses, positive and negative
associations were especially strong among men but null among women.

Conclusions: Circulating IL-4 producing T cells and intermediate monocytes were significantly
associated with incident stroke over nearly two decades of follow-up. These associations were
stronger among men and not among women. Further translational studies are warranted to define
more precise targets for prognosis and intervention.

Graphical Abstract
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1. Study Population and Methods
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1. Introduction

Observational studies and experimental models suggest an important role of immune
response and regulation in ischemic stroke pathogenesis. In cohort studies, circulating
markers of inflammation and thrombosis such as C-reactive protein, interleukin-6, and
fibrinogen are associated with incident stroke [1-7]. Complementing these are (1)
observational findings that inflammatory leukocytes from excised plaque in carotid
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endarterectomy patients are strongly associated with subsequent ischemic stroke [8] and
(2) experimental data that implicate activated leukocytes in athero-thrombotic events by
mechanisms including endothelial apoptosis and plaque erosion/rupture [9-11]. In studies
of peri- and post-stroke prognosis, experimental data demonstrate a clear role of innate-

adaptive immune interplay in determining extent of injury following cerebral ischemia/
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ischemia-reperfusion [12]. These findings, taken together, highlight the likely importance

of pro-inflammatory immune responses in stroke pathophysiology. However, few studies
have prospectively investigated the relationship between specific peripheral blood leukocyte
subpopulations and incident stroke. The two largest studies to our knowledge investigated
associations of B cell subsets and CD4* T cell subsets with stroke in a Swedish cohort of
individuals aged 68—73 years (N = 700) [13,14], and observed varied significant associations
of certain B cell subsets, but not T regulatory cells (Tregs), with stroke. However, outside

of this ethnically homogenous Swedish population, sparse data exist regarding prospective
associations of circulating leukocyte subsets with incident stroke. Additional unresolved
questions include (1) associations of circulating monocyte subsets — which we have
observed as associated with carotid intima-media thickness progression [15] — and CD8*

T cell subsets with incident stroke, and (2) associations of circulating leukocyte subsets with
ischemic stroke as well as all stroke (combining ischemic and hemorrhagic as previously
done [13,14]).

2. Patients and methods

In this study, we analyzed prospective associations between 28 pre-specified leukocyte
subsets and incident ischemic stroke in the Multi-Ethnic Study of Atherosclerosis (MESA),
a multi-center prospective cohort study based at 6 sites in the United States [16]. Of

6814 participants in MESA, 6793 were free from stroke at baseline (Exam 1; 2000-2002);
2193 of these participants had polychromatic flow cytometry and intracellular cytokine
staining performed on cryopreserved peripheral blood mononuclear cells (PBMCs; see
Online Methods for details) [15,17].

2.1. Immune profiling

Our methods for immune profiling of cryopreserved PBMCs have been described previously
[15,17], including gating strategies; details regarding sample processing and storage are
included in the Supplementary Methods. Briefly, cryopreserved (=145 °C) cells from the
MESA baseline examination were thawed and myeloid and lymphoid lineage cell subsets
were measured using polychromatic flow cytometry and intracellular cytokine activation
staining. Supplementary Table 1 displays specific subsets measured, their corresponding
cellular markers, and frequencies within parent cell subsets, and Supplementary Fig. 1
displays correlations of cell subsets with one another.

2.2. Statistical analyses

We analyzed associations of each of the 28 leukocyte subsets measured with incident stroke,
both all stroke and ischemic stroke separately as co-primary endpoints. Due to multiple
comparisons, we defined significant as associations with a p value of 0.0018 (reflecting

a Bonferroni correction of 0.05/28) whereas associations with a p value between 0.0018

and 0.05 were considered borderline significant. Our base model (Model 0) adjusted for

age (years), sex, race/ethnicity, and MESA field center. Our primary model (Model 1)
adjusted for age (years), sex, race/ethnicity, MESA field center, educational attainment,
smoking status, alcohol use, systolic blood pressure, body-mass index, and diabetes mellitus.
Given our prior findings of significant associations of circulating monocyte subsets with
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carotid intima-media thickness progression in men but not women [15], we also performed
pre-specified sex-stratified analyses using Model 1 covariates for adjustment to evaluate
associations of baseline immune cell subsets and incident stroke; we focused on stroke (all)
only for these sex-stratified analyses due to limited sample size and related power after
stratification.

For secondary analyses, we added four models. Model 2 adjusted for Model 1 variables in
addition to the analytical batch in which cells were measured and the seasons in which blood
draws occurred. Model 3 adjusted for Model 1 variables in addition to batch, season, and
baseline low- and high-density lipoprotein cholesterol (LDL, HDL), and Model 4 adjusted
for Model 1 variables in addition to batch, season, LDL, HDL, and cytomegalovirus (CMV)
viral load given prior findings in MESA that CMV viral load is associated with T cell
biasing, which is in turn associated with atherosclerosis [18]. Finally, Model 5 adjusted for
baseline antihypertensive and statin medication use in addition to Model 3 variables. The
purpose of our approach to these models was to minimize the potential for overadjustment
bias [19] in the primary model, while also accounting for variables of interest that could be
potential meaningful confounders in not only the primary model but subsequent models used
in secondary analyses.

2.3. Sample weighting

The participants’ empirical weights were computed using multiple imputation and a logistic
regression model. Specifically, 100 imputations were done using the mice package in

R, with predicted probabilities calculated for each imputation, then averaged across the
imputations. Covariates in the sampling weights model included age, gender, race, CAC,
HDL, cholesterol, triglycerides, BMI, systolic BP, diabetes, statin use, antihypertensive
drugs use, stroke, angina, Ml and HF.

Several nested Cox regression models using the weighted sample and robust standard errors
were used to address the association between stroke or ischemic stroke with individual
immune cell subsets. To account for multiple testing, Bonferroni correction of 0.05/18

was used. Analysis was performed in R: (Ref: R Core Team (2021). R: A language and
environment for statistical computing. R Foundation for Statistical Computing, Vienna,
Austria. URL https://www.R-project.org/).

2.4. Replication analyses in the Cardiovascular Health Study (CHS)

Twenty-five leukocyte subsets were measured in CHS participants with PBMCs
cryopreserved from Exam 11 (1998-1999) in the same manner as they were measured

in MESA participants in the primary analyses. A total of N = 1793 participants free from
stroke at Exam 11 had these 25 leukocyte subsets measured; given the composition of
CHS as an older cohort, the age at Exam 11 of CHS participants analyzed (79.6 + 4.4
years old, vs. 62.2 in MESA) was substantially older. Cell phenotypes were measured

at the same central laboratory and using the same methods for the CHS analyses as

for MESA, but with the difference that several subsets measured in MESA were not
measured in CHS [20]. The leukocyte subsets measured in CHS that were in common
with those measured in MESA included the following subsets: natural killer cells (CD3 =
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CD16 + CD56%), gamma-delta T cells (CD3* gamma-delta T cell receptor+), pan CD4*,
Tregs (CD4*CD25*CD127-), CD4*CD25*, CD4*CD45RA+, CD4*CD28", CD4*CD57*,
CD4*CD28 CD57*, CD4*CD28~CD57*CD45RA+, CD8*, CD8*CD45RA+, CD8*CD28",
CD8*CD57*, CD8*CD28~CD57*, and CD19* B cells. Of the N = 1793 participants with
these leukocyte subsets measured, N = 293 had incident stroke events over a median follow-
up of 9.9 years (maximum 17 years) and N = 226 of these were ischemic strokes. Incidence
rates were relatively similar in men and women for all stroke (1.56 per 100 person-years

for men and 1.86 per 100 person-years for women) and ischemic stroke (1.28 and 1.40,
respectively). All available CHS participants were included, so sampling weights were not
needed. The central replication analysis was a meta-analysis of the associations of each

of these fifteen leukocyte subsets (measured in parallel fashion for MESA and CHS) with
incident stroke.

2.5. Stroke adjudication

Incident stroke events were adjudicated and subtyped in MESA and CHS using parallel
methods, described previously [21,22], in which independent adjudicators filled out answers
to detailed questions related to stroke subtypes based on their review of comprehensive
clinical and imaging data. Possible events were determined by at least yearly contacts via
phone with cohort participants as well as in person follow-up examinations, with medical
records, death certificates, and autopsy reports subsequently reviewed for suspected events.
For out-of-hospital events, participants were interviewed and outpatient clinical summaries
and testing were reviewed; for out-of-hospital deaths, physicians and family members

were interviewed. All records were anonymized and then made available for adjudicators.
Adjudicators reviewed all events thought possibly related to transient ischemic attack (T1A)
or stroke (or neither) and determined these to be events based on symptoms, signs, and
imaging results. Strokes were subtyped into hemorrhagic, ischemic, other, or undetermined.
Any disagreements were resolved by consensus between reviewers.

2.6. Data availability

The datasets generated during and/or analyzed during the current study are available from
the MESA and CHS coordinating centers on reasonable request.

3. Results

Of 2193 participants in MESA with immune cell profiling performed, 2104 had complete
baseline data. These 2104 individuals comprise the sample for this study and empirical
sampling weights were constructed to ensure this population (a combination of two case-
cohorts, neither of which focused on stroke) was representative of the overall MESA
population (Table 2). Follow up for stroke events (ischemic stroke and all stroke),
adjudicated in standard fashion [21], occurred from Exam 1 until 12/31/18 or death,
with a maximum follow-up of 18.5 years. In our study sample (N = 2104), a total of

103 individuals had incident ischemic strokes and 124 had incident stroke of any type
during follow-up. Incidence rates for all stroke were 0.45 per 100 person-years for men
and 0.29 per 100 person-years for women,; for ischemic stroke, these numbers were 0.39
and 0.22, respectively. A limited replication analysis was performed using data from the
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Cardiovascular Health Study (CHS), an older population-based cohort in which leukocyte
subsets were measured in N = 1793 individuals using similar immune profiling methods in
the same laboratory.

Table 1 displays multivariable-adjusted associations of leukocyte subsets with incident
stroke (all stroke) and ischemic stroke in MESA. Hazard ratios (HRs) are displayed per
standard-deviation (SD) difference in cell subtype as a proportion of parent immune cell
subset. In the base model (Model 0), adjusted for age, sex, race, ethnicity, and MESA

field center, higher proportions of intermediate monocytes (CD14*CD16*, as % of total
monocyte population) were associated with significantly higher risk for all stroke [HR 1.33,
95% confidence interval (Cl) 1.14-1.56), p < 0.001] and borderline significantly higher risk
for ischemic stroke (HR 1.31, 95% CI 1.10-1.56, p=0.003). In the pre-specified primary
model (Model 1), which was adjusted additionally for educational attainment, smoking
status, alcohol use, systolic blood pressure, body-mass index, and diabetes mellitus (Table
2), patterns were similar, with higher effect sizes but attenuated significance. Likewise, in
sensitivity analyses adding adjustment for season, lipid parameters, and CMV (Models 2-4;
see Supplementary Data), patterns and effect sizes of the association of CD14*CD16* cells
with all stroke (HRs ranging from 1.29 to 1.35) and ischemic stroke (HRs ranging from 1.34
to 1.46) were similar but with significance attenuated. These results demonstrate a consistent
association in which each SD increase in intermediate monocytes (as a proportion of total
monocytes) was associated with a 30-40% higher risk for stroke (all and ischemic). The
other monocyte subsets, CD14**CD16~ and CD14*CD16™*, were not associated with stroke
endpoints.

Several interesting patterns were observed related to T cell subsets and ischemic stroke
(Table 2). In the primary model, each 1-SD increase in CD4*CD25™ (early activated) CD4*
T cells was associated with 1.62 (95% CI 1.16-2.23, p=0.004) and 1.74 (95% CI 1.23-2.45,
p=0.002) times higher risk for all stroke and ischemic stroke, respectively. Of note, the
subset of CD4"CD25" T cells representing T regulatory cells (Tregs, CD4*CD25*CD1277)
was not associated with stroke or ischemic stroke (p > 0.2 for all).

Meanwhile, differentiated and memory phenotypes of CD4* T cells were associated with
lower risks for stroke; effect sizes were similar for all stroke and ischemic stroke but the
associations were not significant for ischemic stroke. Cell subsets associated with all stroke
in the primary model included CD4*CD28~ (HR 0.722, 95% CI 0.537-0.972, p=0.032),
CD4*CD28~CD57* (HR 0.61, 95% CI 0.43-0.85, p=0.003), and CD4*CD28-CD57*
CD45RA™ (HR 0.77, 95% CI 0.59-0.997, p=0.047); these represent differentiated,
terminally differentiated/senescent, and effector memory RA+ (TEMRA) phenotypes,
respectively (Table 2).

Cytokine activation profiling (Table 2) revealed that CD4™ T cells expressing IL-4 (Typ)
were associated with higher risk for stroke (HR 1.48, 95% CI 1.11-1.98, p=0.007) and
ischemic stroke (1.51, 95% CI 1.88-2.08, p=0.013). Likewise, CD8* T cells expressing IL-4
(T¢2) were associated with higher risk for stroke (HR 1.35, 95% CI 1.04-1.76, p=0.027) and
ischemic stroke (1.42, 95% CI 1.07-1.88, p=0.016).
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In secondary analyses (see Supplementary Data), overall similar patterns of association were
observed after adjustment adding batch and season (Model 2); LDL and HDL in addition to
Model 2 covariates (Model 3); cytomegalovirus (CMV) viral load (log-adjusted) in addition
to Model 3 covariates (Model 4); and baseline antihypertensive and statin use to Model 3
covariates (Model 5).

Given our previous findings of significant sex-based interactions and related differences

in associations of immune phenotypes with carotid intima-media thickness (C-IMT)
progression, we performed pre-specified sex-stratified analyses (Table 3). As in our previous
analyses, several associations were significant for men but not women, with clear and
substantial differences in effect sizes. Among men, intermediate monocytes were associated
with incident stroke with a substantially larger effect size than in the overall population
(HR 1.64, 95% CI 1.01-2.67), whereas the association was null for women (HR 1.06, 95%
Cl1 0.66-1.69). Likewise, Ty cells (HR 1.79, 95% CI 1.23-2.62), CD4*CD25*T cells (HR
1.83, 95% CI 1.20-2.81), and T, cells (HR 1.64, 95% CI 1.14-2.35) were associated with
significantly higher incident stroke risk for men but not women. Interestingly, T cells,
which are CD8* T cells producing interferon-gamma on intracellular cytokine profiling,
were associated strongly with stroke risk for men (HR 1.89, 95% CI 1.19-3.01) whereas
the direction of association clearly differed among women (HR 0.87, 95% CI 0.57-1.34).
Men were also observed to have significant associations of CD4*CD28~ (HR 0.61, 95% Cl
0.38-0.99) and CD4*CD28~CD57* (HR 0.53, 95% CI 0.31-0.91) cells with lower stroke
risk, whereas these associations were null among women.

Given the long duration of time between baseline and follow up (maximum 18.5 years), and
related possibility that this could blunt informative associations, we performed sensitivity
analyses of leukocyte phenotypes at baseline and ischemic stroke occurring within 10 years
of baseline. Overall, patterns of association were similar to those observed in the primary
analyses (see Supplementary Data).

Finally, we performed a limited replication analysis in which we meta-analyzed associations
of certain cell phenotypes with incident stroke in MESA and CHS. We analyzed only
subsets that were measured in the same laboratory using the same methods in MESA

and CHS; monocytes and intracellular cytokine activation profiling were not measured in
CHS, nor were certain T cell phenotypes. Age at PBMC measurement differed considerably
for MESA (median = 62.2 years) and CHS (median = 79.6 years). The associations of
CD4*CD28~CD57* and CD4*CD28~CD57*CD45RA™T cells with lower stroke risk in
MESA, and CD4*CD25* T cells with higher stroke risk in MESA, were not replicated

in CHS (Table 4).

4. Discussion

This study uses a large cohort to investigate the relationships between specific leukocyte
subsets and incident stroke. In a cohort of 2104 individuals followed for nearly two decades,
we observed several novel prospective associations of monocyte and T cell phenotypes with
incident stroke. These findings not only add granularity to existing data examining broad
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inflammatory biomarkers and stroke, but also several precise immune phenotypes that may
be implicated in the inflammation-stroke relationship.

Our findings related to T cell subsets and stroke revealed several consistent patterns. T cell
subsets expressing I1L-4 after activation (Th2 and T.2) were associated with higher stroke
risk. Activated CD4* T cells (CD4*CD25%) were likewise associated with higher stroke

risk in both longer term (up to 18.5 years) and shorter term (up to 10 years) follow up
analyses; notably, the T regulatory subset of CD4*CD25™ cells (Tyegs: CD4*CD257CD1277)
was not associated with stroke in any analyses. To provide context related to effect size,
each one standard deviation increase in T2 cells (as a proportion of all CD4* T cells)

was associated with an approximately 1.5-fold (50% increase) higher multivariable-adjusted
hazard of stroke. In other words, a person in the 84th percentile of T2 cells (one standard
deviation higher than someone in the 50th percentile) would have an approximately 50%
higher risk for incident stroke. To provide context, each year older in age was associated
with a hazard ratio of 1.05 (approximately 5% relative increase per year in stroke risk), with
8 years older age corresponding an approximately 1.5-fold increase (1.05"8 = 1.48; a 48%
relative increase) in stroke risk. Accordingly, each standard deviation increase in Th2 cell
proportion was equivalent to slightly more than 8 years of older age with respect to risk for
stroke.

These relatively consistent findings underscore the potentially important role of activated

T cell phenotypes in atherosclerosis pathogenesis and suggest that the controversial role

of IL-4-producing T cell phenotypes in development of vs. protection from Refs. [23-25]
warrants further investigation. Classically, IL-4 and related Tp,-type immune responses were
thought to oppose pro-atherogenic Ty, activities, and indeed IL-4 has been demonstrated

to aid in tissue recovery/damage resolution following ischemic stroke [26]. Yet, the
simplified paradigm of Ty, and IL-4 as purely athero-protective, inflammation-resolving

has been challenged by other mechanistic and clinical data implicating these allergic-type
responses (e.g. Tho-driven mast cell activation and degranulation) in atherosclerosis and
thrombosis [27]. In experimental models, mast cell activation and related immunoglobin
E/Toll-like receptor 4-driven inflammatory macrophage activation lead to inflammatory
plague development [28]. Similarly, in humans, carotid intra-plague mast cells are associated
prospectively with increased stroke risk and autopsy findings of excess degranulated mast
cells have been observed in ruptured coronary plaque and thrombi from patients with

acute coronary syndromes [8]. Further supporting these findings, IL-6 — which is causally
implicated in ischemic stroke [29] — plays an essential role in Ty, cell differentiation,
promoting differentiation to Tpo-type cells preferentially and inhibiting T polarization
[30].

Given the role of atherosclerosis and thrombosis in ischemic stroke and blood-brain barrier
permeability to inflammatory cell infiltration [31,32], it is plausible that Ty,-type responses
are implicated in diverse etiologies of ischemic stroke; however, it was beyond the scope

of the present study to analyze of associations of immune cell populations with further
subtyped ischemic stroke events. The clinical and immunotherapeutic implications of
investigating propensities to allergic-type inflammation in stroke — and more broadly, athero-
thrombosis — pathogenesis are substantial and warrant further mechanistic investigation.
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We also observed that differentiated CD4* phenotypes tended to be associated with lower
risk of stroke in MESA, although these findings were not replicated in the older CHS
cohort. The lack of replication in CHS is not necessarily surprising, and could result from
differences in study populations — with CHS representing an older cohort (subject to related
survival bias) with a less diverse race/ethnicity make-up than MESA — and/or true lack of

a replicable effect (e.g. false positive in MESA). Meanwhile, naive and early-differentiated
CD4* T cells were associated with higher stroke risk in both cohorts (with a stronger and
more statistically significant signal in MESA\). Potential causes for this include more potent
inflammatory responses induced by naive and early-differentiated CD4* T cells. It is also
possible that certain T cell subsets are simply markers of existing atherosclerotic lesions
(which in turn, drive stroke risk); in this case, the harmful association of memory CD4*T
cells and protective association of naive CD4*T cells with ischemic stroke may reflect
antigen-experienced memory in the setting of existing atherosclerosis (or a lack thereof),
and therefore a (not surprising) association of immune markers of this atherosclerosis with
ischemic stroke. However, the long duration of time between cell measurement and events
makes this perhaps less likely.

Interestingly, we observed strong associations of immune cell subsets with incident stroke
for men but not women. These findings, including an association of intermediate monocytes
with increased stroke risk, provide an interesting corollary to — and perhaps more clinically
relevant extension of — our group’s recent findings in the same cohort that nonclassical
monocytes were associated with carotid intima-media thickness (C-IMT) progression
whereas classical monocytes were associated with C-IMT regression [15]. In this analysis,
we also observed particularly robust associations of IL-4 producing T cell subsets (Ty, and
Tco) with stroke for men but not women. In light of our findings and known sex dimorphism
in acquired immune responses [33] and incident stroke [34], future studies on sex-dimorphic
immune factors implicated in vulnerability vs. resilience to athero-thrombotic events are
warranted.

Several limitations warrant discussion. PBMCs were obtained at a single time point and

not serially between baseline and follow-up for events, which limited our ability to probe
dynamic changes in immune response leading up to events. Our immune profiling consisted
of phenotypic assessments and cytokine stimulation experiments, which provide important
surface marker and functional data but do not offer the granularity of single-cell or bulk
sequencing. Another potential limitation relates to use of cryopreserved PBMCs instead

of freshly obtained whole blood, although studies have demonstrated that cryopreserved
cells show similar results as fresh whole blood [35]. However, using cryopreserved PBMCs
enabled us to analyze cells from multiple MESA sites, collected over a two-year period

(the baseline MESA examination), in a standardized way and minimize potential batch
effects. Another potential limitation is the use of percentages rather than absolute cell
counts, which were not available due to the absence of a complete blood cell count with
differential performed at the time of blood draw. While the effect sizes observed are unlikely
to inform clinically relevant risk prediction models, the purpose of these analyses was not
to generate a new stroke risk prediction model, but rather to highlight potential relationships
between circulating immune cell profiles of interest and incident stroke. An additional
limitation was our limited power to evaluate associations of immune cell subsets with
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further subtypes of stroke beyond ischemic stroke only vs. overall (including hemorrhagic)
stroke. This is potentially important given the proportion of ischemic strokes (25-30% in
CHS and MESA [21,22]) that are cardio-embolic in etiology. We were not powered to
evaluate further stroke subtypes beyond ischemic only vs. overall stroke as outcomes for this
analysis, but future investigations should ideally further distinguish among ischemic stroke
subtypes. Overall, despite these limitations, the size, representativeness, and follow-up of
the cohort, coupled with the systematic and large-scale immune profiling, provided a unique
opportunity to investigate our hypotheses that would not readily be investigable in other
cohorts. One exception to the latter point is the available data from CHS we used in our
limited replication analyses; however, the subsets most strongly and consistently associated
with stroke in our analysis of MESA were not measured in CHS, precluding replication of
our central findings.

In conclusion, in a diverse study of middle-aged and older adults, we observed significant
associations of circulating IL-4 producing T cells and intermediate monocytes with incident
stroke over nearly two decades of follow-up. Future translational investigations investigating
tissue-level mediators of the observed immune profile-stroke associations are needed to
enhance depth of insights into related diagnostic and therapeutic targets.
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