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Abstract

BACKGROUND: There is a need to identify vascular and geroscience-
relevant markers and mediators that can physiologically link ageing
to vascular disease. There is evidence of specific T cell subsets, all
influenced by age, that exert positive and negative effects on vascular
health. CD31*, termed angiogenic T cells, have been linked to
vascular repair whereas CD28™", termed senescent T cells, display pro-
inflammatory and cytotoxic effector functions.

OBJECTIVE: This study sought to determine the combined influence of
increasing age and frailty status on these circulating CD31* and CD28™"
T cell subsets.

METHODS: This cross-sectional study recruited four different cohorts
of men and women; young (20-30 years, n=22), older (65-75 years,
n=17), robust non-frail (76* years, n=17), and frail (76* years, n=15)
adults. Frailty was determined using the Fried Frailty method. T cell
subsets were determined by whole blood flow cytometry based on the
expression of CD3,CD4,CD8,CD31 and CD28. Cognitive impairment
(CI) was measured via the Montreal Cognitive Assessment test.
RESULTS: Whether expressed as circulating counts or as a % of total
T cells, there was a progressive decrease (p<0.05) in CD31* T cells
with increasing age but paradoxically higher values (p<0.05) in the frail
compared to the robust non-frail group. These changes were similar in
the CD4+ and CD8" fractions. CD28™!' T cells were considerably higher
(p<0.05) in the frail compared to the robust non-frail group, including
in the CD8* (47% vs 29%, p<0.05) and CD4* (4% vs 1%, p<0.05)
fractions. CD28™!" T cell percentage was also higher (p<0.05) in those
with moderate CI compared to mild CI and normal function.
CONCLUSION: CDS8*CD28™!" T cells are considerably elevated in
frailty and with cognitive impairment and may serve as a useful target
for intervention. Currently, the utility of CD31* T cells as an ageing
biomarker may be confined to healthy ageing cohorts.
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Introduction

railty is a medical syndrome most often observed in

older adults that results from a simultaneous decline

in multiple physiological systems leading to a decline
in the overall physiological function of the individual. This
multisystem decline leaves individuals at increased risk of
adverse events such as acute illness, falls, institutionalisation,
hospitalisation, and mortality (1, 2). Age-related frailty is an
increasing challenge for societies worldwide, with a growing
emphasis on identifying its underlying pathophysiology and
prospects for intervention (3).
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Although not explicitly part of the syndrome based on some
definitions employed, there is an important cardiovascular
dimension to frailty. The prevalence of frailty is higher in
populations with cardiovascular disease (4) and frail persons
without clinical cardiovascular disease at baseline have been
demonstrated to be at increased risk of future cardiovascular
events (5). The observed associations between frailty and
vascular disease are complex, and it is not currently clear
whether a frailty diagnosis increases the risk of future vascular
disease or whether having a vascular condition increases the
risk of developing frailty. Epidemiological evidence supports
both scenarios (5, 6). Mechanistic links between frailty and
vascular cognitive impairment have been proposed (7). In
addition, pulse wave velocity, a physiological indicator of
arterial stiffness linked to vascular risk and cognitive decline
(8) is increased with age (9) and with frailty (10).

Multiple changes occur in the components of the immune
system with age and frailty, many of which have previously
been extensively reviewed (11, 12). The effects of thymic
involution are particularly evident on the T lymphocyte
component of the adaptive immune system with these changes
frequently studied in older individuals in the context of immune
function and response to vaccination (13). Less recognised are
the implications of age-related T cell changes for processes
related to vascular injury and repair. T cell subsets have been
positively and negatively implicated in vascular health and age-
related vascular disease.

A T cell population has been identified expressing platelet
endothelial cell adhesion molecule (PECAM or CD31),
that promotes endothelial repair and revascularisation. Hur
and colleagues (14) described these cells as «angiogenic T
cells». Unlike CD31 negative T cells, these CD31* T cells
restored muscle blood flow when injected into T cell deficient
mice with hindlimb ischemia. They demonstrated superior
angiogenic potential concerning tube formation, adhesion
and transendothelial migration, and secretion of angiogenic
cytokines (14). CD3*CD31* T cells have also been positively
associated with endothelial function and negatively associated
with several cardiovascular disease risk factors (14, 15). In
humans, it has been demonstrated that circulating counts and
percentage frequency of angiogenic T cells decrease with age
(16, 17).

In contrast, senescent T cells represent a T cell population
towards the end of the naive — terminally differentiated
continuum, that exhibit increased inflammatory cytokine
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production and cytotoxic effector functions, but resistance to
apoptosis (18). They no longer express the co-stimulatory
molecule CD28 and this surface marker characteristic
is frequently used to identify them in the circulation using
flow cytometry. Other signature markers expressed include
CDS57 and Kkiller cell lectin-like receptor G1. Senescent T
cells potentially trigger inflammation in several inflammatory
disorders, including atherosclerosis (19). Due in part to
thymic involution and lifelong exposure to chronic infections,
senescent T cells are linked to the immunosenescence of
advancing age (20). This expansion in CD28™! T cells with
age is particularly evident in the CD8* cytotoxic T cell fraction
(21). The relationship with age-related frailty is less frequently
considered though associations of senescent T cell subsets and
incident frailty have previously been reported (22, 23). More
recently, there has been interest in a hybrid cell phenotype,
the CD28™!! CD31* T cell identified by Lopez and colleagues
(24) though these cells appear to also display a cytotoxic
inflammatory profile (24).

Geroscience explores biological mechanisms of ageing
as targets for intervention that may delay the physiological
consequences of ageing, maintain function, and prevent frailty
and disability (25). Cellular senescence has been identified
as one of the geroscience hallmarks of ageing (26). These
angiogenic and senescent T cell subsets merit further
investigation as biomarkers that relate to the hallmarks of
ageing and to vascular disease. There is biological plausibility
to an influence as impaired vascular repair, cellular senescence
and inflammation are key features of ageing and the athero-
arteriosclerotic processes. There is a clear need to identify age-
and frailty-related vascular phenotypes in older populations that
will further the understanding of underlying pathophysiologies
and ultimately form the basis for monitoring intervention
efficacy. Though limited evidence exists of an age or frailty
effect on these immuno-vascular markers, to our knowledge,
these angiogenic and senescent T cells and their subsets
have not been studied together within a single study design.
The purpose of this cross-sectional study was therefore to
investigate the combined effect of age and frailty on circulating
angiogenic and senescent T cell populations.

Methods

Study design

This study was a cross-sectional design comparing
circulating T cell and other immune subsets in a young adult
(20-30 yrs) and three older adult groups, older (65-75 yrs),
robust non-frail (76* yrs) and frail (76* yrs). Descriptive
characteristics of the four study cohorts are displayed in table
1. The effect of age was determined with comparisons between
the young, older and robust non-frail 76* groups. The effect of
frailty was determined by comparing the robust non-frail 76*
and frail 76" groups.

Recruitment, Exclusion, Ethics, and Consent

All non-frail participants were recruited in community
settings. Frail participants were recruited from the University
Hospital Waterford (UHW) Department of Medicine for the
Elderly clinics and local residential care facilities. Exclusion
criteria for any of the four groups included physical or cognitive
limitations rendering the participant unable to provide informed
consent or complete the Fried Frailty Index assessment, known
inflammatory or autoimmune disorders, active malignancy,
vascular events in the previous 6 months or on prescribed
medications known to influence immune cell populations (e.g.
corticosteroids, monoclonal antibodies or immunotherapeutics).
Informed consent was obtained for all participants in the study.
Ethical approval for the study was obtained from the Waterford
Institute of Technology (now South East Technological
University) Research Ethics Committee and the Research Ethics
Committee, Health Services Executive, South East.

Preparation for assessments

In the 48 hours before blood collection, all participants
were asked to refrain from vigorous physical activity and
alcohol consumption. On the morning of blood collection, all
participants were advised to avoid caffeine and consume only a
light breakfast consisting of no more than two slices of toast, a
piece of fruit, or a bowl of cereal.

Frailty assessment

Frailty status was determined using a modified version of
the Fried Frailty Index (1) with reference to its five criteria:
unintentional weight loss, self-reported exhaustion, low gait
speed, reduced grip strength and low physical activity. Low
physical activity was defined by a negative response to the
question «Do you accumulate more than 30 minutes walking
on most days of the week?» AND a positive response to the
question «Do you sit for most of the day?» Pre-frail older
adults (1 or 2 criteria) were not included in the study with
robust (0 criteria) and frail (3 — 5 criteria) participants eligible
for the non-frail 76* and frail 76* groups respectively.

The Montreal Cognitive Assessment (MoCA) is a screening
tool to measure cognitive function (27). The MoCA identifies
eight domains that are most seen to decline: executive
functioning, naming, memory, attention, language, abstraction,
delayed recall, and orientation. It was administered using a
standardised protocol. Based on MoCA scores, participants
were classified as having normal cognitive function (26-30
points), mild cognitive impairment (18-25 points) or moderate
cognitive impairment (10-17 points).

Physical activity was determined via a suitable version of
the International Physical Activity Questionnaire (IPAQ),
a validated tool (28). Young adults completed the standard
IPAQ short form, and older adults completed the IPAQ-Elderly
(IPAQ-E) short form. The IPAQ-E has been validated for use in
populations over 65 years old (29).
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Figure 1. Flow cytometry gating strategy for the T lymphocyte assay using lysed whole blood
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T cell gate [T] based on CD3 Vs SS (A). CD28* and CD28™" lymphocyte threshold identified visually from CD28 vs SS plot (B). CD28* and CD28™" T cells gated on [T] with threshold
from (B), CD28* events gated as [P] (C). Negative control sample to establish threshold for CD31* and CD31- populations gated on T (D). CD3*CD31* T cells from CD3 vs CD31 plot gated
on [T] with threshold from D (E). CD3*CD31*CD28* T cells from CD3 vs CD31 plot gated on [T] and [P] with threshold from D (F). Similar approach taken with identification of CD4*
and CD8* T cell subsets with gating initially on [T] followed by gating on a CD4 vs SS or CDS8 vs SS plots followed by steps C — F. Representative plots shown here were generated using

blood obtained from a frail participant.

Physiological measurements

The anthromopetric assessments undertaken were height,
weight and waist circumference with body mass index derived.
Body fat percentage was determined by multi-frequency
bioelectrical impedance (Bodystat Quadscan 4000 BIA,
Bodystat Ltd., Isle of Man, British Isles). Blood pressure was
measured using an automated sphygmomanometer (Omron
M2, Omron Healthcare, UK) following 5 minutes of seated
rest. Three separate measurements were taken and the average
recorded. Carotid-femoral pulse wave velocity, a measure of
aortic stiffness was determined using the Complior Analyse
instrument (ALAM Medical, France) following 5 min of supine
rest. The distance between the carotid and femoral pulse sensors
was determined by tape measure as the shortest direct distance.

Blood sampling

Blood was sampled from a forearm vein by 21-gauge
venupuncture. Blood tubes were kept at room temperature and
processed within 2 hours of collection. The first 1 mL of blood
was collected into a discard tube. Two tubes were prepared for
lysed whole blood flow cytometric analysis, one for a T cell
assay and one for a monocyte assay. A full blood count was
also obtained using an automated haematology analyser (Ac'T
diff2, Beckman Coulter, USA).

Flow cytometry

Separate T cell and monocyte assays were undertaken
using multicolour flow cytometry (Cytomics FC500, Beckman

Coulter, USA). Data analysis (percentage expression and
counts/uL)) was carried out using CXP software version 2.3.
Fluorescence compensation parameters were established using
single stained compensation beads and the cytometer flow rate
was monitored by adding AccuCount beads (Spherotech Inc,
Illinois, USA) to samples.

T cell and monocytes assay overview

The T cell assay tube contained anti-CD3, CD4, CD8, CD31
and CD28 antibodies. Angiogenic T cells were defined as
CD3*CD31*. Senescent T cells were defined as CD3*CD28™"".
We also enumerated CD3*CD31*CD28* T cells to distinguish
from CD3*CD31*CD28™" T cells which are assumed to be
cytotoxic. All subsets can be further broken down into the
CD3*CD4* and CD3*CD8" T cell fractions. A representative
profile of the flow cytometry gating strategy for the T cell assay
is presented in figure 1. The monocyte assay tube contained
anti-CD14, CD16 and Tie2 antibodies with CD14 and CD16
expression used to identify classical, intermediate and non-
classical monocyte fractions based on the method of Weber and
colleagues (30). This monocyte gating strategy used in our lab
has been previously presented (31).

Staining and analysis protocol

The fluorochrome-conjugated monoclonal antibodies used
in both assays were all, unless otherwise stated, REAfinity
recombinant antibodies (Miltenyi Biotec, UK) which are
IgG1 isotype class. The following antibodies were used to
differentiate various T cell subsets; anti-CD3-PE-Cy5, 1gG2a,%
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Table 1. Descriptive characteristics of the young (n = 22), older (n = 17), non-frail 76* (n=17) and frail 76* (n = 15) study

participants

Young Older Non-frail 76+ Frail 76+
Age and sex
Age (years) 246+3.2 71.8+3.5 80.1 30 839+438
Male: Female (n) 12:10 8:9 14:3 7:8

Height (cm)

Weight (kg)

Body mass index (kg/m?)
Body fat (%)

Systolic BP (mmHg)
Diastolic BP (mmHg)
Pulse wave velocity (m/s)
Cognitive function

Grip Strength (kg)
Walking test (sec)
Physical activity (kcal/week)

Co-morbidities and smoking status

173 (170, 175)*
74 (68,79)
24.5(22.9,26.0)*
21.3(19.4,23.3)*
122 (114, 131)*
69 (65, 73)"
594.5,74)7
No measure
34.4(32.0,36.7)
No measure

5877 (4305, 7449)*

Body composition, vascular, cognitive function and physical function measures

170 (167, 173)*
77 (71,83)
26.5 (247,28 3)*
33.5(31.1,35.9)
134 (124, 143)
73 (68, 77)"
93 (75,112
257 (24.3,27.1)
31.8(29.2,34.5)
32(2.6,3.9)
6326 (4560,8093)"

167 (164, 170)°
71 (65,78)
25.5(23.6,27.3)"
37.0 (34.3,39.6)¢
139 (128, 150)°¢
73 (68, 78)ab
112 (94,1300
24.7 (23.0,26.5)
274 (24.7,30.1)
3.9 (3.2,45)
6074 (3994, 8154):

162 (159, 165)°
71 (64,77)
27.0 (25.1,29.0)°
39.5 (37.0,41.9)
148 (138, 158)¢
76 (71, 81)°
10.0 (82, 11.8)°
172 (155, 18.9)°
18.6 (15.8,21.4)
8.5(7.8,9.2)
1806 (-149, 3763)°

Smoker current (ex smoker) 0 (0) 14) 0 (8) 1(3)
Dyslipidaemia No measure 8 9 12
Hypertension No measure 4 6 7
Previous vascular disease

No measure 2

Type 2 diabetes No measure 0 1
Osteoarthritis No measure 4
Prescribed medications

Aspirin No measure 1 5 7
Statin No measure 6 10 8
Beta blockers No measure 1 3 3
ACE inhibitor No measure 0 3 4
Anti-coagulants No measure 2 2 5
Anti-depressants No measure 0 1 5
Benzodiazepine No measure 0 0 2

Sex, co-morbidities and prescribed medications as n=. Age as mean + SD. Body composition, vascular, cognitive function and physical function measures data presented as mean (95%
confidence interval). Datapoint letters used to indicate significant differences (p < 0.05). Datapoints which share letters are not significantly different. Analysis based on one-way
ANCOVA with sex as covariate followed up with Least Significant Difference pairwise comparisons. No letters indicate no significant main effect of group. 15-FWT = 15 foot walk test.

BP = blood pressure.

(BD Biosciences, UK), anti-CD4-PE REA623, anti-CD8-PE-
Vio770 REA734, anti-CD31-PE-Vio615 REA1028, anti-CD28
Viobright FITC REA612 and REAControl (S)-PE-Vio615
REA293. The following antibodies were used to differentiate
monocyte subsets; anti-CD14-PE REA599, anti-CD16-
PEVio615 REA423, anti-CD202b (Tie2) PE-Vio770 REA198
and REA Control (S)-PE-Vio770 REA 293.

Briefly, 100 uL. of EDTA whole blood was added to a 5 mL
flow cytometry tube followed by a fixed volume of antibody,
determined by titration. For the 5-colour T cells assay, one
sample tube and one negative control tube (4 colours and

PE-Vio615 isotype control) were required per participant to
distinguish between CD31* and CD31- events. For the 3-colour
monocyte assay, one sample tube and one isotype control tube
(2 colours and PE-Vio 770 isotype control) were required
per participant to distinguish between Tie2* and Tie2 events.
Tubes were incubated in the dark for 20 minutes at room
temperature. Next, 1 mL of 1:10 diluted lysis buffer (NH4CI —
1.5M, NaHCO3 - 100mM, EDTA — 10mM, pH 7.4) was added
with a further incubation for 15 min. Finally, 50 uL of the
flow count beads were added to the sample tube immediately
prior to cytometer analysis at medium speed. The T cell and
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monocyte tubes were run for 300 s and 900 s respectively to
yield sufficient events including rare subsets.

Statistical analysis

All data were analysed using SPSS. Normality was checked
for all variables using the Shapiro-Wilk test. With one young
group, two essentially healthy older adult groups and one frail
group, the data was invariably skewed. Non-normal variables
were natural log-transformed prior to inferential statistical
analysis. Values across the four groups were compared using
a one-way Analysis of Covariance (ANCOVA), with sex
included as a covariate in all analyses. The key comparisons
of interest were between (a) the young, older and non-frail
76* groups as these were relevant to an age effect and (b)
between non-frail 76* and frail 76* as these were relevant to
a frailty effect. Separately, values across those with normal
cognitive function, mild cognitive impairment and moderate
cognitive impairment (drawn from the older, non-frail 76* and
frail 76* groups) were compared using a one-way Analysis
of Covariance (ANCOVA), with age and sex included as a
covariate in all analyses. The key outcome measures were
also compared between men and women using a one-way
ANCOVA with age as the covariate. If a significant main
effect was detected in these ANCOVA analyses, pairwise
comparisons were undertaken using the Least Significant
Difference test. Significance was set at p < 0.05. In the case
of log transformed variables, summary data (mean, 95%
confidence interval) for each group were then back-transformed
to give more meaningful results for presentation in graphs
and tables. Unless stated, all variables are presented as mean
(95% confidence interval) based on initial or back-transformed
values. Correlation analysis between key angiogenic and
senescent cell subsets of interest and vascular outcomes were
carried out using Pearson’s partial correlation, controlling for
age and sex.

Results

With the exception of CD31 positivity on CD8* T cells
(mean + SEM; men 61 = 2%, women 74 + 2%, p<0.05),
there was no effect (p>0.05) of sex on all other whole blood,
angiogenic T cell and senescent T cell subsets including in the
CD4* and CD8* fractions (data not shown).

Body composition, vascular, and functional
outcome measures

A range of descriptive, body composition, vascular,
cognitive, and functional characteristics of participants are
shown in table 1. There was a small age difference between
the non-frail 76* and frail 76* groups (despite efforts to age
match). Physical activity, cognitive function, 15-foot walk time
(FWT) and grip strength were all lower (p<0.05) in the frail 76*
compared to the non-frail 76* group. In general, systolic blood
pressure, diastolic blood pressure, and pulse wave velocity were
not different (p>0.05) across the older, non-frail 76* and frail
76" groups but lower (p < 0.05) in the young group.

Figure 2. Leukocyte counts (A), CD3* T cells (B),
CD3*CD28™cells (C), CD28™!" T cell percentages (D),
CD3*CD31* T cells (E), CD31* T cell percentages (F),
CD3*CD31*CD28* T cells (G) and CD31*CD28* T cell
percentages (H) in young (n=22), older (n=17), non-frail 76*
(n=17) and frail 76" (n=15) participants
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All analyses based on natural log-transformed data with figure means and 95% confidence
interval error bars presented as back-transformed data. Datapoint letters used to indicate
significant differences (p < 0.05). Datapoints which share letters are not significantly
different.

Haematology outcome measures

The whole blood haematology and T cell count data are
shown in Table 2 and in Figure 2. There was an increase in
total leukocytes, granulocytes and monocytes with age, with
significant differences (p<0.05) between the young and non-
frail 76* groups. There were increases in the granulocyte
to lymphocyte ratio and the monocyte to lymphocyte ratio
with age (more granulocytes and monocytes per lymphocyte),
with significant differences (p<0.05) between the young and
non-frail 76" groups. These haematology values were not
significantly different (p>0.05) between non-frail 76* and frail
76* groups. CD3* T cells decreased with age with a significant
difference ((p<0.05) between the young and non-frail 76*
groups (figure 2). There was no significant main effect for
group for CD4* T cells (Table 2). There was a progressive
decrease (p<0.05) in CD8* T cells with age (Table 2). CD8" T
cell counts were higher in the frail 76" compared to the non-frail
76* groups (Table 2).
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Table 2. Complete blood count and selected T cell characteristics of the young 20-30 (n = 22), older (n = 17), non-frail (n=17) and

frail (n = 15) study participants

Haematology and haematology ratios
White blood cells* (x10° cells/uL)
Lymphocytes*(x10° cells/uL)
Monocytes (CD14+)* (cells/uL)
Granulocytes* (x103 cells/uL)
Granulocyte: Lymphocyte ratio*
Monocyte: Lymphocyte ratio*
CD4* and CD8* T cell counts
CD4+* T cells* (cells/uL)

CD8* T cells* (cells/uL)

CD4* and CD8" senescent T cells

CD4+*CD28™!' T cells* (cells/uL)
% of CD4*

CD8*CD28™!' T cells* (cells/uL)
% of CD8*

CD4* and CDS8* angiogenic T cells

CD4*CD31* T cells* (cells/uL)
% of CD4*

CDS8*CD31* T cells* (cells/uL)
% of CD8*

CD4* and CD8" non-senescent angiogenic T cells

CD4*CD31* CD28* T cells* (cells/uL)
% of CD4*

CD8*CD31* CD28* T cells* (cells/uL)
% of CD8*

Monocyte subsets

Classical monocytes* (cells/uL)
Intermediate monocytes* (cells/uL)
Non-classical monocytes* (cells/uL)

Tie2+ monocytes* (cells/uL)

Young

5.1(4.5,5.7)
1.7(14,1.9)
404 (348, 469)
3.0 (2.6,3.5)
1.8(15,2.2)
0.24 (0.21,0.29)"

848 (683, 1053)
422 (320, 555)

3(1,5)
0.3 (0.2,0.6)"

82 (54, 125)°
19 (15, 25)

239 (170, 337)*
28 (22, 37)

347 (262, 459)*
82 (73,93)"

238 (169, 335)*
28 (21,37)

259 (197, 351)
62 (51, 74)

356 (303, 419)
8 (6, 10)*
35 (28, 42)"
189 (136, 263)"

Older

53 (4.7,6.0)
1.6(13,1.9)
468 (394, 555)°
3.3(2.8,3.8)
2.1(1.6,2.6)
0.29 (0.24,0.35)"

813 (635, 1041)
267 (193, 370)°

9 (4,20)°
1.1(0.5,2.3)

86 (52, 141y
32 (24, 44y

103 (70, 152)°
13 (9, 17)°

158 (113,220)°
59 (51, 69)°

98 (67, 145)
12(9,17)°

106 (77, 146)°
40 (32, 49)°

401 (334, 483)"
12 (9, 16)°
49 (39, 62)°

235 (161, 342)

Non-frail 76+

6.7(5.9,7.7)
14(12,1.7y
612 (514, 729)°
45(3.8,53)
32(26,4.1)
0.45 (0.37,0.55)°

673 (522, 867)
142 (103, 197)

8 (4, 18)°
12(0.6,2.6)

42 (26, 68)°
29 (22, 40)°

46 (31, 69)
7(5,9)

78 (56, 109)°
55 (47, 64)°

44 (30, 66)°
7(5,9)

54 (39, 74)
38 (31,47)

543 (449, 657)°<
16 (12,21
53 (42, 68)°

208 (141, 306)

Frail 76+

6.5(5.7,7.5)
14(12,1.7)
666 (555, 799)°
45(38,53)
3.1(2.5,3.9)
0.46 (0.38,0.56)"

592 (455, 770)
231 (165, 323)°

22 (10, 50)°
3.7(18,8.0)

108 (65, 179)*
47 (34, 63)°

78 (52, 119)>¢
13 (10, 18)°

120 (87, 169)°¢
52 (45,61)

74 (49, 113)>¢
13 (9, 18)°

61 (43, 86)°
26 (21, 33)

575 (472, 700)¢
20 (15, 26)°
52 (41, 67)

437 (293, 653)°

Data presented as mean (95% confidence interval). Datapoint letters used to indicate significant differences (p < 0.05). Datapoints which share letters are not significantly different.
Analysis based on one-way ANCOVA with sex as covariate followed up with Least Significant Difference pairwise comparisons. No letters indicate no significant main effect of group.
* Analysis for this variable based on natural log-transformed data with tabulated mean and confidence intervals presented as back-transformed data.

CD28"" senescent T cells

The proportion of CD4* and CD8* T cells that were CD28™!!
was higher (p<0.05) in the older and non-frail 76* groups
compared to the young group (Table 2) indicating a small
age effect. There was also a small age effect (p<0.05) for
CD4+*CD28™!" and CD8*CD28™" T cell counts (Table 2). There
was no significant age effect however for CD3*CD28™! T
cell counts or percentages (Figure 2 C & D). CD3*CD28!
and CD8*CD28™! counts and percentages and CD4+*CD28m!
percentages were all higher (p<0.05) in the frail 76* compared
to the non-frail 76* groups (Figure 2, Table 2). CD28 negativity
was considerably greater in the CD8* compared to the CD4* T
cell fraction (47% vs 4% for frail participants, p<0.05).

Senescent T cells were higher in participants with lower
cognitive function. CD3*CD28™!, CD3*CD4*CD28™! and
CD3*CD8*CD28™! cell counts were all higher (p<0.05) in those
with moderate cognitive impairment compared to those with
mild impairment and normal cognitive function (Figure 3). The
changes in T cell CD28 negativity across the cognitive function
categories (Figure 3) did not reach significance (main effect >
0.05).

CD3*CD31" angiogenic T cells

Whether presented as cell counts or as a percentage of
CD3* events (Figure 2 E & F), an age effect was evident for
CD3*CD31* T cells. The older group had significantly lower
(p<0.05) values compared to the young group, and the non-
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Figure 3. CD3*CD28™! cells (A), CD3*CD4*CD28™! cells (B) CD3*CD8*CD28™! cells (C), CD28™! CD3*T cell percentages (D),
CD28™!! CD4"T cell percentages (E) and CD28™" CDS8'T cell percentages (F) in individuals over 65 years with normal cognitive
function (n=16), mild cognitive impairment (n=22) and moderate cognitive impairment (n=7)
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All analyses based on natural log-transformed data with figure means and 95% confidence interval error bars presented as back-transformed data. Datapoint letters used to indicate significant

differences (p < 0.05). Datapoints which share letters are not significantly different.

frail 76" group had significantly lower (p<0.05) values again
compared to the older group. The frail group had significantly
higher (p<0.05) values compared to the non-frail 76* group,
reversing the downward trend with age. CD31 positivity was
higher (p<0.05) in the CD8* compared to the CD4* T cell
fraction (Table 2). When values are examined in the CD4*
and CD8" fractions, similar age and frailty effects are evident
for CD4* and CD8* T cell counts and for CD4* percentage
positivity (Table 2). Pulse wave velocity was inversely related
to CD3*CD31" positivity after adjusting for age and sex (r= -
0.27, p<0.05).

The proportion of CD31* T cells not expressing CD28
(i.e. senescent) was 13%, 15%, 14% and 34% in the young,
older, non-frail 76* and frail 76* groups respectively (p<0.05
when frail 76* are compared to other groups, data not
presented in graphs or tables). When these CD28™!" T cells
are excluded from the analysis, there remained a similar age
effect (p<0.05) on CD3*CD31*CD28* T cells, both for cell
counts and percentage positivity (Figure 2 G & H). There
was no longer a significant increase due to frailty however in
CD3*CD31*CD28* or CD4*CD31*CD28* T cell counts or in
percentage positivity (Figure 2 G & H, Table 2). In the CDS8*
fraction CD31*CD28* T cell percentage positivity was lower
(p<0.05) in frail 76* compared to the non-frail 76* groups
(Table 2).

Monocytes

There was an age effect evident for total monocytes and for
the classical, intermediate and non-classical monocyte fractions
with increasing values (p < 0.05 between young and at least one

of the other groups) across the age categories (Table 2). There
was no significant effect (p>0.05) of frailty on total monocytes
or on the classical, intermediate and non-classical fractions.
The proportions of monocytes in the classical (circa 88%),
intermediate (circa 3%) and non-classical (circa 9%) fractions
were similar across the age and frailty groups. There was no
age effect on Tie2 monocytes (p>0.05) but values were higher
(p<0.05) in the frail 76* compared to the non-frail 76* groups
(Table 2).

Discussion

Targeting the biology of ageing with appropriate
interventions represents a novel way to extending human health
including vascular health. This study sought to determine
the effects of age and frailty on angiogenic and senescent
T cells, immunovascular cells with geroscience biomarker
potential. The aim was to identify a T cell phenotype with
implications for the vascular dimensions of ageing and frailty
that could be monitored in therapeutic interventions. The key
findings were a progressive reduction in angiogenic CD31*
T cells with increasing age in non-frail individuals but a
paradoxical increase with frailty. Senescent CD28™!" T cells
were particularly prevalent in the CD8* fraction. These were
increased considerably in frailty, with only limited evidence of
any progressive age effect.

Although previous studies (16, 17) have demonstrated a
decrease in angiogenic T cells in older compared to younger
individuals, we have extended the potential utility of these cells
in ageing research by demonstrating differences in cell number
and percentage between two older cohorts. The age effect
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on these CD31* T cells was similar in the CD8" and CD4* T
cell fractions, though CD31 expression is greater in the CD8*
fraction. The data suggest that the age effect on angiogenic
T cell counts is primarily due to a reduction in T cell CD31
expression but also in part due to decreases in total CD3*
counts. The loss of these reparative cells may contribute to
the increased vascular risk and increased incidence of vascular
diseases observed in older adults.

The biological mechanism underlying the reduction in
CD31 expression on T cells with increasing age is unclear.
Repeated T cell activation over a lifetime, thymic involution
and age-related oxidative stress are potential contributors.
CD31 expression, at least on CD4 T cells, is considered from
an immunological perspective to be a marker for recent thymic
emigrants (32, 33) which will reduce with increasing age
in the context of thymic involution. One study has shown
that antibody-T cell receptor engagement and subsequent T
cell activation can result in the loss of CD31 expression on
the surface of T cells (34). Another study demonstrated that
repeated stimulation and activation of neonatal T cells highly
positive for CD31 (85 - 90%) resulted in the progressive loss
of CD31 surface expression with each round of stimulation
(35). Age-related oxidative stress which preferentially targets
CD31* T cells may also be influencing CD31* and CD31-
T cell proportions. CD31* T cells have been reported as
having functional characteristics that may render them more
susceptible to apoptosis than their CD31- counterparts (16, 36).
Oxidative stress is an established part of the ageing process (37)
and has also been implicated in inducing apoptosis in naive T
cells (38).

An unexpected finding of this study was the paradoxical
higher angiogenic T cells values with frailty. This is the first
study to demonstrate higher cell counts and CD31* proportions
when over 76-year-old frail and robust non-frail groups are
compared. The CD4* and CD8* T cell fractions appear to be
equally responsible for higher frail 76" group values. It is not
clear however from this cross-sectional design if there is an
increase in angiogenic T cells at the individual level around
the onset of frailty or if these those on a frailty trajectory have
had higher values than age-matched counterparts for many
of the preceding years. If the former is the case, the reversal
of a downward trend with age could mark progression to
dysfunctional ageing. Longitudinal tracking studies would assist
here.

Our study is not the first to observe an increase in CD31*
T cells in a pathological disease state. CD31* T cell counts
are higher in patients with various auto-immune conditions
with related vascular pathologies including Sjogren’s
Syndrome, systemic sclerosis, lupus and vasculitis (39-43).
These observations are interesting in the context of a recent
opinion identifying auto-immunity as an under-recognised
contributor to sarcopenia (44) but also reviews highlighting
the overlap between frailty and immune-mediated rheumatic
diseases (45). Though no compelling evidence exists, it is
suggested that such increases in specific disease states reflects
increasing vascular damage and a need to stimulate endothelial
progenitor cell function (41, 43). It has further been suggested

that despite increases in CD31* T cell counts in the circulation,
CD31* T cell function may be impaired in the pro-inflammatory
environment of Sjogren’s Syndrome (39), with an implication
that all CD31* T cells are not similarly protective.

This paradoxical reduction with ageing but increase in frailty
limits the value of CD31* T cells to serve as target biomarkers
in interventions that include participants likely to be in the
frail range, unless the cell population of interest can be further
characterised. Similar to the approach of Lopez and colleagues
(24), we sought, with limited success, to refine the angiogenic
phenotype by examining changes in non-senescent CD31*
T cells only. CD3*CD31*CD28* and CD8*CD31*CD28* T
cells were no longer statistically higher in the frail 76* group
when we only enumerated CD31* CD28* events. Indeed,
the CD31*CD28* percentage positivity in the CD8* T cell
fraction was lower in the frail 76" compared to the non-frail
76* group. This is perhaps unsurprising given the proportion of
CD8* T cells that are CD28™!. Although this preliminary data
deserves further investigation, the study does not have sufficient
statistical power to demonstrate the absence of higher CD28*
positive angiogenic T cells in frailty. In addition, studies to
date have only indicated associations between CD3* angiogenic
T cells and vascular health, it is unclear if the putative benefits
relate to the CD4* or CDS8* fraction or both.

To the best of our knowledge, this is the first study designed
to examine the separate influences of age and frailty on multiple
senescent T cell subsets. The proportion of CD28™! T cells was
considerably greater in the CD8* fraction as previously reported
(23, 46), few CD4* T cells were senescent, particularly in the
non-frail groups. Small age effects were evident for some
outcomes of interest, the proportion of CD4* and CD8* T cells
negative for CD28 were both higher in the older compared to
the young group. There was not clear evidence of progressive
changes with increasing age however and the small CD28™! age
effect was not evident in the CD3* T cell analysis. Senescent
T cells did change considerably in frailty with CD3*CD28™!,
CD4+*CD28™!" and CD8*CD28™! counts and percentages all
higher in the frail compared to robust non-frail populations. In
the frail group circa half of the CD8" T cells did not express
CD28. Previous studies reporting age effects on CD8*CD28!
T cells (46) did not disaggregate healthy and unhealthy
ageing, our results indicate that the considerable increase in
CD8*CD28™!' T cells in older individuals is primarily associated
with unhealthy ageing. Senescent T cells have utility for
monitoring intervention efficacy in older cohorts where there is
functional decline and progression into frailty states. This study
excluded pre-frail participants. Future work might consider
changes in CD28™!" T cells across the frailty continuum, but
in also in cohorts over 85 years, to more fully delineate the
transition to a high preponderance of immunosenescent T cells.

The increasing CD28™! T cell counts with increasing levels
of cognitive impairment are intriguing and to our knowledge
the first such report in the literature. This analysis was confined
to the older and frail groups, but analyses were adjusted for age
and sex. Particularly evident is the increase in CD28 ™! counts
in those with moderate cognitive impairment. The low sample
size for this analysis (n=7 with moderate cognitive impairment)
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likely limited the ability to demonstrate statistical significance
in the CD28™! percentage analysis. The association is also
potentially interesting from a mechanistic viewpoint (47).
Further work is needed to delineate the separate associations of
frailty and cognitive function with senescent T cell subsets.

Although, the primary focus of this paper was on T cell
subsets, we also monitored whole blood haematology changes
and monocyte fractions. In previous studies, the neutrophil
to lymphocyte ratio and the monocyte to lymphocyte ratio
have been proposed as simple indicators of pathological
processes, immune system homeostasis and inflammation
(48-51). There appears to be a progressive effect of age on
monocytes including all monocyte fractions, granulocytes, the
granulocyte to lymphocyte ratio (surrogate for neutrophil to
lymphocyte ratio) and the monocyte to lymphocyte ratio, with
significant differences between the young and non-frail 76*
groups. These monocyte, granulocyte and haematology ratio
changes are consistent with innate immune system activation
which is known to be intimately linked to inflammaging (52).
Sample size may have limited the power to detect monocyte
and monocyte fraction increases with frailty. Such changes
deserve further attention given the progressive increase with
age.

This study has certain limitations. Although both cohorts
were 76 years and older, mean age in the frail 76* group was ~
3 years greater than the non-frail 76" group, despite efforts to
age-match. This could not explain the increase in angiogenic
T cells with frailty as the effect of age across the other 3 groups
was a decreasing one. It is unlikely to explain the considerable
increase in CD28™! T cells in frailty as there was no age
effect evident across the older and non-frail 76* groups. The
recruitment of robust 76" female participants proved difficult
hence the sex imbalance in the non-frail 76* group. This was
not completely unexpected and can be partially explained
by the higher prevalence of frailty in older women (53). It is
an example of the «male-female health-survival paradox,»
or “sex-frailty paradox” where women live longer but with
more disability than men (54). We adjusted all analyses for
sex, though only very limited significant sex differences were
observed in the dataset. The limitations due to the sample size
of each cohort have already been acknowledged particularly
when trying to conclude that no difference exists. It has also
been acknowledged that the cohorts measured in this study do
not represent the full spectrum of age or frailty status.

In conclusion, this study has demonstrated the potential for
both angiogenic and senescent T cells to serve as vascular-
relevant biomarkers in ageing and frailty research. There
is a need to refine and define a “desirable” angiogenic T
cell profile to enhance biomarker potential in diseased and
non-diseased aged cohorts. It is not possible at this stage to
identify a single vascular-relevant T cell biomarker that can
be used in monitoring intervention efficacy across the lifespan
in all cohorts. Presently, angiogenic T cells are relevant to
interventions involving healthy ageing and senescent T cells
relevant in frailty and cognitive decline.
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