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ABSTRACT

Endothelial colony forming cells (ECFCs) derived from peripheral blood have been shown to retain disease phenotype in several
conditions thus possessing great translational potential for regenerative medicine. Hyperglycaemia may alter the phenotype of
ECFCs yet the characteristics of ECFCs isolated from people with type 1 diabetes (T1D) have not been described. Here, we estab-
lish whether ECFCs can be successfully isolated from donors with T1D and we characterize their functional properties. Human
ECFCs were isolated from peripheral blood of up to 9 control and T1D donors. Expression of cell markers and cytokines was
analyzed using immunocytochemistry, RT-PCR and ELISA. Ca?* signaling and contraction were studied using Fluo-4-AM in
cells treated with serial concentrations of histamine (1 x 1077-1 X 10~#M). T1D ECFCs showed robust endothelial marker expres-
sion and displayed normal morphology but had a reduced size compared to those from control donors. In response to inflam-
matory stimuli, TID ECFCs exhibited exaggerated pro-atherogenic/pro-inflammatory cytokine (IL-6 and MCP-1) and adhesion
molecule gene induction (VCAM-1 and ICAM-1) but suppressed induction of interferon signaling markers (IP-10). Histamine
stimulated a concentration-dependent increase in Ca?* influx in ECFCs which was significantly reduced in ECFCs from T1D
donors, independent of differences in H1 receptor expression levels. Histamine-induced contraction was significantly enhanced
in T1D ECFCs. ECFCs from control and T1D donors exhibit distinct phenotypic differences redolent of the vascular pathologies
associated with T1D. This establishes the utility of T1D ECFCs for modeling vascular complications but also highlights the need
to understand the potential limitations of autologous ECFCs to treat diabetic complications.
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1 | Introduction

Endothelial cells that line the inside of blood vessels form the
main physical barrier between blood components and surround-
ing tissues. They play a major role in cardiovascular homeo-
stasis by regulating vascular tone, permeability and immune
responses [1]. Diabetes mellitus, a metabolic disease character-
ized by hyperglycaemia, is well known to be associated with
widespread endothelial dysfunction and vascular complica-
tions, although the various mechanisms for this remain to be
fully elucidated [2]. Diabetes affects 537 million (1 in 10) adults
globally [3]: the major drivers of excess morbidity and mortality
in diabetes are micro- and macrovascular complications. About
90% of people living with diabetes have type 2 diabetes (T2D), a
condition driven by resistance to the action of insulin such that
the ensuing hyperglycaemia is also associated with a range of
dysmetabolic and inflammatory sequelae that converge to cause
a 2-3-fold increased risk of cardiovascular complications [4]. In
contrast, type 1 diabetes (T1D) typically presents early in life,
resulting from the autoimmune destruction of pancreatic beta
cells and absolute deficiency of endogenous insulin production.
People with T1D tend not to suffer the same levels of obesity,
dyslipidaemia and insulin resistance as seen in T2D, yet they do
develop a great burden of particularly microvascular disease. In
fact, over 35% of adolescents diagnosed with T1D already exhibit
some form of endothelial dysfunction [5].

Whilst hyperglycaemia per se is shared between different types
of diabetes, a huge array of other pathophysiological mecha-
nisms differ. T1D affects over 20 million people globally and its
incidence is growing [2]. Other than trying to achieve very tight
glycaemic control, which is associated with a huge mental load
and also the risk of hypoglycaemia, there are remarkably few
treatments directed at reducing microvascular damage in T1D.
Moreover, as these patients age, it is still not fully understood
how best to intervene to reduce the increasing risk of macrovas-
cular disease [6]. Recently there has been a huge drive toward
cell-based therapies for T1D, with a particular focus on stem-
cell-derived beta cell replacement [7]. One of the major barriers
to the successful translation of this therapy is the failure of the
cells to implant and vascularise, a problem mirrored with low
success rates observed in cadaveric islet transplant [8]. Major
efforts are now ongoing to attempt to augment islet implanta-
tion with the co-transplant autologous endothelial or stromal
support cells [9]. Therefore, both in terms of developing better
treatments to target complications or advanced therapies for
beta-cell replacement, the study of endothelial cells in T1D is of
central importance, and relatively understudied because of the
difficulty in obtaining this tissue non-invasively from donors
with T1D.

Endothelial colony forming cells (ECFCs; also known as ‘blood
outgrowth endothelial cells’ or BOECSs) grown from endothelial
progenitors in the blood provide an opportunity to liquid biopsy
endothelium of living donors [10]. Over two decades since their
initial discovery, ECFCs have been shown to have a robust phe-
notype compared to endothelial cells obtained directly from
blood vessel walls [11] making them widely accepted in tissue
engineering [12, 13] and gene delivery [14] and, as we have
shown, are applicable for autologous cell platforms [15]. ECFCs
have also been posited as advanced therapeutic options for the

vascular complications of T1D [16, 17]. Another key advantage
of ECFCs is that they can be used to phenotype the effect of
disease in living donors on endothelial function. In this regard,
ECFCs have been studied from patients with cardiovascular
diseases including coronary artery disease, hereditary haemor-
rhagic telangiectasia, congenital bicuspid aortic valve, pulmo-
nary arterial hypertension and venous thromboembolism [18].
Critically in many of these conditions, ECFCs cultured in vitro
appear to retain disease phenotypes of the donor making them
a unique platform to understand and model associated vascular
dysfunction. However, research using ECFCs in the field of dia-
betes has been limited. Studies which have isolated ECFCs from
people with gestational diabetes demonstrate reduced tubulo-
genic capacity, reduced migration toward chemotactic factors
and reduced proliferation [19, 20]. ECFCs isolated from donors
with T2D display improved in vitro proliferation and migratory
capacity when pre-treated with adiponectin [21]. However, to
date there is no publication focused on the characterization of
ECFCs from donors with T1D. It remains unknown what ef-
fects T1D has on basic morphological characteristics and other
‘responsive’ endothelial cell functions. In order to understand
whether T1D ECFCs are a useful model for studying vascular
complications, we also studied their responses to inflamma-
tory stimuli. Inflammatory markers including C-reactive pro-
tein (CRP), Interleukin (IL)-6, IL-8 and Tumor Necrosis Factor
(TNF)-a are strongly associated with microvascular complica-
tions in T1D [22] and inflammatory endothelial dysfunction is
increasingly recognized as an important manifestation of T1D
[23]. Histamine, released by mast cells and basophils, is a biolog-
ically active mediator known to affect endothelial cell immune
response and barrier function. In diabetes, the well-known va-
soactive properties and effects on permeability leakage of his-
tamine have been correlated with microvascular complications
[24]. In humans, plasma and leukocyte histamine content is el-
evated in diabetes (including T1D) and is claimed to contribute
to the underlying pathogenesis evoking endothelial permeabil-
ity. These findings are in keeping with in vivo studies of exper-
imental diabetes in rats suggesting an increased histaminergic
tone and increased histamine content at key anatomical regions
involved in long-term diabetic complications, including the kid-
ney, brain, lung, heart, pancreas and intestine [25].

Here, we have used ECFCs obtained from people with T1D to
specifically address the effect of disease on phenotypic param-
eters, including the expression of key adhesion molecules and
cytokines/chemokines, calcium (Ca?*) signaling and contrac-
tion in response to inflammation. This is of importance given
the particular nature of vascular dysfunction in T1D and the
need to develop these cells for regenerative applications in this
condition.

2 | Materials and Methods
2.1 | Cell Culture

Human ECFCs were grown from peripheral blood mononu-
clear cells (PBMCs) isolated from up to 50mL of blood col-
lected from up to 9 healthy volunteers (5 males/4 females; aged
31.4+1.4years) and 9 donors with T1D (5 Males/4 Females;
aged 46.2+7.0years) (full demographics shown in Table 1).
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TABLE 1 | Demographics of donors that yielded ECFCs. ECFCs
were isolated from control donors and donors with T1D for further
investigation. Donor characteristics for both groups are highlighted.
Values shown are + SEM.

T1D HV
Number (1) 9 9
Age (years) 46.2+7.0 314+1.4
Gender 5M; 4F 5M: 4F
For T1D only
Duration living with diabetes 27.1+6.7
(years)
HbAc1 (mmol/mol) 69.4+8.0
Glucose (mmol/L) 7.5+1.0

Statin therapy Yes (78%; 7/9)
ACE inhibitors Yes (33%; 3/9)
Retinopathy Yes (22%; 2/9)

PBMCs isolated from whole blood collected in BD Cell
Preparation Tubes or BD Vacutainer tubes containing sodium
heparin/Ficoll (BD Biosciences, UK) were plated and main-
tained in endothelial cell growth media-2 (EGM-2; Lonza,
Germany: glucose concentration 5.5 mM) supplemented with
10% FBS (LabTech, UK) as previously described [26]. Once
colonies had emerged, the FBS concentration in EGM-2 was
reduced to 2% and, unless otherwise stated, cells were main-
tained in this media.

2.2 | Study Approval

Ethical approval was obtained from (i) Imperial College Research
Ethics Committee (191C5372) and (ii) REC Wales approval (17/
WA/0161) as per the Declaration of Helsinki. Informed writ-
ten consent was given prior to the inclusion of subjects in the
study. All cells were used between passages 3 and 9. Individual
numbers for donors used in experiments are described in figure
legends.

2.3 | Immunostaining

ECFCs plated (50,000 cells/well) onto 24-well polymer
glass-like bottom plates (Ibidi, Germany) were fixed with 4%
paraformaldehyde (Sigma-Aldrich, UK) for 15 min and per-
meabilised with 0.1% triton (Merck, Germany) for 5 min. Cells
were blocked with 3% bovine serum albumin (BSA; Sigma-
Aldrich, UK) for 30 min. For cell staining, all the antibodies/
dyes were diluted in PBS containing 1% BSA and incubated
for 1h in the dark. A description of the antibodies used, and
specific dilutions is shown in Table S1. Stained cells were im-
aged (3-4 images/well) using a Zeiss Axio Observer micro-
scope (Carl Zeiss, Germany) and a 20X 0.8na objective with
an appropriate LED on a Hamamatsu Flash 4 camera. All
fluorescence settings were kept the same throughout and the

intensity of images quantitatively analyzed using a bespoke
macro-script (https://www.imperial.ac.uk/medicine/facil
ity-for-imaging-by-light-microscopy/software/fiji/) for Fiji
software (v2.9) which, for each image, calculated the ‘total in-
tensity’ by measuring the overall light intensity and subtract-
ing the background before normalizing by the number of cells
(DAPI counted).

2.4 | ECFC Inflammatory Stimulation

ECFCs were plated (2x10° cells/well) in a 6-well plate in
EGM2/2% FBS overnight. The next day the media was replaced
with new media containing either 10ng/mL TNF-a (Thermo
Fisher, UK), 10ng/mL IL-18 (R&D Systems, UK), 10ug/mL
Pam3CSK4 (Tocris, UK), 1ug/mL LPS (Sigma-Aldrich, UK),
or vehicle (EGM2/2% FBS) for 24 h. After this, cell culture su-
pernatant was removed and RNA was extracted for respective
ELISA and real-time quantitative polymerase chain reaction
(RT-gPCR).

2.5 | Rt-PCR

mRNA was collected using the RNeasy Mini Kit (QIAGEN,
Germany). Gene expression was measured using a one-step
RT-qPCR mix (Promega, UK) and TagMan gene expres-
sion probes for CD31/PECAM1, VWF, NOS3, IL6, CXCL10,
CCL2, ICAM1, VCAM1, SELP, HRH1, PCNA, ENG, MK167,
GAPDH and 18S (Thermo Fisher, UK) in 96-well reaction
plates (Thermo Fisher, UK). RT-PCR was carried out using
the Thermo Fisher (UK) StepOnePlus RT PCR System. For
data analysis, cycle threshold (CT) values were processed by
the 2722C€t method using an average housekeeper correction
for 18S and GAPDH. Raw Ct values per sample are shown in
Table S2.

2.6 | Ca?t Signaling and Data Analysis

ECFCs plated (15,000 cells/well) in 24-well polymer glass-like
clear bottom black plates (Ibidi, Germany) were loaded with
Fluo-4AM (1.1x107% M) containing non-ionic polyols sur-
factant (Powerload, Life Technologies, UK) in extra-cellular
solution (ECS;1.36 X 107! M NaCl, 5.4 x 10> M KCl,1x 10> M
MgCl,, 3.3x10~* mM NaH,PO,, 1x10~2 M HEPES, 1x10~2
M D-glucose, and 2.5 x 107> M CaCl,) for 40 min at 37°C in the
dark. Next, cells were washed twice with PBS and returned
to a dark incubator for 30 min to stabilize in ECS. Cells were
then treated with ECS only (control), U46619 (1x10~° M;
Bio-Techne, UK), ET-1 (1 x10~% M; Bio-Techne, UK), Ang-II
(1x10~% M; Sigma, UK) or acetylcholine (1x10~°% M; Sigma,
UK) or serial concentrations of histamine (1x10~7 to 1 x10~*
M; Sigma, UK). These concentrations of agonists were se-
lected based on previously published data in the relevant cell
types. Images were taken at 0.2s intervals for 2.5 min in one
field of view. All images were taken on a Zeiss Axio Observer
microscope (Carl Zeiss, Germany) using a 20x/0.8 DIC Plan
Apochromat widefield objective and Hamamatsu Flash 4
camera. Cells were excited and emission filtered using a cyan
(470/24) LED (Lumencor, USA, Spectra X) light source with
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a 470/40nm, (Ex) 525/50nm (Em) and 495nm dichroic filter
set. For analysis of intracellular Ca?* dynamics ‘regions of in-
terest’ were drawn around individual cells using Fiji software
(v2.9; NIH, USA). All cells (approximately 100-400) that ful-
filled the following inclusion criteria were selected: (i) only
complete cells, (ii) only cells that remained attached to the
base of the well throughout imaging and (iii) only cells that
could be easily distinguished from other cells. Fluorescence
was quantified using a bespoke ‘Intensity’ Fiji macro-script
following subtraction of background (F-F ). The peak inten-
sity (F-F,) was determined using a customized macro and cal-
culated across all cells.

2.7 | 2D Contraction Model and Data Analysis

ECFCs pre-stained with Cell Tracker Red CMPTX (Thermo
Fisher, UK) were plated (15,000 cells/well) onto 24-well poly-
mer glass-like clear bottom black plates (Ibidi, Germany) in
their regular media. The next day, the media was replaced
with serum-free (0% FBS) EGM2 and cells were incubated
overnight at 37°C, 5% CO, for cell quiescence. The next day,
the media was replaced with ECS solution and cell contrac-
tion was imaged at X20 magnification using a widefield Zeiss
Axio Observer microscope, a Hamamatsu (Japan) Flash 4
camera, and a 562/40nm and 624/40 excitation/emission fil-
ter set with a 593nm beam splitter. Three random fields per
well were selected before recording and images were taken at
2min intervals for a total of 40 min. Cells were treated with
either cumulative concentrations of histamine (1x107~7 to
1x10~* M) or equivalent volumes of ECS (time control) from
low to high concentrations at 10 min intervals. For analysis,
all cells in each field were tracked individually using a be-
spoke macro-script (https://www.imperial.ac.uk/medicine/
facility-for-imaging-by-light-microscopy/software/fiji/)  for
Fiji software (v2.9) which measured each cell's surface area
overtime, normalized it to the cell size at the start of recording
and expressed it as a percentage of control.

2.8 | Statistical Analysis

Data are expressed as mean=+standard error of the mean
(SEM) and analyzed using GraphPad Prism version 9. N val-
ues and statistical analyses used are defined in respective fig-
ure legends.

3 | Results

3.1 | ECFCs Derived From Donors With T1D
Are Smaller but Grow With Similar Efficiency
and Express Normal EC Markers Compared With
Those Derived From Healthy Controls

ECFCs are now routinely grown in numerous laboratories, yet
the ability to isolate and grow these cells from human donors
with T1D was unknown. We found no significant differences
in PBMC counts from donors with T1D versus healthy controls
(Figure 1A). The first appearance of outgrowth cells, after ini-
tial plating of PBMCs, occurred from Day 7 to 18. There was no

difference in the average appearance of colonies between both
groups (Figure 1B). ECFCs were initially identified by typical
endothelial cell (cobblestone) and later characterized for vari-
ous endothelial cell markers at gene/cell surface level. On av-
erage, cells from donors with T1D were significantly smaller
than cells from control donors, although heterogeneity was seen
between all donors (Figure 1C, Figure S1). Importantly, at the
mRNA level ECFCs isolated from both groups expressed detect-
able levels (CT value<35) of endothelial cell markers (CD31/
PECAM1 (Figure 1D), VWF (Figure 1E) and NOS3 (Figure 1F))
(Figure 1D-F; Table S2). At the membrane level, ECFCs ex-
pressed high protein levels of endothelial cell markers CD31/
PECAM1, VWF and VE-Cadherin, and reacted to phalloidin
(Figure 1G), but expressed negligible levels of the hemopoietic
stem cell marker CD34 and smooth muscle cell marker a-SMA
(Figure S2). There were no significant differences in the expres-
sion levels of phalloidin or any of the endothelial markers ex-
amined between T1D and healthy control ECFCs. There were
also no significant differences in the expression levels of the pro-
liferation markers PCNA, ENG and MK167 between T1D and
healthy control ECFCs (Figure S3). It should be noted that not
all colonies/cells grew to provide sufficient cell numbers from
all donors for further analysis below.

3.2 | ECFCs From T1D Donors Exhibit Exaggerated
Expression of Cytokines and Adhesion Molecules
Under Inflammatory Conditions

In response to inflammatory signals, endothelial cells upregu-
late important vascular mediators including adhesion molecules
and pro-inflammatory cytokines/chemokines and interferons,
all of which are critical steps in diabetic vasculopathy. Induction
of these mediators and adhesion molecules to regulate immune
response is also triggered by type I cytokines IL-13 and TNFa
along with pathogen-associated molecular patterns (PAMPs)
for gram-negative (LPS) and gram-positive (Pam3CSK4) bac-
teria. We examined whether ECFCs derived from people with
T1D were more sensitive to deleterious inflammatory signaling.
Under basal/control culture conditions at 24h ECFCs from both
groups showed low and similar expression of the genes encoding
IL-6 (IL6), IP-10 (CXCL10), and MCP-1 (CCL2) (Figure 2A—C).
After stimulation with inflammatory agents, mRNA expression
for each cytokine/chemokine was elevated depending on the
stimulus. T1D was associated with significantly greater induc-
tion of pro-atherogenic/pro-inflammatory cytokine/chemokine
genes IL6 (Figure 2A) and CCL2 (Figure 2C) in IL-1f-treated
cells compared to cells from healthy donors. In contrast, T1D
was associated with reduced induction of the interferon marker,
CXCL10, in response to TNFa (Figure 2B). It was not possible
to validate these changes at the protein level, because the dif-
ference in cell size in these cultures (Figure 1C) would con-
found interpretation of mediator release data. The expression
of the adhesion molecules ICAM-1, VCAM-1, and P-selectin
(SELP) under basal conditions was low and did not differ be-
tween groups (Figure 3A-C). ICAM-1 (Figure 3A) and VCAM-1
(Figure 3B) but not P-selectin expression (Figure 3C) were in-
duced strongly by TNFa and to a lesser extent by other stimuli.
Induction of ICAM-1 and VCAM-1 in response to TNFa was sig-
nificantly greater in cells from T1D donors compared to healthy
controls (Figure 3A,B).
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FIGURE1 | Characterization of ECFCs from control donors and donors with T1D. PBMC/blood count (A), day of first ECFC colony emergence
(B) and total ECFC cell surface area (C). Gene expression of endothelial cells markers including CD31/PECAM1 (D), VWF (E), and NOS3 (F) were
quantified using RT-PCR. Cells were also stained antibodies against CD31/PECAM1, VWF, VE-cadherin, and phalloidin (F-actin) (G). Data are
shown as mean + SEM from n=4-9 individual donors (control donors (HV); black bars and donors with T1D; white bars). For G, all cells were DAPI
counterstained. Statistical difference was determined using an unpaired parametric t-test. Significance was accepted where *p <0.05.

3.3 | Histamine Elicits a Greater Rise in we sought to determine the effect of T1D on ECFC histami-
Intracellular Ca?* Concentration in ECFCs Derived nergic Ca?* responses. Measuring intracellular (IC) Ca2*
From Healthy Donors Compared to T1D Donors concentrations in ECFCs loaded with fluo-4 showed a dose-

dependent rise in IC Ca?* in response to histamine, which was
Given the important role of histamine in diabetic vasculopathy,  significantly blunted at medium/high doses in ECFCs from
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FIGURE 3 | Effect of T1D on adhesion molecule (ICAM-1, VCAM-1 and SELP) gene expression in response to inflammation-inducing stimuli.
ECFC gene expression of the ICAM-1 (A), VCAM-1 (B) and SELP (C) after 24 h stimulation with either control or inflammatory stimuli (TNF-a, IL-1
B, PAM3 or LPS). Data are from n=4-6 donors for control donors (black bars) and donors with T1D (white bars). Statistical difference was deter-
mined using a two-way ANOVA with Sidak's post-test. Significance was accepted where *p <0.05.

T1D donors versus healthy volunteers (Figure 4) suggesting
lower receptor sensitivity/potency to histamine in T1D. At the
highest histamine concentration, similar maximum calcium
responses were observed in both groups suggesting that all
histamine receptors may have been blocked at this point or
the assay may have reached the limit of detection. Next, we
determined whether the effect of histamine on ECFC Ca?* dy-
namics translated into cellular contraction (measured by the
morphological change in cell surface area). Histamine caused
a concentration-dependent contraction in ECFCs from donors
with T1D (Figure 5A). This trend was also true for ECFCs
from control donors; however, the maximal effect of hista-
mine at the highest concentration (E,_, ) tested was signifi-
cantly greater in ECFCs from donors with T1D. To elucidate
whether these findings in ECFCs were due to differences in
the expression of histamine receptors, we determined gene
expression of HRH1, the most common histamine receptor in
endothelial cells. Both ECFCs from control donors and donors
with T1D expressed abundant levels of HRH1 (Table S2). No

significant difference in the HRH1 expression levels was seen
between both groups (Figure 5C).

4 | Discussion

ECFCs are a proven and valuable research tool for a range of
diseases, but little work has been carried out to characterize and
test the functionality of ECFCs from people with diabetes, and
ECFCs specifically phenotyped from donors with T1D have not
been described. Here, we have exploited blood outgrowth cell
technology to provide the first characterization of ECFCs grown
from living donors with T1D and how they respond to inflam-
mation and histamine, two key pathways involved in diabetic
vasculopathy.

In our hands, PBMCs counts, ECFC day of colony emergence
and isolation success rates (cells were isolated in >70% of do-
nors) were not altered by T1D. Other groups have reported that
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FIGURE4 | Effect of histamine on Ca?* dynamics in ECFCs from controls and donors with T1D. Fluo-4AM stained ECFCs from control donors
(green) and donors with T1D (red) were treated with rising concentrations of histamine. To test the effect of histamine of Ca?* dynamics in ECFCs,
cells were treated in separate plates with control (ECS only) (A) and increasing concentrations of histamine including 1x10~7 M (B), 1x107% M (C),
1x107>M (D) and 1x 10~* M (E) for 5min. Representative fluorescence images are shown (F). Data are from n =4 control (HV) donors (green trace)
and n=3 donors with T1D (red trace). For A-F, traces are from individual cells and include (A) n=121 and n=123, (B) n=143 and n=221, (C) n=296
and n=220, (D) n=395 and n=277, (E) n=341 and n=284 cells from control donors and donors with T1D respectively. Statistical difference was
determined using a two-way ANOVA with a Tukey's post hoc test. Significance was accepted where *p <0.05. Scale bar represents 50 um.
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FIGURE 5 | Effect of histamine on ECFC change in cell surface area and HRH1 expression in ECFCs. ECFCs isolated from control donors or
donors with T1D were treated with control (ECS solution only) or cumulative concentrations of histamine (1 1077-1x 10~* M) for 10min per con-
centration. Contractile responses were measured as a change in cell surface area (%) from 3 randomly selected fields in each well (A). The effect of
1x10~* M histamine for each individual cell was plotted (B). For (A) data are n=12, where n=4 individual donors (3 fields taken per donor) and for
(B) data are shown as individual cells, where n =259 and n =323 cells from control donors or n =212 and n =246 cells from donors with T1D without
and with histamine respectively. For (C), data are from n =6 control donors and n =6 donors with T1D. Statistical difference was determined using a
two-way ANOVA with a Tukey's post hoc test (A) or unpaired ¢-test (B, C). Significance was accepted where *p <0.05.
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ECFCs grown from people with T2D show delayed colony emer-
gence and a correlation between donor HbA1c and colony emer-
gence [27,28]. The reasons for such differences remain unknown
but may be due to heterogeneity between donors, differences in
culture protocols and/or differences in disease pathophysiology
between T1D and T2D. Additionally, the influence of therapy on
ECFCs colony formation and function must be considered. In
the study of T2D ECFCs by Jarajapu et al. [28], most participants
were not on statin therapy (48 out of 54 participants) while in our
study most participants were on a statin. Statins have previously
been shown to induce colony emergence, growth and survival in
ECFCs isolated from pigs [29] and enhance the numbers of cir-
culating endothelial progenitor cells in humans [30, 31]. Here we
have shown that ECFCs can be effectively isolated from people
with T1D. Further studies to unravel their utility as autologous
sources of advanced cell therapies or to model T1D vasculopa-
thy must ensure that all potentially confounding effects—from
diabetes duration through to medications—are accounted for.

ECFCs are likely to originate from tissue vascular niches [32, 33].
Intravascular physical and chemical stimuli can influence endo-
thelial cell morphology, which is crucial for establishing func-
tional networks [34, 35]. It is reported that ECFCs grown from
people with T2D have impaired cell motility/migration and re-
duced formation of microvasculature structure [19]. We show
that ECFCs from donors with T1D are smaller in size in unstim-
ulated conditions. The consequences of this observation on their
regenerative potential, and how this could be rescued, pose an
urgent question for future research.

Inflammatory activation of endothelial cells is a critical step in
the development of diabetic vascular disease [36, 37]. We show
that ECFCs from patients with T1D show exacerbated increases
in mRNA levels of pro-atherogenic/pro-inflammatory genes
(IL6 and CCL2) with IL-1f treatment and reduced induction of
the interferon marker (CXCL10) with TNFa compared to ECFCs
from healthy donors. Human epidemiological studies have con-
sistently found that IL-6 is a risk marker for atherothrombotic
events with genetic studies supporting a potential causal role
for IL-6 signaling in atherosclerosis [38]. Similarly, numerous
mouse models have established CCL2, VCAM-1 and ICAM-1 as
critical to increased lesion formation and recruitment of mono-
cyte/macrophages in vessels [39-43]. Other published literature
shows that coronary artery endothelial cells isolated from do-
nors with T1D, when activated with inflammatory stimuli also
have increased expression of IL-6 and ICAM-1 and increased
NF-kB activation [44] and that patients with T1D have elevated
serum CCL2 [45], IL-6 [5] and soluble VCAM-1 [46], which cor-
relate with disease complications including vascular disease.
Only 2/9 of the donors with T1D in this study had retinopathy,
hinting that the presence of established vascular complications
is not the major driver of the altered phenotype observed in
these cells. To what extent the differences are driven by ambient
glucose, duration of elevated HbA1C or other factors remains to
be discovered.

The suppressed induction of interferon signaling markers (IP-
10) seen in ECFCs from T1D donors is predictive of an abnor-
mal response to viral infection. In alignment with this, two
population-based analyses from the UK have clearly shown
a higher mortality in patients with T1IDM compared with a

population without T1DM supporting the association between
T1DM and poor COVID-19 outcomes [47, 48]. The mechanisms
for these modulated inflammatory responses are unclear but
these cells will now provide a unique platform with which to
explore this and how it could be therapeutically targeted in pa-
tients with T1D.

Histamine disrupts vascular endothelial barrier function during
inflammation, a feature of vasculopathy and even the develop-
ment of T1D islet destruction itself [49, 50]. Here we show that
ECFCs from donors with T1D show impaired intracellular Ca?*
signaling and hypercontractile responses to histamine without
differences in histamine receptor expression. These observa-
tions illustrate the complex nature of intracellular Ca?* dynam-
ics and contraction and it will be interesting to see future studies
that validate these findings using other assays of barrier func-
tion. The divergence between intracellular Ca?* and contractile
responses in ECFCs from T1D may reflect a heightened sensi-
tivity to Ca?* signaling within the cell. This idea remains the
subject of investigation. In agreement with our findings, cardiac
endothelial cells isolated from diabetic rats have been shown to
have a smaller Ca** peak amplitude compared to wild-type rats
when treated with contractile agonists [51]. In humans, plasma
histamine concentrations are elevated in diabetes and periph-
eral vascular disease [24] and endothelial cells may therefore be
primed. It will be interesting to investigate whether any of these
histaminergic aberrations can be reprogrammed in diabetic
ECFCs—both in order to improve their utility for cell therapy
and to identify new targets to treat diabetic vasculopathy.

In summary, we have characterized for the first time the basic
morphology of ECFCs from donors living with T1D, investi-
gated their response to inflammatory stimulation and measured
the effects of histamine on Ca?* signaling and contraction. This
pilot work shows distinct phenotypic differences in ECFCs from
T1D donors compared with cells derived from healthy volun-
teers, and preserved phenotypes that indicate their usefulness
for studying endothelial inflammation and dysfunction in T1D.
ECFCs clearly provide a useful model for mechanistic studies,
personalized medicine, drug screening and tissue engineering
in diabetes and other vascular diseases. Their application in
T1D is now established and likely to be an area of intensive fu-
ture research.
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