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RESEARCH ARTICLE

Translational Physiology
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Abstract

Renal endothelial cells (ECs) play crucial roles in vasorelaxation, ultrafiltration, and selective transport of electrolytes and water,
but also in leakage of the glomerular filtration barrier and inflammatory processes like complement activation and leukocyte
recruitment. In addition, they are target cells for both cellular and antibody-mediated rejection in the transplanted kidney. To
study the molecular and cellular processes underlying EC behavior in renal disease, well-characterized primary renal ECs are
indispensible. In this report, we describe a straightforward procedure to isolate ECs from the perfusion fluid of human donor kid-
neys by a combination of negative selection of monocytes/macrophages, positive selection by CD31 Dynabeads, and propaga-
tion in endothelium-specific culture medium. Thus, we isolated and propagated renal ECs from 102 donor kidneys,
representative of all blood groups and major human leukocyte antigen (HLA) class I and II antigens. The obtained ECs were pos-
itive for CD31 and von Willebrand factor, expressed other endothelial markers such as CD34, VEGF receptor-2, TIE2, and plas-
malemmal vesicle associated protein-1 to a variable extent, and were negative for the monocyte marker CD14 and lymphatic
endothelial marker podoplanin. HLA class II was either constitutively expressed or could be induced by interferon-c.
Furthermore, as a proof of principle, we showed the diagnostic value of this renal endothelial biobank in renal endothelium-spe-
cific cross-matching tests for HLA antibodies.

NEW & NOTEWORTHY We describe a new and widely accessible approach to obtain human primary renal endothelial cells in a
standardized fashion, by isolating from the perfusate of machine-perfused donor kidneys. Characterization of the cells showed a
mixed population originating from different compartments of the kidney. As a proof of principle, we demonstrated a possible
diagnostic application in an endothelium-specific cross-match. Next to transplantation, we foresee further applications in the field
renal endothelial research.

donation; endothelial cells; kidney; machine perfusion; perfusate; transplantation

INTRODUCTION

The endothelium covers the inner surface of all blood ves-
sels in our body and therefore resides at the critical interface
between blood and tissue. The endothelium plays an impor-
tant role in innate and adaptive immunity and is involved in
various disease states, either as a primary determinant of
pathophysiology or as a responder to secondary stage dam-
age (1–3). No two endothelial cells (ECs) are alike, although a
few universal phenotype markers are known, including CD31
and CD34. The endothelium has different functions, corre-
sponding to the region of the body where it is situated (3). A

number of studies have shown molecular heterogeneity at
the level of the endothelium, e.g., serial analysis of gene
expression has uncovered several transcripts that are selec-
tively expressed in glomerular ECs but not on aortic ECs (4).
Also within the kidney, heterogeneity in the endothelium is
impressive, as shown by single-cell mRNA profiling (5, 6).

An important corollary of endothelial heterogeneity in the
kidney is the unique response of each vascular segment to
pathophysiological processes (5, 7). In kidney transplantation,
the first immunological barrier that the recipient’s immune
system encounters is the donor’s endothelium, turning ECs
into the primary target of the alloimmune response (8). ECs
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within the renal vasculature thus become the target of circu-
lating antibodies against human leukocyte antigens (HLAs)
and anti-EC antibodies (AECAs), resulting in antibody-medi-
ated rejection (ABMR) (9). ABMR is a leading cause of graft
dysfunction and inferior outcomes after transplantation and
is often unresponsive to current therapies (10). Vascular
inflammation, injury, and complement deposition along the
microvascular branches are diagnostic criteria in ABMR, but
the pathophysiology of the vascular damage is not fully
understood (11, 12). Consequently, ABMR remains a diagnostic
and therapeutic challenge.

Multiple groups have tried to address the role of endothe-
lial responses to HLA and non-HLA antibodies; however,
several hurdles hamper the clarification of endothelium-
antibody interplay. EC research is commonly based on
widely available primary EC cultures like human umbilical
vein ECs (HUVECs): macrovascular venous endothelium
derived from immune-privileged fetal tissue, which is not
representative of the adult endothelium (13, 14). In addition,
EC cross-matches and renal-related EC assays with cells like
human arterial ECs and human dermal microvascular ECs
do not take the physiological and phenotypic heterogeneity
of the endothelium into account and may underestimate the
distinction of the renal microvascular endothelium (15–18).
To our knowledge, only one renal glomerular EC line
(CiGeNC) (19) is widely used, and Delville et al. recently
developed a non-anti-HLA AECA cross-match assay using
CiGeNC. They confirmed specific renal microvascular EC
responses and revealed substantial differences in activation
profiles between macrovascular and microvascular ECs in
response to AECAs (9). However, from cross-matching com-
parison studies, it appeared that it is both the nature of the
heterogenous mixtures of antibodies and the particular set
of antigens on the target cells that determine the effective-
ness of antibody-antigen binding and complement activa-
tion (20). Since CiGeNC are derived from only one donor
with a specific blood group and HLA and endothelial antigen
expression profile, the clinical relevance of cross-matching
potential recipients with this cell line is limited. Therefore,
we investigated whether kidney machine perfusate after
organ donation could serve as a source for renal-specific
ECs, thereby creating the possibility to isolate ECs frommul-
tiple human donors with different blood groups and HLA
profiles.

MATERIALS AND METHODS

Isolation of Machine Perfusion-Derived Primary Renal
ECs

Experiments were performed with cells derived from
machine perfusates after deceased donor kidney donation.
The study was approved by the Institutional Review Board of
University Medical Center Groningen (UMCG), adheres to the
Declaration of Helsinki and Istanbul, and has NCT0327841 as
its ClinicalTrial.gov identifier. Hypothermic machine perfu-
sion is currently the standard storage method for deceased
donor kidneys in The Netherlands, using either LifePort 1.1
(Organ Recovery Systems, Zaventem, Belgium) or the Kidney
Assist (KA) transporter (Organ Assist, Groningen, The
Netherlands). Both machines are pressure controlled (set at a

mean of 25mmHg) (21) and use University of Wisconsin
machine perfusion solution (22). After removal of the kidney
from the machine, the remaining perfusion fluid was resus-
pended. For the LifePort disposable, the filter was retro-
gradely flushed to retrieve cells caught in the filter. Perfusion
fluid was collected in sterile 500-mL containers (Cat. No.
CLS431123, Corning Sigma) and centrifuged at 4�C for 15min
at 300g. After removal of the supernatant, cells were washed
with culture medium [medium 200 (M200), Cat. No. M-200-
500, Gibco, Grand Island, NY] containing Low Serum Growth
Supplement (Cat. No. S-003-K, Gibco). After a second washing
step with culture medium, plastic-based negative selection
was performed to remove monocytes, by incubating the cells
for 1h at 37�C in an uncoated T75 culture flask (23).

After 1h, nonadherent cells were distributed in a single
well of a six-well culture plate (10 cm2) precoated with 1%
gelatin (Cat. No. G1890-100G, Sigma-Aldrich, Darmstadt,
Germany). Cells were incubated at 37�C, and culturemedium
was changed every 2days.

CD31 immunomagnetic beads (Dynabeads CD31, Ref. No.
11155D, Invitrogen, Landsmeer, The Netherlands) were used
for positive selection of renal ECs from the mixture of cul-
tured cells. After �2wk of culturing, the number of ECs was
estimated by eye, based on confluence andmorphology of the
cells in culture. Next, the amount of CD31 Dynabeads solution
was estimated aiming at 4 beads/cell. Beads were washed and
diluted in bead wash buffer (Cat. No. A1595, Sigma-Aldrich)
with 0.1% BSA (Cat. No. A9647-100G, Sigma-Aldrich) supple-
mented with gentamycine (BE02-012E, Lonza, Basel,
Switzerland). Cells were detached using trypsin-EDTA (Cat.
No. 59430C, Sigma-Aldrich), which was subsequently neutral-
ized using trypsin neutralizer solution (Cat. No. R-002-100,
Gibco). Cells were centrifuged (4�C, 1,500 RPM, 7min), the su-
pernatant was removed, and cells were incubated with CD31
Dynabeads in 200-mL bead wash at 20�C for 20min on a roller
bank. Thereafter, the cell-CD31 Dynabeads mixture was
placed in a magnet for 2min, followed by removal of the su-
pernatant and two additional washing steps of the beaded
cells with bead wash buffer. Once the machine perfusion-
derived primary renal ECs (MP-PRECs) had been purified,
they were cultured in M200 with low-serum growth supple-
ment. To visualize all cells present in the primary perfusate,
cytospins were made directly after isolation and before plas-
tic-based negative selection, containing 1,000,000 cells/mL.
Differentiation of white blood cell populations in the primary
perfusate was analyzed using a Sysmex XN series analyzer
(Sysmex, Kobe, Japan) and byMay–Grunwald–Giemsa (MGG)
staining. Detailed protocols of the isolation techniques are
provided in the APPENDIX A and APPENDIX B.

Flow Cytometry

Cells were stained by flow cytometry directly after isolation;
nonadherent and adherent cells were stained after plastic-
based negative selection, and MP-PRECs were stained at 7
and 21days after positive CD31 Dynabeads selection. Before
the staining procedure, excess erythrocytes in the perfusion
fluid from the donor were lysed using lysis buffer (155mmol/L
NH4Cl, 10mmol/L KHCO3, and 0.1mmol/L EDTA, Pharmacy
UMCG, Groningen, The Netherlands). Details on antibodies
and conjugates used for flow cytometry are shown in Table 1.
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All antibodies were diluted in 1% BSA in PBS and then incu-
bated for 30min on ice. Isotype and conjugate controls were
included for all stainings. HUVECs obtained from the UMCG
endothelial facility were used as a control for CD31 expression
(24). Cell culture contamination with peripheral blood mono-
nuclear cells (PBMCs) was examined with PBMCmarkers CD14
and L-selectin (23, 25). For the measurement of HLA class I and
II expression, cells were stimulated for 48h with 50ng/mL
interferon (IFN)-c in M200 at 37�C. The percentage of IFN-
c-induced HLA expression was calculated as the increase in
% = 100 – [mean fluorescence intensity (MFI) unstimulated
cells� 100)/MFI stimulated cells]. Cells were analyzed using a
FACSCalibur equipped with CELLQuest software and Kaluza
software (Kaluza 2.1 Becker Coulter).

Immunofluorescence

Endothelial phenotyping was performed on MP-PRECs
from different donors (n = 8). Cells were grown on Lab-Tek
chamber slides (Ref. No. 177445, Thermo Fisher Scientific,
Groningen, The Netherlands) coated with 1% gelatin for
30min. Cells were fixed with 4% paraformaldehyde in PBS
for 10min at room temperature, incubated with 0.5% Triton

X-100 in PBS for 10min, and then blocked with 2% BSA for
30min. All primary and secondary antibodies were diluted
with 1% BSA in PBS and then incubated for 1h at room tem-
perature. Details on antibodies and conjugates used for im-
munofluorescence are shown in Table 1. All sections were
counterstained for 10min with DAPI (0.001mg/mL in PBS,
Ref. No. D954, Sigma). Pictures were taken and evaluated on a
Leica DM4000B equipped for immunofluorescence and with
a TissueFaxs using Tissue Quest (Tissuegnostics, Medical &
Biotech Solutions, Vienna, Austria) as digital quantification
software.

Quantitative RT-PCR

For the characterization of endothelium-specific gene
expression, quantitative RT-PCR was performed. RNA
was isolated from MP-PRECs on days 0 and 7 after CD31
Dynabeads selection using the RNease Micro Plus Kit
(Qiagen, Venlo, The Netherlands) according to the manufac-
turer’s instructions. cDNA was synthesized using Superscript
III Reverse Transcriptase (Invitrogen). Taqman assays (Applied
Biosystems, Nieuwekerk aan den IJssel, TheNetherlands) were
used to perform gene expression analysis. Human-specific

Table 1. Details on the primary antibodies and conjugates used in flow cytometry and (confocal) immunofluores-
cence staining procedures

Technique Marker Antibody Conjugate

Flow cytometry CD31 PE-conjugated mouse anti-human CD31
(ready to use, IQP-552R, IQ Products,
Groningen, The Netherlands)

Flow cytometry CD45 PerCP-Cy 5.5-conjugated mouse anti-
human CD45 (clone HI30, BD
Biosciences, San Jose, CA)

Flow cytometry CD14 Alexa Fluor 700-conjugated mouse
anti-human CD14 (clone M5E2, Cat.
No. 557923, BD Biosciences)

Flow cytometry Tie2/TEK Mouse anti-human Tie2/TEK [1:25,
clone 33.1 (Ab33), Biolegend, San
Diego, CA]

Goat anti-mouse FITC (Cat. No. 1031-02,
Southern BioTech)

Flow cytometry HLA class I Mouse anti-human HLA A-B-C (1:100,
clone W6/32, Bio-Rad,
Kidlington, UK)

Goat anti-mouse IgG FITC (1:100, Cat.
No. 1031-02, Southern BioTech)

Flow cytometry L-selectin Mouse anti-human CD62L (1:100, Cat.
No. 555542, BD Pharmingen, San
Jose, CA)

Goat anti-mouse IgG FITC (1:100, Cat.
No. 1031-02, Southern BioTech)

Flow cytometry
Immunofluorescence

HLA class II APC-conjugated mouse anti-human
HLA-DR (1:50, clone L243, Cat. No.
347403, BD Biosciences)

Isotype control PE-conjugated rabbit anti-mouse IgG1
(1:10 dilution of IW Products F(ab)2 IQ
Products, IQP-190R)

Immunofluorescence Von Willebrand factor Sheep anti-human von Willebrand fac-
tor (1:1,000, AHP062, Bio-Rad)

Donkey anti-sheep Alexa 488 (A11015,
Invitrogen)

Immunofluorescence Podoplanin Mouse anti-human podoplanin (1:100,
clone D2-40, Ref. No. M3619, DAKO)

Donkey anti-mouse Alexa 647 (1:250,
P0447, DAKO)

Immunofluorescence VEGFR-2 Rabbit anti-human VEGFR-2 (1:200,
clone D5B1, No. 9698, Cell Signaling
Technology)

Goat anti-rabbit IgG-horseradish peroxi-
dase þ tetramethylrhodamine tyra-
mide reagent (tyramide-TRITC) (1:50,
FPI051, Perkin-Elmer LAS, Boston,
MA)

Immunofluorescence PV-1 Mouse anti-human PV-1 (1:50,
MON60001-1)

Donkey anti-mouse Alexa 647 (1:250,
P0447, DAKO)

Immunofluorescence Activated C3 Mouse anti-human activated C3
(HM2168, Hycult, Uden, The
Netherlands)

Goat anti-mouse IgG FITC (Cat. No.
1031-02, Southern BioTech)

HLA, human leukocyte antigen; PV-1, plasmalemmal vesicle-associated protein-1; Tie2/TEK, tyrosine kinase transmembrane receptor;
VEGFR-2, vascular endothelial growth factor receptor-2.
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primers were selected to amplify CD31, CD34, von Willebrand
factor (vWF), plasmalemmal vesicle-associated protein-1 (PV-1),
vascular endothelial growth receptor-2 (VEGFR-2), HLA-DR,
angiotensin II receptor type 1, a2-smoothmuscle actin (ACTA2;
a2-SMA), platelet-derived growth factor-B (PDGF-B) for (myo)
fibroblasts, and/or mesangial cells and nephrin (NPHS1) for
podocytes (Table 2). Glyceraldehyde-3-phosphate dehydrogen-
ase (GAPDH) was used as a housekeeping gene. PCR amplifica-
tion was performed in a ViiA 7 real-time PCR System (Applied
Biosystems) according to the manufacturer’s protocol. Dupli-
cate real-time PCRs were performed for each sample, and the
obtained threshold cycle (CT) values were averaged. Gene
expression reactions were normalized to the averaged expres-
sion of the housekeeping gene, yielding the DCT value. Relative
gene expression levels were calculated by 2�DCT.

Proof of Principle: Complement Activation Using MP-
PRECs

The complement-activating capacity of MP-PRECs was eval-
uated by classical complement activation. In a custom EC cross-
match assay, cells were incubatedwith humanmonoclonal anti-
HLA antibodies (A2/A28 IgG1 and Bw6 IgG1, a kind gift from Dr.
F. Claas, Leiden, The Netherlands), 25% heat-inactivated (HI)
(1 h at 56�C) human serum containing HLA antibodies directed
against HLA antigens expressed on the MP-PREC cell mem-
brane, and 25% HI blood group-incompatible serum diluted in
M200 for 45min. A 25% HI blood group compatible serum and
HI serum containing HLA antibodies not directed against HLA
antigens expressed on the MP-PREC cell membrane were used
as controls. After two washes with M200, 20% pooled AB serum
from healthy volunteers was used as a complement source, and
cells were incubated for 30min before two washes with 1% BSA.
Complement activation was measured using anti-human acti-
vated C3 (recognizing the cleavage fragments of C3b, iC3b, and
C3c) (Table 1). Immunofluorescent pictures were taken and ana-
lyzed as described above in Immunofluorescence.

RESULTS

Isolation of MP-PRECs

From January 2017 until July 2019, 102 donor kidney
perfusates were isolated after deceased kidney donation

according to the procedure shown in Fig. 1. Of the 102 EC iso-
lations, 41% were from the KA perfusion device and 59% from
the LifePort (Table 3). MP-PRECs equipped with a large vari-
ety of HLA types (Table 4) and blood groups (Table 5) were
obtained, whichwere representative of the general population
compared with the percentage of antigens within a pool of
10,000 recent organ donors (26). Further clinical characteris-
tics are shown in Table 3. After successful CD31 Dynabeads
selection, 27% of cultures became infected and 25% stopped
proliferating between days 7 and 21. The success rate (defined
as 1� 106MP-PREC yield to perform an experiment with/store
in liquid nitrogen) was 39% (40 isolates).

For all isolations, the time between the isolation of cells
from the perfusate and CD31 Dynabeads selection (passage 0
to passage 1) was 18.1 ± 3.5days. The first passage thereafter
(passage 1 to passage 2) was 8.3± 3.4days after reseeding, at
an average of 60,000 cells per cm2 (Supplemental Table S1;
see https://doi.org/10.6084/m9.figshare.13103003). MP-PRECs
were stored in liquid nitrogen or used for phenotyping
and/or antibody-mediated complement activation experi-
ments between passages 3 and 7.

MGG and Flow Cytometry of Perfusate Cells

Five-pas leukocyte differentiation and MGG staining on
cytospins (n = 2 replicates) of perfusate cells showed a mix-
ture of leukocytes, of which �30% were polynuclear cells
(neutrophils) and �70% were mononuclear cells (Fig. 2 and
Supplemental Table S2; see https://doi.org/10.6084/m9.
figshare.13676902). FACS scatterplots revealed three clearly
identifiable cellular groups, presumably representing neu-
trophils, lymphocytes, and monocytes, next to ECs. Within
the monocytic cellular group, a minority of the cells were
CD31þ , CD14�, and CD45�. These likely represent ECs
(Supplemental Fig. S1; see https://doi.org/10.6084/m9.
figshare.13677019).

Since some leukocytes express CD31 antigens, albeit to a
much lower extent compared with ECs (27), they could be
contaminating cells in MP-PREC cultures. Flow cytometry
showed that 39% of total perfusate cells were CD31þ , of
which 11% were CD31þ and CD45� (Fig. 2, B–D). This indi-
cates that ±4% of cells in the perfusate are in fact ECs.

Effective Removal of CD31 CD14 Double-Positive Cells
From Perfusate Cells by Plastic Adherence

Since MGG staining of perfusate cells showed possible
MP-PREC culture contamination by CD31þ leukocytes, we
performed a negative selection technique to remove contam-
inating cells from the same hematopoietic lineage as ECs, in
particular monocytes. As monocytes adhere to plastic within
30min of incubation whereas ECs do not, plastic-based neg-
ative selection was used (23). Cells from the perfusate, before
and after negative selection, were evaluated by flow cytome-
try. 20% of the cells before selection expressed high levels of
CD31 and CD14 (Fig. 3), identifying them as monocytes, and
39% of the cells expressed only CD31 (Fig. 3). With plastic-
based negative selection, CD14þCD31þ cells adhered to the
plastic (Fig. 3) and CD14�CD31þ cells remained nonadherent
(Fig. 3). Therefore, the selection resulted in the depletion of
CD14þCD31þ cells from the original cell suspension. A sub-
set of the cells expressed neither CD14 nor CD31. These

Table 2. Primers

Species Gene Human Assay ID

Homo sapiens GAPDH Hs99999905_m1
Homo sapiens PECAM-1 (CD31) Hs00169777_m1
Homo sapiens CD34 Hs00990732_m1
Homo sapiens Von Willebrand factor Hs00169795_m1
Homo sapiens PV-1 (PLVAP/MECA32) Hs00229941_m1
Homo sapiens VEGFR-2 (KDR) Hs00176676_m1
Homo sapiens HLA-DR Hs99999917_m1
Homo sapiens AGTR1 Hs00258938_m1
Homo sapiens a2-SMA (ACTA2) Hs00909449_m1
Homo sapiens NPHS1 Hs00190446_m1
Homo sapiens PDGF-B Hs00234042_m1

a2-SMA, a2-smooth muscle actin; AGTR1, angiotensin II receptor
type 1; HLA, human leukocyte antigen; NPHS1, nephrin; PDGF-B,
platelet-derived growth factor-B; PECAM-1, platelet endothelial
cell adhesion molecule-1; PV-1, plasmalemmal vesicle-associated
protein-1; VEGFR-2, vascular endothelial growth factor receptor-2.
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CD14�CD31� cells were smaller in size in the forward scatter
and showed a low granularity in the sideward scatter and
likely represent lymphocytes that will be removed from the
cell culture after CD31 Dynabeads selection.

MP-PRECs Regain Morphological EC Appearances and
Retain CD31 Expression After Prolonged Time in Culture

CD31 is a pan EC marker expressed on the EC membrane
and is suitable for the isolation of MP-PRECs using CD31
Dynabeads selection. This procedure did not affect the
growth of MP-PRECs, since MP-PRECs could be cultured af-
ter the CD31 Dynabeads procedure with the beads still
attached (Fig. 4A). After �7days and two to three medium
replacement steps, the beads had fully detached from the
cell membrane and MP-PRECs showed features of primary
culture ECs with the formation of “cobblestone” monolayers
(Fig. 4B). At 7 and 21days after CD31 Dynabeads selection
and culture, a distinct peak of MP-PRECs with CD31 cell sur-
face expression was found, comparable with that of HUVECs
(Fig. 4). Seven days after CD31 Dynabeads selection and cul-
ture, the mean CD31 MFI was 98.2± 14.9 compared with the
mean CD31 MFI of 88.3±22.6 at 21days after CD31 Dynabeads
and culture (P = 0.49; Fig. 4).

CD31 is expressed on the cell membrane of all ECs and
rarely on any other cell type (27). However, overgrowth for
contaminating cell types was investigated by flow cytome-
try analysis of cultured MP-PRECs for CD31 cell surface

expression and for the PBMC surface expression markers
CD14 and L-selectin. At 28days after CD31 Dynabeads selec-
tion, no CD14 and L-selectin cell surface expression was
found (Supplemental Fig. S2; see https://doi.org/10.6084/m9.
figshare.13677067).

ECMarkers Expressed by MP-PRECs Show Variation
Between Donors

Since flow cytometry showed that MP-PRECs express CD31
on the cell membrane, different EC markers were selected as
glomerular, peritubular, microvascular, and macrovascular
EC markers for further endothelial phenotyping. CD31, CD34,
and Tie2/TEK were selected as general endothelium-re-
strictedmarkers (28, 29), vWFwas selected as amacrovascular
marker (30, 31), VEGFR-2 was selected as a glomerular and
peritubular microvascular marker (32), PV-1 was selected as a
purely peritubularmicrovascularmarker (33), and podoplanin
was selected as a lymphatic endothelial marker (34).

Using quantitative RT-PCR, expression of the EC markers
CD31, CD34, vWF, PV-1, VEGFR-2, and HLA-DR were
assessed on two different MP-PREC isolates: directly after
CD31 Dynabeads selection (day 0) and after 7days of cultur-
ing. CD31 mRNA expression levels remained stable through-
out culture in both isolates and vWF increased over time,
whereas CD34, PV-1, and VEGFR-2 remained relatively low
or were lost over time. HLA-DR remained either present or
not expressed (Fig. 5A). No AGTR1 mRNA expression was

Figure 1. Isolation procedure of machine perfusion-derived primary renal endothelial cells (MP-PRECs). Scale bar = 200 mm. [Figure created with
Biorender.com.]
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found (data not shown). Using quantitative RT-PCR, four
MP-PREC isolates were tested for contamination with mes-
angial cells, (myo)fibroblasts, and podocytes. All four cell
cultures were negative for nephrin at day 0, day 1, and day 7
after CD31 Dynabeads selection, excluding contamination
with podocytes. Three of four cell cultures were negative for
ACTA2 and PDGF-B mRNA expression 7days after CD31
Dynabeads isolation, excluding contamination with mesan-
gial cells and/or (myo)fibroblasts in the MP-PREC cell cul-
ture. However, in one cell culture, transcripts for both ACTA
and PDGF-B could be found (Supplemental Fig. S3; see
https://doi.org/10.6084/m9.figshare.13677220).

Immunofluorescence staining showed heterogeneous expres-
sion of vWF, VEGFR-2, and PV-1 on MP-PRECs from different
donors after CD31 Dynabeads selection and culture for at least
21days. Variation was observed in the number of positive cells
and the intensity of staining. Discrete intracellular structures
resembling Weibel–Palade bodies were found, albeit vWF was
expressed to various extents between donors. MP-PRECs from
some donors expressed VEGFR-2, whereas in cells from another
donor, VEGFR-2 expression was sparse. Some MP-PRECs iso-
lates also expressed PV-1 and HLA-II, albeit to varying extents
(Fig. 5B). None of the MP-PREC isolates expressed the lym-
phatic EC marker podoplanin (n = 4 replicates; Supplemental
Fig. S4; see https://doi.org/10.6084/m9.figshare.13677253).

Double staining for vWF and VEGFR-2 also revealed
variability between MP-PREC cultures (n = 3 replicates;
see Supplemental Fig. S5; see https://doi.org/10.6084/m9.
figshare.13677298).

Flow cytometry using MP-PRECs from three different
donors at 7, 9, and 21days after CD31 Dynabeads selection

showed that CD31 was continuously expressed, along with
varying (donor-dependent) expression of Tie-2/TEK, VEGFR-
2, and vWF. HUVECs were used as a control (Fig. 5C).
Variation in the expression of ECmarkers was a consistent ob-
servation in all donors examined.

HLA Loci on MP-PRECs

Since we developed the MP-PREC isolation technique for
the purpose of detection of antibodies directed against anti-
gens expressed by ECs, HLA antigen expression of MP-
PRECs was analyzed under IFN-c-stimulated conditions.
Expression of pan HLA-I and the HLA-II-DR locus by MP-
PRECs increased by 50% and 30%, respectively, when
stimulated with IFN-c, as assessed by flow cytometry (n = 2
replicates; Fig. 6A).

Table 3. Baseline characteristics of postmortem organ
donors at the time of death

Variable Value

Age, yr 59 ± 17
Male sex (n, %) 56 (54.9)
Height, cm 175 ± 14
Weight, kg 80 ±20
Body mass index, kg/cm2 25.50 ±5
Mean arterial pressure, mmHg 91 ± 21
Donor type DBD (n, %) 31 (30.4)
Hypotension at ICU (n, %) 23 (22.5)
Time hypotension at ICU, min 0 ±0
Hypertension in medical history (n, %) 28 (27.5)
Cause of death
Circulational 20 (19.6)
Respirational 2 (2.0)
Trauma 14 (13.7)
Cerebrovascular accident 29 (28.5)
Subarachnoidal bleeding 18 (17.6)
Subdural hematoma 2 (2.0)
Suicide 8 (7.8)
Euthanasia 2 (2.0)
Medical complication 1 (1.0)
Meningitis 1 (1.0)
Not specified 5 (4.9)

Smoking at time of death (n, %) 48 (47.1)
Diabetes mellitus (n, %) 4 (3.9)
Kidney preservation (Kidney Assist/Lifeport) 42/60

Normally distributed data are presented as means ± SD, skewed
data are presented as medians (interquartile ranges), and categori-
cal data are presented as number (percentage) (n, %). DBD, donor
after brain death; ICU, intensive care unit.

Table 4. Frequency of the most common human leuko-
cyte antigen alleles in the MP-PREC databank compared
with the frequency in the Eurotransplant databank
(https://www.etrl.org/)

Allele Eurotransplant, % (n = 10,000) Biobank, % (n = 102)

A1 27 26
A2 51 51
A3 27 31
A9 22 22
A19 24 18
A24 18 18
B7 23 26
B12 23 22
B35 19 17
B44 23 22
Bw4 61 48
Bw6 85 89
Cw3 25 38
Cw4 23 23
Cw6 18 15
Cw7 50 59
Cw9 25 18
Cw10 25 18
DR2 30 27
DR5 28 17
DR6 30 31
DR51 30 27
DR52 67 68
DR53 40 37
DQ1 68 78
DQ2 35 35
DQ3 57 61
DQ5 35 34
DQ6 42 43
DQ7 37 30

MP-PREC, machine perfusion-derived primary renal endothelial
cell.

Table 5. Frequency of blood groups A, B, O, and AB in
the MP-PREC databank compared with the frequency in
the Eurotransplant databank (https://www.etrl.org/)

Blood Group Eurotransplant, % (n = 10,000) Biobank, % (n = 102)

A 43 46
B 12 5
O 40 45
AB 5 4

MP-PREC, machine perfusion-derived primary renal endothelial
cell.
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Additional immunofluorescence staining on MP-PRECs of
different donors (n = 4 replicates) after 21days in culture
revealed variation in induced expression of HLA-DR
between unstimulated cells and their corresponding IFN-
c-stimulated cells (Fig. 6, B and C).

Proof of Principle: Complement Activation on MP-
PRECs by Donor-Specific Antibodies

To examine the clinical relevance of MP-PRECs, comple-
ment activation, measured as activated C3 deposition on the
MP-PREC membrane, was tested with a custom cross-match
assay using MP-PRECs from three different donors. Cross-
matching with blood group compatible serum consistently
showed no complement activation (Fig. 7, A, F, and K). Cross-
matching with blood group incompatible serum (Fig. 7, B, G,
and L), monoclonal HLA antibodies (Fig. 7, C, H, and M), and
sera containing HLA class I and/or class II antibodies directed
against HLA antigens expressed on the MP-PREC membrane
(Fig. 7, D and I) resulted in complement C3 activation to vary-
ing extents. Serum containing HLA antibodies aspecific for
HLA antigens expressed on the MP-PREC membrane did not
result in complement activation (Fig. 7N).

DISCUSSION

The lack of availability of primary renal ECs frommultiple
donors remains a major obstacle when studying the (patho)

physiology of renal ECs and their interindividual variation
in reaction to disease processes. Difficulties in obtaining pri-
mary cultures of renal EC subsets have hampered molecular
characterization, transcriptional profiling, and assay devel-
opment with ECs. We have developed an EC isolation tech-
nique that uses ECs derived from machine perfusates after
kidney machine perfusion. We performed isolations after
deceased kidney donation, resulting in a bank of primary
ECs from multiple donors, featuring general EC characteris-
tics and covering a large spectrum of HLA alleles. These can
be used for screening of donor-specific antibodies, but also
for other applications.

Although ECs in the human body display many common
features, they also reveal remarkable morphological and
functional heterogeneity (1, 2). The vasculature of the kidney
is not only different from that of other organs but also dis-
plays striking intraorgan heterogeneity. Limited accessibility
of human kidneys suitable for EC isolations implicates that
the majority of research focused on endothelial function in
renal diseases is based on the endothelium from diverse ori-
gins but generally not the kidney (13, 14, 17, 18, 35–37). The
presented method in this study has many advantages over
existing supply routes and techniques for EC isolation. First,
by taking advantage of the relatively new procedure of organ
perfusion between donation and transplantation (38), a con-
tinuous supply of donors is guaranteed. Second, the HLA
type, blood group, and other characteristics of these cells are

Figure 2. May–Grunwald–Giemsa staining and flow cytometry double staining on perfusate cells. A: representative images of May–Grunwald–Giemsa
staining on cytospins of perfusate cells from two different donors showing monocytes, lymphocytes, and neutrophils. B: flow cytometry showing the
total amount of cells in the perfusate fluid after kidney perfusion. C and D: 39% of the perfusate cells were CD31þ (C), of which 11% were CD31þ

and CD45� (D).
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already known. Third, the technique is a relatively easy, non-
destructive, and robust method to isolate pure populations
of ECs from human donor kidneys. Fourth, apart from the
CD31 Dynabeads and culture medium, no special reagents or
equipment are needed. This, together with the fact that the
perfusate is considered as waste material from the transplan-
tation procedure and no additional procedures are required
to harvest human kidneys for EC isolation contributes to the
cost effectiveness of this new method. Another major
advantage of isolating MP-PRECs is that the cells have an
adult tissue origin, as opposed to, for example, HUVECs
from a fetal origin. Furthermore, the approach outlined may
provide a general strategy for the isolation and culture of

ECs from a variety of organs (provided that the organs are
perfused). Finally, the method can be used to develop a rich
source of renal-specific EC lines for dedicated purposes.

We also acknowledge several disadvantages of the new
method. The isolation technique outlined herein is quite time
consuming, and as with all cell culture studies, researchers
need to be trained. The possible use of FACS was initially
investigated for sorting MP-PRECs. Unfortunately, MP-PRECs
are vulnerable and relatively large cells, resulting in fragmen-
tation of the cells during the sorting procedure (data not
shown). Also, prolonged culture periods and limited yielded
cells are important disadvantages of this study. Nevertheless,
implementing this isolation method is worth the investment

Figure 3. Expression of CD31 and CD14
on perfusate cells and (non)adherent cells
after plastic-based negative selection. A:
flow cytometric analysis showing the for-
ward scatter versus side scatter of cells
within total perfusate cells, nonadherent
cells, and adherent cells, respectively. B:
CD31 versus CD14 scatterplots of viable
cells within the total perfusate, nonadher-
ent cells, and adherent cells, respectively.
Cells in region H2 expressed CD31 alone;
cells in region H3 expressed both CD31
and CD14. C: single positive CD31 cells in
regions H2 and H3 within the total perfus-
ate, nonadherent cells, and adherent cells,
respectively. D: single positive CD14 cells
in regions H2 and H3 within the total per-
fusate, nonadherent cells, and adherent
cells, respectively. Mean fluorescence
intensities (MFI) are indicated.
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as it serves the purpose of isolating ECs from a widely avail-
able source of donors, along with the possibilities to develop
new applications with MP-PRECs. In addition, as discussed
later in this discussion in more detail, the isolated MP-PRECs
are heterogeneous in terms of their expression of endothelial
cell markers, as shown in Fig. 5, and complement activation,
as shown in Fig. 7. This could lessen their utility in studying
kidney rejection or other disease processes involving the renal
endothelium because every EC isolate would require charac-
terization. Primary ECs are in general a superior model for the
in vivo situation since the cell is not manipulated and not
affected by multiple passages, when keeping passages low
(39). In addition, heterogeneity in response to antibody-medi-
ated complement activationmay actually reflect true differen-
ces in defense mechanisms to complement-mediated attack
between individual donors and thus explain some of the varia-
tion of outcome in the presence of donor-specific antibodies.
However, the usefulness of primary renal EC culture could be
limited by shifts in their in vivo gene expression signature due
to the loss of microenvironmental cues (40) and by early onset
of senescence (19). Therefore, primary MP-PRECs should be
selected based on the gene expression profile in the context of
the application of interest and converted into different immor-
talized cell lines that are then validated thoroughly. The
validation process should focus on the expression of endothe-
lium-specific markers during proliferation in cell culture and
multiple donor characteristics like antigen expression by
repeated gene analyses and protein staining procedures.
Before studying a specific research question, one should evalu-
ate the cellular features and gene expression profile based on
the application of interest. Thereafter, following common
practice in EC biology, EC lines should be continuously

monitored to ascertain their cellular features. Our study is pre-
sented as a qualitative methodological paper, as we currently
do not have the substantial number of biological replicates of
the highly heterogeneous MP-PREC population that would be
necessary for a meaningful analysis (41). Therefore, we did not
present statistical data on differences in EC expression
markers between MP-PREC donors and changes over time.
Finally, the risk for contamination with other cells should
always be taken into account when working with primary cell
cultures. We found some contamination by mesangial and/or
renal (myo)fibroblasts in one of four MP-PREC isolates
(Supplemental Fig. S3).

The MP-PREC purification strategy was based on the re-
moval of CD31þCD14þ monocytes by plastic adherence,
positive selection of CD31þ cells using CD31 Dynabeads, and
the use of EC-specific cell culture medium (23). MP-PRECs
obtained cobblestone morphological EC appearances when
viewed with phase-contrast microscopy, and there was no
evidence of overgrowth by contaminating cells (42). MP-
PRECs from the majority of donors proliferated in cell cul-
ture and therefore appear to be a relatively healthy cell popu-
lation (43). This raises the following question: why do ECs
detach from the renal vasculature during kidney perfusion?
It is generally known that ischemia-reperfusion injury after
kidney donation substantially contributes to a cascade of
harmful events leading to inflammation, endothelial dysfunc-
tion, and cell death (44, 45). In vivo, vascular ECs are covered
with an endothelial glycocalyx: a gel-like layer consisting of
glycoproteins, proteoglycans with bound glycosaminoglycans
coating the luminal surface of ECs (46). This layer is vital for
EC function as it participates in vascular permeability, micro-
vascular reactivity, and endothelium interaction with blood

Figure 4.Machine perfusion-derived primary renal endothe-
lial cells (MP-PRECs) maintain endothelial cell appearances.
Light microscopy of cultured MP-PRECs at 3days (A) and
7days (B) after CD31 Dynabeads isolation. The arrow points
to a cluster of beads. Scale bar = 200mm. CD31 expression
on human umbilical vein endothelial cells (HUVECs) and
MP-PRECs was determined by flow cytometry at 7days
(n = 4; C) and 21days (n = 4; D) after culturing. P values are
indicated. Histograms of a representative experiment show
that MP-PRECs (blue) expressed CD31 comparable with
HUVECs (green). The isotype control is indicated in red.
MFI, mean fluorescence intensity.
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constituents. Degradation of the glycocalyx plays an important
role in ischemia-reperfusion-related endothelial dysfunction;
however, studies on the effect of kidney machine perfusion af-
ter the period of ischemia on the renal endothelial glycocalyx
are limited (47). Preliminary data show that MP-PRECs pro-
duce a glycocalyx, as shown with Ulex europeus-1-positive
staining of MP-PRECs cultured for �7days after CD31 bead
selection (data not shown). Further research is needed to assess
why the cells detach andwhether this is associatedwith quality
and function ofMP-PRECs and kidney allograft outcome.

Phenotypic profiling of MP-PRECs from different donors
revealed a remarkable variability among isolates and within
MP-PRECs originating from one donor, although CD31
remained consistently expressed. Variability was apparent
for VEGFR-2, vWF, PV-1, and Tie2/TEK. We showed that
MP-PRECs express HLA-I without exception and that HLA-
II-DR was either constitutively expressed or could be
induced by IFN-c. The latter is in line with a previous study
showing that renal microvascular ECs are able to express
HLA class II antigens (48). Our results suggest drift of EC

Figure 5. Endothelial cell markers expressed by machine perfusion-derived primary renal endothelial cells (MP-PRECs) show variation among donors. A:
quantitative RT-PCR showing relative mRNA levels of the following endothelial cell markers: CD31, CD34, von Willebrand factor (vWF), plasmalemmal
vesicle-associated protein-1 (PV-1), VEGF receptor (VEGFR)-2, and human leukocyte antigen (HLA)-DR on MP-PRECs from two different donors directly
after CD31 Dynabeads selection (day 0) and after 7 days of culturing (day 7). B: immunofluorescence stainings on MP-PRECs from different donors cul-
tured for �21days after CD31 Dynabeads selection showing the heterogeneous expression of vWF, VEGFR-2, PV-1, and HLA-DR on unstimulated and
interferon (IFN)-c-stimulated MP-PRECs. Scale bar = 100μm. C: flow cytometry showing expression of VEGFR-2, Tie2/TEK receptor tyrosine kinase (TEK),
vWF, and CD31 on MP-PRECs from different donors at 7days after CD31 Dynabeads selection, 9 days after CD31 Dynabeads selection, and 21days after
CD31 Dynabeads selection compared with human umbilical vein endothelial cells (HUVECs).
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mRNA expression over time, as exemplified by the loss of
microvascular markers PV-1 and VEGFR-2 and increase of
vWF in the first week after CD31 Dynabeads isolation. Tie2/
TEK was reduced over time in different isolates, as shown
with flow cytometry. The reduction of Tie2/TEK could be
an indirect effect caused by longer static MP-PREC culture
(49). Together, these alterations in culture composition
might indicate EC dedifferentiation over time or, alterna-
tively, overgrowth of MP-PRECs from a specific segment
(vWFþ macrovascular ECs) over time (24, 50). In addition,

MP-PREC immunofluorescent staining for vWF, VEGFR-2,
PV-1, and HLA-DR revealed that the distribution of these
EC markers within one culture varied for each donor. This
likely reflects cultured MP-PRECs obtained from different
renal microvasculature structures, having an arterial, glo-
merular, peritubular, or venous origin (28, 31–33).

One of the aims of this study was to provide a reliable
source of renal ECs to investigate the pathogenicity of HLA
antibodies on the surface of the primary target of ABMR (9).
We therefore focused on developing an EC bank from a

Figure 6.Human leukocyte antigen (HLA) class I and class II expression bymachine perfusion-derived primary renal endothelial cells (MP-PRECs). A: rep-
resentative flow cytometry data showing the expression of HLA class I and class II (DR locus) on unstimulated MP-PRECs and interferon (IFN)-c-stimu-
lated MP-PRECs. Corresponding FACS histograms of unstimulated and stimulated cells are shown in the overlay: HLA class I (pink), HLA class II DR
(magenta), and the negative control (blue). B and C: representative HLA-DR staining on unstimulated MP-PRECs and stimulated MP-PRECs from two dif-
ferent donors. Scale bar = 100mm.
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relatively easily accessible source, by setting up a straightfor-
ward isolation technique. Immunological risk stratification
still is a major challenge in organ transplantation (51).
Complement fixing HLA antibodies as detected by the com-
plement-dependent cytotoxicity test using donor lympho-
cytes as target cells will almost certainly lead to hyperacute
rejection (51). However, HLA antibodies only detectable by
the more sensitive bead-based Luminex assay are not an
absolute barrier to transplantation but are associated with a
variably increased risk of chronic antibody-mediated dam-
age. To date, attempts to accurately predict the individual
risk of poor outcomes in patients with DSA detected by the
more sensitive bead assays have not been successful (52).
DSA subclass analysis and the assays for complement-bind-
ing antibodies have not consistently improved the predictive
capacity of current solid-phase assays (53). In addition, non-
HLA antibodies are thought to contribute to graft loss in the
absence of HLA antibodies (9, 54). However, the nature of
these antibodies is still largely unknown, and no widely
accepted assays exist to date. Non-HLA antibodies cannot be
detected by the current lymphocyte-based complement-de-
pendent cytotoxicity test. Therefore, MP-PRECs form an
attractive basis for the development of assays to assess the
pathogenicity of HLA antibodies and detect non-HLA anti-
bodies against the renal endothelium. Numerous non-HLA
antibodies have been reported in the past decade, of which

AGTR1 is one of the most established target antigens (9).
Therefore, we investigated the gene expression of AGTR1 in
MP-PRECs from four different donors and established the
absence of expression in MP-PRECs (data not shown). This,
together with the fact that Leisman et al. (55) recently
showed that AGTR1 expression is mostly located at the site
ofmesangial and vascular smoothmuscle cells, suggests that
the endothelium does not express AGTR1 in the kidney.

As a proof of principle, we have shown in a cross-match
assay using human monoclonal antibodies directed against
the HLA typing of MP-PRECs but also with patient serum
containing donor-specific antibodies and blood group-in-
compatible serum, that complement is activated on the cell
membrane of MP-PRECs. Complement was activated to
varying extents on different MP-PRECs, strengthening the
current conception that characteristics of the target cell
likely contribute to pathogenicity of donor-specific antibod-
ies (20, 56).

We speculate that MP-PRECs could prove invaluable for
studying immunological processes in renal allograft rejec-
tions and could lead to the development of new and highly
required diagnostic tools (8, 9). In addition, after defining
strict use (40), we suggest the use of the MP-PREC biobank
as a rich source for creating immortalized renal EC lines,
which differ in phenotype (e.g., microvascular vs. macrovas-
cular; with or without the CD74 GB3 receptor, crucially

Figure 7. Antibody-mediated complement activation as shown by activated C3 staining on machine perfusion-derived primary renal endothelial cells
(MP-PRECs) from three different donors. A�E: MP-PRECs with blood group A positive and human leukocyte antigen (HLA) typing A2 A19 A32 B7 B35
Bw6 Cw4 Cw7 DR2 DR15 DR6 DR13 DR51 DR52 DQ1 DQ1 DQ6 DQ6 incubated with blood group-compatible AB serum (cABO), blood group-incompati-
ble O serum (iABO), a monoclonal human A2/A28 antibody, and serum with HLA class I and class II antibodies (A2, B17, B27, DR52, DR53, DR14, DR15,
DR16, DQ5, DQ6, DR12) directed against de HLA typing of the cell. F�J: MP-PRECs with blood group A-positive and HLA typing A2 A9 A23 B15 B62 B21
B49 Bw4 Bw6 Cw3 Cw7 DR4 DR5 DR11 DR52 DR53 DQ3 DQ3 DQ7 DQ8 DQ6 incubated with cABO, iABO, monoclonal human A2/A28 antibody, and
serum with HLA class I and class II antibodies (A2, B17, B27, DR52, DR53, DR14, DR15, DR16, DQ5, DQ6, DR12) directed against de HLA typing of the cell.
K�O: MP-PRECs with blood group A-positive and HLA typing A9 A24 A28 A68 B7 B12 B44 Bw4 Bw6 Cw7 DR1 DR2 DR15 DR51 DQ1 DQ1 DQ5 DQ6
incubated with cABO, iABO, monoclonal human Bw6 antibody, and serum with HLA class II antibodies (DRB4, DR53) not directed against de HLA II typ-
ing of the cell. Magnification: �10. In E, J, and O, histograms show quantification of the activated C3 staining. Results are expressed as mean fluores-
cence intensity of FITC staining in the green fluorescent protein channel.
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involved in HUS; blood groups and HLA alleles) and can be
manipulated by, e.g., CRISPR/Cas technology.

In conclusion, we developed a technique to isolate and
culture renal ECs from machine-perfused donor kidneys.
The expression of EC markers varies between donors, which
could be exploited to generate renal EC lines. These cells are
a unique resource for studying complement (in)dependent
cytotoxicity upon binding of donor-specific antibodies and
for disease monitoring within the general population of
patients with renal vasculopathic diseases.

APPENDIX A

Isolation of KA and Lifeport Transplant Perfusion
Machine Perfusate Cells

Perfusate cell isolation was performed using sterile techni-
ques in an enclosed flow cabinet that was cleaned using 70%
ethanol.

The KA or Lifeport perfusionmachine was collected from
storage within 24h after kidney perfusion (cold room 4�C)
and placed in the enclosed flow cabinet. At the time of cell
isolation, the outer part of the KA or Lifeport was no longer
sterile, and therefore precautions were taken so as not to
contaminate the perfusate cells contained inside. Using a
25-mL pipette, the perfusate fluid was resuspended inside
the KA or Lifeport to ensure all cells were removed from
surfaces inside the machine. The resuspended fluid was
then transferred into two sterile 500-mL centrifuge tubes
(Cat. No. CLS431123, Corning Sigma). Next, the perfusion
machine filter of the Lifeport was unfastened, and the per-
fusate fluid retrogradely flushed out of the convoluted filter
tubing into themain compartment of the perfusionmachine
and resuspended. This fluid was then also transferred into
the 500-mL centrifuge tubes. Once completely emptied, the
KA or Lifeport machine was removed, and the flow cabinet
was resterilized using 70% ethanol.

Next, the 500-mL tubes were centrifuged [acceleration 7,
deceleration 7, 4�C, 1,500 rpm (300 g)] for 15min. The super-
natant was then removed and disposed of, leaving a small
amount of fluid in the tube. One-third of the cells were set
aside for long-term storage. With the remaining cells, nega-
tive-based selection was performed by distributing the cells
into uncoated T75 flasks, ensuring that all cells were trans-
ferred by rinsing the 500-mL flasks with culture medium
(M200 culture medium, Ref. No. M200500, Gibco) supple-
mented with low growth serum (supplement kit, Ref. No. S-
003-K, Gibco) and adding to the T75 flasks. Additional cul-
ture medium was added if necessary to ensure a total vol-
ume of 10mL in the flasks. These flasks were then incubated
at 37�C for 30–40min. After the incubation period, cells
were resuspended within the flasks. Nonadherent cells (con-
taining ECs among other cell types) were cultured as
described in APPENDIX B. The one-third of cells set aside for
storage were centrifuged [1,000 rpm (200 g), 8min, brake 8),
and the supernatant was removed, leaving the cell pellet.
Freeze medium (M200 cell culture medium with added 10%
FBS and 10% DMSO, Ref. No. 109678, Merck) was added,
resuspended with the cells, and transferred into a labeled
ampule for freezing. The ampule containing the cells and

freeze medium was then placed in Mr. Frosty at �80�C. The
following day, the ampule was transferred to liquid nitrogen
storage.

APPENDIX B

All cell cultivation and isolation techniques were performed
using sterile techniques in an enclosed flow cabinet that was
cleaned using 70% ethanol.

Cell Culture of Isolated ECs

Kidney transplant machine perfusate cells were isolated
from kidney perfusion machines, and monocytes/macro-
phages were removed by plastic-based negative selection
(see APPENDIX A) and cultivated as follows. Cells were seeded
in two 1% sterile gelatin-coated T75 culture flasks in 12mL
cell culture medium composed of M200 culture medium
(Ref. No. M200500, Gibco) supplemented with low growth
serum (supplement kit, Ref. No. S-003-K, Gibco). The cell
culturemediumwas exchanged every 2�3days.

Isolation of ECs Using CD31 Immunomagnetic Beads
Selection

CD31 immunomagnetic bead selection (Dynabeads CD31,
Ref. No. 11155D, Invitrogen) of ECs was performed once cul-
tured perfusate cells had reached confluent or almost con-
fluent density.

CD31 immunomagnetic beads (400,000 beads/mL) and
bead washing buffer, composed of Dulbecco’s PBS [without
Ca and Mg (Ref. No. BE17-512Q, LONZA)] and 0.1% sterile
BSA solution (preparation: 10% BSA, Ref. No. A9647-100G,
Sigma, diluted in Dulbecco’s PBS using a 0.2-mm filter), were
put on ice. Subsequently, trypsin-EDTA solution (Ref. No. R-
001-100, Gibco), trypsin neutralizer solution (Ref. No. R-
002-100, Gibco), and M200 culture medium (Ref. No.
M200500, Gibco) supplemented with low growth serum
(supplement kit, Ref. No. S-003-K, Gibco) were allowed to
heat up to room temperature and then placed in a water
bath at 37�C.

To begin isolation of cells, 2mL of CD31 immunomagnetic
beads were placed in a 1.5-mL sterile Eppendorf tube and
washed (repeatedly resuspended) in 1mL of bead washing
buffer. The Eppendorf tube containing the CD31 beads-bead
wash mix was then placed in a magnet for 2min. After
2min, the supernatant was carefully removed, leaving the
CD31 beads in the tube. The CD31 beads were then resus-
pended in 80mL of bead washing buffer to create the bead
stock (10,000 beads/mL). This was then stored on ice.

Next, 1 mL of CD31 bead stock was then added to the T75
flask containing perfusate cells that had previously been in
culture while keeping the cells in the medium. If the perfus-
ate cells contained red blood cells, these were removed
before adding the CD31 beads. The T75 flask containing per-
fusate cells and CD31 beads was then placed on a slow shaker
for 10min. After 10min, cells were examined under a micro-
scope to check if CD31 beads had attached (3–4 beads/cell is
optimal). If there was insufficient CD31-bead attachment,
the T75 flask was placed back on the slow shaker and the
process of checking the mixing was repeated until the CD31
beads had attached.
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Once attachment was sufficient, cells were collected as
follows. Culture medium was removed and cells were
washed twice: once with bead washing buffer and subse-
quently with PBS, both of which were at room temperature.
Trypsin (2mL) was then added to detach the cells from the
flask. The flask was gently agitated, and 1.5mL trypsin was
instantly removed. This process was done at room tempera-
ture. Cells were then checked every 2min under the micro-
scope to assess detachment. Once cells were detached, 2mL
of trypsin neutralizer were added and resuspended. The end
volume of cells and solution was then transferred to a 4.5-
mL FACS tube.

To remove the cells with CD31-beads attached from the
trypsin-trypsin neutralizer mixture, the 4.5-mL FACS tube
was first placed in a magnet. CD31-bead cells moved to the
side of the tube by the magnet. After 2min, while in the mag-
net, the CD31-bead� cells and supernatant were removed care-
fully using a pipette, making sure not to disturb the CD31-
beadþ cells. CD31-bead� cells and the supernatant were
placed in a 10-mL tube, centrifuged [1,000rpm (200g), 8min]
into a pellet, and the supernatant was removed and resus-
pended in culture medium. The procedure of CD31-bead
attachment was then repeated on these cells to ensure all
CD31þ cells had the opportunity to become attached. CD31-
bead� cells at this stage were re-seeded in a 1% sterile gelatin-
coated T75 flask and cultured at 37�C.

Thereafter, the 4.5-mL tube with CD31-beadþ cells was
removed from the magnet, and 2.5mL of cold bead washing
buffer were pipetted down the back side of the tube (cell
side), resuspended, and placed back into the magnet. After
2min, the supernatant was carefully transferred into a 15-
mL tube. This was classified as washing step 1. This was
repeated until five washing steps were completed, each time
placing the supernatant into the initial 15-mL tube. The
appropriate cell culture vessel was chosen according to the
estimated quantity of CD31þ cells (60,000 cells/cm2), coated
with 1% sterile gelatin, and culture medium (according to
Table A1) was added to the 4.5-mL tube and resuspended.
Cells and medium were then transferred to the flask/plate
and cultured at 37�C. Finally, the supernatant (containing
cells) collected from each wash step in a 15-mL tube was cen-
trifuged [1,000 rpm (200 g), 8min] into a pellet, the superna-
tant was removed, and culture medium (according to Table
A1) was added, resuspended, and plated into a culture flask/
plate. These cells were cultured at 37�C.

Freezing of Confluent Cells

Once cells had become confluent, or when cells of interest
needed to be stored long term, they were prepared for freez-
ing as follows. Freeze-M200 (M200 cell culture medium

with added 10% FBS (general MB) and 10% DMSO (Ref. No.
109678, Merck)] and a Mr. Frosty were precooled. Cells that
were to be frozen were first washed twice using PBS. Cells
were subsequently dethatched using trypsin. Trypsin was
added to the cells containing the vesicle, agitated, detach-
ment checked under a microscope, and, once detached,
trypsin neutralizer was added (twice the volume of trypsin).
Cells and trypsin-trypsin neutralizer supernatant were cen-
trifuged [1,000 rpm (200 g), 8min, brake 8), and the superna-
tant was removed, leaving the cell pellet. Freeze medium
was added, resuspended with cells, and transferred into a la-
beled ampule for freezing. The ampule containing the cells
and freeze medium was then placed in Mr. Frosty at �80�C.
The following day, the ampule was transferred to liquid
nitrogen storage.
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