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Immunogenicity of human
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Abstract

Human induced pluripotent stem cell derived endothelial cells (hiPSC-ECs) are
promising candidates for the engineering of microvasculature in tissue constructs
due to the unlimited proliferation capacity of hiPSCs. Since creation of sufficient
autologous hiPSC-ECs for every patient is unfeasible, the possibility of biobanking
allogeneic hiPCS-ECs is currently being explored. Studies have shown that hiPSC-
ECs are less mature compared to primary human endothelial cells (hECs) in multiple
aspects, which could be an advantage in the context of immunogenicity. This is the
first study characterizing the immunogenicity of hiPSC-ECs by assessing surface
expression of histocompatibility markers, such as the human leukocyte antigens
(HLA), and complement inhibiting factors. At a functional level, we tested differences
in an allogeneic PBMC activation assay.

We found significant differences in HLA expression between hiPSC-ECs and primary
hECs. When stimulated with IFN-y and IL-13, HLA-A,B,C expression was significantly
higher in hiPSC-ECs compared to primary hECs, whereas the proportion of cells
expressing HLA-DR was significantly lower. PBMC co-cultures suggested that hiPSC-
ECs induce less allogeneic CD4* and CD8* T cell and NK cell activation compared to
primary hECs, but activation levels were low in both groups in general. Compared
to primary hECs, hiPSC-ECs expressed similar levels of complement inhibitors CD46
and CD59.

Although we observed significant differences between primary hECs and hiPSC-

ECs in HLA expression and PBMC activation, it is still unclear whether hiPSC-ECs are
better protected from allogeneic rejection, which needs further in vivo research.
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Introduction

Inend-stagerenaldisease (ESDR),theonly curativetreatmentisorgantransplantation.
Due to worldwide donor organ shortages [1, 2], patients need to undergo dialysis
as renal replacement therapy, which drastically reduces the quality of life[3, 4].
Bioengineeredtissues have the potential to address the worldwide allograft shortage.
Currently, the greatest challenge in tissue engineering is perfusion[5]. Tissue
constructs of a clinically relevant size exceed the diffusion limit of 100-200 um[6].
Arecenttopic of debateis which cell type is the most suitable source for microvascular
engineering. Primary, patient-derived human endothelial cells (ECs) would be the
best option in terms of safety and functionality, but availability of these cellsis limited
since primary hECs can only be derived from explanted organs or umbilical veins at
birth. Moreover, expansion capacity of these cells is restricted by their limited life
span and proliferation in vitro [7]. Another possibility is the use of endothelial colony
forming cells (ECFCs). These circulating endothelial progenitor cells isolated from
adult blood have an exceptional proliferative capacity and maintain endothelial
characteristics during long-term in vitro expansion[8, 9]. However, success rates for
ECFCs isolations are limited and high inter- and intra-donor variability have been
reported [8, 10, 111.

Yet another option for microvascular engineering is the use of induced pluripotent
stem cell derived endothelial cells (iPSC-ECs). iPSCs exhibit an almost unlimited
proliferative capacity and have the potential to differentiate towards any cell type
of the human body. Although multiple endothelial-like characteristics, such as
functional blood vessel formation, have been demonstrated in hiPSC-ECs [12-16],
they are not fully mature in many aspects as described previously [13, 17, 18].

Initially, iPSCs were generally assumed to be immune-privileged, but several studies
have indicated otherwise. Despite negligible immunogenicity in vitro [19], some in
vivo studies demonstrated rejection of undifferentiated hiPSCs in syngeneic mice
and humanized mouse models [20-22]. In contrast, terminally differentiated murine
iPSC-ECs are well tolerated by syngeneic recipients [22, 23], which is promising for
clinical application. In this context, hiPSC-ECs immaturity could potentially be a
great advantage if it also extends to the immunogenicity of these cells.

Important for immunogenicity are the cell surface major histocompatibility
complexes (MHC), in humans also known as human leukocyte antigens (HLA). Class |
molecules,among which HLA-A,-B and -C, are expressed by virtually all cell types and
engage with CD8*T cells to present intracellular proteins [24]. Absence of HLA class |
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can trigger NK cell activation [25]. Expression of HLA class Il molecules, including HLA-
DR, -DP and -DQ, is on the other hand mostly reserved to so-called antigen presenting
cells (APC), for instance dendritic cells (DCs), for presentation of extracellular proteins
to CD4* T cells [24]. In allogeneic transplantation, the donor immune system can be
activated by ‘non-self’ antigens, predominantly HLA molecules, or by the absence
of ‘self” antigens. HLA proteins are highly polymorphic and differences of only a few
amino acids can be sufficient to provoke graft rejection [24].

As the physical border between graft and host, via flowing blood, ECs play a key
role in the alloimmune response [26]. In inflammatory conditions, primary ECs
are activated and act as “semi-professional” APCs. Activated ECs express HLA class
Il proteins and T cell co-stimulation factors like CD58 and CD86. Consequently,
activated ECs can directly activate allogeneic T cells, surpassing the involvement
of dendritic cells [26-30]. On the contrary, mature ECs also have inhibitory effects
on the immune system, for instance by the expression of complement inhibitors
[31], which protect ECs from complement damage. Given the overall immaturity, we
hypothesize all these functions might be reduced in hiPSC-ECs.

A reduction in immunogenicity of the vascular inner lining could result in a
prolonged graft survival. Some in vitro evidence has been published supporting
a low alloreactive immunogenicity in other hiPSC derived cell types [32-34], which
suggests this could be the case for hiPSC-ECs as well.

In this study, we aim to characterize hiPSC-ECs immunogenicity by studying HLA
expression, allogeneicT cell and NK cell activation and complement activation. Based
on earlier publications about other iPSC derived cell lines[32-34], we hypothesize
that hiPSC-ECs express less HLA proteins than primary hECs and are therefore less
able to activate alloreactive T-cells. Because of the overall immaturity of hiPSC-ECs,
we expect a reduction in complement inhibitor expression compared to primary
hECs, which, besides the reduced glycocalyx expression, might detrimentally affect
the complement inhibitory surface properties.

Materials and methods

hiPSCs

The hiPSC cell line NCRM1 was obtained from RUCDR (Rutgers University Centre for
Dermal Research) (reprogramming of CD34+ cord blood using episomal vectors).
LUMCO0072iCTRLO1 (LUMC0072) and LUMCO0099iCTRLO4 (LUMCO0099) cell lines were
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generated by the LUMC iPSC core facility from fibroblasts on mouse embryonic
fibroblasts (MEFs) using a Simplicon RNA Reprogramming Kit (Millipore-Merck,
Amsterdam, the Netherlands) and ReproRNA (Stem Cell Technologies, K6In, Germany)
respectively, as described previously by Yoshioka et al. [60], and further cultured in
TeSR-E8 medium (Stem Cell Technologies), defined by Chen et al. (2011) [61].

hiPSC-EC cell differentiation

hiPSCs (NCRM1, LUMCO0072 and LUMC0099) were differentiated towards hiPSC-
ECs using the protocol of Orlova et al[62]. In short, hiPSCs were cultured in TeSR-E8
medium on Matrigel-coated (Corning Inc., Corning, NY) flasks. Four days after
seeding (day 0) the medium was changed to BSA polyvinylalcohol essential lipids
(BPEL) medium (Stem Cell Technologies) supplemented with Bone Morphogeneic
Protein 4 (R&D Systems, Minneapolis, MN), activin A (Miltenyi Biotec., Leiden, the
Netherlands), CHIR99021 (a small-molecule inhibitor of glycogen synthase kinase-
3B)(Tocris Bioscience, Bristol, UK) and vascular endothelial growth factor (VEGF;
Miltenyi Biotec) to induce mesoderm development. On day 3, the medium was
changed to BPEL supplemented with TGF-B pathway small-molecule inhibitor
SB431542 (Tocris Bioscience) and VEGF. This medium was refreshed on day 7 and
9. hiPSC-ECs were isolated on day 10 by positive selection on CD31 with anti-CD31
antibody-coupled magnetic beads (Dynabeads, Miltenyi Biotec). After isolation,
hiPSC-ECs were cryopreserved until further use.

Before starting each experiment, hiPSC-ECs were thawed and cultured in endothelial
cell serum free medium (EC-SFM) (Gibco, Thermo Fisher Scientific, Waltham,
MA) supplemented with platelet-poor plasma serum (1% vol/vol) (Biomedical
Technologies Inc., Tewksbury, MA), 50 pg/ml VEGF-165 (R&D Systems), 100 pg/ml
basic fibroblast growth factor (bFGF) (Miltenyi Biotech), 100 IU/ml penicillin and 100
pg/ml streptomycin (from now referred to as full EC-SFM) on porcine gelatin coated
plates for approximately 4 days.

Primary hECs

Human microvascular ECs (hnMVECs) were purchased from Cell Systems (ACBRI-128,
Kirkland, WA). Upon delivery, cells were at passage 3 and cryopreserved in CSC Cell
Freezing Medium. hMVECs were expanded in Endothelial Cell Growth Medium 2
(EGM2) (PromoCell, Heidelberg, Germany) supplemented with the Growth Medium 2
Supplement Pack (PromoCell) and 100 IU/mL penicillin and 100 pg/mL streptomycin
(from now referred to as full EGM2), and cryopreserved at passage 7.

Human umbilical vein endothelial cells (HUVECs) were isolated from umbilical cords
(UGCs). First, the UC was rinsed with Phosphate Buffered Saline (PBS)(Gibco, Thermo
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Fisher Scientific) to wash out remaining blood. Then, the UC was filled with trypsin
and incubated at 37°C for 20 minutes. Afterwards, the UC was emptied and trypsin
was neutralized with 20% Fetal Bovine Serum (Bodinco, Alkmaar, the Netherlands)
in PBS. Subsequently, the UC was filled with PBS and rubbed to loosen the cells. PBS
containing the cells was collected. Cells were then cryopreserved until experimental
use.

For each experiment, primary hECs were thawed and cultured in full EGM2 on gelatin
coated flasks for approximately 24 hours. 3 days before the start of the experiment,
medium was changed to full EC-SFM to create the same culture conditions as for the
hiPSC-ECs.

Cell culture

Primary hECs and hiPSC-ECs were enzymatically passaged onto gelatin coated
6-well plates at a density of 120,000 and 140,000 cells per well, respectively.
hiPSCs were seeded on recombinant human vitronectin (rhVTN)(Thermo Fisher
Scientific) coated plates. The seeding density of hiPSCs was estimated separately
for each experiment, aiming for 60-80% confluence at the moment of harvesting.
Primary hECs and hiPSC-ECs were cultured in full EC-SFM and hiPSCs in E8 medium
(Gibco, Thermo Fisher Scientific) supplemented with 0.5% Pen/Strep for 48 hours.
To measure both activated and resting endothelium, the conditions included
cytokine supplementation with 1000 IU/mL recombinant human IFN-y (rhIFN-y)
(R&D systems) and 2 ng/mL rhIL-1B (Sigma-Aldrich, Saint Louis, MO) (referred to as
stimulated), or no additional supplementation (referred to as unstimulated). After
the 48 hours, cells were detached by TrypLE Express (Gibco, Thermo Fisher Scientific)
and were subsequently resuspended in 10% vol/vol Fetal Bovine Serum (FBS)
(Bodinco, Alkmaar, the Netherlands) in Dulbecco’s Phosphate Buffered Saline (DPBS)
(Gibco, Thermo Fisher Scientific) (from now referred to as FACS buffer) and used for
flow cytometry measurements.

PBMC co-cultures

Human peripheral blood mononuclear cells (PBMCs) were separated from whole
blood of a healthy individual by Ficoll-Hypaque density gradient and frozen until
further use.

Primary ECs and hiPSC-ECs were seeded on a gelatin coated 96-wells plate at a density
of 30,000 cells/well in full EC-SFM and hiPSCs at a density of 10,000 cells/well in E8
medium, all supplemented with 1000 [U/mL rhIFN-y (R&D systems) and 2 ng/mL rhIL-
1B (Sigma-Aldrich) for 24- (48h co-cultures) or 48 hours (5 and 24h co-cultures) to
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stimulate HLA expression. Before addition of PBMCs, cultures were thoroughly washed
to remove all supplemented IFN-y. PBMCs were thawed and resuspended in Roswell
Park Memorial Institute (RPMI) 1640 medium (Gibco, Thermo Fischer Scientific)
supplemented with 10% vol/vol FBS, 100 IU/mL penicillin and 100 pg/mL streptomycin.
400,000 PBMCs were added to each well. The supplemented RPMI 1640 medium was
then diluted 1:1 with E8 (hiPSCs co-culture) or full EC-SFM. Next to the co-cultures,
a positive and negative control were included of respectively PBMCs stimulated
with 5 pg/mL polyhydroxyalkanoate (PHA) and PBMCs without any stimulation. All
conditions were executed in triplicate. Co-cultures with 1 million PBMCs per well were
also tested but these did not result in significantly different results.

After 5, 24 or 48 hours, plates were centrifuged and supernatant was collected from
each well separately and stored at -80°C. IFN-y concentration in supernatant was
measured with the Human IFN Gamma Uncoated ELISA Kit (Invitrogen, Thermo
Fisher Scientific), according to the manufacturer’s protocol. Non-adherent cells were
harvested by resuspending them in FACS buffer. Triplicates were pooled and used
for flow cytometry measurements.

Flow cytometry measurements

Immunostainings were performed by incubating cells for 30 minutes on ice with
the antibodies listed in Table 1 diluted in FACS buffer. For staining of primary hECs,
hiPSC-ECs and hiPSCs, 100.000 cells were used per sample and for staining of PBMCs
200,000. Anti-HLA-A,B,C and -HLA-DR antibodies were combined in one cocktail
whereas CD46 and CD59 binding antibodies were used for single stains. To check
whether the measured HLA-DR expression in hiPSC-ECs could be explained by
dedifferentiation, a single experiment was conducted in which next to HLA-A,B,C
and HLA-DR, cells were also stained for endothelial cell marker Vascular Endothelial
Growth Factor Receptor 2 (VEGFR2). For the PBMC staining, all relevant antibodies
(CD4, CD8, CD56, CD69 and CD25) were used in a single cocktail.

Inall experiments, compensation controls and isotype controls were included. In case
of the PBMC measurements, the isotype control cocktail consisted of all antibodies
for the identification markers (CD4, CD8 and CD56) combined with mouse 1gG2a/PE
and mouse IgG1/FITC.
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Table 1: Antibodies used for flow cytometry measurements

Target Label Clone Manufacturer Dilution
hHLA-A,B,C  PE W6/32 Dako, Glostrup, Denmark 1:100
hHLA-DR APC G46-6 BD Biosciences, Franklin Lakes, NJ 1:100
hCD46 PE 8E2 eBioscience, Thermo Fisher Scientific 1:100
hCD59 FITC 0V9A2 eBioscience, Thermo Fisher Scientific 1:50
hCD4 APC-Cy7 RPA-T4 BD Biosciences, Franklin Lakes, NJ 1:400
h(D8 PacificBlue  RPA-T8 BD Biosciences, Franklin Lakes, NJ 1:500
hCD56 APC HCD56 BioLegend, San Diego, CA 1:50
hCD69 FITC L78 BD Biosciences, Franklin Lakes, NJ 1:5
hCD25 PE M-A251 BD Biosciences, Franklin Lakes, NJ 1:5
hVEGFR2 FITC FAB357F R&D Systems, Minneapolis, MN 1:20
Isotype Label Clone Manufacturer Dilution
mlgG2a, k PE G155-178  BD Biosciences, Franklin Lakes, NJ 1:5
mlgG1, k FITC MOPC-21 BioLegend, San Diego, CA 1:500
mlgG2a, k APC G155-178  BD Biosciences, Franklin Lakes, NJ 1:5

After staining, cells were washed twice with FACS buffer. PBMCs were then
resuspended in FACS buffer with viability dye 7-AAD (1:50) (BD Biosciences). Primary
hECs, hiPSC-ECs and hiPSCs were resuspended in FACS buffer without 7-AAD.
Instead, a single stain of 7-AAD has been performed on these cell types to check
whether the forward and side scatter gating was sufficient to exclude dead cells.

Flow cytometry measurements were executed with the BD FACSCanto™ flow cytometry
system and processed in FlowJo. Gating strategies are presented in Supplementary
figure 1 and 2. Gates were determined separately for each cell type. Results were
corrected for spectral overlap by compensation based on single stain controls.

HLA-A,B,C, CD46 and CD59 expression in primary hECs, hiPSC-ECs and hiPSCs were
quantified as median fluorescence intensity (MFI). To correct for background signal,
the MFI of the isotype control was subtracted. HLA-DR expression was quantified as
proportion of cells positive for HLA-DR since it was not homogeneously expressed
in primary hECs, hiPSC-ECs and hiPSCs. To this end, a HLA-DR-gate was set at the 99"
percentile of the isotype control for each cell type. Cells with a fluorescence intensity
higher than the gate value were considered HLA-DR positive. The expression of the
positive population was then quantified as MFI, again corrected for background
signal by subtracting the isotype control MFI.
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In the analysis of the PBMC co-cultures, CD4* and CD8* T cells and NK cells were
selected using the gates demonstrated in Supplementary figure 2. Expression of
CD25 and CD69 was subsequently quantified as the percentages of cells expressing
these markers in the same manner as for HLA-DR.

Statistics

Results are presented as mean + SEM unless indicated otherwise. Differences in HLA-
A,B,C, CD46 and CD59 expression between cell types were tested on significance
using two-way ANOVA and Tukey’s multiple comparisons test. Here, measurements
of unstimulated and stimulated cells of the same cell type were considered as paired
data. Since HLA-DR was only detected in stimulated cells, differences in expression
between cell types were tested with ordinary one-way ANOVA and Tukey’s multiple
comparisons test. Read-outs of the PBMC co-cultures were tested on significance
using the Student’s t-test. A p-value lower than 0.05 was considered statistically
significant. Statistical analyses were performed in GraphPad Prism 8.1.1.

Results

hiPSC-ECs express HLA class | proteins but show a limited expression
HLA class Il

Expression levels of HLA class | and class Il of hiPSC-ECs compared to primary ECs
(hMVECs and HUVECs) and undifferentiated hiPSCs were investigated. Cells were
cultured either under normal conditions or stimulated with cytokines (IFN-y and
IL-1B) and subsequently analyzed with flow cytometry (Figure 1). Only hMVECs are
presented here since similar trends were found in HUVECs.

In unstimulated conditions, hiPSC-ECs expressed similar levels of HLA class | proteins
HLA-A,B,C in comparison to hMVECs (Figure 1a,c). Upon cytokine stimulation
however, HLA-A,B,C was upregulated much stronger in hiPSC-ECs than in hMVECs
(MFI of 62,8+1,1 versus 27,0+5,4, p<0.0001) (Figure 1c).

In HLA-DR expression, a different trend was observed. HLA-DR was undetectable
in unstimulated hECs and iPSCs (Figure 1a,b). Upon cytokine stimulation, HLA-DR
was not up regulated homogeneously, but only expressed in a fraction of the cells.
In hiPSC-ECs, the population expressing HLA-DR after cytokine stimulation was
significantly lower in comparison to hMVECs (13.0+4.7% versus 45.1+4.9% positive
cells, p=0.0038) (Figure 1d). The amount of HLA-DR expressing cells in hiPSC-ECs
was comparable to undifferentiated hiPSCs. Notably, when comparing the HLA-DR
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expression levels in HLA-DR positive cells, the expression level (MFI) was significantly
higher in hiPSC-ECs in comparison to hiPSCs (7742+1642 versus 1338+67 delta MFI,
p=0.0309) (Figure 1d).

To investigate whether the low amount of cells expressing HLA-DR in hiPSC-ECs was
not caused by a dedifferentiation process, a single experiment was conducted where
hiPSC-ECs were stained for both HLA-DR and VEGFR2, an endothelial cell marker
which is used to differentiate endothelial progenitor cells from stem cells[35]. All
hiPSCs were positive for VEGF2, while two populations of HLA-DR expressing cells
were observed (Supplementary Figure 3).

Comparisons between hMVECs and HUVECs are presented in Supplementary Figure
4.HUVECs were somewhat more responsive to cytokine stimulation when comparing
them to hMVECs (Supplementary Figure 4a,b,e f). This resulted in a significantly
higher HLA-A,B,C expression in stimulated cells but when comparing hiPSC-EC HLA-
A,B,C expression to that of HUVECs, similar results were found as when comparing
them to hMVECs.

hiPSC-ECs induce less allogeneic T cell and NK cell activation than
primary hECs in PBMC co-culture

To investigate whether the differences in HLA expression between hiPSC-ECs and
primary hECs would result in functional differences in allogeneic T cell and NK
cell activation, co-cultures with allogeneic PBMCs from 3 different donors were
performed. hiPSC-EC induced T and NK cell activation was compared to hMVEC
induced activation.

Activation markers CD69 and CD25 were selected as read-outs. CD69 is detectable
on T cells within 1 to 4 hours of initial activation (see Supplementary Figure 5).
Expressionistransient and disappears after approximately 72 hours [36,37].The CD69
peak precedes that of CD25, which is usually seen 24-48 hours after activation[38].
In NK cells, CD69 is an early functional marker for cytotoxic activity whereas CD25
expression is believed to correlate with proliferative potential[39].

Expression of CD69 and CD25 in CD4* and CD8* T cells and in NK cells was measured
after 5,24 and 48 hours of co-culture. Additionally, supernatant from the co-cultures
were collected and analyzed for IFN-y concentration. Complete data of all conducted
PBMC co-cultures and technical controls are presented in Supplementary Figure 6-1
and 6-2. After 48h, the largest differences between co-cultures were found between
hMVEC and hiPSC-EC stimulated PBMCs (Figure 2).
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Figure 1: hiPSC-ECs express HLA class | proteins but show a limited expression of
HLA class Il. Using flow cytometry, the binding of anti-HLA-A,B,C/PE and anti-HLA-DR/APC
antibody to hMVEC, hiPSC-ECs and hiPSCs was measured. Cells were either cultured under
normal conditions (unstimulated) or stimulated with IFN-y and IL-13 for 48h (stimulated).
Representative data is demonstrated in a dot plot showing HLA-A,B,C and HLA-DR expression
(a), and as histograms showing the HLA-DR distribution (b). (c,d) Quantification of HLA-A,B,C
and HLA-DR expression for unstimulated (-) and cytokine stimulated (+) hMVECs, hiPSC-ECs
and hiPSCs (n=3). HLA-A,B,C was quantified as median fluorescent intensity (MFI) corrected
for background signal by subtracting the MFI of the isotype control (c). HLA-DR expression
was only detectable in stimulated cells. The expression was then quantified as percentage of
cells with a higher HLA-DR/PE signal than the isotype control. This subpopulation was then
further charachterized on expression levels as delta MFI, the median fluorescence intensity of
the positive population, corrected by the isotype control. * p<0.05, ** p<0.01, **** p<0.0001.
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Figure 2: In allogeneic PBMC co-culture assays, hiPSC-EC stimulation resulted in lower
activation of T cells and NK cells compared to hMVECs stimulation. Activation of Human
PBMCs were assessed by flow cytometry after co-culture with either hMVECs or hiPSC-ECs
for binding of anti-CD69/FITC and anti-CD25/PE antibody. Target cells were cultured to
confluence in 96-wells and stimulated with IFN-y and IL-1f for 24h before adding PBMCs at
a concentration of 400.000 cells/well. Cells and supernatants were harvested after 48 hours
of co-culture. (a) Representative flow cytometry data is presented in dot plots. (b-g) Results
were quantified as percentages of positive cells, using the 99" percentile of the isotype control
as the cut-off gate (n=3). 3 PBMC donors and 3 hiPSC-EC lines were tested. PBMCs of donor
A and B were each co-cultured with 2 different hiPSC-EC lines. (h) IFN-y concentrations in
supernatant were measured using ELISA. * p<0.05.

Overall, hiPSC-ECs induced a lower PBMC activation than primary hECs. In CD8* T
cells, both CD69 and CD25 expression levels were higher for PBMCs co-cultured
with hMVECs, though only CD69 resulted in significant differences (57.4+5.0% in co-
culture with hMVECs versus 31.6+4.6% with hiPCS-ECs, p=0.0439) (Figure 2b,c). This
trend was confirmed by the CD25 expression on HLA-A2 reactive CD8*T cell clone co-
cultures (Supplementary Methods, Supplementary Figure 7). In CD4*T cells, a similar
trend in CD69 expression was seen (Figure 2d). However, CD25 expression in CD4*
T cells was very comparable between hMVEC and hiPSC-EC stimulation (Figure 2e).
Although no significant difference was observed in NK cell activation, the expression
of both CD69 and CD25 was lower in hiPSC-EC stimulated cells (Figure 2f,g).

No differences were found in IFN-y concentration between supernatant from hMVEC
and hiPSC-EC PBMC co-cultures (Figure 2h). Remarkably, PBMC co-cultures with
undifferentiated hiPSCs resulted also in high levels of IFN-y production, comparable
to the positive control of PHA stimulated PBMCs (Supplementary Figure 6-1e).

hiPSC-ECs express similar levels of complement inhibitors compared to
primary hECs

Besides T and NK cell activation, complement binding donor-specific HLA antibodies
(DSAs) playanimportantrolein graftrejectionrates.Toinvestigate the potency of hiPSC-
ECs to inhibit the complement system, hiPSC-EC expression of complement inhibitors
CD46 and CD59 was measured and compared to hMVECs and undifferentiated hiPSCs
(Figure 3). HUVECs were also included in this assay, but no significant differences were
found between HUVECs and hMVECs (Supplementary Figure 4).

Although compared to hMVECs, the expression of both CD46 and CD59 was higher
in hiPSC-ECs in unstimulated and in stimulated conditions, no significant differences
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Figure 3: hiPSC-ECs express similar levels of complement inhibitors as hMVECs. Single
stains with anti-CD46/PE and anti-CD59/FITC antibody were performed on hMVECs, hiPSC-
ECs and hiPSCs and analyzed by flow cytometry. Cells were either cultured under normal
conditions (unstimulated (-)) or stimulated with IFN-y and IL-13 for 48h (stimulated (+)). (a)
Representative data is demonstrated in histograms. (b,c) Presented MFIs are corrected for
background signal by subtraction of the isotype control MFI (n=3). * p<0.05.
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were found (Figure 3b,c). Cytokines stimulation had little effect on all cell types.
Compared with unstimulated cells, expression of CD46 in stimulated cells was
slightly - but not significantly - upregulated (Figure 3b). CD59 on the other hand
was downregulated in a small fraction of cells after cytokine stimulation (Figure
3a,c). Expression of both complement inhibitors was significantly higher in hiPSC-
ECs compared to undifferentiated hiPSCs (Figure 3b,c).

Discussion

he future clinical use of allogenic hiPSC-EC is greatly dependent on their
immunogenicity. This is the first study characterizing hiPSC-ECs immunogenicity in
an allogeneic context. We found significant differences in HLA expression and PBMC
activation compared to primary hECs whereas complement inhibitor expressions
were comparable.

HLA-A,B,C expression in hiPSC-ECs was similar to primary ECs in cytokine free
conditions. However, in contrast to earlier studies on other hiPSC derived cell
types[32-34], HLA-A,B,C expression was higher in a small subset of hiPSC-ECs than
in their primary counterpart after cytokine stimulation. This is an critical finding in
context of allogeneic transplantation.

Higher HLA-A,B,C expression on hiPSC-ECs in an inflammatory environment
could potentially have a negative effect on graft rejection rates through several
mechanisms. Besides CD8* T cell activation, it has been proposed that HLA-A,B,C
plays an important role in T cell recruitment by endothelial cells [40, 41]. Whether
differences in T cell activation and recruitment are present between hiPSC-ECs and
primary hECs is not only dependent on HLA-A,B,C, but also on a wide range of co-
stimulatory factors, leukocyte adhesion molecules and chemoattractants. Given the
known general immaturity of hiPSC-ECs, one could hypothesize that the expression
of these proteins typically expressed by hECs is lower in hiPSC-ECs. Previous work by
Rosa et al. has demonstrated this for VCAM-1 [13].

Moreover, higher HLA-A,B,C expression could make hiPSC-ECs more vulnerable to DSA
deposition, potentially leading to higher rates of antibody mediated rejection (AMR), a
major cause of allograft failure[42-44]. Next to complement injury, deposition of anti-
HLA antibody has been shown to induce pro-inflammatory cytokine production and
cell surface expression of P-selectin in hMVECs[45, 46]. To conclude whether hiPSC-ECs
are indeed more susceptible to DSA deposition needs further research.
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In contrast to HLA-A,B,C, HLA-DR was not detectable in all tested cell lines under
neutral conditions. After stimulation with IFN-y and IL-1B, both hiPSC-ECs and
primary hECs partially expressed HLA-DR but the proportion of HLA-DR positive
cells was much lower in hiPSC-ECs than primary hECs. This finding seemed not to
be related to differentiation or dedifferentiation, since all hiPSC-ECs continued to
express VEGF2. Therefore, we suggest that not all hiPSC-ECs have fully matured in
HLA-DR expression.

Allogenic CD4*T cell activation might be reduced in hiPSC-ECs compared to primary
hECs because of the lower HLA class Il expression. Whether this will have a significant
impact on rejection rates is questionable since activated ECs are only one of several
APC types.

Still, it is uncertain whether the direct comparison between cultured hMVECs and
hiPSC-ECs is completely valid. For h(MVECs, cytokine stimulated conditions are most
representativeofaninvivosituationsinceHLAclasslandllexpressionisdownregulated
in culture but restored after IFN-y stimulation[47]. However, for hiPSC-ECs, it is
unknown which in vitro conditions are most representative of an in vivo situation.

The allogeneic PBMC co-cultures suggested that hiPSC-ECs were less potent to
activate CD4*and CD8* T cells than primary hEC. The observed lower CD4* T cell
activation was in line with our expectations based on HLA-DR expression. For CD8*T
cells on the other hand, results were quite surprising, since CD8* T cells activation is
mediated through HLA-A,B,C, which was expressed more strongly in hiPSC-ECs. This
data implies that hiPSC-ECs differentially express co-stimulatory or co-inhibitory
molecules involved in T cell activation. Since undifferentiated hiPSCs lack the
expression of several co-stimulatory factors, even after cytokine stimulation[19],
it is not unlikely that hiPSC-ECs express only intermediate levels of these proteins.
However, to our knowledge, no studies investigating expression of these factors in
hiPSC-ECs have been published yet.

NK cell activation was also lower in co-culture with hiPSC-ECs. Since NK cells are
regulated by a balance of many inhibitory and activating signals, it is hard to pinpoint
which underlying mechanisms play a role in the observed differences between
hiPSC-ECs and hMVECs. A possible explanation could be the higher HLA-A,B,C
expression in hiPSC-ECs, since HLA-A,B,C functions as inhibitory NK cell receptor
ligand. However, inhibitory Killer cell Ig-like Receptors (KIRs), are highly polymorphic
and can differentiate between several HLA allotypes [48, 49]. For instance, KIRs can
distinguish two general groups of HLA-C, the most prominent inhibitory ligand,
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whereas only “self” HLA-C will provide an inhibitory signal. Since the HLA haplotypes
of the PBMC donors are unknown, it cannot be assumed that differential expression
of HLA-A,B,C was the cause of the differences in NK cell activation. The relatively
low presence of heparan sulfate (HS glycosaminogycans (GAGs) is protective for NK
cell activation by hiPSC-EC. hiPSC-EC. HS GAGs are ligands to several activating NK
receptors[50, 511, and it has been shown that the glycocalyx of hiPSC-ECs contains
less heparin sulfate compared to that of hMVECs[171].

In contrast to the flow cytometry measurements, observed IFN-y concentrations
did not differ between hiPSC-ECs and hEC stimulation. Compared to the positive
control, measured concentrations in the co-cultures with hiPSC-ECs and hEC
were very low. PBMCs consist of more than just T and NK cells and general IFN-y
concentrations therefore provide limited information on which cell types contribute
to IFN-y production.

Although the PBMC co-culture assay gives a general impression of hiPSC-ECs
potency to activate allogeneic PBMCs, it should be noted that the assay knows
many technical limitations, such as the relatively high baseline activation in PBMC-
only cultures. Moreover, large donor-variations were observed, which calls for more
repetitions. Furthermore, PBMCs are highly sensitive for the amount of target cells
present, which might have slightly deviated between cell lines. Since hiPSC-EC and
primary hECs were seeded in the same densities days before PBMC addition and in
general, we observed a slower growth in hiPSC-ECs compared to primary hECs, it is
likely that cell counts differed between cell types.

As mentioned earlier, complement is another key player in graft rejection. CD46
and CD59 inhibit complement activation at different points in the cascade [52-
54] and protect endothelial cells from complement-mediated injury[55]. Our work
demonstrated that hiPSC-ECs express similar levels of complement inhibitors CD46
and CD59 compared to hMVECc, which is favorable since complement inhibitors
could protect cells from DSA related complement damage. This hypothesis is
supported by a study by Michielsen et al. that found associations between promoter
polymorphisms of CD46 and CD59 and donor kidney survival [56].

Conclusions and futher directions

The most important finding in our study is the differential expression of HLA class |
and class Il in hiPSC-ECs compared to primary hECs. How these differences translate
to allogeneic rejection responses needs further research. It is advisable to conduct
T cell proliferation assays, in which PBMCs are stained with CSFE and cultured in the
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presence of hiPCS-ECs or primary hECs for 5-7 days. The longer time co-culture will
more likely establish results that are significantly different from the negative control.
Characterization of co-stimulatory and inhibitory factors might explain the observed
low CD8* T cell activation by hiPSC-ECs. Also functional assays looking into donor
specific antibody deposition and complement activation, similar as experiments
described by Pober et al. (2019)[57], would provide more insight. Pro-inflammatory
cytokine secretion would also be an interesting topic of research. Since hiPSC-EC
lack functional Weibel-Palade bodies[8], secretory vesicles which normally store IL-
8[58], IL-8 secretion is likely reduced. Lower secretion of pro-inflammatory signaling
molecules would protect hiPSC-ECs from inflammation and hereby rejection.

Since allograft rejection is highly complex and hard to fully model in vitro, ultimately,
in vivo studies are needed. To this end, vascular organoids could be transplanted
into a humanized mouse models, using the method described by Wimmer et al
(2019)[59]. Lymphocyte infiltration, antibody formation and deposition, lymphocyte
phenotyping and tissue damage in organoids would provide a more comprehensive
overview of which rejection mechanisms might be altered in hiPSC-ECs in comparison
with primary hECs. Since immune-mediated endothelial damage could lead to graft
lossin the long term, a reduction in endothelial immunogenicity would be favorable.
However, endothelial functions like barrier formation and antithrombotic regulation
are indispensable when engineering microvasculature.
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Supplementary Figures
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Supplementary Figure 1: Gating of hECs, hiPSC-ECs and hiPSCs. (a) Single cells were
selected based on three hierarchical gates using forward and side scatter. To check whether
dead cells played a role in the performed experiments, single stains with viability dye 7-AAD
were performed on cells that underwent the same procedure as the ones used for quantification
(untreated) and on cells that were kept on 60°C for 30 minutes prior 7-AAD staining. (b) Heated
cells clearly shifted in the forward and side scatter plots. (c) Gated untreated cells showed no
7-AAD staining, indicating that the single cells selection did not include dead cells.
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Supplementary Figure 2: PBMC gating strategy. Single cells were first selected using three
hierarchical gates based on forward and side scatter properties. Then, dead cells were excluded
based on 7-AAD staining. The cut-off gate was based on a positive control of cells that were
kept at 60°C for 30 minute prior to staining. Then, from the live cells, CD4* and CD8* T cells
were selected. From the CD4/CD8 population, NK cells were selected based on CD56 staining.
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Supplementary Figure 3: The subpopulation of hiPSC-ECs expressing HLA-DR after
cytokine stimulation shows similar expression in VEGFR2 compared to the rest of
the population. To check whether the HLA-DR expressing subpopulation in hiPSC-ECs
was different in terms of endothelial differentiation, VEGFR2 expression was measured.
Corresponding data is demonstrated in a dot plot. Cells were either cultured under normal
conditions (unstimulated) or stimulated with IFN-y and IL-13 for 48h (stimulated).
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Supplementary Figure 4: Comparison between primary ECs hMVECs and HUVECs. HUVECs
were also included in the measurements as a second primary EC type. (a-d) Representative
data of the quantified surface markers on ECs is shown in histograms. (e-h) Corresponding
quantifications as described earlier are presented (n=3). * p < 0.05.
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Supplementary Figure 5: Schematic overview of CD8* T cell activation. For T cell activation,
binding of the T cell receptor (TCR) to its target presented by MHC proteins is necessary. CD8*
T effector memory cells can directly be activated by antigen binding alone. Activation can
be enhanced by several cytokines and by co-stimulation factors expressed on the target cell,
for instance by binding of CD86 on the target cell to CD28 on the T cell. For naive T cells, co-
stimulation through the CD28 receptor is necessary for activation. Once activated, perforin
containing granules are released and CD107a is transiently expressed on the cell membrane.
Activated T cells produce multiple cytokines and chemokines, including IFN-y, TNF-a and
CCL3. Also, several cytokine and co-simulation receptors are upregulated in activated CD8* T
cells. (Original figure, made in cooperation with Manon Zuurmond)
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Supplementary Figure 6-1: Complete data from PBMC co-cultures: T cells and IFN-y.
The PBMC co-cultures were optimized using different time points. Here, all measurements of
T cells and IFN-y are presented after 5h (n=1), 24h (n=3) and 48h (n=3) of co-culture. Also, the
data from the positive control (PBMCs + 5 pg/mL PHA) and the negative control (PBMCs only)
are included.
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Supplementary figure 6-2: Complete data from PBMC co-cultures: NK cells. The PBMC
co-cultures were optimized using different time points. Here, all measurements of NK cells
are presented after 5h (n=1), 24h (n=3) and 48h (n=3) of co-culture. Also, the data from the
positive control (PBMCs + 5 pg/mL PHA) and the negative control (PBMCs only) are included.

Supplementary Figure 7: Anti-HLA-A2 CD8* T cell clone co-culture. (a) Human CD8*
T-cell clones targeting HLA-A2 were assessed by flow cytometry after co-culture with either
HUVECs, hiPSC-ECs or hiPSCs for binding of anti-CD69/FITC, anti-CD25/PE and anti-HLA-DR/
APC antibody. Target cells were cultured to confluence and stimulated with IFN-y and IL-13
for 48 hours before adding T-cells at a concentration of 2 million cells/ml. Cells were harvested
after 2 or 18 hours of co-culture. The measurements are presented in histograms. (b-d) Median
fluorescent intensity (MFI) was corrected for background signal by subtracting the MFI of
the isotype control (n=1). Corrected MFIs were then normalized to the biological negative
control of T-cells without target cell stimulation. The measured normalized expression
levels of the T-cell activation markers (b) CD69, (c) CD25 and (d) HLA-DR are presented. (e)
Isotype controls showed no significant non-specific antibody binding. (c) At the moment of
harvesting, supernatant was also collected. The concentration of IFN-y was measured by ELISA
(average+SEM based on biological triplicates). The full experiment was performed once.
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Supplementary Methods

Alloreactive CD8* T cell clone co-culture

Human peripheral blood mononuclear cells (PBMCs) were separated from whole
blood of a healthy individual by Ficoll-Hypaque density gradient. To generate
alloreactive CD8* T cell clones to HLA-A2 the PBMCs were stimulated with irradiated
Epstein-Barr virus (EBV)-transformed B cell line expressing HLA-A2.

Primary hECs (HUVECs) and hiPSC-ECs (LUMC0072) were seeded on a gelatin
coated 96-wells plate at a density of 20.000 cells/well (HUVECs, hiPSC-ECs) in full
EC-SFM and hiPSCs (LUMCO0072) at a density of 10.000 cells/well in E8 medium, all
supplemented with 1000 Ul/ml rhIFN-y (R&D systems) and 2 ng/ml rhIL-13 (Sigma-
Aldrich) to stimulate HLA expression for 48 hours. Before adding the T cells, cultures
were thoroughly washed to remove all rhIFN-y.

T cell clones were thawed and resuspended in 2x full T cell medium, consisting
of Iscove’s modified Dulbecco’s medium (IMDM) (Invitrogen, Thermo Fisher)
supplemented with 8% FBS , 2mmol/mL glutamine, 50 CU/mL rhIL-2 and 10 ng/
mL rhIL-15 (full T cell medium) at a concentration of 2 million cells/mL. Then, 50uL
of EC-SFM (hMEVCs, iPSC-ECs) or E8 (iPSCs) without cytokines and 50uL of T cell
suspension was added to each well. Next to that, a biological negative control was
included of T-cells only. For this, the T cells were cultured on a 96 well-plate in 1x full
T cell medium at a concentration of 25.000 cells/ml for 18 hours. All conditions were
executed in triplicate.

2- or 18 Hours after starting the co-culture, supernatant and cells were harvested.
IFN-y concentration in supernatant was measured as described previously. Cells
were detached with TrypLE and resuspended in FACS buffer. Triplicates were pooled
and samples were prepared for flow cytometry analysis as described previously.

Cells were stained with CD8/PE-Cy7 (clone SK1, 1:800) (BD Biosciences), mouse anti-
hCD69/FITC (clone L78, 1:20) (BD Biosciences), mouse anti-hCD25/PE (clone M-A251,
1:20 dilution) (BD Biosciences) and mouse anti-hHLA-DR/APC (clone G46-6, 1:100)
(BD Bioscience) Isotype controls were included using PE mouse IgG2a, kK (clone
G155-178, 1:5) (BD Biosciences) and APC mouse 1gG2a, k (clone G155-178, 1:5) (BD
Biosciences). Thereafter, cells were resuspended in 7-AAD supplemented (1:50) (BD
Biosciences) FACS buffer.
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T cells were selected based on CD8* expression.Then, the expression of the activation
markers CD69, CD25 and HLA-DR was quantified as median fluorescence intensity
(MFI1) minus the MFI of the isotype control. MFls were subsequently normalized for
the biological negative control of T cells only.
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