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ORIGINAL RESEARCH REPORTS

The H-Y Antigen in Embryonic Stem Cells Causes
Rejection in Syngeneic Female Recipients

Xiaomeng Hu,1–3,* Simon T. Kueppers,1–3,* Nigel G. Kooreman,4–7,* Alessia Gravina,1,2

Dong Wang,1–3 Grigol Tediashvili,1–3 Stephan Schlickeiser,8,9 Marco Frentsch,8

Christos Nikolaou,8 Andreas Thiel,8 Sivan Marcus,1 Sigrid Fuchs,10 Joachim Velden,11

Hermann Reichenspurner,2,3 Hans-Dieter Volk,8,9 Tobias Deuse,1,* and Sonja Schrepfer1–3,*

Pluripotent stem cells are promising candidates for cell-based regenerative therapies. To avoid rejection of
transplanted cells, several approaches are being pursued to reduce immunogenicity of the cells or modulate the
recipient’s immune response. These include gene editing to reduce the antigenicity of cell products, immu-
nosuppression of the host, or using major histocompatibility complex-matched cells from cell banks. In this
context, we have investigated the antigenicity of H-Y antigens, a class of minor histocompatibility antigens
encoded by the Y chromosome, to assess whether the gender of the donor affects the cell’s antigenicity. In a
murine transplant model, we show that the H-Y antigen in undifferentiated embryonic stem cells (ESCs), as
well as ESC-derived endothelial cells, provokes T- and B cell responses in female recipients.

Keywords: pluripotent stem cells, stem cell therapeutics, allograft, immunogenicity, Y-chromosome

Introduction

Ever since the first isolation of embryonic stem cells
(ESCs) [1] from humans and the discovery of induced

pluripotent stem cells (iPSCs) [2,3], the use of pluripotent
stem cells (PSCs) for regenerative therapies is being explored
for various types of diseases [4–8]. The transplantation of
allogeneic ESC derivatives, however, triggers an immune
response against major histocompatibility complex (MHC)
antigens [9]. Unlike ESCs, iPSCs can be autologously de-
rived, and the cell types generated from them could be ac-
cepted by the immune system upon reimplantation into the
same host [10,11]. These findings have made iPSCs the
focus of ‘‘personalized regenerative medicine’’.

For clinical applications, the situations in which cell
products would be needed are likely to be time-sensitive,
especially in acute onset diseases such as myocardial in-
farction and stroke. In this situation, the generation and

upscaling of autologous stem cell products under good
manufacturing practice conditions at the time of need are
not feasible [12–14]. Furthermore, the quality of the cell
product is dependent on the health status of the individual
the cells were derived from. Earlier reports have shown that
cells from diabetic donors have diminished regenerative
capacity compared to healthy donors [15]. In addition, a
higher donor age increases age-associated mutations that are
passed over to iPSCs [16]. All of the abovementioned
conditions for PSC quality have raised concerns about the
feasibility of autologous iPSC therapies.

A way to circumvent these issues is by setting up cell
banks to provide a haplotype match for the majority of the
population. Calculations within the United Kingdom have
shown that this can be achieved with 150 homozygous
cell lines to provide a haplotype match for 93% of the
population [17,18]. The costs for generating clinically usable
PSC lines are estimated at around *800,000 dollars per cell
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line and would make the start-up costs for a stem cell bank
higher than autologous PSC therapies [19]. However, larger
stem cell banks could save millions of dollars in validation
costs using screening strategies for pooled samples [20].

There has been an observation that male to female trans-
plants of heart [21], liver [22], and kidney [23] show inferior
outcomes and male recipients of female hematopoietic stem
cell grafts are more likely to develop graft-versus-host disease
(GVHD) [24,25]. Speculations about the existence of im-
munologically active minor histocompatibility antigens (mi-
HAs) associated with the Y-chromosome have been raised.

Using ESCs generated by somatic cell nuclear transfer, our
laboratory has recently shown that miHAs encoded by the
mitochondrial DNA can cause immune rejection in otherwise
genetically identical cells [26]. We now describe the immu-
nogenicity of the H-Y miHA in a murine male-to-female ESC
transplant setting. This H-Y miHA is preserved upon differ-
entiation of ESCs and induces mainly T cell mediated re-
sponses. These findings suggest the use of female donor cells
for allogeneic cell products in regenerative medicine.

Materials and Methods

Animals

Male and female BALB/c (BALB/cAnNCrl, H2d) and
SCID beige (CB17.Cg-PrkdcscidLystbg-J/Crl) were pur-
chased from Charles River Laboratories (Sulzfeld, Germany)
and received humane care in compliance with the Guide for the
Principles of Laboratory Animals. Animal experiments were
approved by the Hamburg ‘‘Amt für Gesundheit und Ver-
braucherschutz’’or the University of California San Francisco
Institutional Animal Care and Use Committee and performed
according to local and European Union (EU) guidelines and
performed according to local and EU guidelines.

Mouse ESC culture and luc transduction

Male mouse ESCs (mESCs) were purchased from the
Jackson Laboratory (Sacramento, CA; stock no. 000651) and
grown on mouse embryonic fibroblasts (MEF) (Millipore,
Burlington, MA) in knock out (KO) Dulbecco’s modified
Eagle’s medium (DMEM) 10829 with 15% KO serum re-
placement, 1% glutamine, 1% minimum essential media-non-
essential amino acid (MEM-NEAA) solution, 1% pen–strep
(all Gibco), 0.2% beta-mercaptoethanol, and 100 U leukemia
inhibitory factor (LIF) (both Millipore, Billerica, MA) to keep
them pluripotent. Cells were maintained in 10 cm dishes,
medium was changed daily, and the cells were passaged every
2–3 days using 0.05% trypsin-ethylenediaminetetraaceticacid
(EDTA; Gibco). For the luciferase transduction, 1 · 105

mESCs were plated in one gelatin coated six well and incu-
bated overnight at 37�C at 5% CO2.

The next day, media was changed, and one vial of Fluc
lentiviral particles expressing luciferase II gene under re-
engineered EF1a promotor (Gen Target, San Diego, CA)
was added to 1.5 mL media. After 36 h, 1 mL of cell media
was added. After further 24 h, complete media change was
performed. After 2 days, luciferase expression was con-
firmed by adding d-luciferin (Promega, Madison, WI).
Signals were quantified with Ami HT (Spectral Instruments
Imaging, Tucson, AZ) in maximum photons per second per
square centimeter per steradian.

Pluripotency analysis by reverse transcription-
polymerase chain reaction

For reverse transcription-polymerase chain reaction (RT-
PCR), RNA was extracted using the RNeasy Plus Mini Kit
(Qiagen). Genomic DNA contamination was removed using
the gDNA spin column. cDNA was generated using Applied
Biosystems High-Capacity cDNA Reverse Transcription
Kit. Gene-specific primers of the mouse induced pluripotent
stem cells (miPSC) Characterization Kit (Applied Stemcell)
were used to amplify target sequences. Actin was used as
housekeeping gene, which encodes a cellular cytoskeleton
protein. PCRs were performed on Mastercycler nexus (Ep-
pendorf) and visualized on 2% agarose gels.

Cell transplantation

Before performing cell transplantations, mESCs were
cultured in feeder-free conditions for one passage to avoid
contamination with feeder cells. The cells were trypsinized
and resuspended in 60mL of sterile saline solution, followed
by direct injection of the cell suspension into the right thigh
muscle of recipient mice using a 26-gauge syringe.

Pluripotency testing in vivo

Two million miPSCs were injected intramuscular into
the hind limb of immunodeficient severe combined im-
munodeficient (SCID)-beige mice, and teratoma develop-
ment was observed within 28 days. Teratomas were recovered
and fixed in 4% paraformaldehyde in phosphate-buffered
saline (PBS), dehydrated, embedded in paraffin, and cut into
sections of 5 mm thickness. For histopathology, sections were
rehydrated and stained with hematoxylin and eosin (Carl
Roth). Images were taken with an inverted light microscope.

Fluorescence in situ hybridization

Samples from pluripotency testing in vivo were cut into
5 mm thick sections. After deparaffinization, wax embed-
ded tissue sections were pretreated with 0.01 M citrate
buffer (Sigma; pH = 6.4) for 40 min at 90�C and incubated in
Pepsin solution (Sigma) for 5 min at 37�C. Slides were
rinsed in 70% ethanol before postfixed in 4% para-
formaldehyde (PFA) solution for 2 min. Dehydrogenation was
performed with ascending ethanol concentrations and were air
dried at room temperature (RT) for 5 min. Y-Chromosome
probe was diluted 1:5 in hybridization buffer and applied to the
section, followed by denaturation at 80�C for 3 min. Slides
were hybridized for 16 h at 37�C in a humid chamber. Post-
hybridization was performed, and slides were washed in
0.4 · saline-sodium citrate (SSC) buffer +0.3% Triton X-100 at
73�C for 2 min and 2 · SSC buffer +0.1% Triton X-100 at RT
for 5 min. ProLong Gold antifade with 4,6-diamidino-2-
phenylindole (DAPI) reagent (Invitrogen) was used to coun-
terstain cell nuclei, and images were obtained with a SP5 laser
confocal microscope (Leica).

Karyotyping

Cell harvest, slide preparation, and G-banded karyotyping
were performed using standard cytogenetic protocols opti-
mized for human pluripotent cells. Cells were arrested with
0.2 mg/mL colcemid for 2 h and trypsinized to detach the
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cells from the plate. For hypotonic treatment, cells were placed
in a hypotonic solution (0.075 M potassium chloride) for
15 min and afterward fixed in methanol/acetic acid (3:1). Me-
taphase chromosome spreads were heated for 15 min at 95�C,
treated with 0.25% trypsin in Hanks’ balanced salt solution
(HBSS) (Gibco) for 6 s, and stained with Giemsa stain for
5 min. For karyotyping chromosomes of 15 cells were counted
under the microscope, and karyograms from five captured
images (CytoVision; Leica Biosystems) were prepared.

Enzyme-Linked ImmunoSpot

For unidirectional Enzyme-Linked ImmunoSpot (ELISPOT)
assays, recipient splenocytes were isolated from fresh spleen
5 days after intramuscular injection of 1 · 106 male BALB/c
mESCs and used as responder cells. mESCs were mitomycin
inhibited and served as stimulator cells. 1 · 105 stimulator
cells were incubated with 5 · 105 recipient responder sple-
nocytes for 24 h according to the manufacturer’s protocol
(BD Biosciences, Heidelberg, Germany) using against
interferon-gamma (IFN-g, 551881; BD) and interleukin (IL)-4
(BD; 551878) antibody-coated 96-well filter bottom plates
(Merck Millipore, Darmstadt, Germany; S2EM004M99).

Cytokine responses were detected using horseradish per-
oxidase Streptavidin (BD; 557630) and aminoethyl carba-
zole (AEC) Substrate (BD; 551951). Spot frequencies were
automatically enumerated using an ELISPOT plate reader
(AID GmbH, Strassberg, Germany) for scanning and anal-
ysis. Quadruplicates were performed in all assays.

Mixed lymphocyte reaction

For mixed lymphocyte reaction (MLR), 6 · 105 of the
splenocytes isolated for the ELISPOT assays were stained
using carboxyfluorescein succinimidyl ester (CFSE) (Mo-
lecular Probes, Eugene, OR; C34554) and then incubated
with 6 · 106 mitomycin-inhibited mESCs for 3 days. Sple-
nocytes that were unspecifically stimulated using phorbol 12-
myristate 13-acetate (1 ng/mL; Sigma-Aldrich, Munich,
Germany) and ionomycin (500 ng/mL; Sigma-Aldrich) were
used as controls. The percentage of proliferated cells was
assessed by flow cytometry (FACSCalibur; BD Biosciences).

Donor-specific antibodies

Sera from recipient mice were de-complemented by heating
to 56�C for 30 min. Equal amounts of sera and donor ESC
suspensions (5 · 106/mL) were incubated for 45 min at 4�C.
Cells were labeled with fluorescence isothiocyanate-conjugated
goat anti-mouse immunoglobulin M (IgM; BD Biosciences)
and analyzed by flow cytometry (BD Biosciences).

CyTOF

Single-cell suspensions of the spleen were prepared by
squeezing each organ through a 70 mm cell strainer. Ery-
throcytes were lysed with 2 mL ammonium-chloride-
potassium (ACK) buffer lysing buffer (Thermo Fisher
Scientific) for 4 min at RT. Single-cell suspensions were
washed once, resuspended, and incubated for 5 min in 5 mL
warm complete culture medium [Roswell Park Memorial
Institute (RPMI) Medium containing 10% fetal bovine se-
rum, 100 U/mL penicillin (Biochrom), 100 mg/mL strepto-

mycin (Biochrom), and 50 mM 2-mercaptoethanol (Gibco)
with 25 U/mL Pierce Universal Nuclease (Thermo Fisher)]
to reduce viscosity and background from free DNA from
any lysed cells as previously described [27–30]. A total of
3 · 106 cells per sample were stained in a 96 deep well plate
with metal-conjugated antibodies in a final volume of 50 mL
PBS for 30 min at RT. For the last 10 min of the reaction,
0.5 mM cisplatin (Fluidigm) was added to enable exclusion of
dead cells. Cells were washed twice with flow cytometry
buffer (0.1% bovine serum albumin, 2 mM EDTA in
1 · PBS), and pellets were resuspended in 100 mL of 2%
paraformaldehyde (in PBS) and incubated at 4�C overnight.

The following day, fixed cells were washed once with
flow cytometry buffer and permeabilized using 1 · saponin
permeabilization buffer (eBiosciences) in PBS on ice for
1 h. Cells were washed once with flow cytometry buffer, and
pellets were resuspended in 100 mL of nucleic acid Inter-
calator solution (12.5 nM Cell-ID Intercalator-Ir diluted in
PBS) and then incubated at RT for 30 min. Cells were then
washed twice with flow cytometry buffer, twice with ul-
trapure water, and adjusted to 0.5–0.7 · 106 cells/mL for
acquisition. Cells were acquired on a CyTOF2 mass cyt-
ometer upgraded to Helios specifications (CyTOF2/Helios)
(Fluidigm). The 0.1 · EQ Four Element Calibration Beads
(Fluidigm) were added to the samples for data normalization
of the fetal calf serum (FCS) files using the CyTOF soft-
ware. Tuning was performed each day before measurement
following manufacturer’s guidelines. Detailed method was
previously described by Japp et al. [31].

Mass cytometry data analysis

Cytobank was used for initial manual gating and semi-
automated SPADE-gating of predefined lineages as de-
scribed previously [31–33]. All FCS files were transformed
with Cytobank default arcsinh transformation (scale factor
5). Nucleated single cells were manually gated by DNA
intercalators Ir191/Ir193, event length, and TER119 to re-
move debris, doublets, normalization beads, and erythro-
cytes. CisPt and CD45 were used to gate on viable
leukocytes, which then served as input for SPADE cluster-
ing. Clustering was performed (downsampling percentage
10%, 50 target nodes) on lineage markers B220, CD11b,
CD11c, CD19, CD3, CD4, CD8, F4/80, Ly6G, and TCRb.
Based on the median marker expression levels, individual
SPADE nodes were grouped and manually annotated into
specific lymphocyte compartments, that is, B cells, CD4+ T
cells, CD8+ T cells, or subsets of the innate compartment.

To resolve specific subpopulation, graph-based clustering
[34] (using Rphenograph package) was conducted on pregated
events within each compartment. The following differentiation
or activation markers were selected for graph-based clustering:
B220, CD138, CD19, CD38, CD40, CD44, CD62L, CD80,
CD83, CD86, IgD, IgM, MHC-II, PD-L1, PD-L2 for B cells,
CD25, CD38, CD44, CD62L, CD69, CD80, CD86, Ly6C, PD-
L1 for CD4+, as well as CD8+, T cells, and B220, CD103,
CD115, CD11b, CD11c, CD138, CD25, CD38, CD4, CD40,
CD44, CD62L, CD8, CD80, CD83, CD86, F4/80, Ly6C,
Ly6G, MHC-II, PD-L1, and PD-L2 for innate cells. Single
clusters were merged and manually annotated into biologically
relevant subsets with help of second-level hierarchical clus-
tering on the same marker sets (Supplementary Fig. S1).

H-Y MISMATCH CAUSES SYNGENEIC IMMUNITY 1181



For statistical analysis of group differences in cell pop-
ulation abundances, that is, calculated as proportion of a
given lineage, we fitted a generalized linear mixed-effects
model for each cluster and population using the lme4
package as described previously [35]. P values resulting
from differential abundance testing were adjusted using the
Benjamini–Hochberg procedure across all clusters and
subpopulations. A false discovery rate-adjusted P value
<0.05 was considered significant. All analyses were per-
formed using R version 4.0.2, available free online at https://
r-project.org

Medawar experiments

In accordance to the Medawar experiment, female neonatal
mice (BALB/cAnNCrl; Charles River Laboratories) were
immunized with 5 · 105 mitomycin-inhibited mESCs. In
adulthood (after 6 weeks), the animals were reinjected with
1 · 106 mESCs (BALB/c Female re-inject), and unidirec-
tional ELISPOT and MLR assays were performed to measure
IFN-g response and lymphocyte proliferation, as described
above. Female BALB/c mice of the same age that were not
immunized at birth served as controls (BALB/c Female Ctrl).

Teratoma formation assay

BALB/c male mESCs were plated on gelatin-coated
flasks for one passage and subsequently for 30 min at 37�C
to avoid feeder contamination. Cells were counted, and
1 · 105, 2.5 · 105, and 5 · 105 cells were transplanted intra-
muscularly into the indicated recipient mice using a 26
gauge needle.

Teratoma formation was observed and measured with a
caliper (Mitutoyo, Neuss, Germany) on day 0, 1 and then
every other day until day 29, subsequently every 10 days
until day 60. Recipients with a teratoma size of >1,500mm3

were euthanized.

In vivo lineage identification by immunofluorescence

Teratomas were recovered and fixed in 4% parafor-
maldehyde in PBS, dehydrated, embedded in paraffin, and
cut into sections of 5 mm thickness. Immunofluorescence
(IF) staining demonstrated differentiation into ectoder-
mal, mesodermal, and endodermal cells using antibodies
against brachyury (ab20680; Abcam), cytokeratin (ab192467;
Abcam), and glial fibrillary acidic protein (GFAP) (GA5;
Cell Signaling). For visualization, secondary antibodies
conjugated with Alexa Fluor 555, 488, and 647 (all In-
vitrogen) were used, respectively. Cell nuclei were coun-
terstained with DAPI, and imaging was performed with a
Leica SP5 laser confocal microscope (Leica).

Derivation and characterization of mESC-derived
endothelial cells

mESCs were plated on gelatin in 6-well plates and main-
tained in mESC media. After the cells reached 60% con-
fluency, the differentiation was started and media was
changed to RPMI-1640 containing 2% B-27 minus Insulin
(both Gibco) and 5 mM CHIR-99021 (Selleckchem, Munich,
Germany). On day 2, the media was changed to reduced
media: RPMI-1640 containing 2% B-27 minus Insulin (both

Gibco) and 2 mM CHIR-99021 (Selleckchem). From day 4 to
7, cells were exposed to RPMI-1640 media containing 2%
B-27 minus Insulin plus 50 ng/mL mouse vascular endothelial
growth factor (mVEGF; R&D Systems, Minneapolis, MN),
10 ng/mL mouse fibroblast growth factor basic (mFGFb;
R&D Systems), 10 mM Y-27632 (Sigma-Aldrich, Saint
Louis, MO), and 1 mM SB 431542 (Sigma-Aldrich). EC
clusters were visible from day 7, and cells were maintained in
endothelial cell growth medium (EGM)-2 SingleQuots media
(Lonza) plus 10% fetal calf serum (FCS) heat-inactivated (hi)
(Gibco), 25 ng/mL mVEGF, 2 ng/mL mFGFb, 10mM
Y-27632 (Sigma-Aldrich), and 1 mM SB 431542. The dif-
ferentiation process was completed after 21 days and undif-
ferentiated cells detached during the differentiation process.
For purification, cells went through magnetic-activated cell
sorting (MACS) purification according to the manufacturer’s
protocol using anti-CD15 mouse antibody-coated magnetic
microbeads (Miltenyi, Auburn, CA) for negative selection.

The highly purified mESC-derived endothelial cells
(mESC-ECs) in the flow-through were cultured in EGM-2
SingleQuots media plus supplements and 10% FCS hi.
TrypLE was used for passaging the cells 1:3 every 3–
4 days. Their phenotype was confirmed by IF for CD31
(ab28364; Abcam) and vascular endothelial (VE)-cadherin
(sc-6458; Santa Cruz Biotechnology). Briefly, cells were
fixed with 4% paraformaldehyde in PBS for 15 min. Cell
membranes were permeabilized with Permeabilization so-
lution (ASB-0102; Applied StemCell), followed by
Blocking solution (ASB-0103; Applied StemCell) and in-
cubation with the primary antibodies.

For visualization, cells were incubated with secondary
antibody conjugated with AF488 or AF555 (Invitrogen).
After nuclei staining with DAPI, images were obtained and
analyzed with a Leica SP5 laser confocal microscope (Leica).

Tube formation assay was performed for mESC-EC char-
acterization: 2.5 · 105 mESC-ECs were stained with 5mM
CFSE and 0.1mg/mL Hoechst (both Thermo Fisher) for
10 min at RT and plated on 10 mg/mL undiluted matrigel
(356231; Corning) in 24-well plates. After 48 h, tube forma-
tions were visualized by IF. For PCR analysis, RNA was
isolated with the RNeasy Plus Mini Kit (Qiagen, German-
town, MD) according to the manufacturer’s protocol. RT-PCR
was performed to generate the cDNA (Applied Biosystems,
Darmstadt, Germany). The following primers were used: VE
cadherin forward: 5¢-GGATGCAGAGGCTCACAGAG-3¢,
reverse: 5¢-CTGGCGGTTCACGTTGGACT-3¢.

Tube formation assay of mouse induced ECs

A 12-well plate was coated with 10 mg/mL Matrigel
(356231; BD Biosciences, San Jose, CA) per well and
incubated at RT for at least 30 min. The mESC-ECs were
trypsinized using TrypLE Express, counted, and re-
suspended in 1 mL sterile PBS (Thermo Fisher) at a con-
centration of 5 · 105 cells, and 5 mM of CFSE (C34554;
Thermo Fisher) was added. The cells were incubated at
37�C for 10 min, centrifuged, and ultimately seeded in the
previously Matrigel-coated wells in EC medium.

After 45 h the cells were stained with 0.1 mg/mL Hoechst
(Thermo Fisher) for 15 min at 37�C. Photos were taken with
a Leica SP5 laser confocal microscope (Leica, Wetzlar,
Germany).
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FIG. 1. Immune responses to mESCs carrying the Y chromosome. In ELISPOT assays, BALB/c female recipients (n = 5)
showed higher spot frequencies than BALB/c male recipients (n = 12) for both (a) IFN-g (Th1) and (b) IL-4 (Th2)
activation. (c–f) Only box plots of immune cell subpopulations that show significant differences by the mass cytometry data
analysis are shown. First, SPADE was used to gate four major immune populations (CD4+ T cells, CD8+ T cells, and innate
and B cells) based on common lineage markers. Subsequently, clusters obtained by individual graph-based clustering of the
major populations were merged and manually annotated into biologically comprehensible subpopulations and statistically
compared between both mice groups (Supplementary Fig. S1). *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. (g)
Mean fluorescence intensity of IgM binding to mESCs incubated with recipient serum after 5 days (mean – SD, 5 female and
12 male animals per group, two-tailed Student’s t-test), the background fluorescence in naive mice is shown in gray
(mean – SD, 3 animals per group, Student’s t-test). (h) Diagram of Medawar experimental design comparing adult female
mice with neonatal (tolerant state) exposure to male mESCs compared to naive female mice. (i). In ELISPOT assays,
BALB/creinject (n = 8) showed a significantly lower IFN-g response than BALB/c (n = 12). (j) In mixed lymphocyte reaction,
BALB/creinject (n = 8) showed significantly lower T cell than BALB/c (n = 12). All results ****P < 0.0001. mESC, mouse
embryonic stem cell; SD, standard deviation; ELISPOT, Enzyme-Linked ImmunoSpot; IgM, immunoglobulin M; IFN-g,
interferon-gamma; IL, interleukin.
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mESC-derived EC IF

mESC-ECs were stained for VE-cadherin (sc-6458; Santa
Cruz Biotechnology) and CD31 (ab28364; Abcam, Cam-
bridge, United Kingdom). The cells were plated on confocal
dishes (P35GC-1.5-10-C; MatTek Corp., Ashland, MA) and
fixed with 4% paraformaldehyde in PBS for 15 min. The
permeabilization of the cell membranes was performed by
applying the permeabilization solution (ASB-0102; Applied
StemCell, Milpitas, CA) on the cells.

Subsequently, the permeabilized cells were blocked using
a blocking solution (ASB- 0103; Applied StemCell) and
incubated in the primary antibody (VE-cadherin or CD31,
respectively) for 1 h at 37�C. The cells were then incubated
for 1 h at 37�C with the secondary antibody conjugated with
AF555 for VE-Cadherin and AF488 for CD31 (both In-
vitrogen). The nuclei were stained with DAPI and images
obtained with a Leica SP5 laser confocal microscope (Leica,
Wetzlar, Germany).

Bioluminescence imaging of ESC-ECs

Firefly luciferase overexpressing murine ECs were de-
rived from BALB/c mESCs. Before injection, the cells were
purified through MACS using CD15 microbeads (Miltenyi),
and negative selection was performed. A 1:3 mixture of BD
Matrigel High Concentration (354262; BD Biosciences) and
sterile saline solution was prepared; 1 · 105 and 5 · 105,
respectively, were resuspended in the mixture. Cells were
injected subcutaneously in the right abdomen of male and
female BALB/c mice with a 23 gauge needle.

The in vivo imaging of mESC-ECs was performed using
the Ami HT platform (Spectral Instruments Imaging) on day
0, 1 and then every other day until day 29. Afterward they
were imaged every 5 days until day 60.

d-Luciferin potassium salt (Biosynth AG, Staad, Swit-
zerland) was diluted in PBS solution pH 7.4 (Thermo
Fisher) and it was intraperitoneally injected (375 mg/kg)
with an insulin needle to anesthetized mice (2% isoflurane).

Images were taken, and the signal was measured by ap-
plying a region of interest (measured in units of maximum
photons per second per square centimeter per steradian) to
each animal. The signal’s maximum was recorded through
the Aura imaging software (Spectral Instruments Imaging).

Statistics

In box blot graphs, the median is shown, the edges of the
box are the 25th and 75th percentiles, and the whiskers
extend to the most extreme data points. Intergroup differ-

ences were appropriately assessed by unpaired Student’s
t-test. ****P < 0.0001, ***P < 0.001, **P < 0.01, *P < 0.05.

Results

H-Y mismatched murine ESCs provoke
T and B cell responses after transplantation

To assess the immunogenicity of the H-Y antigen, male
or female BALB/c mice were injected with syngeneic male
BALB/c ESCs, and 5 days later, their splenocytes were
isolated and restimulated with the same male ESCs. Using
the ELISPOT assay, both elevated IFN-g and IL-4 immune
responses were seen in female but not male recipients, in-
dicating Th1 and Th2 immune response (Fig. 1a, b). For an
immune system wide analysis of H-Y provoked immune
responses splenocytes from female or male mice receiving
male ESCs were analyzed by mass cytometry.

In line with the ELISPOT data, merged cluster of acti-
vated effector and central memory CD4+ and CD8+ T cells
was significantly elevated in female mice treated with male
ESCs (Fig. 1c, d). Signs of immune activation were also
detectable by elevated proportion of inflammatory Ly6C+

monocytes, macrophages, and myloid-derived dendritic
cells in female spleens (Fig. 1e). In addition, further indi-
cations of developing adaptive immunity provoked by H-Y
ESCs were seen with an increase of plasmablast and acti-
vated cells with a switched-memory phenotype (Fig. 1f).
Only female BALB/c recipients mounted a strong IgM an-
tibody response against the male mESCs relative to baseline
mean fluorescence intensity (MFI) (shown in gray) (Fig. 1g).

Acquired H-Y tolerance can be achieved
during the neonatal developmental stage

To assess if the immunogenicity of the H-Y could be
mitigated, we used the Medawar experimental setup to see if
we could induce tolerance to the H-Y antigen (Fig. 1g). In
brief, neonatal female BALB/c was injected at the neonatal
stage with male BALB/c ESCs. After 6 weeks, the female
mice were reinjected with the male ESCs and their splenocytes
were isolated. An ELISPOT assay revealed significantly lower
IFN-g spot frequencies in these reinjected mice than in mice
receiving their first ESC injection during adulthood (Fig. 1h).

Proliferation of the isolated splenocytes was assessed by an
MLR assay and similarly revealed significantly less T cell
proliferation in reinjected female mice (Fig. 1i). Again, our
data show the immunogenicity of the H-Y antigen in syngeneic
cell transplantation. However, tolerance toward this miHA can
be induced during the neonatal phase of development.

‰

FIG. 2. Survival of mESCs carrying the Y chromosome. (a) mESCs grown on a mouse feeder layer show colony
formation typical of pluripotent stem cells. (b) G-banding shows a normal karyotype. (c) Polymerase chain reaction or
pluripotency markers are positive in mESC, compared to the C57BL/6 fibroblast control. (d) Histology of mESC-sourced
teratoma, formed in immunodeficient SCID/beige mice, reveals endoderm, mesoderm, and ectodermal lineage potential. (e)
Fluorescence in situ hybridization from teratomas developed in animals from Fig. 2d demonstrates the presence of the H-Y
chromosome in the donor cell population used in all in vivo assays. (f) Teratoma formation assays in male BALB/c mice
reveals strong proliferative growth of ESCs with teratoma formation in 60% of mice receiving 1 · 105 male ESCs (top
panel, n = 6) and in 100% of mice receiving 2.5 · 105 (middle panel, n = 6) and 5 · 105 (bottom panel, n = 5) male mESC. (g)
In H-Y mismatched female BALB/c mice, teratoma formation is reduced to 0% of female mice receiving 1 · 105 male
mESCs (top panel, n = 6), and 66.6% of mice receiving 2.5 · 105 male mESCs (middle panel), with only the group receiving
5 · 105 (bottom panel) male mESC reaching 100% teratoma formation (n = 6).(h) Positive immunostaining for cell mark-
brachyury, cytokeratin, and GFAP, indicating the presence of cells from all three germ layers in teratomas developed in
animals from Fig. 2f and g. GFAP, glial fibrillary acidic protein.
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Limited survival of H-Y mismatched murine
ESCs in syngeneic female mice

Pluripotency of ESCs was confirmed by PCR of in vitro
cultures and in vivo teratoma development in SCID beige
mice (Fig. 2a–d), and the presence of the Y chromosome after
recovery of in vivo formed teratomas was demonstrated
(Fig. 2e). Male and female BALB/c mice were then injected
with syngeneic male ESCs, and survival of the transplanted
cells was measured by teratoma formation over time.

Male-to-male ESC transplantation resulted in teratoma
formation in 100% of the mice when 5 · 105 and 2.5 · 105

cells were injected (Fig. 2f) and 60% when 1 · 105 ESCs
were injected. In contrast, while H-Y mismatched male-to-
female transplants still achieved 100% teratoma formation
with 5 · 105 ESCs with differentiating into all three germ
layers (Fig. 2h), teratoma formation dropped to 66.6% with
2.5 · 105 cells and no teratomas were observed with only
1 · 105 cells (Fig. 2g). The impaired survival of H-Y antigen-
carrying male cells in syngeneic female recipients demon-
strates the relevance of this miHA as transplant antigen.

H-Y mismatched ESC-derived ECs
show limited survival in female recipients

Next, the survival of ESC-derived ECs was assessed
in vivo by bioluminescence imaging. Therefore, mESCs
were differentiated into ECs (Fig. 3a) and subsequently
transduced to express firefly luciferase (Fluc). ESC-EC
grafts (5 · 105 cells) were injected into the thigh of synge-

neic male or female recipients, and the survival was moni-
tored. As expected, all male recipients allowed survival of
syngeneic male ESC-ECs (Fig. 3b), whereas in female re-
cipients the ESC-EC grafts got rejected (Fig. 3c).

Discussion

Immune responses against allogeneic human leukocyte
antigen (HLA) are well recognized as a source of alloim-
munity in organ transplantation [36,37], as well as cell
transplantation [26,38–40]. The relevance of miHA in PSC
alloimmunity was revealed with antigens encoded by the
mitochondrial DNA [26]. We now describe that the H-Y
antigen can induce T- and B cell immune responses after
transplantation of PSCs or PSC-derived grafts. This anti-
genicity remains with differentiation of PSCs into ECs and
supports the notion that immune barriers for PSC transplants
include HLA and miHA mismatches.

First hints of Y-chromosomal antigenicity were described
for skin grafts in the mid 1950s [41]. Subsequent studies
found support for HLA class-I or class-II restricted pre-
sentation of such antigens, which can induce both cellular
and humoral immune responses [42–49].

In allogeneic hematopoietic cell transplantation (HCT)
donor and recipient HLA mismatching confers the highest
proportional risk of GVHD [50]. However, Y-chromosome-
encoded antigens have been identified that affect outcomes
in sex-mismatched HCT [51].

Great hopes have been placed on human PSCs as novel
therapeutic strategy for various diseases. Tissues or organs

FIG. 3. H-Y immunogenicity in ESC-derived ECs. (a) Characterization of mESC-derived ECs showing CD31+ and VE
cadherin+ staining, as well as the formation of tubes in a tube formation assay. (b) Tracking of luciferase labeled male
mESC-ECs in vivo shows prolonged survival of cells after subcutaneous injection in male BALB/c recipients (n = 5/group),
whereas (c) luciferase labeled male mESC-ECs were rejected within app. Fifty days in female BALB/c (n = 4/group). EC,
endothelial cell. VE, vascular endothelial.
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derived from PSCs could be the best solution to cure many
different human diseases, especially those who do not respond
to standard medication or drugs, such as neurodegenerative
diseases, heart failure, or diabetes. The origin of PSCs is
critical, and the idea of creating a bank of well-characterized
PSCs has emerged [52]. Thus, understanding the effect of
H-Y mismatches on the alloimmunity in PSC transplants is
crucial and should not be underestimated.

Our data highlight the relevance of the H-Y antigen as
miHA in PSC-derived cell transplantations and (although
only demonstrated with one male cell line) are consistent with
the conclusion that H-Y antigen expression by male PSCs
does induce an immune response in female mice and does
influence the ability of male PSCs to form teratomas. While
this may not be relevant for allogeneic PSC approaches for
which patients will be immunosuppressed due to HLA mis-
matches anyway, this phenomenon will be important for PSC
strategies which aim to use HLA banks [17,18]. The goal is to
avoid allogeneic rejection by matching the patient’s HLA
with the donor PSC to avoid or lower the need of immuno-
suppression. However, in this scenario miHAs (such as H-Y
antigens) will get presented and will be recognized by the
recipient’s immune system [50,53,54]. Thus, antigenicity of
H-Y should be considered when choosing for PSC banking.
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