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lymphocytes [15]. HLA mismatch between donor cells and
the recipient’s immune cells during transplantation often
results in immune rejection [7]. Classical HLA class I com-
plexes structurally consist of a polymorphic heavy chain
consisting of HLA class I peptides (including HLA-A,
HLA-B and HLA-C) and a light chain β2m. In the absence
of β2m, class I HLAs cannot be properly assembled and are
not presented on the cell membrane where they function [16,
17]. In this study, we generated hypoimmunogenic hESC
lines by the disruption of β2m expression and depletion of
HLA from the cell surface in hESCs.

Materials and Methods

Cell Culture

Irradiated CF1 feeder cells were seeded onto Matrigel-coated
culture flasks at a density of 30,000 cells/cm2 for 2 days prior
to hESC passage. The culture medium for the feeder cells
consisted of Dulbecco’s modified Eagle’s medium (DMEM)
(Invitrogen) supplemented with 10 % fetal bovine serum
(FBS; Hyclone). The culture medium was then changed into
hESC medium just prior to hESC passaging. The hESCs were
maintained in hESC medium, which contained DMEM/F12
(Invitrogen) supplemented with 20 % knockout serum re-
placement (Invitrogen), 4 ng/mL basic fibroblast growth fac-
tor (bFGF; Invitrogen), 2 mmol/L L-glutamine (Invitrogen),
1 % nonessential amino acids (Invitrogen) and 0.1 mmol/L β-
mercaptoethanol (Sigma-Aldrich). The hESCs were passaged
approximately once a week. Collagenase IV was used to
dissociate the cells from the feeders as cell clumps. The hESCs
were then washed twice with hESC medium until the clumps
were dissociated to an appropriate size before being passaged
onto newly prepared feeder cells. The cryopreservation media
for the hESCs consisted of 20% qualified embryonic stem cell
FBS (Gibco), 70 % hESC medium and 10 % dimethyl sulf-
oxide (DMSO). 293 T cells were maintained in DMEM
(Invitrogen) supplemented with 10 % FBS (Hyclone).

TALEN Efficiency Detection

The TALENs were constructed with FastTALE TALEN As-
sembly Kit (Sidansai). The constructed TALEN constructs
were transfected into 293 T cells. The genomic DNA of these
293 Tcells was harvested 3 days after transfection. Next, PCR
and sequencing were performed to examine the efficiency of
the TALENs.

Derivation of HLA Class I-Deficient hESC Lines

H1 or X1 was used to establish the HLA class I-deficient
hESC lines. First, the most efficient TALENs were transfected

into hESCs using the FuGENE HD transfection reagent
(Promega) in feeder-free culture. The transfected colonies
were dissociated into single cells using TrypLE (Invitrogen)
5 days post-transfection and seeded onto CF1-coated plates at
a density of 500 cells/cm2. Two weeks after passaging, the
colonies derived from the single cells were transferred into
fresh CF1-coated wells, and in parallel, a direct cell PCR kit
(F140, Life Technologies) was used to identify the mutants.

Reverse Transcription-Polymerase Chain Reaction
and Real-Time Polymerase Chain Reaction

Total RNA was prepared using an RNeasy kit (Qiagen),
which was then used as a template for real-time polymerase
chain reaction (RT-PCR). RT-PCR was performed in an
Eppendorf Mastercycler® ep realplex real-time PCR system
using SYBR Green-based PCR Master mix (TOYOBO).
Standard curves were acquired for both the gene of interest
and internal control (G3PD). The primers used are listed in
Supplementary Table 1.

Western Blotting

Cells were harvested, and the following antibodies were
used: anti-beta 2-microglobulin (1:1000, Santa Cruz Bio-
technology), anti-HLA-A/B/C (LY5.1, 1:1000, Santa Cruz
Biotechnology) and anti-GAPDH (1:5000, Abcam).

FACS

hESCs were dissociated using TrypLE, and 5×105 cells were
stained for 30 min at 37 °C in 100 μL of 0.5 % FBS in PBS
containing an appropriate dilution of phycoerythrin (PE) or
PE-CY7-conjugated antibody. Primary antibodies included
human beta 2-microglobulin (BD Biosciences) and HLA -A,
-B and -C (BD Biosciences). The sample measurement was
performed on a FACSCalibur flow cytometer system, and the
analysis was performed using FlowJo software (Tree Star,
Ashland, OR).

Immunostaining and Cell Transplantation

The primary antibodies used were anti-Oct4 (1:100, Santa
Cruz Biotechnology), anti-Sox2 (1:1000, Millipore), anti-
Nanog (1:150, Santa Cruz Biotechnology), anti-Tra-1-81
(1:150, Chemicon), anti-Tra-1-60 (1:150, Chemicon), anti-
CDH1 (1:100, BD), anti-SSEA1 (Ascites, 1:500, Develop-
mental Studies Hybridoma Bank), anti-SSEA3 (Ascites,
1:400, Developmental Studies Hybridoma Bank) and anti-
SSEA4 (Ascites, 1:400, Developmental Studies Hybridoma
Bank) for hESCs staining and anti-Sox17 (1:100, R&D),
anti-Myoblast (1:100, Developmental Studies Hybridoma
Bank) and anti-Tuj1 (1:100, Santa Cruz Biotechnology) for
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embryoid bodies (EB) staining. 1×106 hESCs were harvested
and then resuspended in 100-μL culture medium. These cells
were injected into the tibialis anterior muscles of 6–8-week-old
Balb/c mice. The muscles were harvested 48 h post-
transplantation, fixed in 4% paraformaldehyde and dehydrated
in 20 % and then 30 % sucrose at 4 °C overnight. The entire
muscle was sectioned serially every 20 μm using a cryostat,
and sections were selected for staining every 10 serial sections.
The primary antibodies used for immunostaining included
rabbit antibodies against mouse CD3 (1: 400, Abcam) and
mouse KLRA1 (1:200, Abcam).

For the analysis of the immune response in xeno-
transplantation, three to four transplanted muscles were used
for each donor hESC line. The CD3- or KLRA1-positive cells
were quantified on each section selected for immunostaining.

Teratoma Formation

Cells were injected intramuscularly into non-obese diabetic/
severe combined immune-deficient (NOD/SCID) mice (ap-
proximately 5×106 cells per site). After approximately
2 months, the tumors were processed for hematoxylin-eosin
staining. All of the animal experiments were conducted in
accordance with the Guide for the Care and Use of Animals
for Research Purposes and approved by the Zhejiang
University Animal Care Committee.

Elispot Assay

For the allogeneic immune response in vitro, human periph-
eral blood mononuclear cells (PBMCs) were separated from
peripheral blood drawn from healthy blood volunteers.
Elispot assays using 5×105 mitomycin C-treated hESCs as
stimulator cells and 5×105 human PBMCs as responder cells
were performed according to the manufacturer’s instructions
(Mabtech) using IFN-gamma coated plates. The spots were
automatically quantified using an Elispot plate reader (CTL)
for scanning and analyzing.

Statistical Analysis

All of the data are represented as the mean ± SEM. Statistical
significance was calculated using an unpaired Student’s
t-test, and differences were considered significant at p<0.05.

Results

Disruption of Beta 2-Microglobulin in hESCs by TALENs

The β2m gene was disrupted using transcription activator-
like effector nucleases (TALENs) [18–20] targeting exon
2 (Fig. 1a). Sixteen pairs of TALENs (Fig. S1A) were

constructed, and their activities were confirmed in 293 Tcells
(Fig. S1B). The most efficient TALEN pairs (L86&R102) were
selected to target β2m in H1 [1] and X1 [21] hESCs (Fig. 1a).
Both heterozygous (β2m+/−) and homozygous (β2m−/−) hESCs
were obtained in one targeting round (Fig. 1b). In the absence of
any drug selection, 44%–87%of the clones were targeted in one
or both alleles (Fig. 1c).

Investigation of HLA Class I Expression in β2mNull hESCs

To investigate β2m and HLA class I expression in heterozy-
gous (β2m+/−) and homozygous (β2m−/−) hESCs, RT-PCR,
western blot and FACS analysis were performed. β2m
mRNA could be detected, although it was decreased in both
heterozygous (β2m+/−) and homozygous (β2m−/−) hESCs
compared with wildtype hESCs (Fig. 2a), suggesting that
β2m expression might be regulated by a positive feedback
loop. Interferon gamma (IFN-γ), a typical inflammatory
factor, has been reported to induce the expression of β2m
and HLA-A, -B and -C [22]. Moreover, β2m mRNA in-
creased after IFN-γ treatment in wildtype, β2m+/− and
β2m−/− hESCs. However, no β2m protein (Fig. 2e) or cell
surface β2m molecules (Fig. 2f) in β2m−/− hESCs were
detected, even after IFN-γ treatment, while the expression
of β2m protein in both β2m+/− and wildtype hESCs was
largely increased after treatment (Fig. 2e). There was also no
difference between the wildtype, β2m+/− and β2m−/− cells at
the HLA-A, -B and -C mRNA (Fig. 2b, c and d) or protein
expression levels (Fig. 2e), with or without IFN-γ treatment.
However, we could not detect any HLA class I molecules on
the surface of β2m−/− hESCs (Fig. 2g), even after IFN-γ
treatment. Heterozygous hESCs expressed less HLA class I
on the cell surface compared with wildtype hESCs. In addi-
tion, HLA-A, -B and -C molecules on the cell surface of both
wildtype and β2m+/− hESCs increased after treatment with
IFN-γ (Fig. 2g). Thus, we successfully established HLA
class I-deficient hESCs by disrupting the β2m gene.

The Pluripotency of HLA Class I-Deficient hESCs

Next, we characterized the undifferentiated state and
pluripotency of established HLA class I-deficient hESCs.
β2m−/− hESCs expressed pluripotent genes, such as Oct4,
Nanog, Sox2, Dppa2, Dppa4, Nodal, Dnmt3b and Rex1, sim-
ilar to wildtype hESCs (Fig. 3a). Furthermore, immunostaining

Fig. 1 Disruption of beta 2-microglobulin in hESCs by TALENs. a
Target sequences on exon 2 of human β2m targeted for cleavage by
TALENs. b Alignment of the genomic sequences of mutants and
wildtypes at the TALEN target site. The number of deleted (dashes)
or inserted (letters in red) nucleotides compared with the wildtype
sequences (wt) is indicated on the right of each sequence. c Efficiency
of generating β2m-deficient hESCs using TALENs

b
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Fig. 2 Investigation of HLA
class I expression in β2m null
hESCs. a–d Relative mRNA
levels of the β2m gene (a) and
HLA-A (b), -B (c) and -C (d). e
Western blotting analysis of β2m
and HLA-A, -B and -C protein
expression in β2m-deficient
hESCs after treatment with IFN-
γ (500 U/ml) or control
treatment for 24 h. f–g FACS
analysis of β2m (f) and HLA-A,
-B and -C (g) protein expression
on the cell surface in β2m-
deficient hESCs after IFN-γ
(500 U/ml) or control treatment
for 24 h
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showed that the β2m−/− hESCs were positive for Oct4, Sox2,
Nanog, Tra-1-60, Tra-1-81, CDH1, SSEA3 and SSEA4 but
not SSEA1 (Fig. 3b). We also examined the differentiated
potential of β2m−/− hESCs in vitro and in vivo. The embryoid
bodies of β2m−/− hESCs contained all three germ layers
(Fig. 3c and d). When β2m−/− hESCs were injected into
NOD/SCID mice, teratomas formed after 2 months, and all
three germ layers were observed after hematoxylin-eosin (HE)
staining (Fig. 3e). We found that the karyotypes were

normal in both heterozygous (Fig. 3f) and homozygous
(Fig. 3g) hESCs.

The Immunogenicity of HLA Class I-Deficient hESCs

To test the alloimmunogenicity of the β2m-deficient hESCs,
an enzyme-linked immunospot (ELISPOT) assay was
performed to detect the IFN-γ secretion of human peripheral
blood mononuclear cells (PBMCs) when co-cultured with

Fig. 3 The pluripotency of HLA class I-deficient hESCs. a RT-PCR
analysis of pluripotent marker expression in β2m-deficient hESCs.
b Immunostaining of pluripotent markers in β2m−/− hESCs. Scale bar,
100 μm. c RT-PCR analysis of differentiated marker expression in
β2m-deficient hESC-derived embryoid bodies. U, undifferentiated; D,
differentiated. d Immunostaining of markers for all three germ layers in

β2m-deficient hESC-derived embryoid bodies. Scale bar, 100 μm.
e HE staining identified three germ layers (endoderm (left), mesoderm
(middle) and ectoderm (right)) in teratomas formed from the β2m−/−

hESCs. f–g Karyotype analysis of β2m heterozygous (f) and homozy-
gous (g) hESCs
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wildtype or β2m-deficient hESCs in vitro. Wildtype hESCs
dramatically stimulated PBMCs to secrete IFN-γ, while
β2m−/− hESCs significantly attenuated the secretion of
IFN-γ (Fig. 4a). These results indicated that homozygous
(β2m−/−) hESCs demonstrated hypo-alloimmunogenicity
in vitro.

To investigate the immunogenicity of β2m-deficient
hESCs in vivo, wildtype, β2m+/− and β2m−/− hESCs were
transplanted into the tibialis anterior muscles of Balb/c mice.
Tibialis anterior muscles were harvested 2 days post-
transplantation. Immunohistochemistry was performed, and
the results showed that both T (Fig. 4b) and natural killer
(NK) (Fig. 4c) lymphocytes were decreased in the injected
sites in both the heterozygous (β2m+/−) and homozygous
(β2m−/−) hESCs compared with wildtype hESCs. The β2m-
deficient hESCs showed hypo-immunogenicity in vivo, de-
spite the lack of teratoma formation when injected into
Balb/c mice.

Discussion

These results have some important implications. First, HLA
class I-deficient hESCs may serve as a universal donor cell
source for transplantation therapy. Universal donor cells can
facilitate the production of commercial “off-the-shelf” hESC
medicine.

Second, there are some advantages of HLA class I-deficient
hESCs compared with iPSCs. There is little evidence showing
that off-target events occur when using TALENs to modify the
genome [23, 24], and many unpredictable mutations have
occurred during the reprogramming process [11, 12]. Thus,
HLA class I-deficient hESCs might raise less safety concerns
compared with iPSCs. In HLA class I-deficient hESCs,

pluripotency is ensured, and the differentiation potential is
consistent with wildtype hESCs. However, it has been reported
that partially reprogrammed iPSCs exhibit pluripotency de-
fects, tendentious differentiation and occasionally elicit im-
mune rejections [25, 26]. Additionally, the cost of establishing
iPSCs for every patient or even an iPSC or hESC bank would
be high, and the diversity in these banks may impede the
clinical application of human stem cells. In this study, we
generated universal hESC donor cells, which are much more
economical and convenient for these applications.

Third, if HLA Class I-deficient hESC-derived cells were
applied in future clinical medicine, the use of immunosup-
pressants on patients will decrease, and the side effects of
these drugs may be diminished or even avoided. Importantly,
using immunosuppressant made cells of the whole body of
patients out of immune system monitoring, which may cause
the danger of mutagenesis or tumorigenesis. While our meth-
od might only enable these hESC-derived-cell grafts to es-
cape from immune system monitoring, decreasing the risk of
carcinogenesis.

Fourth, the recognition of HLA class I molecules by
cytotoxic T lymphocytes (CTL) could stimulate the killing
of HLA class I presenting cells [27]. Although HLA class I
molecules can also serve as ligands for NK cells, in contrast
to CTL, the recognition of HLA class I by NK cells can
inhibit NK-mediated cytotoxicity [28]. These HLA class I-
deficient hESCs should be able to escape the attack of CTL
and activate the cytotoxicity of NK cells. Unlike the role of T
cells [29], it has been reported that NK cell-mediated resis-
tance to alloengraftment is relatively weak [30, 31]. This is
consistent with our results, which showed that a decreased
total output of immune rejection. Thus, β2m-null hESCs
exhibit hypoimmunogenicity. One recent report also showed
similar results [32]. In order to allow an effective clinical

Fig. 4 The immunogenicity of HLA class I-deficient hESCs. a IFN-γ
secretion of human peripheral blood mononuclear cells (PBMCs) when
cocultured with β2m-deficient and wildtype hESCs. N>20. ** p<0.01.
The data are expressed as the mean ± SEM. b–c Both the β2m-deficient
and wildtype hESCs were injected into the tibialis anterior muscles of

Balb/c mice. Two days post-transplantation, the tibialis anterior muscles



translation, further experiments should be done to clarify
whether the β2m-null hESCs activate the attack of NK cells
or not. Moreover, HLA class I-deficient hESCs might also be
considered as new material for the study of human
immunology.

Finally, if these hypoimmunogenic hESCs could serve as
universal donor cells, the destruction of human embryos in
the establishment of hESCs banks can be avoided.

Acknowledgments This research was supported by grants from the
National Science Fund for Distinguished Young Scholars (31025016),
the Ministry of Science and Technology of China (2011CB965101), the
National Natural Science Foundation of China (31271577), the Ministry
of Science and Technology of China (2012AA020503, 2012CB966601,
and 2011AA020108), the Fundamental Research Funds for the Central
Universities.

Submission Statement The authors declare no potential conflicts of
interest.

References

1. Thomson, J. A., Itskovitz-Eldor, J., Shapiro, S. S., et al. (1998).
Embryonic stem cell lines derived from human blastocysts. Sci-
ence, 282, 1145–1147.

2. Baetge, E. E. (2008). Production of beta-cells from human embry-
onic stem cells. Diabetes, Obesity & Metabolism, 10(Suppl 4),
186–194.

3. Bhatia, M. (2007). Hematopoietic development from human em-
bryonic stem cells. Hematology/the Education Program of the
American Society of Hematology American Society of Hematology
Education Program pp. 11–16.

4. Glaser, T., Schmandt, T., & Brustle, O. (2008). Generation and
potential biomedical applications of embryonic stem cell-derived
glial precursors. Journal of the Neurological Sciences, 265, 47–58.

5. Nakano, T., Ando, S., Takata, N., et al. (2012). Self-formation of
optic cups and storable stratified neural retina from human ESCs.
Cell Stem Cell, 10, 771–785.

6. Spence, J. R., Mayhew, C. N., Rankin, S. A., et al. (2011). Directed
differentiation of human pluripotent stem cells into intestinal tissue
in vitro. Nature, 470, 105–109.

7. Chidgey, A. P., Layton, D., Trounson, A., & Boyd, R. L. (2008).
Tolerance strategies for stem-cell-based therapies. Nature, 453,
330–337.

8. Takahashi, K., Tanabe, K., Ohnuki, M., et al. (2007). Induction of
pluripotent stem cells from adult human fibroblasts by defined
factors. Cell, 131, 861–872.

9. Yu, J., Vodyanik, M. A., Smuga-Otto, K., et al. (2007). Induced
pluripotent stem cell lines derived from human somatic cells. Sci-
ence, 318, 1917–1920.

10. Puri, M. C., & Nagy, A. (2012). Concise review: embryonic stem
cells versus induced pluripotent stem cells: the game is on. Stem
Cells, 30, 10–14.

11. Gore, A., Li, Z., Fung, H. L., et al. (2011). Somatic coding muta-
tions in human induced pluripotent stem cells. Nature, 471, 63–67.

12. Martins-Taylor, K., & Xu, R. H. (2012). Concise review: genomic
stability of human induced pluripotent stem cells. Stem Cells, 30,
22–27.

13. Tamaoki, N., Takahashi, K., Tanaka, T., et al. (2010). Dental pulp
cells for induced pluripotent stem cell banking. Journal of Dental
Research, 89, 773–778.

14. Lin, G., Xie, Y., Ouyang, Q., et al. (2009). HLA-matching potential
of an established human embryonic stem cell bank in China. Cell
Stem Cell, 5, 461–465.

15. Klein, J., Juretic, A., Baxevanis, C. N., & Nagy, Z. A. (1981). The
traditional and a new version of the mouse H-2 complex. Nature,
291


	Generating Hypoimmunogenic Human Embryonic Stem Cells by the Disruption of Beta 2-Microglobulin
	Abstract
	Introduction
	Materials and Methods
	Cell Culture
	TALEN Efficiency Detection
	Derivation of HLA Class I-Deficient hESC Lines
	Reverse Transcription-Polymerase Chain Reaction and Real-Time Polymerase Chain Reaction
	Western Blotting
	FACS
	Immunostaining and Cell Transplantation
	Teratoma Formation
	Elispot Assay
	Statistical Analysis

	Results
	Disruption of Beta 2-Microglobulin in hESCs by TALENs
	Investigation of HLA Class I Expression in β2m Null hESCs
	The Pluripotency of HLA Class I-Deficient hESCs
	The Immunogenicity of HLA Class I-Deficient hESCs

	Discussion
	References


