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Immunogenicity of induced pluripotent stem cells
Tongbiao Zhao1, Zhen-Ning Zhang1, Zhili Rong1 & Yang Xu1

Induced pluripotent stem cells (iPSCs), reprogrammed from so-
matic cells with defined factors, hold great promise for regenerative
medicine as the renewable source of autologous cells1–5. Whereas it
has been generally assumed that these autologous cells should be
immune-tolerated by the recipient from whom the iPSCs are
derived, their immunogenicity has not been vigorously examined.
We show here that, whereas embryonic stem cells (ESCs) derived
from inbred C57BL/6 (B6) mice can efficiently form teratomas in
B6mice without any evident immune rejection, the allogeneic ESCs
from 129/SvJ mice fail to form teratomas in B6 mice due to rapid
rejection by recipients. B6 mouse embryonic fibroblasts (MEFs)
were reprogrammed into iPSCs by either retroviral approach
(ViPSCs) or a novel episomal approach (EiPSCs) that causes no
genomic integration. In contrast to B6 ESCs, teratomas formed
by B6 ViPSCs were mostly immune-rejected by B6 recipients. In
addition, the majority of teratomas formed by B6 EiPSCs were
immunogenic in B6 mice with T cell infiltration, and apparent
tissue damage and regression were observed in a small fraction of
teratomas. Global gene expression analysis of teratomas formed by
B6 ESCs and EiPSCs revealed a number of genes frequently over-
expressed in teratomas derived from EiPSCs, and several such gene
products were shown to contribute directly to the immunogenicity
of the B6 EiPSC-derived cells in B6 mice. These findings indicate
that, in contrast to derivatives of ESCs, abnormal gene expression in
some cells differentiated from iPSCs can induce T-cell-dependent
immune response in syngeneic recipients. Therefore, the immuno-
genicity of therapeutically valuable cells derived from patient-
specific iPSCs should be evaluated before any clinic application of
these autologous cells into the patients.
To vigorously examine the immunogenicity of cells derived from

iPSCs, we took advantage of the capability of ESCs and iPSCs to form
teratomas in mice that allows the simultaneous evaluation of the
immunogenicity of various cell types derived from them. Whereas
B6 ESCs could efficiently form teratomas in B6 mice without any
evidence of immune rejection as indicated by the lack of any detectable
CD41 T cell infiltration, a hallmark of immune rejection, the allo-
geneic 129/SvJ (129) ESCswere rapidly rejected before forming detect-
able teratomas in the same B6 recipients with massive infiltration of
CD41 T cells into one detectable teratomas formed by 129 ESCs
(Fig. 1a–d, Supplementary Fig. 1). The CD41 cells were not directly
differentiated from the implanted ESCs because no CD41 cells were
detectable in any examined teratomas formed by B6 and 129 ESCs in
severe combined immunodeficient (SCID) mice (Fig. 1d). B6 and 129
ESCs had similar proliferation rates and both could efficiently form
teratomas in SCID mice (Supplementary Fig. 1a–e). Therefore, these
findings validate the feasibility to use this teratomas formation assay to
evaluate the immunogenicity of iPSC derivatives in vivo.
We initially established ViPSCs from B6MEFs with the cocktails of

retrovirus expressing either three (Oct4/Sox2/Klf4) or four (Oct4/
Sox2/myc/Klf4) reprogramming factors as described1. The subcloned
ViPSCs had normal karyotypes, expressed ESC-specific surface
markers and pluripotency genes, and were pluripotent as indicated
by their capability to form teratomas in SCID mice and contribute
to adult chimaeric mice (Supplementary Fig. 2a–g). Four independent

iPSC clones, two reprogrammed with three factors (V3-1 and V3-3)
and two with four factors (V4-1 and V4-2), were selected for further
analysis (Supplementary Fig. 2h). Most implanted B6 ViPSCs failed to
formdetectable teratomas or formed teratomas thatwere subsequently
immune-rejected with T cell infiltration and massive necrosis (Sup-
plementary Fig. 3a–e). The teratomas that did not undergo apparent
regression were also infiltrated with CD41 T cells with apparent
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Figure 1 | Immunogenicity of syngeneic and allogenic ESCs in male B6
mice. a, B6 but not 129 ESCs can efficiently form teratomas in B6 mice after
subcutaneous injection. The teratomas shown is 30 days after implantation.
b, Summary of teratomas formation by ESCs in B6 mice 21 and 30 days after
implantation. Only one small teratoma formed by 129 ESCs was detected
(asterisk) and is shown in c. d, Infiltration of T cells was detected in the
teratomas formed by 129 ESCs but not the ones formed by B6 ESCs in B6mice.
T cells were identified by anti-CD4 and anti-CD3 antibodies. Sections from the
spleen and teratomas formed by 129 ESCs in SCID mice were used as positive
and negative controls.
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necrosis within parts of the tumour (Supplementary Fig. 3d, e).
Therefore, cells derived from B6 ViPSCs are highly immunogenic in
B6 mice.
Recent studies have shown the existence of T cells specific for the

cells expressing Oct4 in the periphery6. Therefore, the reactivation of
Oct4 expression in cells differentiated from B6 ViPSCs could induce
immune responses in B6mice (Supplementary Fig. 2i). To address this
issue, we developed a novel episomal approach to reprogramB6MEFs
into EiPSCs that express ESC markers and pluripotency genes as well
as contribute to adult chimaeric mice (Fig. 2a–e). Extensive Southern
blotting analysis demonstrated that some EiPSC clones (1E12, 1E13,
3E1) had lost the episomal vector and harboured no random integ-
ration of the reprogramming vector (Fig. 2f). The expression cassette
was excised from the genome of 2E2 iPSC clone that harboured one
random integration of the episomal vector by transient expression of
Cre enzyme (Supplementary Fig. 4).
EiPSCs had normal karyotypes and efficiently formed teratomas in

B6 mice. However, the majority of teratomas derived from EiPSCs of
both early and late passages showed apparent infiltration of T cells
(Figs 3a, d and Supplementary Fig. 5). In addition, apparent tumour
regression with extensive tissue necrosis was detected in 10% of
teratomas formed by EiPSCs in B6 mice within 2months of implanta-
tion (Fig. 3b, c). No apparent tumour regression was observed in the
majority of the teratomas formed by EiPSCs in B6 mice before they

reached the allowed maximal size (Fig. 3c). Therefore, we concluded
that cells derived from B6 EiPSCs can be immunogenic in B6 recipi-
ents, but their overall immunogenicity is lower than the cells derived
from B6 ViPSCs.
To determine the generality of our conclusion, two independently

generated integration-free B6 iPSC lines, which were reprogrammed
from B6 MEFs with a plasmid vector expressing Oct4/Sox2/Myc/Klf4
(ref. 7), were implanted into B6mice. T cell infiltrationwas observed in
most teratomas formed by these B6 iPSCs in B6 mice, some of which
also exhibit tissue necrosis (Supplementary Fig. 6). In addition, a small
fraction of teratomas had undergone apparent regression by 40 days
after implantation. These findings support the conclusion that cells
derived from iPSCs are immunogenic in syngeneic recipients.
To understand the basis of this immunogenicity, the profile of gene

expression in teratomas derived from B6 ESCs and EiPSCs revealed a
number of genes overexpressed in teratomas derived from B6 EiPSCs
(Supplementary Fig. 7a). Expression analysis of six regressing terato-
mas formed by two independent B6 EiPSCs in B6mice indicated that 9
of the 23 tested genes (Lce1f, Spt1,Cyp3a11, Zg16, Lce3a,Chi3L4,Olr1,
Retn, Hormad1) were commonly overexpressed in these teratomas
(Fig. 4a). Hormad1 has been identified as a tumour antigen and Spt1
as a tissue-specific antigen8,9.
To test the possibility that the abnormal expression of these genes in

teratomas derived fromB6 iPSCs contributes to their immunogenicity
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Figure 2 | A new episomal approach to generate EiPSCs from B6 MEFs.
a, Diagram of the episomal vector that expresses the four reprogramming
factors (Oct4/Sox2/Nanog/Lin28) and puromycin resistance gene from one
messenger RNA separated by IRES sequences. The entire expression cassette is
flanked with LoxP sites. b, c, EiPSCs were positive for alkaline phosphatase
(AP) and SSEA-1 (b) and expressed pluripotency genes to the same levels as
those of B6 ESCs as determined by quantitative real-time PCR (c). The mRNA
levels inMEFs are arbitrarily set to 1. d, EiPSCs form teratomas in both B6mice

(top panel) and SCID mice (bottom panel). e, EiPSCs can contribute to adult
chimaeric mice after injecting into the blastocysts derived from albino mice.
f, Southern blotting analysis indicates no random integration of the episomal
vectors in EiPSC clones 1E-12, 1E-13 and 3E-1. Clone 2E2 has one copy of the
episomal vector integrated into the genome. Genomic DNA derived from
iPSCs was digested with BamHI and hybridized to various probes that together
cover the entire episomal vector.
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in B6 mice, seven such genes were ectopically expressed in B6 ESCs
and their derived teratomas under the control of the ubiquitously
active CAG promoter/enhancer (Supplementary Fig. 7b). Like B6
ESCs, over 90% of implants of B6 ESCs with empty vector as well as

transgenic Lce1f-B6 ESC and Retn-B6 ESCs formed teratomas in B6
mice (Fig. 4b). In contrast, over 80%ofZg16-B6ESC implants and 50%
of Hormad1- or Cyp3a11-B6 ESC implants failed to form visible
teratomas in B6 mice (Fig. 4b). Extensive T cell infiltration and wide-
spread necrosis were detected in the teratomas formed by Zg16- and
Hormad1-B6 ESCs in B6 mice but rarely detectable in the teratomas
derived from Lce1f- and Retn-B6 ESCs in B6 mice (Fig. 4c, d). To rule
out the possibility that the regression of the teratomas formed byZg16-
and Hormad1-B6 ESCs in B6 mice is secondary to the abnormal pro-
liferation or cell death induced by the ectopic expression of these genes,
the proliferation and survival of Zg16- and Hormad1-B6 ESCs were
identical to B6 ESCs (Supplementary Fig. 7c, e). In addition, theweight
of the teratomas formed by Zg16- and Hormad1-B6 ESCs in SCID
mice was similar to that of B6 ESCs (Supplementary Fig. 7d).
To identify the immune responses against the cells derived from

iPSCs, we used CD42/2 and CD82/2 B6 mice to examine the import-
ance ofT cells in the immune rejection. The robust immune rejection of
the teratomas formed by B6 ViPSCs as well as Zg16- andHormad1-B6
ESCs in B6 mice was abolished in both CD42/2 and CD82/2 B6 mice
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Figure 4 | Abnormal overexpression of some proteins contributes directly
to the immunogenicity of cells derived from B6 EiPSC in B6 mice. a, Nine
genes were found to be commonly overexpressed in six regressing teratomas
formed by two B6 EiPSCs. The expression of 23 genes identified as
overexpressed in EiPSC-derived teratomas bymicroarray analysis was analysed
by real-time PCR. b, Summary of teratoma formation by various transgenic B6
ESCs in male B6 mice. c, Extensive infiltration of T cells in the teratomas
formed byCyp3a11-,Hormad1- and Zg16-B6 ESCs in B6mice. Few infiltrating
T cells were detectable in the teratomas formed by Lce1f- and Retn-B6 ESCs in

B6 mice. Representative images are shown. d, Extensive necrosis is present in
teratomas formed by Cyp3a11-, Hormad1- and Zg16-B6 ESCs in B6 mice.
e, The immune rejection of the teratomas formed byHormad1-B6 ESCs, Zg16-
B6 ESCs, B6 EiPSCs and B6 ViPSCs is abolished in CD42/2 or CD82/2 B6
mice. f, IFN-c release assay to detect the presence of primed T cells specific for
cells expressing Hormad1 and Zg16 in B6 mice harbouring the teratomas
formed by EiPSCs. Each data point represents the mean of duplicate cultures.
Consistent data are obtained from three independent experiments.
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(Fig. 4e). In addition, no regression of teratomas formed by EiPSCs in
CD42/2 or CD82/2 B6 mice was observed. Therefore, both CD41

helper T cells and CD81 cytotoxic T cells are critical for this immune
rejection. These findings also indicate that the innate immunity does
not have an important role in the immune rejection of the cells derived
from iPSCs.
To further determinewhether the abnormal expression ofHormad1

and Zg16 in teratomas formed by EiPSCs directly activates T-cell
responses in B6 mice, we performed the IFN-c releasing assay that
measures the antigen-specific activation of in-vivo-primed T cells10.
Dendritic cells purified from B6 mice were transfected with either
empty expression vector or vectors expressing Zg16, Hormad1, Retn
or EGFP (enhanced green fluorescent protein). LPS-matured dendritic
cells expressing Hormad1 or Zg16 but not the dendritic cells expres-
sing Retn or EGFP could induce IFN-c production from purified T
cells, indicating the presence of primed T cells specific for cells expres-
singHormad1or Zg16 in B6mice harbouring the teratomas formed by
EiPSCs (Fig. 4f). Although these findings did not identify the specific
peptides responsible for activating T cells, they demonstrate that the
abnormal expression of Hormad1 and Zg16 contributes directly to the
immunogenicity of the cells derived from EiPSCs in syngeneic recipi-
ents. Hormad1 was also overexpressed in most teratomas formed by
four independently generated integration-free iPSCs reprogrammed
with adenoviral vectors, recombinant proteins or plasmid vectors7,11,12.
In addition, Zg16 was overexpressed in most teratomas formed by
iPSCs reprogrammed with recombinant proteins. Therefore, the
abnormal expression of such immunogenic proteins could represent
a common mechanism to induce T cell-mediated immune responses
to cells derived from iPSCs.
Our findings indicate that some cells derived from iPSCs can be

immunogenic in syngeneic recipients. The T-dependent immune res-
ponse is likely due to the abnormal expressionof antigens not expressed
during normal development or differentiation of ESCs, leading to the
break of peripheral tolerance. The expression of these minor antigens
could be due to the subtle yet apparent epigenetic difference between
iPSCs and ESCs13–20. In addition, recently discovered mutations in the
coding sequences of iPSCs could also contribute to the immunogenicity
of iPSC derivatives21. Therefore, for the clinic development of iPSCs,
current reprogramming technology needs to be optimized tominimize
the epigenetic difference between iPSCs and ESCs. The in vivo immu-
nogenicity test described here can provide a robust screening platform
for improving the reprogramming technology.

METHODS SUMMARY
Mice.B6mice andESCswere purchased fromThe Jackson Laboratory. Onlymale
mice were used in the transplantation studies. All animal experiments were per-
formed in accordance with relevant guidelines and regulations, and approved by
the Institutional Animal Care and Use Committee (IACUC).
iPSC generation and characterization. MEFs were isolated from B6 embryo as
described22. ForViPSCproduction,MEFswere transducedwith retrovirus cocktail
as described1. For EiPSCs generation, MEFs were transfected with the episomal
vector expressing the reprogramming factors. The lack of random integration of
the episomal vector was confirmed by Southern blotting analysis with a combina-
tion of probes that cover the entire episomal vector.
Interferon-c releasing assay. Dendritic cells from B6 mice were isolated and
transfected with expression vectors. The transfected dendritic cells were matured
by lipopolysaccharide (LPS) treatment for 12 h. T cells were purified from the
pooled spleens and lymph nodes of five B6mice harbouring the teratomas formed
by EiPSCs and co-cultured with LPS-matured dendritic cells. Supernatant were
collected at indicated time point to determine the IFN-c levels.

Full Methods and any associated references are available in the online version of
the paper at www.nature.com/nature.
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METHODS
Mice, cell culture and reprogramming episomal vector construction. C57BL/6
(B6) inbredmouse strain and ESCs were purchased fromThe Jackson Laboratory.
Only male mice were used in the transplantation studies of ESCs and iPSCs. All
animal experiments were performed in accordance with relevant guidelines and
regulations, and approved by the Institutional Animal Care and Use Committee
(IACUC). The ESCs and iPSCs were grown on the feeder layer derived from B6
MEFs under standard conditions. The full-length cDNA of Oct4, Sox2, Lin28 and
Nanog was sequentially inserted downstream of the CAG promoter in the episo-
mal vector, separated by IRES sequences (Fig. 2a). The fifth gene, the puromycin
resistance gene, is at the 39 end of this mRNA transcript, separated from Nanog
cDNA by the IRES sequence. This episomal vector is denoted pCOSLNP (CAG–
Oct4–Sox2–Lin28–Nanog–Puro). Two LoxP sites in the same orientation were
inserted into the episomal vector flanking the entire expression cassette.
iPSC generation and characterization. MEFs were isolated from B6 embryo as
previously described22. For ViPSC production, MEFs were transduced with retro-
virus cocktail expressingOct4, Sox2, Klf4withorwithout c-Myc. The iPSCcolonies
werepicked18days after infection asdescribed1. ForEiPSCs generation,MEFswere
transfected with pCOSLNP vector using Basic Nucleofector Kit for Primary
Mammalian Fibroblasts (Lonza) followed by puromycin selection for 3 days, and
then plated on irradiated B6 MEF feeders. Three weeks later, the culture was
replated on fresh feeder cells. iPSC colonies were picked 10 to 30days after replat-
ing, and the lack of random integration of the episomal vector was confirmed by
Southern blotting analysis with a combination of probes that cover the entire
episomal vector.
Quantitative real-time PCR analysis. Total RNA was purified from fibroblasts,
ES cells, iPS cells and teratomas with a RNeasy total RNA isolation kit (Qiagen).
Total RNA (1mg) was reversely transcribed into cDNA, which was analysed by
quantitative real time PCR analysis as previously described22. The primers used
were as follows: Oct4F, 59-GGCTCTCCCATGCATTCAA-39; Oct4R, 59-TTTA
ACCCCAAAGCTCCAGG-39; Sox2F, 59-AAATCTCCGCAGCGAAACG-39;
Sox2R, 59-CCCCAAAAAGAAGTCCCAAGA-39; Lin28F, 59-CTGCTGTAGC
GTGATGGTTGA-39; Lin28R, 59-CCACCCAATGTGTTCTATTGCA-39;
NanogF, 59-TCGCCATCACACTGACATGA-39; NanogR, 59-TGTGCAGAGCA
TCTCAGTAGCA-39; Rex1F, 59-ACGAGTGGCAGTTTCTTCTTGGGA-39;
Rex1R, 59-TATGACTCACTTCCAGGGGGCACT-39; Gdf3F, 59-GATTGCTT
TTTCTGCGGTCTGT-39; Gdf3R, 59-CCAAGTTCTTCAGTCGGTTGCT-39.
Primers used for detection of reprogramming factor deletion were as follows:
Oct4F (43–63), 59-CCTTCCTTCCCCATGGCGGGA-39; IRESR1 (53–31),
59-TTATTCCAAGCGGCTTCGGCCAG-39; Sox2F (1292–1310), 59-CCCCAG
CAGACTTCACATGT-39; IRES-R (221–202), 59-AGGAACTGCTTCCTTCA
CGA-39; IRESF2 (476–498), 59-TCGGTGCACATGCTTTACATGTG-39;
Lin28R (369–352), 59-CCGGAACCCTTCCATGTG-39; NanogRTGA (1131–
1111), 59-TCACACGTCTTCAGGTTGCAT-39; P1, 59-CGCCATCTTCTGAAG
CTGAATC-39; P2, 59-ACCGAAAGGAGCGCACGACCCCAT-39; P3, 59-CCTA
CTCAGACAATGCGATGCA-39; GAPDHF, 59-CCAGTATGACTCCACTCA
CG-39; GAPDHR, 59-GACTCCACGACATACTCAGC-39; Lce1fF, 59-CTGTA
GCCTGGGTTCTGG-39; Lce1fR, 59-GACGATGGCGACGAAGAG-39; Spt1F,

59-TGAAACTCAGGCAGATAG-39; Spt1R, 59-TGTCAACGCCACTGTTCT-39;
Olr1F, 59-TGGTGGTTCCCTGCTGCTA-39; Olr1R, 59-ATCCTGCTGAGTAAG
GTTCG-39; Zg16F, 59-CATCACCGCCTTCCGTAT-39; Zg16R, 59-CGTTGAAA
CTTGTGCCTGA-39; RetnF, 59-TCCTTGTCCCTGAACTGC-39; RetnR, 59-ACG
AATGTCCCACGAGCC-39; Hormad1F, 59-CCAGATTACCAACCACCAG-39;
Hormad1R, 59-TGAAAAGGTGTTGGGACT-39; Lce3aF, 59-GGCAGTGGTCA
GCAGTCT-39; Lce3aR, 59-TTGGGAAATCCATTAGAAGA-39; Cyp3a11F,
59-ATCCCATTGCTAATAGAC-39; Cyp3a11R, 59-ATCATCACTGTTGACCCT-39;
Chi3l4F, 59-ATGGCTACACTGGAGAAA-39; Chi3l4R, 59-TGCTGGAAATCCC
ACAAT-39.

Southern blotting analysis. Genomic DNA (10mg) was digested with BamHI,
separated on 1%agarose gel and transferred to a nylonmembrane. For the analysis
of ViPSCs, the membrane was hybridized to the Oct4 cDNA probe. For the
analysis of EiPSCs, the membrane was hybridized to the cDNA probe of Oct4,
Sox2, Lin28 and Nanog as well as the vector backbone probe.

Teratoma formation and immunohistochemistry analysis. ESCs or iPSCs were
collected, washed twice with PBS, and injected subcutaneously into the hind leg
region of B6 or SCIDmice. One or three million cells were used for each injection.
Tumours were measured and surgically removed from the euthanized mice at the
indicated time point. Teratomaswere fixed either with 4% formaldehyde or frozen
in optimal cutting temperature (OCT) compound. Sections were stained with
haematoxylin and eosin or with various antibodies such as IgG, anti-CD4, anti-
CD3 (BD Biosciences) as we described previously23.

Microarray assay. Total RNA was purified from the teratomas with an RNeasy
total RNA isolation kit (Qiagen). Microarray assay was performed by SeqWright
using an Affymetrix Mouse 430A 2.0 chip.

Flow cytometric analysis. About 53 105 ESCs or iPSCs were stained for the
expression of ESC-specific surface marker with anti-SSEA-1 antibody (Stemgents).
Isotype-matched normal antibodies were used as negative controls. The stained cells
were analysed by a BD LSR-II using FACSDiva software (Becton Dickinson) as we
previously described22.

Interferon-c releasing assay. To obtain dendritic cells from B6 mice with the
dendritic cell purification kit (Miltenyi Biotec), bonemarrow cells were isolated from
B6 mice and grown in Petri dish at a density of 106 cellsml21 in complete medium
supplemented with 10ngml21 granulocyte/macrophage colony-stimulating factor
(GM-CSF) and 5ngml21 IL-4 according to the manufacturer’s recommendation.
Onday9, dendritic cellswerepurified and transfectedwith expressionvectorsusing a
mouse dendritic cell Nucleofector kit according to the manufacturer’s instruction
(Lonza). The transfected dendritic cells werematured by LPS treatment for 12 h. T
cells were purified from the pooled spleens and lymph nodes of five B6 mice
harbouring the teratomas formed by EiPSCs through negative selection using a
pan T cell isolation kit (Miltenyi Biotec). Purified T cells (106) were immediately
co-cultured with LPS-matured dendritic cells (23 105). Supernatant were col-
lected at indicated time point to determine the IFN-c levels using an ELISA kit
(Thermo Scientific).

23. Song, H., Chung, S.-K. & Xu, Y.ModelingDisease inHuman ESCsUsing anEfficient
BAC-Based Homologous Recombination System. Cell Stem Cell 6, 80–89 (2010).
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