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Abstract
Embryonic stem (ES) cells are pluripotent cells with the potential to differentiate into cells or
tissues that may be used for transplantation therapy. Parthenogenetic ES cells have been recently
derived from both mouse and human oocytes and hold promise as a cell source which is
histocompatible to the oocyte donor. Due to the importance of major histocompatibility complex
(MHC) antigens in mediating tissue rejection or acceptance, we examined levels of mRNA and
protein expression of MHC class I proteins, as well as several MHC class I antigen processing and
presentation chaperones, in mouse embryonic stem cells derived from both fertilized (fES) and
parthenogenetic (pES) embryos. We found that H-2K, Qa-2, TAP1, TAP2 and tapasin mRNAs
were all expressed at low levels in undifferentiated and differentiating ES cells, and were
significantly upregulated in response to interferon-γ (IFN-γ) treatment following 14 days of
differentiation. Likewise, expression of H-2Kb and H-2Kk proteins were upregulated to detectable
levels by IFN-γ after 14 days of differentiation, but Qa-2 protein expression remained low or
absent. We also found that MHC class I, TAP1, TAP2, and tapasin mRNAs were all expressed at
very low levels in ES cells compared to T cells, suggesting transcriptional regulation of these
genes in ES cells. Calnexin, a chaperone molecule involved in other pathways than MHC
expression, had mRNA levels that were similar in ES cells and T cells, and was not upregulated by
IFN-γ in ES cells. Overall, embryonic stem cells derived from fertilized embryos and
parthenogenetic embryos displayed remarkably similar patterns of gene expression at the mRNA
and protein levels. The similarity between the fES and pES cell lines in regard to expression of
MHC class I and antigen processing machinery provides evidence for the potential usefulness of
parthenogenetic ES cells in transplantation therapy.
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Introduction
Embryonic stem (ES) cells are pluripotent cells characterized by their ability to self-renew
indefinitely and to differentiate into all cell types of the body. These unique properties, and
the derivation of human embryonic stem cells [1], have established ES cells as a promising
potential source of cells for transplantation therapy. Following differentiation into the
desired cell types, ES cells may prove useful for a variety of therapies, including
hematopoietic, neuronal and cardiac cell transplants [2-4].
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Embryonic stem cells are typically derived from inner cell mass cells of a blastocyst stage
embryo. Variations in this procedure have been used to establish embryonic stem cell lines,
including the use of nuclear transfer, parthenogenesis, morula-stage embryos or single
embryonic blastomeres [5-8]. To create parthenogenetic ES (pES) cells, oocytes are
activated chemically (without paternal contribution from sperm), resulting in a diploid
blastocyst-stage parthenote, from which ES cells are derived and can differentiate into cells
from all three embryonic germ layers [5]. Parthenogenetic ES cells are an especially
promising cell source for transplantation since the resulting parthenote embryos exhibit
defects in genomic imprinting [5,9] and cannot develop into live offspring without
significant genetic manipulation [10], thereby eliminating some of the ethical controversy
surrounding embryonic stem cell therapies.

Recently, new lines of major histocompatibility complex (MHC)-matched parthenogenetic
embryonic stem (pES) cells were described by Kim et al. [9]. Using two different methods,
they established several lines of mouse parthenogenetic ES cells that are completely
histocompatible in the MHC region to the donor oocyte. These new “MHC-matched” pES
cells are therefore heterozygous at the MHC, due to recombination during the oocyte
maturation procedure [9]. There is some evidence that MHC heteroyzgosity may be
advantageous for transplantation into MHC heterozygous recipients, since mouse bone
marrow transplants from homozygous parents have been shown to be rejected by F1 hybrid
(heterozygous) offspring, in a phenomenon known as hybrid resistance [11,12].

Since MHC proteins are highly polymorphic, matching of MHC class I antigens between
donor and recipient is crucial in cell and tissue transplants to improve graft survival. Despite
the importance of MHC class I proteins in transplantation therapy, little is known about the
regulation of MHC class Ia or class Ib antigen expression in normal fertilized or
parthenogenetic embryonic stem cells. Human ES cells express low levels of MHC class Ia
proteins in undifferentiated cells, which is upregulated with differentiation and treatment
with the cytokine interferon-γ (IFN-γ) [13]. Similarly, it has been shown that mouse
embryonic stem cells express little to no MHC class Ia proteins in the undifferentiated state,
with detectable MHC class Ia protein expression only after differentiation and IFN-γ
treatment [14-16]. MHC class Ib proteins have not been detected on the cell surface of either
human or mouse embryonic stem cells [13,15].

MHC class I protein surface expression is often regulated at the transcriptional level [17],
but it is also partially regulated by a system of antigen processing and presentation
machinery in which MHC proteins are properly folded, assembled with β2-microglobulin,
loaded with a high affinity peptide, and transported to the cell surface [reviewed in 18].
Briefly, a series of antigen processing chaperones (including TAP1, TAP2, tapasin and
calnexin) are involved in this process. Calnexin is one of the first chaperones to bind the
MHC class I heavy chains and is involved in folding the newly formed protein into the
native conformation. TAP1 and TAP2 form a transmembrane heterodimer in the
endoplasmic reticulum (ER), which transports short endogenous peptides (derived from
ubiquitinated proteins degraded by the proteosome) from the cytosol to the ER. Tapasin, an
MHC class I-dedicated chaperone, facilitates the loading of high affinity peptides into the
peptide-binding groove of the MHC class I molecule. Loss of dedicated MHC class I antigen
processing chaperones results in significantly diminished MHC class I protein surface
expression [19,20]. Our laboratory has recently shown that mouse preimplantation embryos,
from which ES cells are derived, express antigen processing chaperones and that tapasin and
TAP1 are important for normal MHC class Ib surface expression in early embryos [21,22].
Another recent study found that undifferentiated mouse embryonic stem cells express
detectable TAP1 and TAP2 mRNA as well as proteosome mRNA [15]. However, a
quantitative analysis of MHC class Ia and class Ib genes and their antigen processing
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chaperones during early mouse embryonic stem cell differentiation has not yet been
described.

In order to further understand the immunological properties of ES cells and their
differentiated progeny, we characterized and quantified the expression of MHC class Ia and
Ib molecules and some key antigen processing chaperones (TAP1, TAP2, tapasin and
calnexin) in differentiating mouse embryonic stem cells with or without IFN-γ treatment.
Furthermore, we compared the expression of these MHC class I genes and their chaperones
in embryonic stem cells derived from normal fertilized embryos (fES cells) to embryonic
stem cells derived from MHC-matched parthenogenetic embryos (pES cells). This
comparison of MHC expression in fES cells and pES cells provides important information
for future use of parthenogenetic embryonic stem cells as a source of cells for
transplantation therapies.

Materials and Methods
Cell lines

The three mouse embryonic stem cell lines analyzed were a kind gift from the laboratory of
Dr. George Q. Daley (Children’s Hospital, Boston). The control cell line, termed fES, was
derived from a normal fertilized blastocyst stage embryo (C57BL/6 × CBA hybrid) using
standard embryonic stem cell derivation techniques [9]. The other two cell lines were
derived using two different protocols for parthenogenetically activating oocytes (from a
C57BL/6 × CBA hybrid mouse) and deriving embryonic stem cells from the resulting
diploid parthenote blastocysts [9]. In the first protocol for parthenogenetic activation,
meiosis I was interrupted and the extrusion of the first polar body was blocked.
Parthenogenetic ES cells derived using this method were termed p(MI)ES cells. In the
second protocol for parthenogenetic activation, the extrusion of the second polar body
during meiosis II was blocked, creating p(MII)ES cells. Using both of these protocols for
parthenogenetic activation, a significant proportion of the oocytes underwent recombination
at the MHC during the maturation and activation procedure and subsequent pES cells were
heterozygous at the MHC and termed “MHC-matched pES cells”. We obtained one MHC-
matched p(MI)ES cell line and one MHC-matched p(MII) ES cell line from the Daley
laboratory, both with normal diploid chromosome numbers.

T cells
Mouse T cells were harvested from B6.K2 mice, originally obtained from L. Flaherty and
maintained in our laboratory, but now available from the Jackson Laboratory (Bar Harbor,
ME, Stock 007959). These cells served as a reference cell type for analysis of MHC class I
and chaperone molecule mRNA expression. Lymphocytes were isolated from the spleen via
Histopaque (Sigma, St. Louis, MO) density centrifugation and T cells were enriched using a
mouse T cell negative selection column (Stratagene, La Jolla, CA). This protocol for T cell
enrichment typically results in 85-91% purity of CD3+ T cells [23].

Embryonic stem cell culture
Embryonic stem cells were maintained in an undifferentiated state by culture in mouse
embryonic stem (ES) cell medium on a feeder layer of mitomycin-c inactivated mouse
embryonic fibroblasts (Millipore, Billerica, MA). ES cell medium contained Knockout™
DMEM, 15% Knockout™ serum replacement, 2mM l-glutamine, 1× nonessential amino
acids stock, 1× penicillin/streptomycin stock, 0.1 mM β-mercaptoethanol, and 1000 U/ml
leukemia inhibitory factor (LIF, Millipore) (all media reagents were from Invitrogen,
Carlsbad, CA, unless otherwise noted). For differentiation of ES cells into embryoid bodies
(EBs) in suspension, we followed the ATCC standard protocol. ES cells were trypsinized to
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single cells and plated at 2 × 106 cells per 100 mm ultra low attachment dish (Corning Inc.,
Corning, NY) in ES cell differentiation medium lacking LIF (1× DMEM (Mediatech,
Herndon, VA), 15% fetal bovine serum (Atlanta Biologicals, Lawrenceville, GA), 4 mM l-
glutamine, 1 × nonessential amino acids, 1 × sodium pyruvate, 1× penicillin/streptomycin
stock , 0.1 mM β-mercaptoethanol). After 1 week in suspension, embryoid bodies were
plated onto gelatin-coated tissue culture flasks and allowed to attach and differentiate for an
additional 7 days (14 days total). Embryonic stem cells were analyzed as undifferentiated
cells (day 0), 7 day embryoid bodies (in suspension) and 14 day embryoid bodies (attached).
Two days prior to the 7 day and 14 day time points, half the cells were treated with 10 ng/ml
of interferon-γ (IFN-γ, Millipore). The IFN-γ dose of 10 ng/ml was recommended by the
manufacturer and determined to be optimal in preliminary dose response experiments (data
not shown). Embryonic stem cells and embryoid bodies were observed and imaged using the
phase contrast objective of a Nikon Diaphot microscope (Melville, NY) and Spot camera
and software.

RNA isolation and reverse transcription
RNA was isolated from 5×105 or 1×106 embryonic stem cells from each cell line at day 0, 7,
and 14 of the differentiation protocol (with or without IFN-γ at day 7 and day 14). RNA was
also isolated from 1× 106 B6.K2 T cells. The Absolutely RNA® Miniprep Kit (Stratagene,
La Jolla, CA) was used for RNA isolation, and complementary DNA (cDNA) was
synthesized using the High Capacity cDNA Reverse Transcription Kit (Applied Biosystems,
Foster City, CA) according to the manufacturers’ protocols.

Quantitative real time RT-PCR
Quantitative real time RT-PCR was used to quantify relative MHC and chaperone molecule
mRNA levels from day 0, day 7 (with or without IFN-γ) and day 14 (with or without IFN-γ)
embryonic stem cells from fES, p(MI)ES and p(MII)ES cells. mRNA levels were analyzed
for the MHC class I molecule H-2K, the MHC class Ib molecule Qa-2, and chaperone
molecules TAP1, TAP2, tapasin and calnexin. GAPDH was utilized as an endogenous
control. The exon-spanning primer sequences, their source and original reference,
fluorescence detection method and thermocycling conditions are presented in Table 1. It
should be noted that H-2Kb and H-2Kk alleles are identical in the sequences recognized by
these primers, so the total mRNA levels are referred to simply as H-2K. All the PCR
reactions utilized SYBR green fluorescent dye detection except tapasin detection, which
utilized a Taqman probe and FAM detection. Thermocycling and fluorescence detection
were carried out using an ABI Prism 7000 (Applied Biosystems). During optimization of
amplification conditions, amplicon size was confirmed via agarose gel electrophoresis.

Real time PCR results were analyzed using the Pfaffl equation [24], which computes the
relative expression of each gene to an untreated control, normalized to the expression of a
reference RNA. The Pfaffl equation considers the efficiency (E) of each primer pair in the
calculation. The PCR efficiencies were determined via a standard curve (repeated in
triplicate) of serially diluted mouse T cell cDNA or ES cell cDNA and the average
efficiency (E) is shown in Table 1. The reference gene used for normalization was GAPDH,
while the target gene was each of the MHC and chaperone molecule genes. The relative
mRNA expression of differentiating and IFN-treated cells (experimental) was compared to
undifferentiated ES cells (control) for each individual cell line. For analysis of the effects of
differentiation and IFN-γ, Q-Gene software [25] was used to analyze the normalized gene
expression of triplicate samples from two different experiments (6 total values). A two-
tailed, non-paired Student’s t-test (two degrees of freedom) was used for statistical analyses.
Significance was considered P < 0.05. We compared relative mRNA levels in T cells to
mRNA levels in undifferentiated fES cells utilizing the Pfaffl method described above. We
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designated the fES cells as the control for calibration (expression level = 1 in fES day 0
cells).

Flow cytometry
MHC class I protein expression was analyzed at day 14 (with or without IFN-γ) for each of
the three embryonic stem cell lines. Three MHC class I proteins were analyzed by flow
cytometry: H-2Kb (MHC class Ia), H-2Kk (MHC class Ia) and Qa-2 (MHC class Ib). The
embryonic stem cell marker SSEA-1 was also analyzed to evaluate the differentiation status
of the embryonic stem cells. ES cells and embryoid bodies were trypsinized to single-celled
suspension, passed through a 70 μm cell strainer, and stained with primary antibody for 40
minutes in 1 x PBS with 1% BSA, 0.1% sodium azide (PSBAZ). Biotinylated primary
antibodies were utilized for H-2Kb, H-2Kk and Qa-2 (all from BD Pharmingen, Franklin
Lakes, NJ), while an unlabeled primary antibody was utilized for SSEA-1 (Millipore). The
cells were then washed 3 times in PBSAZ, followed by incubation with a secondary reagent
conjugated to a fluorophore for an additional 35-40 minutes. Streptavidin-conjugated
PEAlexa Fluor 647 was used as a secondary reagent for the biotinylated primary antibodies,
whereas goat anti-mouse IgM conjugated to Alexafluor-488 secondary antibody was used as
a secondary reagent for the SSEA-1 antibody. After incubation with the secondary reagent,
the cells were washed and then analyzed with a BD FACSCalibur instrument (Becton
Dickinson). Data analysis was performed with Cellquest software to determine the
percentage of MHC or SSEA-1 positive cells and the mean fluorescence intensity of the
MHC-positive cells. Cell data were collected based on typical live ES cell and EB
morphology, but without any further gating. The positive cell population was defined as
cells with fluorescence intensity above the vast majority (8% or less) of the isotype control.
The isotype control value (≤ 8%) was subtracted from this population of cells to give the
total positive cell population.

Results
Differentiation of fES and pES cells

The fertilized and parthenogenetic embryonic stem cell lines underwent morphologically
normal differentiation according to standard methods of embryoid body (EB) formation (in
suspension) for 7 days, followed by attachment culture for an additional 7 days (day 14 time
point). Differentiation was confirmed by morphological analysis of typical embryoid body
morphology on day 6-7 and the observation of the presence of various differentiated cell
types on day 13-14, including beating cardiomyocytes (Figure 1). All three cell lines showed
decreasing expression of the stem cell antigen, SSEA-1, with differentiation (mean of
approximately 83% SSEA-1 positive in day 0 undifferentiated ES cells, 26 % in day 7 EBs,
and 11% in day 14 EBs), further confirming differentiation of the embryonic stem cells.

MHC class I and chaperone molecule mRNA levels in differentiating fES and pES cells
Quantitative real time RT-PCR analysis was used to quantify relative mRNA levels of an
MHC class Ia gene (H-2K), an MHC class Ib gene (Qa-2) and antigen processing chaperone
genes (TAP1, TAP2, tapasin and calnexin) in fES, p(MI)ES and p(MII)ES cells. We
analyzed gene expression in day 0 undifferentiated ES cells, day 7 embryoid bodies and day
14 embryoid bodies. We also tested the effect of IFN-γ (10 ng/ml) treatment on mRNA
expression in the embryoid bodies (both at day 7 and day 14). For graphical representation,
the relative gene expression is shown for each gene, as calibrated to day 0 undifferentiated
ES cells for each cell line (Figure 2).

First, we analyzed the effects of differentiation on mRNA levels in the ES cells (no IFN-γ).
Differentiation for 7 days in suspension did not result in any statistically significant changes
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in mRNA expression for any of the genes in the three cell lines, except for slight Qa-2
mRNA downregulation from day 0 to day 7 in fES cells only (P <0.05). Differentiation for
14 days resulted in significant upregulation of TAP1 chaperone mRNA in all three cell lines
(P< 0.05 for all). All other genes remained relatively unchanged with differentiation to day 7
or day 14, with little change in relative expression and non-significant P values.

Second, we analyzed the effect of IFN-γ on mRNA levels in the ES cells. Table 2 presents
the statistical analysis of the effect of IFN-γ treatment at day 7 and day 14. At day 7 of
differentiation, only TAP1 and TAP2 showed significant upregulation after IFN-γ treatment
in all three cell lines. The only other difference was a slight, but significant increase in
tapasin mRNA expression in the p(MI)ES cells after treatment that was not significant in
either the fES or p(MII)ES cells.

On day 14, five of the six genes analyzed, H-2K, Qa-2, TAP1, TAP2 and tapasin, were
upregulated in fES cells with IFN-γ treatment. The p(MI)ES and p(MII)ES cells showed a
similar pattern with a few exceptions: (1) The increase in H-2K mRNA expression was not
significant in the p(MI)ES cells (P= 0.11); (2) the increase in tapasin mRNA was not
significant in the p(MI)ES cells (P=0.17) or the p(MII)ES cells (P= 0.07).

Third, we analyzed mRNA levels of fES day 14 IFN-treated cells compared to p(MI) and
p(MII)ES cells for each gene to determine if there were significant differences between the
fES cells and the two parthenogenetic ES cell lines. The only significant change was found
between TAP1 mRNA expression in fES and p(MI)ES cells, with the p(MI)ES cells
exhibiting lower expression than the fertilized ES cells (p<0.05). Aside from this exception,
the three cell lines showed remarkable similarity in their MHC class I and chaperone gene
mRNA levels.

MHC class I and chaperone molecule mRNA levels in T cells
To put the level of MHC and chaperone molecule mRNA expression in undifferentiated
(day 0) fES embryonic stem cells into perspective, we quantified expression of these same
genes in ES cells relative to mouse T cells, which are known to express high mRNA levels
for these MHC class I and antigen processing chaperone molecules. Table 3 shows the
percentage of mRNA expression in day 0 fES cells compared to T cells for each gene. Only
calnexin was expressed at similar levels in ES cells and T cells. All other genes were
expressed at much lower levels in embryonic stem cells than in T cells, especially the non-
classical MHC class Ib molecule Qa-2.

MHC class I protein expression in differentiating fES and pES cells
Since MHC class I protein surface expression is regulated both at the transcriptional level
and at the post-translational level (by the MHC class I antigen processing pathway), we
evaluated MHC class Ia (both H-2Kb and H-2Kk alleles) and class Ib (Qa-2) protein surface
expression in embryonic stem cells derived from fertilized embryos (fES) and
parthenogenetic embryos (pES) using flow cytometry. Based on the results shown in Figure
2, we decided to analyze protein expression of day 14 embryoid bodies, with or without
IFN-γ. There was little to no MHC class I protein expression without IFN-γ in all three cell
lines, despite 14 days of differentiation (Figure 3 a-c). However, a small population of cells
expressed detectable levels of MHC class Ia proteins (H-2Kb and H-2Kk) with IFN-γ
treatment in all three embryonic stem cell lines, without significant differences between the
cell lines (Figure 3 a,b). The MHC class Ib protein Qa-2 remained low or absent in all three
cell lines (≤ 4% positive or undetectable), even with IFN-γ treatment (Figure 3c). The
MHC-positive cells (day 14 with IFN-γ), expressing H-2Kb or H-2Kk, also showed similar
levels of mean fluorescence intensity by flow cytometry in all three cell lines (Figure 3 d,e).

Lampton et al. Page 6

Tissue Antigens. Author manuscript; available in PMC 2009 November 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



These data provide further evidence that the parthenogenetic ES cell lines have similar MHC
expression patterns with differentiation and IFN-γ treatment compared to the traditional ES
cells derived from fertilized embryos.

Discussion
Embryonic stem cells posses unique immunological properties compared to typical
transplantation grafts [15,26,27]. Therefore we decided to further characterize the expression
of MHC class I proteins and antigen processing chaperones in both fertilized and novel
MHC-matched parthenogenetic ES cell lines [9]. Our study is the first quantitative analysis
of MHC class I and antigen processing chaperone mRNA expression during early
differentiation of mouse embryonic stem cells and provides data in support of further
analysis of parthenogenetic ES cells as source for transplantation therapy.

All genes analyzed, H-2K, Qa-2, TAP1, TAP2, tapasin and calnexin, were detected in
undifferentiated ES cells using quantitative RT-PCR. Interestingly, mRNA expression levels
of these molecules remained largely unchanged even with 14 days of differentiation (Figure
2). These mRNA levels correlated with flow cytometry data showing low to absent MHC
class Ia (H-2Kb and H-2Kk alleles) and class Ib (Qa-2) protein expression on day 14 of
differentiation (Figure 3a-c).

We also report quantitative data on the regulation of MHC class I and antigen processing
mRNA levels in the presence of the IFN-γ, since this cytokine is produced by T cells in an
immune response generated during transplantation. At the mRNA level, we showed that
there was significant upregulation of both MHC class Ia (H-2K) and MHC class Ib (Qa-2)
mRNA levels in day 14 EBs in the presence of IFN-γ. At the protein level, MHC class Ia
protein levels (both H-2Kb and H-2Kk alleles) were also upregulated to detectable levels in
day 14 EBs upon IFN-γ treatment (Figure 3a-c). Since these proteins are involved in graft
rejection, their presence may contribute to an immune response following transplantation. In
addition, we showed that treatment with IFN-γ resulted in only marginal expression of Qa-2
compared to the class Ia proteins (only 4 % or fewer cells were Qa-2 positive even with
IFN-γ treatment). Qa-2 is an interesting molecule because it influences preimplantation
embryo development even when expressed at levels that are too low to be detected by
conventional techniques [28-30]. Therefore it is possible that Qa-2 may still exert influence
on the immunological properties of ES cells even at low levels, possibly by acting as an
inhibitory receptor for natural killer cells [31].

The MHC class I antigen processing and presentation chaperone genes TAP1, TAP2 and
tapasin were upregulated in day 14 EBs with IFN-γ treatment (Figure 2 and Table 2), similar
to reports in several other cell types [32-34] and human embryonic stem cells [35]. Cabrera
et al. [35] found that undifferentiated human embryonic stem cells lacked TAP1 and TAP2
mRNA expression and had very low tapasin expression, but that expression of these genes
was significantly upregulated with differentiation and with IFN-γ treatment. Therefore our
data show that some differences in regulation of antigen processing and presentation genes
exist between mouse and human embryonic stem cells, since we detected these chaperone
molecules even in undifferentiated mouse embryonic stem cells (Figure 2).

We found that calnexin mRNA was not upregulated by IFN-γ treatment in embryonic stem
cells (Figure 2 and Table 2). The three upregulated antigen processing chaperones, TAP1,
TAP2, and tapasin, are involved in functions that are quite specific to MHC class I antigen
processing. However, calnexin is a more generalized chaperone [reviewed in 36], which
may account for its steady-state level in ES cells.
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We also compared MHC class I and chaperone gene expression in undifferentiated ES cells
to expression in T cells to provide some insight into the regulation of these genes and
showed that, with the exception of calnexin, their mRNA levels were drastically lower in
embryonic stem cells than in T cells (Table 3). Magliocca et al. [15] recently reported that
MHC class I genes and some antigen processing chaperones (including TAP1 and TAP2)
were easily detected in mouse ES cells and that the MHC class I genes were expressed at
similar mRNA levels in lymphocytes. However, their data utilized a different fES cell line
(D3) and appear to have been generated using qualitative rather than the quantitative
methods that we used for analysis of mRNA levels. Overall, our data suggest that low
expression of antigen processing machinery in undifferentiated and differentiating mouse
embryonic stem cells may contribute to the low or absent levels of MHC class I protein
expression. Both MHC class I genes (H-2K and Qa-2) and the antigen processing
chaperones TAP1, TAP2 and tapasin appear to be transcriptionally regulated to low levels in
embryonic stem cells, similar to findings in human embryonic stem cells [35].

In agreement with previous reports on conventional, fertilized ES cells, our data show low
or absent MHC class I protein expression in undifferentiated and differentiating mouse fES
cells as detected by flow cytometry [14-16]. These previous studies also showed that MHC
class I proteins could be detected in differentiating embryoid bodies after IFN-γ treatment.
Abdullah et al. provide evidence for the ability of ES cells to be recognized, but not lysed, in
an MHC-specific manner by cytotoxic T lymphocytes (CTL), despite low or absent MHC
class I protein levels as detected by flow cytometry or Western Blot analysis [14]. The study
by Abdullah et al. [14], as well as other studies [26,27,37-39], point to unique and privileged
immunological characteristics of embryonic stem cells that are just beginning to be
explored. Our analysis of the expression of MHC protein and antigen processing machinery
in mouse embryonic stem cells further adds to this emerging new field of research.

The major contribution of our study is the finding that mouse embryonic stem cells derived
from fertilized embryos (fES cells) and parthenogenetic embryos (pES cells) express similar
patterns of MHC class I and antigen processing chaperone expression (Figures 2 and 3).
Although parthenogenetic embryonic stem cells have been shown to differentiate into cells
from all three germ layers and to form teratomas in vivo, their potential for normal
differentiation due to defects in genomic imprinting is still debated [5,9,40-42]. In particular,
Allen et al. found that pES cells were severely limited in their potential to contribute to
skeletal muscle tissue in vivo [5]. The extent to which pES cells are limited in potential and
how this may affect their ability to produce high quality cells suitable for transplantation is
not yet known [42]. Despite the unique immunological properties of embryonic stem cells
and their derivatives, MHC protein expression is likely to play an important role in the
success of ES cell-based transplantation therapies. Therefore, the similarities between the
fES and pES cell lines in this regard provides important background data for the possible
therapeutic use of parthenogenetic embryonic stem cells.

We used mouse MHC heterozygous parthenogenetic ES cells for our studies due to the
exciting possibility that these cells could be a transplantation resource that is
histocompatible to the oocyte donor and is also histocompatible to a limited population of
potential transplant recipients [9]. As previously mentioned, MHC-heterozygosity may
circumvent graft rejection associated with hybrid resistance. It seems likely that our study on
MHC heterozygous pES cells will be applicable to MHC homozygous pES cells, although
this remains to be tested. Parthenogenetic ES cell lines may be homozygous at the MHC if
recombination does not include the MHC. The main advantage of homozygosity at the MHC
is that it would provide a histocompatible cell source for a larger percentage of the
population than heterozygosity at the MHC.
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Recently, both HLA heterozygous and HLA homozygous parthenogenetic human
embryonic stem cells have been derived, making the use of parthenogenetic ES cells for
transplantation therapy one step closer to reality [43,44]. The therapeutic relevance of
homozygous and heterozygous pES relates to the idea of creating a bank of donor ES cell
lines suitable for transplantation therapy. Taylor et al. [45] have estimated that with respect
to HLA matching, 150 ES cell lines (derived from random donated heterozygous embryos)
would be sufficient to maintain an adequate bank of ES cell lines for transplantation therapy.
However, they calculated that only 10 highly selected HLA homozygous cell lines, such as
from HLA homozygous pES cells, could maintain a similarly beneficial ES cell bank [45]. It
remains to be determined whether MHC homozygous or MHC heterozygous pES cells
would be better suited for transplantation therapies, although this may depend on the
differentiated cell type to be used for the transplantation procedure. The research reported in
this paper is an important step towards determining the extent to which embryonic stem cell
therapies may include the use of parthenogenetic ES cells.
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Figure 1.
Undifferentiated and differentiating embryonic stem cells derived from fertilized and
parthenogenetic embryos. Fertilized ES cells (fES) and parthenogenetic ES cells [p(MI)ES
and p(MII)ES] showed similar morphologies as undifferentiated cells (a), as embryoid
bodies in suspension (b) and as attached embryoid bodies (c). Images were captured using a
phase contrast microscope. Scale bar = 100 μm.
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Figure 2.
MHC class I and antigen processing chaperone mRNA expression in ES cells derived from
fertilized (fES) and parthenogenetic [p(MI)ES and p(MII)ES] embryos. A quantitative
analysis of relative mRNA expression was performed using Real Time PCR for six genes on
undifferentiated (day 0) and differentiating (day7 and day 14) ES cells. On days 7 and 14,
the effect of interferon-γ (IFN) treatment was also analyzed. Data are representative of
triplicate samples from n=2 experiments. Note that the Y-axis scales differ between the
different genes analyzed.
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Figure 3.
MHC class I protein expression in day 14 embryoid bodies, with or without interferon-γ
(IFN) treatment. Embryoid bodies were differentiated from embryonic stem cells derived
from fertilized (fES) or parthenogenetic [p(MI)ES and p(MII)ES] embryos. Flow cytometry
was used to evaluate the percentage of H-2Kb (panel a), H-2Kk (panel b) and Qa-2 (panel c)
expression with or without IFN-γ in the three ES cell lines. The level of MHC expression
was compared in the three cell lines treated with IFN-γ by analyzing the mean fluorescence
intensity of the H-2Kb-positive (panel d) and H-2Kk-positive (panel e) cells. There were no
significant differences between fES cells and either of the parthenogenetic ES cell lines.
Data are representative of n=2 experiments.
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