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Abstract

1. Abstract

Embryonic stem (ES) cells are defined by their capacity of self renewal
and the potential to give rise to any differentiated cell type of the entire
organism. These properties have made ES cells promising tools for future
applications of cell replacement therapy. The possible use of ES cells in
replacement therapy clearly demands a comprehensive understanding of the
immunological properties of ES cells and their differentiated derivatives the
embryoid body cells (EB cells). To date, the immune response to ES cells is still
poorly understood. This study addresses the adaptive cellular immune response
to undifferentiated ES and EB cells infected with the Lymphocytic
Choriomeningitis (LCM) virus, a vertically transmitted pathogen in mice and
humans. In contrast to the prevailing view, this study shows that murine ES and
EB cells express MHC class | molecules, although at low levels. Interestingly,
both ES and EB cells infected with the LCM virus are able to present viral
antigens at the cell surface and are effectively recognized by LCM virus-specific
cytotoxic T lymphocytes (CTL) in an antigen-specific and MHC class |-restricted
manner despite the low level-expression of MHC class | molecules. However,
unlike control fibroblasts, LCM virus-infected ES or EB cells are not effectively
killed by the highly cytotoxic LCM virus-specific CD8" CTL.

Quantitative real time PCR and Western blot analysis show that both ES
and EB cells express high levels of Cathepsin B as well as the serine protease
inhibitor (SPI)-6, inhibitors of the CTL-derived cytotoxic effector molecules
perforin and granzyme B, respectively. Whereas pharmacological inhibition of
Cathepsin B did not increase the susceptibility of ES or EB cells to lysis by CTL,
down-regulation of SPI-6 by RNA interference rendered ES cells highly
sensitive for CTL-induced cell death.

The results of this study show that LCM virus-infected ES and EB cells
present viral antigens and are of sufficient immunogenicity to be effectively
recognized by antigen-specific CD8" CTL in an antigen-specific and MHC class
I-restricted manner. However, ES and EB cells resist CTL-mediated lysis due to
high-level expression of cytoprotective molecules. The immunoprivileged
properties of ES cells and their derivatives demands further detailed analysis
because they might pose the risk of persistence infection within ES cell-derived

transplants or of the non-immune-surveilled growth of malignancies.
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2. Introduction
2.1. Embryonic stem cells

Stem cells are defined by the capacity of self-renewal and the potential to
differentiate into various cell types (1, 2). Embryonic stem (ES) cells are
pluripotent cells capable of differentiating into every cell type of the entire body,
can renew continuously in culture and be maintained in their undifferentiated
status for extended periods of time (1, 3). In contrast, somatic stem cells are
tissue-specific, have a restricted differentiation potential and have only limited
self-renewing capacity(4)

Generally, ES cells are derived from the inner cell mass (ICM) of the
blastocysts, an early stage of the embryo (1, 3). To maintain ES cells in an
undifferentiated state, they are usually cultivated in the presence of leukaemia
inhibitory factor (LIF) on a layer of feeder cells, namely mitotically inactivated
mouse embryonic fibroblasts (2).

ES cells express characteristic surface antigens which are considered to
be markers of their undifferentiated state. These are the stage specific
embryonic antigens SSEA (SSEA1 in murine and SSEA3 and SSEA 4 in human
ES cells) which play a role in cell-cell adhesion and recognition in developing
embryos (1, 5, 6). ES cells also express the transcription factor Nanog-1 and
the octamer-binding transcription factor (Oct) (Oct3 in human and Oct 4 in
murine ES cells) which are required for maintaining the pluripotency and self-

renewal capacity of ES cells (1, 3).

2.2. Multi-lineage differentiation of ES cells in vitro

When ES cells are cultured in suspension in the absence of feeder cells
and LIF, they spontaneously aggregate into spherical structures called
embryoid bodies (EB). These multi-cellular aggregates resemble early post-
implantation embryos and contain differentiating cells of endodermal,
ectodermal and mesodermal lineages (7). Comparably, transplantation of

undifferentiated ES cells into either syngeneic or immunocompromised
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allogeneic mice leads to the formation of disorganized embryonic tumors —
teratomas - containing cells derived from all three germ cell lineages (3, 8, 9).
Under defined culture conditions, providing certain combination of growth
factors, cytokines and matrix elements, ES cells can differentiate into almost all
cell lineages of the body in vitro (7). Over the last years, ES cells have been
successfully used to generate several cell types, including cardiomyocytes (10),
neurons (11, 12), pancreatic beta cells (13), hepatocytes (14), osteoblasts and
hematopoeitic precursors (15). This progress have made ES cells an attractive
source for cell replacement therapy of non-curable diseases (16), e.g.
Parkinson’s disease (17), spinal cord injury (18), myocardial infarctions (19) or

diabetes mellitus (20).

2.3. Problems encountered in ES cells-based cell replacement therapy

Several important complications might arise from using ES cells in a
clinical setting. One foreseeable obstacle in the treatment with ES-derived
transplants that was largely neglected until recently, is the immune rejection of
allogeneic, i.e. cells from a donor belonging to the same species but not being
genetically identical with the recipient, ES cells (21). Transplants derived from
ES cells will most probably be rejected by the very same mechanisms of
immune rejection as any allogeneic cells. Therefore, grafts derived from ES
cells should meet the constraints of transplantation medicine, namely require
immunosuppressive therapy to prevent rejection by alloresponsive host
cytotoxic T lymphocytes (CTL). Another danger that can hinder the therapeutic
applications of ES-derived transplants is the ability of pluripotent ES cells to

form teratomas.

2.4. Immunological properties of ES cells

The immunological properties of ES cells is a controversial issue. On the
one hand, ES cells have been shown to trigger strong immune reactions after
transplantation in xenogeniec or allogeneic recipients (22, 23). On the other
hand, undifferentiated ES cells as well as their early differentiated derivatives

5
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were reported to be of low immunogenicity (8). Moreover, ES cells were also
shown to be resistant to killing by activated natural killer (NK) cells (24). A
previous study have reported that immune incompetent mice reconstituted with
human peripheral blood mononuclear cells did not reject undifferentiated or
differentiated human ES cells transplanted under the kidney capsule. Even
immunization of the reconstituted mice with irradiated human ES cells did not
result in the rejection of subsequent transplants (25). Beyond this, intraportal
injection of mismatched major histocompatibility complex (MHC)
undifferentiated rat ES cell-like cells induced immunologic tolerance in rats
allowing the subsequent long-term acceptance of second-set cardiac allografts
(26). Li et al. have shown that human ES cells and their derivatives evade both
in vivo xenogeneic and in vitro allogeneic immune responses despite normal
levels of MHC | (27). The authors have suggested that ES cells possess
properties of immune-privileged tissues that might be due to their embryonic
nature.

Importantly, while low immunogenicity of ES cells and their derivatives
may prevent rejection of transplanted ES cells, it can compromise the
immunosurveillance of the transplant, thus favouring expansion and spread of
malignantly transformed cells (e.g. cells of teratoma). Furthermore,
immunologically uncontrolled ES cells can provide a niche for intracellular
infectious agents. Thus, as a source of systemic seeding of pathogens, ES cells

could contribute to the transmission of infectious diseases.

2.5. Cytotoxic T lymphocytes-mediated immune response

CD8" cytotoxic T lymphocytes have a pivotal role in pathogen eradication
and in the immune response towards allografts. Antigen-specific CTL recognize
and lysis cells expressing peptide antigens, which are displayed by self MHC
class | molecules on the surface of the cells. These antigens are derived from
viruses or bacteria that infect the cell but they may also be derived from altered
self proteins e.g. mutated proteins in tumors. Thus, target cell killing by CTL is
antigen-specific and MHC class [-restricted. Beyond this, alloreactive CTL
recognize and Kkill target cells expressing foreign MHC molecule as found in
MHC-incompatible tissue transplants (28, 29).
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Cytotoxic T cells induce apoptotic death of their targets via two
independent pathways. The first and normally dominant pathway involves the
exocytosis of cytotoxic granules that induce apoptosis by the combined action
of the pore-forming molecule perforin and the cytotoxic protease granzyme B
(28, 30). After secretion of the cytotoxic granules by CTL, perforin monomers
insert into the membrane of the target cell and polymerize to form large trans-
membrane channels. These channels are essential for the delivery of
granzyme B into the cytoplasm of the target cell where it triggers the apoptotic
signalling cascade (31). The second pathway involves the interaction of the Fas
ligand on the CTL with the Fas receptor on the target cells. This interaction also
triggers the apoptotic death in the target cell (32).

Studies with knockout mice lacking perforin, granzyme B or Fas ligand
indicate that the cytotoxic granule pathway is the principal mediator of cytolysis
by CD8" CTL. Fas ligand is more important for the cytolytic activity of CD4*
T cells (33-36).

2.6. ES cells provide a system to investigate the immune response to
the early embryo

One of the major immunological conundrums is the acceptance of the
embryo over the time of pregnancy despite being a true intrauterine semi-
allogeneic transplant (37, 38). In general, the survival of transplanted cells
correlates with the grade of differences in MHC antigens between the donor and
recipient which triggers T-cell responses and rejection of cells with disparate
MHC profiles (39-41). One exception to this rule is maternal tolerance of the
fetus expressing paternal antigens (38). In spite of our growing understanding of
the immune system, the mechanisms warranting the acceptance of the fetus
remain largely unknown.

ES cells are derived from the ICM of the blastocysts and thus resemble the
early embryonic stages during invasion and implantation. Therefore, in addition
to their clinical application, embryonic stem cells can provide an experimental
system for studying immune responses to the embryo that are inaccessible in

vivo.
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2.7 Objectives

The main objective of this study is to investigate the immunological
properties of undifferentiated murine ES cells and their differentiated
derivatives, the EB cells. This study aimed at characterizing the interaction
between antigen-specific CD8" CTL and murine ES and EB cells in vitro by
using the well established experimental system of acute murine infection with
the Lymphocytic Choriomeningitis (LCM) virus.

The susceptibility of antigen presenting ES and EB cells to cytolysis by
LCM virus-specific CD8" CTL was determined. Furthermore, antigen-specific
and MHC |-restricted recognition of antigen presenting ES and EB cells by LCM
were investigated. Moreover this study investigated the expression of
cytoprotective molecules in ES and EB cells and the functional relevance of
these cytoprotective molecules in the immunological properties of ES and EB
cells.



3. Materials and Methods

3.1. Materials
3.1.1. Plastic ware

Materials and Methods

Cell culture dishes Nunc

Pipettes CELLSTAR

Pipette tips CELLSTAR

Centrifugation tubes Falcon and Eppendorf

Glass materials Schott

3.1.2. Technical equipment

Appliance Name Supplier
mini trans-Blot cell Bio Rad
Criterion Blotter BR 8.7x13 cm BioRad
Centrifuge 5417 R Eppendorf
Centrifuge Megafuge 1.0R Heraeus
Electroporator Gene-Pulser® BioRad
ELISA reader MRX TC Dynex
Fluorescence microplate reader victor 1420 Wallc
Flowcytometer FACSCalibur BD

Gama counter COBRA I Canberra-P
Gel chamber Agagel Midi Biometra
Gel documentation apparatus ~ Chemidoc BioRad
Incubator Heracell Heraeus
Invertoscop IX81 Olympus
Leica confocal software Leica
Microscopes TC SL Leica
Photometer Smart BioRad
Power supply EPS-3501 XL Pharmacia
Shaker Buhler Schiittler Johanna Otto
Sterile hood Herasafe (vertical) Heraeus
Thermocycler T3-Thermocycler Biometra
Ultracentrifuge Discovery 90SE Sorvall



3.1.3. Chemicals and reagents

Materials and Methods

Product Supplier
Acetic acid Sigma
Acrylamid-bisAcrylamid BioRad
Agar Neuform
Agarose BMA
Ammoniumpersulfate AppliChem
Bromophenolblue Sigma
BSA factor V Merck
CA-074 Bachem
CA-074Me Bachem
Complete protease inhibitor cocktail Roche
Crystal violet Merck
CTL BioRad
DAPI (4,6-diamino-2-phenylindole) Merck
DEVD-AFC BioProbe
Dithiothreitol (DTT) Sigma
DMEM (Dulbecco MEM) Invitrogen
DMSO (dimethylsulfoxide) Sigma
DNA ladder 1kb plus Fermentas
DNA loading buffer (6x) Fermentas
dNTPs Peqglab
EDTA Sigma
EGTA Merck
Ethanol Merck
Ethidiumbromide Sigma
Fetal calf serum (FCS) Invitrogen
G418 PAA Lab
Gelatine type A Sigma
Glycerin Merck
Glycerol Sigma
Hanks’ Balanced Salt Solution Sigma
HEPES Serva
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Hoechst 33258
Isopropanol

KCI

L-glutamine

LIF

Methyl cellulose
MgCl,

Moninsin

mrCathepsin B
mrlFN-y

NaHCO3

NaCl

NaF

NaHCO;

NaV

Non-essential amino acids
Paraformaldehyde
PBS (for cell culture)
Penicillin/Streptomycin
PIPES

PMSF

Polybren

Prolonged Gold anti-fade
Reverse Transcriptase
RNAse inhibitor
RNeasy Mini Kit
RT-buffer

Saponin

SDS

Skimmed milk

Sodium pyruvate
Super-script 11 kit
Staurosprin

Tag DNA polymerase

Materials and Methods

Sigma
Sigma
Sigma
Invitrogen
ESGRO; Chemicon
Merck
Invitrogen
Sigma
R&D

R&D
Sigma
Merck
Sigma
Sigma
Sigma
Invitrogen
Sigma
Invitrogen
Invitrogen
Sigma
Sigma
Sigma
Invitrogen
Roche
Roche
Qiagen
Roche
Sigma
Sigma
Neuform
Invitrogen
Invitrogen
Alexis

Invitrogen

11



TEMED

Tris

Triton-X-100
Trypsin-EDTA (10x)
Trypton

Tween

Yeast extract

B-Mercaptoethanol

Materials and Methods

Merck
Sigma
Sigma
Invitrogen
Neuform
Merck
Neuform

Invitrogen

12



Materials and Methods

3.1.4. Cell culture medium, reagents and bufferes
All buffers and reagents were made using deionised double distilled water from
the EASY-pure UV/UF water purification unit.

3.1.4.1. Cell culture media

Cultivation medium for ES cells
Glasgow MEM 90% (v/v)
FCS 10% (v/v)
L-glutamine 2 mM
B-mercaptoethanol 50uM
LIF 100U/ml

Cultivation medium for EBs (EB medium):
Iscove’s MEM+GlutaMAX 80% (v/v)
FCS 20% (v/v)
B-mercaptoethanol 100 uM
non-essential amino acids 1X

Cultivation medium for C57SV and BALB/cSV fibroblasts
DMEM 95% (v/v)
FCS 5% (v/v)
Penicillin 50mg/ml
Streptomycin 50mg/ml

Freezing medium for ES cells
Glasgow MEM 70% (v/v)
DMSO 10% (v/v)
FCS 20% (v/v)

3.1.4.2. Cell culture reagents
Gelatine type A for coating cell culture petri dishes
Gelatine type A 0.1% in adH20
Incubation: 30 min, 37°C
Trypsin 1x : 10ml of Trypsin 10x made up to 100ml using 4qH20

13



Materials and Methods

3.1.4.3. Bacteria culture media and reagents

LB (Luria-Bertani) medium: 10g/I trypton, 59/l yeast extract and
5g/I NaCl
LB agar: 10g/l aga, 10g/I trypton, 5¢/| yeast

extract and 5g/I NaCl

S.0.C medium (Invitrogen)

3.1.4.4. Western blot reagents and buffers

Lysis buffer 20x

Sample buffer 5x

5x Running buffer
Transfer buffer
10x TBS (pH 7.4)
TBST (pH 7.4)
Stacking gel

Separation gel

20 mM Tris, 10% Triton X-100, 10 mM EDTA, 10
mM NaF, 4 mM NaVa, protease inhibitor cocktalil
0.5 M Tris pH 6.8, 0.5 % SDS, 0.1 % Glycerol,
0.05% Bromophenol blue, 0.5 pM
B-Mercaptoethanol

60 mM Tris, 7.2 % Glycine, 0.5% SDS

25 mM Tris, 0.6 % Glycine. 20% Methanol

0.2 M Tris, 8.7% NaCl

TBS 1x, 10% Tween

4% Acrylamide-bis Acrylamide(37.5:1), 10 mM Tris,
pH 6.8, 0.1% SDS, 0.001%TEMED,

0.05% Ammonium persulfate

10% Acrylamide-bis Acrylamide, 0.35 M Tris, pH 8.8,
0.1% SDS, 0.001%TEMED, 0.05% Ammonium

persulfate

3.1.4.5. Immunocytochemistry reagents and buffers

Fixation buffer
Blocking buffer
Saponin 0.1%
Hepes Buffer

Paraformaldehyde 4% in PBS

FCS 5% in PBS

Saponin 1 mg/ml in PBS

HEPES 10 mM in ddH20 (pH 7.5 — 8.0)

Prolong Gold antifade

14



3.1.4.6. Reagents for molecular biology

Tris-EDTA (pH 8.0):
TAE (pH 7.8):

3.1.5. Antibodies

Ms. = mouse, Rb. = rabbit, Rt.= rat, Go. = goat

Materials and Methods

Tris 10 mM, EDTA 1 mM in 4aH20
Tris-HCI 40 mM, Acetic acid 5 mM, EDTA 1 mM,

in ddH20

Antibody Application Provider
Rb. anti Ms. Caspase-3 immunofluorescence 1:100  Cell
signalling
Ms. Anti LCM virus immunofluorescence 1:500  Progen
Granzyme A immunofluorescence 1:500 R&D
Ms. anti SSEA-1(clone MC-480) immunofluorescence 1:100, R&D
FACS 1:1000, Western blot
1:500
Ms. anti SPI-6 Western blot 1:100 MBL
Ms. anti Cathepsin B Western blot 1:200 R&D
Rb. anti mouse B-actin Western blot 1:1.000 Santa Cruz
Rt. anti mouse GAPDH Western blot 1:1.000 Amersham
Rt. Oct3/4 Western blot 1:200 Santa Cruz
Rb o-fetoprotein Western blot 1:500 Abcam
Go. anti-myosin heavy chain Western blot 1:1000 Abcam
Rb. p2M Western blot 1:100 Santa Cruz
PE-anti-H-2Kb clone AF6-88.5 FACS BD
HRP anti-mouse IgG Western blot 1:125 Dianova
HRP anti-rabbit Western blot 1:200 Dianova
HRP anti-rat 1I9G Western blot 1:200 Amersham
HRP anti- B-actin Western blot 1:500 Sigma
FITC anti-mouse IgG FACS 1:200
Cy3 anti-rabbit Immunofluorescence 1:200 Amersham
PE-anti-CD8a(Ly-2) FACS 1:1000 BD
FITC-anti-CD107a FACS 1:1000 BD

15



Materials and Methods

FITC anti-mouse IgG FACS 1:1000 BD
FITC anti-rabbit IgG FACS 1:1000 BD
PE anti-rat IgG FACS 1:1000 BD
PE goat anti-mouse IgG FACS 1:1000 BD

Anti H-2K® heavy chain serum used in the Western blot analysis was provided

by Jacques Neefjes (Netherlands Cancer Institute)

3.1.6. Primers

B2-microglobulin: Fw: 5'- GTCTTTCTGGTGCTTGTCTC -3'
Rv: 5'- GGCGTATGTATCAGTCTCAG -3'
product size: 276 bp, Annealing temp.: 60°C , MgClz: 4 mM
Oct4: Fw. 5'- ATGAGGCTACAGGACACCTTTC -3'
Rv: 5'- CCCTCAGGAAAAGGGACTGA -3'
product size: 129 bp, Annealing temp.: 60°C, MgCl,: 2 mM
o-fetoprotein: Fw. 5'- CCTATGCCCCTCCCCCATTC -8
Rv: 5'- CTCACACCAAAGCGTCAACACATT -3'
product size: 324 bp., Annealing temp.: 60°C , MgCl,: 2 mM
o-myosin HC: Fw: 5-GATGGCACAGAAGATGCTGA -3'
Rv: 5-CTGCCCCTTGGTGACATACT -3'
product size: 120 bp, Annealing temp.: 60°C , MgCly: 2 mM
H-2K": Fw. 5'- GCGGCTCTCACACTATTCAGGT -3'
Rv: 5'- TTCCCGTTCTTCAGGTATCTGC -3'
product size: 259 bp, Annealing temp.: 60°C, MgCl,: 2 mM
B-actin: Fw:. 5'- GATGACCCAGATCATGTTTGAG -3'
Rv. 5'- CCATCACAATGCCTGTGGTA -3'
product size: 107 bp, Annealing temp.: 60°C , MgCl,: 4 mM

16
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for real time PCR

mSPI-6-1: Fw:5- GTGCCTCTTCTGTCCCAACATT -3'
Rv:5- GTTTGCTTTGTTGTGCCTGATG -3'
Prb:5-TGTGCTGACCACCCCTTCCTTTTCT-3'[6~Fam-Tamra~Q]

mSPI-6-2: Fw:5- AGGCACTTGGTTTGAATAAAGAGG-3'
Rv:5- TGTCTGGCTTGTTCAGCTTCC-3'
Prb: 5'-CATCCATCAGGGTTTCCAGTTGCTT-3'[6~Fam-Tamra~Q]

18s rRNA gene expression assay (Appliedbiosystems)

B-actin gene expression assay (Appliedbiosystems)

3.1.7. Cell lines

The murine ES cell line aPIG was cultivated and provided by Dr. T.
Saric” from the Institute for Neurophysiology, Medical Centre, University of
Cologne.
CGR8 ES cells were obtained from the European collection of cell culture
(ECACC), ECACC No: 95011018
HEK293T cells, L929 cells NCTC clone L13, C57SV and BALB/cSV fetal
fibroblasts are from the Institute for Medical Microbiology, Immunology and

Hygiene, Medical Centre, University of Cologne.

3.1.8. Animals

Six to eight weeks old C57BL/6 and BALB/c mice were obtained form
Charles River (Sulzfeld, Germany). Mice were housed under specific pathogens
free conditions at the animal facility of IMMIH and fed with standard pellet food.
Animal experiments were approved by the ethics committee of the
Bezirksregierung Kéln and were performed in accordance with the German

animal protection law.

17



Materials and Methods

3.1.9. Plasmids
Entry vector pENTER/siH1
Size: 4636 bp
Resistance gene: Kanamycin.
Destination vector pLPac/EGFP
Size: 8133 bp
Resistance gene: Puromycin
Packaging vectors pLP1, pLP2 and the envelope plasmid pLP/VSVG
(Invitrogen)

(all plasmids were kindly provided by B. Yazdanpanah from IMMIH)

3.2. Methods
3.2.1. Cell Culture

Generally, cell culture was performed under sterile conditions in a sterile
hood with sterile media, glass and plastics. Cells were cultivated in an incubator
at 37°C, 5% CO2z and humidified air.
CGR8 ES cells were maintained in tissue culture plates coated with gelatine in
ES cell medium and aPIG ES cells were cultivated on a layer of Mitomycin
C-inactivated mouse embryonic fibroblasts (MEF) at a ratio of 1:4 in 60 cm
culture dishes in ES cell medium. Medium was changed daily and ES cells were
passaged every 4 days.
C57SV and BALB/cSV fibroblasts were maintained in tissue culture plates in
5% DMEM. Medium was changed every second day and cells were passaged
every 4 days.
For passaging ES cells, medium was removed and the cells were incubated in
3 ml of 1x trypsin for 3 min. Subsequently, cells were rinsed off and centrifuged
in a 15 ml-centrifugation tube (310 g, 3 min, 21°C). The pellet was resuspended
and cells were plated on non treated plates, fresh MEF or gelatine coated plates
depending on the cell type.

18



Materials and Methods

3.2.1.1. Freezing and thawing of murine ES cells

Prior to freezing of ES cells, cells were treated with trypsin, rinsed off and
centrifuged as previously described (3.2.1). Afterwards, pellet was carefully re-
suspended in ES cell medium (0.5 ml) then freezing medium (0.5 ml) was
added, re-suspended and transferred into cryo-vial. Vials were frozen overnight
in an isopropanol-filled freezing container at -80°C. The following day, frozen
cells were transferred to liquid N tank.
ES cells were thawed in a 37°C water bath until only a small clump of frozen
cells remained. After thawing, cells were immediately dispensed in ES cell
medium in centrifugation tube and centrifuged (310 g, 3 min, 21°C). Pellet was
re-supended in 2 ml ES cell medium. Cells of one cryo-vial were placed onto

fresh MEF in 60 mm plates or in gelatine coated plates.

3.2.1.2. In vitro differentiation of ES cells into embroyid bodies

For the in vitro differentiation of CGR8 ES cells into embryoid bodies, ES
cells were detached by trypsin-treatment as described in 3.2.1. Cell pellet was
resuspended in EB medium to final concentration of 2.5x10* cells/ml. 20 pl
drops containing 500 cells were placed on the cover of petri dishes. After two
days, cell aggregates were transferred into 6 cm-bacterial petri dishes to avoid
adherence. Medium was changed every 2 days by transferring the EBs into
50 ml centrifugation tube. After sedimentation of the aggregates, supernatant
was replaced with fresh EB medium.

For the In vitro differentiation of aPIG ES cells into embryoid bodies, ES
cells were detached by trypsin-treatment as described (3.2.1). Single cell
suspension was transferred into 6 cm-bacterial petri dishes to avoid adherence
and placed on a horizontal shaker. Medium was changed every 2 days by
transferring the EBs to a 50 ml centrifugation tube. After sedimentation of the

aggregates, the supernatant was replaced with fresh EB medium.

3.2.2. Immunocytochemistry

Immunocytochemical analysis of cells was performed using primary
antibodies and appropriate secondary antibodies labeled with CY3 or FITC (see
3.1.5). Cells were fixed in 4% PFA for 10 min and washed in PBS. Cells were

then blocked for 10 min in blocking solution containing 10% FCS. For
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permeablisation, cells were incubated with 0.1% Saponin for 1 h at room
temperature and washed in PBS. Cells were then incubated with primary
antibodies diluted in blocking solution for 1 h at room temperature. Secondary
antibodies were diluted in blocking solution and incubated for 2 h at room
temperature. Cells were washed in PBS, subsequently cells were embedded in
Prolong Gold anti-fade reagent and covered with a cover-slip.

For immunocytochemical staining of embryoid bodies (EB), spheres were
fixed in 4% PFA and embedded in paraffin. Spheres were sliced with a
microtome (4 um) and subsequently stained as above. Immunocytochemical
analysis of ES and EB cells was performed in cooperation with Dr. Tomo Saric”

from the Institut fir Neurophysiologie, Universitat zu Kéln.

3.2.3. PCR
3.2.3.1. RNA isolation

Total RNA was extracted from approximately 2x10° cells ES and EB cells
of different stages and CD8" T cells using TRIzol reagent (Invitrogen) and
extracted RNA was further cleaned up using the RNeasy Mini elute kit (Qiagen)
according to manufacturer’s instructions (spinning protocol). For the isolation of
RNA from placenta and testes, the RNeasy midi kit was used (Qiagen)
according to manufacturer’s instructions. After homogenising 2 mg tissue in
300 pl RLT buffer lysates were treated with 25 mg/ml proteinase K (Qiagen) to
digest proteins.

3.2.3.2. RNA quantification

Isolated RNA was quantified using the RiboGreen RNA quantification Kit
(Molecular Probes) in a 96-well microplate. 95 ul TE buffer and 5 ul RNA were
distributed per well. RiboGreen reagent was diluted 1:200 and 100 pl was
added per well. After 2 min incubation at room temperature, samples were
excited at 485 nm then fluorescence emission intensity was measured at 525
nm using the fluorescence microplate reader (Wallac victor multilabel counter
1420). RNA concentrations were measured by comparing with a standard

curve.
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3.2.3.3. cDNA synthesis

For this purpose the Reverse-IT RTase Blend Kit (ABgene) was used
following the manufacturer’s instructions. 1 ug RNA in water and 1 pl oligo (dT)
primer were filled to a final volume of 10.5 pl in water and incubated in a
thermocycler for 10 min at 65°C. After that, 4 ul RT-buffer, 2 ul DTT, 0.5 pl
RNAse inhibitor, 1 pl Reverse transcriptase and 2 yl dNTPs were added and
again incubated in the thermocycler for 60 min at 37°C, followed by incubation
for 5 min at 93°C.

3.2.3.4. RT-PCR
2 ul of the generated cDNA was used for each PCR-reaction. The compositions
of the components in the PCR-reaction were as follows:

2 ul cDNA

0.1 MM dNTPs

2 ul PCR-buffer (10x)

250 nM of each forward und reverse primer

0.1 units Taq polymerase

MgClz (varies depending on primer, see (3.1.6))

Water (varies depending on the amount of MgCl2)

Total volume: 20 pl
PCR-reaction was performed in a thermocycler, with varying annealing
temperatures depending on the primer. Negative and positive control templates
were included in each PCR-reaction. Individual steps were performed as
follows:
94°C for 4 min for initial denaturising followed by 30 cycles of 94°C for, 30 sec
X°C (X = annealing temperature of the primer in the reaction) and 72°C for
1 min with a final extension of 72°C for 10 min. Reaction mixture was then
cooled down to 4°C
After the PCR-reaction, 3.5 ul of 6x loading buffer were added per tube.
Samples were electrophoretically separated on 1.5% agarose-gel in TAE buffer
with 1 pl ethidiumbromide/10 ml buffer at 100 Volts for 30 min. The agarose
gels were exposed to UV-light in a gel documentation system to visualize DNA-
bands.
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3.2.3.5. real time PCR (TagMan)

Quantitative real-time PCR was carried out on the TagMan ABI-Prism
5700 Sequence Detection System (Applied Biosystems). For an optimal
performance of real-time PCR, the optimal concentration for each primer pairs
and probe were determined following the instructions of Applied Biosystems.
Negative and positive control templates were included in each PCR-reaction.
To quantify mRNA expression of SPI-6 two different sets of primers and probes
were used. Reactions were performed in 25 pl mixture using the Tag-Man
Universal Master Mix (Applied Biosystems) following manufacturer’s

instructions.

Components of the real time PCR reaction mixture were as follows:
2.5 pl cDNA (final concentration: 5 ng/ml)

12.5 yl PCR Master Mix
250 pM Forward Primer
250 uM Reverse Primer
300 puM Fluorogenic Probe
8.5 pl water

Total volume: 25 pl

Individual steps were performed as follows:
50°C 120 sec UDG PCR decontamination
95°C 120 sec Taq start activation

40 Cycles with
95°C 15 sec Denaturation
60°C 60 sec Annealing and Extension

Two internal controls were amplified in each run in order to assess
reproducibility of the results. mMRNA was calculated for each gene by using a
standard curve (cDNA ranged from 0 ng to 400 ng). The value obtained for each
gene was normalized to that of the housekeeping gene encoding 18s rRNA and

B-actin before the fold change was calculated using crossing threshold (Ct) values.
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3.2.4. Infection of cells and mice with the LCM virus

In this study the LCM virus from the strain WE was used for the infection
of cells and mice (42).
Mice were infected intravenously (i.v.) with 10° infectious units (IU) of the LCM
virus in PBS. Cells were infected with same strain of the LCM virus at a
multiplicity of infection (MOI) of 0.01. For the infection of adherent target cells
like ES cells and fibroblasts, about 0.5x10° cells were plated and on the next
day medium was discarded and replaced with 10 ml fresh medium containing
10* plaque forming units (PFU) of the LCM virus then incubated for 48 h at
37°C. For the infection of the Embryiod bodies, about 100 EBs were transfered
into 50 ml centrifugation tube and centrifuged at 120 g for 1 min. After
sedimentation of EBs, supernatant was replaced with 1 ml medium containing
3x10* PFU of the LCM virus and tubes were incubated at 37°C. After 30 min
EBs were placed in petri dishes and 10 ml of fresh medium was added and
further incubated for 48 h.

3.2.5. Titration of the LCM virus

LCM virus was titrated as plague-forming units (PFU) as previously
described (43). Briefly, 6-well plates were seeded with 2.5 x 10° L929 cells in
2 ml of growth medium and incubated 24 h at 37°C. On the following day
supernatants were collected and serially diluted in 10 fold steps to 10 using
dilution buffer. Old media was aspirated carefully from the wells and 100 pl from
the last 3 dilutions of each sample was applied per well. Samples were allowed
to adsorb for 30 min at 37°C and cells were then covered with 2 ml of overlay
medium. After 3 days of incubation at 37°C growth medium (1.5 ml) was added
carefully on the top of the overlay medium. After incubation for another day, the
medium was discarded and 1 ml of staining solution was added per well. After

15 min incubation, plates were rinsed with water and dried to be evaluated.

Growth medium:  20% 10x DMEM, 220mg/l Na pyruvate, 7.4g/l NaHCOs3,
1.16g/l glutamine, 2% penicillin/streptomycin  and
10% FCS in 44H20

Overlay medium:  0.9% methyl cellulose in growth medium

Dilution buffer: FCS 2% and 1% penicillin/streptomycin in PBS
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Staining solution:  0.2% crystal violet, 2% Ethanol and 11% formaldehyde
in ddeO

3.2.6. Loading of target cells with the LCM virus peptide

Target cells were loaded with LCM virus peptide gpss-41 as following:
108 cells were incubated with 1 pM of the peptide in a final volume of 1 ml for
1 h at 37°C. To avoid aggregation of the cells they were frequently resuspended
by pipetting. Cells were washed once with 5 ml medium at room temperature
and further used in different assays.

3.2.7. Preparation of LCM virus specific CD8" CTL from spleens

On day 8 after infection with the LCM virus, mice were sacrificed and
their spleens were removed under sterile conditions and were ruptured in ice
cold RPMI medium containing 10% FCS. Single cell suspension was obtained
by passing cell suspensions through a cell mesh of 100 um pore size. Cells
were centrifuged at 310 g for 3 min at 4°C and cell pellet was resuspended in
5 ml of cold 0.2% NaCl to lyse erythrocytes. After 30 sec 5 ml of cold 1.6% NaCl
was added to the cell suspension on ice. Cells were then centrifuged at 310 g
for 3 min at 4°C, pellet resuspended in 1 ml sorting buffer and counted in
Trypan blue solution using Neubauer chamber. CD8" CTL were enriched from
the splenic cell suspension using anti CD8 monoclonal antibodies conjugated to
magnetic beads (Meltenyi Biotec) following manufacturer’s instructions. After
20 min cells were washed 3 times with 30 ml cold sorting buffer and once with
PBS. Pellet was then resuspended in sorting buffer and the magnetically loaded
CD8" cells were loaded on the Mini-MACS columns under a magnetic field at
4°C. After several rinses, columns were removed from the magnetic field and
cells were eluted by rinsing the columns with sorting buffer. Cells were then
centrifuged, pellet was resuspended in RPMI medium and cells counted in

Trypan blue solution using a Neubauer chamber.
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3.2.8. Chromium release cytotoxic assays
3.2.8.1. Effector cells

LCM virus specific CD8" effector T cells were magnetically enriched as
described in (3.2.7). Effector cell number was adjusted to 3x10°cell/ml in RPMI
medium and 200 ul was dispensed in U-bottom 96-well plates in replicates of
four. To obtain reducing number of the effector cells, serial dilutions of 1:2 in

RPMI medium were made three times.

3.2.8.2. Target cells

For the assessment of the LCM virus specific cytotoxicity of the CD8"
CTL, target cells were either loaded with the LCM virus specific peptide or were
infected with LCM virus. As negative control non-treated target cells were used.
On the day of experiment, infected and control target cells were detached by
trypsin-treatment as described in (3.2.1). Part of the non-infected target cells
were loaded with virus peptide as described in (3.2.6). Approximately 10° of
each cell type were incubated with 50 pCi >'Cr for 60 min at 37°C. Cells were
then washed thoroughly to remove the extra-cellular *'Cr. Cell number was then
adjusted to 3x10* cell/ml. 100 pl/well of the target cell suspension was
dispensed per well to the previously distributed effector cells in the 96-well
plate. Thus, an Effector:Target cell ratios (E:T ratio) of 100:1, 50:1, 25:1 and
12.5:1 were reached. Eight wells containing only target cells and medium and
another eight wells containing target cells with 1.6% Triton X100 in 4qH20O
represent the spontaneous and maximal *'Cr-release for each target cell type.
After 4 h incubation at 37°C, plates were centrifuged. Using 8-channel pipettes
100 ul of the supernatants from each well were collected and transfered into
small test tubes that were placed in the racks of the Gamma counter (Canberra-
Packard). The amount of °'Cr released by the killed target cells was measured
as counts per minute (CPM).
The cytotoxic activity of the CTL was calculated as percentage of specific lysis

for each E:T ratio using the mean CPM for each replicate:
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3.2.9. Western blot analysis
3.2.9.1. Cell-lysate preparation

Cells were lysed in ice-cold lysis buffer containing protease inhibitors and
were centrifuged at 3300 g for 5 min at 4°C and supernatants were collected.
Protein concentration was determined by BCA kit (Pierce) following
manufacturer’s instructions. Cell lysates were mixed with 5x sample buffer to a

final concentration of 20 pug/ul and boiled for 7 minutes.

3.2.9.2. SDS-PAGE electrophoresis

Equal volumes (20-50 ug protein) of cell extracts in sample buffer were
loaded per well on 10% SDS-PAGE gels. Electrophoresis was performed for
60-90 min under constant voltage (100V). Sizes were determined by comparing
to the molecular weight standard, High Range 45-200 kD (Bio Rad) or to the
Pre-stained Protein Ladder 10-180 kD (MBI).

3.2.9.3. Blotting

Proteins were transferred to nitrocellulose membranes (0.2 um; Bio Rad)
with constant voltage (100 V) for 60 min using mini trans-Blot cell (Bio Rad)
filled with Blotting buffer. Membranes were incubated with blocking buffer for 1 h
and subsequently incubated overnight at 4°C with primary antibodies shown in
(3.1.5). After three times washing with TBST, membranes were incubated with
horseradish peroxidase conjugated secondary antibodies (3.1.5) for 1 h at room
temperature. Blots were washed three times with TBS-T and once with TBS for
5 min. The immune complex was then visualised using TCL reagent (BioRad)
following the manufacturer's instructions. Signals were detected by
autoradiography using hyper film (Bio Rad).

3.2.10. Apoptosis assays
3.2.10.1. Induction of apoptosis in ES cells

ES cells (10°) were left untreated or irradiated for 1 h with 20 mJ/cm? UV
(253-255 nm), incubated for 1 h with 0.5 uM staurosporine (Alexis, Griinberg,
Germany) or with 2 pg/ml anti-mouse Fas antibody (clone Jo2) (BD Bioscience

Germany).
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3.2.10.2. Detection of Caspase-3 activation in ES cells
a. Detection of activated Caspase-3 by immunofluorescence

To assess the activation of Caspase-3 in apoptotic cells, 10° cells were
treated as described in (3.2.10.1) or left untreated. Cells were fixed, blocked
and permeabilised as in 3.4. Nuclei were visualized by counterstaining with
10 pg/ml in PBS Hoechst 33258 (Sigma). Cells were then washed 2 times for
20 min and then incubated with rabbit anti-Caspase-3 mAb for 1 h at room
temperature. Subsequently, cells were incubated with the secondary antibody
(anti rabbit IgG antibodies conjugated to Cy3) for 1 h at room temperature,
washed in PBS, mounted on glass slides in Prolong Gold anti-fade and

examined under fluorescence microscope.

b. Detection of enzymatic activity of Caspase-3

Enzymatic Caspase-3 activity was quantified in the cytosolic extracts of
apoptotic cells using the caspase substrate DEVD conjugated to the fluorescent
reporter molecule 7-amino-4-trifluoromethyl coumarin (AFC) DEVD-AFC as
previously described (44). Cleavage of DEVD-AFC by Caspase-3 releases the
fluorescent fluorochrome AFC which can be monitored fluorimetrically at
500-510 nm with excitation at 400 nm.

To quantify the enzymatic activity of Caspase-3 in apoptotic cells, about
10° cells treated as described in (3.2.11.1) or left untreated were centrifuged
and cell pellet was resuspended in 100 ul of HEB buffer (20 mM PIPES, 50 mM
KCIl, 5 mM EGTA, 1 mM DTT, pH 7) and allowed to swell for 20 min on ice.
After the addition of 100 uM PMSF, cells were lysed and homogenized by
passing through 27-gauge needle and pelleted at 14,000 g for 20 min at 4°C.
The resulting supernatant (cytosolic extract) was collected and protein
concentration was determined by using the BCA kit following manufacturer’s
instructions (Pierce). In 96-well plate 1 pl of the cytosolic extracts, 99 ul
Caspase buffer and 100 pl of 200 uM DEVD-AFC were added per well.
Fluorescence was measured using continuous-reading plate reader (Wallac
victor 2TM multilabel counter 1420) at 30°C and 400 nm and 505 nm excitation
and emission, respectively. Level of Caspase-3 enzymatic activity in the cell
lysate is directly proportional to the fluorescence signal detected.
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3.2.11. Cytokine measurement by ELISA

For the quantification of IFN-y secreted by LCM virus specific CD8" cells
IFN-y specific ELISA kit (R&D) was used following the manufacturer's
instructions. Cocultures were centrifuged for 3 min at 310 g at 4°C and cell-free
supernatants were collected and stored at -80°C if test was not performed

immediately.

3.2.12. CD107a staining

C57SV fibroblasts, ES and EB cells were either infected with the LCM
virus at a MOI of 0.01 for 48 h prior to the experiment as described in (3.2.4) or
they were loaded with the LCM virus peptide gpas-41 as described in (3.2.6).
LCM virus specific CD8" CTL cells enriched from C57BL/6 mice on day 8 after
infection were prepared as described in (3.2.8.1). Effector and Target cell
number was adjusted in RPMI medium to 3x10° cell/ml and 6x10° cell/ml
respectively. In U-bottom 96-well plate 1 pl of 2 mM Moninsin,100 pl of the
effector cell suspension and 100 pl of the target cell suspension or medium for
the control wells. Subsequently, 1 ul of FITC-conjugated anti CD107a was
added per well except to the control wells where 1 pl/well of the FITC-
conjugated isotype control was added. After 1, 3 and 5 h cells were collected
and washed once using EDTA-containing PBS (to dissociate effector-target cell
aggregates). Pellets were then stained with APC- conjugated anti CD8 or FITC-
conjugated anti CD107a or with both of the antibodies and finally were fixed
using FACS fixation buffer (BD). Exposure of CD107a on the cell surface of
CD8" cells was monitored by flow cytometry analysis using FACSCalibur (BD).

3.2.13. Construction of shRNA expressing vector
For stable expression of siRNA in ES cells a Lentiviral vector was
constructed.

3.2.13.1. Designing the shRNA constructs: (this part is under re-
construction)

Two different murine SPI-6 specific small hairpin RNA (designated as
shRNA #1 and #2) were designed following the pSUPER RNAi system of
OligoEngine. Targeted sequences are specific for murine SPI-6 as no other
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matches were found using the BLAST database of the National Center for
Biotechnology Information (http://www.ncbi.nim.nih.gov)

As a negative control, non-specific ShRNA (designated as shRNA scr.) was
designed. The oligonucleotides specific for the murine spi-6 gene were as

follows:

shRNA#1 sense primer:
5’-gatccccGCTATTGATTGATAGCCTAttcaagagaTAGGCTATCAATCAATAGCttttta-3”
antisense primer:
5’-agcttaaaaaGCTATTGATTGATAGCCTAtctcttgaaTAGGCTATCAATCAATAGCggg-3°
shRNA#2, sense primer:

5’- gatccccCAATGGACATGCCCTTTAAttcaagagaTTAAAGGGCATGTCCATTGttttta-3”
antisense primer:
5’-agcttaaaaaCAATGGACATGCCCTTTAAtctcttgaaTTAAAGGGCATGTCCATTGggg-3”
The oligonucleotides for the negative control were as follows:

shRNA scr. sense primer:
5°-gatccccGGATTACTTGATAACGCTAttcaagagaTAGCGTTATCAAGTAATCCttttta-3”
antisense primer:
5’-agcttaaaaaGGATTACTTGATAACGCTAtctcttgaaTAGCGTTATCAAGTAATCCggg-3°

Sense and antisense primers of each shRNA were annealed to generate a
double-stranded oligonucleotides by mixing 3 pg of each oligo, 5 pl of
10x annealing buffer and filled with PCR water to a final volume of 50 pl. The
mixture was incubated for 4 min at 95°C, 10 min at 70°C then removed from the
thermo-block and left to cool slowly to room temperature. Annealed oligos were
stored at -20°C.

3.2.13.2. Ligation of the complementary DNA into the pENTR/siH1 plasmid

Following linearization of the pENTR/siH1 plasmid by Bglll and Hindlll
restriction enzymes, the linearized plasmid was purified on 1% agarose gel
(fragment size 4,400 bp) using gel extraction kit (Qiagen) and concentration
was adjusted to 500 ng/ul. For the ligation of the annealed oligos into the
linearized plasmid 2 pl of the annealed oligos were mixed with 1 pl T4 DNA
ligase (Invitrogen), 1 pl of the ligase buffer (Invitrogen), 1 pl of the linearized
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plasmid and 5 pul water. Mixture was then incubated overnight at room
temperature.

Recombinated vectors were then transformed into chemically competent E. coli
XL1 blue by adding 5 pl of the ligation reaction to one aliquot (100 pl) of cells
and incubated for 30 min on ice, 95 sec at 42°C and finally for 3 min on ice.
Cells were centrifuged for 2 min at 1000 g and 500 pl of the supernatant was
discarded. The pellet was resuspended in the rest of the supernatant and plated

on LB agar containing 50 mg/ml kanamycin and incubated for 24 h at 37°C.

Fig.1. pENTR/siH1 vector
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g attL1
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sall
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pPENTR/siH1
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" SV40 polyA
“attl2

kanR/neoR

‘kanR prom

Sv40ori
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On the next day several colonies were picked and 3ml of LB broth containing
50 mg/ml kanamycin were inoculated for each colony and grown overnight at
37°C with shaking. Plasmids were purified using the mini prep kit (Qiagen),
eluted in water and stored at -20°C. Positive clones were checked for the
presence of the insert by restriction digestion with the Bglll and Hindlll

enzymes. Positive clone gives rise to two fragments 227 bp and 4 kb.
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3.2.13.3. Transient transfection of ES cells

CGR8 ES cells plated one day earlier were co-transfected with 2 ug of
the entry plasmid pENTR/siH1-SPI-6#1 or pENTR/siH1-SPI-6#2 together with
20 pg of the puromycin resistant plasmid pPGK (Invitrogen) via electroporation.
ES cells transfection was performed in 4 mm electroporation cuvets using Gene
Pulser Xcell nucleofection device (BioRad) under following parameters: 950 uF,
200 Ohms and 250 V.
After transfection, CGR8 cells were plated in 10 ml culture medium and were
allowed to recover for 24 h. Positive cells were then selected for 72 h with
30 pg/ml of puromycin.

3.2.13.4. Recombination of the entry vector into the destination vector
using the Gateway system

For a stable transcription of the SPI-6-specific shRNA, the entry plasmids
were cloned into the Lentiviral vector pLPAC/EGFP using the Gateway system
(Invitrogen).
In 200 pl PCR microtubes, 1.5 ug of entry plasmid, 1.5 ug of destination vector,
1 pl of 5x LR Clonase Il enzyme (Invitrogen) and 1 pl TE-buffer pH 8 were
incubated overnight at room temperature. On the next day 1 pl of protienase K
was added and tubes were incubated at 37°C for 15 min.
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Fig.2. destination vector
[modified by B. Yazdanpanah from the pLenti/delta UBC/V5-DEST vector from Invitrogen]
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Fig.3. shRNA expressing Lentiviral vector pLPac/EGFP/sh-SPI-6
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For the production of Lentivirus particles the ViraPower™ Lentiviral

expression system (Invitrogen) was used. HEK293T cells were detached and
single cell suspension was adjusted to approximately 6x10° cell/ml in DMEM
(without G418). In a 10 cm petri dish, 10 ml of the cell suspension was applied
and directly cotransfected with 3 pg pLPac/EGFP/sh-SPI-6 (either
pLPac/EGFP/sh-SPI-6#1, pLPac/EGFP/sh-SPI-6#2 or pLPac/EGFP/sh-scr),
1 ug of each of the packaging plasmids pLP1, pLP2 and the envelope plasmid
pLP/VSVG (Invitrogen).
Supernatants containing the virus were collected after 48 h and 72 h, pooled,
centrifuged for 15 min at 600 g at 4°C and filtered using 0.45 um filters to
remove any cells or cell debris. To enrich for virus, supernatants were
centrifuged for 2 h at 60000 g at 4°C in an ultracentrifuge (Beckman).
Supernatants were discarded and pellets were resuspended in 1 ml PBS for
each 20 ml start volume. Aliquots of 100 ul were then stored at -80°C.

3.2.13.5. Titration of the Lentivirus

To determine the transducing unit (TU) of the produced Lentivirus the
HT1080 cells were used. Cells were detached and a single cell suspension was
adjusted to 2x10° cells/ml in DMEM. Lentivirus stocks were thawed on ice and
serially diluted 1:10 for 5 times in 1 ml DMEM medium. To each of the dilutions
1 ml of the cell suspension and 6 pg/ml polybren (Invitrogen) were added.
Plates were incubated at 37°C for 14 h. After incubation, medium was changed
and plates were incubated for 36 h. Infected cells were then selected with
10 pg/ml puromycin for 10 days. Medium was changed every second day. After
10 days medium was discarded and plates were washed twice with PBS.
Colonies were visualised by Crystal Violet staining for 20 min and subsequently
washed with water. Number of colonies was counted and the virus titer TU/ul

was calculated from the mean of colonies of different dilutions.

3.2.13.6. Transduction of CGR8 ES cells

The day prior to transduction, 5 x 10> CGR8 ES cells were plated in 10 cm
petri dishes coated with gelatin. The next day, Lentivirus stocks were thawed on
ice and virus titers were adjusted to 1x10° TU/ml in ES cell medium. 5 ml of the
virus solution were added to each plate together with 10 pg/ml of polybren
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(Sigma). Cells were plated and incubated at 37°C for 48 h, later cells were
detached and a single cell suspension of 2.5 x10° cell/ml was made in ES cell
medium containing 10 pg/ml puromycin. In 96-well plates coated with gelatine
100 pl of the selection medium was dispensed per well. 100 pl of the neat cell
suspension was dispensed in the first well 1:2 serial dilutions were made by
dispensing 100 pl in each step. Single-cell colonies were isolated and plated in
6 cm plates and selected further for puromycin resistance. After 14 days
puromycin concentration was reduced to 3 ug/ml and SPI-6 expression was

assessed in different clones using real time PCR.
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4. Results

4.1. Characterization of murine embryonic stem cells and embryoid
body cells

Two widely used and independently generated ES cell lines aPIG (a-
Myosin Heavy Chain-Puromycin-IRIS-GFP) (45) derived from D3 cells (46) and
CGR8 (47) were used in this study to avoid any artefacts that might result from
specific properties of a single cell line. CGR8 and aPIG ES cell lines are derived
from the 129P2/Ola and 129S2/SvPas mouse strains, respectively. Both strains
express H-2° haplotype of the MHC class | molecules.

The developmental stages of ES cells used in this study were verified by
monitoring the expression of several markers. Undifferentiated ES cells were
identified by expression of the stem cell marker stage specific embryonic
antigen-1 (SSEA-1), the pluripotency marker Oct4 and the absence of lineage
specific markers, i.e. a-fetoprotein for endodermal tissues and a-myosin heavy
chain for mesodermal tissues. Both undifferentiated CGR8 as well as aPIG cells
showed high expression of SSEA-1 (Fig. 4B) and Oct4 (Fig. 4C) but no
detectable expression of a-fetoprotein or the a-myosin heavy chain (Fig. 4A).

Differentiation of ES cells was achieved by the hanging drop method with
500 cells/20 pl-drop and withdrawal of LIF from the culture medium which
results in the formation of embryoid bodies (EB) (14). The differentiation stages
of cells derived from the EBs were assessed at the mRNA and protein level by
using RT-PCR, Western blot and flow cytometric analysis. Expression of
SSEA-1 and Oct4 in EB cells declined over time and reached almost a
background level at about day 7 post induction of differentiation (Fig 4B and
4C). In contrast, expression of a-fetoprotein and a-myosin heavy chain
increased progressively from day 4 of differentiation onwards (Fig 4A).
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Figure 4: Characterization of mouse embryonic stem cells and embryoid body cells

(A) Expression of mRNA coding for the pluripotency marker Oct 4 and the lineage specific markers
o-myosin heavy chain (a-Myosin HC) and o-fetoprotein in non-treated aPIG ES cells, EB cells or cells
treated with 20 ng/ml IFN-y for 48 h. The absence of a-fetoprotein and a-myosin HC expression indicates
the undifferentiated phenotype of the ES cells and increasing expression of a-fetoprotein and o-myosin HC
indicates the differentiation of EB derived cells.

(B) Flow cytometry analysis of the expression of the stem cell marker SSEA-1 on the cell surface of
undifferentiated aPIG ES and EB cells on day 2, 5 and 7 post induction of differentiation. Single cell
suspensions of ES or EB cells were stained with SSEA-1 specific antibody or isotype control. SSEA-1 is
expressed at high level on the surface of undifferentiated ES cells and progressively decreases over time
and reaches almost control levels at about day 7 post induction of differentiation.

(C) Western blot analysis of Oct4 in aPIG ES and EB cells. Whole cell lysates were prepared from non-
treated ES and EB cells or cells treated with 20 ng/ml IFN-y for 48 h. B-actin was amplified as a loading
control. Expression of Oct4 progressively decreased over time reaching background levels on day 8 post
induction of differentiation.

Similar results were obtained for CGR8 ES and EB cells.
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4.2. ES and EB cells can be productively infected by the LCM virus

The Lymphocytic Choriomeningitis virus (LCM virus) infects almost any
somatic cell type of mice with the exception of T lymphocytes (48). However, it
was so far unknown whether murine ES and EB cells can be infected with this
virus. Therefore, undifferentiated aPIG and CGR8 ES cells as well as EB cells
derived from aPIG cells at day 5 or 8 of differentiation were incubated with the
LCM virus at a multiplicity of infection (MOI) of 0.01. Undifferentiated oPIG and
CGR8 ES cells as well as EB cells of both differentiation stages were readily
infected by the LCM virus as illustrated by immunofluorescence microscopical
analysis of cells stained with LCM virus-specific monoclonal antibodies (Fig.
5A). Productive infection was proven by quantification of infectious virus
particles in the supernatants of the infected cells by a plaque assay using L929
cells. While 3.5x10° PFU/mI of LCM virus were inoculated into the cultures, viral
titers above 1x10°> PFU/m| were measured in the culture medium of ES and EB
cells at 24 h post infection (Fig. 5B). At 48 h post infection viral titers had further
increased to reach levels of about 7x10° PFU/mI (Fig. 5B) proving a productive
infection of the ES and EB cells.

Altogether, both ES cells as well as EB cells can be productively infected
by the LCM virus. Productive infection of ES and EB cells with the LCM virus is
an important prerequisite for the processing and presentation of antigenic viral
peptides via the MHC class | restricted pathway.
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Figure 5: The LCM virus productively infects murine ES and EB cells.
(A) Immunofluorescence microscopy images of undifferentiated aPIG ES or EB cells at day 5 or day 8 of
differentiation infected with the LCM virus at a MOI of 0.01. Cells were fixed 48 h after infection and
stained in cryosectioned samples using LCM virus specific mAb.
(B) Quantification of infectious LCM virus particles in the culture-supernatants of infected ES and EB cells.
Samples were collected at the indicated time points and virus titer was determined by plaque assay. One
representative experiment out of four is shown.
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4.3. Despite productive infection with the LCM virus neither ES nor EB
cells are lysed by LCM virus-specific CD8* CTL

Having shown that ES and EB cells are productively infected with the LCM
virus, we asked whether and to what extend LCM virus infected ES or EB cells
are lysed by LCM virus-specific CD8" T cells. To obtain highly active LCM virus
specific CD8" cytotoxic T cells, C57BL/6 mice were infected intravenously (i.v.)
with 10° IU of the LCM virus. This mouse strain was chosen because it
expresses the same MHC | haplotype, i.e. H-2°, as that of the ES cell lines used
in this study. Eight days after infection, when CD8" cytotoxic T cell activity
reaches its peak level in the C57BL/6 mice, CD8" T cells were
immunomagnetically enriched from splenic single cell suspensions. In standard
4 h *'Cr-release assays, these CD8" T cells were used as effector cells against
non-infected syngeneic C57BL/6-SV fibroblasts (B6SV) or B6SV fibroblasts
infected 48 h earlier with the LCM virus as negative or positive control target
cells, respectively. LCM virus infected B6SV fibroblasts were lysed to about
65% at an effector : target ratio (E:T) of 100:1, proving that the primary CD8"
CTL were highly cytotoxic in vitro (Fig. 6). Despite their high cytotoxic activity,
these CD8" T cells did not significantly lyse LCM virus infected ES cells, as
indicated by approximately 10% lysis at an E:T ratio of 100:1 which is close to
the background levels of non infected B6SV fibroblasts (Fig. 6). Moreover, LCM
virus infected EB cells at day 5 or 8 of differentiation were also poorly lysed,

with less than 15% target cell lysis at an E:T ratio of 100:1.
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Figure 6: ES and EB cells are resistant against lysis by LCM virus-specific primary
CD8' T cells

C57BL/6 mice were infected i.v. with 10° IU of the LCM virus. After eight days CD8* T cells were

immunomagnetically enriched from the splenic single cell suspensions and used as effector cells in 4 h

standard *'Cr-release assays against aPIG or CGR8 ES cells and day 5 or 8 EB cells derived from aPIG

cells. B6SV fibroblasts were used as controls. Target cells were infected at a MOI of 0.01 with the LCM

virus 48 h prior to the assay. The experiment was repeated four times with similar results.
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4.4. Expression of MHC class | molecules by ES and EB cells

CD8" CTL recognize with their T cell receptor (TCR) short peptides
derived from intracellular antigens presented by MHC | molecules on the
surface of nucleated cells. Therefore, the expression of MHC | molecules on the
cell surface is an absolute prerequisite for the recognition and elimination of
cells infected with intracellular pathogens by antigen specific CTL. In previous
studies, murine ES cells were found to be devoid of MHC | molecules while
human ES cells expressed low levels (26, 49, 50).

The expression level of MHC class | molecules on the ES cell lines and on
EB cells used in this study was measured both at the mRNA and the protein
level. PCR analysis revealed that undifferentiated ES cells express readily
detectable levels of mMRNA coding for the heavy chain of H2-K® MHC class |
molecules. In EB cells, expression of MHC | mRNA was enhanced between
days 2 to 12 of differentiation (Fig. 7A). Expression of mRNA coding for
Bo-microglobulin (B2M) which is required for the stabilisation of the complex of
MHC heavy chain and antigenic peptide was detected in both ES and EB cells
(Fig. 7A).

Western blot analysis revealed that in lysates of undifferentiated ES cells,
only a faint signal for H2-K® molecules was detectable. However, H2-K® was
detectable already on day 2 of differentiation in EB cells and the signal strength
increased further over the next days of differentiation (Fig. 7B).

IFN-y enhances the expression of MHC class | molecules in somatic (51,
52) as well as in embryonic cells that express IFN-y receptors on their surface
(27, 50). To assess whether IFN-y enhances the level of MHC | expression in
the ES and EB cells from various differentiation stages used in this study, these
cells were incubated with 20 ng/ml IFN-y for 48 h. As shown in figure 7A and
7B, treatment with IFN-y did neither enhanced the expression of MHC class |
mRNA nor MHC | protein in undifferentiated ES cells as assessed by RT-PCR
and Western blot analysis, respectively. However, from day 2 of differentiation,
EB derived cells treated with IFN-y exhibited strongly enhanced expression of
MHC | heavy chain at the protein level (Fig. 7B).

Western blot analysis detects the total contents of cellular MHC class |

protein without allowing differentiation between the fractions of MHC class |
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molecules present on the cell surface, i.e. the fraction relevant for recognition by
T cells, and within intracellular compartments. Therefore, surface expression of
MHC class | molecules on ES and EB cells was determined by flow cytometry.
As expected from the Western blot data, no significant expression of
MHC class | molecules on undifferentiated ES cells was detected by flow
cytometry (Fig. 7C). However, surface expression of MHC class | molecules
was detectable in EB cells from day 2 of differentiation onwards. Treatment with
IFN-y strongly enhanced the expression of MHC class | molecules in EB derived
cells from day 4 of differentiation onwards to a level almost comparable to that
of the B6SV fibroblasts serving as positive controls (Fig. 7C).

Finally, MHC | expression on the surface of ES and EB cells infected with
LCM virus was assessed to exclude that infection with LCM virus might interfere
with the expression of MHC | molecules. As shown in figure 7D, infection with
LCM virus did neither in undifferentiated ES cells nor in EB cells influence the
expression of MHC class | molecules as detected by flow cytometry (Fig. 7D).

Spontaneous expression of low level of MHC | molecules and strong
induction of MHC | expression on EB cells by IFN-yare, in addition to the
productive infection of these cells with the LCM virus, essential prerequisites for
recognition of target cells by antigen specific CTL. Nevertheless, the poor lysis
of ES and EB cells infected with the LCM virus by highly active LCM virus
specific CD8" CTL might be due to low expression of MHC class | molecules or

an immature antigen processing machinery in these cells.
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Figure 7: MHC class | expression in ES and EB cells

(A) Expression of mRNA coding for the MHC class | heavy chain, B2-microglobulin, and Oct4 in IFN-y-
treated and control CGR8 ES and EB cells as detected by RT-PCR. IFN-y was added to a final
concentration of 20 ng/ml for 48 h prior to mRNA isolation. B-actin was amplified as a loading control.

(B) Western Blot analysis of MHC | heavy chain, B2-microglobulin and Oct4 proteins in CGR8 ES and EB
cells from various differentiation stages. ES and EB cells were left untreated or incubated with 20 ng/ml
IFN-y for 48 h prior to preparation of cell lysates. H-2K® heavy chain was detected by using anti-H-2K"
heavy chain-specific serum. B2-microglobulin, Oct4 and B-actin were detected using specific monoclonal

antibodies.

(to be continued)
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(C) Flow cytometry analysis of MHC class | expression on the surface of undifferentiated aPIG ES and EB
cells at different stages of differentiation. B6SV fibroblasts (from H-2° C57BL/6 mice) were used as a
positive control. IFN-y was added to a final concentration of 20 ng/ml for 48 h. Single cell suspensions of
ES or EB cells were stained with monoclonal antibody specific for H-2K® (clone AF6-88.5, BD Pharmingen)
or isotype control antibodies and were analyzed by FACScan and CellQuest software.

(D) Flow cytometry analysis of MHC | expression on the surface of LCM virus-infected undifferentiated
oPIG ES and EB cells at different stages of differentiation. B6SV fibroblasts were used as a positive
control. Cells were infected with LCM virus at a MOI of 0.01. After 48 h, single cell suspensions of ES or
EB cells were stained with monoclonal antibody specific for H-2K® (clone AF6-88.5, BD Pharmingen) or
isotype control antibodies and analyzed by FACScan and CellQuest software.

All data are representative of at least three independent experiments and were also reproduced with
CGRS8 ES cells.
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4.5. ES and EB cells loaded with a peptide resembling LCM virus-
derived immunodominant epitope are not lysed by antigen specific
CD8" CTL

Productive infection with LCM virus in combination with expression of cell
surface MHC | molecules does not warrant presentation of viral peptides on the
plasma membrane of ES and EB cells because the complex machinery of
antigen processing and presentation might not be operational in these cell
types. To bypass possible defects in the MHC | restricted antigen processing
and presentation pathway in ES and EB cells, MHC | molecules were loaded
externally with a peptide representing the H-2D® restricted immunodominant
epitope gpssz-.41 derived from the glycoprotein of LCM virus (53). Control B6SV
fibroblasts, ES or EB cells were left untreated or loaded with gpss41 at a
concentration of 1 uM for 1 h and used as target cells in 4 h °'Cr-release
assays. CD8" T cells immunomagnetically enriched from C57BL/6 mice on day
8 after i.v. infection were used as effector cells. As shown in figure 8, control
fibroblasts loaded with gpss.41 were lysed to about 40% by the virus specific
CD8" CTL at an E:T ratio of 100:1. In contrast, undifferentiated ES cells loaded
with gpss-41 were lysed just slightly above the background level regardless of
whether aPIG or CGR8 cells were used. Furthermore, EB cells at day 5 and 8
of differentiation loaded with gpss.41 were not specifically lysed by the virus
specific CTL.
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Figure 8: Despite loading with synthetic peptide, ES and EB cells are resistant against

CTL mediated cytolysis

Mice were infected i.v. with 10° IU of the LCM virus. After 8 days CD8" T cells were immunomagnetically

enriched from the spleens and used as effector cells in 4 h *'Cr-release cytotoxicity assays against aPIG

ES cells and day 5 or 8 EB cells. B6SV fibroblasts served as positive controls in this assay. Target cells

were loaded with the synthetic LCM virus epitope gpss-41 at a concentration of 1 uM for 1 h and non-bound

peptide was thoroughly washed away. Experiment repeated five times with similar results.
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Since spontaneous expression of MHC | molecules was low in ES and EB
cells, these experiments were repeated after induction of MHC | expression with
20 ng/ml IFN-y for 48 h. Although IFN-y strongly enhanced MHC | expression in
both day 5 and 8 EB cells (Fig. 7B and 7C), only day 8 EB cells were lysed to
about 20% at an E:T ratio of 100:1 (Fig. 9A). Thus, the cytolysis level of day 8
EB-derived target cells treated with IFN-y remained more than four-fold reduced
as compared to that of control fibroblasts, as judged by horizontal comparison
of the effector to target ratios required to achieve a given percentage of
cytolysis (Fig. 9B).
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Figure 9: Despite induction of MHC | expression with IFN-y, ES and EB cells are
resistant against CTL mediated cytolysis

(A) Mice were infected iv. with 10° IU of the LCM virus. After 8 days CD8" T cells were
immunomagnetically enriched from the spleens and used as effector cells in 4 h *'Cr-release cytotoxicity
assays against aPIG ES cells and day 5 or 8 EB cells. B6SV fibroblasts served as positive controls. Target
cells were pretreated with 20 ng/ml IFN-y for 48 h prior to loading with gpss-41. These assays were repeated
three times with similar results.

(B) Horizontal comparison of E:T ratio required to achieve the same percentage of specific lysis in B6SV
fibroblasts (taken form figure 9A, upper left panel) and IFN-y-treated EB cells (taken form figure 9A, lower
right panel) which were loaded with gpss.41 epitope at a concentration of 1 uM. For about 20% target cell
lysis an E:T ratio of about 25:1 is required for B6SV fibroblasts whereas, an E:T ratio of 100:1 is required

for IFN-y-treated EB cells.
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4.6. ES cells are susceptible to well established apoptotic stimuli

The observation that ES and EB cells are resistant to lysis by highly
cytotoxic CD8" T cells raised the question whether ES and EB derived cells
might be resistant to apoptosis in general. To assess the susceptibility of ES
cells to apoptosis, undifferentiated ES cells were incubated for 5 h with 0.5 pM
staurosporine (STS) or were irradiated with UV light (253-255 nm, 20mJ/cm?)
for 5 h. Subsequently, cells were labelled with Annexin V, a probe for the early
phase of apoptosis and the percentage of apoptotic cells in the samples was
determined by flow cytometry. As shown in figure 10A, more than 75% of ES
cells were positive for Annexin V after treatment with staurosporine or irradiation
with UV light. This indicates that ES cells are fully susceptible to two
independent apoptotic stimuli.

One of the molecular features of apoptosis is the activation of the
proapoptotic caspase-3 in response to death signals. Caspase-3 activation was
assessed by staining ES cells with mAb specific for the activated form of
caspase-3 and subsequent immunofluorescence microscopy analysis (Fig 10B).
Furthermore, enzymatic activity of caspase-3 was measured in total cytosolic
extracts of ES cells by fluorometry using DEVD-AFC as a substrate (44). Both
approaches revealed that caspase-3 activity in ES cells following treatment with
staurosporine or irradiation with UV light was almost as high as in control
fibroblasts (Fig. 10B and 10C). In agreement with previous data for murine and
human ES cells (49, 54-60), these data indicate that ES cells are responsive to
different apoptotic stimuli. This argues strongly against resistance of ES cells to
CTL mediated lysis due to general defects in the proapoptotic signalling

pathways.
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Figure 10: ES and EB cells are not resistant against apoptosis induced by

UV-irradication or staurosporine
Apoptosis of ES cells was induced by UV irradiation (20 mJ/10 cm?) or treatment with 0.5 pM
staurosporine (STS) for 5 h.
(A) The percentage of apoptotic cells detected by flow cytometry analysis of ES cells or control B6SV
fibroblast after staining with Annexin V.
(B) Activated caspase-3 was detected by immunofluorescence microscopy using monoclonal antibody
specific for the activated form of caspase-3.
(C) Caspase-3 specific enzymatic activity was analyzed in the cytosolic extracts using DEVD-AFC after
12 h. One fluorescence unit is equivalent to 0.65 pmol of released AFC (44).

50



Results

4.7. ES cells and EB cells presenting viral epitopes are recognized by
LCM virus-specific CD8" CTL in antigen-specific and MHC class |

restricted manner

The observation that ES cells infected with the LCM virus or loaded with a
peptide resembling an immunodominant viral epitope are not lysed by LCM
virus specific CTL in spite of functional apoptotic machinery, led to the question
whether ES and EB cells are recognized by antigen specific CD8" T cells. To
address the question whether LCM virus specific CD8" T cells recognize ES
and EB cells presenting the LCM virus derived epitope gpss-41, ES and EB cells
were infected with LCM virus 48 h prior to the experiment at a MOI of 0.01 or
they were loaded with the LCM virus-derived peptide gpss.41 for 1 h. B6SV and
BALB/cSV fibroblasts were used as syngeneic or allogeneic control target cells,
respectively. LCM virus specific CD8" CTL cells immunomagnetically enriched
from C57BL/6 or BALB/c mice on day 8 of LCM virus infection were incubated
with the target cells at an E:T ratio of 100:1.

After 5h incubation, IFN-y was measured in the supernatant of the
cocultures by ELISA in order to assess the recognition of target cells by CTL.
As shown in figure 11, CTL from C57BL/6 mice secreted in response to ES and
EB cells infected with LCM virus or loaded with gpss-41 almost as large quantities
of IFN-y as in response to syngeneic B6SV fibroblasts. The high amount of
IFN-y secreted by CTL in response to ES and EB cells indicates an effective
recognition of the ES and EB cells by the antigen specific CTL. MHC |
restriction was confirmed by using allogeneic CTL derived from BALB/c mice
that did not respond to H-2° expressing ES and EB cells while they strongly
responded to virus infected syngeneic BALB/cSV fibroblasts. These lines of
evidence suggest that ES and EB cells presenting antigenic peptides in a
MHC I-restricted fashion are actively recognized by antigen specific CTL
despite low surface expression of MHC | in these cells.
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Figure 11: Secretion of IFNy by LCM virus-specific CD8" T cells in response to ES and

EB cells presenting a viral epitope

B6SV or BALB/cSV fibroblasts, aPIG ES cells and day 8 EB target cells were left non-treated, loaded with

gpss-41 peptide (1 uM for 1 h prior to the assay) or infected with the LCM virus at MOI 0.01. Syngeneic

(C57BL/6) or allogeneic (BALB/c) CD8* T cells were immunomagnetically enriched from splenic cells of

LCM virus-infected mice and were used as effector cells. Target and effector cells were cocultured at an

E:T ratio of 100:1. After 5 h supernatants of the cultures were collected and IFNy was quantified by ELISA.
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The use of high concentrations of antigenic peptide in the above described
assays raised the concern that subsequent to washing away unbound peptide,
some peptide might diffuse from the MHC molecules of ES and EB cells and
bind to the MHC molecules on CD8" T cells which are present at high densities.
Thus, CD8" T cells could be rendered with stimulatory potential for neighbouring
CD8" CTL. To estimate the possibility that CD8" T cells present viral peptide,
LCM virus specific CTL obtained from C57BL/6 mice, ES and EB cells from day
5 and 8 of differentiation were loaded with gpss-41 at different concentrations and
used as target cells. As shown in figure 12, in comparison to ES or EB cells,
CD8" target cells required about 100-fold increased concentrations of gpss.41 to
induce secretion of comparable amounts of IFN-y by virus specific CTL. Thus,
the remote possibility that CD8" effector CTL might pick up peptide from ES or
EB target cells and subsequently function themselves as antigen presenting
cells was largely ruled out.
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Figure 12: CD8* target cells require about 100-fold higher peptide concentration than ES
cells to induce the secretion of comparable amounts of IFN-y

CD8" T cells obtained form LCM virus-immune C57BL/6 mice, ES and day 5 and day 8 EB cells were
loaded with the LCM virus peptide gpss41 at the indicated concentrations for 1 h and were used as target
cells. LCM virus specific CD8" T cells were immunomagnetically enriched from splenic cells of LCM virus-
infected mice and were used as effector cells. Target and effector cells were cocultured at an E:T ratio of
100:1. After 5 h supernatants of the cultures were collected and IFNy was quantified by ELISA.
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4.9. ES and EB cells infected with LCM virus induce polarization and
fusion of cytotoxic granules at the immunological synapse of LCM
virus-specific CD8" CTL

The recognition of target cells by cytotoxic T lymphocytes via their TCR
triggers the polarization of the cytotoxic granules containing the cytotoxic
effector molecules, i.e. the pore forming perforin and the proapoptotic
granzymes, towards the immunologic synapse (61). It is well known that
secretion of cytokines and degranulation of cytotoxic granules by CTL have
different stimulatory thresholds (62). Therefore the observation that ES and EB
cells infected with LCM virus or loaded with gpss.a1 epitope are not lysed
although they were recognized by LCM virus specific CD8" CTL, raised the
question whether interaction between CTL and these target cells is strong
enough to trigger the polarization of the cytotoxic granules towards the
immunologic synapse and their subsequent exocytosis.

LCM virus specific CD8" T cells enriched from splenic cells of C57BL/6
mice on day 8 post infection with LCM virus were used as effector cells. ES
cells were loaded with the LCM virus specific epitope gpss-a1 for 1 h and were
incubated with the CD8* cells at an E:T ratio of 2:1 for 10 min. Afterwards, cells
were processed for the visualization of cytotoxic granules in the CD8* T cells by
mAb specific for granzyme A and counter staining of ES cells with mAb specific
for SSEA-1. As shown in figure 13, virus specific CD8" T cells in contact with ES
target cells rapidly and quantitatively polarized their cytotoxic granules towards

the immunologic synapse within 10 min.
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Figure 13: LCM virus infected ES cells induce the polarization of the cytotoxic granules

of CD8" CTL towards the immunologic synapse

CGRS ES cells infected with LCM virus at MOI 0.01 for 48 h were used as target cells. CD8* T cells from
LCM virus-immune mice were either incubated with target cells at a ratio of 2:1 for 10 min or left alone.
Subsequently cells were stained with anti-granzyme A antibody to visualize the cytotoxic granules in the
CD8" CTL and with SSEA-1 specific mAb to identify the ES cells. Polarization of the cytotoxic granules
towards the immunologic synapse was determined by confocal microscopy.
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To assess whether the polarized cytotoxic granules fuse properly with the
plasma membrane of the CD8" T cells at the immunologic synapse, an assay
detecting the exposure of CD107a on the plasma membrane of CTL was used
(63). CD107a, i.e. lysosome-associated membrane protein 1 (Lamp1), localizes
in resting CTL to the inner leaflet of the lysosomal membrane. Upon fusion of
the lysosomal membrane with the plasma membrane, CD107a is exposed on
the outer leaflet of the plasma membrane so that it can be quantified by flow
cytometry analysis. ES or EB cells were infected with the LCM virus 48 h prior
to the experiment at a MOI of 0.01 or they were loaded with LCM virus-specific
epitope gpss-a1 for 1 h. B6SV fibroblasts treated in the same way were used as
positive control target cells. CD8" CTL cells enriched from C57BL/6 mice on day
8 after infection with LCM virus were incubated with these target cells at an E:T
ratio of 2:1. Exposure of CD107a on the cell surface of CD8" cells was
monitored by flow cytometry analysis. Both, the percentage of CD8* CTL
expressing surface CD107a in response to ES or EB cells as well as the
strength of the signal were comparable to that observed in response to B6SV
control fibroblasts (Fig. 14).

These findings indicate a proper fusion of the cytolytic granules with the
plasma membrane of the CTL, which is the ultimate prerequisite for the release
of cytotoxic effector molecules.

Taken together, despite low level expression of MHC | molecules on their
surface, undifferentiated ES or EB cells induce virus specific CD8" T cells in an
antigen specific and MHC class I-restricted fashion to form immunological
synapses, to secrete IFN-y, to polarize the cytotoxic granules towards the
synapse and to fuse the membrane of these granules with the plasma
membrane. However, highly effective cytotoxic lymphocytes do not lyse ES or
EB target cells. This might be due to a specific resistance of ES or EB cells
against the cytotoxic mechanisms of the CTL.

56



Results

30 -
25 -
2
S 20 - z
+
g 9
15 A %
+
5 ; 7
a
3 10 7 BRZ
& 9
9 7
d 7
9 7
m ALY
target cell: bé X 664 & 694 EL Q)"OA L Q,‘OA S &A e
A9 A9 A9 A4 24 24
antigen: none OP33.41 LCM virus none OP33.41 LCM virus
incubation time: Oh 5h

Figure 14: ES cells induce the fusion of cytotoxic granules with the plasma membrane of
CD8" T cells as effectively as B6SV fibroblasts

CD8" T cells from LCM virus-immune mice were incubated with syngeneic fibroblasts (B6SV),

undifferentiated ES cells and day 8 EB cells derived from aPIG ES cells. The target cells were non-

infected, loaded with 1 uM of the epitope gpss-a1 for 1 h prior to the assay or infected with the LCM virus.

Exposure of CD107a/Lamp1 on the plasma membrane of the CD8" T cells was determined by flow

cytometry at the indicated time points after staining the cells for CD8 and CD107a.
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4.10. Undifferentiated ES and EB cells express high levels of Cathepsin
B, a specific inhibitor of perforin

Cytotoxic lymphocytes lyse their target cells mainly by virtue of the pore
forming protein perforin together with granzymes. To avoid self destruction by
these highly cytotoxic effector molecules stored at high concentrations within
the cytotoxic granules, CTL express several specific inhibitors. The observed
resistance of ES and EB cells against lysis by CTL led to the hypothesis that ES
and EB cells might also employ these anti-cytotoxic molecules to protect
themselves against lysis by CTL.

Cathepsin B, a lysosomal cystein protease, was recently reported to
protect CTL against suicide by perforin via hydrolytic inactivation of perforin (64-
66). As shown in figure 15A, lysates of undifferentiated ES as well as EB cells
contained high levels of both forms of Cathepsin B, the cell surface-attached 25
kDa form and the intracellular 32 kDa form, as detected by Western blot
analysis. Remarkably, the level of Cathepsin B protein observed in ES and EB
cells is even higher than that observed in activated CD8"* T cells.

Before studying the functional significance of Cathepsin B in ES and EB
cells, an assay proving specific inhibition of Cathepsin B had to be established.
Therefore, the LCM virus specific CD8" effector cells were left untreated or
pretreated with 10 uM of the Cathepsin B inhibitor CA074 for 4 h. B6SV target
fibroblasts loaded with the LCM virus specific epitope gpss-a1 or left untreated
were coincubated with the CD8" effector cells at an E:T ratio of 50:1 to stimulate
the CD8" cells to secrete cytotoxic granules. After 4 h cells were stained for
CD8 and propidium iodide (Pl) and analysed by flow cytometry for the
percentage of dead CD8" cells as determined by Pl uptake. As shown in figure
15B, about 10% of untreated CD8" cells incubated with target cells not
presenting the viral epitope gpss.41 were dead. Both, pretreatment of CD8" cells
with CAQ074 alone or incubation of untreated CD8" cells with target cells loaded
with the viral epitope resulted in a slightly decreased percentage of 15-20%
dead CD8" cells. Finally, coincubation of CD8" cells pretreated with CA047 with
target cells presenting the viral epitope gpss-41 resulted in an increased fraction
of 30% dead CD8* cells, confirming that CA074 inhibits Cathepsin B.
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Figue 15: ES and EB cells express Cathepsin B, an inhibitor of perforin mediated
suicide in CD8" CTL

(A) Western blot analysis of the expression of Cathepsin B in aPIG ES cells, EB cells, B6SV
fibroblasts, YAC cells, and LCM virus-immune day 8 CD8" CTL. Cathepsin B isoforms were
detected by using anti-murine Cathepsin B monoclonal antibody and -actin was detected using
specific monoclonal antibody.

(B) Proof of the effectiveness of Cathepsin B inhibitor CA074. LCM virus specific CD8" cells
were left untreated or incubated with 10 uM CAQ74 for 4 h prior to the assay. B6SV fibroblast
target cells loaded with the epitope gpssa4¢ or left untreated were incubated with the CD8*
effector cells at E:T ratio of 50:1. After 4 h coincubation, the percentage of PI* CD8" cells was
determined by flow cytometry.
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To test whether Cathepsin B protects ES and EB derived target cells
against CTL mediated lysis, these cells were treated with 10 uM CA074 for 16 h
prior to the experiment. Subsequently, ES and EB cells were loaded with the
viral peptide gpss-a1 at a concentration of 1 uM for 1 h. B6SV fibroblasts treated
in the same way were used as control target cells. LCM virus specific CTL were
immunomagnetically enriched from C57BL/6 mice on day 8 after infection were
used as effector cells in 4 h >'Cr-release assays. As shown in figures 16A and
16B, pretreatment with the Cathepsin B inhibitor CA074 did not render ES and
EB cells susceptibility to lysis by virus specific CTL.

Thus, although ES and EB cells express high levels of Cathepsin B no
contribution of Cathepsin B to the resistance of these cells against lysis by CTL
was detectable. It remains to be studied whether Cathepsin B might protect ES

and EB cells under different conditions.
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Figure 16: Treatment of ES and EB cells with the Cathepsin B inhibitor C074 does not
render these cells susceptible to lysis by CTL

B6SV fibroblast or aPIG ES cells (A) or day 5 EB cells (B) were left untreated or pretreated with

the Cathepsin B inhibitor CA074 at a concentration of 10 uM for 16 h before being loaded with 1

MM of gpass.41 peptide for 1 h. These cells were used as target cells in a 4 h standard *ICr-release

assay. LCM virus specific CD8" CTL effector cells from mice infected 8 days before with the

LCM virus were incubated with the target cells at different E:T ratios.
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4.12. Undifferentiated ES and EB cells express high levels of Serpin-6,
a specific inhibitor of granzyme B

The murine serine proteinase inhibitor 6 serpin-6 (SPI-6) and its human
homologue PI9 were reported to inactivate granzyme B and thus protect CTL
against suicide or fratricide (67, 68). Beyond CTL, dendritic cells and several
tumor cells were shown to protect themselves against CTL mediated cytolysis
by expressing SPI-6 or P19 (67-76).

To investigate whether SPI-6 might be involved in the resistance of ES and
EB cells against lysis by LCM virus specific CTL, expression of SPI-6 in ES and
EB cells was assessed by real time PCR and Western blot analysis. Real time
PCR revealed that both ES cell lines CGR8 and aPIG as well as EB cells
express significant amounts of mMRNA coding for SPI-6 although slightly less
than activated CD8* cells (Fig. 17A). Western blot analysis revealed that
expression levels of SPI-6 protein in both ES cell lines and in EB cells are as
high as those observed in activated CD8* cells (Fig. 17B and 17C) and just
slightly below those detected in placenta and dendritic cells (Fig. 17B).
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Figure 17: ES and EB cells express SPI-6, an inhibitor of granzyme B

(A) Expression of mRNA coding for murine SPI-6 was determined by real time PCR in
undifferentiated aPIG and CGR8 ES cells, day 8 EB cells differentiated from aPIG ES cells,
B6SV fibroblasts, and CD8" CTL from day 8 LCM virus-infected C57BL/6 mice.

(B) Western blot analysis for the expression of SPI-6 in undifferentiated oPIG ES cells,
placenta, LCM virus-immune day 8 CD8" CTL, B6SV fibroblasts and DC. SPI-6 was detected by
using anti-SPI-6/P19 monoclonal antibody and GAPDH was detected using specific monoclonal

antibody.
(C) Western blot analysis for the expression of SPI-6 in LCM virus-immune day 8 CD8" CTL,

CGR8 and a-PIG undifferentiated ES cells, day 5 and day 8 EB cells derived from CGR8 ES
cells. SPI-6 was detected by using anti-SPI-6/PI9 monoclonal antibody and B-actin was

detected using specific monoclonal antibody.
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4.13. SPI-6 protects ES cells against cytolysis by LCM virus-specific
CD8" cells

To determine whether SPI-6 is involved in the resistance of ES cells
against CTL mediated cytotoxicity, RNA interference was used to knock down
the expression of SPI-6 in ES cells. As shown in figure 18A, effective down-
regulation of SPI-6 mRNA was achieved with the two independent shRNA
expressing Lentiviral vectors pLPac/EGFP/sh-SPI-6#1 and pLPac/EGFP/sh-
SPI-6#2 designated as SPI-6-#1 and #2. Transduction of ES cells with each of
these shRNA vectors that target different sequences of SPI-6 mRNA
significantly reduced the expression of SPI-6 mRNA to less than 10% of
untreated control cells (Fig. 18A). A vector coding for scrambled sequence
(pLPac/EGFP/sh-scr) showed only a moderate non-specific effect. Consistent
with the down-regulation of SPI-6 mRNA, Western blot analysis revealed that
both specific vectors induced a strong reduction in the expression of SPI-6
protein in ES cells (Fig. 18B and 18C), while the control vector showed no
effect.
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Figure 18: Down regulation of SPI-6 on mRNA and protein level by RNA interference

(A) Quantification of SPI-6 mRNA in CGR8 ES cells after transduction with vectors expressing shRNA
targeting two distinct regions of murine spi-6, SPI-6 #1 and SPI-6 #2, or a non-specific scrambled shRNA
(scr) and selection for puromycin resistance for four days. The residual expression was normalized to the
level measured in non-treated control cells.

(B) Western blot analysis for the expression of SPI-6 protein in cell lysates of CGR8 ES cells expressing
shRNA against murine spi-6, SPI-6 #1 and SPI-6 #2, or a non-silencing scrambled shRNA (scr) or B6SV
fibroblasts as negative control. Blots were subjected to mAb specific for SPI-6 or B-actin as loading control.

Shown are results from two independent experiments.
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To test the retrace of SPI-6 for the resistance of ES cells against the
cytotoxicity of virus specific CD8" cells, ES cells expressing SPI-6 specific
shRNA or scrambled shRNA were loaded with the LCM virus specific epitope
gpss-41 and used as target cells. LCM virus specific CD8* effector cells were
immunomagnetically enriched from C57BL/6 mice infected 8 days earlier with
LCM virus and were used in 4 h *'Cr-release assay B6SV fibroblasts were left
untreated or loaded with gpss.a1 were used as control target cells. As shown in
figure 19, control ES cells or ES cells expressing non-specific scrambled
shRNA that are loaded with gpss-41 were not lysed by the LCM virus specific
CD8* cells. In contrast, ES cells expressing SPI-6 specific shRNA that are
loaded with gpss.41 epitope were lysed almost as effectively as control
fibroblasts by the virus specific CTL.

These data indicate that SPI-6 down-regulation completely sensitizes ES
cells for lysis mediated by virus specific CD8" CTL. This provides a strong
functional proof for the hypothesis that expression of SPI-6 protein confers
resistance to ES cells against lysis by virus specific CD8" CTL.
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Figure 19: Down-regulation of SPI-6 renders ES cells fully susceptible for lysis by CD8*
CTL

CGR8 ES cells expressing either SPI-6-specific shRNA, SPI-6 #1, SPI-6 #2 or non-specific scrambled
shRNA were loaded with 1 pM of gpss-41 peptide for 1 h were used as target cells in 5'Cr-release
cytotoxicity assay. LCM virus specific CD8" effector cells were immunomagnetically enriched from splenic
single cell suspensions of C57BL/6 mice infected eight days earlier with 10° IU of the LCM virus. Effector
and target cells were incubated for 4 h at different E:T ratios. B6SV fibroblasts were used as positive or
negative control target cells.
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5. Discussion

In regenerative medicine, transplants of embryonic stem cells (ES) or their
differentiated derivatives will be confronted by the same immune responses as
any conventional organ transplant. To date, little is known about the
immunologic properties of ES cells and several assumptions have just been
extrapolated from findings with other cell types without being formally proven for
ES cells. Therefore, to exploit the promising potential of ES cells in regenerative
medicine, more should be known about the immunological characteristics of ES
cells and their differentiated derivatives.

In principle, allogeneic transplants are rejected due to incompatibility in
one or more of the following three classes of transplant antigens: ABO blood
group antigens, minor histocompatibility complex (mHC) antigens and major
histocompatibility complex (MHC) antigens.

Incompatibility in the ABO blood group antigens expressed by most cell
types throughout the body triggers complement activation and leads to hyper-
acute graft rejection. Yet, it is not clear whether human ES cells express ABO
blood group antigens, but it is reasonable to assume that their differentiated cell
products certainly will express these antigens (4). Therefore, ABO
incompatibility should be avoided when transplanting ES cell-derived tissues.
Indeed, due to the limited variety in ABO blood group antigens this demand can
be easily fulfilled.

In contrast, minor histocompatibility complex (mHC) antigens are much
more polymorphic alloantigens. Minor histocompatibility antigens are peptides
derived from polymorphic proteins, other than MHC molecules that can induce
T cell mediated immune responses when they are presented by host antigen
presenting cells (APC) to host T cells (39, 41). Undoubtedly, these antigens are
also expressed by ES-derived tissues, however, they are less important than
ABO and MHC antigens because they induce usually weak and slow rejection
responses which can be controlled by mild immunosuppressive drugs (40).

Mismatches in major histocompatibility complex (MHC) antigens have to
be considered more seriously, however, because they elicit vigorous immune
responses of cytotoxic T cells that lead to acute rejection of the transplant. Due
to the high polymorphism of MHC antigens, accurately match donors and

recipients is a major limitation in organ transplantation.
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5.1. ES cells and their differentiated derivatives fulfil all prerequisites
for an efficient recognition by CTL

In previous studies about the immunogenicity of ES cells, murine ES cells
were found to be devoid of MHC class | expression at any passage number (77,
78). Human ES cells were found to express low levels of MHC | which rise
during differentiation to embryoid bodies in vitro or to teratoma cells in vivo (24).
Human and murine ES cells and their derivatives, except for haematopoietic
cells were negative for MHC class Il antigens (24) which is not surprising in
view of the limited spectrum of cells expressing MHC class Il. In early
derivatives of human and mouse ES cells, expression of MHC | was shown to
increase in response to IFN-y. This means that ES cells or transplants derived
from ES cells might express higher levels of MHC class | after transplantation,
because inflammatory cytokines, including IFN-y, will be presumably secreted at
the site of transplantation due to the operation trauma.

This project aimed at revealing the functional sequences of low level
expression of MHC class | molecules by ES and EB cells and to enhance our
knowledge about the immunological characteristics of ES cells and their
derivatives. The wider scope is to avoid rejection of ES cell-derived transplants
in regenerative medicine.

To avoid artefacts due to unique properties of a single ES cell line, two
independently generated, well characterized murine ES cell lines were used:
CGRS8 cells (47) and the aPIG cell line transgenic for a-Myosin Heavy Chain -
Puromycin-IRIS-GFP (45), which was generated from D3 cells (46). CGR8 and
oPIG ES cell lines are derived from the 129P2/Ola and 129S2/SvPas mouse
strains, respectively. As differentiated derivatives of ES cells, embryoid bodies
(EB) which contain cells of the three germ layers ectoderm, endoderm and
mesoderm (14) were generated in vitro. Cells were derived form the embryoid
bodies on days 2-20 of differentiation and used in the experiments.

To characterize the T cell-mediated adaptive immune response to murine
ES cells and their differentiated derivatives in detail, the well established murine
Lymphocytic Choriomeningitis (LCM) virus infection was used as an
experimental system. This virus was chosen because infection with the LCM

virus results in the expression of large quantities of viral antigen in almost any
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murine cell type. Moreover, infection of mice with the LCM virus induces a
vigorous activation and expansion of virus specific CD8" T cells. These cells
can be easily harvested from spleens and can be used as highly effective CTL
in ex vivo assays (48, 79, 80). Besides, infections with LCM virus are of clinical
relevance. Infection of the human fetuses with LCM virus during the first
trimester leads to abortions, while infection at later times during pregnancy is an
increasing cause of early neonatal death, hydrocephalus and chorioretinitis in
infants (81, 82). Furthermore, fatal transmission of LCM virus by organ
transplantation has been recently reported (83).

Initial experiments revealed that both murine ES and EB cells can be
productively infected by the LCM virus. These findings extend results of
previous studies in which it was shown that human ES cells can be infected by
the LCM virus (84). Thus, as a first prerequisite of this study it was proven that
ES and EB cells infected with LCM virus produce viral antigen as a model
antigen for the endogenous pathway of antigen processing and presentation by
MHC class | molecules.

Further prerequisite for the presentation of endogenous antigens is the
expression of MHC class | molecules, which was assessed in ES cell lines by
three different approaches. First, by RT-PCR it was shown that undifferentiated
ES cells as well as EB cells express mRNA coding for the heavy chain of
MHC class | molecules. These findings confirm recently reported results for the
murine ES cell lines R1, YC5 and D3 and their differentiated derivatives (85).
Second, the total amount of cellular MHC class | protein was determined by
Western blot analysis. While MHC | protein was not detectable in
undifferentiated ES cells by Western blot, EB cells were found to express
increasing amounts of MHC class | protein with progressing differentiation
states. In undifferentiated ES cells, the lack of detectable MHC | proteins
despite the presence of mRNA coding for MHC | heavy chain might be due to
either very low level of MHC | protein expression or to immature post-
translational modification machinery of MHC | molecules e.g. glycosylation. As it
was beyond the scope of this study, this topic was not further addressed.

For the MHC I-restricted recognition of target cells by CTL, only those
MHC class | molecules present on the plasma membrane of the target cell are
relevant. Therefore, as a third approach, surface expression of MHC class | was
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assessed by flow cytometry. Consistent with the previous approach, no
expression of MHC class | was detectable on the surface of undifferentiated ES
cells. However, from day 2 of differentiation onwards, MHC class | molecules
were detectable on the surface of EB cells. In few experiments a peak of MHC |
expression was observed on day 4 of differentiation (see Fig. 4C). However,
since this observation was not consistently reproducible it was not investigated
in more detail.

In addition to MHC | heavy chain, ES and EB cells were found to express
high levels of B2 microglobulin (32M) at the mRNA and protein levels. Since 32M
is an essential component of the ternary MHC class I-peptide complex (86), EB
cells, at least from day 2 of differentiation onwards, appear to be fully equipped
to present antigens in a MHC class I-restricted way.

The proinflammatory cytokine IFN-y is a potent inducer of MHC class |
expression in somatic cells (51, 52). We asked whether IFN-y also enhances
MHC class | expression in ES and EB cells. We have observed that IFN-y did
not induce the expression of MHC class | in undifferentiated ES cells at the
mRNA or at the protein level. However, IFN-y strongly enhanced the expression
of MHC class | in EB cells from day 2 of differentiation onwards at both mRNA
and protein levels. Thus, up to this point our data fully confirm similar data
reported previously for human (24) and murine ES cells (49). However, a low
immunogenicity of ES cells or an inability of CTL to recognize ES cells should
not be inferred from these findings without formal proof.

After having established that ES and EB cells can be productively infected
with the LCM-virus, allowing the accumulation of large amounts of viral
endogenous antigens and that MHC | molecules are expressed at least in early
differentiated EB cells we asked whether ES and EB cells infected with the LCM
virus are lysed by LCM virus-specific CTL. Splenic CD8" T cells prepared from
MHC class | compatible mice on day 8 after infection were used in standard
*ICr-release cytotoxicity assays to assess the susceptibility of ES and EB cells
to lysis by virus specific CTL. Remarkably, neither ES cells nor EB cells infected
with the LCM virus were lysed to a significant degree by LCM virus-specific
CD8" T cells although these effector cells were shown to be highly cytotoxic
against infected control fibroblasts.
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Recently, Drukker et al have shown that undifferentiated human ES cells
infected with the Influenza virus are not effectively lysed by Influenza virus-
specific human CTL generated in vitro (50). The authors hypothesised that
processing and presentation of viral peptides via MHC class | molecules might
be inefficient in ES and EB cells. To date, it is largely unknown whether ES and
EB cells possess the intact machinery for the processing and presentation of
endogenous antigens which is an absolute prerequisite for the recognition and
lysis of target cells by CTL. To bypass possible defects in the antigen
processing and presentation pathways in ES and EB cells, these target cells
were loaded externally with the LCM virus specific peptide gpssa4r at a
concentration of 1uM. This peptide resembles an immunodominant epitope of
the LCM virus and is restricted by the H-2D® MHC molecules (53). In
*ICr-release assays the susceptibility of ES and EB cells loaded with gpas.41 to
lysis by LCM virus-specific CTL was assessed. Despite the high cytotoxicity of
the LCM virus specific CTL against control targets, neither ES cells nor EB cells
were significantly lysed after loading with gpss-41. The concentration of 1 pM
Opss-41, Used in this assay to load ES and EB cells should provide high levels of
peptide/MHC | complexes on target cells far beyond those can be achieved by
physiological antigen processing and presentation. The most obvious
explanation for the observed lack in lysis of ES and EB cells loaded with viral
peptide resides in the fact that expression of MHC | molecules is rather low on
ES and EB cells. Since this study has previously shown that IFN-y enhances
the expression of MHC class | at least on EB cells and it has been previously
shown that IFN-y restored a defect in the presentation of viral antigens in cell
lines with impaired MHC class | assembly (87), cytotoxicity assays with ES and
EB cells after treatment with IFN-y was performed. However, neither ES nor EB
cells loaded with gpss.41 were significantly lysed by virus specific CTL, although
MHC | expression was strongly enhanced by IFN-yin EB cells.

Drukker and colleagues have reported that human ES cells loaded with the
antigenic peptide of the Influenza virus type A were not lysed by human virus-
specific CTL. The authors suggested that lack of killing of ES cells might be due
to low expression of MHC | molecules (50). In contrast, even a 50-fold
enhanced expression of MHC | after treatment with IFN-y did not result in

significant lysis of ES cells by these CTL. Drukker and colleagues reasoned that
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viral infection might be more efficient than external loading of MHC | molecules
with viral peptides, because a slight cytolysis was observed for IFN-y-treated ES
cells infected with the influenza virus in comparison to that of ES cells externally
loaded with the viral peptide. However, these explanations appear not fully
convincing for the following reasons: first, lysis of IFN-y-pretreated ES cells
infected with the influenza virus was only slightly above background level.
Second, the high concentration of peptide used by Drukker et al exceeds by
50-fold the generally accepted upper limit of 1 uM, therefore it is presumably at
least as efficient as endogenous loading. Third, recognition of antigen
presenting ES cells by CTL was not formally proven.

In search for the cause of the lack of lysis by highly effective CTL,
recognition of antigen presenting ES and EB cells by antigen specific CTL was
assessed. CTL when coincubated with ES and EB cells either infected with
LCM virus or loaded with the gpss.a1 epitope, secrete almost as high levels of
IFN-y as in response to infected control fibroblasts. This suggests that ES cells
as well as EB cells are readily recognized by LCM virus-specific CTL. Antigen
specificity and MHC | restriction of this recognition were proven by using non
infected target cells and virus specific CTL derived from the allogeneic BALB/c
mice, respectively.

At first glance, recognition of ES cells by antigen specific CTL might be
surprising due to the low level of MHC | expression on ES and EB cells.
However, it is well documented in the literature that T cells can recognize as
few as 10 specific MHC/peptide complexes on a target cell (29, 88, 89).

It has to be emphasized that secretion of high amounts of IFN-y by LCM
virus specific CTL in response to ES and EB cells infected with the LCM virus
suggests that ES and EB cells are fully competent to process and present viral
antigens via the endogenous pathway. These findings are supported by a study
showing that undifferentiated murine ES cells and their early derivatives
express mMRNA coding for critical components of the antigen processing and
presentation machinery including: BoM, the peptide transporter proteins TAP1
and TAP2 and components of the proteasome LMP2 and LMP7 (85). Taken
together, although levels of MHC class | expression on the surface of ES cells
are below the detection limit by Western blot analysis and flow cytometry, these

cells are effectively recognized by virus specific CD8" CTL in an antigen specific
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and MHC class | restricted fashion. Nevertheless, despite effective recognition
of antigen presenting ES and EB cells by CTL, no significant lysis of these
target cells was observed.

It is known that CTL have different stimulatory thresholds for the secretion
of cytokines and the degranulation of cytotoxic granules (62). Therefore it had to
be addressed, whether ES and EB cells can trigger the exocytosis of cytotoxic
granules by CTL. Upon target cell recognition, CTL rapidly polarize their lytic
granules towards the site of contact with the target cells, i.e. the immunological
synapse (90). These lytic granules, containing the cytotoxic effector molecules,
fuse with the CTL plasma membrane and release their contents towards the
target cell (91). This study revealed that LCM virus-specific CTL in response to
contact with ES and EB cells loaded with gpss.41 peptide polarize their cytotoxic
granules within just 10 minutes towards the immunological synapse.
Furthermore, it was shown that CTL fuse their cytotoxic granules with their
plasma membrane in response to contact with antigen presenting ES cells as
judged by the exposure of the lysosomal marker CD107 on their plasma
membrane. Since CD107 localizes in CTL to the inner leaflet of the membrane
of cytotoxic granules and is exposed on the outer leaflet of plasma membrane
of the CTL only after fusion of the granule membrane with the plasma
membrane at the immunologic synapse, exposure of CD107 is accepted as a
measure for degranulation of CTL (63, 92). These findings revealed that LCM
virus specific CTL expose CD107 on the plasma membrane in response to
antigen presenting ES cells with comparable kinetics and densities as in
response to control fibroblasts. Hence, polarization of cytotoxic granules and
exposure of CD107 strongly suggest that the recognition of antigen presenting
ES cells by CTL is so effective that cytotoxic functions of the CTL are fully
triggered, including exocytosis of the cytotoxic granules. In the view of this full
blown CTL response to infected ES cells, it remains enigmatic, why infected ES
cells are not lysed as effectively as infected control target cells.

One explanation for the resistance of ES and EB cells to lysis by CTL
might be due to a generally reduced susceptibility of ES cells to pro-apoptotic
stimuli. However, in agreement with previous studies (54-60, 93) these data
demonstrated here that ES cells readily undergo apoptosis in response to
several exogenous apoptotic stimuli, e.g. UV irradiation or treatment with
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staurosporine. Thus, ES and EB cells are not immortal due to general defects in
the proapoptotic signalling pathways. Taken together, the above discussed
characteristics of the interaction between CTL and ES cells suggest that ES
cells are specifically resistant to the cytotoxic effector mechanisms of CTL.

5.2. Resistance of ES and EB cells against cytolysis by CD8" CTL is due
to the expression of cytoprotective molecules

Cytotoxic T cells lyse virus infected cells via exocytosis of cytotoxic
granules, which contain the pore-forming molecule perforin and an array of
cytotoxic proteases known as granzymes (28, 30). Perforin monomers insert
into the membrane of the target cell and polymerize to form pores. These pores
are essential for the delivery of the granzymes into the cytoplasm of the target
cells where they trigger the apoptotic signalling cascade (31).

More recently, the longstanding conundrum of how CTL are protected
against their own cytotoxic effector molecules has been solved. Henkart and
colleagues reported that CTL protect themselves against the toxic effect of
perforin by the expression of Cathepsin B (64). Cathepsin B, a lysosomal
cysteine protease, was reported to cleave perforin before its assembly within
the cell membrane thereby impairing its pore forming activity (64). This study
reveals that both ES and EB cells express levels of Cathepsin B protein even
higher than those observed in CD8" CTL. To characterize the functional
relevance of Cathepsin B in the resistance of ES and EB cell against lysis by
CTL, we specifically inhibited Cathepsin B by using the compound CA074.

The use of the specific Cathepsin B inhibitor CA074 results in significantly
enhanced suicide/fratricide among CD8" CTL, however it did not enhance the
susceptibility of ES and EB cells to lysis by LCM virus specific CD8" CTL. This
observation might be due to inherent problems of pharmacologic inhibitors, e.g.
incomplete inhibition of Cathepsin B by CAQ074. Alternatively, Cathepsin B
expressed by ES and EB cells might not be involved in protection of ES cells
against cytolysis but rather take part in tissue degradation during invasion of the
uterine stroma by the embryonic trophoblast as suggested by Afonso and
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colleagues (94, 95). Hence, the biological function of Cathepsin B expression in
ES and EB cells remains to be elucidated.

Besides, Cathepsin B, other cytoprotective molecules have been identified
in CTL during the recent years. Among these are the serine protease inhibitor
(serpin) SPI-6 and its human homologue PI-9 which inactivate granzyme B
irreversibly in vitro and in vivo (96). Several studies demonstrate that SPI-6 is
expressed by dendritic cells, in which it prevents the destruction of these
professional antigen-presenting cells (APC) during interaction with CTL and at
immune-privileged sites, where degranulation of CTL is potentially deleterious
(71, 96). More recently, murine SPI-6 was reported to play a crucial role in the
protection of CTL themselves against the suicidal effects of their own granzyme
B (76). Moreover, an aberrant expression of the human serpin PI-9 and its
murine homologue SPI-6 has been detected in various types of melanoma,
carcinoma and lymphoma and that is linked with the escape of tumor cells from
immunosurveillance (71, 97, 98).

In this study, ES and EB cells were found to express SPI-6 on both the
mRNA and protein levels. In fact, expression of SPI-6 in ES and EB cells was
almost as high as in CD8" CTL. The biological relevance of SPI-6 expression in
ES cells for their resistance against lysis by CTL was determined by down-
regulating SPI-6 expression by specific RNA interference. Remarkably, by
down-regulation of SPI-6 expression, ES cells become as susceptible to lysis by
CTL as fibroblasts. Thus, murine ES and EB cells establish an immune
privileged state by expression of SPI-6 that prevents destruction of these cells
by highly cytotoxic CTL.

Thus far, the resistance of ES cells to lysis by CTL was assumed by
several groups (8, 24, 49, 50) to be due to the lack of target cell recognition as a
consequence of low MHC | expression in ES cells without formal proof of this
hypothesis. By demonstrating that ES and EB cells express high levels of
Cathepsin B and SPI-6, this study significantly extends our knowledge about the
immunological properties of ES cells and their differentiated derivative.

Obviously, protection of ES cells, which are early embryonic cells, against
lysis by CTL is of great biological importance, because from an immunologic
point of view the embryo is a true intrauterine semi-allogeneic transplant. This
means that during the implantation of the early embryo into the decidua, it might
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be a target for maternal allospecific CTL. To date, mechanisms by which the
embryo might be protected against rejection by the maternal immune system
were explained on the one hand by low expression of MHC molecules resulting
in low immunogenicity and on the other hand by active immunosuppression
through high expression of HLA-G impairing lysis by CTL and natural killer (NK)
cells (99, 100). However, in view of the high sensitivity of T cells for very low
levels of MHC | molecules on target cells, the low MHC | expression of ES and
EB cells does not warrant the acceptance of embryonic cells. Apparently,
instead of trusting to be ignored by T cells, ES and EB cells rather have evolved
mechanisms to actively counteract cytotoxic effector molecules of CTL.
However, the functional in vivo relevance of the cytoprotective molecules SPI-6
and Cathepsin B for preventing the rejection of the embryo remains to be
investigated.

Beyond their physiological significance during pregnancy it remains to be
investigated what consequences the expression of the cytoprotective molecules
in ES cells have for regenerative medicine that relies on ES cell-derived tissues.
An obvious advantage of the endogenous cytoprotective molecules in ES cells
and their derivatives is that they might prevent rejection of ES cell-derived grafts
after therapeutic implantation. The flipside of this coin, however, could be that
implanted ES cells not differentiating into the desired cell types rather than
develop into teratoma or teratocarcinoma and escape from immune-
surveillance. This danger would apply if differentiated derivatives of ES cells
were transplanted, because just a single remaining undifferentiated ES cell or a
differentiated cells reverting to a less differentiated state is sufficient to induce
teratoma or teratocarcinoma formation.

Even if ES cells do not give rise to tumors, immune-privileged cells within
ES cell-derived transplants pose another risk by providing a niche for
intracellular pathogens. Within such a niche beyond the immune surveillance
pathogens might be able to establish persistence.

This study of stem cell immunobiology reveals molecular mechanisms
which contribute to the unique immunological properties of embryonic stem cells
and which would have an impact on our basic understanding of CTL-mediated
immune response towards ES cells, the immunologically privileged state of the
embryo and on future approaches of ES cell-based cell replacement therapy.
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