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In this study we describe the derivation and immunological characterization of a primary epithelial cell type
from the human umbilical cord membrane. These cord lining epithelial cells (CLECs) expressed and/or
secreted isoforms of the nonclassical human leukocyte antigen class I (HLA-1b) glycoproteins, HLA-G and
E. Conditioned media from CLECs inhibited mitogen-stimulated T-lymphocyte responses, and in a mixed
leukocyte reaction (MLR) assay, cocultured CLECs inhibited allogeneic responses with a concomitant reduc-
tion in proinflammatory cytokines. Using a transwell coculture system, it was demonstrated that these immu-
noregulatory effects were mediated by soluble factors secreted by CLECs, in a dose-dependent manner.
Functional studies using HLA-G blocking antibody showed that the effects of CLEC-secreted products could
be inhibited, thus demonstrating a significant and important role for soluble HLA-G. In vivo, we show that
transplanted CLECs could be maintained for extended periods in immunocompetent mice where xenorejec-
tion rapidly destroyed primary keratinocytes, a control human epithelial cell type. Additionally, CLECs
delayed the rejection of keratinocytes and extended their survival when cotransplanted, indicating an ability
to protect adjacent human cell types that would otherwise be rejected if transplanted alone. We also show
that CLECs transduced with a modified human proinsulin gene were transplanted intraperitoneally into strep-
tozotocin (STZ)-induced diabetic mice, resulting in significantly lower levels of serum glucose compared to
control mice. This study has characterized the immunological properties of CLECs and tested a potential

therapeutic application in the treatment of a type 1 diabetes mouse model.
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INTRODUCTION

The selection of a potential source of cells for cell
transplantation depends on many factors. One of these
factors may be the immunogenicity, which is the ability
of the transplanted cells to provoke the host immune
responses. In the present study, we have studied a novel
cell type from the human umbilical cord lining and char-
acterized their immunological properties that may en-
hance survival after transplantation.

Human umbilical cord lining-derived epithelial cells
(CLECs) have recently been described (19,43) and are

derived from the discarded umbilical cord after delivery
of the newborn. The umbilical cord, as well as the pla-
centa, is immunoprivileged throughout pregnancy. The
mechanisms that switch off maternal immune responses
and lead to a temporary tolerance of the fetal allograft
are not fully understood, and are thought to be primarily
mediated by the placenta. A recent study (9) has de-
scribed the immunomodulatory properties of cord lining
derived mesenchymal stem cells (MSCs) in comparison
to MSCs derived from other tissues.

To parallel this and previous studies conducted on
placental cell types, including trophoblastic and mesen-
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chymal (1,22,24), we have analyzed CLECs for expres-
sion of two nonclassical forms of human leukocyte anti-
gen (HLA): HLA-G and E. These forms of major
histocompatibility complex (MHC) molecule are linked
with placental mechanisms that modulate maternal im-
mune rejection (16,18). HLA-G is known to have pow-
erful immunosuppressive effects on diverse immune cell
types including T cells (2), natural killer (NK) cells (34),
and dendritic cells (DCs) (33). HLA-E expression is as-
sociated with a number of immune refractory tumors
and regulates NK cell activity through interactions with
CD94/NKG2 receptors (4).

In this study, using a coculture system and functional
assays, we have demonstrated a key role for soluble
HLA-G in the immunoregulation by CLECs. We have
also analyzed the influence of CLECs on the cytokine
milieu engendered as part of an ongoing alloresponse,
which can have important consequences for the kinetics
and scale of the response (5,8).

We subsequently studied the ability of CLECs to sur-
vive under conditions of xenorejection in immunocom-
petent Balb/c mice and recovered viable CLECs from
xenotransplants after a prolonged period, which was in
marked contrast to the rapid clearance of an alternative
primary epithelial cell type, human keratinocytes. Fi-
nally, we transplanted CLECs transduced with the hu-
man proinsulin gene and demonstrated a reduction in
serum glucose levels in mice with streptozotocin (STZ)-
induced hyperglycemia in vivo.

MATERIALS AND METHODS
Derivation of Primary Cell Lines

Human CLECs were isolated from the lining mem-
brane of human umbilical cord by researchers from Cell-
Research Corporation, Singapore, as described pre-
viously (43) (international publication number WO
2006/019357 Al and UK Patent GB2432166). These
cells are distinct from the recently described cord lining
mesenchymal cells (CLMC) morphologically (Fig. 1)
and in HLA expression (9). Human umbilical cord tis-
sues were obtained after delivery of uncomplicated preg-
nancies with written informed consent from donors. Dis-
section of umbilical cord tissue was performed to
separate the umbilical cord membrane from Wharton’s
jelly (the matrix of umbilical cord) and other internal
components. Sectioned small pieces of umbilical cord
membrane were explanted to tissue culture dishes and
the primary cell lines were allowed to grow out of these
sections. Cultures of the CLECs were maintained in Me-
dium 171 (Cascade Biologics, USA) supplemented with
50 pg/ml insulin-like growth factor-1, 50 pg/ml platelet-
derived growth factor-BB, 5 pg/ml transforming growth
factor-B1, and 5 pg/ml insulin (R&D Systems, USA).
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Flow Cytometry

CLECs were harvested from culture dishes by tryp-
sinization, immunostained, and surface marker expres-
sion analyzed with a Dako-Cytomation CyAn ADP flow
cytometer. Antibodies were used against the following
human antigens: HLA-A, B, C, HLA-DR, CD54 (BD
Pharmingen, USA), pan-cytokeratin, CD44, and CD104
(eBioscience, USA). Permeabilization with 0.5% sapo-
nin (Sigma-Aldrich, USA) was utilized to detect intra-
cellular expression of nonclassical MHC I molecules
with the following antibodies: anti-HLA-G (clone 4H84,
BD Pharmingen, USA), and anti-HLA-E (clone MEM-
E/02, Abcam, UK). T cells were harvested from mixed
leukocyte cultures, washed, stained, and analyzed as de-
scribed above, using the following antibodies: anti-CD4
(BD Pharmingen, USA), anti-CD25 and anti-Foxp3 (Fox-
head Box P3; Treg Staining Kit, eBioscience, USA). Iso-
type controls were used accordingly in all experiments.

Immunoblotting

Cultured cells were lysed with cell lysis buffer con-
taining 10 mM Tris (pH 7.4), 1 mM EDTA, 150 mM
sodium chloride, 0.5% Triton X-100, 0.5% Nonidet
P-40, 250 uM sodium vanadate, and 1 mg/ml protease
inhibitor cocktail (Boehringer-Mannheim, Germany).
Soluble fractions were collected as supernatants after
centrifugation of the whole cell lysate. Protein concen-
trations were determined by Bradford protein assay
(Bio-Rad, USA). Protein samples were separated by
14% SDS-PAGE under reducing conditions and blotted
onto nitrocellulose membranes. Blots were incubated
with the specific antibodies against HLA-G (clone
4H84, BD Pharmingen, USA) and HLA-E (clone MEM-
E/02, Abcam, UK), followed by horseradish peroxidase-
conjugated rabbit anti-mouse secondary antibody (Abcam,
UK). The blots were visualized with a chemilumines-
cence-based photoblot system (Amersham Biosciences,
UK). To detect HLA-G/E in the conditioned medium,
culture supernatants were concentrated using an Amicon
centrifugal filtration device (Millipore, USA), quanti-
fied, and then subjected to Western blot analysis.

Reverse Transcription PCR (RT-PCR)

Total RNA was extracted from cultured cells using
Qiagen RNeasy Mini kit, and quantified with Nanodrop
ND-1000. Reverse transcription was done with Super-
Script® III First-Strand Synthesis System (Invitrogen,
USA), using 2 pg of total RNA primed with 2.5 uM
oligo dT (1st BASE, Singapore) for 1 h at 50°C, with a
reaction volume of 20 pl. The reaction was stopped by
heating at 80°C for 5 min. PCR was done using an MJ
Research PTC-100 thermal cycler, in a total volume of
50 pl with 2 ul RT product, 200 uM of each dNTP
(Promega), 0.4 uM of each primer (1st BASE), 1.5 mM
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Figure 1. Morphology of cord lining derived cells. The cord lining-derived epithelial cell (CLEC)
has a cuboidal/polygonal morphology whereas the cord lining mesenchymal cell (CLMC) is elon-

gated and fibroblast-like.

magnesium chloride, 10 pl 5x Green GoTaq® Flexi
Buffer, and 1.25 units GoTaq® Flexi DNA polymerase
(Promega, USA). PCR cycle conditions were 45 s at
95°C, 45 s at 60°C, and 45 s at 72°C, for 40 cycles, with
initial denaturation at 95°C for 2 min and final extension
at 72°C for 5 min. B-Actin cDNA was used as a control
and amplified with 30 cycles of PCR. Primers were de-
signed according to Refseq (NM_002127 for HLA-G,
NM_005516 for HLA-E, and NM_001101.3 for human
B-actin) downloaded from the NCBI sequence viewer,
using online primer 3 (v. 0.4.0) (35) at http://frodo.wi.
mit.edu/primer3/. Primer sequences are listed in Table 1.

Isolation of Immune Cell Subsets

Human peripheral blood mononuclear cells (PBMCs)
were isolated using Ficoll-Hypaque density gradients
from the peripheral blood of healthy volunteers with in-
formed consent under an approved protocol from the

Table 1. Primer Sets Used in RT-PCR

National University of Singapore-Institutional Review
Board (NUS-IRB). Peripheral blood monocytes were
positively selected from PBMCs using anti-CD14 mi-
crobeads (Miltenyi Biotechnology, Germany). Dendritic
cells (DCs) were generated by culturing the monocytes
in 100 ng/ml granulocyte-macrophage colony stimulat-
ing factor (GM-CSF) and 1000 U/ml interleukin-4 (IL-
4) for 7 days in DMEM containing 10% human AB se-
rum (Cambrex, UK) (37). T lymphocytes were isolated
from PBMCs using anti-CD4 or anti-CD8 microbeads
(Miltenyi Biotechnology, Germany) and used directly in
mixed leukocyte reactions (MLRs) or mitogen stimula-
tion assays.

Allogeneic Mixed Leukocyte Reaction

Peripheral blood monocyte-derived DCs and T cells
(CD4* unless otherwise stated) derived from two geneti-
cally unrelated human donors were cocultured at DC/T

Target Forward Target Reverse Amplicon
Target Gene Region Primer (5'—3") Region Primer (5'—3") Size (bp)  Isoforms
Membrane HLA-Gs Exon 2  aggagacacggaacaccaag Exon 5  ccagcaacgatacccatgat 685 Gl
409 G2/G4
133 G3
Soluble HLA-Gs Exon 1  aaccctettectgetgetet Intron 4  gectecatctcectecttac 895 G5
619 G6
Exon 1  aaccctcttcctgetgetet Intron 2 ttactcactggcctegetet 331 G7
HLA-E Exon 3  ctggagaaggggaaggagac Exon 5  ccacagatccaaggagaacc 379
Human B-actin Exon 2  gctcgtegtcgacaacggetc Exon 4 caaacatgatctgggtcatcttcte 353

Primers were designed according to Refseq (NM_002127 for HLA-G, NM_005516 for HLA-E, and NM_001101.3 for human B-actin)
downloaded from the NCBI sequence viewer, using online primer 3 (v. 0.4.0) (35). RT, reverse transcription; HLA, human leukocyte

antigen.
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Figure 2. Cord lining epithelial cells express the immunoregulatory molecules HLA-G and HLA-E. (A) Flow cytometry analysis
of major histocompatibility complex (MHC) molecules, epithelial markers, and adhesion receptors in CLECs. One representative
is shown out of five CLEC cell lines tested. *Cells were permeabilized for staining of intracellular antigens. (B) Schematic of
identified isoforms of human leukocyte antigen-G (HLA-G), adapted from Le Discorde et al. (21). There are four membrane bound
isoforms and three soluble ones, HLA-G1 and GS5 being the full-length isoforms, respectively. Information on alternative splicing
of HLA-E is not yet available. (C) Isoforms 1, 5, and 7 of HLA-G mRNA were consistently detected in all five CLEC lines; other
isoforms were detected at varying levels across CLEC cell lines from different donors. HLA-E mRNA was also detected consis-
tently. (D) Western blot analysis of HLA-G/E protein expression in CLECs. For HLA-G, a product of approximately 36 kDa
(predicted to be isoform 5) was clearly evident in the cell lysate along with a secreted product of approximately 17 kDa (predicted
to be isoform 7) in culture medium. For HLA-E, a product of approximately 42 kDa was detected in cell lysates. No secreted
HLA-E was detected. JEG3, choriocarcinoma line as a control.
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Figure 3. Cord lining epithelial cells inhibit alloreactive T-lymphocyte proliferation. (A) i) Culture supernatants from four CLEC
cell lines significantly impaired responses of T lymphocytes in an allogeneic mixed leukocyte reaction (MLR). ii) CLEC superna-
tants block T-cell responses upon stimulation with the mitogen phytohemagglutinin (PHA). p-Values shown have been corrected
(Bonferroni) for multiple comparison. (B) i) Schematic of transwell culture system for comparing membrane bound versus secreted
regulatory factors. ii) Coculturing CLEC with MLRs resulted in a significant inhibition of allogeneic T-cell proliferation, through
both direct or transwell coculture (cells in transwells are indicated with brackets). Proliferation was evaluated as the ratio of
proliferating T cells (CFSE*CD4+) to the entire CD4* population (data was from six independent MLR experiments). **p < 0.01
by paired Student’s r-test, after Bonferroni correction. CFSE, carboxyfluorescein succinimidyl ester. (C) With fixed cell numbers
of T cells and DCs in the MLRs, titrated cell number of cocultured CLECs resulted in a dose-dependent response in inhibition of
T-cell proliferation. (D) Immune suppressive effects of CLEC supernatant was reversed by anti-HLA-G blocking antibody but not
by an isotype control antibody. Counts per minute (cpm) readings were done with triplicate wells. Error bars represent mean +
SEM.
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ratio of 1:5 for 7 days, in the presence of 5 U/ml recom-
binant IL-2 (iDNA Biotechnology, Singapore), in DMEM
with 6.67% human AB serum and 1 U/ml penicillin 1
pg/ml streptomycin, respectively (Gibco, Invitrogen,
USA). Two different assays were used to quantify T-
cell proliferation in the MLR.

For tritiated thymidine incorporation assays, the
MLR was carried out in triplicate culture wells in 96-
well microtitre plates with 2 x 105 T cells/well. Culture
supernatants from CLEC cell lines were added at 100 pl/
well to 50% of the final volume. Fresh culture medium
without CLEC conditioning was used as control.

For carboxyfluorescein succinimidyl ester (CFSE)
proliferation assays, CLECs were seeded into 24-well
plates at a density of 50,000 cells/well (unless otherwise
noted), 1 day before the MLR. T cells and DCs were
later added directly into the culture wells (1 x 10° T
cells/well) or placed into a 0.4 wm pore size cell culture
insert (BD Falcon Inc, CA, USA).

Mitogen Stimulation Assay

T cells were stimulated with 2 pg/ml phytohemagglu-
tinin (PHA) (Sigma-Aldrich, USA) for 48 h and pulsed
with [*H]thymidine (GE Healthcare, UK) to determine
proliferation. CLEC-conditioned culture supernatants
were utilized at identical ratios (50% v/v) as those em-
ployed in the MLR assays.

[H]Thymidine Incorporation Assay

[*H]Thymidine (GE Healthcare, UK) was added to a
final concentration of 0.5 puCi/well on the seventh day
of MLR or the second day of the mitogen stimulation
assay. Cells were incubated for 6 h to allow [*H]thymi-
dine incorporation into actively dividing cells. The la-
beled DNA was measured by harvesting the T cells onto
UniFilter plates (PerkinElmer, USA), dried at 60°C for
at least 1 h, and analyzed on a Beckman TopCount lig-
uid scintillation plate reader. In the MLR experiments,
DCs were pretreated with mitomycin C (15 pg/ml)
(Sigma-Alldrich, USA) prior to MLR culture to ensure
the measured proliferation was restricted to T cells.

CFSE Cell Proliferation Assay

T cells were stained with the membrane-permeable
dye carboxyfluorescein diacetate, succinimidyl ester
(CFDA-SE) (Invitrogen, USA) prior to MLR, at 2 uM
for 10 min at 37°C. CFDA-SE was then processed by
intracellular enzymes to become the highly fluorescent
carboxyfluorescein succinimidyl ester (CFSE), which
was retained inside the cell and diluted in daughter cells
during division/proliferation. T cells were harvested on
the seventh day of MLR, immunostained, and analyzed
by flow cytometry.

HLA-G Functional Assay

The role of HLA-G in CLEC immune regulation was
investigated in the allogeneic MLR using a functional
grade anti-HLA-G antibody (clone 87G, Exbio, Czech).
CLEC-conditioned medium was preincubated with the
blocking antibody at 30 pg/ml, 37°C for 30 min. This
was then added into the MLR culture resulting in a final
concentration of the antibody at 15 pug/ml. CLEC-condi-
tioned medium treated with an isotype control antibody
under identical conditions served as negative control.

Multiplex Cytokine Arrays

Supernatants from CLEC and MLR cultures were
collected (100 pl/well) from 24-well plates at the end of
the 7-day MLR and stored at —80°C until use. Fresh
medium and CLEC monoculture supernatants were also
included in the assay as controls. Human cytokines were
measured using multiplex cytokine assay bead suspen-
sion systems (Bio-Rad Laboratories, USA) with simulta-
neous detection of several human cytokines in a single
sample (12). Data analysis was carried out using 5-para-
metric-curve fitting Bio-Plex Manager software (Bio-
Rad Laboratories, USA).

Stable Transduction of CLECs and Keratinocytes

For the preparation of pseudotyped lentiviral vectors,
the transfer vector plasmid, packaging plasmid pCMV
AR8.91, and VSVG envelop protein-coding plasmid
pMD.G were cotransfected into subconfluent human

FACING PAGE

Figure 4. Cord lining epithelial cells modulate the cytokine environment in mixed leukocyte reactions. (A) The upper right-hand
quadrant shows the population of CD4*CD25"e"Foxp3+ regulatory T cells. CLECs did not induce expansion of this regulatory T-
cell population in the cocultured MLR. One representative is shown from three independent experiments. Foxp3, foxhead box p3.
(B) CLEC-conditioned culture supernatants inhibited proliferation of alloreactive CD4* and CD8* T cells. CD4* T cells (i) re-
sponded with higher level of proliferation than CD8* T cells (ii). Stimulation index shows ratio of [*H]thymidine uptake of stimu-
lated over unstimulated T cells (mean £ SEM). (C) Cytokine concentrations at day 7 of MLR were measured by multiplex bead
suspension array. Values of each experimental condition were normalized to the cytokine concentrations in the MLR control
(T+DC). *p <£0.05 by Wilcoxon signed-rank test, after Bonferroni correction. Data shown were from three to five independent
experiments, each with duplicate cultures. IL, interleukin; IFN, interferon; TNF, tumor necrosis factor; GM-CSF, granulocyte-
macrophage colony-stimulating factor.
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Figure 5. Cord lining epithelial cells survive in immunologically competent mice and protect proximal human cells from acute
xenorejection. (A) Lentiviral transfected CLECs and keratinocytes, expressing DsRed2 and eGFP, respectively, were visualized
using fluorescent microscopy (Olympus IX70), before transplantation (in culture), and from excised grafts after 2 weeks. Red
fluorescence indicates the presence of CLECs up to 14 days posttransplantation, whereas the green fluorescence of normal human
keratinocytes was not detected by scanning the entire graft. (B) i) Examination of grafts at earlier time points showed that keratino-
cytes dismissed rapidly during the early stages of xenotransplantation and were absent by 48 h, while CLECs persisted through all
time points tested (N = 4). ii) Cotransplantation with CLECs improved survival of keratinocytes in the xenotransplantation mouse
model. A greater number of eGFP-positive keratinocytes could be found in the mixed cell graft than in the graft with keratinocytes
alone (i), up to 2 days posttransplantation. eGFP-positive keratinocytes localized in close proximity with DsRed2-positive CLECs
in the graft (N =2). (C) Reestablished CLEC cultures from the excised graft demonstrated the continuing viability of the trans-
planted cells. Differential interference contrast (DIC) images indicated the presence of nonfluorescent cells in these cultures, which
might be either dead or infiltrating murine cells.

embryonic kidney (HEK) 293T cells by calcium phos- duced with lentiviral vector WPT-DsRed2 and WPT-
phate precipitation, following Prof. Trono’s previously eGFP (red and green fluorescent proteins; kind gift from
described protocols (27). The viral supernatant was har- Prof. Didier Trono, University of Lausanne, Switzer-
vested in the respective growth medium of CLECs and land), respectively, with multiplicity of infection (MOI)

keratinocytes. CLECs and keratinocytes were trans- ranging from 10 to 30 and in the presence of 8 pg/ml
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polybrene. The viral supernatant was removed 24 h after
infection and replaced with culture medium.

For ex vivo gene therapy of diabetic mice, a lentiviral
vector encoding a human proinsulin gene construct (kind
gift from Prof. Ann Simpson, University of Technology,
Sydney) (32) was transduced into CLECs, using the
same method as described above.

Xenotransplantation

All animal experiments were done under the approval
of Institutional Animal Care and Use Committee
(IACUC). Surgical procedures were performed under
anesthesia induced by intraperitoneal injection of 0.1 ml
of a mixture consisting of equal parts of Hypnorm (10
mg/ml fluanisone and 0.315 mg/ml fentanyl citrate; Jan-
ssen Pharmaceutica, Berchem, Belgium) and Dormicum
(5 mg/ml midazolam; Roche, Basel, Switzerland), di-
luted in two parts water. Immunocompetent Balb/c mice
(8—10 weeks old) were used for assaying the survival of
CLEC:s in vivo under conditions of acute rejection. The
DsRed2 fluorescence-tagged CLEC and eGFP-tagged
primary human skin keratinocytes were cultured at an
identical seeding density of 2 x 10° cells/graft. The cells
were transplanted as a monolayer on a porous polyethyl-
ene phthalate (PET) membrane to allow easy visualiza-
tion and recovery. A 1-2-cm incision in the skin was
made on the dorsal side. Three pieces of graft (6 x 10
cells in total) per mouse were inserted subcutaneously.
Grafts were removed 12 and 48 h and 14 days later to
assess cell survival by fluorescent microscopy and recul-
ture of the explanted cells. To establish recultures, ex-
planted graft was washed in PBS with 5% antibiotic
antimycotic and trypsinized for 5 min at 37°C.

CLEC-Based Ex Vivo Gene Therapy

Severe combined immunodeficiency (SCID) mice
(CB17/IcrHanHsd-PrkcdSCID) were treated with STZ
to induce diabetes-like hyperglycemia. Freshly prepared
STZ was injected intraperitoneally at a single dose of
180 mg/kg after 4 h of fasting. Mice with serum glucose
levels above 14 mM (252 mg/dl) for at least 3 consecu-
tive days were considered stably hyperglycemic. Mice
of the treatment group received an intraperitoneal injec-
tion of insulin-expressing CLECs (resuspended in
RPMI-1640 medium) at 1 x 107 cells per mouse in 250
ul. Equal volumes of RPMI-1640 medium alone were
injected into mice of the control group. Serum glucose
was monitored from the tail vein using Accu-Chek Ac-
tive glucose meter (Roche Diagnostics, Switzerland),
daily in the first week post-cell injection and twice a
week afterwards until the end of experiment. Mice were
euthanized at 3 weeks post-cell injection and the pan-
creata were harvested for histological analysis.

Histology

Grafts harvested from the mice were fixed, pro-
cessed, embedded into paraffin blocks, and cut into 5-
pm sections. For immunostaining, paraffin sections of
tissues were boiled in citrate buffer for antigen retrieval
and then immunostained with anti-human vimentin anti-
body (clone V9, Invitrogen) or anti-GFP antibody
(Chemicon), followed by visualization using the Ultra-
Vision LP Value Detection System HRP Polymer &
AEC Chromogen kit (Thermo Fisher Scientific, USA).
Hematoxylin counterstaining was used to label cell nu-
clei.

Statistics

Student’s #-test with two-tailed p-values was used for
data analysis of T-cell proliferation assays. Bonferroni
correction was applied where multiple comparison was
involved. Friedman test was used to analyze data from
multiplex cytokine arrays. Wilcoxon signed-rank test
was used as post hoc analysis, with Bonferroni correc-
tion. For ex vivo gene therapy of STZ-induced hypergly-
cemic mice, the statistical significance of differences be-
tween the treatment and control groups was tested using
general linear model for repeated measures.

Numbers (N) are given in each figure legend. Error
bars represented standard error of the mean. Statistical
analysis was conducted using SPSS version 17.0.

RESULTS
Derivation and Phenotypic Characterization of CLECs

Phenotypic analysis of CLECs by flow cytometry in-
dicated positive surface staining for HLA-A, B, C, the
classical MHC class I molecules, while staining negative
for HLA-DR. They also expressed two nonclassical
members of the MHC class I molecules, HLA-G and E.
In addition, CLECs expressed cytokeratins and adhesion
molecules that are typical of epithelial cells. These in-
cluded CD44 (homing cell adhesion molecule; HCAM),
CD54 (intracellular adhesion molecule-1; ICAM-1), and
CD104 (integrin p4) (Fig. 2A).

Further analysis of the HLA-G expression was per-
formed with five primary CLEC cell lines from different
donors. HLA-G is predicted to have seven protein iso-
forms based on alternative splicing. Isoforms 1-4 are
predicted to be membrane bound and isoforms 5-7 are
soluble/secreted (Fig. 2B) (28,31). The mRNA splice
variants of HLA-G expressed by CLECs were identified
using primer sets targeting specific exons/introns of the
HLA-G gene by RT-PCR (Table 1). All of the CLEC
lines expressed mRNA for HLA-G isoforms 1, 5, and 7.
One cell line expressed isoform 3, four expressed iso-
form 2/4, and three expressed isoform 6. HLA-E mRNA
was also detected consistently in the five CLEC lines
(Fig. 2C).
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HLA-G and HLA-E protein expression was analyzed
in both the cell lysates and culture supernatants of
CLECs. The choriocarcinoma cell line JEG3, known to
express high levels of HLA-G and E, was used as a
positive control (6) (Fig. 2D). For HLA-G, a product of
approximately 36 kDa (predicted to be isoform 5) was
clearly evident in the cell lysate along with a secreted
product of approximately 17 kDa (predicted to be iso-
form 7) in culture medium. For HLA-E, a product of
approximately 42 kDa was detected in cell lysates. No
secreted isoforms of HLA-E were detected.

The fact that HLA-E was found in all cells that ex-
pressed isoforms of HLA-G is consistent with reports
that HLA-E is complexed with the HLA-G signal se-
quence-derived nonamer (17).

CLECs Inhibit Allogeneic Immune Responses In Vitro

The relative immunoregulatory activity of selected
HLA-G/E expressing CLECs was tested using T-lymph-
ocyte proliferation assays. These involved an in vitro
surrogate for allogeneic immune responses that employs
mixed dendritic cells and T lymphocytes from two ge-
netically unrelated donors to stimulate a mixed leuko-
cyte reaction (MLR) (15). MLR combined with mitogen
stimulation assays was employed to test the immunoreg-
ulatory activity of culture medium conditioned by CLECs.
Conditioned media (supernatants) from CLEC cell lines
completely suppressed T-cell proliferation induced by
MLR or potent T-cell mitogens (Fig. 3Ai and ii, respec-
tively).

Transwell coculture experiments were designed to
test if the immunoregulatory activity of CLECs was due
to secreted products (Fig. 3Bi). In six independent ex-
periments employing different human donors, CLECs
significantly reduced the levels of MLR induced prolif-
eration via secreted products and in direct coculture
(p <0.01 by paired #-test with Bonferroni correction)
(Fig. 3Bii). When CLECs were separated from the MLR
by a 200-kDa cut-off permeable membrane, the prolifer-
ation of alloreactive T cells remained significantly im-
paired. This and the direct coculture results demon-

strated that the immunoregulatory activity was mediated
by secreted factor(s) from CLECs. Titration of the
CLEC cell number against fixed numbers of DCs and
CD4* T cells indicated that the immunoregulation ob-
served was dose dependent. The CLECs, with as few as
5,000 CLEC cells per well in 1-ml cultures, significant-
ly inhibited 1 x 10° alloreactive CD4* T lymphocytes
(Fig. 3C).

To test if soluble HLA-G contributed significantly to
the immunoregulatory activity described, a functional
assay using anti-HLA-G antibody was conducted with
allogeneic MLR. The anti-HLA-G antibody significantly
reduced the inhibitory effects of CLEC-conditioned cul-
ture supernatants, resulting in T-cell proliferation almost
approaching control levels (Fig. 3D). Anti-HLA-G anti-
body alone (in DMEM control medium) induced a small
increase in T-cell proliferation in the MLR. These data
strongly support the link between the CLEC immuno-
regulatory function and the expression of secreted iso-
forms of HLA-G.

We detected no significant increase in the numbers
of CD4* cells staining positively for CD4/CD25/FoxP3
in the cultures containing CLECs, where MLR re-
sponses were clearly impaired (Fig. 4A).

The CLEC conditioned culture supernatants inhibited
the proliferation of both CD4* and CD8" T cells in
MLRs, with consistently lower CD8" allo-induced pro-
liferation observed (Fig. 4B). Statistically significant in-
hibition was present only for CD4* cells. This is consis-
tent with previous reports indicating that the CD4* rather
than the CD8* T-lymphocyte is the principal responder
to allogeneic stimuli in vitro (30), although a role for
CDS8* cells may still be present.

Bioplex cytokine arrays were utilized to measure and
compare the expression of pro- and anti-inflammatory
cytokines in MLRs containing CLECs versus controls.
CLECs cocultured with the MLR caused significant de-
creases in the IL-5, IL-10, IL-13, and IL-17 concentra-
tions in both direct and transwell cocultures. CLECs also
caused a decrease in interferon-y (IFN-y), which was sta-
tistically significant in transwell but not direct cocul-

FACING PAGE

Figure 6. Cord lining epithelial cells mediate delivery of human proinsulin in streptozotocin (STZ)-treated mice. (A) i) Fluorescent
microscopic image of human insulin transfected CLEC cells (CLEC-INS) in culture, showing positive eGFP expression. ii) Human
C-peptide was detected in CLEC-INS culture supernatants (48-h incubation) at above 20 ng/ml, but not in control CLECs, indicating
furin-based processing of expressed proinsulin (N = 3). (B) Necropsy of STZ-treated hyperglycemic severe combined immunodefi-
cient (SCID) mice. An opaque cluster (arrow) was observed on the pancreas in mice injected with CLECs (7 out of 8 mice). (C)
Histological analysis of pancreas from CLEC-INS-treated mice. A red/brownish color indicates positive staining for GFP (i and ii)
or against human vimentin (iii and iv). (D) Serum glucose levels of the STZ-induced diabetic mice treated with CLEC-INS or
control medium (mean £ SEM). Day 0 indicates the time point when CLECs or control medium were injected. N =5 for medium
control, and N = 8 for CLEC-INS. *p £ 0.05, **p < 0.01 by Student’s #-test. Dashed line marks 14 mM, which was used as criterion
for hyperglycemia.
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tures. For IL-1P, CLECs caused an increase, which was
significant in direct but not transwell cocultures. GM-
CSF and tumor necrosis factor-oo (TNF-o) levels in the
MLR did not change significantly upon the addition of
CLEC:s (Fig. 4C). In summary, CLECs seemed to down-
regulate several proinflammatory cytokines of both the
Thl and Th2 pathways in the MLR, except for some
increase in IL-1J.

The data on IL-10, together with the flow cytometry
profiles, suggest that CLECs did not work through the
induction of CD4*CD25"¢"Foxp3* regulatory T lympho-
cytes.

CLECs Survive for Extended Periods as
Xenotransplants in Immunocompetent Mice

Our in vitro observations indicate that CLECs have
the potential to regulate and dampen human T-lympho-
cyte responses engendered as part of an allogeneic im-
mune response. In vivo studies based on the xenotrans-
plantation of these cells into immunocompetent Balb/c
mice have further indicated their remarkable immuno-
regulatory potential. Human keratinocytes were used as
a control human primary epithelial cell type, which
share an epithelial phenotype with the CLECs (36) but
do not express the HLA-G and HLA-E molecules.
CLECs and keratinocytes were stably transduced with
lentiviral constructs and expressed trackable fluorescent
transgenes of DsRed2 and eGFP, respectively.

Significant numbers of DsRed2-tagged CLECs could
be visualized on the transplanted membranes 14 days
later while the eGFP signal had completely disappeared
from the keratinocyte grafts (Fig. 5A). Earlier time
points revealed rapid clearance of keratinocytes from the
transplanted graft. Within 12 h, we observed a signifi-
cant reduction in the numbers of eGFP-tagged keratino-
cytes on the transplanted membrane. By 48 h, we detected
very few eGFP-positive cells (Fig. 5Bi). Moreover, with
mixed CLEC/keratinocyte-coated membranes, large
numbers of eGFP-tagged keratinocytes were observed
48 h post-xenotransplantation, suggesting that factors
produced by CLECs afford nonspecific protection to
other proximal human cell types (Fig. 5Bii).

The viability of the grafted CLECs was tested by the
reestablishment of in vitro cultures. In vitro cultures
were reestablished from grafted CLECs taken from
Balb/c mice 12 and 48 h and 14 days posttransplanta-
tion. These data would rule out the possibility of false-
positive results generated by fluorescence residues from
dead cells or by neighboring murine cells that have in-
ternalized CLEC cellular debris (Fig. 5C).

CLECs Expressing Human Insulin Regulate
STZ-Induced Hyperglycemia In Vivo

To complement our studies employing fluorescent
transgenes, we used an in vivo disease model to test
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the utility of CLECs in the delivery and expression of a
candidate therapeutic transgene. Human insulin has pre-
viously been shown to regulate STZ-mediated hypergly-
cemia in rodent and porcine models (7,11,32). We
employed CLECs stably expressing human insulin
(CLEC-INS for short) in the treatment of STZ-treated
SCID mice, which were utilized based on a stable in-
crease in serum glucose levels to higher than 14 mM for
3 days. CLECs were transfected with a lentiviral vector
(32) to coexpress two genes driven by a constitutive hu-
man immunodeficiency-based lentivirus and murine
stem cell retrovirus (HIV/MSCYV) promoter: the human
proinsulin gene and eGFP gene linked by an internal
ribosome entry site (IRES), which served as a marker
for successfully transfected/engrafted cells. The trans-
gene human proinsulin was modified to allow cleavage
by the ubiquitously expressed protease, furin (13). This
gene transfer technique resulted in the efficient and sta-
ble expression of human insulin and eGFP in CLECs.
After 10 culture passages posttransfection, CLECs re-
main strongly positive for eGFP (Fig. 6Ai). Moreover,
human C-peptide was detected (Fig. 6Aii), indicating
that these cells secrete mature, processed human insulin.

Ten million insulin-expressing CLECs were trans-
planted into mice pretreated with the B-cell lytic agent
STZ to induce pancreatic damage and hyperglycemia
(26). We opted for an intraperitoneal delivery of the
CLECs based on the anatomical location of the pan-
creas. A medium-only control group was included. Nec-
ropsy of the mice 3 weeks posttransplantation revealed
an opaque cluster of cells around the pancreas of the
CLEC-INS recipients (7 out of 8 mice) that was absent
in the medium-treated controls. A representative CLEC-
INS mouse is shown (Fig. 6B). Further analysis of these
structures by immunohistochemistry using anti-GFP
(Fig. 6Ci, ii) or anti-human vimentin (Fig. 6C iii, iv)
antibodies indicated that these opaque clusters were
composed of transplanted CLECs.

The statistical significance of differences in the hy-
perglycemia levels between treatment and control
groups was tested using a general linear model for re-
peated measures. We observed a statistically significant
decrease in the serum glucose level for mice that re-
ceived CLEC-INS from a peak of 32 mM in controls to
a stabilized level of approximately 22 mM over 18 days
(p =0.002) (Fig. 6D).

DISCUSSION

In the present study, we have described the immuno-
logical characterization of a novel human umbilical cord
lining-derived cell. We then sought to address a key is-
sue in cell transplantation; namely, the immune-medi-
ated rejection of cells from genetically unrelated donors.

We have characterized the expression of HLA-G in
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CLECs, and shown that CLECs secreted soluble HLA-
G and suppressed mitogenic and allogeneic T-cell re-
sponses. HLA-G expression has been reported in MSCs
derived from bone marrow (40,41), Wharton’s jelly
(20), and amniotic membrane (45). However, these stud-
ies either focused on the two full-length isoforms or only
distinguished between membrane and soluble forms of
HLA-G. There have also been some indications that hu-
man amniotic epithelial cells (hAECs) may also express
HLA-G (14,25). However, HLA-G expression in iso-
lated hAEC cell lines has not been characterized in vitro.
The present study has presented novel data on the analy-
sis of all seven known isoforms of HLA-G in CLECs.

In addition, the present study has also demonstrated
clearly, using a functional assay, that the secreted solu-
ble HLA-G played a key role in the immunoregulatory
properties of CLECs. Our study also supports the sug-
gestion that, in contrast to bone marrow-derived MSCs,
this immunoregulation is less likely to be mediated by
an induction of CD4*CD25"¢"FoxP3* regulatory T cells
(41).

The immunological properties of CLECs character-
ized in this study are consistent with reports on other
types of extra-embryonic tissue derived cells, such as
Wharton’s jelly stromal cells (46), umbilical cord peri-
vascular cells (10), amniotic membrane mesenchymal
(24) and epithelial cells (23), and amniotic fluid stem
cells (42). Many of these cells, and CLECs, consistently
express MHC-I but not MHC-II antigens, with the ex-
ception of some umbilical cord perivascular cells which
were reported to be MHC-I negative (39). CLECs also
share with the above mentioned cells the ability to in-
hibit lymphocyte proliferation in vitro. These immuno-
logical properties might be a common feature associated
with their origin from the maternal/fetal interface.

In the present study, the immunomodulatory activity
of CLECs was further demonstrated by their survival as
xenotransplants in immunocompetent Balb/c mice with-
out any immunosuppression. CLECs survived up to 14
days under the condition of normal xenorejection while
normal human keratinocytes were cleared within 48 h.
In addition to the detection of fluorescent markers, the
CLECs could be retrieved from the xenograft and recul-
tured, and maintained their morphology and transgene
marker expression. Most previous studies on in vivo sur-
vival of cell transplantations have used the persistence
of biochemical markers to indicate survival of the trans-
planted cells. These have included detection of trans-
planted cell-specific proteins/DNAs (25) or prelabeled
molecular markers (38), to demonstrate survivability.
One of the limitations of these findings has been the
possibility of the persistence of these markers in dead
(but not degraded) cells or the possible internalization
of cellular debris by adjacent host cells. The current

study has provided stronger evidence by retrieving these
cells from the mice, and then establishing viable cell
cultures from these retrieved cells.

Cotransplanted CLECs also provided protection to
the human keratinocytes and prolonged their survival
significantly. This suggests that CLECs may provide a
protective environment to favor survival, as has been
reported with MSCs as well (3,44), and thus may be of
potential use in this manner.

Finally, in a pilot study, we transfected CLECs with
a human proinsulin gene to test a potential therapeutic
application of these cells. We found that CLECs that
constitutively secrete human insulin effected a signifi-
cant reduction in serum glucose levels in STZ-treated
hyperglycemic mice over 18 days. The serum glucose
levels in CLEC-INS-treated mice were not reduced to
the minimal range of approximately 5 mM. This may be
explained by the fact that human insulin was used to
treat STZ-induced hyperglycemia in mice (29).

Following the intraperitoneal injection of CLECs into
SCID mice with STZ-induced hyperglycemia, we ob-
served a natural clustering of the CLECs proximal to the
pancreas. This was an unexpected observation that may
indicate the possibility of specific chemotaxis of CLECs
to the STZ-damaged tissue (i.e., the pancreas) as part of
a tissue repair/regenerative process.

In conclusion, the combination of the in vitro and in
vivo data presented, plus the ease of CLEC derivation,
demonstrates the potential of CLECs as a new candidate
for cell transplantation.
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