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Toll-Like Receptor 2 Mediates Proliferation, Survival,
NF-kB Translocation, and Cytokine mRNA Expression
in LIF-Maintained Mouse Embryonic Stem Cells

Tammi Taylor, Young-June Kim, Xuan Ou, Wilbert Derbigny, and Hal E. Broxmeyer

Toll-like receptor (TLR) activation is important in immune responses and in differentiation of hematopoietic
stem cells. We detected mRNA expression of TLRs 1, 2, 3, 5, and 6, but not TLRs 4, 7, 8, and 9 in murine (m)ESC
line E14, and noted high cell surface protein expression of TLR2, but not TLR4, for mESC lines R1, CGRS, and E14.
ESC lines were cultured in the presence of leukemia inhibitory factor (LIF). Pam;Cys enhanced proliferation and
survival of the 3 ESC lines. In contrast, lipopolysaccharide (LPS) decreased proliferation and survival. Pam,Cys
and LPS effects on proliferation and survival were blocked by antibody to TLR2, suggesting that effects of both
Pam,Cys and LPS on these mESC lines were likely mediated through TLR2. E14 ESC line expressed MyD88.
Pam;Cys stimulation of E14 ESCs was associated with induced NF-«B translocation, enhanced phosphorylation
of IKK-a/B, and enhanced mRNA, but not protein, expression of tumor necrosis factor-a, interferon-v, and IL-6.
TLR2 activation by Pam;Cys or inhibition by LPS was not associated with changes in morphology or expression
of alkaline phosphatase, Oct4, SSEA1, KLF4, or Sox2, markers of undifferentiated mESCs. Our studies identify

TLR2 as present and functional in E14, R1, and CGR8 mESC lines.

Introduction

ousk (M) EMBRYONIC STEM cell (ESC) lines are derived

from the inner cell mass of a blastocyst. Because ESCs
have the capacity to differentiate into cells of 3 germ lay-
ers, they have potential for regenerative medicine [1,2]. In
the presence of leukemia inhibitory factor (LIF), mESCs
are maintained in an immature undifferentiated state [1-3].
Better understanding of factors that modulate/regulate
ESC function may help in future efforts toward realizing
the utility of ESCs for regenerative medicine. We recently
demonstrated that mESC lines growing in the presence of
LIF produce a number of biologically active cytokines and
chemokines that are active on hematopoietic progenitor and
other cell types [4]. Moreover, the mESCs have receptors for
and produce and respond to some of these factors, such as
stromal cell derived factor-1 (SDF-1/CXCL12), the ligand for
CXCR4 [5].

Toll-like receptors (TLRs) are important for innate
immune system recognition of pathogen-associated molec-
ular patterns (PAMPs). This initiates a primary response
toward fighting pathogens, and in recruitment of adaptive
immune responses [6-16]. Active TLRs are expressed on

mesenchymal stromal/stem cells [17], and on immature sub-
sets of hematopoietic stem cells and progenitor cells [18]. We
hypothesized that mESC lines would express TLRs and that
some were functional. In this present report, we demonstrate
that murine (m)ESCs express certain TLRs, and demonstrate
that on the E14 mESC line, TLR2 serves as a functional re-
ceptor on LIF-maintained immature cells, which can be ac-
tivated by Pam,Cys, a TLR2 ligand, to enhance proliferation,
survival, NF-kB translocation, phosphorylation of IKK-o./3,
and mRNA expression for selected cytokines, without in-
ducing differentiation. Although we did not detect mRNA or
cell surface TLR4, lipopolysaccharide (LPS) had suppressive
activity on proliferation and induced apoptosis of mESCs.

Materials and Methods
Cell culture

Wild-type ESC lines E14, R1, and CGRS8 were cultured on
gelatinized plates in Dulbecco’s modified Eagle’s medium
(DMEM) with 15% ESC qualified fetal bovine serum (Gibco-
BRL, Grand Island, NY), 5.5 X 1072 mM B-mercaptoethanol
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(Gibco-BRL), and 10° U/mL of LIF (Chemicon, Temecula, CA).
Raw 264.7, a mouse macrophage cell line, was purchased
from ATCC (Manassas, VA) and cultured in DMEM (Gibco).

Primers

RT-PCR primers were designed and optimized as previ-
ously reported [19]. Primers were purchased from Invitrogen
(Carlsbad, CA).

RNA Extraction

The 5 X 10° E14 mESCs were seeded in 60-mm culture
dishes and grown to confluency. Total cellular RNA was
extracted using the Qiagen RNeasy Kit™ according to man-
ufacturer’s instructions (Qiagen Inc., Valencia, CA). RNA
was stored in RNAse-free water at —80°C.

DNase Treatment

RNA samples were DNase-treated using Qiagen DNase
free™ according to manufacturer’s instructions (Qiagen
Inc., Valencia, CA).

Reverse transcriptase-polymerase chain reaction

Expression of TLRs 1-9 and GAPDH was measured using
a semiquantitative RT-PCR one-step AccessQuick™ RT-PCR
system (Promega, Madison, WI). The oligonucleotide prim-
ers used for TLRs 1-9 and GAPDH have been reported [19].
Total RNA was isolated from the E14 mESC line and Raw
264.7 cells using RNeasy minicolumns (Qiagen, Valencia,
CA). All RNA samples were treated with RNase-free DNase
I (Qiagen) to remove genomic-DNA contamination and were
quantified by spectrophotometric analysis. RNA integrity
was confirmed by agarose gel electrophoresis. Using 1 pg
of total RNA as the template for each reaction, RT-PCR was
accomplished by using a polymerase kit (Access RT-PCR;
Promega, Madison, WI). Cycling conditions were as follows:
1 min and 30 s of initial denaturation at 95°C, followed by 8
cycles of 30 s at 95°C, 15 s at 60°C, and 30 s at 72°C. After the
initial 8 cycles, the 30-s 72°C extension cycle was increased
3 s per cycle for 25 cycles. During the 40th cycle, the 72°C
extension was 3 min to complete the RT-PCR. Reactions
were also amplified in the absence of reverse transcriptase
as negative controls. PCR products were electrophoresed
on 1.5% agarose gels. Each DNA band was visualized by
staining with ethidium bromide. Experiments were done in
triplicate.

IL-6, TNF-a, and IFN-y mRNA
and protein expression

Total RNA was isolated by TRIZOL preparation followed
by phenol chloroform/isoamyl alcohol extraction and eth-
anol precipitation. Changes in IL-6, TNF-a, and IFN-y RNA
levels in mESCs were analyzed by quantitative real-time
PCR. Relative changes in IL-6, TNF-a, and IFN-y were de-
termined using the 272** method. Data are expressed as
fold change. To test our qRT-PCR primers, we analyzed
cytokine expression in mouse macrophage cells stimu-
lated with TLRs 2 and 4 ligands. Accuracy of these prim-
ers was validated when we observed large levels of cytokine
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expression in mouse macrophage cDNA, which has been
well characterized.

In order to measure cytokine expression by enzyme-
linked immunosorbent assay (ELISA), 5 X 105 ESCs were
seeded in 24-well plates. Twenty-four hours later, the media
was replaced with DMEM with or without the ligands for
TLR2 or TLR4, respectively. IL-6, TNF-a, and IFN-B (Ready-
SET-Go! ELISA kit; eBioscience San Diego, CA) were deter-
mined by ELISA according to manufacturer’s instruction.
Standard curves were established using mouse recombinant
IL-6, TNF-«, and IFN-B, respectively. The assay detection
limit was 4 pg/mL.

Primary antibodies and TLR ligands

Primary antibodies were: isotype control PE rat IgG2a
(eBioscience 17-4331), isotype control APC rat IgG2b (eBio-
science 12-4321), TLR2/CD282 anti-mouse clone 6C2 (eBio-
science 17-9021), and TLR4/MD2 anti-mouse (eBioscience
12-9924), p-IKK-o/B (Cell Signaling, Denver, MA; 2697S),
myeloid-derived factor 88 (MyD88) (Abcam, Cambridge, MA;
ab 2068), and total IKK-a/B (Santa Cruz, Santa Monica, CA;
sc7607), anti-NF-kB p65 (Upstate Cell Signaling Solutions,
Temecula, CA; 0701049995), PARP (Cell Signaling; 9542), and
ERK1/2 (Cell Signaling; 9102). TLR ligands included: TLR2
agonist, Pam;Cys, and TLR4 agonist, bacterial LPS from
Salmonella typhosa, obtained from Sigma-Aldrich, St. Louis,
MO.

Flow cytometric analysis for TLR2 and TLR4

An aliquot of 1 X 10° cells was washed in phosphate-
buffered saline (PBS) containing 1% bovine serum albumin
(BSA) (PBS—1% BSA) 3 times. Next, 100 pL of staining buffer
(PBS containing 1% BSA and 0.5% ethylenediaminetetraa-
cetic acid [EDTA]) was added to the cell pellet along with
5 uL of either TLR4-PE or TLR2-APC antibody for 1 h in the
dark at 4°C. Cells were washed 3 times with wash buffer and
300 uL of wash buffer was added to cells, and cells were ana-
lyzed by flow cytometry. IgG2a was used as an isotype con-
trol for TLR4-PE and IgG2b was used as an isotype control
for TLR2-APC.

Flow cytometric analysis for Oct4, SSEAT,
Sox2, and KLF4

Wild-type ESC lines E14, R1, and CGR8 were cultured
with and without TLRs 2 and 4 agonists in the presence of
LIF. Cells were collected after days 1, 2, 3, 4, and 5 of pro-
liferation assay and after 30 min, 1 h, and 4 h of TLR ago-
nist treatment. An aliquot of 1 X 10° cells was washed in
PBS containing 1% BSA (PBS-1% BSA) and incubated with
anti-mouse CD16/CD32 receptor monoclonal antibody at 1
ng/100 pL (Pharmagen, San Diego, CA) to block nonspecific
binding of immunoglobulins to mouse Fc-III/II receptors
and cells used for SSEA1 antibody staining. Cells analyzed
for SSEA1 were incubated with a 1:20 dilution of monoclonal
anti-SSEAL1 (Santa Cruz Biotechnology, Santa Cruz, CA) for 1
h at 4°C. Cells were then washed and incubated with a 1:100
dilution of FITC:goat anti-mouse IgM antibody (Santa Cruz
Biotechnology, Santa Cruz, CA) and analyzed. Remaining
cells were fixed with Cytoperm/Cytofix (BD Biosciences,
San Jose, CA) and stained with a 1:100 dilution rabbit-mouse
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Oct3/4 polyclonal antibody (Chemicon, Temecula, CA) and
KLF4 and Sox2 antibodies (Santa Cruz Biotechnology, Santa
Cruz, CA) for 1 h at 4°C in the dark. Cells were washed 3
times with 1 mL of 1X Perm/Wash Buffer, followed by stain-
ing with 1:100 dilution of FITC:goat anti-mouse IgG anti-
body (Santa Cruz Biotechnology). Finally, cells were washed
3 times with 1X Perm/Wash Buffer and resuspended in 300
pL of 1X Perm/Wash Buffer for FACScan analysis (Becton
Dickinson, Sunnyvale, CA).

Evaluation of cell proliferation

To determine proliferation rate, cells were detached
using Trypsin—-EDTA (Gibco, Grand Island, NY). mESCs
were plated 100,000 cells per plate in a 60-cm? gelatin-
treated dish, and varying concentrations of test material
were added the day after plating. After 24, 48, 72, and 96
h, cells were trypsinized and stained with trypan blue
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(Cellgro, CA). Total viable cell numbers were counted by
hemocytometer.

TLR-dependent proliferation in vitro

One hundred thousand mouse embryonic stem cells were
used for proliferation assay. Fifty micrograms per milliliter
of the T2.5 antibody (a purified blocking antibody against
mouse TLR2 (CD282); Biolegend, San Diego, CA; Catalog #
121802) were applied for 1 h prior to challenge with control
medium, 10 ug/mL of Pam;Cys, or 10 pg/mL of LPS from S.
typhosa (Sigma, St. Louis, MO). After 24, 48, and 72 h culture
of cells with the TLR ligands, mESCs were counted each day
to determine total cell numbers.

SurvivallApoptosis assays for ESCs

ESC growth depends on serum. After withdrawal of
serum from plates, 95% of ESCs die within 96 h [4,5]. Reagents

E14 Mouse
Mouse ES Cell Line

FIG. 1. Toll-like receptor (TLR)
mRNA (A, B) and protein (C-E and

Raw 264.71 G-I) expression in mouse embryonic
Mouse Macrophage- ~ Stem cell (mESC) line E14 and mac-
Like Cell Line rophage cell line, 264.71 (F, J). For A

and B: * denotes positive bands; —, RT
control samples without reverse tran-
scriptase were negative control for all
primers (data not shown); +, GAPDH
expression was used as a positive
control. Results are for 1 of at least 3
reproducible experiments each.
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were added at the beginning of the experiments, and ESC
cultures were initiated without serum in 1% methylcellu-
lose-based DMEM with 5.5 X 102 mM 2-ME and 10° U/mL
LIF (Chemicon, Temecula, CA) at 2,000 cells/mL. Serum was
added at 24, 48, or 96 h to each group and colonies scored 7
days later. After 7 days, ESCs were collected and the undif-
ferentiated status of the cells checked by staining of the cells
with anti-mouse Oct4, Sox2, KLF, and SSEA1 antibody.

To analyze mESCs undergoing apoptosis, cell cultures
were subjected to serum withdrawal in the presence of LIF.
Reagents were added at the beginning of cultures as followed:
control medium, TLR2 ligand, Pam;Cys (10 ug/mL), TLR4
ligand, LPS (10 nug/mL), and SDF-1/CXL12 (200 ng/mL). Cells
were collected at days 1, 2, 3, and 4 after serum withdrawal
and were stained with Annexin V (BD Biosciences, San Jose,
CA). After withdrawal of serum for 4 days, mESCs were
stained with undifferentiated markers Oct4, KLF4, SSEA1,
and Sox2, respectively, to determine if the cells remained
undifferentiated, at least as assessed by these markers.

Western blot analysis

Cells were plated in 60-mm culture dishes and grown to
80%-90% confluency at 37°C before being treated. mESCs
were washed once with PBS, and protein was isolated using
NucBuster Protein Extraction Kit (Novagen, Madison, WI) or
Mammalian protein extraction reagent (Pierce, Rockford, IL)
containing 1% protease inhibitor (Calbiochem; LaJolla, CA)
and 1% phosphatase inhibitor cocktail set II (Calbiochem;
524625). Lysates were clarified by centrifugation at 14,000
rpm at 4°C for 10 min. Protein concentrations were measured
by DC Protein Assay Kit (BioRad Hercules, CA). Lysates (20
ug) were separated on a 4%-12% SDS-polyacrylamide gel
and transferred to PVDF membranes (Amersham Bioscience
Piscataway, NJ). Membranes were blocked with 5% nonfat
dried milk in 1X Tris-buffered saline (TBS) containing 0.2%
Tween-20 (TBST) at room temperature for 1 h, and blots
were incubated overnight with primary antibodies. Blots
were then washed in TBST and incubated with species-spe-
cific IgG conjugated to horseradish peroxidase (1:2,000; Cell
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Signaling Beverly, MA; cs 7074) for 1 h at room temperature.
Antigen-antibody complexes were visualized after expo-
sure to X-ray film by enhanced chemiluminescence for 5
min at room temperature (GE Healthcare, Piscataway, NJ).

Statistical analysis

Significant differences were determined by t-test com-
parisons for at least 3 experiments each, with triplicates per-
formed for each experiment, unless otherwise noted.

Results
Expression of TLRs in mESC lines

Examination of the E14 mESC line by RT-PCR demon-
strated mRNA expression of TLRs 1, 2, 3, 5, and 6, but not
TLRs 4, 7, 8, and 9 (Fig. 1A). As a positive control, we evalu-
ated the mouse macrophage-like cell line, Raw 264.71 for
expression of TLR mRNA. As shown in Figure 1B, Raw
264.71 cells expressed mRNAs for TLRs 1-9. Based on these
results, cell surface expression of TLR2 protein and as a con-
trol, TLR4 protein were assessed in 3 different mESC lines,
E14, CGRS, and R1 using specific TLR2 or TLR4 antibodies
and flow cytometry. Protein expression of TLR2 (Fig. 1C-1E),
was detected and the percentage of TLR2-expressing cells
averaged 64 = 8, 68 = 7, and 48 = 24 (mean * 1 SD for 3
separate experiments each) for the E14, CGR8, and R1 mESC
lines. In contrast, we did not detect expression of TLR4 pro-
tein (Fig. 1G-1I). We detected surface protein expression of
both TLRs 2 and 4 on Raw 264.71 (Fig. 1F, 1J). Because TLR2
was expressed on these mESC lines, we mainly focused our
efforts to determine whether the TLR2 ligand, Pam;Cys, had
functional effects on proliferation and survival of the E14
mESC line. We also evaluated possible effects of LPS.

Effects of Pam,Cys, a ligand for TLR2, on mouse E14
ESC line proliferation

To determine whether TLR2 ligand influenced prolifera-
tion of mESC, mESCs were stimulated with 0.1, 0.5, and 1.0
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pg/mL Pam;Cys, in the presence of LIF. Cells stimulated
with Pam,Cys manifested a significant enhancement in total
cell numbers starting at day 3 compared with those treated
with control medium (Fig. 2A). Blocking/neutralizing anti-
bodies against TLR2 (T2.5) counteracted the enhanced pro-
liferation induced by Pam,Cys for all 3 cell lines (Fig. 3A-3C),
demonstrating that the Pam,Cys effect was likely mediated
through TLR2. Although we did not detect mRNA or pro-
tein expression of TLR4, we found that LPS had significant
suppressive effects on numbers of E14, R1, and CGR8 mESC
lines, an effect also counterbalanced or blocked by TLR2 an-
tibody, suggesting that the LPS-suppressive effects may also
be mediated through TLR2. We compared levels of SSEAI,
Oct4, KLF4, and Sox2 mESC markers with and without TLR2
ligand stimulation for 3 days in order to determine if the
Pam,Cys influenced protein expression of these immature
ESC markers (Fig. 2B). The 1.0 ug/mL Pam;Cys showed no
significant effect on expression of mESC markers SSEAL,
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FIG. 3. Antibody to toll-like receptor (TLR)2 blocks prolif-
eration-inducing effects of Pam,Cys and suppressive effects
of lipopolysaccharide (LPS) (Day 3) on: (A) E14, (B) R1, and
(C) CGR8 mouse embryonic stem cells (nESC) lines. Results
are shown for 3 experiments for A and 2 experiments each
for B and C. mESCs were treated with neutralizing anti-
body to TLR2 for 1 h prior to stimulation with 10 ug/mL of
Pam;Cys or LPS.
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Oct4, KLF4, and Sox2 as compared with mESCs cultured in
the presence of control medium. Alkaline phosphatase was
expressed and this expression was not changed by Pam,Cys
(data not shown). There was also no change in expression of
SSEA1, Oct4, KLF4, Sox2, or alkaline phosphatase staining
in response to LPS (data not shown). Thus, treatment of cells
with Pam;Cys or LPS, while having effects on proliferation,
apparently did not influence differentiation of the cells in
the presence of LIF at least at the level of expression of these
immature cell markers.

Influence of Pam4Cys on NF-«B nuclear
translocation, downstream signaling,
and cytokine production

TLR ligand stimulation is known to induce translocation of
NF-«B from the cytosol to the nucleus in a number of different
cell types [17,20], resulting in NF-kB-dependent gene expres-
sion. We treated mESCs with Pam,Cys for 0, 30, and 60 min.
As shown in Figure 4A-4D, Pam;Cys, but not LPS, induced
translocation of NF-kB to the nucleus within 30 min. This
indicates the functional status of TLR2 on mESCs at an intra-
cellular level, perhaps by way of MyD88, which is expressed
in these cells (Fig. 4E). Pam,Cys enhanced/induced IKK-a/3
phosphorylation (Fig. 4F). We also tested poly I.C an activator
of the internal TLR3. Interestingly, poly I:C also enhanced/
induced phosphorylation of IKK-a/B (Fig. 4F). Expression of
total ERK1/2 was not influenced by either Pam;Cys or LPS
(Fig. 4A, 4B). We evaluated downstream effects of NF-kB sig-
naling by assessing production of proinflammatory cytok-
ines at an mRNA level by qRT-PCR and at a protein level by
ELISA analysis in E14 mESCs. As shown in Figure 5A-5C,
there is a significant quantitative increase in TNF-o, IFN-y,
and IL-6 mRNA expression when mESCs were treated for
12 h with Pam;Cys. The mRNA expression of TNF-a, IFN-y,
and IL-6 was no longer detectable by 24 h after cell exposure
to Pam;Cys. However, we did not detect protein release into
conditioned medium of either TNF-«, IFN-y, or IL-6 18 h after
Pam,Cys simulation (data not shown). LPS significantly, and
to a greater extent than Pam,Cys, enhanced mRNA expres-
sion of TNF-«, IFN-vy, and IL-6 (Fig. 5), without enhancing re-
lease of the proteins for these cytokines (data not shown).

Influence of Pam,Cys on survival of mESC
colony-forming cells (CFCs)

In order to determine if Pam,Cys or LPS had an effect on
proliferation and survival of mESC line E14, R1, and CGRS8
CFCs, we plated mESCs in semi-solid culture medium in the
presence of LIF, and either SDF-1/CXCL12 or varying con-
centrations of Pam;Cys or LPS (Fig. 6A-6C). We used SDF-1/
CXCL12 as a positive control, as we had previously reported
that SDF-1/CXCL12 enhanced proliferation and survival of
mESCs [5]. Survival of mESC was evaluated after delayed
addition of serum [4,5]. Serum was added to cells at either
time 0, or the addition of serum was delayed until days 1, 2,
or 3 after the cells were placed in the incubator. As shown in
Figure 6A-6C, SDF-1/CXCL12 enhanced numbers of mESC
line colonies when serum was present at day 0, and also
enhanced the survival of the mESC line CFC, similar to our
previous report [5]. Pam;Cys, at a concentration of 10.0, but
not 0.1 or 1.0 ng/mL, modestly but significantly enhanced
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FIG. 4. Pam,Cys induces NF-«kB nuclear translocation and phosphorylation of IKK-a/B in mouse embryonic stem cell
(mESC) line E14. Once cells reached confluence, 10 pg/mL Pam,Cys or 1 pg/mL of lipopolysaccharide (LPS) was added.
mESCs were harvested 30 min or 1 h later. Cytoplasmic (A and C) and nuclear (B and D) fractions were quantified, run on
SDS-PAGE gel and blotted with anti-NF-kB p65, PARP, or total ERK1/2 antibodies. Autoradiographs were quantified by
densitometry (C and D). Expression of PARP was used as a measure of cytoplasmic contamination of nuclear material. (E)
Expression of MyD88. (F) IKK-a/B phosphorylation at 15 and 30 min with Pam3Cys and at 30 min with poly I.C. Anti-total
IKK-a/B is shown. Anti-B-actin was used as a loading control. Results are representative of at least 3 experiments each.

numbers of mESC line CFC when serum was added at
day 0, and LPS at concentrations as low as 0.1 to 1.0 pg/mL
decreased mESC line CFC. Pam;Cys (10 pg/mL) enhanced
and LPS at 0.1 to 10.0 pg/mL decreased survival of mESC
line CFC after delayed addition of serum. Pam,;Cys at 10
pg/mL decreased and LPS at 10 pg/mL increased apopto-
sis of cells in which serum addition was delayed until Days
2 to 4 (Fig. 6D). Thus, Pam;Cys enhanced proliferation and
survival, and decreased apoptosis of mESC line E14 CFC,
although effects of Pam,Cys were not as potent as that of
SDF-1/CXCL12, and LPS had the opposite effect.

Discussion

TLRs, critical components of the innate and adaptive
immune responses [6-16], are expressed on mesenchymal
stromal/stem cells [17], hematopoietic stem cells, progenitor
cells [18], and other cell types [20]. Very recently, others have

shown that the D3 mESC line expresses selected TLRs [21].
While it is not entirely clear why mESC lines express TLRs,
mESC lines have been shown to express certain cytokine
receptors, as well as produce cytokines that are active on
mESC lines, as well as on hematopoietic progenitor cells [4,5].
Since our original studies on mESC lines [4,5], we have been
interested in a potential role for TLRs and their ligands on
mESC line function. Our study addresses mRNA expression
of TLRs in the E14, CGRS, and R1 mESCs, protein expression
of TLRs 2 and 4, and the functional activities of Pam;Cys, a
ligand for TLR2, and LPS on the E14 mESC line.

Using semiquantitative RT-PCR, we found that the E14
mESC line growing in the presence of LIF expresses mRNA
for TLRs 1, 2, 3, 5, and 6, but not TLRs 4, 7, 8, and 9. This is
a slightly different display of TLRs than that demonstrated
for the D3 mESC line by others [21], where RT-PCR analysis
showed mRNA for TLRs 2-6, but not for TLR1 or TLRs 7-9.
This distinguishes different expression of mRNA for TLRs 1



MOUSE ESC LINES EXPRESS FUNCTIONAL TLRs

A 304 TNF-a B
20 -
27 1 0
18
24 1 16
S o514 m12h c H12h
2 S 14 4
¢ 15| O24Nh 2 O24h
S e 121
w151 3 |
° w 10
;_(% 12' % 8_
g 97 E 6
6 4
3 1 2
0 0 -
Control PamgCys LPS Control
(10 pg/mL) (10 pg/mL)
c IL-6
40 -
5 H12h
9 304 g24n
o
[}
@
o 20+
=
I
<
10 -
O_
Control PamzCys LPS

(10 pg/mL) (10 pg/mL)

and 4 between the D3 and our E14, R1, and CGRS cell lines.
Consistent with lack of mRNA expression of TLR4, we did
not detect cell surface protein expression for TLR4 on either
the E14, CGRS8, and R1 mESC lines. Others did find TLR4
expression on the D3 mESC line [21]. These differences in
TLR mRNA and protein expression may be due to the cell
lines themselves, or perhaps to subtle differences in how the
cell lines were maintained and grown. In this context, it has
been demonstrated that expression of TLR4 varies in the D3
mESC line and is regulated by epigenetic modifications [22],
and thus there can be differences in expression of TLR4 even
between different D3 mESC lines.

Most importantly, we have defined an active role for TLR2
and its ligand, Pam,Cys, on the E14, R1, and CGR8 mESC
lines. Pam;Cys enhanced proliferation and cell survival, and
decreased apoptosis in LIF-cultured cells, without apparent
changes in the immature phenotype of the cells as assessed by
cell morphology, and expression of SSEA1, Oct4, KLF4, Sox2,
and alkaline phosphatase. These stimulating effects were
completely blocked by antibody to TLR2, suggesting that
TLR2 mediated the Pam;Cys effects. Some of these enhanc-
ing effects may be, at least in part, mediated by translocation
of NF-«B [23,24], and events downstream of NF-«kB, including
phosphorylation of IKK-a/B, as well as induced/enhanced
expression of mRNA for TNF-a, IFN-v, and IL-6, as assessed
by real-time/quantitative PCR. These cytokines have many
functional activities, including effects on the hematopoietic
system [25] although we did not detect, within the limits of
our ELISA assay, released TNF-«, IFN-v, or IL-6 protein into
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FIG. 5. Toll-like receptor (TLR)
ligands enhance mRNA levels of
cytokines (A-C). qRT-PCR analysis
Pam,Cys LPS of mRNA levels was performed

(10 pg/mL) (10 ng/mL)  after stimulation with Pam3Cys and
lipopolysaccharide (LPS) (10 ng/mL
each). Anti-B-actin antibody was
used as a loading control. P = 0.05
for Toll-like receptor (TLR) ligand
stimulation at 12 h. Results shown

are the average of 3 experiments.

mESC line containing culture medium in the presence or
absence of Pam,Cys. If these 3 cytokines are having effects
on proliferation and/or survival on the E14, R1, and CGRS8
mESC lines, it would likely be through an autocrine-type
interaction within the mESCs, unless cytokine levels below
that which we can detect are active, or working in synergy
with each other and/or other released cytokines [5].

In contrast to the D3 mESC line in which a large percentage
of the cells expressed TLR4, and LPS modestly enhanced
proliferation of these cells as detected by bromodeoxyuri-
dine (BrdU) incorporation [21], our mESC lines that showed
neither protein expression of TLR4 on the cell surface nor
TLR mRNA responded to LPS with decreased cell prolifer-
ation, survival, and enhanced apoptosis. LPS while a ligand
for TLR4, has also been reported to act through other TLRs
[26-28]. That the suppressive effects of LPS on proliferation
and survival of the 3 mESC lines were blocked by antibodies
to TLR2 suggests that LPS effects on these cells may also be
mediated through TLR2. In contrast to Pam,Cys effects, the
LPS effects did not reflect nuclear translocation of NF-«B. Our
results with poly I.C (Fig. 4F), an activator of TLR3, suggest
that TLR3 is also functionally active in the E14 mESC line.
Poly I:.C enhanced/induced phosphorylation of IKK-a/B.

Murine ESC lines have been and continue to be useful
models to study stem cell function and responsiveness to
cytokines/ligands. Although the biological significance of
functional TLRs in mESC lines is not yet known, further
investigation of these cells should shed new information
on the self-renewing, pluripotent state of ESCs that may
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FIG. 6. Influence of Pam,Cys and
lipopolysaccharide (LPS) on proliferation
(serum added on day 0) and on survival
of mouse embryonic stem cell (mESC)
colony-forming cells in the presence of
leukemia inhibitory factor (LIF), but after
cells were subjected to delayed addition
of serum. (A) E14, (B) R1, and (C) CGR8
mESCs were cultured without serum,
and serum was added on either day 0, 1,
2, or 4 after the start of culture. Colonies
formed by mESCs were counted 7 days
after addition of serum. (D) Apoptosis
assay of E14 mESCs as assessed by per-
cent Annexin V-positive cells. For A-C:
a, significant decrease from day 0 control;
b, significant increase from control of that
day; ¢, significant decrease from control of
that day. For D: d, significant increase for
that day; e, significant decrease for that
day. P = 0.05 is considered significant
for A-D. Results shown are for 3 experi-
ments each for A and D, and for 2 experi-
ments each for B and C, with 3 replicate
plates scored for each experiment.
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translate into useful information for other stem cell types,
and their modulation.
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