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Cell Activation and Apoptosis
by Bacterial Lipoproteins
Through Toll-like Receptor-2

Antonios O. Aliprantis,’* Ruey-Bing Yang,2* Melanie R. Mark,2
Shelly Suggett,® Brigitte Devaux,® Justin D. Radolf,*
Gary R. Klimpel,® Paul Godowski,? Arturo Zychlinskyy

Apoptosis is implicated in the generation and resolution of inflammation in
response to bacterial pathogens. All bacterial pathogens produce lipoproteins
(BLPs), which trigger the innate immune response. BLPs were found to induce
apoptosis in THP-1 monocytic cells through human Toll-like receptor-2
(hTLR2). BLPs also initiated apoptosis in an epithelial cell line transfected with
hTLR2. In addition, BLPs stimulated nuclear factor-«B, a transcriptional acti-
vator of multiple host defense genes, and activated the respiratory burst
through hTLR2. Thus, hTLR2 is a molecular link between microbial products,
apoptosis, and host defense mechanisms.

The innate immune system coordinates the
inflammatory response to pathogens. To do
so, cells of the innate immune system dis-
criminate between self and nonself by re-
ceptors that identify molecules synthesized
exclusively by microbes (/). These include
lipopolysaccharide (LPS), peptidoglycans,
lipotechoic acids, and BLPs (2). BLPs are
characterized by a unique, NH,-terminal
lipo-amino acid, N-acyl-S-diacylglyceryl
cysteine, and are ideal targets for innate
immune surveillance because they are pro-
duced by all bacteria. Although BLPs are
known to activate nuclear factor—kb (NF-
kB) (3), cytokine production (4), and B cell
expansion (J), it is unclear how the BLP
signal is transduced into an intracellular
message. Candidate BLP signal transducers
are Toll receptors, which are characterized
by an extracellular leucine-rich repeat do-
main and an interleukin-1 (IL-1) receptor
type l-like intracellular signaling domain
(6). In Drosophila, Toll receptors are im-
portant for resistance to microbial patho-
gens (7). Toll and TLRs activate homolo-
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gous signal transduction pathways leading
to nuclear localization of NF-kB/Rel-type
transcription factors (&). Both hTLR2 (9,
10) and murine TLR4 (//) (mTLR4) are
implicated in the innate response to LPS.
mTLR4 does not appear to function analo-
gously in LPS and BLP signaling. A muta-
tion in mTLR4, which renders cells insen-
sitive to LPS, does not abrogate BLP-in-
duced responses in mice (//, /2). There-
fore, we investigated the role of hTLR2 in
BLP signaling.

A population of human embryonic kidney
293 cells, which do not express hTLR2 (70,
13), were stably transfected with an epitope-
tagged hTLR2 (293hTLR2) and tested for the
ability to respond to BLP in an NF-kB lucif-
erase reporter gene assay (/4). Synthetic li-
poprotein analogs consisting of a palmity-
lated version of N-acyl-S-diacylglyceryl cys-
teine (Pam,Cys) and a few COOH-terminal
amino acids mimic the immunomodulatory
effects of BLP (/5). The synthetic bacterial
lipopeptide, Pam,CysSerLys, (sBLP), in-
duced expression of the luciferase reporter
gene in 293hTLR2 cells, but not in the pa-
rental line (Fig. 1A). Concentrations of sSBLP
or Escherichia coli murein lipoprotein (MLP)
as low as 200 pM activated the reporter gene
(Fig. 1B). The lipo—amino acid Pam,Cys and
a monoacylated derivative of sSBLP (msBLP)
generated by base hydrolysis (/6) did not
activate the luciferase reporter gene in 293 or
293hTLR2 cells (Fig. 1, A and B). This is
consistent with previous observations that the
acyl groups and peptide moieties of sSBLP are
critical for cell activation (5, /7).
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The respiratory burst of phagocytes gen-
erates reactive oxygen species (ROS) that
contribute to antimicrobial defense (/8). We
isolated a monoclonal antibody specific for
hTLR2 (mAb 2392) (/9). This antibody, but
not an isotype control, completely abrogated
the generation of ROS by peripheral blood
leukocytes (PBLs) after exposure to sBLP
(Fig. 1C), indicating that mAb 2392 is a
blocking antibody. Although a role for other

201

A
1.5
1.04
> 05
=
2
(3
[v]
8 0
g 293 293 hTLR2
]
= 204
3 B
2 164
=
[}
4 124
8.
4
0+ Oy
10" 10® 10" 102 10°
Concentration (nM)
3.5
P
o
=
@
=
-
b=
(=]
-

20 40 60 80 100 120
Time (minutes)

Fig. 1. hTLR2 mediates BLP-induced signaling.
(A) An NF-xkB reporter gene is activated in
293hTLR2 cells treated with sBLP. 293hTLR2
cells and parental 293 cells were transiently
transfected with an NF-kB-regulated luciferase
reporter construct and stimulated with sBLP
(1000 ng/ml) (black bar), Pam,Cys (1000 ng/
ml) (gray bar), or an equivalent dilution of sBLP
diluent “(H,0-0.05% HSA) (white bar). (B)
Dose-response curve for NF-«B activation by
BLP. 293hTLR2 cells were transiently trans-
fected with an NF-kB-regulated luciferase re-
porter construct and incubated with sBLP (O),
MLP (O), or msBLP (A). (C) hTLR2-specific mAb
2392 blocks sBLP-mediated ROS production in
PBLs. PBLs were preincubated with medium
alone (O), mAb 2392 (25 pg/ml of) (), or an
isotype control antibody (25 pg/ml) (V) and
exposed to sBLP (280 pg/ml). ROS production
was measured by lucigenin-enhanced chemilu-
minescence every 10 min on a luminometer
(33). Results are the average of two indepen-
dent samples.
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TLRs cannot be excluded, these data indicate
that hTLR? is critical for BLP responses and
link Toll receptors to a transcription-indepen-
dent, antimicrobial defense mechanism.
After incubation with sBLP, 293hTLR2
cells began to round up, bleb, and vacuolate
(Fig. 2, E and F) (20), morphologic changes
that are characteristic of apoptosis (21). The
induction of cell death by sBLP was more
pronounced in 293 cells coexpressing hTLR2
and human CD14 (293hTLR2/hCD14) (Fig.
2, G and H). CDI14 is a membrane protein
that potentiates LPS and BLP signaling (22).
sBLP did not affect the morphology of pa-
rental 293 cells (Fig. 2, A and B) or cells
expressing only hCD14 (293hCD14) (Fig. 2, C
and D). After incubation with sBLP,
293hTLR2 cells and 293hTLR2/hCD14 cells
showed a significant increase in apoptosis
above background (Fig. 2I). As little as 10

Fig. 2. BLPs induce ap-
optosis in 293 cells ex-
pressing hTLR2. (A to
H) Morphology of 293
cells and stable trans-
fectants exposed to
sBLP. 293 (A and B),
293hCD14 (C and D),
293hTLR2 (E and F),
and 293hTLR2/hCD14
(G and H) cells were in-
cubated in medium
alone (A, C, E, and G)
or with sBLP (100 ng/
ml) (B, D, F, and H). Cells
with apoptotic morphol-
ogy including rounding
up (arrows), vacuolation
(dashed arrow), and
membrane blebbing (ar-
rowheads) are indicated.
Bar, 10 pm (A to H).
(1) Time course of BLP-
induced, hTLR2-medi-
ated apoptosis. 293
(O), 293hCD14 (1),
293hTLR2 (O), and
293hTLR2/hCD14 (C)
cells were incubated
in media only or me-
dia with sBLP (100 ng/
ml), TUNEL stained,
and analyzed by flow 351 )
cytometry. () to M)

Dose-response curves

for the induction of

apoptosis by BLP. 293

(), 293hCD14 (K),

293hTLR2 (L), and

293hTLR2/hCD14 (M)

15

Specific apoptosis (%)
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ng/ml of either sSBLP or MLP induced apoptosis
in 293hTLR2 cells (Fig. 2L). Moreover, coex-
pression of hCD14 and hTLR2 augmented the
total number of apoptotic cells, as well as sen-
sitizing the cells to 10-fold lower doses of sSBLP
or MLP (Fig. 2M). Neither compound induced
apoptosis in 293 or 293hCD14 cells (Fig. 2, I to
K). Consistent with the NF-kB activation as-
says, neither msBLP nor Pam,Cys induced ap-
optosis (Fig. 2, J to M). In comparison to sBLP,
10>-fold higher concentrations of LPS were
required to obtain similar numbers of apoptotic
cells (Fig. 2, L and M). These assays were
performed at serum concentrations (5%) suffi-
cient to promote the interaction of LPS with
CDI14 (23). The LPS preparation was active
because both sBLP and LPS induced a respira-
tory burst in PBLs at concentrations less than 1
ng/ml (24).

We investigated whether the induction of
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(O), or Shigella flexneri

type 1A LPS (%) for 60 hours, TUNEL stained, and analyzed by flow cytometry. (N) sBLP directly induces
apoptosis in cells expressing hTLR2. 293 cells were transiently transfected with GFP and the indicated
plasmid, incubated with sBLP (100 ng/ml), collected, stained for cell death with annexin V, and analyzed by
flow cytometry. Results are presented as the fold induction of cell death in the GFP-negative (white bars) and
GFP-positive (black bars) populations relative to cells transfected with control vector (pKRN) without the
addition of sBLP. Data are the mean = SD of two independent samples. Some SDs are within the limits of

the data points.
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apoptosis by BLPs through hTLR2 was direct
or indirect (25). 293 cells were transiently
cotransfected with expression vectors encod-
ing hTLR2 and green fluorescent protein
(GFP). After exposure to sBLP, an induction
of apoptosis was detected only in the GFP-
positive population (Fig. 2N). We did not
detect cell death above background without
the addition of sBLP or after transfection
with the control vector. Thus, BLPs induce
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Fig. 3. BLPs are cytotoxic to the human mono-
cytic cell line THP-1. (A to C) Dose-response
curves for the induction of cell death by BLPs in
THP-1 cells. THP-1 cells (A) or THP-1 cells
initially treated with PMA (B) or cotreated with
cycloheximide (C) were incubated with sBLP
(©), MLP (O), msBLP (A), Pam,Cys (O), or S.
flexneri type 1A LPS (v%). (D) hTLR2-specific
mADb blocks sBLP-mediated cell death in THP-1
cells. THP-1 cells were initially incubated in
medium (1), isotype control antibody (25 wg/
ml) (2), mAb 2392 (10 ng/ml) (3), or mAb 2392
(25 pg/ml) (4) and treated with sBLP (625
pg/ml) and cycloheximide (50 p.g/ml). Data are
the mean = SD of three samples. Some SDs are
within the limits of the data points.
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apoptosis directly through hTLR2 and not by
stimulating the secretion of a soluble media-
tor of apoptosis.

The transcription of A7LR2 in THP-1 cells,
a monocytic cell line that expresses hTLR2
endogenously (/0), was confirmed by reverse
transcriptase—polymerase chain reaction (/3),
and its surface expression by flow cytometric
analysis with mAb 2392 (24). THP-1 cells
exposed to sBLP or MLP (10 ng/ml) showed a
modest increase in cytotoxicity (15%) (Fig. 3A)
(26). However, initial treatment of the cells
with the phorbol ester PMA (phorbol 12-my-
ristate 13-acetate) or cotreatment with the trans-
lation inhibitor cycloheximide markedly in-
creased cytotoxicity (Fig. 3, B and C). The cells
displayed morphologic features of apoptosis,
including cell shrinkage and blebbing. BLP-
induced cell death occurred much more rapidly
in THP-1 cells (6 hours) than in 293hTLR2 or
293hTLR2/hCD14 cells (>30 hours), suggest-
ing that monocytes express a more appropriate
pathway to execute hTLR2-mediated cell
death. Neither msBLP nor Pam,Cys were ac-
tive in this assay (Fig. 3, A to C). One thou-
sand—fold higher concentrations of LPS than
sBLP were required to observe a cytotoxic ef-
fect in PMA- or cycloheximide-treated THP-1
cells (Fig. 3, B and C). Similar results were
obtained in the presence of recombinant LPS
binding protein (24). THP-1 cells were prein-
cubated with mAb 2392 and exposed to sBLP.
This antibody to hTLR2, but not an isotype
control, attenuated the cell death response to
sBLP (Fig. 3D). Therefore, the induction of
apoptosis by sBLP requires hTLR2.

Brightbill et al. report that BLPs acti-
vate NF-kB—dependent transcription through
hTLR2 (27). We describe similar findings.
However, we find that BLPs can also mediate
apoptosis through hTLR2. Thus, hTLR2 sig-
nals for both cell activation and apoptosis. This
dual signaling capacity is precedented by tumor
necrosis factor receptor-1 (TNFRI1), which
stimulates parallel pathways to apoptosis and
NF-kB activation (28).

Although many bacterial pathogens in-
duce apoptosis in host cells (29), the impli-
cations of this phenomenon remain elusive.
BLP-induced apoptosis could be important
for (i) the initiation of inflammation (30), (ii)
the resolution of inflammation (37), and (iii)
generating the proper signals necessary for
adaptive immune responses. The observation
that SBLPs are excellent adjuvants supports
the third hypothesis (32). The BLP-hTLR2
apoptotic pathway emerges as a mechanism
potentially fulfilling multiple roles in the gen-
esis and progression of innate and adaptive
immune responses to bacteria.
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Genetic Mechanisms of Age
Regulation of Human Blood
Coagulation Factor IX

Sumiko Kurachi, Yoshihiro Deyashiki, Junko Takeshita,
Kotoku Kurachi*

Blood coagulation capacity increases with age in healthy individuals. Through
extensive longitudinal analyses of human factor IX gene expression in trans-
genic mice, two essential age-regulatory elements, AE5’ and AE3’, have been
identified. These elements are required and together are sufficient for normal
age regulation of factor IX expression. AE5’, a PEA-3 related element present
in the 5’ upstream region of the gene encoding factor IX, is responsible for
age-stable expression of the gene. AE3’, in the middle of the 3’ untranslated
region, is responsible for age-associated elevation in messenger RNA levels. In
a-concerted manner, AE5’ and AE3’ recapitulate natural patterns of the ad-
vancing age-associated increase in factor IX gene expression.

Blood coagulation potential in humans, as
well as in other mammals, reaches the young
adult level around the age of weaning (/),
followed by a gradual increase during young
adulthood and almost doubling by old age
(2). This age-associated increase in coagula-
tion potential takes place in healthy centenar-
ians (3), indicating that the increase is a
normal age-associated phenomenon. It may
also contribute to the development and pro-
gression of age-associated cardiovascular and
thrombotic disorders (4). This increase in
blood coagulation potential coincides with
increases in plasma levels of procoagulant
factors such as factor IX, whereas plasma
levels of anticoagulation factors (such as an-
tithrombin III and protein C) or of factors
involved in fibrinolysis are only marginally
affected (3).

Blood coagulation factor IX (FIX), a plasma
protease precursor, occupies a key position in
the blood coagulation cascade where the intrin-
sic and extrinsic pathways merge (6). FIX is
synthesized in the liver with strict tissue speci-
ficity, and its deficiency results in the bleeding
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is also directly correlated with an increase in the
level of liver mFIX mRNA (2).

To explore the molecular mechanisms that
underlie the age-related increase in FIX ac-
tivity, we constructed a series of hFIX mini-
gene expression vectors (7). We first ana-
lyzed them in vitro with HepG2 cells, a hu-
man hepatoma cell line, and then generated
transgenic mice with the hFIX minigene vec-
tors and carried out longitudinal analyses
of hFIX expression in vivo for the entire
lifespans of founders and successive genera-
tions of transgenic mice. The use of hFIX
minigene expression vectors, which can pro-
duce high levels of plasma hFIX in vitro and
in vivo, provided both a reliable animal assay
system and multiple unexpected critical in-
sights into the regulatory mechanisms of the
hFIX gene. These minigenes consisted of the
hFIX homologous components, including
promoter sequences of various lengths span-
ning up to nucleotide (nt) —2231 in the 5’
flanking region, the coding region with a
middle-portion truncated first intron, and the
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