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ABSTRACT

Hemocyanin is an extracellular respiratory protein containing copper in hemolymph of invertebrates, such as
Mollusk and Arthropod. Keyhole limpet hemocyanin (KLH) is one of hemocyanins and has many years of expe-
rience for vaccine developments and immunological studies in mammals including human. However, the associ-
ation between KLH and the immune systems, especially the innate immune systems, remains poorly understood.
The aim of this study is to clarify the direct effects of KLH on the innate immune systems. KLH activated an in-
flammation-related transcription factor NF-kB as much as lipopolysaccharide (LPS) in a human monocytic leu-
kemia THP-1 reporter cell line. We have found that the KLH-induced NF-«xB activation is partially involved in a
spleen tyrosine kinase (Syk) pathway. We have also successfully revealed that an extracellular signal-regulated
kinase (Erk), a member of mitogen-activated protein kinases, is located in an upstream of NF-«xB activation in-
duced by KLH. Furthermore, a Syk phosphorylation inhibitor partially suppressed the Erk activation in KLH-
stimulated THP-1. These results suggest that both Syk and Erk associate with the KLH-induced NF-«kB activa-
tion in the human monocyte.
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INTRODUCTION antibodies (Becker et al., 2014). The marine
mollusk M. crenulata hemocyanin is com-
monly known as a keyhole limpet hemocya-
nin (KLH). KLH is composed of two subu-
nits of approximately 360,000 - 400,000 in
monomeric molecular weight (Markl et al.,
1991) and well known as an immunostimu-
lant in mammals including human for more
than 40 years (Curtis et al, 1970, 1971;
Herscowitz et al., 1972; Weigle, 1964).
However, the initial physiological responses

Hemocyanin is a large molecule and
copper-containing protein and carries oxygen
to peripheral tissues in mollusk and arthro-
pod circulation (Amkraut et al., 1969). Some
of hemocyanins such as Concholepas con-
cholepas hemocyanin (De Ioannes et al.,
2004; Moltedo et al., 2006), Fissurella lati-
marginata hemocyanin (Arancibia et al.,
2014) and Megathura crenulata hemocyanin
have been used as a hapten carrier to produce
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to KLH and direct effects of KLH on the in-
nate immune systems are not clear.

The innate immune system plays an im-
portant role in host defense against many
pathogens. Pathogen-associated molecular
patterns (PAMPs) are detected through spe-
cific pattern recognition receptors (PRRs)
(Janeway and Medzhitov, 2002; Medzhitov
and Janeway, 1997; Mogensen, 2009), which
include toll like receptors (TLRs) and C-type
lectin receptors (CLRs) (Drummond et al.,
2011). The important roles in host defense
are production of inflammatory mediators
and phagocytosis. For example, a gram-
negative pathogen Francisella tularensis is
recognized by PRRs, leading to the produc-
tion of inflammatory mediators through the
activation of mitogen-activated protein ki-
nases (MAPK) and nuclear factor-kappa B
(NF-xB) (Golovliov et al., 1996; Stenmark et
al., 1999; Parsa et al., 2006; Butchar et al.,
2007). The host cell receptors, including
complement receptor 3 (CR3) (Ben Nasr et
al., 2006; Clemens et al., 2005), mannose re-
ceptor (MR) (Balagopal et al., 2006), toll
like receptor 2 (TLR2) (Katz et al., 2006;
Malik et al., 2006) and Fcy receptors (FcyRs)
(Balagopal et al., 2006) are implicated in the
recognition of F. tularensis. These receptors
in myeloid cell mainly activate the down-
stream signaling pathways via spleen tyro-
sine kinase (Syk) (Osorio and Reis e Sousa,
2011). Syk is one of the common molecules
associated with these receptors (Kerrigan and
Brown, 2010; Hadas et al., 2012; Dennehy et
al., 2008; Falker et al., 2014). The study on
F. tularensis phagocytosis also reported that
Syk-dependent phagocytosis was controlled
through an extracellular signal-regulated ki-
nase (Erk) pathway (Parsa et al., 2008). Erk
is a member of the MAPK family and the
MAPK cascades involve in the regulation of
cell proliferation, survival and differentiation
(Roberts and Der, 2007). The MAPK path-
ways relay intracellular signals and elicit
physiological responses such as inflammato-
ry responses and apoptosis in mammalian
cells (Roux and Blenis, 2004; Zhang and
Liu, 2002). Several studies reported that Erk

was a downstream component of many sig-
naling pathways with various receptors, such
as CR3 (Li et al., 2014), MR (Tsai et al.,
2013), TLR2 (Richardson et al., 2015; Chen
et al., 2015) and FcyRs (Luo et al., 2010;
Song et al., 2004).

In this study, we have evaluated the ef-
fects of a Syk specific inhibitor on KLH-
induced NF-kB activation and Erk activation
in the human monocyte leukemia cell line
THP-1. We then discussed about the roles of
Syk and Erk in innate immune responses of
THP-1 to KLH.

MATERIALS AND METHODS

Antibodies and reagents

Mariculture keyhole limpet hemocyanin
was purchased from Thermo Fisher Scien-
tific (Rockford, IL). Ammonium pyrroli-
dinedithiocarbamate (PDTC) and Echerichia
coli LPS were purchased from Sigma-
Aldrich (St. Louis, MO). Syk inhibitor (Bay
61-3606 hydrochloride), Erk inhibitor (Nim-
ble) and anti-Erk1/2 antibody (EPR 17526)
were purchased from Abcam (Tokyo). Anti-
phospho-Erk1/2 (Tyr 202/204) antibody was
purchased from Cell Signaling Technology
(Danvers, MA).

Cell culture

THP-1 cells were obtained from Japanese
Collection of Research Bioresources Cell
Bank (Osaka) and grown in an RPMI medi-
um (Thermo Fisher Scientific, Waltham,
MA) supplemented with 10 % (vol/vol) fetal
bovine serum (Thermo Fisher Scientific), 1
% (vol/vol) GlutaMAX™  Supplement
(Thermo Fisher Scientific), and 100 pug/ml
Normocin™ (InvivoGen, Sandiego, CA) at
37° C with 5 % CO,. THP1-Xblue™-MD2-
CD14 cells were acquired from InvivoGen
and grown in an RPMI medium supplement-
ed with 10 % fetal bovine serum, 100 pg/ml
Normocin™  (InvivoGen), 200 pg/ml
Zeocin™ (InvivoGen) and 250 pg/ml G418
(InvivoGen) at 37° C with 5 % CO,. THP1-
Xblue™-MD2-CD14 cells contain the se-
creted embryonic alkaline phosphatase
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(SEAP) reporter gene under controls of NF-
kB and/or activator protein-1 (AP-1).

Measurement of NF-xB and/or AP-1 activi-
ty using THP1-XBlue™-MD2-CD14 cells

THP1-XBlue™-MD2-CD14 cells (5 x
10° cells) were seeded at 96 well plate and
then stimulated with 0.1 pg/ml LPS (positive
control) or 50 pg/ml KLH for 24 h. Superna-
tants were collected and incubated with
QUANTI-Blue™ (InvivoGen) for 24 h,
which turns purple in the presence of secret-
ed alkaline phosphatase (SEAP). SEAP lev-
els were determined spectrophotometrically
at 650 nm.

Western Blot Analyses

THP-1 cells (1 x 10" cells) were stimu-
lated with 0.1 pg/ml LPS or 500 pg/ml KLH
at 37° C for various periods. At the end of
the incubation period, cells were lysed in a
RIPA buffer (20 mM Tris-HCI1 [pH 7.5],
150 mM NaCl, 1 mM disodium ethylene-
diaminotetraacetate [Na,EDTA], 1 mM eth-
ylene glycol tetraacetic acid [EGTA], 1 %
Nonidet P-40 [NP-40], 1% sodium pyro-
phosphate, 1 mM [3-glycerophosphate, 1 mM
Na3zVOys, 1 pg/ml leupeptin, Protease Inhibi-
tor Cocktail [Nakarai Tesque, Tokyo], 1 mM
NaF and 1 mM phenylmethylsulfonyl fluo-
ride [PMSF]) for 30 min on ice. After cen-
trifugation (20,000 g, 10 min, 4° C), super-
natant protein samples were separated by
SDS-PAGE and transferred onto PVDF
membranes (Bio-Rad Laboratories, CA),
blocked with an Odyssey Blocking Buffer
(IL-COR, Lincoln, NE). The membrane was
incubated with the appropriate antibodies
1:600 (vol/vol) in the Odyssey Blocking
Buffer with 0.2 % (vol/vol) Tween 20, fol-
lowed by an incubation with a goat anti-
rabbit IgG Alexa Fluor 680 secondary anti-
bodies (Thermo Fisher Scientific, diluted at
3:10,000) in the Odyssey Blocking Buffer.
The stained protein bands were digitally de-
tected in an Odyssey Fc Dual-Mode Imaging
System (IL-COR, Lincoln, NE).

Statistical analyses

Each experiment was repeated at least
three times. Results were expressed as mean
+ standard deviation (SD). Data were as-
sessed with one way ANOVA, followed by
Student’s t-test or Dunnet’s multiple com-
parison test, and considered significantly dif-
ferent at P < 0.05.

RESULTS

Effects of KLH on the NF-&xB and/or AP-1
activities in THP-1 reporter cells

NF-kB and/or AP-1 were slightly acti-
vated in the control THP1-XBlue™ -MD?2-
CD14 cells probably due to a serial culture
passage of cells (Figure 1). The administra-
tion of LPS strongly activated NF-xB and/or
AP-1 compared to the case in the control
medium. An NF-«B inhibitor PDTC sup-
pressed the activation induced by LPS. The
administration of KLH markedly activated
NF-kB and/or AP-1 as much as LPS, and
PDTC also suppressed the KLH-induced ac-
tivation.

without PDTC

munder PDTC

absorbance value (650nm)
-+
-+

0.5
| i
RPMI LPS KLH

Figure 1: Effects of PDTC on the KLH-induced
NF-xB activation. THP-1 reporter cell (THP1-
XBlue™-MD2-CD14 Cells) was stimulated with
0.1 pg/ml LPS or 50 pg/ml KLH in the presence
or the absence of 10 uM PDTC. Values repre-
sent mean + SD of six assays. Significant differ-
ences from RPMI (negative control) values were
defined as *P < 0.05 (one-way ANOVA and Dun-
nett's test), **P < 0.0001 (one-way ANOVA and
Student’s t-test).
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Syk inhibitor partially suppressed the KLH-
induced NF-xB activation

Syk is deeply involved in several innate
immune receptors (Dennehy et al., 2008;
Robinson et al., 2009; Sancho et al., 2009;
Kerrigan and Brown, 2010, 2011). In THP1-
XBlue™-MD2-CD14 cells, a Syk inhibitor,
Bay 61-3606 hydrochloride, partially inhib-
ited the KLH-induced NF-kB activation
(Figure 2).
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Figure 2: Effects of Syk inhibitor on the KLH-
induced NF-«B activation. THP-1 reporter cell
was stimulated with 0.1 pg/ml LPS or 50 pg/ml
KLH in the presence or the absence of 1 uM Syk
inhibitor (Bay 61-3606). Values represent mean
+ SD of six assays.

**Significantly different from values in the ab-
sence of the inhibitor, P <0.0001 (one-way
ANOVA and Student’s t-test).

Erk inhibitor suppressed the KLH-induced
NF-xB activation

In THP1-Xblue™-MD2-CD14 cells, an
Erk inhibitor, Nimble, obviously inhibited
KLH-induced NF-«xB activation (Figure 3).

Syk inhibitor partially suppressed the Erk
phosphorylation in KLH-stimulated THP-1

Evaluated through Western blot with
specific antibodies, anti-Erk1/2 antibody
(EPR 17526) and anti-phospho-Erk1/2 (Tyr
202/204), it is suggested that Erk should be
phosphorylated by KLH stimulation. The
phosphorylation ratio significantly increased
in a time-dependent manner. The peak of Erk
phosphorylation was observed at 2 min after
KLH stimulation and then the phosphory-
lated Erk decreased by 10 min after KLH
stimulation.

In contrast, in THP-1 cells treated with
the Syk inhibitor, the phosphorylation ratio
did not increase compared to the case of non-
treated THP-1 cells, suggesting that the
KLH-induced Erk phosphorylation was par-
tially suppressed by the Syk inhibitor (Figure
4).
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Figure 3: Effects of Erk inhibitor on the KLH-
induced NF-xB activation. THP-1 reporter cell
was stimulated with 0.1 pg/ml LPS or 50 pg/ml
KLH in the presence or the absence of 5 uM Erk
inhibitor (Nimbolide). Values represent mean =*
SD of six assays.

**Significantly different from values in the ab-
sence of the inhibitor, P <0.0001 (one-way
ANOVA and Student’s t-test).

o
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DISCUSSION

In this study, we have in part clarified the
initial responses to KLH and direct effects of
KLH on the innate immune systems in hu-
man monocytic cells. We have found that
KLH activates NF-kB as much as LPS in the
THP-1 cells and that the KLH-induced NF-
kB activation is partially mediated via Syk
and Erk pathways in human monocytic THP-
1 cells. The NF-xB inhibitor, PDTC, sup-
presses the release of the inhibitory subunit
IkB from the latent cytoplasmic form of NF-
kB and does not influence the other DNA
binding activities including AP-1 (Robinson
et al., 2009). PDTC markedly suppressed the
KLH-induced activation of the NF-xB/AP-1
reporter cells, suggesting that the activation
should be triggered by NF-«B. The transcrip-
tion factor, NF-kB, plays crucial roles in the
immune system (Ghosh et al., 1998; Li and
Verma, 2002; Bonizzi and Karin, 2004). We
have then investigated signaling pathways
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Figure 4: Effects of Syk inhibitor on the KLH-
induced Erk phosphorylation. (A) THP-1 cells
were pre-treated or non-treated 10 pM Syk in-
hibitor (Bay 61-3606) at 37° C for two hours.
THP-1 cells were then stimulated with 500 pg/ml
KLH at 37° C for various periods of time. At the
end of the incubation period, cells were lysed in
a RIPA buffer with inhibitors for 30 min on ice.
After centrifugation (20,000 g, 10 min, 4° C), su-
pernatant proteins were evaluated through the
Western blot with antibodies, anti-Erk1/2 anti-
body (EPR 17526) and anti-phospho-Erk1/2 (Tyr
202/204). (B) Phosphorylation signals were nor-
malized to total Erk1/2 signal intensities in the
panel (A). The graphs represent mean + SD of
values obtained from three independent experi-
ments.

*Significantly different from the initial value in the
absence of the inhibitor, *P < 0.05 (one-way
ANOVA and Dunnett's test). tThere is a signifi-
cant difference between values with and without
the inhibitor at 2 min, 1P <0.001 (one-way
ANOVA and Student’s t-test).

from KLH reception to NF-kB activation in
THP-1 monocyte.

Presicce et al. (2008) reported that KLH-
induced activation and maturation of mono-
cyte-derived dendritic cells (DCs) were par-
tially mediated via one of lectin receptors,
mannose receptor (MR). Mansour et al.
(2006) stated that mannose was important for

MR-mediated endocytosis of monocyte-
derived DCs. The KLH-induced NF-«xB acti-
vation observed in this study might therefore
have a certain association with a lectin recep-
tor, probably because KLH was rich in man-
nose. The lectin receptors and other recep-
tors, such as MR (Tsai et al., 2013), CR3
(Xia et al., 1999), TLRs (Netea et al., 2006)
and FcyRs (Vogelpoel et al., 2015), drive
Syk signaling cascades (Kerrigan et al.,
2010; Hadas et al., 2012; Dennehy et al.,
2008; Falker et al., 2014), leading to Syk au-
tophosphorylation and NF-kB activation.
The NF-kB activation results in the produc-
tion of pro-inflammatory cytokines, which in
turn induces cellular responses, including
apoptosis and phagocytosis (Parsa et al.,
2008; Kingeter and Lin, 2012; Falker et al.,
2014). In the present study, a Syk inhibitor,
Bay 61-3606 hydrochloride, partially sup-
pressed the KLH-induced NF-«xB activation,
suggesting that Syk would partially associate
with the signaling pathways.

Erk has an important role of fundamental
cellular reaction such as differentiation
(Falker et al., 2014), inflammatory responses
(Roux and Blenis, 2004; Zhang and Liu,
2002) and apoptosis in mammalian cells
(Parsa et al., 2008; Roberts and Der, 2007).
Several studies reported that Erk was in
downstream of these receptors, CR3(Li et
al., 2014), MR (Tsai et al., 2013), TLR2
(Richardson et al., 2015; Chen et al., 2015)
and FcyRs (Luo et al., 2010; Song et al.,
2004). Many reports about phagocytosis
mentioned that Erk had an important role in
the phagocytosis of pathogenic organisms
(Song et al., 2004; Balagopal et al., 2006;
Parsa et al., 2008) and that Syk promoted the
phagocytosis of F. tularensis via Erk path-
way (Parsa et al., 2008). We demonstrated
that an Erk inhibitor, Nimble, suppressed the
KLH-induced NF-kB activation and that the
KLH-induced Erk phosphorylation was par-
tially suppressed by a Syk inhibitor. These
results suggest that Erk would be located in
downstream of Syk and upstream of NF-xB
signaling pathways (Miyazaki et al., 2000;
Jiang et al., 2004).
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Syk and some Syk-related receptors are
partially involved in the KLH-induced NF-
kB activation and the KLH-induced Erk
phosphorylation. It is necessary to identify
KLH receptor(s) and the associated mole-
cule(s) in order to understand the KLH-
induced NF-kB activation mechanisms com-
prehensively. We are now further investigat-
ing the signaling cascades along these lines.
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