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ABSTRACT
CLU is a secreted, multifunctional protein implicated in
several immunologic and pathologic conditions. As the
level of serum CLU was shown to be elevated during
inflammatory responses, we questioned if CLU might
interact with circulating lymphocytes leading to func-
tional consequences. To assess this possibility directly,
mouse splenocytes and purified NK cells were cultured
with varying dose of CLU, and its effect on cell prolifer-
ation was examined. Our data showed that CLU up-
regulated DNA synthesis and expansion of NK cells sig-
nificantly in response to a suboptimal, but not maximal,
dose of IL-2, and CLU alone did not exhibit such ef-
fects. This CLU-mediated synergy required the copres-
ence of CLU at the onset of IL-2 stimulation and needed
a continuous presence during the rest of the culture.
Importantly, NK cells stimulated with CLU showed in-
creased formation of cell clusters and a CD69 activa-
tion receptor, representing a higher cellular activation
status compared with those from the control group.
Furthermore, these NK cells displayed elevated IFN-�

production upon RMA/S tumor target exposures, imply-
ing that CLU regulates not only NK cell expansion but
also effector function of NK cells. Collectively, our data
present a previously unrecognized function of CLU as a
novel regulator of NK cells via providing costimulation
required for cell proliferation and IFN-� secretion.
Therefore, the role of CLU on NK cells should be taken
into consideration for the previously observed, diverse
functions of CLU in chronic inflammatory and autoim-
mune conditions. J. Leukoc. Biol. 88: 955–963; 2010.

Introduction
CLU, known as apolipoprotein J, is a secreted glycoprotein
expressed ubiquitously in a wide variety of tissues [1]. Since its
discovery in 1983 as a protein enhancing cell aggregation in
vitro [2], CLU has been implicated in several diverse, physio-
logical processes including lipid transportation, complement
inhibition, tissue remodeling, cell–cell and cell–substratum
interactions, promotion, and inhibition of apoptosis. Further-
more CLU has been shown to facilitate carcinogenesis and tu-
mor formation [3], demonstrating its function as a growth reg-
ulator.

Recent data provided an additional facet for the role of
CLU in regulating inflammation and immunity [4–9]. CLU
was shown to protect tissues or cells from damages by comple-
ment attack via complexing with the membrane attack com-
plex [7]. CLU deposition was detected in the renal glomeruli
of patients with glomerulonephritis, and a significant increase
of CLU mRNA was demonstrated in lupus-like nephritis, pre-
sumably as a defense mechanism from tissue damages [8].
Moreover, the fact that intracellular CLU inhibited NF-�B ex-
pression in synoviocytes suggests that the action of CLU might
be closely linked to the pathogenesis of inflammatory RA [4].
For example, Devauchelle et al. [9] have shown that CLU ex-
pression was lacking in RA patients and hence, resulted in en-
hanced I�B degradation and prolonged activation of NF-�B.
Consistent with these results, CLU-deficient mice showed ac-
celerated and lasting arthritis [9] and more severe inflamma-
tion in a myosin-induced autoimmune myocarditis model [5,
6]. Furthermore, secretion of proinflammatory cytokines, IL-6
and IL-8, was enhanced in cultured fibroblast-like synoviocytes
when CLU expression was silenced with small interfering
RNAs [9]. Collectively, these data underscore a potential impli-
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cation of CLU in regulating chronic inflammation and autoim-
munity.

Belonging to innate immunity, NK cells constitute circulat-
ing lymphocytes that provide a body’s first line of defense
against infections and cancers [10]. Via secreting proinflam-
matory cytokines and stimulating cytotoxicity directly [11], NK
cells eliminate infected and transformed cells in the body. Ad-
ditionally, human NK cells have been shown to control auto-
immune conditions, e.g., psoriasis or atopic dermatitis [12],
although a precise molecular mechanism underlying this regu-
lation remains elusive. Like CLU, the role of NK cells is di-
verse and may be controlled by environmental conditions and
the progression status of the disease.

NK cells become activated immediately after pathogen rec-
ognition and further activated by IL-12 and IL-18 produced by
macrophages and DCs [13]. Interestingly, DCs expressed CLU
at their immature states, whose expression increased over 30-
fold upon maturation [4]. Similarly, CLU in the human serum
(35–105 �g/ml) was shown to undergo significant up-regula-
tion during inflammation [4]. As elevated CLU may likely
come in contact with circulating lymphocytes, it raises a ques-
tion of whether interaction of CLU with NK cells in the pe-
ripheral blood may result in any functional consequences.
Therefore, we set up this study to investigate the relationship
between CLU and NK cells in vitro using freshly isolated
mouse NK cells. Our data demonstrate that CLU could indeed
affect the NK cell activation process via facilitating 2 aspects of
immune responses, proliferation and IFN-� secretion, in re-
sponse to IL-2. This effect required the copresence of CLU at
the onset of IL-2 stimulation and was only visible at the subop-
timal dose of IL-2. Therefore, our data suggest that CLU
serves as a novel, costimulatory ligand in NK cells.

MATERIALS AND METHODS

Purification of soluble CLU
CLU was purified from fresh, normal human plasma, which was precipi-
tated using 12–23% polyethylene glycol (MW 3350; Sigma Chemical Co.,
St. Louis, MO, USA) overnight at 4°C. This precipitate was dissolved and
subjected to DEAE-Sepharose and heparin-Sepharose column chromatogra-
phy (GE Healthcare Life Sciences, Piscataway, NJ, USA), as described previ-
ously [14–18]. CLU-positive fractions were then applied to a CLU mAb
(1G8)–affinity chromatography column [15]. The anti-CLU mAb (1G8) was
generated using recombinant human full-length CLU expressed in Esche-
richia coli as an antigen and covalently conjugated to cyanogen bromide-
activated Sepharose 4B (Sigma Chemical Co.). Eluted proteins were dia-
lyzed against PBS and stored at –80°C prior to use. As human CLU shares
75% aa identity with mouse CLU [19] and shows cross-reactivity with its
rodent counterpart [20], experiments were performed using purified hu-
man CLU. The purity and homogeneity of purified CLU (�95%) were as-
sessed by SDS-PAGE under reducing and nonreducing conditions and visu-
alized by Coomassie brilliant blue staining. The identity of CLU was ana-
lyzed further by Western blot analysis using clone B5 or M18 anti-CLU Ab
(Supplemental Fig. 3). The endotoxin level of purified CLU was below de-
tection level, as measured by the Limulus amoebocyte lysate kinetic turbidi-

metric assay (Endosafe�, Charles River Laboratory, Korea).

Isolation and culture of NK cells
Female C57BL/6 mice between 6 and 8 weeks of age were purchased
from Nara Biotech (Seoul, Korea) and used under the protocol ap-
proved by the Korea University Institutional Animal Care and Use Com-
mittee (KUIACUC-2009-126). NK cells were enriched from B cell-depleted
splenocytes via negative selection using a mixture of Ab including biotin-
conjugated anti-CD3 (145-2C11), anti-CD4 (GK1.5), anti-CD8 (53-6.7), and
anti-CD19 (MB19-1) and streptavidin-conjugated microbeads (Miltenyi Bio-
tec, Bergisch Gladbach, Germany), as described previously [21]. After de-
pletion of non-NK cells, the purity of CD3–DX5� NK cells was 70–80%. In
some experiments, CD3–DX5� NK cells were enriched up to 95% using a
mouse NK isolation kit (Cat. No. 130-090-864, Miltenyi Biotec, Auburn, CA,
USA), which contained biotin-conjugated Ab cocktail (anti-CD4, -CD5,
-CD8a, and -CD19, Gr-1, Ter-119) and antibiotin microbeads. Enriched NK
cells were cultured in RPMI-1640 (Welgene, Daegu, Korea) supplemented
with 5% FBS (Lonza Walkersville Inc., Walkersville, MD, USA) and human
rIL-2 (Novartis Pharmaceuticals, East Hanover, NJ, USA) in the presence or
absence of CLU at the doses indicated in each figure.

Western blot assay
Cell lysates were resolved by SDS-PAGE and transferred to nitrocellulose
membranes (Schleicher and Schuell, Dassel, Germany). Membranes were
then blocked with 5% skim milk in TBST (20 mM Tris-HCl, pH 7.4, 150
mM NaCl, 0.1% Tween-20) overnight at 4°C and probed with rabbit poly-
clonal anti-CLU Ab (C-18 or M-18, Santa Cruz Biotechnology, Inc., Santa
Cruz, CA, USA). After incubation with anti-rabbit secondary Ab coupled to
HRP (Jackson ImmunoResearch Laboratories, Inc., West Grove, PA, USA),
immunoreactive CLU proteins were visualized using SuperSignal West Pico
chemiluminescent substrate (Pierce, Rockford, IL, USA), according to the
manufacturer’s protocol.

Ab and flow cytometry
FITC-conjugated anti-CD69 (H1.2F3), anti-CD3 (145-2C11), and anti-LFA
(M17/4); allophycocyanin-conjugated anti-CD49b (DX5) and anti-ICAM-1
(YN1/1.7.4); and PE-conjugated anti-CD44 (IM7), anti-CD11c (N418), anti-
NKG2D (CX5), anti-I-Ab (M5/114.15.2), anti-CD27 (LG.7F9), and anti-CD3
(145-2C11) mAb were purchased from eBioscience (San Diego, CA, USA).
Isolated NK cells were resuspended in 100 �l FACS buffer (PBS containing
2% FBS and 0.02% sodium azide) and incubated with anti-CD16/CD32
mAb to block Fc�RIII/II. Without washing, cells were incubated with mAb,
indicated in Fig. 5, for 20 min at 4°C. After washing with FACS buffer, cells
were fixed in 200 �l 1% paraformaldehyde in PBS. Flow cytometry was per-
formed with a FACSCalibur (BD Biosciences, San Diego, CA, USA) and the
data analyzed with CellQuest software (BD PharMingen, San Jose, CA,
USA). Fifty thousand lymphocyte populations gated by forward-/side-scatter
were analyzed [22].

CFSE dilution assay
Proliferation of NK cells was evaluated by the CFSE (Molecular Probes,
Inc., Eugene, OR, USA) dividing method. Briefly, freshly isolated NK cells
suspended in PBS were labeled with 5 �M CFSE at 37°C for 10 min. Reac-
tion was quenched by adding an equal volume of FBS. Cells were washed
twice in PBS, and CFSE-loaded NK cells at 1 � 105/well were incubated
with 100 U/ml IL-2 in the presence or absence of 5 �g/ml CLU. After in-
cubation, CFSE-labeled cells were harvested, and their division was assayed.
Flow cytometry was performed with a FACSCalibur and the data analyzed
with CellQuest software.

3H-Thymidine uptake assay
Live cell numbers were counted using a hemocytometer (Improved
Neubauer, Hawksley Co., Lansing, UK) by trypan blue exclusion.
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To assess the effect of CLU, 2 � 105 total splenocytes or 1 � 105 puri-
fied NK cells/well were incubated for 3 days in a 96-well plate in the pres-
ence or absence of an indicated concentration of CLU or IL-2. 3H-Thymi-
dine (1 �Ci; Perkin Elmer, Boston, MA, USA) was added to the well and
incubated for an additional 12 h. Cells were harvested onto filter paper
with a Micro96 harvester (Skatron, Lier, Norway), and dpm was counted
using a �-counter (Packard Instrument Co., Meriden, CT, USA).

51Cr release assay
A standard Cr release assay was performed with minor modifications. In
brief, RMA/S target cells were labeled with 51Cr (Perkin Elmer, Boston,
MA, USA) at 50 �Ci/5 � 105 cells. Five thousand RMA/S cells were mixed
with serially diluted NK cells at the indicated E:T ratio for 4 h at 37°C
[21]. The �-scintillation of the supernatant was measured by a �-counter
(Perkin Elmer). Percent of specific lysis was calculated as follows: 100 �

(experimental release–spontaneous release)/(maximum release–spontane-
ous release).

Statistical analysis
Nonparametric one-way or two-way ANOVA was performed with SPSS Ver-
sion 12.0 software (SPSS, Chicago, IL, USA), depending on the data.
Where the P value was �0.05, the result was considered significant.

RESULTS

CLU synergizes with IL-2 for the proliferation of
whole splenocytes and purified NK cells
Previous data have shown that CLU expression was absent in T
lymphocytes [23] but found to be expressed at a low level in a
subset of T cells called Th-17 cells [24]. However, no data
were available regarding the expression of CLU in murine

splenocytes and NK cells. Therefore, we first examined the
expression of CLU on whole splenocytes containing mixtures
of lymphocytes, e.g., T, B, and NK cells. Data from the West-
ern blot analysis using 2 polyclonal anti-CLU Ab, C-18 or M-18,
showed CLU expression on whole splenocytes (Fig. 1A). How-
ever, little or no expression of CLU was detected in purified
NK cells (Fig. 1A). A major portion of endogenous CLU de-
tected in whole splenocytes was found to come from B cells, as
depletion of B cells abrogated CLU expression from the
splenocyte fraction (data not shown). These data demonstrate
that murine NK cells do not express a significant level of en-
dogenous CLU.

We next determined if the interaction of exogenous CLU
with NK cells affected proliferation of NK cells using a 3H-thy-
midine incorporation assay. When whole splenocytes were cul-
tured only with CLU, little or no significant uptake of 3H-thy-
midine was observed for up to 50 �g/ml CLU (Fig. 1B, upper
panel). However, addition of CLU in the presence of a subop-
timal dose of IL-2 markedly potentiated cell proliferation by
IL-2. This CLU-mediated augmentation of DNA synthesis
started to appear at 0.5 �g/ml and reached maximal at 5 �g/
ml, where CLU increased IL-2-induced proliferation for up to
4.35 � 1.19-fold (Fig. 1B, lower panel; 2.43�0.85�104 dpm in
the IL-2 group vs. 10.06�0.81�104 dpm in the IL-2�CLU
group). As IL-2-responsive cells present in whole splenocytes
were likely to be mostly NK cells, we next purified NK cells
from the spleen and examined the effect of CLU on NK cell
proliferation. As seen in Fig. 1C, CLU alone did not result in
substantial proliferation of purified NK cells. However, in the
presence of IL-2, CLU augmented NK cell proliferation signifi-
cantly (Fig. 1C), similar to that observed from whole spleno-
cytes (Fig. 1B). Compared with splenocytes, the level of 3H-
thymidine incorporated into purified NK cells was substantially

Figure 1. Effect of CLU on the proliferation of whole
splenocytes and purified NK cells. (A) Endogenous expres-
sion of CLU in total splenocytes and purified NK cells was
monitored using Western blots (WB), as described in Ma-
terials and Methods. Cell lysates (20 �g), prepared from
whole splenocytes (Spl) or purified NK cells, were sub-
jected to SDS-PAGE and immunoblotting with anti-CLU
Ab (C-18 or M-18). Diluted (1:10) C57BL/6 mouse serum
(10 �l) was loaded as a positive control (CLU). (B and
C) Total splenocytes (2�105; B) or 1 � 105 purified NK
cells (C) were cultured for 3 days with 0, 0.5, 5, or 50
�g/ml CLU in the presence or absence of 100 U/ml IL-2.
3H-Thymidine (1 �Ci) was added for an additional 12 h to
count radioactivity incorporated into the DNA. The lower
bar graphs are re-plots of the upper graphs to compare
3H-thymidine incorporation at 5 �g/ml CLU in the pres-
ence or absence of 100 U/ml of IL-2. The data are repre-
sentatives from 5 independent experiments. Error bars
represent sd (**P�0.01, ***P�0.001).
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higher, confirming that a major population of IL-2-responsive
cells in the spleen was NK cells. At 5 �g/ml, CLU-enhanced,
�3.61 � 0.03-fold of DNA synthesis resulted from IL-2 stimula-
tion alone (Fig. 1C, lower panel; 5.88�0.50�104 dpm vs.
21.22�1.63�104 dpm). Therefore, these data demonstrate
that CLU alone is not sufficient to drive NK cells into the cell
cycle; however, it can promote NK cell proliferation substan-
tially in the presence of IL-2.

CLU stimulates NK cell proliferation at the low dose
of IL-2
We next investigated if the effect of CLU on IL-2-induced pro-
liferation could be seen at the higher doses of IL-2. To test
this, we cultured purified NK cells with 5 �g/ml CLU in the
presence of IL-2 ranging from 10 to 1000 U/ml. As seen in
Fig. 2A, NK cells displayed augmentation of their 3H-thymi-
dine uptake when cells were cultured with up to 500 U/ml
IL-2. This synergy on DNA synthesis by CLU became notice-
able as low as 10 U/ml IL-2, maximal at 100 U/ml, and satu-
rated at 500 U/ml. Increasing IL-2 over 500 U/ml did not en-
hance IL-2-induced NK cell proliferation further by CLU, indi-
cating that the effect of CLU on NK cell proliferation reached
their maximal capacity at 500 U/ml. To confirm further the
role of CLU on NK cell proliferation, we performed a CFSE
dilution assay, which allows monitoring of the percentage of
cells undergoing cell division by FACS. As shown in Fig. 2B,
CLU-mediated facilitation of cell division became noticeable
from 3 days following IL-2 addition (the percentage undergo-
ing cell division was 2.67% in the IL-2 group and 5.51% in the
IL-2�CLU group). This synergy lasted for up to 5 days, but
thereafter, it was no longer detectible (Fig. 2B). When the per-
centage of cells on division was compared, CLU promoted

�2.06-fold, 1.88-fold, and 2.44-fold of the control at Days 3, 4,
and 5, respectively. When daily CFSE data were averaged,
CLU-mediated synergy in cell proliferation was calculated to
be 2.13 � 0.29-fold. Consistently, the number of cells ex-
panded by 6 days showed a 2.29 � 0.16-fold increase by CLU
[5.05�0.92�105 cells in the IL-2 group and 11.48�0.13�105

cells in the IL-2�CLU group (Fig. 2C)]. This synergy in NK
cell proliferation by CLU was likely a result of its direct effect
on NK cells not working on the non-NK cells (�20%) contam-
inated in cultures, as similar effects were observed in NK cells
isolated with �95% purity (Supplemental Fig. 2). Collectively,
these data demonstrate that CLU synergizes with IL-2 for facili-
tating NK cell proliferation and expansion at the suboptimal
dose of IL-2.

CLU-mediated synergy with IL-2 occurs early at the
onset of NK cell activation and requires a continuous
presence of CLU throughout the culture
As our CFSE data show that the synergy between CLU and
IL-2 for NK cell proliferation started to appear at Day 3 follow-
ing IL-2 stimulation (Fig. 2B), we examined if the effect of
CLU could still be observed when CLU was added later during
the IL-2-induced activation process. For this, we added CLU at
1 or 2 days after addition of IL-2 and compared the level of
DNA synthesis with the group added at the beginning of the
culture (Fig. 3A). When CLU was added at 1 day following
activation (Fig. 3A, 24 h), a dramatic increase of DNA synthe-
sis, as seen in Fig. 1C, was no longer observed. Rather, a slight
but statistically significant increase in DNA synthesis (2.54�
0.03�104 dpm) was detected as compared with that of IL-2
alone (1.45�0.24�104 dpm). These data suggest that CLU
could display its ability to facilitate NK cell proliferation even

Figure 2. CLU synergizes with IL-2 for
the proliferation of NK cells. (A) Puri-
fied NK cells were plated at 1 � 105

cells/well and incubated for 3 days with
various concentrations of IL-2 (10, 100,
500, and 1000 U/ml) in the presence or
absence of 5 �g/ml CLU. 3H-Thymidine
(1 �Ci) was added for an additional
12 h to count radioactivity incorporated
into the DNA. (B) Purified NK cells
(5�105) were labeled with 5 �M CFSE
for 10 min, and cell division was ana-
lyzed by FACS, as described in Materials
and Methods. Numbers in each graph
indicate the percentage of cells under-
going cell division. FL1-H, Fluorescence
1-height. (C) Purified NK cells (1�106)
were cultured in the presence or ab-
sence of 5 �g/ml CLU and/or 100
U/ml IL-2 for 6 days. Live cells were
counted using a hemocytometer. The
data shown are representatives of a min-
imum of 3 independent experiments.
Error bars represent sd (*P�0.05).
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after cells had entered the cell cycle. However, this effect was
small compared with the one added simultaneously with IL-2
and became abrogated if CLU were added at 2 days after IL-2
stimulation (Fig. 3A; 48 h: 1.77�0.53�104 dpm). Therefore,
CLU had to be in contact with NK cells at the onset of IL-2
stimulation to exhibit a maximal growth-promoting effect.

We next determined if CLU-mediated synergy in NK cell
proliferation could still be observed when cells were exposed
to CLU only briefly at the onset of IL-2 stimulation (Fig. 3B).
For this, NK cells were cultured with IL-2 in the presence of
CLU as in Fig. 3A. After 24 h, supernatants were removed and
replaced with fresh ones containing only IL-2 (Fig. 3B). When
the level of cell proliferation was measured at 3.5 days, NK
cells exposed to CLU only for the initial 24 h proliferated sig-
nificantly less (3.90�0.62�104 dpm) as compared with the
control group (9.72�0.73�104 dpm). These data demonstrate
unequivocally that CLU was required to be copresent with IL-2

for the entire culture to exert its maximal stimulatory effects
on NK cell proliferation.

To assess if CLU exerted its action via stimulating non-NK
cell populations contaminated in the NK culture, we stimu-
lated fresh NK cells (�95% purity) using IL-2 or IL-2 � CLU
in the presence of preactivated culture supernatants collected
24 h following IL-2 or IL-2 � CLU stimulation (Fig. 4A).
When cell division was measured 1 and 2 days following stimula-
tion, no significant increase was observed in the group containing
preactivated culture supernatants as compared with the control
groups (Fig. 4B). These data preclude the possibility of the con-
tribution of non-NK cells or cytokines secreted by contaminating
cell populations in promoting NK cell proliferation. Therefore,
the synergistic effect of NK cell proliferation by CLU was likely a
result of its direct action on NK cells. Collectively, CLU induced
its synergistic proliferation at the early onset of IL-2 stimulation
via working directly on NK cells in a continuous manner.

Figure 4. Addition of prestimulated culture supernatants
to the freshly isolated NK cells did not facilitate prolifera-
tion. (A) Purified NK cells (1�105; with 80% purity) were
stimulated with 100 U/ml IL-2 in the absence or presence
of 5 �g/ml CLU. Twenty-four hours later, culture super-
natants (sup) were collected and added to the freshly iso-
lated NK cells (�95% purity) labeled with 5 �M CFSE.
(B) Cells were cultured for 2 days in the presence of IL-2,
with or without 5 �g/ml CLU, and their divisions were
analyzed by FACS, as described in Materials and Methods.

Figure 3. CLU stimulates NK cell proliferation at the early
onset. (A) Purified NK cells (1�105; �95% purity) were
cultured for a total 3.5 days with 100 U/ml IL-2 in the ab-
sence or presence of 5 �g/ml CLU, which was added at
the same time (0 h), 24 h, or 48 h following IL-2 stimula-
tion, as depicted in the left panel. Total incubation time
with IL-2 was 84 h in all conditions. 3H-Thymidine in-
corporation into the DNA of NK cells was plotted as a
bar graph (right panel). (B) Purified NK cells (1�105;
�95% purity) were cultured with 100 U/ml IL-2 in the
absence or presence of 5 �g/ml CLU. Twenty-four
hours later, media were removed and replaced with new
ones containing 100 U/ml IL-2 but without CLU (left
panel). As controls, cells were cultured in the continu-
ous presence of IL-2, with or without 5 �g/ml CLU (left
two bars). 3H-Thymidine (1 �Ci) was added at 2 days
following washout and cultured for an additional 12 h,
and radioactivity was compared. The level of 3H-thymi-
dine incorporated into NK cells was plotted as a bar
graph (right panel). The data shown are representatives
of 3 independent experiments. Error bars represent sd
(*P�0.05).
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CLU causes cell-to-cell clustering and up-regulation of
CD69 in NK cells
As CLU was identified originally for its ability to induce cell
aggregation [2], we next examined if NK cells formed clusters
in the presence of CLU. Upon activation with IL-2, murine NK
cells tended to form small aggregates as shown in Fig. 5A (left
panel). Addition of CLU caused NK cells to form clusters (Fig.
5A, middle panel), slightly larger than those seen from IL-2
cultures. When CLU was added together with IL-2, the fre-
quency to form clusters did not change; however, the size of
clusters became much bigger (Fig. 5A, right panel) than those
observed from CLU or IL-2 alone. As cell-to-cell clustering oc-
curs through binding of surface adhesion receptors to their
counterparts on the adjacent cells, we explored the possibility
that CLU might have affected the expression of surface adhe-
sion receptors on NK cells. As can be seen in Fig. 5B, expres-
sion of CD27, CD44, CD11c, LFA-1, and ICAM-1 adhesion re-
ceptors did not show any significant changes upon CLU addi-
tion at 24 and 48 h following IL-2 stimulation. These data
demonstrate that CLU promotes NK cell clustering without
affecting their surface adhesion receptors.

We next examined if CLU facilitated up-regulation of other
NK-activating receptors. When measured by FACS, we found
that surface expression of I-Ab, NKG2D, and CD69 was not
altered significantly by addition of CLU (Fig. 5B, right panel).
However, a subset of NK cells showed elevation of CD69 at
48 h following IL-2 stimulation. As CD69 was considered to be
an earliest inducible cell surface glycoprotein for T and NK
cells [25], it is tempting to speculate that CLU-mediated up-
regulation of CD69 reflected a higher cellular activation status
leading to form cell clusters, DNA synthesis, and hence, prolif-
eration. Together, these data demonstrate that cell-to-cell clus-
tering and up-regulation of CD69 preceded CLU-mediated
stimulation of NK cells.

CLU promotes IFN-� secretion but leaves NK
cytotoxic function unaffected
As CLU functioned as a costimulator for NK cell proliferation,
it was likely to affect NK effector functions, cytokine secretion
and cytotoxicity. To determine the effect of CLU on cytokine
secretion, we mixed NK cells, cultured with IL-2 alone or
IL-2 � CLU, with RMA/S tumor target cells, and the expres-
sion of IFN-� was measured by intracellular FACS (Fig. 6A).
Upon interaction with tumor targets, production of IFN-� was
noticeable in a subset of IL-2-cultured NK cells (1.80%). Strik-
ingly, NK cells cultured in the presence of CLU showed an
approximate 4-fold increase of IFN-� secretion (7.49%) as
compared with that of IL-2 cultures. The production of IFN-�
was primarily from CD3–NK1.1� NK cells, not from
CD3�NK1.1� NKT cells present �1% in the culture (Supple-
mental Fig. 3). These data indicate that CLU rendered NK
cells to mount elevated secretory function when encountered
with tumor targets. On the contrary, NK cytotoxicity against
RMA/S targets did not appear to be affected substantially by
CLU, as specific lysis obtained at various E:T ratios was compa-
rable between the IL-2 group and the IL-2 � CLU group (Fig.
6B). These data demonstrate that CLU affects the effector
function of NK cells selectively, facilitating IFN-� secretion
without altering cytotoxic capacity.

DISCUSSION

CLU is a multifaceted protein implicated in several physiologic
processes and multiple pathological conditions [3]. Although
the precise molecular mechanisms underlying the extremely
diverged functions of CLU are not understood completely, it
was found to depend largely on the cellular genetic back-
ground and the nature of the stimuli [26]. Additionally, this
diversity can be attributed to the existence of 2 alternatively

Figure 5. CLU causes aggregation of NK cells without sig-
nificantly altering surface NK receptors. (A) Purified NK
cells (7.5�105) were incubated with 5 �g/ml CLU in the
presence or absence of IL-2 (100 U/ml) for 5 days prior
to taking photos using an inverted microscope (40� and
100� original magnification). (B) Surface expression of
CD27, CD44, CD11c, LFA-1, I-Ab, NKG2D, CD69, or
ICAM-1 was monitored by FACS using NK cells cultured
with 100 U/ml IL-2 in the presence or absence of 5 �g/ml
CLU. The filled line represents isotype control, thin line
IL-2 alone, and thick line IL-2 � CLU-cultured NK cells.
The results of this particular experiment represent those
from 3 other independent experiments.
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spliced forms of the CLU gene that encode secreted CLU or
nuclear CLU [9, 27, 28], which have been shown to exert dis-
tinct functions. Furthermore, intracellular CLU was found to
inhibit NF-�B activity in human synoviocytes, human neuro-
blastoma cells, and murine embryonic fibroblasts [9, 28], and
secretory CLU appeared to stimulate NF-�B expression in mu-
rine NK cells as it facilitated production of IFN-� in response
to IL-2. These data highlight the nonoverlapping role of intra-
cellular versus secretory CLU in the NF-�B pathway. As murine
NK cells were not found to express endogenous CLU, CLU-
dependent regulation of NF-�B was absent, and thus, the ac-
tion of CLU was largely dependent on an extracellular se-
creted form of CLU.

In this study, we present previously unrecognized functions
of CLU in promoting cell proliferation and IFN-� production
of murine NK cells. A similar synergistic effect was also ob-
served in human NK cells (Supplemental Fig. 4), highlighting
its significance as a costimulatory molecule across the species.
As CLU was found to be up-regulated in the human plasma
during inflammation [4–9], it could interact with circulating
NK cells and affect the course of immune responses by facili-
tating expansion of NK cells and promoting IFN-� expression.
This synergism was only evident at the suboptimal dose of IL-2
and required copresence of CLU and IL-2 at the onset of NK

cell activation, suggesting that CLU lowered the threshold for
NK cell activation when the strength of the mitogenic signal
was weak. This effect represents the concept of costimulation,
seen widely in lymphocyte signaling [29]. For example, CD28
on T cells binds to CD80 or CD86 expressed on APCs and
provides costimulation for T cell activation (Signal 2) initiated
from TCR signaling (Signal 1) [29].

The molecular mechanism by which CLU drives NK cell ac-
tivation still remains unclear. However, the fact that CLU facil-
itated DNA synthesis without inhibiting apoptosis (Supplemen-
tal Fig. 5) suggests that the growth-promoting effect of CLU
was largely a result of facilitating cell proliferation rather than
inhibiting apoptotic events. In fact, CLU appeared to increase
the rate of apoptosis slightly, presumably as a result of activa-
tion-induced cell death following IL-2-induced stimulation.
Thus, the antiapoptotic and prosurvival effect of CLU seen
previously in prostate, bladder, and breast cancer cells [30–32]
did not seem to operate in NK cells. Moreover, CLU-mediated
NK cell costimulation was not found to be through binding to
plasma IgG or signaling through Fc�RIII/II, shown previously
[33], as addition of IgG or blocking anti-CD16/CD32 mAb did
not significantly affect the level of DNA synthesis by IL-2 or
IL-2 � CLU (Supplemental Fig. 6). Nonetheless, cell-to-cell
crosstalk among NK cells might have been increased drastically
and functioned to costimulate IL-2-stimualted NK cells, as NK
cells formed large clusters in the presence of CLU. This ho-
motypic cell-to-cell interaction, previously demonstrated by our
group, was shown to be mediated primarily by binding of 2B4
on NK cells with its ligand CD48 on the neighboring NK cells
[34]. 2B4/CD48 binding among NK cells was found to be nec-
essary for optimal expansion, lytic potential, and cytokine se-
cretion in murine NK cells. Therefore, it is tempting to specu-
late that CLU functioned to facilitate homotypic interactions
via 2B4/CD48 and/or other receptor/ligand pairs. Interest-
ingly, although CLU promoted cell-to-cell clusters and adhe-
sion, it did not appear to alter surface expression of NK adhe-
sion receptors, CD27, CD44, LFA-1, ICAM-1, or CD11c. Fur-
thermore, it did not change the expression of I-Ab MHC class
I molecules or NKG2D activation receptors. These data imply
that CLU-mediated activation events occurred independently
of up-regulation of surface adhesion or activation receptors in
NK cells.

On a closer look, we did observe a subset of NK cells ex-
pressing a higher level of CD69 in the presence of CLU. As
CD69 was found to be involved in lymphocyte proliferation
and function as a signal-transmitting receptor [25], up-regula-
tion of CD69 by CLU might represent an early signaling event
for NK cell activation. In line with this, we have seen that
CLU-mediated synergy required p60Src and MEK activation, as
treatment of NK cells with PP2 or PD98059, pharmacological
inhibitors of p60Src or ERK1/2, respectively, brought down
the level of 3H-thymidine incorporation to that observed in
the IL-2-alone group (data not shown). These data demon-
strate and confirm our previous findings in rat astrocytes that
protein tyrosine phosphorylation and ERK activity were critical
for CLU-induced proliferation [15, 16]. Similarly, we have also
observed the growth factor-like property of CLU in insulinoma
and pancreatic duct cells [35]. Unlike these cells, NK cells did

Figure 6. CLU promotes IFN-� secretion without affecting NK cytotox-
icity. (A) Purified NK cells were incubated with 100 U/ml IL-2 and/or
5 �g/ml CLU for 5 days. At the end of culture, cells were coincubated
with RMA/S target cells in a 1:1 ratio for 6 h in the presence of Golgi
stop, and intracellular staining for IFN-� was performed (n�3). Cells
were gated on CD3–NK1.1� NK cells. (B) 51Cr-labeled RMA/S cells
were mixed with NK cells cultured for 5 days with IL-2 alone or IL-2 �
CLU at indicated E:T ratios (n�6). Radioactivity released into the su-
pernatant after 4 h was counted by using a �-counter. Percent of spe-
cific lysis was calculated as follows: 100 � (experimental release–spon-
taneous release)/(maximum release–spontaneous release).
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not undergo proliferation by CLU alone. This might have
been a result of the fact that activation of lymphocytes needed
to be controlled more tightly than other cells in the body, pos-
sibly to prevent their hyperactivation against foreign and even
self-antigens. Therefore, CLU-mediated costimulation events
provide an additional checkpoint to assure proper activation
of NK cells in response to weak mitogenic stimuli (Signal 1),
such as a low dose of IL-2. In the absence of Signal 1, cells
remain unactivated even in the presence of a high dose of
CLU (Signal 2). Together, these data underscore multifunc-
tional features of CLU by providing stimulation (Signal 1) or
costimulation (Signal 2) to the cells of multiple origins
through a mechanism involving cell-to-cell crosstalk.

At present, the receptors for CLU on NK cells are not
known. Although CLU was shown to stimulate proliferation of
primary astrocytes via activating EGFR [16], this appeared to
be indirect stimulation of EGFR by CLU [16]. Moreover,
megalin, which causes endocytosis of surface receptors into the
specialized membrane microdomains, such as lipid rafts, and
potentiates intracellular signaling [36], was the only known
binding partner for CLU so far. However, it is expressed
mostly in the kidney and brain [37]. Therefore, other recep-
tors, yet to be discovered, may be operational in NK cells. Ex-
periments are currently underway to identify the receptors for
CLU on NK cells using the yeast 2-hybrid system and coimmu-
noprecipitation methods.

Collectively, our findings of synergism between CLU and IL-2
provide important meanings in the NK cell biology and innate
immunity. Up-regulation of CLU by cytokines in vivo, e.g., IL-1�

and IL-2 [38], results in protection from cellular and tissue dam-
ages and concurrently stimulates NK cell proliferation and IFN-�
secretion to facilitate immune responses. Increased NK cell num-
bers with elevated IFN-� could promote further activation of mac-
rophages and T cells and hence, link to the activation of adaptive
immunity. As CLU up-regulated IFN-� without affecting cytotoxic
function of NK cells, it would become therapeutically useful in
the treatment of autoimmune and chronic inflammatory diseases.
However, as a result of the multifaceted features of CLU, its ap-
plication into the treatment of inflammation and autoimmune
diseases awaits complete understanding of cellular and molecular
mechanisms in the particular disease setting.
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