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ABSTRACT
Freshly isolated human primary NK cells induce preferential lysis of Oral 

Squamous Carcinoma Stem Cells (OSCSCs) when compared to differentiated Oral 
Squamous Carcinoma Cells (OSCCs), while anti-CD16 antibody and monocytes induce 
functional split anergy in primary NK cells by decreasing the cytotoxic function of 
NK cells and increasing the release of IFN-γ. Since NK92 cells have relatively lower 
levels of cytotoxicity when compared to primary NK cells, and have the ability to 
increase secretion of regulatory cytokines IL-10 and IL-6, we used these cells as a 
model of NK cell anergy to identify and to study the upstream regulators of anergy. 
We demonstrate in this paper that the levels of truncated monomeric cystatin F, which 
is known to inhibit the functions of cathepsins C and H, is significantly elevated in 
NK92 cells and in anergized primary NK cells. Furthermore, cystatin F co-localizes with 
cathepsins C and H in the lysosomal/endosomal vesicles of NK cells. Accordingly, the 
mature forms of aminopeptidases cathepsins C and H, which regulate the activation 
of effector granzymes in NK cells, are significantly decreased, whereas the levels 
of pro-cathepsin C enzyme is increased in anergized NK cells after triggering of the 
CD16 receptor. In addition, the levels of granzyme B is significantly decreased in 
anti-CD16mAb and target cell anergized primary NK cells and NK92 cells. Our study 
provides the cellular and molecular mechanisms by which target cells may utilize to 
inhibit the cytotoxic function of NK cells.

INTRODUCTION

Natural killer (NK) cells are large granular 
lymphocytes that mediate natural immunity against 
variety of tumor and virally infected cells [1]. Many 
activating and inhibitory NK cell receptors for target cell 
recognition have been elucidated in recent years, and the 
functional properties of NK cells have been the subject 
of many studies previously. For instance, NK cells have 
been shown to lose cytotoxic function following their 
interaction with target cells [2, 3]. Cytotoxicity pathways 
appear to be dissociated from proliferation and secretion 
of cytokines in NK cells [4]. This response termed ˝split 

anergy˝ has been observed in subsets of NK cells, NKDC 
(NK cells dissociated from tumor conjugates) and NKC 
(NK cells not dissociated from the tumor conjugate). 
Whereas NKDC responded to IL-2 activation and become 
cytotoxic, they were unresponsive to IL-2 mediated 
induction of proliferation or secretion of cytokines. In 
contrast, NKC showed an inverse response namely, they 
did not display any cytotoxicity following IL-2 activation, 
but proliferated and secreted cytokines [4, 5]. Treatment of 
NK cells with IL-2 and anti-CD16 antibody also induced 
split anergy [6–8]. Furthermore, IL-2 rescued anti-CD16 
antibody mediated apoptosis induced in a subset of 
NK cells [8].
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Many factors responsible for the tumor associated 
suppression of NK cell cytotoxicity have been identified, 
including the over-expression of Fas-ligand, and down-
regulation of granzyme B [9] and CD16 receptor and its 
associated zeta chain [10–12]. However, the mechanisms 
by which tumor cells contribute to the induction of NK 
cell suppression are complex and have not been fully 
understood. Several human cancer cell types exhibit 
constitutively activated nuclear factor kappa B (NFκB) 
[13]. NFκB activity in tumor cells has been shown to 
have an inhibitory effect on the NK cell function as the 
inhibition of NFκB functional activity by the upstream 
super-repressor IκB increases the activation of NK cell 
cytotoxicity [14, 15]. It is also known that certain subsets 
of the myeloid arm of the immune system, such as 
monocytes, induce resistance in tumor cells and suppress 
NK cell mediated cytotoxicity [16–18]. Myeloid derived 
suppressor cells were shown to inhibit the function of 
NK cells in hepatocellular carcinoma in part via NKp30 
receptors [19]. Elevated TGF-β1 and down-modulation 
of NKG2D have been shown to contribute to NK cell 
suppression in cancer patients [20]. It was also found that 
melanoma mediated inhibition of expression of NKp30, 
NKp44, and NKG2D, with subsequent impairment of 
NK cell–mediated cytolytic activity against melanoma 
cell lines was due to the functions of Indoleamine 2, 
3-dioxygenase (IDO) and prostaglandin E2 (PGE2) [21].

Cysteine cathepsins are lysosomal cysteine 
peptidases that are involved at different levels of the innate 
and adaptive immune responses [22–24]. Cathepsin C is 
synthesized as pro-enzyme with molecular mass of 55 
kDa, which is processed into mature cathepsin C [25]. 
Mature cathepsin C consists of a part of the pro-region, 
also known as residual pro-part, and of the catalytic 
region [25–27]. The catalytic part is cleaved into a heavy 
and light chain of 24 kDa and 6 kDa, respectively, and 
the active enzyme exists as a tetramer [25, 28]. Amino-
dipeptidase cathepsin C functions as a key enzyme in the 
activation of granule serine peptidases, granzymes A and 
B, in cytotoxic T lymphocytes and NK cells [29]. Granule 
exocytosis includes the release of a pore-forming protein 
perforin and activated granzymes, into the synaptic region 
formed between the killer and the target cell [30, 31]. 
Granzyme B is the most potent pro-apoptotic molecule 
in the granule-mediated death of target cells [32]. It is 
synthesized as a pro-granzyme B with an inhibitory 
dipeptide and upon reaching the secretory lysosomes it 
is activated by cathepsin C [33, 34]. Although cathepsin 
C generates the majority of granzyme B activity, some 
studies support alternative mechanisms for processing 
and activation of granzyme B. For instance, lymphocytes 
derived from patients with congenital deficiency of 
cathepsin C (Papillon-Lefèvre syndrome) contain active 
granzyme B and kill target cells with the efficiency similar 
to healthy controls [35]. Similarly, the lymphocytes 
from cathepsin C-null mice display reduced but still 

appreciable granzyme B activity and kill target cells 
almost as efficiently as lymphocytes from wild-type mice 
[36]. Recently, an alternative pro-granzyme B convertase 
was suggested to be cathepsin H [37]. The processing 
of cathepsin H pro-peptide is an autocatalytic, multistep 
process proceeding from an inactive 41 kDa pro-form, 
through a 30 kDa intermediate form, to the 28 kDa mature 
form [38]. Mature 28 kDa form contains an additional 
octapeptide, termed the mini-chain, which originates from 
the pro-peptide and is bound to the mature enzyme by 
a disulfide bond and is essential for the aminopeptidase 
activity of cathepsin H [39].

The activity of cysteine cathepsin is controlled by 
their endogenous inhibitors, cystatins. Cystatins comprise 
a superfamily of evolutionarily related proteins, each 
consisting of at least one inhibitory domain of 100–120 
amino acid residues [40–42]. Type I cystatins, or stefins, 
are cytosolic proteins, type II cystatins are predominantly 
secreted from the cells, whereas type III cystatins, the 
kininogens, are multifunctional proteins found in blood 
and other body fluids [43]. Cystatins are considered 
to be typical emergency inhibitors, trapping proteases 
escaped from the endosomes/lysosomes or cells in stable, 
proteolytically inactive complexes [42] and are thus 
generally considered not to regulate protease activity 
within the endosomal/lysosomal pathway. However, 
cystatin F is an exception. Although it is a secretory type 
II cystatin, it is present intracellularly to a much greater 
degree than other type II cystatins [44] and furthermore, 
it is localized in endosomal/lysosomal vesicles [45, 46] 
due to mannose 6-phosphate targeting pathway [47]. 
Cystatin F possesses unique features among human type 
II cystatins [48–50]. As it shares only 35% sequence 
identity with other members, has a 6 amino acid extension 
at the N terminus and is one of only two glycosylated type 
II cystatins [50]. In contrast to other family members, 
it has two additional cysteines (Cys26 and Cys63) 
and forms intermolecular disulfide bonds with another 
cystatin F molecule [50, 51]. Cystatin F is produced in 
cells as a disulfide-linked dimer [52], inactive as an 
inhibitor of cysteine cathepsins [45]. In vitro, unusually 
strong reducing conditions are needed to dissociate 
dimer to monomer [45]. However, the truncation of the 
N-terminal region to Lys35, presumably by cathepsin V 
[53] significantly enhances the monomerization and also 
changes the inhibitory properties of the monomer [54]. 
Intact monomeric cystatin F was shown to bind tightly 
cysteine endopeptidases such as cathepsins L, F, K and 
V, less tightly cathepsins S and H, but not exopeptidases 
cathepsins B, X and C [45, 48, 50]. By N-terminal 
truncation, cystatin F becomes a strong inhibitor of 
cathepsin C [54] but weaker inhibitor of cathepsin S, 
whereas the inhibitory potential towards cathepsin H was 
only slightly increased [46].

In this study we investigated the relationship between 
expression and activity of cathepsins C and H, their endogenous 
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inhibitor cystatin F and cytotoxicity of primary NK cells. First, 
we demonstrated that primary NK cells are capable of lysing 
cancer stem cells and much less of differentiated tumors, and 
that the lysis is significantly decreased when treated with 
anti-CD16 antibody. We also demonstrate that the effect 
of monocytes on NK cells is similar to that of anti-CD16 
antibody or tumor-target mediated induction of split anergy. 
We show that triggering CD16 antigen on NK cells decreases 
the expression of mature cathepsins C and H, affecting the 
activation of effector granzymes. At the same time the level of 
cystatin F increases, additionally suppressing cathepsins C and 
H activity. The results presented in this paper suggest a role 
for cystatins and cathepsins in bifurcation of cytotoxicity and 
cytokine secretion in NK cells.

RESULTS

Anti-CD16 antibody inhibited untreated and 
IL-2 treated NK cell lysis of both primary 
human differentiated Oral Squamous 
Carcinoma Cells (OSCCs) and Oral Squamous 
Carcinoma Stem Cells (OSCSCs), whereas it 
increased secretion of IFN-γ by the NK cells

As shown in a number of previous studies [6, 8, 55] 
and in this report, anti-CD16mAb treatment induced anergy 
in NK cells, thereby inhibiting NK cell cytotoxicity against 
different target cells including K562 cells. In this study, 
two types of patient derived tumors, OSCCs and OSCSCs 
were tested for their sensitivity to NK cell mediated 
cytotoxicity and ability to induce IFN-γ secretion by NK 
cells. Treatment of NK cells with anti-CD16mAb decreased 
cytotoxicity against both tumor types (Figures 1A and 1C). 
The addition of IL-2+anti-CD16mAb also significantly 
inhibited the NK cell cytotoxicity against both tumor cell 
lines when compared to IL-2 activated NK cells (p < 0.05) 
(Figures 1A and 1C). Untreated or anti-CD16mAb treated 
NK cells did not secrete IFN-γ when co-cultured with any 
of the tumor cell populations but did so when treated with 
IL-2 and with IL-2 in combination with anti-CD16mAb 
(p < 0.05) (Figures 1B and 1D). In addition, both types of 
tumor cell lines triggered higher secretion of IFN-γ from 
IL-2+anti-CD16mAb treated NK cells when compared to 
IL-2 treated NK cells (Figures 1B and 1D).

Monocytes protected primary human 
differentiated OSCCs and OSCSCs against NK 
cell mediated cytotoxicity and induced significant 
secretion of IFN-γ by the NK cells

The addition of monocytes to primary human 
differentiated OSCCs or OSCSCs prior to cytotoxicity 
assay inhibited the NK cell mediated lysis of OSCCs 
(Figure 1A) or OSCSCs (Figure 1C). Significant inhibition 
of NK cell cytotoxicity by monocytes can be observed 
against untreated or IL-2 treated NK cells against both 

tumor types (p < 0.05) (Figures 1A and 1C). These data 
indicate that monocytes protect differentiated OSCCs and 
stem-like OSCSCs against NK cell mediated lysis.

As expected IL-2 treated NK cells when co-cultured 
with OSCCs or OSCSCs secreted higher amounts of 
IFN-γ (Figures 1B, 1D). The addition of anti-CD16mAb in 
combination with IL-2 to NK cells cultured with OSCCs or 
OSCSCs increased secretion of IFN-γ when compared to 
IL-2 alone treated NK cells (Figures 1B and 1D). Monocytes 
added to IL-2 alone or IL-2+anti-CD16mAb treated NK 
cells in the presence of OSCCs or OSCSCs synergistically 
increased the levels of secreted IFN-γ compared to NK cells 
without monocytes (Figures 1B and 1D).

Lack of cytotoxic function and decreased 
secretion of IFN-γ, TNF-α and GM-CSF, and 
increased secretion of IL-10 and IL-6 by NK92 
cells when cultured with and without OSCSCs 
and OSCCs

The function of primary NK cells was compared 
to NK92 parental line and its CD16 high and low variant 
transfectants (Figure 2). As shown in Figure 2A primary 
untreated NK cells expressed very high levels of CD16 
and NKp46 and much lower levels of NKp30 and no 
expression of NKp44, whereas NK92 cells expressed 
much lower levels of CD16 receptor and the levels 
were moderately increased when CD16 expression 
was determined on high affinity CD16 transfectant 
(Figure 2A). Unlike primary NK cells, no expression of 
NKp46 could be seen on all three NK92 cells whereas 
they expressed significant levels of NKp44 (Figure 
2A). No expression of CD69 or CD14 surface receptors 
could be seen on either primary NK cells or NK92 cell 
lines (Figure 2A). To assess cytotoxicity mediated by 
primary NK cells and those mediated by NK92 parental 
and its CD16 transfectants, we compared the lysis of 
OSCSCs by untreated, anti-CD16mAb, IL-2 and IL-
2+anti-CD16 antibody treated primary NK cells and 
NK92 cells using 51Cr release assay. Unlike primary NK 
cells, NK92 parental and its CD16 transfectants were 
unable to lyse OSCSCs with and without treatment with 
IL-2 and/or anti-CD16mAb (p < 0.05) (Figure 2B). As 
expected, the addition of anti-CD16mAb antibody to 
NK cells inhibited cytotoxicity mediated by IL-2 treated 
primary NK cells (p < 0.05) (Figure 2B). IL-2 treated 
primary NK cells secreted significantly high levels of 
IFN-γ (p < 0.05) and the levels plateaued when NK 
cells were treated with IL-2+anti-CD16mAb, whereas 
no/very low secretion of IFN-γ could be obtained either 
with NK92 parental cells or its CD16 transfectants 
under different treatment conditions (Figure 2C). To 
determine the release of cytokines from primary NK 
cells and NK92 cells when cultured with and without 
OSCSCs, NK cells were treated with and without anti-
CD16mAb, IL-2 and IL-2+anti-CD16mAb before they 
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Figure 1: Monocytes protected primary differentiated Oral Squamous Carcinoma Cells (OSCCs) and Oral Squamous 
Carcinoma Stem Cells (OSCSCs) against NK cell mediated cytotoxicity, but significantly augmented the secretion of IFN-γ 
in co-cultures of NK cells, monocytes and tumor cells. OSCCs A. or OSCSCs C. at 1 × 106 cells/plate were co-cultured with and without 
irradiated monocytes (10 Gy) (monocytes: tumor cells ratio of 1:1) for 24–48 hours before they were removed from the plates, washed and labeled 
with 51Cr and used as targets in the cytotoxicity assays against NK cells. The NK cells from different donors were either left untreated or treated with 
anti-CD16mAb (3 μg/ml), IL-2 (1000 units/ml), or a combination of IL-2 (1000 units/ml) and anti-CD16mAb (3 μg/ml) for 24–48 hours before they 
were added to 51Cr labeled OSCCs or OSCSCs at different effector to target (E:T) ratios. Supernatants were removed after 4 hours of incubation and 
the released radioactivity counted by a γ counter. % cytotoxicity was determined at different E:T ratio, and LU30/106 cells were calculated using 
the inverse of the number of effectors needed to lyse 30% of the tumor cells × 100. Minimum one of twenty representative experiments is shown 
for each cell in this figure. *The difference between IL-2 activated NK cells with OSCCs or OSCSCs and IL-2+anti-CD16mAb treated NK cells 
with OSCCs or OSCSCs is significant at p < 0.05. **The difference between untreated or IL-2 treated NK cells cultured with OSCCs or OSCSCs 
with and without monocytes is significant at p < 0.05. 1 × 105 OSCCs B. or OSCSCs D. were co-cultured with and without irradiated monocytes 
at 1:1 ratio (OSCCs or OSCSCs:monocytes) for 24–48 hours before untreated or IL-2 (1000 units/ml) pre-treated or anti-CD16mAb (3 μg/ml) 
pre-treated, or a combination of IL-2 (1000 units/ml) and anti-CD16mAb (3 μg/ml) pre-treated NK cells at 1:1:1 ratios (NK:monocyte:tumor) were 
added. NK cells were pre-treated as indicated for 24–48 hours before they were added to the cultures of monocytes with tumors. After 24–48 hours 
of the addition of NK cells the supernatants were removed from the cultures and the levels of IFN-γ secretion were determined using a specific 
ELISA. Minimum one of twenty representative experiments is shown for each tumor type in this figure. *The difference between IL-2 activated 
NK cells incubated with OSCCs or OSCSCs and those of IL-2 treated NK cells cultured with OSCCs or OSCSCs with monocytes or IL-2+anti-
CD16mAb treated NK cells cultured with and without OSCCs or OSCSCs with monocytes is significant at p < 0.05.
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were cultured with OSCSCs. Treatment of primary NK 
cells with IL-2+anti-CD16mAb resulted in a significant 
increase in the production of IFN-γ (Figure 2D), 
TNF-α (Figure 2E), GM-CSF (Figure 2F) and IL-6 
(Figure 2G). The levels of secretion synergistically 
increased when IL-2+anti-CD16mAb treated primary 
NK cells were co-incubated with OSCSCs. The 
treatment of IL-2 in primary NK cells resulted in a 
slight increase in cytokine secretion, and the levels 
were lower compared to IL-2+anti-CD16mAb treated 
NK cells (Figures 2C, 2D, 2E and 2F). NK92 cells 
treated with IL-2 produced no/low levels of IFN-γ 
and TNF-α (Figures 2C and 2E). Unlike primary NK 
cells, NK92 cells treated with IL-2+anti-CD16mAb 
did not result in a significant change in the secretion 

of IFN-γ (Figure 2C and 2D), TNF-α (Figure 2E) 
and GM-CSF (Figure 2F). However, IL-2 treated 
NK92 cells secreted higher levels of IL-6 and  
IL-10 when compared to untreated NK92 cells or 
untreated and IL-2 treated primary NK cells, and 
the amounts by NK92 cells generally decreased or 
remained similar when cultured in the presence of 
OSCSCs (Figures 2G and 2H). Addition of IL-2 with 
anti-CD16mAb to NK92 cells decreased the secretion of 
IL-6 and IL-10, and the levels were generally decreased 
or remain similar when co-cultured with OSCSCs 
(Figures 2G and 2H). To determine whether increase in 
IL-10 was responsible for the decreased cytotoxicity and 
IFN-γ secretion in NK92 cells, we added anti-IL-10mAb 
in the presence of IL-10RmAb and assessed the levels 

D

Figure 2: NK92 cells mediated no/low cytotoxicity or no/low secretion of IFN-γ when compared to primary NK 
cells. The surface expression of CD16, NKp30, NKp44, NKp46, CD69 and CD14 on primary donor derived NK cells or NK92 
parental line and its CD16 high (176V) and low (176F) variant transfectants were assessed after staining with the PE conjugated 
antibodies and analyzed using flow cytometry. Isotype control antibodies were used as controls. The numbers on the right hand corner 
are the percentages and the mean channel fluorescence intensities for each histogram A. NK cells or NK92 parental cells with its 
transfectants (1 × 106 cells/ml) were left untreated or treated with anti-CD16mAb (3 μg/ml), IL-2 (1000 units/ml), or a combination 
of IL-2 (1000 units/ml) and anti-CD16 antibody (3 μg/ml) for 18–24 hrs. After which primary human NK cells and NK92 cells were 
added to 51Cr labeled OSCCs or OSCSCs at different E:T ratios. NK cell cytotoxicity was determined using a standard 4 hour 51Cr 
release assay and the lytic units 30/106 cells were determined using inverse number of NK cells required to lyse 30% of the target cells × 
100. Minimum one of five representative experiments is shown in this figure. *The differences between IL-2 or IL-2+anti- CD16mAb 
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of cytotoxicity (Figure 3A) IFN-γ secretion (Figure 3B). 
Addition of anti IL-10mAb with IL-10RmAb was not 
able to increase cytotoxicity or IFN-γ secretion in NK92 
cells even though it completely blocked the secretion of 
IL-10 (p < 0.05) (Figures 3A and 3C) whereas in primary 
NK cells it was able to increase IFN-γ secretion when 
added to untreated or IL-2+anti-CD16mAb treated NK 
cells cultured with monocytes and sAJ2, a combination 
of 8 probiotic bacteria (p < 0.05) (Figure 3D). Blocking 
of IL-10 in primary NK cells with antibodies to IL-
10 was confirmed with ELISA (p < 0.05) (Figure 

3E). IL-2 or IL-2+anti-CD16mAb treated NK92 cells 
cultured with sAJ2 did not change IFN-γ secretion 
when compared to IL-2 or IL-2+anti-CD16mAb treated 
primary NK cells (Figure 3F). Therefore, although 
NK92 cells may moderately respond to IL-2 and up-
regulate IFN-γ and TNF-α, these cells have lost ability 
to respond to CD16 cross linking, as well as response 
to sAJ2. Transfection of CD16 receptor in NK92 cells 
did not restore the ability of IL-2+anti-CD16mAb to 
upregulate IFN-γ and TNF-α. Thus, NK92 and primary 
NK cells may share upstream cellular events responsible 

(Continued) treated primary NK cells and those mediated by IL-2 or IL-2+anti-CD16mAb treated NK92 cells or its transfectants is 
significant at p < 0.05 B. Primary NK cells (1×105/ml) and those of NK92 cells (1×105/ml) and its transfectants were activated as 
described in Figure 2B, and after overnight incubation the supernatants were collected and the levels of IFN-γ were determined using 
specific ELISA. Minimum one of eight representative experiments is shown. *The differences between IL-2 or IL-2+anti-CD16mAb 
treated primary NK cells and those of IL-2 or IL-2+anti-CD16mAb treated NK92 cells or its transfectants is significant at p < 0.05 
C. Highly purified primary NK cells (1×105/ml) and NK92 cells (1×105/ml) and its CD16 transfectants (1×105/ml) were treated as 
described in Figure 2B and cultured without and with OSCSCs at an effector to target ratio of 0.5 to 1 for 24 hours. Afterwards, 
the supernatants were removed from the co-cultures and the levels of IFN-γ D. TNF-α E. GM-CSF F. IL-6 G. and IL-10 H. were 
determined by multiplexed Luminex analysis. One of three representative experiments is shown in this figure.
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for the loss of cytotoxicity as shown below; they clearly 
differ significantly in downstream events after cytokine 
and receptor signaling leading to the type of cytokines 
secreted and the ability to modulate pro-inflammatory 
cytokines.

Colocalization of cystatin F with cathepsins C 
and H and LysoTracker in NK92 cells

The localization of cystatin F as well as its 
potential targets cathepsins C and H was determined 
in NK92 cells. They all showed a vesicular staining, 
corresponding to lysosomal/endosomal vesicles. The 
presence of cystatin F in lysosomes was confirmed by 
colocalization with lysosomal marker LysoTracker 
(Figure 4A). Cystatin F partially colocalizes with 
cathepsin C (Figure 4B) and cathepsin H (Figure 4C), 
demonstrating both enzymes as targets for inhibitory 
action in NK92 cells. From Figure 4D it is evident that 
cathepsins C and H are colocalized in the same vesicles.

Increased truncated monomeric cystatin F in 
NK92 cells

As shown previously, the sequence of the cellular 
monomeric cystatin F isolated from U937 cells was 
N-terminally truncated by 15 residues to Lys35, and 
that the truncated but not full-length/intact monomeric 
cystatin F was shown to be potent inhibitor of cathepsin 
C [54], although the truncated form of cystatin F inhibited 
cathepsin H, to the similar extent as its full length/intact 
monomeric form. To demonstrate whether cystatin F is 
processed in NK92 cells, we separated the dimeric and 
monomeric forms of cystatin F by non-reducing SDS-
PAGE and used two different antibodies for cystatin F, 
anti-cystatin F pAb that recognizes intact and truncated 
cystatin F and an antibody specific for the 15-residue 
N-terminal sequence of cystatin F that recognizes 
only intact cystatin F. We found that antibody raised 
against the whole cystatin F reacted with dimeric and 
monomeric cystatin F (Figure 5, left panel) whereas the 

Figure 3: Blocking IL-10 in NK92 cells did not increase cytotoxicity or IFN-γ secretion. One million purified primary 
NK cells or NK92 parental cells were left untreated or treated with IL-2 (1000 units/ml) or the combination of IL-2 (1000 units/ml) and 
anti-CD16mAb (3 ug/ml) in the presence and absence of anti-IL-10mAb (10 μg/ml) and anti-IL-10RmAb (5 μg/ml). After an overnight 
incubation, treated primary human NK cells and NK92 cells were added to 51Cr labeled OSCSCs at different E:T ratios. NK cell cytotoxicity 
was determined using a standard 4 hour 51Cr release assay, and the lytic units 30/106 cells were determined using inverse number of NK cells 
required to lyse 30% of the target cells × 100. Minimum one of five representative experiments is shown in this figure. *The differences 
between IL-2 or IL-2+anti-CD16mAb treated primary NK cells and those mediated by IL-2 or IL-2+anti-CD16mAb treated NK92 cells is 
significant at p < 0.05. No significant differences could be obtained between untreated, IL-2 and/or anti-CD16mAb treated NK92 cells in 
the presence and absence of anti-IL-10mAb and anti-IL-10RmAbs A. Primary NK cells (1×105/ml) and NK92 (1×105/ml) were treated as 
described in Figure 3A. Afterwards, the supernatants from each of the NK cell samples or NK92 cells were removed and the levels of IFN-γ 
B. and IL-10 C. were determined using specific ELISAs. *The differences between IL-2+anti-CD16mAb treated primary NK cells and 
those mediated by IL-2+anti-CD16mAb treated NK92 cells is significant at p < 0.05 for IFN-γ, and the differences between untreated, IL-2 
treated and IL-2+anti-CD16mAb treated primary NK cells and untreated, IL-2 treated and IL-2+anti-CD16mAb NK92 cells is significant 
at p < 0.05 for IL-10 secretion. No significant differences could be obtained for NK92 cells treated with isotype control antibody or anti-
IL-10mAb and anti-IL-10RmAbs for IFN-γ secretion, whereas **p < 0.05 was obtained for differences of untreated, IL-2 treated and 
IL-2+anti-CD16mAb treated NK92 cells between isotype control treated and those of anti-IL-10mAb and anti-IL-10RmAbs for IL-10 
secretion. Minimum one of five representative experiments is shown. Untreated, and IL-2 (1000 units/mL) +anti-CD16mAb (3 μg/ml) treated 
primary NK cells (1×105/ml) were co-cultured with and without monocytes and sAJ2 at (1:1:2, NK:monocyte:bacteria) in the presence  
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antibody raised against N-terminal sequence of cystatin 
F reacted with dimeric but not with monomeric cystatin F 
(Figure 5, right panel). These results indicate that in NK92 
cells both, monomeric and dimeric form of cystatin F is 
present and that the monomeric form is N-terminally 
truncated.

Decreased levels of mature cathepsins C and H 
following addition of anti-CD16 antibody to the 
primary NK cells in the presence or absence of IL-2

To investigate the significance and potential 
relationship of cathepsins C and H in the loss of cytotoxic 

(Continued) or absence of anti-IL-10mAb (10 μg/ml) for 12–18 hours before the supernatants were collected and the level of IFN-γ secretion 
were determined using IFN-γ ELISA. Minimum one of three representative experiments is shown. *The difference between NK cells cultured 
with sAJ2+monocytes or IL-2+anti-CD16mAb+sAJ2+monocytes and those treated with either sAJ2+monocytes+anti-IL10 mAb or IL-
2+anti-CD16mAb+sAJ2+monocytes+anti-IL-10 mAb are significant at p < 0.05 D. NK cells were treated and co-cultured with and without 
monocytes and sAJ2 as described in Figure 3D in the presence or absence of anti-IL-10mAb (10 μg/ml) for 12–18 hours before the supernatants 
were collected and the level of IL-10 secretion was determined using specific ELISA. Minimum one of three representative experiments 
is shown in this figure. *The difference between NK cells cultured with sAJ2+monocytes or IL-2+anti-CD16mAb+sAJ2+monocytes and 
those treated with either sAJ2+monocytes+anti-IL10 mAb or IL-2+anti-CD16mAb+sAJ2+monocytes+anti-IL-10 mAb are significant at 
p < 0.05 E. Primary NK cells (1×105/ml) and NK92 cells (1×105/ml) were left untreated or treated with IL-2 (1000 units/ml), or IL-2 
(1000 units/ml) +anti-CD16mAb (3 μg/ml) with or without sAJ2 (1:2; NK:bacteria) and the secretion of IFN-γ was determined using 
specific ELISA. Minimum one of three representative experiments is shown. *The differences between IL-2 or IL-2+anti-CD16mAb with 
or without sAJ2 is significant at p < 0.05. **the difference between primary NK cells treated with IL-2 and/or anti-CD16mAb+sAJ2 and 
NK92 cells treated with IL-2 and/or anti-CD16mAb+sAJ2 are significant at p < 0.05 F.
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function of primary NK cells we compared their protein 
levels in untreated, IL-2 treated and IL-2+anti-CD16 
antibody treated NK cells (Figure 6). In the left panel 
(Figure 6A) the higher band (~55 kDa) corresponds to the 
molecular mass of pro-cathepsin C [56] and lower band 
(~24 kDa) to the heavy chain of mature cathepsin C [28]. 
Right panel (Figure 6B) represents the mature form of 
cathepsin H. We found that treatment of NK cells with 
anti-CD16 antibody with or without IL-2 significantly 
decreased the levels of the heavy chain of mature 
cathepsin C and increased the levels of pro-cathepsin C 
when compared to untreated and IL-2 treated NK cells, 
respectively (Figure 6A). For mature form of cathepsin 
H significant decreases were only observed when NK 
cells were treated with IL-2 in combination with anti-
CD16mAb (Figure 6B). These results demonstrate 
that CD16 receptor may regulate the expression and/or 

processing of cathepsin C and cathepsin H. The decreased 
levels of both cathepsins are in line with lower cytotoxicity 
of NK cells, caused by anti-CD16mAb treatment.

Increased monomeric cystatin F expression 
following addition of anti-CD16 antibody to the 
NK cells in the presence or absence of IL-2

To determine the expression of cystatin F in 
primary NK cells we compared its protein levels between 
untreated, IL-2 treated and IL-2+anti-CD16 antibody 
treated NK cells. On SDS-PAGE under non-reducing 
conditions we first analyzed the dimeric cystatin F in 
treated NK cell lysates. We found increases of dimeric 
cystatin F level in IL-2, anti-CD16mAb and IL-2+anti-
CD16mAb treated NK cells when compared to untreated 
NK cells. The highest increase was seen in NK cells 

Figure 4: Immunofluorescence confocal microscopy: colocalization of cystatin F with LysoTracker, and cathepsin C 
and H in NK92 cells. Colocalization of cystatin F with LysoTracker A. colocalization of cystatin F with cathepsin C B. colocalization 
of cystatin F with cathepsin H C. and colocalization of cathepsins C and H D. are shown. Samples were labelled with primary antibodies as 
indicated on micrographs: anti-cystatin F pAb (A, B, C), anti-cathepsin C pAb (B, D), anti-cathepsin H mAb. Red color in (A) originates 
from labeling with LysoTracker. Green color originates from Alexa Fluor 488-labelled secondary antibodies. Red color in (B, C and D) 
originates from Alexa Fluor 555-labelled secondary antibodies. Before merging the confocal images, signals for red and green fluorescence 
were adjusted to comparable levels. The yellow color indicates co-localization of two labelled antigens for cystatin F and LysoTracker 
(A), cystatin F with cathepsin C (B), and cystatin F with cathepsin H (C), and cathepsins C with cathepsin H (D) Differential interference 
contrast (DIC) images are shown. In (D), right image, the colocalization of both cathepsins is represented by the pixels above the threshold 
in both channels on the contour plot and on the merged image (white color). The relative colocalization areas, as presented by pixels in the 
third quadrant of the image, were higher than 40% for all co-localized pairs.
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Figure 6: Cathepsin C and cathepsin H expression is inhibited following addition of anti-CD16 antibody to the NK cells 
in the presence of IL-2. 1 × 106 NK cells/ml were treated with IL-2 (1000 units/ml), anti-CD16 antibody (3 μg/ml), or a combination 
of IL-2 (1000 units/ml) and anti-CD16 antibody (3 μg/ml) for 4 hours. Lysates from NK cells were separated by reducing SDS-PAGE and 
blots were probed with antibodies against cathepsin C A. and cathepsin H B. GAPDH staining was used to show equivalent protein loading.

Figure 5: N-terminally truncated monomeric cystatin F is present in NK92 cells. Lysates from NK92 cells were separated by 
non-reducing SDS-PAGE and blots were probed with antibodies against either whole cystatin F (anti-cys F Ab, left panel) or a 15 residue 
N-terminal peptide (anti-N-terminal of cysF Ab, right panel). Reactivities with recombinant intact (dimeric) cystatin F (intact cysF) and 
recombinant truncated (monomeric) ∆15N cystatin F (∆15N cysF) are also shown.
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treated with IL-2+anti-CD16mAb (Figure 7A). On SDS-
PAGE under reducing conditions, we analyzed the levels 
of truncated monomeric cystatin F and found significant 
increase of its levels in anti-CD16 treated NK cells with 
and without IL-2 when compared to untreated NK cells 
or IL-2 treated NK cells (Figure 7B). Overall, these data 
indicate that increased expression of monomeric cystatin 
F may attenuate the protease activity in anti-CD16 treated 
NK cells in the presence or absence of IL-2 and thus 
contribute to the lower cytotoxic function of primary NK 
cells.

Treatment of NK cells with anti-CD16 antibody 
in the presence or absence of IL-2 decreased 
granzyme B

To determine the relationship between cytotoxicity, 
cathepsin C and H expression and cystatin F levels in NK 
cells, we determined the granzyme B, a final executive 
molecule in NK cell cytotoxicity in untreated, IL-2 treated 
and IL-2+anti-CD16 antibody treated NK cells. Our 
results show that granzyme B protein level is increased 
in IL-2 treated NK cells whereas it is decreased in NK 
cells treated with anti-CD16mAb with and without IL-2 
correlating with decreased cytotoxicity of NK cells against 
target cells as assessed by ELISA (Figure 8A). Similarly, 
a significant decrease in granzyme B expression is seen 
when untreated, anti-CD16mAb treated and/or IL-2 
treated NK cells are cultured with OSCSCs as compared to 
those in the absence of OSCSCs (data not shown). Similar 
results to those seen with ELISA were also observed when 
granzyme B levels were determined by flow cytometric 
analysis in NK cells (Figures 8B and 8D). There was 
approximately 2 fold increase in mean fluorescence 
intensity of granzyme B in IL-2 treated primary NK cells 

when compared to untreated NK cells whereas there was 
a decrease in anti-CD16mAb and IL-2+anti-CD16mAb 
treated NK cells (Figure 8B). The levels of granzyme B 
remained very low in NK92 cells and no differences can 
be seen in any of treated NK92 cells when compared to 
untreated cells (Figure 8C).

DISCUSSION

The interaction of NK cells with primary oral tumor 
cells was studied after treatment with IL-2 and/or anti 
CD16 antibody with and without monocytes. IL-2 treated 
primary NK cells were cytotoxic to oral tumor stem cells 
whereas anti-CD16 antibody treatment decreased untreated 
or IL-2 treated NK cell cytotoxicity significantly due to 
the induction of split anergy in NK cells. In contrast to 
primary NK cells, IL-2 treated NK92 cells mediated no/
low cytotoxicity against OSCSCs and induced no/very 
low secretion of IFN-γ and TNF-α and high levels of 
IL-6 and IL-10. NK92 cells expressed much lower levels 
of CD16 and NKp46 but higher levels of NKp44 when 
compared to primary NK cells. NK92 cells remained 
unresponsive to signals from anti-CD16mAb and bacteria 
and did not increase cytotoxicity or IFN-γ secretion 
even in the presence of CD16 receptor transfection and 
surface expression, indicating the potent and perhaps 
irreversible anergic nature of these cells. Antibody to IL-
10 did not change the levels of IFN-γ secretion in NK92 
cells whereas it significantly increased IFN-γ secretion 
in primary NK cells. Split anergized primary NK cells 
significantly upregulated IFN-γ secretion in the absence 
of cytotoxicity when treated with IL-2+anti-CD16mAb 
cultured with and without monocytes. Because of the lack 
of cytotoxicity in NK92 cells and split anergized primary 
NK cells we determined the levels and expression of 

Figure 7: The levels of monomeric and dimeric cystatin F are increased following addition of anti-CD16mAb to the 
NK cells in the presence or absence of IL-2. 1 × 106 NK cells/ml were treated with IL-2 (1000 units/ml), anti-CD16 antibody (3 μg/
ml), or a combination of IL-2 (1000 units/ml) and anti-CD16 antibody (3 μg/ml) for 4 hours. Lysates from NK cells were separated by non-
reducing A. and reducing B. SDS-PAGE and blots were probed with antibodies against cystatin F. Reactivity with intact dimeric cystatin F 
(A) and truncated ∆15 monomeric cystatin F (B) is also shown. CRK-L staining was used to show equivalent protein loading. One of three 
representative experiments is shown.
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Figure 8: CD16 triggering in primary NK cells inhibited granzyme B. Purified NK cells were treated as described in Figure 
1A and after an overnight treatment, the supernatants were removed from the co-cultures and the levels of granzyme B secretions were 
determined using specific ELISA. *The difference between IL-2 and IL-2+anti-CD16mAb treated NK cells is significant at a P < 0.05 
A. Purified NK cells were treated as described in Figure 1A and after 12–18 hours of incubation, NK cells were fixed, permeabilized and 
stained with PE-conjugated anti-human CD56 and FITC-conjugated anti-human granzyme B. The intracellular expression of granzyme B 
was assessed with flow cytometric analysis. Isotype control antibody was used as control. Mean Fluoresce Intensities (MFI) for each sample 
were determined and fold increase or decrease based on untreated NK cells were assessed B. Primary NK cells and NK92 cells (1×106 
cells) were left untreated or treated with anti-CD16mAb (3 μg/ml), IL-2 (1000 units/ml) or a combination of IL-2 (1000 units/ml) and anti-
CD16mAb (3 μg/ml) for 24 hours before the cells were fixed, permeabilized and stained as described in the Materials and Methods section. 
The intracellular expression of granzyme B was analyzed by flow cytometry and Mean Fluoresce Intensities (MFI) for each sample were 
determined and fold increase or decrease based on untreated NK cells or untreated NK92 cells were assessed C. Overlay of isotype, IL-2 
treated NK cells and IL-2+anti-CD16mAb treated NK cell histograms were analyzed by FlowJo software D.
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upstream regulators of granzyme B, a known executioner 
of cytotoxicity in NK cells. We demonstrate in this paper 
that active form of aminopeptidases cathepsins C and H are 
significantly down-modulated by CD16 receptor signaling 
due to the lower processing of their pro-peptides into active 
enzymes, which is likely due to the increased expression 
and function of their endogenous inhibitor, cystatin F.

Target-induced inactivation of NK cytotoxicity 
and induction of split anergy in NK cells due to CD16 
receptor triggering has been shown previously [4, 5]. 
Loss of CD16 receptor expression and NK cell cytotoxic 
function were also seen in many cancer patients indicating 
the physiological relevance of our observation in cancer 
patients [10, 11]. The precise mechanism of split anergy 
in NK cells is not known completely and is the subject of 
this paper, however it includes apoptosis in a small subset 
of NK cells, indicating the action of caspases contributing 
in part to this process [4, 5, 7, 57].

To further delineate and identify upstream regulators 
of split anergy in NK cells, we determined the levels of 
active cathepsin C and H and their inhibitor cystatin F 
in split anergized primary NK cells and in NK92 cells. 
When activated with IL-2, NK92 cells were found to have 
no/low cytotoxicity against NK sensitive cancer stem 
cells; however, they retained the ability to secrete high 
levels of regulatory cytokines IL-6 and IL-10 with no or 
slight secretion of IFN-γ and TNF-α. Therefore, although 
there are significant differences between split anergized 
primary NK cells and NK92 cells in regards to the type 
of cytokines they secrete, they share upstream signaling 
mechanisms for the loss of cytotoxicity. NK92 cells do 
not express CD16 receptors and are unable to increase 
the expression of CD16 receptors when treated with IL-2 
(data not shown). Similarly, tumor and anti-CD16mAb 
mediated split anergized NK cells lose CD16 receptors and 
addition of IL-2 does not fully reverse down-modulation 
of CD16 receptor (data not shown). In addition, similar 
to split anergized NK cells, IL-2 treatment does not 
increase granzyme B expression on NK92 cells, whereas 
they increase secretion of both IL-10 and IL-6. OSCSCs 
induced decrease in granzyme B expression and secretion 
similar to anti-CD16mAb mediated decrease is not 
reversed when treated with IL-2. Therefore, there is a 
dissociation between cytotoxicity and cytokine secretion 
within split anergized NK cells and NK92 cells, and NK92 
cells can be used to study the upstream regulators of 
cytotoxicity even though the profiles of cytokine secretion 
and their regulations may differ between the two model 
systems. Indeed, NK92 cells and split anergized primary 
NK cells share similarities in the function of several 
upstream regulators of cytotoxicity as described below. 
Differences in the regulation of cytokines can also be seen 
between split anergized primary NK cells and NK92 cells. 
NK92 cells have lost the ability to respond to Toll Like 
Receptors TLRs since they do not respond to bacterial 
triggering, whereas split anergized NK cells respond 

greatly to bacteria by upregulating both pro-inflammatory 
and anti-inflammatory cytokines. This could be due to the 
loss of TLRs on NK92 cells. NK92 cells do not increase 
IFN-γ secretion when treated with anti-IL10 antibodies or 
bacteria, whereas split anergized NK cells substantially 
increase IFN-γ when treated with anti-IL10 antibodies 
or treated with bacteria while exhibiting no or decreased 
cytotoxicity. Dissociation between NK cytotoxicity 
and cytokine secretion has also been observed by other 
investigators [58, 59].

We demonstrate much lower expression of heavy 
chain of mature cathepsin C (with molecular weight of 
24 kDa) in split anergized NK cells with low cytotoxicity 
when compared to non-treated or IL-2 treated NK cells. 
The results also indicate that triggering of CD16 receptor 
on NK cells decreases the processing of pro-cathepsin C, 
to mature cathepsin C and thus induces the accumulation 
of pro-cathepsin C. Decrease in active cathepsin C should 
result in decreased processing and lower activation 
of granzyme B [29, 34]. Cathepsin H is an additional 
convertase of pro-granzyme B which is inhibited in split 
anergized primary NK cells. By confocal microscopy we 
identified cathepsins C and H in the same endosomal/
lysosomal vesicles in NK92 cells confirming previously 
suggested functional redundancy of these two enzymes in 
granzyme B activation.

Cystatin F expression is limited to immune cells such 
as monocytes, T cells, NK cells and dendritic cells (DCs) 
[48, 50, 60, 61]. The 29-fold increase in gene expression for 
cystatin F was shown in human NK cells compared to CD8+ 
T lymphocytes [61]. Cystatin F is present intracellularly 
in active monomeric and inactive dimeric forms, whereas 
secreted cystatin F is predominantly in the form of inactive 
dimer [45, 52, 62]. It was shown that in promonocyte U937 
cells, a large proportion of the cystatin F resides in the 
endosome/lysosome-like vesicles [44, 45] as a truncated 
monomeric form, whereas in ER and Golgi apparatus 
inactive dimeric form predominates [54]. Similarly, our 
results demonstrate lysosomal localization of cystatin F in 
NK92 cells. Moreover, the monomeric fraction of cystatin 
F in NK92 cells is in a truncated form that is able to inhibit 
cathepsins C and H. Similarly, the primary NK cells also 
possess truncated monomeric cystatin F along with inactive 
dimer. Cathepsin C has been suggested as the main target of 
cystatin F in cytotoxic cells such as T cells and NK cells [29, 
54, 63]. Partial co-localization of cystatin F and cathepsin 
C in NK92 cells supports this hypothesis. Additionally, 
increased expression of truncated monomeric cystatin 
F in primary NK cells with reduced cytotoxicity favors 
its potential in regulation of cathepsin C activity and the 
cytotoxic function. Cathepsin H represents another target 
for inhibition by cystatin F. Truncated monomeric cystatin F 
inhibits cathepsin H in a nanomolar range (Ki 8.3 ± 4.7 nM, 
[46]) and may prevent the generation of active granzyme 
in vesicles or cells lacking the activity of cathepsin C. 
Cystatin F is able to inhibit cathepsin H also as an intact 
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monomer, however, in this study we did not determine 
intact monomeric form of cystatin F in cell lysates of NK 
cells. Increased levels of cystatin F in NK cells could be 
as a result of accelerated synthesis and/or internalization of 
secreted cystatin F. For the latter, it has been shown that 
extracellular dimeric cystatin F could be internalized and 
then activated in endosomal/lysosomal vesicles within the 
cells [64]. One may speculate that target cells may secrete 
inactive cystatin F which after internalization and activation 
may inhibit cathepsins C and H and down-regulate NK cell 
cytotoxicity. Indeed, significant inhibition of granzyme B 
expression was evident in NK cells after their culture with 
the OSCSCs, and no increase can be seen with any of the 
NK cell treatment.

In parallel with the lower levels of cathepsin C and 
H and higher levels of truncated monomeric cystatin F 
in NK92 cells and split anergized primary NK cells, we 
observed significant decreases in granzyme B expression 
correlating with loss of cytotoxicity in NK cells. As 
shown in our previous study, split anergized NK cells also 
demonstrated decreased levels of mRNA for perforin, 
granzyme A and granzyme B [8]. Interestingly, we also 
observed significant decreases for granulysin in split 
anergized NK cells (data not shown). In agreement with 
our findings on anti-CD16 mAb split anergized NK cells, 
Hanna et al demonstrated 2 fold decrease in granzyme B 
gene expression in CD16-CD56+ NK cell subset when 
compared to CD16+CD56 dim subset [65].

Overall, our results demonstrate that the induction of 
functional split anergy in NK cells by anti-CD16 antibody 
decreases the levels of mature effector cathepsins C and 
H, the key molecules involved in granzyme B activation 
responsible for granule-mediated target cell lysis. The 
activities of cathepsins C and H are likely inhibited by the 
higher levels of monomeric cystatin F, a cysteine protease 
inhibitor, capable of acting in the endosomal/lysosomal 
vesicles in cytotoxic cells. Therefore, our studies identify 
and characterize several upstream targets/regulators of 
split anergized NK cells, paving the road for the future 
mechanistic studies to restore the cytotoxic function of 
anergized NK cells. In addition, contribution of other 
related proteases in the induction of split anergy should 
also await future studies.

MATERIALS AND METHODS

Cell lines and reagents

RPMI 1640 supplemented with 10% FBS was used 
to culture human NK cells and human PBMCs. NK92 
cells were obtained from ATCC and were maintained in 
RPMI 1640 supplemented with 12.5% Fetal Bovine Serum 
(FBS), 12.5% horse serum and 100 units/mL IL-2. NK92 
and its CD16 transfectants were generous gift from Dr. 
Kerry Campbell. Oral Squamous Carcinoma Stem Cells 
(OSCSCs) and differentiated Oral Squamous Carcinoma 
Cells (OSCCs) were isolated from resected tongue tumors 

at UCLA, and were cultured in RPMI 1640 supplemented 
with 10% FBS and maintained in the laboratory for long 
term use. Recombinant IL-2 was obtained from NIH-BRB. 
Single ELISA kits were purchased from Biolegend (San 
Diego, CA). Fluorokine MAP cytokine multiplex kits were 
purchased from R&D Systems (Minneapolis, MN). sAJ2 
is a combination of eight sonicated gram positive probiotic 
bacteria selected for their superior ability to induce optimal 
secretion of both pro-inflammatory and anti-inflammatory 
cytokines in NK cells (manuscript in prep).

Antibodies and proteins

Rabbit anti-cystatin F polyclonal antibody, 
recombinant cistatin F and mouse 1D10 anti-cathepsin H 
Mab was prepared by our group in Ljubljana as reported 
[45, 50]. Rabbit N1 antibody against N-terminal of 
cystatin and ∆15N cystatin F were prepared at Dundee 
University, Dundee, UK, [54]. Goat anti-cathepsin C pAb 
was from R&D Systems (Minneapolis, MN), mouse anti-
GAPDH mAb was from Invitrogen and rabbit anti-CRK-L 
pAb was from Sigma. The dye identifying the lysosomes, 
LysoTracker, was from Molecular Probes (Eugene, OR). 
Secondary labelled antibodies goat anti-rabbit Alexa Fluor 
488 and donkey anti-goat Alexa Fluor 555 were from 
Molecular Probes (Eugene, OR). Antibodies to CD16 
were purchased from Biolegend (San Diego, CA). FITC 
anti-human/mouse granzyme B antibody was purchased 
from Biolegend (San Diego, CA).

Purification of NK cells and monocytes

Written informed consents approved by UCLA 
Institutional Review Board (IRB) were obtained from 
the blood donors and all the procedures were approved 
by the UCLA-IRB. PBMCs and NK cells from healthy 
donors were isolated as described [4]. Briefly, peripheral 
blood lymphocytes were obtained after Ficoll-hypaque 
centrifugation and purified NK cells were negatively 
selected by using NK cell isolation kit (Stem Cell 
Technologies, Vancouver, Canada). The purity of NK cell 
population was found to be greater than 90% based on 
flow cytometric analysis of anti-CD16 antibody labelled 
cells. The levels of contaminating CD3+ T cells remained 
low, at 2.4% ± 1%, similar to that obtained by the non-
specific staining using isotype control antibody throughout 
the experimental procedures. The adherent subpopulation 
of PBMCs was detached from the tissue culture plates and 
monocytes were purified using isolation kit obtained from 
Stem Cell Technologies (Vancouver, Canada). Greater 
than 95% purity was achieved based on flow cytometric 
analysis of CD14 antibody labeled monocytes.

51Cr release cytotoxicity assay

The 51Cr release assay was performed as described 
[15]. Briefly, target cells were either co-cultured or not 
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with irradiated (10 Gy) monocytes for 24–48 hours before 
they were labeled with 51Cr for 1 hour, when they were 
washed and added at different ratios of NK cells. After 4 
hour incubation, the supernatants were harvested from each 
sample and counted for released radioactivity using the γ 
counter. The purified NK cells were either left untreated or 
treated with anti-CD16mAb (3 μg/ml), IL-2 (1000 units/ml), 
or a combination of IL-2 (1000 units/ml) and anti-CD16mAb 
(3 μg/ml) for 24–48 hours before they were added to 51Cr 
labeled target cells. The percentage of cytotoxicity was 
calculated as follows:

% Cytotoxicity = (experimental cpm ‒ spontaneous 
cpm)/(total cpm ‒ spontaneous cpm)

LU 30/106cells were calculated using the inverse of 
the number of effector cells needed to lyse 30% of target 
cells × 100.

ELISA and multiplex assays

Single ELISAs were performed as described 
previously [66]. Fluorokine MAP cytokine multiplex 
kits were conducted as suggested by the manufacturer. 
To analyze and obtain the cytokine and chemokine 
concentration, a standard curve was generated by either 
two or three fold dilution of recombinant cytokines 
provided by the manufacturer. Analysis was performed 
using the Star Station software. Samples were analyzed 
using Beckman Coulter EPICS XL cytometer and 
subsequently analyzed in FlowJo software (Tree Star).

Intracellular stain and flow cytometry

NK cells were fixed and permeabilized with 
Fixation Buffer and Permeabilization Buffer purchased 
from Biolegend (San Diego, CA) and the procedures were 
conducted as instructed by the manufacturer.

Western blot

1 × 106 NK cells/ml were treated with IL-2 (1000 
units/ml), anti-CD16 antibody (3 μg/ml), or a combination 
of IL-2 (1000 units/ml) and anti-CD16 antibody (3 μg/
ml) for 4 h. NK92 cells were cultured in complete RPMI 
1640 medium. Cells were washed twice and lysed by 
the lysis buffer (150 mM NaCl, 1% (v/v) Triton X-100, 
2 mM EDTA, 100 mM citrate buffer pH 5.5) with the 
addition of 2 mM phenylmethylsulfonyl fluoride (Sigma), 
10 μg/ml leupeptin (ICN, Aurora, OH), 2 units/ml 
aprotinin (ICN, Aurora, OH) for 20 min on ice. The samples 
were then centrifuged at 10,000 rpm for 10 min at 4°C to 
remove the nuclei, the supernatants were removed and 
the levels of proteins quantified by the Bradford method. 
The lysates were boiled in 4 × SDS sample buffer and 
reduced with the addition of 200 mM DTT. Samples were 
loaded onto 12% SDS-PAGE and gels immunoblotted to 
a Immobilon-P membranes (Millipore, Billerica, MA). 

The membranes were blocked with 5% non-fat milk in 
PBS plus 0.1% Tween-20 for 1 hour and incubated in 
predetermined dilutions of primary antibodies overnight 
at 4°C. Membranes were then incubated corresponding 
horseradish peroxidase-conjugated secondary antibody. 
Blots were developed by enhanced chemiluminiscence 
(ECL-purchased from Pierce Biotechnology, Rockford, 
IL). Density of protein bands was analysed by Image 
J. Relative density values were calculated by dividing the 
percent values of each sample by the percent value of the 
contol (untreated NK). Further, adjusted denstity values 
were obtained by scaling the relative density values for the 
samples by the relative density values of the corresponding 
loading control bands for each lane.

Confocal immunofluorescence microscopy

NK92 cells (1 × 105) were centrifuged with cytospin 
(Cytofuge) for 6 min at 1000 rpm onto glass cover slides. 
Before labelling, cells were allowed to recover for 15 
min and then fixed with 4% paraformaldehyde for 45 min 
and permeabilized by 0.1% Triton X-100 in PBS, pH 7.4, 
for 10 min. Nonspecific staining was blocked with 3% 
BSA in PBS, pH 7.4, for 1 hour. Lysosomes were labelled 
by adding LysoTracker to the cells for 2 min before 
fixation with 4% paraformaldehyde, as recommended 
by Molecular Probes. All primary antibodies were added 
after nonspecific blocking. After 2 hours incubation 
with primary antibody, cells were washed with PBS and 
treated with fluorophore-labelled secondary antibody 
for 1 hour. After a final wash with PBS, the ProLong 
antifade kit (Molecular Probes) was used to mount 
coverslips on glass slides. Control samples were run 
in the absence of primary antibodies. Fluorescence 
microscopy was performed using a Carl Zeiss LSM 510 
confocal microscope with 63x Plan-Apochromat Oil 
DIC objective, N.A. 1.4. Alexa Fluor 488, LysoTracker, 
or Alexa Fluor 555 was excited with an argon (488 nm) 
or He/Ne (543 nm) laser, and emission was filtered using 
narrow-band LP 505–530 nm (green fluorescence) and 
LP 560 nm (red fluorescence) filters, respectively. Images 
were analyzed using Carl Zeiss LSM image software 3.0.

Statistical analysis

An unpaired, two-tailed Student t-test was used to 
analyze the differences between the samples. A p-value of 
< 0.05 was considered statistically significant.

ACKNOWLEDGMENTS

Authors extend their appreciation to prof. Colin 
Watts, Dundee University, Dundee, UK, for providing 
rabbit antibody against N-terminal of cystatin F and ∆15N 
cystatin F.



Oncotarget22325www.impactjournals.com/oncotarget

CONFLICTS OF INTEREST

The authors declare that they have no conflict of 
interest.

GRANT SUPPORT

The work was supported by Slovenian Research 
Agency, grants J4-6811 and P4-0127 to JK.

REFERENCES

1. Trinchieri G. Biology of natural killer cells. Adv Immunol. 
1989; 47:187–376.

2. Abrams SI, Brahmi Z. Target cell directed NK inactivation. 
Concomitant loss of NK and antibody-dependent cellular 
cytotoxicity activities. J Immunol. 1988; 140:2090–2095.

3. Heiskala M, Ylikorkala O, Timonen T. Inhibition of human 
natural killer activity by monolayers of primary cell cul-
tures. Nat Immun Cell Growth Regul. 1987; 6:1–11.

4. Jewett A, Bonavida B. Target-induced inactivation and 
cell death by apoptosis in a subset of human NK cells. J 
Immunol. 1996; 156:907–915.

5. Jewett A, Bonavida B. Target-induced anergy of natural 
killer cytotoxic function is restricted to the NK-target con-
jugate subset. Cell Immunol. 1995; 160:91–97.

6. Jewett A, Cacalano NA, Head C, Teruel A. Coengagement 
of CD16 and CD94 receptors mediates secretion of che-
mokines and induces apoptotic death of naive natural killer 
cells. Clin Cancer Res. 2006; 12:1994–2003.

7. Jewett A, Cavalcanti M, Bonavida B. Pivotal role of 
endogenous TNF-alpha in the induction of functional 
inactivation and apoptosis in NK cells. J Immunol. 1997; 
159:4815–4822.

8. Jewett A, Teruel A, Romero M, Head C, Cacalano N. Rapid 
and potent induction of cell death and loss of NK cell cyto-
toxicity against oral tumors by F(ab’)2 fragment of anti-
CD16 antibody. Cancer immunology, immunotherapy : CII. 
2008; 57:1053–1066.

9. Mulder WM, Bloemena E, Stukart MJ, Kummer JA, 
Wagstaff J, Scheper RJ. T cell receptor-zeta and granzyme 
B expression in mononuclear cell infiltrates in normal colon 
mucosa and colon carcinoma. Gut. 1997; 40:113–119.

10. Lai P, Rabinowich H, Crowley-Nowick PA, Bell MC, 
Mantovani G, Whiteside TL. Alterations in expression and 
function of signal-transducing proteins in tumor-associated 
T and natural killer cells in patients with ovarian carcinoma. 
Clin Cancer Res. 1996; 2:161–173.

11. Kuss I, Saito T, Johnson JT, Whiteside TL. Clinical sig-
nificance of decreased zeta chain expression in peripheral 
blood lymphocytes of patients with head and neck cancer. 
Clin Cancer Res. 1999; 5:329–334.

12. Nakagomi H, Petersson M, Magnusson I, Juhlin C, 
Matsuda M, Mellstedt H, Taupin JL, Vivier E, Anderson P, 
Kiessling R. Decreased expression of the signal-transducing 
zeta chains in tumor-infiltrating T-cells and NK cells of 
patients with colorectal carcinoma. Cancer Res. 1993; 
53:5610–5612.

13. Rayet B, Gelinas C. Aberrant rel/nfkb genes and activity in 
human cancer. Oncogene. 1999; 18:6938–6947.

14. Jewett A, Cacalano NA, Teruel A, Romero M, Rashedi M, 
Wang M, Nakamura H. Inhibition of nuclear factor kappa B 
(NFkappaB) activity in oral tumor cells prevents depletion 
of NK cells and increases their functional activation. Cancer 
immunology, immunotherapy : CII. 2006; 55:1052–1063.

15. Jewett A, Wang MY, Teruel A, Poupak Z, Bostanian Z, 
Park NH. Cytokine dependent inverse regulation of CD54 
(ICAM1) and major histocompatibility complex class I 
antigens by nuclear factor kappaB in HEp2 tumor cell line: 
effect on the function of natural killer cells. Hum Immunol. 
2003; 64:505–520.

16. Vuk-Pavlovic S. Rebuilding immunity in cancer patients. 
Blood Cells Mol Dis. 2008; 40:94–100.

17. Liu C, Yu S, Kappes J, Wang J, Grizzle WE, Zinn KR, 
Zhang HG. Expansion of spleen myeloid suppressor cells 
represses NK cell cytotoxicity in tumor-bearing host. 
Blood. 2007; 109:4336–4342.

18. Yu S, Liu C, Su K, Wang J, Liu Y, Zhang L, Li C, Cong 
Y, Kimberly R, Grizzle WE, Falkson C, Zhang HG. Tumor 
exosomes inhibit differentiation of bone marrow dendritic 
cells. J Immunol. 2007; 178:6867–6875.

19. Hoechst B, Voigtlaender T, Ormandy L, Gamrekelashvili J, 
Zhao F, Wedemeyer H, Lehner F, Manns MP, Greten TF, 
Korangy F. Myeloid derived suppressor cells inhibit natural 
killer cells in patients with hepatocellular carcinoma via the 
NKp30 receptor. Hepatology. 2009; 50:799–807.

20. Lee JC, Lee KM, Kim DW, Heo DS. Elevated TGF-beta1 
secretion and down-modulation of NKG2D underlies 
impaired NK cytotoxicity in cancer patients. J Immunol. 
2004; 172:7335–7340.

21. Pietra G, Manzini C, Rivara S, Vitale M, Cantoni C, 
Petretto A, Balsamo M, Conte R, Benelli R, Minghelli S, 
Solari N, Gualco M, Queirolo P, Moretta L, Mingari MC. 
Melanoma cells inhibit natural killer cell function by modu-
lating the expression of activating receptors and cytolytic 
activity. Cancer Res. 2012; 72:1407–1415.

22. Honey K, Rudensky AY. Lysosomal cysteine proteases 
regulate antigen presentation. Nat Rev Immunol. 2003; 
3:472–482.

23. Turk V, Turk B, Turk D. Lysosomal cysteine proteases: 
facts and opportunities. EMBO J. 2001; 20:4629–4633.

24. Obermajer N, Doljak B, Kos J. Cysteine cathepsins: regu-
lators of antitumour immune response. Expert Opin Biol 
Ther. 2006; 6:1295–1309.



Oncotarget22326www.impactjournals.com/oncotarget

25. Dolenc I, Turk B, Pungerčič G, Ritonja A, Turk V. 
Oligomeric structure and substrate induced inhibition of 
human cathepsin C. J Biol Chem. 1995; 270:21626–21631.

26. Nikawa T, Towatari T, Katunuma N. Purification and char-
acterization of cathepsin J from rat liver. Eur J Biochem. 
1992; 204:381–393.

27. Cigić B, Križaj I, Kralj B, Turk V, Pain RH. Stoichiometry 
and heterogeneity of the pro-region chain in tetra-
meric human cathepsin C. Biochim Biophys Acta. 1998; 
1382:143–150.

28. Dahl SW, Halkier T, Lauritzen C, Dolenc I, Pedersen J, 
Turk V, Turk B. Human recombinant pro-dipeptidyl pep-
tidase I (cathepsin C) can be activated by cathepsins L and 
S but not by autocatalytic processing. Biochemistry. 2001; 
40:1671–1678.

29. Pham CT, Ley TJ. Dipeptidyl peptidase I is required for the 
processing and activation of granzymes A and B in vivo. 
Proc Natl Acad Sci U S A. 1999; 96:8627–8632.

30. Burkhardt JK, Hester S, Lapham CK, Argon Y. The lytic 
granules of natural killer cells are dual-function organelles 
combining secretory and pre-lysosomal compartments. J 
Cell Biol. 1990; 111:2327–2340.

31. Yannelli JR, Sullivan JA, Mandell GL, Engelhard VH. 
Reorientation and fusion of cytotoxic T lymphocyte gran-
ules after interaction with target cells as determined by high 
resolution cinemicrography. J Immunol. 1986; 136:377–382.

32. Trapani JA, Sutton VR. Granzyme B: pro-apoptotic, anti-
viral and antitumor functions. Curr Opin Immunol. 2003; 
15:533–543.

33. Griffiths GM, Isaaz S. Granzymes A and B are targeted to the 
lytic granules of lymphocytes by the mannose-6-phosphate 
receptor. J Cell Biol. 1993; 120:885–896.

34. Smyth MJ, McGuire MJ, Thia KY. Expression of recombi-
nant human granzyme B. A processing and activation role 
for dipeptidyl peptidase I. J Immunol. 1995; 154:6299–6305.

35. Pham CT, Ivanovich JL, Raptis SZ, Zehnbauer B, Ley TJ. 
Papillon-Lefèvre syndrome: correlating the molecular, cel-
lular, and clinical consequences of cathepsin C/dipeptidyl 
peptidase I deficiency in humans. J Immunol. 2004; 
173:7277–7281.

36. Sutton VR, Waterhouse NJ, Browne KA, Sedelies K, 
Ciccone A, Anthony D, Koskinen A, Mullbacher A, 
Trapani JA. Residual active granzyme B in cathepsin C-null 
lymphocytes is sufficient for perforin-dependent target cell 
apoptosis. J Cell Biol. 2007; 176:425–433.

37. D'Angelo ME, Bird PI, Peters C, Reinheckel T, Trapani JA, 
Sutton VR. Cathepsin H is an additional convertase of pro-
granzyme B. J Biol Chem. 2010; 285:20514–20519.

38. Rojnik M, Jevnikar ZR, Doljak B, Turk S, Zidar N, Kos J. The 
influence of differential processing of procathepsin H on its 
aminopeptidase activity, secretion and subcellular localization 
in human cell lines. Eur J Cell Biol. 2012; 91:757–764.

39. Vasiljeva O, Dolinar M, Turk V, Turk B. Recombinant 
human cathepsin H lacking the mini chain is an endopepti-
dase. Biochemistry. 2003; 42:13522–13528.

40. Abrahamson M. Cystatins. Methods Enzymol. 1994; 
244:685–700.

41. Rawlings ND, Barrett AJ. Evolution of proteins of the cys-
tatin superfamily. J Mol Evol. 1990; 30:60–71.

42. Turk B, Turk D, Salvesen GS. Regulating cysteine protease 
activity: essential role of protease inhibitors as guardians 
and regulators. Curr Pharm Des. 2002; 8:1623–1637.

43. Turk V, Bode W. The cystatins: protein inhibitors of cyste-
ine proteinases. FEBS Lett. 1991; 285:213–219.

44. Nathanson CM, Wasselius J, Wallin H, Abrahamson M. 
Regulated expression and intracellular localization of 
cystatin F in human U937 cells. Eur J Biochem. 2002; 
269:5502–5511.

45. Langerholc T, Zavasnik-Bergant V, Turk B, Turk V, 
Abrahamson M, Kos J. Inhibitory properties of cystatin F 
and its localization in U937 promonocyte cells. FEBS J. 
2005; 272:1535–1545.

46. Magister S, Obermajer N, Mirkovic B, Svajger U, Renko M, 
Softic A, Romih R, Colbert JD, Watts C, Kos J. Regulation 
of cathepsins S and L by cystatin F during maturation of 
dendritic cells. Eur of Cell Biol. 2012; 91:391–401.

47. Colbert JD, Plechanovova A, Watts C. Glycosylation 
directs targeting and activation of cystatin F from 
intracellular and extracellular sources. Traffic. 2009; 
10:425–437.

48. Halfon S, Ford J, Foster J, Dowling L, Lucian L, Sterling 
M, Xu Y, Weiss M, Ikeda M, Liggett D, Helms A, Caux 
C, Lebecque S, Hannum C, Menon S, McClanahan T, 
et al. Leukocystatin, a new class II cystatin expressed 
selectively by hematopoietic cells. J Biol Chem. 1998; 
273:16400–16408.

49. Morita M, Yoshiuchi N, Arakawa H, Nishimura S. CMAP: 
a novel cystatin-like gene involved in liver metastasis. 
Cancer Res. 1999; 59:151–158.

50. Ni J, Fernandez MA, Danielsson L, Chillakuru RA, 
Zhang J, Grubb A, Su J, Gentz R, Abrahamson M. 
Cystatin F is a glycosylated human low molecular 
weight cysteine proteinase inhibitor. J Biol Chem. 1998; 
273:24797–24804.

51. Schuttelkopf AW, Hamilton G, Watts C, van Aalten DM. 
Structural basis of reduction-dependent activation of human 
cystatin F. J Biol Chem. 2006; 281:16570–16575.

52. Cappello F, Gatti E, Camossetto V, David A, Lelouard H, 
Pierre P. Cystatin F is secreted, but artificial modification of 
its C-terminus can induce its endocytic targeting. Exp Cell 
Res. 2004; 297:607–618.

53. Maher K, Konjar S, Watts C, Turk B, Kopitar-Jerala N. 
Cystatin F regulates proteinase activity in IL-2-activated 
natural killer cells. Protein Pept Lett. 2014; 21:957–965.



Oncotarget22327www.impactjournals.com/oncotarget

54. Hamilton G, Colbert JD, Schuettelkopf AW, Watts C. 
Cystatin F is a cathepsin C-directed protease inhibitor regu-
lated by proteolysis. EMBO J. 2008; 27:499–508.

55. Jewett A, Arasteh A, Tseng HC, Behel A, Arasteh H, Yang 
W, Cacalano NA, Paranjpe A. Strategies to rescue mes-
enchymal stem cells (MSCs) and dental pulp stem cells 
(DPSCs) from NK cell mediated cytotoxicity. PLoS One. 
2010; 5:e9874.

56. Dolenc I, Turk B, Pungercic G, Ritonja A, Turk V. 
Oligomeric structure and substrate induced inhibition of 
human cathepsin C. J Biol Chem. 1995; 270:21626–21631.

57. Jewett A, Gan XH, Lebow LT, Bonavida B. Differential 
secretion of TNF-alpha and IFN-gamma by human periph-
eral blood-derived NK subsets and association with func-
tional maturation. J Clin Immunol. 1996; 16:46–54.

58. Girart MV, Fuertes MB, Domaica CI, Rossi LE, Zwirner 
NW. Engagement of TLR3, TLR7, and NKG2D regulate 
IFN-gamma secretion but not NKG2D-mediated cytotoxic-
ity by human NK cells stimulated with suboptimal doses of 
IL-12. J Immunol. 2007; 179:3472–3479.

59. Klezovich-Benard M, Corre JP, Jusforgues-Saklani H, Fiole 
D, Burjek N, Tournier JN, Goossens PL. Mechanisms of 
NK cell-macrophage Bacillus anthracis crosstalk: a balance 
between stimulation by spores and differential disruption by 
toxins. PLoS pathogens. 2012; 8:e1002481.

60. Hashimoto S, Suzuki T, Nagai S, Yamashita T, Toyoda N, 
Matsushima K. Identification of genes specifically expressed 

in human activated and mature dendritic cells through serial 
analysis of gene expression. Blood. 2000; 96:2206–2214.

61. Obata-Onai A, Hashimoto S, Onai N, Kurachi M, Nagai 
S, Shizuno K, Nagahata T, Matsushima K. Comprehensive 
gene expression analysis of human NK cells and CD8+ T 
lymphocytes. Int Immunol. 2002; 14:1085–1098.

62. Colbert JD, Matthews SP, Kos J, Watts C. Internalization 
of exogenous cystatin F supresses cysteine proteases 
and induces the accumulation of single-chain cathep-
sin L by multiple mechanisms. J of Biol Chem. 2011; 
286:42082–42090.

63. Adkison AM, Raptis SZ, Kelley DG, Pham CT. Dipeptidyl 
peptidase I activates neutrophil-derived serine proteases and 
regulates the development of acute experimental arthritis. J 
Clin Invest. 2002; 109:363–371.

64. Colbert JD, Matthews SP, Kos J, Watts C. Internalisation 
of exogenous cystatin F suppresses cysteine proteases 
and induces the accumulation of single-chain cathep-
sin L by multiple mechanisms. J Biol Chem. 2011; 
286:42082–42090.

65. Hanna J, Bechtel P, Zhai Y, Youssef F, McLachlan K, 
Mandelboim O. Novel insights on human NK cells’ immu-
nological modalities revealed by gene expression profiling. 
J Immunol. 2004; 173:6547–6563.

66. Jewett A, Bonavida B. Target-induced inactivation and 
cell death by apoptosis in a subset of human NK cells. J 
Immunol. 1996; 156:907–915.


