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Abstract

We extended our previous observations with other tumor models to study seven ovarian tumor cell lines—OVCAR3,
OVCAR4, OVCARS, SKOV3, Kuramochi, OAW28, and CaOV3. We found that NK cells targeted and killed poorly dif-
ferentiated OVCARS8 and CAOV3; these two tumor lines express lower MHC-class I and higher CD44 surface receptors.
OVCAR3 and OVCAR4 were more resistant to NK cell-mediated cytotoxicity, and SKOV3, Kuramochi and OAW?28 had
intermediate sensitivity to NK cell-mediated cytotoxicity, likely representing well-differentiated and moderately differ-
entiated ovarian tumor cell lines, respectively. Similar trends were observed for secretion of IFN-y by the NK cells when
co-cultured with different ovarian tumor cell lines. Treatment with both IFN-y and TNF-a upregulated MHC-class I in all
ovarian tumor cell lines and resulted in tumor resistance to NK cell-mediated cytotoxicity and decreased secretion of IFN-y
in co-cultures of NK cells with tumors cells with the exception of OVCARS8 and CAOV3 which did not upregulate MHC-
class I and remained sensitive to NK cell-mediated cytotoxicity and increased secretion of IFN-y when co-cultured with
NK cells. Similarly, treatment with NK cell supernatants induced resistance to NK cell-mediated cytotoxicity in OVCAR4
but not in OVCARS, and the resistance to killing was correlated with the increased surface expression of MHC-class I in
OVCARA4 but not in OVCARS. In addition, OVCAR4 was found to be carboplatin sensitive before and after treatment with
IFN-y and NK cell supernatants, whereas OVCARS remained carboplatin resistant with and without treatment with IFN-y
and NK cell supernatants. Overall, sensitivity to NK cell-mediated killing correlated with the levels of tumor differentiation
and aggressiveness, and more importantly, poorly differentiated ovarian tumors were unable to upregulate MHC-class I
under the activating conditions for MHC-class I, a feature that was not seen in other tumor models and may likely be specific
to ovarian tumors. Such tumors may also pose a significant challenge in elimination by the T cells; however, NK cells are
capable of targeting such tumors and can be exploited to eliminate these tumors in immunotherapeutic strategies.
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Introduction

Ovarian cancer is the most lethal gynecologic cancer in
the western world and is among the top five leading causes
of death due to cancer in the United States of America [1,
2]. Due to the lack of reliable early detection methods, the
majority of ovarian tumors go undetected until later stages.
Unfortunately, advanced disease in this setting is difficult
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Natural killer (NK) cells are innate immune cells, rep-
resenting approximately 5-20% of total lymphocytes in
human peripheral blood, and are known for their anticancer
function. NK cells are identified by CD16 and CD56 sur-
face receptors, and are activated by a number of different
cytokines [3, 4]. We have previously shown that NK cells
limit the survival and expansion of cancer stem cells (CSCs)/
poorly differentiated tumors via direct killing or induced dif-
ferentiation through IFN-y and TNF-a production [5]. These
two mechanisms are indispensable for the effective targeting
of tumor cells by the NK cells. IFN-y and TNF-a secreted
by the NK cells play a crucial role in the differentiation of
CSCs, leading to increased expression of CD54 and MHC-
class I and decreased levels of NK cell-mediated cytotoxicity
against these NK-differentiated CSCs [6, 7]. However, NK
cells are less capable of eliminating differentiated tumors
those expressing higher levels of MHC-class I surface recep-
tors [5]. Active receptors and co-receptors which recognize
ligands on the tumor cells' surface induce NK cell activation
[4, 5]. The diminished function of NK cells is linked to poor
prognosis of cancer patients [8—18].

To understand which ovarian tumor cells are targeted by
the NK cells and how NK cells discriminated between differ-
ent ovarian tumors, we chose to study seven ovarian tumor
cell lines. In this paper, we describe three different pheno-
types of ovarian tumors with varying susceptibilities to NK
cell-mediated cytotoxicity, which is likely dependent on the
stages of differentiation in ovarian tumors. The following
ovarian tumor cell lines were used in this study: OVCAR3,
OVCAR4, OVCARS, SKOV3, Kuramochi, CaOV3, and
OAW28 [1, 2, 19-32].

In this study, we described a unique phenotype of ovarian
tumors with the inability to upregulate MHC-class I under

Fig. 1 Surface expression of
MHC-class I and CD44 on
ovarian cancer cell lines. The
surface expressions of MHC-
class I (A) and CD44 (B) were
assessed on ovarian cancer
cell lines using flow cyto-
metric analysis. [gG2 isotype
control antibodies were used
as controls. Mean fluorescence
intensity (MFI) is shown in the
figures. One of three representa-
tive experiments are shown in
these figures
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a number of activating conditions; however, these tumors
remain susceptible to NK cell-mediated cytotoxicity, even
though they are highly resistant to platin-mediated cell death
and are likely at a poorly differentiated state. In addition,
we described the phenotype of NK resistant ovarian tumors
likely demonstrating a differentiated phenotype with higher
sensitivity to platin-mediated killing, whereas intermediate
sensitivity to NK cell-mediated cytotoxicity correlates with
moderately differentiated ovarian tumors.

Results

Characterization of ovarian cancer cell lines based
on MHC-class | and CD44 surface expression

We determined the surface expression levels of MHC-class
I and CD44 in seven ovarian cancer cell lines—OVCAR3,
OVCAR4, OVCARS, SKOV3, Kuramochi, OAW28, and
CaOV3. We have previously demonstrated that cancer stem-
like cells (CSCs)/poorly differentiated tumors exhibit higher
CD44 and lower MHC-class I, whereas well-differentiated
tumors exhibit decreased CD44 and increased MHC-class
I surface express levels [5, 33, 34]. For MHC-class I, we
observed the highest surface expression levels in OVCAR4
and lowest surface expression levels in OVCARS and CaOV3
(Fig. 1A). Other cell lines used in this study exhibited the fol-
lowing profiles: SKOV3 > Kuramochi > OVCAR3 > OAW28
for MHC-class surface expression levels (Fig. 1A). For
CD44, we found the highest surface expression levels in
OVCARS and CaOV3 and lowest surface expression levels in
OVCAR3, and the following profile was seen in other cell lines
SKOV3>0OVCAR4 > Kuramochi > OAW28 (Fig. 1B). These
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results indicated that OVCARS and CaOV3 exhibit CSCs like
surface phenotype, whereas OVCAR4 exhibits differentiated
tumors surface phenotype.

IFN-y and TNF-a mediated modulation of MHC-class
| and CD44 surface expression on ovarian cancer cell
lines

We have previously demonstrated that IFN-y and TNF-o medi-
ate differentiation of a number of different CSCs/poorly dif-
ferentiated tumors [7, 35]. Therefore, we used rh-IFN-y and
rh-TNF-a to induce differentiation in ovarian tumor cell lines
(Fig. 2A). We found increased MHC-class I surface expression
levels in ovarian cancer cell lines with rh-IFN-y and rh-TNF-a
treatments, except in OVCARS and CaOV3 (Fig. 2B, C, and
S1A). We observed that rth-IFN-y alone induced higher differ-
entiation in comparison to rh-TNF-a alone, and the combina-
tion of rh-IFN-y and rh-TNF-a induced highest differentiation
(Fig. 2B, C). The surface expression level of CD44 was not
much modulated with the treatment of rh-IFN-y and rh-TNF-«
(Figs. 2D and S1B). These results validated CSCs like pheno-
type of OVACRS and CaOV3.

IFN-y and TNF-a treatment mediated decreased
susceptibility to NK cell-mediated cytotoxicity
in ovarian cancer cell lines except in OVCAR8
and CaOV3

Our previous studies have demonstrated that CSCs/poorly
differentiated tumors are excellent targets, whereas differen-
tiated tumors are resistant to NK cell-mediated cytotoxicity
[7, 36-38]. Here, we evaluated NK cell-mediated cytotox-
icity against untreated and IFN-y 4+ TNF-a-treated ovarian
tumors using IL-2 alone (Fig. 3A, B, D, E), and IL-2+sAJ4
(Figs. 3A, C, F, G and S2) treated NK cells as effectors. AJ4
is a combination of Gram-positive probiotic bacteria strains;
Streptococcus thermophiles, Lactobacillus acidophilus, Lac-
tobacillus plantarum, and Lactobacillus paracasei. These
probiotic bacteria strains were selected based on their supe-
rior ability to induce optimal and balanced secretion of both
pro-inflammatory and anti-inflammatory cytokines from the
NK cells [39—41]. Treatments of IFN-y + TNF-a resulted in
decreased susceptibility to NK cell-mediated cytotoxicity,
except in OVACRS and CaOV3 where slight/no change was
seen (Figs. 3B—G, and S2). Based on susceptibility to NK cell-
mediated cytotoxicity profile, OVACRS8 and CaOV3 represent
CSCs’ characteristics.

Supercharged NK cell supernatant mediated
modulation of MHC-class | and CD54 surface
expression, and resistance or susceptibility to NK
cell-mediated cytotoxicity in OVCAR4 and OVACRS,
respectively

Next, we treated OVCAR4 and OVCARS with supernatants
harvested from osteoclasts-induced expanded NK cells
(Fig. 4A). We have previously reported and patented a novel
strategy to expand NK cells using osteoclasts as feeder cells,
since these cells provide a number of important NK activat-
ing ligands in addition to the combination of key cytokines
resulting in significant proliferation/expansion of NK cells
with superior cytotoxicity and increased secretion of IFN-y
coined as supercharged NK cells [40, 42]. Supercharged
NK cells were generated as described in the “Materials and
methods” section. Increased surface expressions of CD54
and MHC-class I were seen on OVCAR4 both with the treat-
ments with IFN-y + TNF-a and with supercharged NK cell
supernatants (Figs. 4B, S3A, S3C). In OVCARS, with both
treatments increased CD54 but not increased MHC-class I
surface expressions were found (Figs. 4B, S3B, S3D). We
have previously shown that NK cells mediate increase in
the expression of CD54 and MHC-class I on differentiated
tumor cells [7]. Decreased susceptibility to NK cell-medi-
ated cytotoxicity was seen with OVCAR4, whereas a slight
increase in OVCARS susceptibility was noted when these
tumors were treated with supernatants of supercharged NK
cells (Figs. 4C, S3E, S3F).

Unlike other ovarian tumors, secretion of IFN-y
remained high in co-cultures of NK cells with IFN-y-
and TNF-y-treated OVCARS8 or CaOV3

Our laboratory has previously demonstrated that NK cells
secrete higher levels of IFN-y when co-cultured with CSCs/
poorly differentiated tumors in comparison to differenti-
ated tumors [7, 35]. In the current study, we co-cultured
untreated and IFN-y 4+ TNF-a-treated ovarian tumors with
IL-2 alone and IL-2 + sAJ4-treated NK cells (Fig. 5A).
Decreased secretion of IFN-y was found when IFN-y + TNF-
a-treated ovarian tumors were co-cultured with IL-2 alone
or IL-2 +sAJ4-treated NK cells with the exception of those
which were cultured with OVCARS and CaOV3 (Figs. 5B,
C, and S4).

Treatment with either IFN-y and TNF-a

or supernatants from supercharged NK cells
increased susceptibility to carboplatin-mediated
killing in OVCAR4 but not in OVCARS

It has been shown that differentiated tumors are more sen-
sitive to chemotherapeutic drugs in comparison to CSCs/
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Fig.2 Surface expression of MHC-class I and CD44 after treatment 1gG2 isotype control antibodies were used as controls. Fold change
of ovarian cancer cell lines with IFN-y and/or TNF-a. Ovarian can- of MHC-class I mean fluorescence intensity (MFI) induced by IFN-y

cer cell lines (2x 10° cells/well) were treated with IFN-y (20 ng/ml), (20 ng/ml), TNF-a (20 ng/ml), or the combination of IFN-y (20 ng/
TNF-a (20 ng/ml), or a combination of IFN-y (20 ng/ml) and TNF-« ml) and TNF-a (20 ng/ml) treatments were determined in comparison
(20 ng/ml) for 18-20 h, before the surface expressions of MHC-class to untreated cell lines (C). One of three representative experiments is
I and CD44 were assessed using flow cytometric analysis (A, B, D). shown in these figures
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poorly differentiated tumors [34]. Carboplatin is a second-
generation platinum compound with a broad spectrum of
antineoplastic properties. Carboplatin is activated intracellu-
larly to form reactive platinum complexes thereby inducing
DNA and DNA-protein cross-links, resulting in apoptosis
and cell growth inhibition [43]. We left ovarian cancer cell
lines untreated or treated them with rh-IFN-y + rh-TNF-a
followed by carboplatin treatment before cell viability was
determined (Figs. 6A-C, S5). Higher cell death was seen in
OVCAR4 vs. OVCARS after carboplatin treatment both in
the absence or presence of rh-IFN-y 4+ rh-TNF-a treatment
(Fig. 6B, C). Decreased cell counts were obtained when
tumors were treated with rh-IFN-y +rh-TNF-a followed by
carboplatin treatments in most tumors with the exception of
OVCARS and CaOV3 (Figs. S5A, S5B). In addition, car-
boplatin induced highest cell death in rh-IFN-y 4+ rh-TNF-
a-treated tumors with the exception of OVCARS, OAW28,
and CaOV3 which lower cell death were noted (Figs. S5C,
S5D). The results with MTT were similar to those obtained
with PI stained tumor cells treated with rh-IFN-y +rh-TNF-a
followed by carboplatin treatment (Fig. 6D, E). In addi-
tion, treatment of tumor cells with supernatants from
supercharged NK cells followed by carboplatin treatment
exhibited similar profiles to those seen when treated with
rh-IFN-y 4+ rh-TNF-« (Fig. 6D, E).

Discussion

Ovarian cancer continues to be one of the most aggressive
gynecological cancers. The goal of this report is to delineate
the underlying mechanisms by which NK cells are able to
target the ovarian tumors to limit or halt their progression.
We also report on the role of NK cells in differentiation of
ovarian tumors by NK supernatants and their subsequent
resistance to NK cell-mediated cytotoxicity. Seven ovarian
tumor cell lines were used for assessments, and three differ-
ent phenotypes were established depending on susceptibil-
ity to NK cell-mediated cytotoxicity based on our previous
studies [7, 33, 38, 44]. NK cells were found to target the
poorly differentiated OVCARS8 and CAOV3 more than other
tumor lines with different degrees of differentiation based on
susceptibility to NK cell-mediated cytotoxicity. There was a
great correlation between the levels of MHC-class I expres-
sion and targeting by the NK cells. Indeed, both OVCARS
and CAOV3 had minimal expression of MHC-class I when
compared to the other tumor lines. These two tumor lines
expressed higher levels of CD44 which are one of the hall-
marks of CSCs/poorly differentiated tumors. Although a
significant correlation could not be seen by CD44 alone for
different tumor lines, the combination of CD44 and MHC-
class I was a good predictor of cellular susceptibility to NK

cell-mediated killing and the potential levels of differentia-
tion in different tumor lines.

NK cells limit tumor expansion by direct targeting and
killing of the tumor cells, as well as through differentia-
tion of the tumor cells by the secretion of IFN-y and TNF-«
[5]. These two mechanisms are the cornerstone of NK cell-
mediated targeting of tumor cells, the former being specific
to NK cells, whereas the latter could also be mediated by the
activated T cells too. To determine whether treatment with
IFN-y and TNF-a is capable of differentiating the tumor
cells, thereby decreasing NK cell-mediated cytotoxicity and
secretion of IFN-y, we determined the levels of MHC-class
I expression and correlated to NK cell-mediated cytotoxic-
ity and secretion of IFN-y. As shown in Figs. 2 and S1,
IFN-y and TNF-a were capable of increasing MHC-class
I expression in most tumors, albeit at differing levels, with
the exception of OVCARS and CAOV3 in which regardless
of how much IFN-y and TNF-a were added to the tumors
they did not upregulate the expression of MHC-class I, and
they remained equally susceptible to NK cell-mediated
cytotoxicity, whereas other tumor lines exhibited decreased
levels of NK cell-mediated cytotoxicity after treatment with
IFN-y and TNF-a correlating with the degree of differen-
tiation of the cells. Since supercharged NK cells augment
secretion of IFN-y and TNF-«, we also tested the increase
in MHC-class I expression and susceptibility to NK cells
in two tumor lines of OVCAR4 and OVCARS representing
the two different spectrums of differentiation, the former
being more differentiated and the latter being poorly or less
differentiated phenotype. Treatment of OVCAR4 with NK
supernatants upregulated MHC-class I significantly and
resulted in the decrease in NK cell-mediated cytotoxicity,
whereas OVCARS did not change the levels of MHC-class
I and remained highly susceptible to NK cell-mediated
cytotoxicity even after treatment with NK supernatants.
These experiments suggested that ovarian tumors may
become resistant to T-cell-mediated lysis due to the lack
of upregulation of MHC-class I, whereas they may remain
susceptible to NK cell-mediated effects. However, since
many of the patients with ovarian tumors have also lower
NK cell function, such tumors may persist and expand and
result in the invasion and metastasis of the tumors [45, 46].
Increase in MHC-class I expression in these tumors may
be one strategy by which T cells will be able to eliminate
these tumors; however, it remains to be seen what treatment
strategy could be able to increase the expression of MHC-
class I in OVCARS and CAOV3. Whether over-expression
of MHC-class I by genetic manipulation may result in the
targeting of OVCARS8 and CAOV3 by T cells in the presence
of a substantial decrease in NK cell-mediated cytotoxicity
should await future studies. In addition, other cytokines
secreted by the NK cells such as IFN-a, IL-1a, and TNF-
were also shown to increase MHC-class I expression, and
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therefore, may be able to increase expression on OVCARS
and CAOV3 [47]. However, blocking with anti-IFN-y and
anti-TNF-a antibodies were found to substantially decrease
the NK-induced expression of MHC-class I on other tumor
models, indicating that IFN-y and to a lesser degree TNF-a

@ Springer

were the most dominant cytokines secreted by the NK cells
were responsible for the upregulation of MHC-class I on
tumor cells [7].

In our previous manuscript, NK cells were treated with
monensin which is a Golgi-block immediately before their
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«Fig.3 Resistance to NK cell-mediated cytotoxicity after treatment of
ovarian cancer cell lines with IFN-y and TNF-a. Ovarian cancer cell
lines (2% 10° cells/well) were treated with a combination of IFN-y
(20 ng/ml) and TNF-a (20 ng/ml) for 18-20 h, after which they were
washed to remove unbound IFN-y and TNF-a. NK cells purified
from healthy individuals were treated with IL-2 (1000 U/ml) (A, B,
D, E), or treated with a combination of IL-2 (1000 U/ml) and sAJ4
(20:1 bacteria to NK) (A, C, F, G) for 18 h before they were used as
effectors against >'Cr-labeled untreated or IFN-y- and TNF-a-treated
ovarian cancer cell lines. Percentage cytotoxicity at various effector-
to-target ratios was measured (B, C) and the lytic units (LU) 30/ 10°
cells were determined using the inverse number of NK cells required
to lyse 30% of target cellsx 100 (D, F). Percentage decrease in lytic
units 30/10° cells induced by IFN-y+TNF-a treatments in compari-
son to untreated cell lines was determined (E, G). One of three repre-
sentative experiments is shown in these figures

activation, and the results were compared to non-monensin-
treated activated NK cells. The findings demonstrated that
monensin blocked IFN-vy secretion substantially in NK cells,
and inhibited the differentiation of the tumors and blocked
MHC-class I upregulation on tumor cells resulting in the
lack of induction of resistance in NK cell-mediated cyto-
toxicity, whereas those without monensin secreted very high
levels of IFN-y, and the secreted IFN-y by the NK cell-medi-
ated differentiation of the tumor cells leading to the upregu-
lation of MHC-class I and induction of resistance of tumor
cells to NK cell-mediated cytotoxicity [7].

We have previously shown that differentiated oral and
pancreatic tumors were more susceptible to chemothera-
peutic and radiotherapeutic strategies when compared to
CSCs/poorly differentiated tumors [34]. Although clear
differences could be seen in susceptibility of differentiated
ovarian tumors to carboplatin-mediated decrease in tumor
growth when treated with IFN-y and TNF-a, OVCARS and
CAOV3 were much less susceptible and the levels remained
similar before and after treatment with IFN-y and TNF-a.
There were variable levels of susceptibility to carboplatin
in other tumor types exhibiting the highest in OVCAR3 and
OVCAR4 and lower in SKOV3, Kuramochi, and OAW28.
Platinum drugs by binding to DNA form DNA adducts lead-
ing to the activation of apoptotic pathways. By reduction
of intracellular drug concentration and/or changes in DNA
repair mechanisms or the modification of cellular responses,
tumor cells were shown to become resistant to carboplatin
effect [48, 49]. Indeed, we have previously shown that differ-
entiated oral tumors have lower expression of CD338 which
is a member of the ATP-binding cassette transporter super-
family, and is known to contribute to multidrug resistance
in cancer chemotherapy, and therefore, they were found to
be more sensitive to cisplatin-mediated cell death, whereas
their cancer stem cells/poorly differentiated tumors express
much higher levels of CD338 and are resistant to cisplatin-
mediated cell death [7, 34]. Whether such differences exist
in ovarian tumors requires further investigation.

At present, the exact mechanisms by which certain ovar-
ian tumor cell lines are able to upregulate MHC-class I,
whereas the others lack such capability is not well under-
stood, but it could be at the transcriptional, post-transcrip-
tional, or translational levels [50]. We speculate that a num-
ber of mechanisms may be operational. It is possible that
OVCARS and CAOV3 do not express adequate levels of
IFN-y and TNF-a receptors due to shedding or internaliza-
tion of the receptors, and therefore, they do not respond to
the secreted cytokines. Alternatively, or in addition, there
may be multiple defects in the pathway of assembly and
expression of MHC-class I on the surface of the tumors.
Indeed, any mutations in the chaperone proteins or TAP or
the peptide generations by the proteasomes could affect the
stabilization and expression of MHC-class I on the surface
of the tumor cells [50]. Epigenetic and post-transcriptional
dysregulations of NFkB, IRFs, and NLRCS5 can also be
responsible for MHC-class I downregulation in ovarian
cancer [50]. We hope to delineate these mechanisms in our
future studies.

If NK cell function is not restored in ovarian cancer
patients, chances are that the tumors with no or lower MHC-
class I expression may escape T-cell-mediated cytotoxicity
and expand and invade other tissues. Therefore, combined
targeting of ovarian tumors by both competent NK cells as
well as CD8 + T cells is paramount for successful treatment
of these tumors. Our assessment of ovarian patient NK cells
has shown that in the majority of patients, the function of
NK cells are compromised (manuscript in prep). Therefore,
to eliminate the aggressive ovarian tumors, it is absolutely
necessary to restore and increase NK function in these
patients. In addition, although IFN-y and TNF-a secreted
by the NK cells may not be able to increase MHC-class 1
expression on tumors similar to OVCARS8 or CAOV3, they
will, however, be able to target and kill these tumors. Indeed,
NK supernatant-treated OVCARS was found to exhibit
increased NK cell-mediated cytotoxicity which was the
complete opposite of OVCAR4 which it showed a decrease
in NK cell-mediated cytotoxicity after treatment with NK
cell supernatants.

There are several unresolved questions which will be
studied in our future studies. For example, whether over-
expression of MHC-class I on OVCARS or CAOV3 will
render these cells resistant to NK cell-mediated cytotoxicity.
Are there activators other than IFN-y and TNF-a or super-
natants from NK cells which are capable of upregulating
MHC-class I on OVCARS8 or CAOV3? What strategies can
be used to completely eliminate these tumors by the NK
cells? Despite remaining questions our paper is significant,
since we identified and characterized unique ovarian tumor
phenotypes with the lack of ability to upregulate MHC-class
I and their increased susceptibility to NK cell-mediated cyto-
toxicity. These tumors are quite different from other tumor
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Fig.4 Surface expression of MHC-class I and CD54, and resistance
or susceptibility to NK cell-mediated cytotoxicity of OVCAR4 and
OVCARS when they were treated with supercharged NK cell super-
natant, respectively. OVACR4 and OVCARS (2 x 10> cells/well) were
treated with a combination of IFN-y (20 ng/ml) and TNF-a (20 ng/
ml), and also with the supernatants harvested from supercharged NK
(sNK) cells as described in the “Materials and methods” section for
18-20 h before the surface expression of MHC-class I and CD54
were assessed using flow cytometric analysis. IgG2 isotype control

models and those of the ovarian tumor cells which are able
to upregulate MHC-class I under differentiation conditions,
and, therefore, provide important tools for the future studies
to determine how to eliminate such tumors in patients using
NK immunotherapeutic strategies.

Materials and methods
Cell lines, reagents, and antibodies

Human NK cells were cultured in RPMI 1640 (Invitrogen
by Life Technologies, CA), supplemented with 10% fetal
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antibodies were used as controls (A, B). OVCAR4 and OVCARS
were treated with the supernatants harvested from supercharged NK
(sNK) cells as described in the section “Materials and methods”.
Super charged NK cells were treated with IL-2 (1000 U/ml) for 18 h
before they were used as effectors against 3'Cr-labeled sNK-super-
natant-treated ovarian cancer cell lines. The lytic units (LU) were
determined as described in Fig. 3C (C). One of three representative
experiments is shown in these figures

bovine serum (FBS) (Gemini Bio-Products, CA). Seven
Ovarian cancer cell lines—OVCAR3, OVCAR4, OVCARS,
SKOV3, Kuramochi, OAW28, and CaOV3—were purchased
from ATCC or obtained from NIH under MTA. OVCAR3
and OVCAR4 were cultured in RPMI1640 supplemented
with 10% FBS. OVCARS, SKOV3, Kuramochi, OAW2S,
and CaOV3 were cultured in DMEM supplemented with
10% FBS. Recombinant IL.-2 was obtained from NIH-BRB.
Antibodies which were used for flow cytometry—IgG2,
CD44, MHC-class I, and CD16—were purchased from
Biolegend (San Diego, CA). Human NK cell purification
kits were obtained from Stem Cell Technologies (Vancouver,
BC, Canada).
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Fig.5 Secretion of IFN-y when NK cells were co-cultured with IFN-
v- and TNF-oa-treated ovarian cancer cell lines. Ovarian cancer cell
lines, and NK cells were treated as described in Fig. 3. Ovarian can-
cer cell lines were washed to remove unbound IFN-y and TNF-«a, and
were co-cultured with NK cells (NK:tumors; 5:1). The supernatants

Bacteria sonication

AJ4 is a combination of four different strains of Gram-posi-
tive probiotic bacteria (Streptococcus thermophiles, Lacto-
bacillus acidophilus, Lactobacillus plantarum, and Lacto-
bacillus paracasei). AJ2 is a combination of eight different
strains of Gram-positive probiotic bacteria (Streptococcus
thermophiles, Bifidobacterium longum, Bifidobacterium
breve, Bifidobacterium infantis, Lactobacillus acidophilus,
Lactobacillus plantarum, Lactobacillus casei, and Lacto-
bacillus bulgaricus). Both AJ2 and AJ4 were weighed and
resuspended in RPMI 1640 containing 10% FBS at a con-
centration of 10 mg/1 mL. The bacteria were thoroughly vor-
texed and then sonicated on ice for 15 s, set at a 60% ampli-
tude. Sonicated samples were then incubated for 30 s on ice.
After every five pulses, a sample was taken to observe under
the microscope until at least 80% of cell walls were lysed.
It was determined that approximated 20 rounds of sonica-
tion/incubation on ice were conducted to achieve complete
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were harvested on days 1 and 4, and the levels of IFN-y secretion
were determined using specific ELISA (A, B). Percentage decrease of
IFN-y secretion induced by IFN-y 4+ TNF-a treatments in comparison
to untreated cell lines was determined (C). One of three representa-
tive experiments is shown in these figures

sonication. Finally, the sonicated samples (sAJ4 and sAJ2)
were aliquoted and stored in — 80 °C freezer.

Purification of NK cells and monocytes
from the peripheral blood

Written informed consents, approved by UCLA Institutional
Review Board (IRB), were obtained from healthy individu-
als, and all procedures were approved by the UCLA-IRB.
Peripheral blood was separated using Ficoll-Hypaque cen-
trifugation, after which the white, cloudy layer containing
peripheral blood mononuclear cells (PBMCs) was harvested.
NK cells and monocytes were negatively selected from
PBMCs using the EasySep® Human NK cell enrichment
and EasySep® Human Monocytes enrichment kits, respec-
tively, purchased from Stem Cell Technologies (Vancouver,
BC, Canada). Purified NK cells and monocytes were stained
with anti-CD16 and anti-CD14 antibodies, respectively, to
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Fig.6 Increased susceptibility of OVCAR4 but not OVCARS to
carboplatin-mediated killing after treatment with IFN-y and TNF-
«. OVACRS and OVCAR4 (2% 10° cells/well) were treated with a
combination of IFN-y (20 ng/ml) and TNF-a (20 ng/ml). After an
overnight incubation, cells were washed to remove unbound IFN-y
and TNF-a, and they were then treated with carboplatin (30 pM) for
18-20 h, after which the cells were stained with propidium iodine
(PI) to determine percent cell death using flow cytometric analysis.
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One of three representative experiments is shown in this figure (A,
B, C). The cells were left untreated or treated with the combination
of TNF-a (20 ng/ml) and IFN-y (20 ng/ml) or supernatants of sNKs’
cells (1:1 medium) for 24 h, after which the cells were washed or
either left untreated or treated with carboplatin (80 uM) for an addi-
tional 24 h. Cell viability was determined using MTT assay (D, E).
One of the three representative experiments is shown in this figure
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measure purity using flow cytometric analysis. Samples
showing greater than 95% purity were used for study.

Supernatant collection of supercharged NK cells

Monocytes were cultured in alpha-MEM media supple-
mented with M-CSF (25 ng/mL) for 21 days and RANKL
(25 ng/mL) from day 6 to 21 days to generate osteoclasts
(OCs). The media were replenished every 3 days. For
NK cell expansion, purified NK cells were activated with
rh-IL-2 (1000 U/ml) and anti-CD16 mAb (3 pg/ml) for
18-20 h before they were co-cultured with OCs and sAJ2
(OCs:NK:sAJ2; 1:2:4) in RPMI 1640 medium-containing
10% FBS. The media were refreshed every 3 days with
RPMI complete medium-containing rh-IL-2 (1500 U/ml).
The supernatant was harvested on day 12, and was used for
ovarian cell line treatment.

Ovarian cell line differentiation and carboplatin
treatments

Recombinant human interferon gamma (rhIFN-y) and
recombinant human tumor necrosis factor alpha (rhTNF-o)
were purchased from PeproTech (Rocky Hill, NJ). Ovar-
ian cancer cells were treated with rhIFN-y (20 ng/ml) and
rhTNF-a (20 ng/ml) or combination of rhIFN-y (20 ng/
ml) + rhTNF-a (20 ng/ml) for overnight to induce differen-
tiation. In separate experiment, the supernatant of super-
charged NK cells was used to induce differentiation in
ovarian cancer cell lines. For carboplatin treatment, after an
overnight incubation with rhIFN-y (20 ng/ml) and rhTNF-a
(20 ng/ml) or combination of rhIFN-y (20 ng/ml) + rhTNF-a
(20 ng/ml), samples were treated with carboplatin (10 pM/
ml and 30 pM/ml) for overnight. The trypan blue staining
was used to distinguish viable and non-viable cells, and the
percentage of dead cells was determined propidium iodine
(PI) (100 pg/ml) staining using flow cytometric analysis.

Surface staining analysis

Staining was performed by labeling the cells with antibod-
ies as described previously [37, 51, 52]. Flow cytometric
analysis was performed using Attune NxT flow cytometer
(Thermo Fisher Scientific, Waltham, MA) and FlowJo v10.4
(BD, Oregon, USA) was used for analysis; Beckman Coulter
Epics XL cytometer (Brea, CA), and results were analyzed
in the FlowJo vX software (Ashland, OR).

Enzyme-Linked Immunosorbent Assays (ELISAs)
Single ELISAs were performed as previously described [37].

To analyze and obtain the cytokine and chemokine concen-
tration, a standard curve was generated by either two- or

three-fold dilutions of recombinant cytokines provided by
the manufacturer.

51Cr release cytotoxicity assay

The 3!Cr release cytotoxicity assay was performed as pre-
viously described [53]. Briefly, different ratios NK cells
and °!Cr-labeled ovarian cell lines were incubated for 4 h.
After which, the supernatants were harvested from each
sample, and the released radioactivity was counted using
the gamma counter. The percentage specific cytotoxicity was
calculated as follows:

.. Experimental cpm — spontaneous cpm
%cytotoxicity = .
Total cpm — spontaneous cpm
LU 30/10° is calculated using the inverse of the number
of NK cells needed to lyse 30% of ovarian cell lines X 100.

MTT assay

The ovarian tumors were grown to 80% confluency in a
96-well plate. After that, the media were changed, and the
cells were left untreated or treated with the combination of
rhTNF-a (20 ng/ml) and rhIFN-y (50 ng/ml) or with the
supernatants of SNKs’ cells (1:1 in medium) for 24 h. There-
after, the cells were left untreated or treated with carbopl-
atin (80 pM) for an additional 24 h, after which the cell
viability assay was performed using cell proliferation kit
(MTT) (Roche Diagnostics Co., Germany), following the
manufacturer’s suggestions. Results were obtained using an
ELISA plate reader Multiskan FC ELISA reader (Thermo
Scientific, Waltham, MA).

Statistical analyses

An unpaired or paired, two-tailed Student’s 7 test was per-
formed for experiments with two groups. One-way ANOVA
with a Bonferroni post-test was used to compare different
groups for experiments with more than two groups. Dupli-
cate or triplicate samples were used for assessment. The
following symbols represent the levels of statistical signifi-
cance within each analysis: ***(p value <0.001), **(p value
0.001-0.01), *(p value 0.01-0.05).

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00262-022-03192-7.
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