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ABSTRACT

Formation of polyploid or aneuploid cells is a pathological hallmark of malignant tumors. Cell cycle
checkpoint mechanisms play a crucial role in ensuring genomic integrity during mitosis, avoiding the
generation of aneuploid cells. Additionally, cancer cell DNA ploidy is subjected to extrinsic controls
operated by activation of adaptive immune responses mediated by T cells. NK cells exert a central role in
the innate anticancer immunity; however, the mechanisms involved in the recognition of tumor cells by
NK cells have not been fully elucidated. Herein, we report that drug-induced polyploidy in cancer cells
activates antitumor responses mediated by NK cells. Thus, hyperploidy-inducing chemotherapeutic agents
strongly upregulate the tumor expression of ligands for the NK cell activating receptors NKG2D and
DNAM-1. Drug-induced hyperploidy modulated the repertoire of activating receptors and the cytokine
profile of NK cells, rendering tumor cells more susceptible to NK cell-mediated lysis through the activation
of NKG2D and DNAM-1 receptors. In addition, hyperploidization stimulated the production of IL-2 by CD4
T cells, which induced NK cell proliferation and activity. The stimulation of MICA, a key NKG2D ligand, in
hyperploid cells was mainly mediated by ATM protein kinase. Likewise, pharmacological inhibition of key
regulators of endoplasmic reticulum stress in certain cell models supports a role for this pathway in
NKG2D ligand upregulation. Overall, our findings indicate that, besides the cytotoxic effect on tumor cells,
the therapeutic activity of anti-mitotic drugs may be mediated by the induction of a coordinated
antitumor immune response involving NK and T cells.
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Introduction

Polyploidization is a common and early event in many types of  to the exposure of the endoplasmic reticulum resident protein

cancer, which correlates with the inactivation of TP53 and reti-
noblastoma."? Studies in yeast and primary mouse fibroblasts
have shown that even an extra chromosome results in an addi-
tional load of proteins, which may impair cell proliferation
enhancing cell lethality.* However, it may also result in geno-
mic instability, eventually endowing cells with new tumor pro-
gression capabilities.” Cell cycle checkpoint mechanisms play a
crucial role in ensuring genomic integrity during mitosis,
avoiding the generation of aneuploid cells.” Additionally, a
recent report has shown that DNA ploidy is also subjected to
extrinsic controls operated by the immune system.®” Thus, tet-
raploidization increases the immunogenicity of tumor cells due

calreticulin (CRT) on the surface of cancer cells, which acts as
an “eat-me” signal for macrophages and dendritic cells, initiat-
ing a T cell response against hyperploid cells in vivo.*'* The
surface exposure of CRT is mediated by the phosphorylation of
eukaryotic initiation factor 2« (eIF2¢) by PERK protein, which
results from an endoplasmic reticulum stress generated in
hyperploid cells."'

Natural Killer (NK) cells are innate cells involved in the
immune response against virus infection and cancer.'>"> NK
cells recognize tumor and infected cells by detecting changes in
the expression of ligands of their inhibitory and activating
receptors.'*'® The loss of the expression of self-molecules,
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mainly HLA class I proteins, is detected by an array of inhibi-
tory receptors (i.e., KIRs, CD94/NKG2A). Contrarily, activating
receptors (i.e, NKG2D, DNAM-1, NKp30, NKp44 and
NKp46) recognize ligands that are upregulated in tumor cells,
but are restrictedly expressed in healthy cells. NKG2D is a
receptor for MICA/B and ULBP1-6 ligands.'”'®* DNAM-1 is a
receptor for poliovirus receptor (PVR, CD155) and Nectin-2
(CD112)."”*° HLA-B associated transcript 3 (BAT-3) and B7-
H6 bind to NKp30;>' and mixed-lineage leukemia-5 (MLL5)
protein has recently been identified as a ligand for NKp44.>
Among NK cell receptors, NKG2D plays a key role in the
immune response against cancer."®*’ Genotoxic stress,”* Spl
transcription factors,” proliferative and tumor suppressor sig-
naling pathways,”**” and tumor progression®®*’ are known to
induce the expression of NKG2D ligands in cancer cells, initiat-
ing an antitumor immune response.”’ >

Activated NK cells are capable of killing a broad range of
cancers and of regulating the innate and adaptive immune
responses through the secretion of cytokines, such as IFN-y.
Despite the relevance of NK cells in cancer immunosurveil-
lance, the mechanisms involved in their activation against can-
cer cells remain to be fully elucidated. In this study, we report
that the induction of hyperploidy by treatment with anti-
mitotic drugs increases the immunogenicity of tumor cells,”"
rendering them more susceptible to NK cell-driven lysis. Con-
comitantly, drug-induced hyperploidy also promotes a T cell-
mediated response that cooperates with NK cells in the immu-
nity against hyperploid cancer cells.

Results
Drug-mediated generation of hyperploid cells

K-562, HCT-116 and Hep-G2 human cancer cells (Table S1)
were treated with several polyploidy-inducing chemotherapeu-
tic agents and the effect of these compounds on the cell cycle
was analyzed by flow cytometry. Treatment with cytochalasin
D, an inhibitor of microfilament polymerization through bind-
ing to actin filaments, as well as with nocodazole and docetaxel,
both inhibitors of microtubule polymerization, resulted in the
accumulation of hyperploid cells (DNA content >4n)
(Fig. 1A). As previously reported, the acquisition of hyper-
ploidy was associated with CRT exposure on the surface of
tumor cells (Fig. 1B and C) and an increased apoptosis
(Fig. S1A and B)."

Induction of hyperploidy enhances the expression of
ligands for NK cell-activating receptors in cancer cells

The effect of drug-induced hyperploidy on the tumor expres-
sion of human ligands of activating immune receptors
(NKG2D, DNAM-1 and NKp30) was next analyzed by flow
cytometry (Table S2). Despite some cell line and drug-specific
differences, an upregulation of NKG2D ligand expression was
detected on the surface of the three cancer cell lines analyzed
(Fig. 2A-E). MICA was mainly induced in K-562 and HCT-
116 cells, whereas Hep-G2 cells exhibited a stronger upregula-
tion of ULBP1-3 ligands.

Likewise, a significant increase in the levels of DNAM-1
ligands (PVR and Nectin-2) was observed in HCT-116 cells,
particularly in response to cytochalasin D treatment
(Fig. 3A-C). Additionally, PVR expression was also enhanced
in K-562 cells (Fig. 3B). The expression of the NKp30 ligand
B7-H6 was upregulated in HCT-116 and Hep-G2 cells cultured
in the presence of cytochalasin D (Fig. 3D and E). No marked
effect was observed on the expression of the NK cell inhibitory
HLA class I molecules (Fig. S1C).

Of note, a significant induction of NKG2D (MICA and
ULBP2) and DNAM-1 (PVR and Nectin-2) ligand expression
was observed in hyperploid cells (DNA content >4n) com-
pared with diploid cancer cells upon treatment with cytochala-
sin D and nocodazole (Fig. 4A-D and Fig. S1D), supporting
that drug-induced polyploid cancer cells express higher levels
of NK cell activating ligands.

Hyperploid cancer cells modulate the immune phenotype
and induce the cytotoxic activity of NK cells

Given the increased levels of NKG2D and DNAM-1 ligands
observed in cancer cells upon treatment with polyploidy-induc-
ing agents, we next studied whether NK cell activity is modu-
lated by the exposure to hyperploid cancer cells. Thus, PBMCs
from healthy donors were co-cultured with hyperploid tumor
cells treated with cytochalasin D, nocodazole or docetaxel, and
the expression of IFN-y was measured by intracellular staining
and flow cytometry analysis. As shown in Fig. 5A, IFN-y
expression was induced in NK cells, CD8 T cells and
CD3"CD8"CD56™ T cells when PBMCs were co-cultured with
cytochalasin D-treated tumor cells. Accordingly, drug-induced
hyperploidy increased the susceptibility of cancer cells to NK
cell-mediated killing, as demonstrated by in vitro cytotoxicity
assays (Fig. 5B and Fig. S2A). This effect was more pronounced
in Hep-G2 cells, in which a significant increase of NK cell-
mediated lysis was observed with the three anti-mitotic drugs
used (Fig. 5B and Fig. S2A). No marked effect on the suscepti-
bility of docetaxel- and nocodazole-treated K-562 or HCT-116
cells to NK cell cytotoxicity was observed (not shown). Such
stimulation of the cytotoxic activity was inhibited by NKG2D
and DNAM-1 blocking antibodies (Fig. 5C), but not by using
an NKp30 blocking antibody (Fig. S2B), supporting the rele-
vance of NKG2D and DNAM-1 signaling for the NK cell-rec-
ognition of hyperploid cancer cells. Moreover, the interaction
with drug-induced polyploid cancer cells also modulated the
NK-cell expression of several activating receptors (mainly
NKG2D, DNAM-1 and NKp30) (Fig. 6A-D), although the lev-
els of NKp44 and NKp46 on the surface of NK cells were, how-
ever, not substantially modified (Fig. 6E and F).

In summary, our data indicate that drug-induced polyploidy
activates NK cells, enhancing their ability to recognize and
eliminate tumor cells.

Drug-induced cancer cell hyperploidy stimulates NK cell
proliferation through the activation of CD4 T cells

The effect of drug-induced hyperploidy on the proliferation of
lymphocytes was next analyzed. To this end, CFSE-stained
PBMCs obtained from healthy donors were co-cultured with
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Figure 1. Analysis of DNA content and CRT expression in tumor cells treated with drugs that induce hyperploidy. (A) Representative cell cycle profiles of K-562, HCT-116
and Hep-G2 cells treated with cytochalasin D (0.6 wg/mL), nocodazole (100 nM) or docetaxel (3 nM) for 48 h are reported. Numbers refer to percentage of polyploid
(>4n) cells. (B) Cancer cells were treated with cytochalasin D, nocodazole or docetaxel for 48 h and the cell surface expression of CRT was analyzed by flow cytometry.
The histograms show a representative experiment performed with HCT116 cells. (C) The graph shows the fold induction & SEM of the mean fluorescent intensity (MFI) of
CRT on the cell surface of K-562, HCT-116 and Hep-G2 cells (at least three independent experiments were performed; “p < 0.05; **p < 0.01, Mann-Whitney U test).

control and treated cancer cells and the proliferation of the dif-
ferent lymphocyte subsets was determined by flow cytometry.
Co-culture with K-562 cells exposed to cytochalasin D or noco-
dazole, but not to docetaxel, significantly increased the prolifer-
ation of NK cells and CD3*CD8*CD56™ T cells, with no
marked effect observed on CD4" or CD8% CD56™ T cells
(Fig. 7A and B). Noteworthy, depletion of non-NK immune
cells by negative selection completely abrogated the induction

of NK cell proliferation, supporting the idea that this effect was
indirect and dependent on a different lymphocytic population
(Fig. 7A and C). Given that IL-2 is a cytokine mainly produced
by T cells that is crucially involved in the proliferation of NK
cells, we next analyzed the effect of hyperploid malignant cells
on the production of IL-2 by immune cells. Co-culture with K-
562 cells treated with cytochalasin D and nocodazole stimu-
lated the synthesis of IL-2 by CD4" T cells and, in a lesser
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Figure 2. NKG2D ligand expression increases in cancer cells upon treatment with drugs that induce hyperploidy. (A) Cancer cells were treated with the hyperploidy-
induced drugs, nocodazole or docetaxel for 48 h and the membrane expression of MICA, ULBP1, ULBP2 and ULBP3 was evaluated by flow cytometry. The histograms of
one representative experiment with K-562 cells are shown. Isotypes for each condition are shown as empty histograms and treated cells are represented as gray histo-
grams. (B—E) K-562, HCT-116 and Hep-G2 cells were treated as detailed in (A) and NKG2D ligand surface expression was monitored by flow cytometry. The bars represent
the mean of the fold induction = SEM of the MFI of the treated cells relative to the vehicle-treated control (at least three independent experiments were performed;

*p < 0.05; **p < 0.01).
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Figure 3. Analysis of the tumor expression of DNAM-1 and NKp30 ligands upon treatment with drugs that induce cell hyperploidy. K-562, HCT-116 and Hep-G2 cells were
treated with cytochalasin D, nocodazole or docetaxel for 48 h, and the membrane expression of PVR (A and B), Nectin-2 (A and C) and B7-H6 (D and E) was analyzed by
flow cytometry. (A and D) A representative experiment performed in HCT-116 cells is included. Isotypes for each condition are shown as empty histograms and treated
cells are shown as gray histograms. (B, C and E) The bars represent the mean of the fold induction £ SEM of the MFI of the treated cells relative to the vehicle-treated con-

trol (at least three independent experiments were performed; *p < 0.05; “*p < 0.01).
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Figure 4. NK cell activating ligands are upregulated in polyploid cancer cells. Cancer cells were treated with cytochalasin D and DNA content and membrane expression of
MICA, ULBP2, PVR and Nectin-2 were simultaneously assessed by flow cytometry upon Hoechst 33342 staining. (A and C) The histograms of one representative experi-
ment performed with HCT-116 cells are shown. (B and D) The bars represent the MFI = SEM of MICA and ULBP2 (B) and PVR and Nectin-2 (D) expression detected for
each DNA content (2n vs. >4n) of cancer cells treated or not with cytochalasin D (at least three independent experiments were performed; “p < 0.05).

extent, by CD8" T cells and CD3"CD8*CD56" cells (Fig. 8A
and B). No production of IL-2 by NK cells was detected (not
shown). Moreover, treatment of PBMCs from healthy donors
with an anti-IL-2 receptor blocking antibody or cyclosporine
A, an immunosuppressant drug that inhibits IL-2 production
by T cells, completely abrogated NK cell proliferation (Fig. 8C
and D), indicating that the production of IL-2 by T cells,
mainly by CD4 T cells, was essential for NK cell expansion.

Stress signaling pathways are involved in the upregulation
of MICA in polyploid cancer cells

The molecular mechanisms involved in the upregulation of
MICA in hyperploid tumor cells were next studied. It has been

shown that hyperploid cells exhibit a constitutively elevated
level of ER stress.'™* Indeed, an increased amount of phos-
phorylated elF2« was observed in HCT-116 cells treated with
cytochalasin D compared with control cells, although no signif-
icant changes were detected in K-562 cells (Fig. 9A). To gain
insight into the relevance of the ER stress response in the stim-
ulation of NK-cell activating ligands in polyploid cancer cells,
HCT-116 cells were treated with a specific PERK inhibitor
(GSK2606414, 1 £M)?* and the expression of MICA was evalu-
ated by flow cytometry. Treatment with GSK2606414 reduced
the levels of phosphorylated elF2« upon exposure to cytochala-
sin D (Fig. S2C). Concomitantly, inhibition of PERK attenuated
the upregulation of MICA expression in cytochalasin D-treated
HCT-116 (Fig. 9B and Fig. S2D). Of note, the surface levels of



ONCOIMMUNOLOGY e1074378-7

——=[0MS0 =r=Cytochalasin D

A NK cells co-cultured with:
70 *
Isotype K-562+DMSO K-562+Cyto D o |
- 50
201 516 g
1% 6% = 40
i | | :
3 i
z s
20
10 I
e o 3 5 28 58
> NK cells CD3*CDB* CD56* cells CD8 T cells CD4 T cells
mDMSO  OCytochalasin D an
B
100 K-562 | a0 HCT-116 100 Hep-G2 |
3
a0 a0
30
.
® ] ®
2w " E 2w
2 .
F 3® 3
@ 40 o )
R # -]
10
20 20
0 ] 0
2.1 10.1 20.1 2.4 104 201 24 10.1 201
E:T ratio E:T ratio E:T ratio

—=[OMS0 ==C==Cytochalasin D

—=DOMS0 =C=Cytochalasin D

a-NKG2D+a-DNAM-1

L] 20 40

mDMS0O OCy in D

60 80
Specific Lysis (%)

100

aD

Figure 5. Exposure to drug-induced polyploid cancer cells stimulates the IFN-y production and the cytotoxic activity of NK cells. (A) PBMCs from healthy donors (n = 4)
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experiments (*p < 0.05).

HLA class I molecule did not change as a consequence of the
treatment, supporting the specificity of the effect observed on
MICA expression upon PERK inhibition (Fig. S2E). Moreover,
treatment with salubrinal, an inhibitor of eIF2a dephosphory-
lation and protector of ER stress,** also resulted in the downre-
gulation of MICA expression in the presence of cytochalasin D
(Fig. S2F).

Likewise, induction of hyperploidy also triggers DNA dam-
age stress responses,”” a relevant mechanism that is known to
upregulate MICA expression by activating ATM and PI3K

pathways.“’36 Treatment of K-562 cells with LY-294002, a
PI3K blocker, did not markedly change the induction of MICA
(data not shown). However, exposure to the ATM inhibitor
KU55933 completely abrogated the induction of MICA on the
surface of cytochalasin D treated K-562 and HCT-116 cells
(Fig. 9C and D). Accordingly, depletion of ATM expression by
transfection of HCT-116 and K-562 cells with a plasmid
expressing a specific shRNA reduced the upregulation of
MICA upon cytochalasin D treatment (Fig. 9E and F and
Fig. S2G). Furthermore, pharmacological inhibition of ATM in
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Figure 7. Effect of exposure to drug-induced hyperploid cancer cells on the proliferation of immune cell subsets. (A) PBMCs (n = 6) (left histograms) or purified NK cells
(n = 4) (right histograms) isolated from healthy donors were labeled with CFSE and co-cultured with hyperploid-K-562 cells for seven days. CFSE expression on NK cells,
CD3*CD567CD8™ T cells, CD8™ T cells and CD4™ T cells was examined by flow cytometry at day 0 and day 7. The histograms on the right represent the results obtained
with purified NK cells. One representative experiment is shown. (B) The graph shows the mean of the fold induction 4= SEM of the percentage of proliferative NK and
CD3" CD8"CD56" cells relative to the negative control obtained in the experiments using PBMCs (*p < 0.05; **p < 0.01). (C) Results are expressed as the mean of the
fold induction £ SEM of the percentage of proliferative NK cells relative to the vehicle-treated control obtained in the experiments using purified NK cells (n = 4;

*p < 0.05; **p < 0.01).

cancer cells treated with cytochalasin D dramatically reduced
the specific NK cell-mediated killing of tumor cells (Fig. 9G),
revealing a key role for ATM in the induction of the immuno-
genicity observed in hyperploid tumor cells.

Together, these experiments show that the DNA damage
and, in certain cell lines, the ER stress responses are involved in
the upregulation of MICA expression and, subsequently, in the
enhanced susceptibility of drug-induced hyperploid cancer cells
to NK-cell mediated killing.

Discussion

Polyploidization is an early event in the tumorigenic process
observed in many types of cancers." Cell cycle control mecha-
nisms play a crucial role in ensuring genomic integrity during
mitosis avoiding hyperploidy. Additionally, it has recently been
reported that DNA ploidy is also subjected to an extrinsic con-
trol by the immune system, which eliminates hyperploid cells
through the induction of antitumor T cell responses.'® Herein,
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Figure 8. Cancer cell hyperploidy induced by chemotherapeutic drugs stimulates IL-2 production by CD4 T cells and triggers NK cell proliferation. (A) PBMCs obtained
from four donors were co-cultured with hyperploid cells and the intracellular levels of IL-2 were measured in different lymphocyte subsets. The cytometric profiles show
the percentage of IL-2 positive CD4 T cells, CD8 T cells and CD37CD56"CD8™ cells. (B) Results are expressed as the percentage + SEM of IL-2 positive cells (*p < 0.05).
(C) PBMCs from healthy donors (n = 4) were stained with CFSE and co-cultured with K-562 hyperploid cells in the presence or absence of CsA (1 M) or anti-IL-2Re block-
ing antibody (15 ;.g/mL) for seven days. The histograms show the results of the CFSE expression of NK cells from one representative donor. (D) Results are expressed as
the fold induction £ SEM of the percentage of proliferative NK cells relative to the vehicle-treated control under the conditions detailed in (B) (n = 4; "p < 0.05;

*p < 001).

we show that the induction of hyperploidy also stimulates the
cancer immunosurveillance mediated by NK cells. The activa-
tion of NK cells in response to drug-induced hyperploid cancer
cells was not associated with the loss of ligands for NK cell
inhibitory receptors, such as HLA class I molecules. Instead,
malignant cells exposed to polyploidy-inducing agents showed
a significant increase in the expression of ligands for NK cell
activating receptors, particularly NKG2D and DNAM-I.
Indeed, the expression of MICA and ULBP2 was strongly

correlated with the cell DNA content, providing a link between
cancer ploidy and antitumor NK cell-dependent responses.
Additionally, co-culture with hyperploid cancer cells induced
the expression of NKG2D and DNAM-1 on NK cells, and
experiments performed using blocking antibodies highlighted
the relevance of these receptors in the cytotoxic response of NK
cells against polyploid cancer cells. Altogether, we describe
herein that, additionally to oncogenes, proliferative, tumor pro-
gression and stress signals, which are known to regulate
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Figure 9. Molecular mechanisms underpinning the upregulation of MICA in cancer cells by hyperploidy-inducing agents. (A) K-562 and HCT-116 cells were exposed to
cytochalasin D (0.6 ;tg/mL) for 48 h and the levels of total and phosphorylated elF2« (Ser51) were evaluated by immunoblotting (R.U. indicates relative units). Quantifica-
tion and a representative blot of three independent experiments are shown (*p < 0.05). (B) HCT-116 cells were treated with a PERK inhibitor (GSK2606414, 1 M) for 2 h
before the induction of polyploidy with cytochalasin D and the presence of MICA on the cell surface was evaluated by flow cytometry. Results are expressed as the mean
of the fold induction 4= SEM of the MFI of MICA in treated cells relative to that of vehicle-treated control cells (n = 4; *p < 0.05). (C and D) K-562 and HCT-116 cells were
treated with the ATM inhibitor KU55933 (10 M) 1 h before treatment with cytochalasin D and the presence of MICA on the cell surface was evaluated by flow cytometry
after 48 h. Results are expressed as the mean of fold induction & SEM of the MFI of cells treated relative to the vehicle-treated control (n = 3; *p < 0.05). (E and F) K-562
and HCT-116 cells were transfected with a plasmid expressing an ATM shRNA or with the mock vector and the expression of MICA was evaluated by flow cytometry 48 h
after cytochalasin D treatment. Results are expressed as the mean of fold induction £ SEM of the MFI of cells treated relative to the vehicle-treated control (n = 3;
*p < 0.05,). (G) K-562 cells were treated with the ATM inhibitor KU55933 (10 +M) and co-cultured with purified NK cells at an E:T ratio 10:1 for 4 h. The cytotoxic activity
of NK cells was evaluated by flow cytometry. The graph shows the percentage of specific lysis. Results are the average of four different experiments & SEM (*p < 0.05).
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NKG2D ligands expression in cancer,”®>’ the induction of

hyperploidy is involved in the activation of the NKG2D-medi-
ated cancer immunosurveillance.

Hyperploidy triggers the DNA damage response (DDR),
which enhances the expression of NKG2D ligands through the
activation of ATM/ATR*****® Our experiments show that
genetic and pharmacological inhibition of ATM reduces the
expression of MICA, clearly indicating that the DDR mediates
the induction of NKG2D ligands expression upon drug-induc-
tion of hyperploid cancer cells. Likewise, we describe herein that
the ER stress response is a mechanism complementary to the
DDR in certain cell models that is involved in the NK cell recog-
nition of drug-induced polyploid cancer cells. This observation
adds to a recent report showing that the ER stress elicits the expo-
sure of CRT at the cell surface, eventually stimulating the T cell-
mediated immune recognition of hyperploid tumor cells.'***

In addition to the activation of NK cells, our study unveils a
cooperative effect between T and NK cells in the immunosurveil-
lance to cancer cell ploidy. Co-culture of hyperploid cells with
immune cells significantly induced the production of IL-2 by T
cells, mainly by CD4 T cells, increasing NK cell proliferation.
Notably, such stimulation was completely abrogated in the
absence of T cells, showing that this effect on the proliferation
was not directly exerted on NK cells. Of note, K-562 cells do not
express HLA class I or class IT molecules,”” supporting that the
immune response observed was not mediated by alloreactivity
against MHC antigens expressed on tumor cells. It has been
shown that hyperploid cancer cells are strong activators of T cell
responses.” ' Tetraploidization increases the exposure of CRT
on the surface of cancer cells, which acts as an “eat-me” signal
for APCs. Thus, the activation of CD4 T cells is likely to be medi-
ated by the phagocytosis of drug-induced hyperploid cancer cells
by APCs that are in the PBMCs and the presentation of tumor
antigens to CD4 T cells. Nevertheless, the lack of proliferation of
activated CD4 T cells observed in our study suggests a more
complex interaction between CD4 T cells and hyperploid-
induced tumor cells that warrants further investigation.

IL-2 is a key cytokine involved in the activation and prolifer-
ation of NK cells®® and, accordingly, the blockade of IL-2 secre-
tion using CsA or an anti-IL-2Ra  blocking antibody
completely abrogated NK cell proliferation, indicating a role
for T cells in the production of this cytokine and, therefore, in
the proliferation of NK cells observed. Thus, our results clearly
support that polyploidization ignites a coordinated immune
response against tumor cells mediated by the cooperation
between T and NK cells. This idea is also supported by clinical
observations showing that treatment with taxanes, which are
hyperploidy-inducing agents that inhibits microtubule poly-
merization, led to an increase in serum IL-2 and an enhance-
ment of NK cell activity in patients with advanced breast
cancer.”” Moreover, a recent study shows that docetaxel
increased the surface expression of CRT without undergoing
immunogenic cell death, and induced an immunogenic modu-
lation, demonstrating significantly increased sensitivity to anti-
gen-specific CTL killing.*’

Despite the fact that cancer has been considered as an
immunologically silent entity for decades, it is now clearer that
beyond cell- and tissue-specific mechanisms, the immune
system contributes to the defense against tumors. The

characteristics of cancer cells that make them distinguishable
from healthy cells and, thus, recognizable by the immune sys-
tem are an intense field of research. Acquisition of an abnormal
number of chromosomes is one of these characteristics that
may trigger the immunosurveillance response.””” In this sense,
polyploidization increases the immunogenicity of tumor cells,
initiating an antitumor T cell response that may recognize
tumor antigens expressed by cancer cells. Consequently, hyper-
ploid tumors formed in immunocompetent mice display a
decreased nuclear size and DNA content.*'* Our study extends
this observation demonstrating that NK cells may also mediate
this response by detecting danger molecules (i.e., NKG2D and
DNAM-1 ligands) highly expressed on the surface of hyper-
ploid cancer cells.

Material and methods
Cell lines, cell culture and treatments

K-562 (chronic myelogenous leukemia), HCT-116 (colorectal
carcinoma), Hep-G2 (hepatocellular carcinoma) and NKL cells
were obtained from the American Type Culture Collection
(ATCC). K-562 and NKL cells were cultured in RPMI-1640
(Lonza, BE12-702F). HCT-116 and Hep-G2 were cultured in
DMEM (Lonza, BE12-604F). Medium was supplemented with
10% heat-inactivated FBS (Sigma, F7524), 1 mM pyruvate (Bio-
West, L0642), 100 U/mL penicillin and 100 pg/mL streptomy-
cin (Lonza, 17-602E). In the case of NKL cells, the medium was
also supplemented with 50 U/mL of recombinant human IL-2
(Peprotech). Cell cultures were maintained at 37°C in 5% CO,.

Cell hyperploidy was induced by treatment with 0.6 pg/mL
cytochalasin D, 100 nM nocodazole or 3 nM docetaxel (all
from Sigma, C8273, M1404 and 01885 respectively) for 48 h. In
some experiments, cells were treated with 20 uM salubrinal
(Sigma, SML0951), 1 uM GSK2606414 (Selleckchem, S7307),
10 M LY-294002 (Sigma, L9908) or 10 uM KU55933 (Tocris,
3544).

Peripheral blood mononuclear cells (PBMCs) were purified
by Ficoll*-HistoPaque-1077 (Sigma, 10771) gradient centrifuga-
tion from freshly isolated blood obtained from buffy coats. NK
cells were isolated from PBMCs using the EasySep® NK Cell
Enrichment kit (StemCell Technologies, 19055). The purity of
NK cells (~90 to 95%) was assessed by flow cytometry. PBMCs
or purified NK cells were grown in RPMI-1640 supplemented
with 10% FBS, 2 mM L-glutamine, 1 mM pyruvate, penicillin
and streptomycin. In some experiments, cells were treated with
recombinant human IL-2 (Peprotech), anti-human IL-2 recep-
tor (IL-2 sRe) blocking antibody (R&D systems) or cyclospor-
ine A (CsA) (Sigma, C3662).

Flow cytometry

Cell surface protein expression was evaluated by flow cytometry
using the following primary antibodies: Calreticulin (sc-6468-
R, Santa Cruz Biotechnology), MICA (MAB13002, R&D Sys-
tems), ULBP1 and ULBP2 (Bamomab, Cat.No. AUMO2 and
BUMOI1), ULBP3 (MABI1517, R&D Systems), Nectin-2 and
PVR (Clon TX31 and clon SKIL4, Biolegend), B7-H6
(MAB7144, R&D Systems) and HLA class I (W6/32). After



washing, cells were stained with a phycoerythrin (PE)-conju-
gated secondary antibody or fluorescein isothiocyanate (FITC)-
conjugated secondary antibody (AbD Serotec).

To determine immune cell subsets, cells were stained with
anti-CD3-FITC, anti-CD4-PerCP, anti-CD8-CFBlue, anti-
CD56-APC (all from Immunostep) and anti-CD56-PECy7
(eBiosciences) antibodies. The populations of immune cells
were defined as follows: CD4 T cells were defined as
CD3*CD4™, CD8 T cells were defined as CD3*CD8™, NK cells
were defined as CD37CD56". NK cell receptors were detected
by using anti-human NKG2D-PE (Miltenyi Biotec), DNAM-1-
PE, NKp30-APC, NKp44-APC and NKp46-Pacific Blue (all
from Biolegend) antibodies.

For intracellular quantification of IFN-y and IL-2, co-cul-
tures of PBMCs and hyperploid cells were incubated in culture
media with GolgiPlug (BD Biosciences, 555029), 50 ng/mL
phorbol myristate acetate (Sigma, P8139) and 1 pug/mL iono-
mycin (Sigma, 19657) for 5 h. Cells were stained for surface
antigens (CD3, CD4, CD8 and CD56) and incubated with a fix-
ation/permeabilization solution (BD Biosciences, Cytofix/Cyto-
perm, 555028) prior to the staining with anti-human IFN-y-PE
or IL-2-PE antibodies (Biolegend). Cell viability and apoptosis
were evaluated by staining with 7-amino-actinomycin D (7-
AAD, Sigma) and annexin V-FITC (Immunostep) following
the manufacturer’s protocols. Cells were analyzed in a BD
FACS Canto II™ flow cytometer and data were analyzed by
using the FACS Diva software.

Cell cycle analysis and cell proliferation assay

Cell cycle was analyzed by resuspending cells in 100 L of PBS
containing 100 ng/mL RNAse A and incubated for 15 min at
room temperature. Nuclei were stained by adding 400 uL of
propidium iodide solution (50 pg/mL in 0.1% sodium cit-
rate)*’; and cells were analyzed by flow cytometry. To simulta-
neously study cell cycle and MICA expression, cancer cells,
previously stained with a monoclonal MICA antibody, were
resuspended in 0.5 mL of culture medium and, then, Hoechst
33342 (Life Technologies; 10 jtg/mL) was added and cells were
incubated for 45 min at 37°C cells. Cell cycle and MICA
expression analyses were carried out by flow cytometry.

PBMCs or NK cells from healthy donors were labeled with
1 uM CEFSE (Sigma, 21888) for 10 min at 37°C. Labeling was
stopped with 5 volumes of cold complete media containing
10% FBS. After 2 washes, cells were co-cultured in complete
media with control and treated target cells at a ratio of 10:1
(PBMCs/NK cell:hyperploid cell) for 7 days. After culture, cells
were stained for CD3, CD4, CD8 and CD56 expression and the
proliferation of different immune cell subsets was determined
by flow cytometry. Cell proliferation was analyzed based on the
decrease in CFSE staining as a result of the dilution of the dye
with each cell division.

NK cell and hyperploid tumor cell co-cultures

NK cells isolated from healthy donors and expanded for 5 days
in the presence of recombinant IL-2 (100 ng/mL) were co-cul-
tured with cancer cells previously treated with hyperploidy-
inducing agents at a ratio of 1:5 (NK cell:hyperploid tumor
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cell) for 48 h. After incubation, samples were stained for CD3,
CD56, NKG2D, DNAM-I, NKp30, NKp44 and NKp46 and
analyzed in a BD FACS Canto II™ flow cytometer and data
were analyzed by FACS Diva software.

In vitro NK-mediated cytotoxicity assays

The analysis of the susceptibility of cancer cells to NK-medi-
ated lysis was performed as described previously.”> K-562,
HCT-116 and Hep-G2 cells were labeled with 5 uM CFSE and
seeded in 24-well plates. The day after, fresh complete media
with DMSO (vehicle), cytochalasin D (0.6 ug/mL), nocodazole
(100 nM) or docetaxel (3 nM) was added as indicated. After
48 h of treatment, effector NK cells were added and co-cultured
with the target cells for 4 h. Blocking experiments were per-
formed by incubating NK cells with «-NKG2D (sc-53501,
Santa Cruz Biotechnology), a-DNAM-1 antibodies (BD Bio-
sciences) and a-NKp30 (Biolegend) or a control IgG (sc-2025,
Santa Cruz Biotechnology), all at 15 ug/mL for 1 h prior to the
co-culture with target cells. Afterwards, cells were stained using
7-AAD to test cell viability, and the percent of specific NK-
mediated lysis was measured on a flow cytometer using the fol-
lowing formula: % NK-specific lysis = (% 7-AAD staining of
sample — % 7-AAD staining of negative control)/(100% 7-AAD
staining of negative control) x 100.

Transient tranfection of an ATM shRNA

K-562 cells were transfected with the pSuper.ATMi or the
empty pSuper plasmids (Addgene) using lipofectamine LTX
(Life Technologies, 15338-100), following the manufacturer’s
recommendations. After 72 h, cells were treated with cytochala-
sin D for 48 h and, then, the expression of MICA was assessed
by flow cytometry. Relative gene expression levels of ATM were
analyzed by real-time quantitative PCR. Primer sequences
were: ATM forward primer 5-TGGCTACAG ATTGCAACC-
CAA-3'; and ATM reverse primer 5-TGGTGTACGTTCCC-
CATGTC-3". The amplifications were done using the SYBR
Green PCR Master Mix (Applied Biosystems) and GAPDH
gene was used for normalizing the cDNA concentration of each
sample using the following primers: forward primer 5'-
CGGAGTCAACGGATTTGGTC-3'; and reverse primer 5'-
AATCATATTGGAACATGTAAACCATGTAGT-3'. All real-
time PCR reactions were performed using the ABI 7300
sequence detection system (Perkin-Elmer Applied Biosystems)
and the relative quantification in gene expression was deter-
mined following the 27*4°* method.

Western blotting

To obtain total protein extracts, cells were lysed in 50 mM Tris
(pH 7.4), 150 mM NaCl, 0.1% SDS, 1% Triton X-100, 1 mM
EDTA, 10 mM NaF, 1 mM dithiothreitol, complete inhibitor
mixture (Roche Applied Science) and phosphatase inhibitor
cocktail (PhosSTOP, Roche). Soluble proteins were then sepa-
rated by centrifugation at 15,000 x g for 5 min at 4°C. Protein
concentration was determined using BCA assay (Pierce). Fol-
lowing heat denaturation, samples containing 5 g of protein
were loaded on 10% SDS-PAGE gels. Proteins were then
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transferred to Immobilon-FL polyvinylidene fluoride mem-
branes (Millipore) and stained with Ponceau to verify that simi-
lar amounts of protein had been loaded. Blots were blocked
with 3% nonfat milk in TBS-T buffer (20 mM Tris at pH 7.4,
150 mM NacCl, 0.05% Tween 20), and incubated overnight at
4°C with antibodies against phospho-elF2c (1:1000, Cell Sig-
naling) and eIF2« (1:500, BioLegend). Finally, blots were incu-
bated with 1:10,000 secondary antibody conjugated with
horseradish peroxidase (HRP) (Jackson ImmunoResearch Lab-
oratories) in 1.5% nonfat milk in TBS-T. Immunoreactive
bands were developed with Immobilon Western chemilumines-
cent HRP substrate (Millipore).

Statistical analysis

Continuous variables were compared with Mann-Whitney U
test. The p values <0.05 were considered statistically significant.
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