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Recent studies demonstrated that autophagy is an important
regulator of innate immune response. However, the mechanism
by which autophagy regulates natural killer (NK) cell-mediated
antitumor immune responses remains elusive. Here, we demonstrate
that hypoxia impairs breast cancer cell susceptibility to NK-mediated
lysis in vitro via the activation of autophagy. This impairment was
not related to a defect in target cell recognition by NK cells but to the
degradation of NK-derived granzyme B in autophagosomes of
hypoxic cells. Inhibition of autophagy by targeting beclin1 (BECN1)
restored granzyme B levels in hypoxic cells in vitro and induced tu-
mor regression in vivo by facilitating NK-mediated tumor cell killing.
Together, our data highlight autophagy as a mechanism underlying
the resistance of hypoxic tumor cells to NK-mediated lysis. The work
presented here provides a cutting-edge advance in our understand-
ing of the mechanism by which hypoxia-induced autophagy
impairs NK-mediated lysis in vitro and paves the way for the for-
mulation of more effective NK cell-based antitumor therapies.

hypoxic tumor microenvironment | innate immunity |
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he major obstacle to defining an efficient immunotherapy

protocol for the treatment of solid tumors is the capacity of
the tumor microenvironment (TME) to inhibit the host immune
response at both the local and systemic levels (1). The TME is
a complex, dynamic structure composed of malignant cells and
cells that influence cancer evolution, such as endothelial and
immune cells (2). The TME is an important aspect of cancer
biology, as it can promote neoplastic transformation, support
tumor growth and invasion, protect tumors from host immunity,
foster therapeutic resistance, and provide niches for dormant
metastases (3). Natural killer (NK) cells are large, granular
CD3—/T-cell receptor—/CD56+ lymphocytes that play a funda-
mental role in antitumor innate immunity (4) and participate in
tumor immunosurveillance. They can kill tumor cells directly via
the engagement of death receptors [Fas and TRAIL (Tumor ne-
crosis factor-Related Apoptosis-Inducing Ligand)] and the release
of perforin- and granzyme-containing granules; or indirectly
via antibody-dependent cell-mediated cytotoxicity (5, 6). The
role of NK cells in tumor regression was investigated by several
studies showing that tumor infiltration by NK cells predicts a fa-
vorable outcome for several cancers (7-10). The activity of NK
cells is regulated by the expression of activating and inhibitory
receptors that together dictate the fate of target tumor cells. The
function of NK cells is inhibited by the interaction between HLA
class I molecules, expressed on the surface of target cells, and killer
cell Ig-like receptors (KIR) and/or CD94/NKG2A, expressed on
the surface of NK cells (11). The activation of NK cells is mediated
by NKp46, NKp30, and NKp44, as well as CD226 and NKG2D.
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The up-regulation of stress-inducible proteins on the surface of
cancer cells, such as MHC class I-related chain (MIC) A and B
ligands and UL16-binding proteins (ULBPs), leads to the activa-
tion of NK cells through the engagement of NKG2D (12). The loss
of HLA class I expression and the up-regulation of MICA/B and
ULBP1 is a common characteristic of tumors (13), which makes
them targets for NK-mediated lysis (14).

Accumulating data suggest that a hypoxic microenvironment
protects cancer cells from the antitumor immune response by
multiple overlapping mechanisms (reviewed in ref. 15). We re-
cently reported that under hypoxic conditions, tumor cells resist
antigen-specific cytotoxic T-lymphocytes (CTL)-mediated lysis in
a signal transducer and activator of transcription 3 (STAT3)-
dependent manner (16). Hypoxia also contributes to the
reprogramming of dendritic cells (DCs) and perpetuates in-
flammation via the induction of a proinflammatory DC phe-
notype (17). Under hypoxia, tumor cells release a number of
chemokines, such as endothelial monocyte-activating poly-
peptide II (EMAP-II) (18), vascular endothelial growth factor
(VEGF) (19), endothelin 2 (20), and monocyte chemotactic
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blocking autophagy restored NK-mediated lysis in vitro, and
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to achieve more effective NK-based anticancer immunotherapy.
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Fig. 1. Hypoxia-induced autophagy decreases the susceptibility of breast
cancer cells to NK-mediated lysis in vitro. (A) Cytotoxicity assays were per-
formed in duplicate using NK cells isolated from eight healthy donors (D1 to
D8) at 5/1 or 1/1 E/T (Effector/Target) ratios on normoxic (N) or hypoxic (H)
MCF-7 cells. Cell death was assessed by flow cytometry using TO-PRO-3. (B,
Upper) Cells were cultured under normoxia (N) or hypoxia (H) conditions for
16 h. The expression levels of hypoxia inducible factor 1o, p62, and LC3 were
assessed by immunoblot. (B, Middle) Untreated (—CQ) or chloroquine (60
uM) treated (+CQ) cells cultured under normoxia (N) or hypoxia (H) were
assessed by immunoblot for the expression of LC3. (B, Lower) GFP-LC3
expressing normoxic or hypoxic MCF-7 cells were analyzed by fluorescence
microscopy for the autophagosome formation (dots). (Scale bar, 10 pm.) (C)
MCF-7 cells were cultured under normoxia, hypoxia, or starvation [Earle’s
balanced salt solution (EBSS)]. Cytotoxicity assays were performed using NK
cells isolated from a healthy donor (D12). The percentage of tumor cell lysis
is reported as an average (+SEM) of three experiments performed. Statisti-
cally significant differences are indicated by asterisks (*P < 0.05; **P < 0.005;
***P < 0.0005). (D, Upper Left) Autophagy-competent and -defective MCF-7
cells were generated by culturing cells expressing BECN1 under the control
of a tetracycline-responsive promoter (BECN1) in the absence (=) or presence
(+) of doxycycline (100 ng/mL), respectively. Beclin1 expression was assessed
by immunoblot. (D, Right) The formation of autophagosomes (dot-like
structures) in autophagy-competent (—Dox) and autophagy-defective (+Dox)
hypoxic cells was assessed using immunofluorescence microscopy with an
Alexa-Fluor-488-coupled LC3 antibody. Nuclei were stained with DAPI.
(Scale bar, 10 um.) (D, Lower Left) Cytotoxicity assays were performed on
autophagy competent (BECN1+) or defective (BECN1-) MCF-7 cells cultured
under normoxic (N) or hypoxic (H) conditions with NK cells isolated from
a healthy donor (D13). The percentage of tumor cell lysis is reported as an
average (+SEM) of three experiments, and statistically significant differences
are indicated by asterisks (*P < 0.05).

protein-1 (MCP-1/CCL2) (21). The secretion of such cytokines
leads to the accumulation of tumor-associated macrophages
(TAM) and regulatory T-cells (Treg). TAM and Treg cells
produce transforming growth factor-p and suppress the pro-
liferation and activity of NK cells (22). In addition, it has been
proposed that hypoxia contributes to the escape of prostate tu-
mor cells from NK-mediated immunosurveillance by increasing
the shedding of MIC molecules (23).

It is well established that the adaptation of cancer cells to
hypoxic stress can also occur through the activation of autoph-
agy, which is a process responsible for the degradation and
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recycling of long-lived proteins and cytoplasmic organelles in well-
characterized structures named autophagosomes. Recently, the
role of autophagy was expanded to include immunological func-
tions, including interactions with the immune system in the TME
(16, 24, 25). Although these studies highlight autophagy as an im-
portant player in the regulation of cancer immunity, no data are
currently available that address the mechanisms by which autoph-
agy regulates NK-dependent immune responses during hypoxia.

While clinical trials using NK-based immunotherapy have
shown promising results for the treatment of hematological ma-
lignancies, solid tumors are frequently resistant to this therapy.
Understanding the molecular mechanisms that underlie tumor
escape from NK-mediated surveillance remains an issue of major
interest. In this report, we demonstrate that hypoxia reduces
breast cancer cell susceptibility to NK-mediated lysis by a mech-
anism involving the activation of autophagy and the subsequent
degradation of NK-derived granzyme B (GzmB) in vitro. We
provide in vivo evidence that blocking autophagy in hypoxic
tumors induces tumor regression by facilitating NK-mediated
elimination. This study highlights autophagy as a unique mecha-
nism of tumor cell resistance to NK-mediated lysis.

Results

Hypoxia-Induced Autophagy in Breast Cancer Cells Decreases
Susceptibility to NK-Mediated Lysis. We investigated whether
hypoxia impairs NK-mediated lysis of MCF-7 breast adenocar-
cinoma cells. Using NK cells isolated from the peripheral blood
monocellular cells (PBMC) of eight healthy donors (D1 to D8),
we demonstrated (Fig. 14) that despite the interindividual var-
iability of NK cell cytolytic potential, the percentage of hypoxic
(H) MCF-7 cell lysis by NK cells was decreased compared with
that of normoxic (N) MCF-7 cells in all cases.

This impairment correlated with the induction of the auto-
phagic flux as indicated by the degradation of p62/Sequestosome 1
(SQSTM1), the accumulation of microtubule-associated protein
light chain-3 II (LC3-II) in chloroquine (CQ)-treated cells and the
formation of autophagosomes in hypoxic cells (Fig. 1B and Fig.
S1A4). Time-lapse video microscopy of GFP-LC3-expressing nor-
moxic or hypoxic MCF-7 cells (Fig. S1B) cocultured with PKH-26—
stained NK cells confirmed that normoxic tumor cells were effi-
ciently lysed by NK cells (Movie S1) compared with hypoxic tumor
cells, which displayed several autophagosomes (Movie S2). In
addition, time-lapse video microscopy performed under the same
conditions using propidium iodide provided compelling evidence
that normoxic tumor cells underwent NK-mediated cell death
(Movie S3) compared with hypoxic tumor cells (Movie S4). Sim-
ilar results were obtained using the T47D breast cancer cell line
(Fig. S1C), which confirms that the impairment of breast tumor
cell susceptibility to NK-mediated lysis during hypoxia is not re-
stricted to the MCEF-7 cell line. In addition, we demonstrated that,
independently of hypoxia, autophagy induction by other stimuli
(e.g., starvation) also impairs NK-mediated lysis (Fig. 1C). To
determine the extent to which the induction of autophagy is
implicated in the impairment of NK-cell-mediated lysis, we
used the MCF-7 cell line expressing Beclinl (MCF-75gcN1)
under the control of a tetracycline-responsive promoter (tet-
off). Using this cell line, autophagy-competent (MCF-7ggcniy)
or autophagy-defective (MCF-7ggcni—) MCF-7 cells can be gen-
erated by culturing cells in the absence (—) or presence (+) of
doxycycline, respectively (Fig. 1D, Upper Left and Right). Cytotoxic
assay (Fig. 1D, Lower Left) clearly demonstrated that NK cells kill
autophagy-deficient (BECN1—) MCF-7 cells more efficiently than
autophagy-competent (BECN1+) MCF-7 cells under hypoxic con-
ditions. Similar results were obtained in ATGS-deficient MCF-7
cells (Fig. S1D). These data indicate that autophagy itself is
a key determinant in the impairment of NK-mediated lysis of
MCF-7 tumor cells.
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Fig. 2. Hypoxia-induced autophagy impairs tumor cell susceptibility to NK-
mediated lysis without affecting NK cell function. (A) Autophagy-competent
(BECN1+) and -defective (BECN1-) MCF-7 cells cultured under normoxia (N)
or hypoxia (H) were assessed by flow cytometry for the expression of MHC
class | molecules and NK cell-activating NKG2D ligands . Fluorescence in-
tensity is reported as an average (+SEM) of three experiments. Statistically
significant differences are indicated by asterisks (*P < 0.05; **P < 0.005;
***P < 0.0005). (B) BECN1+ or BECN1— MCF-7 cells were pretreated with
mouse IgM anti-pan HLA class | A6-136 mAb and incubated under normoxic
(N) or hypoxic (H) conditions before presentation to NK cells at a 5/1 E/T
ratio. The percentage of target cell lysis is reported. Statistically significant
differences are indicated by asterisks (**P < 0.005). (C) BECN1+ or BECN1—
MCF-7 cells cultured under normoxia (N) or hypoxia (H) were incubated with
NK cells. The percentage of conjugate formation at indicated time was de-
termined by flow cytometry. Results are reported as an average (+SEM) of
three independent experiments. No statistically significant differences were
observed. (D) NK cells as effectors (E) were cultured alone or with normoxic
(N) or hypoxic (H) MCF-7 cells at a 5/1 E/T ratio. The level of CD107a (a
degranulation marker) on the surface of the NK cells was assessed by flow
cytometry. Fluorescence intensity is reported as an average (+SEM) of five
experiments performed with NK cells from different donors. (E) Normoxic (N)
or hypoxic (H) MCF-7 cells were loaded with exogenous, activated granzyme
B (0.8 pg/mL) using the pore-forming protein streptolysin-O. The percentage of
cell death was determined by flow cytometry. Results are reported as an av-
erage (+SEM) of three experiments. (F) PKH-26-stained normoxic or hypoxic
MCF-7 cells (red) were cocultured with YT-Indy-NK cells expressing GFP-GzmB
(green) at 5/1 E/T ratio. The content of NK-derived GFP-GzmB in target cells
was monitored after 30 min of coculture by a Zeiss laser-scanning confocal
microscope (LSM-510 Meta) with a 60x oil immersion objective. (Scale bar,
10 pm.) (G) Autophagy-competent (BECN1+) or -defective (BECN1-) MCF-7 cells
were incubated under normoxia (N) or hypoxia (H) and cocultured with NK
cells at 5/1 E/T ratio for 0 and 30 min. Following separation, tumor cells were
lysed and subjected to immunoblot for the intracellular GzmB content. NK cell
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Impaired NK-Mediated Lysis of Hypoxic Tumor Cells Is Not Related to
a Defect in Tumor Cell Recognition by NK Cells. We investigated
whether the resistance of hypoxic tumor cells to NK-mediated
lysis is related to an increase in NK-inhibitory MHC class I
molecules or a decrease in NK-activating NKG2D ligands on the
cell surface. Among all analyzed molecules (Fig. 24), only HLA-
A, B, and C were found to be significantly up-regulated on the
surface of autophagy competent hypoxic MCF-7 cells [BECN1+
(H)] and down-regulated on autophagy-defective cells cultured
under the same conditions [BECN1- (H)]. We next investigated
whether the resistance of hypoxic MCF-7 cells to NK-mediated
lysis was related to an increase in HLA class I molecules. Our data
demonstrated that even when HLA class I molecules are blocked,
the lysis of hypoxic (BECN1-) MCF-7 cells is significantly im-
proved compared with hypoxic (BECN1+) MCF-7 cells (Fig. 2B).
We therefore suggest that independently of HLA class I ex-
pression level, the autophagic status of target cells plays a key
role in the resistance to NK-mediated lysis in our model. Simi-
larly, the data presented in Fig. 2C demonstrated a time-dependent
increase in the percentage of conjugates between NK and tumor
cells, but no significant difference in conjugate formation was
observed between autophagy-competent (BECN1+) and -defective
(BECN1-) cells cultured under normoxic or hypoxic conditions.
Representative images from time-lapse experiments support the
conclusion that NK cells maintain their ability to interact with
hypoxic cells in our model (Fig. S2). We also addressed whether the
degranulation activity of NK cells was affected by hypoxic tumor
cells. Fig. 2D showed a basal level of CD107a on the surface of NK
cells cultured alone (E), but a significantly higher level was detected
when NK cells were cocultured with normoxic or hypoxic tumor
cells (E/T). As no difference in the level of CD107a was observed
when NK cells were cocultured with normoxic and hypoxic tumor
cells, the resistance of hypoxic tumor cells to NK-mediated lysis
does not appear to be related to a defect in NK activity. Our results
further suggest that resistance is dependent on an intrinsic mech-
anism that makes tumor cells less sensitive to the cytotoxic granules
released by NK cells. This hypothesis was supported by data (Fig.
2E) demonstrating that under conditions where normoxic and
hypoxic tumor cells were treated with the pore-forming protein
streptolysin-O, GzmB only killed normoxic cells.

In Vitro Hypoxic Tumor Cells Degrade NK Cell-Derived Granzyme B in
Lysosomes via Autophagy. To investigate the mechanism underlying
the observed reduction of GzmB-mediated killing of H cells, we
analyzed the intracellular GzmB content of target cells. PKH-
26-stained normoxic or hypoxic MCF-7 cells were cocultured
with YT-Indy-NK cells expressing GFP-GzmB. Significantly
lower levels of GFP-GzmB were detected in hypoxic cells than in
normoxic (N) cells (Fig. 2F). We next evaluated whether targeting
autophagy by knocking down BECNI restores GzmB level in
hypoxic cells. Our results demonstrated that the level of GzmB is
restored in BECN1-defective cells (Fig. 2G). As the NK-medi-
ated lysis of hypoxic cells was also restored by targeting ATGS,
it remains to be determined whether the level of GzmB was
affected in ATG5-defective cells. Nevertheless, these results
suggest that following its delivery to hypoxic cells, GzmB is
loaded into autophagosomes and subsequently degraded in
lysosomes. This was further supported by our data (Fig. 2H)
showing that the level of GzmB was restored by autophagy and
lysosomal hydrolases inhibitors chloroquine and e64d/Pepstatin,

lysate was used as a control for GzmB detection. The expression of LC3 was
reported as a marker for autophagy. (H) Normoxic (N) or hypoxic (H) MCF-7
cells were cultured alone (=) or with NK cells (+) at 5/1 ratio for 30 min in the
presence (+) or absence (-) of chloroquine (CQ) or e64d/pepstatin. Tumor
cells separated from NK were subjected to immunoblot analysis to evaluate
the intracellular GzmB and perforin content.
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Fig. 3. Invitro tumor cells degrade NK cell-derived granzyme B in lysosomes
via autophagy. (A) NK cells were cocultured with autophagy-competent
(BECN1+) or -defective (BECN1-) normoxic or hypoxic MCF-7 cells. Cell lysates
of separated tumor cells were subjected to subcellular fractionation. Frac-
tions 1 to 12 were characterized by Western blot using the indicated anti-
bodies. * indicates an unspecific band. (B) Chloroquine-treated hypoxic MCF-
7 cells (T) were cocultured with GzmB-GFP-expressing NK cells (E). Target
cells were stained with an Alexa-Fluor-568-coupled rabbit anti-LC3 antibody
to visualize autophagosomes (red) and with DAPI to stain nuclei (blue).
Colocalization of GzmB with LC3 in autophagosomes was visualized by
confocal microscopy using a 100x oil immersion objective. An enlarged im-
age (400x) of the overlay (box) is shown. (Scale bar, 10 pm.) (C) Chloroquine
treated GFP-LC3 —-expressing MCF-7 cell were cultured under hypoxia stained
with anti-EEA1 Alexa-Fluor-568-coupled anti-rabbit IgG antibody (red) and
DAPI for nuclei. Cells were analyzed by confocal microscopy. The overlay
image shows colocalization of LC3 and EEA1 (yellow dots). (Scale bar, 10 um.)

respectively. In contrast, the level of perforin in target cells was
not affected by hypoxia or autophagy inhibition (Fig. 2H). The
subcellular distribution of NK-derived GzmB was further analyzed
by fractionation of autophagy-competent (BECN1+) or -defective
(BECN1-) MCF-7 cells cultured under normoxic or hypoxic
conditions. Fig. 34 showed a dramatic difference in the distribu-
tion pattern of GzmB between normoxic and hypoxic (BECN1+)
cells. GzmB is mostly present in fractions 4 to 11 in normoxic cells;
however, it is exclusively detected in fraction 2 and to a lesser
extent in fraction 3 in hypoxic cells. Interestingly, the GzmB-con-
taining fractions 2 and 3 are positive for LC3 (autophagosomes)
and Rab5 (endosomes), suggesting that these fractions may corre-
spond to amphisomes (structures generated from the fusion of
autophagosomes and late endosomes). Taken together, these
results suggest that endosomes containing GzmB and perforin fuse
with autophagosomes upon activation of autophagy in hypoxic
cells, leading to the specific degradation of GzmB. The selectivity
of GzmB degradation by autophagy was further supported by our
data demonstrating that inhibition of the autophagy cargo protein
p62 restores GzmB level in hypoxic targets (Fig. S3). Importantly,
targeting autophagy in hypoxic cells dramatically changes the
subcellular distribution of GzmB to a profile similar to that ob-
served in normoxic cells. The presence of NK-derived GzmB in
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autophagosomes of hypoxic cells was further confirmed by immu-
nofluorescence data showing colocalization of GzmB-GFP with
autophagosomes (LC3-stained structures) (Fig. 3B); those auto-
phagosomes also contained the endosomal marker EEAL1 (Fig. 3C).

Targeting Autophagy Increased NK-Mediated Tumor Regression in
Vivo. To assess whether inhibition of autophagy improves NK-
mediated tumor regression in vivo, we used two aggressive
syngeneic murine models: B16-F10 melanoma tumors and 4T1
breast carcinoma tumors. B16-F10 tumors have been previously
reported as highly hypoxic, with a selective activation of autophagy
in hypoxic zones (16), and 4T1 tumors have been reported as a
suitable experimental animal model for human mammary cancer
(26). We first evaluated whether host NK cells affect B16-F10
and 4T1 tumor growth in C57BL/6 and BALB/c mice, respec-
tively. To address this issue, control (NK+) and NK-depleted
(NK-) mice, which were generated by repeated injection of nor-
mal rabbit IgG and antiasialo GM1, respectively, were engrafted
with B16-F10 or 4T1 cells. The efficiency and selectivity of anti-
asialo GM1 in depleting murine NK cells in C57BL/6 and BALB/c
mice are shown in Fig. S44. The data presented in Fig. 44 dem-
onstrated a significant increase in B16-F10 and 4T1 tumor volume
in NK— mice compared with NK+ mice, indicating that NK cells
play a role in B16-F10 and 4T1 tumor regression in vivo. To de-
termine the impact of autophagy on NK-mediated lysis in vivo, we
analyzed the growth of autophagy-defective (BECN1-) B16-F10
and 4T1 tumor cells in both NK+ and NK— mice. B16-F10ggcni—
and 4T1ggcni- cells were generated using BECN1 shRNA lenti-
viral particles. B16-F10 and 4T1 cells infected with scrambled
shRNA-expressing vectors (B16-F10ggcny and 4T 1ggceny) Were
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Fig. 4. Targeting autophagy in vivo improves tumor elimination by NK cells.
(A) Control (NK+) and NK-depleted (NK-) C57BL/6 (Left) or BALB/c (Right) mice
were engrafted with B16-F10 murine melanoma cells and 4T1 mammary
carcinoma cells, respectively. Tumor growth in NK+ and NK— C57BL/6 (n = 7)
and BALB/c (n = 10) mice was monitored using caliper measurements on the
indicated days. Statistically significant differences in tumor volume are in-
dicated by asterisks (*P < 0.05; **P < 0.005). (B) Autophagy-competent
(BECN1+) or -defective (BECN1—) B16-F10 or 4T1 cells were injected s.c.
(Left) or in the mammary fat pad (Right), respectively, in control (NK+)
and NK-depleted (NK-) C57BL/6 (n = 7) and BALB/c (n = 10) mice. Tumor
growth was monitored using caliper measurements on the indicated days.
Statistically significant differences are indicated by asterisks (*P < 0.05).
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used as autophagy-competent control cells. Stable clones of B16—
F10ggcni— and 4T1ggceni— cells were selected, and their in vitro
growth was determined (Fig. S4B). The in vivo experimental de-
sign is shown in Fig. S4C. Fig. 4B demonstrated that in NK+ mice,
the volume of B16-F10ggcni— and 4T1ggcng— tumors (red curves)
was significantly reduced compared with that of BECN1+ tumors
(black curves). This reduction is most likely due to the ability of
NK cells to eliminate autophagy-defective cells more efficiently
than autophagy-competent cells. Consistent with this hypothesis, in
NK-depleted mice (NK-), the regression of BECN1— tumors was
no longer observed (gray vs. red curves). Taken together, these
results suggest that blocking autophagy in tumors facilitates and
improves their elimination by NK cells in vivo.

Discussion

In this report, we identify autophagy as a major player in the
resistance of breast cancer cells to NK-mediated lysis. Our in
vivo data validate this concept and highlight the inhibition of
autophagy as a potential therapeutic approach to improve NK-
based cancer immunotherapy. In addition, this report elucidates
the mechanism by which autophagy impairs the susceptibility of
tumor cells to NK-mediated killing. This study demonstrates that
the activation of autophagy under hypoxic conditions causes the
degradation of NK-derived GzmB in vitro, which compromises
the ability of NK cells to eliminate tumor cells. As the impair-
ment of NK-mediated lysis of tumor cells was also observed
under starvation conditions, it remains important to determine
whether the degradation of GzmB occurs independently of the
nature of stimuli involved in the activation of autophagy in target
tumor cells.

NK-based immunotherapy is a promising therapy for solid and
hematologic cancers, and it can potentially be combined with
chemotherapy, radiation, or monoclonal antibody therapy (27).
One of the major obstacles for defining successful NK-based
therapeutic protocols is the ability of tumor cells to activate
several mechanisms that lead to tumor escape from NK-medi-
ated lysis. Extensive efforts have been made in recent years to
identify these mechanisms (28). Inefficient killing of tumor cells
by NK cells may be due, in part, to the down-regulation of
NKG2D-activating ligands on the surface of tumor cells. Con-
sistent with this hypothesis, hypoxia has been reported to in-
crease the shedding of MIC from the surface of prostate cancer
cells (23). In MCF-7 cells, however, we did not detect any de-
crease in the expression of MIC on the surface of H cells, which
suggests that in our model, resistance to NK-mediated killing is
not related to modulation in the expression of this NKG2D
ligand. Interestingly, our data demonstrate a significant up-reg-
ulation of the expression of NK cell-inhibiting MHC class I
molecules on the surface of hypoxic cells. Although the causal
mechanisms underlying this increase remain unknown, our result
indicated that resistance to NK-mediated lysis under hypoxia
occurs independently of MHC class I expression levels. In addi-
tion, it is unlikely that resistance is related to a defect in NK/target
cell interaction, as no difference in the formation of conjugates
between NK cells and normoxic or hypoxic cells was observed.
Based on these data, we exclude the possibility of autophagy-
induced destabilization of the immunological synapse in hypoxic
tumor cells, as recently described (29). Our results provide evidence
that there is no difference in the degranulation level of NK cells
when cocultured with normoxic or hypoxic cells. This eliminates the
possibility of a defect in the cytotoxic potential of NK cells toward
hypoxic tumor cells as a mechanism of resistance. Having demon-
strated that NK cells fulfill their cytotoxic functions toward both
hypoxic (H) and normosxic (N) cells, and that exogenous GzmB was
unable to kill hypoxic tumor cells, we propose that autophagy
operates as an intrinsic resistance mechanism in tumor cells.

The delivery of the lytic effector proteins perforin and gran-
zymes to target cells occurs by at least three mechanisms. GzmB
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can be taken up by endosomes within the target cell by fluid-phase
endocytosis or by mannose 6—phosphate receptor (M6PR)-medi-
ated endocytosis (30). The third mechanism involves heat shock
protein 70 (HSP70) bound to GzmB at the cell surface (31). We
did not detect any differences in the cell surface expression of
HSP70 or M6PR of normoxic and hypoxic cells (Fig. S5). These
results rule out a defect in the transfer of the lytic effector
proteins, perforin and granzymes, to hypoxic target cells. It is still
debated whether granzymes enter via perforin pores formed at the
plasma membrane or whether perforin and granzymes are endo-
cytosed with subsequent release of granzymes from endosomes into
the cytoplasm (32). Recent studies indicated that perforin activates
clathrin- and dynamin-dependent endocytosis, which removes
perforin and granzymes from the plasma membrane to enlarged
early endosomes called “gigantosomes.” Subsequently, perforin
forms pores in the gigantosome membrane, allowing for the gradual
release of GzmB (33). Once released inside target cells, GzmB
initiates apoptotic cell death. It has been reported that early
endosomes can fuse with autophagic vacuoles to form amphisomes.
This seems to be a prerequisite for the maturation of autophagic
vacuoles, their subsequent fusion with lysosomes, and the formation
of autophagolysosome (34). Based on these findings, we propose
that during the intracellular trafficking, GzmB is subjected to
degradation in autophagosomes under hypoxic conditions in vitro.
Several data reported in this study support such a mechanism: i) the
level of NK-derived GzmB detected in hypoxic cells is significantly
lower than that in normoxic cells; i) inhibition of autophagy by
targeting BECNI1 restores the level of GzmB and subsequently
restores NK-mediated lysis of hypoxic cells; and iii) NK-derived
GzmB is detected in LC3- and Rab5-positive cellular compart-
ments, suggesting its presence within amphisomes in hypoxic
cells. Together, our data identify a potential mechanism by which
autophagy impairs the susceptibility of tumor cells to NK-mediated
lysis in vitro. A schematic representation of this mechanism is pro-
vided in Fig. S6.

To evaluate the impact of autophagy on the regulation of NK-
mediated immune responses to tumors in vivo, we used C57BL/6
and BALB/c mice transplanted with syngeneic murine B16-F10
melanoma and 4T1 breast adenocarcinoma tumor cells. The use
of B16-F10 transplantation in mice to evaluate the role of
autophagy in vivo provides several advantages, as previously
reported (16). Our results clearly demonstrate that NK cells con-
trol B16-F10 and 4T1 tumor development in vivo, as the depletion
of NK cells dramatically increases tumor growth. After establishing
the role of NK cells in the control of both B16-F10 and 4T1 tumor
growth, we further demonstrated that the growth of genetically
engineered autophagy-defective B16-F10 and 4T1 cells was sub-
stantially inhibited in immunocompetent mice. Our data, demon-
strating that an inhibition of tumor growth was no longer observed
when NK cells were depleted, highlight the key role of autophagy
in the impairment of NK-mediated tumor cell killing in vivo.

The TME plays a critical role in the control of immune pro-
tection by a number of overlapping mechanisms, which ulti-
mately lead to tumor evasion from immunosurveillance. Tumors
have evolved to use hypoxic stress to their own advantage by
activating key biochemical and cellular pathways that are im-
portant for progression, survival, and metastasis. In this regard,
our study underlines the inhibition of autophagy as a cutting-
edge approach for the formulation of more effective NK-based
cancer immunotherapies. Although there are several ongoing
clinical trials using NK cells for cancer treatment, this study
highlights the importance of integrating autophagy inhibitors as
an innovative strategy in NK-based cancer immunotherapy.

Materials and Methods

Cytotoxicity Assay. Target cells were labeled with 10 pM of CellTrace car-
boxyfluorescein diacetate succinimidyl ester (CFSE) (Invitrogen), coincubated
with effector cells at 1/1 and 5/1 effector to target cell (E/T) ratios for 4 h at
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37 °C and analyzed by flow cytometry (FACSCanto). TO-PRO-3 (Invitrogen)
was used to assess cell death. HLA-class | was blocked using a mouse IgM
anti-pan HLA class | A6-136 mAb (35).

Granzyme B Transfer. YT-INDY-NK cells (1.25 x 106) were coincubated with
target cells (E/T ratio: 5/1) at 37 °C for 0 and 30 min, washed twice with a solution
of 1% (vol/vol) FCS and 2 mM EDTA in PBS, and submitted to high-speed vor-
texing to disrupt E/T conjugates. Target cells were separated from NK cells using
a CD56 MicroBeads kit (Miltenyi Biotec). The purity of the fraction containing
the target MCF-7 cells was assessed by flow cytometry (FACSCanto). The pres-
ence of granzyme B in target cells was evaluated by immunoblot. The transfer
of granzyme B to target cells was also assessed using a Laser scanning micros-
copy (LSM)-510-Meta (Carl Zeiss) after coincubation with GFP-granzyme
B-expressing YT-INDY-NK cells.

Subcellular Fractionation. Normoxic or hypoxic MCF-7 cells were treated with
e64d and pepstatin before coincubation with YT-INDY-NK cells for 30 min at
37 °C. Following separation from NK cells, subcellular fractionation of the
target cells was performed according the protocol established by Fulvio
Reggiori (Department of Cell Biology, University Medical Centre Utrecht,
Utrecht, The Netherlands) to isolate autophagosomes. Details of the ex-
perimental procedure are described in the S/ Materials and Methods.

In Vivo Experiments. Ten-week-old C57BL/6 or 7-wk-old BALB/c female mice
were injected s.c. with anti-asialo GM1 antibody (3.8 mg per mouse)
(Cedarlane CL8955) at indicated days to generate NK-depleted mice (NK-).
The experimental design is presented in Fig. 4B, Upper. Control (NK+) mice
were injected with normal rabbit IgG (3.8 mg per mouse) (Dako). Three
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days after the first NK cell depletion, mice were injected with tumor cells.
C57BL/6 mice were injected s.c. with control (B16-F10ggcn1,) or autophagy-
defective (B16-F10gecn1—) B16-F10 cells (2.3 x 10° cells per mouse). BALB/c mice
were injected orthotopically in the mammary fat pad with control (4T 1ggcni4) OF
autophagy-defective (4T1geeni-) 4T1 cells (5 x 10* cells per mouse). Tumor
growth was monitored using caliper measurements on the indicated days, and
tumor volume was calculated as follows: Volume (cm®) = (width x length x
height) x 0.5236. C57BL/6 and BALB/c mice were killed on days 15 and
20, respectively. Animal experiments have been approved by the national and
institutional (CRP-Sante) review boards responsible for animal studies in
Luxembourg.
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