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NK cells are endowed with tumor killing ability, nevertheless most cancers
impair NK cell functionality, and cell-based therapies have limited efficacy in
solid tumors. How cancers render NK cell dysfunctional is unclear, and over-
coming resistance is an important immune-therapeutic aim. Here, we identify
autophagy as a central regulator of NK cell anti-tumor function. Analysis of
differentially expressed genes in tumor-infiltrating versus non-tumor NK cells
from our previously published scRNA-seq data of advanced human prostate
cancer shows deregulation of the autophagic pathway in tumor-infiltrating NK
cells. We confirm this by flow cytometry in patients and in diverse cancer
models in mice. We further demonstrate that exposure of NK cells to cancer
deregulates the autophagic process, decreases mitochondrial polarization and
impairs effector functions. Mechanistically, CCAAT enhancer binding protein
beta (C/EBPpB), downstream of CXCL12-CXCR4 interaction, acts as regulator of
NK cell metabolism. Accordingly, inhibition of CXCR4 and C/EBPf3 restores NK
cell fitness. Finally, genetic and pharmacological activation of autophagy
improves NK cell effector and cytotoxic functions, which enables tumour
control by NK and CAR-NK cells. In conclusion, our study identifies autophagy
as an intracellular checkpoint in NK cells and introduces autophagy regulation
as an approach to strengthen NK-cell-based immunotherapies.

Immunotherapies represent a groundbreaking discovery in the field
of cancer and hold promise for revolutionizing tumor treatment.
Among them, T-cell transfer therapies have been applied to treat a
broad range of tumors with promising results'. However, the efficacy
of T cell-based approaches relies on tumor antigen presentation and
expression of major histocompatibility complex (MHC) molecules
and it is affected by the engagement of checkpoints that hamper T

cell activation. As a consequence, T cell-based immunotherapies
showed limited clinical benefits, and innate cells, including natural
killer (NK) cells, are now under investigation as candidates for novel
strategies that harness innate immunity* . NK cells are specialized
immune effector cells endowed with the ability to spontaneously
identify and kill stressed, foreign, infected, and transformed cells”*.
NK cells are featured by a robust cytotoxic activity, based on the
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release of cytolytic granules and cytotoxic cytokines as well as on the
antibody-dependent cellular cytotoxicity (ADCC) mechanism®'°. In
addition, NK cells shape the anti-tumor adaptive immune response
and engage with lymphoid and dendritic subsets in the tumor-
microenvironment (TME)*". NK cell-mediated killing is independent
from human leukocyte antigen (HLA)-restriction and it is orche-
strated by a repertoire of activating and inhibitory receptors that
recognize germline-encoded ligands expressed by transformed cells.
Importantly, the absence of class I MHC molecules, often down-
regulated in cancer cells, hampers T-cell recognition but triggers NK
elimination of tumor cells. As a consequence, NK cells may overcome
resistance to T cell-based therapies, and they are attractive candi-
dates for cancer therapy. Importantly, an increased abundance of NK
cells in cancer patients is associated with improved overall survival in
most solid tumors®. Adoptive transfer of allogenic NK cells and NK
cell lines proved to be safe and showed encouraging efficacy in
clinical trials in some hematological malignancies . The promising
initial successes obtained in treating hematological cancers further
prompted the use of this therapeutic approach in solid tumors.
However, despite the potent anti-tumor effect observed in pre-
clinical models of different cancer types”°, NK cell clinical efficacy
is still insufficient in most settings. A major challenge is represented
by the fact that, within the TME, NK cells have to deal with a highly
immune-suppressive milieu responsible for their functional exhaus-
tion. Within the tumor, NK cells are exposed to extracellular factors
secreted by cells of the TME, resulting in a profound alteration of
their transcriptional profile, differentiation status, and metabolic
program, ultimately leading to the loss of their effector functions®?.
Therefore, strategies to increase the efficacy of NK-based immu-
notherapies are needed”. Knowledge of the pathways involved in NK
cell activation and mechanisms exploited by tumor cells to hinder NK
cell functionality will conduce to ad hoc strategies able to endow NK
cells with superior tumor killing.

Autophagy is a highly evolutionary conserved process involved
in the degradation of cellular components, including lipids, proteins,
large aggregates, and organelles, sequestered in double-membrane
autophagosomes that fuse with lysosome for degradation®. Autop-
hagy allows the cell to survive in homeostatic conditions, the so-
called “Goldilocks Zone”, and in response to stress by preventing cell
death pathway activation. Consequently, a severe impairment of
autophagy is detrimental to the cell”. At the same time, excessive
activation of the autophagy machinery may result in cell death and,
as a consequence, autophagy needs to be tightly regulated®. Several
works demonstrated the key role of autophagy in regulating
differentiation, survival, proliferation, and effector functions of
innate and adaptive immune cell subsets, including neutrophils,
macrophages, and T cells”. Nevertheless, up to date, few studies
have explored the impact of autophagy on NK cell biology** and
the role of autophagy in modulating NK cell anti-tumor response still
remains elusive.

To explore mechanisms behind NK cell impairment in solid
tumors, we utilize prostate cancer (PCa) tissues, and we employ pre-
clinical models of PCa. We unveil that autophagy is essential for NK
cell-mediated killing. We show that cancer cells hinder the autophagic
response by engaging the CXCR4-C/EBPp pathway in tumor-infiltrating
NK cells, thus hampering their anti-tumor function. We also demon-
strate that the re-activation of the autophagic pathway by pharmaco-
logical exposure or genetic manipulation, rescues the functional
defects of tumoral NK cells, thus improving their ability to kill cancer
cells in vitro. Finally, we show that ex vivo priming of NK and CAR-NK
cells with autophagy-activation strategies augments the control of
tumor growth in vivo. Our study identifies autophagy as a previously
unknown intracellular checkpoint in NK cells and proposes an off-the-
shelf non-invasive approach to enhance NK-based immunotherapies in
the clinic.

Results

Intra-tumoral NK cells are defective in PCa

Evidence exists that NK cells are defective in PCa, however the extent
of such impairment and the mechanisms that cause NK cell dysfunc-
tion are still unclear®*% To investigate the role and function of NK cells
in prostate cancer, we employed the murine Pten null cancer model*
that closely resembles the disease progression seen in PCa patients.
Pten prostate-specific deletion was obtained by crossing Pten'®/ox
mice to the Probasin-Cre transgenic line, in which the Cre recombinase
is under the control of a prostate-specific Probasin promoter. The
tumor develops through distinct stages from prostatic intraepithelial
neoplasia (PIN) to invasive adenocarcinoma and, therefore, provides a
valuable tool to unveil mechanisms linked to PCa initiation and pro-
gression as well as to develop new targeted therapies (Fig. 1A, B). To
gain insights into tumor-induced alterations of the immune infiltrate,
we analyzed by fluorescence-activated cell sorting (FACS) the com-
position of CD45" cells in Pten*” prostates from 12 weeks old mice
(Supplementary Fig. 1A), while Pten”*** wild type (WT) age-matched
prostates were utilized as controls. Tumor development led to sig-
nificant changes in the T cell compartment, including an increase in
both conventional and regulatory CD4" T cells, as well as CD8" T cells,
with enhanced proliferation and features of exhaustion (Supplemen-
tary Fig. 1B, C). Within the innate immune branch, there was an increase
in macrophages and neutrophils, and a notable decrease in NK cells
(Fig. 1C). Tumor-associated macrophages and neutrophils displayed an
immunosuppressive phenotype (Supplementary Fig. 1D, E). Analysis of
NK cells led to the identification of the four discrete stages of
maturation, previously defined on the basis of CD1lb and CD27
expression®* (Supplementary Fig. 1F). Tumor-infiltrating NK cells pre-
sented an enrichment of the more immature compartments (CD11b™
CD27 and CD11b~ CD27%), at the expense of the more mature subset
(CD11b* CD27°) (Fig. 1D). Additionally, NK cells were marked by lower
levels of granzyme B and perforin compared to their healthy coun-
terpart (Fig. 1E, Supplementary Fig. 1G). Tumor-infiltrating NK cells,
isolated from PtenP*”" prostates (Fig. 1F), and splenic NK cells from
Pten®*”" tumor-bearing mice (Supplementary Fig. 1H) presented a
reduced ability to kill target cells when compared to splenic cells from
WT mice, thus confirming their dysfunctional state, which could
directly relate to their altered maturation stages. A deeper character-
ization of the phenotype of tumor-infiltrating NK cells revealed a
reduced expression of the activating receptor NKG2D and of the amino
acid transporter CD98, previously associated with NK cell effector
functions® (Supplementary Fig. 1I).

To further assess the contribution of NK cells within the prostate
TME, we depleted NK cells by means of an anti-NK1.1 antibody in
established tumors in the Pten®”" model (Supplementary Fig, 1)) and
we monitored tumor volume and immune cell infiltrate upon NK cell
depletion. Surprisingly, neither tumor size (Fig. 1G) nor histopatholo-
gical features (Fig. 1H) were affected by the treatment and minimal
changes were observed within the TME (Fig. 1I). In particular, we
noticed an enrichment in the CD8" memory subsets (central and
effector memory), marked by a reduction in granzyme B expression
(Supplementary Fig. 1K, L), while no changes were appreciated in the
myeloid compartment (data not shown).

Collectively, these data prompted us to hypothesize that tumor-
infiltrating NK cells are functionally impaired, and therefore, their
depletion produces only minimal changes in the TME. To further test
our hypothesis, we took advantage of a syngeneic murine prostate
cancer model, based on subcutaneous injection of Pten”” Trp537
prostate cancer cells and we depleted NK cells at both early and late
time point after tumor engraftment. Depletion of NK cells during
tumor initiation determined a significant acceleration in tumor growth
(Supplementary Fig. 2A-C) and a remodeling of both innate and
adaptive compartments (Supplementary Fig. 2D). On the contrary,
depletion of NK cells at a later time point had no effect on tumor
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growth and affected the TME at a lower extent (Supplementary
Fig. 2E-H). Together, these findings are indicative of a functional
impairment acquired by NK cells during tumor progression.

To gain molecular insights into the crosstalk between cancer and
NK cells, we set up an in vitro model in which NK cells are exposed to
the supernatant of tumor cells (Fig. 1J). The analysis of tumor-

conditioned NK cell phenotype revealed a reshape in terms of subset
abundance, with an enrichment of the more immature compartments
(CD11b- CD27" and CD11b™ CD27*) (Fig. 1K). In addition, the tumor
secretome determined an impairment of NK cell effector functions, as
underlined by decreased levels of granzyme B, perforin and IFNy
compared to the control condition (Fig. 1L, M) and a weakened
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Fig. 1| Altered phenotype and attenuated cytotoxicity of NK cells in the
prostate tumor microenvironment. A Breeding scheme for the establishment of
the Pten knockout (Pten®”") mouse model. B Hematoxylin and eosin staining of
prostate tissues from Pten”*”* and Pten™~ mice. Original magnification, x20. Scale
bar: 100 pm. Representative of an experiment of n =4 mice/group. C Bubble plot
showing the average frequency, referred to CD45" live cell gate, of immune cell
subsets in Pten”®”* and PtenP*”" prostate (n =4 mice/group). D Flow cytometry
analysis of NK cell maturation in Pten”*”* and Pten*”" prostate (n = 10 mice/group).
E Flow cytometry analysis of effector molecule expression in NK cells in PtenP*"*
and PtenP*”" prostate, according to gating strategy in SI1G (n =10 Pten*** mice/
group, n =6 Pten*’" mice/group). F Cytotoxicity of sorted splenic NK cells from
Pten®*”* mice and tumor-infiltrating NK cells from Pten”*”~ mice (three different
mice/conditions). G Tumor volume. n=5 mice/group. H Hematoxylin and eosin
staining of prostate tissues from aNK1.1 or isotype-treated mice. Original magnifi-
cation, x20. Scale bar: 100 pm. I Bubble plot showing the average frequency,
referred to CD45" live cell gate, of immune cell subsets in Pten®*”~ prostate of
aNK1.1 or isotype-treated mice (n =35 mice/group). J Experimental scheme for
tumor-conditioned NK cell generation. K Flow cytometry analysis of NK cell

maturation in tumor-conditioned and control NK cells (n =5 biological replicates,
independently collected batches of tumor-conditioned medium). L Flow cytometry
analysis of effector molecule expression in tumor-conditioned and control NK cells
(n =8 biological replicates, data pooled from two independent experiments).

M Quantification of IFNy release (n = 4 biological replicates/group). N Experimental
scheme for cytotoxicity assay. O, P Cytotoxicity of tumor-conditioned and control
NK cells against YAC-1 (0) and Pten™" (P) target cells (n =6 biological replicates,
independently collected batches of tumor-conditioned medium). Data in C and

1 are presented as bubble plot showing average values; two-tailed unpaired ¢ test.
Data in (D), (E), (G), (K), and (L) are presented as Min to Max box-and-whisker plot,
the box extends from the 25th to 75th percentiles and the whiskers reach the
sample maximum and minimum values, the median is indicated at center line and
the mean value is indicated as “+”; two-tailed unpaired ¢ test. Data in (F) are pre-
sented as scatter plot mean + SEM; two-tailed unpaired ¢ test. Data in (M) are pre-
sented as scatter plot with bar with mean + SEM; two-tailed unpaired ¢ test. Symbols
in (0) and (P) represent mean and error bars indicate SEM; two-tailed unpaired ¢
test for corresponding E:T ratio.

cytolytic activity both against the YAC-1and the Pten™" cancer cell lines
(Fig. IN-P and Supplementary Fig,. 2I).

Overall, these data highlight that prostate tumor determined a
profound remodeling of the TME with NK cells showing a defective
functional state.

Tumor-infiltrating NK cells show a dysfunctional autophagy

Results in the murine context encouraged us to further investigate the
functionality of NK cells in human PCa. FACS analysis confirmed a
decrease in the frequency of infiltrating NK cells in PCa tumor samples
when compared to adjacent tissues (Fig. 2A). To deepen the mechan-
isms underlying NK cell defects within the prostate TME, we analyzed
scRNA-seq data, that we previously generated, derived from patients
affected by advanced PCa*® (Supplementary Fig. 3A). Gene set
enrichment analysis (GSEA) performed on genes differentially
expressed in tumor vs. non-tumor infiltrating NK cells showed an
alteration of stress response mechanisms (autophagy), metabolic
processes (metabolism of RNA), cytoskeleton dynamics (intracellular
transport, signaling by GPCR) and effector functions (interferon
gamma signaling) (Fig. 2B). Among the top three regulated pathways,
we concentrated on autophagy, as several works have demonstrated
that this process is a master regulator of differentiation and activation
inimmune cells?®?**". Analysis of a gene signature related to autophagy
activation® suggested a selective shutdown of the autophagy pathway
in tumor-infiltrating NK cells (Fig. 2C). FACS analysis, by means of
CYTO-ID autophagy staining probe, highlighted an alteration of the
autophagic process in tumoral NK cells compared to their normal
counterpart (Fig. 2D). We then performed a re-clustering of scRNA
sequencing data that allowed us to discriminate NK cell subclusters
(Fig. 2E). According to differentially expressed genes (Fig. 2F) and
taking advantage of previously published signatures®*°, we named
each newly identified cluster: CD569™ CD16"%€" NK cells (CO and C3),
CDS" T cells (C1 and C2), CD56"€" CD16“™ NK cells (C4), CD56""ien
CD16™¢ immature NK cells (C5) and CD56“™ CD16%™ NK cells (C6). The
CD56%™ NK subset was further classified according to CD57 expres-
sion, where CD57" cells form a terminally mature population with a
greater killing capacity**%. Accordingly, we found an enrichment of
classical effector molecules, including FGFBP2, GZMB, CST7, FCGR3A,
GNLY and PRF1, in CO compared to C3. Similarly, several NK cell acti-
vating receptors (KLRK1, CD160, CD244, NCR3 and NCRI) are highly
expressed in CO vs C3. Finally, CD56%™ CD57 NK cells showed
increased CD49a expression, accompanied by exhaustion-related
checkpoint molecules such as PD-1, CD96, KLRG1, and LAG3, thus
resembling CD49a* NK cells, previously described in hepatocellular
carcinoma®. Further characterization of NK cell subsets by flow cyto-
metry revealed a remodeling of their maturation state, with an

enrichment of the CD56°€" CD16"¢ compartment at the expense of
the more mature/cytotoxic CD56%™ CD16"&" subset (Fig. 2G, H). When
looking at NK cell subsets, autophagy levels were significantly dimin-
ished in mature CD56Y™ CD16" (Supplementary Fig. 3B), however, a
lower autophagic level could be observed in most subpopulations.
Data obtained in human PCa patients were further validated in PtenP*”
model, confirming the alteration of the autophagic pathway in tumor-
infiltrating NK cells (Fig. 21, J). Similarly to human NK cells, the mature
CD11b* CD27" subset showed a significant deregulation of the autop-
hagic pathway (Supplementary Fig. 3C, D) that is paralleled by
increased apoptosis (Supplementary Fig. 3E).

Overall, these data highlight that the transcriptional profile of NK
cells is strongly affected by the tumor and suggest that autophagy is
deregulated in tumor-infiltrating NK cells.

Autophagy is required for NK cell anti-tumor effector functions
We then explored in vitro the extent of autophagy deregulation on
tumor NK cells by means of two different techniques: the autophagic
vesicle-specific dye CYTO-ID and an autophagy LC3-antibody-based
kit. Importantly, this kit allows to specifically quantify the lipidated and
autophagosome-specific form of LC3 (LC3-ll). We confirmed that
exposure of murine NK cells to the supernatant of Pten™ tumor cells
negatively regulates the autophagic flux, as evaluated by both CYTO-ID
(Fig. 3A) and lipidated LC3 staining (Fig. 3B, C). Importantly, these
results were confirmed in diverse cancer models, as shown by expo-
sure of NK cells to the supernatant of Pten”” Trp53™" cells (prostate),
4T1 cells (breast), ID8 cells (ovarian), B16-F10 cells (melanoma), MCA-
203 cells (fibrosarcoma) and YAC-1 cells (lymphoma) (Supplementary
Fig. 3F, G). To validate our findings in a human system, we used the
human NK cell line NK-92, which shares several characteristics with
primary NK cells*, and has been developed as an off-the-shelf product
for clinical use in cancer cellular therapy'®*. Therefore, NK-92 cells
represent a platform to validate murine data in a more clinical-like
setting. Firstly, we evaluated whether the prostate tumor milieu was
able to negatively affect NK-92 autophagic behavior, similarly to what
we observed in murine NK cells. Notably, the exposure to tumor-
derived secretome, derived from the human prostate cancer cell lines
PC3 and LNCaP, determined a marked reduction of the autophagic
flux, as evaluated by both FACS staining (Fig. 3D-F and Supplementary
Fig. 3H) and western blot (WB) analysis (Fig. 3G, H). The decreased
autophagic flux together with increased LC3-Il basal levels (Fig. 3E)
suggest a late-stage block in the autophagic machinery, possibly due to
the inhibition of autophagosome-lysosome fusion and/or autophago-
some degradation turnover*®. Importantly, the alteration in the
autophagic machinery accompanied a significant drop in NK cell killing
ability (Fig. 31, J and Supplementary Fig. 3I).
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Fig. 2 | Autophagy is defective in tumor-infiltrating NK cells. A Graph showing
the frequency of NK cells, referred to CD45" live cell gate, in tumor vs non-tumor
samples (n =10 samples/group) as determined by flow cytometry. B Dot plots of
GSEA results illustrating the significant top 15 REACTOME pathways in tumor vs
non-tumor NK cells (n =3 samples/group). C Dot plot showing the proportion of
normal and tumor NK cells expressing autophagy induction list genes, according to
their average expression. D Graph showing the Median Fluorescence Intensity
(MFI) of CYTO-ID on human NK cells in tumor vs non-tumor samples

(n=10 samples/group). E UMAP of NK cell populations in prostate (tumor and
normal adjacent tissue), showing the formation of seven main clusters identified by
marker genes. F Heat map showing scaled expression of the top 10 marker genes,
for each NK cell cluster. G Contour plots of NK cell maturation status in tumor vs

non-tumor samples, gated on CD3~ CD56" cells. H Flow cytometry analysis of NK
cell main subsets in tumor vs non-tumor samples, according to the gates shown in
G. I Graph showing the MFI of CYTO-ID on mouse NK cells in Pten®*"* and Pten?*”~
prostates (n =11 mice/group). J Graph showing the frequency of LC3B" cells in
mouse NK cells in Pten”** and Pten”" prostates (n =9 Pten"*"* mice/group, n=6
Pten”" mice/group). Datain (A), (D), (H), and (I) are presented as before-after plot;
two-tailed paired ¢ test. Data in (B) are presented as balloon plot; permutation test.
Data in (J) are presented as Min to Max box-and-whisker plot, the box extends from
the 25th to 75th percentiles and the whiskers reach the sample maximum and
minimum values, the median is indicated at center line and the mean value is
indicated as “+”; two-tailed unpaired ¢ test.
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To gain better insight into the link between autophagy and NK cell
effector functions, we exposed murine NK cells to chloroquine (CQ), a
pharmacological inhibitor of the autophagic flux. CQ administration
induced a shift in NK cells phenotype, with an accumulation of the
more immature subsets (CD11b- CD27~ and CD11b~ CD27*) (Supple-
mentary Fig. 3)). Notably, the pharmacological abrogation of autophagy
impaired NK cell effector functions, as demonstrated by the reduction
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of granzyme B and IFNy expression (Supplementary Fig. 3K) as well as a
significant suppression of their killing ability (Supplementary Fig. 3L).
On the contrary, autophagy activation by means of Metformin, a well-
known AMPK and autophagy activator”, strongly improved NK cell-
mediated tumor killing (Fig. 31, J), both in murine and human NK cells.

To validate our findings, we employed additional known autop-
hagy activators. Firstly, we exposed NK cells to Rapamycin and
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Fig. 3 | Functional defects of tumor-exposed NK cells are restored by phar-
macological and genetic activation of autophagy. A Graph showing the AMFI of
CYTO-ID (autophagic flux) on murine NK cells in tumor-conditioned and control
condition (n =7 biological replicates, data pooled from four independent experi-
ments). B Histograms of lipidated LC3 staining in tumor-conditioned and control
murine NK cells, with or without Reagent A (RA). C Graph showing the AMFI of LC3-
1l (autophagic flux) on murine NK cells in tumor-conditioned and control condition
(n =4 biological replicates, independently collected batches of tumor-conditioned
medium). D Graph showing the autophagic flux on human NK-92 cells in tumor-
conditioned and control condition (n =4 replicates, results are representative of
three independent experiments with similar results). E Histograms of LC3-II stain-
ing in tumor-conditioned and control NK-92 cells, with or without RA. F Graph
showing the autophagic flux on NK-92 cells (n =5 biological replicates, indepen-
dently collected batches of tumor-conditioned medium). G, H Representative
western blot image (G) and relative quantification (H) of LC3-Il expression in NK-92
cells exposed to control or tumor-conditioned medium, with or without Chlor-
oquine (CQ). B-actin was used as loading control (n = 6 biological replicates).

1 Cytotoxicity of control or tumor-conditioned NK cells, in presence or absence of
Metformin, against YAC-1 target cells (n =4 biological replicates, independently
collected batches of tumor-conditioned medium). J Cytotoxicity of NK-92 cells,
treated or not with tumor-conditioned medium, with or without Metformin, against
PC3 target cells (n =8 biological replicates, data pooled from two independent
experiments). K Relative fold change of key autophagy-related genes in Beclin 1
overexpressing (BECN1 OE) NK-92 cells (n = 6 replicates, data pooled from two
independent experiments). L, M Western blot analysis (L) and relative quantifica-
tion (M) of BECN1 expression in scramble and BECN1 OE NK-92 cells. HSP90 was
used as loading control (n =4 biological replicates). N Graph showing the autop-
hagic flux on scramble and BECN1 OE NK-92 cells, in tumor-conditioned and control

condition (n =4 biological replicates, independently collected batches of tumor-
conditioned medium). O Cytotoxicity of scramble and BECN1 OE NK-92 cells,
treated or not with tumor-conditioned medium, against PC3 target cells (n=10
biological replicates, data pooled from two independent experiments).

P Representative images of mitochondria in NK-92 cells treated or not with tumor-
conditioned medium. Q Quantification of damaged mitochondria in NK-92 cells
exposed or not to tumor-conditioned medium; more than 250 mitochondria in at
least 25 different cells for each experimental group were analyzed. R Graph
showing the levels of mitochondrial membrane potential (Agm) in NK-92 cells,
exposed or not to tumor-conditioned medium (n =10 biological replicates, inde-
pendently collected batches of tumor-conditioned medium). S Graph showing the
proportion of MitoSox* NK-92 cells exposed or not to tumor-conditioned medium
(n =5 biological replicates, independently collected batches of tumor-conditioned
medium). T Graph showing TMRM incorporation in scramble and BECN1 OE NK-92
cells, exposed or not to tumor-conditioned medium (n = 8 biological replicates,
independently collected batches of tumor-conditioned medium). U Graph showing
the proportion of MitoSox* scramble and BECN1 OE NK-92 cells exposed or not to
tumor-conditioned medium (n = 6 biological replicates, independently collected
batches of tumor-conditioned medium). Data in (A), (C), (D), (F), (H) and (Q-S) are
presented as Min to Max box-and-whisker plot, the box extends from the 25th to
75th percentiles and the whiskers reach the sample maximum and minimum values,
the median is indicated at center line and the mean value is indicated as “+”; two-
tailed unpaired ¢ test. Data in (I), (J), (N), (0), (T), and (U) are presented as Min to
Max box-and-whisker plot, the box extends from the 25th to 75th percentiles and
the whiskers reach the sample maximum and minimum values, the median is
indicated at center line and the mean value is indicated as “+”; one-way ANOVA test
with Holm-Sidak’s multiple-comparisons test. Data in (K) and (M) are presented as
scatter plot with mean + SEM; two-tailed unpaired ¢ test.

Everolimus, two compounds that specifically inhibit mTORCI, thus
determining autophagy activation. Unexpectedly, we observed a pro-
nounced reduction of NK cell killing ability both in steady-state con-
ditions and in presence of Pten”-conditioned medium
(Supplementary Fig. 3M, N). However, these data were in accordance
with previously published studies reporting that mTORCI repression
could inhibit NK cell effector functions*®*° and suggested that the
effect of Metformin is independent from mTOR activation. We then
tested two mTOR-independent drugs: Gemcitabine, an anti-metabolic
nucleoside analog, that cause the early induction of autophagy
through the activation of Vacuole Membrane Protein 1 (VMP1)
expression®® and Carfilzomib, a second generation proteasome inhi-
bitor, that activates autophagy via induction of the unfolded protein
response and ATF4°. Both molecules minimally affected NK cell killing
ability in steady-state condition, however the co-treatment with tumor-
conditioned medium restored their cytotoxic properties, similarly to
what happened with Metformin treatment (Supplementary Fig. 3M, N).

As autophagy activators, including Metformin, could act on mul-
tiple pathways, we decided to specifically sustain autophagy in NK cells
by genetic modification. We thus generated a NK-92 cell line over-
expressing Beclin 1 (BECN1). BECNI plays a pivotal role in the initiation
and regulation of autophagy and its overexpression has been pre-
viously employed for autophagy hyperactivation®’. Cells were mod-
ified in order to express the CRISPR/Cas9 synergistic activation
mediator (SAM), consisting of an engineered protein complex for the
transcriptional activation of endogenous genes. The system is based
on three components: a nucleolytically inactive Cas9-VP64 fusion
protein, a sgRNA incorporating two MS2 RNA aptamers and the MS2-
P65-HSF1 activation helper protein®’. We optimized the protocol to
express all the components of the SAM system by means of a two-step
lentiviral transduction (Supplementary Fig. 4A). Firstly, we validated
BECN1 overexpression at both transcriptional and protein level
(Fig. 3K-M). Then we confirmed the activation of the autophagic
program, as evaluated by increased expression of key autophagy-
related genes included in the “autophagy induction list”*® (Fig. 3K).
Protein expression analysis confirmed increased levels of ATG7, ATG14
and p62 in BECN1 OE (Supplementary Fig. 4B-E). On the contrary,

decreased levels of total LC3 were observed in BECN1 OE (Supple-
mentary Fig. 4F, G). Notably, BECN1 overexpressing (BECN1 OE) NK-92
cells show a sustained autophagy and cytolytic activity, also when
exposed to tumor-conditioned media (Fig. 3N, O).

Previous findings indicate that autophagy defects are associated
with damaged mitochondria that in turn impairs NK cell
functionality®. This evidence prompted us to investigate the status
of mitochondrial fitness in tumoral NK cells. We thus performed
transmission electron microscopy (TEM) analysis of control and
tumor-exposed NK cells (Fig. 3P, Q and Supplementary Fig. 4H). The
investigation of mitochondrial architecture revealed loss of integrity
of the outer membrane, diffuse cristolysis and matrix disruption
phenoma in NK cells exposed to tumor media. Collectively, these
data indicate that NK cells exposed to tumor secretome accumulated
damaged mitochondria, as confirmed by FACS staining that revealed
a reduced percentage of cells containing functional mitochondria
and a concomitant increase of cells accumulating dysfunctional
mitochondria (Supplementary Fig. 41-K). Accordingly, tumor expo-
sure lead to the alteration of multiple parameters associated to
mitochondrial fitness, including mitochondria membrane potential
(Aym), assessed by TMRM staining, mitochondrial reactive oxygen
species production, evaluated by MitoSox staining, and intracellular
lactate levels (Fig. 3R, S and Supplementary Fig. 4L). To evaluate
whether autophagy impairment is associated to mitochondrial
damage in tumoral NK, we performed FACS analysis of BECN1 OE
NK92, in presence and absence of tumor media. In accordance with
our hypothesis, BECN1 OE NK-92 cells showed higher TMRM levels if
exposed to the tumor secretome, when compared to BECN1 WT cells
(Fig. 3T). Additionally, genetic activation of autophagy by BECN1
overexpression prevented mitochondrial ROS accumulation in
tumor-conditioned NK cells (Fig. 3U), suggesting that autophagy
could regulate oxidative stress by removing damaged ROS-
producing mitochondria.

Collectively these results demonstrate that autophagy regulates
the anti-tumor functions of NK cells and that mitochondrial damage,
associated to autophagy impairment, is implicated in the loss of
function showed by tumoral NK cells.
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Pharmacological and genetic activation of autophagy improves
NK cell-mediated tumor clearance in vivo

Overall, our data led us to hypothesize that autophagy activation
confers to NK cells a superior cytotoxic capability and may thus be
exploited to improve NK cell tumor killing.

To substantiate our thesis by means of a more clinical approach,
we adopted an experimental setting based on the subcutaneous
injection of the Pten”” Trp53 prostate cancer cell line in NSG mice,
lacking mature T, B and NK cells. After tumor engraftment, mice
received twice a week an infusion of splenic NK cells, treated or not
with Metformin for 24 h before i.v. injection and washed before infu-
sion (Fig. 4A). Of note, NK cells alone resulted to be completely inef-
fective in controlling tumor growth, while the administration of
Metformin-treated NK cells determined a significant tumor control
(Fig. 4B, C). The improved functionality of NK cells went hand-in-hand
with the expansion of the cytotoxic compartment (Fig. 4D), the per-
sistence of the autophagic activity (Fig. 4E) and the amelioration of key
effector functions (Fig. 4F). The frequency of tumor-infiltrating NK
cells was not affected, though the cells showed an activated pheno-
type, defined by increased NKG2D expression and a drop in KLRG1
expression (Supplementary Fig. 5A, B). Similar results were obtained in
a different mouse model, based on the subcutaneous injection of B16-
F10 melanoma cell line. Indeed, Metformin-treated NK cells were able
to better control tumor growth, compared to their untreated condi-
tion (Supplementary Fig. 5C). Importantly, these cells have a superior
ability to infiltrate the tumors as well as to maintain higher levels of
effector molecules (Supplementary Fig. 5D, E). The relative abundance
of NK cell subsets was not affected (Supplementary Fig. 5F). To
determine the impact of Metformin on NK cells in an immuno-
competent context, we administered Metformin by drinking water in
WT tumor-bearing mice. Metformin treatment determined a slow-
down in tumor growth and a reduction in tumor volume (Supple-
mentary Fig. 5G, H). In accordance with our hypothesis, Metformin
increased autophagy levels in NK cells (Supplementary Fig. 5I), and
determined an enrichment of the CD11b* CD27" cells (Supplementary
Fig. 5)). Finally, autophagy activation by Metformin conferred a
superior cytolytic ability to NK cells isolated from tumor-bearing mice
(Supplementary Fig. 5K). To test the efficacy of autophagy activation in
the human settings model, we subcutaneously injected NSG mice with
PC3 cells. After engraftment, the mice received an infusion of NK-92
cells, treated or not with Metformin, twice a week (Fig. 4G). Untreated
NK-92 cells were able to control tumor growth to a very limited extent,
while Metformin-treated NK-92 cells caused a marked slowdown in
tumor growth and a significant reduction in tumor volume (Fig. 4H,1).
Metformin-treated NK-92 cells had a superior ability to infiltrate the
tumor site (Fig. 4] and Supplementary Fig. 5L) and, despite unaffected
levels of basal autophagy (Supplementary Fig. 5M), retained higher
levels of some effector molecules, such as granzyme B (Fig. 4K). Finally,
we employed BECN1 OE NK-92 cells in the above-described in vivo
preclinical model (Fig. 4G). We found that BECN1 OE NK-92 cells pre-
sented a superior ability to control tumor growth, thus determining a
marked reduction in tumor volume (Fig. 4L, M). Difference in abun-
dance of tumor-infiltrating NK cells was not significant (Fig. 4N and
Supplementary Fig. 5N), nevertheless cells showed higher levels of
autophagy and effector molecules, including granzyme B, perforin and
IFNy (Fig. 40, P). Strikingly, the analysis of peripheral blood at end-
point showed that BECN1 OE NK-92 cells are more abundant compared
to their control counterpart (Fig. 4Q), suggesting a longer persistence
and a protracted anti-tumor effect, also highlighted by enhanced
autophagy levels and effector functions (Fig. 4R, S).

Activation of the CXCL12/CXCR4 axis inhibits autophagy in
tumor-infiltrating NK cells

Seeking to identify specific tumor-driven alterations responsible for
autophagy inhibition in tumor NK cells, we evaluated the mRNA

expression levels of several autophagy-associated genes in NK cells
exposed to Pten”"-conditioned medium (Fig. 5A). The qRT-PCR ana-
lysis revealed a broad shutdown of autophagy-related gene expres-
sion, involving different steps of the machinery, including main
positive autophagy regulators, such as Irgm>, Mapk8*° and Tp53, genes
that promote autophagy initiation, including Ulk1, Ulk2, Ambra, Becnl,
Prkaal, Pik3ra and Pik3c3*” and members of the ATGS8*® and ATGI12
ubiquitin-like conjugation system*, engaged in autophagosome bio-
genesis. Finally, also the lysosomal degradation pathway was affected
as evidenced by inhibition of Lampl, Npci®®, Dram2®* and Ctsd®.
Conversely, few molecules were upregulated by Pten”-derived med-
ium and among them Fadd, IgfI and Ins2, and the chemokine receptor
Cxcr4 (Fig. 5A). Interestingly, CXCR4 has been recently described as a
negative regulator of autophagy in immune and non-immune cells®>**,
However, whether CXCR4 is involved in autophagy regulation in NK
cells still remains unknown. Firstly, we found that the expression of
CXCR4 was upregulated in tumor-conditioned murine NK cells both in
vitro and ex vivo (Fig. 5B, C and Supplementary Fig. 6A, B) and in
human tumor-exposed NK cells (Fig. 5D and Supplementary Fig. 6C-F).
In murine NK cells CXCR4 upregulation was more evident within the
mature CD11b* CD27" subset (Supplementary Fig. 6G), thus supporting
the hypothesis of a restricted rather than a widespread alteration.
Notably, the exposure to the secretome of different tumor cell lines,
determine, similarly to prostate tumors, the upregulation of CXCR4
(Supplementary Fig. 6H).

To gain more insights into the molecular features of tumor-
infiltrating NK cells and their interactions with tumor cells, we per-
formed scRNA-seq analysis of both CD45* and CD45  cells isolated
from Pten”" prostate tumors using Chromium-based scRNA-seq
technology (10x Genomics) (Supplementary Fig. 61). This allowed us to
map the transcriptional landscape of Pten®*” prostate, identifying 24
cell clusters, mainly immune cell subsets (Fig. SE). Clusters were
annotated based on canonical marker expression and differentially
expressed genes (Supplementary Fig. 6J). Among CD45  cells, we
recognized luminal and basal epithelial cells and fibroblasts. Among
CD45" cells, we identified various T cell subsets, macrophages, den-
dritic cells, monocytes and pDCs, as well as two subsets of neutrophils
and B cells. We identified two NK cell clusters: C2 is composed by
CD27'CD11b™ cytokine-producing NK cells, in accordance with high
expression of Xcll and Cd7 genes, while C13 is composed by
CD27°CD11b*/ CD27'CD11b" cytotoxic NK cells, according to the
expression of Kira8, Klra4, Prfl, Cmal, Lgalsl, Irf8 and Ly6c2. To then
dissect the crosstalk between tumoral epithelial cells and the two NK
cell clusters, we applied the CellPhoneDB algorithm® that predicts cell-
cell interactions. CellPhoneDB analysis unveiled a list of possible
ligand-receptor pairs between epithelial and NK cells, that includes the
CXCLI12/CXCR4 axis (Fig. 5F). Of note, the CXCR4/CXCL12 interaction
was exclusively present in the C13/C17 pair, possibly suggesting that
this interaction has a prominent role in the cytotoxic compartment
(Fig. 5F and Supplementary Fig. 6K). To test this mechanism in vitro,
we treated NK cells with Plerixafor, a well-known CXCR4 inhibitor.
Strikingly, stimulation of Pten”-conditioned NK cells with Plerixafor
determined an increase in autophagic flux (Fig. 5G) as well as a rescue
in NK cell killing ability (Fig. SH). The inhibitory effect of CXCL12 on
human NK cell behavior was confirmed by the rescue of both autop-
hagic flux and cytolytic ability upon Plerixafor administration (Sup-
plementary Fig. 7A, B). The blockade of CXCR4/CXCLI12 axis
determined a rescue in the mitochondrial potential levels (Supple-
mentary Fig. 7C). Finally, administration of recombinant CXCLI2 hin-
ders both autophagic pathway (Fig. 5 and Supplementary Fig. 7D) and
effector functions of NK cells (Fig. 5] and Supplementary Fig. 7E-G),
which are restored upon Plerixafor administration, thus confirming the
role of the CXCL12/CXCR4 axis in this context.

To validate our findings, we generated a CXCR4 knockout (CXCR4
KO) NK-92 cell line by means of the CRISPR/Cas9-mediated genome
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editing (Supplementary Fig. 7H). Importantly, we found that the lack of To further corroborate our hypothesis, we employed CXCR4 KO

CXCR4 receptor induced in NK cells a marked resistance to tumor- NK-92 cells in vivo. We found that CXCR4 KO NK-92 cells were char-
mediated inhibitory effect on both autophagic flux and cytolytic acterized by enhanced ability to control tumor growth, thus resulting
functions (Fig. 5K, L). Abrogation of CXCLI2 inhibitory effects in CXCR4  in a marked reduction in tumor volume (Fig. 5M, N). Despite the lack of
KO cells confirmed the role of the CXCR4 receptor in the regulation of CXCR4 chemokine receptor, NK-92 cells similarly reach the tumor site
both autophagy and lytic ability (Supplementary Fig. 71, J). (Fig. 50 and Supplementary Fig. 7K). Notably, both tumor-infiltrating
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Fig. 4 | Pharmacological and genetic activation of autophagy enhances the
cytolytic activity of NK cells in vivo. A Tumor model and treatment scheme of
tumor-bearing mice with NK cells, treated or not with Metformin. B, C Tumor
growth curves (B) and tumor volume at the end of the experiment (C) referred to
mice treated as described in A (n=35 control, n=10 untreated NK cells, n=12
Metformin-treated NK cells). D-F Graphs showing NK cell maturation status (D),
frequency of LC3B" cells (E), and effector molecule expression in tumor-infiltrating
NK cells. n =9 mice NK cells, n =11 mice Metformin-treated NK cells. G Tumor
model and treatment scheme of tumor-bearing mice with NK-92 cells, treated or
not with Metformin. H, I Tumor growth curves (H) and tumor volume at the end of
the experiment (I) referred to mice treated as described in G (n=11 control, n=11
NK-92 cells, n =12 Metformin-treated NK-92 cells, data pooled from two indepen-
dent experiments). J, K Graph showing the absolute number (J) and effector
function expression (K) of tumor-infiltrating NK-92 cells. n =11 control, n = 11 NK-92
cells, n=12 Metformin-treated NK-92 cells. L, M Tumor growth curves (L) and
tumor volume at the end of the experiment (M) referred to mice treated as
described in G (n =9 scramble NK-92 cells, n = 9 BECN1 overexpressing NK-92 cells).
N Graph showing the absolute number of tumor-infiltrating NK-92 cells.

n=9 scramble NK-92 cells, n =9 BECNI1 overexpressing NK-92 cells. O, P Graphs
showing the frequency of LC3B" cells (0) and effector function expression (P) in
tumor-infiltrating NK-92 cells. n =9 scramble NK-92 cells, n =9 BECNI1 over-
expressing NK-92 cells. Q Graph showing the frequency, referred to live cell gate, of
circulating NK-92 cells in mice injected with control or BECN1 overexpressing NK-
92 cells (n=12 mice/group). R, S Graph showing the frequency of LC3B" cells (R)
and effector function expression (S) in peripheral blood circulating NK-92 cells.
n=12 sample/group. Symbols in (B), (H), and (L) represent mean and error bars
indicate SEM; one-way ANOVA test with Holm-Sidak’s multiple-comparisons test
(B, H) or two-tailed unpaired ¢ test (L), comparing area under the curve (AUC). Data
in (C) and (I) are presented as Min to Max box-and-whisker plot, the box extends
from the 25th to 75th percentiles, and the whiskers reach the sample maximum and
minimum values, the median indicated is at center line and the mean value is
indicated as “+”; one-way ANOVA test with Holm-Sidak’s multiple-comparisons test.
Data in (D-F), (J), (K), and (M-S) are presented as Min to Max box-and-whisker plot,
the box extends from the 25th to 75th percentiles and the whiskers reach the
sample maximum and minimum values, the median is indicated at center line and
the mean value is indicated as “+”; two-tailed unpaired ¢ test.

and peripheral CXCR4 KO NK-92 cells were showed partially improved
effector functions (Fig. 5P, Q).

Collectively, our results indicate that the CXCL12/CXCR4 axis is a
key regulator of the autophagic behavior and the anti-tumor response
in tumor-infiltrating NK cells.

C/EBP B activation impairs autophagy in tumor-conditioned
NK cells
Seeking to explore the autophagy-related changes in tumor-infiltrating
NK cells, we applied NicheNet analysis to predict ligand-target inter-
actions that might drive gene expression changes in cells of interest®.
We performed this analysis considering C13 and C17 NK cells as
interacting cells and autophagy-related genes as pathway modulated
by the interaction (Fig. 6A). NicheNet analysis identified tumor-derived
factors involved in the transcriptional regulation of CXCR4, including
TGFp. Treatment with a selective TGF( receptor inhibitor, LY2109761,
abolished CXCR4 upregulation in both tumor-exposed and TGF(-
treated NK cells, thus confirming the role of TGF( in this context
(Fig. 6B). We also confirmed that TGFf was released in conditioned
media of both human and murine prostate cancer cell lines (Fig. 6C, D).
We then listed out the potential drivers of the altered autophagic
behavior observed in NK cell subset, in accordance to Pearson corre-
lation coefficient, indicative of the ability of each ligand to predict the
expression of differentially expressed genes. CXCL12 emerged as one
of the top ten ranked ligand (Fig. 6A) and its expression resulted to be
limited to epithelial and fibroblast clusters (Supplementary Fig. 7L).
CXCLI12 was present in tumor secretome of both human and murine
prostate cancer cell lines (Supplementary Fig. 7M, N). NicheNet ana-
lyses identified the CXCR4/CXCLI12 pair as significant ligand-receptor
interaction driving NK cell behavior (Fig. 6A). Mechanistically, Niche-
Net analyses performed on tumor-infiltrating NK cells uncovered C/
EBP as a potential transcription factor downstream of CXCL12/CXCR4
axis (Fig. 6A). Accordingly, we found that C/EBPJ is activated upon
exposure of NK-92 cells to CXCL12 (Fig. 6E). Strikingly, administration
of tumor-conditioned media to NK-92 cells drives C/EBP activation
that is hindered by Plerixafor treatment (Fig. 6F). Finally, to confirm the
involvement of C/EBPJ in the tumor-mediated inhibition of both the
autophagic pathway and the NK cell-mediated killing, we treated NK-
92 cells with the sesquiterpene lactone helenalin acetate (HA), a nat-
ural compound known to be a potent C/EBP inhibitor®’. HA has been
previously reported to be specific towards C/EBP, however it may still
exhibit off-target effects due to its ability to covalently interact with
cysteine residues in other proteins®®. We found that HA determined an
activation of autophagic transcriptional program in both control and
tumor-exposed NK cells (Fig. 6G, H). Importantly, the re-activation of

autophagic flux by HA in tumor-conditioned and in CXCL12-treated NK
cells (Fig. 6l, J) proved C/EBP( participation in the fine-tuning of
autophagy in this context. Of note, the inhibition of C/EBPf resulted in
the prevention of tumor-driven impairment of NK cell-mediated killing
(Fig. 6K) and, similarly to CXCR4 blockade, in the partial rescue of
mitochondrial membrane potential, suggesting a recovery of the
pathway involved in the degradation of damaged mitochondria (Sup-
plementary Fig. 70). To test the involvement of C/EBPf axis in vivo, we
treated tumor-bearing mice, with NK-92 cells, pre-treated or not with
HA. Importantly, HA-treated NK-92 cells showed a better ability to
control tumor growth, compared to the untreated condition, thus
determining a significant reduction in tumor volume (Fig. 6L, M).
Exposure to HA conferred to NK-92 cells a better ability to infiltrate the
tumor (Fig. 6N and Supplementary Fig. 7P). Finally, the analysis of
peripheral blood at endpoint showed enhanced autophagy levels,
despite unchanged levels of effectors molecules, in HA-treated NK-92
cells (Fig. 60, P).

Overall, our results indicate that C/EBPJ is driver of the defective
autophagy and functional behavior of tumor-conditioned NK cells.

Autophagy activation confers a superior anti-tumor ability to
PD-L1.CAR NK cells

Recent works highlight the potential efficacy of PD-L1 targeting in the
context of solid tumor treatment, thus providing the rationale to
explore the safety profile of PD-L1 chimeric antigen receptor (CAR) NK
cells in patients with solid tumors®”’°. Importantly, a phase II trial is
currently ongoing to test the efficacy of PD-L1.CAR NK cell immu-
notherapy in patients with recurrent/metastatic gastric or head and
neck cancer (NCT04847466). Therefore, we further tested whether
autophagy modulation can be synergistic with CAR-retargeting of NK
cells. As a model we used NK-92 cells genetically modified with a PD-L1-
specific CAR (PD-L1.CAR NK-92) (Fig. 7A). Importantly, we found that
human PC3 cell line expresses PD-L1, thus representing a viable target
for CAR-based therapy in prostate cancer (Fig. 7B, C). In vitro data
confirmed that, similarly to parental cell line, the killing ability of PD-
L1.CAR NK-92 cells was negatively affected by prostate cancer-
conditioned medium and that Metformin was able to completely
restored their functionality (Fig. 7D). In line with previous data, we
proved that Plerixafor treatment was able to abrogate CXCLI2-
mediated inhibitory effect on both autophagic flux and lytic ability
of PD-L1.CAR NK-92 cells (Supplementary Fig. 7Q, R). Finally, we vali-
date our in vitro findings in the previously described tumor model
(Fig. 4G). Indeed, in vivo, Metformin-treated PD-L1.CAR NK-92 cells
better control tumor growth and infiltrated the tumor at higher levels
compared to the untreated condition (Fig. 7E-G and Supplementary
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Fig. 7S). In addition, they were characterized by a significant increase in
basal autophagy levels upon Metformin treatment (Fig. 7H) and
showed a higher expression of effector molecules, including granzyme
B and perforin (Fig. 71).

Collectively, our results indicate that autophagy is an intracellular
checkpoint in NK cells, and it can be exploited in vivo to improve NK-
based cell therapy in cancer.

ONT @ NT
O CXCR4 KO O CXCR4 KO
Discussion

NK cells anti-tumor capability is impaired in cancers, and mechanisms
that drive NK cell dysfunction prejudice the efficacy of NK-cell-based
therapies®. The mechanisms behind NK cell impairment are numerous,
and a definitive therapeutic strategy to reinforce NK cell anti- tumor
killing is still missing*’. Here, we unveiled an uncovered role for
autophagy in NK cell activation and killing ability in tumors. Tumor-
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Fig. 5 | The CXCL12/CXCR4 signaling pathway impairs autophagy and func-
tionality in NK cells. A Volcano plot showing the fold change expression of
autophagy genes between tumor-conditioned and control NK cells (n = 2 biological
replicates, NK cells from different mice). B-D Flow cytometry analysis of CXCR4"
cells in tumor-conditioned vs control NK cells (B, n =7 biological replicates, inde-
pendently collected batches of tumor-conditioned medium), Pten®** vs Pten”*~
prostate-infiltrating NK cells (C, n =6 Pten®"* mice and n=>5 Pten®”" mice) and
tumor vs non-tumor infiltrating NK cells (D, n =5 samples/group). E UMAP repre-
sentation of the 24 major cell types identified within CD45" and CD45" infiltrating
cells in Pten®”~ tumor tissues (n=2 Pten®*"* mice and n=2 Pten®*’" mice).

F CellPhoneDB intercellular communication analysis between NK cells and all the
other cell clusters identified by scRNA-seq (n =2 Pten”’* mice and n=2 Pten*"~
mice). G Graph showing the autophagic flux on murine NK cells in tumor-
conditioned NK cells, with or without Plerixafor (n =5 biological replicates, inde-
pendently collected batches of tumor-conditioned medium). H Cytotoxicity of
tumor-conditioned NK cells, with or without Plerixafor, against YAC-1 target cells
(n=4 biological replicates, independently collected batches of tumor-conditioned
medium). I Graph showing the autophagic flux on murine NK cells, in presence or
absence of CXCL12 (n =4 biological replciates, NK cells from different mice).

J Cytotoxicity of control or CXCL12-treated NK cells against YAC-1 target cells (n=5
biological replicates, NK cells from different mice). K Graph showing the autop-
hagic flux on non-targeting (NT) and CXCR4 KO NK-92 cells, upon tumor-
conditioned medium exposure (n =5 biological replicates, independently collected

batches of tumor-conditioned medium). L Cytotoxicity of NT and CXCR4 KO NK-92
cells, exposed to tumor-conditioned medium, against PC3 target cells (n =12, bio-
logical replicates, data pooled from two independent experiments). M, N Tumor
growth curves (M) and tumor volume at the end of the experiment (N) referred to
mice treated as described in4 G (n =7 control, n=7 NT NK-92 cells, n =7 CXCR4 KO
NK-92 cells). O Graph showing the absolute number of tumor-infiltrating NK-92
cells. n=7 control, n=7 NT NK-92 cells, n=7 CXCR4 KO NK-92 cells. P, Q Flow
cytometry analysis of effector functions in tumor-infiltrating (P) and circulating (Q)
NK-92 cells. n=7 control, n=7 NT NK-92 cells, n=7 CXCR4 KO NK-92 cells. Data in
(A) are presented as volcano plot; two-tailed unpaired ¢ test. Data in (B), (C), (G-L),
and (0-Q) are presented as Min to Max box-and-whisker plot, the box extends from
the 25th to 75th percentiles and the whiskers reach the sample maximum and
minimum values, the median is indicated at center line and the mean value is
indicated as “+”; two-tailed unpaired ¢ test. Data in (D) are presented as as before-
after plot; two-tailed paired ¢ test. Symbols in (M) represent mean and error bars
indicate SEM; one-way ANOVA test, comparing area under the curve (AUC). Data in
(F) are presented as balloon plot; enriched ligand-receptor interactions were cal-
culated based on permutation test. Data in (N) are presented as Min to Max box-
and-whisker plot, the box extends from the 25th to 75th percentiles and the
whiskers reach the sample maximum and minimum values, the median is indicated
at center line and the mean value is indicated as “+”; one-way ANOVA test with
Holm-Sidak’s multiple-comparisons test.

infiltrating NK cells show a defective autophagy process in prostate
cancer patients and mouse models. Autophagy impairment is induced
by the engagement of the CXCL12/CXCR4/C/EBPP pathway, and acti-
vation of the autophagy machinery by drugs or genetic alteration
confers to NK and CAR-NK cells a superior anti-tumor function.
Previous studies have highlighted the dependency of lymphoid
subsets, including T and B lymphocytes, on autophagy for differ-
entiation, survival, and effectiveness, and more recently the impact
of autophagy on NK cell development, survival, and anti-viral
response in NK cells has been uncovered”*7'. However, the role
of autophagy in NK-cell anti-cancer response remains unknown. Our
findings give insight in the extrinsic autophagy response in cancer
and unveil that loss of autophagy in tumor-infiltrating NK cells sig-
nificantly restricts their anti-tumor properties. Importantly, whether
the modulation of autophagy may represent a therapeutic approach
in cancer is still under debate. The breakdown products deriving
from autophagy are recycled into metabolic pathways and cancer
cells exploit this process to sustain their metabolism and prolifera-
tion. Accordingly, autophagy inhibition in many tumors induces
cancer regression and even elicits a pro-inflammatory immune
response’>”. However, systemic inhibition of autophagy may, in
parallel, hinder the immune response against cancer, thus limiting
the efficacy of this therapeutic approach. Here, we propose an off-
the-shelf strategy that activates autophagy specifically in NK cells and
may be considered as combinatorial approach to reinforce the effi-
cacy of systemic autophagy modulators in cancer therapy. Here we
employed a genetic overexpression of Beclin 1 to induce autophagy
activation. Although Beclin 1 itself does not directly regulate the
expression of ATG genes, its overexpression as well as the treatment
with Tat-Beclinl can induce autophagy’. This induction may lead to
an increase in autophagic gene expression, probably through posi-
tive feedback mechanisms that enhance the overall autophagic
process, as demonstrated for mTOR inhibition by Torin1”.This sug-
gests that Beclin 1 overexpression may indirectly support autophagy
through feedback loops involving key transcription factors.
Importantly, a notable consequence of autophagy impairment is
the dysfunction of mitochondria within tumor-conditioned NK cells.
Dysfunctional mitochondria have been implicated in a variety of cel-
lular processes, and the loss of mitochondrial function can severely
compromise the capacity of NK cells to execute their anti-tumor
activities. While our study demonstrates a strong association between

autophagy impairment and mitochondrial dysfunction in tumor-
infiltrating NK cells, it is important to acknowledge that the precise
underlying causes of this relationship require further investigation.
Several factors may contribute to the observed defects. For instance,
alterations in the autophagic machinery, such as inadequate autop-
hagosome formation or lysosomal dysfunction, could hinder the
removal of damaged mitochondria. Furthermore, the TME itself may
create conditions that disrupt autophagy in NK cells, thus indirectly
affecting mitochondrial integrity. The specific molecular mechanisms
and signaling pathways that link autophagy impairment to mitochon-
drial dysfunction remain areas of ongoing exploration.

Mechanistically, we identified CXCL12 as key factor that hinders
autophagy in NK cells. Apart from its physiological role in organo-
genesis, angiogenesis and immune cell trafficking, the CXCL12/
CXCR4 axis acts as a tumor-promoting pathway. Intrinsically, CXCR4
activation in cancer cells controls the transduction of downstream
signalling pathways that sustain cell survival, proliferation, and
metastatic spread’®. In parallel, the expression of CXCL12 is prog-
nostic of progression in multiple cancers, including prostatic
adenocarcinoma’”’. The CXCL12/CXCR4 signalling pathway also sup-
ports the crosstalk between cancer and its microenvironment. On
this line, CXCL12 released by stellate hepatocytes engages CXCR4 on
NK cells and impairs cytotoxicity, thus favouring the metastatic
outgrowth of breast cancer to the liver’®. Accordingly, we found a
specific tumor-driven induction of CXCR4 in NK cells as well as an
inhibition of both autophagy and NK cell effector functions upon
exposure to CXCL12. CXCR4 antagonists have emerged as potential
therapeutic approaches, however, the pathway is pleiotropic and
systemic toxicity so far precluded the application of inhibitors in the
clinic. Nevertheless, specific modulation of CXCR4 on NK cells before
cell infusion would overcome systemic toxicity, while sustaining the
efficacy of cell therapy. Of note, here we unveiled a previously
unknown role for C/EBPf3 downstream CXCR4 in NK cells. C/EBPB is a
known transcription factors expressed by most tumor cell types and
by myeloid subsets. Interestingly, C/EBPB deleted models showed
impaired tumor progression. Our findings indicate that C/EBPf reg-
ulates NK cell activation and may thus be targeted to improve NK
cell-based therapies in cancer.

In recent years, the concept of NK cells as candidate for therapy in
cancer has gained interest. Promising results in blood cancers sup-
ported the development of strategies to augment NK cell efficacy and
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half-life once infused. Still challenges in non-hematopoietic cancers
remain. Our results indicate that autophagy modulation can increase
NK cell fitness and extend persistence in vivo in prostate cancer.
Autophagy modulation in NK cells thus provides a translatable method
to enhance NK and CAR-NK cell efficacy during manufacturing and
may guide the design of NK cell therapies with improved efficacy in
solid cancers.

Methods

Our research complies with all relevant ethical regulations
Experimental model and subject details

Animals and ethics statement. All mice used in this study were
housed in individually ventilated cages in the specific pathogen-free
animal facility at Humanitas Clinical and Research Center (Rozzano,
Milan, Italy). Experimental/control animals were co-housed.
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Fig. 6 | Tumor-derived CXCL12 drives human NK cell impairment via engage-
ment of the CXCR4/C/EBP axis. A Results of the NicheNet analysis performed on
scRNA sequencing, described in 4E. B Graph showing the MFI of CXCR4 in NK-92
cells, treated with TGF or tumor-conditioned medium, in presence or absence of
TGFp receptor inhibitor LY2109761 (n = 6 replicates, independently collected bat-
ches of tumor-conditioned medium). C, D Quantification of TGF( release from
human (C) and murine (D) prostate cancer cell lines (n =4 biological replicates).
E, F Bar graph showing C/EBP activation in NK-92 cells upon administration of
CXCLI12 (E, n=4 biological replicates) or PC3-derived conditioned media, with or
without Plerixafor (F, n =3 biological replicates). G, H Relative fold change of key
autophagy-related genes in NK-92 cells treated or not with Helenalin Acetate (HA),
in absence (G) or presence (H) of tumor-conditioned medium (n =5 biological
replicates). I Graph showing the autophagic flux on NK-92 cells, treated or not with
HA, with or without tumor-conditioned medium (n =5 biological replicates, inde-
pendently collected batches of tumor-conditioned medium). J Cytotoxicity of
control or tumor-conditioned NK-92 cells, in presence or absence of HA, against
PC3 target cells (n =5 biological replicates, independently collected batches of
tumor-conditioned medium). K) Graph showing the autophagic flux on NK-92 cells,
treated or not with HA, in presence or absence of CXCLI2 (n = 6 biological

replicates). L, M Tumor growth curves (L) and tumor volume at the end of the
experiment (M) referred to mice treated with NK-92 cells, exposed or not to HA
(n=15 NK-92 cells, n =15 HA-treated NK-92 cells). N Graph showing the absolute
number of tumor-infiltrating NK-92 cells. n =15 NK-92 cells, n = 15 HA-treated NK-92
cells. O, P Graph showing the frequency of LC3B" cells (0) and effector function
expression (P) in peripheral blood circulating NK-92 cells. n =15 NK-92 cells, n =15
HA-treated NK-92 cells. Data in (B) and (I-K) are presented as Min to Max box-and-
whisker plot, the box extends from the 25th to 75th percentiles and the whiskers
reach the sample maximum and minimum values, the median is indicated at center
line and the mean value is indicated as “+”; one-way ANOVA test with Holm-Sidak’s
multiple-comparisons test. Data in (C-F) are presented as scatter plot with

mean + SEM; one-way ANOVA test with Holm-Sidak’s multiple-comparisons test for
(E) and (F). Data in (G) and (H) are presented as scatter plot with mean + SEM; two-
tailed unpaired ¢ test. Symbols in (L) represent mean and error bars indicate SEM;
two-tailed unpaired ¢ test, comparing area under the curve (AUC). Data in (M-P) are
presented as Min to Max box-and-whisker plot, the box extends from the 25th to
75th percentiles and the whiskers reach the sample maximum and minimum values,
the median is indicated at center line and the mean value is indicated as “+”; two-
tailed unpaired ¢ test.

Procedures involving animal handling and care conformed to pro-
tocols approved by the Humanitas Clinical and Research Center, in
compliance with national and international law and policies. The
study was approved by the Italian Ministry of Health. All efforts were
made to minimize the number of animals used and their suffering, in
accordance to the 3Rs principle’”®. Mice were euthanized by CO,
exposure. Pten”" mice were obtained by crossing Pten'™?" mice
to the Probasin-Cre transgenic mice (B6.129S4-Pten™ /], JAX stock
#006440, and Tg(Pbsn-cre)4Prb/J, JAX stock #026662), in order to
achieve Pten prostate-specific deletion. Seven-week-old male C57BL/
6 wild-type mice (JAX stock #000664) were obtained from Charles
River Laboratories or were littermates of Pten””" mice. Seven-week-
old male NSG mice (NOD.Cg-Prkdc® I2rg™™"i/SzJ, JAX stock
#005557) were obtained from Charles River Laboratories. Tumour
size/burden did not exceed 1.5mm3. All mice received a standard
chow diet.

Method details

Cell lines. Prostate cancer cell lines, including mouse cell line, PTEN-
Cap8 (Pten™), and human cell lines, PC3 and LNCaP were obtained
from ATCC. Non-prostatic cancer cell lines, including B16-F10, ID8,
MCA-203, YAC-1 and 4TI, were obtained from ATCC.

Pten” Trp537 prostatic tumor cell line was provided by prof.
Ronald De Pinho, MD Anderson. Cells were routinely maintained in RPMI
medium supplemented with 10% heat-inactivated FBS, 1% penicillin/
streptomycin solution, 1% L-glutamine and 1% sodium pyruvate solution
at 37°C in 5% CO,. For Pten”" prostatic tumor cells, 25 pg/ml bovine
pituitary extract, 5pg/ml human recombinant insulin and 6 ng/ml
human recombinant epidermal growth factor were added to the com-
plete medium. For Pten” Trp537 prostatic tumor cells, dihy-
drotestosterone was added to the complete medium.

NK-92 and PD-L1.CAR NK-92 cell lines were maintained in X-VIVO
20 medium supplemented with 12.5% heat-inactivated FBS, 12.5% heat-
inactivated horse serum, 1% penicillin/streptomycin solution, 1% L-
glutamine, 1% sodium pyruvate solution and 1% Non-Essential Amino
Acid Solution, 500 U/mL IL-2). HEK293T cells were cultured in DMEM
medium, supplemented with 10% heat-inactivated FBS, 1% penicillin/
streptomycin solution, and 1% L-glutamine.

Mouse procedures. Xenograft PCa model in immunodeficient back-
ground was obtained by subcutaneous injection of 3 x 10° Pten” Trp537
prostate cell line in male NSG mice. Xenograft melanoma cancer model
in immunodeficient background was obtained by subcutaneous injec-
tion of 0.1 x 10° B16-F10 melanoma cell line in male NSG mice. Xenograft

model of human PCa was achieved by injecting 3 x 10° PC3 cell line into
male NSG mice. Tumor size was measured by caliper and quantified
according to the formula: Volume = (D x d/2, where D =larger tumor
diameter and d = smaller tumor diameter. At the end of the experiment,
tumor size was measured by applying the following formula:
Volume = (Width? x Length)/2. For the prostatic tumors, the size of two
anterior lobes was considered.

For adoptive NK cell transfer, enriched splenic NK cells were
obtained by means of the NK Cell Isolation kit I, in accordance to the
manufacturer’s instructions. Cells were stimulated in RPMI complete
medium added of IL-12 (10 ng/mL), IL-15 (10 ng/mL) and IL-18 (50 ng/mL)
in presence or absence of metformin (10 uM). After 24 h, cells were
collected and cell viability was estimated by Trypan Blue exclusion. 10°
NK cells (purity >95%) were intravenously injected in tumor-bearing
mice according to the scheme (see Fig. 4A).

NK-92 and PD-L1.CAR NK-92 were stimulated in X-VIVO complete
medium added of IL-2 (500 U/mL), in presence or absence of Metfor-
min (10 pM). After 24 hours, cells were collected and cell viability was
estimated by Trypan Blue exclusion. 3 x10° cells were intravenously
injected in tumor-bearing mice according to the scheme (see Fig. 4G).

For NK cell depletion experiment, tumor-bearing mice were
intraperitoneally injected with aNKIL.1 (clone PK136) antibody or
recommended isotype control antibody according to the scheme (see
Supplementary Figs. 1J, 2A, and E).

For metformin systemic treatment, male C57/BL6 were sub-
cutaneous injected with 3 x10° Pten” Trp53™" prostate cancer cells.
Starting from day 7 after tumor injection, mice were orally adminis-
tered with metformin hydrochloride dissolved in drinking water
(5 mg/mL).

Tumor infiltrate analysis by FACS. For analysis of tumor-infiltrating
leukocytes, tumors were collected, cut into small pieces, and digested
with Collagenase I (1mg/mL for mouse tissue and 0.5 mg/mL for
human tissue) for 45 mins at 37 °C on a rocking platform. After a quick
digestion in 2.5% Trypsin and DNase I, single-cell suspension was
obtained by mechanical dissociation through a syringe needle (18 G)
and subsequent filtration on a 40-um cell strainer. The composition of
tumor infiltrate was determined by flow cytometry. All antibodies used
are listed in Supplementary Table 1. Samples were analyzed with
FACSymphony™ AS Cell Analyzer.

Absolute cell counts of tumor-infiltrating NK-92 cells. To obtain an
absolute count of tumor-infiltrating NK-92 cells CountBright™ Abso-
lute Counting Beads were added to samples before FACS acquisition.
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Fig. 7 | Activation of the autophagic pathway confers a superior anti-tumor
function to PD-L1 CAR-NK cells. A Scheme depicting the structure of PD-L1.CAR
NK-92 used in the study. B Flow cytometry analysis of PD-L1.CAR expression on PD-
L1.CAR NK-92 and parental NK-92 cells, by human recombinant PD-L1-Fc protein
combined with anti-Fc secondary antibody. Filled gray areas indicate negative con-
trols stained with secondary antibody only. Representative data from at least 3
independent experiments are shown. C Flow cytometry analysis of PD-L1 expression
in PC3 cell line. Left plot represents Fluorescence Minus One (FMO) control, right
plot represents cells stained with PD-L1 antibody. D Cytotoxicity of PD-L1.CAR NK-92
cells, treated or not with tumor-conditioned medium, with or without Metformin,
against PC3 target cells (n =4 biological replicates, independently collected batches
of tumor-conditioned medium). E, F Tumor growth curves (E) and tumor volume at
the end of the experiment (F) referred to mice treated as described in 4G (n=7
control, n=7 CAR NK-92 cells, n =7 Metformin-treated CAR NK-92 cells). G Graph

showing the absolute number of tumor-infiltrating NK-92 cells. n=7 control, n=7
CAR NK-92 cells, n =7 Metformin-treated CAR NK-92 cells. H, I Graph showing the
frequency of LC3B" cells (H) and effector function expression (I) in tumor-infiltrating
CAR NK-92 cells. n=7 control, n=7 CAR NK-92 cells, n =7 Metformin-treated CAR
NK-92 cells. Data in (D) and (F) are presented as Min to Max box-and-whisker plot,
the box extends from the 25th to 75th percentiles and the whiskers reach the sample
maximum and minimum values, the median is indicated at center line and the mean
value is indicated as “+”; one-way ANOVA test with Holm-Sidak’s multiple-
comparisons test. Symbols in (E) represent mean and error bars indicate SEM; one-
way ANOVA test with Holm-Sidak’s multiple-comparisons test, comparing area
under the curve (AUC). Data in (G), (H), and (I) are presented as Min to Max box-and-
whisker plot, the box extends from the 25th to 75th percentiles and the whiskers
reach the sample maximum and minimum values, the median is indicated at center
line and the mean value is indicated as “+”; two-tailed unpaired ¢ test.

We calculate the absolute number using the formula:

Cell count x Counting beads volume
Counting beads count
x Counting beads concentration

Absolute count =

Absolute number was normalized on tumor weight.

Histopathology. Normal and tumor tissue samples were fixed in 4%
neutral formalin for at least 24 h. Tissues were processed by ethanol
dehydration and embedded in paraffin according to standard

protocols. Sections (3 um) were prepared for hematoxylin and eosin
(H&E) staining. In all experiments, the histology was evaluated blindly.

Tumor-conditioned NK cells preparation. To obtain a tumor-
conditioned medium, tumor cells were seeded in a complete RPMI
medium, without any additional growth factors. After 72 h the con-
fluence must not exceed 80%, so the initial number of seeded cells has
been adjusted accordingly. In particular, we seeded:

* 13,300/cm? Pten™”

* 12,000/cm? Pten”” Trp537~

* 16,600/cm? LNCaP

* 13,300/cm? PC3
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The tumor-conditioned medium was harvested and centrifuged
to remove cellular debris at 800 x g for 10 mins at room temperature.
Finally, the medium was collected without disturbing cellular debris on
the bottom of the tube and stored at =80 °C till further use.

To obtain tumor-conditioned NK cells, both mouse and human
NK cells were exposed for 24 h to tumor-conditioned medium mixed in
a 1:1 ratio with fresh culture medium, added recombinant mouse IL-12,
IL-15, and IL-18 or recombinant human IL-2, respectively.

For co-treatment of NK cells with autophagy-activating drugs, the
following drugs were added to culture medium: Rapamycin (100 nM),
Everolimus (20 nM), Gemcitabine (100 nM), Carfilzomib (10 nM) and
Plerixafor (100 nM). CXCL12 was added to culture medium at a final
concentration of 100 ng/mL. For C/EBP blockade experiments, cells
were incubated with Helenalin Acetate (1pM) or control vehicle
(DMSO) for 4 h. Subsequently, they were exposed for 24 h to tumor-
conditioned medium or left untreated. For TGF3 blockade experi-
ments, cells were treated with LY2109761 (10 pM) or control vehicle
(DMSO) for 1h and then exposed to tumor-conditioned medium or
TGFp (10 ng/mL).

FACS-based autophagosome quantification using CYTO-ID. For
ex vivo assessment of autophagy levels in NK cells using the CYTO-ID
autophagy detection kit, cells were incubated with CYTO-ID (1:500) at
37°C in a humidified atmosphere with 5% CO, for 60 minutes before
being washed with the CYTO-ID kit assay buffer diluted to 1x in distilled
H,O0. Cells were then stained with fixable viability dye, stained with
surface antibodies. For in vitro autophagic flux measurement, NK cells
were treated or not with tumor-conditioned medium (in presence or
absence of specified drugs, including Plerixafor and Helenalin Acet-
ate), as previously described, and then CQ was directly added to cells
(10 pM). After 24 hours, cells were collected and stained with CYTO-ID,
as previously described. Samples must be analyzed by flow cytometry
as soon as possible to avoid drop in fluorescence intensity. Autophagic
flux was calculated with the formula: Flux = MFI (Condition + CQ) - MFI
(Condition-CQ).

FACS-based autophagosome quantification using LC3. For ex vivo
analysis of autophagy levels in NK cells, cells were stained using an anti-
LC3 antibody. Cells were stained with a fixable viability dye and then
with surface antibodies. Cells were fixed and permeabilized with Fix/
Perm buffer (Foxp3/Transcription Factor staining buffer kit) and then
stained with anti-LC3 primary antibody (1:100), followed by an anti-
rabbit secondary antibody. For in vitro analysis of autophagic flux, the
Muse® Autophagy LC3-Antibody Based Kit was employed to measure
the levels of autophagosome-associated LC3 (LC3-lI). NK cells were
treated or not with tumor-conditioned medium, as previously descri-
bed, and then Autophagy reagent A was directly added to cells. After
4 hours, cells were treated with a specific permeabilization buffer
(Autophagy reagent B) to selectively extract non-autophagosome
associated cytosolic LC3-1 and subsequently stained with anti-LC3
Alexa Fluor 555 conjugated antibody. Autophagic flux was calculated
with the formula: Flux=MFI (Condition + reagent A)-MFI
(Condition - reagent A).

NK cell in vitro killing assay. Murine NK cells used in in vitro killing
assays were obtained, as previously described, from naive or tumor-
bearing mice. Tumor-conditioned NK cells were tested in a killing assay
after an in vitro 24-hour stimulation, while NK cells from tumor-
bearing mice were used immediately after isolation. For selected
experiments, NK cells were sorted (CD3™ F4/80™ B220™ Ly6G™ NK1.1%)
and immediately used for co-culture with target cells.

To distinguish effector from target cells, target cells were stained
with CellTrace Violet (1 uM final concentration in PBS) for 20 mins at
room temperature. 10,000 non-adherent cells (YAC-1) were seeded in
a U bottom 96-well plate in complete RPMI media, while 20,000

adherent cells (Pten™", Pten” Trp537", LNCaP, and PC3) were seeded in
aflat bottom 96-well plate in complete RPMI media. For adherent cells,
co-culture has been set following a 2-hour incubation for cell adhesion.
NK cells were added to wells containing target cells, at the specified
effector-to-target (E:T) ratio, and incubate for 4 h in 37 °C incubator.
Cells were collected and then stained with a mix of Helix NP™ NIR and
Annexin V FITC in Annexin V Binding Buffer for 15 mins at room tem-
perature. FACS analysis was performed immediately with a BD FACS-
Canto II. We calculate the specific lysis using the formula:

(%viable target cells) after coculture with NK cells

1- .
(%viable target cells) alone

x100

Evaluation of NK cell subset viability in vitro. To evaluate NK cell
subset viability upon tumor exposure, enriched splenic NK cells were
exposed to tumor-conditioned medium or left untreated. After 24 h,
cells were collected and then stained with surface antibodies (CD3,
NK1.1, CD27 and CD11b). Finally, cells were stained with a mix of Helix
NP™NIR and Annexin V FITC in Annexin V Binding Buffer for 15 mins at
room temperature. FACS analysis was performed immediately with a
BD FACSymphony™ A5 Cell Analyzer.

Effector function measurement by FACS staining. To evaluate the
expression of effector molecules in tumor-infiltrating NK cells, tumor
single-cell suspensions were stained with fixable viability dye and then
with surface antibodies. Then cells, were fixed and permeabilized with
Fix/Perm buffer (Foxp3/Transcription Factor staining buffer kit) and
finally stained with fluorescent-conjugated antibodies for Granzyme B,
Perforin and IFNy. For the analysis of in vitro-generated tumor-condi-
tioned NK cells, Brefeldin A solution was added 4 h before the staining.
All antibodies used are listed in Supplementary Table 1. Samples were
analyzed with FACSymphony™ AS Cell Analyzer.

Transmission Electron Microscopy and quantification of
mitochondrial damage. NK-92 cells exposed to control or tumor-
conditioned medium were centrifuged, washed with phosphate buffer
(0.12M) and fixed with 4% paraformaldehyde (PFA) and 2% glutar-
aldehyde (GA) for 6 hrs at room temperature. After fixation, cell pellets
were fixed with 1% (wt/vol.) OsO4 in cacodylate buffer (0.12 M) for 2 hrs
at RT. After dehydration in a graded series of ethanol preparations,
pellets were cleared in propylene oxide, embedded in epoxy medium,
and polymerised at 60 °C for 72 h. From each sample, 1 um-section was
cut with a Leica EM UC6 ultramicrotome, stained with Toluidine Blue
and mounted on glass slides. Ultra-thin 60 nm-sections were obtained
and counterstained with uranyl acetate and lead citrate, and images
were obtained with an energy filter transmission electron microscope
(Libra120) coupled with an yttrium aluminium garnet scintillator slow-
scan CCD camera. To assess the percentage of damaged mitochondria
more than 250 mitochondria in at least 25 different cells for each
experimental group were analyzed on images acquired by the iTem
software.

Mitochondrial functionality evaluation by FACS. Mitochondrial
membrane potential and mitochondrial mass of NK-92 cells were
assessed by staining cells with 20 nM of tetramethyl rhodamine methyl
ester (TMRM) and 1 pM of MitoTracker Green at 37 °C for 30 mins. The
gating strategy for the selection of cells containing functional and
dysfunctional mitochondria is shown in Supplementary Fig. 41. For
quantification of mitochondrial reactive oxygen species, NK-92 cells
were stained with MitoSox probe (5 pM) at 37 °C for 30 mins. Samples
were analyzed with FACSymphony™ A5 Cell Analyzer.

Intracellular L-lactate quantification. To quantify intracellular L-lac-
tate, we used the L-lactate assay kit, following manufacturer’s
instructions. Briefly, control or tumor-exposed NK-92 cells were
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harvested, resuspended in Lactate Assay Buffer, and quickly homo-
genized. After centrifugation, supernatants were collected and sub-
sequently treated with Deproteinizing Sample Preparation Kit, in order
to quickly remove endogenous LDH that will degrade lactate. Samples
were mixed with Lactate Assay Buffer, Lactate Substrate Mix, and
Lactate Enzyme Mix in order to have a colorimetric reaction, measured
at 450 nm OD.

The concentration of L-lactate in the test samples is calculated as:

La
H *P

Where:

La=amount of Lactic acid in the sample well calculated from a
standard curve (nmol).

Sv =volume of sample added into the well (uL).

D =sample dilution factor.

Reclustering of human NK cells. Human PCa single-cell dataset was
used as input for NK cells reclustering®. Clusters 3, 10, 13, already
annotated as NK cell populations, were selected to generate a new
clustering at a resolution level of 1.3. The new clustering generated a
total of 7 NK cells subpopulations. Marker genes were calculated using
the FindAllMarker function of Seurat pipeline (with default settings).
The full list of marker genes is provided in Supplementary Data 1. Gene
signatures enrichment analysis was performed by applying the
AddModuleScore function of Seurat pipeline.

scRNA-seq processing (mouse). Tumors were processed for FACS
analysis as described above and stained with Fixable Viability Dye
eFluor™ 780 and then with surface antibodies (CD45, CD31, and
EpCAM). 50,000 CD45" EpCAM" cells and 50,000 CD45* EpCAM" cells
were sorted on a FACS Aria lll. FACS-purified CD45"/CD45™ cells were
resuspended in 1ml PBS plus 0.04% BSA and washed two times by
centrifugation at 450 x g for 7 min. After the second wash, cells were
resuspended in 30 pl and counted with an automatic cell counter
(Countess II) to get a precise estimation of total number of cells
recovered and of their concentration. Afterwards, CD45°/CD45™ cells
of each sample were loaded into one channel of the Single Cell Chip A
using the Single Cell 3’ reagent kit v2 single cell reagent kit (10X
Genomics) for Gel bead Emulsion generation into the Chromium sys-
tem. Following capture and lysis, cDNA was synthesized and amplified
for 14 cycles following the manufacturer’s protocol (10X Genomics).
50 ng of the amplified cDNA were then used for each sample to con-
struct lllumina sequencing libraries. Sequencing was performed on the
NextSeq550 Illumina sequencing platform following 10x Genomics
instruction for reads generation. A sequencing depth of at least
30,000 reads/cell was obtained for each sample.

Single-cell RNAseq (mouse). Raw sequencing data in the format of
bcl files were converted in fastq files and aligned to the mouse refer-
ence genome mmlO, taking advantage of the Cell Ranger Pipeline
version 3.0.1 provided by 10X Genomics. After a quality check, we
obtained a total of 13,843 cells from the two biological replicates. Fil-
tered gene expression matrices from Cell Ranger were used as input
for clustering analysis by Seurat R package (version 3.2.2; R version
4.0.3)%°. We first processed each individual data set separately, con-
sidering the thresholds of 200, 50,000, and 0.25 for the number of
genes, number of unique molecular identifiers (UMI), and mitochon-
drial content, respectively. For each data set, we selected the 2000
most variable genes. Subsequently, we used the FindintegrationAn-
chors function to combine the datasets together, choosing 2000
anchor genes for integration. After integration, we ran principal
component analysis (PCA) and used the first 72 principal components
(PCs) to perform Louvain clustering and UMAP embedding. Finally, we

obtained a total of 24 clusters (resolution level = 0.4). Marker genes
analysis was performed using the FindAllMarkers function (setting
default parameters). Full list of marker genes per cluster are provided
in Supplementary Data 2.

NicheNet interaction analysis. We applied NicheNet method (Niche-
Net version 1.1.0)*° to predict ligand-receptors interactions existing
between NK populations and epithelial cells. Seurat normalized data
was imputed of missed counts with ALRA function, with a predicted
rank-k approximation of 35. We restricted the analysis to the following
gene sets: only ligands and receptors expressed in at least 30% of
sender and receivers’ cells clusters were considered. Autophagy gene
list, provided in Supplementary Data 3, was used as target gene set.
Ligand activity scores were calculated, and only ligands with a positive
Pearson correlation coefficient were considered. Heatmaps of ligand
activity shows positive ligands ordered according to their z-scores. Full
list of positive significant ligands is provided in Supplementary Data 4.

CellPhoneDB interaction analysis. In order to analyze cellular inter-
actions among immune cell populations CellPhoneDB (version 2.0.0)
was used with statistical_analysis method. Normalized gene expression
matrices together with their cluster annotations were used as input
(‘data’ slot from Seurat after ALRA imputation step). The enriched
ligand-receptor interactions between two cell subsets were calculated
based on permutation test. We selected as significant ligand-receptor
pairs those interactions annotated as manually curated and with P
value < 0.05. Full list of significant cell-cell interactions is provided in
Supplementary Data 5. Circle plots of the total interaction count were
performed using the mig chord function implemented in the migest
library (version 2.0.3).

Gene signature enrichment analysis. Enrichment analysis of autop-
hagy gene signature was performed using the Seurat function
AddModuleScore. Gene signature was used as input to compute a
module score for each cell. Module scores along clusters were repre-
sented by violin plots.

Quantitative RT-PCR. Total RNA from NK cells or tumor cells was
extracted using RLT lysis buffer or TRIzol Reagent, following the
manufacturer’s recommendations. RNA was further purified using
RNeasy Mini RNA isolation kit or TRIzol protocol for RNA isolation.
cDNA was synthesized using 0.5-1pug of total RNA by reverse tran-
scription using High Capacity cDNA Reverse Transcription Kit. Quan-
titative real-time PCR was performed using SYBR Green PCR Master
Mix using a QuantStudio 7 Flex Real-Time PCR System. Data were
analyzed with the 274" (Livak) Method. Arbitrary units (AU) were
defined using the following transformation: 1000 x (27°T), where
ACT =CT target - CT reference.

For screening of alterations in autophagy-related genes, tumor-
conditioned NK cells were subjected to the predesigned 384-well panel
Autophagy (SAB Target List) M384, according to the manufacturer’s
protocol.

Immunoblotting. For evaluation of the protein level, cell pellets were
washed in PBS, lysed in RIPA buffer, including protease/phosphatase
inhibitors, and incubated for 10 minutes on ice. Cell lysates were then
centrifuged at 21,000 x g for 15 minutes at 4 °C. The supernatants were
collected, and proteins were quantified with a DC Protein Assay Kit. For
immunoblot analyses, 50 ug of protein lysates per sample were
denatured in 4x Loading dye+ (-Mercaptoethanol and boiled using a
heating block at 95 °C for 5 minutes before loading to 12.5% SDS-PAGE
gel. Following electrophoresis, proteins are transferred to 0.45-um
activated PVDF membrane using a wet transfer system. The membrane
is then blocked for 1 h at room temperature in PBS + 5% milk and then
probed with LC3, BECNI1, p62, B-actin, and HSP90 antibodies.
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Following a 1-hour incubation with HRP-conjugated secondary anti-
bodies, signal was detected using a Clarity Western ECL Substrate and
Chemidoc system. Autophagic flux was calculated with the formula:
Flux = LC3-Il/B-actin (Condition + CQ)-LC3-Il/B-actin (Condition-CQ).

The original uncropped WBs can be found in the Supplementary
Information file.

FACS-based quantification of autophagic proteins. For quantifica-
tion of autophagic proteins ATG7 and ATG14, scramble or BECN1 OE
NK-92 cells were stained with fixable viability dye and, subsequently,
fixed and permeabilized with Fix/Perm buffer (Foxp3/Transcription
Factor staining buffer kit). Finally, cells were stained with anti-ATG7 PE-
conjugated or anti-ATG14 APC-conjugated antibodies.

ELISA quantification of IFNy, CXCL12, and TGF. The levels of IFNy,
CXCLI12 and TGFp were assessed in culture supernatants using com-
mercially available ELISA kits, according to the manufacturer’s
instructions. For quantification of IFNy release, splenic NK cells were
treated with tumor-conditioned medium or left untreated. After 24 h,
medium was replaced with fresh complete RPMI medium for addi-
tional 24 h. Finally, the medium was collected and stored at —80 °C till
further use.

Transcription factor analysis. For transcription factor analysis, NK-92
cells were starved for 4 h in fresh RPMI medium lacking serum and IL-2
to improve signal-to-background ratio. Subsequently, the cells were
treated with CXCL12 or PC3-conditioned medium, in presence or
absence of Plerixafor. Nuclear extracts from NK-92 cells were prepared
using a commercially available Nuclear Extract Kit, according to the
manufacturer’s instructions. These nuclear extracts were then sub-
jected to TransAM C/EBP( Transcription Factor ELISA Kit, according to
the manufacturer’s instructions. Briefly, 10 pg nuclear protein was
allowed to bind to an oligonucleotide-coated plate. C/EBP3 was
detected by incubation with specific primary antibodies and HRP-
conjugated secondary antibody. The colorimetric read-out was mea-
sured as optical density (OD, absorbance 450 nm), and it is propor-
tional to transcription factor activity. Specific transcription factor
activity was expressed as follow: ODysonm (Treated condition) -
ODy50nm (Untreated condition).

Lentiviral modification of NK-92 cells. To produce viral particles,
HEK-293T cells were seeded in 150 mm dish and transfected using the
Calcium Phosphate precipitation protocol to deliver a transfer plasmid
with gene of interest, VSV-G envelope expressing plasmid pMD2.G and
lentiviral packaging plasmid psPAX2. After 24h the lentivirus-
containing supernatant was harvested, filtered through a 0.45pm
pore size filter and concentrated at 50,000 x g for 2 h at 4 °C. After
48 h, the collection/concentration protocol was repeated.

The culture medium from the NK-92 cells was replaced with con-
centrated lentiviral supernatant diluted 1:2 with NK-92 medium for
transduction® added of polybrene (1000x, 10 pg/mL) and rhiL-2 (500 U/
mL). After 90 mins of spinoculation (400 g at 32 °C), NK-92 cells were
kept to final concentration of 0.5 x10° cells/mL in a humidified atmo-
sphere containing 5% CO,. The next day, the viral supernatant was
replaced with the fresh NK-92 culture medium supplemented with
500 U/mL IL-2. After 72 h, antibiotic for selection was added to culture
medium and kept until a 100% mortality was obtained in not-transduced
cells (at least 4 d). To obtain BECN1 overexpressing cells, a two-step
lentiviral transduction protocol was adopted. First, we generated a
dCas9-VP64" NK-92 cell line, upon transduction and subsequent selec-
tion with Blasticidin. Then we introduced both BECN1_sgRNA and MS2-
P65-HSF1 vectors, in order to obtain the complete SAM system. The
BECNI overexpressing cell line was obtained by selecting with Zeocin
and Hygromycin antibiotics, until a 100% mortality was obtained in
dCas9-VP64" NK-92 cells (at least 4 d).

To obtain CXCR4 KO cells, NK-92 cell line was transduced using
the Edit-R All-in-one lentiviral system that allows to express both a
gene-specific guide RNA and the Cas9 nuclease using a single vector.
CXCR4 KO cells express EGFP selection marker that allows the selec-
tion by FACS sorting.

Generation of PD-L1.CAR NK-92 cells. PD-L1.CAR NK-92 was gener-
ated by lentiviral transduction with a second-generation CAR consist-
ing of PD-Ll-specific scFv, CD8 hinge, CD28 transmembrane/
costimulatory, and CD3C intracellular signaling domains cloned into
the pSIEW backbone, as described previously®’. PD-L1.CAR NK-92 cells
were further immunomagnetically enriched, resulting in >95% purity
of PD-L1. CAR-expressing NK-92 cells at the time of analysis.

Statistical analysis. Statistical analyses were performed using two-
tailed unpaired and paired Student’s ¢ test, for comparison between
two groups, or one-way ANOVA, for comparison between three or
more groups, as specified. Data are presented as Min to Max box-and-
whisker plot with the median indicated at the center line, and the mean
value indicated as “+” or as a scatter plot with a bar with mean + SEM.
For tumor growth curve, symbols represent mean, and error bars
indicate SEM. Exact p values are provided on the figures. Data were
analyzed using GraphPad Prism 9 software.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

The scRNAseq data generated in this study have been deposited in the
GEO database under accession GSE230311. Source data are provided
with this paper.
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