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Parkin Deficiency Suppresses Antigen Presentation to

Promote Tumor Immune Evasion and Immunotherapy
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Parkin is an E3 ubiquitin ligase, which plays a key role in the
development of Parkinson disease. Parkin defects also occur in
numerous cancers, and a growing body of evidence indicates that
Parkin functions as a tumor suppressor that impedes a number of
cellular processes involved in tumorigenesis. Here, we generated
murine and human models that closely mimic the advanced-stage
tumors where Parkin deficiencies are found to provide deeper
insights into the tumor suppressive functions of Parkin. Loss of
Parkin expression led to aggressive tumor growth, which was
associated with poor tumor antigen presentation and limited anti-
tumor CD8" T-cell infiltration and activation. The effect of Parkin
deficiency on tumor growth was lost following depletion of CD8* T
cells. In line with previous findings, Parkin deficiency was linked
with mitochondria-associated metabolic stress, PTEN degradation,
and enhanced Akt activation. Increased Akt signaling led to dys-

Introduction

Adult tumors with secondary genomic instability escape from
immune control, representing one of the primary challenges, affecting
the design of cancer immunotherapies. Tumor editing by the immune
system occurs with immune surveillance, resulting in the elimination
of early-transformed cells. A subpopulation of immune-edited cancer
cells can survive, entering equilibrium with the immune system,
leading to a positive selection of poorly immunogenic cells that
ultimately results in tumor growth, escape, and disease progression.
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regulation of antigen presentation, and treatment with the Akt
inhibitor MK2206-2HCI restored antigen presentation in Parkin-
deficient tumors. Analysis of data from patients with clear cell renal
cell carcinoma indicated that Parkin expression was downregulated
in tumors and that low expression correlated with reduced overall
survival. Furthermore, low Parkin expression correlated with
reduced patient response to immunotherapy. Overall, these results
identify a role for Parkin deficiency in promoting tumor immune
evasion that may explain the poor prognosis associated with loss of
Parkin across multiple types of cancer.

Significance: Parkin prevents immune evasion by regulating
tumor antigen processing and presentation through the PTEN/Akt
network, which has important implications for immunotherapy
treatments in patients with Parkin-deficient tumors.

One key mechanism of immune escape in cancer is the loss of
antigenicity, which involves defects in the processing and presentation
of tumor antigens including loss of MHC expression or dysregulation
of antigen-processing machinery (1, 2).

Parkin, encoded by the PRKN gene, functions as an E3 ubiquitin ligase
involved in the ubiquitination of several proteins and is critical in many
cases in the development of Parkinson disease (PD). A growing body of
epidemiologic, genetic, and biochemical evidence suggests that Parkin
also functions as a tumor suppressor gene (3). For instance, the analysis
of nonmalignant versus clear cell renal cell carcinoma (ccRCC) tissue
samples confirmed that cancer tissues are associated with chromosomal
losses of PRKN, and the downregulation of Parkin expression corre-
sponds to high-grade ¢cRCC and lymph node (LN) metastasis, high
tumor-specific mortality rates, and shorter overall survival (4). As Parkin
defects are commonly carried by patients with PD, a large number of
epidemiologic studies have reported that the occurrence of melanoma is
higher than expected among subjects with PD, and the occurrence of PD
is reciprocally higher than expected among patients with melanoma.
Moreover, the study of PRKN in a cohort of 246 patients with melanoma
showed that a mutation in Parkin-E28K impairs its ubiquitination
and results in loss of its tumor suppressive activity (5). Parkin plays
an important role in controlling cellular processes that can lead to can-
cer transformation, among other disorders. However, the mechanism
by which Parkin deficiency in tumors shapes their antigenicity and
immunogenicity remains elusive. Thus, investigating the role of Parkin in
tumor antigen presentation is key to understanding tumor evasion.

The PI3K/AKkt signaling network is central to regulation of cellular
processes including proliferation, survival, motility, and immune mod-
ulation. Consequently, its dysregulation can result in cancer develop-
ment (6). An important step in the success of cell-mediated antitumor

AAC_R American Association
for Cancer Research’

AACRJournals.org | 3562


http://crossmark.crossref.org/dialog/?doi=10.1158/0008-5472.CAN-22-2499&domain=pdf&date_stamp=2023-10-25
http://crossmark.crossref.org/dialog/?doi=10.1158/0008-5472.CAN-22-2499&domain=pdf&date_stamp=2023-10-25

immunity is the processing and presentation of tumor-associated
antigens. Recent studies have revealed that Parkin deficiency results
in mitochondrial stress, the degradation of the tumor suppressor PTEN
(natural inhibitor of PI3K) through S-nitrosylation, and enhanced
PI3K/AKkt activation (7, 8). Importantly, the loss of PTEN attenuates
the induction of MHC-I, MHC-II, and STAT1 by IFNY stimulation.
Over activation of Akt can repress these signals (9). There might
therefore be an unexplored link between Parkin and tumor evasion
through the PI3K/Akt signaling pathway.

Parkin has been directly connected to MHC-I antigen presentation
in the context of PD. A recent study characterized a mitochondrial
antigen presentation (MitAP) pathway suppressed by PINK1 and
Parkin, which through a network of mitochondrial-derived vesicles
(MDV), facilitates mitochondria self-antigen presentation on MHC-I
(10). Once at the cell surface, the mitochondria-derived antigens are
capable of triggering an immune response. Because PINK1 and Parkin
oversee mitochondria quality control and are present with the asso-
ciated genetic and functional defects in PD, the poor control over
MitAP implicates a new mechanism to explain neurodegeneration
through autoimmunity in patients with PD. We previously demon-
strated that tumor-associated mitochondrial antigens (TAMA) can be
utilized in a dendritic cell (DC)-based immunization strategy (pro-
phylactically and therapeutically) to control tumor growth in a murine
model of renal cell carcinoma (11). Accordingly, based on the MitAP
model, we hypothesized that genetically removing Parkin from tumors
would affect the efficiency of the vaccine and increase tumor antige-
nicity. Surprisingly, however, we found quite a different outcome.

In this study, we show that the tumor-intrinsic loss of Parkin
disrupts antigen processing and presentation through the dysregula-
tion of the PTEN/PI3K/AKkt signaling cascade. Moreover, the loss of or
defects present in Parkin through the progression of cancer define the
antitumor CD8" T-cell reactivity, facilitating tumor evasion.

Materials and Methods

Animals and cells

Six- to 8-week-old BALB/c (H-2d), C57BL/6 (H-2b),and OT1 [strain
C57BL/6-g(TcraTcrb)1100Mjb/])] mice were purchased from The
Jackson Laboratory. The murine renal carcinoma RENCA (H-2d) and
the melanoma B16-F10 engineered to express ovalbumin (B16-OVA;
H-2b) cell lines were purchased from the ATCC. G418 (500 pg/mL) was
used for positive selection of B16-OVA-transfected cells. Similarly, the
HEK293 and human c¢cRCC lines (A498, 786-O, CAKI-1) were pro-
vided by the same vendor. Cells were propagated in 5% CO, at 37°C and
cultured in RPMI1640 medium with 2 mmol/L 1-glutamine and 25
nmol/L HEPES (Corning) or DMEM with 4.5 g/L glucose, L-glutamine
and sodium pyruvate (Corning), were supplemented with 10% FBS
(GIBCO), 1 mmol/L sodium pyruvate (GIBCO), 2 mmol/L nonessential
amino acids (GIBCO), 100 U/mL penicillin, and 100 mg/mL strepto-
mycin (Corning). Cells were discarded by passage 12. All cells were
tested for Mycoplasma contamination before expansion, aliquot, and
cryopreservation.

Plasmids and lentiviruses

The lentivirus packaging plasmids psPAX2 (catalog no. 12260)
and pCAG-VSVG (catalog no. 64084) as well as the GeCKO_V2
backbone (catalog no. 52961), in which individual sgRNAs were
cloned, were purchased by Addgene. The mouse homolog for
Parkin overexpression was designed to express a wild-type Prkn,
which is not recognized by Cas9 and was purchased by Vector
Builder (#VB190910-1157aev).
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Lentivirus was made in HEK 293T cells by cotransfecting lentiviral
vector and packaging plasmids with lipofectamine 2000 (11668019;
Thermo Fisher Scientific) according to the manufacturer’s instruc-
tions. The virus-enriched supernatant was collected 48 to 72 hours
posttransfections. Supernatant was centrifuged at 2,000 x gat 4°C for
10 minutes and then the supernatant was passed through a 0.45 pm
filter (Millex-HV, SLHV033PS).

Generation of stable cell lines

For the generation of stable Parkin-deficient knockdown RENCA
cells, lentivirus was generated with shRNA Prkn (TRCN0000041143,
sh#1; TRCN0000041145, sh#3), or empty vector in the pLKO.1 Puro
backbone (Addgene, 8453). For the generation of the CRISPR knockout
cell lines, sequences targeting human and mouse Prkn were designed
and cloned within the GeCKO-V2 lentiviral vector as described pre-
viously (12). A GeCKO-V2 empty vector plasmid that did not undergo
CRISPR-Cas9-mediated gene editing was used as empty vector control.
The primers used for the introduction of the sgRNA into the
GeCKO_V2 backbone are hU6-F (5-GAGGGCCTATTTCCCAT-
GATT-3) or pLKO.1 (5-GACTATCATATGCTTACCGT-3'). The
targeting sites for human PRKN were GTGTCAGAATCGACCTCCAC
(exon 1) and GCATTACGTGCACAGACGTC (exon 4), and for mouse
Prkn GTGTCAGAATCGACCTCCAC (exon 1; same as human) and
AGGGCCCATCTTGC (exon 4). The sequence of the vector over-
expressing wild-type PRKN was designed to have silent mutations
around the sgRNA recognizing areas. The sequences above were replac-
ed with GTCGAAGTTGACTCAGATACC (exon 1) and CAAGG
TCCGTCCTGT (exon 4). Infected Parkin-deficient (shRNA or
CRISPR/Cas9) and Parkin-overexpressing cells were selected in the
presence of 1 ug/mL puromycin (InvivoGen, ant-pr-5b) or 1 ug/mL
blasticidin (InvivoGen, ant-bl-1), respectively, for 2 weeks. Isolation
of PRKN clonal deletion mutants was validated by immunoblotting
and RT-PCR analysis. All cells were tested to discard mycoplasma
contamination.

Tumor challenge

Six- to 8-week-old mice were injected subcutaneously in the back
with 1 x 10° RENCA or B16-OVA cells per mouse. Solid tumor
development was monitored by caliper measurements every other day
from the day they were palpable. Experiments were terminated when
Parkin-deficient mouse tumors reached 2 cm® (according to the Uni-
versity of Pennsylvania guidelines). The orthotopic tumor challenge
was performed following the methods of Ishihara and colleagues
(13). Briefly, 1 x 10° Parkin-deficient or empty vector control
RENCA cells were injected into the kidney capsule of 4 mice per
group and monitored tumor growth for 14 days

In vivo CD8 blocking treatment

Mice received via intraperitoneal injections of 1 mg/mL of mono-
clonal blocking antibody (200 pL; InVivoMADb antimouse CD8a;
clone YTS 169.4. BioXCell) or isotype control (InVivoMAb rat IgG2b
isotype control; clone LTF-2. BioXCell), 2 days prior tumor, on the day
of tumor injection, and then, 2 times per week/every 4 days.

TAMAs vaccine and ex vivo DC preparation

As described previously (11), mitochondria were purified from
RENCA cell lines using a discontinuous sucrose gradient. Preparations
were frozen (liquid nitrogen) and thawed (37°C, water bath) for three
cycles, sonicated, and irradiated at 5,000 rad for sterilization. Quan-
tification was carried out with the BCA assay. BALB/c-derived bone
marrow cells were harvested from the mouse femur, seeded in 6-well
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plates and incubated with GM-CSF and IL4 at concentrations of
10 ng/mL for 7 days. Media was refreshed every 2 days. On day 7,
DC were collected and adjusted to 1 x 10° cells/mL and incubated
with 1 pg/mL LPS (Invivogen, tlrl-eblps), 0.1 ug/mL IFNy (Pepro-
tech, 315-05), and pulsed with mitochondria lysate (50 ug/mL),
overnight. Mice were injected subcutaneously 3 days after tumor
challenge with 0.5 x 10° mitochondria-pulsed DC, and then given
two more injections at weekly intervals.

RT-PCR

The relative quantification of the expression levels of selected
genes was carried out by qPCR. Total RNA from cells and tissues
was extracted using TRIzol reagent (Invitrogen, 15596018) accord-
ing to the manufacturer’s instructions. Reverse transcription
and RT-PCR reactions were carried out using the High Capacity
cDNA Reverse Transcription Kit (Thermo Fisher Scientific,
4368814) and TagMan Gene Expression Master Mix (Thermo
Fisher Scientific, 4369016) according to the manufacturer’s
instructions. Runs were performed using the QuantStudio 6
Flex Real-Time PCR System (Thermo Fisher Scientific). All
TaqMan primers were purchased from Thermo Fisher Scientific.
Housekeeping gene Rn18s (Mm03928990_g1), PRKN (Hs01038322_
ml), Prkn (Mm01323528_m1), H2-kI (Mm01612247_mH), Tapl
(Mm00443188_m1), Psmb8 (Mm00440207_m1), B2m (Mm00437762_
ml), Ifng (Mm01168134_m1), Ifnb (MmO00439552_s1), Foxp3
(MmO00475162_m1), Il12b (Mm01288989_m1l), and Gzmb
(Mm00442837_m1).

Immunoblotting

Whole-cell protein lysates were processed using RIPA buffer, sup-
plemented freshly with a protease and phosphatase inhibitor cocktail
(Thermo Fisher Scientific, 1861231) and EDTA (5 mmol/L), following
the manufacturer’s instructions. SDS-PAGE was performed using the
Bio-Rad Mini-protean TGX (4%-20%) gels and after electrophore-
sis, protein transfer was done using the Trans-Blot Turbo Transfer
System. Chemiluminescence signals were detected on the Chemi-
Doc MP (Bio-Rad). The primary antibodies for TAP1, PSMBS, 32-
microglobulin (D8P1H), HSP90 (C45G5), B-actin (E4D9Z), Vin-
culin (VCL; E1E9V), Parkin, PTEN, AMPKa, phospho-AMPKa
(Thr172; 40H9), Akt, phospho-Akt (Ser473; D9E), phospho-
GSK-3B (Ser9, D85E12), and GSK-3f (D5C5Z) were purchased
from Cell Signaling Technology; HLA-A was purchased from
Thermo Fisher Scientific; and MHC-I (ER-HR52) was obtained
from Santa Cruz Biotechnology. All quantifications (Supplementary
Figs. S6A-S6E) are done with every protein’s respective housekeep-
ing blot, except for the phosphorylated ones, which are normalized
to their total protein or both, or unless specified otherwise

Flow cytometry

Cells were subjected to flow cytometry on a FACS Canto flow
cytometer using BD FACS Diva software (BD Biosciences) and data
were analyzed using FlowJo version X (TreeStar). The following mAbs
against mouse markers were used to phenotype the T cells: anti-CD45
(clone 30-F11, Invitrogen) anti-CD3 (clone 17A2, BD Pharmingen),
anti-CD4 (clone RM4-5, BL), and anti-CD8 (clone 53-6.7, BioLegend).
iTAg Tetramer/PE-H-2 Kb OVA (SIINFEKL; MBL International) was
used to detect specifically infiltrating OVA T cells. LIVE/DEAD Fixable
Aqua Dead Cell Stain (Life Technologies) was used to gate living cells.
The mAbs anti-Parkin (PRK8, Abcam), anti-MHC-I (H-2Kd; SF1-1.1.1,
eBioscience), and anti-H-2kb bound to SIINFEKL (clone 25-D1.16, BL)
were used to characterize the RENCA and B16-OVA cell lines.
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ELISpot for IFNy

We followed the ELISpot protocol as described elsewhere (14).
Briefly, tumor cells were prestimulated with various reagents according
to the experimental setting for 24 hours and then, cells were washed
with PBS prior plate seeding. Upon plate preparation, RENCA or B16-
OVA cells (1 x 10* cells/well) were cocultured for 16 hours in
triplicates with T cells from TAMA-vaccinated or OT.1 mice (5 x 10*
cells/well), respectively. After incubation, plates were washed with PBS
and Tween 20, ELISPOT was performed, and spots were counted using
an automated ELISPOT reader (Autoimmun Diagnostika).

Synthetic peptides

Splenocytes were stimulated for 16 hours with the 100 ng/well of the
following peptides: mutated COX1291-306 (MFTVGLDVDTRTYFT),
COX1295-310 (GLDVDTRTYFTSATM), and COX1299-314 (DTR-
TYFTSATMIIAL Eunoia Biotech); and mutated ND5516-535 (SFSTL-
LGFFTSIIHR), ND5520-539 (LLGFFTSIIHRITPM), and ND5524-543
(FTSIIHRITPMKSLN; Mimotopes; ref. 11). After seeding in triplicates
and incubation, ELISPOT was performed and spots were counted using
an automated ELISPOT reader (Autoimmun Diagnostika).

ELISA

A498 cells were prestimulated for 24 hours with various experi-
mental conditions and then, cells were washed with PBS. Next, tumor
cells were cocultured with NY-ESO-1 T cells (donor 401; Astarte
Biologics, 1093) for 16 hours. The next day, supernatants were
collected and cleared by centrifugation. The levels of IFNYy were
evaluated using the Human IFNy DuoSet ELISA Kit (R&D Systems,
DY285B) and following the manufacturer’s instructions.

MTT assay

A total of 5,000 cells/well were seeded into a 96-well plate and
cultured for overnight at 37°C in an incubator with 5% CO,. After 24,
48, and 72 hours, 15 UL (5 mg/mL) MTT was added to each well for
4 hours, after which, the supernatants were removed carefully. Next,
the MTT formazan was dissolved in 150 pL. DMSO and optical density
(OD) values were measured using a microplate reader at 492 nm. All
assays were repeated three times.

ATP levels and nitric oxide synthase activity measurements
ATP levels and nitric oxide synthase activity were evaluated by the
ATP Assay Kit from Abcam (catalog no. ab83355) and the Nitric Oxide
Synthase Activity Assay Kit from Biovision (catalog no. K205-100)
following the manufacturer’s instructions, respectively. Briefly,
Parkin-deficient or control cells were seeded in a 96-well plate and
incubated in 2%-FBS cell culture medium at 37°C and 5% CO, for
18 hours. Absorbance was determined with a microplate reader at OD
570 nm (ATP levels) or OD 540 nm (nitric oxide synthase activity).

Whole-genome RNA sequencing and analysis

Total RNA from tumor tissues was extracted using TRizol reagent
(Invitrogen, 15596018) according to the manufacturer’s instructions.
The sample quality had the following characteristics: RNA integrity
number >6.0, 250 ng/uL, A260/A280 = 1.8-2.2, DNA free. RNA
degradation and contamination was monitored on 1% agarose gels.
RNA purity was checked using the NanoPhotometer spectrophotom-
eter (IMPLEN). RNA integrity and quantitation were assessed using
the RNA Nano 6000 Assay Kit of the Bioanalyzer 2100 system (Agilent
Technologies). The RNA sequencing data set and libraries were
prepared and sequenced at Novogene Corporation Inc. Briefly, the
messenger RNA was purified from total RNA using poly-T oligo-
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attached magnetic beads. After fragmentation, the first-strand
c¢DNA was synthesized using random hexamer primers, followed
by the second-strand cDNA synthesis using either dUTP for
directional library or dTTP for nondirectional library. Quantified
libraries were pooled and sequenced on the Illumina HiSeq plat-
form. The raw reads were processed by removing the adaptor reads
and low-quality tags. Clean reads for each sample were mapped to
GRCm38/mm10 using the software HISAT2 (v2.0.5). feature-
Counts v1.5.0-p3 was used to count the reads numbers mapped
to each gene. Then, FPKM of each gene was calculated on the basis
of the length of the gene and reads count mapped to this gene. The
differential expression analysis was performed using the DESeq2R
package (v1.20.0). The P values were adjusted using the Benjamini
and Hochberg method. Genes with an adjusted P value <0.05
found by DESeq2 were assigned as differentially expressed. The
FASTQ raw data files are not available as they were inadvertently
misplaced. However, the summary of gene expression data of the
individual tumors included in this study is available as a supple-
mental file (Supplementary Table S1).

The Cancer Genome Atlas data acquisition

For Fig. 4, gene expression values represent FPKM normalized
reads from publicly available deidentified patient data downloaded
from the Clear Cell Renal Cell Carcinoma Project of The Cancer
Genome Atlas [TCGA-kidney renal clear cell carcinoma (KIRC)].
Hg38 reference genome data were used and FPKM values for PRKN
gene expression were calculated as described previously in the
HTSEQ-FPKM pipeline issued by the GDC. Data were downloaded
and harmonized using TCGAbiolinks (http://doi.org/10.1093/nar/
gkv1507). Array-Array Intensity correlation (AAIC) was used to
define a square symmetric matrix of Pearson correlation among
samples to find and remove those samples with extremely low cor-
relation (less than 20% correlation), which could be identified as
possible outliers across the patient cohort. Clinical and Biological
Specimen Databases for TCGA-KIRC project were also downloaded
using TCGABiolinks. Clinical Database was used to calculate surviv-
ability. Biological Specimen Database was used to find matched normal
tissue samples. Paired Student ¢ test was used to compare differences
in mean PRKN gene expression levels between normal and tumor
tissue across the 72 matched patient samples found within the TCGA-
KIRC dataset. Classification bins (low, mid, high) for PRKN gene
expression levels (FPKM) were generated by using the entire popu-
lation of 538 patients with KIRC and calculating three quantiles each
representing 33% of the data. Kaplan-Meier estimators were used to
plot survival probabilities across patient bins. Overall log-rank test was
used to calculate the significance of trend between (low, mid, high)
PRKN gene expression levels and survival probability. Two-group log-
rank test was used to determine significant differences in patient
survival between “low” and “high” PRKN gene expression bins across
KIRC tumor stages I, II, II, and IV.

Supplementary Fig. S5 was produced using TCGA gene expres-
sion profiles from the KIRC cohort. For each patient with KIRC,
RSEM-normalized gene expression counts were retrieved from
the Broad GDAC Firehose browser (http://firebrowse.org/?cohort=
KIRC&download_dialog=true). ~Subsequently, immunotherapy-
treated patients were divided into two groups according to PRKN
expression: low PRKN expression (below first quartile) and high
PRKN expression (above third quartile). Survival analysis using
Kaplan-Meier and the log-rank test between PRKN-low and PRKN-
high groups was performed using the R package survival. Kaplan—
Meier plots were produced using R package ggplot.
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Statistical analysis

Sample sizes were chosen on the basis of pilot experiments and on our
experience with similar experiments. Two-tailed Student ¢ tests and
two-way ANOVA were used to compare data sets where indicated.
Survival over time was analyzed using the Kaplan-Meier estimator. A P
value less than 0.05 was considered significant. Correction for FDR was
used to correct for multiple comparisons. The heatmap was generated
using the package Pheatmap (version 1.0.12) within the statistical and
graphical software, RStudio (version 1.3.1093). Kyoto Encyclopedia of
Genes and Genomes (KEGG) Enrichment Scatter Plot; rows show
enriched terms, and the y-axis shows GeneRatio—which is the ratio
between the number of differentially expressed genes in each enriched
term and all the differentially expressed genes found in the KEGG
database. The size of each dot represents the number of genes that are
differentially expressed within each enriched term, and the color
represents the adjusted P value for each enriched term. KEGG Enrich-
ment Histogram shows the significantly enriched terms (P,q; < 0.05)
in the KEGG enrichment analysis between groups, where the x-axis
shows log of the adjusted P value (—logl0[P,4]) and the y-axis shows
the top 20 significantly enriched terms and the number of differentially
expressed genes in each pathway, shown as n.

Study approval

All animal studies were approved by the Institutional Animal Care
and Use Committee and the University Laboratory Animal Resources
at the University of Pennsylvania. Mice were treated in accordance
with University of Pennsylvania guidelines.

Data availability

The TCGA-KIRC gene expression profiles and de-identified patient
clinical data analyzed in this study can be obtained without special
access using the TCGAbiolinks software (https://bioconductor.org/
packages/release/bioc/html/TCGAbiolinks.html) and the Broad GDAC
Firehose portal (http://firebrowse.org/?cohort=KIRC&download_
dialog=true). The RNA sequencing FASTQ raw data files were
misplaced, but the summary gene expression data (Supplementary
Table S1) of the individual tumors included in this study is avail-
able as a Supplementary File. All other raw data are available upon
request from the corresponding author.

Results

Parkin regulates the MHC-I-associated tumor antigen
presentation machinery and fosters tumor progression

To investigate the role of Parkin in association with expression of
the MHC class-I antigen presentation machinery (APM) in tumors, we
generated stable Prkn-deficient murine renal cell carcinoma (RENCA)
cells using lentiviral shRNA (Fig. 1A and C). Because antigen pre-
sentation to CD8" T lymphocytes only occurs in the context of MHC-I
expression, we characterized the APM associated with this pathway.
We observed a positive association between Parkin-deficient cells and
significantly reduced mRNA (Fig. 1B) and protein (Fig. 1C) expres-
sion levels of APM molecules MHC-I (H2-k1), Tapl, Psmb8, and B2m.
Next, we tested the antigen presentation capabilities of the knock-
downs in a coculture setting with T cells from TAMA-vaccinated
mice. Consequently, deficiency in Parkin resulted in poor antigen
presentation and T-cell activation (Fig. 1D). To evaluate the impact of
Parkin-deficiency in tumor development, we challenged Balb/c mice
with 1 x 10° Prkn knockdown (sh#1-3) or empty-vector (pLKO.1)
control cells subcutaneously or orthotopically (intra-kidney) and
monitored for tumor growth. In both models, Parkin-deficient
tumors grew significantly faster than pLKO.1 controls (Fig. 1E;
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Figure 1.

Parkin regulates the MHC-I-associated tumor APM and fosters tumor progression. A and B, mRNA expression levels of Prkn, H2-k1, Tapl, Psmb8, and B2m
in RENCA cells stably transfected with shPrkn_1 (sh#1), shPrkn_3 (sh#3), and empty vector control (pLKO.1) lentiviral vectors. Data are represented as mean =+ SD.
*** P < 0.007; unpaired, two-tailed t test. C, Protein expression analyses of Parkin, Tapl, Psmb8, and B2m (immunoblotting) and Parkin vs. MHC-I (intracellular
staining, flow cytometry) of pLKO.1 controls, sh#1, and sh#3 RENCA cells. Data represent two to three independent experiments. D, IFNy ELISPOT analysis
was performed on T cells isolated from the spleens of pLKO.1 RENCA tumor-bearing mice at day 25 after challenge. T cells were cocultured overnight with
stimulator Parkin-positive (pLKO.1) or -negative (sh#], sh#3) RENCA cells (5:1 ratio). E, Parkin-positive (pLKO.1) or -negative (sh#]1, sh#3) RENCA cells (106) were
injected in the back of BALB/c mice and tumor growth was monitored. Data are represented as mean 4 SEM. *, P < 0.05; ***, P < 0.007; two-way ANOVA.

Supplementary Figs. SIA-S1D). Importantly, the most aggressive
phenotype corresponds to the RENCA sh#3 tumors, also associated
with the lowest Parkin and MHC-I expression levels. Subsequent
experiments used the RENCA sh#3 cell (KD) because its phenotype
significantly differs from control. Altogether, our data suggest that
Parkin determines the APM expression levels in RENCA cells, with its
depletion resulting in poor tumor antigen presentation in the context
of MHC-I, consequently facilitating tumor growth. Because of the
comparable outcomes observed in both the subcutaneous and ortho-
topic models, we opted to proceed with the subcutaneous model for our
experimental plan, as it provides greater convenience and flexibility in
terms of maneuverability.

Lack of Parkin undermines the effectiveness of a tumor-
associated mitochondria antigen DC immunization

The Pinkl/Parkin axis can regulate mitochondria-derived anti-
gen presentation in RAW macrophages (10); however, the extent of
its role in the context of tumor immunology is still not clear. To
confirm the impact of Parkin-deficiency over mitochondria-derived
antigen presentation in the RENCA tumor model, we utilized our
previously reported TAMA DC immunization strategy employing
mitochondria extracts (11) to prime and expand RENCA mitochon-
dria-specific TCR. This immunization relies on the presence of
mitochondria antigens derived from the cytochrome oxidase 1
(COX1) and the B-nicotinamide adenine dinucleotide, reduced
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(NADH) subunit 5 (ND5) mutations uniquely present in RENCA
cells. Following tumor challenge, the DC-TAMA vaccine was
injected subcutaneously once per week for 3 weeks and tumor growth
was monitored until tissue collection (day 20). Similar to our
previous observations, KD (sh#3) tumors grew significantly faster
and larger than pLKO.1 controls. Notably, although the DC-TAMA
vaccine effectively controlled tumor growth in the pLKO.1 group, it
became ineffective in mice bearing tumors lacking Parkin (Fig. 2A).
We investigated lymphocyte populations in tumors, draining lymph
nodes (dLN), and spleen. We found a significant increase of CD8*
T cells infiltrating pLKO.1/TAMA™ tumors when compared with
pLKO.1/TAMA™ controls. However, this difference was not found
in Parkin-deficient tumors (Fig. 2B). Of note, CD45" and CD4"
T-cell subpopulations were not affected by the absence of Parkin in
tumors (Supplementary Figs. S2A-S2C). Interestingly, we found
significantly reduced CD8" T cells in KD dLN, either vaccinated or
not, when compared with the pLKO.1 groups (Fig. 2C) and no
differences of this cell population in the spleens across the studied
groups (Fig. 2D).

To confirm that mice bearing KD tumors were positively vaccinat-
ed, magnetically isolated T cells were costimulated overnight with a
cocktail of COX1/ND5 peptides. The next day, IFNy-producing T cells
were quantified by ELISpot analysis. TAMA-vaccinated mice bearing
Parkin-deficient tumors presented a significant reduction of T-cell
activation upon peptide stimulation as compared with their TAMA-
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Figure 2.

Lack of Parkin undermines the effectiveness of a TAMA DC immunization. A, BALB/c mice (>7 per group) were challenged subcutaneously with 10® RENCA cells
(Parkin KD or pLKO.1) in the back. At days 3,10, and 17, the TAMA+ groups received 5 x 10° bone marrow-derived DCs pulsed with mitochondria extracts in 100 uL
of PBS, intradermally (TAMA vaccine). B-D, Percentage of CD8" T-cell populations found in tumor, draining lymph node (dLN), and spleen of KD or pLKO.1
tumor-challenged mice, treated (or not) with the TAMA vaccine. E, Splenocytes isolated from immunized mice (TAMA+) or controls (TAMA—) were restimulated
overnight in vitro with a cocktail of COX1 (n = 3) and ND5 (n = 3) peptides (100 ng/well). T-cell reactivity was measured by IFNy ELISPOT. F, Infiltrating T cells
from TAMA-vaccinated mice were magnetically isolated from KD or pLKO.1 tumors. Then, cocultured overnight with stimulator Parkin-positive or -negative
RENCA cells (10:1 ratio). IFNy ELISPOT was performed to analyze T-cell activation. Data are represented as mean + SEM. *, P < 0.05; **, P < 0.01; ***, P < 0.007;

two-way ANOVA (A), and unpaired, two-tailed t test (B=F).

vaccinated counterpart. Both unvaccinated controls showed no differ-
ences following stimulation (Fig. 2E). In addition, we assessed the
functional capacity of antigen-specific immune responses. T cells were
magnetically collected from spleens of TAMA-immunized mice
bearing pLKO.1 or KD tumors, and cocultured with pLKO.1 or KD
antigen presenting RENCA cells. Consequently, we found that the
Parkin KD cells had significantly reduced capability to activate CD8*
T cells (from pLKO.1 or KD groups, indistinctively) as assessed by
IFNY ELISpot (Fig. 2F). Altogether, the lack of Parkin in RENCA
tumors negatively impacts the efficacy of a DC-based immunotherapy
by reducing CD8" T-cell tumor infiltration and TAMA recognition.

Parkin regulates cytosolic tumor antigen processing and
presentation and facilitates effector CD8" T-cell cancer
immunity

Our previous studies using the RENCA model showed that Parkin
facilitates tumor evasion by impairing mitochondria-derived antigen
presentation. To investigate whether Parkin also affects cytosol-
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derived antigen presentation, we generated B16(F10) melanoma cells
expressing chicken ovalbumin (OVA) in the cytoplasm as a target
antigen. We then knocked out Parkin using CRISPr/Cas9 (B16-OVA
KO) or transduced the empty vector (EV) as a control (B16-OVA EV).
Notably, the B16 tumor model has deficiencies in the expression of
MHC-I APM (15). Thus, we stimulated the cells overnight with IFNy
(10 ng/mL) to assess the regulatory role of Parkin on antigen proces-
sing and presentation under ectopic upregulation of MHC-I expres-
sion. Although we found no differences at basal levels, mRNA
(Fig. 3A) and protein (Fig. 3B) expression of the APM in IFNy-
stimulated B16-OVA cells were negatively impacted when Parkin was
absent. As expected, B16-OVA KO cells showed a significantly reduced
capability to present the H-2K(b) binding OVA (257-264)-peptide
(SIINFEKL) to magnetically isolated OT.1 CD8" T cells, either in the
presence or absence of IFNYy stimulation as compared with EV controls
(Fig. 3C). Altogether, the MHC-I APM and T-cell activation were
significantly downregulated in KO cells, but not abrogated, suggesting
that Parkin is a key contributor in this process.
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Figure 3.

Parkin regulates cytosolic tumor antigen processing and presentation and facilitates effector CD8™" T-cell cancer immunity. A=C, Mouse melanoma B16-OVA Prkn
knockout (KO, CRISPr/Cas9) or EV control cells were stimulated for 18 hours with IFNy (10 ng/mL) or mock-stimulated before the analyses. A, mRNA expression
levels of Prkn, H2-k1, Psmb8, and TapT in B16-OVA Parkin KO or EV cells. Data are represented as mean + SD. ** P < 0.01; *** P < 0.001; unpaired, two-tailed t test.
B, Protein expression analyses of Parkin, Tapl, and Psmb8 (immunoblotting) and SIINFEKL-bound to H-2Kb (MHCi-OVA; intracellular staining, flow cytometry)
of B16-OVA KO and EV cells. Data represent two to three independent experiments. C, IFNy ELISPOT analysis was performed on OT.1 T cells (10%) cocultured
overnight with B16-OVA KO and EV cells in a 5:1 ratio. D, B16-OVA Parkin KO or EV cells (10%) were injected in the back of C57BL/6 mice and tumor growth was
monitored. Five mice per group were treated with anti-CD8 blocking antibody (aCD8) or isotype (ISO) control. E, Percentage of CD45~/MHC-OVA™ cells present
in B16-OVA Parkin KO or EV isotype-treated tumors analyzed by flow cytometry. F, SIINFEKL-specific CD8" T-cell tumor infiltration present in B16-OVA
Parkin KO or EV isotype-treated tumors. G, mRNA expression levels of IFNy in B16-OVA Parkin KO or EV isotype-treated tumors. E-G, Data are represented
as mean + SEM. ns, not significant; *, P< 0.05; **, P < 0.07; unpaired, two-tailed ¢ test. H, B16-OVA Parkin KO or EV cells (108) were injected in the back of C57BL/6-Tg
(TcraTcerb)1100Mjb/J (OT.1) mice (5 per group) and tumor growth was monitored. 1, Survival rate analysis (Kaplan-Meier, log-rank test) was performed by day 25
posttumor challenge, including five mice per group. D and H, Data are represented as mean =+ SEM. ***, P < 0.001; two-way ANOVA.

To investigate the biological relevance of Parkin regulation of  tumors lacking Parkin (KO-ISO) progressed faster and larger than
APM in the B16 murine melanoma model, we injected 1 x 10°  controls (EV-ISO; Fig. 3D), confirming our previous data using
B16-OVA KO cells or EV controls subcutaneously and tumor RENCA cells. The in vitro cellular proliferation of both EV and KO
challenged C57BL/6 mice over 21 days. Consequently, B16-OVA  B16-OVA cells was similar, as assessed by clonogenic growth
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(Supplementary Fig. S3A). Taken together, these data suggest that
Parkin regulates cytosolic-derived antigen presentation through
gene and protein modulation of the APM, which results in poor
effector CD8" T-cell responses.

The presence of tumor-infiltrating lymphocytes (TIL) within adult
tumors is associated with improved clinical outcomes (16). To inves-
tigate whether the lack of Parkin affects the infiltration of effector
CD8™ T cells into the tumor, we challenged C57L/6 mice with 1 x 10°
B16-OVA KO cells or EV controls subcutaneously and treated them
with depleting anti-CD8 or isotype control. The depleting antibody
intraperitoneal injections were performed 2 days prior to tumor
injection, on the day of tumor injection, and then twice weekly until
euthanasia. As previously shown, Parkin-deficient tumors grew faster
than EV controls. Interestingly, upon CD8 depletion both KO and EV
tumors presented a similar trend in tumor progression, with each
growing significantly faster than their respective controls (Fig. 3D).
We performed a similar study to validate these results using the
Parkin-deficient RENCA cells. Likewise, CD8 depletion resulted in
faster tumor progression of both KD and pLKO.1 RENCA tumors,
confirming the pivotal role of CD8 T cells in controlling cancer
progression in these models (Supplementary Fig. S4). As expected,
flow cytometric analysis of KO tumors revealed a significantly reduced
number of cells expressing the MHC-OVA complex (Fig. 3E; Sup-
plementary Fig. S3B). Tumor-infiltrating cell populations in isotype-
treated mice also showed reduced OV A-specific CD8" T cells in KO
tumors, suggesting that the lack of Parkin limited specific antitumor
immune recognition (Fig. 3F; Supplementary Fig. S3C). This was
associated with reduced IFNYy (Fig. 3G), IFN, Foxp3, and IL12, but
similar granzyme B gene expression in KO tumors (Supplementary
Fig. $3D). These findings confirm that the antitumor CD8" T cell
response is mostly responsible for the control of tumor growth in this
model and suggest that the lack of Parkin impedes effective tumor T-
cell infiltration due to less interaction between tumor and immune
cells. To evaluate the role of Parkin in the context of tumor evasion, we
challenged OT.1 mice with 1 x 10° B16-OVA KO or EV cells.
Interestingly, the injection of Parkin-deficient cells resulted in rapid
tumor growth and lower survival rates (Fig. 3H). Indeed, all the mice
from this group either died naturally or were sacrificed by day 25 after
injection upon reaching a tumor volume of over 2,000 mm3, versus
none in the Parkin positive control group (Fig. 3I). These data confirm
that Parkin-deficient cells have a significant advantage in evading
strong and early CD8 T-cell pressure. Altogether, the lack of Parkin
negatively impacts cytosolic antigen presentation in tumors by impair-
ing the APM and reducing the infiltration of tumor-specific CD§" T
cells, which in turn results in tumor evasion.

Parkin deficiency in human ccRCC is associated with poor
clinical outcome, limited antigen presentation capabilities, and
impacts immunotherapy efficacy

Parkin defects including loss of function mutations, diminished
expression, and loss have been identified in several solid tumors
including renal cell carcinoma (ccRCC; ref. 17). Indeed, after a
TCGA database analysis comparing tumor vs. healthy controls, we
found that Parkin gene expression is significantly downregulated in
patient tumor samples and associated with overall survival (Fig. 4A
and B). Interestingly, during earlier stages of this malignancy
(stages II-III), we find a loss of Parkin expression associated with
limited survival, which becomes significant in the most advanced
form of the disease (stage IV; Fig. 4C). These findings suggest that
the reduction in Parkin expression is associated with poor prognosis
and could be potentially used as a tumor biomarker associated with
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poor prognosis. Additionally, to evaluate the possible impact of
Parkin expression on immunotherapy in human ccRCC, immuno-
therapy treated patients from TCGA were divided into two groups
according to PRKN expression: low PRKN expression (below 1st
quartile) and high PRKN expression (above 3rd quartile). Although
after filtration few samples were left, survival analysis using Kaplan—
Meier demonstrated significant increased benefit in patients expres-
sing PRKN in comparison with low PRKN expresser (Supplemen-
tary Fig. S5).

Next, we asked whether the regulation of APM through Parkin
also occurs in human RCC cells. First, we investigated the differ-
ential gene expression of Parkin in three individual metastatic
ccRCC cell lines (786-0O, CAKI-I and A498) relative to HEK293
(Fig. 4D) and found significant downregulation. For further human
APM studies, we selected the A498 cell as it expresses the HLA-
A*02 serotype and the antigen NY-ESO-1 (18). Parkin was knocked
out using CRISPr/Cas editing, confirmed by loss of gene and protein
expression using qPCR and immunoblotting, respectively (Fig. 4E).
Moreover, we tested the protein expression levels of the APM upon
IFNYy [10 ng/mL] stimulation and found that Parkin-deficient cells
were not able to recover the expression of HLA or TAP1 (Fig. 4F).
We evaluated the capability of the A498 Parkin-deficient cells to
activate donor-derived anti NY-ESO-1 T cells in a coculture setting.
Consequently, Parkin KO cells prestimulated with IFNy showed
significantly worse antigen presentation compared to EV controls
(Fig. 4G). Altogether, lower expression of Parkin in human ccRCC
is associated with poor outcome and the in vitro loss of Parkin
facilitates tumor evasion, reducing antigen presentation and con-
sequently, antitumor-specific T cell activation.

RNA sequencing analysis identifies PI3K/Akt involvement
in Parkin-dependent APM defects

To better understand the mechanism behind this phenotype, we
carried out RNA sequencing profiling of genome-wide expression in
Parkin KD RENCA tumors and pLKO.1 controls. The summary
gene expression data are available as a supplemental file (Supple-
mentary Table S1). We identified a total of 319 differentially
expressed genes, with 138 upregulated and 181 downregulated
genes from which we developed a heatmap showing expressions
of statistically significant genes on the comparison between groups
(Fig. 5A). The KEGG enrichment scatter plot analysis (https://
www.genome.jp/kegg/) revealed that the differentially expressed
genes were related to biological behaviors such as thermogenesis,
oxidative phosphorylation and Parkinson disease, among others
(Fig. 5B). Furthermore, the KEGG enrichment histogram showed
that the most significantly altered pathways of differentially
expressed genes included cytokine-cytokine receptor interaction,
PI3K/Akt pathway, chemokine signaling pathway, focal adhesion,
ECM receptor interaction, and protein digestion and absorption
(Fig. 5C). We pursued the investigation of the PI3K/Akt signaling
cascade because it is among the most frequently dysregulated
pathways in human cancers, and its molecular components have
been involved in MHC-I expression and antigen presentation, key
factors that affect the susceptibility of tumors to immunosurveil-
lance (8, 9, 19, 20).

To validate our ccRCC human and mouse models with the previ-
ously described regulatory role of Parkin, we tested basal expression
levels of individual PTEN/PI3K/Akt pathway components. As
expected, we found that Parkin-deficient cells (either human A498
KO or mouse RENCA KD) demonstrated impaired mitochondrial
ATP production and increased levels of INOS activity (Fig. 5D and E).
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Figure 4.

Parkin deficiency in human ccRCC is associated with poor clinical outcome, limited antigen presentation capabilities, and impacts immunotherapy efficacy.
Parkin (PRKN) downregulation in patients with KIRC is significantly associated with overall survival and tumor stage. A, PRKN gene expression is
significantly downregulated in patient tumor samples vs. matched controls (N = 72 matches samples, P value = 3E—07 via paired Student ¢ test; FPKMs
mapped reads data from GDC HTSeqg-FPKM pipeline was used). Dashed lines represent cutoffs used to bin patients with KIRC into low, mid, high PRKN gene
expression levels. B, PRKN gene expression levels are significantly associated with overall survival (N = 538 tumor samples, P < 0.0001 via log-rank test for
trend). C, PRKN expression is significantly associated with overall survival in patients with stage 4 tumors (log-rank P < 0.007). D, mRNA expression levels
of PRKN on HEK293, 786-0, CAKI-I, and A498 cells cultured overnight in growth media. E, mRNA and protein expression levels of A498 Parkin KO or EV
cells. F, A498 Parkin KO or EV cells were stimulated with IFNy (10 ng/mL) for 18 hours. Then, immunoblotting analysis was performed on Parkin, HLA-A,
TAP1, and PSMB8. Data represent two to three independent experiments. Immunoblot data represent two to three independent experiments. G, IFNy ELISA
analysis was performed on donor-derived NY-ESO-1-specific T cells (5 x 10%) cocultured in a 1:1 ratio overnight with A498 Parkin KO or EV cells. Tumor cells
were prestimulated with IFNy (10 ng/mL) or mock-treated for 18 hours before the assay. Data are represented as mean + SD. ***, P < 0.001; unpaired, two-
tailed t test.
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Figure 5.

RNA sequencing analysis identifies PI3K/Akt involvement in Parkin-dependent APM defects. A, Heatmap shows expressions of statistically significant genes on
the comparison between Parkin EV and Parkin KO. B and C, KEGG enrichment scatter plot and KEGG enrichment histogram analysis, respectively. D=F, A498 Parkin
KO or EV, and RENCA Parkin pLKO.1 or KD were cultured for 18 hours in growth media supplemented with 1% FBS. Then, relative ATP levels (D) and nitric oxide
synthase (NOS) activity (E) were measured following the manufacturer’s indications. F, Immunoblotting analysis of Parkin, PTEN, pAMPK, AMPK, pAkt,
Akt, p-GSK3B, and GSK3B on A498 Parkin KO or EV, and RENCA Parkin pLKO.1 or KD cells. Data represent two to three independent experiments. Data are

represented as mean =+ SD. **, P < 0.01; *** P < 0.007; ****, P < 0.0001; unpaired, two-tailed t test.
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This finding is associated with AMPK overactivation, resulting in
PTEN reduction. Consequently, as PTEN is the natural inhibitor of the
PI3K/Akt pathway, we also observed heightened Akt activation and
enhanced dephosphorylation of downstream molecules such as
GSK3P in Parkin-deficient cells (Fig. 5F; ref. 21). Collectively, the
loss of Parkin in both mouse and human RCC results in mitochondrial
metabolic defects that trigger Akt activation through the dysregulation
of AMPK and PTEN.

Parkin regulates antigen presentation through the Akt signaling
network

To validate the association of Parkin with Akt activation status
and APM capabilities, we knocked-in (KI) Parkin into the KO
cells by silencing the CRISPR/Cas system. Interestingly, the KI cells
reestablished phospho-Akt and HLA-A expression to control
levels (Fig. 6A). Subsequently, when cocultured with NY-ESO-
specific T cells to assess for T-cell activation, their antigen pre-
sentation capabilities were restored (Fig. 6B). These findings
substantiate the notion that Parkin impacts antigen presentation
through the regulation of Akt activation.

A

Because the lack of Parkin results in over activation of Akt in
tumors, we asked whether pharmacologic inhibition of Akt would
overcome the loss of APM capabilities. We selected the small molecule
MK?2206-2HC, a specific inhibitor of the Akt 1/2/3 isoforms evaluated
in a phase II clinical trial for breast cancer (22). After testing for cell
viability following increasing MK2206-2HCl concentrations over
24 hours, we chose a 10 umol/L dose for subsequent experiments
(Fig. 6C). We found that HLA-A protein expression increases in
Parkin-deficient cells upon treatment with MK2206-2HCI (Fig. 6D).
This was associated with a modest but significant increase in T-cell
activation capabilities of A498 KO cells (Fig. 6E). Our data suggest that
inhibition of Akt alone does not induce antigen presentation capa-
bilities. However, the combination of MK2206-2HCI with IFNy,
enhances T-cell activation in Parkin-deficient cells.

Inhibition of Akt in vivo rescues TAMA immunotherapy efficacy

To investigate whether treatment with MK2206-2HClI in vivo could
rescue the potency of the TAMA vaccine, we challenged Balb/c mice
with Parkin-deficient (KD) RENCA cells. This model represents an
advanced stage of tumor development where the expression levels of
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Figure 6.

Parkin regulates antigen presentation through the Akt signaling network. A, Immunoblotting analysis of Parkin, pAkt, Akt, and HLA-A of A498 Parkin EV, KO or
knock-in (KI) cells. hiExp, high exposure. B, IFNy ELISA analysis was performed on donor-derived NY-ESO-1-specific T cells (5 x 10%) cocultured in a 1:1 ratio
overnight with A498 Parkin EV, KO, or Kl cells. Tumor cells were prestimulated with IFNy (10 ng/mL) or mock-treated for 18 hours before the assay. Data are
represented as mean =+ SD. ns, not significant; unpaired, two-tailed t test. C, Drug-dose response curves of A498 Parkin EV or KO cells treated with increasing
concentrations of MK2206-2HCI for 24 hours. D, A498 Parkin KO or EV cells were treated with MK2206-2HCI (10 umol/L) for 18 hours. Then, immunoblotting
analysis of Parkin, pAkt, Akt, and HLA-A was performed. E, IFNy ELISA analysis was performed on donor-derived NY-ESO-1-specific T cells (5 x 10*) cocultured in
a 111 ratio overnight with A498 Parkin KO or EV cells. Tumor cells were prestimulated with IFNy (10 ng/mL), MK2206-2HCI (10 umol/L), the combination of
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as mean =+ SD. **, P < 0.07; ***, P < 0.001; unpaired, two-tailed t test.
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Parkin have dramatically decreased and hence, tumor evasion capa-  found an increased population of CD45"CD3" cells in the tumors of
bilities are enhanced. As described previously (23), we administered ~ TAMA-vaccinated mice (Fig. 7C) and more IFNy-producing CD8"
MK2206-2HCI (120 mg/kg per mouse) orally three times per week T cells in the tumors of mice treated with the combination therapy
alone or in combination with the TAMA vaccine. These groups were  (Fig. 7D). Mice treated only with MK2206-2HCI did not show an
compared against TAMA-only or mock controls. As shown earlier, enhancement in antitumor T-cell reactivity, suggesting a major con-
the TAMA vaccine did not have a strong antitumor effect and these  tribution of a non-Akt-dependent pathway. Next, we modeled an
results were comparable with the use of inhibitor alone. Importantly,  in vitro system to evaluate the activation capabilities of these T cells
we found an additive effect when both treatments were combined,  against RENCA tumors following the treatment with MK2206-2HCI.
resulting in a significant control over tumor growth (Fig. 7A).  Here, RENCA KD cells or EV (pLKO.1) controls were prestimulated
Although this approach did not result in full tumor rejection, we were  overnight with MK2206-2HCI (10 pmol/L) and IFNy (10 ng/mL) to
capable of significantly delaying the growth of a tumor that hides from  inhibit Akt activation and to induce antigen presentation capabilities.
the immune system. Furthermore, we confirmed that the T cells from  Then, tumor cells were cocultured with T cells isolated from the
both TAMA -vaccinated groups were reactive against the mitochon-  spleens of mice treated with MK2206-2HCl, TAMAs, MK2206-
drial antigens by stimulating splenocytes from each mouse group with ~ 2HCI4+-TAMAs, or mock-treated in an ELISpot setting. As expected,
the cocktail of COX1 and ND5 peptides (Fig. 7B). Interestingly, we T cells were significantly more reactive in contact with RENCA
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Figure 7.

Inhibition of Akt in vivo rescues TAMA immunotherapy efficacy. A, BALB/c mice (>7 per group) were challenged subcutaneously with 10° Parkin KD RENCA
cells in the back. At days 3, 10, and 17, the TAMA+ groups received 5 x 10° bone marrow-derived DCs pulsed with mitochondria extracts in 100 uL of PBS,
intradermally (TAMA vaccine). Moreover, we administered MK2206-2HCI (120 mg/kg per mouse) orally three times per week alone or in combination with
the TAMA vaccine. B, Splenocytes isolated from each group were restimulated overnight in vitro with a cocktail of COX1 (n = 3) and ND5 (n = 3)
peptides (100 ng/well). T-cell reactivity was measured by IFNy ELISPOT. € and D, Percentage of infiltrating CD45%/CD3™" (C) and activated CD8"/IFNy" (D)
T cells in Parkin KD tumors from each group evaluated by flow cytometry. E, T cells were magnetically isolated from KD tumors of each group. Then,
cocultured overnight with stimulator Parkin KD or pLKO.1 RENCA cells (10:1 ratio). RENCA cells were pretreated for 18 hours with the IFNy (10 ng/mL)
and MK2206-2HCI (10 umol/L) combination. IFNy ELISPOT was performed to analyze T-cell activation. Data are represented as mean + SEM. ns, not
significant; *, P < 0.05; ** P < 0.01; ***, P < 0.001; two-way ANOVA (A), and unpaired, two-tailed t test (B-E).
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pLKO.1 controls than with RENCA KD cells. Importantly, Parkin-
deficient cells significantly improved T-cell activation when cocul-
tured with T cells isolated from MK2206-2HCI-TAMA -treated mice
or in a lesser extent, with TAMA-vaccinated mice (Fig. 7E).
T cells from MK2206-2HCl- or mock-treated mice did not show
reactivity against RENCA KD cells. Altogether, our data suggest
that Akt inhibition in combination with the DC-TAMA vaccine
in vivo overcomes tumor evasion associated to Parkin deficiency.
Our approach enhances the efficacy of immunization by facilitating
tumor antigen presentation, T-cell tumor infiltration, and CD8™"
T-cell reactivity.

Discussion

A growing body of evidence remarks the role of Parkin as a
tumor suppressor involved in a number of cellular processes,
including the downregulation of cell cycle and proliferation,
migration, invasion and metastasis, mitophagy, and metabolic
reprogramming (3, 24, 25). Indeed, epidemiologic, genetic and
bioinformatics studies have shown multiple defects in the
PRKN gene, localized in human chromosome 6q25-27, a region
frequently lost in cancers (17, 26, 27). In this study, we show a
novel role of Parkin in tumor immune surveillance through the
dysregulation of the PTEN/PI3K/Akt pathway, involving the
modulation of the APM and subsequent development of antitu-
mor-specific CD8" T-cell reactivity. Thus, during the progression of
cancer, the presence of Parkin mutations that result in loss of its
functionality can facilitate the development of tumor evasion mechan-
isms. Furthermore, the development of new therapies/drugs or
treatment protocols should evaluate Parkin expression within the
tumor, as loss could impair the therapeutic effectiveness, particularly
of immunotherapies.

Here, we generated murine and human models that resemble
advanced-stage tumors, where Parkin deficiencies are found. In the
subcutaneous xenograft mouse models, we observed an aggressive
tumor growth in the absence of Parkin that was associated with poor
tumor antigen presentation and antitumor CD8"' T-cell infiltration
and activation. These observations were consistent in a renal ortho-
topic model (Supplementary Figs. SIA-S1D). Thus, suggesting that
tumor-intrinsic Parkin deficiencies impact antigen presentation affect-
ing tumor immune evasion independently of the tumor site. Impor-
tantly, the DC-based TAMA immunization against mitochondria-
derived antigens in RENCA KD tumors lost its efficacy, showing the
crucial role of Parkin in tumor development and upon antitumor
cellular therapeutic strategies. Moreover, we found that the lack of
Parkin negatively impacts cytosol-derived antigen presentation and
CD8" T-cell immunity as evaluated in the B16-OVA model.

Parkin has a key role in modulating inflammatory responses,
especially during late stages in cancer progression when heightened
genetic and protein expression defects are observed. Preclinical studies
have demonstrated that inhibition of mitochondria DNA repair path-
ways, especially the base excision repair (BER) pathway focused on
reactive oxygen species (ROS)-induced lesions, enhance tumor sen-
sitivity when provided in combination with anticancer drugs and
radiation (28). Parkin actively participates to help reduce mitochon-
drial genome damage by ROS and supports mitochondria DNA
(mtDNA) recovery through promotion of mitophagy (29, 30). Con-
sequently, the accumulation of damaged mitochondria found in
tumors is associated with poor outcome (31). In addition, Parkin
regulates immune responses by triggering innate immune system
receptors via mitophagy or xenophagy (32); by interacting with MAVS
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(mitochondrial antiviral signaling protein), resulting in poor IRF3
activation and antiviral response (33); by activating the STING1/
TMEM173-mediated DNA sensing pathway through mtDNA stress,
leading to autophagy-dependent ferroptosis and STING-associated
inflammation (34, 35); by controlling the mtROS-NLRP3 axis-
mediated inflammation (36); or by facilitating K63 ubiquitination of
RIPK1, promoting the activation of nuclear factor-kB (NF-kB) and
mitogen-activated protein kinases (MAPK; ref. 37). The by-products
of these signals can promote cytoplasmic dimerization of STAT1/
STAT1and STAT1/STAT2 inan autocrine and paracrine manner (38),
ultimately activating NLRC5, the master regulator of the MHC-I
antigen processing and presentation machinery (39). Because of its
active role in mitochondria-associated metabolic stress alleviation and
inflammation, we speculate that Parkin defects developed as cancer
progresses can be a dynamic mechanism allowing adaptation of tumor
cells. This strategy results in the reduction of their capabilities to
process and present antigens in the context of MHC-I, affecting
antitumor T-cell reactivity, and limiting effective immune surveil-
lance. Further studies must be carried on to better understand the
molecular mechanistic interaction between Parkin and NLRC5 in
tumors, as the latter has been demonstrated to regulate the APM,
CD8" T-cell activation, and tumor evasion (39).

Throughout our studies we have shown that Parkin mediates
antigen presentation capabilities in cancer cells, facilitating tumor
evasion when defective. Indeed, Parkin-deficient RENCA cells har-
boring TAMAs show an aggressive tumor growth and are not sus-
ceptible to TAMAs immunization (Fig. 2A). Interestingly, in vivo CD8
depletion assays revealed similar tumor growth dynamics between
anti-CD8-treated and control KD RENCA tumors (Supplementary
Fig. $4), suggesting that the lack of Parkin in this model system results
in an immune evasion phenotype comparable with mice deprived of
CD8 T cells. Furthermore, Parkin-deficient B16-OVA cells injected in
C57BL/6 or OT.1 mice resulted in faster tumor growth and lower
survival rates as compared with controls (Fig. 3D, H, and I). These
data confirm that tumor cells lacking Parkin have a significant
advantage to evade both, therapeutic immunization and a strong and
early T-cell pressure, respectively. Importantly, the aggressiveness of
Parkin-deficient tumor cells could also be explained by the rapid
emergence of genetic variations tolerant to the potent T-cell response
as discussed by Kaluza and colleagues (40). Together, while facilitating
antitumor CD8" T-cell immunity, Parkin could also prevent immu-
noediting and the expansion of more aggressive tumor mutants
capable to escape immune surveillance.

Our TCGA survival analysis revealed that patients in advanced-stage
(stage IV) ccRCC present a significantly worse clinical outcome when
the expression of Parkin is low. This observation was confirmed in vitro
by evaluating the expression of Parkin using metastatic human ccRCC
cell lines. Likewise the murine models, the APM and CD8" T-cell
activation were significantly downregulated upon CRISPr/Cas removal
of Parkin from A498 cells (Fig. 4E-G). Then, we investigated the
differential gene expression profile of Parkin-deficient mouse tumors
using RNA sequencing. Our interest in antigen presentation lead to the
selection of the PI3K/Akt signaling cascade, which had been associated
with the regulation of antigen presentation. Indeed, our studies con-
firmed the data of previous groups that showed that Parkin deficiencies
are associated with mitochondria metabolic stress, AMPK activation,
and PTEN degradation (Fig. 5D-F), ultimately resulting in Akt over
activation and dysregulation of antigen presentation (7-9, 41). Impor-
tantly, A498 cells that were genetically modified to overexpress Parkin,
recovered Akt activation, HLA-A expression, and antigen presentation
control levels. Moreover, inhibition of Akt in Parkin KO cells could
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increase antigen presentation capabilities only in combination with
IFNY stimulation, suggesting that this process is orchestrated primarily
by Parkin and enhanced by the IFNY/STAT1 axis (9, 20, 42).

Immunotherapeutic approaches have shown to benefit patients
with preexisting T-cell responses against their tumor, as evidenced
by a baseline CD8" T-cell infiltration within the tumor microenvi-
ronment (43, 44). However, efficient APM capabilities (and subse-
quent spontaneous antitumor T-cell response), T cell-mediated tumor
killing, and T-cell trafficking into tumors can be negatively impacted
by the loss of PTEN (45) or abnormal signaling of the cell-intrinsic
oncogenic pathway, WNT/B-catenin (46). Because Parkin regulates
both signaling pathways (47, 48), these suggest a direct connection
between markers of cancer immune evasion and resistance to immu-
notherapies. Although the public clinical data in the TCGA of immu-
notherapy-treated KIRC patients is not abundant, our analysis suggest
that those with lower Parkin expression have poor survival rates
(Supplementary Fig. S5).

CD8" T cells differentiation into central memory T cells (Tcyy)
define the strength of the antitumor immunity due to their higher
proliferative potential following antigen reencounter. Abu-Eid and
colleagues have shown that inhibition of Aktl and Akt2 enhances
CD8" T-cell differentiation into the Tcy phenotype, delays CD8"
T-cell exhaustion, and preserves naive and Ty CD8* T cells, enhanc-
ing their proliferative ability and survival (49). Furthermore, inhibition
of the PI3K/Akt pathway results in selective depletion of suppressive
T regulatory cells, leading to a significant therapeutic antitumor
effect (50). As Parkin expression cannot be reestablished in clinical
settings and Akt inhibitors promote antitumor immune responses,
we evaluated the antitumor capabilities of the TAMA immunization
upon Akt inhibition in Parkin-deficient tumor-bearing mice (Fig. 7A-
E). Both Akt inhibition and TAMA vaccination as single modalities
reduced tumor development. Furthermore, TAMA vaccination alone
or in combination with MK2206-2HCl led to T-cell migration into the
tumor. Interestingly, only the combination therapy resulted in
markedly reduced tumor growth along with an increase in CD8"
IFNY™" tumor-infiltrating T cells. Thus, despite the inherent evasive
capabilities of this tumor, our approach achieved significant antitumor
T-cell activity against Parkin-deficient RENCA cells.

Overall, we have described Parkin and Akt as two major biologic
nodes associated with the generation of tumor immune evasion
mechanisms. Parkin’s newly identified ability to regulate the APM
highlights the importance of its assessment when evaluating immu-
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