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Graphical Abstract

∙ CARNK-92 is activated through specific recognition of PSMA on prostate can-
cer cells.

∙ Expression of PD-L1 on activatedCARNK-92 is upregulated via CAR-triggered
PI3K/AKT/mTOR pathway.

∙ Expression of PD-L1 on cancer cells is upregulated via IFN-γ-mediated JAK-
STAT pathway.

∙ Atezolizumab potentiates CAR NK-92 cytotoxicity by directly acting on PD-L1
on CAR NK-92 and unleashes CD8+ T cell via blocking PD-L1/PD-1 axis.
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Abstract
Background: The chimeric antigen receptor NK-92 (CAR NK-92) cell targeting
the prostate-specific membrane antigen (PSMA) has shown antitumour effects
in castration-resistant prostate cancer (CRPC). However, the expression changes
of programmed death ligand 1 (PD-L1) and its mechanisms on CAR NK-92 and
CRPC cells and the effect of the anti-PD-L1 monoclonal antibody (mAb) on PD-
L1 expressed on CAR NK-92 cells remain unknown.
Methods: Human dendritic cells and CD8+ T cells were acquired from blood
samples of healthy donors and cocultured with C4-2 cells. Changes in PD-L1
expression were detected by flow cytometry. Differential gene expressions were
investigated by RNA sequence analysis, while the regulation of PD-L1 molecular
signaling was explored using western blotting. In vitro cytotoxicity was evalu-
ated using the Cell Counting Kit-8 assay and the bioluminescent intensity (BLI)
of green fluorescent protein-labelled C4-2 cells. CRPC growth in vivo was moni-
tored using callipers and BLI in male NOD/SCID mice subcutaneously injected
with C4-2 cells and treated intravenously with anti-PD-L1/PD-1 mAb, CAR NK-
92 or cocultured CD8+ T cells.
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Fund for Medical Sciences (No. 2019-I2
M-1-003) Results: Significantly upregulated expression of PD-L1k was observed in cocul-

tured C4-2 and CAR NK-92 cells. In addition, upregulation of PD-L1 expression
was dependent on interferon-γ in C4-2 cells, while it was dependent on direct
cell-to-cell interaction via the NK group 2 member D/ phosphatidylinositol 3-
kinase/AKT pathway in CARNK-92 cells. The anti-PD-L1 mAb directly acted on
PD-L1 expressed onCARNK-92 cells and augmented the cytotoxicity of CARNK-
92 cells against C4-2 and CRPC cells from one patient in vitro. Anti-PD-L1 mAb
significantly enhanced the antitumour effect of CAR NK-92 cells against CRPC
cells in vivo when compared to treatment with CAR NK-92 cells or combined
with anti-PD-1 mAb in the absence or presence of cocultured CD8+ T cells.
Conclusion: Combined treatment with CAR NK-92 and anti-PD-L1 mAb
improved the antitumour efficacy against CRPC, which is of extraordinary trans-
lational value in the clinical treatment of CRPC.
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CAR NK-92 cell line, castration-resistant prostate cancer , PD-L1

1 INTRODUCTION

Prostate cancer (PCa) remains the second most frequent
malignancy and the fifth major cause of death from
malignancy in males in 2020 worldwide.1 Localised PCa
can be cured with radiation or surgery; however, once
PCa becomes non-organ confined, androgen deprivation
therapy (ADT) is the cornerstone of therapy. But most
patients will ultimately become resistant to ADT and
progress to castration-resistant prostate cancer (CRPC)
after a transient response, which remains incurable.2,3
Several studies have been conducted to evaluate the role
of immunotherapeutic agents, including new immune
checkpoint inhibitors (ICIs) and sipuleucel-T.4 However,
ICI monotherapy demonstrated limited efficacy in PCa
patients, probably because of an immunologically cold
tumour microenvironment (TME).5 Thus, T or NK cell
engineered with chimeric antigen receptors (CARs) is
believed to provide an alternative for the treatment of
CRPC. CAR consists of an extracellular domain that har-
bours an antibody that can bind to tumour-specific anti-
gens, a transmembrane region and an intracellular sig-
nalling domain.6
AlthoughCART cells targetingCD19 have achieved suc-

cess in the treatment of lymphoid malignancies in clinical
settings,7 the use of CAR T cells in treating solid tumours
is limited owing to the complicated TME and severe
immune-related adverse events. CAR NK cells have obvi-
ous advantages over CAR T cells, such as better safety, the
multiplicity of their cytotoxic mechanisms and high fea-
sibility for ‘off-the-shelf’ manufacturing.8 We successfully
constructed CAR NK-92 cells that can specifically recog-

nize prostate-specific membrane antigen (PSMA) on PCa,
especially CRPC cells, and proved that these effector cells
possess powerful specific antitumour functions in vivo.
However, CAR NK-92 cells secrete abundant interferon-
γ (IFN-γ) when they kill tumours, and IFN-γ has been
reported to not only generate a polarised immune response
but also promote adaptive immune resistance by upregula-
tion of programmed death ligand 1 (PD-L1) on tumour cells
in the TME.9 The PD-L1 upregulation of CRPC cells could
be considered a side effect of CAR NK-92 cell treatment
because PD-L1 binding to T cells leads to the exhaustion
of T cells. Therefore, we hypothesised that an anti-PD-L1
monoclonal antibody (mAb) or anti-programmed death 1
(anti-PD-1) mAb would reverse this immune suppression,
reinvigorate the CD8+ T-cell activity and enhance the anti-
tumour effect on CRPC when combined with CAR NK-92
cell therapy.
Moreover, the expression of PD-L1was found in immune

cells besides tumour cells, and its function in immune cells
has attracted considerable attention in recent years.10–14
For example, T-cell expression of PD-L1 has tolerogenic
effects on tumour immunity by restraining macrophages
and effector T cells.10 Furthermore, PD-L1 delivers a con-
stitutively negative signal to macrophages; PD-L1 antibod-
ies increase their proliferation, activation and survival and
trigger macrophage-mediated antitumour activity.11 PD-L1
blockade can reinvigorate dendritic cells (DCs) to prime T
cells in patients with cancer.12 NK expression of PD-L1 can
limit DC activation by binding to PD-1 on DCs, thus reduc-
ing CD8+ T-cell priming in the TME.13 PD-L1 was reported
to be a marker of NK-cell activation, and NK cells express-
ing PD-L1 showed enhanced antitumour activity, which
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could be further activated by atezolizumab against PD-L1-
tumours independent of PD-1.14 However, the exact mech-
anisms underlying the regulation of PD-L1 expression in
CAR NK-92 cells remain unknown. It also remains unex-
plored whether anti-PD-L1 mAb therapy could influence
the antitumour function of CAR NK-92 cells in the TME.
In the current study, we explored the changes in PD-L1

expression and its mechanisms in cocultured CAR NK-92
and CRPC cells, including a PCa cell line and primary cells
from one patient with CRPC, and the effect of an anti-PD-
L1 mAb on the antitumour activity of CAR NK-92 cells in
the absence or presence of CD8+ T cells. Our research pro-
vides valuable clues about the molecular mechanisms of
PD-L1 regulation as well as its role in immune cells, which
could be used for immunotherapeutic strategies for CRPC.

2 METHODS

2.1 Cell lines

NK-92, C4-2 (a human CRPC cell line expressing PSMA),
and 293T cell lines were purchased from the American
Type Culture Collection. C4-2 cells were cultured in RPMI-
1640 medium (Servicebio) supplemented with 10% fetal
bovine serum (FBS) (Biological Industries). Unirradiated
or irradiated NK-92 and CAR NK-92 cells were incubated
in an alpha minimum essential medium (alpha MEM;
Gibco) supplemented with 20% FBS, 200 U/ml recombi-
nant human IL-2 (SL Pharm), 0.1 mM β-mercaptoethanol
(PAN-Biotech), 0.02 mM folic acid (Sigma) and 0.2 mM
inositol (Sigma). 293T cells were cultured in Dulbecco’s
modified Eagle medium (DMEM; HyClone) or Opti-MEM
(Gibco).

2.2 Construction of CAR-expressing
NK-92 cells

We developed a CAR construction targeting human
PSMA based on a novel selected high-affinity specific
polypeptide. The amino acid sequences of the three pep-
tides used for CAR construction are listed as follows:
KHLHYHSSVRYG (KHL), WTNHHQHSKVRE (WTN)
and GTIQPYPFSWGY (GTI). Each peptide segment was
crossed with two repeats, and the interpeptide segments
were separated using a linker. The intracellular signalling
domains of CAR were generated by fusing full-length
human NK group 2 member D (NKG2D) to the 2B4
(CD244) signalling domain of the natural killer cells. We
then used the CAR lentiviral transfer vector to produce
viral particles in 293T cells as previously described.15,16
After the transduction of CAR by viral particles, NK-92

cells modified with CAR were selected and cloned. We
proved that the CAR NK-92 cells after irradiation have a
limited lifespan and possess strong and specific cytotox-
icity against PSMA-expressing PCa cells (Supplementary
Material, including Figures S1–S5). The CAR NK-92 cells
used in our research were irradiated with 5 Gy using an
X-ray irradiator (Varian Unique) before use.

2.3 Flow cytometry

After coculture, CAR NK-92 cells were directly collected
from the medium, and fluorescence-activated cell sorting
(FACS; WOLF Cell Sorter; Nano Cellect) was used to col-
lect viable cells with negative staining of propidium iodide
(PI; Thermo Fisher Scientific). C4-2 cells were harvested
from the bottom of the plates. To validate that C4-2 cell
upregulation of PD-L1 is dependent on IFN-γ, we stimu-
lated C4-2 cells with IFN-γ concentration gradients of 0.2,
1, 5, 15 and 20 ng/ml. In addition, 40 μg/ml IFN-γ mAb
(Invitrogen, XMG1.2) was used before coculture to neu-
tralize IFN-γ. The harvested cells at 1 × 106/100 μl were
immunostained for 20 min in the dark at 25◦C with the
following optional antibodies purchased from BioLegend:
PD-L1 APC, PD-1 FITC, NKG2D FITC, MICA/B Alexa
Fluor 488 and CD107a APC. Cells were also stained with
the corresponding isotype antibodies as controls to ensure
the specificity of immunostaining. The cells were analysed
using a flow cytometer (Merck, easyCyte HT) and FlowJo
software (version 10; Treestar).

2.4 Cytokine release assay

Briefly, 3 × 106 C4-2 cells were plated in a 10-cm cul-
ture plate (Corning). After 12 h, 3 × 106 CAR NK-92 cells
with or without atezolizumab or nivolumab were added
in replaced fresh NK-92 medium. At 2, 6, 12 and 24 h,
the medium was centrifuged, and the supernatant was
collected. The concentrations of IFN-γ in the supernatant
were measured using a human IFN-γ ELISA Kit (Invitro-
gen). CAR NK-92 cells without coculture were used for
comparison. The curve fitting analysis of the optical den-
sity (OD) results was performed using a four-parameter
logistic nonlinear regression model.

2.5 Trans-well assay

A trans-well device (6-well plate Tissue Culture Plate
Insert, LABSELECT, 24-mm diameter, 8-μm polycarbon-
ate membrane) was used to test PD-L1 expression on CAR
NK-92 cells incubated with or without direct contact with
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C4-2 cells. Then, 5 × 105 C4-2 cells were plated with 2 ml of
medium in aCO2 incubator for 12 h. Next, 5× 105 CARNK-
92 cells were added separately to the trans-well chamber
(blocked by the membrane from direct contact with C4-2
cells) and the external space (direct contactwithC4-2 cells)
with freshmedium. At 6 and 12 h after coculture, CARNK-
92 cells from both regions were harvested and sent for flow
cytometry measurements. Uncocultured CAR NK-92 cells
were used for comparison.

2.6 RNA sequencing and analysis

Viable cells were collected using FACS with negative PI
staining. At least 3 × 106 cells were collected from each
cell type. According to previously reported methods,17–20
total RNA was extracted, and cDNA libraries were con-
structed using KC-Digit RNA technology (Seq Health Tech
Co., Ltd.). Sequencing was performed on an Illumina
NovaSeq 6000, and the statistical quantification was con-
ducted using the feature counts software (Subread-1.5.1;
Bioconductor). A false discovery rate corrected p< .05 and
a fold-change > 2 were used to judge the statistically sig-
nificant differences in gene expression. Kyoto Encyclope-
dia of Genes and Genomes (KEGG) enrichment analysis
for signalling pathways was performed using KOBAS soft-
ware (version 2.1.1). A corrected p< .05 was considered sta-
tistically significant.

2.7 Western blotting analysis

We incubated effector cells with C4-2 cells in the presence
or absence of an NKG2D blocker (clone 1D11, BioLegend)
at 50 μg/ml, the phosphatidylinositol 3-kinase (PI3K)
inhibitor wortmannin (S2758; Selleckchem) at 10 μmol/L,
and the AKT inhibitor afuresertib (S7521; Selleckchem) at
10 μmol/L and then measured the expression of down-
stream molecules and PD-L1 in effector cells. Viable
cells were collected as previously described, and pro-
tein was extracted using radioimmunoprecipitation assay
lysis buffer, the concentrations of which were routinely
measured. Cell lysates were loaded, separated and trans-
ferred to nitrocellulosemembranes, whichwere then incu-
bated with antibodies against PD-L1 (1:500, Cell Signal-
ing Technology (CST) ), PI3K (1:4000, CST), phosphory-
lated PI3K (p-PI3K; 1:2000, Abcam), AKT (1:4000, CST),
phosphorylatedAKT (p-AKT; 1:500, CST),mammalian tar-
get of rapamycin (mTOR; 1:1000, CST), phosphorylated
mTOR (p-mTOR; 1:1000, CST), Janus kinase 1 (JAK1;
1:1000, CST), phosphorylated JAK1 (p-JAK1; 1:500, CST),
JAK2 (1:1000, CST), phosphorylated JAK2 (p-JAK2; 1:500,
CST), signal transducer and activator of transcription 1

(STAT1; 1:1000, CST), phosphorylated STAT1 (p-STAT1;
1:1000, CST) and β-actin (1:5000, Immunoway). Next, the
membranes were incubated with an Horse radish perox-
idase (HRP)-conjugated secondary antibody. The bands
were illuminated using ECL (Millipore), and the exposed
X-ray films were screened. The integrated OD was calcu-
lated using Total Lab Quant (Version 11.5).

2.8 Generation of pure green
fluorescent protein (GFP)-expressing
C4-2 cells

A mixture of 15 μg GFP plasmid DNA, 5-μg VSVG, 7-μg
PMDZG and 4-μg Rev (Addgene) was added to 1-ml Opti-
MEM. Next, 1 ml of Opti-MEM and 80 μl of polyethylen-
imine were added. After 20 min, the 2 ml mixture was
added to 293T cells at 90% confluence after DMEM (the
old medium of 293T cells) was replaced with 6 ml of Opti-
MEM. After incubation in an incubator for 5 h, the Opti-
MEMwas replaced with DMEM. To acquire viral particles,
the supernatant was collected at 48 and 72 h, centrifuged
at 5 × 104 × g for 2 h and passed through a filter mem-
brane (0.45 μm, Life Sciences). C4-2 cells were seeded in 6-
well plates at 3 × 105 cells/well. When confluence reached
80%, the aforementioned viral particles and 4 μg/ml poly-
brene were added to 2 ml of C4-2 cell culture. After 48 h of
transfection, GFP expression was visualised using a fluo-
rescent microscope (Nikon TI-DH), and the wells with the
best transfection rates were marked. A C4-2 cell line sta-
bly expressingGFP (C4-2GFP) was established using single-
cell cloning. First, puromycin was added to each plate at
2 μg/ml to eliminate non-GFP-expressing C4-2 cells. Sec-
ond, the selected C4-2 cell was adjusted to 2 × 104 cells/ml,
6 μl of which was added to 10-ml medium, and 100 μl was
used to isolate one cell from the mixture (6 × 10–3 × 2 ×
104 cells/10 ml = 1.2 cells/100 μl). The 96-well plate was
observed under a fluorescent microscope, and the wells
with only fluorescent cells were marked. Upon reaching
90%–100% confluence, the pure GFP-expressing C4-2 cells
were transferred to larger cell culture flasks.

2.9 Bioluminescent intensity (BLI) in
C4-2GFP cells

C4-2GFP cells were plated at 5 × 104 cells/ml in a glass-
bottomed 2-cm confocal plate (Biosharp Life Sciences)
containing 2 ml of medium. C4-2GFP and effector cells
were cocultured with atezolizumab at 10, 20 or 40 μg/ml
or nivolumab at 20 μg/ml. After 12 h, the bottom of
the dish was washed gently with PBS, and then the BLI
was measured using an IVIS spectrum CT (Calliper Life
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Sciences). The excitation and emission spectra were set at
465 and 520 nm, respectively. Living Image R4.3.1 software
was applied for data analysis.

2.10 CCK-8) assay

A CCK-8 (Dojindo) was used to evaluate in vitro cyto-
toxicity. PCa cells were seeded in 96-well plates at 10 000
cells/well with 200-μl culture medium and cocultured
with effector cells at two different effector-to-target ratios
(E/T) (E/T = 1:1 and 5:1) with atezolizumab (20 μg/ml) or
nivolumab (20 μg/ml). The plates were supplementedwith
20 μl of CCK-8 solution at 6 and 12 h, and the mixture was
then incubated for 4 h in a CO2 incubator. Colorimetric
changes were quantified at 450 nm using an ELISA reader
(Multiskan FC, Thermo FC). Cytotoxicity was evaluated
in terms of the inhibition ratio: inhibition ratio = (ODE+T
– ODsample)/(ODE+T – ODmedium only), where OD, E and T
represent the OD, effector cell and target cells, respectively
(target cells include PC3 cells, C4-2 cells and primary cul-
tured PCa cells from one patient with CRPC).

2.11 Degranulation assay

After coincubation with C4-2 cells (E/T = 1:1) for 20 h,
CARNK-92 cellswere collected and treatedwith either ate-
zolizumab (20 μg/ml) or nivolumab (20 μg/ml) with Golgi
stop protein transport inhibitor (BD Bioscience) for 2 h.
Cells were then processed completely according to our pre-
vious methods.21

2.12 Preparation of CD8+ T cells
cocultured with DCs and C4-2 cells

Peripheral blood mononuclear cells (PBMCs) were iso-
lated from donated blood samples of normal healthy sub-
jects. Blood was layered on Ficoll-Paque (TBD Science)
and centrifuged at 460 × g for 40 min, washed twice with
saline and cultured in DC-adherent medium composed of
X-VIVO (Lonza) and 5% FBS (Gibco). After 1 h of incuba-
tion, adherent PBMCs (monocytes) were collected for DC
culture, and suspended PBMCs were collected for CD8+
T-cell culture (Day 0). Adherent monocytes were cultured
in a DC growth medium composed of X-VIVO (Lonza),
5% FBS and 2 U/ml DC culture factors (Novoprotein) in
a 37◦C CO2 incubator, followed by a half replacement of
the DC growth medium on Day 3, the addition of DC mat-
uration factors (Novoprotein; final concentration, 2 U/ml)
on Day 6 and final collection on Day 8. For CD8+ T-cell
culture, the density of suspended PBMCs was adjusted to
1.5 × 106/ml, and the cells were cultured in T-cell activated

medium containing KBM551 (Corning), 3% FBS, 50-ng/ml
anti-CD3 antibody (Beijing T&L Biological Technology),
1000U/ml IFN-γ (Beijing T&L Biological Technology), 100
U/ml interleukin (IL)-1α (Beijing T&L Biological Technol-
ogy) and 500 U/ml IL-2 (SL Pharm). A human CD8+ T-
cell isolation kit (Miltenyi Biotec) was used for CD8+ T-
cell isolation, which was then cultivated in T-cell prolifer-
ation medium containing KBM 551, 3% FBS and 500 U/ml
IL-2 on Days 3, 4 and 6. On Day 8, approximately 4 × 107
DCs and 1 × 108 CD8+ T cells were harvested, centrifuged
and then mixed in 150 ml of T-cell proliferation medium.
The mixture of DC-CD8+ T cells was then transferred to a
T75 culture flask containing 1 × 107 well-prepared adher-
ent C4-2 cells and cocultured in a CO2 incubator. After 24
h, the suspended DC-CD8+ T mixture was harvested and
selected for CD8+ T cells by Miltenyi beads as mentioned
above. The selected CD8+ T cells were labelled ‘cocultured
CD8+ T cells’.We also collectedCD8+ T cells after cocultur-
ing with DCs but without C4-2 cells. The analysis of PBMC
phenotypes before and after anti-CD3 antibody stimula-
tion and coculturedCD8+ T cellswas performedusing flow
cytometry, and the cells were stained with the following
antibodies: CD3-APC, CD4-FITC and CD8-PE (FITC; BD
Bioscience).

2.13 Validation of the specific
antitumour function of cocultured CD8+ T
cells in vitro and in vivo

The cytotoxicity of cocultured CD8+ T cells against C4-
2 cells in vitro was measured using a CCK-8 kit, using
the PC3 cell line as a control. Cytotoxicity was gauged
by the killing rate, which was calculated using the fol-
lowing equation: killing rate = (ODT − ODsample/ ODT −

ODmedium only) × 100%, where OD and T represent the OD
and target cells, respectively (target cells including PC3
and C4-2 cells). For in vivo validation, 2 × 106 C4-2GFP
cells were suspended in 200 μl PBS, followed by subcu-
taneous injection into the upper abdomen of 5-week-old
male Nonobese diabetic Severe combined immunodefi-
ciency (NOD/SCID)mice. OnDay 5 after injection, the ani-
mals were randomly separated into three groups: (1) con-
trol, (2) CD8+ T cells and (3) cocultured CD8+ T cells. PBS
(200 μl) was administered via the tail vein in mice of the
control group, while mice in the other groups received 1 ×
107 cocultured CD8+ T or CD8+ T cells suspended in PBS
(200 μl) in the same way. A calliper was used to measure
the longest (L) and shortest (W) diameters of the tumours,
and the volumes were calculated using the formula: Vol-
ume = L × W2/2. BLI was also applied to evaluate the
tumour sizes as previously described. In addition, the sur-
vival time of the mice was monitored in groups.



6 of 20 WANG et al.

2.14 Mice and procedures

Male NOD/SCID mice aged 5 weeks were purchased
from the Beijing Vital River Laboratory Animal Technol-
ogy Company, raised and treated according to protocols
approved by the Ethical Committee of the National Cancer
Center. Mice were inoculated with C4-2 cells as previously
described. Treatment started on Day 7 when the tumour
volume reached 100–200 mm3, and C4-2-inoculated mice
were allocated randomly into seven groups: (1) control,
(2) CAR NK-92, (3) CAR NK-92+nivolumab, (4) CAR
NK-92+atezolizumab, (5) CAR NK-92+cocultured CD8+
T cells, (6) CAR NK-92+nivolumab+cocultured CD8+
T cells and (7) CAR NK-92+atezolizumab+cocultured
CD8+ T cells. The PD-L1 antibody atezolizumab (GlpBio,
GC32704; 20 mg/kg), PD-1 antibody nivolumab (GlpBio,
GC34218; 10 mg/kg) or control PBS was administered on
Days 7, 9, 11, 13 and 15 after tumour inoculation via the
tail vein, while CAR NK-92 cell treatment was adminis-
tered by injecting 5 × 106 CAR NK-92 cells intravenously
on Days 8, 10, 12, 14 and 16, 1 day after PD-L1/PD-1 anti-
body therapy. Cocultured CD8+ T cells were intravenously
injected on Day 17 after CAR NK-92 treatment with or
without PD-L1/PD-1 antibody. Tumour volumes were cal-
culated as described onDays 7, 10, 14, 16, 18 and 20. Tumour
sizes were also evaluated by BLI on Days 7, 14 and 21
after tumour cell implantation, and BLI wasmeasured and
expressed as radiance (p/s/cm2/sr). Allmicewere killed on
Day 21, and the implanted tumours were collected, pho-
tographed, weighed and collected for histological exami-
nation. In addition to the tumour progression evaluated by
BLI and callipers, we set mouse satellite groups to monitor
survival time (n = 4 in each group).

2.15 Histology and quantification of
necrosis

This part of the work was performed according to our pre-
vious methods.21

2.16 Primary culture of PCa cells from a
patient with CRPC

PCa tissues were collected from one patient with CRPC
who underwent a radical prostatectomy in our hospital.
Personal information was not used in the text or illustra-
tive materials of this research.
Patient baseline information: A 67-year-old man with a

chief complaint of pelvic and leg pain for 9 months and no
other significant medical history of concomitant illnesses
consulted a doctor at a local hospital. Digital rectal exam-
ination detected a 2 × 2 cm nodular mass. The prostate-

specific antigen (PSA) value was 18.18 ng/ml in July 2020.
Choline positron emission tomography/computed tomog-
raphy (PET/CT) showed high tracer concentrations in the
prostate, iliac and pubic bone regions, and a bone scan
showed multiple bone lesions (in the right iliac bone,
bilateral pubic bone, bilateral ramus of the ischium and
sacrum). Moreover, magnetic resonance imaging (MRI)
confirmed the presence of PCa and multiple lesions in
the pelvis. In August 2020, he was diagnosed with ade-
nocarcinoma with a Gleason score of 4 + 4 by tran-
srectal ultrasound-guided biopsy at our hospital and was
staged as cT3aN0M1b. He received ADT, which included
abiraterone prednisone/prednisolone in combination with
goserelin acetate therapy (a gonadotropin-releasing hor-
mone agonist 3.6 mg ih once every 4 weeks). After 3
months of ADT, the patient responded well, and his PSA
level dropped to 0.279 ng/ml in November 2020. However,
his PSA levels began to increase over the nadir from May
2021 under a castration level of testosterone (the castra-
tion level was defined as < 50 ng/ml or 1.7 nmol/L). Pre-
operative pelvic MRI demonstrated a 1.5 × 1.2 cm lesion
in the peripheral zone of the left lobe, which was consid-
ered a tumour residue after ADT. No signs of seminal vesi-
cle invasion or lymph node enlargement were observed.
The patient successfully underwent robot-assisted radical
prostatectomy (RARP) and bilateral pelvic lymphadenec-
tomy under general anaesthesia on 26 May 2021. The
postoperative histopathological report revealed a Gleason
Grade 9 (4 + 5) left lobe adenocarcinoma with extrapro-
static invasion, positive surgical margins at the apex,
tumour emboli, neural invasion and positive lymph nodes
(left 2/7, right 0/4). The pathological stage of the tumour
was ypT3aN1. IHC indicated AE1/AE3 (3+), P504S (2+),
PSA (2+), CD56 (1+), Syno (focal point+), ChrA (focal
point+), P53 (+,20%) and Ki-67 (+ dense area 5%). Part of
the fresh specimen was sent to the laboratory for primary
culture of PCa cells within 2 h of removal. The procedure
was as follows: the CRPC tissue was rinsed and cut into 3-
mm-thick pieces. Then, these pieces were digested for 2 h
in alpha-MEM (Corning) with 0.1% collagenase I (Sigma)
at 37◦C. A 10-cm cell culture dish was precoated with FBS
(Gibco), and the isolated pieces of tissue were planted on
the dish without FBS in a CO2 incubator for 24 h. Then,
10 ml alpha-MEM supplemented with 10% FBS was added
to the dish for further cell cultures.

2.17 Statistical analysis

All experiments were performed in triplicate, and the data
are shown as themean± standard deviation. All statistical
analyses were conducted using SPSS 22.0 software (SPSS).
Comparisons of multiple groups were conducted using
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one-way analysis of variance followed by Tukey’s post
hoc test, and the independent two groups were compared
using Student’s t-test. For data that were not normally
distributed, the Kruskal–Wallis test and Mann–Whitney
U test were used for comparisons of multiple and two
groups, respectively. The Kaplan–Meier method was used
to plot survival curves for each group of mice, and the log-
rank test was performed to compare differences between
groups. Two-sided p < .05 was considered statistically
significant.

3 RESULTS

3.1 Expression of PD-L1 on C4-2 cells
increased after coculture with CAR NK-92
cells in an IFN-γ-dependent manner

The baseline expression of PD-L1 on C4-2 cells was
approximately 9.3% and was significantly upregulated in a

time-dependently after coculturing with CAR NK-92 cells
(Figure 1A). After 24 h of coculture, PD-L1 expression on
C4-2 cells increased to 58.4%. In addition, we tested IFN-γ
levels in the supernatant of the coculture at 2, 6, 12 and
24 h and observed that IFN-γ levels markedly increased
with time, from 188.73 to 16105.3 pg/ml (Figure 1B). To test
whether PD-L1 upregulation was dependent on IFN-γ, we
stimulated C4-2 cells with different IFN-γ concentrations
found in the supernatant and quantified PD-L1 expres-
sion. The results demonstrated that IFN-γ concentration
and PD-L1 expression have a notable positive correlation,
which was in line with the coculture data (Figure 1C).
Furthermore, we added an IFN-γ blocker at the begin-
ning of coculturing and found that complete blockade of
IFN-γ reversed PD-L1 upregulation in C4-2 cells cocul-
tured with CAR NK-92 cells for 24 h (Figure 1D). Col-
lectively, PD-L1 on the surface of C4-2 cells was upreg-
ulated when C4-2 cells encountered activated CAR NK-
92 cells, which was dependent on IFN-γ secreted by
CAR NK-92 cells.

F IGURE 1 Upregulation of programmed cell death-ligand 1 (PD-L1) expression on C4-2 cells cocultured with chimeric antigen receptor
NK-92 (CAR NK-92) cells was dependent on interferon-γ (IFN-γ). (A) C4-2 cells were cocultured with CAR NK-92 cells for 2, 6, 12 and 24 h,
and the expression of PD-L1 on C4-2 cells was detected by flow cytometry; the representative images and summary data (n = 3) are shown.
The median fluorescence intensity (MFI) for PD-L1 and the percentages of PD-L1+ C4-2 cells were significantly increased in a
time-dependent manner. (B) IFN-γ concentrations in the culture supernatant of CAR NK-92 cells cocultured with or without C4-2 cells were
measured by ELISA at 2, 6, 12 and 24 h. The experiments were repeated three times. (C) Representative flow cytometry plots and summary
data (n = 3) of PD-L1 expression on C4-2 cells in response to stimulation with different concentrations of IFN-γ. The MFI for PD-L1 and
PD-L1+ percentages increased in a concentration-dependent manner. (D) Representative flow cytometry images and summary data (n = 3) of
PD-L1 expression on C4-2 cells cocultured with CAR NK-92 cells for 24 h with or without an IFN-γ blocker. IFN-γ blocker completely reversed
PD-L1 upregulation in C4-2 cells cocultured with CAR NK-92 cells. Bars represent the means ± standard deviation (SD), one-way analysis of
variance (ANOVA) followed by a Tukey post hoc test was used for multiple group comparisons (A, C, D), and Student’s t-test was used for
two-group comparisons (B). *p < .05; Median fluorescence intensity; NS, not significant



8 of 20 WANG et al.

F IGURE 2 Upregulation of PD-L1 expression on CAR NK-92 cells cocultured with C4-2 cells was dependent on direct cell contact. (A)
Representative flow cytometry images and summary data (n = 3) showing the expression of PD-L1 on CAR NK-92 cells cocultured with C4-2
cells for 2, 6, 12 and 24 h. The MFI for PD-L1 and PD-L1+ percentages of CAR NK-92 cells were significantly increased in a time-dependent
manner. (B) Representative flow cytometry images and summary data (n = 3) showing the expression of PD-1 on CAR NK-92 cells cocultured
with C4-2 cells for 6, 12 and 24 h. The percentages of PD-1+ CAR NK-92 cells were significantly upregulated in a time-dependent manner. (C)
PD-L1 expression on CAR NK-92 cells stimulated with different concentrations of IFN-γ (n = 3). There was no significant change in MFI for
PD-L1 or PD-L1+ percentages of CAR NK-92 cells after IFN-γ stimulation. (D) Representative flow cytometry images and summary data
(n = 3) showing the expression of PD-L1 on CAR NK-92 cells incubated with normal medium or supernatants acquired from coculture
medium for 12 h. There was no significant difference in PD-L1+ percentages of CAR NK-92 cells cultured in the two culture mediums. (E)
Schematic diagram of the trans-well chamber device. C4-2 cells were seeded at the bottom, and CAR NK-92 cells were cultured in the full
medium of the device. The internal and external space was separated by a filter membrane, which allowed the cytokines to pass through but
blocked the exchange of CAR NK-92 cells. (F) PD-L1 expression on CAR NK-92 cells cultured in internal and external spaces for 6 and 12 h
(n = 3). The PD-L1+ percentages of CAR NK-92 cells incubated in an external space were significantly increased at 6 and 12 h, while the
PD-L1+ percentages of CAR NK-92 cells incubated in a trans-well chamber did not show any significant changes. Bars represent the means ±
SD, ANOVA followed by a Tukey post hoc test was used for multiple group comparisons (A, B, C), and Student’s t-test was used for two-group
comparisons (D, F). *p < .05; NS, not significant

3.2 Contact-dependent upregulation of
PD-L1 on CAR NK-92 cells increased after
coculture with C4-2 cells

We measured PD-L1 expression at different time points
on CAR NK-92 cells cocultured with C4-2 cells and found
that PD-L1 expressionwas upregulatedmarkedly in a time-

dependent manner (Figure 2A). Interestingly, we observed
that PD-1 expression on CAR NK-92 cells also increased
when cocultured with C4-2 cells (Figure 2B). We then
checked whether PD-L1 upregulation was also dependent
on IFN-γ as with C4-2 cells. We stimulated CAR NK-92
cells with IFN-γ using the same method and found that
IFN-γ did not alter the expression level of PD-L1 in CAR
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NK-92 cells (Figure 2C), which was unlike its role in mod-
ulating PD-L1 on C4-2. To explore the mechanism of C4-
2-induced upregulation of PD-L1 in CAR NK-92 cells, we
used two methods to test whether direct cell interaction
was necessary. First, CAR NK-92 cells were cultured in the
supernatants fromC4-2 cells alone or those fromC4-2 cells
incubated with CARNK-92 cells. The data showed that the
cocultured supernatants could not induce PD-L1 upregu-
lation on CAR NK-92 cells (Figure 2D). Second, a trans-
well chamber devicewas used to simultaneously test PD-L1
expression on CAR NK-92 cells incubated both in a trans-
well chamber and an external space (Figure 2E). If direct
cell contact was not necessary, then cytokines secreted by
external CAR NK-92 cells with C4-2 cell contact at the bot-
tom would pass through the membrane filter and influ-
ence PD-L1 expression on CAR NK-92 cells incubated in
the trans-well chamber. We found that the expression of
PD-L1 in CAR NK-92 cells incubated in the external space
was upregulated at 6 and 12 h, while its counterpart incu-
bated in a trans-well chamber did not show any signifi-
cant changes in PD-L1 expression (Figure 2F). Collectively,
the direct contact between CAR NK-92 and tumour cells,
rather than cytokines, was necessary to upregulate PD-L1
expression on effector cells.

3.3 The NKG2D/PI3K/AKT/mTOR
signalling pathway regulated the
expression of PD-L1 in CAR NK-92 cells

To investigate the exact mechanisms of PD-L1 upregula-
tion in CAR NK-92 cells, we performed RNA sequenc-
ing to profile the genes expressed in both activated and
inactivated CAR NK-92 cells. RNA sequencing of C4-
2 cells was also performed, regardless of whether they
were cocultured with CAR NK-92 cells. There were 925
upregulated genes and 297 downregulated genes when
comparing activated CAR NK-92 cells with their inacti-
vated counterparts (Figure 3A) and 2072 upregulated genes
and 4038 downregulated genes in cocultured C4-2 cells,
compared to their uncocultured counterparts (Figure 3B).
KEGG analysis revealed significantly upregulated and
downregulated signalling pathways in activated CAR NK-
92 cells (Figure 3C,D). Interestingly, we found that JAK-
STAT, the well-known IFN-γ-mediated signalling pathway
responsible for regulating tumour PD-L1 expression, was
downregulated, whereas the PI3K/AKT, TNF, HIF-1 and
nuclear factor (NF)-κB signalling pathways were remark-
ably enriched. After a comprehensive analysis of all types
of regulation in PD-L1 expression22 and all NK-cell sig-
nalling pathways,23 we noticed that the PI3K/AKT path-
way was the only pathway responsible for the upregulation
of PD-L1 in activated CAR NK-92 cells. In addition, KEGG

analysis showed that the JAK-STAT signalling pathway
was upregulated in C4-2 cells cocultured with CAR NK-92
cells, compared to that in C4-2 cells alone (Figure 3E). To
test our hypothesis that theNKG2D/PI3K/AKT/mTORsig-
nalling pathway regulates the expression of PD-L1 in effec-
tor cells, we first measured the expression of NKG2D and
MICA/MICB and observed that the expression of NKG2D
on CAR NK-92 cells was 27.5% (Figure 3F) and the expres-
sion of MICA/MICB on C4-2 cells was 78.2% (Figure 3G).
Next, we incubated effector cellswithC4-2 cells in the pres-
ence of an NKG2D blocker and then measured the expres-
sion of PI3K/AKT/mTOR-related activated molecules and
PD-L1 in effector cells. Treatment with an NKG2D blocker
significantly reduced the expression of PD-L1, p-PI3K, p-
AKT and p-mTOR in NK-92 cells. However, CAR NK-92
expression of these signalling proteins was not inhibited by
the NKG2D blocker (Figure 4A–E). To further support our
hypothesis, we incubated CAR NK-92 or NK-92 cells with
C4-2 cells in the presence of the PI3K inhibitor wortman-
nin, measured the expression of downstream molecules
and found that wortmannin significantly reduced p-AKT,
p-mTOR and PD-L1 expression in both effector cell lines
(Figure 4F–I). Downstream of the PI3K cascade is AKT;
treatment with the global AKT inhibitor afuresertib evi-
dently reduced p-mTOR and PD-L1 expression in both
effector cells when incubated with C4-2 cells, while it did
not interferewith upstreamPI3K activation (Figure 4J–M).
In addition, the western blotting results showed that
the main JAK-STAT pathway-related proteins, including
JAK1/2 and STAT1, were activated in C4-2 cells cocultured
with CAR NK-92 cells (Figure 4N–Q). In summary, these
data suggest that the NKG2D/PI3K/AKT/mTOR pathway
mediates PD-L1 upregulation in activated CAR NK-92
cells.

3.4 Atezolizumab enhanced the
cytotoxicity of CAR NK-92 cells in vitro

To further investigate the influence of PD-L1 on CAR NK-
92 cells, we used atezolizumab, an Food and Drug Admin-
istration (FDA)-approved humanised immunoglobulin
(Ig) G1 mAb against PD-L1,24,25 to treat CAR NK-92
cells cocultured with C4-2 cells. For comparison, we
used nivolumab, an FDA-approved humanised IgG4 mAb
against PD-1, to treat head and neck cancers.26 Our
results demonstrated that atezolizumab enhanced CAR
NK-92 cell cytotoxicity against PCa cells dose-dependently
as reflected by the negative correlation between the
atezolizumab concentration and the BLI of C4-2 cells
(Figure 5A). However, when the dosage was increased
from 20 to 40 μg/ml, the cytotoxicity reached a plateau,
which may be the result of saturation of atezolizumab
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F IGURE 3 Transcriptional analysis of CAR NK-92 and C4-2 cells after coculture. (A) Volcano plots of the dysregulated genes between
cocultured and uncocultured CAR NK 92 cells. (B) Volcano plots of the dysregulated genes between cocultured and uncocultured C4-2 cells.
In (A) and (B), genes differentially expressed with a fold change greater than 2.0 and p < .05 are marked in colour. The p-values were
calculated using a two-sided unpaired Student’s t-test. (C) Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway enrichment analysis
of upregulated genes in CAR NK-92 cells following incubation with C4-2 cells. (D) KEGG pathway enrichment analysis of downregulated
genes in CAR NK-92 cells following incubation with C4-2 cells. (E) KEGG pathway enrichment analysis of upregulated genes in C4-2 cells
following coculture with CAR NK-92 cells. In (C, D, E,) the colour of the dots represents the rich factor, and the size represents the input
number of each KEGG term. The horizontal axis indicates the significance of enrichment. The vertical axis indicates the enriched KEGG
pathway (20 most enriched terms). (F) Representative flow cytometry plots and data (n = 3) of NKG2D expression on CAR NK-92 cells. (G)
Representative flow cytometry plots and data (n = 3) of MICA/B expression in C4-2 cells.

binding on PD-L1. Interestingly, nivolumab also enhanced
CARNK-92 cell cytotoxicity against C4-2 cells. Overall, the
CCK-8 assay data supported the BLI results and showed
that the inhibition ratio of CAR NK-92 cells combined
with atezolizumab therapy was evidently higher than that
of CAR NK-92 cells alone (Figure 5B,C). Although not
as evident as the BLI results, the CCK-8 assay indicated
that nivolumabmarginally increased the inhibition ratio of

CARNK-92 cells.We conclude that the difference in BLI or
inhibition ratio (atezolizumabminus nivolumab) indicates
the pure contribution of atezolizumab independent of the
PD-L1/PD-1 axis in enhancing CAR NK-92 cell cytotoxic-
ity. In addition, we observed that atezolizumab obviously
enhanced CAR NK-92 production of IFN-γ after cocultur-
ing with C4-2 cells for 2 and 6 h (Figure 5D). We also
observed that C4-2-cocultured CAR NK-92 cells expressed
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F IGURE 4 Western blotting analysis of signalling pathway molecules involved in PD-L1 expression on NK-92, CAR NK-92 and C4-2
cells when cocultured with each other. (A–E) Representative and summary data (n = 3) of PD-L1 (A, B), p-PI3K (A, C), p-AKT (A, D) and
phosphorylated mammalian target of rapamycin (p-mTOR) (A, E) protein levels in a panel of CAR NK-92 cells, cocultured CAR NK-92 cells,
blocked CAR NK-92 cells (treated with NKG2D blocker), NK-92 cells, cocultured NK-92 cells and blocked NK-92 cells (treated with NKG2D
blocker). The NKG2D blocker was added to effector cells and incubated for 1 h at 37◦C prior to coculture with C4-2 cells. (F–I) Representative
and summary data (n = 3) of p-AKT (F, G), p-mTOR (F, H) and PD-L1 (F, I) protein levels in a panel of CAR NK-92 cells, cocultured CAR
NK-92 cells, blocked CAR NK-92 cells (treated with wortmannin), NK-92 cells, cocultured NK-92 cells and blocked NK-92 cells (treated with
wortmannin). Effector cells were cocultured with C4-2 cells in the absence or presence of the PI3K-specific inhibitor wortmannin (10
μmol/L). (J–M) Representative and summary data (n = 3) of the protein levels of p-PI3K (J, K), p-mTOR (J, L) and PD-L1 (J, M) in a panel of
CAR NK-92 cells, cocultured CAR NK-92 cells, blocked CAR NK-92 cells (treated with afuresertib), NK-92 cells, cocultured NK-92 cells and
blocked NK-92 cells (treated with afuresertib). Effector cells were incubated with C4-2 cells in the absence or presence of the AKT inhibitor
afuresertib (10 μmol/L). (N–Q) Representative and summary data (n = 3) of JAK/STAT pathway intermediaries, including p-JAK1 (N, O),
p-JAK2 (N, P) and p-STAT1 (N, Q) in C4-2 cells cocultured with CAR NK-92 cells compared with C4-2 cells without any process. CAR NK-92
or NK-92 cells were cocultured with C4-2 cells for 24 h and then harvested for western blotting. Bars represent the means ± SD, ANOVA
followed by a Tukey post hoc test was used for multiple group comparisons (B–E, G–I, K–M), and Student’s t-test was used for two-group
comparisons (O–Q). *p < .05; NS, not significant

more CD107a in the presence of atezolizumab than in
the absence of any ICI or in the presence of nivolumab
(Figure 5E).

3.5 Atezolizumab augmented the
antitumour effect of CAR NK-92 cells on
C4-2 xenografts in vivo

In this section, we focused on the antitumour effect of
CAR NK-92 cells combined with atezolizumab without
CD8+ T cells. BLIs did not exhibit any obvious differences

between the groups on Day 7. As predicted from our ear-
lier research in vitro, the BLI on Days 14 and 21 of the
CAR NK-92 cells combined with atezolizumab group was
evidently lower than that of the CAR NK-92 alone group
(Figure 6A,B). This finding indicates that in vivo admin-
istration of combined CAR NK-92 cells and atezolizumab
had more evident effects on controlling tumour growth
than CAR NK-92 cell monotherapy. In line with the in
vivo BLI results, the volume andmasses of tumours treated
with CARNK-92 cells combined with atezolizumab signif-
icantly decreased, compared to those of tumours treated
with CAR NK-92 cell monotherapy (Figure 6F,H,I). The
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F IGURE 5 Detection of the cytotoxic activity of CAR NK-92 cells treated with atezolizumab or nivolumab. (A) Representative BLI of
C4-2GFP cells in the control and treatment groups, including the CAR NK-92, CAR NK-92+nivolumab (20 μg/ml) and CAR
NK-92+atezolizumab (10, 20, 40 μg/ml) groups (n = 3). (B, C) The inhibition ratios of CAR NK-92, CAR NK-92+nivolumab (20 μg/ml), CAR
NK-92 + atezolizumab (20 μg/ml) treatment measured using the Cell Counting Kit-8 (CCK-8) assay (n = 3). E/T = 1:1, 5:1, respectively. (D)
IFN-γ levels in the culture supernatant of CAR NK-92 cells cocultured with C4-2 cells in the control and treatment groups, including CAR
NK-92, CAR NK-92 + nivolumab (20 μg/ml) and CAR NK-92+atezolizumab (10, 20, 40 μg/ml), measured by ELISA at 2 and 6 h (n = 3). (E)
Representative flow cytometry plots and summary data (n = 3) showing CD107a expression in CAR NK-92 cells cocultured with C4-2 cells in
the presence of atezolizumab or nivolumab. Degranulation of CAR NK-92 cells was induced upon interaction with C4-2 cells at a 1:1 ratio for
20 h at 37◦C, and then CAR NK-92 cells were collected and treated with atezolizumab (20 μg/ml) or nivolumab (20 μg/ml), followed by flow
cytometry measurement. Data expressed as the means ± SD were plotted, and ANOVA followed by a Tukey post hoc test was used to compare
three or more groups (A–E). *p < .05; BLI, bioluminescent intensity; E/T, effector-to-target ratio; NS, not significant

hematoxylin and eosin (HE) examination demonstrated
that, compared to CAR NK-92 cell monotherapy, the com-
bined treatment caused an obvious increase in the percent-
age of necrosis area in the tumour specimen (Figure 6D,E).
However, the PD-1 inhibitor nivolumab did not signifi-
cantly improve the in vivo antitumour effect of CAR NK-
92 cells regarding BLI, tumour volume, tumour mass or
necrosis area (Figure 6A,B,D,E,F,H,I).

3.6 Acquisition of cocultured CD8+ T
cells with specific recognition of C4-2

To achieve PCa-specific recognition, we cocultured DC-
CD8+ T cells with C4-2 cells and produced CD8+ T
cells that specifically recognised C4-2 cells through adap-
tive immune memory. During the culturing process, we
observed that T cells accounted for 56.1% of PBMCs, and
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F IGURE 6 Antitumour effect of CAR NK-92 cells against C4-2 cells in combination with atezolizumab or nivolumab in the presence or
absence of CD8+ T cells in vivo. (A) BLI measurements of the tumours arising from C4-2GFP cells implanted in mice were performed in the
control and treatment groups, including CAR NK-92, CAR NK-92+nivolumab, CAR NK-92+atezolizumab, CAR NK-92+cocultured CD8+ T
cells, CAR NK-92+nivolumab + cocultured CD8+ T cells and CAR NK-92+atezolizumab + cocultured CD8+ T-cell groups on Days 7, 14 and
21 (n = 3–4). (B) Quantitative BLIs of tumour activity in the control and treatment groups, including the CAR NK-92, CAR NK-92 +
nivolumab and CAR NK-92 + atezolizumab groups, on Days 7, 14 and 21 (n = 3–4). (C) Quantitative BLIs of tumour activity in the control and
treatment groups, including CAR NK-92, CAR NK-92 + cocultured CD8+ T cells, CAR NK-92+nivolumab + cocultured CD8+ T cells and
CAR NK-92 + atezolizumab + cocultured CD8+ T cells, on Days 7, 14 and 21 (n = 3–4). (D) Representative HE-stained tumour sections from
the control, CAR NK-92, CAR NK-92 + nivolumab and CAR NK-92 + atezolizumab groups (n = 3–4). Evident tumour necrosis was observed
in the CAR NK-92 cell treatment group; atezolizumab significantly increased the severity of CAR NK-92 cell-induced necrosis. (E) Statistical
analyses of the tumour necrosis ratio at Day 21 after implantation (n = 3–4). (F) Tumour volumes in the control and treatment groups,
including CAR NK-92, CAR NK-92 + nivolumab and CAR NK-92 + atezolizumab groups, were assessed on Days 7, 10, 14, 16, 18 and 20.
Tumour volumes were calculated according to the formula L ×W2/2, where L and W represent the longest and shortest diameters measured
by a calliper, respectively (n = 3–4). (G) Tumour volumes in the control and treatment groups, including CAR NK-92, CAR NK-92 +
cocultured CD8+ T cell, CAR NK-92 + nivolumab + cocultured CD8+ T cell, CAR NK-92 + atezolizumab + cocultured CD8+ T-cell groups on
Days 7, 10, 14, 16, 18 and 20 (n = 3–4). (H) Tumours excised from euthanised mice were photographed, measured and compared in each group
(n = 3–4). (I) Tumour weights corresponding to each group when harvested on Day 21 (n = 3–4). (J) Cumulative Kaplan–Meier survival
curves for mice (n = 4, log-rank test). Values are expressed as the means ± SD, and ANOVA followed by a Tukey post hoc test was used for
multiple group comparisons (B, C, E, F, G, I). The Kaplan–Meier method was used to estimate survival functions, and the log-rank test was
used for group comparisons (J). *p < .05; BLI, bioluminescent intensity; NS, not significant

CD8+ and CD4+ T cells represented 30.3% and 59.3% of
T cells, respectively (Figure 7A). Upon stimulation with
anti-CD3 antibody and other cytokines, the proportion of T
cells in the PBMCs increased to 96.8%, and the proportion
of CD8+ T cells increased to 72.8% of T cells before neg-
ative selection (Figure 7B). The CD3+ T-cell percentages
in PBMCs and CD8+ T-cell percentages in the selected T
cells of PBMCs increased significantly after culturing with
anti-CD3 antibody and cytokines (Figure 7C,D). These
isolations and cultures yielded cells that were consis-
tently > 90% positive for CD8+ T cells (Figure 7E). Next,
the CCK results showed that only CD8+ T cells cocultured
with DCs and C4-2 cells, rather than those without cocul-

tures, or those cocultured with DCs displayed rapidly spe-
cific and powerful cytotoxicity against C4-2 cells compared
with PC3 cells (Figure 7F,G). We then compared the differ-
ence in in vivo antitumour effects between CD8+ T cells
coculturedwith DCs and C4-2 and CD8+ T cells alone. The
BLI from the tumours in each group showed no signifi-
cant difference on Day 5, and treatment with 1 × 107 cocul-
tured CD8+ T or CD8+ T-cell–cell infusions was adminis-
tered to each group on Day 5. We re-examined the BLI on
Day 10 and observed that the coculturedCD8+ T-cell group
showed dramatically lower BLI and volume than the CD8+
T-cell group and the control group (Figure 7H,I). More-
over, mice treated with cocultured CD8+ T cells showed
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F IGURE 7 Identification of PBMC constitution in the CD8+ T-cell–cell culture process and functional verification of the cocultured
CD8+ T cells. (A) Detection of CD3 expression in PBMCs and CD4 and CD8 expression in selected T cells among PBMCs using flow cytometry
(n = 3) before incubation with anti-CD3 antibody, IFN-γ, IL-1α and IL-2. (B) Detection of CD3 expression in PBMCs and CD4 and CD8
expression in T cells using flow cytometry after culture with anti-CD3 antibody and other cytokines, including IFN-γ, IL-1α and IL-2. (C)
Statistical analysis of the results of CD3+ T-cell percentages in PBMCs before and after culture with anti-CD3 antibody and other cytokines
(n = 3). (D) Statistical analysis of the CD4+ and CD8+ T-cell percentages in the selected T cells of PBMCs before and after culture with
anti-CD3 antibody and other cytokines (n = 3). (E) Detection of CD3 and CD8 expression in the final cocultured CD8+ T cells using flow
cytometry (n = 3). The cocultured CD8+ T cells were acquired after incubation with DCs, CD8+ T cells and C4-2 cells. (F) The cytotoxicity of
CD8+ T cells, CD8+ T cells cocultured with DCs and CD8+ T cells cocultured with DCs and C4-2 cells against PC3 cells was assessed by CCK-8
assays at the indicated time points. (G) The cytotoxicity of CD8+ T cells, CD8+ T cells cocultured with DCs and CD8+ T cells cocultured with
DCs and C4-2 cells against C4-2 cells was assessed by CCK-8 assays at the indicated time points. Data are shown as the mean ± SD of three
independent experiments for (F and G). *p < .05; DC, dendritic cell; NS, not significant. (H) BLI measurements of the tumours originating
from C4-2GFP cells implanted in mice in the control group, CD8+ T-cell treatment group and cocultured CD8+ T-cell treatment group on Day
5 and day 10 and statistical analysis of the above BLI results (n = 3). (I) Tumour volumes in the control group, CD8+ T-cell treatment group,
and cocultured CD8+ T-cell treatment group were assessed on Days 5, 10 and 20 (n = 3). Tumour volumes were calculated according to the
formula as mentioned. (J) Cumulative Kaplan–Meier survival curves for mice in the control group, CD8+ T-cell treatment group and
cocultured CD8+ T-cell treatment group (n = 3, log-rank test). Values are expressed as the means ± SD. Student’s t-test was used for two
group comparisons (C), and one-way ANOVA was used to compare three groups (F, G, H, I). The Kaplan–Meier method was used to
estimate the survival functions, and the log-rank test was used for group comparisons (J). *p < .05; BLI: bioluminescent intensity;
NS, not significant
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a significant improvement in survival (p= .02) (Figure 7J).
Taken together, we successfully produced CD8+ T cells
that can specifically recognize PCa cells, which were used
for further research.

3.7 Atezolizumab or nivolumab
enhanced the in vivo antitumour effect of
CAR NK-92 cells in the presence of
cocultured CD8+ T cells

The BLIs of the tumours in each group did not show
significant differences on Day 7 after C4-2GFP cells were
subcutaneously implanted. Cocultured CD8+ T cells were
administered on Day 17 on the basis of CAR NK-92 com-
bined without or with atezolizumab/nivolumab therapy.
As predicted, on Day 21, the BLI of tumours treated
with cocultured CD8+ T cells combined with CAR NK-
92 cells and atezolizumab or nivolumab was evidently
lower than that of the tumour treated with a combina-
tion of CAR NK-92 cells and cocultured CD8+ T cells
without ICI (Figure 6A,C). Our data did not show a sig-
nificant difference in BLI between the atezolizumab and
nivolumab groups when combined with CAR NK-92 cells
and cocultured CD8+ T cells (Figure 6A,C), which can be
explained by the powerful tumouricidal function of the
ICI-treated CD8+ T cells, whichwere exempt from exhaus-
tion. Consistent with the therapeutic effect reflected by
BLI, the volumes and masses of tumours treated with
cocultured CD8+ T cells combined with CAR NK-92 and
atezolizumab or nivolumab decreased significantly com-
pared to those of tumours treated with combined therapy
without ICI (Figure 6G–I). The mice treated with CAR
NK-92 plus atezolizumab demonstrated obviously longer
survival times than their counterparts treated with CAR
NK-92 cells or CAR NK-92 cells plus nivolumab (p = .03
for both groups). Moreover, atezolizumab significantly
extended the survival time of mice treated with CAR NK-
92 cells and cocultured CD8+ T cells (p = .04); however,
there was no significant difference in survival between the
CAR NK92+atezolizumab+cocultured CD8+ T and CAR
NK92+nivolumab+cocultured CD8+ T groups (p = .31;
Figure 6J).

3.8 Atezolizumab enhanced the in vitro
cytotoxicity of CAR NK-92 cells against
primary PCa cells obtained from a patient
with CRPC

The patient’s medical history showed that the PSA level
had begun to increase consecutively since May 2021
under a castration level of testosterone. The patient
was diagnosed with mCRPC according to the American

Urological Association guidelines (Figure 8A). Postoper-
ative histopathology revealed a Gleason Grade 9 (4 + 5)
adenocarcinoma (Figure 8B).We successfully cultured and
acquired primary PCa cells from patient CRPC specimens
(Figure 8C). Then, we observed that the expression of PD-
L1 on primary PCa cells was markedly upregulated after
coincubation with CAR NK-92 cells for 24 h (Figure 8D).
Moreover, the CCK-8 results indicated that atezolizumab
increased the inhibition ratio of CAR NK-92 cells when
cocultured with primary PCa cells (Figure 8E). Collec-
tively, atezolizumab enhanced the in vitro cytotoxicity of
CAR NK-92 cells against primary PCa cells acquired from
a patient with CRPC,whichwas consistent with the results
obtained from the C4-2 cell line cocultured with CAR NK-
92 cells.

4 DISCUSSION

We demonstrated that atezolizumab enhanced both the in
vitro and in vivo antitumour effects of our newly designed
anti-PSMA CAR NK-92 cells against CRPC via two com-
pletely different mechanisms: blockade of the PD-L1/PD-
1 axis and direct activation of PD-L1-expressing CAR NK-
92. We also revealed the different mechanisms of PD-L1
upregulation in cocultured CAR NK-92 and CRPC cells.
To date, we are the first to explore the antitumour efficacy
of combined CAR NK-92 cells and anti-PD-L1 mAb ther-
apy against CRPC and the first to unravel a unique PD-
1-independent mechanism by which CAR NK-92 cells are
activated by anti-PD-L1 mAb. Our study has clinical impli-
cations regarding the application of anti-PD-L1 mAb in
patients with CRPC currently undergoing CAR NK-92 cell
therapy to synergistically combat cancer cells. Moreover,
our study provided novel clues to the possiblemechanisms
behind the direct activation of immune cells by anti-PD-L1
mAb and explained why some patients without expression
of PD-L1 on their tumours still responded to anti-PD-L1
mAb treatment.
IFN-γ is secreted by NK and T cells after activation,

and it can induce tumour cells to express PD-L1.9,27 PD-
L1 can inactivate T cells when bound to PD-1 on activated
T cells.28 Moreover, PD-L1 on tumour cells can be upreg-
ulated as part of adaptive resistance upon encountering
activated T and NK cells.29–33 Based on these premises,
we hypothesised that IFN-γ secreted by CAR NK-92 cells
might upregulate PD-L1 expression on C4-2 cells. Then,
we observed that CAR NK-92 cells secreted IFN-γ time-
dependently after encountering C4-2 cells, and the expres-
sion of PD-L1 on C4-2 cells was upregulated significantly
in a time-dependent manner after coculture. In addition,
we stimulated target cells with IFN-γ and showed that
the expression of PD-L1 on target cells increased in an
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F IGURE 8 Atezolizumab enhanced the cytotoxicity of CAR NK-92 against castration-resistant prostate cancer (CRPC) cells from one
patient in vitro. (A) Serum testosterone and PSA level fluctuations after androgen deprivation therapy (ADT) in one CRPC patient. The PSA
level began to increase consecutively over the nadir from May 2021 under the castration level of testosterone after ADT. (B) Representative
HE-stained tumour sections from the patient after radical prostatectomy (×200). (C) Light micrographs of primary prostate cancer (PCa) cells
on day 14 (×100). (D) Representative flow cytometry plots and summary data (n = 3) showing the expression of PD-L1 on primary PCa cells
cocultured with CAR NK-92 cells for 24 h. (E), CCK-8 assay result (n = 3) showing that atezolizumab (20 μg/ml) but not nivolumab
(20 μg/ml) significantly enhanced the inhibition ratio of CAR NK-92 cells. Data are expressed as the means ± SD. Student’s t-test was used for
two-group comparisons (D), and ANOVA was used to compare three groups (E). *p < .05; NS, not significant

IFN-γ concentration-dependent manner. Moreover, when
IFN-γwas neutralised completelywith a blocking antibody
in coculturemedium, C4-2 cell expression of PD-L1 was no
longer elevated, which further proved our hypothesis. Col-
lectively, our findings provide solid proof that the PD-L1
upregulation in C4-2 cells was solely dependent on IFN-
γ secreted by cocultured CAR NK-92 cells. IFN-receptor
binding at the cell surface triggers the activation of the
JAK-STAT pathway, which modulates the upregulation of
PD-L1.34,35 Our KEGG analysis based on RNA sequencing
of cocultured C4-2 cells and C4-2 cells alone indicated that
the JAK-STAT signal transduction pathway was activated,
which was then validated by our western blotting results
showing the activated JAK1/2 and STAT1 proteins in cocul-
tured C4-2 cells.
As we have already observed upregulation of PD-L1

expression in C4-2 cells after CAR NK-92 cell treatment
and elucidated its mechanisms, we postulated that anti-
PD-L1/PD-1 mAb would reinvigorate exhausted T cells
expressing PD-1 on their surface bound by PD-L1 from PCa
cells. CD8+ T cells cocultured with DCs and C4-2 cells
gained specific recognition ability to partly simulate the
TME in vivo. Consistent with our expectations, both ate-

zolizumab and nivolumab restored the cytolytic effect of
cocultured CD8+ T cells in a mouse model of CRPC.
In addition to C4-2 cell upregulation of PD-L1, we

noticed that PD-L1 on CAR NK-92 cells time-dependently
increased when cocultured with C4-2 cells. Therefore,
we posited that there were two possibilities for this phe-
nomenon: either PD-L1 upregulation in CAR NK-92 cells
was dependent on direct cell-to-cell contact or dependent
on cytokines in the culture medium other than IFN-γ. We
observed that the conditioned media did not induce PD-
L1 upregulation, and C4-2 cells incubated at the bottom of
the dish did not cause PD-L1 upregulation in CAR NK-92
cells incubated in trans-wells. Collectively, direct physical
contact between CAR NK-92 and C4-2 cells is a prerequi-
site for CAR NK-92 cell upregulation of PD-L1. Some evi-
dence suggests that the tumour and immune cells can reg-
ulate PD-L1 expressions in different ways. Noguchi et al.
showed that IFN-γ-blocking antibodies therapy substan-
tially eliminated PD-L1 expression in cancer cells but par-
tially decreased that in macrophages in a sarcoma mouse
model.36 In line with our findings, one recent study con-
ducted by Dong et al. confirmed that the expression of PD-
L1 on peripheral NK cells was inducedwhenNK cells were
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cocultured with K562, a myeloid leukaemia cell line, and
this induction required direct cell-to-cell contact.14
To further explore the mechanisms of C4-2-induced

PD-L1 upregulation in CAR NK-92 cells, we performed
RNA sequencing and KEGG analysis, which revealed that
the PI3K/AKT/mTOR pathway was remarkably enriched,
while the IFN-γ-mediated JAK-STAT pathway was down-
regulated in activated CAR NK-92 cells, compared to
their quiescent counterparts. Furthermore, we confirmed
the central role of the PI3K/AKT/mTOR pathway in
upregulating PD-L1 using western blotting. After com-
prehensive analysis of all signalling pathways regulat-
ing PD-L1 expression in the TME22,27 and all NK-cell
activation pathways,23 we inferred that PD-L1 upregu-
lation in activated NK-92 cells was mediated through
the NKG2D/PI3K/AKT/mTOR pathway when the activat-
ing receptor NKG2D on cell surfaces bound to MICA/B
expressed abundantly in C4-2 cells. We found that treat-
ment with an NKG2D blocker significantly reduced the
expression of PD-L1 and PI3K/AKT/mTOR-related phos-
phorylated proteins in NK-92 cells. However, the CARNK-
92 cell expression of these signalling proteins could not
be inhibited by an NKG2D blocker because the activa-
tion of CAR NK-92 cells mainly depends on recognition
of PSMA and its subsequent intracellular signal transduc-
tion mediated by our designed CD244-NKG2D intracellu-
lar segment, rather than the recognition of MICA/B by
membrane NKG2D. Next, we demonstrated that PI3K and
AKT inhibitors were capable of blocking PD-L1 expres-
sion in effector cells. The current study first revealed that
CAR NK-92 cells, upon encountering and being activated
by C4-2 cells, not only produce amounts of IFN-γ and
release lytic granules but also modulate the PD-L1 expres-
sion on their surfaces via the NKG2D/PI3K/AKT/mTOR
signalling pathway. Previously, some reports have focused
on the function of the PI3K pathway in regulating PD-L1
expression. Dong et al. reported that the PI3K/AKT/NF-
κB pathway mediated the PD-L1 upregulation in NK cells
after being activated by NK-sensitive target cells, and sub-
unit p65 ofNF-κB, the final effectormolecule, regulated the
expression of PD-L1.14 The findings of the PI3K pathway-
mediated regulation of PD-L1 expression were consistent
with our observation. However, it did not mention the
upstream signalling molecule of the PI3K pathway, and
the effectormolecule was NF-κB, whichwas different from
our findings. Karakhanova et al. reported that monocyte-
derived plasmacytoid DC can utilize the PI3K pathway to
upregulate PD-L1 in response to cytokines.37 Muthumani
et al. found that the PI3K signalling pathway plays crucial
roles in upregulating PD-L1 expression in macrophages
and DCs following human immunodeficiency virus (HIV)
infection and that inhibition of PI3K signal transducer
enzymes obviously reduced the induction of PD-L1.38 In

addition to antigen-presenting cells (APC), PI3K pathway
activation has also been reported to upregulate the expres-
sion of PD-L1 in several types of cancers.39–43 In most of
these cancers, activation of the PI3K pathway was caused
by PTEN loss or silencing, which was different from our
finding that the PI3K pathway was activated via CAR NK-
92 cell activation.
However, the significance and role of PD-L1 expressed

by immune cells have not been clarified. Diskin et al.
reported that PD-L1 on T cell supresses effector T cells
and PD-1+macrophages.10 Hartley et al. proved that PD-L1
delivered a constitutively negative signal to macrophages;
PD-L1 antibody enhanced macrophage-mediated antitu-
mour activity.11 Mayoux et al. reported that anti-PD-L1
Ab could trigger DCs to relieve CD80 by blocking PD-L1,
which is abundantly expressed onDCs, allowing increased
CD80/CD28 interaction to prime T cells.12 Iraolagoitia
et al. reported that PD-L1 on NK cells suppresses the
activations of CD8+ T and DC cells by binding to PD-1
expressed on these cells.13 Dong et al. showed that a PD-
L1 antibody directly enhanced NK-mediated antitumour
activity.14 Based on these premises, we assumed that there
might be two key points in PD-L1 upregulation on CAR
NK-92 cells after encountering C4-2 cells, which requires
further validation. On the one hand, PD-L1 is a marker
of CAR NK 92 cell activation; on the other hand, PD-L1
may promote self-tolerance and prevent overactivation of
the immune system by suppressing neighbouring effector
T cells and macrophages in the TME.
At present, there are three PD-L1 mAbs and three PD-1

mAbs approved by the FDA for cancer therapy.44 We chose
the PD-L1 mAb atezolizumab and PD-1 mAb nivolumab
as interventions in our study. Our results showed that ate-
zolizumab significantly enhanced the in vitro cytotoxicity
against CRPC cells and IFN-γ secretion of CARNK-92 cells
when compared to CAR NK-92 cells alone or CAR NK-
92 cells combined with nivolumab. Moreover, the present
study demonstrated that atezolizumab significantly aug-
mented the antitumour efficacy of CAR NK-92 cells in
a mouse tumour model. Only one study reported that
mice treated with atezolizumab and human peripheral NK
cells bore a significantly lower tumour burden than those
treated with only NK cells.14 Although the NK cells and
tumour cells used in our study were completely different
and they did not use PD-1 mAb as the control, the PD-
L1 mAb atezolizumab enhanced the functions of effector
cells in both studies. Interestingly, our team observed that
nivolumab marginally enhanced the cytotoxicity and anti-
tumour effect of CAR NK-92 cells both in vitro and in
vivo. This phenomenon can be explained as follows: the
expression of PD-1 on a small proportion of these effector
cells was upregulated after coculturingwith C4-2 cells, and
nivolumab reversed the exhaustion of these cells. In our
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F IGURE 9 Summary diagram of our results. PSMA-specific CAR-modified NK92 cells were activated through the specific recognition of
PSMA on PCa cells, and CAR NK-92 cell expression of PD-L1 was upregulated via the PI3K/AKT/mTOR signalling pathway, while C4-2 cell
expression of PD-L1 was upregulated via the IFN-γ-mediated JAK1/2-STAT1 pathway. On the one hand, atezolizumab potentiated CAR NK-92
cell cytotoxicity by directly acting on PD-L1 expressed on CAR NK-92 cells; on the other hand, atezolizumab unleashed CD8+ T cells by
blocking the canonical PD-L1/PD-1 axis; MICA/B, MHC class I chain-related protein A and B; NKG2D, NK group 2 member D; PSMA,
prostate-specific membrane antigen

study, CAR NK-92 cells did not constitutively express PD-
1, and the mild elevation of the immune checkpoint PD-1
was caused by interaction with tumour cells. Hasim et al.
found that NK-cell expression of PD-1 was upregulated
after coculturing with two PD-1-expressing leukaemia cell
lines, and they proved that NK cells acquired PD-1 by
trogocytosis.45,46 Our discovery of PD-1 upregulation in
CAR NK-92 cells requires further exploration.
To explore the effect of atezolizumab combined with

CARNK-92 cells against CRPCwith the existence of CD8+
T cells, we adopted the cocultured CD8+ T cells to simulate
the human TME in our CRPC mouse model. DCs are the
most potent APC and can present antigenic epitopes to
CD8+ T cells after processing the loaded tumour antigens,
resulting in the induction of specific antitumour immunity
of CD8+ T cells.47 Some studies have used many different
forms of tumour cells (including necrotic, apoptotic and
live cells) and tumour tissue lysates as antigens to load
DCs to improve the cytotoxicity of CD8+ T cells.48–52
In our study, we incubated CD8+ T cells and DCs with
targeted C4-2 cells and acquired cocultured CD8+ T cells
that were supposed to have a specific tumour-killing
function, which was validated by comparing BLIs, tumour
volumes and survival time in different treatment groups in
vivo. In our study, the administration of cocultured CD8+
T cells on the basis of CAR NK-92 cells with atezolizumab
or nivolumab treatment significantly improved the ther-
apeutic efficacy against CRPC in vivo when compared to

treatment without ICI, which was in accordance with our
prediction. However, as demonstrated by the tumour size
and survival time, atezolizumab did not show any evident
therapeutic advantage over nivolumab with cocultured
CD8+ T cells. The reason behind this phenomenon could
be that the advantage of atezolizumab was overshadowed
by the powerful specific killing of cocultured CD8+ T cells
unleashed by ICI.
In our study, we mainly used the human cell line C4-

2 with high PSMA expression as the target tumour cells.
In addition, we acquired PCa specimens and success-
fully performed primary cell cultures from a patient with
CRPC who underwent RARP. The data showed that the
expression of PD-L1 in primary cancer cells increased dra-
matically after coculture with CAR NK-92 cells, and ate-
zolizumab enhanced the cytotoxicity of CAR NK-92 cells
against primary PCa cells in vitro. These findingswere con-
sistent with the results obtained from the coculture of CAR
NK-92 cells with C4-2 cells and further supported our dis-
covery from a clinical perspective.

5 CONCLUSION

In summary (Figure 9), our study demonstrated that
PD-L1 expressions on both C4-2 and CAR NK-92 cells
were upregulated during coculturing via different mech-
anisms; in the former, it was mediated by IFN-γ via the
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JAK1/2-STAT1 signalling pathway, while in the latter, it
was mainly dependent on direct cell-to-cell interaction
via the CAR-mediated NKG2D/PI3K/AKT pathway. We
demonstrated that the binding of atezolizumab to PD-L1,
whichwas upregulated on the surfaces of CARNK-92 cells,
induced stronger in vitro and in vivo antitumour activ-
ity by a novel mechanism independent of the canonical
PD-L1/PD-1 axis and in the absence of any other immune
cells. Moreover, we successfully enhanced the antitumour
effect of CAR NK-92 cells with cocultured CD8+ T cells in
vivo by blocking the PD-L1/PD-1 axis using atezolizumab
or nivolumab. Collectively, our experimental data suggest
that a combination of anti-PSMA CAR NK-92 cells and
anti-PD-L1mAb enhanced the antitumour efficacy against
CRPC, which has great value in clinical applications for
patients with CRPC. Finally, the data from our study pro-
vide important clues to the significance of PD-L1 expres-
sion in immune effector cells, including NK, T and B cells
and macrophages. The clinical application of CAR NK-92
cells combined with anti-PD-L1 mAb therapy represents a
promising immunotherapeutic strategy for the treatment
of patients with CRPC.
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