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Abstract 

Background  Using natural killer (NK) cells to treat hematopoietic and solid tumors has great promise. Despite their 
availability from peripheral blood and cord blood, stem cell-derived NK cells provide an “off-the-shelf” solution.

Methods  In this study, we developed two CAR-NK cells targeting PD-L1 derived from lentiviral transduction 
of human umbilical cord blood (UCB)-CD34+ cells and UCB-CD34+-derived NK cells. The transduction efficiencies 
and in vitro cytotoxic functions including degranulation, cytokine production, and cancer cell necrosis of both result‑
ants PD-L1 CAR-NK cells were tested in vitro on two different PD-L1 low and high-expressing solid tumor cell lines.

Results  Differentiated CAR‑modified UCB-CD34+ cells exhibited enhanced transduction efficiency. The expression 
of anti-PD-L1 CAR significantly (P < 0.05) enhanced the cytotoxicity of differentiated CAR‑modified UCB-CD34+ cells 
and CAR​-modified UCB-CD34+-derived NK cells against PD-L1 high-expressing tumor cell line. In addition, CAR​-modi‑
fied UCB-CD34+-derived NK cells significantly (P < 0.05) restored the tumor-killing ability of exhausted PD-1 high T 
cells.

Conclusion  Considering the more efficient transduction in stem cells and the possibility of producing CAR-NK cell 
products with higher yields, this approach is recommended for studies in the field of CAR-NK cells. Also, a pre-clinical 
study is now necessary to evaluate the safety and efficacy of these two CAR-NK cells individually and in combination 
with other therapeutic approaches.
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Background
Chimeric antigen receptor (CAR)-T cells have been 
found to be effective against hematological tumors, 
making adoptive cellular immunotherapy a potential 
clinical treatment for cancer [1]. It is important to note 
that autologous CAR-T therapies may be expensive and 
labor-intensive due to the requirement of collecting and 
modifying each patient’s T cells, which may adversely 
affect patient outcomes [2]. Natural killer (NK) cells play 
a key role in cancer and viral infection defense [3, 4]. As 
an alternative to T cells, they are used in CAR-based 
therapies. Contrary to CAR-T cells, CAR-NK cells do not 
cause cytokine release syndrome (CRS) and neurotoxic-
ity [5, 6]. The CAR-T/NK cell therapy for solid tumors, 
however, is hindered by an immunosuppressive tumor 
microenvironment (TME) [7].

A poor clinical outcome of CAR therapy is associated 
with up-regulation of ligands of intrinsic inhibitory 
receptors, such as programmed death-1 (PD-1), in the 
TME [8]. The PD-1 receptor is expressed on the sur-
faces of a wide range of immune cells, such as T cells 
and NK cells, and its primary ligand is programmed 
death-ligand 1 (PD-L1), which is upregulated on the 
surface of most solid tumors. The binding of PD-1 to 
PD-L1 leads to exhaustion and dysfunction of T/NK 
cells. Even though several antibodies target PD-1/

PD-L1 in the treatment of cancer, the outcome of such 
treatment varies from patient to patient [9–11].

Thus, it is necessary to improve the understanding of 
how NK cells target solid tumors and to develop modi-
fications for NK cells that are more specific in their tar-
geting of tumors. Consequently, previous studies have 
demonstrated that NK cell-mediated therapy combined 
with immune checkpoint inhibitors can provide greater 
anti-tumor efficacy [12].

Therefore, by targeting immune checkpoints such as 
PD-1 and PD-L1 with CAR-NK cells, we prevent the 
interaction between these molecules, while simultane-
ously identifying and attacking cancerous cells. Also, 
because most CAR signaling domains originate from T 
cell receptor signaling moieties, optimizing CAR sign-
aling domains for NK cell signaling is important [13]. 
The incorporation of NK cell activating receptors such 
as natural cytotoxicity receptors (NCRs) and co-stimu-
latory receptors into CAR-NK cells may enhance their 
cytotoxicity.

Additionally, the acquisition of a sufficient number of 
effector cells with high purity and anti-cancer activity is 
a prerequisite for the successful application of NK cell-
based treatment. Many methods have been reported for 
the large-scale expansion of NK cells ex vivo [14–16].

Graphical abstract
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Leukapheresis is often used to obtain NK cells from 
peripheral blood mononuclear cells (PBMCs) and, more 
recently, from cord blood mononuclear cells (CBMCs). 
The cells are expanded and activated ex  vivo with 
cytokines, including interleukin (IL)-2 and IL-15 before 
being infused into patients [17, 18]. Furthermore, CD56+ 
NK cells can be produced by ex  vivo differentiation of 
stem cells derived from various sources, such as hemat-
opoietic stem cells (HSCs) and progenitor cells from 
bone marrow and umbilical cord blood (UCB), human 
embryonic stem cells (hESCs), and induced pluripotent 
stem cells (iPSCs) [19–21].

Due to their primitive stem cell characteristics and high 
proliferative potential, CB HSCs have been the most pop-
ular source of CD34+ cells. As CB is essentially an infinite 
resource, this source could enable the production of large 
batches of quality-controlled NK cells that could be used 
in a variety of patients in the future [22].

In addition, mature NK cell generation from HSCs pro-
vides the opportunity to generate younger NK cells and 
expand specific gene-modified clones by starting with 
fewer numbers of previously isolated and cryopreserved 
initial cells, as well as the additional benefit of generating 
multiple batches of cells from the same donor [23–25].

Also, previous studies have shown that HSCs-derived 
NK cells are more homogeneous than PB NK cells and 
UCB-NK cells while we can generate enough NK cells 
from less than 250,000 input hESCs [26, 27]. Therefore, 
CB-HSCs facilitate large-scale production and provide a 
valuable source of cells for genetic engineering [28, 29].

In this study, two protocols for the production of third-
generation CAR-NK cells targeting PD-L1 via viral trans-
duction are presented, the first from differentiation of 
UCB-CD34+ cells modified to express CAR and the sec-
ond from differentiation of human UCB-CD34+ cells into 
functional NK cells that then express CAR. The transduc-
tion efficiency and cytotoxic properties of these cells were 
compared in vitro. Also, to the best of our knowledge, our 
study is the first to compare the anti-cancer performance 
of these two types of PD-L1-specific CAR-NK cells. We 
also demonstrated that PD-L1 CAR-NK cells possess 
higher cytotoxic properties against PD-L1 high-tumor 
cell lines in  vitro. Furthermore, CAR​-modified UCB-
CD34+-derived NK cells when co-cultured with human 
PBMCs stimulated with concanavalin A (ConA) restored 
the tumor-killing properties of PD-1 high exhausted T 
cells against PD-L1 low and high-tumor cell lines.

Materials and methods
Cell Lines and cell culture conditions
HEK 293  T packaging cells were cultured in Dulbecco’s 
Modified Eagle Medium (DMEM) high glucose (Gibco, 
USA) supplemented with 10% heat-inactive fetal bovine 

serum (FBS) (Gibco, USA), 100 U/ml penicillin, 100 μg/
ml streptomycin, and 1  mM sodium pyruvate (Gibco, 
USA). MCF-7 and MDA-MB-231 cells, two breast cancer 
cell lines, were cultured in Roswell Park Memorial Insti-
tute (RPMI) 1640 (Gibco, USA) medium with 10% FBS, 
100 U/ml penicillin, and 100 μg/ml streptomycin at 37 °C 
and 5% CO2.

Isolation, expansion and differentiation of UCB‑CD34+ cells 
into NK Cells
After receiving written informed consent with regard to 
scientific use, fresh UCB units were taken at birth fol-
lowing a normal full-term delivery from the cord blood 
bank of the Isfahan Royan Institute (Isfahan, Iran). UCB-
CD34+ cells were isolated using a RosetteSep CD34 pre-
enrichment cocktail followed by CD34+ selection using 
an EasySep Human Cord Blood CD34 Positive Selection 
Kit II (17,896, Stemcell Technologies, Vancouver, BC, 
Canada). UCB-CD34+ cells were used in a two-step pro-
tocol, consisting of 2 weeks of proliferation and 2 weeks 
of differentiation [30, 31]. Briefly, purified CD34+ cells 
were expanded for 14  days in CellGenix® GMP SCGM 
(Serum-free Stem Cell Growth Medium) (Cell Genix, 
Freiburg, Germany) supplemented with 10% FBS, 100 
U/ml penicillin, 100  µg/ml streptomycin, recombinant 
human stem cell growth factor (SCF; 30 ng/ml), recom-
binant human fms-like tyrosine kinase 3 ligand (FLT3L; 
50  ng/ml), recombinant human IL-6 (25  ng/ml), and 
recombinant human thrombopoietin (TPO; 25  ng/ml) 
(all from BioLegend, San Diego, CA, USA). For genera-
tion and development of NK cells, from day 15 to day 28 
the expanded CD34+ cells were transferred to a differ-
entiation medium containing NK MACS basal medium 
with 1% NK MACS supplement (Miltenyi Biotec, Ber-
gisch Gladbach, Germany), 10% FBS, 100 U/ml penicillin, 
100 µg/ml streptomycin, SCF (30 ng/ml), FLT3L (50 ng/
ml), recombinant human IL-7 (50  ng/mL), recombi-
nant human insulin-like growth factor 1 (IGF-1; 100 ng/
ml), recombinant human IL-15 (50  ng/ml), and recom-
binant human IL-2 (500  IU/ml) (all from BioLegend) 
[32]. At day 28, cells were collected and the percentage 
of CD3−CD56+ NK cells was measured by flow cytom-
etry [33]. Also, in our unpublished article, the cytotoxic 
activity of these NK cells was compared with PB NK cells 
against K562 tumor target cells.

Structural modeling
Single-chain variable fragment (scFv) derived from ate-
zolizumab monoclonal antibody targeting PD-L1 and 
hinge from CD8α molecule were selected. We applied 
VH-VL orientation to CAR-NK design. The linkers used 
between the heavy and light chains were multimers of the 
pentapeptide GGGGS (glycine-serine) (15-mer (G4S)3) 
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or Whitlow “218” linker: GSTGSGSKPGSGEGSTKG. 
The structures used for homology modeling contained 
VH and VL variable domains with glycine-serine linker 
or “218” linker in addition to hinge and VH and VL vari-
able domains without linker and hinge. Modeler v9.18 
software was utilized to create the 3D structures utiliz-
ing the structure of the atezolizumab and CD8α molecule 
(PDB IDs: 5XXY and 1CD8) as templates with the most 
sequence identities in the query. For the following stages, 
the best model with the lowest discrete optimized pro-
tein energy (DOPE) score was chosen from 1000 com-
pared models. PROCHECK software was used to check 
the model’s quality.

Molecular docking
To ensure the protein’s function will not be compro-
mised, we examined the affinity of the scFvs for bind-
ing to PD-L1. The interaction of scFvs with PD-L1 was 
assessed using the HADDOCK 2.2 web server. Residues 
that actively contribute to protein–protein binding were 
selected based on a previous study (PDB ID: 5XXY) [34].

Generation of anti‑PD‑L1 CAR construct
PD-L1-CAR from 5′ to 3′ comprised Xba1 site, Kozak 
sequence, signal peptide from CD8α molecule, scFv 
containing VH-linker (Gly4Ser)3-VL, hinge from CD8α 
molecule, c-Myc-tag, transmembrane region from CD28 
molecule, intracellular signaling domains from 4-1BB, 
2B4, and CD3ζ molecules, stop codon, and EcoR1 site. 
Cop green fluorescent protein (copGFP) was used as a 
reporter gene. CAR construct was optimized for human 
codon usage synthesized by Biomatik Company (Canada) 
and cloned into the lentiviral vector pCDH-513B-1 con-
taining CMV-MCS-EF1a-copGFP-T2A-Puro (System 
Bioscience, USA).

Lentivirus production
The chemical-competent E. coli Top10 liquid containing 
pSPAX2 plasmids (Addgene, USA), pMD2G plasmids 
(Addgene, USA), or the lentiviral-vector bearing CAR 
structure were cultured overnight on LB solid medium 
containing 100  µg/ml ampicillin. The next day, mono-
clonal colonies were transferred to an LB liquid medium 
(5 ml) supplemented with ampicillin (100 µg/ml) for fur-
ther culturing. The plasmids were extracted according to 
the GeneJET Plasmid Miniprep Kit instructions. Plas-
mids were verified by restriction enzyme digestion.

A total of 1.2 × 106 HEK 293  T cells were cultured in 
a 0.2% gelatin-coated 6-well tissue culture plate. At the 
time of transfection, cell density was 95–99% confluent. 
Cells were transfected with Lipofectamine 3000 (Thermo 
Fisher Scientific) and DNA of lentiviral vector, gag/pol 
(psPAX2), and VSVG (pMD2.G) in a ratio of 2:1.5:1. 
Fluorescence microscopy was used to detected transfec-
tion efficiency. After 24, 48, and 72 h of transfection, the 
virus was harvested from the conditioned medium, cen-
trifuged and cell debris was discarded. The supernatant 
was filtered using a 0.45 µm filter unit (Millipore, United 
States) to remove cell debris.

Lentivirus concentration and titration
Lentiviral particles were concentrated using PEG-8000 
and ultracentrifugation. Viral titers were determined as 
transducing units per ml (TU/ml) by serial dilution and 
transduction of HEK 293 T cells in the presence of 8 mg/
ml polybrene (Santa Cruz Biotechnology, USA), and then 
flow cytometry for GFP expression 3 days later.

Lentiviral transduction of UCB‑CD34+ Cells 
and UCB‑CD34+‑derived NK cells
We used two methods for lentiviral transduction 
(Fig.  1). In the first one, we transduced UCB-CD34+ 
Cells with lentivirus according to Fig.  1A. Each well of 

Fig. 1  Protocol of lentiviral transduction of A UBC-CD34+ HSCs and their differentiation into NK cells and B lentiviral transduction 
of UBC-CD34+-derived NK cells
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a 12-well plate was coated with RetroNectin (3.5–5 mg/
cm2) (Takara Bio), blocked with 2% FBS for 30 min, and 
washed with PBS. Human UCB-CD34+ Cells were resus-
pended at 1 × 106 cells/ml in a transduction medium 
containing CellGenix® GMP SCGM supplemented with 
10% FBS, 100 U/ml penicillin, 100  µg/ml streptomy-
cin, recombinant human SCF (50  ng/ml), recombinant 
human FLT3L (50 ng/ml), and recombinant human TPO 
(50  ng/ml). On the RetroNectin-coated 12-well trans-
duction plate, cells were added. The plate was incubated 
for 14  h in 5% CO2 at 37  °C for pre-stimulation. After 
pre-stimulation, 1  ml of viral particles was added. Plate 
incubated for 24 h in 5% CO2 at 37  °C. After 24 h cells 
were detached and centrifuged at 300 × g for 10  min 
and differentiation medium containing NK MACS basal 
medium with 1% NK MACS supplement, 10% FBS, 
100 U/ml penicillin, 100  µg/ml streptomycin, 2  mM 
GlutaMAX supplemented with recombinant human 
cytokines SCF (30  ng/ml), recombinant human FLT3L 
(50  ng/ml), recombinant human IL-15 (50  ng/ml) and 
recombinant human IGF-1 (100 ng/ml) was added. Cells 
were incubated at 37 °C in a humidified atmosphere with 
5% CO2. CD56+ NK cells appeared around day 14, and 
peak around day 28. During differentiation, cells were 
assessed by fluorescence microscopy. Surface expression 
of CAR was measured using a PerCP-labeled antibody to 
c-Myc-tag and via GFP expression. After that cells were 
centrifuged at 360 × g for 5 min and resuspended in 1 ml 
NK medium containing human IL-15 (50 ng/ml), recom-
binant human IL-2 (500  IU/ml), and puromycin (2  μg/
ml) (InvivoGen). Treatment of K562 feeder cells with 
MMC (50 ug/ml) (Sigma-Aldrich, USA) for 30 min was 
used to limit their proliferation for NK cell expansion. 
MMC-treated K562 feeder cells at a 1:1 (NK cell: feeder 
cell) ratio, IL-15 (50  ng/ml), and recombinant human 
IL-2 (500  IU/ml) were added to restimulate and expand 
the resultant CAR-NK cells. 7-AAD staining was used to 
determine cell viability.

In the second method, we first differentiated UCB-
CD34+ cells into NK cells and then transduced UCB-
CD34+-derived NK cells with lentivirus according to 
Fig.  1B. UCB-CD34+-derived NK cells were stimulated 
with IL-2 for 2  h before lentiviral transduction. Each 
well of a 12-well plate was coated with RetroNectin 
(3.5–5  mg/cm2) (Takara Bio), blocked with 2% FBS for 
30 min, washed with PBS, and then incubated with 1 ml 
viral particles in NK cell culture medium. The plate was 
then centrifuged at 2000 × g for 1 h at 32  °C and subse-
quently incubated for 1 h at 37 °C. 2 × 105 NK cells were 
added and centrifuged at 1000 × g for 10  min at 32  °C. 
After 24  h, viruses were removed by centrifuging at 
360 × g for 5  min, and the resulting NK cells were sus-
pended in 1  ml NK medium with recombinant human 

IL-15 (50 ng/ml) and recombinant human IL-2 (500 IU/
ml). Three to four days after transduction, transduced 
NK cells were assessed by fluorescence microscopy and 
surface expression of CAR was measured using a PerCP-
labeled antibody to c-Myc-tag and via GFP expression. 
Then cells were centrifuged at 360 × g for 5  min and 
resuspended in 1  ml NK medium containing recombi-
nant human IL-15 (50 ng/ml), recombinant human IL-2 
(500  IU/ml), and puromycin (2  μg/ml). MMC-treated 
K562 feeder cells at a 1:1 (NK cell: feeder cell) ratio, 
recombinant human IL-15 (50 ng/ml), and recombinant 
human IL-2 (500  IU/ml) were added to restimulate and 
expand the resultant CAR-NK cells until they reached the 
density required for the following experiment. 7-AAD 
staining was used to determine cell viability.

Human peripheral blood mononuclear cells (PBMCs) 
isolation and induction of T cell exhaustion
Healthy young donors’ PBMCs were isolated by den-
sity gradient centrifugation using 1.077  g/ml Ficoll-
Histopaque (Sigma, St. Louis, MO, USA), washed twice 
in RPMI 1640, and resuspended in culture medium at a 
concentration of 106 cells/ml. To induce T cell exhaus-
tion, ConA (Sigma-Aldrich) was added at a final concen-
tration of 4 μg/ml for 6 days.

Flow cytometry analysis
MCF-7 and MDA-MB-231 cells were detached using 
0.25% trypsin EDTA, resuspended in 100 µL of FACS 
buffer (1% BSA in PBS), and then incubated for 25 min 
with PE-conjugated anti-PD-L1 antibody (BioLegend, 
San Diego, CA, USA). Cell surface expression of PD-1 
was assessed in ConA-stimulated PBMCs by stain-
ing with FITC-conjugated anti-human PD-1 antibody 
(BioLegend, San Diego, CA, USA). After washing, cells 
were analyzed by FACS Calibur (BD Biosciences, USA) 
instrument.

Degranulation assay
PD-L1 CAR-NK cells were designed to enhance their 
cytotoxic activity against PD-L1 positive tumor cells. Our 
study examined the targeting potential of PD-L1 CAR-
NK cells against MCF-7 (PD-L1low) and MDA-MB-231 
(PD-L1high) cells. Therefore, empty vector-transduced 
UCB-CD34+-derived NK cells (control), differentiated 
CAR‑modified UCB-CD34+ cells, and CAR​-modified 
UCB-CD34+-derived NK cells were co-cultured with 
these two cell lines at an E:T ratio of 2:1 in triplicate wells 
in a U-bottom 96-well plate. Also, as part of the evalua-
tion of the effect of PD-L1 CAR-NK cells on T cell res-
toration, ConA-stimulated PBMCs and ConA-stimulated 
PBMCs plus CAR-modified UCB-CD34+-derived NK 
cells were incubated with MCF-7 and MDA-MB-231 
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target cells at an E:T ratio 2:1in triplicate in a U-bottom 
96-well plate. CD107a staining assessed degranulation. 
The anti-human CD107a-APC antibody (BioLegend, San 
Diego, CA, USA) was added at the beginning of the co-
cultures, followed by the addition of brefeldin A (1  ng/
ml, BD Biosciences) one h later. After 4 h of incubation at 
37 °C, cells were collected, washed, and the proportion of 
CD107a+ cells was determined by flow cytometry.

Cytokine assay
Culture supernatants of co-culture experiments were 
harvested and the concentration of IFN-γ was deter-
mined by ELISA kits according to the manufacturer’s 
instructions (Human IFN-γ Mini TMB ELISA Develop-
ment Kit, PeproTech, NJ, USA).

Necrosis assay
Empty vector-transduced UCB-CD34+-derived NK 
cells, differentiated CAR‑modified UCB-CD34+ cells, 
and CAR​-modified UCB-CD34+-derived NK cells were 
incubated with target MCF-7 and MDA-MB-231 cells at 
an E:T ratio 2:1 in triplicate wells in a U-bottom 96-well 
plate in 5% CO2 at 37 °C for 12 h. Cells were incubated 
in a buffer containing propidium iodide (PI, 5  μg/ml; 
Sigma-Aldrich) and were then subjected to flow cytom-
etry analysis.

Statistical analysis
Data presented as mean ± SD were representative of at 
least three independent repeats. One-way analysis of 
variance (ANOVA) with post-hoc Tukey’s multiple com-
parison test was performed to test differences among 
groups. P < 0.05 was recognized as statistically significant. 
Statistical analyses were performed with GraphPad Prism 
8 software (GraphPad Software Inc., San Diego, CA, 
USA). Flow cytometry data were analyzed using FlowJo 

software V10.0.8 (FlowJo LLC., BD Biosciences, Franklin 
Lakes, NJ, USA).

Results
Validation of the 3D model’s quality
Ramachandran plot statistics of the acceptable homol-
ogy model (15-mer (G4S)3) with the lowest DOPE score, 
revealed that 89.3%, 9%, 0.8%, and 0.8% of residues are 
located in the most favored regions, additional allowed 
areas, generously allowed areas, and disallowed areas, 
respectively (Fig. 2).

Molecular docking
Docking outcomes for PD-L1 interaction to each of the 
scFvs, HADDOCK clustered several structures, produc-
ing docking scores and energy (Table  1). Interestingly, 
the docking score, as well as the electrostatic and van der 
Waals components of the binding energy, were higher 
for the PD-L1/15-mer (G4S)3 linker complex than for the 
PD-L1/GSTGSGSKPGSGEGSTKG linker complex and 
PD-L1/without linker complex with electrostatic and 
van der Waals energies playing the most important role 
(Table 1).

Construction of PD‑L1 CAR and preparation of CAR‑NK 
cells
To improve the cytotoxicity of NK cells against PD-L1 
positive malignant cells, a third-generation CAR with 
two costimulatory domains including T-cell-associated 
costimulatory domain 4-1BB and NK-cell-associated 
costimulatory domain 2B4 was constructed and inserted 
into a lentiviral vector system with GFP and puromycin 
encoding sequences (Fig. 3).

Following the transfection of HEK 293 T cells, at virus 
collection (72  h post-transfection), transfection effi-
ciency was examined under a fluorescence microscope 

Fig. 2  Ramachandran plots for the scFvs
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and almost all HEK 293  T cells were positive for GFP 
(Fig.  4A). UCB-CD34+ cells and UCB-CD34+-derived 
NK cells were transduced with the PD-L1-specific CAR 
to generate PD-L1 CAR-NK cells. Fluorescence micros-
copy displayed the successful transduction of lentiviral 
vector after puromycin selection and expansion in dif-
ferentiated CAR‑modified UCB-CD34+ cells and CAR​
-modified UCB-CD34+-derived NK cells (Fig. 4B and C).

Transduction efficiency was significantly higher in dif-
ferentiated CAR‑modified UCB-CD34+ cells (60–80%) 
(Fig.  4D–F) compared to CAR​-modified UCB-CD34+-
derived NK cells (20–30%) (Fig.  4G–I). Following 
repeated selection and expansion with puromycin (2 μg/

ml) and MMC-treated K562 feeder cells at a 1:1 (NK cell: 
feeder cell) ratio, respectively, the mean proportion of 
c-Myc-tag and GFP-positive cells exceeded 80% in the 
both differentiated CAR‑modified UCB-CD34+ cells and 
CAR​-modified UCB-CD34+-derived NK cells. After dif-
ferentiation, NK cells expanded 40–70 folds in the pres-
ence of feeder cells and cytokines.

Surface expression of PD‑1 on ConA‑stimulated human 
PBMCs and PD‑L1 on human cancer cell lines
To evaluate the cytotoxic effect of PD-L1 CAR-NK 
cells, two cancer cell lines including MCF-7 with low 
PD-L1 expression and MDA-MB-231 with high PD-L1 

Table 1  Docking outcomes for PD-L1 interaction to each of the scFvs

a Intermolecular energy: sum of the van der waals and electrostatic energies
b Van der Waals energy
c Electrostatic energy
d Desolvation energy
e Restrain violation energy
f Total BSA: buried surface energy

First linker: multimers of the pentapeptide GGGGS (glycine-serine) (15-mer (G4S)3)

Second linker: Whitlow “218” linker: GSTGSGSKPGSGEGSTKG

Parameters PDLl/first linker complex PDLl/without linker complex PDLl/second 
linker 
complex

HADDOCK score  − 207.7 +/− 1.2  − 186.4 +/− 1.4  − 204.6 +/− 0.9

Cluster size 400 397 398

RMSD 0.4 +/− 0.3 0.4 +/− 0.3 0.5 +/− 0.3

Einter
a  − 387.8  − 381  − 397.8

Evdw
b  − 89.7 +/− 1.1  − 84.6 +/− 3.5  − 85.5 +/− 5.0

Eelec
c  − 298.1 +/ − 18.7  − 296.4 +/− 18.3  − 312.3 +/− 9.3

Edesolv
d  − 60.5 +/− 3.5  − 44.6 +/− 1.6  − 58.4 +/− 4.2

Erv
e 21.4 +/− 1.36 20.8 +/− 1.49 17.3 +/− 3.20

BSAf 2104.4 +/− 36.2 2071.2 +/− 8.3 2126.6 +/− 28.3

Z-score 0.0 0.0 0.0

Fig. 3  Construction of PD-L1 CAR​
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expression were used and cell surface expression of 
PD-L1 was assessed using flow cytometry. The propor-
tion of PD-L1 positivity was 14.5% and 93.2%, respec-
tively (Fig. 5A and B).

To assess the cytotoxic activity of exhausted T 
cells before and after co-culture with CAR​-modified 

UCB-CD34+-derived NK cells, highly expressed PD-1 
cells were prepared. Our results showed that PD-1 
expression increased significantly after 6 days of stim-
ulation with conA (4  μg/ml) from 9.83% to 55.33% 
(Fig. 5C).

Fig. 4  Characterization of PD-L1 CAR-NK cells. A Transfection efficiency in HEK 293T cells after lentivirus-mediated gene transfer using 
Lipofectamine 3000 reagent. Three days after transfection, the GFP in living cells was monitored using the fluorescence microscope 
with a 10 × objective lens. It shows high GFP expression. The fluorescent microscopic image of (B) differentiated CAR‑modified UCB-CD34+ cells 
and C CAR​-modified UCB-CD34+-derived NK cells after selection and expansion with puromycin and MMC-treated K562 feeder cells. Representative 
flow cytometry analysis of the expression of CAR in D–F differentiated CAR-modified UCB-CD34+ cells and G–I CAR-modified UCB-CD34+-derived 
NK cells
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Significant increase of CD107a expression by both CAR‑NK 
cells against MDA‑MB‑231 cell line and co‑culture 
of ConA‑stimulated PBMCs with CAR‑modified 
UCB‑CD34+‑derived NK cells against both cell lines
To determine the cytotoxicity of CAR-NK cells against 
MCF-7 and MDA-MB-231 cell lines, we performed the 
degranulation test by assessing CD107a expression levels 
by flow cytometry (Fig.  6A–F and G–I). UCB-CD34+-
derived NK cells transduced with an empty vector 
(control) did not exhibit significant degranulation after 
4  h of co-culture with MCF-7 and MDA-MB-231 cells 
(Fig. 6J and K). Incubation of MCF-7 with differentiated 
CAR‑modified UCB-CD34+ cells and CAR-modified 
UCB-CD34+-derived NK cells increased the effector cells’ 
degranulation compared to control however it was not 
statistically significant (Fig. 6J). A significant degranula-
tion was observed in differentiated CAR-modified UCB-
CD34+ cells and CAR-modified UCB-CD34+-derived 
NK cells incubated with MDA-MB-231 cells compared 
to control (P < 0.01 and P < 0.001, respectively) (Fig. 6K). 
CAR​-modified UCB-CD34+-derived NK cells induced a 
greater percentage of CD107a-positive cells compared to 
differentiated CAR‑modified UCB-CD34+ cells against 
MDA-MB-231 cell lines (P < 0.05) (Fig.  6K). Further-
more, although CD107a expression was increased against 

both MCF-7 and MDA-MB-231 cells, it was significantly 
higher against MDA-MB-231 cells than in MCF-7 cells 
(Fig. 6L). A remarkable increase in CD107a-positive cells 
was observed against both MCF-7 and MDA-MB-231 
cells when ConA-stimulated PBMCs were co-cultured 
with CAR-modified UCB-CD34+-derived NK cells com-
pared to ConA-stimulated PBMCs (P < 0.01 and P < 0.05, 
respectively) (Fig. 6J and K). According to these findings, 
PD-L1 CAR-NK cells preferentially target the PD-L1 
high-expressing tumor cells and restore the functionality 
of exhausted T cells.

Significant increase of IFN‑γ levels by both CAR‑NK 
cells and co‑culture of ConA‑stimulated PBMCs 
with CAR‑modified UCB‑CD34+‑derived NK cells 
against MDA‑MB‑231 cell line
IFN-γ, a crucial cytokine for tumor surveillance and for 
stimulating T cells and macrophages, is produced pri-
marily by NK cells and is functionally linked to their 
cytotoxic function. We didn’t detect any significant 
IFN-γ levels in the supernatant of co-culture of MCF-7 
with differentiated CAR‑modified UCB-CD34+ cells 
and CAR​-modified UCB-CD34+-derived NK cells com-
pared to control (Fig. 7A). Also, we did not find signifi-
cant changes in IFN-γ levels in co-culture of MCF-7 

Fig. 5  Representative flow cytometry analysis of the expression of PD-L1 and PD-1. PD-L1 expression on A MCF-7 and B MDA-MB-231 cells. C PD-1 
expression on PBMCs after ConA stimulation for 6 days

Fig. 6  Expression of CD107a. Representative flow cytometry dot plots of GFP+ CD107a+ population in co-culture of empty vector-transduced 
UCB-CD34+-derived NK cells with A MCF-7 and B MDA-MD231cell lines as control groups, co-culture of differentiated CAR-modified UCB-CD34+ 
cells with C MCF-7and D MDA-MD231cell lines, and co-culture of CAR-modified UCB-CD34+-derived NK cells with E MCF-7 and F MDA-MD231cell 
lines. G Representative flow cytometry dot plots of co-culture of CAR-modified UCB-CD34 + -derived NK cells (as GFP+ cells) plus ConA-stimulated 
PBMCs (as GFP− cells) with target cells. GFP– cells were gated as ConA-stimulated PBMCs. Histogram plots of CD107a expression in GFP– cells 
population after co-culture with H MCF-7 and I MDA-MD231 cell lines. J–L Statistical analysis of the percentage of CD107a+ positive cells. Cells were 
placed in culture with target MCF-7 (PD-L1low) and MDA-MB-231 (PD-L1high) cells at an E:T ratio 2:1 for 4 h. *P < 0.05, **P < 0.01, and ***P < 0.001

(See figure on next page.)
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Fig. 6  (See legend on previous page.)
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with ConA-stimulated PBMCs plus CAR​-modified 
UCB-CD34+-derived NK cells compared to ConA-
stimulated PBMCs (Fig.  7A). The level of IFN-γ signifi-
cantly increased in the treatment of MDA-MB-231 cells 
with differentiated CAR‑modified UCB-CD34+ cells 

and CAR-modified UCB-CD34+-derived NK cells com-
pared to control (P < 0.05, for both) (Fig.  7B). Also, the 
cytokine released by co-culture of MDA-MB-231 cells 
with ConA-stimulated PBMCs plus CAR​-modified UCB-
CD34+-derived NK cells was significantly higher than 

Fig. 6  continued

Fig. 7  ELISA assay for IFN-γ quantification. A–C Statistical analysis of the IFN-γ concentration. Empty vector-transduced UCB-CD34 + -derived 
NK cells (control), differentiated CAR-modified UCB-CD34+ cells, CAR-modified UCB-CD34+-derived NK cells, ConA-stimulated PBMCs, 
and ConA-stimulated PBMCs plus CAR-modified UCB-CD34+-derived NK cells were placed in culture with targets, including MCF-7 (PD-L1low) 
and MDA-MB-231 (PD-L1high) cells at an E:T ratio 2:1 for 12 h. The supernatants were collected, and an ELISA kit was used to detect the release 
of IFN-γ. *P < 0.05



Page 12 of 17Ghaedrahmati et al. Stem Cell Research & Therapy          (2024) 15:257 

ConA-stimulated PBMCs (P < 0.05) (Fig.  7B). Further-
more, the level of IFN-γ was significantly higher against 
MDA-MB-231 cells than in MCF-7 cells (Fig. 7C). These 
data confirm a functional effect of PD-L1 CAR-NK cells 
mediated by increased PD-L1 expression.

Significant necrosis by differentiated CAR‑modified 
UCB‑CD34+ cells against MCF‑7 cell line and by both 
CAR‑NK cells against MDA‑MB‑231 cell line
After 12  h, the cultures were harvested and target cell 
death by both PD-L1 CAR-NK cells was analyzed by 
flow cytometry, using PI for live/dead cell discrimina-
tion (Fig. 8A–F). There was no obvious killing observed 
in UCB-CD34+-derived NK cells transduced with an 
empty vector (control) (Fig.  8G and H). The necrotic 
effects of differentiated CAR‑modified UCB-CD34+ cells 
on MCF-7 cells were significantly increased compared 
to corresponding control cells (P < 0.01) (Fig.  8G). The 
killing rate of MDA-MB-231 cells was increased after 
treatment with both differentiated CAR‑modified UCB-
CD34+ cells and CAR​-modified UCB-CD34+-derived 
NK cells, demonstrating the cytotoxic properties of 
PD-L1 CAR-NK cells (P < 0.001 and P < 0.01, respectively) 
(Fig. 8H). The number of necrotic cells increased signifi-
cantly in the treatment with differentiated CAR‑mod-
ified UCB-CD34+ cells as compared to CAR​-modified 
UCB-CD34+-derived NK cells on both cell lines tested 
(P < 0.01, for both) (Fig.  8G and H). The percentage of 
necrotic cells was higher in MDA-MB-231 cells than in 
MCF-7 (Fig. 8I). The data presented here provide further 
evidence that PD-L1 CAR-NK cells preferentially target 
tumor cells with high levels of PD-L1.

Discussion
The effectiveness of immunotherapy agents that target 
PD-L1 has been demonstrated against various types of 
human cancers, with solid tumors being particularly tar-
geted by these agents [35–37]. Besides the PD-L1 mol-
ecules that are present in many cancer cells, other cells 
within the TME can also hinder the anti-tumor activ-
ity of immune effector cells by producing PD-L1. The 
advantage of CAR-based therapies over monoclonal anti-
bodies against PD-L1 is that they eliminate PD-L1-ex-
pressing target cells permanently within the TME, which 
is an obvious superiority over monoclonal antibodies that 
inhibit the PD-L1/PD-1 axis [38]. This study aimed to 
develop a third-generation CAR-NK cell targeting PD-L1 
with two costimulatory domains (4-1BB and 2B4) and a 
CD3ζ activation domain. Two different strategies were 
used to generate these cells: (1) differentiation of UCB-
CD34+ cells modified to express the CAR, and (2) dif-
ferentiation of human UCB-CD34+ cells into functional 
NK cells expressing the CAR. After that, we assessed the 

efficiency of transduction and in  vitro cytotoxic func-
tions of both. We found that the transduction efficiency 
and expansion ability of UCB-CD34+ cells modified 
to express the CAR were higher than those of NK cells 
derived from UCB-CD34+ cells. Previous studies have 
shown that HSCs have a higher efficiency in transduction 
and expansion than CB NK cells, which is consistent with 
our findings [12].

In addition, in our unpublished article, our findings 
showed that NK cells that are derived from UCB-CD34+ 
cells had a higher expression of activating receptors and 
cytotoxic activity against K562 target cells compared to 
PB NK cells. In this state, it is possible to obtain an ample 
amount of CAR-NK cells with strong cytotoxic capacity 
for single or multiple adoptive cell therapy. Moreover, in 
the present study, after differentiation, NK cells expanded 
40–70 folds in the presence of feeder cells and cytokines. 
According to studies, different methods are used for NK 
cell expansion and activation, including using a cocktail 
of cytokines like IL-2, IL-15, and IL-18 and also irradi-
ated feeder cells, such as Epstein–Barr virus-transformed 
lymphoblastoid cell lines, PBMCs, artificial antigen-
presenting cells (aAPCs) or gene-modified K562 cells 
expressing 4-1BB ligand, IL-21 and IL-15, and other irra-
diated tumor cell lines [39–41].

The proliferation of NK cells with high purity has 
increased up to 400 folds in the presence of aAPCs, 
including K562-mb IL-21 cells, K562-mb IL-15, K562-mb 
CD86, 4-1BBL, IL-15, IL-21 [42]. Also, Lee et  al. have 
expanded NK cells using autologous irradiated PBMCs 
and anti-CD16 mAb up to 5000-fold [41].

The lower level of NK cell proliferation in this study 
was due to the use of mitomycin-treated K562 cells as 
feeder cells for expansion, the capability of these cells 
to induce proliferation is much lower compared to the 
aAPCs. However, since this study was a basic experimen-
tal study to investigate the bioavailability of the PD-L1 
CAR-NK cells and their function, the cells proliferated 
by this method provided enough cells to perform the 
project.

In our study, significantly higher expression of CD107a 
was observed in both PD-L1 CAR- NK cells after co-
culture with MDA-MB-231 (PD-L1high) tumor cells. Fur-
thermore, the IFN-γ level was increased after treatment 
of MDA-MB-231 tumor cells with both PD-L1 CAR-NK 
cells, while we did not find significant elevation in IFN-γ 
level after treatment of MCF-7 (PD-L1low) tumor cells 
with both PD-L1 CAR-NK cells. Incubation of MCF-7 
with differentiated CAR‑modified UCB-CD34+ cells and 
CAR​-modified UCB-CD34+-derived NK cells resulted in 
an increase in effector cells’ degranulation compared to 
control, but it wasn’t statistically significant. These find-
ings first bring to mind that MCF-7 cells, as PD-L1 low 
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Fig. 8  Detection of necrosis by flow cytometry. Representative flow cytometry dot plots of human MCF-7 (PD-L1low) and MDA-MB-231 (PD-L1high) 
cancer cell lines necrosis by A–B empty vector-transduced UCB-CD34+-derived NK cells, C–D differentiated CAR-modified UCB-CD34+ cells, and E–F 
CAR-modified UCB-CD34+-derived NK cells. G–I Statistical analysis of the percentage of necrotic cells. Cells were placed in culture with target cells 
at an E:T ratio 2:1 for 12 h. **P < 0.01 and ***P < 0.001
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cells, are vulnerable to the cytotoxic function of CAR-NK 
cells.

On the other hand, such an effect of PD-L1 CAR-NK 
cells against MCF-7 cells suggests that this could be det-
rimental to non-malignant cells, which express low lev-
els of PDL-1. Bajor et  al. have evaluated the anti-tumor 
effects of PD-L1 CAR-T cells against MCF-7 (PD-L1low) 
and MDA-MB-231 (PD-L1high) tumor cells. Consist-
ent with our findings, they have indicated significantly 
higher levels of TNF-α, IFN-γ, and higher expression 
of CD107a after co-culture of PD-L1 CAR-T cells with 
MDA-MB-231 (PD-L1high) tumor cells for 4 h. They also 
assessed the anti-tumor effects of PD-L1 CAR-T cells 
against MCF-7 over a long time and showed that PD-L1 
CAR-T cells significantly are capable of killing both 
MDA-MB-231 and MCF-7 cells [43].

Previous studies have documented that contact with 
effector cells and elevation in the levels of pro-inflam-
matory cytokines, including TNF-α and IFN-γ in the 
environment induce PD-L1 expression on the surface of 
target cells, which ensues inflammation [44, 45].

Accordingly, Liu et  al. have indicated an intensive 
cycle of inflammation and lung injury because of PD-L1 
CAR-T cells, which would be triggered and cause adverse 
events [46]. In confirming the effect of inflammatory 
cytokines on the function of PD-L1 CAR-T cells, recently 
a clinical trial study in patients with advanced lung cancer 
using PD-L1 CAR-T cells (NCT03330834) showed sig-
nificant side effects, which resolved by tocilizumab (anti-
IL-6 receptor) and steroids treatment. However, it seems 
that due to the lower level of inflammatory cytokines 
production in NK cell responses and their shorter life 
span, such effects in the treatment with PD-L1 CAR-
NK cells are less. Accordingly, the preliminary data from 
a clinical study (NCT04050709) with PD-L1 CAR-NK 
cells at a dose of 2 × 109 cells intravenous (IV) twice per 
week, indicated its tolerability in patients without serious 
complications.

In the current study, we only measured the IFN-γ lev-
els, so the response to MCF-7 by both PD-L1 CAR-NK 
cells may be due to the difference in the amount of other 
pro-inflammatory cytokines. It is necessary to conduct 
more research to comprehend the responses of differen-
tiated CAR‑modified UCB-CD34+ cells and CAR​-modi-
fied UCB-CD34+-derived NK cells to MCF-7 cells and 
non-malignant PD-L1low cells. Also, studies in which the 
function of CAR-modified UCB-CD34+ cells and CAR-
modified UCB-CD34+-derived NK cells can be inves-
tigated against the target cells in which PD-L1 has been 
knocked down will further identify the role of anti-cancer 
impacts of PDL1-specific CAR-NK cells.

Furthermore, studies have revealed that the effective-
ness of CAR-based approaches is influenced by PD-L1 

expression and its amplification through CAR-based 
therapy. However, this phenomenon is an advantage in 
PD-L1 CAR-NK therapy due to the self-amplifying anti-
tumor capability of PD-L1 CAR-NK cells [43]. Further 
research is necessary to determine the advantages of 
incorporating anti-PD-1 or anti-PD-L1 therapy or PD-L1 
CAR cells into CAR-based therapies and developing dual 
CAR-T/NK cells [47].

Accordingly, some studies have indicated the advan-
tages of combining PD-L1 CAR-NK cells with HER2 
CAR-T cells in animal models [43, 48]. However, the 
antagonistic effects of the combination therapy have been 
observed in PD-L1 CAR-T cells when applied in addition 
to the mesothelin-targeting CAR-T cells [49]. In such a 
case, the activated mesothelin-targeting CAR-T cells 
probably expressed PD-L1 and were targeted by PD-L1 
CAR-T cells. This effect probably can be neutralized by 
suppressing PD-L1 gene expression in other CAR-T/
NK cells in combination with PD-L1 CAR-T/NK cells, 
such as knocking out the PD-L1 gene, pre-incubation 
of PD-L1 CAR-T/NK cells with other CAR-T/NK cells, 
and neutralizing of inflammatory cytokines [43, 50, 51]. 
However, more detailed and extensive pre-clinical stud-
ies are needed to assess the effects of treating with PD-L1 
CAR-T/NK cells individually and in combination with 
other CAR-NK/T cells.

In response to the question of whether PD-L1 CAR-
NK cells can restore the cytotoxic function of exhausted 
T cells expressing PD-1, we co-cultured ConA stimu-
lated PBMCs plus PD-L1 CAR-NK cells with MCF-7 or 
MDA-MB-231 cell lines. According to our previous study 
stimulation of PBMCs with ConA for 6  days induces 
PD-1 and TIM-3 expression on T cells [52]. A remark-
able increase in CD107a-positive cells was observed in 
response to MCF-7 and MDA-MB-231 cells when CAR​
-modified UCB-CD34+-derived NK cells were co-cul-
tured with ConA-stimulated PBMCs compared to co-
culture of ConA-stimulated PBMCs with these cell lines.

As mentioned before, the exhaustion of CAR-T/NK 
cells is one of the obstacles created in their anti-tumor 
function. Moreover, studies have shown in CD28-based 
CAR-T cells even in the presence of anti-PD-L1 exhaus-
tion is happened [53]. In a clinical trial study, the treat-
ment of 11 patients with CD19.BBz CAR-T cells showed 
a weak anti-tumor effect, but when they administered 
pembrolizumab (PD-1 antibody) in follow-up, four 
patients showed remission. Responder subjects expe-
rienced the restoration of exhausted CAR-T cells [54]. 
PD-1/PD-L1 interaction induces dephosphorylation of 
CD28, which results in T cell exhaustion [55].

However, signal transduction by 4-1BB stimulates 
cells independent of CD28, and contrary to the increase 
in activation-induced cell death (AICD) caused by 
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CD28-based CARs, 4-1BB-CD3ζ based CARs prefer-
ence for inducing memory-related genes and maintaining 
anti-tumor activity [56].

Cheng et al. recently designed CAR-T cells with auto-
crine PD-L1 scFv and 4-1BB-containing domain against 
CD19 and HER2 and investigated their anti-tumor 
function and exhaustion in vitro and in vivo. They have 
indicated that in 4-1BB-based CAR-T cell exhaus-
tion diminished by the autocrine PD-L1 scFv antibody 
because unlike the CD28 pathway, which is directly 
inhibited by PD-1/PD-L1 antibodies, the PD-1/PD-L1 
blocking effect on 4-1BB signaling pathway is indirect, 
and this probably causes the restoration of exhausted T 
cells [53]. Also, consistent with our findings they have 
indicated in the presence of scFv PD-L1 antibody exhaus-
tion markers of T cells, including PD-1, TIM-3, and 
CTLA-4 are decreased.

Therefore, the presence of the 4-1BB signaling domain 
in our PD-L1 CAR-NK cells was probably associated 
with less exhaustion in these cells, while it also caused 
the recovery of exhausted T cells. Our findings remind 
us again that combination therapy of PD-L1 CAR-NK 
cells containing the 4-1BB signaling domain together 
with other CAR-T/NK cells will have effective anti-tumor 
effects in addition to preventing immune cell exhaustion.

Conclusion
According to our findings, the cytotoxic capacity of both 
differentiated CAR‑modified UCB-CD34+ cells and CAR​
-modified UCB-CD34+-derived NK cells was almost at 
the same level, and considering the more efficient trans-
duction in stem cells and the possibility of producing 
CAR-NK products with a higher yield, this approach is 
recommended for studies in the field of CAR-NK cells. 
Also, our findings remind us again that combination 
therapy of PD-L1 CAR-NK cells containing the 4-1BB 
signaling domain together with other CAR-T/NK cells 
will have effective anti-tumor effects in addition to pre-
venting immune cell exhaustion. Accordingly, a pre-
clinical study is now necessary to evaluate the safety and 
efficacy of differentiated CAR‑modified UCB-CD34+ 
cells and CAR​-modified UCB-CD34+-derived NK cells 
individually and in combination with other therapeutic 
approaches.
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