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Abstract. Immunotherapies using chimeric antigen receptor (CAR)-T cells bring an encouraging vision to 
non-Hodgkin lymphoma patients who develop relapsed lymphoma or are unresponsive to standard 
chemotherapy, yet they also have limitations and drawbacks. Clinical trials have reported cases of 
neurotoxicity and cytokine release syndrome (CRS) accompanied by CAR-T cell therapies. To establish a 
more mature therapy, CAR incorporated into Natural Killer (NK) cells came into being. As a leukocyte 
involved in innate immunity, NK cell does not require MHC matching, making the production of allogeneic 
"off-the-shelf" CAR-NK cells possible. Moreover, the controllable life span of CAR-NK cells and little risk 
of graft-versus-host disease reduce side effects companion by CAR-T. This review provides an overview of 
CAR-NK design and production before delivery to patients. Different sources of NK cells are compared and 
the development of CAR molecule construction is introduced. 

1 Introduction  

Before the emerging of immunotherapies for non-
Hodgkin lymphomas (NHL), hematopoietic stem cell 
transplantation (HSCT) is applied to treat B-cell 
malignancies including chronic lymphoblastic leukemia 
(CLL) , acute lymphoblastic leukemia (ALL), and 
lymphoma, yet its capability is limited when treating 
patients with refractory or relapsed lymphoma after 
chemotherapy. The side effect of HSCT, such as graft-
versus-host disease (GVHD), causes inflammation and 
damage to host organs as well as the immune system. 
Chimeric antigen receptor (CAR)-T cell therapy, on the 
other hand, provides promising results in treating many 
NHL subtypes. “Chimeric” stands for a combination of 
single-chain variable region (scFv), hinge region, 
transmembrane domain and T cell activation domain. 
Comparing to first-generation CAR, later generations 
have additional co-stimulatory domains developed from 
CD28 or 4-1BB [1]. The co-stimulatory domain was 
demonstrated to promote the expansion and prolong the 
lifespan of CAR-T cells in lymphoma patients [2]. 
Genetical reengineering of T cells isolated from patients 
allows expression of CAR construct on cell surfaces. 
These CAR-T cells are expanded in vitro and infused 
back to patients, usually after conditioning chemotherapy 
is given.  

CAR-T cells realize the possibility of T cell therapies 
independent of T cell receptors (TCR). CAR enables 
MHC-independent recognition to avoid omission of 
tumor cells that reduce their display by downregulating 
MHC molecules [3]. CAR-T cells targeting CD19 were 
approved by U.S. FDA for the treatment of diffuse large-
B-cell lymphoma and refractory pre-B cell ALL. In a 
clinical trial of 243 patients treated with anti-CD19 CAR-
T cells, the objective response reached over 60% with 

only 20% not responded [4]. Since CD19 is not expressed 
on Hodgkin lymphoma and some B cell NHLs, CARs 
targeting alternative lymphoma-associated antigens, such 
as CD20, CD22 and CD30 become new areas of research 
[1].  

While CAR-T cell therapy treating lymphoma 
obtained some impressive results, there are some 
limitations accompanied by. Lymphocytes depletion and 
T-cell activity enhancement can lead to neurotoxicity, in 
some cases fatal, potentially due to diffusion of cytokine 
or activated CAR-T cells crossing the blood-brain barrier 
[4]. Cytokine release syndrome (CRS) characterized by 
elevated serum levels of cytokines, cerebral edema, 
tachycardia, and fever was observed in treatment using 
CAR-T cells targeting CD19, CD22 and BCMA [3]. In 
addition, clinical trials reported the emergence of loss of 
CD19 on tumor cells as an escape mechanism, causing 
relapse in patients [5]. Another concern of CAR-T cells 
in therapy is their long persistence in circulation that may 
result in B-cell deficiency [6]. Tumor-associated antigens 
expressed on healthy tissues can be targeted by CAR-T 
cells, resulting in on-target/off-tumor side effect such as 
bone marrow suppression [7]. 

On the other hand, the capability of NK cells to 
distinguish “self” (normal cells) from “non-self” (infected 
cells, tumor cells) makes them appealing to tumor 
immunotherapy. Alloreactivity of NK cells depends on 
signals received from surface activatory and inhibitory 
receptors: NK cells do not kill when their inhibitory 
receptors match to MHC I molecules of “self”, and their 
killing is activated when stressed cells downregulate 
MHC I molecules or overexpress activatory ligands. NK 
cells immunotherapy has demonstrated efficacy either 
when killer-cell immunoglobulin-like receptor (KIR) 
mismatches constitutively express ligands on tumor cells 
or when TRAIL-dependent/NKR-independent 
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cytotoxicity is induced [8]. NK cells can be activated by 
dendritic cells (DC), MHC-I-negative cells, IgG binding 
or cytokines such as type I IFNs [8]. Cytokine stimulation 
induces NK cells to secrete cytokines like IFN-γ, which 
suppresses tumor angiogenesis, and TNFα that triggers 
inflammatory responses. Further understanding of the 
balance of inhibitory and activatory receptors, as well as 
their ligands, is essential for new approaches in NK cell 
immunotherapy.  

As tumor cells have immune escape mechanisms 
against NK cells cytotoxicity, the need for depressing 
cytotoxicity expedites the improvement of CAR-NK cells, 
which express surface receptors that bind tumor-
associated antigens like CAR-T cells do. Similar to the 
development of CAR-T cells, the addition of co-
stimulatory domains to scFv and activation domain 
(usually CD3ζ, DAP10 or DAP12) can increase the 
efficacy of CAR-NK cells.  As allogenic CAR-T cells are 
rejected by patient’s immune system, the source of T cell 
needs to be autologous. However, since MHC matching 
is not a requirement of NK cell activation, CAR-NK cells 
can trigger target cells death through natural cytotoxicity 
receptors and the source can be allogeneic [9]. Further, 
NK cells are known to retain their graft-versus-tumor 
(GVT) effect while avoiding GVHD that is observed with 
T cells [10], as long as they are not administered to 
patients previously received allogeneic HSCT[11]. 
Comparing to CAR-T, mature donor CAR-NK cells are 
less problematic with on target/off tumor side effect 
because they have limited life span and are expected to be 
rejected after killing [12]. In addition, a suicide system 
can be incorporated into immature CAR-NK cells to 
ensure safety [12]. 

2 Sources of NK cells used for 
generation of CAR-NK cells  

2.1 NK92 cell line 

The most studied and widely applied source for CAR-NK 
cell generation is NK cell line, especially NK-92 cell line 
[9]. Unlike archetypal NK cells, NK-92 cells lack several 
activatory receptors such as CD16, NKp44, and NKp46 
[9], they were also shown to lack most inhibitory KIRs, 
except for KIR2DL4 [13]. CAR-NK-92 cells have been 
designed and generated to target tumor antigens, such as 
CD19, CD20, HER2, ErbB2, and CD138 [9]. Among 
these tumor-associated antigens, ErbB2 is overexpressed 
in many epithelial tumors. In one study, CAR-NK-92 
cells targeting ErbB2 showed specificity and efficiency in 
lysing ErbB2-expressing tumor cells, compared with 
wildtype NK-92 cells [14]. 86% of tumor cells from 
breast, ovarian, and squamous cell carcinomas expressing 
high levels of ErbB2 were completely resistant to NK-92, 
yet they were effectively lysed by CAR-NK-92 cells even 
at low E/T ratio [14]. A study found that cells from ALL 
patients that are insensitive to NK-92 mediated lysis 
show augmented sensitivity to anti-CD19 CAR-NK-92 
cells [15]. These CAR transfected NK-92 cells are also 

expected to have less side effect due to short life span 
[15].  

2.2 Peripheral blood (PB) and umbilical cord 
blood (UCB) 

NK cells isolated from peripheral blood (PB) and 
umbilical cord blood (UCB) can also be used to target 
leukemia. One clinical trial found them effective against 
Acute Myeloid Leukemia (AML) [16].  Comparing to 
NK-92 cell lines, NK cells from PB express more 
activatory receptors such as CD16, NKp44, and NKp46, 
increasing the strength of attacking signals. PB-NK cells 
are more heterogeneous, yet they do not require 
transfection of CD16 for ADCC [9]. However, the 
isolation from blood apheresis can be expensive and 
complicated, as NK cells need to be expanded and 
activated in the presence of feeder cells. Additionally, 
NK cells purified from PB have short life spans in vivo, 
usually only up to a few weeks [17], which limit their 
effectiveness in therapy.  

Alternatively, UCB is another good source of large 
number of allogeneic NK cells. Its capability of being 
cryopreserved makes off-the-shelf product probable. NK 
cells from UCB have higher percentage composition and 
possess reduced cytotoxicity than that from PB [18, 19]. 
The unique NK cell progenitors in UCB but not in PB 
allow faster recovery of NK cells after transplantation 
[20]. Studies reported that artificial antigen presenting 
cells expressing IL-21 [21]or IL-15 [22]can be used for 
large-scale NK cell expansion. These expanded UCB-NK 
cells displayed purity of CD56+ CD3- over 95% and 
increased perforin and granzyme B expression.  A recent 
study indicated CB-NK cells expressing iC9/CAR.19/IL-
15 target and kill CD19-expressing cell lines and primary 
CLL cells effectively, and the accompanied inflammatory 
response can be counteracted with activation of iC9 [23]. 
More clinical trials are needed to assess the practicability 
of off-the-shelf UCB-NK cells product. 

2.3 Induced pluripotent stem cell-derived NK 
cells 

NK cells expressing CAR can also be derived from 
induced pluripotent stem cells (iPSCs) or human 
embryonic stem cells (hESCs).  iPSC-NK cells overcome 
some of the limitations of NK-92, PB-NK cells and UCB-
NKs. Comparing to NK-92 cells, they express NKp44, 
NKp46, and KIRs, and they do not require irradiation 
before administration to patients; comparing to 
heterogeneous PB-NK cells, they can be homogeneous 
and express CAR more stably [9]. A study compares the 
cytotoxicity of NK cells isolated from PB and from iPSC 
in killing ovarian cancer cells [24], indicating that both 
NK cells population have significant effect on cancer 
cells killing. The expression of CAR can further boost the 
anti-tumor activity of effector NK cells. Using an 
xenograft model, another study showed that CAR-iPSC-
NK cells inhibit ovarian tumor growth more effectively 
than T cells, PB-NK, and iPSC-NK cells [25]. Also, 
CAR-iPSC-NK cells demonstrate similar anti-tumor 
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activity as CAR-T cells but with lower toxicity. In 
general, CAR-iPSC-NK cells manifest promising 
capability to kill solid tumors, and their “off-the-shelf” 
products can be generated in quantity. 

3 CAR molecule construction for CAR-
NK cell therapy 

Several generations of CAR molecules have been 
constructed for the improvement of cytotoxicity of NK 
cells. The most common form of first-generation CARs 
consists of a scFv derived from monoclonal antibody for 
antigen-recognition and a transmembrane CD3ζ chain for 
activation signal. On the basis of the first-generation 
CAR, the second-generation CAR adds in a costimulatory 
domain, such as CD28, 4-1BB,or 2B4 (CD244). This 
costimulator is incorporated into the cytoplasmic portion 
of CAR to increase the signaling from the activation 
domain. 2B4 contains immunoreceptor tyrosine-based 
switch motifs (ITSMs) that are responsible for NK cells 
stimulatory pathway activation [26], and its combination 
with CD3ζ enhance IFN-γ and TNF-α production [27]. 
Similar results were obtained using 4-1BB-CD3ζ CAR 
construct in NK cells. Furthermore, another study 
confirmed in vivo anti-tumor activity of GPC3-specific 
CAR-NK-92 with CD28 against GPC3+ hepatocellular 
carcinoma (HCC) [28]. When GPC3+ HCC cells are 
present, these CAR-NK cells are able to produce a large 
amount of IFN-γ, and their function is unaffected in 
hypoxic (1%) environment. Two separate studies 
constructed similar CARs with CD28 to target tumor-
associated ErbB2/HER2 antigen and observed efficient 
serial cell killing in Glioblastoma [29] and breast 
carcinoma [30]. 

To further enhance activation signals and cytokine 
production, the third-generation CAR includes multiple 
costimulatory domains selected among CD28, 2B4, 4-
1BB, and OX40 (CD134). OX40, belonging to the TNF 
receptor superfamily, is first identified on activated T 
cells to trigger downstream signaling, such as the 
activation of NK-κB to enhance cell survival [31]. OX40 
incorporated in third-generation CAR-T cells shows 
increased cytokine production and cytotoxicity [32], but 
it has not been incorporated into CAR-NK cells yet.   

4 CAR-NK generation, culture, and 
manufacture 

Once a biomarker on target cells is selected and CAR 
molecules are designed and constructed, the next step is 
to deliver them to NK cells through viruses or 
electroporation. Both methods have been used in the 
generation of CAR-T cells and CAR-NK cells. NK-92 
cell line has been selected extensively for genetic 
modification because of its high and variable transfection 
efficacy relative to primary NK cells [33]. A viral 
delivery system transduces NK cells for CAR molecules 
by retrovirus or its subclass, lentivirus. These viruses can 
convert their RNA back to DNA and insert it into the host 
genome, and the host NK cells then express the viral 
DNA coded for CAR and load CAR molecules on its cell 

surface. Comparing to retroviral transfection, lentiviral 
transfection infects not only dividing cells but also non-
dividing cells. Studies have shown that NK-92 cells 
modified by either CAR vectors can induce apoptosis of 
cells overexpressing ErbB2 antigen in breast cancer and 
glioblastoma [14, 33]. NK cells expressing high levels of 
CAR are enriched by magnetic immunoselection or flow 
cytometric cell sorting [14, 34]. Comparing to viral 
transduction, electroporation transfection has lower 
efficiency due to large-scale cell death, but it lowers the 
risk of insertional mutagenesis and is technically simpler 
[35]. In electroporation, NK cells are exposed to an 
electric field and membranes are disrupted to allow entry 
of mRNA or plasmid DNA. Transfection with mRNA has 
an efficiency (>75%) ten times higher than with DNA 
plasmid and modified anti-CD19 CAR-NK-92 cells 
effectively target lymphoid malignancies [36]. In addition, 
mRNA does not enter the nucleus and integrate into the 
genome like DNA, thus it eliminates the risk of genomic 
mutation and has immediate CAR expression. The purity 
of CAR-NK-92 cells can reach nearly absolute upon 
enrichment [35].  

Since around 13% of lymphocytes in blood are 
constituted by CD3-/CD16-56+ NK cells [37], the 
isolation of NK cells from blood is straightforward in 
operation and able to reach a high purity. 
Immunomagnetic beads attached to anti-CD3 and anti-
CD56 antibodies are often used to deplete CD3 T cells 
and enrich CD56 cells [38]. To further expand effector 
NK cells ex vivo, the most productive method is to 
culture NK cells in the presence of cytokines IL-21 
following IL-2 and irradiated autologous feeder cells in 
GMP-compliant media [39]. Cell expansion increases NK 
cell expression of cytotoxicity receptors and death 
ligands in vitro. On the other hand, the culture of NK 
cells after CAR incorporation is more critical as a large 
quantity of cell is needed for the clinic, and the process of 
enrichment of CAR-NK cells is similar to that of primary 
NK cells. After transduction, the expression of surface 
CAR is analyzed by fluorescence-activated cell sorter 
(FACS), and cells with high level of CAR are enriched 
by magnetic separation [15]. 

5 Conclusion 

Based on maturing CAR-T cell immunotherapy, CAR-
NK cell therapy develops and attracts growing attention 
because of its limited side effects and convenience of 
source.  From the identification of CAR biomarker to 
CAR-NK clinical trial, each step needs to be optimized to 
enhance NK cells specificity and anti-tumor activity. 
Even though in vivo assays show encouraging results of 
CAR-NK cells targeting ALL, AML, CLL, Glioblastoma 
and some carcinomas, more investigation is needed to 
optimize CAR constructs for NK cell activation. The 
development of next-generation CAR with various 
combination of intracellular signaling domains and scFvs 
is critical for answering this question. In addition, the 
requirement of stable CAR expression and large scale 
"off-the-shelf" cell products needs a further comparison 
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among different sources of NK cells and different CAR 
incorporation mechanisms.   
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