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CURRENT CAR THERAPIES USING T AND NK CELLS AND 
COMPARING THEIR ADVANTAGES AND LIMITATIONS 

Rosanne E. van der Post1

 Abstract

Recent developments in immunotherapy against cancer have been very promising. One  such therapy is the integration of chimeric antigen 
receptor (CAR) constructs in T or NK cells. These CAR T and NK cells are engineered to be highly tumour-targeted and are therefore very 
promising compared to other non-specific therapies. Although proven to be very efficient, CAR T cells have been shown to have a high risk 
of inducing severe side effects. CAR NK cell therapy seems to be a safer option, as they have a considerably lower risk of causing these side 
effects. Due to a high risk of developing Graft Versus Host Disease (GVHD), CAR T cells are primarily obtained from the blood of the patient itself 
(autologous product). In contrast, because of their substantial lower risk of GVHD, NK cells can be derived from a number of different allogeneic 
sources and with that the possibility of creating ‘off-the-shelf’ CAR NK cell therapies arises.  Moreover, CAR NK cells are able to keep the cytotoxic 
activity naturally occurring in NK cells and can therefore function in both a CAR-dependent and -independent manner, potentially leading to 
higher efficiency. Altogether, next to the use of potent autologous CAR T cells in certain tumour types, allogeneic ‘off-the-shelf’ CAR NK cells 
might become more desirable with less side effects. 

1Master’s student Medical Biology, Radboud university medical center, Nijmegen, the Netherlands

Introduction

Since it became clear that the immune system plays a vital 
role in the fight against cancer [1], therapies inducing or 
enhancing the immune response against the tumour cells 

have been developed. In the last decade, breakthroughs have 
led to the development of new and the improvement of existing 
immunotherapies. These therapies include strategies involving 
antibodies, cytokines, gene therapy, checkpoint inhibitors, and 
cellular immunotherapy [2,3]. 
Cellular immunotherapy, based on the administration of immune 
cells to the patient [4], can be a specific and effective way of 
treatment [5].  Active therapy, such as dendritic cell (DC) vaccines, 
stimulates antitumour activity of the immune system. For dendritic 
cell  vaccinations, the DCs are loaded with tumour-derived antigens 
and subsequently injected into the lymph nodes of the patient. Here, 
the DCs present the antigens to the T cells and activate an immune 
response against the tumour. Other injection routes may include 
intradermal (in the skin) and intravenous (in the veins). In passive 
therapy, immune cells that have an antitumour effectivity themselves, 
such as adoptive transfer of T or NK cells, are used. This is also known 
as adoptive cellular therapy [4,6]. In this therapy immune cells are 
expanded and modified in vitro , giving them antitumour activity, 
and transferred into the patient [6]. T cells are most frequently used 
for this type of therapy, although NK cells are now also upcoming 
[7]. There are three types of adoptive cell therapies, including 
tumour-infiltrating lymphocytes (TILs), genetically engineered T-cell 
receptors (TCRs), and chimeric antigen receptor (CAR) T and NK cells 
[5]. TILs are (non-genetically) lymphocytes, derived from modified 
tumour tissue, that are able to infiltrate the tumour and exert their 
antitumour activity from within [5,8]. CAR and TCRs are based on 
genetically engineered T and NK cells, that obtain specificity against 
tumour antigens and are therefore highly effective [9,10]. 
In this review, these CAR therapies, possible with both T cells and NK 
cells, will be discussed and compared.

CAR T cell therapy
Chimeric antigen receptors (CARs) give the immune effector cells 
their tumour-specificity [11,12]. The cells used in this type of therapy 
are typically autologous T cells, which are cells from the patient itself. 
CAR receptors are chimeric because both the antigen-binding and 
the T cell-activating functions are combined into one single receptor 
[12]. The antigen-binding domain, a single-chain variable fragment 
(scFv), is derived from an antibody that is known to target a tumour 
associated antigen [13] and thus varies between therapies for 
different patients. The scFVs are linked, via a transmembrane region, 
to an intracellular signalling domain of the CD3ζ chain, that exerts 
the activating functions. For second-generation CAR T cells, these 
receptors also include costimulatory molecules such as CD28 or 
4-1BB [14,15]  (Figure 1). The incorporation of the costimulatory CD28 
domain has been shown to give the CAR T cell enhanced antitumour 
activity, as compared to the first generation CAR T cells [16].
Usually, the T cells are taken from the patient self, modified, and 
transferred back into the patient [12,15]. Besides killing cancerous 
cells, the CAR T cells are also able to promote immune surveillance, 
preventing the tumour from reoccurring [11]. Another major 
advantage of using CAR T cell therapies, as opposed to other immune 
therapies, is the fact that CAR T cells can operate independently of 
major histocompatibility complex (MHC) recognition [15,17]. This 
way, the therapy is not affected by possible immune evasion exerted 
by the tumour cells, through downregulation of human leukocyte 
antigen (HLA) class I molecules or a defective processing capability 
of antigens [17].
In the best-studied CAR T cell therapy, the T cells recognise the CD19 
antigen. CD19 is mainly expressed on the surface of B lymphocytes 
and is essential for the intracellular signalling of the B cells [11,18]. The 
fact that the CD19 antigen is expressed on most B cell malignancies, 
but not on hematopoietic stem cells or other tissues, makes these 
antigens excellent targets against lymphomas and leukaemias. These 
include chronic lymphocytic leukaemia and acute lymphoblastic 
leukaemia (ALL), with a low risk of side effects [10,18]. However, since 
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CD19 is not required for survival, the tumour cells are able to escape 
recognition by the T cells by means of CD19 loss or downregulation 
[18].

existing immune system of the recipient may form a response against 
the infused CAR T cells, or the allogenic CAR T cells may form an 
immune response against the antigens expressed on the recipient’s 
tissue cells. With the use of second-generation CAR T cells, more 
specifically those including the 4-1BB co-stimulatory domain, there 
is a higher risk for GVHD [27].
TLS has been observed after infusion of anti-CD19 CAR T cells [20]. It 
occurs after a large amount of cancer cells die within a short period of 
time, leading to the release of nucleic acids, proteins, and electrolytes, 
such as phosphate and potassium [26]. Thir sudden increase in blood 
and tissue concentration of electrolytes may cause severe toxic 
effects, including renal insufficiencies and cardiac arrythmias [28]. 
TLS generally more frequently occurs in hematopoietic cancers, 
although it might also occur after treatment of solid tumours [29].
ICANS is a neurotoxicity that might be life-threatening and occurs 
between 20 to 70% of patients treated with CAR T cell therapy [29]. 
Typically, ICANS correlates with CRS severity, although it may also 
occur in absence of CRS [24,30]. Patients with severe ICANS show 
an increased number of T cells and an increased level of IL-6 in their 
cerebrospinal fluid, due to a blood-brain permeability that leaves this 
fluid susceptible to cytokine infiltration [24,30,31]. It has been found 
that the administration of GM-CSF-neutralizing antibodies has a 
positive effect on reduction of ICANS in mice by decreasing cytokine 
release. With neutralizing this stimulatory factor, the blood-brain 
barrier permeability seems to be decreased to a level that is similar to 
controls that did not receive CAR T cell therapy [30,31].
Thus, although CAR T cell therapies seem highly efficient, there are a 
lot of side effects that may arise with the use of this type of therapy. 
Therefore, these therapies should be used with caution to prevent 
potential side effects as far as possible. In addition, further research 
is needed to minimize these side effects and optimize CAR T cell 
therapies.

CAR NK cell therapies
Natural killer (NK) cells belong to the innate immune system and 
account for 5-15% of human peripheral blood leukocytes [32]. NK 
cells are functionally similar to T cells and are able to kill target 
cells through cytotoxic mechanisms [32-34]. However, because NK 
cells are part of the innate immune system, they do not require 
activation by antigen-presenting cells (APCs) [33,35]. This gives 
them an advantage over T cells in research and treatment, as they 
will not take up as much time in production [36]. Usually, CAR T cells 
are activated using monoclonal anti-CD3 antibodies and anti-CD28 
antibodies in vitro, mimicking stimulation by APCs, before they can 
be infused into the patient [35,37]. NK-cell function depends on 
stimulation of activating or inhibitory signals generated by germline-
encoded receptors [32,36,38]. MHC class I molecules, expressed 
on the surface of normal healthy cells, act as an inhibiting ligand 
for NK cells [34], giving the NK cells their self-tolerance. Killer cell 
immunoglobulin-like receptors (KIR) are receptors that are able 
to recognise these MHC class I molecules [39]. An example of an 
activating receptor is the NKG2D receptor, which is one of the best-
studied activating receptors. This receptor can recognise stress-
induced ligands expressed on damaged, transformed, or abnormal 
cells. Here, ligand-receptor interaction, and the lack of MHC class 
I expression, will lead to NK activation, subsequent cytokine and 
chemokine release, and eventually lysis of the stressed cell [40,41]. 
This receptor-dependent activation gives the NK cells an advantage 
over T cells in immunotherapy. Since the NK cells are not dependent 
on antigen recognition, NK cells are able to respond independently of 
tumour-antigens, resulting in continuous antitumour effectivity even 
if the tumour downregulates antigen expression [36,42]. Moreover, 
in the rare event that tumour cells downregulate the expression of 

Universal T-cell therapies
As mentioned before, the T cells for this therapy are generally taken 
from the patient itself, modified, and infused back [12,17]. Although 
this makes the T cells patient-specific and therefore very efficient with 
a low chance of rejection, the production of these cells is extremely 
time-consuming and a highly skilled process. Moreover, cancer 
patients might develop immunodeficiency or lymphocytopenia after 
receiving chemotherapy, resulting in insufficient numbers of T cells. 
To solve these problems, universal ‘off-the-shelf’ CAR T cells have 
recently been developed [19,20]. These universal T cells are produced 
by genetically editing allogeneic T cells from a healthy donor in such 
a way that they can be used for multiple other patients [20]. However, 
the HLA expressed on allogeneic T cells might be recognised as 
foreign, leading to immune reactions against these T cells and thus 
rejection or even graft-versus-host disease (GVHD) [21]. 

Side effects
Unfortunately, CAR T cell therapies have been known to cause some 
severe side effects. These may include cytokine release syndrome 
(CRS), graft-versus-host disease (GVHD), tumour lysis syndrome (TLS), 
and immune effector cell-associated neurotoxicity syndrome (ICANS) 
[12]. 
CRS is a systemic inflammatory response caused by an increase 
in the secretion of cytokines, such as IL-1 and IL-6 [22]. The highly 
proliferative CAR T cells secrete more granulocyte-macrophage 
colony-stimulating factor (GM-CSF), which has been found to cause 
oversecretion of cytokines  by monocytes and macrophages. By 
knocking out the GM-CSF production using CRISPR-Cas gene editing, 
the CRS risk was reduced without affecting the antitumour activity 
[23]. As a treatment, tocilizumab, which is an IL-6 receptor antagonist, 
has been shown in clinical trials to effectively work against CRS, 
without affecting the CAR T cell efficiency [24,25]. In 2017, the 
FDA approved the use of this drug for the treatment of severe CRS 
induced by CAR T cell therapy [26].
GVHD is the result of an immune reaction against foreign cells. This 
may occur in two ways after the infusion of allogeneic T cells. The 

Figure 1: Structure of first- and second-generation of chimeric antigen 
receptor constructs. The first-generation includes a scFV that is connected via a 
transmembrane domain to an intracellular signalling CD3ζ chain. For the second-
generation CAR, there is an extra incorporation of a CD28 or 4-1BB domain in 
between the transmembrane domain and the CD3ζ chain.
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certain MHC molecules in order to escape T cell recognition [39,43], 
they will become more susceptible to NK response because of  
reduced KIR-mediated inhibition [32,43].

Fewer side effects
CAR NK cells, although modified, still possess their natural cytotoxicity 
and functionality, which means that CAR NK cells are able to target 
tumour cells in both a CAR-dependent and -independent manner 
[44-46]. With this, the NK cells produce cytokines and chemokines to 
induce cytotoxicity against the tumour cells, while also reducing risks 
of relapse in patients due to CAR-dependent mechanisms [38]. This 
would already be a big advantage over the use of CAR T cells, however, 
NK cells could be even engineered to have a non-killing functionality 
of the CAR. Instead, they would use the CAR to promote natural NK 
target recognition and with that activation of its CAR-independent 
cytotoxicity [32]. This leads to less on-target/off-tumour toxicity, 
where normal healthy cells that express the same antigens are 
recognised by the CAR but will not induce a natural NK cell response 
[32,46]. Because NK cells possess a different cytokine profile, the risk 
of a CAR NK cell recipient developing CRS is significantly lower than 
that of CAR T cell recipients, or even completely absent [42,47]. This 
is largely because the main driving factors in the induction of CRS 
are the cytokines IL-1 and IL-6 [22,48], which are mostly secreted by T 
cells and only rarely by NK cells [34,42,48]. ICANS may be correlated 
to CRS severity. In many articles, no cases of neurotoxicity, including 
ICANS, after receiving CAR NK cells have been reported so far, which  
corresponds to the low risk of CRS with NK cells [48-50].
Lastly, also GVHD seemed to be less prominent with the use of 
CAR NK cells, despite some mismatches in HLA molecules between 
donors and recipients [47,51]. NK cells are even able to suppress 
GVHD because they inhibit alloreactive T cells, which are T cells that 
form a response against allogeneic MHC peptides, without causing 
GVHD themselves [51,52]. This reduced risk of GVHD gives rise to 
the opportunity for the development of ‘off-the-shelf’ CAR NK cells 

[48,50], which can be obtained from numerous sources other than 
autologous [53]. Using CRISPR-Cas techniques, obtaining NK cells 
that do not express KIRs on their surface has been shown to be 
possible [50]. This lack of KIRs will make the NK cells HLA genotype-
independent, meaning that any donor/recipient match can be made, 
without causing unwanted rejection effects. This makes NK cells a 
better fit for ‘off-the-shelf’ CAR therapy than T cells, which cannot 
become HLA genotype-independent [50]. 

Sources
NK cells for CAR-mediated immunotherapy can be obtained from 
various sources, as illustrated in fig. 2, including cell lines (NK92 cell 
line), umbilical cord blood (UCB), peripheral blood (PB), and induced 
pluripotent stem cells (iPSCs) [54-56]. 
Of the existing NK cell lines, NK92 seems to be the only one that 
has shown strong antitumour activity [55-57]. They have been 
extensively used as a source for CAR NK cells because they can 
expand indefinitely in vitro, and do not show to be affected by 
multiple freezing rounds [32]. Also, the NK92 cells have little to 
no expression of inhibitory KIRs or CD16 on their surface [44,48]. 
Altogether makes these cells perfect for the production of ‘off-the-
shelf’ CAR NK cells. However, since the NK92 cell line is derived from 
a cancer patient with non-Hodgkin lymphoma [54,58], there are 
some limitations. The NK92 cells will require irradiation before they 
can be infused in the patient [32,56], which potentially can be lethal 
to the individual cells, creating a loss of proliferation of the cells in 
vivo. Yet, this irradiation is necessary in order to reduce the risk of 
tumourigenicity [56,59]. 
NK cells can also be isolated from umbilical cord blood (UCB). These 
cells have a low expression of CD16 [48,56,59] and are relatively easy 
to collect as they constitute up to 30% of UCB [59,60]. Moreover, 
there are only a few T cells present in UCB and most are immature, 
resulting in a minimal risk of GVHD [60,61]. However, the quantity of 
cells in UCB is limited, as it contains 10- to 100-fold fewer nucleated 

Figure 2: NK CAR cell sources, including peripheral blood, umbilical cord blood, induced pluripotent stem cells, and NK92 cell line. Of peripheral and umbilical cord blood 
NK cells can be isolated after which they can be modified unto CAR NK cells. From umbilical cord blood, CD34+ hematopoietic progenitor cells can also be isolated, which 
can be in turn differentiated into NK cells and subsequently modified to CAR cells. Cells of the NK92 cell line can be directly modified into CAR NK cells, but they have to be 
irradiated before infusion, leading to  a loss of cytotoxicity.
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cells compared to other sources. Moreover, the NK cells obtained 
from UCB often show an immature phenotype, which has an inferior 
cytotoxicity [32,62]. CD34+ hematopoietic progenitor cells (HPCs) 
can also be extracted from UCB, which can serve as an appealing and 
versatile option for obtaining NK cells [63,64]. These CD34+-derived 
NK cells have been found to possess higher antitumoural cytotoxicity 
than NK cells directly isolated from blood [65] and are therefore also 
an efficient source for CAR NK cells. 
In peripheral blood (PB), the amount of NK cells is lower compared 
to UCM, as they constitute up to only 10%. [48]. The NK cells can 
be derived from autologous or allogeneic PB, making it a desirable 
source [66]. Although the same procedure can be applied for 
the isolation of NK cells from PB and UCB [67], due to the low 
numbers of NK cells in PB, the isolation is more difficult [56]. Besides, 
purification is of the highest importance when obtaining NK cells 
from PBMCs, since remaining B and T cells, which are present in high 
concentrations in peripheral blood, may cause unwanted side effects 
[48]. However, approximately 90% of the NK cells isolated from 
PBMCs have a mature phenotype, giving them a higher cytotoxic 
activity [32,48,67]. This makes them readily available for therapy and 
able to be expanded in vivo without any further stimulation [68].
NK cells derived from donor blood are not from a homologous 
source, making the the development of ‘off-the-shelf’ CAR therapies 
more difficult [55,66]. A way to circumvent the dependability on 
donors is the use of induced pluripotent stem cells (iPSCs) that can 
be differentiated into NK cells [55]. iPSC-CAR NK cells, expressing 
NKG2D, showed  improved anticancer activity in leukaemia and 
ovarian cancer [55,69]. Additionally to the CAR construct, other 
modifications, such as higher or lower expression of certain receptors 
to further enhance antitumour activity, are easier with iPSCs than 
with isolated NK cells from blood [69]. Moreover, because the NK 
cells derived from this source are easily accessible for modification 
and expansion, ‘off-the-shelf’ production is readily achieved [70]. 
Although iPSCs-NK cells seem to be a better fit for CAR therapies due 
to their numerous advantages, the development of NK cells from this 
source is a lengthy and expertise-requiring process [38,71]. 
As of now, the NK92 cell line and peripheral blood NK cells are the 
most commonly used sources. NK92-derived NK cells have shown 
higher cytotoxicity levels compared to PB-derived NK cells [70]. 
However, because NK92 cells require irradiation before infusion, their 
cytotoxicity is significantly reduced [56,70]. Newer approaches are 
therefore being developed. Despite their slightly more complicated 
manufacturing iPSC-derived NK cells will have an advantage over NK 
cells derived from other sources in the future [71].

Conclusion
In the field of immunotherapy, the development of CAR therapies 
has been a breakthrough. Here, both CAR T and NK cells have been 
shownto be effective in targeting and killing tumour cells in various 
studies. This type of treatment can be highly specific and effective, 
and is therefore an ideal therapy. However, CAR T cell therapies have 
a high risk of causing severe side effects, including CRS, GVHD, TLS, 
and ICANS. These side effects may cause detrimental effects on the 
patient, in some cases even leading to death [28]. CAR NK cells on 
the other hand have been associated with a significant lower risk of 
developing these side effects and are therefore considered a safer 
option. Moreover, upon the construction of CAR NK cells, the NK 
cells seem to be able to keep their natural cytotoxic activity, leading 
to the possibility for CAR NK cells to function in a CAR-dependent 
and -independent manner. This may result in a higher effectivity in 
general and also a lower risk of on-target/off-tumour effects. 
Another advantage of using NK cells instead of T cells in CAR 

therapies is the fact that NK cells can be derived from various 
different sources. T cells most often need to be derived from the 
peripheral blood of the patient [54] to reduce the risks of GVHD. 
However, since the patient may have developed immunodeficiency 
or lymphocytopenia after receiving chemotherapy, there might be 
insufficient amounts of T cells present, leading to difficulties in the 
development of a CAR T cell therapy. Because allogeneic CAR NK 
therapies have a significantly lower risk of GVHD, the sources of NK 
cells are endless. Currently, various sources are already being used 
and improved, but also new sources of NK cells are being discovered. 
An example of such a new source is the NK101 cell line, derived from 
a patient with an extra-nodal natural killer/T-cell lymphoma, as an 
improvement on the NK92 cell line [72]. This NK101 cell line has been 
shown to produce higher levels of pro-inflammatory cytokines and 
can positively influence leukocyte proliferation.
Also, feeder cell lines, that make expansion of the NK cells possible, 
are being developed [73]. Because of these various sources, is also 
possible with CAR NK cells to easily produce ‘off-the-shelf’ CAR 
therapies, further increasing the efficiency of the therapies.
Although most of the CAR therapies are being used in hematopoietic 
cancers, solid tumours may pose as targets as well. However, tumours 
are able to evade T cell recognition by several mechanisms within the 
tumour microenvironment, which may explain the often poor results 
of CAR T cell therapies in solid tumours. On the other hand, CAR NK 
cells, mainly derived from the NK92 cell line, have proven to be more 
successful for such solid tumours and can thus also be used to target 
cancers, such as pancreatic, ovarian, and prostate cancers [50,54]. 
However, this type of treatment is still in early clinical development 
and cannot yet be used on patients [74], but it holds a promising 
future. 
Currently, another type of CAR therapy is being developed using 
macrophages to increase efficiency in treating solid tumours [75,76]. 
However, it seems that there is a hurdle in the production of 
CAR macrophages (CAR-Macs) because there is no possibility for 
expansion. For this, the CAR constructs are being incorporated into 
iPSCs. These CAR-containing iPSCs will be instructed to differentiate 
into macrophages, generating CAR-iMac lineages, which thus also 
contain the CAR construct [77]. Although CAR-Macs have been seen 
to be effective and therefore a promising therapy, they are still in  
pre-clinical stages [76]. It is expected that this therapy in the future 
will become more efficient, although some limitations are likely yet 
to be uncovered. 
All in all, next to autologous CAR T cells, ‘off-the-shelf’ CAR NK cells 
may be the more desired therapy in certain tumour types and 
clinical settings, due to several advantages. These include a higher 
cytotoxicity of the NK cells against the tumour cells, a lower risk 
of developing side effects, the possibility of deriving NK cells from 
various sources, and the possibility of developing ‘off-the-shelf’ CAR 
NK cells. However, there are still some limitations linked to this type 
of therapy. New sources of NK cells are being developed, as well as 
new CAR therapies using macrophages. Although CAR-Macs are still 
in very early stages, there seems to be effectiveness and they may 
pose a promising future therapy.

Acknowledgements
RAMS would like to thank Harry Dolstra, PhD, associate professor and 
head Cell Therapy Facility at Radboud UMC, and reviewers Vikrant 
Pandya, BSc, and Robbin Kramer, BSc, for providing the author of this 
article with feedback.



12

Current CAR therapies using T and NK cells and comparing their advantages and limitations - Rosanne van der Post

References
1. Doll R., Kinlen L.; Immunosurveillance and cancer: epidemiological 
evidence; Br Med J, 1970 Nov; 4(5732):420-422
2. Baxevanis C.N., Perez S.A., Papamichail M.; Cancer immunotherapy, 
2009 Aug; 46(4):167-189
3. Douglas J.T.; Cancer Gene Therapy; Technology in Cancer Research 
& Treatment, 2003; 2(1):51-63
4. Hayes C.; Cellular immunotherapies for cancer; Irish Journal of 
Medical Science, 2021; 190:41-57
5. Kirtane K., Elmariah H., Chung C.H., Abate-Daga, D.; Adoptive 
cellular therapy in solid tumour malignancies: review of the literature 
and challenges ahead; Journal for ImmunoTherapy of Cancer, 2021 
Jul; 9:e002723
6. Shi H., Qi X., Ma B., Cao Y., et al. ; The status, limitation and 
improvement of adoptive cellular immunotherapy in advanced 
urologic malignancies; Chin J Cancer Res, 2015 Apr; 27(2):128-137
7. Lee D.A.; Cellular therapy: Adoptive immunotherapy with expanded 
natural killer cells; Immunological Reviews. 2019 Jun; 290(1):85-99
8. Lin B. Du l., Li H., Zhu X. et al.; Tumour-infiltrating lymphocytes: 
Warriors fight against tumours powerfully; Biomedicine & 
Pharmacotherapy, 2020; 132:110873
9. Wang X., Nishimura M.I.; Genetically Engineered (T Cell Receptor) 
T Cells for Adoptive Therapy; Gene Therapy of Cancer (Third Edition), 
2014; Chapter 18:259-271 
10. Kobelt D., Pahle J., Walther W.; A Brief Introduction to Current 
Cancer Gene Therapy; Gene Therapy of Cancer: Methods and 
Protocols. Third ed. New York, NY: Humana Press, 2022; Chapter1:1-21 
11. June C.H., Sadelain M.; Chimeric Antigen Receptor Therapy; N 
Engl J Med, 2018 Jul; 379(1):64-73 
12. Prommersberger S. Monjezi R., Shankar R., Schmeer M.; Minicircles 
for CAR T Cell Production by Sleeping Beauty Transposition: A 
Technological Overview; Gene Therapy of Cancer: Methods and 
Protocols. Third ed. New York, NY: Humana Press, 2022; Chapter2:25-39
13. Prommersberger S., Monjezi R., Botezatu L., Miskey C.; Generation 
of CAR-T Cells with Sleeping Beauty Transposon Gene Transfer; Gene 
Therapy of Cancer: Methods and Protocols. Third ed. New York, NY: 
Humana Press, 2022; Chapter3:41-66
14. Harris D.T., Kranz D.M.; Adoptive T Cell Therapies: A Comparison of 
T Cell Receptors and Chimeric Antigen Receptors; Trends Pharmacol 
Sci, 2016 Mar; 37(3):220-230
15. Bunse M., Höpken U.E.; Generation of Redirected Engineered 
Human Chimeric Antigen Receptor (CAR) T Cells; Gene Therapy of 
Cancer: Methods and Protocols. Third ed. New York, NY: Humana 
Press, 2022; Chapter4:67-83
16. Savoldo B., Ramos C.A., Liu E., Mims M.P., et al.; CD28 costimulation 
improves expansion and persistence of chimeric antigen receptor-
modified T cells in lymphoma patients; J Clin Invest, 2011; 121:1822-
1826
17. Dotti G., Gottschalk S., Savoldo B., Brenner M.K.; Design and 
development of therapies using chimeric antigen receptor-
expressing T cells. Immunol Rev; 2014 Jan; 257(1):107-126
18. Miller B.C., Maus M.V.; CD19-Targeted CAR T Cells: A New Tool 
in the Fight against B Cell Malignancies; Oncol Res Treat, 2015 Nov; 
38(12):683-690
19. Liu D., Zhao J., Song Y.; Engineering switchable and programmable 
universal CARs for CAR T therapy; J Hematol Oncol, 2019; 12:69
20. Lin H., Cheng J., Mu W., Zhou J., et al.; Advances in Universal CAR-T 
Cell Therapy; Front Immunol. 2021 Oct; 12:744823
21.Wu H., Cao C.; The application of CRISPR-Cas9 genome editing tool 
in cancer immunotherapy; Briefings in Functional Genomics, 2019 
Mar; 18(2): 129-132
22.Shimabukuro-Vornhagen A., Gödel P., Subklewe M., Stemmler, H.J., 

et al.; Cytokine release syndrome; J Immunother Cancer, 2018; 6:56
23.Sterner R.M., Sakemura R., Cox M.J., Yang N., et al.; GM-CSF inhibition 
reduces cytokine release syndrome and neuroinflammation but 
enhances CAR-T cell function in xenografts; Blood, 2019; 133(7):697-
709
24.Brudno J.N., Kochenderfer J.N.; Toxicities of chimeric antigen 
receptor T cells: recognition and management; Blood, 2016 Apr; 
127:3321-3330
25.Si S., Teachey D.T.; Spotlight on Tocilizumab in the Treatment of 
CAR-T-Cell-Induced Cytokine Release Syndrome: Clinical Evidence to 
Date; Ther Clin Risk Manag, 2020 Aug 4; 16:705-714
26.Le R.Q., Li L., Yuan W., Shord S.S., et al.; FDA Approval Summary: 
Tocilizumab for Treatment of Chimeric Antigen Receptor T Cell-
Induced Severe or Life-Threatening Cytokine Release Syndrome; 
Oncologist, 2018 Aug; 23(8):943-947
27.Sanber K., Savani B., Jain T.; Graft-versus-host disease risk after 
chimeric antigen receptor T-cell therapy: the diametric opposition of 
T cells; Br J Haematol, 2021 May; 195:660-668
28.Howard S.C., Jones D.P., Pui C.H.; The tumour lysis syndrome; N 
Engl J Med, 2011 May 12; 364(19):1844-54
29.Namdari N., Azarpira N.; Spontaneous Tumour Lysis Syndrome in 
Primitive Neuroectodermal Tumour; Middle East Journal of Cancer, 
2019 Oct; 10(4):384-388
30.Sterner R.C., Sterner R.M.; Immune effector cell associated 
neurotoxicity syndrome in chimeric antigen receptor-T cell therapy; 
Front Immunol, 2022 Aug; 13:879608
31.Sterner R.M., Kenderian S.S.; Myeloid cell and cytokine interactions 
with chimeric antigen receptor-T-cell therapy: implication for future 
therapies; Curr Opin Hematol, 2020 Jan; 27(1):41-48
32.Xie G., Dong H., Liang Y., Ham J.D., et al; CAR-NK cells: A promising 
cellular immunotherapy for cancer; EBioMedicine, 2020 Sep; 
59:102975
33.Herrera L., Santos S., Vesga M.A., Carrascosa T., et al.; The Race 
of CAR Therapies: CAR-NK Cells for Fighting B-Cell Hematological 
Cancers; Cancers (Basel), 2021 Oct; 13(21):5418
34.Paul S., Lal G. ; The Molecular Mechanism of Natural Killer Cells 
Function and Its Importance in Cancer Immunotherapy; Front. 
Immunol, 2017 Sep; 8:1124
35.Klingemann H.; Are natural killer cells superior CAR drivers?; 
oncoimmunology, 2014 Feb;  3: e28147
36.Rezvani K.; Adoptive cell therapy using engineered natural killer 
cells; Bone Marrow Transplant, 2019 Aug; 54(Suppl 2):785-788
37.Trickett A., Kwan Y.L.;T cell stimulation and expansion using anti-
CD3/CD28 beads; Journal of Immunological Methods, 2003; 275(1-
2):251-255
38.Valeri A., García-Ortiz A., Castellano E., Córdoba L., et al; 
Overcoming tumour resistance mechanisms in CAR-NK cell therapy; 
Front Immunol, 2022 Aug; 13:953849
39.Campbell K.S., Purdy A.K.; Structure/function of human killer 
cell immunoglobulin-like receptors: lessons from polymorphisms, 
evolution, crystal structures and mutations; Immunology, 2011 Mar; 
132(3):315-325
40.Molfetta R., Quatrini L., Santoni A., Paolini R.; Regulation of NKG2D-
Dependent NK Cell Functions: The Yin and the Yang of Receptor 
Endocytosis; Int J Mol Sci, 2017 Aug; 18(8):1677
41.Bryceson Y.T., Chiang S.C.C., Darmanin S., Fauriat C., et al.;  Molecular 
Mechanisms of Natural Killer Cell Activation; J Innate Immun, 2011 
Mar; 3:216-226
42.Habib S., Tariq S.M., Tariq M.; Chimeric Antigen Receptor-Natural 
Killer Cells: The Future of Cancer Immunotherapy; Ochsner J, 2019; 
19(3):186-187
43.Pende D., Falco M., Vitale M., Cantoni C., et al.; Killer Ig-Like 



13

T W E N T Y - F I F T H  E D I T I O N  R A M S  -  J U N E  2 0 2 3

Receptors (KIRs): Their Role in NK Cell Modulation and Developments 
Leading to Their Clinical Exploitation; Front. Immunol., 2019 May; 
10:1179
44.Khawar M.B.. Sun H.; CAR-NK Cells: From Natural Basis to Design 
for Kill; Front. Immunol, 2021; 12:707542
45.Hu Y., Tian Z.G., Zhang C.; Chimeric antigen receptor (CAR)-
transduced natural killer cells in tumour immunotherapy; Acta 
Pharmacol Sin, 2018 Feb; 39(2):167-176
46.Zhang L.,  Meng Y., Feng X., Han Z.; CAR-NK cells for cancer 
immunotherapy: from bench to bedside; . Biomarker Research, 2022 
Mar; 10:12
47.Liu E., Marin D., Banerjee P., Macapinlac H.A., et al.; Use of CAR-
Transduced Natural Killer Cells in CD19-Positive Lymphoid Tumours; 
N Engl J Med, 2020 Feb 6; 382(6):545-553
48.Lu H., Zhao X., Li Z., Hu Y.. et al,; From CAR-T Cells to CAR-NK 
Cells: A Developing Immunotherapy Method for Hematological 
Malignancies; Front. Oncol, 2021 Aug; 11:720501
49.Bachanova V., Ghobadi A., Patel K., Park, J.H., et al. ; Safety and 
efficacy of FT596, a first-in-class, multi-antigen targeted, off-the-shelf, 
iPSC-derived CD19 CAR NK cell therapy in relapsed/refractory b-cell 
lymphoma; Blood, 2021;138(suppl 1):823 
50.Zhaojun Pang, Z., Wang, Z., Li, F., Feng, C., et al; Current Progress of 
CAR-NK Therapy in Cancer Treatment; Cancers, 2022; 14:4318
51.Olson J.A., Leveson-Gower D.B., Gill S., Baker J., et al.; NK cells 
mediate reduction of GVHD by inhibiting activated, alloreactive T 
cells while retaining GVT effects; Blood, 2010 May 27; 115(21):4293-
4301
52.Ruggeri L., Capanni M., Urbani E., Perruccio K., et al.; Effectiveness 
of donor natural killer cell alloreactivity in mismatched hematopoietic 
transplants; Science, 2002 Mar 15; 295(5562):2097-2100
53.Herrera L., Santos S., Vesga M.A., Anguita J., et al.; Adult peripheral 
blood and umbilical cord blood NK cells are good sources for 
effective CAR therapy against CD19 positive leukemic cells; Sci Rep 
2019; 9:18729
54.Gong J.H., Maki G., Klingemann H.G.; Characterization of a human 
cell line (NK-92) with phenotypical and functional characteristics of 
activated natural killer cells; Leukemia, 1994; 8(4):652-658. 
55.Lu S.J., Feng Q.; CAR-NK cells from engineered pluripotent stem 
cells: Off-the-shelf therapeutics for all patients; Stem Cells Transl Med, 
2021 Nov; 10(Suppl 2):S10-S17
56.Heipertz E.L., Zynda E.R., Stav-Noraas T.E., Hungler A.D., et al; 
Current Perspectives on “Off-The-Shelf” Allogeneic NK and CAR-NK 
Cell Therapies; Front. Immunol, 2021; 12:732135
57.Zhang J., Zheng H., Diao Y.; Natural Killer Cells and Current 
Applications of Chimeric Antigen Receptor-Modified NK-92 Cells in 
Tumour Immunotherapy; International Journal of Molecular Sciences, 
2019; 20(2):317
58.Gong J.H., Maki G., Klingemann H.G.; Characterization of a human 
cell line (NK-92) with phenotypical and functional characteristics of 
activated natural killer cells; Leukemia, 1994; 8(4):652-658
59.Marofi F., Saleh M.M., Rahman H.S., Suksatan W., et al. ; CAR-
engineered NK cells; a promising therapeutic option for treatment of 
hematological malignancies; Stem Cell Res Ther, 2021; 12:374
60.Sarvaria A., Jawdat D., Madrigal J.A., Saudemont A.; Umbilical Cord 
Blood Natural Killer Cells, Their Characteristics, and Potential Clinical 
Applications; Front Immunol 2017 Mar 23; 8:329
61.Miller J.S., Soignier Y., Panoskaltsis-Mortari A., McNearney S.A., 
et al; Successful adoptive transfer and in vivo expansion of human 
haploidentical NK cells in patients with cancer; Blood, 2005 Apr 15; 
105(8):3051-3057
62.Oran B., Shpall E.; Umbilical cord blood transplantation: a maturing 
technology; Am Soc Hematology, 2012; 12(1):215-222

Current CAR therapies using T and NK cells and comparing their advantages and limitations - Rosanne van der Post


