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Antigen-specific retargeting of cytotoxic lymphocytes against tumor-
associated antigens has thus far remained largely dependent on
chimeric antigen receptors (CARs) that can be constructed by the
fusion of an extracellular targeting domain (classically a single-chain
variable fragment from an antibody) fused with intracellular signaling
domains to trigger activation of T or natural killer (NK) cells. A major
limitation of CAR-based therapies is that this technology only allows
for the targeting of antigens that would be located on the surface of
target cells while non-surface antigens, which affect approximately
three-fourths of all human genes, remain out of reach. The targeting
of non-surface antigens is only possible using inherent T cell receptor
(TCR) mechanisms. However, introducing a second TCR into T cells via
genetic modification is problematic due to the heterodimeric nature
of the TCR ligand-binding domain, which is composed of TCR o and 3
chains. It has been observed that the delivery of a second TCR o/f pair
may lead to the mispairing of new TCR chains with the endogenously
expressed ones and create mixed TCR dimers, and this has negatively
affected the advancement of TCR-based T cell therapies. Recently, NK
cells have been put forward as possible effectors for TCR gene therapy.
Since NK cells do not endogenously express TCR chains, this seems to
be an infallible approach to circumventing the problem of mispairing.
Moreover, the similarity of intracellular signaling pathways and
mechanisms of cytotoxicity between NK and T cells ensures that the
triggering of antigen-specific responses by the TCR/CD3 complex
can be used to induce antigen-specific cytotoxicity by TCR-modified
NK (TCR-NK) cells. This review provides an overview of the initial
studies of TCR-NK cells, identifies open questions in the field, and
defines the place of this approach within the spectrum of adoptive
immunotherapy techniques that rely on cytotoxic lymphocytes.

Keywords: T-cell receptor, Natural killer cells, CAR-T cells, TCR-NK
cells

Sitotoksik lenfositlerin genetik modifikasyon yoluyla tlimor
antijenlerine hedeflenerek kanser immiinoterapisi icin kullaniimasi,
glinimiizde en yogun olarak kimerik antijen reseptorii (CAR)
teknolojisiyle uygulanmaktadir. Bu teknolojide, tiimor antijenini
hedefleyen antikor dizilerinden elde edilen bir tek zincirli degisken
fragman, T veya dogal oldirtci (NK) hicrelerin aktivasyonunu
tetiklemek icin hiicre ici sinyal dizileriyle birlestirilerek yeni bir reseptor
tasarlanmaktadir. CAR tabanli tedaviler, yalnizca hedefteki tlimor
hiicrelerinin yilizeyinde yer alan antijenlerin hedeflenmesine izin
verirken, tlim insan genlerinin yaklasik dortte liclinli olusturan hiicre
ici antijenlerin bu teknoloji ile erisilemeyecek durumda olmasi 6nemli
bir eksikliktir. Hicre yiizeyinde bulunmayan antijenlerin hedeflenmesi,
yalnizea T-hiicre reseptorii (TCR) kullanilarak mimkiin olmaktadir.
Bununla birlikte, genetik modifikasyon yoluyla T-hiicrelerine ikinci
bir TCR'nin transfer edilmesi, TCR a ve f zincirlerinden olusan ligand
baglama bolgesinin heterodimerik yapisi nedeniyle sorunludur.
Genetik modifikasyon yoluyla iletilen yeni TCR o ve § zincirlerinin,
endojen olarak ifade edilen zincirlerle yanlis eslesmesi sonucu karisik
TCR dimerleri olusabilecedi gézlemlenmis ve bu sorun TCR ile modifiye
T-hiicre tedavilerinin gelistirilmesini  olumsuz etkilemistir. Yakin
donemde, bu sorunun Ustesinden gelmek amaciyla NK hiicreleri, TCR
gen terapisi icin olasi efektdr hiicre tipi olarak 6ne siirlilmustiir. NK
hiicreleri, TCR zincirlerini endojen olarak ifade etmediginden, yanlis
eslesme sorununun Ustesinden gelmek icin yanilmaz bir yaklasim
olarak gorlinmektedir. NK ve T-hiicreleri arasindaki hicre i¢i sinyal
yolaklarinin ve sitotoksisite mekanizmalarinin benzerligi sayesinde,
TCR ile modifiye edilmis NK (TCR-NK) hiicrelerinde antijene 6zgil
sitotoksisite indiiklemenin miimkiin oldugu gdsterilmistir. Bu derleme,
TCR-NK hiicreleriyle ilgili 6nciil ¢calismalarin genel bir 6zetini ileterek,
alandaki acik sorulari tanimlamayr ve bu yeni yaklasimin, sitotoksik
lenfositlere dayali adoptif immiinoterapi teknikleri yelpazesindeki
yerini tanimlamayi amaglamaktadir.

Anahtar Sozciikler: T-hiicre reseptori, Dogal oldirlcl hiicreler,
CAR-T hiicreleri, TCR-NK hiicreler
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Adoptive Inmunotherapy Based on T-Cells
Mechanisms of T-Cell Recognition

T cells are essential for the development and regulation of
immunological responses, homeostasis, and memory. They
originate from common lymphoid progenitors, similar to B cells
and natural killer (NK) cells. T cell-mediated recognition of a
target occurs with the binding of the surface T-cell receptor
(TCR) to the major histocompatibility complex (MHC) molecules
present on the surface of all nucleated cells [1]. MHC molecules
are found on target cell surfaces in complexes with short
peptides that are produced as a result of the proteasome-
mediated processing of proteins inside the cell. If a foreign
protein is produced in the target cell (e.g., due to an intracellular
infection), peptides from that protein will be presented on
MHC class | molecules and can subsequently be recognized
by CD8* cytotoxic T cells through their TCRs. If the foreign
protein is picked up by antigen-presenting cells (APCs) from
the extracellular environment, the presentation of processed
peptides to T cells will be carried out through MHC class Il
molecules on the cell surfaces of APCs and this will activate
CD4* helper T cells. On the other hand, T cells check not only
the identity of the peptide presented but also the origin of the
MHC molecules and they are activated through alloreactivity
reactions if a foreign MHC is detected on the target cell [2].

The TCR complex that is responsible for this type of recognition
consists of six CD3 chains and a TCR heterodimer (Figure 1). In the
case of conventional T cells, the TCR is composed of o/p chains
while other subsets of T cells expressing y/d TCR heterodimers
also play important roles in the immune system [3,4]. The CD3T
chain dimer is located at the cytoplasmic tail of the TCR/CD3
complex and plays an important role in the initiation of the
signaling cascade after the TCR binds its peptide-loaded MHC
(pPMHC) complex [5,6].

Besides the TCR that directly binds the pMHC complex, there
are also co-receptors such as CD4 and CD8 molecules that aid
in the stabilization of this interaction and the triggering of the
signaling cascade. These co-receptors increase the stability of
the binding between the TCR and the peptide-MHC complex,
which is important for signal transduction. They also have Lck
on their cytoplasmic tails to start the phosphorylation cascade
in TCR signaling. This signaling does not entirely depend on
the co-receptors; however, they are helpful in increasing the
strength of the signal [7,8] and they are also determinants of
the T cell type [9,10]. During the developmental stages of T
cells, thymocytes initially express both co-receptors, CD8 and
CD4, and they are called double-positive thymocytes. After the
selection and maturation phases, they become single positive
cells and carry either CD4 or CD8 co-receptors. CD8* cytotoxic
T cells can only perform recognition through MHC class | while
CD4+ T cells perform recognition through MHC class Il and they
have distinct roles in adaptive immunity [11].

2

Applications of T Cell-Based Immunotherapies

Until recently, non-targeted approaches such as chemotherapy
or radiotherapy were primarily used as cancer treatments.
However, these non-specific treatments are unable to distinguish
between healthy cells and tumorigenic cells [12]. Alternatively,
immunotherapy approaches can make use of the antigen-
specific recognition properties of immune cells such as T cells
and molecules such as antibodies to target and kill tumor cells.

Initial evaluations of T cell-based adoptive immunotherapy relied
on tumor-infiltrating lymphocytes (TILs), which are autologous
lymphocytes found inside the tumor microenvironment that
could be isolated, expanded ex vivo, and reintroduced into
the patient [13]. T cells from TlLs have been reported to be
capable of recognizing tumor-specific antigens or tumor-
associated antigens (TAAs) via their TCRs [14,15]. With small
sub-populations of NK and B cells, TILs are primarily made up of
CD8* cytotoxic T cells and CD4+* helper T cells [16]. T cells from
TILs that are reactive against TAAs can be selectively expanded
and reintroduced into the patient in order to increase the
specificity and efficacy of the treatment [17,18]. However, the
success of TIL-based cancer immunotherapy has been hampered
by practical concerns such as problems related to the collection
of TILs from patients with inoperable tumors. Additionally, it
is possible that the T cells in the tumor microenvironment are
already exhausted at the time of harvesting and are therefore
unable to proliferate effectively [19,20].

Alternatively, the genetic modification of T cells isolated from
peripheral blood to target a chosen antigen using cell surface
receptors that are capable of recognizing TAAs has been a
ground-breaking technique aimed at increasing the accessibility
of such treatments. This can be done by delivery of either TCR
genes that are targeting the tumor or a synthetic chimeric
antigen receptor (CAR) to T cells [21].

Human T cells can be genetically modified with CARs, which
are bioengineered tumor-targeting receptors, to redirect
antigen specificity and improve functionality in adoptive
immunotherapy [22]. The fundamental idea of CAR design
is to connect an internal signaling module (e.g., CD3T) to an
external ligand recognition domain, most commonly a single-
chain variable fragment derived from an antibody, in order to
activate T cells in response to antigen binding on the target cell
surface [23]. While there was only a CD3C signaling domain in
the first-generation CARs initially designed, second- and third-
generation CAR designs include co-stimulatory domains such
as CD28, 4-1BB, or 0X40 to increase the proliferation, memory,
and cytokine secretion of modified T cells [24]. CAR-engineered
T cells can target the antigens on tumor cells in a non-MHC-
dependent manner with their recognition domains. Clinical
results of CAR-T cell treatments have so far been very promising
and many CAR-T cell products have already been approved for
clinical use [25].
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Figure 1. Binding of a T-cell receptor (TCR) to a major histocompatibility complex (MHC) class | molecule. The recognition of the peptide-
loaded (pMHC) complex by the TCR is dependent on the binding of the TCR o/f pair to the MHC molecule presenting the processed
peptide. The TCR/CD3 complex is formed with the help of four different CD3 chains binding to the TCR a/p pair. Among these, the
CD3C chain is crucial for triggering intracellular signals upon pMHC binding. This binding and the triggering of intracellular signals can
be supported by the presence of co-receptors (CD8 in this figure) that aid in stabilizing the binding and recruit intracellular signaling

molecules in the vicinity of the TCR/CD3 complex.

While CAR-T cells have been very efficient in targeting surface
antigens on tumor cells, the fact that only about one-fourth of
the human genome encodes for transmembrane proteins [26]
that could be expressed on cell surfaces and act as targets of
CAR-T cell therapies or similar approaches such as antibody-
mediated targeting is an important obstacle. This dramatically
limits the possible antigenic targets that could be used for
cancer immunotherapy as any intracellular or secreted proteins
would remain out of reach for CAR-T cells. The only possibility
for targeting intracellular antigens via immune cells seems to
be the TCR-based recognition of peptides from intracellular
proteins that are presented on cell surfaces via MHC molecules.

The first TAAs discovered and employed in TCR-mediated
targeting through adoptive cell therapy were melanoma-
associated antigens MART1, tyrosinase, and GP100 [27]. The T
cells of cancer patients were genetically modified using TCR a/f
chain genes that were found to be reactive against recognized
TAAs [28,29,30]. However, the technology for TCR gene therapy
carries the inherent burden of endogenous TCR expression
in modified T cells [31]. When TCR a/f chains targeting an
identified TAA are delivered to T cells, there is considerable
risk of mispairing with the endogenously expressed TCR chains
(Figure 2), and new TCR complexes with unknown specificity
can be created when such mixing of TCR chains occurs. This may
lead to autoreactivity issues and a potentially fatal graft-versus-
host disease (GvHD)-like condition in vivo [32,33]. There have
been various attempts to overcome this mispairing problem

with different approaches, such as the introduction of extra
disulfide bonds between the introduced TCR chains [34] and the
use of constant regions from the TCR chains of mice [35] or
small interfering RNAs downregulating endogenous TCR chain
production [36]. Recent studies have also reported the use of
genome editing technologies to knock out endogenous TCR genes
[37,38]. Although successful to an extent, these procedures still
carry a substantial risk of creating mispaired TCRs of unknown
specificity, while problems such as immunogenicity related to
the modification of the TCR sequence [39] or the inefficiency of
the designed process impedes clinical advancement. Therefore,
mispairing stands out as a major bottleneck to be addressed if
safe and successful TCR gene therapy is to be achieved.

Adoptive Immunotherapy Based on NK Cells
Mechanisms of NK Cell Recognition

Another cytotoxic lymphocyte type in the immune system is the
NK cell, which originates from common lymphoid progenitors
with B and T cells. However, NK cells are classified as members
of the innate immune system due to the lack of any clearly
defined antigen-specific responses. With their quick cytolytic
machinery, they can recognize and react against virally infected
or transformed cells [40]. When NK cells were first identified in
mice in the 1970s as a novel lymphocyte subset [41,42], their
recognition and killing mechanisms were largely unknown. It
was not until the 1980s that Kérre and Ljunggren [43] defined
the missing-self hypothesis that explains the basics of NK cell-
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Figure 2. The mispairing problem in T-cell receptor (TCR) gene therapy. For the retargeting of a T cell toward a specific antigen, TCR
o/p pairs that recognize the target epitopes of the major histocompatibility complex should be genetically transferred into T cells.
This approach results in the expression of a new TCR o/f pair expected to form the new TCR. However, the genetically introduced
TCR chains can also pair with TCR o/f chains that are already expressed in the given T cells and create novel TCRs that have not been
subject to positive or negative selection. This can reduce the expression efficiency of the transferred TCRs or even cause the formation

of autoreactive T cells due to the mixed TCR o/ pairs.

mediated cytotoxicity [44]. NK cells are now known to kill
cells without antigen-specific recognition and in a non-MHC-
restricted manner.

The current understanding is that the cytotoxic activity of an
NK cell is requlated by the balance between various cell surface
receptors that mediate its interactions with target cells [45].
Upon binding their ligands on target cell surfaces, some of
these receptors work to activate NK cells and trigger effector
mechanisms, while others are of an inhibitory nature and their
intracellular signals counteract those delivered by activating
receptors (Figure 3). It is this balance between activating
and inhibitory signals that determines the outcome of an
interaction of an NK cell with a target [46]. This dual receptor
system ensures that NK cells can detect stressed, infected, or
transformed cells through upregulated ligands of activating
receptors or downregulation of MHC molecules on target cells
[40,47]. Signaling pathways of activating receptors share great
similarities with TCR/CD3 signaling as many NK cell activating
receptors also utilize CD3T for signaling cascade initiation [48].
While the cell surface interactions and recognition receptors are
different in NK and T cells, the intracellular pathways of signal
transduction and mechanisms of target cell killing seem to be
almost identical in most cases [49,50]. Once the decision to kill
a target cell is made, both NK and T cells primarily act on their
targets with the secretion of perforin and granzyme into the
immunological synapse [51] and the triggering of apoptosis in
the target cell.

4

Applications of NK Cell-Based Immunotherapies

In the 1970s, NK cells were initially recognized as tumor-killing
lymphocytes [42] and their efficient cytotoxic activity against
tumor cells has since been utilized with different approaches
for cancer immunotherapies [52]. MHC molecules might be
reduced or lost in tumor cells as an escape mechanism from
the T cell-mediated immune response, but this strategy makes
tumor cells prone to NK-mediated cytotoxicity, which works
through a lack of MHC [53]. NK cells have been clinically tested
against various cancer types including lymphoma [54], lung
[55], breast [56], colon [55], and multiple myeloma [57] for
adoptive immunotherapy. On the other hand, tumor cells can
also develop methods to avoid NK cell cytotoxicity [58,59] and
the tumor microenvironment can limit the potential of NK cells
in various ways [60]. Research has been conducted to overcome
this problem by increasing the release of cytokines including
interleukin (IL)-2, 1L-12, and IL-15 with various modifications
[61,62,63]. Since 1997, a total of 420 clinical trials with NK cells
have been initiated, the majority of them within the last decade
[64]. Although these trials have shown promising results, the
specificity of NK cells is still limited and genetic engineering is
needed to better direct NK cells toward tumor cells.

CARs have been used to retarget NK cells against various tumor-
specific antigens and CAR-NK cells have shown efficient killing
capacity both in vivo and in vitro [65]. The source of the NK
cells varies among studies from human induced pluripotent
stem cell (iPSC)-derived NK cells to primary NK cells and NK
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Figure 3. The basic mechanism of missing-self recognition in
natural killer (NK) cells. The recognition mechanism in NK cells
depends on two group of signals. The activating signals that
trigger NK cell-mediated cytotoxicity are delivered via activating
receptors and can be counteracted by negative signals delivered
by inhibitory receptors such as killer cell immunoglobulin-like
receptors (KIRs) that bind to major histocompatibility complex
(MHC) or MHC-like molecules on the target cell's surface. In a
steady state, these signals balance each other out and the target
cells are spared from NK cell attacks (left panel). In the case of
MHC downregulation, which could occur due to intracellular
infections or transformation, these negative signals are lost and
the balance shifts toward NK cell activation in a process known as
missing-self recognition.

cell lines [66,67]. There are currently 73 NK cell line-based and
35 primary NK cell-based clinical trials investigating CAR-NK
cells [68]. Unlike CAR-T cells, which may cause cytokine release
syndrome, neurotoxicity, and GvHD, CAR-NK cells have shown
a milder profile regarding side effects while still delivering
promising efficiency [68,69], except for one recent case of
cytokine release syndrome after repeated infusions of CAR-
modified NK-92 cells [70].

The distribution of clinical studies suggests that CAR-NK
cells have the potential to be employed against both solid
and hematological malignancies and early clinical trials have
demonstrated the safety of CAR-NK cellsagainst both. The success
of CAR-T cell therapies directed at CD19 in B cell malignancies
naturally makes CD19 the most often studied antigen among
the target antigens of initial CAR-NK cell studies. In a recently
published clinical study by Liu et al. [71], individuals with various
lymphoid malignancies were treated with CAR-NK cells from
allogeneic donors with anti-CD19 CARs. Seven of the 8 patients
who received CAR-NK treatment achieved a full response with a

lack of side effects such as cytokine release syndrome, which is
frequently observed in CAR-T cell therapy.

TCR-NK Cells

While NK cells are being widely used for CAR engineering, they
are also attracting attention as TCR modification of NK cells has
been put forward as a solution to the TCR mispairing problem
in T cells by us and others [72,73,74]. Since NK cells do not have
any endogenous TCR chain expression to create problems in
TCR-T cells, they are excellent candidates for TCR modification
without the risk of forming mixed TCR dimers.

The close developmental link between T and NK cells, the
similarity of cellular signaling and cytotoxicity mechanisms, and
the expression of major TCR-related genes in NK cells provide a
firm basis for the feasibility of this approach. These studies are
important as they may offer a way to bypass the major setback
caused by the mispairing of endogenously expressed TCRo/[3
chains in T cells with genetically introduced TCRs.

Initial studies on TCR-NK cells [72,73] have utilized the clinical-
grade NK-92 cell line [75], which has become the most commonly
used NK cell line with its ability to recognize and target various
cancer types and more importantly with settled protocols for
culture and genetic modification [59,60,76,77]. These previous
studies were able to show that genetically modified NK-92 cells
can express functional TCRs on cell surfaces when provided with
the co-expression of CD3 complex proteins. As a result, TCR-NK
cell lines showing antigen-specific cytotoxicity against specific
antigens via the introduced TCR were successfully produced.

In the study by Parlar et al. [73], our group presented proof of the
principle of functional TCR expression on NK cell surfaces using
the NK-92 and YTS NK cell lines. A co-receptor-independent
TCRa/B specific for the HLA-A2-restricted tyrosinase-derived
"YMDGTMSQV" epitope (Tyr368_377) was delivered via lentiviral
transduction to NK cell lines along with CD3 chain genes. It
was demonstrated that both components of the TCR/CD3
complex (i.e., the TCR and CD3) depend on each other for stable
surface expression. Since NK cells are known to have CD3C
chain expression, the lentiviral delivery of CD3 subunits in this
study included two variations, one containing the CD3C chain
along with CD3g, CD3y, and CD& (DGEZ) and another excluding
the CD3C chain (only DGE), in order to observe whether the
endogenous expression of the CD3C chain by NK-92 cells was
enough for TCR/CD3 complex formation. It was found that
both genetic modifications, with and without the CD3T chain,
had surface expression of the TCR/CD3 complex. It was further
demonstrated with in vitro degranulation and cytotoxicity assays
that these cells, both NK-92 and YTS modified with DGE or DGEZ,
were able to detect the target epitope of tyrosinase presented
on MHC class | molecules and respond accordingly. Furthermore,
a fluorescent reporter-based tumor xenograft mouse model was
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utilized to demonstrate the efficiency of the antigen-specific
response of TCR-NK cells in vivo. Notably, the analyses of cell
surface expression levels showed that the overexpression of the
CD3€ chain during genetic modification may particularly cause
phenotypic changes in NK cells. Target cell recognition and the
antigen-specificity of cytotoxic responses are likely to shift as
a result of minor phenotypic variations and this was observed
with a slight increase in non-specific cytotoxic activity against
antigen-negative targets.

In another previous study, Mensali et al. [72] showed the efficient
genetic modification of NK cells with TCR/CD3 complex genes
and antigen-specific cytotoxic activity of TCR-NK cells. This
study also utilized the NK-92 cell line but used two different
TCRs, namely the DMF-5 TCR against Melan-A and the radium-1
TCR against a TGFBRII frameshift mutation peptide. These
authors examined the correct folding of the TCR, TCR signaling
cascade activation, phenotypic changes of TCR-NK cells,
cytokine secretion, and degranulation profiles upon stimulation
with target cells and confirmed the efficiency of TCR-NK cell-
mediated antigen-specific cytotoxicity. They also demonstrated
that TCR-NK cells show metabolic patterns similar to those of
T cells upon activation. These cells effectively kill target cells in
vitro and also respond to spheroids of colorectal cancer cells
expressing the TGFRRII frameshift mutant in an antigen-specific
manner. In vivo studies confirmed the antitumor activity of the
TCR-NK cells [72]. Taken together, these studies showed the
possibility of using NK cell lines, and especially NK-92, for TCR
gene therapy.

Additionally, Morton et al. [74] demonstrated that it is possible to
utilize primary human NK cells for TCR gene therapy. They found
that primary NK cells can be successfully genetically modified
with TCR a/p chains along with the addition of the CD8a/p
co-receptor and the full CD3 complex including all four CD3
chains. Their study proposed a two-step retroviral transduction
method for the delivery of TCR /B chains targeting the BOB1
antigen, CD3 chains, and the CD8 co-receptor and presented
positive results compared to TCR-T cells. The antigen specificity
of TCR-NK cells against different targets was shown with
BOB1-specific, PRAME-specific, and CMV-specific TCRs. In vivo
studies further confirmed the results from in vitro experiments
by showing the antigen-specific response of TCR-NK cells
targeting BOB1. It was found that the cytolytic activity of TCR-
NK cells is higher than that of TCR-T cells whose endogenous
TCR expression was knocked down with CRISPR/Cas9, indicating
that the combination of the antitumor effects of NK and T
cells offers an enhanced therapeutic strategy. Degranulation
and cytokine secretion assays further confirmed the antigen-
specific activation of TCR-NK cells. Finally, the full extent of the
antitumor activity of TCR-NK cells was demonstrated both in
vitro and in vivo using cells with knocked-down MHC-I molecules

6

to prove that the TCR-NK cells were still able to kill their targets
and slow the tumor growth in a non-TCR-dependent matter,
which indicated that these cells still possessed the NK cell
characteristics that reqgulate the response against MHC loss on
target cells.

Taken together, these studies offer new ways to utilize primary
NK cells for TCR-based immunotherapies and enable the
combination of NK cell-mediated and T cell-mediated antitumor
effects [74].

Conclusion

TCR-NK technology stands out as a potentially fool-proof
solution to the mispairing problem observed with TCR-T cells.
However, the clinical development of TCR-NK cells is not exempt
from the major hurdles faced by NK cell-based immunotherapies.
For the successful translation of TCRs or otherwise genetically
modified NK cells into clinical practice, efforts to optimize
ex vivo NK cell expansion [64,78] and genetic modification
protocols [79,80] have achieved considerable improvements
in recent decades. The NK-92 cell line has been widely used in
preclinical and clinical studies to develop novel immunotherapy
applications [81,82], but the cost of having to irradiate the cells
before infusions may be reflected in decreased activity and a
lack of long-term persistence [83]. Alternatively, a wide array
of autologous or allogeneic sources of NK cells, ranging from
short-term [84] or long-term [85] activated peripheral blood
NK cells to NK cells derived from iPSC [86], embryonic stem
cells [87], or cord blood hematopoietic progenitor cells [88], are
under clinical investigation as potential NK cell sources. Recent
clinical experience with CAR-modified allogeneic NK cells has
shown that they can expand and persist at low levels in vivo for
at least 12 months [71]. Further research into the combination
of NK cell infusions with immune checkpoint inhibitors is
expected to further the likelihood of the long-term persistence
and elevated activity of adoptively transferred NK cells [89].

While the clinical experience with CAR-NK therapies is surely
paving the way to the advancement of the clinical translation of
TCR-NK cells, many open questions remain to be answered about
the exact mechanisms of TCR-NK cell-mediated cytotoxicity
and possible approaches to optimize the production of TCR-NK
cells for clinical use.

Although NK cells lack most of the TCR/CD3 complex
components, they have endogenous expression of the CD3C
chain intracellularly [90]. It has been observed that the delivery
of CD39, CD3y, and CD3e is enough for the surface expression
of the TCR in NK-92 cells. Additionally, it was demonstrated
that overexpression of the CD3C chain increased the cytotoxic
response of TCR-NK cells against the A375 and K562 cell lines
in a non-specific manner [73]. These results suggest that the
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inclusion of CD3T in vector design does not significantly increase
antigen-specific triggering. On the contrary, it may even
increase the background activity against non-specific targets.
Thus, the inclusion of CD3T in the vector may be deleterious for
the function of the TCR in NK cells as a result of non-specific
activation due to CD3C-dependent changes in NK cell-activating
receptors. Whether the presence of CD3C shows similar effects
in primary NK cells still remains a mystery since a comparison
of vectors with and without CD3C was not undertaken in the
study by Morton et al. [74]. For future applications of TCR
modification in primary NK cells, the importance of all four CD3
chains needs to be carefully and separately analyzed to pinpoint
the minimal requirements for functional TCR expression while
sustaining NK activity and antigen specificity.

It is known that the majority of TCRs require CD4 or CD8 as
a co-receptor, which are not expressed on the cell surfaces of
NK cells. The importance and necessity of co-receptors for TCR-
NK cells is probably related to the specific TCR a/f pairs used
and is yet to be fully understood. The recruitment of Lck to
the immunoreceptor tyrosine-based activation motifs (ITAMs)
of the CD3 signaling complex is increased by co-receptors, but
signaling is not totally dependent on the Lck contributed by the
co-receptors as it has been reported that cytosolic Lck can also
phosphorylate ITAMs even in the absence of co-receptors [7,8].
It is also known that co-receptors make TCR and pMHC binding
more stable [10], which may contribute to better signaling.
Therefore, the modulation of TCR signaling with the presence
of a co-receptor may affect TCR signaling in NK cells depending
on the specific characteristics of each different TCR. Our initial
observations with the TCR directed against tyrosinase indicated
that the CD8aia. homodimer could have some suppressive effects
for TCR-NK cells while CD8af and CD8B might be correlated
with increased cytotoxic activity [91]. However, for a definitive
answer to this question, more in-depth investigations using
multiple different co-receptor-dependent and -independent
TCRs are required in order to fully understand the function of
co-receptors in TCR-NK signaling.

Killer cell immunoglobulin-like receptors (KIRs), which have
the ability to interact with the MHC class | molecules on their
targets, are the most common class of inhibitory receptors in NK
cells [92]. This interaction is distinct from the way in which TCRs
bind to MHC molecules and it is not dependent on the identity
of the peptide presented. KIRs bind to MHC molecules from the
side in a way that circumvents interaction with the presented
peptide. As a result, KIRs only identify the presence of the MHC
rather than the nature of the peptide [93]. Since the NK-92 cell
line does not express any KIRs [75], it could be used to study
the effects of specific KIR ligands in a controlled manner by
overexpressing one KIR at a time to see its effect on TCR-NK
function. In this regard, our initial results showed that the
antigen-specific cytotoxic action of NK-92 cells is unaffected

by the presence of any particular inhibitory receptor [94]. The
study of TCR modification of primary NK cells conducted by
Morton et al. [74] also provided evidence that KIR expression
does not impede the functions of TCRs on NK cells. However, it is
still unclear how the diverse range of KIRs in primary human NK
cell populations may impact TCR-NK cell functions and whether
certain KIR-ligand combinations would have a deleterious
effect.

While many questions about the exact nature of TCR-NK cells
and their direct comparison to TCR-T cells remain, initial studies
have successfully put NK cells forward as a novel resource for
TCR-based adoptive immunotherapy. Future studies focusing
on the comparison of different approaches to producing
TCR-NK cells and the interactions of TCR signals with
co-receptor or inhibitory receptor signaling in NK cells are
warranted to support the clinical translation of this approach
for the efficient targeting of intracellular antigens, a realm that
has so far remained out of reach for cancer immunotherapies
such as CAR-T or CAR-NK cells.
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