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Abstract: Natural killer (NK)-cells are innate immune cells with potent anti-tumor capacity, capable of recognizing target cells
without prior exposure. For this reason, NK-cells are recognized as a useful source of cell therapy. Although most NK-cells are derived
from the bone marrow (BM), a separate developmental pathway in the thymus also exists, producing so-called thymic NK-cells.
Unlike conventional NK-cells, thymic NK (tNK)-cells have a combined capacity for cytokine production and a natural ability to kill
tumor cells in the presence of NK-cell receptor stimulatory ligands. Furthermore, tNK-cells are reported to express CD3 subunits
intracellularly, without the presence of a rearranged T-cell receptor (TCR). This unique feature may enable harnessing of these cells
with a TCR to combine NK- and T-cell effector properties in one cell type. The development, phenotype, and function of tNK-cells,
and potential as a cell therapy is, however, poorly explored. In this review, we provide an overview of current literature on both murine
and human tNK-cells in comparison to conventional BM-derived NK-cells, and discuss the potential applications of this cellular subset
in the context of cancer immunotherapy.
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Introduction

Natural killer (NK) cells are large, granular CD3 CD56" lymphocytes that function as a part of the innate immune
system.' ™ Traditionally, NK-cells are thought to develop in the bone marrow (BM) and are subdivided into two classes:
the “immature” CD56°"€™CD16  fraction, known for high cytokine production, and the “mature” CD56™CD16" NK-
cell fraction, known for cytotoxicity.* ® The activity of these cells is dictated based on a balance of engagement of
activating and inhibitory receptors.”® Conventionally, NK-cells are known for their ability to target tumor cells without
prior exposure, predominately through a mechanism referred to as “missing-self recognition”.*>>* Here, the absence of
major histocompatibility complex class I (MHC-I) molecules on the surface of a target cell acts as a strong activating
signal for NK-cells. Some tumors display plasticity of MHC-I expression in the presence of cytokines such as interferon
(IFN)-y, which is released by activated NK-cells:®* MHC-I upregulation can therefore be considered an escape mechanism
to circumvent targeting by NK-cells. However, this at the same time increases the possibility for recognition by MHCI-
antigen complex-specific cytotoxic effector cells.’

During the 1990s, evidence emerged suggesting the presence of an unconventional, thymus-derived NK-cell subclass
in the CD56°"" fraction.” '! Interestingly, these cells share the cytotoxic capacity of the “mature” NK-cells with the
cytokine-releasing capacity of the “immature” NK-cells.” '* This intrinsic combination of effector mechanisms gives the
cells a “dual functionality” and makes them an interesting alternative in the development of cellular therapy against
cancer. Moreover, thymic NK (tNK)-cells express CD3 in their cytoplasm, harboring the potency of (forced) T-cell
receptor (TCR) expression as a strategy to equip these innate cells with adaptive antigen-specific recognition receptors.
Clinical use of tNK-cells could be complicated due to their low cell counts in peripheral blood (approximately 1-5%),
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although cord blood may present an interesting alternative source, with approximately 21-38% being identified as tNK-
cells."*

Interestingly, De Smedt et al reported a method for the generation of human tNK-cells from CD34" stem cells in co-
culture with OP9-DL1 cells.'* These cells gradually upregulate CD56 expression, express high levels of intracellular
CD3, produce high levels of cytokines (such as IFN-y), and are highly cytolytic against the NK-sensitive cell line,
K562.'* To support their generation, IL-15, FLT3L, SCF, and IL-7 are added to culture, and small levels of Notch
signaling are reported to play an important role in supporting induction of the tNK phenotype. Similar culture techniques,
albeit without Notch signaling, are already in use to generate conventional NK (cNK)-cells for therapeutic application,
supporting the feasibility of this technique in a clinical setting.'> '®

The field of tNK-cells remains in its infancy and has been explored by only a few. Murine models have predominately
been utilized for research on these cells and translation to the human setting is not straightforward. Therefore, this review
will give an overview of the phenotype, function, and developmental pathways of tNK-cells in both mice and humans,
with reference to the differences between these and the better characterized cNK-cells. We will delve into how the unique
features of tNK-cells make them an intriguing, novel source for cellular therapy in the treatment of tumors, in particular
those exerting plasticity in MHC-I expression.

Phenotype of tNK-Cells

cNK-cells have been well characterized in both mice and humans over the years. There is no singular definitive marker
for NK-cells: in mice, cNK-cells are defined as CD3 CD122"NK1.1", whilst human cNK-cells are described as
CD3 CD56"."%'” Human c¢NK-cells can be further divided based on CD56 and CD16 expression, into the “immature”
CD56°"CD16%™" and “mature” CD56%™CD16" subsets.! Conventionally, the relationship between these two subsets
is considered to be linear, although some studies argue there may be a higher degree of complexity than initially
ar1ticip21te:d.2’“’20 Markers such as NKp46, NKG2D, CD49b, CD161, CD69, and CD27, amongst others, are commonly
associated with cNK-cells."'®?"*? Further, receptors of the Ly49 family play important roles in ¢NK inhibition and
activation.! cNK and tNK-cells are reported to share expression of several markers including NK1.1 and DX5 (murine-
specific), as well as CD122, NKp46, and NKG2D (murine and human); expression of further markers is also
speculated.”' #1932 Despite some similarities, several key differences have been reported that give tNK-cells
a distinct phenotype, of which the most notable distinguishing factors are intracellular expression of CD3 and rearranged
TCR-y transcripts.'®'"*> The former is predominately reported in human tNK-cells. Interestingly, few papers have

reported these features in more recent years'**>2

and one study contests the rearrangement of TCR-y transcripts in
mice.”* As later explored in the section “Developmental pathways of tNK-cells”, tNK-cells are hypothesised to develop
from double negative (DN; CD4 CD8") 1 and 2 thymocytes.'>?” The lack of a clear marker definition likely contributes
to a lack of awareness of tNK-cells and scarce literature.

Most research into tNK-cells has been conducted in mice, pioneered by Vosshenrich et al, showing that murine tNK-
cells can be defined as Lin CDI122"NK1.1°CD127'DX5"'CD16%™-CD11b""Ly49"", with CD127 and GATA-3 as
distinguishing markers.”**** Based on this and other initial data, it was speculated that human tNK-cells feature
homology with the CD56"€"CD16%™" NK-cell subset. This was supported by evidence that CD56"€" cells in the
human thymus express CD127 and feature functional similarity to tNK-cells."* However, other studies challenge these
findings, arguing that CD127 expression in CD56°"¢" NK-cells is independent of the thymus, and does not correlate with
intracellular CD3 expression.*!'%!*?%2? Interestingly, one study reports a clear difference between CD3 CD56" cells in
the thymus compared to the peripheral blood, identifying CD56%™CD16%™ cells as human tNK-cells.>* However, these
results have not been further explored in the literature. Further, in more recent years, updated innate lymphoid cell (ILC)
nomenclature has complicated classification of certain innate subsets. Although not explored extensively in this review,
readers can be directed to existing literature on the topic.”>*' > In short, tNK-cells do not fit within any of the ILC
groups, as they possess qualities that are attributed to more than one ILC subset. Further, the literature describes
a divergence between ILC and cNK-cells during development, and where tNK-cells fall in these pathways remains
a source of contention.”>*' > Ultimately, despite some similarities with ¢cNK-cells, tNK-cells have distinct features.
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Although some of these features are known, further research is warranted to define the phenotype of tNK-cells in detail,
especially in the human setting in health and disease.

Similarities Between tNK-Cells and Other Immune Cell Subsets

tNK-cells bear resemblance to many different types of immune cells. Due to the aforementioned lack of a clear definition
for these cells, they are often incorrectly grouped with other immune cell types in the literature. Therefore, it is important
to draw clear distinctions between tNK-cells and similar cell types, such as natural killer T (NKT) cells, y6 T-cells, and
mucosal-associated invariant T-cells (MAIT cells).

NKT-cells are conventionally described as T-cells that recognize lipid antigens presented by the CD1d molecule.*®’
There are two subsets of CD1d-restricted NKT-cells: the more commonly known type I invariant NKT (iNKT) cells, which
express an invariant Vo24Jo18 chain on their surface in humans, and type II NKT-cells, which are more abundant and express
diverse TCR-0. and TCR-B chains.’**” Both subsets, which arise in the thymus from double positive (DP) thymocytes or
natural killer cell progenitor (NKP) cells, express markers commonly associated with NK-cells and can be activated either
through their TCR or through NK-cell-like mechanisms.?’*° Their phenotypic similarities may confound identification of true
tNK-cells;**-*® a recent publication even referred to these cells as ‘CD1d-restricted tNK-cells’.>® An alternative, albeit lesser-
known subset of NKT-cells termed NKT-like cells also exist. These cells are CD3"CD56", are not CD1d restricted, are more
abundant in PB than their CD1d-restricted counterparts, secrete many cytokines, and mediate MHC-I restricted and unrest-
ricted mechanisms of cytotoxicity.>***** Despite many phenotypic and functional similarities, a key distinguishing feature is
the presence of a TCR on the surface of the NKT subsets, marking them as distinct.** >

5 T-cells may also share resemblance to cNK or tNK-cells in their phenotype and function.**** Stewart et al refer to
a v0 T-cell subset that express NK1.1 and CD127, alongside low TCR-y6 expression, as ‘NK-like yo T-cells’. Indeed, the
intracellular expression of CD3 in human tNK-cells, as well as rearrangements to TCR-y and some TCR-3 genes in
murine tNK-cells, suggest a relationship between y8 T-cells and tNK-cells.'”'"*>* However, Ribeiro et al described
different enzymatic requirements of the two subsets during development, and reported only low levels of TCR-y
rearrangements in murine tNK-cells.** Ultimately, although the presence of TCR-y& clearly distinguishes them from
tNK-cells, the relationship between these two cell types remains unclear, and should be further investigated.

MAIT cells, which also develop in the thymus, are abundant in both mucosal and non-mucosal tissues in humans.*®*’
These innate-like T-cells can be activated through TCR-dependent and -independent mechanisms, belonging to the T-cell
subset that recognize antigens presented though MHC-related molecule 1 (MR1).***” Although innate-like in their function
and despite expression of some similar markers such as NKG2D and NKp46, the presence of TCR chains — namely,
Va7.2-Ja33 combined with VB2 or VP13 chains — on the surface of MAIT cells distinguishes them from tNK-cells.***”

Finally, it is relevant to note that, in studies investigating the development of tNK-cells from CD34" progenitors in
fetal thymic organ culture, tNK-cells never underwent full VDJ rearrangement and never expressed a TCR on their
surface.'**® Further research from Woo et al reports generation of iNKT-cells from CD34" progenitor cells in a method
resembling that used to generate tNK-cells.*” However, these cells clearly expressed invariant TCR chains in their
cytoplasm and on their surface: these chains are not reported in the cultures generating tNK-cells, suggesting the two cell
types follow alternative developmental pathways and are therefore separate entities. Thus, although tNK-cells share
similar origins, functions, or markers with other cellular subsets, certain markers clearly identify them as a unique
population. A summary of the key differences and similarities as discussed can be found in Table 1.

Developmental Pathways of tNK-Cells
The developmental pathway and signaling requirements of tNK-cells are distinct from those of cNK-cells and differ
depending on the tissue, as well as the species (ie mouse or human) of origin (Figure 1).

An early model for generation of tNK-cells in mice was proposed by Di Santo and Vosshenrich in 2006, stating that
early progenitor cells developed in the thymus, but differentiation and maturation occurred in peripheral lymphoid
organs.'? Since this model, the possibility of murine tNK-cells developing from double negative (DN; CD4 CD8") 1 and
2 thymocytes, which arise from early thymic progenitors (ETPs), has been explored.'?’ An alternative hypothesis
describes the development of tNK-cells from a common, or bipotent, T- and NK-cell progenitor (TNKP) within the

ImmunoTargets and Therapy 2024:13 htps: 185

Dove:


https://www.dovepress.com
https://www.dovepress.com

Forbes et al Dove

Table | Summary of Key Phenotypic Differences Between tNK-Cells, cNK-Cells and Other Thymic Entities. Although tNK-cells bear
some functional and phenotypic similarities to cNK-cells and to other thymic entities such as NKT-, 6 T- and MAIT Cells, there are
key differences that mark tNK-cells as distinct. The key markers that distinguish these subsets, based on literature cited and described
in this review, are reported in this table.

Cell Type Developmental Origin Key Markers Shared with tNK-Cells Key Markers Distinct from tNK-Cells

cNK-cells Bone marrow CD56 Lack of iCD3

NKI.1 Lack of rearranged TCR transcripts
DX5 Lack of CD127

NKp46
NKG2D
CDI122

iNKT-cells Thymus CD56 Va24Jal8
CD3 (extracellular on iNKT-cells)
NKG2D

NKp46

NKT-like cells Thymus CD56 TCR-a and TCR-B
CD3 (extracellular on NKT-like cells)
NKG2D

NKp46

v T-cells Thymus NKI.1 TCR-yd
CD127

CD3 (extracellular on yd T-cells)
TCR-y (extracellular on yd T-cells)

MAIT cells Thymus CD3 (extracellular on MAIT cells) Va7.2-Jo33
NKG2D VP2 and VP13 chains
NKp46

thymus. Interestingly, the concept of a bipotent TNKP arose from human studies, based on the expression of intracellular

10,11,45,50

CD3 and TCR chain transcripts in the cytoplasm of NK-cells in the thymus, and has now also been identified

and characterized in mice.’'->

Triple negative (TN; CD3 CD4 CDS8") thymocytes were first identified as having T- and NK-cell potential, although more
recent work described TNKPs as being DN2 thymocytes, which display early stages of TCR gene rearrangement.?>-4>->3
Although the exact subset is unknown, it is agreed that DN thymocytes in mice also act as TNKPs.'*!*#>27:52 I the human
thymus, TNKP have been described as CD34"CD7°CDla"; murine equivalents can be defined as Lin CD1 17"NK 1172154
Matching this definition, a publication by Hidalgo et al describes a pathway of human tNK-cell development involving
CD34"CDla BMPRIA™ intrathymic precursor cells.” They liken tNK-cell development to that seen in lymph nodes and
tonsils, whereby CD34 BMPRIA" cells may be the thymic equivalent of CD34'CD117'CD94 " pre-NK-cells described in
more conventional pathways of NK-cell development.>® Interestingly, these CD34 BMPRIA" cells are also able to differ-
entiate into T-cells, but predominately form NK-cells, even in fetal thymic organ cultures.” These findings are supported in
the literature, with multiple other reports of the generation of NK- or T-cells from human CD34"CD1a” or murine CD34 Lin~
progenitor cells in fetal thymic organ culture.'-'!+!448-53

Some studies suggest additional alternative sources for tNK-cells besides a TNKP. For example, cells matching the
phenotype and function of tNK-cells are produced in Rag ’~ mice,’ as well as in the absence of Notch signaling.’
However, De Smedt et al report that early Notch signaling in progenitor cells is sufficient to skew the cell towards the
T or NK lineage, even if the Notch signaling is not maintained at later stages of tNK development. Thus, it is possible
that the signal that determines commitment to the tNK-cell fate may occur earlier than predicted, before a progenitor cell

matches the conventionally accepted definition of TNKP.
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Figure | Proposed Model of tNK-cell Development. This model proposes the process of human tNK-cell development, based on existing murine and human research.
Common lymphoid progenitors (CLP) seed the thymus in the form of NKPs or ETPs, the latter of which will form DN thymocytes. DN thymocytes will progress through
typical stages of T-cell development, forming DN | and DN2 thymocytes. These cells act as TNKP, thus can follow a pathway of NK or T-cell lineage commitment. NKP are
also speculated to migrate from the BM (red arrow) and immediately follow the (thymic) NK-cell fate. The steps in tNK-cell development are unique to that seen in the BM,
also involving different cytokines and resulting in the upregulation of different markers. Figure created with BioRender.com.

Abbreviations: CLP, common lymphoid progenitor; cNK, conventional NK-cell; DN, double negative; ETP, early thymic progenitor; HSC, hematopoietic stem cell; iCD3,
intracellular CD3; iNK, immature natural killer cell; NKP, natural killer progenitor; NKT, natural killer T-cell; rNKP, refined natural killer progenitor; TNKP, (bipotent) T and
natural killer cell progenitor.

Throughout the literature, it is clear that different signals are required in the development of murine and human tNK-cells.
For example, the transcription factor GATA-3 and cytokine IL-7 are critical for murine tNK-cell development, yet neither are
required for developing human tNK-cells.**"'*® This is also reflected in the aforementioned phenotype of the cells, whereby
expression of the IL-7 receptor, CD127, does not act as a definitive marker of human tNK-cells. Despite these differences,
some parallels can be drawn. Low levels of Notch signaling support intracellular CD3 expression in humans, and potentially
play a role in murine tNK-cell development.'*'*?%4%52 The Notch target gene DTXI is also reported to play a role in tNK-
development in humans.?® For example, NFIL3 is regarded as essential in the murine setting.”>**>° It is hypothesized to also
be important in the development of human tNK-cells, although it remains uncertain at what time point it may be required.>*>>
IL-15 has been reported as a critical component for the development of all NK-cells,” and tNK-cells are no exception. This
5256 (1 ith

a reported synergistic role with BMP signaling.>® IL-15 can also prime NK-cells and thus increase their sensitivity to tumors

cytokine plays roles in the proliferation, differentiation, and survival of precursor cells committed to the NK lineage,

in vivo and in vitro.>” Other factors such as ID2, SCF, and FLT3L are also implicated in the development of tNK-cells in either
setting, ' 1923325336 Finally, the presence of IL-2 has been reported as important in the human setting,”® although not all
evidence supports this statement.> Thus, although the precise details of tNK-cell development remain controversial, it is clear
that these cells develop distinctly from their BM-derived cNK counterparts.

Role of tNK-Cells

The first function ascribed to tNK-cells was the targeting of proliferating thymocytes and selection and maintenance of
T-cells in the thymus.'>?'*! Studies also suggest that they egress from the thymus and migrate to lymph nodes, BM,
and liver.”'*?> The presence of tNK-cells in peripheral tissues may allude to their potential migration and retention in the
tumor microenvironment (TME). In fact, the source and in-depth identification of tumor-infiltrating NK-cells remains
unknown,'? thus some may have thymic origins.
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Murine tNK-cells have an immature phenotype and the potential to produce high levels of cytokines including IFN-y,
granulocyte-macrophage colony-stimulating factor (GM-CSF), and TNF-a.” Although this spurred the hypothesis that human
tNK-cells belong to the conventional immature subset, tNK-cells have also been described to retain their cytotoxic capacity —
a feature typically associated with maturity.” Multiple studies report that tNK-cells can effectively lyse YAC-1 cells, a murine
thymoma cell line used to assess NK cytotoxic capacity,' albeit at lower levels than cNK-cells or spleen-isolated NK-cells.”'*'
Similar results are observed with other cell lines.*> Further, an early study describes a correlation between CD56 acquisition on
human thymocyte precursors and an increase in cytolytic capacity against NK-sensitive tumor cell line K562.*° In the human
setting, De Smedt et al describe production of CD56 expressing thymus-derived NK-cells, with a strong cytolytic and cytokine-
producing capacity."* It should be noted that the influence of variables such as age, gender, and disease status on the functionality
of tNK-cells is not reported in the literature, thus is not explored in this review. Overall, the evidence therefore suggests that both
murine and human tNK-cells are important cytokine producers, whilst also retaining cytolytic capacity against tumor cells.

tNK-Cells as a Novel Source for Cell Therapy

In recent years, NK-cell-based immune therapies have increased in popularity, as the innate features of NK-cells offer
a solution to some of the limitations of T-cell therapies. Adoptive transfer of NK-cells is a commonly used approach in
a broad range of cancer types with varying degrees of therapeutic success.”® NK-cell-engaging methods, such as
antibody-based approaches, further extend the capacity of missing-self recognition with antibody-dependent cellular
cytotoxicity.>>® Other approaches involve genetic modification of NK-cells, for example in production of chimeric
antigen receptor (CAR)-NK-cells.*®* For a more in-depth overview of current efforts in NK-cell therapies, we refer
interested readers to a comprehensive review on the topic.®> Within each of these approaches, the benefit of the dual
characteristics of tNK-cells makes them interesting candidates for cellular immunotherapy (Figure 2A), although they are
not explicitly employed as of yet.

A. — B. T-cell Evasion (Lack of MHC-I) ™ NK-cell Evasion (MHC-I induction)

Thymic NK cells

1 %‘R e \ No MHCH
' TCR

X

CD56"9"CD16" subset

im " ; . = Ny
COSGEETRENE bsot Conventional NK cells P Combining NK- and T-cell characteristics \

Figure 2 The Potential of tNK-cells in Anti-Cancer Immunotherapy. (A) tNK-cells combine the cytokine-releasing potential of immature, CD56°""CD 6" conventional
NK-cells with the cytotoxic potential of mature, CD56%™CD 16" conventional NK-cells, making them a unique cell source for NK-cell based therapies. (B) Evasion of MHC-I
plasticity-mediated immune escape via TCR introduction in tNK-cells. T-cell cytotoxicity is evaded by low MHC-I expression, while tumor cells are subject to missing-self
recognition by tNK-cells. Missing-self recognition results in IFN-y secretion by NK-cells, triggering MHC-I expression on tumor cells, thereby evading missing-self mediated
cytotoxicity by NK-cells. iCD3 expression in the tNK-cells provides a unique window to combine missing-self- and antigen-dependent cytotoxicity, thereby circumventing
MHC-I plasticity-mediated immune escape. Figure created with BioRender.com.

Abbreviations: cNK, conventional natural killer cell; iCD3, intracellular CD3; IFN, interferon; KIR, killer immunoglobulin-like receptor; MHC-I, major histocompatibility
complex I; NCR, natural cytotoxicity receptor; TCR, T-cell receptor; tNK, thymic natural killer cell.
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Downregulation or absence of MHC-I is a commonly employed mechanism of immune escape displayed by a range
of tumor types, but as earlier described, this change can be reversible: for example, in adult tumors such as head and neck
squamous cell carcinoma and bladder cancer.® Furthermore, in embryonal cell-derived pediatric tumors such as
neuroblastoma (NBL), malignant rhabdoid tumors (MRT), and medulloblastoma (MBL), no/low MHC-I expression is
3-3.68.6465 byt is highly plastic.** ®® In NBL tumors, the expression of MHC-I can be induced by the
presence of active NK-cells through a contact-dependent process reliant on interferon (IFN)-y production. Although this

an intrinsic feature

makes them less likely to be recognized by NK-cells, the tumor cells become more susceptible to targeting by cytotoxic
T lymphocytes.®*®® The combination of NK-mediated missing-self cytotoxicity with TCR-driven antigen-specificity
would therefore be an ideal therapeutic approach. This concept is already being explored in NK-cells,*” in which NK-
cells are engineered to express a tumor-specific recombinant TCR as well as subunits of the CD3 complex. Utilization of
tNK-cells for such an approach would circumvent the need to co-introduce CD3 subunits, making them an interesting
alternative cell source for such a therapy approach (Figure 2B).

tNK-cells may be a particularly suitable NK-cell population for cellular immunotherapy, as they are considered potent
cytokine producers and their transfer into the TME may thus be highly beneficial. For example, factors produced by tNK-cells,
such as TNF-o and IFN-y, are reported to overcome immune escape in MBL and NBL by inducing MHC-I expression.®®> The
innate dual functionality of tNK-cells may induce concordant lysis and additional recruitment of other immune cells. They
further provide a unique opportunity for TCR transfer without the additional need to incorporate the machinery required for
TCR functionality, as tNK-cells already express CD3 and rearranged TCR chains in the cytoplasm.

As a clear phenotype signature to isolate tNK-cells from peripheral- or cord blood is currently lacking, it is difficult to
study the potential of tNK-cells as a cellular immunotherapy source. However, methods for the artificial generation of tNK-
cells are described in the literature. The availability of a method to generate human tNK-cells from CD34+ progenitor cells,
as described by De Smedt et al,'* provides the tools to study their potential and engineering. Similarly, Vargas et al describe
amethod for the generation of tNK-cells from murine thymocytes, also utilizing an OP9-based system.'* However, unlike De
Smedt et al, they do not introduce Notch into culture, and these cells are not reported to express intracellular CD3 or TCR
transcripts.'® Although it should be investigated whether this is a result of absence of Notch or a difference between murine
and human tNK-cells, this protocol provides additional evidence for the feasibility of artificial generation of tNK-cells. In
addition, OP9-DL cells are used in the generation of CAR-NK cells.”® Similar culture methods have been used to produce
cNK-cells for application in clinical trials.">’"""* Thus, it is possible to develop this protocol to suit good manufacturing
practice (GMP) techniques for future therapeutic application. In particular, this approach has potential for clinical application
in patients for which CD34+ progenitor cells are available, eg in patients with relapsed/refractory leukemias or neuroblas-
toma that receive a hematopoietic cell transplantation using harvested CD34+ cells. Finally, other stem cells, namely
hematopoietic stem cells (HSCs) and induced pluripotent stem cells (iPSCs), are a common source for therapeutic cell
products, including iNKT-, NK-, and T-cells.”* There are various existing protocols describing the generation of NK- and
T-cells from these progenitors, many of which are covered by Li et al.”* To our knowledge, there is currently no protocol for
the generation of tNK-cells from HSCs or iPSCs, however, these may offer an interesting alternative source for tNK-cells to
explore. Overall, tNK-cells present an interesting alternative to current NK-based cell therapies, especially for pediatric
tumors with inducible MHC-I expression. There is at least one existing approach for the artificial production of these cells, as
described by De Smedt et al, enabling investigation into characteristics of the tNK-cell population. Furthermore, this
approach has potential to be developed into a GMP-compliant protocol to enable therapeutic application.

Discussion

With this review, we have summarized what is known about tNK-cells, an interesting but poorly recognized subtype of
NK-cells that develop in the thymus. We have compared the phenotype (summarized in Table 2) and developmental
pathway of tNK-cells with that of cNK and hypothesized their additive potential to contribute to cell-based anti-tumor
therapies. Furthermore, we described the possibility of these cells to provide a powerful, multi-pronged approach in the
treatment of pediatric MHC-I inducible tumors, such as NBL, MRT, or MBL. However, many questions remain regarding
the true identity and function of tNK-cells, especially in humans.
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Table 2 A Summary of the Phenotype and Transcription Factor Requirements for Murine and Human tNK-Cells, as Reported in the

Literature. Murine and human tNK-cells have varying phenotypes and transcription factor requirements during development. This

table summarizes the most commonly described phenotypic markers and transcription factors in tNK-cells and whether these have

been described in the murine or human setting/s. When opinions in the literature are mixed, the presence of these markers/factors is

described as “uncertain”.

Marker/Transcription Murine References Human References
Factor Reported for tNK-Cells
CD56 Yes Vosshenrich et al, 2006 Yes Vosshenrich et al, 2006
Di Santo & Vosshenrich, 2006'° Di Santo & Vosshenrich, 2006'°
CDI127 Yes Vosshenrich et al, 2006’ Uncertain Michaud et al, 2010*
Di Santo & Vosshenrich, 2006'° Vosshenrich et al, 2006°
Lanier et al, 1992'°
De Smedt et al, 2007'*
Van de Walle et al, 2016
Stewart et al, 20072’
iCD3/TCR transcripts Uncertain Ribeiro et al, 2010%* Yes Lanier et al, 1992'°
Veinotte et al, 2008%° Spits et al, 1998""
Veinotte et al, 2006%¢ De Smedt et al, 2007'*
Ribeiro et al, 2010%*
NKI.1 Yes Vosshenrich et al, 2006 No (murine)
Di Santo & Vosshenrich, 2006'°
Gabrielli et al, 2017
DX5 Yes Vosshenrich et al, 2006 No (murine)
Di Santo & Vosshenrich, 2006'°
Gabrielli et al, 20177
CDI22 Yes Vosshenrich et al, 2006 Yes De Smedt et al, 2007'*
Di Santo & Vosshenrich, 2006'°
Gabrielli et al, 2017%
NKp46 Yes Ribeiro et al, 2010%* Yes De Smedt et al, 2007"*
NKG2D Yes Vosshenrich et al, 2006 Yes De Smedt et al, 2007'*
Di Santo & Vosshenrich, 2006'°
Gabrielli et al, 20172
GATA3 Yes Vosshenrich et al, 2006 No Michaud et al, 2010*
Di Santo & Vosshenrich, 2006'° De Smedt et al, 2007'*
Van de Walle et al, 20162
IL-7 Yes Vosshenrich et al, 2006 Uncertain Michaud et al, 2010*
Di Santo & Vosshenrich, 2006'° De Smedt et al, 2007'*
Van de Walle et al, 20162°
NFIL3 Yes Gabrielli et al, 201723 Uncertain Klein Wolterink et al, 2010°2
Klein Wolterink et al, 2010%2 Hidalgo et al, 2012°°
Hidalgo et al, 2012%°
IL-15 Yes Vosshenrich et al, 2006° Yes Vosshenrich et al, 2006°
Klein Wolterink et al, 2010*2 Klein Wolterink et al, 2010°2
Cheng et al, 2009°¢ Hidalgo et al, 2012%°
Notch/DTXI Yes Vosshenrich et al, 2006 Yes Vosshenrich et al, 2006
Di Santo & Vosshenrich, 2006'” Klein Wolterink et al, 2010*2
Van de Walle et al, 2016 Hidalgo et al, 2012°°
Klein Wolterink et al, 2010°?
1D2 Yes Di Santo, 20062' Yes Di Santo, 20062'
Di Santo & Vosshenrich, 2006'® Di Santo & Vosshenrich, 2006'°
Gabrielli et al, 201723 Klein Wolterink et al, 2010°2
Klein Wolterink et al, 2010%2 Hidalgo et al, 2012°°
FLT3L Yes Cheng et al, 2009 Yes De Smedt et al, 2007'*
Hidalgo et al, 2012%
(Continued)
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Table 2 (Continued).

Marker/Transcription Murine References Human References
Factor Reported for tNK-Cells

SCF Not reported Yes De Smedt et al, 2007"*
Hidalgo et al, 2012°°

IL-2 Uncertain Vosshenrich et al, 2006 Yes Vaz et al, 1998
Bjorkstrém et al, 2016°®

To date, most studies on tNK-cells have been conducted in murine models, and translation to the human setting is not
always obvious. Furthermore, there have been little to no updates in the research on tNK-cells since the earlier work of
Vosshenrich et al, with most recent papers continuing to cite this work in their description of both murine and human
tNK-cells. A lack of clear markers for tNK-cells means it is challenging to distinguish true tNK-cells, and complicates
finding them in the periphery. Thus, further investigation of these cells will be key in uncovering their potential in
(cancer) immunotherapy.

Future work should first focus on clarifying the phenotype and function of tNK-cells. Single cell RNA sequencing, or
transcriptomics, could be utilized to identify the tNK-cell cluster first in thymic tissues, and later in peripheral
compartments: De Smedt et al report a relatively higher percentage of tNK-cells in cord blood,'* thus this may offer
an interesting source for investigation. Extensive flow panels including markers such as CD56, CD16, GATA3, CD127,
CDla, CD7, BMPRIA, and intracellular stains for CD3 and TCR chains (including y and & chains) can validate the
expected tNK phenotype (based on literature, as summarized in Table 2), and can be used to compare naturally occurring
tNK-cells with in vitro generated tNK-cells. Finally, surface proteomics can be implemented to investigate expression of
further, potentially discriminating, markers on the surface of tNK-cells. After identification of tNK markers, these
techniques can be used to study the presence of these cells within peripheral compartments, as well as their migratory
cues. Being able to identify tNK-cells in the periphery and understand their function in these compartments would also
enable better determination of their potential presence and role within the TME. In a therapeutic context, this further
gives insight into how to target and activate these cells, and how to utilize their dual functionality. It would also be
interesting to investigate their persistence and distribution at different ages (ie infants, young children, adults). Although
it is clear that tNK-cells are distinct from other similar subsets such as cNK-cells NKT/iNKT-cells, yo T-cells, and MAIT
cells — made clear through distinct expression/absence of various surface markers — the relationship between some of
these subsets and tNK-cells is not yet understood, and should be explored in more detail. Finally, the ability to generate
these cells in culture is an important step, as it will support both further research and, in the future, clinical application.
De Smedt et al have described the generation of cells matching the description of human tNK-cells, and this method
holds promise for future clinical application and development into a GMP-compliant protocol.

Conclusion

The unique, intrinsic dual nature of tNK-cells — namely their combined cytokine-production and cytotoxic capacity —
makes them an interesting novel option to explore in cancer cell therapy, especially in pediatric MHC-I inducible tumors.
Unlike cNK, tNK-cells produce cytokines that are able to upregulate MHC-I on the tumor cell surface, whilst also
retaining an ability to target these cells in the absence of MHC-I through missing-self recognition. Further, the
intracellular expression of CD3 by these cells may prove advantageous in a therapeutic context. Additional arming of
the cell through a tumor specific TCR would extend their functionality, enabling targeting of tumor cells regardless of
MHC-I expression status, thus making them a powerful form of cell therapy. Overall, the unique characteristics of tNK-
cells distinguish them from other cell types currently exploited in treatment of tumors, and provide a strong basis that can
be utilized to develop a robust, multi-pronged cell therapy for use against MHC-I inducible pediatric tumors.
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Abbreviations

BM, bone marrow; CAR, chimeric antigen receptor; CLP, common lymphoid progenitor; cNK, conventional natural
killer cell; DN, double negative; DP, double positive; ETP, early thymic progenitor; GMP, good manufacturing practice;
HSC, hematopoietic stem cell; iCD3, intracellular CD3; IFN, interferon; ILC, innate lymphoid cell; iNK, immature
natural killer cell; iNKT, invariant natural killer T-cell; iPSC, induced pluripotent stem cell; KIR, killer immunoglobulin-
like receptor; MAIT, mucosal-associated invariant T-cell;, MBL, medulloblastoma; MHC-I, major histocompatibility
complex class I; MRT, malignant rhabdoid tumors; MR1, MHC-related molecule 1; NBL, neuroblastoma; NCR, natural
cytotoxicity receptor; NK, natural killer; NKP, natural killer cell progenitor; NKT, natural killer T-cell; tNKP, refined
natural killer cell progenitor; SCF, stem cell factor; TCR, T-cell receptor; TME, tumor microenvironment; tNK, thymic
natural killer cell; TNF, tumor necrosis factor; TNKP, (bipotent) T and natural killer cell progenitor.
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