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T-BET drives the conversion of
human type 3 innate lymphoid
cells into functional NK cells

Laura Kiekens'?, Sigrid Wahlen*?, Eva Persyn'?,
Zenzi De Vos™?, Tom Taghon'?, Bart Vandekerckhove™?
and Georges Leclercq*®*

tLaboratory of Experimental Immunology, Department of Diagnostic Sciences, Ghent University,
Ghent, Belgium, ?Cancer Research Institute Ghent (CRIG), Ghent, Belgium

Type 3 innate lymphoid cells (ILC3s) are characterized by RORyt expression and
they produce IL-22 upon activation. ILC3s play a role in maintenance of barrier
integrity in the intestine. Under inflammatory conditions, the ILC composition of
the mucosal tissues is altered due to a high degree of plasticity. It has been
extensively demonstrated that both murine and human ILC3s convert into ILC1s
to mediate appropriate immune responses. However, plasticity between human
ILC3s and NK cells is less well documented. As T-BET and EOMES are key
transcription factors in NK cell differentiation, we investigated whether ectopic T-
BET or EOMES expression converts human ILC3s into NK cells. ILC3s with ectopic
T-BET and EOMES expression downregulate RORyt expression, while T-BET-
overexpressing ILC3s additionally upregulate EOMES expression. High E ctopic T-
BET expression in ILC3s results in transdifferentiation towards CD94" NK cells,
whereas ectopic EOMES overexpression results in dedifferentiation of ILC3s into
CD94-CD1177°% cells but is ineffective in NK cell generation. Dedifferentiating
ILC3s from both T-BET and EOMES overexpression cultures upregulate NK cell
receptors, perforin and granzyme B. Finally, IL-22 secretion is completely blocked
in transdifferentiating ILC3s with both T-BET and EOMES ectopic expression,
whereas only T-BET overexpression increases IFN-y secretion and cytotoxicity.
Altogether, these findings demonstrate that human ILC3s can convert into
functional NK cells, wherein T-BET, and not EOMES, is the main driver.
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1 Introduction

Innate lymphoid cells (ILCs) are a heterogeneous population of lymphocytes lacking
recombination activating gene (RAG)-dependent rearranged antigen receptors and are
involved in early immune responses and tissue homeostasis. ILCs can be categorized into
five subsets based on their phenotypes, secreted cytokines and transcriptional programs
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that drive their differentiation (1, 2). ILCls and natural killer
(NK) cells, which are defined by their ability to produce IFN-v,
both depend on the transcription factor T-BET for development
and function. However, NK cells are cytotoxic cells that
additionally express EOMES, while ILCls are generally non-
cytotoxic cells that do not depend on EOMES. ILC2s produce
signature cytokines IL-4, IL-5 and IL-13 and are characterized by
the expression of GATA3 and prostaglandin D2 receptor
CRTH2. ILC3s are defined by the expression of RORyt and
can be subdivided on the basis of the expression of natural
cytotoxicity receptors. In humans, NKp44 ILC3 produce IL-17
while NKp44*ILC3 are strong IL-22 producers. Like ILC3s,
Lymphoid Tissue inducer (LTi) cells are uniquely dependent
on RORyt for development and secrete IL-17 and IL-22.
However, they are a distinct population involved in the
lymphoid organogenesis during development (1-4).

In steady state, ILCs are predominantly found in mucosa-
associated tissues at barrier surfaces where they rapidly respond
to environmental stimuli and various pathogens. ILC1s and NK
cells are involved in the control of intracellular bacteria and NK
cells further limit viral infections and tumor cells. ILC2s play a
physiological role in the defense against helminth infections,
airway remodulation and skin repair. ILC3s help to constrain
extracellular bacteria and fungi and are mainly localized in the
intestinal lamina propria where they play a role in intestinal
homeostasis and maintenance of barrier integrity (4, 5). In order
to shape an appropriate immune response, mature ILC
populations have the ability to acquire the functions and
phenotype of other mature ILC subsets and thereby markedly
change the ILC composition of a tissue without the recruitment
of other cells. This is the concept of ILC plasticity, which is well
known in both mice and human (5-7). It was demonstrated that
murine IL-22 producing ILC3s can convert into IFN-y
producing ILCls in response to IL-12 or upon inflammation
in the murine intestine (8-10). In humans, the conversion of
ILC3 into ILC1 is also driven by IL-12, which induces
downregulation of RORyt and upregulation of T-BET
expression in vitro. Moreover, in the inflamed areas of the
intestines of patients with Crohn’s disease, ILC1 numbers are
drastically increased, while ILC3 numbers are diminished and
total ILC numbers remain unaltered. This suggests that chronic
inflammation results in ILC3 to ILCI transdifferentiation,
wherein ILCs possibly contribute to pathology (11, 12). More
recently, intermediate populations between ILC3s and ILCls
have been identified in the human tonsil and small intestine by
single cell RN Aseq analysis, providing evidence for ILC3 to ILC1
transdifferention in vivo (13). ILC3-ILC1 plasticity is also a
reversible process as IL-1f3 and IL-23 can reconvert ILC1 into
ILC3 that produce IL-22. This suggests that after resolution of
inflammation, ILCls can convert back into ILC3, the main
population under steady state (12). Furthermore, there is
evidence of ILC2 conversion into ILC1 under the influence of
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IL-1B and IL-12 in vitro. In vivo observation of ILC2-ILC1
plasticity was found in the lungs of mice infected with influenza
virus (14). Evidence of ILC2 to ILC1 conversion in humans was
found in intestines of patients with Crohn’s disease and in the
lungs and blood of patients with chronic obstructive pulmonary
disease (15, 16). ILC2-to-ILC1 plasticity is also a reversible
process and is induced by IL-4 (16). Finally, plasticity between
ILC1 and NK cells was observed in the tumor
microenvironment, wherein TGF-f plays a crucial role in the
development of ILC1s (17, 18). Conversion of NK cells into ILC1
was also seen in mice with non-alcoholic fatty liver disease (19).
Yet it is unclear if ILC1 to NK cells transdifferentiation occurs
and up to date no evidence exists on ILC1/ILC3 to ILC2
plasticity (7).

As discussed above, transdifferentiation of ILC3s into ILCls
and of NK cells into ILC1s has been well described. In contrast,
transdifferentiation of ILC3 into NK cells is far less documented.
However, since in humans a RORyt" ILC precursor has been
defined that gives rise to both NK cells and ILC3s (20), these
populations might be closely related. Here, we investigate ILC3-
NK cell plasticity in mature ILC3s with either ectopic T-BET or
EOMES overexpression. T-BET and EOMES overexpression in
ILC3s results in dedifferentiation into CD94 CD1177"°% cells,
wherein RORYt expression is downregulated. Moreover, high
ectopic T-BET expression also results in transdifferentiation
towards genuine NK cells that express NK cell receptors,
cytotoxic effector proteins perforin and granzyme B, and
EOMES. The transdifferentiating cells lose the capability to
produce IL-22, while gaining IFN-y producing capacities and
cytotoxicity against tumor cells. Mature ILC3s are thus able to
transdifferentiate into cytotoxic NK cells, predominantly driven
by upregulation of T-BET, wherein CD94 CD117/°" cells are
not a mandatory intermediate stage of ILC3-NK cell
transdifferentiation.

2 Materials and methods

2.1 Inducible retroviral overexpression
constructs

Inducible human T-BET and EOMES overexpression
constructs were obtained by fusing human T-BET or EOMES
c¢DNA (Source BioScience, Notthingham, UK; T-BET cDNA:
IRATp970D0558D; EOMES cDNA: IRAKp961A1269Q) to the
5" end of the mutated human estrogen receptor ligand-binding
domain ER*? (21). The T-BET- and EOMES-ER*? constructs
were ligated, separately, into the LZRS-P2A-eGFP retroviral
vector. The LZRS-ER"-P2A-eGFP vector, lacking T-BET or
EOMES c¢DNA, was used as negative control. Retrovirus was
produced as previously described (22).
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2.2 HPC isolation from umbilical
cord blood

Umbilical cord blood (UCB) was obtained from the Cord
Blood Bank of Ghent University (Ghent University Hospital,
Ghent, Belgium). Cord blood usage was approved by the Ethics
Committee of the Faculty of Medicine and Health Sciences of
Ghent University. Informed consents were received according
to the Declaration of Helsinki. Mononuclear cells were isolated
using Lymphoprep density gradient centrifugation and CD34"*
hematopoietic progenitors cells (HPCs) were subsequently
enriched with the direct CD34" HSC Microbead kit (Miltenyi
Biotech, Leiden, The Netherlands).

2.3 Generation of mature ILC3 from
stem cell precursors

UCB-derived CD34" HPCs were cultured for 48 h in
complete Icove’s Modified Dulbecco’s Medium (Thermo
Fisher Scientific, Waltham, MA) containing 10% Fetal Calf
Serum (FCS; Biowest, Nuaille, France), 100 U/ml penicillin,
100 pg/ml streptomycin and 2mM glutamine (all from Thermo
Fisher Scientific) and supplemented with 20 ng/ml
thrombopoietin (TPO), 100 ng/ml stem cell factor (SCF)
(Peprotech, London, UK) and 100 ng/ml FMS-like tyrosine
kinase 3 ligand (FLT3-L) (R&D Systems, Minneapolis, MN).
Thereafter, these cells were transferred to RetroNectin (12 pg/
ml)-coated plates and transduced with retroviral supernatant
by spinning at 950 g for 90 minutes at 32°C. After 48 h of
transduction, CD34'Lin(CD3, CD14, CD19, CD56) eGFP"*
HPCs were sorted using a BD FACSAria " Fusion cell sorter
(BD Biosciences, San Jose, CA) and were cultured on
inactivated EL08.1D2 feeder cells (23, 24) in differentiation
medium consisting of Dulbecco’s modified Eagle medium and
Ham’s F-12 medium (2:1 ratio) (all from Thermo Fisher
Scientific), supplemented with 100 U/mL penicillin, 100 pg/
mL streptomycin, 2 mM glutamine, 10 mM sodium pyruvate
(Thermo Fisher Scientific), 20% heat-inactivated human AB
serum (Biowest), 24 UM PB-mercaptoethanol, 20 pg/mL
ascorbic acid and 50 ng/mL sodium selenite (all from Sigma-
Aldrich, Saint-Louis, MO). To promote ILC3 differentiation,
IL-3 (5 ng/mL, R&D systems), IL-7 (20 ng/mL), IL-15 (10 ng/
mL) (Miltenyi Biotec), SCF (20 ng/mL), and Flt3-L (10 ng/mL)
were added to the culture medium. On day 7 the culture
medium was refreshed by doubling the medium
supplemented with the above mentioned cytokines, excluding
IL-3. Between day 12 and 14, depending on cell density, cells
were harvested and transferred to new inactivated feeder cells
in fresh medium containing cytokines.
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2.4 ILC3-NK cell transdifferentiation
cultures

Following an 18 day culture period, eGFP"CD45"CD34
CD11a'CD94'CD56"CD117"NKp44™ mature ILC3 were sorted
with the BD FACSAria III cell sorter (BD Biosciences). The
sorted ILC3, containing the T-BET/EOMES fusion protein or
the control construct, were then cultured in 48 well plates
without feeder cells at cell density of 160,000 cells/ml in the
same differentiation medium containing IL-7, IL-15, SCF and
Flt3-L, as described above, and in the presence or absence of 4-
Hydroxytamoxifen (4-OHT, 900 nM, Sigma Aldrich). The
cultures were replenished with 4-OHT every 24 h. After 7 days
the medium was refreshed and cells were cultured up to 14 days.

Following a 7-day culture period, eGFP*CD94 CD117”
lowCD56" cells from T-BET overexpression cultures were
sorted with the BD FACSAria III cell sorter (BD Biosciences)
and replated for an additional 7-day culture period in the same
differentiation medium containing IL-7, IL-15, SCF and FLT3-L,
as described above and in the presence of 4-OHT (900nM, Sigma
Aldrich). The cultures were replenished with 4-OHT every 24 h.

2.5 Flow cytometry

Utilized antibodies are listed in Supplementary Table 1. To
perform intracellular and intranuclear analysis, the BD Cytofix/
Cytoperm kit (BD Biosciences) and the FoxP3/Transcription
Factor Staining buffer set (Thermo Fisher Scientific) were used,
respectively, according to the manufacturer’s instructions. Cells
were acquired using the LSRII flow cytometer (BD Biosciences)
and data were analyzed with FlowJo_V10.8.1 software
(Ashland, OR).

2.6 Functional assays

2.6.1 Cytokine stimulation

To induce IFN-y production, cells from day 14 T-BET/
EOMES-ER™? overexpression and control cultures were
stimulated with IL-12, IL-18 and IL-15 (all 10 ng/ml) for 24 h.
To induce IL-22 production, cells were stimulated with IL-1f
and IL-23 (both 50 ng/ml) for 24 h. Phorbol myristate acetate
(PMA; 50 ng/ml) and ionomycin (1 pg/ml) were added 6 hours
prior to harvesting. During the 24 h stimulation, cells from 4-
OHT cultures were additionally supplemented with 4-OHT.
Brefeldin A (BD GolgiPlug) was added during the final 4 h of
stimulation. Intracellular IFN-y and IL-22 expression was
analyzed by flow cytometry. To measure cytokine secretion,
the above mentioned cells were exposed to the previously
described cytokines for 24 h in the absence of Brefeldin,
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whereafter supernatant was collected and an IFN-y (PeliKine
compact human IFN-y kit; Sanquin, Amsterdam, The
Nederlands) or IL-22 ELISA assay (DuoSet ELISA for human
IL-22; R&D systems) was performed.

2.6.2 Degranulation assay

Day 14 control, T-BET- and EOMES-ER"? overexpression
cells were co-cultured with K562 target cells at a 1:1 ratio for 2 h.
Co-cultures without K562 cells were the controls for
spontaneous degranulation. Thereafter, CD107a expression on
gated NK cells was determined by flow cytometry. CD107a
percentages of spontaneous degranulation were subtracted
from the percentages obtained with K562 stimulation.

2.6.3 **Chromium release assay

K562 target cells were labelled with Na,>'CrO4 (Perkin
Elmer, Waltham, MA) and challenged with bulk control, T-
BET- and EOMES-ER" overexpression cells at variable effector
to target ratio’s with or without 4-OHT. As controls, medium or
2% Triton X-100 were added instead of effector cells to obtain
the spontaneous and total >'Cr release respectively. After 4 h of
incubation, supernatant was harvested and mixed with
scintillation fluid. The signal was measured using a 1450
LSC&Luminiscence Counter (Wallac Microbeta Trilux, Perkin
Elmer). Specific cell lysis was calculated with the following
formula: 100 x [(experimental release - spontaneous release)/
(total release - spontaneous release)].

2.7 Statistical analysis

Statistical significance was determined with multiple paired t-
tests (Holm-Sidak correction for multiple comparisons) and Two-
Way ANOVA using GraphPad Prism version 9.3.1 (San Diego,
CA). P-values< 0.05 were considered statistically significant.

3 Results

3.1 Inducible T-BET and EOMES
overexpression in mature ILC3 results in
the generation of NK cells upon ectopic
T-BET expression only

A human RORyt" ILC precursor has been defined that gives
rise to both NK cells and ILC3s (20), indicating that these
populations are more closely related than originally thought.
This also suggests that there might be some degree of plasticity
between ILC3s and NK cells. As T-BET and EOMES are crucial
transcription factors in NK cell differentiation, we examined
whether ectopic overexpression of either T-BET or EOMES in
human ILC3s can transform them into NK cells. T-BET and
EOMES were cloned, separately, into an inducible vector
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construct, creating a fusion protein of the transcription factor
and the human estrogen receptor ligand-binding domain ER™.
The control construct contained the ER™ receptor only
(Figure 1A). The fusion protein is retained in the cytoplasm in
an inactive state by binding to heat shock proteins (HSP90).
When 4-Hydroxytamoxifen (4-OHT) is added, this binds to the
ER™ receptor causing the fusion protein to detach from HSP90
and to translocate into the nucleus. In the nucleus the
transcription factor becomes active and exerts its regulatory
functions (Figure 1B). The inducible overexpression constructs
were first transduced into UCB-derived CD34" HPCs, which
were then differentiated towards mature ILC3s. On day 18 of
culture, mature ILC3s (eGFP*CD45"CD34 CDI11a CD9%4"
CD56"CD117"NKp44™) were sorted (Supplemental Figure
1A). The sorted ILC3s containing the control construct or the
T-BET/EOMES fusion protein were then cultured in the
presence or absence of 4-OHT (Figure 1C). To confirm that
the sorted day 18 ILC3s were indeed mature and functional,
these cells were stimulated with a combination of IL-1f3 and IL-
23 in addition to PMA/ionomycin to evaluate their capacity to
produce and secrete IL-22, which is an important functional
feature of mature ILC3s. Flow cytometric analysis and evaluation
by ELISA confirmed that day 18 ILC3s of all conditions were
able to produce and secrete significant amounts of IL-22. T-
BET- and EOMES-overexpressing ILC3s showed reduced
percentages and concentrations of IL-22 compared to control
ILC3s, indicating that there is some degree of leakiness of the
construct (Figure 1D). To evaluate the NK cell generation
potential upon ectopic T-BET or EOMEs expression in ILC3s,
flow cytometric analysis of these populations was performed.
Sorted mature ILC3s were characterized as CD94"
CDI117"NKp44™ cells, whereas NK cells were defined as
CD56"CD94" cells (Supplemental Figure 1B). Analysis of
CD94 and CD117 expression on days 3 and 7 revealed that in
the absence of 4-OHT all conditions acted similar. The majority
of the cells remained CD94 CD117", although a considerable
amount of cells lost CD117 expression and became CD94
CD1177°" (Figures 1E, G). With the addition of 4-OHT, both
the percentage as well as the absolute cell number of CD94"
CD117"°%CD56" cells of T-BET and EOMES overexpression
cultures increased on day 3 compared to control cultures and
continued to increase towards day 7 (Figures 1E-G). However,
ectopic T-BET expression resulted in a drastic increase of both
percentages and absolute cell numbers of CD94" NK cells on day
3, compared to control cultures, which became even more
prominent on day 7. In contrast, EOMES overexpression in
ILC3s resulted in low amounts of CD94" NK cells, that were not
significantly different from control cultures (Figures 1F, G).
Altogether, ectopic T-BET expression in mature ILC3s results
in transdifferentiation towards CD94" NK cells, whereas ectopic
EOMES expression in ILC3s does result in dedifferentiation into
CDY4 CD117"°"CD56" cells, but is ineffective in generating
CD94" NK cells.
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FIGURE 1

Inducible T-BET and EOMES overexpression in human HPC-derived mature ILC3s results in the generation of NK cells upon ectopic T-BET
expression only. (A, B) Schematic representation of the inducible retroviral overexpression system of T-BET, EOMES and control conditions. (A)
Viral construct composition. (B) Mechanism of action in which the T-BET inducible overexpression construct is set as an example for both
transcription factors. Transcription of the retroviral construct results in a fusion protein of the transcription factor and the mutated human
estrogen receptor ligand-binding domain ER', which has a high affinity for Tamoxifen. This fusion protein is retained in the cytoplasm, in an
inactive state, by binding to heat shock proteins (HSP90). When 4-Hydroxytamoxifen (4-OHT) is added, it binds to the ER™® receptor causing the
fusion protein to detach from HSP90 and to translocate into the nucleus. Once inside the nucleus, the transcription factor is active and exerts
its regulatory functions. (C) Schematic overview of the experimental outlines. First, HPC are transduced with the inducible retroviral constructs
and differentiated towards mature ILC3s whereafter mature ILC3s (eGFP*CD45"CD34 CD94 CD11a CD56"CD117*NKp44™) are sorted (top).
Sorted ILC3s are cultured under feeder-free culture conditions in the presence or absence of 4-OHT and analyzed at the indicate time periods
(bottom). (D) Mature ILC3s (eGFP*CD94 CD117*NKp44™) on day 18 of the ILC3 differentiation culture were stimulated with a combination of
IL1B and IL-23 in addition to PMA/lonomycin for 24 h. Percentages of IL-22" cells (left) and the concentration of secreted IL-22 (pg/ml) (right)
are shown (mean + SEM; n = 3-4). (E-G) T-BET, EOMES and control transduced mature ILC3 (eGFP*CD45"CD34 CD94 CD1la
CD56*CD117*NKp44*) were sorted on day 18 of the ILC3 differentiation culture. The mature ILC3s were then cultured in the presence or
absence of 4-OHT. (E, F) Representative dot plots of eGFP* -gated cells pre- and post-sort and at the indicated time points of culture in the
absence or presence of 4-OHT. The numbers in the plots indicate the percentages. (E) CD94 versus CD117 staining. The sorted ILC3s are
CD94°CD117* (lower right quadrant). (F) CD56 versus CD94 staining; the indicated gate contains the CD56"CD94* NK cells. (G) Absolute cell
numbers of ILC3s (CD94 CD117"NKp44*RORyt"), CD94 CD117"°"CD56" cells and NK cells (CD56*CD94*) at the indicated time points post-
sort (mean + SEM; n = 4-11). Multiple paired t-tests with Holm-Sidak correction were used to confirm statistical significance. *, **, *** indicate
significant difference of the indicated overexpression condition compared to the control, with p<0.05, p<0.01, p<0.001, respectively. Statistical
difference of no OHT vs. 4-OHT conditions is indicated as § and §§§, with p<0.05 and p<0.001, respectively.
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3.2 Transdifferentiation of ILC3s into NK
cells occurs only upon high ectopic T-
BET expression and subsequent
downregulation of RORyt expression

Approximately, 28.5% of eGFP" cells on day 7 was able to
transdifferentiate into NK cells upon ectopic T-BET expression
in ILC3s (Figure 1F). This indicates that the large majority of the
transduced ILC3s fails to upregulate CD94 to become NK cells.
To further address this finding, analysis of the transcription
factor patterns in the different populations was performed by
flow cytometry. At day 0 of culture, T-BET and EOMES
overexpression in sorted ILC3s was confirmed at the protein
level (Figures 2A-C). Both T-BET and EOMES overexpression
conditions show a clear bimodal expression of T-BET or
EOMES, respectively, and of RORyt, wherein RORyt is the
signature transcription factor driving ILC3 development and
differentiation. Accordingly, high RORyt expression was
observed in the sorted ILC3s on day 0 (Figures 2A-C and
Supplemental Figures 2A-C) and this expression was
maintained throughout the different cultures in the absence of
4-OHT (Supplemental Figures 2A-C). However, upon addition
of 4-OHT, ectopic T-BET expression gradually increased from
ILC3s towards NK cells in the T-BET cultures on days 3 and 7,
wherein ILCs had the lowest T-BET expression levels (Figure 2A,
blue rectangles). Moreover, T-BET overexpression was further
upregulated after the loss of CD117 in the CD94 CD117”
1owCD56" cells and NK cells expressed the highest levels of T-
BET on both days 3 and 7. In contrast, EOMES expression was
already high in ILC3s upon ectopic EOMES expression and this
expression level was maintained throughout the culture
(Figures 2A-B). Bimodal expression analysis revealed that in
T-BET overexpression cultures 51.6% * 8.5% and 31.8% + 4.2%
of the CD94'CD117""°CD56" cells were T-BET*RORyt* and
T-BET*RORYt, respectively, while 81% + 2.0% of the NK cells
were T-BET" RORYt". However, the same was partially true for
EOMES overexpression cultures as 61.0% + 3.0% and 27.7% +
2.4% of the CD94 CD117/°"CD56" cells were EOMES " RORYt*
and EOMES'RORYt', respectively (Figure 2C). This indicates
that RORYt expression levels were downregulated upon high T-
BET or EOMES expression, which implies the occurrence of a
cell-identify shift. Despite the fact that EOMES similarly reduced
RORt expression in the CD94 CD117”°¥CD56" population on
day 7 compared to T-BET overexpression, ectopic EOMES
expression in ILC3s resulted in low amounts of CD94" NK
cells that were not significantly different from control cultures
(Figures 1F, G). In the absence of 4-OHT, as expected, T-BET
overexpression did not result in endogenous EOMES expression
and vice versa (Figures 2A-C and Supplemental Figures 2A-C).
However, in the presence of 4-OHT, ectopic T-BET expression
in ILC3s induced EOMES expression from day 3 onwards
(Figures 2B, C, orange rectangles). In contrast, ectopic EOMES
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expression did not result in endogenous T-BET expression at
any of the time points examined. The NK cells generated upon
overexpression of T-BET upregulated EOMES, but to a lesser
extent as in control NK cells. Strikingly, the few NK cells
originating from EOMES-overexpressing ILC3s completely
lacked expression of T-BET (Figures 2A-C). In conclusion,
upon ectopic T-BET expression the majority of the ILC3s
express intermediate levels of T-BET and remain bona fide
ILC3s. However, a proportion of these cells express high T-
BET levels, downregulate RORYt expression and eventually
become CD94" NK cells. This indicates that only ILC3s with
high T-BET expression levels will transdifferentiate into NK cells
and additionally induce EOMES expression. In contrast, high
EOMES expression downregulates RORYt, but fails to induce T-
BET expression resulting in an almost complete absence of
NK cells.

3.3 ILC3s transforming into NK cells
gradually express NK cell characteristics
by which transdifferentiation does not
necessarily occur via a CD94 CD117”/
'oWCD56" stadium

To further characterize the transdifferentiation of ILC3s via
the CD94'CD117/°"CD56" population into CD94* NK cells,
the phenotype of the different populations was determined by
flow cytometry. On day 7 of the transdifferentiation culture, 4-
OHT treated ILC3s with ectopic T-BET and EOMES
overexpression expressed a significant higher percentage of the
activating NK cell receptors NKG2D, NKp30 and NKp46
compared to control conditions with and without 4-OHT
(Figures 3A, B). Furthermore, the expression of these
activating NK cell receptors was gradually upregulated in the
CD94 CD117"°"CD56" population with T-BET and EOMES
induced overexpression, wherein the percentages were still
higher compared to the control conditions (Figures 3A, B).
The resulting NK cells of the induced T-BET and EOMES
cultures had similar NKp46 expression compared to all control
NK cells. NKG2D expression in these NK cells is significantly
higher with both ectopic T-BET and EOMES expression, while
NKp30 was significantly higher expressed in NK cells from
induced EOMES overexpression cultures only (Figures 3A, B).
In contrast to the activating NK cell receptors, expression of
CD16 or KIRs could not be detected in the resulting NK cells in
any of the different conditions investigated, even on day 14 of
culture (Supplementary Figure 3).

NK cells are known producers of perforin and granzyme B to
elaborate their killing capacity, whereas ILC3s do not express
these cytotoxic mediators. Strikingly, ILC3s from both induced
T-BET and EOMES overexpression cultures clearly expressed
perforin and granzyme B. As expected, control ILC3s were
negative for both cytotoxic effector proteins (Figures 3C, D).
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FIGURE 2

T-BET, EOMES and RORyt expression during ILC3-NK cell transdifferentiation culture in the presence of 4-OHT. Sorted ILC3s overexpressing T-
BET and EOMES and control ILC3s were cultured in the presence or absence of 4-OHT. Transcription factor analysis was performed on the
indicated time points by flow cytometry on gated eGFP* cells. (A, B) Representative dot plots of the indicated populations showing bimodal
transcription factor expression on the indicated time points during culture in the presence of 4-OHT only. (A) T-BET vs. RORyt staining. High T-
BET expressing cells in the T-BET -overexpressing condition are highlighted with blue rectangles. (B) EOMES vs. RORyt staining. Orange
rectangles indicate high EOMES -expressing cells in the T-BET -overexpressing condition. The numbers in the plots indicate the percentages. (C)
Frequencies of bimodal transcription factor expression for the different time points and different populations as indicated (mean + SEM; n = 4).

The same was true for the CD94 CD117”°¥CD56" population, induced T-BET and EOMES expression cultures had perforin

wherein both the perforin and granzyme B expression level and granzyme B levels that were comparable to control NK cells,
substantially increased upon induced T-BET and EOMES whereas granzyme B expression was slightly, but significantly
overexpression (Figures 3C, D). The resulting NK cells from higher upon ectopic T-BET overexpression compared to the T-
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BET culture without 4-OHT. (Figures 3C, D). Analysis of the
transcription factor expression patterns (Figure 2) and
phenotypical analysis (Figure 3C, D) of the CD94 CD117”
1°WCD56" cells indicated that these cells might be an
intermediate population in the ILC3-NK cell
transdifferentiation pathway. To test this hypothesis, eGFP"
CD94 CD117""°"CD56" cells from the T-BET overexpression
conditions in the presence of 4-OHT were sorted on day 7
(Supplemental Figure 4) and subsequently cultured for an
additional 7 days in the ILC3-NK cell transdifferentiation
culture system. Flow cytometric analysis revealed that the
CD94 CD117""°"CD56" cells retained their phenotype and did
not differentiate into CD94" NK cells (Figure 3E).

Thus, both T-BET and EOMES ectopic expression induces
expression of activating NK cells receptors as well as perforin
and granzyme B in ILC3s and in the CD94 CD117/°CD56"
cells. However, despite their intermediate phenotype, isolated
CD94 CD117/"°¥CD56"cells from T-BET overexpression
conditions fail to generate NK cells. As a consequence, CD94
CD117"°CD56" cells are not a mandatory intermediate stage
of ILC3-NK cell transdifferentiation.

3.4 Transdifferentiating ILC3s lose the
capability to produce IL-22 and gain the
capacity to produce IFN-y and

become cytotoxic

ILC3s are known producers of IL-22, while NK cells are
important IFN-y producers. To examine the cytokine expression
and secretion profile of these populations, cells of the different
conditions were stimulated with cytokines on day 14 of the
transdifferentiation culture. Flow cytometric analysis upon
stimulation with a combination of IL-1f and IL-23 in addition
to PMA/ionomycin showed that upon ectopic T-BET or EOMES
expression the total eGFP"-gated cells displayed a drastic
reduction in IL-22 production (Figure 4A). Detailed analysis
of the different subpopulations revealed that ILC3s of all
conditions indeed produced IL-22, wherein IL-22 production
in EOMES-overexpressing ILC3s in the presence of 4-OHT was
significantly lower compared to the condition without 4-OHT.
The CD94 CD117"°%CD56" cells further downregulated IL-22
expression predominantly with ectopic EOMES expression. As
expected, the resulting NK cells from all conditions showed little
to no IL-22 expression (Figure 4B). Assessment of secretion of
IL-22 with ELISA in stimulated bulk cells from day 14 cultures
showed that T-BET- as well as EOMES-overexpressing cells in
the presence of 4-OHT had a drastically reduced capacity to
secrete IL-22 in comparison to the control conditions
(Figure 4C). Almost the exact opposite was true for IFN-y
production. Stimulation with a combination of IL-12, IL-15
and IL-18 resulted in a strong increase in IFN-y production in
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the total eGFP"-gated cells from T-BET and EOMES cultures
after addition of 4-OHT, wherein T-BET was more efficient
(Figure 4D). Evaluation of the IFN-y production in the different
subpopulations revealed that little to no IFN-y production was
induced in ILC3s of all conditions. However, IFN-y expression
was significantly increased in the T-BET- and EOMES-
overexpressing CD94 CD117°"CD56" cells in comparison to
cells from the control culture. The NK cells displayed a similar
percentage of IFN-y expression in all conditions, although NK
cells arising in the ectopic T-BET expression cultures expressed a
significantly higher percentage of IFN-y (Figure 4E). Evaluation
of IFN-v secretion as determined by ELISA in stimulated bulk
cells from day 14 cultures revealed that T-BET-overexpressing
cells in the presence of 4-OHT produced drastically more IFN-y
compared to EOMES-overexpressing cells and the control
conditions (Figure 4F).

NK cells do not only produce cytokines, they are also
cytotoxic. To evaluate the cytotoxic potential of NK cells
generated from transdifferentiated ILC3s, a CDI107a
degranulation assay was performed. Co-culture of cells from
day 14 cultures with K562 target cells revealed that total eGFP"-
gated cells from T-BET and EOMES cultures displayed higher
CD107a expression compared to cells from control cultures,
wherein T-BET was dominant in upregulating CD107a
expression (Figure 4G). Detailed analysis of the different
subpopulations revealed that NK cells within all conditions
displayed a high percentage of CD107a expression on the cell
surface, wherein NK cells differentiated from T-BET
-overexpressing ILC3s in the presence of 4-OHT showed
significantly higher CD107a levels. The stronger CD107a
upregulation in induced T-BET overexpression cultures
became even more clear in the CD94 CD1177/°CD56" cell
population. Finally, also the remaining ILC3s in both induced
T-BET and EOMES overexpression cultures showed a low, but
significant upregulation of CD107a compared to the control
conditions (Figure 4H). As CD107a expression is a measure of
degranulation of cytotoxic granules, it does not provide formal
evidence of cytotoxicity. Therefore, a >'Cr release assay with day
14 culture cells was performed with K562 as target cells.
Compared to the cells from the control cultures, only T-BET-
overexpressing cells in the presence of 4-OHT displayed a
strongly increased killing efficiency (Figure 4I).

In conclusion, whereas both ectopic T-BET and EOMES
overexpression in ILC3s completely block IL-22 secretion, only
T-BET overexpression increases IFN-y secretion as well as
cytotoxicity against tumor target cells.

4 Discussion

To investigate ILC3-NK cell plasticity we ectopically
overexpressed either T-BET or EOMES in human, mature
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FIGURE 3

ILC3s transdifferentiating into NK cells gradually express NK cell characteristics by which transdifferentiation does not necessarily occurs via a
CD94 CD117°"CD56" stadium. ILC3s overexpressing T-BET or EOMES and control ILC3s are cultured in the presence or absence of 4-OHT.
Analysis was performed on day 7 by flow cytometry and eGFP* cells were gated. (A) Representative histograms of NKG2D, NKp30 and NKp46
expression in the populations as specified. (B) Percentages of NKG2D, NKp30 and NKp46 expression (mean + SEM; n = 2-6). (C) Representative
histograms of perforin and granzyme B expression in the populations as specified. (D) Percentages of perforin and granzyme B expression
(mean + SEM; n = 6). Multiple paired t-tests with Holm-Sidak correction were used to confirm statistical significance. Significant difference of
the indicate overexpression condition vs. control is shown as *, ** and ***, with p < 0.05, p < 0.01 and p < 0.001, respectively. Statistical
difference of no OHT vs. 4-OHT conditions is indicated as § and §5, with p < 0.05 and p < 0.01. (E) eGFP* CD94 CD117/°"CD56" cells were
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specified. The numbers indicate the percentages.
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FIGURE 4

Transdifferentiating ILC3s lose the capability to produce IL-22 and gain the capacity to produce IFN-y and become cytotoxic. Sorted ILC3s from
T-BET, EOMES and control conditions were cultured in the presence or absence of 4-OHT for 14 days and then subjected to different
functionality assays. (A, B) Intracellular IL-22 production after 24 h of stimulation with a combination of IL1f and IL-23 in addition to PMA/
lonomycin (A) The percentages of IL-22" cells in gated eGFP* cells (mean + SEM; n = 5). (B) Representative histograms (upper part) and the
percentages of IL-22" cells (lower part) in the indicated populations are shown (mean + SEM; n = 5). (C) The amount of IL-22 secreted by cells
from the specified conditions as measured by ELISA after 24 h of stimulation with cytokines as mentioned in A. (D, E) Intracellular IFN-y
production after 24 h of stimulation with a combination of IL-12, IL-18 and IL-15. (D) The percentages of gated eGFP* cells expressing IFN-y
(mean + SEM; n = 6). (E) Representative histograms (upper part) and bar charts (lower part) demonstrating the percentage of IFN-y* cells in the
indicated populations (mean + SEM; n = 6). (F) The amount of secreted IFN-y by cells from the specified conditions as determined by ELISA
after 24 h stimulation with cytokines as mentioned in C. (G, H) Cells were challenged with K562 cells during a 2 h CD107a degranulation assay.
(G) The percentages of CD107a -expressing cells in the gated eGFP* population (mean + SEM; n = 6). (H) Representative histograms (upper
part) and the percentage of CD107a™ cells (lower part) of the indicated populations are shown (mean + SEM; n = 6). (B, E, H) US = unstimulated
condition. (1) Cells were challenged with K562 cells at different effector over target (E:T) ratio’s in a *Chromium release assay. The percentage
of the specific target cell lysis is shown (mean + SEM; n = 3). (A-H) Multiple paired t-tests with Holm-Sidak correction were used to confirm
statistical significance. (I) Two-way ANOVA was performed to confirm statistical significance. (A-1) Significant difference of the indicate
overexpression condition vs. control is shown as *, **, *** gand **** with p<0.05, p<0.01, p<0.001 and p <0.0001, respectively. Statistical
difference of no OHT vs. 4-OHT conditions is indicated as §, §§ and §§§ with p < 0.05, p < 0.01 and p < 0.001, respectively. .
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ILC3s. T-BET and EOMES are key transcription factors in
human NK cell differentiation. Human NK cells are
characterized by a T-BET and EOMES gradient, wherein T-
BET and EOMES have a reciprocal relationship. As NK cells
mature they upregulate T-BET expression and downregulate
EOMES expression, whereby T-BET"8"EOMES"" cells are
considered as terminally mature NK cells (25, 26). Recently, it
has been demonstrated that both in mouse and human EOMES
plays a dominant role in early NK cell maturation, whereas T-
BET is more efficient in inducing terminal NK cell maturation.
This implicates that EOMES acts upstream of T-BET in the NK
cell maturation cascade (24, 27). Our results demonstrate that
only upon high ectopic T-BET expression ILC3s can upregulated
CD94 and ultimately converted into CD94" NK cells. In
contrast, 4-OHT-mediated activation of EOMES expression in
mature ILC3s resulted in dedifferentiation into the CD94
CD1177°" cells, but did not yield a significant number of
cytotoxic NK cells. More surprisingly, ectopic EOMES
expression also downregulated RORyt expression in CD94
CD1177/"°" cells. Evaluation of the T-BET and EOMES
expression pattern showed that T-BET overexpression in the
presence of 4-OHT upregulated EOMES expression in ILC3s,
ultimately leading to transformation into NK cells. In contrast,
ectopic EOMES overexpression in the presence of 4-OHT did
not induce endogenous T-BET expression in ILC3s. The
observation that EOMES is an early regulator of the NK cell
fate (24, 27) suggests that overexpression of EOMES alone is not
sufficient to generate significant amounts of NK cells from
ILC3s, as T-BET is required for further NK cell differentiation
and subsequent proliferation (24, 27) The low number of
differentiated NK cells from EOMES overexpressing ILC3s
expressed NK cell receptors as well as cytotoxic effector
molecules, as is also the case for early differentiated NK cells
(24, 27).

Ectopic T-BET and EOMES expression in human ILC3s
resulted in downregulation of RORyt and loss of CDI117
expression, whereby these cells eventually upregulated CD94
expression with ectopic T-BET expression only. Previously,
intermediate innate subsets that can differentiate into both
ILC3s and NK cells have been identified in human fetal
intestine and they can be distinguished by differential
expression of CD94 and CD117. The CD94 CD117" subset
could be positioned between CD94"CD117" and CD94"
CD117" subsets on the basis of transcription factor expression
analysis, wherein the CD94 CD117" subset only partially
expresses RORYt (28). Characterization of the CD94°CD117”
loweD56* cells here, revealed that they expressed NKG2D,
NKp30, NKp46, perforin and granzyme B at higher levels than
ILC3s, but still lower compared to CD94™ NK cells. The CD94"
CD1177°"CD56" cells also displayed an intermediate level of
RORYt expression, similar as observed in the above mentioned
intermediate ILC subset (28). Despite their intermediate

Frontiers in Immunology

11

10.3389/fimmu.2022.975778

phenotypical pattern, isolated CD94 CD117/°¥CD56" cells
from the T-BET-overexpressing conditions did not convert
into CD94" NK cells, which implicates that this population is
not a mandatory intermediate stage in ILC3-NK cell
transdifferentiation, at least in vitro.

ILC3 to ILCI transdifferentiation and their intermediate
stages are well documented in both mice and human (8-13,
20, 28). ILC3 to NK cell transdifferentiation in humans has also
been reported (29, 30), but is less well documented. Nevertheless,
a clear distinction between human ILC1 and NK cells remains
challenging as their phenotype and function are largely
overlapping (2, 31). The CD94" cells differentiated from ILC3s
in this study expressed CD56, NKp44, NKp46 and CD94, which
are generally not expressed on ILCls (2, 32). Besides, these
CD94" cells also expressed perforin and granzyme B and were
highly cytotoxic. ILC1s, on the contrary, do not express cytotoxic
effector molecules and are generally non-cytotoxic (2, 31). T-
BET is typically expressed by both human ILCls and NK cells,
whereas EOMES expression is restricted to NK cells (2, 13, 28,
31). CD94" NK cells resulting from ectopic T-BET expression
cultures additionally expressed EOMES, although at lower levels
than in NK cells from control cultures. Decreased EOMES
expression in these cells can be attributed to T-BET
overexpression as there is a delicate balance between T-BET
and EOMES expression in NK cells (24, 26, 27, 33). Thus, the
CD94" cells transdifferentiated from mature ILC3s in this study
are not ILCls, but are characterized as genuine NK cells.

The transdifferentiating ILC3s with ectopic T-BET or
EOMES expression lost typical ILC3 features, like their ability
to produce IL-22. The CD94" NK cells differentiated from
mature ILC3s overexpressing T-BET acquired typical NK cell
receptors and were functional both in terms of IFN-y production
and cytotoxicity, but lacked expression of the mature NK cell
hallmarks, CD16 and KIRs. Considering the different
phenotypic and functional characteristics of the differentiated
NK cells, these cells show high similarity with the NK cells
described in the work of Raykova A. and colleagues (30). They
have reported ILC3-NK cell plasticity in vitro after stimulation of
ex vivo human tonsillar ILC3 with IL-12 and IL-15. The IL-22
producing ILC3s acquire an NK cell profile including CD94,
EOMES and T-BET expression, upregulation of typical NK cell
receptors and induction of cytotoxic activity (30). Here, 4-OHT
activated T-BET overexpression in in vitro generated ILC3s
mimics in some part the effect of IL-12, which is a known
inducer of T-BET expression by binding IL12RB2 and activating
STAT4. T-BET, on its turn, induces IL12RB2 expression
rendering the cells more responsive to IL-12 (34).

The resulting CD94" NK cells from this study and as
reported by Raykova A. and colleagues (30) closely resemble
stage 4b cells of the NK cell developmental pathway as described
by Freud A.G. and colleagues (35). Stage 4b NK cells are defined
as CD34'CD117*"CD94*"NKp80*CD16™ cells, which express
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NK cell receptors, produce IFN-y and have cytotoxic capacity. In
contrast to the NK cells defined in our study, KIR" subsets were
detected within the stage 4b population (35). KIR expression was
also absent in NK cells derived from tonsillar ILC3s (30). We
have previously demonstrated that constitutive ectopic T-BET
expression in human HPCs followed by in vitro NK cell
differentiation results in increased KIR expression on the
generated NK cells. We therefore suggested that T-BET
epigenetically regulates KIR expression (24). By chromatin
accessibility profiling using Fast-ATAC sequencing, we indeed
showed that KIR-specific ATAC regions are already upregulated
upon constitutive T-BET overexpression in human HPCs and
differentiation towards NK cells increases the accessibility of the
KIR promotor regions in these ATAC sites, ultimately leading to
increased KIR mRNA and protein levels (24). Here, we start
from sorted ILC3s that transdifferentiate into NK cells upon T-
BET activation. Our hypothesis is that ILC3s are not primed for
KIR expression at the chromatin level, rendering T-BET (and
EOMES) unable to induce KIR expression in these cells.
However, this theory remains to be further investigated.

Recently, a cytotoxic ILC3 subset was identified in human
tonsil (36). These cytotoxic ILC3s show high similarity to the NK
cells obtained with 4-OHT-mediated activation of T-BET in
ILC3s as they are CD94" ILCs that also lack CD16 and KIR
expression and additionally express CD56, NKp44, NKp46 and
NKG2A. Even T-BET and EOMES are expressed, while they also
express intermediate levels of RORyt. Because these cytotoxic
ILC3s produce low amounts of IFN-y and maintain the
capability to produce high levels of IL-22, it is unlikely that
they represent a subset of NK cells (36). Based on their capacity
to produce IL-22, these cytotoxic ILC3s can be distinguished
from the NK cells generated upon ILC3 transdifferentiation in
this study.

In conclusion, mature ILC3s transdifferentiate into bona fide
functional NK cells, wherein T-BET, and not EOMES, is the
most potent driver.
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