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Human ILCs are classically categorized into five subsets; cytotoxic CD127−CD94+ NK cells
and non-cytotoxic CD127+CD94−, ILC1s, ILC2s, ILC3s, and LTi cells. Here, we identify
a previously unrecognized subset within the CD127+ ILC population, characterized by
the expression of the cytotoxic marker CD94. These CD94+ ILCs resemble conventional
ILC3s in terms of phenotype, transcriptome, and cytokine production, but are highly cyto-
toxic. IL-15 was unable to induce differentiation of CD94+ ILCs toward mature NK cells.
Instead, CD94+ ILCs retained RORγt, CD127 and CD200R1 expression and produced IL-22
in response to IL-15. Culturing non-cytotoxic ILC3s with IL-12 induced upregulation of
CD94 and cytotoxic activity, effects that were not observed with IL-15 stimulation. Thus,
human helper ILCs can acquire a cytotoxic program without differentiating into NK cells.
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� Additional supporting information may be found online in the Supporting Information section
at the end of the article.

Introduction

Innate Lymphoid Cells (ILCs) protect against infiltrating
pathogens, regulate tissue integrity and maintain homeostasis in
barrier tissues. ILCs can be categorized into five distinct subpopu-
lations based on their development, transcription factor expres-
sion, and cytokine production; Lymphoid tissue inducer (LTi)
cells, ILC1s, ILC2s, ILC3s, and NK cells [1]. The latter four are con-
sidered the innate equivalents of non-cytotoxic CD4+ Th1, Th2,
Th17/22, and cytotoxic CD8+ T cells, respectively. CD4+ T helper
cells with cytotoxic capacities (CD4+ CTL) generated by IL-2 and
antigen stimulation have been described extensively but the ILC
equivalent of this CD4+ CTL had not yet been identified in vivo
[2–6].

ILC subsets and NK cells develop from a common innate lym-
phoid progenitor (CILP). NK cells are thought to arise via an NK
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cell precursor (NKP), whereas ILC1s, 2s, and 3s are thought to
develop via an innate lymphoid cell precursor (ILCP). Helper ILCs
are considered non-cytotoxic, however, it has been reported that
human ILC3s can give rise to NK or NK-like cells in vitro [7–13]. In
addition, intermediate ILC–NK cells have been identified in vivo
[9,10,12,14]. Based on these data, it has been proposed that NK
cells develop in humans via an ILC3-like intermediate. However,
in patients deficient in the ILC3 lineage determining transcrip-
tion factor RORγt, ILC3s are absent whereas NK cells are present
in normal numbers. Moreover, IL-7-deficient patients have normal
numbers of NK cells whereas ILC3s are absent [15]. Thus, findings
in these immunocompromised patients argue against the notion
that ILC3s are an obligatory intermediate cell type in NK cell
development. Another possibility is that ILC3s, which are highly
plastic and can convert into ILC1s under influence of IL-12 [16],
have also the capacity to convert into NK cells perhaps via ILC1.
However, whereas NK cells have been shown to transdifferenti-
ate into ILC1s under influence of TGF-β, the reversed process,
ILC1 to NK cell, has not yet been observed [17,18]. Investigating

© 2020 The Authors. European Journal of Immunology published by Wiley-VCH GmbH www.eji-journal.eu

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs License, which permits use and
distribution in anymedium, provided the original work is properly cited, the use is non-commercial and nomodifications or adaptations are made.

http://creativecommons.org/licenses/by-nc-nd/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1002%2Feji.202048696&domain=pdf&date_stamp=2021-01-27


812 Lisette Krabbendam et al. Eur. J. Immunol. 2021. 51: 811–823

the issue whether ILC3s can differentiate into NK cells in vitro,
we previously found that the CD117 (c-Kit)+ stage 3 cell popu-
lation, which was proposed to form an intermediate in NK cell
development, is heterogeneous and consists of a CD127+ and a
CD127− population. Using a feeder mix consisting of irradiated
PBMC and EBV-immortalized B cells and PHA we observed that
CD127− stage 3 cells were able to differentiate into NK cells
whereas CD127+ cells were not [19]. The discrepancy between
those findings and the observed in vitro generated ILC3-derived
NK-like cells prompted us to re-evaluate and characterize the lin-
eage relationship between NK cells and ILC3s ex vivo and in vitro.

Here we show that a proportion of CD127+ ILCs ex vivo iso-
lated from tonsils are highly cytotoxic, expressed the NK cell
marker CD94, but in contrast to NK cells expressed RORγt. Mech-
anistically, we demonstrate that IL-12, but not IL-15, can induce a
cytotoxic program marked by CD94 in conventional ILCs in vitro.

Results

ILCs that express CD127 and CD94 resemble ILC3s

To investigate the characteristics of NK cells and ILCs in detail, we
examined CD127 and CD94 expression on lineage marker nega-
tive (Lin-) cells. We gated for lymphocytes, excluded doublets and
dead cells and selected CD45+CD3− cells (Supporting Informa-
tion Fig. S1A). Subsequently we gated out non-relevant lineages
using antibodies against CD3, CD4, TCRαβ, and TCRγδ (T cells),
CD19 (B cells) CD14 (monocytes) FcRεR1a (mast cells), BDCA2
(pDCs), CD123 (pDCs, basophils), and CD34 (hematopoietic pro-
genitors). We excluded NK-defining antibodies against CD94,
CD56, and CD16 from the lineage cocktail. This protocol enabled
us to purify ILC1s, ILC3s, and NK cells using CD127, CD161,
and CD94. In tonsils, we identified Lin−CD127−CD94+ NK cells,
which were CD161 negative (Fig. 1A). As expected and in con-
trast to CD127+ ILCs, a proportion of these NK cells express CD16
and killer-cell Ig-like receptors (KIRs) (Fig. 1C and D). Within the
Lin−CD127+ population, conventional ILCs expressed CD161 but
not CD94 and could be subdivided into CD117−NKp44− ILC1s
and CD117-expressing NKp44− ILC3s and NKp44+ ILC3s. Inter-
estingly, a population within the Lin−CD127+CD161+ ILC gate
also expressed the NK cell marker CD94 (Fig. 1A). This popu-
lation (from here on called CD94+ ILCs), which is present in
a similar frequency as ILC3s (Fig. 1B), did not express CD16
(Fig. 1C) and KIRs (Fig. 1D). We did not observe expression
of CD94 on CRTH2+ ILC2 (Supporting Information Fig. S1B,C).
NKp80, which is present on all human NK cells [20], including
tonsillar CD16− and CD16+ NK cells, was absent on CD94+ ILCs,
conventional ILC1s and ILC3s (Fig. 1E). Conversely, CD200R1,
shown to discriminate between ILCs and NK cells in mouse and
human [8,21], was expressed on ILC1s, ILC3s and CD94+ ILCs,
but absent on both CD16− and CD16+ NK cells (Fig. 1E). Further-
more, the level of CD127 was comparable to that expressed on
conventional ILCs (Fig. 1E). Similar to ILC3s, CD94+ ILCs partly
expressed NKp44 and IL-1R1, and also CD117, CD56, NKG2A,

and additionally low levels of NKp46 (Fig. 1F). Hence, we identi-
fied a lineage− cell population characterized by the expression of
the pan-ILC markers CD127, CD161, and CD200R1, and the ILC3
related markers CD117, NKp44, and IL-1R1, but also expressed
the NK cell marker CD94 in tonsils. Although NK cells in the ton-
sil lack CD127, CD56brightCD16− peripheral blood NK cells are
known to express intermediate levels of CD127 [22]. Supporting
Information Figure S2 confirms that these cells express CD127
although at lower levels than conventional peripheral blood ILCs.
However, these CD127dimCD16− NK cells also express NKp80 and
lack CD200R1 (Fig. S2B) and are therefore also distinct from ton-
sillar CD94+ ILC3s.

Next we analyzed the transcriptional profile of CD94+ ILCs as
compared to bulk NK cells and conventional ILC3s. In line with
the results of the flow cytometry analysis, a principal compo-
nent analysis (PCA) highlighted a unique transcriptional profile
of freshly isolated tonsillar CD94+ ILCs, which clustered close to
NKp44+ ILC3s but were distinct from NK cells (Fig. 2A). Indeed,
hallmark ILC genes were expressed on CD94+ ILCs including
RORγt (Fig. 2B, E, and F) but not on NK cells. On the other
hand, several genes were shared with NK cells, such as Eomeso-
dermin (EOMES), granzymes, and granulysin (Fig. 2C, E, and F).
T-box transcription factor 21 (TBX21) expression was low in both
CD94+ ILCs and ILC3s on transcriptional level but the protein was
present in CD94+ ILCs as detected by intracellular staining using
an anti-T-bet antibody (Fig. 2D, E, and F). In conclusion, tonsillar
CD94+ ILCs resemble conventional ILCs but exhibit some cyto-
toxic features similar to NK cells.

CD94+ ILCs mimic ILC3 behavior in response to IL-15
stimulation

IL-2 and IL-15 are essential for NK cell development, function
and activation [23]. Activated tonsil NK cells produced copious
amounts of IFN-γ but no IL-22 in response to IL-2 and IL-15. In
contrast, CD94+ ILCs produced only low amounts of IFN-γ under
those conditions as compared to NK cells, but showed intracellu-
lar expression of the ILC3 hallmark cytokine IL-22 (Fig. 3A and B).
Higher levels of IL-22 were produced by CD94+ ILCs after stim-
ulation with IL-2, IL-23, and IL-1β, an IL-22 inducing cocktail for
ILC3s, to which NK cells respond by producing high levels of IFN-γ
but not IL-22. Furthermore, culturing CD94+ ILCs for more than
1 week with IL-2 and IL-15 did not affect expression of the ILC
markers CD200R1, CD161, CD127, or RORγt and did not result
in up-regulation of one of the NK cell maturation markers CD16
or NKp80 (Fig. 3C and D). Taken together, these data indicate that
CD94+ ILCs are distinct from (developing) NK cells.

CD94+ ILC subsets are similar to conventional ILC1s
and ILC3s

Similar to conventional ILCs, the CD94+ ILC population could
be subdivided into CD117−NKp44− ILC1s, CD117+ NKp44−
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Figure 1. Identification and characterization of tonsillar CD94+ ILCs, conventional ILCs, and NK cells in tonsil. (A) Gating strategy of ILC subsets
and NK cells in pediatric tonsil. Total tonsillar cells were depleted for CD3 and CD19 followed by staining with antibodies against lineage (CD1a,
CD3, CD4, CD14, CD34, CD19, FcRεR1a, BDCA2, CD123, TCRαβ, TCRγδ, and CRTH2) and ILC/NK related markers as indicated. Cells were gated for
lymphocytes, singlets, live CD45+CD3− as indicated in Supportting Information Fig. S1A). Plots are representative of at least 10 donors of at least
five experiments. (B) Quantification of indicated subsets as a percentage of total CD45+ tonsillar lymphocytes. For this quantification, total tonsillar
cells were not depleted before analysis. Black lines represent mean percentage and each dot represents one donor (N = 5). Data were generated
from three independent experiments. **p < 0.01, ***p < 0.0001; ns, not significant (one-way ANOVA). (C) Representative flow cytometric analysis of
CD16 surface expression of indicated ILC and NK subset which are gated for as in (A). Percentage CD16+ is indicated in histograms. Bar graphs
shows the mean ± SEM of percentage CD16+ and CD16− NK cells within the total CD127–CD94+ NK cell population. Each dot represents one donor
(N = 5) and data were generated from five independent experiments. (D) Representative flow cytometric analysis of the expression of indicated
KIRs on indicated ILC and NK cell subset. Plots are representative of at least three donors from at least two independent experiments. (E and F)
Representative flow cytometric analysis of indicated ILC and NK cell related surfacemarkers of indicated ILC and NK cell subsets, which were gated
for as in (A). MFI are indicated in the plots and plots are representative of at least three donors from at least three independent experiments.

ILC3s, and CD117+NKp44+ ILC3s, whereas NK cells were mainly
CD117−NKp44− (Fig. 4A). Like conventional ILC3s, the CD94-
expressing ILC3s expressed transcripts for RORC, AHR, IL1R1, and
IL22, and they expressed low levels of TBX21 (encoding for T-
bet), and IFNG (Fig. 4B). CD94+ NKp44− ILC3s expressed some
EOMES, GZMB, and PRF1, in contrast to conventional NKp44−

ILC3s. Highest levels of EOMES, TBX21, PRF1, GZMB, and IFNG
were found in CD94+ ILC1s and NK cells (Fig. 4B).

In conclusion, CD94 marks a subset of ILC1s and ILC3s that
express genes involved in cytotoxicity.

NKp44−CD94+ ILCs are cytotoxic

The expression of NK cell-related genes in NKp44−CD94+ ILCs
raised the question whether these cells functionally resemble NK

cells in terms of their cytotoxic capacities. Intracellular stain-
ing directly following isolation showed clear perforin and gran-
ulysin protein expression in CD94+ ILC1 and, although less,
in CD94+NKp44− ILC3s, but not in CD94+NKp44+ ILC3s and
conventional CD94− ILC subsets (Fig. 4C). The level of gran-
ulysin and perforin expression was lower compared to con-
ventional NK cells. None of the CD94− or CD94+ ILC subsets
expressed intracellular granzyme B measured directly follow-
ing isolation, whereas freshly isolated NK cells showed clear
granzyme B expression. However, CD94+ ILCs do have the capac-
ity to express granzyme B following activation in vitro (Sup-
porting Information Fig. S3A). Freshly isolated total CD94+

ILCs are as cytotoxic for K562 cells as NK cells, whereas con-
ventional ILC3s were substantially less cytotoxic (Supporting
Information Fig. S3 and Fig. 4D). In line with their expres-
sion of cytotoxic molecules (Fig. 4B and C), CD94+NKp44−
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Figure 2. Microarray and flow cytometric analyses show strong similarities between CD94+ ILCs and ILC3s. (A) Principal component analysis (PCA)
plot of gene expression as determined by microarray in CD94+ ILCs, NKp44+ ILC3s, and NK cells isolated from tonsil. The most variable genes
with an interquartile range above 1.5 were used. N = 3 donors, 5500—10 000 cells from each subset were isolated from each donor. (B) Heatmap of
the expression of ILC associated genes in CD94+ ILCs, NKp44+ ILC3s and NK cells of three donors. Expression normalized per gene by z-score. (C)
Heatmap as in (B) of NK-cell associated genes. (D) Heatmap as in (B) of genes described to be expressed on both ILCs and NK cells. (E) Histograms of
intracellular stain for indicated transcription factors in freshly isolated CD94+ ILCs,NKp44+ ILC3s andNK cells andmeasured by flow cytometry.MFI
are indicated in plots and plots are representative of at least 5 donors from at least 3 independent experiments. (Ft) Quantification of intracellular
TF expression relative to NK cells (RORγt, N = 6) or ILC3s (T-bet, Eomes both N = 5). Bars representmean relative expression and each dot represents
one donor. Data were generated from at least 3 independent experiment. All bar graphs were tested for normal distribution using the Shapiro–Wilk
test. All bars were normally distributed and tested for significance with a paired t-test. *p < 0.05, **p < 0.01, ns; not significant.

ILC3s were much more cytotoxic than CD94−NKp44− ILC3s
(Fig. 4E). CD94+NKp44+ ILCs induced less target cell death
compared to CD94+NKp44− ILCs. The higher cytotoxic activ-
ity of CD94+NKp44− ILC3s compared to CD94+NKp44+ ILC3s
coincides with higher expression levels of cytotoxic molecules
(Fig. 4C). Although expression of granulysin and perforin in
freshly isolated CD94+ ILC1s strongly suggest that these cells are
cytotoxic as well, the rarity of these cells prevented us from iso-
lating enough CD94+ ILC1s to directly assess cytotoxic activity
against K562.

IL-12 induced CD94 and a cytotoxic program in CD94−

ILC3s

Previously, we demonstrated that both ILC2s and ILC3s transd-
ifferentiated towards IFN-γ-producing ILC1s following exposure
to IL-12, which was enhanced in the presence of IL-1β or IL-18
[16,24,25]. Here, we show that up to 50% of ILC1s and both
ILC3 subsets acquired CD94 surface expression in the presence
of OP9 mouse stromal cells as feeders, IL-2 as a survival signal
and inflammatory IL-12 (Fig. 5A). These in vitro generated CD94+
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Figure 3. CD94+ ILCs respond similar to ILC3s to cytokine stimulation in vitro. (A) Representative flow cytometric analysis of intracellular IL-22 and
IFN-γ on sorted CD94+ ILCs, NKp44+ ILC3s and NK cells after 8 days culturing on OP9 cells in the presence of 10 U/ml IL-2 supplemented with 50
ng/ml IL-15 (N = 14 for IFN- γ, N = 11 for IL-22) or IL-23 and IL-1β (N = 8 for IFN-γ, N = 7 for IL-22) and subsequently stimulated with PMA/ionomycin
for 3 h. Bar graphs represent mean percentage cytokine expressing cells with each dot represting one donor. Data was generated from at least four
independent experiments. (B) Quantification of IFN-γ (N = 14 after IL-15 stimulation and N = 7 after IL-23+IL-1β stimulation) and IL-22 production
(N = 12 after IL-15 stimulation and N = 7 after IL-23+IL-1β stimulation) by ELISA in culture supernatant from cells stimulated as in (A). Measured
concentrations are normalized to 5000 cells. Bar graphs represent mean and each dot represents one donor. Data were generated from at least four
independent experiments. (C) Representative flow cytometric analysis of indicated ILC and NK cell related surface markers or transcription factor
after 8-day culture on OP9 feeder cells in the presence of IL-2 (10 U/mL) and IL-15 (50 ng/mL). MFI or, if indicated, percentage positive cells, is shown
in histograms. Data are representative of four to nine donors from at least three independent experiments. (D) Quantification of the expression
of indicated surface markers and TF displayed by MFI or percentage positive cells. Bar graphs represent mean and each dot represents one donor
(CD127 N = 4, CD200R1, CD161, RORγt N = 6, CD16 N = 9) and was generated from at least 3 independent experiments. All bar graphs were tested
for normal distribution using the Shapiro–Wilk test. All bars were normally distributed and tested for significance with a paired t-test. *p < 0.05,
**p < 0.01, ***p < 0,001, ****p < 0.0001; ns, not significant

ILCs, gated for as in Supporting Information Fig. S4A, under influ-
ence of IL-12 still expressed CD200R1 (Fig. 5B) and CD161 (Sup-
porting Information Fig. S4B), but acquired expression of Eomes
(Fig. 5C) and produced IFN-γ and Granzyme B (Supporting Infor-
mation Fig. S4C,D). The NK cell markers NKp80 and CD16 were
not upregulated upon in vitro acquisition of CD94 (Supporting
Information Fig. S4E,F), indicating that ILCs do not develop into
(mature) NK cells under these conditions. In contrast to IL-12,
IL-15, a major regulator of NK cell development, failed to upreg-
ulate CD94 and Eomes in conventional ILCs (Fig. 5A and C), but
instead retained RORγt expression (Fig. 3C).

Next, we assessed the cytolytic potential of in vitro gener-
ated CD94+ ILC3s in comparison to ILC3s that remained CD94−

and conventional NK cells after culture with IL-2, IL-12, and IL-

1β. Addition of IL-1β did not alter the acquisition of CD94, but
increased expansion of the culture. Together with upregulation
of CD94, we observed induction of cytotoxic molecules granzyme
B and perforin (Fig. 5D and E). In line with this, in vitro gen-
erated CD94+ ILCs were superior in their lytic potential as com-
pared to their CD94− counterparts, like freshly isolated CD94+

ILCs (Fig. 5F). Thus, NKp44− and NKp44+ ILC3s can acquire a
cytotoxic CD94+ ILC phenotype under the influence of IL-2 and IL-
12. Despite the absence of CD94, Eomes and other NK cell associ-
ated features, high levels of Granzyme B and Perforin were found
by intracellular stain upon culturing of ILC3s with IL-15 (Fig. 5D
and E). Interestingly, in a cellular killing assay comparing NK
cells and ILC3s after culture with IL-15, no clear cytotoxic activity
was observed in NKp44+ ILC3s (Supporting information Fig. S5).
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Figure 4. CD94+ ILC subsets mirror conventional ILC subsets and CD117+NKp44− CD94+ ILCs are cytotoxic. (A) Representative flow cytometric
analysis of surface expression of NKp44 and CD117 of indicated populations. Bar graphs show quantification of mean percentage ± SEM of cells in
each indicated quadrant. Each dot in the bar graphs represents one donor (N = 10) and data was generated from at least 5 independent experiments.
(B) Quantification of relative mRNA expression by RT-qPCR and compared to β-actin of indicated genes in indicated ILC subsets freshly isolated
from tonsil. Bar graphs represent mean ± SEM of 3–5 donors (N = 3–5) from at least two independent experiments, except for IL22 that represents
two to three donors (N = 2–3). (C) Representative flow cytometric analysis of intracellular perforin, granzyme B, and granulysin in indicated ILC
subsets and NK cells, which were directly stained after sorting indicated subsets. MFI is indicated in histograms. Data represent three donors from
two independent experiments. (D-E) Graph showing the specific killing of K562 cells after co-culture with NKp44− ILC3s, NKp44+ ILC3s, NK cells,
CD94+NKp44− ILCs or CD94+NKp44+ ILC3s at an effector: target ratio of 8:1. Each dot represents 1 or 2 donors pooled and connected dots are the
same donor. N = 7 in (D), N = 4 in (E). Percentage specific killing was calculated as 100-((live cells in well/live cells control well)*100). Data were
generated from at least 3 independent experiments. All datawere tested for normal distribution using the Shapiro–Wilk test. All datawere normally
distributed and tested with paired t-test. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
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Figure 5. IL-12, but not IL-15, induces cyto-
toxicity in conventional ILCs. (A) Represen-
tative flow cytometric analysis of surface
expression of CD94 of indicated populations
after culturing for 7 days on OP9 with IL-
2 (10 U/ml) supplemented with IL-15 or IL-
12 (both 50 ng/ml). Gating strategy as in Fig.
S4A was applied to select for ILCs / NK cells.
Bar graphs show quantification of percent-
age of CD94+ cells, each dot represents one
donor (ILC1 N = 6, NKp44− and NKp44+ ILC3
N = 12, NK N = 10). Data was generated
from at least 4 independent experiments.
(B-E) Representative flow cytometric anal-
ysis of the expression of indicated surface
markers or intracellular stained transcrip-
tion factors or cytokines after culturing as in
A. Cytokines were measured after an addi-
tional 3 hours PMA/ionomycin stimulation.
Gating strategy as in Fig. S4A was applied
to select for ILCs / NK cells. Percentages in
double positive upper right gates are quan-
tified on the right side of the plots. Each dot
represents one donor and connected lines
are the same donor. In (B) ILC1 N = 3, ILC3
N = 7, NK N = 6. In (C) ILC1 N = 5, ILC3 N
= 9, NK N = 7. In (D) ILC1 N = 8, ILC3 N =
13, NK N = 12. In (E) ILC1 N = 4, ILC3 and
NK N = 6. Data are generated from at least
three independent experiments. (F). Repre-
sentative flow cytometric analysis of sur-
face expression of CD94 and CD16 of indi-
cated populations after culture on OP9 for 7
days with IL-2 (10 U/ml) with IL-12 and IL-
1β (50 ng/ml). (Light) green, (light) blue, and
black squares indicate which populations
were resorted and used for the killing assay
depicted on the right showing the mean
percentage ± SEM of specific killing of K562
cells after co-culturewith indicated ILC sub-
sets or NK cells at indicated an effector-
target ratio. Percentage of specific killing
was calculated as 100-((live cells in well/live
cells control well)*100). Each dot represents
two to three donors (N = 2-3) from two inde-
pendent experiments. All data were tested
for normal distribution using the Shapiro-
Wilk test.All datawere normally distributed
and tested with paired t-test. *p < 0.05,
**p<0,01, ***p < 0.001, ****p < 0.0001.
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This suggests that the sole induction of granzyme B and perforin
upon IL-15 stimulation was not sufficient to exert high cytotoxic-
ity against K562 cells.

To exclude that IL-12-mediated induction of CD94 and cyto-
toxic capacities in NKp44-ILC3s is due to expansion of a small
contaminating population, we performed cloning experiments.
Single cells were sorted using flow cytometry and cultured on OP9
cells in the presence of IL-2, IL-12, and IL-1β. We observed that
60–70% of the expanded clones had acquired CD94 (Fig. 6A). Of
those CD94 expressing clones the vast majority also upregulated
Eomes and T-bet. Importantly they retained expression of the ILC
marker CD200R1 but did not upregulate the NK marker NKp80
(Fig. 6A and B). We also observed that some CD94+ clones did
not upregulate T-bet or Eomes and some other clones contained
a low proportion (<7%) of NKp80low cells. Consistent with pre-
vious published data [16,24], CD94−T-bet+CD200R1+Eomes−,
which have an ILC1 phenotype were also observed (Support-
ing Information Fig. S6A and B). Clones that were highly
expanded were analyzed for their cytokine production. The
majority of the CD94+ clones derived from both NKp44− and
NKp44+ ILC3s produced IFN-γ and granzyme B (Fig. 6C and
D). These data confirm our observation that IL-12 induced CD94
expression and cytotoxic capacities in ILC3 and was not due
to selective outgrowth of a small contaminating CD94+ ILC3
population.

Discussion

We identified human cytotoxic CD94+ ILCs that are character-
ized by the expression of the ILC markers CD127, CD161, and
CD200R1, and absence of mature NK cell markers NKp80 and
CD16. CD94/NKG2A co-expression in CD127+ ILCs has been
observed by several studies [10,14,26–29] but in depth charac-
terization of these cells in fresh tissue and their developmental
requirements was thus far not performed. We found that CD94+

ILCs expressed transcripts and proteins associated with cytotoxic
cells, including EOMES and effector molecules granzyme B and
granulysin. Whereas IL-15 was unable to induce differentiation of
CD94+ ILCs into NK cells it induced the ILC3 hallmark cytokine
IL-22 in CD94+ ILCs as was previously observed with conven-
tional CD94− ILC3s [30], but not in NK cells. We used CD200R1
and NKp80 to further differentiate CD94+ ILCs from NK cells.
NKp80 was previously described to be expressed on virtually all
fresh and activated NK cells in peripheral blood [20], whereas
CD200R1 was described to distinguish ILC1s from NK cells in dif-
ferent mouse tissues [21]. We extended those data showing that in
human peripheral blood all ILCs express CD200R1 [8]. Our data
reveal that also in tonsil, ILC1s, ILC3s, and CD94+ ILCs express
CD200R1 while neither CD16+ nor the presumable more imma-
ture CD16− NK cells do not. In contrast, NKp80 is expressed on
CD16+ and CD16− NK cells but not on ILC1s, ILC3s, and CD94+

ILCs. In the tonsil ILCs and NK cells differ in expression of CD127
but part of the CD16- NK cells in peripheral blood do express
CD127, although at levels lower than on ILCs. These periph-

eral blood CD127dimCD16− NK cells do express NKp80 and lack
CD200R1 and therefore also these peripheral blood NK cells are
distinct from CD94+ ILCs. These data together indicate that cyto-
toxic CD94+ ILCs belong to the ILC lineage and not to the NK cell
lineage.

We could further dissect the CD94+ ILCs in three subsets
with similar phenotypes as ILC1 and ILC3; CD94+NKp44+ ILC3s,
CD94+NKp44− ILC3s, both characterized by the expression of
CD117, and CD94+ ILC1s, characterized by the absence of NKp44
and CD117. CD94+NKp44− ILC3s were superior in their cytotoxic
capacities compared to CD94+NKp44+ ILC3s. CD94+ ILC1s could
not be analyzed for their cytotoxic capacities because of limited
cell numbers. However, the higher expression of transcripts for
cytotoxic molecules and intracellular granulysin protein suggest
that they have a higher cytotoxic capacity than CD94+ ILC3s.
Recently, single cell RNA sequencing of tonsillar ILCs revealed
a cell type with similarities to CD94+ ILCs [14]. Those cells,
which were proposed to be transitional between ILC3 and ILC1
based on RNA velocity analysis, expressed transcripts of cyto-
toxic molecules suggesting they were cytotoxic. However, these
researchers did not isolate and characterize these transitional
cells to verify their phenotypes and functions [14]. Our analysis
demonstrates that ex vivo isolated CD94+ ILCs display cytotoxic
activity but are distinct from NK cells.

Investigating the origin of cytotoxic CD94+ ILCs we observed
that these cells can arise from conventional non-cytotoxic ILC3s
following incubation with IL-12 but not by IL-15 in vitro. This
finding is in line with observations of other researchers who
reported that ILC3s from human tonsil could differentiate toward
NK-like cells with cytotoxic capacities under the influence of
IL-12. However, these researchers also reported that ILC3 can
become Eomes+CD94+ cytotoxic following culture with IL-15 in
vitro, which contrasts with our findings [13]. The reasons for this
discrepancy are unknown. Despite the lack of CD94 and Eomes
upregulation in ILC3 upon IL-15 culture, we did observe intracel-
lular staining for perforin and granzyme B. However, only very
low cytotoxic activity against target cells was found, suggesting
that sole upregulation of cytotoxic molecules is not sufficient to
induce the ability to kill target cells. Why the presence of per-
forin and granzyme is not sufficient for killing activity is unclear.
It might be possible that perforin and granzyme B are not present
in granules within these cells or, alternatively, granules containing
these molecules are not secreted by the IL-15-stimulated ILC3s in
the presence of K562. Thus, together our data indicates that ILCs
can promptly respond to local IL-12 but not to IL-15 to gain cyto-
toxic functions.

Our observation that IL-15 fails to induce differentiation of
CD94+ ILCs into mature NK cells contrasts with earlier obser-
vations of Freud and collaborators on the basis of which it was
proposed that ILC3s are precursors of NK cells. These researchers
identified a Lin-CD94+NKp80−CD16− population which repre-
sented an intermediate stage in NK cell development and were
called stage 4a NK cells. These stage 4a cells were reported to be
similar to ILC3s and able to develop into mature NK cells express-
ing NKp80 and CD16 [10]. These stage 4a cells express CD94 and
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Figure 6. Single NKp44− and NKp44+ ILC3s give rise to cytotoxic CD94+ ILCs. (A-D) Single NKp44+ ILC3s or NKp44− ILC3s were sorted by FACS into
96-well round-bottomplates pre-seededwithOP9 and stimulatedwith IL-2 (20 U/ml), IL-12, and IL-1β (20 ng/mL) for 2–3weeks.Cloneswere analyzed
only if >80 CD45+ cells. Gating strategy as shown in Supporting Information Fig. S4A was applied to select for ILCs. (A) Grey pie charts quantifying
the number of CD94+ and CD94− clones derived from conventional CD94−NKp44+ ILC3s and CD94−NKp44− ILC3s after culture. Colored pie charts
show expression of combinations of CD200R1, T-bet, Eomes and NKp80 within the CD94+ clones. (B) Representative flow cytometric analysis of
subgroups displayed in colored pie chart of A. (C) Clones that were sufficiently expanded were stimulated with PMA/ionomycin for 3 h, stained
intracellular for granzyme B and IFN-γ and measured by flow cytometry. Bar graphs show numbers and type of cytokines produced by clones.
(D) Representative flow cytometric analysis of combinations of CD94, IFN-γ, and granzyme B expressing clones, which were quantified in (C). The
clones were generated from four different donors in two independent experiments.
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are similar to the cells we describe here but in contrast to our
cells, which are CD127+, they are heterogeneous in the expres-
sion of CD127 and contain CD127−/dim cells. Because CD127+

ILCs failed to upregulate mature NK cell markers in our cultures,
it is likely that the NK cells are derived from the CD127−/dim por-
tion of the mixed stage 4a population. However, we cannot com-
pletely exclude that in vivo the ILC3s could upregulate mature
NK cell markers. On the other hand, both RORγt−/− and IL-7R−/−

patients have normal levels of NK cells, but lack ILC3s and would
thus also lack RORγt+CD127+CD94+ ILCs [15]. These observa-
tions, also made in mice, make it highly unlikely that ILC3s and
CD94+ ILCs are NK cells precursors.

The identification of cytotoxic ILCs raises the question what
the function of these cells could be. Even though NK cell related
genes were expressed on a lower level and not all NK cell related
genes were expressed in CD94+ ILCs, their killing efficiency is sim-
ilar to NK cells. Interestingly, KIR expression was absent on freshly
isolated CD94+ ILCs, suggesting that killing is most likely reg-
ulated through CD94 itself. Since some viruses, (e.g., influenza,
Epstein–Barr, and human Cytomegalovirus) have evolved spe-
cific NK cell evasion mechanisms by promoting engagement of
inhibitory KIRs and thereby inactivating NK cells, the existence
of these CD94+ ILCs could be an evolutionary adaptation [31].
Given that CD94+ ILCs do not express KIRs, and thus no inhibitory
KIRs, they should be resistant to this type of viral immune medi-
ated evasion and their cytotoxicity may be crucial in protection
against such viruses. Thus, it is possible that cytotoxic ILCs are
involved in antiviral immunity. Interestingly HIV infection results
in depletion of peripheral blood ILCs [32], which are mostly
immature [7,8], whereas ILCs are retained in the tonsils and gut.
It would be of interest to analyze the characteristics of CD94+

ILCs in viral infections. Co-expression of CD94 and CD127 was
reported absent in human fetal intestine [33], suggesting that the
development of CD94+ ILCs is microbiota dependent. The con-
stitutive expression of granulysin in the CD94+ ILC subsets may
suggest that these cells are specialized in eradicating pathogenic
bacteria as this toxin has bactericidal activities [34]. It will be
of interest to analyze expression and function of granulysin in
ILCs located at barrier surfaces like gut, airways, and skin as
pathogenic bacteria enter at those locations.

The cytotoxic ILCs described here are reminiscent of cyto-
toxic CD4+ T cells [2]. Like non-cytotoxic ILCs, CD4+ T cells
also have the capacity to up-regulate a cytotoxic machinery, which
occurs primarily during chronic viral infections [3–6,35,36]. Sim-
ilar to ILCs, CD4+ cytotoxic T Lymphocytes (CTLs) are charac-
terized by the expression of CD94 and Eomes and produce IFN-γ
and cytolytic granules [37]. In contrast to IL-12 driven cytotox-
icity in ILCs, CD4+ CTLs are induced by IL-2 and low doses
of antigen [38,39], suggesting that the mechanisms of induc-
tion of the cytotoxic machinery in CD4+ T cells and ILCs are
different.

We conclude that both innate and adaptive “helper” non-
cytotoxic lymphocytes have the capacity to gain cytotoxicity under
the influence of environmental cues.

Materials and methods

Isolation of ILCs and NK cells from tonsil and blood

Human pediatrics tonsils were collected with approval of tissue-
specific protocols by the Medical Ethical Committee of the Ams-
terdam UMC, Amsterdam. Tonsils were obtained from pediatric
tonsillectomies performing within the Amsterdam UMC or Onze
Lieve Vrouwe Gasthuis hospital (Amsterdam, The Netherlands).
Informed consent was obtained from patients whose tonsils were
used in this study after the nature and possible consequences
were explained. Buffy coats were provided by the blood bank
(Sanquin, Amsterdam). PBMCs were isolated by Ficoll-Hypaque
density gradient (Lymphoprep; Axis-Shield). Tonsils were pro-
cessed to obtain cell suspensions as described before [40]. For
ILC enrichment, tonsil cell suspensions were depleted for CD3
and CD19 by MACS depletion and PBMC were depleted for CD3,
CD14, and CD19 using MojoSort magnetic cell separation sys-
tem (BioLegend, San Diego, CA, USA). Obtained (depleted) cell
suspensions were stained for 30 min at 4°C with fluorochrome-
conjugated antibodies (Supporting Information Table S1). The
cells were purified by flow cytometry using a FACSAria IIU (BD
Biosciences).

Flow cytometry analysis

For flow cytometry, we adhered to the Guidelines for the use of
flow cytometry and cell sorting in immunological studies [41].
After culture, cells were analyzed by surface staining and intra-
cellular transcription factor or intracellular cytokine staining. For
experiments involving intracellular cytokine staining, cells were
stimulated with PMA (10 ng/ml; Sigma) plus Ionomycin (500 nM;
Merck) for 6 h, with the last 2 h in the presence of Golgi Plug
(555029; BD). For FACS analysis, cells were washed and stained
for surface antigen staining and fixable viability dye eFluor455UV
(65-0868-14; eBioscience) for 30 min at 4°C in PBS. Then cells
were washed and fixed using 4% paraformaldehyde for 10 min,
followed by permeabilization using the Foxp3/Transcription fac-
tor staining buffer kit (ThermoFisher Scientific). Samples were
subsequently stained with intracellular cytokine/transcription fac-
tor antibodies for 30 min at room temperature in permeabilization
buffer. Samples were acquired on the LSRFortessa or FACSCanto
II (BD Biosciences) and analyzed using FlowJo software (FlowJo
LLC, Ashland, OR).

ILC/NK cell bulk and single cell co-culture with OP9
cells

Naïve OP9 murine stromal cells were kindly provided by Dr. T.
Nakano (Osaka University, Osaka, Japan). For co-cultures with
ILCs or NK cells, 3000 OP9 cells were plated one day prior to
co-culture per well in a 96-well round bottom plate in Yssel’s
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medium (IMDM + 4% (v/v) Yssel’s supplement (made in house,
Amsterdam UMC) + 2% (v/v) human AB serum (Invitrogen)).
For bulk cultures (1000-5000 ILCs per condition), ILCs or NK
cells were cultured with OP9 cells for 7–9 days with IL-2 (10
U/ml) with combinations of IL-12, IL-1β, IL-15 and IL-23 (all 50
ng/ml) and cytokines were supplemented at day 3 and 6. In sin-
gle cell cloning, IL-2 (20 U/ml), IL-12 and IL-1β (20 ng/ml) and
medium were refreshed weekly and samples were analyzed after
2–3 weeks.

Cytokine secretion analysis

Supernatants were collected after culturing and analyzed for
the presence of IFN-γ or IL-22 (eBioscience) by Enzyme-Linked
Immunosorbent Assay (ELISA) according to the manufacturer’s
protocol.

Killing assay

Ex vivo isolated or resorted ILCs/NK cells were rested o/n in
Yssel’s medium with IL-2. Then ILCs were co-cultured with 2000
Calcein AM (Biolegend) stained K562 cells per well, at indicated
ratios for 6 h. DAPI was added and cells were acquired on the
FACSCanto II (BD Biosciences) and analyzed using FlowJo soft-
ware (FlowJo LLC, Ashland, OR). Percentage of specific killing
was calculated as 100%-((live K562 in sample/live K562 in con-
trol)*100).

Quantitative real-time PCR

Sorted cell populations were lysed and RNA was isolated using the
NucleoSpin RNA XS kit (Macherey-Nagel) according to the man-
ufacturer’s protocol. Complementary DNA was synthesized using
the High Capacity Archive kit (Applied Biosystems). PCR was per-
formed with a LightCycler 480 Instrument II (Roche) with SYBR
Green I master mix (Roche). Primers sets that were used are listed
in Table S2 Analysis of expression was performed with Bio-Rad
CFX Manager 3.1 software and normalized to the expression of
β-actin.

Microarray analysis

Sorted cell populations were snap frozen in PBS directly
after sorting and stored at –80°C until RNA extraction. QIA-
zol Lysis Reagent (Qiagen) was added to the cells, and
RNA was isolated and purified using the RNeasy kit (Qia-
gen). The RNA concentration was measured on a Nan-
oDrop ND-2000 (Thermo Scientific) and the RNA integrity
was determined using the 2200 TapeStation System with Agi-
lent RNA ScreenTapes (Agilent Technologies). Total RNA was
amplified using the GeneChip WTF Pico Kit (Thermo Fisher

Scientific), generating biotinylated sense-strand DNA targets.
The labeled samples were hybridized to human Clariom S
pico arrays (Thermo Fisher Scientific). Washing and stain-
ing was performed by the GeneChip Fluidics Station 450
and the scanning was performed using the GeneChip Scan-
ner 3000 (both Thermo Fisher Scientific). All cell popu-
lations were generated in triplicate. All data analysis was
performed in RStudio. Raw data were normalized sing
the RMA algorithm implemented in the limma Bioconduc-
tor R-Package [42]. Adjusted P-values were calculated using
the Benjamin-Hochberg method. Data were visualized using
glimma and complex heatmap R-packages [43]. The following
packages were used in the analysis pipeline: oligo, limma, affy-
coretools, clariomshumantranscriptcluster.db, GO.db, Glimma,
biobroom, ComplexHeatmap, pathfindR, ggbiplot, tidyverse [42–
48].
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