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Innate lymphoid cells (ILC) are RAG-independent lymphocytes with important roles in innate immunity, and include

group-1 (natural killer (NK) cell, ILC1), group-2 (ILC2), and group-3 (lymphoid tissue inducer (LTi), NCRþ ILC3) subsets.

Group-3 ILC express Rorct, produce interleukin (IL)-22, and are critically important in the normal function of mucosal

tissues. Here, we describe a novel model cell line for the study of ILC function and differentiation. The parental MNK cell

line, derived from NKR-P1Bþ fetal thymocytes, shows a capacity to differentiate in cc cytokines. One IL-7-responsive

subline, designated MNK-3, expresses Rorct and produces high levels of IL-22 in response to IL-23 and IL-1b
stimulation. MNK-3 cells display surface markers and transcript expression characteristic of group-3 ILC, including

IL-7Ra (CD127), c-kit (CD117), CCR6, Thy1 (CD90), RANK, RANKL, and lymphotoxin (LTa1b2). Using an in vitro assay of

LTi cell activity,MNK-3cells induce ICAM-1andVCAM-1expressionon stromal cells in amannerdependent uponLTa1b2
expression. A second IL-2-responsive subline, MNK-1, expresses several NK cell receptors, perforin and granzymes,

and shows some cytotoxic activity. Thus, MNK-1 cells serve as a model of ILC1/NK development and differentiation,

whereas MNK-3 cells provide an attractive in vitro system to study the function of ILC3/LTi cells.

INTRODUCTION

Innate lymphoid cells (ILC) can be defined as cells of lymphoid
lineage and morphology that lack functionally rearranged
T-cell receptor (TCR) or immunoglobulin (Ig) genes. Recent
work has clarified the ILC nomenclature into three subsets.1

Group-1 ILC include conventional natural killer (NK) cells that
exhibit perforin and granzyme-mediated cytotoxicity against
virally infected cells and tumor cells. The signature cytokine
secreted by NK cells is interferon (IFN)-g. NK cells can be
found in the blood, spleen, lymph nodes, liver, uterus, and other
tissues. Individuals with NK cell deficiencies are particularly
sensitive to Herpesviridae infections. Development of NK cells
depends on several transcription factors, including T-bet
(encoded by Tbx21), eomesodermin (Eomes), and E4BP4
(Nfil3), as well as signaling via the cytokine receptors CD122
(Il2rb) and CD132 (common gamma chain, gc, Il2rg).

2 Within
the group-1 ILC umbrella, there are also ILC1 cells that produce
IFN-g and are distinct from NK cells.1,3,4 However, some of

these ILC1 cells may derive from ILC3 under the influence of
pro-inflammatory stimuli.3,5–7

Group-2 ILC are defined by their ability to produce cytokines
similar to Th2 cells, especially interleukin (IL)-5 and IL-13.
Known variably as innate helper type-2 cells, nuocytes, or
natural helper cells, ILC2 cells1 have been identified in lymph
node, spleen, liver, lung, intestine, and peritoneal adipose-
associated lymphoid tissue.8 Th2 cytokine production by ILC2
is triggered by IL-25 (IL-17E) and IL-33.9 Development of ILC2
requires Rora and Gata3.9 Deficiencies in ILC2 cells cause
severe defects in defense against helminth infections.9 ILC2 also
have a role in allergic responses, for example, producing IL-5
and IL-13 in response to allergens.9

Group-3 ILC are defined by expression of the signature
transcription factor, Rorgt (encoded by Rorc), which is also
necessary for their development.8 This group encompasses
embryonic lymphoid tissue inducer (LTi) cells and related adult
ILC3 cells.1 Although distinctions have been made previously,1
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here, the term ILC3 will be used to refer inclusively to LTi cells
and other Rorgtþ ILC. During development, LTi cells colonize
the primordial lymph nodes, Peyer’s patches, cryptopatches,
and isolated lymphoid follicles. LTi cells induce adhesion
molecules, chemokines, and the recruitment of other cells to
establish the secondary lymphoid organs, via lymphotoxin
signaling to mesenchymal organizer cells.10 Like Th17 cells,
which also express Rorgt, fetal LTi cells produce IL-17A and
IL-22.11,12 Cells with an LTi-like phenotype are also found in
adult intestines and spleen, and similarly have the capacity to
make IL-17A and/or IL-22.7,12–14 ILC3 also include cells found
in mucosal tissues, such as the intestinal lamina propria, that
express NKp46 (Ncr1) and produce IL-22 upon stimulation.15–18

Also known as NK22 cells, NK cell receptor (NKR)-LTi cells,
NCR22 cells, and ILC22, they are now known as NCRþ ILC3.1

These cells have a limited capacity to produce IL-17A.
In addition to their role in lymphoid tissue development,

ILC3 are also indispensible for adult mucosal homeostasis and
immune defense. Depletion of ILC3 in vivo causes a loss of
containment of commensal bacteria and results in systemic
inflammation.19,20 ILC3 are also critical in defense against
intestinal pathogens such as Citrobacter rodentium, where they
are the dominant source of protective IL-22,18,21 and condition
dendritic cells via lymphotoxin signaling.22 ILC3 are also
important for clearance of oral fungal infections such asCandida
albicans,23 and are protective in several models of inflammatory
bowel disease.12,24 In allogeneic bonemarrow transplant models,
IL-22-producing ILC3 were reduced during graft-vs.-host
disease, leading to intestinal epithelial damage.25 In addition,
functional ILC3 are required for mucosal production of IgA.26

Here, we report a novel cell line, MNK-3, that shares with
ILC3 the expression of signature transcription factors, secreted
cytokines, cytokine receptors, chemokine receptors, and
adhesion molecules. MNK-3 represents a prototypical cell
line model of ILC3 that can be expanded in culture to high
numbers to study the biology of ILC3 in vitro. In addition, a
second subline, MNK-1, serves as a model for the differentia-
tion of other ILC subsets, including IFN-g-producing ILC1 and
NK cells.

RESULTS

MNK cells can differentiate in cc cytokines to generate
distinct sublines in vitro

The MNK cell line was originally generated from sorted
NIH-Swiss mouse fetal day-15 NK1.1þ thymocytes that were
co-cultured with Bcl2-retrovirus producer cells and subse-
quently transfected with constructs encoding the SV40 large
T antigen (T-Ag) and human c-MYC, then cultured in IL-3, IL-
6, IL-7, stem cell factor, andmaintained in IL-2 forB6weeks.27

The resulting cell line was responsive to the gc cytokines, IL-2,
IL-7, and IL-15 in vitro, but lacked cytotoxic activity, and initial
characterization was suggestive of a thymic NK precursor.
Notably, in this mouse strain, the NK1.1 phenotype is due to
expression of the NKR-P1BSw receptor (encoded by Klrb1b), in
contrast to the well-known NKR-P1CB6 receptor (Klrb1c).28

Interestingly, cultured MNK cells exhibited phenotypic
heterogeneity, with some cells expressing additional NKR.
To examine this in greater detail, MNK cells were sorted to high
purity for lack of NKp46, CD94, NKG2D, DX5, and CD11b
expression, then cultured with gc cytokine combinations. Cells
cultured in IL-7 cycled slowly and remained negative for these
NKR (Figure 1). In contrast, in the presence of IL-2, these NKR
were induced de novo on a subset of MNK cells (Figure 1). This
differentiation was not due to outgrowth of rare sort
contaminants, as clonal analyses revealed the appearance of
NKp46, DX5, and CD94 on some cells (data not shown).

Given these results, different sublines were developed. Sorted
NKR– MNK cells cultured in IL-2 were sequentially sorted for
NKp46, CD94, and NKG2D expression, and one resulting
subline was designated MNK-1 (Figure 1). A second NKR�

subline maintained in IL-7 (then expanded in IL-7 and IL-15)
was designated MNK-3 (Figure 1). Genomic DNA PCR
revealed integration of SV40 T-Ag and human c-MYC in both
MNK-3 and MNK-1 (Supplementary Figure 1 online).

MNK-3 and MNK-1 cells lack markers of most leukocyte
lineages, including T cells

The MNK-3 and MNK-1 cell lines were characterized by flow
cytometry. MNK-3 cells did not express markers of T cells

Figure 1 The MNK cell line can differentiate in gc cytokines to generate distinct sublines in vitro. Parental MNK cells were sorted to high purity to be
negative for NKp46, CD94, NKG2D, DX5, and CD11b, then cultured for 31 days in interleukin (IL)-7 or IL-2 (each at 10 ngml�1) and analyzed by flow
cytometry. Cellsmaintained in IL-7were subsequently expanded in IL-7 plus IL-15 and designatedMNK-3. Cells cultured in IL-2were sequentially sorted
positive for NKp46, CD94, and NKG2D to generate the MNK-1 subline. NK, natural killer.
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(CD3e, TCRgd TCRb, CD4, CD8a, CD2, or CD5), B cells
(CD19, IgM, CD45R(B220)), dendritic cells (CD11c), macro-
phages (F4/80), or granulocytes (Gr-1) (Figure 2a). MNK-3
cells also lacked detectable Flt3 (CD135) expression, but did
express the normal leukocyte markers, CD11a, major histo-
compatibility complex (MHC)-I (H-2q), and Clr-b (Clec2d)
(Figure 2a); notably, the latter functions as a ligand for the
NKR-P1B (Klrb1b) inhibitory receptor,29,30 which is also
expressed at high levels. The second subline,MNK-1, displayed
a similar phenotype, with the exception of low-level expression
of CD45R and CD11c (Figure 2b), which can be expressed by
activated NK cells.31,32

The transcriptomes of MNK-3 and MNK-1 cells were
profiled bymicroarray and RNA sequencing (RNA-seq) (along
with control syngeneic NIH-Swiss NKp46þCD3– IL-2-lym-
phokine-activated killer (NK-LAK) cells), then compared with
transcriptome data from other cells, including intestinal ILC3
(CD3– CD19– Rorgt-reporterþ NKp46–),33 intestinal ILC2
(CD3– CD19– Sca1hi CD25þ KLRG1þ ),33 splenic NK cells,34

and naive splenic CD8þ T cells.35 Because of their fetal thymic
origin, the MNK-3 and MNK-1 cell lines were examined
more closely for T-cell-associated gene products. As shown
in Figure 2c, MNK-3 cells express negligible transcripts of
Cd3e, Cd3d, Cd3g, Cd5, Rag1, Rag2, and Ptcra (pre-TCRa)
(all registering o1 sequence read per kilobase per million
(r.p.k.m.)). MNK-3 cells also lacked the transcription
factors Bcl11b (necessary for T-cell development) and Sox13
(involved in gd T-cell development). Low-level expression of
Cd247 (CD3z, 1.9 r.p.k.m.), Notch1 (1.3 r.p.k.m.), and Notch2
(3.7 r.p.k.m.) was observed inMNK-3 cells (Figure 2c). Parallel
triplicate microarray measurements largely confirmed the
RNA-seq data (Figure 2d). The expression pattern observed
in MNK-1 cells was mostly similar, with the exception of
higher levels of Cd3g and Cd247 (Figure 2c,d), which
were also observed in NK cells and syngeneic NK-LAK
(Figure 2d). High-level expression of many of these T-cell-
associated molecules was clearly visible in naive CD8 T cells
(Figure 2d).

Figure 2 MNK-3 andMNK-1 cells lackmarkers of most leukocyte lineages, including T cells. (a and b) MNK-3 andMNK-1 sublines were characterized
by flow cytometry. The solid-line histograms represent unstained cells, isotype control monoclonal antibody or secondary staining reagent alone. (c) The
transcriptomes of MNK-3 andMNK-1 cells were analyzed by whole-transcriptome sequencing. Shown are numbers of sequence readsmapping to each
listed gene (reads per kilobase permillion (r.p.k.m.)). (d) Transcript expression inMNK-3 andMNK-1 were also examined by Affymetrix microarray. Two
related sublines, generated in the same fashion as MNK-1 by independent sorts, were also examined, indicated by asterisks. Depicted are percentile
rankings of normalized hybridization intensity for probesets recognizing the listed gene products. Microarray results were contrasted with similar data
derived from interleukin (IL)-2-activated splenic NK cells (LAK), ex vivo intestinal Rorgt-reporterþ ILC3,33 intestinal ILC2,33 splenic natural killer (NK)
cells,34 and naive splenic CD8 T cells.35
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In an exception to this pattern, considerable numbers of
MNK-3 and MNK-1 transcriptome reads mapped to the
TCR-Cg1 (Tcrg-C1) and TCR-Cb1 (Trbc1) constant regions
(Figure 2c; Supplementary Figure 2). However, minimal
expressionwas detected from the TCR-Ca or TCR-Cd constant
regions (data not shown). Expression of TCRg was also
detected by microarray in both cell lines (Figure 2d), although
the cross-reactive probe sets did not distinguish between Cg
constant regions. Examination of the MNK-3 and MNK-1
transcriptome sequencing data, PCR-based 50-RACE reactions,
and genomic DNA PCR implied that these were unrearranged
germline TCRg and TCRb transcripts, which initiated
upstream of recombination signal sequences (Supplemen-
tary Figure 2). Interestingly, microarray data of ex vivo ILC3
and ILC2 also showed high signals for TCRg, but not other
T-cell markers (Figure 2d), suggesting that germline TCR
transcripts could be a general phenomenon of ILC in vivo.
These results suggest that, despite their thymic origin, MNK-3
and MNK-1 do not possess functionally rearranged TCR.

MNK-1 cells express numerous NKR and NK
function-associated molecules

The MNK-3 andMNK-1 lines originated from sorted NK1.1þ

(NKR-P1Bþ ) cells, and both expressed high levels of Nkrp1b
(Klrb1b) transcripts (Figure 3a,b) and surface protein (NK1.1)
(Figure 3c,d). Among surface receptors and signaling adaptors
associated with NK cell function, MNK-3 appeared to express
substantial levels of FcRg (Fcer1g), Tactile (Cd96), CD16
(Fcgr3), NKp46 (Ncr1), Lilrb4, Kir3dl1, and lower levels of
Slamf3 (Ly9), Slamf5 (Cd84), EAT-2 (Sh2d1b1), Cd160, and
NKR-P1F (Klrb1f) (Figure 3a,b). Notably, most of these trans-
cripts could also be detected in ex vivo ILC3 cells (Figure 3b).
For example, Nkrp1b (Klrb1b) was expressed at substantial
levels in ILC3, ILC2, NK, and IL-2-activated NK cells (LAK)
(Figure 3b). Although originally sorted to be negative for
NKp46 (Figure 1), low levels of NKp46 protein were observed
on a subset ofMNK-3 cells, regained after culture with IL-7 and
IL-15 (Figure 3c). MNK-3 remained negative or very low for
many NKRs (Figure 3a–c), and failed to express perforin
(Prf1), granzyme A (Gzma), or IFN-g (Ifng) (Figure 3a,b).
However, MNK-3 had substantial transcripts for granzymes B
and C (Gzmb, Gzmc) (Figure 3a,b), the latter also detected in
ex vivo ILC3 at higher levels than resting NK cells (Figure 3b).
Thus, MNK-3 cells lack a mature NK cell phenotype, and
most NK cell markers expressed inMNK-3 could also be found
in ILC3.

In contrast, MNK-1 cells displayed several features char-
acteristic of NK cells. Sorted positive for NKR expression,
MNK-1continued to expressNK-related transcripts (Figure3a,b)
and surface molecules (Figure 3d), including NKp46 (Ncr1),
NKG2D (Klrk1), CD94 (Klrd1), and CD11b (Itgam). MNK-1
cells also expressed other NKRs and signaling adaptors at much
higher levels than MNK-3, including: Ly49E (Klra5; 238-fold),
NKG2A (Klrc1; 73-fold), NKG2C (Klrc2; 32-fold), DAP12
(Tyrobp; 31-fold), Klre1 (22-fold), DAP10 (Hcst; 16-fold),
DNAM-1 (Cd226; 15-fold), Kir3dl2 (10-fold), NKR-P1A

(Klrb1a; ninefold), Cd160 (sevenfold), NKG2E (Klrc3; sixfold),
EAT-2 (Sh2d1b1; fivefold), Tigit (fivefold), 2B4 (Cd244; fourfold),
and ERT (Sh2d1b2; fourfold) (Figure 3a,b). Surface NKG2A/
C/E expression was also observed for MNK-1 (Figure 3d);
however, surface Ly49 expression was not detected using anti-
Ly49 monoclonal antibodies (mAb) (Figure 3d), possibly due
to strain polymorphisms. Strikingly, MNK-1 cells had extre-
mely high levels of transcripts for the cytotoxic effector mole-
cules, perforin (Prf1) and granzymes-A,B,C,D,E,G (Gzma-g)
(Figure 3a,b), rivaling b-actin for transcript abundance, and
necessitating a different scale in Figure 3a. Interestingly, the
increased NKR and cytotoxic molecules in MNK-1 correlated
with higher expression of eomesodermin (Eomes), E4bp4
(Nfil3), and T-bet (Tbx21) transcription factors associated with
development of mature NK cells (Figure 3a,b).2 Two sublines
created in the same manner as MNK-1 by independent sorting
were also characterized by microarray, and their results
appeared to be similar (Figure 3b).

Notably, the pattern of NK cell-associated transcripts
expressed in MNK-1 showed many similarities with those
observed for syngeneic NK-LAK cells (columns 5 and 6 in
Figure 3b). Indeed, when all genes were considered that
differed between MNK-3 and MNK-1 (e.g., 410-fold or
45-fold in bothRNA-seq andmicroarray analyses), geneswith
high expression in MNK-1 often displayed elevated levels in
LAK cells, whereas genes selectively expressed in MNK-3 were
rarely expressed in LAK (Figure 3e; Supplementary Figure 3).
Although less than LAK cells, MNK-1 cells showed a low level
of cytotoxic activity against classical NK cell target cell lines
YAC-1 and RMA/S (Figure 3f). MNK-3 cells did not appear to
be cytotoxic (Figure 3f).

MNK-3 cells expressmanymarkers associatedwith Rorctþ

ILC3

MNK-3 cells were examined for expression of transcription
factors associated with the ILC lineages. Id2 transcripts were
highly expressed in MNK-3 cells, detected by RNA-seq and
microarray (Figure 4a,b). Id2 expression was also seen in
ex vivo ILC3, ILC2, NK cells, and syngeneic NK-LAK
(Figure 4b), consistent with its necessity for the develop-
ment of these cell types.8 Other transcription factors implicated
in the development of multiple ILC lineages, including
ILC3,36–38 such as TCF-1 (Tcf7), Tox, and Gata3, were also
expressed by MNK-3 (115, 11, and 3.2 r.p.k.m., respectively)
(Figure 4a,b and data not shown). However, PLZF (Zbtb16)
transcript, found transiently in ILC precursors39 was very low
in MNK-3 (1.0 r.p.k.m.) (data not shown).

Strikingly, MNK-3 expressed high levels of Rorc, which defines
ILC3 cells and is critical for their formation (Figure 4a,b). Closer
RNA-seq analysis revealed that most MNK-3 Rorc transcripts
represent the Rorgt splice isoform (data not shown). Rorgt
protein was also validated by intracellular flow cytometric
analysis of MNK-3 cells (Figure 4c). MNK-3 cells also showed
significant expression of Rora (Figure 4a,b). Mice lacking Rora
have deficiencies in ILC2 populations,9 but microarray data
revealed that Rora is expressed in both ILC2 and ILC3
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(Figure 4b). Ahr has also been implicated in post-natal
proliferation, survival, and function of some ILC3 subsets
and the development of isolated lymphoid follicles.40–42 MNK-
3 cells expressed a low but detectable level of Ahr transcripts
(5.4 r.p.k.m.) (Figure 4a,b). ILC3 may have parallels in gene
regulation with Th17 cells. However, among key transcription
factors implicated in Th17 regulatory networks,43 MNK-3 cells
expressed Stat3 and Maf, but lower Batf, and minimal Irf4
(Figure 4a,b).

Given the similarities between MNK-3 and ILC3, we
examined molecules associated with ILC3 and ILC2 phenotype
and function. Interestingly, MNK-3 expressed a number of
transcripts that were highly expressed in multiple ILC subsets,
and several transcripts that were specific to ILC3 (Figure 4a,b).

For example, MNK-3 expressed transcripts for cytokine
and chemokine receptors found on ILC3 (and/or ILC2)
populations, including Il2rg, Il2rb, Il2ra, Il7r, Il23r, Il1r1,
Il17re, Kit, Cxcr6, Cxcr4, Cxcr5, and Ccr6 (Figure 4a,b). Il2rg
and IL7r are necessary for efficient development of ILC3 cells,
whereas Il23r and Il1r1 are critical for their response to
cytokines.8 Expression of cell-surface protein on MNK-3 was
demonstrated for CD122 (Il2rb), CD25 (Il2ra), CD127 (Il7r),
CD117 (Kit), CXCR4, CXCR5, and CCR6 (Figure 4c).

ILC subsets also express several members of the tumor
necrosis factor (TNF)/TNF receptor (TNFR) superfamilies.
MNK-3 expressed high levels of Lta and Ltb (Figure 4a,b),
prototypical markers of LTi cells, necessary for ILC3 functions
in lymphoid organogenesis, dendritic cell-regulation, and

Figure 3 MNK-1 cells display many NK cell receptors (NKR), cytotoxic function molecules, and some cytotoxic activity. MNK-3 and MNK-1 cells were
characterized by (a) whole-transcriptome sequencing, (b) Affymetrix microarray, or (c and d) flow cytometry as described in Figure 2. (e) All genes
differing betweenMNK-3 andMNK-1 by the indicated fold change (in bothRNA-Seq andmicroarray analyses) are shown, and contrastedwith syngeneic
natural killer (NK)-lymphokine-activated killer (LAK) cells. Depicted are percentile rankings of normalized hybridization intensity using the same scale as
in b. (f) Cytotoxicity of MNK-3, MNK-1 or LAK cells toward YAC-1 and RMA/S target cells wasmeasured in a 51Cr release assay. Percent specific lysis is
shown.
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control of gut IgA production in vivo.10,22,26 Surface LTb
expression on MNK-3 cells was confirmed by flow cytometry
(Figure 4c), and functional binding of LTbR–Ig fusion
protein to MNK-3 cells likely represents binding to LTa1b2

heterotrimers (Figure 4c), because the other LTbR ligand,
LIGHT (Tnfsf14), was expressed at lower levels in MNK-3
(Figure 4a,b). Like ILC3, MNK-3 also expressed transcripts for
4-1BB (Tnfrsf9), GITR (Tnfrsf18), DR3 (Tnfrsf25), RANKL
(Tnfsf11), and RANK (Tnfrsf11a), several of which were
confirmed by flow cytometry (Figure 4c).

Characteristic adhesion molecules and surface markers have
also been reported on ILC3 and ILC2. Strikingly, MNK-3
showed substantial expression of CD90 (Thy1), integrin-b7
(Itgb7), integrin-b1 (Itgb1/CD29), integrin-a4 (Itga4/CD49d),
CD44, Sca-1 (Ly6a), and CD69 (Figure 4a,b). All of these
proteins could be detected on the surface of MNK-3 cells
(Figure 4c, data not shown). Notably, MNK-3 did not express

transcripts restricted to ILC2 cells, including the signature
cytokines, IL-5 and IL-13 (Figure 4b).

On the other hand, the other subline, MNK-1, lacked
transcripts for many ILC3-associated molecules found in
MNK-3, including Il23r, Il1r1, Il7r, Ccr6, Cxcr5, Cxcr4, Il17re,
DR3 (Tnfrsf25), Rank (Tnfrsf11a), and Itga4; MNK-1 also had
much reduced levels of Lta, Ltb, and Itgb7 (Figure 4a,b).
Reduction or absence of several of these surface proteins was
verified by flow cytometry (Figure 4d). Furthermore, MNK-1
cells lacked Rorc expression and had reduced Rora compared
with MNK-3 cells (Figure 4a,b).

MNK-3 produces IL-17A, IL-17F, and substantial IL-22,
whereas MNK-1 produces IFN-c
MNK-3 cells were examined for their production of IL-22 and
IL-17A, responsible formany in vivo functions of ILC3.Whole-
transcriptome sequencing analysis of MNK-3 revealed basal

Figure 4 MNK-3 cells express many molecules associated with Rorgtþ ILC3. MNK-3 andMNK-1 cells were characterized by (a) whole-transcriptome
sequencing, (b) Affymetrix microarray, or (c and d) flow cytometry staining, as described in Figure 2.
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expression of IL-22 (7.9 r.p.k.m.), but no detectable IL-17A
(Figure 4a,b). Functionally, unstimulatedMNK-3 cells secreted a
low level of IL-22 (averaging 2 ngml� 1) into cell supernatants
(Figure 5a). IL-22 production by ILC3 cells can be triggered by
exposure to IL-23 or IL-1.8,15 Stimulation of MNK-3 cells with
IL-1, IL-23, IL-2, or Phorbol 12-myristate 13-acetate (PMA)/
ionomycin caused substantial increases in IL-22 production
(averaging 13–48 ngml� 1) (Figure 5a). Interestingly, a synergi-
stic effect was observed, whereby simultaneous treatment with
IL-1, IL-23, and IL-2 increased IL-22 to remarkable levels
(exceeding 200 ngml� 1) (Figure 5a). Similar responses in
IL-22 production were observed by intracellular flow
cytometric analysis (Figure 5b). Small increases in IL-22
production were elicited by the gc cytokines, IL-15 or IL-7,
(Supplementary Figure 4) or IL-17C (Figure 5b), which binds
to the IL17RE receptor expressed on MNK-3 and ILC3
(Figure 4a,b). In contrast to MNK-3 results, IL-22 produc-
tion by MNK-1 was almost undetectable (Figure 5a).

MNK-3was also capable of producing IL-17A, but only upon
potent stimulation, such as synergy of multiple cytokines
or upon combination with PMA/ionomycin treatment
(Figure 5a). When stimulated with individual cytokines,
IL-17A secretion was essentially undetectable (Figure 5a).
Similar responses were observed by intracellular staining of
MNK-3 (Figure 5b). As with IL-22, MNK-1 did not show any
evidence of IL-17A production (Figure 5a).

Transcriptome sequencing data showed basal expression of
the related cytokine IL-17F (14.9 r.p.k.m.) inMNK-3, but not in
MNK-1 cells (Figure 4a,b). IL-17B, IL-17C, IL-17D, and IL-25
(IL-17E) were all very low or absent (data not shown).
Intracellular staining of MNK-3 confirmed significant pro-
duction of IL-17F, with a pattern similar to that observed for
IL-22: IL-1 alone, or cytokine combinations including IL-1, had
the greatest capacity to induce IL-17F expression (Figure 5b).
ILC3 are reported to be the primary source of granulocyte-
macrophage colony-stimulating factor in the gut.44 Similarly,
MNK-3 cells secreted granulocyte-macrophage colony-stimu-
lating factor at levelsmuch higher thanMNK-1, again triggered
by IL-1 (Figure 5a). The production of additional cytokines and
chemokines by MNK-3 and MNK-1 were also investigated
(Supplementary Figure 5). Strikingly, IFN-g, the signature
ILC1/NK cytokine, was only produced by MNK-3 cells
using multiple cytokine stimuli in combination with PMA/
ionomycin (Figure 5a,b). In contrast, the other subline, MNK-
1, produced basal IFN-g levels (averaging 0.3 ngml� 1) and
very high levels of IFN-g upon stimulation with IL-2 and/or
PMA/ionomycin (Figure 5a).

ILC2 cells are potent producers of Th2 cytokines, including
IL-5 and IL-13, upon stimulation with IL-25 and/or IL-33.9

MNK-3 produced low levels of IL-4 and IL-6 upon stimulation
with IL-23 and IL-1, respectively (Figure 5c). However,
incubations with IL-25 and IL-33 had no effect (with or
without IL-2 and/or PMA/ionomycin) (Figure 5c). This result
is consistent with the transcript data that showed minimal
expression of IL-25 receptor (Il17rb) and IL-33 receptor (Il1rl1)
in MNK-3 (Figure 4a,b).

In summary, MNK-3 produces cytokines characteristic of
ILC3, using the same stimuli known to trigger ex vivo ILC3. In
contrast, MNK-1 cells produce primarily IFN-g, the signature
cytokine of NK cells and ILC1.

MNK-3 possesses LTi-like activity in vitro

During embryonic development, ILC3 cells of the LTi subca-
tegory provide lymphotoxin-mediated signals to mesenchymal
organizer cells. This leads to upregulation of adhesion mole-
cules and chemokines in the mesenchymal cells, and supports
lymphoid organogenesis.10 While characterizing human fetal
LTi cells, Cupedo et al11 utilized an in vitro assay: co-culture of
human LTi cells with human fetal mesenchymal stem cells that
led to upregulation of ICAM-1 and VCAM-1 on the mesen-
chymal cells, which was used as a readout of LTi activity. A
variation of this assay was performed using MNK-3 and the
murine OP9 stromal cell line reported to share features of bona
fidemesenchymal stem cells.45 Specifically, we used a variant of
the OP9 line that expresses low ICAM-1, but considerable
VCAM-1 on the surface (Figure 6). Strikingly, co-culture with
MNK-3 cells caused marked induction of ICAM-1 expression
on OP9 cells and a further increase in VCAM-1 levels
(Figure 6). Importantly, these effects were lymphotoxin
dependent, as they could be abrogated using blocking LTb
mAb (Figure 6) or soluble LTbR–Ig fusion protein (data not
shown). Thus, MNK-3 cells display LTi-like activity in vitro
upon incubation withmesenchymal stromal cells, similar to the
influence of ex vivo LTi cells.

MNK-3 cells engraft in vivo and can be genetically modified

To further investigate the utility of MNK-3 cells as a model, we
examined the capacity to genetically modify these cells. MNK-3
cells were readily modified by transient transfection or
lentiviral transduction using green fluorescent protein reporter
vectors46 (Supplementary Figure 6). In addition, upon
adoptive transfer into immunodeficient mice, MNK-3 cells
engrafted and proliferated with a doubling time ofB7 days. At
early time points, MNK-3 cells appeared home to sites of
primary hematopoiesis (e.g., bone marrow), then localize
chiefly to gastrointestinal and uterine tissues (Supplementary
Figure 7).

DISCUSSION

MNK-3 cells exhibit many features characteristic of ILC3,
which include several overlapping and related cell subsets. The
prototypical ILC3 subset is the fetal LTi cell. LTi cells are the
first hematopoietic cells to colonize the lymph node anlagen,
and initiate secondary lymphoid organ formation, including
the development of Peyer’s patches, cryptopatches, and isolated
lymphoid follicles in the intestine.10 Fetal LTi cells were
originally characterized byMebius et al.47 as CD3�CD4þ cells
that express LTb, a4b7 integrin, CXCR5, CD45, CD90 (Thy1),
CD25 (B75%), CD127, CD132, CD44, MHC-I, MHC-II
(B50%), and ICAM-1. With the exception of CD4, MHC-II,
and ICAM-1 expression, this phenotype is recapitulated by
MNK-3. However, subsequent studies reported the existence of
fetal LTi cells lacking CD4, in numbers comparable to CD4þ

ARTICLES

346 VOLUME 8 NUMBER 2 |MARCH 2015 |www.nature.com/mi

http://www.nature.com/mi


Figure 5 MNK-3 cells produce substantial interleukin (IL)-22 in response to IL-1b and IL-23, whereas MNK-1 cells secrete interferon (IFN)-g. (a and c)
MNK-3 or MNK-1 cells were stimulated as indicated forB20h. Secretion of the listed cytokines was detected by multiplex bead immunoassay (n¼ 3).
(b) Intracellular flow cytometry analysis was performed on MNK-3 cells stimulated for B7 h. Results are typical of three or four similar experiments.
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LTi,14,48 perhapsmore closely resemblingMNK-3. It is possible
that expression ofMHC-II and ICAM-1may depend on certain
stimuli or interactions in vivo.

Several molecules are important in the development and
function of fetal LTi cells. Mice deficient in Id2 or Rorc lack LTi
cells, and consequently have no lymph nodes or Peyer’s
patches.8,49 In addition, mice deficient in Cxcr5, Ltb, Lta,
RANK, RANKL, Il7r, or Il2rg lack lymph nodes and/or Peyer’s
patches.49 Strikingly, MNK-3 expresses all of these molecules.
Similar to fetal LTi, MNK-3 cells were able to deliver LTa1b2

signals to stromal organizer cells, leading to induction of
ICAM-1 and VCAM-1 expression (Figure 6).

Cells with a LTi-like phenotype can also be detected in
neonatal and adult animals. ILC3 cells in small intestine include
CCR6þ and CCR6� subsets, with CCR6þ ILC3 representing
the majority during embryonic and neonatal development,
declining in proportion thereafter.7,14 MNK-3 cells express
CCR6, consistent with their embryonic origin. LTi cells and
CCR6þ LTi-like cells can produce considerable levels of IL-22
and IL-17A,7,11–14 similar to MNK-3 cells (Figure 5).

The adult thymus contains ILC3 with a phenotype remar-
kably similar to MNK-3 (CD45þ CD127þ CD3� CD8�

CCR6þ RANKLþ IL-23Rþ ).50 These cells facilitate thymic
regeneration after total body irradiation in an IL-22-dependent
manner.50 Rorgtþ ILC3 with an LTi cell phenotype are also

found in embryonic day-14 thymus,51 and thymic LTi express
RANKL and induce Aire expression on medullary thymic
epithelial cells via RANK signaling.52 MNK-3 expresses high
levels of RANKL (Figure 4). AsMNK-3 originated fromday-15
fetal thymocytes, we hypothesize thatMNK-3may represent an
immortalized fetal thymic Rorgtþ LTi cell.

Despite its fetal origin, MNK-3 also shares similarities with
adult ILC3, including LTi-like and NCRþ ILC3. Similar to
NCRþ ILC3, MNK-3 expresses NKp46 on a subset of cells
(Figure 3). Although sorted to lack NKp46, levels of NKp46 on
MNK-3 increased during culture with IL-7þ IL-15 (data not
shown). Ex vivoNCRþ ILC3 are potent producers of IL-22, but
lack IL-17A production.12,15–18 Similarly,MNK-3 cells produce
basal and inducible IL-22 upon exposure to IL-23 or IL-1
(Figure 5). High-level IL-17A production was tightly regulated
in MNK-3, requiring stimulation with both cytokines and
mitogens (Figure 5). Therefore, MNK-3 serves as a model to
study IL-17A induction in ILC3. It is possible that in vivo adult
ILC3 also require a synergy of stimuli to initiate inflammatory
IL-17A production. Attractive candidates include IL-23 and
IL-1 coupled with signals from cell surface receptors.53

Understanding the triggers of IL-17A production has disease
relevance, as pathological IL-17A-producing ILC3 exist in
inflammatory contexts such as Helicobacter hepaticus infec-
tion.54 The phenotype of these colitis-exacerbating cells
(CD90þ CD127þ CD44þ CCR6þ CD25þ Rorgtþ LTaþ

LTbþ RANKLþ CXCR5þ Sca-1þ CD4� NKp46� CD117� )
is again strikingly similar to MNK-3.54

MNK-3 also expressed the NKR-P1B (Klrb1b) inhibitory
receptor that recognizes the widely expressed Clr-b (Clec2d)
ligand.29,30 Interestingly, ex vivo Rorgtþ ILC3 and ILC2 also
show considerable microarray signals for NKR-P1B (Figure 3),
suggesting these subsets are regulated by ‘self’ Clr-b, similar to
NK cells. However, it is not clear whether NKR-P1B is
expressed on all ILC3 and ILC2 or subsets in vivo. Comparisons
of genes most differentially expressed between MNK-3
and MNK-1 provide additional predictions of novel factors
likely to be important in ILC function and development
(Supplementary Figure 3).

ILC3 function in a remarkable number of contexts, including
development of lymphoid tissues,10 upregulation of Aire in
thymic epithelial cells,52mucosal homeostasis and containment
of commensal bacteria,19 defense against bacterial and fungal
infections,15,18,21,23 inhibition of inflammatory bowel disease
pathology,12,24 thymic regeneration following irradiation,50

graft-vs.-host disease pathology following bone marrow trans-
plantation,25 regulation of anti-commensal T-cell responses,20

and control of mucosal IgA production.26 Therefore, MNK-3
may serve as an attractive model for the function of ILC3 in
many physiological and pathological situations. The capacity to
genetically modify MNK-3 cells with ease (Supplementary
Figure 6) will facilitate studies involving gene overexpression,
knockdown, or CRISPR/Cas9-mediated deletion in vitro or
in vivo (Supplementary Figure 7).

Interestingly, the parental MNK cell line may also serve as a
model of ILC differentiation.When cultured in IL-2,MNK cells

Figure 6 MNK-3cells display LTi-like activity in vitro. A green fluorescent
protein (GFP)-transduced variant of the OP9 stromal cell line that
expresses low ICAM-1was cultured alone or co-cultured withMNK-3 cells
for 3 days, before analysis by flow cytometry. Plots are gated on the
GFPþOP9 cells. Effects of lymphotoxin were blocked using an anti-LTb
monoclonal antibody. Numbers depict median flourescent intensity.
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induced several NKRs de novo, including NKp46, CD94,
and NKG2D (Figure 1). Resulting MNK-1 cells produced
significant quantities of IFN-g (Figure 5). It is not yet clear
whether this represents clonal differentiation of ILC3-like
Rorgtþ cells into ILC1-like cells under the influence of IL-2,
or differentiation of bipotential progenitor cells from a
heterogeneous MNK population. Precedents for either
possibility exist. First, it has been reported that ILC3 cells
exhibit some plasticity and can differentiate into ILC1-like cells
producing IFN-g.When sorted humanNKp44þ CCR6þ ILC3
from tonsils were cultured with IL-2 for 8–15 days, a substantial
proportion (420%) acquired the ability to produce IFN-g.6

Strikingly, culture of these cells in IL-1, IL-7, and IL-23 caused
the majority to express CD94.6 Upon adoptive transfer of
murine ILC3 into immunodeficient mice, a proportion of cells
induced NKp46 while losing Rorgt expression.5 In addition,
genetic fate-mapping experiments implied that some Rorgtþ

ILC3 could downregulate Rorgt, correlating with increased
IFN-g production.5 This process was inhibited by IL-7
signaling,5 mirroring our results with MNK (Figure 1).
Nonetheless, CCR6þ LTi-like adult ILC3 may not repre-
sent precursors of NCRþ ILC3 in vivo. It has been suggested
that CCR6þ and CCR6� ILC3 are distinct lineages, with only
the latter capable of acquiring NKp46 expression and IFN-g
production in a process dependent upon T-bet.7,55 Interest-
ingly, IFN-g-producing MNK-1 cells showed higher levels
of T-bet (Tbx21) (2.4 r.p.k.m.) compared with MNK-3
(0.4 r.p.k.m.). It is possible that chronic inflammatory
stimulation may allow upregulation of T-bet in CCR6þ

ILC in vivo. MNK differentiation may model the ILC3 to
ILC1 transition.

Notably, MNK-1 cells cultured in IL-2 expressed not only
NKp46 and IFN-g, but also several other NKR and cytotoxic
molecules. Therefore, they may resemble bona fide NK cells or
other distinct ILC1 subsets (such as intraepithelial IFN-g-
producing ILC1).4 There are few murine NK cell/ILC1 models,
highlighting the utility of MNK-1. Both NK cells and Rorgtþ

ILC3 can develop from common lymphoid progenitors (Lin�

CD117int CD127þ ). In particular, when a fetal liver common
lymphoid progenitor subset expressing integrin a4b7 was
cultured with IL-7, stem cell factor, and feeder cells,
predominantly NK/ILC1 cells (NKp46þ Rorgt� ) and ILC3
(expressing Id2, Rorc, LTb, IL23R, IL-22, CXCR5, and CCR6)
were generated.51,56 The latter phenotype closely resembles
MNK-3, whereas the former resemblesMNK-1. Similar a4b7þ

common lymphoid progenitors were found in E14 fetal
thymus.51 Recently, progenitor cells with PLZFhigh CD117þ

CD127þ a4b7þ phenotype have been shown to give rise to
several ILC lineages.39 These populations may overlap with
bipotent fetal thymic TNK progenitors expressing CD117,
CD127, and NKR-P1B, similar to MNK-3.57,58 Therefore,
during the genesis of theMNK cell line, it is possible that one of
these progenitor cells was immortalized and retained the ability
to differentiate into both NK cells and ILC3. This differentia-
tion of MNK may mirror the wave of NK cell development
observed in the thymus during embryonic development.58

METHODS

Cell culture. MNK-3 and MNK-1 lines were cultured in Dulbecco’s
modified Eagle’s medium-high glucose medium with 10% fetal bovine
serum, 2mM GlutaMAX, 1mM sodium pyruvate, 55 mM 2-mercapto-
ethanol, 10mM HEPES, 50 mgml� 1 gentamicin, 100Uml� 1 peni-
cillin, and 100 mgml� 1 streptomycin (all fromHyClone (South Logan,
UT) orGibco Life Technologies (Grand Island,NY).MNK-3 cells were
maintained in 10 ngml� 1 mouse IL-7 with or without 10 ngml� 1

mouse IL-15. MNK-1 were cultured with 10 ngml� 1 mouse IL-2 or
2,000Uml� 1 human IL-2 (hIL-2) (Proleukin, Novartis Pharma-
ceuticals Canada, Dorval, QC, Canada). Murine cytokines were
obtained from Peprotech (Rocky Hill, NJ), with the exceptions of
IL-23, IL-17C (eBioscience, San Diego, CA), and IL-25 (BioLegend,
San Diego, CA).

Whole-transcriptome sequencing and microarray analyses. LAK
cells were generated from NIH-Swiss mouse splenocytes by culture
with 2,000Uml� 1 hIL-2 for 4 days, then flow cytometry sorting for
NKp46þCD3� cells, followed by two additional days of culture with
hIL-2. MNK-3 cells (cultured with IL-7 and IL-15), MNK-1 cells
(cultured with hIL-2), and LAK cells were detached with 2mM EDTA
and resuspended immediately in RNAprotect Cell (Qiagen, Hilden,
Germany). Also examined were two related lines similar to MNK-1,
but generated by independent sorting. RNA was isolated by RNeasy
Plus (Qiagen). Seventy-five and 35 bp paired-end SOLiD 5500XL
whole-transcriptome sequencing was performed by the Sunnybrook
Research Institute Genomics Core Facility (Toronto, ON, Canada)
using ribosomal RNA-depleted samples (RiboMinus Eukaryote Kit for
RNA-Seq, Life Technologies, Carlsbad, CA). Sequence data were
mapped to the Mus musculus genome (build 37.2) with Geospiza
GeneSifter Analysis Edition (Geospiza Perkin Elmer, Seattle, WA)
using the Bowtie aligner (settings: -fr -C -S -X 10000 –chunkmbs 256).
Gene expression was presented as r.p.k.m. (mapped reads per million/
gene size in kilobases). Fold changes were calculated using r.p.k.m.
values incremented by 1 to eliminate undefined values. Microarray
samples were prepared using the Ambion WT kit (Life Technologies)
before hybridization to Mouse Gene 1.0 ST Arrays (Affymetrix, Santa
Clara, CA) by the The Centre for Applied Genomics (The Hospital for
Sick Children, Toronto, ON, Canada) Microarray CEL files were
normalized with Partek Genomics Suite version 6.6 (Copyright, Partek
Inc., St. Louis, MO) using the RMA algorithm (with default settings).
For comparison, CEL files of experiments utilizing the sameGeneChip
to analyze small intestine ILC3 (CD3– CD19– Rorc reporterþ

NKp46� )33 and ILC2 (CD3� CD19� Sca1hi KLRG1þ CD25þ

Id2þ )33 were downloaded (ArrayExpress E-MEXP-3743; L1-3, N1-3)
and normalized in the same fashion. CEL files from the ImmGen
project using the identical GeneChips examining splenic NK cells,34

and naive splenic CD8 T cells35 (GEO: GSM538315, GSM538316,
GSM538317, GSM538415, GSM538416, GSM538417) were similarly
normalized. To facilitate comparisons between samples processed at
independent centers, for each sample, probe sets were percentile
ranked by normalized hybridization intensity values. Probe sets in the
top 40% of values are colored green in Figures 2–4. For ImmGen data
sets, this is close to the calculated threshold for 95% probability of
expression (www.immgen.org). For MNK-3 and MNK-1 whole-
transcriptome sequencing data sets, a similar threshold (top 40% of
expression values) equates to B1.8 and 1.1 r.p.k.m., respectively.

Flowcytometry andcytokine production. Fluorochrome-conjugated
or biotinylated mAb were obtained from eBioScience, Becton
Dickinson, Pharmingen (Franklin Lakes, NJ), BioLegend or purified
in-house. Anti-LTb mAb (BBF6) and LTbR-Ig were provided by
Biogen Idec (Cambridge, MA). For intracellular cytokine analysis after
cytokine stimulation, monensin was added after B2 h, followed by
fixation with Cytofix/Cytoperm (Becton Dickinson Pharmingen)
after B5 additional hours and staining with anti-IL-22 (1H8PWSR),
IL-17A (eBio17B7), IL-17F (eBio18F10), or IFN-g (XMG1.2).
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Intracellular staining was also performed after Cytofix/Cytoperm
treatment with anti-Rorgt (AJKJS-9). Cytokine secretion was mea-
sured by mouse IL-22 Simplex and Th1/Th2 10plex FlowCytomix
cytokine bead array (eBioscience), or by Eve Technologies (Calgary,
AB, Canada) Mouse 32plex Discovery Assay.

Cytotoxicity assays. 51Chromium release assays were performed
using MNK-3, MNK-1, or unsorted C57BL/6 LAK cells (generated by
culturing splenocytes with hIL-2 for 6–7 days).

SUPPLEMENTARYMATERIAL is linked to the online version of the paper

at http://www.nature.com/mi
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