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Abstract

Invariant natural killer T (iNKT) cells represent a subgroup of innate-like T cells and play an important role in immune
responses against certain pathogens. In addition, they have been linked to autoimmunity and antitumor immunity. iNKT
cells consist of several subsets with distinct functions; however, the transcriptional networks controlling iNKT subset dif-
ferentiation are still not fully characterized. Myc-associated zinc-finger-related factor (MAZR, also known as PATZ1) is an
essential transcription factor for CD8™ lineage differentiation of conventional T cells. Here, we show that MAZR plays an
important role in iNKT cells. T-cell lineage-specific deletion of MAZR resulted in an iNKT cell-intrinsic defect that led to
an increase in iNKT?2 cell numbers, concurrent with a reduction in iNKT1 and iNKT17 cells. Consistent with the alteration
in the subset distribution, deletion of MAZR also resulted in an increase in the percentage of IL-4-producing cells. Moreover,
MAZR-deficient iNKT cells displayed an enhanced expression of Erg2 and ThPOK, key factors for iNKT cell generation and
subset differentiation, indicating that MAZR controls iNKT cell development through fine-tuning of their expression levels.
Taken together, our study identified MAZR as an essential transcription factor regulating iNKT cell subset differentiation
and effector function.
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ThPOK T-helper-inducing POZ/Krueppel-like factor
a-GalCer  Alpha-galactosylceramide

Introduction

Invariant natural killer T (iNKT) cells are a small sub-
group of T cells expressing semi-invariant T-cell recep-
tors (TCRs), which consist of an invariant o chain and a
limited repertoire of B chains [1, 2]. They recognize lipid
antigens such as alpha-galactosylceramide (a-GalCer) pre-
sented by CD1d, a non-classical MHC class I molecule,
and are capable of rapidly producing a large amount of
cytokines upon activation [3, 4]. iNKT cells diverge from
conventional T cells at the double-positive (DP) stage of
thymocyte development, where iNKT TCR-expressing thy-
mocytes are positively selected by glycolipid—-CD1d com-
plexes through DP-DP thymocyte interaction [1, 5, 6]. Upon
positive selection, iNKT cell precursors start to express the
transcription factor early growth response protein 2 (Egr2)
at a high level [7]. This leads to the induction of promye-
locytic leukemia zinc finger (PLZF) and c-myc expres-
sion, which is accompanied by the acquisition of effector
properties and a robust proliferation [8—11]. The classical
view (“linear differentiation” model) on iNKT cell differ-
entiation defines, based on the expression of CD24, CD44,
CD69 and NK1.1, several sequential iNKT cell maturation
stages, starting from the most immature NKT cells desig-
nated as stage 0 (CD247CD44~CD69%), followed by stage
1 (CD24-CD44™NK1.17), stage 2 (CD24~CD44*NK1.17)
and stage 3 (CD24-CD44*NK1.1%) subsets [6, 12-14].
However, recent studies revealed that each of the classi-
cal developmental stages contains terminally differentiated
iNKT cells [15, 16]. Based on the expression pattern of
the transcription factors PLZF, T-box 21 (T-bet) and RAR-
related orphan receptor gamma (RORyt), three distinct
iNKT cell subsets have been defined (“lineage diversifica-
tion” model), analogous to helper T and innate lymphoid
cells: iNKT1 (T-bet""PLZF"), iNKT2 (PLZF"RORyt") and
iNKT17 (PLZF™IRORyt) [6, 17, 18]. iNKT1 cells, which
are almost identical to stage 3 iNKT cells, produce both
IFN-y and IL-4 upon activation, whereas the iNKT17 cell
subset is included in stage 2 iNKT cells and mainly produces
IL-17.iNKT?2 cells display a stage 1/stage 2 phenotype and
express IL-4. Owing to their unique features, iNKT cells
are implicated in controlling a diversity of different types
of immune reactions, including antimicrobial responses as
well as antitumor immunity [3, 19, 20]. Although key tran-
scription factors controlling iNKT cell development have
been identified [5, 14, 17], the fine-tuning of iNKT subset
differentiation is not fully understood.

Myc-associated zinc-finger-related factor (MAZR; also
known as PATZ1) is a member of the BTB/POZ domain
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containing zinc-finger transcription factor protein family,
which also includes PLZF and T-helper-inducing POZ/
Krueppel-like factor (ThPOK; also known as ZBTB7b)
proteins [21, 22]. We previously demonstrated that MAZR
is a negative regulator of Cd§ expression in double-nega-
tive (DN) thymocytes and that it is part of the transcription
factor network controlling helper versus cytotoxic line-
age decision of DP thymocytes [23, 24]. MAZR represses
ThPOK expression in MHC class I-signaled thymocytes,
presumably via binding to the Thpok silencer, and thereby
prevents the redirection of MHC class I-signaled thymo-
cytes into the helper lineage [24]. More recently, we have
also shown that MAZR and Runt-related transcription
factor (Runx) proteins synergistically repress ThPOK
expression during cytotoxic lineage development and
that MAZR is required for the maintenance of ThPOK
repression in CD87 T cells [25]. Although these studies
revealed an essential role for MAZR at multiple stages of
conventional T-cell development, its role in the develop-
ment of innate-like T cells including iNKT cells remains
unknown. MAZR is expressed in the iNKT cell lineage, as
reported in the Immunological Genome Project database
[26], and a recent transcriptome comparison of each iNKT
subset revealed an upregulation of MAZR expression in
iNKT2 cells compared to other iNKT cell subsets [27].
Moreover, both ThPOK (which is a MAZR target gene)
and Runx proteins (which are MAZR interacting factors)
are key regulators of iNKT cell development [28-33].
Together, these data suggest a role for MAZR in iNKT
cells. In this study, by analyzing mice with a T-cell-spe-
cific deletion of MAZR, we observed an enlargement of
the CD44*NK1.1~ stage 2 iNKT cell population, which
was accompanied with elevated expression of CD4 and
ThPOK in iNKT cells. The analysis of T-bet, PLZF and
RORYyt expression revealed that the deletion of MAZR led
to an increase in the number of iNKT2 cells, while iNKT1
and iNKT17 cell numbers were reduced in the absence of
MAZR. The alteration in iNKT cell subset differentiation,
which was caused by iNKT cell-intrinsic defects, resulted
in enhanced production of IL-4, along with a reduction
in IL-17A secretion, both upon in vitro PMA/ionomycin
and in vivo a-GalCer stimulation. Finally, the deletion of
MAZR led to an increase in Egr2 expression, a key fac-
tor required for the acquisition of an iNKT cell effector
program and for iNKT cell subset differentiation [7, 34],
at stages 2 and 3 of iNKT cell development. This sug-
gests that MAZR controls iNKT cell development through
regulating Egr2 expression, in addition to its repression of
ThPOK expression. Together, our data identified MAZR as
an essential regulator of iNKT cell subset differentiation.
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Materials and methods
Mice

Mazr™ [35], Runx3" [36] and Thpok-GFP knock-in [37]
mice have been described previously. Lck-Cre and Cd4-
Cre mice [38] were kindly provided by Dr. Chris Wilson.
Six-to-ten-week-old mice were used for experiments. All
the mice used for experiments were backcrossed onto a
C57BL/6 background and were maintained in the preclinical
research facility of the Medical University of Vienna. Ani-
mal husbandry and experimentation was performed under
the national laws (Federal Ministry of Education, Science
and Research, Vienna, Austria) and ethics committees of the
Medical University of Vienna and according to the guide-
lines of FELASA, which match that of ARRIVE.

Cell preparation

Single-cell suspensions of thymocytes and splenocytes were
prepared as previously described [23]. For the isolation of
hepatic mononuclear cells, livers were perfused with 1 X
PBS, were cut into small pieces with scissors and scalpels,
and were digested with 600 U/ml collagenase D (Roche) and
10 U/ml DNase I (Roche) in RPMI1640 medium (Sigma)
containing 2% FCS (Sigma) for 30 min at 37 °C in a shaker.
Subsequently, hepatic cells were filtered through a 70 pm
strainer and resuspended in a 35% Percoll (GE Healthcare)
solution. After centrifugation at 700g at room temperature
for 15 min, cells at the high-density fraction were collected
and red blood cells were lysed in 1 X BD Pharm buffer (BD
Biosciences). Subsequently, cells were stained with appro-
priate antibodies.

Enrichment of iNKT cells

For some experiments, thymic and splenic iNKT cells were
enriched by negative depletion. Single-cell suspensions
of thymocytes and splenocytes were incubated with bioti-
nylated anti-CD8a (53-6.7) and anti-CD19 (6D5) antibod-
ies (Biolegend), followed by the incubation with BD iMag
Streptavidin Particles Plus (BD Biosciences). Negative
depletion was performed according to the manufacturer’s
instruction.

Antibodies and flow cytometry

Antibodies used in this study are listed in Table S1. Bril-
liant violet 421-, or PE-conjugated murine CD1d tetramers
loaded with PBS-57 (CD1d-tet) were kindly provided by
the National Institutes of Health (NIH) Tetramer Facility.

Thymocytes, splenocytes, and hepatic monocellular cells
were first incubated with eF506 Viability Dye (Thermo
Fisher Scientific) as well as purified anti-CD16/CD32 anti-
body (BD Biosciences) to avoid unspecific antibody bind-
ing. Subsequently, appropriate antibodies including CD1d-
tet were added and cells were incubated on ice for 30 min.
For the intracellular staining of transcription factors, Foxp3/
Transcription Factor Staining Buffer Kit (Thermo Fisher
Scientific) was used according to manufacture’s instruction.
Intracellular MAZR expression was detected by anti-MAZR/
PATZ1 antibody (D-5: Santa Cruz Biotechnology), followed
by the staining of Alexa Fluor 647 anti-mouse IgG, anti-
body (RMG1-1: Biolegend). Annexin V staining was per-
formed using Annexin V Apoptosis Detection Kit (Thermo
Fisher Scientific). Flow cytometric data were collected with
LSRII or Fortessa (BD Biosciences) and were analyzed with
Flowjo software (Treestar).

In vivo BrdU incorporation

Mice were given a single i.p. injection of 1 mg BrdU
(Sigma) diluted in 200 pl of 1 x PBS, followed by 2 days
BrdU administration in drinking water (1 mg/ml). Mice were
then euthanized and single-cell suspensions of thymocytes
and splenocytes were prepared. BrdU incorporation was
measured using BrdU Flow Kit (BD Biosciences) accord-
ing to manufacturer’s instruction.

Measurement of intracellular cytokine production

Five million thymocytes or splenocytes were resuspended in
3 ml of complete RPMI1640 medium [Sigma, supplemented
with 10% FCS (Sigma), 100 U/ml penicillin—streptomycin
(GE Healthcare), 2 mM L-glutamine (Sigma), 0.1 mM non-
essential amino acid (Lonza), 1 mM sodium pyruvate (GE
Healthcare), 55 pM p-mercaptoethanol (Sigma)] containing
50 ng/ml of phorbol 12-myristate 13-acetate (PMA; Sigma)
and 500 ng/ml of ionomycin (Sigma) in the presence of Gol-
gistop (BD Biosciences). Cells were harvested after 4.5 h
incubation at 37 °C, and were stained with CD1d-tet as well
as appropriate antibodies for surface markers. Cells were
fixed with BD fixation buffer (BD Biosciences), and were
stained for intracellular cytokines in 1 X BD perm buffer
(BD Biosciences). Cytokine production was measured by
LSRII or Fortessa (BD Biosciences).

Generation of bone-marrow chimeric mice

Bone-marrow cells were incubated with biotinylated anti-
CD3e (145-2C11; BD Biosciences) and anti-CD90.2 (53-
2.1; BD Biosciences), followed by negative depletion with
streptavidin beads (BD Biosciences). T-cell-depleted bone-
marrow cells from Mazr*"* Thpok*'S*PLck-Cre or Mazr”

@ Springer



4394 M. J. Orola et al.

a LckIGFP MAZR- b
WTH CKOLeWGFP & Thymus Spleen Liver
0.30 0.26 S 8 ns 8, ns 3, ns
Thymus % 6 6 ° K
(total) E ale | 4l .
* - - 1
Z % .
£ 228 9 2 8 =~
5 & % = o - o
o 0 0 oL=
Spleen z
(total) ‘ WTLCk/GFP
O MAZR-cKQtewerP
- Liver
kol (CD45)
°
a
[3)
TCRB
C Thymus d
WTLeker MAZR- Thymic TCRB*CD1d-tet*
cKOtewer? Stage 0 Stage 1 Stage 2 Stage 3
" 0] ns. 1007 ns. 100 . o
> 5 10 25 901 *e o
TCRp* S 4 8 20 oo 80{et
CDldtetr X 3 6 5] 89 golv R
< =z o 9] e
3 5 2 4 0] . —
8 S 1 OOO 2 + 00 5 LN 828 60 o
B te T * 50
CD24 'y 0 .o’ 00 0 « % 0 v ol
(St0) &
30.1 29.0 CD24* S 0107 ns. 020, ns. 0.8, ns. 6.0, ns.
CD44- 008 0.15 0.6
8 0.06 o A0,
e o 0.10 ° 04
X004 © oo Lol o
- *
<
; _ S 0.00Le* ¥ g0l B ol 0.0*
7 Z ’ WTLck/GFF‘
o cD24- O MAZR-cKQ\GFP
2| sm
8 2.51 0.52! 5.92 1.77
NK1.1
€ Spleen f
WTekorp g"}?oszk;w Splenic TCRB*CD1d-tet"
(St2)  (St3) Stage 2 Stage 3
25—T—73.6 41.7 55 100, = 100 il
2 Pl
g 80 80| ¥
TCRp® £ 60 o 60
CD1d-tet* % 7
3 4 40 o
fa)
S 0.8 0.6 10.8 0.9 < 20 3 % 20
NK11 O O ’ WTLck/GFP
2 20, . 6. ne O MAZR-KOMxG
9 15 o o
g0 .
1.0
'_
x %o 2l ¢* oo
Z osf,, .
Y— il %
5 % o7 %
s 00 ol
4

@ Springer



The zinc-finger transcription factor MAZR regulates iNKT cell subset differentiation 4395

«Fig.1 Deletion of MAZR in T cells leads to an increase in the
number of stage 2 iNKT cells. a Flow cytometry analysis show-
ing murine CD1d tetramers loaded with PBS-57 (CDI1d-tet) stain-
ing and TCRp expression on thymocytes, splenocytes, and CD45%
gated hepatic lymphocytes isolated from WT-NSFP and MAZR-
cKOMCFP mice. Numbers indicate the percentages of iNKT cells.
b Diagrams showing the total cell numbers of iNKT cells in thymi,
spleens, and livers of WTLKGFP and MAZR-cKOMKOFP mice ¢
Flow cytometry analysis showing CD44 and CD24 expression on
TCRB*CD1d-tet* thymocytes (upper panel), CD69 expression on
TCRB'CD1d-tett*CD44~CD24" thymocytes (middle panel) and
CD44 and NKI1.1 expression on TCRBTCDI1d-tet*CD24~ thymo-
cytes (lower panel) isolated from WTMKCFP and MAZR-cKOY“¥
GFP mice. Gating regions for TCRP*CDI1d-tet*CD44~CD24* and
TCRBTCD1d-tet*CD24~ thymocytes are indicated in upper panel,
while regions for stage 0 (St 0; CD24YCD44~CD69™"), stage 1 (St 1;
CD24 CD44"NK1.17), stage 2 (St 2; CD24 CD44*NK1.17), and
stage 3 (St 3; CD24~CD44*NK1.1%) iNKT cells are shown in middle
and lower panels. Numbers indicate the percentages of cells within
the respective regions. d Diagrams showing the percentages (upper
panel) and total cell numbers (lower panel) of thymic stage O (far
left panel), stage 1 (left panel), stage 2 (right panel), and stage 3 (far
right panel) iNKT cells in WT-¥CFP and MAZR-cKOYNSFP mijce.
e Flow cytometry analysis showing CD44 and NK1.1 expression on
TCRB*CD1d-tet* splenocytes isolated from WT Y CFP and MAZR-
cKOY¥GFP mice. Gating regions for stage 2 (St 2; CD44*NK1.17)
and stage 3 (St 3; CD44*NK1.1%) iNKT cells are shown in the plots.
Numbers indicate the percentages of cells within the respective
regions. f Diagrams showing the percentages (upper panel) and total
cell numbers (lower panel) of splenic stage 2 (left panel) and stage 3
(right panel) iNKT cells in WTXNCFP and MAZR-cKO*¥CFF mice.
a, ¢, e Data are representative of at least ten mice analyzed in at least
five independent experiments, except for thymic stage 0 iNKT cell
analysis (c), where data are representative of six mice analyzed in five
independent experiments. b,d, f Each dot represents one mouse. Hori-
zontal bars indicate mean values

"Thpok*'S*PLek-Cre mice (both CD45.2%) were mixed at
a 1:1 ratio with CD45.1% bone-marrow cells, and a total
of 4% 10° cells were injected into the tail vein of lethally
irradiated (8.25 Gy) CD45.1" congenic mice. Eight weeks
after transplantation, reconstituted mice were sacrificed, and
iNKT cell development was analyzed.

a-GalCer treatment

o-GalCer (KRN-7000, Funakoshi) was dissolved in vehi-
cle (5.6% sucrose, 0.75% L-histidine, and 0.5% Tween-20)
to make 200 pg/ml stock solution. The stock solution was
diluted 1:20 with PBS (Sigma), and mice were administrated
a single intravenous injection of a-GalCer at 100 ng/g of
body weight. Control mice were administrated an equiva-
lent volume of vehicle diluted in PBS. Ninety minutes
after administration mice were euthanized, and single-cell
suspensions of splenocytes and hepatic lymphocytes were
prepared, incubated in complete RPMI-1640 medium con-
taining GolgiPlug (1:1000) and GolgiStop (1:1500) (BD
Biosciences) for 2 h at 37 °C, and analyzed for cytokine
production in iNKT cells. Twenty-four hours after a-GalCer

administration sera were prepared, and the levels of alanine
aminotransferase (ALT) and aspartate aminotransferase
(AST) were measured enzymatically (Roche Diagnostics,
Mannheim, Germany).

Statistical analysis

An unpaired Student’s ¢ test was performed for statistical
analysis using Prism 6 software (GraphPad), unless oth-
erwise indicated. The p values were defined as follows:
*p<0.05; ¥*p <0.01; ***p <0.001; n.s., not significant.

Results

Loss of MAZR leads to an increase in CD44*NK1.1~
stage 2 iNKT cells

To test the role of MAZR during iNKT cell development,
we analyzed mice with a T-cell-specific deletion of MAZR
using the Lck-Cre deleter strain (Mazrf/chk-Cre) [35, 38].
In addition, since MAZR represses ThPOK expression in
cytotoxic T cells [24, 25], and since ThPOK expression
is dynamically modulated during iNKT cell development
[28, 29], we introduced a Thpok-GFP knock-in reporter
allele (Thpok™°™) into MAZR-deficient mice, allow-
ing us to monitor Thpok expression by GFP expression
[37]. In the end, Mazrf/leyDokJ“/GFP Lck-Cre and control
Mazr™* Thpokt'S*FLck-Cre mice (for simplicity designated
MAZR-cKOMWSFP and WTLRGFP throughout the manu-
script, respectively) were used to investigate the impact of
MAZR deficiency on iNKT cell development. The total
numbers of iNKT cells in thymus, spleen and liver were
similar between WTXMC*P and MAZR-cKOYNCSFP mice
(Fig. 1a, b). However, the percentages of thymic stage 2
(CD24"CD44*NK1.17) iNKT cells were significantly
increased in MAZR-cKO"¥SP mice compared to WTLWCFP
mice, along with a corresponding reduction in the percent-
age of stage 3 (CD24-CD44*NK1.1%) iNKT cells (Fig. 1c,
d). A similar increase in the percentage of stage 2 iNKT cells
was also observed in spleen and liver of MAZR-cKQMV/CFP
mice (Fig. le, f; Fig. S1a, S1b). Moreover, the total number
of splenic stage 2 iNKT cells was elevated in the absence of
MAZR. These results suggest that MAZR negatively regu-
lates the differentiation of stage 2 iNKT cells.

Previous studies have demonstrated that the major-
ity (approx. 80%) of stage 2 iNKT cells display a
CD4*CD8™ phenotype and express ThPOK at the highest
level among iNKT subsets [16, 29]. We, therefore, exam-
ined CD4, CD8, and GFP (i.e., Thpok) expression in MAZR-
cKOMWCFP iNKT cells. Notably, MAZR-cKO"¥CFP mice
displayed an increased percentage of CD4*CD8~ iNKT
cells in all analyzed tissues when compared with WTL/GFP
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Fig.2 Deletion of MAZR in T cells leads to an increased pro-
portion of CD4*CD8~ iNKT subset and elevated expression of
ThPOK in iNKT cells. a Flow cytometry analysis showing CD4
and CD8a expression on TCRBYCDI1d-tet"CD24~ thymocytes
(upper panel), TCRBTCDI1d-tett splenocytes (middle panel) and
CD45*TCRB*CDI1d-tet™ hepatic lymphocytes (lower panel) isolated
from WTLHCFP and MAZR-cKO"NOFP mice. Numbers indicate the
percentages of cells within the respective regions. Data are represent-
ative of at least ten mice analyzed in at least five independent experi-
ments (thymocytes and splenocytes), and of eight mice analyzed in 4
independent experiments (hepatic lymphocytes). b Diagrams showing
the percentages of CD4TCD8a cells within TCRF*CD1d-tet*CD24~
thymocytes (left panel), TCRB*CD1d-tet* splenocytes (middle panel)
and CD45*TCRB*CDI1d-tet* hepatic lymphocytes (right panel) iso-
lated from WTCGFP and MAZR-cKO"¥CFP mice. Each dot repre-
sents one mouse. Horizontal bars indicate mean values. ¢ Histograms

mice (Fig. 2a, b). Moreover, the level of GFP (i.e., of Thpok)
expression was increased in the absence of MAZR (Fig. 2c,
d). Thus, the deletion of MAZR leads to an increase in stage
2 iNKT cells, concurrent with the enhanced expression of
CD4 and ThPOK in iNKT cells.

Increased numbers of iNKT2 cells in the absence
of MAZR

According to the “lineage diversification” model, iNKT
cells can be categorized into three distinct subsets based
on the expression pattern of several transcription factors,
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tettCD24~ thymocytes (left panel), TCRB*CDI1d-tet* splenocytes
(middle) and CD45"TCRB*CD1d-tet* hepatic lymphocytes (right)
isolated from WT¥CFP and MAZR-cKO™S? mice. Data are rep-
resentative of at least ten mice analyzed in at least five independent
experiments (thymocytes), and of eight mice analyzed in four inde-
pendent experiments (splenocytes and hepatic lymphocytes). d Dia-
grams showing mean fluorescent intensity (MFI) of GFP expression
in TCRP*CD1d-tet*CD24~ thymocytes (left panel), TCRF*CD1d-
tet* splenocytes (middle panel), and CD45*TCRB*CD1d-tet" hepatic
lymphocytes (right panel) isolated from WT-NCFP and MAZR-
cKOY¥GFP mice. Each dot represents the average value of an indi-
vidual experiment, in which 2-3 mice were analyzed per group. The
lines indicate paired experiments. A paired two-tailed Student’s ¢ test
was performed for statistical analysis

including T-bet, PLZF and RORyt; iNKT1 (T-bet"PLZF'"),
iNKT2 (PLZFMRORyt™) and iNKT17 (PLZF™RORyt™)
cells [15]. Since the deletion of MAZR led to an increase in
stage 2 iNKT subsets, which includes iNKT2 and iNKT17
cells [15], we assessed the expression pattern of these sig-
nature transcription factors in MAZR-cKOM¥SfP iNKT
cells. This revealed that the percentage and numbers of
iNKT?2 cells in the thymus and spleen were increased in
the absence of MAZR, accompanied with a reduction in
the number of splenic iNKT1 and iNKT17 cells in MAZR-
cKO"¥CFP mice (Fig. 3a, b; Fig. S2a, S2b). In addition to
the PLZFMRORyt™ expression phenotype, iNKT2 cells are
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Fig.3 Distribution of iNKT cell subsets is altered in the absence
of MAZR. a Flow cytometry analysis showing PLZF and RORyt
expression (upper panel) and PLZF and T-bet expression (lower
panel) in TCRP*CD1d-tet* splenocytes isolated from WTLRCFP and
MAZR-cKO"¥CP mice. Numbers indicate the percentages of splenic
T-bet"PLZF° iNKT1, PLZERORyt™ iNKT2, and PLZF™¢RORyt*

also characterized by the expression of several surface mark-
ers including CD4, CD27, and IL-17RB as well as the tran-
scription factor GATA-binding protein 3 (GATA3) [15, 16].
MAZR-cKO*¥CFP iNKT? cells expressed all of those mark-
ers at similar levels in comparison with WT-CK/GFP iNK T2
cells (Fig. S3a, S3b). These data suggest that the increase
in stage 2 iNKT subsets in the absence of MAZR was due
to enhanced iNKT?2 cell differentiation. Furthermore, these
results indicate that MAZR negatively regulates iNKT2 cell
differentiation and that MAZR is required for splenic iNKT1
and iNKT17 cell differentiation.

iNKT cell-intrinsic alterations in the absence
of MAZR

The Lck-Cre strain initiates deletion at the DN2 to DN3
transition of thymocyte development [38], and MAZR is
thereby deleted in all T-cell subsets beyond this developmen-
tal stage. It is, therefore, possible that the increase in iNKT2
cells in MAZR-cKO"¥S*P mice is due to alterations in non-
iNKT T-cell subsets that lead to changes in iNKT cells. To
determine whether loss of MAZR led to iNKT cell-intrinsic
changes, competitive bone-marrow (BM) reconstitution
experiments were performed. For this, WT-¥CFP (CD45.2*)
or MAZR-cKO"¥SFF (CD45.2+) BM cells were mixed with
congenic (CD45.1*) WT BM cells at a 1:1 ratio and injected
into lethally irradiated CD45.1" mice. 8—10 weeks later,
thymic and splenic iNKT cell subsets in reconstituted BM
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iNKT17 cells. Data are representative of eight mice analyzed in
four independent experiments. b Diagrams showing the percent-
ages (upper panel) and numbers (lower panel) of splenic iNKT1
(left panel), iNKT2 (middle panel) and iNKT17 (right panel) cells
in WTLVOFP and MAZR-cKOM¥SFP mice. Each dot represents one
mouse. Horizontal bars indicate mean values

chimeric mice were analyzed (Fig. S4a). Similar to the phe-
notype observed in MAZR-cKO"¥StP mice, splenic iINKT
cells in the MAZR-cKO"¥S*F compartment of BM chimeric
mice displayed an increased fraction of iNKT?2 cells, with
a corresponding reduction in the percentage of the other
subsets [although the difference in iNKT17 cell percentage
between WTLNCFP and MAZR-cKOYWCP compartments
reached statistical significance (p =0.0298) only with an
unpaired two-tailed Student’s ¢ test] (Fig. 4a, b). In addi-
tion, there was also a tendency that thymic MAZR-deficient
iNKT?2 subsets were enhanced in BM chimeric mice (Fig.
S4b, S4c). Together, these results suggest that the alterations
in the distribution of iNKT subsets in MAZR-cKO"¥CFF are
due to iNKT cell-intrinsic defects.

Deletion of MAZR leads to alterations in iNKT cell
cytokine expression

iNKT cells rapidly produce various cytokines upon stimu-
lation [4, 20]. iNKT2 and iNKT17 cells mainly secrete
IL-4 and IL-17A, respectively, whereas iNKT1 cells pro-
duce both IFN-y and IL-4 [15]. To determine cytokine
production in the absence of MAZR, we activated thymic
and splenic iNKT cells isolated from WTLFCFP ap4
MAZR-cKO"¥SFP mice with PMA/ionomycin and meas-
ured IFN-y, IL-4, and IL-17A expression by intracellular
staining. In agreement with the increase in iNKT?2 subsets
in the absence of MAZR, the MAZR-cKO“*“*F iNKT cell
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Fig.4 Altered iNKT cell development by loss of MAZR is due to
iNKT cell-intrinsic defects. a Flow cytometry analysis showing
PLZF and RORyt expression in CD45.2* and CD45.1" subsets of
TCRB*CD1d-tet* splenocytes isolated from BM chimeric CD45.1%
mice. CD45.1% recipient mice received either WTEMCFP (CD45.2%)
or MAZR-cKO™¥CP (CD45.2%) BM cells that had been mixed at
a 1:1 ratio with wild-type (WT, CD45.1") BM cells. Data are rep-
resentative of five mice analyzed in two independent experiments.
b Diagram showing the percentage of splenic PLZF°RORyt™ non-

population contained a higher percentage of IL-4-produc-
ing cells compared to the WT-MSFP iNKT cell population
(Fig. 5a, b; Fig. S5a, S5b). In addition, splenic iNKT cells
produced less IL-17A (Fig. 5a, b), which is also consist-
ent with the observed reduction of splenic iNKT17 cell
numbers in the absence of MAZR (Fig. 3). Of note, the
analysis of cytokine production in NK1.1* iNKT cells
revealed that the proportion of IFN-y* cells was increased
in the absence of MAZR (Fig. S5c, S5d). This suggests
that MAZR-cKO"¥CFP iNKT1 cells express a higher
amount of IFN-y despite the reduction in their number.
Next, we assessed cytokine production of MAZR-deficient
iNKT cells upon in vivo stimulation. Therefore, a-GalCer
was injected intravenously into WTEXFSFP and MAZR-
cKOM"NSFP mice and cytokine production of splenic and
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iNKT2/17 (left panel), PLZFhiRORyt’ iNKT2 (middle panel), and
PLZF™IRORyt* iNKT17 (right panel) cells within CD45.2* (45.2%)
and CD45.1% (45.1%) subsets of TCRBTCD1d-tet* splenocytes iso-
lated from BM chimeric CD45.1% mice generated as described in a.
Each dot represents one mouse. Horizontal bars indicate mean values.
A one-way ANOVA followed by Tukey multiple comparison test was
used for statistical analysis. Differences that did not reach a statisti-
cally significant level (i.e., p >0.05) are not indicated

hepatic iNKT cells was determined 90 min post-injection.
In line with our findings in in vitro PMA/ionomycin-stim-
ulated iNKT cells (Fig. 5a, b), splenic and hepatic MAZR-
cKOMNSFP {NKT cells from mice receiving a-GalCer pro-
duced more IL-4, while IL-17A production was reduced in
comparison with WTENSFP iNKT cells (Fig. 5¢—f). More-
over, there was a tendency (p=0.0911) that the propor-
tion of IFN-y™ cells in splenic MAZR-cKO*¥GFP iNKT
cells was increased. This is consistent with an increased
IFN-y production in NK1.1* MAZR-cKOM¥GFP iNKT
cells in vitro (Fig. S5c, S5d), since intravenous a-GalCer
injection was shown to preferentially activate iNKT1 cells
in the spleen [39]. Together, these data suggest that MAZR
is required for the proper regulation of cytokine production
in iNKT cells both upon in vitro and in vivo stimulation.
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Increased Egr2 expression during iNKT cell
development by loss of MAZR

During positive selection, a strong TCR signal induces
high-level expression of Egr2 in iNKT cell precursors [7].
Subsequently, Egr2 initiates the acquisition of effector prop-
erties via directly inducing PLZF expression, whereas the
proliferative expansion of iNKT cell precursors is mediated
by c-myc [7-11]. Previous studies have demonstrated that
subtle changes in Egr2 and PLZF expression levels during
the course of iNKT cell development have profound impact
on iNKT cell subset differentiation [34, 40]. To examine
whether MAZR regulates iNKT cell subset differentiation
through the regulation of Egr2, c-myc and PLZF expres-
sion, we analyzed the expression of these molecules at each
developmental stage of MAZR-cKO"¥SfP iNKT cells.
The deletion of MAZR led to an increase in Egr2 expres-
sion at stage 2 and 3 iNKT cells in comparison with WT
cells, whereas there was no alteration in c-myc expression
in MAZR-cKO"¥C!P cells (Fig. 6a—d). In addition, stage 2
MAZR-cKO"¥SFP iNKT cells displayed enhanced PLZF
expression compared to the corresponding WT-¥SFP iNKT
cell subset, most likely due to the enlargement of the iNKT2
cell subset (Fig. 6e—g). However, despite the increase in
Egr2 expression in stage 3 MAZR-cKO"¥CP iNKT cells,
there was no alteration in the expression level of PLZF in
the cells (Fig. 6e, f). Thus, these data suggest that MAZR
negatively regulates Egr2 expression at stage 2 and stage 3
of iNKT cell development.

Discussion

In this study, we investigated the role of the transcription fac-
tor MAZR in the development and effector function of iNKT
cells. We observed an increase in the number of thymic
and splenic iNKT2 cells in MAZR-cKO"CF? mice, while
splenic iNKT1 and iNKT17 cells were reduced. Moreover,
BM reconstitution experiments indicated that the alteration
in iNKT cell development in the absence of MAZR occurred
in an iNKT cell-intrinsic manner. The increase in iNKT2
cells was also accompanied with elevated CD4, ThPOK, and
Egr2 expression in MAZR-cKO*¥SFP iNKT cells, indicat-
ing that MAZR regulates ThPOK and CD4 expression not
only in conventional T cells [24, 25], but also in iNKT cells.
Thus, our data demonstrate an important role of MAZR for
the regulation of iNKT cell development and subset differen-
tiation. It is unlikely that the alterations in the distribution of
iNKT cell subsets observed in MAZR-cKO**CFP mice were
due to changes in the survival and/or proliferation of particu-
lar iNKT cell subsets, since there was no difference in the
proportion of Annexin V* cells or BrdU incorporating cells
at the various classical CD44/NK1.1 developmental stages

of iNKT cells (Fig. S6). A normal incorporation of BrdU is
also in line with our data showing that there is no change in
the expression of c-myc, known to be important for iNKT
cell proliferation [10, 11], in MAZR-deficient iNKT cells.
We, therefore, rather conclude that MAZR controls iNKT
cell subset differentiation via regulating iNKT cell subset
fate decisions and/or the subsequent differentiation pro-
cesses of iNKT cell subsets.

Consistent with the alteration in iNKT cell subset differ-
entiation, MAZR-deficient iNKT cells displayed enhanced
production of IL-4, along with a reduction in IL-17A pro-
duction. This was also observed upon injection of a-GalCer,
which is a well-established model of acute hepatitis [41,
42]. Since IL-4 and IL-17A produced by iNKT cells have
detrimental as well as protective functions in this model,
respectively [43, 44], we also studied whether the observed
changes in cytokine production lead to hepatic damage in
WTLKGFP ahd MAZR-cKO"NCFP mice. However, serum
levels of alanine aminotransferase (ALT) and aspartate ami-
notransferase (AST) in MAZR-cKO"*S P mice were com-
parable to those in WTEN¥SFP mice (Fig. S7), suggesting that
MAZR deficiency in T cells had no impact on a-GalCer-
mediated acute hepatitis. Activated iNKT cells induce liver
injury not only by secreting a broad spectrum of cytokines,
but also via cytolytic proteins and through killer activation
receptors [45, 46]. Thus, changes in some of these other
mechanisms might compensate for alterations in cytokine
expression upon loss of MAZR, thereby leading to a similar
extent of liver injury as observed in WT-CFP mice,

In this study, we showed that MAZR negatively regu-
lates Egr2 expression in stage 2 and 3 iNKT cells. Egr2
is induced upon the engagement of iNKT TCRs with gly-
colipid-loaded CD1d molecules, and initiates the acquisition
of effector properties by directly inducing PLZF expression
[7-9]. Moreover, recent studies showed that the modulation
of TCR-signaling strength leads to alterations in iNKT cell
subset differentiation, accompanied with changes in Egr2
expression levels in stage 1-3 iNKT cells [34, 47]. Since
iNKT?2 cells express the highest level of Egr2 followed by
iNKT17 and iNKT1 cells [34], the increase in Egr2 expres-
sion in stage 2 MAZR-cKO"¥SFP iNKT cells might be
due the enlargement of iNKT2 cell subset in the absence
of MAZR. However, Egr2 expression was also increased
in stage 3 MAZR-cKO"¥CFP iNKT cells, suggesting that
MAZR is rather required to restrict Egr2 expression below
a certain threshold level in stage 2 and stage 3 iNKT cells.
Given the different expression levels of Egr2 among the
three iNKT cell subsets, it might be conceivable that a fine-
tuning of Egr2 expression levels by MAZR plays an impor-
tant role for appropriate iNKT cell subset differentiation.
Of note, MAZR protein is expressed at the highest level
in stage 0 iNKT cells, and its expression levels are gradu-
ally downmodulated at the subsequent developmental stages
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(Fig. S8). Therefore, despite its rather low expression level,
MAZR negatively regulates Egr2 expression at stage 2 and
stage 3 iNKT cells. Further studies are required to address
the mechanisms by which MAZR regulates Egr2 expression
in iNKT cells and the impact of MAZR on developmental
processes downstream of Egr2.

We previously demonstrated that MAZR is essential
for the establishment and maintenance of ThPOK repres-
sion in MHC class I-signaled DP thymocytes and mature
CDS8™ T cells [24, 25]. Moreover, MAZR interacts with
Runx proteins (i.e., Runx1 and Runx3) and cooperatively
repress ThPOK during T-cell development [25]. In this
study, we showed that MAZR controls ThPOK expression
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also in iNKT cells. Besides its role as key transcription
factor for CD4* T-cell commitment and lineage stabil-
ity [48-51], ThPOK is also essential for proper iNKT
cell subset differentiation [28—31]. In ThPOK-deficient
mice, iNKT17 cells are increased, while iNKT?2 cells are
reduced [28, 29, 31]. Moreover, whereas WT iNKT cells
do not express CDS8, the deletion of ThPOK leads to the
appearance of atypical CD4~CD8" iNKT cells, concur-
rent with a complete loss of CD4TCD8~ subsets [28, 30,
31]. In contrast to the phenotype upon loss of ThPOK,
we observed that iNKT?2 cell differentiation was promoted
in the absence of MAZR, which was accompanied with
the inhibition of iNKT1 and iNKT17 cell differentiation.
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«Fig.5 MAZR-deficient iNKT cells display altered cytokine produc-
tion. a Histograms showing IFN-y (left panel), IL-4 (middle panel),
and IL-17A (right panel) expression in TCRBTCDI1d-tet* spleno-
cytes isolated from WT-NOFP (upper panel) and MAZR-cKQM/CGFP
(lower panel) mice. Splenocytes were stimulated with PMA and
ionomycin for 4.5 h in the presence of GolgiStop. Filled histograms
show the expression level of each cytokine in unstimulated WT-eK/GFP
TCRB*CD1d-tet* splenocytes. Numbers indicate the percentages of
cells within the respective regions. Data are representative of more
than ten mice analyzed in at least five independent experiments. b
Diagrams showing the percentage of IFN-y* (left panel), IL-4* (mid-
dle panel), and IL-17A* (right panel) PMA/ionomycin-stimulated
splenic iNKT cells isolated from WT¥CFP and MAZR-cKOM/CFP
mice. ¢ Histograms showing IFN-y (left panel), IL-4 (middle panel),
and IL-17A (right panel) expression in TCRB*CD1d-tet* splenocytes
isolated from a-GalCer-treated WT S (upper panel) and MAZR-
cKOY¥GFP (Jower panel) mice. Filled histograms show the expres-
sion level of each cytokine in splenic iNKT cells from vehicle-treated
WTLHCFP mice. d Diagrams showing the percentage of IFN-y* (left
panel), IL-4* (middle panel), and IL-17A" (right panel) splenic
iNKT cells isolated from a-GalCer-treated WT-N¥S'F and MAZR-
cKOMYCFP mice. e Histograms showing IFN-y (left panel), IL-4
(middle panel), and IL-17A (right panel) expression in TCRB*CD1d-
tet™ hepatic lymphocytes isolated from a-GalCer-treated WT-N/CFP
(upper panel) and MAZR-cKO"¥CSP (lower panel) mice. Filled his-
tograms show the expression level of each cytokine in hepatic iNKT
cells from vehicle-treated WTEMCFP mice. f Diagrams showing the
percentage of IFN-y* (left panel), IL-4* (middle panel), and IL-
17A" (right panel) hepatic iNKT cells isolated from a-GalCer-treated
WTERCFP and MAZR-cKOMNCFP mice. ¢, e Splenocytes and hepatic
lymphocytes were isolated 1.5 h after a-GalCer administration, and
were stained for intracellular cytokines after incubation with Gol-
giStop and GolgiPlug. Numbers indicate the percentages within the
respective quadrants. Data are representative of 6—7 mice analyzed in
3—4 independent experiments. b, d, f Each dot represents the average
value of an individual experiment, in which 1-3 mice were analyzed
per group. The lines indicate paired experiments. A paired two-tailed
Student’s ¢ test was performed for statistical analysis

Furthermore, there was also an increase in the proportion
of CD4*CD8 iNKT cell subsets. Together, these data
suggest antagonistic functions for ThPOK and MAZR
during iNKT cell development. iNKT2 and iNKT17 cells
express ThPOK at the highest and lowest levels among
the three subsets, respectively [29]. Given that enforced
ThPOK expression in iNKT cells led to the repression
of RORyt, fine-tuning of ThPOK expression might be
essential for appropriate iNKT cell subset differentiation,
particularly for iNKT17 cell development [29, 31]. Thus,
it is conceivable that the increase in ThPOK expression
in MAZR-deficient iNKT cells contributes to the altera-
tion in iNKT cell subset distribution. Since MAZR acts
in synergy with Runx3 to repress ThPOK expression dur-
ing CD8* T-cell development [25], we also examined
whether there is synergistic activity in the regulation of
iNKT cell development by analyzing MAZR/Runx3 dou-
ble-mutant mice (on a Cd4-Cre background) [25]. The
combined deletion of MAZR and Runx3 led to a reduc-
tion of thymic iNKT cell numbers, and a similar tendency
was also observed in Runx3 single-mutant mice (Fig. S9a,

S9b). Notably, MAZR/Runx3 double-mutant iNKT cells
expressed ThPOK at a higher level than WT control cells,
and also showed a tendency of increased ThPOK expres-
sion compared to MAZR and Runx3 single-mutant cells
(p=0.0371 and 0.0494, respectively, with an unpaired
two-tailed Student’s ¢ test) (Fig S9c, S9d). Moreover, the
combined loss of MAZR and Runx3 led to an increase in
the percentage of iNKT2 cells, concurrent with a reduced
percentage of iNKT17 cells (Fig. S9e, S9f). Together,
these data indicate that MAZR and Runx3 synergistically
repress ThPOK expression during iNKT cell development,
thereby regulating iNKT cell subset differentiation. There-
fore, we hypothesize that MAZR controls iNKT cell devel-
opment through the regulation of Egr2 as well as ThPOK
expression. However, it remains to be determined whether
these two regulatory processes are connected with each
other during iNKT cell development or whether these are
two independent regulatory pathways. Further studies are
required to elucidate how MAZR is integrated in the tran-
scriptional program controlling iNKT cell subset differ-
entiation, including whether MAZR-mediated fine-tuning
of ThPOK expression is part of the processes determining
iNKT cell fate.

Finally, we noticed that the alteration in iNKT cell subset
differentiation in the absence of MAZR was more evident in
the spleen than in the thymus, both under homeostatic condi-
tions in MAZR-cKO*¥SP mice as well as in competitive
bone-marrow (BM) reconstitution experiments. Although
the mechanism of peripheral iNKT cell development still
remains largely unknown, a recent study has demonstrated
that thymic iNKT cell subsets (particularly iNKT1 and
iNKT17 cells) are largely tissue-resident and that peripheral
iNKT cell subsets derive from a CCR7* precursor subset of
iNKT cells that emigrate from the thymus [52]. It is, there-
fore, possible that MAZR has a greater impact on iNKT
cell subset differentiation in peripheral lymphoid organs
compared to the thymus. In addition, the deletion of MAZR
might lead to an alteration in the tissue residency of thymic
iNKT cell subsets and/or in the homing capacity of mature
iNKT cells. Of note, the phenotypic alterations of thymic
MAZR-deficient iNKT cells in BM chimeric mice were
even milder than the one observed in MAZR-cKOM¥/CFP
mice. This might be due to a differential impact of MAZR
on thymic iNKT cell subset differentiation and/or the tissue
residency of thymic iNKT cell subsets under a competitive
environment in BM chimeric mice compared to homeostatic
condition in MAZR-cKO"¥S** mice. Further studies are
required to address the role of MAZR for thymic iNKT cell
development in a competitive BM chimeric setting.

Taken together, our study defines MAZR as an essential
transcription factor regulating iNKT cell subset differentia-
tion and effector function.
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Fig.6 Enhanced Egr2 expression in thymic MAZR-deficient iNKT
cells. a Histograms showing Egr2 expression in thymic stage 0
(CD24*CD44-CD69"), stage 1 (CD24 CD44"NK1.17), stage 2
(CD24"CD44*NK1.17) and stage 3 (CD24"CD44*NKI1.1*) iNKT
cells isolated from WTLNSFP and MAZR-cKO"NSP mice. Dot-
ted lines indicate the peaks of Egr2 expression in WTLMGFP iNKT
cells at the individual stages. b Diagrams showing mean fluorescent
intensity (MFI) of Egr2 expression in each developmental subset of
thymic iNKT cells isolated from WTLMSFP and MAZR-cKOMWCFP
mice. ¢ Histograms showing c-myc expression in each developmen-
tal subset of thymic iNKT cells (identified as described in a) isolated
from WT-NGFP and MAZR-cKO" S mice. Dotted lines indicate
the peaks of c-myc expression in WTECSFP iNKT cells at the indi-
vidual stages. d Diagrams showing MFI of c-myc expression in each
developmental subset of thymic iNKT cells isolated from WTLKGFP
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and MAZR-cKO"¥SF? mice. e Histograms showing PLZF expres-
sion in each developmental subset of thymic iNKT cells (identified as
described in a) isolated from WT *SF? and MAZR-cKO*¥CFP mice.
Regions indicate PLZF*' cells within stage 0 iNKT cells, and the
numbers above show the proportion of the cells. Dotted lines indicate
the peaks of PLZF expression in stage 1-3 WT-NCFP iNKT cells. f
Diagram showing the percentage of PLZF" cells within thymic stage
0 iNKT cells isolated from WT ¥ and MAZR-cKO"“*5 mice.
Each dot represents one mouse. Horizontal bars indicate mean val-
ues. g Diagrams showing MFI of PLZF expression in PLZF*stage 0
as well as stage 1-3 thymic iNKT cells isolated from WT-CFF and
MAZR-cKO"¥CFP mice. a, ¢, e Data are representative of four mice
analyzed in four independent experiments. b, d, g Each dot represents
one mouse. The lines indicate paired experiments. A paired two-
tailed Student’s 7 test was performed for statistical analysis
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