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Abstract

The promyelocytic leukemia zinc finger transcription factor (PLZF) is essential for nearly all of
the unique, innate-like functions and characteristics of natural killer T cells (NKT cells). It is not
known, however, if the activity of PLZF is regulated by other factors. Here we show that the
function of PLZF is completely dependent on the transcription factor Ying Yang 1 (Y'Y1). Mouse
NKT cells expressing wild type levels of PLZF, but deficient for YY1 had developmental defects,
lost their characteristic “pre-formed” mRNA for cytokines and failed to produce cytokine protein
upon primary activation. Immunoprecipitation experiments showed that YY1 and PLZF were
co-associated. Taken together these biochemical and genetic data show that the broadly expressed
transcription factor, YY1, is required for the cell specific “master regulator” functions of PLZF.

Introduction

Classic adaptive immunity requires antigen specific activation of T or B cells, followed by
cell differentiation into discrete effector subtypes. Only after secondary stimulation are the
effector functions and cytokines elaborated, enabling these lymphocytes to fully participate
in the immune response. Therefore, adaptive immune responses are rather slow to develop
and somewhat limited in terms of function. Natural Killer T cells (NKT cells), a unique
subset of a T cells, are, on the other hand, poised for immediate response to activation (1).
Minutes after activation, NKT cells produce large amounts of a wide array of cytokines.
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The breadth of the response allows NKT cells to participate in diverse responses including
immunity to pathogens, protection from autoimmunity, tumor immunity and regulation of
obesity-induced inflammation, among others (2). Indeed, triggering of NKT cells impacts
the activation status of nearly every other cell type of the immune system. The control of
NKT cells clearly straddles a very fine line between tolerance and fulminant response.

The BTB-ZF transcription factor PLZF (Zbtb16) is the signature regulator of the functional
and phenotypic dimorphism between NKT cells and conventional T cells. PLZF deficient
NKT cells lose their normal activated phenotype and do not produce cytokines upon primary
activation (3, 4). Ectopic expression of PLZF in conventional T cells, on the other hand,
results in the acquisition of innate T cell-like characteristics such as an activated phenotype
and the rapid secretion of Thl and Th2 cytokines in response to primary activation (5).
Interestingly, although PLZF is broadly required for all innate-like effector functions,

NKT cells are stratified into distinct effector subgroups. PLZF activity, therefore, must be
modified to direct its subgroup specific effects. Activation of T cells via the TCR, TCR
plus SLAM signaling or even by Type 1 inflammation induced by bacterial infection does
not induce detectable levels of PLZF expression in non-innate T cells (6). Suppression of
PLZF expression in conventional T cells occurs early in T cell development and appears

to be stably maintained (6). Although initially thought to be expressed continuously in all
NKT cells, it recently was reported that adipose tissue resident NKT cells (arNKT cells)
express little or no PLZF (7). arNKT cells appear to be a distinct lineage that is selected in
the thymus (8). Interestingly, the lack of PLZF expression correlates with the acquisition of
regulatory functions including an increased capacity to produce 1L-10 (7).

Interest in PLZF has continued to increase since it is now known that it also controls

the development of innate lymphoid cells (9), MAIT cells (10) and human NK cells (11).
Indeed, the interest in the BTB-ZF family of transcription factors, in general, has grown
enormously over the last few years as it has been shown that they are often the “toggle
switch” that controls key inflection points during development, such as the commitment of T
versus B cells or CD4 versus CD8 T cells (12).

Here, we show that major functions of PLZF are completely dependent upon the expression
of the transcription factor, Yin Yang 1 (YY1) in NKT cells. YY1 belongs to the polycomb
protein family, which is a subfamily of zinc-finger transcription factors with four typical
zinc-finger DNA binding motifs (13). YY1 has been shown to be essential in diverse
biological processes such as hematopoiesis (14), cancer development and progression

(15, 16), and heart development (17). YY1 modulates chromatin structure and thus gene
expression by mediating the formation of enhancer-promoter loops and by recruiting HAT
and HDAC proteins to specific loci (18). Conditional deletion of YY1 at the DN stage
results in a major block in thymocyte development (19). Interestingly, however, the loss of
YY1 in thymocytes is compensated for by simultaneous deletion of p53 (19). Therefore,
despite the roles reported for YY1 in some mature T cell lineages (20, 21), the function of
YY1 during the complex process of T cell development appears only to be the control of
p53’s apoptotic activity.
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We show that in the absence of YY1, NKT cells acquired the typical activated/memory
phenotype associated with this T cell lineage, but failed to undergo normal expansion.
Furthermore, distinct from conventional thymocytes, development of YY1 deficient NKT
cells was not rescued by deletion of p53. YY1 deficient NKT cells, however, had a near
complete defect in their ability to produce cytokines. Remarkably, the profound failure of
development and acquisition of effector functions occurred despite normal PLZF expression
levels. Interestingly, we show the two proteins are in complex, raising the possibility that
YY1 may be a cofactor necessary for the function of PLZF. Overall, our data show that the
broadly expressed, multifaceted YY1 transcription factor plays a specific role in NKT cells,
which is to enable the function of the “master regulator” functions of PLZF for the control of
the development and effector functions of NKT cells.

Experimental Procedures

Animals

YY1 flx.flx mice were obtained from the Jackson Laboratory (Bar Harbor, ME) (22) and,
also, from a colleague (Dr. Michael Verzi) at Rutgers University. CD4-cre mice and p53
fIx.fIx mice were obtained from Jackson (23, 24). PLZF-Cre mice were developed in

our lab as reported (7). PLZF knockout mice were reported previously and were fully
backcrossed to C57BI/6 (4) Lck.PLZF transgenic mice were reported previously (5). All
mouse strains were bred and maintained in the animal facility of the Child Health Institute
of New Jersey. All experimental protocols and procedures were approved by the Institutional
Animal Care and Use Committee of the Child Health Institute of New Jersey. Animal Care
and experimental procedures were carried out in accordance with the guidelines of the
Institutional Animal Care and Use Committee of the Child Health Institute of New Jersey
and the National Institutes of Health Guide for the Care and Use of Laboratory Animals.

Preparation of Single Cell Suspensions from Lymphoid and Non-lymphoid Tissues

Whole tissues were dissociated between glass slides and filtered through a 40-yum mesh.
Spleen, lymph node and thymus samples were treated with Red Blood Cell Lysing Buffer
(Sigma). Cells were then counted on a hemacytometer. Liver homogenate was suspended
in Percoll (Sigma) to a final concentration of 30% Percoll. Liver homogenates were then
centrifuged for 20 min at 2,000 r.p.m. in a Sorvall RTH-750 rotor. Lymphocytes were then
collected from the buffy layer, washed once with FACS buffer, treated with Red Blood Cell
Lysing Buffer (Sigma) and counted on a hemacytometer.

Flow cytometry, antibodies, automacs enrichment, and cell sorting

Single cell suspensions were blocked in FACS buffer with 2% normal mouse serum, 0.1%
anti-Fcy antibody, and 0.1ug/ml streptavidin for 15 minutes at 4C followed by staining

with primary antibodies for 20 minutes at 4C. Intracellular staining for transcription factors
and cytokines was accomplished using the Foxp3/Transcription Factor Staining Buffer Set
(eBioscience). All intracellular staining was performed at room temperature. The following
antibodies were used in this study: anti-CD3 (500A2), Anti-CD4 (RM4-5), anti-CD8a.
(53-6.7), anti-IL-17A (Ebiol7B7), anti-CD19 (1D3), anti-CD24 (M1/69), anti-CD44 (IM7),
CD45.2 (104), anti-CD69 (H1.2F3), anti-IFN-y(XMG1.2), anti-IL4 (11B11), anti-MHCII
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(212.A1), anti-NK1.1 (PK136), anti-PLZF (Mags.21F7), anti-RORyT (B2D), anti-T-bet
(eBio4B10), anti-Y'Y1 (sc-7341), anti-TCRvB7 (TR310), anti-TCRvB8.1/8.2 (MR5-2). The
PBS57-loaded CD1d-tetramer was provided by the National Institutes of Health tetramer
core facility. Dead cells were excluded when possible, by DAPI staining and doublet events
were eliminated by comparing FSC-W to FSC-H and SSC-W to SSC-H. Events were
acquired on a LSRII cytometer (BD Biosciences, San Jose, CA), and the data were analyzed
with the FlowJo software (TreeStar, Ashland, OR).

NKT cell enrichment was performed using an AutoMACS (Miltenyi Biotec). Cells were
stained with the PE-labeled CD1d tetramer, incubated with anti-PE microbeads (Miltenyi
Biotec), and separated on the AutoMacs (Miltenyi Biotec). Samples were at least 80% pure
following enrichment.

Cell sorting was performed at the Flow Cytometry/Cell Sorting & Confocal Microscopy
Core Facility at Rutgers EOSHI or at the Cancer Institute of NJ.

Co-IP and Western blot: Lck.PLZF transgenic mice

30 million thymocytes were lysed in 1 mL of hypotonic lysis buffer (0.05% NP-40, 10

mM HEPES, 1.5 mM MgCI2, 10 mM KCI, 5 mM EDTA), and complete protease inhibitor
cocktail (Roche), and incubated on ice for 30 min. The cytosolic fraction was discarded.
Cell nuclei were incubated on ice for 1 hr in a nuclear digestion buffer (20 mM HEPES,
300 mM NacCl, 20 mM KCI), supplemented with an EDTA-free complete protease inhibitor
cocktail (Roche). Following lysis, nuclear lysates were sonicated for 3 seconds at 30%
amplitude using a Branson Digital Sonifier. Nuclear lysates were combined with 1ug of
antibody, either anti-PLZF(D9) or anti-Y'Y1(sc-7341), and 50 ¢L of Protein G Agarose
Beads (Sigma). Samples were incubated for 2 hr with rotation at 4°C. Beads were washed
(5x) with ice-cold PBS. Bound proteins were eluted by boiling for 5 min in reducing sample
buffer. The eluted samples were loaded on Criterion pre-cast TGX gels (Criterion) and
separated. Proteins were transferred to PVDF Transfer Membranes (Immobilon). Primary
antibodies used for the Western Blot were: anti-YY1 (sc1703) and anti-PLZF (D9).

Co-IP and Western blot: In vivo expanded NKT cells

Mice were injected intravenously via the retro orbital route with 60 ug of a-GalCer. 72
hours after injection, mice were sacrificed, and single cell suspensions were prepared from
spleens. 30 million splenocytes were lysed in 1 mL of hypotonic lysis buffer (0.05% NP-40,
10 mM HEPES, 1.5 mM MgCI2, 10 mM KCI, 5 mM EDTA), and complete protease
inhibitor cocktail (Roche), and incubated on ice for 30 min. The cytosolic fraction was
discarded. Cell nuclei were incubated on ice for 1 hr in a nuclear digestion buffer (20

mM HEPES, 300 mM NaCl, 20 mM KCI), supplemented with an EDTA-free complete
protease inhibitor cocktail (Roche). Following lysis, nuclear lysates were sonicated for 3
seconds at 30% amplitude using a Branson Digital Sonifier. Nuclear lysates were pre-cleared
by incubation with Protein G Agarose Beads (sigma) for 30 minutes at 4°C. Beads were
discarded and the pre-cleared lysates were combined with Protein G Agarose Beads and

5ug of antibody, either anti-PLZF(D9), anti-Y'Y1(sc-7341), or non-specific Immunoglobulin.
Mock IPs were also conducted, in which anti-PLZF(D9) or anti-Y'Y1(sc-7341) antibodies
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were incubated with Protein G Agarose Beds in the absence of lysate. Samples were
incubated for 2 hr with rotation at 4°C. Beads were washed (5x) with ice-cold PBS.
Bound proteins were eluted by boiling for 5 min in reducing sample buffer. The eluted
samples were loaded on Criterion pre-cast TGX gels (Criterion) and separated. Proteins
were transferred to P Transfer Membranes (Immobilon). Primary antibodies used for the
Western Blot were: anti-Y'Y1 (sc1703) and anti-PLZF (D9).

In vivo activation

Mice were injected intravenously via the retro orbital route with 10 ug of the NKT cell
specific agonist a-galactosylceramide (a-GalCer). 90 minutes after injection, splenocytes
were harvested.

In vitro activation

NKT cells were incubated in vitro with 50ng/mL PMA (Sigma) and 500 ng/ML lonomycin
(Sigma) for 5 hours. After one hour in culture, Brefeldin A (Biolegend) was added to the
media at a final concentration of 5 ug/mL.

RNA Isolation and Quantitative PCR Analysis

Sorted NKT cells were lysed in Trizol solution at a concentration of 1x10° cells per

mL. RNA was isolated from the trizol solution using the Direct-zol RNA MicroPrep

Kit (Zymo Research). Reverse transcription was performed using the GoScript Reverse
Transcription System (Promega). The resultant cDNA was utilized to perform TagMan
(Life Technologies) based gPCR. Tagman Universal PCR Master Mix No AmpErase

UNG (Life Technologies) was used. The following TagMan probes were used: B2M
(MmO00437762_m1), IL-4(Mm00445259_m1), IFN-y (Mm01168134_m1. Samples were
run on a QuantStudio6 Flex Real Time PCR System(Life Technology). Relative expression
of IL-4 and IFN-y was calculated by using the AACT method, using B2M as the internal
housekeeping control gene.

General experiment design and statistical analysis

Data from at least three samples in three or more independent tests were collected as
detailed in the figure legends. Statistical analysis was performed using Microsoft Excel or
GraphPad Prism. All data was subjected to analysis with Mann Whitney U-Test or One-Way
Anova.

Results

YY1 is required for normal development of NKT cells

Deletion of YY1 in NKT cells was induced by crossing mice with an allele of YY1 flanked
by flox recombination sites (YY1 flx.fIx) (22) with a mouse line that expresses the cre
recombinase in PLZF-expressing cells (PLZF-Cre) (7, 25-27). PLZF expression is induced
very early during NKT cell development, but is not expressed in conventional T cells (4,

6, 28). Consistent with this, we found that YY1 expression was ablated in NKT cells,

but expressed in conventional, non-PLZF expressing thymocytes and T cells (Figure 1A).
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Deletion of the target gene in PLZF-Cre mice might also occur in undefined hematopoietic
stem cells (25-27), however, if this occurred for YY1, these cells did not contribute to the
general T cell population in a measurable way. A small subset of NKT cells in PLZF-Cre
YY1 fIx.flx mice continued to express YY1 indicating that the gene had not been deleted in
those cells (Figure 1A).

The loss of YY1 expression in NKT cells resulted in an ~85% reduction in both the
percentage and absolute numbers of the cells in the thymus (Figures 1B, 1C). A similar
reduction in the number of NKT cells was also found in peripheral tissues including the
spleen, lymph nodes and liver (Figures 1B, 1C, S1A and S1B). In a previous study, we
showed that deletion of YY1 with CD2-Cre reduced total thymic cellularity to ~1% of

wild type, while deletion at the early double positive stage with Lck-Cre reduced cellularity
to ~30% of WT (19). p53, a gene known to be inhibited by YY1 (29), was substantially
upregulated (19). Normal thymocyte development was restored by a secondary deletion of
p53, which showed that YY1 was necessary for protection against apoptosis (19). To test

if the same mechanism was involved in NKT cell development, we generated mice with
conditional “floxed” alleles of both YYZand 7P53 (p53). We then introduced the PLZF-Cre
BAC transgene (PLZF-Cre YY1/p53 flx.fIx). This approach induced simultaneous deletion
of both genes soon after positive selection of NKT cells. In contrast to what was reported
for conventional T cell development, deletion of p53 in YY1 deficient NKT cells did not
restore NKT cell development (Figure 1B). Both the percentage and total number of NKT
cells was not restored in the thymus as compared to PLZF-Cre Y'Y 1fIx.flx mice or in the
spleen. (Figure 1C). Therefore, the need for YY1 during NKT cell development is distinct
from its control of apoptosis mediated by p53 during conventional T cell development.

Similar results were obtained with conditional YY1 and p53 alleles crossed to CD4-Cre
(CD4-Cre YY1/p53 fIx.flx), which induces deletion early during the double positive stage of
development (Figure S2). Once again, loss of p53 expression did not restore the frequency
or number of NKT cells in the thymus as compared to CD4-Cre Y'Y 1fIx.flx mice (Figure
S2B). Distinct from previous results with CD2-Cre and LCK-Cre mediated deletion of

YY1, deletion with CD4-Cre did not result in a consistent reduction in the cellularity or
development of thymocytes (Figure S2C). Simultaneous deletion of p53 and YY1, therefore,
did not impact development of conventional thymocytes when deleted later in development
(Figure S2D).

Overall, these data show that deletion of YY1 either early in thymocyte development (with
CDA4-Cre) or post positive selection (with PLZF-Cre) resulted in a similar disruption of
NKT cell development. Most importantly, the PLZF-Cre data show that the impact of YY1
on NKT cell development is cell intrinsic and, since NKT cells can be detected with the
CD1d-tetramer, the recombination event required for the production of the invariant TCR is
intact in the absence of Y'Y 1. Finally, the mechanism for reduced NKT cells development is
not apoptosis as a consequence of upregulation of p53.

NKT cell maturation is only partially compromised by loss of YY1

After positive selection, NKT cells progress through a developmental program during which
they acquire an activated/memory phenotype. Following downregulation of CD24, discrete
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development steps are typically demarked first by expression of CD44 and than NK1.1.
These steps include Stage 1 (CD44-, NK1.1-), upregulation of CD44 (Stage 2: CD44+,
NKZ1.1-), followed by expression of NK1.1 (Stage 3: CD44+, NK1.1+) (Figure 2A). In the
absence of PLZF, NKT cells fail to acquire the characteristic activated phenotype (3, 4).
Most notably, PLZF deficient NKT cells do not fully upregulate CD44 or NK1.1, consistent
with a Stage 1 phenotype (Figure 2A).

In contrast, to PLZF deficient NKT cells, the majority of YY1 deficient NKT cells from
PLZF-Cre YY1 fIx.fIx (denoted as YY1~ cKO) acquired the activated CD44 high phenotype
(Figure 2A). NKT cells from PLZF-Cre YY1 fIx.fIx that continued to express YY1 due

to failed deletion of the gene (denoted as YY1*cKO), similarly upregulated CD44, as did
NKT cells from wild type mice. NK1.1 expression was, however, reduced in the YY1 cKO
NKT cells. Therefore, based on upregulation of CD44, YY1~ cKO NKT cell development
progressed to a stage 2 like phenotype, but continued development to stage 3 was impeded
(Figure 2B). The YY1 sufficient NKT cells (YY1* cKO NKT cells) from the PLZF-Cre
YY1 flx.flx mice displayed no developmental defects as compared to wild type NKT cells,
indicating the YY1~ cKO NKT cell developmental defect was cell intrinsic. NKT cells leave
the thymus at stage 2 and upregulate NK1.1 expression in peripheral tissues such as the
spleen (30). Here too, YY1~ cKO NKT cells were found to upregulate CD44 similarly to
YY1 sufficient NKT cells. Further differentiation, based on a failure to upregulate NK1.1
was, however, disrupted (Figure 2C, 2D).

One potential explanation for the failure to progress to the NK1.1+ stage of development
would be the inability to upregulate Thet (31). Although fewer YY1-cKO NKT cells
express, Thet, the transcription factor is clearly induced in the absence of YY1 both in
thymus and spleen NKT cells (Fig. 2E). Comparison of only the Thet expressing NKT cells
shows that the level of expression is very similar (Fig. 2F), with no statistically significant
difference between the mean fluorescent intensities (MFI) (Fig. 2G). Overall, these data
indicate YY1 is necessary for some, but not all aspects of NKT cell development.

YY1 deficient NKT cells express wild type levels of PLZF

The failure of YY1 deficient NKT cells to develop normally could be due to a concurrent
loss of PLZF expression (32). PLZF expression levels were compared by flow cytometry
between wild type NKT cells and YY1~ cKO NKT cells from PLZF-Cre YY1 fIx.flx mice.
Since PLZF expression levels change as NKT cells develop (4), we compared expression
within the discrete stages defined by CD44 and NK1.1 expression. The level of PLZF
expression was found to be statistically indistinguishable between wild type NKT cells and
YY1~ cKO NKT cells at all stages of development (Figure 3A-3C). These data showed
that YY1 was not required for PLZF expression and, more importantly, that development
of NKT cells was disrupted despite normal PLZF expression. PLZF expression in YY1
deficient NKT cells from CD4-Cre YY1 fIx/flx mice was also found to be similar to wild
type (Figure S3A). YY1 deficiency induced by CD4 did, however, result in an increase in
CD24+ Stage 0 cells (Figure S3B), which, as expected, have not yet upregulated expression
of PLZF. A previous report suggested that PLZF was not expressed in YY1 deficient NKT
cells (32), however, the accumulation of PLZF negative Stage 0 cells was not appreciated.

J Immunol. Author manuscript; available in PMC 2022 November 30.
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Finally, to determine if PLZF impacted the expression of YY1, wild type NKT cells and
PLZF KO NKT cells were compared by flow cytometry. Wild type and PLZF deficient NKT
cells isolated from the thymus (Figure 3D) and the spleen (Figure 3E) expressed statistically
indistinguishable levels of YY1 (Figure 3F, 3G).

Collectively these data indicate that these two transcription factors do not directly regulate
each other’s protein expression levels. Furthermore, since PLZF is expressed at wild type
levels, yet NKT cells fail to fully develop, these data raise the possibility that YY1 is either
directly or indirectly required for the function of PLZF.

YY1 deficient NKT cells do not produce cytokines

Wild type and PLZF-cre YY1 fIx.flx mice were intravenously injected with 10 ug of the
NKT cell specific agonist ligand, a-GalCer. 90 minutes after injection, mice were sacrificed,
spleens were removed and NKT cells were enriched by sorting with magnetic beads. The
cells were made permeable and stained for IL-4 and IFN-y. YY1 expressing NKT cells from
the PLZF-cre YY1 fIx.flx (YY1*cKO) mice produced both cytokines at levels that were
indistinguishable from NKT cells from wild type mice (Figure 4A, 4B). In sharp contrast,
almost none of the YY1~ cKO NKT cells produced cytokine (Figure 4A, 4B).

YY1 deficient NKT cells may have a deficiency in migration or localization that could
impact their /n7 vivo response to injected ligands. Alternatively, the loss of YY1 might
impede TCR signaling. To bypass these concerns, we isolated NKT cells from wild type and
PLZF-cre YY1 fIx.flx mice and activated them /n vitro by use of PMA/ionomycin. Similar
to /n vivo activation, YY1 cKO NKT cells did not produce either IFN-y or IL-4 (Figure 4C,
4D). Both wild type NKT cells and YY1* cKO NKT cells produced both cytokines under
the same activation conditions.

Unlike conventional T cells, the mMRNA for IL-4 and other cytokines is present in NKT
cells, even prior to activation (Figure 4E). This “pre-formed” mRNA likely plays a direct
role in the rapid production of cytokines by NKT cells. PLZF deficient NKT cells do not
have pre-formed cytokine mRNA, however, which presumably is a major reason for why
PLZF deficient NKT cells cannot produce cytokine upon primary activation (4). The failure
of YY1 deficient NKT cells to produce cytokines suggested that a similar mechanism might
be involved. Total NKT cells (both YY1~ ¢cKO and YY1* cKO) were sorted from wild type,
PLZF deficient and PLZF-cre YY1 flx.flx mice. RNA was isolated and levels of specific
cytokine message were measured by qPCR. As expected, mRNA for IL-4 and IFN-y were
readily detected in wild type NKT cells, but were absent from PLZF deficient NKT cells
(Figure 4D). Despite the presence of some YY1 sufficient NKT cells, the NKT cells from
the PLZF-cre YY1 fIx.flx mice showed a substantial reduction in the level of these cytokine
mRNAs. Therefore, despite wild type expression levels, in the absence of YY1, PLZF was
unable to induce an open configuration at these gene loci, thereby preventing continuous
mRNA transcription, which prevents the rapid release of cytokines.

Overall, these experiments show that despite expressing wild type levels of PLZF, YY1
deficient NKT cells could not produce their characteristic burst of cytokines in response
to activation. These data imply that as in development of NKT cells, YY1 expression is
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necessary for the function of PLZF. Therefore, the lineage specific master regulator of NKT
cell effector functions, PLZF, requires co-expression of the ubiquitously expressed YY1
transcription factor for its activity.

Subset development

The propensity of NKT cell subsets to be have particular effector functions can be defined
by the expression of Thet, PLZF and RORyt (33). Therefore, to further explore the impact
of the loss of YY1, we determined if expression of these transcription factors was altered
in YY1 deficient NKT cells. NKT1 cells express PLZF and Thet, NKT2 cells express high
levels of PLZF, but no Thet and NKT17 cells express intermediate levels of PLZF and
ROR-yt. Consistent with the known functions of these transcription factors, NKT1, NKT2
and NKT17 cells are skewed towards producing INF-y, IL-4 or IL-17, respectively (34).

Most wild type thymic NKT cells belong to the NKT1 subpopulation (Figure 5A). In
contrast, the majority of thymic YY1~ cKO NKT cells had a NKT2 —like profile (Figure
5A). The NKT17 subpopulation was substantially diminished in the YY1~ cKO NKT cell
population compared to wild type (Figure 5B). While the percentage of NKT2 cells was
increased, the absolute number of NKT2 cells was statistically unchanged (Figure 5C).
Reflecting the thymus, spleen YY1 cKO cells also had an increased NKT2 population, but
decreased frequencies of NKT1 and NKT17 cells (Figure 6A, 6B and 6C). The increased
percentage of NKT2 cells did not, however, reflect increased numbers of the cells as
compared to wild type (Figure 6C). Finally, we tested the possibility that changes in

subset distribution might reflect altered TCR usage, which can impact the strength of signal
received during selection (35-37). Approximately 70% of YY1+cKO and YY1-cKO NKT
cells expressed VB8 (Figure S3C). The frequency of the less common VB7 expressing NKT
cells was, however, altered approximately 2-fold (10% Y'Y 1+cKO versus 20% Y'Y 1-cKO).
VB2, which typically represents less than 5% of total NKT cells, was notably changed
(Figure S3C). Therefore, TCR usage was similar suggesting that the strength of signaling
during development was not substantially altered. Overall, although substantially altered in
frequency, based on transcription factor expression, all three NKT cell effector subtypes
develop in the absence of YY1.

Interaction of YY1 with PLZF

To determine if YY1 might be directly influencing the function of PLZF, we tested if

the two transcription factors were complexed by carrying out co-immunoprecipitation (co-
IP) experiments (Figure 7). Reported mass spectrometry analysis suggested that such an
association might occur (38). We used cells from mice carrying a transgene for PLZF under
the control of the T cell specific LCK promoter (PLZF tg) in which all T cells express PLZF
(5). We have previously shown that conventional T cells from these PLZF Tg mice take on
innate-like T cell characteristics, suggesting that PLZF functions similarly in this system as
it does in NKT cells. Importantly, the expression of PLZF in T cells from these mice was
shown to be similar to endogenous PLZF expression in NKT cells (5). Therefore, this is
ectopic expression, but not overexpression.
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To determine if PLZF and YY1 interact, PLZF complexes were captured from nuclear
lysates isolated from thymocytes from PLZF tg mice or from control wild type or PLZF
deficient (PLZF KO) thymocytes followed by western blotting for YY1 (Figure 7A).

The results showed that YY1 was specifically detected in association with PLZF only in
PLZF Tg thymocytes and not in negative control PLZF deficient or wild type thymocytes.
Importantly, these results were confirmed by capturing YY1 from the thymocytes followed
by Western blotting for PLZF (Figure 7B). Western blotting of the input nuclear lysates
showed that YY1 was present in thymocytes from all three mice, however, PLZF was only
detected in thymocytes isolated from PLZF Tg mice (Figure 7C). As expected, PLZF was
not detected in total thymocytes from wild type mice due the very low frequency of PLZF
expressing T cells.

Next, we confirmed this result in primary NKT cells. The scarcity of NKT cells in wild
type mice makes direct biochemical assays such as this difficult. To overcome this, we first
expanded NKT cells /n vivoby injection of the a-GalCer ligand. Three days post activation
approximately 20 million NKT cells could be obtained from the spleen, representing an
~20 fold increase (Figure S4A). Importantly, NKT cells post activation continue to express
both YY1 and PLZF (Figure S4B, S4C). Nuclear isolates from purified NKT cells were
immunoprecipitated with anti-Y'Y1 antibody followed by Western blot with anti-PLZF.
Associated PLZF protein was specifically detected only in the lane with precipitated YY1
(Figure 7D). Overall, these data showed that YY1 is in complex with PLZF suggesting that
YY1 might directly control the function of PLZF in NKT cells.

Discussion

T cell progenitors, derived from bone marrow hematopoietic stem cells, migrate to the
thymus and are signaled to become early thymocyte progenitors (ETPs). These early
thymocytes undergo a well-regulated, stepwise development involving TCR rearrangement,
proliferation, culling via apoptosis, migration, and interaction with thymic stromal cells,
which ultimately results in a self-referential, self-tolerant and functionally heterogeneous

T cell repertoire (39-41). Disruption of any of these steps leads to aberrant or blocked

T cell development. Nearly all the factors that control this process for conventional T

cells are also essential for NKT cell development. Furthermore, disruption of positive or
negative selection owing to defects in the TCR due to loss of TCRp and/or TCRa chain
rearrangement (42), or loss of key proteins required for TCR signaling pathways, such as
Lck, ZAP-70 (43, 44), LAT (45), SLP-76 (46), PLCy1 (47) or VAV1 (48), also block NKT
cell development. Therefore, it is clear that much of NKT cell development is similar to the
development of conventional T cells.

A number of genes, however, have been shown to be uniquely essential for NKT
development. For example, loss of expression of either the tyrosine kinase, Fyn (49) or

its adapter protein, SAP (50) cause the specific loss of NKT cells, while conventional T cell
development is not perturbed. This is potentially due to a specific need for SLAM family
member signaling (51, 52). Also, since NKT cells express a canonical TCRa chain, encoded
by the Va14 gene segment joined to the distally located Ja.18 gene segment, disruption of
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the lifespan of the double positive thymocytes impacts NKT cell development, such as is the
case in the absence of RORyt (53) or HEB (42).

Although multiple gene deficiencies are now known to impact NKT cell development,

the BTB-ZF transcription factor, PLZF, appears to be the primary, if not only, known
transcription factor essential for the development of the characteristic NKT innate-like
effector functions and phenotype (3, 5). Importantly, among T cells, PLZF is only expressed
in innate-like T cells (NKT cells, y8 NKT cells and MAIT cells) and is not induced in
conventional T cells (6). The full mechanism by which PLZF endows the innate phenotype
in T cells is, however, unknown.

We generated mice with a deletion of YY1 that was largely restricted to NKT cells. Deletion
of YY1 resulted in a sharp reduction in the total number of NKT cells in the thymus, spleen,
liver and, in contrast to PLZF deficiency, the lymph nodes. A similar, albeit moderately
more severe phenotype is found using thymocyte specific expression of Cre controlled by
the CD4 promoter (32), which deletes YY1 earlier in development.

Of most interest, however, is that YY1 deficient NKT cells lost the capacity to produce
cytokines following primary activation. Loss of rapid cytokine production is likely caused
by a failure to produce “pre-formed” mRNA, which also occurs in the absence of PLZF.
These data suggest that YY1 is required to establish the genetic program that is ultimately
controlled by PLZF. However, PLZF clearly can direct some gene expression activity in the
absence of YY1. For example, upregulation of CD44, which is a characteristic of nearly

all PLZF expressing lymphocytes (54, 55), still occurs. The CD44 gene has been shown

by chromatin immunoprecipitation (CHIP) to be a direct target of PLZF (56). These data
show that YY1 is only necessary for certain aspects of PLZF function and, therefore, it is
possible that PLZF and YY1 control both complementary and independent aspects of NKT
cell development and function.

Despite the loss of “pre-formed” cytokine mRNA, the complete disruption of cytokine
production and the failure to accumulate in the thymus and liver, YY1 deficient NKT cells
expressed wild type levels of PLZF. These data show that PLZF function, but not expression,
is dependent on co-expression of YY1. YY1, however, clearly is not sufficient for NKT

cell effector functions, since PLZF deficient NKT cells express wild type levels of the
transcription factor. This co-dependency implies there is a direct, functional coordination.
Our finding that the two proteins are in a complex suggests that YY1 might directly
modulate the function of PLZF in NKT cells. Understanding this interplay will be an
important step towards understanding the transcriptional programming of NKT cells.

This is the first report of the requirement for a co-expression 0f YY1 and a BTB-ZF
transcription factor for cellular function. BTB-ZF transcription factors, for example,
ThPOK, LRF, Bcl6, and MAZR regulate many of the key inflection points during the
development of the immune system and, also, basic biological functions such as male
germ cell homeostasis, axial-skeletal patterning, liver development, brain function, etc.
The molecular mechanisms by which BTB-ZF transcription factors execute their functions
remain poorly described. It is possible molecular coordination with YY1 may be necessary
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for the function of BTB-ZF transcription factors in these other settings, in addition to its
function in NKT cells. YY1 itself has been shown to play a role in the development of
the immune system. Perhaps some functions which are attributed to YY1 are actually a
consequence of the gross dysfunction of BTB-ZF transcription factors in the absence of
YY1

In summary, we show that complete loss of YY1 in NKT cells leads to a loss of the
expansion and function of NKT cells. These disrupted functions occur despite wild type
expression levels of PLZF. Combined these data identify a new function for YY1, which is
to mediate specific functions of PLZF.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Key Points

1 YY1 deficient NKT cells display cell intrinsic developmental and functional
defects.

2. YY1 deficient NKT cells maintain wildtype levels of PLZF expression.

3. YY1 and PLZF protein associate with one another.
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Figure 1. Cell specific deletion of YY1 causes a decrease in the number of NKT cells.
The indicated tissues were collected from C57BL/6 (WT) mice, PLZF-Cre YY1 fIx.flx mice

or PLZF-Cre YY1/p53 fIx.fIx mice and analyzed by FACS with the indicated antibodies.
(A) YY1 expression was compared between WT NKT cells (MHCII~, CD3*, CD1d tet*,
CD247), PLZF-Cre YY1 fIx.flx NKT cells, and PLZF-Cre YY1/p53 fIx.flx NKT cells (left)
isolated from the thymus (top) or spleen (bottom). YY1 expression was also compared
between conventional T cells (MHCII~, CD3*, CD1dtet™, PLZF") (right) isolated from

WT mice, PLZF-Cre YY1 fIx.flx mice, and PLZF-Cre Y'Y 1/p53 fIx.flx mice. Data are
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representative of 5 or more independent experiments. (B, C) The frequency and absolute
numbers of NKT cells (MHCII~, CD3*, CD1dtet*) in the thymus and spleen of WT mice,
PLZF-Cre YY1 fIx.flx mice, and PLZF-Cre Y'Y 1/p53 fIx.flx mice were determined by
FACS. Representative plots are shown in (B) and pooled data concerning the frequency (C,
top) and absolute number (C, bottom) are in (C). FACS plots show representative results
from at least 5 mice analyzed in at least 5 independent experiments (A, B). Graphs (C) show
compiled data from 6 mice, examined in 5 independent experiments. The horizontal lines
indicate the mean (£s.e.m.). ***P<.001 determined by One-Way Anova.

J Immunol. Author manuscript; available in PMC 2022 November 30.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Darcy et al. Page 19

>

PLZF KO YY1+ cKO YY1-cKO
105 55| 15 15 | 122 50| 455 13
8 4
310 1 3
m ] &
3 108 ] |
[a] F
O 0 E| ! J
0118 | .ldie0 | o ldea | I <
-10° 0 10° 104 10°
NK1.1 PE-Cy7 >
B Stage 1 Stage 2 Stage 3
w“ e o .
K} . j‘_L so _—'.-—i @ WT NKT cells
g L . L YY1+ cKO NKT cells
g . . a0 @ YY1 cKO NKT cells
=z
w = = 20 oyt
: : * o] :
c PLZF KO YY1+ KO YY1- cKO
41 125 25 140 40| 182 7
o
92 ]
>
s}
<
by
[a]
(@] El El E|
438 118 i
-10% 0 10% 104 10°
NK1.1 PE-Cy7 >
== WT NKT cells
D E — YY1 cKO NKT cells
— CD3+ cells
o . Thymus Spleen
w % q
3 = e @ WT NKT cells = 1Zg
iy YY1*cKO NKT cells & 1
z ® YY1 cKONKT cells £ 60 ]
5 2 2 40 1
@ i
X gt O 20 1
1
0-103 0 10 104 108
Tbet AF660
F G Thymus Spleen
Thymus spleen 1501 2000
s 100 1 T % 1500 .
E 0 s E =+
o s . 1000
£ 60 o ole
& @ g o — 11
S 2 |
0465 0 100 ot dof ' WT NKT1 YY1~ cKO WT NKT1 YY1 cKO
Tbet AF660 NKT1 NKT1
= WT NKT1

= YY1- cKO NKT1

Figure2. YY1 deficient NKT cellsacquire an effector/memory phenotype but fail to reach stage
3 of development.

The indicated tissues were collected from C57BL/6 (WT) mice, PLZF KO mice or PLZF-
Cre YY1 fIx.fx mice and analyzed by FACS with the indicated antibodies. NKT cells
(MHCII~, CD3*, CD1dtet*, CD24") isolated from PLZF-Cre YY1 fIx.flx mice were stained
for YY1. The NKT cells from the PLZF-Cre YY1 fIx.flx mice that stained Y'Y1- are denoted
as YY1~ cKO NKT cells. The NKT cells from the PLZF-Cre YY1 fIx.flx mice that stained
YY1+ are denoted as YY1* cKO NKT cells. (A, B) NKT cells isolated from the thymus of
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four week old WT mice, PLZF KO mice and PLZF-Cre YY1 flx.flx mice were stained for
CD44 and NK1.1. Representative FACs plots are shown in (A). Pooled data concerning the
distribution of NKT cells in each stage are shown in (B). The stages were defined as follows:
Stage 1 (CD24-, CD44-, NK1.1-), Stage 2 (CD24-, CD44+, NK1.1-), and Stage 3 (CD24-,
CD44+, NK1.1+). (C, D) Splenic NKT cells isolated from WT mice, PLZF-Cre YY1 fIx.flx
mice, and PLZF KO mice were stained for CD44 and NK1.1. A representative FACs plot

is shown in (C). Pooled data concerning the frequency of splenic NK1.1* NKT cells are
depicted in (D). (E) Thet expression was compared between WT NKT cells and YY1~ cKO
NKT cells from the thymus (left) and spleen (right). (F-G) Thet expression levels were
compared between Thet* WT NKT cells and Thet* YY1~ cKO NKT cells. A representative
histogram is shown in (F) and cumulative data from 4 mice are shown in (G). FACS plots
show typical results from indicated tissues and graphs show compiled data from 4 mice,
examined in 3 or more independent experiments. The horizontal lines indicate the mean
(xs.e.m.). **P<0.01, ***P<.001 determined by One Way Anova (B, D) or Mann-Whitney U
Test (G).
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Figure3. PLZF and YY1 expression areindependent.
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—\WT
==YY1- cKO

The indicated tissues were collected from C57BL/6 (WT) mice, PLZF-Cre YY1 fIx.flx
mice or PLZF KO mice and analyzed by FACS with the indicated antibodies. (A) PLZF
expression was determined by flow cytometry and compared between WT Stage 0 NKT
cells (MHCII~, CD3*, CD1dtet" CD24%) and Stage 0 NKT cells isolated from PLZF-cre
YY1 fIx.fix mice. (B, C) PLZF expression was determined by flow cytometry and compared
between WT NKT cells and YY1~ cKO at the same developmental stage. Representative

histograms are shown in (B). Cumulative MFI data for PLZF are plotted in (C). NKT
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cell stages were defined as follows: Stage 1 (CD24~, CD44~, NK1.17) (left), Stage 2
(CD24~, CD44*, NK1.17) (middle), and Stage 3 (CD24~, CD44*, NK1.1*) (right). NKT
cells isolated from the thymus (D, F) and spleen (E, G) of WT mice and PLZF KO mice
were stained for Y'Y1. Representative histograms of YY1 expression are shown in (D and
E). Pooled data concerning the MFI of YY1 are shown in (F and G). Each symbol (C,

F, G) represents an individual mouse. Data are from 3 or more independent experiments
representing (C) 7, (F) 4, or (G) 3 biological replicates. The horizontal lines indicate the
mean (xs.e.m.). P values determined by Mann Whitney U-Test (C, F, G).
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Figure4. YY1 deficient NKT cellsdo not produce cytokines upon primary activation.
(A, B) C57BL/6 (WT) and PLZF-cre YY1 fIx.flx (YY1 cKO mice) were injected I.V.

with a-GalCer (10ug) suspended in saline. 90 minutes after injection, splenic NKT were
harvested and stained for IL-4 and IFN-y. Representative FACs plot depicting I1L-4 and
IFN-vy expression in WT NKT cells (MHCII~, CD3*, CD1dtet*, CD247), YY1~ cKO NKT
cells, and YY1* cKO NKT cells are depicted in (A) and cumulative data from 4 experiments
are shown in (B). (C, D) NKT cells isolated from the spleens of WT and YY1 cKO

mice were activated in vitro for 5 hours by culture with PMA (50ng/mL) and lonomycin
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(500n/mL). Activated NKT cells were stained for IL-4, IFN-y, and Y'Y 1. Representative
histograms (C) and aggregate data (D), show the production of IFN-y (left) and IL-4 (right)
by WT NKT cells, YY1* ¢cKO NKT cells, and YY1~ cKO NKT cells following in vitro
activation. (E) NKT cells were FACs sorted from WT, PLZF KO, and YY1 cKO mice. RNA
was prepared and cDNA was generated. gPCR was used to measure the presence of IL-4
and IFN-y mRNA in the sorted NKT cell populations. Data are representative of 4 (B, E)

or 3 (D) independent experiments and biological replicates. The horizontal lines indicate the
mean (£s.e.m.). *P<0.05 **P<0.01, ***P<.001 determined by one-way ANOVA (B, D, E).
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Figure5. NKT cell subset development in the absenceof YY 1.

FACs analysis was used to determine the expression of key transcription factors associated
with NKT cell effector functions in YY1 deficient thymus NKT cells. NKT cells isolated
from the thymuses of C57BL/6 (WT) mice and PLZF-Cre YY1 fIx.flx mice were stained
for the transcription factors PLZF, Thet and ROR yT. Gating schemes and representative
FACS data for the (A) NKT1, NKT2, and (B) NKT17 populations are shown. (C) The
frequency and absolute humber of thymic WT NKT cells and thymic YY1~ cKO NKT
cells in these subpopulations are summarized. Data are from 4 or more independent

J Immunol. Author manuscript; available in PMC 2022 November 30.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Darcy et al.

Page 26

experiments representing 4 biological replicates. The horizontal lines indicate the mean
(¢s.e.m.). *P<0.05determined by Mann Whitney U-Test (C).
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Figure 6. NKT cell subsetsin the spleen in the absenceof YY1
FACs analysis was used to determine the expression of key transcription factors associated

with NKT cell effector functions in YY1 deficient spleen NKT cells. Splenic NKT cells
isolated from WT and PLZF-Cre YY1 fIx.flx mice were stained for PLZF, Thet, and ROR
YT (A, B). The frequency and absolute number of splenic WT NKT cells and YY1 deficient
NKT cells present in the NKT1, NKT2, and NKT17 subpopulations are summarized in

(C). Data are from 4 or more independent experiments representing 4 biological replicates.
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The horizontal lines indicate the mean (zs.e.m.). *P<0.05, **P<0.01, determined by Mann
Whitney U-Test (C).
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Blot: PLZF

Figure 7. Co-lmmunoprecipitation of PLZF and YY1 demonstrates a molecular interaction

between the two transcription factors.

(A-C) Nuclear lysates were generated from PLZF deficient (PLZF KO), C57BL/6 (WT),
and Lck.PLZF transgenic (PLZF TG) thymocytes. Lystates were immunoprecipitated (IP)
with (A) PLZF or (B) YY1 specific antibodies followed by Western blot with antibodies
against YY1 or PLZF to test for the co-association of the two transcription factors. (C)
Western blot of thymocyte lysates (input) from the same lysastes as (A,B) were probed

with the indicated antibody (anti-PLZF, top; anti-Y'Y1, bottom). Data are representative of 4
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independent experiments. (D) Nuclear lysates were generated from the spleens of a-GalCer
treated mice. Total lysate (lane 1), lysate imunoprecipitated with a PLZF specific antibody
(lane 2), YY1 specific antibody (lane 4), or non-specific immunoglobulin (lane 6). Mock
PLZF IP (lane 3) and mock YY1 IP (lane 5) were loaded in the indicated lanes. Western
blot of the samples were probed with anti-PLZF antibody. Data are representative of 4
independent experiments.
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