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ABSTRACT OF THE DISSERTATION

Regulation of immune cell development and

effector function mediated by X-linked epigenetic regulator UTX.

by

Mandy Cheng

Doctor of Philosophy in Molecular Biology
University of California, Los Angeles, 2023

Professor Maureen Su, Chair

Epigenetic regulation, changes in gene expression without alterations to the genetic
material, has brought to light another layer of regulatory mechanisms that control immune effector
processes in response to immune threats such as viral infection, cancer, and autoimmunity.
Elucidating epigenetic regulators driving immune cell differentiation and modulation of effector
processes are critical to our understanding of endogenous immune responses. Our studies aim to
delineate mechanisms driven by an X-linked epigenetic regulator, UTX, in regulation of natural
killer (NK) and T cells, two cell types important in the innate and adaptive arms of our immune
system.

Viral infection outcomes are sex-biased, with males generally more susceptible than
females. Paradoxically, the numbers of anti-viral NK cells are increased in males. We demonstrate

that while numbers of NK cells are increased in male mice, they display decreased effector function
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compared to females in mice and humans. These differences were not solely dependent on gonadal
hormones, since they persisted in gonadectomized mice. Kdm6a (UTX), an epigenetic regulator
which escapes X inactivation, was lower in male NK cells, while NK cell-intrinsic UTX deficiency
in female mice increased NK cell numbers and reduced effector responses. Furthermore, mice with
NK cell-intrinsic UTX deficiency showed increased lethality to mouse cytomegalovirus (MCMV).
Integrative multi-omics analysis revealed a critical role for UTX in regulating chromatin
accessibility and gene expression critical for NK cell homeostasis and effector function.
Collectively, these data implicate UTX as a critical molecular determinant of sex differences in
NK cells.

Low oxygen levels, or hypoxia, has been associated with immune defects in multiple
contexts. Hypoxia is associated with higher levels of H3K27me3 in CD4+ T cells. T cell-specific
deletion of the histone demethylase is sufficient to recapitulate multiple features of hypoxia,
including increased H3K27me3 accumulation and decreased production of IFN-y+* CD4+ T cells
in response to IL-12 cytokine stimulation. T cell specific UTX deletion has functional
consequences, as mice are more susceptible to colon cancer and is not responsive to IFN-y-
dependent checkpoint therapy with anti-PD-1 treatment. However, mice with loss of UTX in T
cells protected from colitis in which IFN-y production has been tied with pathogenesis.
Concomitant RNA and H3K27me3 CUT&Tag sequencing demonstrate an important role for UTX
in removing repressive H3K27me3 marks to promote upregulation of IL12/STAT4 pathway genes
including 1112rb, Tbx21, and Ifng. Together, these data demonstrate that UTX functions through
its demethylase activity to promote Th; cell differentiation and suggest that hypoxia’s HIF-

independent effects on Th, effector function may be mediated through UTX.
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Chapter 1: Introduction



Introduction

Our immune system is made up of two major arms, the innate and adaptive immune
responses. The innate immune arm is comprised of cell types that are constantly surveying the
body to rapidly to the foreign threat such a pathogen or tumor. Cells of the innate immune system
keep many pathogens at bay and produce proinflammatory cytokines and chemokines to attract
adaptive immune cells to the site of infection or malignancy. This allows the adaptive immune
system time to develop a specific and targeted response to clear the malignancy. The major cell
types we are investigating part of the innate immune system, natural killer (NK) cells and the
adaptive immune response, T cells. Recently, epigenetic regulation, changes in gene expression
without alterations to the genetic material, has brought to light another layer of regulatory
mechanisms that control immune effector processes.

UTX, an epigenetic regulator, has been recently implicated as important for control of
multiple developmental and effector programs'=. UTX is an X-linked protein encoded by the gene
Kdmb6a and possesses intrinsic catalytic H3K27me3 demethylase activity. In addition to UTX’s
H3K?27me3 demethylase activity, UTX binds to additional epigenetic regulators and transcription
factors to form large multiprotein complexes to carry out multiple functions such as H3K4
methyltransferase and general chromatin unwinding*®. UTX is an X-linked gene that escapes X-
inactivation, which results in differential expression in females vs. males’. Thus, in Chapter 2, we
further investigate the role of UTX in determining sex differences in immune cells.

Sexual dimorphism in the composition and function of the immune system results in sex
bias in susceptibility to infections, autoimmunity, and malignancies®®. Thus, delineation of
molecular mediators which drive sex differences in the immune response is important for

development of precise therapeutic strategies to boost endogenous immune responses against



pathogenesis. A notable example is the well-described sex difference in composition of natural
killer (NK) cells, a cytotoxic innate lymphoid cell that rapidly responds to immune threats. In
humans and mice, NK cell numbers are higher in males compared to females'?. In Chapter 2, we
explore additional sex differences in NK cells and identify an epigenetic regulator, Kdmé6a (UTX),
which escapes X-inactivation in both humans and mice and is expressed at lower levels in male
NK cells, as a critical regulator of sex differences in NK cells. Deletion of a single copy of UTX
in female NK cells of mice, which mimics lower UTX levels in NK cells from male mice,
phenocopies multiple features of male NK cells such as increased numbers and decreased effector
function. As an epigenetic regulator, UTX controls multiple genes involved in regulation of NK
cell numbers (e.g.Bcl2) and effector responses (e.g. Ifng) through modulating chromatin
accessibility. Taken together, these data implicate UTX as a molecular determinant of sex
differences in NK cells. Ultimately, our study provides a deeper mechanistic understanding of sex
differences in NK cell biology which is critical in optimizing immune-modulating and anti-viral
therapeutics.

In addition to the findings in NK cells, in Chapter 3, we explore the role of UTX in an
additional cell type, CD4+ T cells, which also play an important role in the adaptive arm of the
immune response against cancer while also identified as the pathogenic cell type in multiple
autoimmune diseases. As a member of the 2-oxoglutarate (OG)-dependent dioxygenase (2-
OGDD) family of enzymes, UTX has recently been shown to be oxygen-sensitive. Specifically,
hypoxia inactivates UTX’s demethylase activity in a HIF independent manner'!'?, which results
in global H3K27me3 hypermethylation. We focused on UTX as a potential oxygen sensor in CD4+
T cells due to its previous links with immune cell differentiation?, evidence of H3K27me3

accumulation in hypoxic tumor tissue'!, and because of its potential for therapeutic manipulation'.



In Chapter 3, we show that hypoxia is associated with higher levels of H3K27me3 in CD4+
T cells. T cell-specific deletion of the histone demethylase is sufficient to recapitulate multiple
features of hypoxia, including increased H3K27me3 accumulation and decreased production of
IFN-y* CD4* T cells in response to IL-12 cytokine stimulation. T cell specific UTX deletion has
functional consequences, as mice are more susceptible to colon cancer and is not responsive to
IFN-y-dependent checkpoint therapy with anti-PD-1 treatment. However, mice with loss of UTX
in T cells protected from colitis in which IFN-y production has been tied with pathogenesis.
Concomitant RNA and H3K27me3 CUT&Tag sequencing demonstrate an important role for UTX
in removing repressive H3K27me3 marks to promote upregulation of IL12/STAT4 pathway genes
including 1112rb, Tbx21, and Ifng. Together, these data demonstrate that UTX functions through
its demethylase activity to promote Thl cell differentiation and suggest that hypoxia’s HIF-

independent effects on Th1 effector function may be mediated through UTX.
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Abstract

Viral infection outcomes are sex-biased, with males generally more susceptible than females.
Paradoxically, the numbers of anti-viral natural killer (NK) cells are increased in males. We
demonstrate that while numbers of NK cells are increased in male mice, they display decreased
effector function compared to females in mice and humans. These differences were not solely
dependent on gonadal hormones, since they persisted in gonadectomized mice. Kdm6a (UTX), an
epigenetic regulator which escapes X inactivation, was lower in male NK cells, while NK cell-
intrinsic UTX deficiency in female mice increased NK cell numbers and reduced effector
responses. Furthermore, mice with NK cell-intrinsic UTX deficiency showed increased lethality
to mouse cytomegalovirus (MCMYV). Integrative multi-omics analysis revealed a critical role for
UTX in regulating chromatin accessibility and gene expression critical for NK cell homeostasis
and effector function. Collectively, these data implicate UTX as a critical molecular determinant

of sex differences in NK cells.



Introduction

Evolutionarily conserved sex differences exist in both innate and adaptive immune responses'-2.
While males are less susceptible to autoimmunity, they also mount a less potent anti-viral immune
response than females®. For instance, males have a higher human cytomegalovirus (HCMV)
burden after infection, suggesting increased susceptibility to viral threats*. This has also been
recently illustrated during the COVID-19 pandemic, in which the strong male bias for severe
disease has been postulated to reflect sex differences in immune responses’. Multiple studies in
humans and mice have recently reported differences in immune cell distribution and/or function
in males vs. females® 7- 8 % 1. However, the molecular basis for these differences, and the
mechanisms by which these differences influence disease outcomes, remain poorly understood.

Sex differences in mammals are defined not only by divergent gonadal hormones, but also
by sex chromosome dosage'. Expression of a subset of X-linked genes, for example, is higher in
females (XX) than males (XY)!". While females undergo random X chromosome inactivation
(XCI) to maintain similar levels of X-linked protein expression between sexes, XCI is incomplete,
with 3-7% of X chromosome genes escaping inactivation in mice and 20-30% escaping
inactivation in humans!'!- 213, As such, differential levels of X-linked gene expression in females
vs. males have been linked to sex differences in a wide range of conditions including neural tube
defects!* and autoimmune disease!'>- 6.

As circulating type 1 innate lymphocytes, NK cells serve as an early line of defense against
herpesvirus family members'’. The importance of NK cells in anti-viral immunity is illustrated in
patients with defective NK cell numbers or functionality, who are highly susceptible to infection
by herpesviruses such as HCMV and Epstein-Barr virus (EBV)!8:1°. In mice, NK cells are required

for the control of mouse cytomegalovirus (MCMYV) and other viral infections®-2!-22. Mice with



either genetic deficiency in NK cell function or loss of NK cell numbers have a significant increase
in viral titers and mortality following MCMYV infection?!-22:23.24.25.26.27 Thus, NK cells are critical
in anti-viral immunity in both mice and humans.

Given the potent antiviral function of NK cells, it was therefore unexpected that virus-
susceptible males display higher numbers of NK cells® 78919, Beyond NK cell numbers, other
previously unappreciated sexually dimorphic NK cell feature(s) may instead account for sex
differences during viral infection. We demonstrate that while male NK cells display enhanced
cellular fitness in mice, they show decreased effector function in mice and humans. These sex
biases in NK cell composition and function were not completely due to hormonal differences, since
they persisted in gonadectomized mice. Through expression screening, we identified the epigenetic
regulator and known XCI escapee UTX (encoded by gene Kdmb6a) expressed at significantly lower
levels in both mouse and human male NK cells. UTX regulated both NK cell fitness and effector
function in a dose-dependent manner, because UTX haploinsufficiency in female NK cells was
sufficient to increase NK cell numbers while impairing cytokine production and cytotoxicity.
Female UTX-deficient NK cells displayed enhanced persistence in vivo and resistance to apoptosis
ex vivo, as well as increased susceptibility to MCMYV infection. These effects were independent of
UTXs intrinsic demethylase activity, as NK cell numbers and IFN-y production were unaltered in
mice expressing a “demethylase dead” UTX mutant. Integrative analysis of assay for transposase-
accessible chromatin using sequencing (ATAC-seq), bulk RNA sequencing (RNA-seq), and UTX
CUT&Tag of WT and UTXNKP NK cells revealed a critical role for UTX in regulating expression
of gene loci involved in NK cell fitness and effector responses. Our findings identify UTX as a
major driver of sex differences in NK cell homeostasis and effector function through demethylase-

independent modulation of gene expression.
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Results
NK cell sexual dimorphism is independent of gonadal sex hormones.
A recent investigation examining spleens of C57BL/6 mice reported increased numbers of NK
cells in males vs. females?®. Consistent with these data, we observed that splenic NK cells
(identified as CD3-, TCR[3-,NK1.1*; Extended Data Fig. 1a) are increased in frequency (Fig. 1a,b)
and absolute numbers (Fig. 1c¢) in male C57BL/6 mice compared to females. These findings
suggest that other sexually dimorphic features beyond NK cell numbers may account for increased
male susceptibility to viral infections. In response to viral infection, NK cells are critical for early
production of proinflammatory cytokines, particularly IFN-y and GM-CSF?:30:31.32.68 Toq test if
sex differences exist in NK cell-intrinsic function, we compared effector cytokine production in
NK cells isolated from female vs. male mice ex vivo. Stimulation with the pro-inflammatory
cytokines IL-12 and IL-15 resulted in lower IFN-y production by male NK cells (Fig. 1d,e and
Extended Data Fig. 1b). Similar results were observed in response to IL-12 and IL-18 (Extended
Data Fig. 1c,d), suggesting a respective defect in male NK cell responsiveness to cytokine
stimulation. Additionally, human NK cells (TCRf-,CD3-,CD56*) isolated from peripheral blood
mononuclear cells (PBMCs) activated with IL-12 and K562 leukemia cells resulted in lower
%IFN-v+ (Fig. 1f and Extended Data Fig. 1e) and IFN-y MFI (Fig. 1g) in male NK cells vs.
female. Thus, although NK cell numbers are increased, male NK cell effector cytokine production
is consistently reduced in both mice and humans in response to pro-inflammatory cytokines
induced during viral infection.

Female or male sex is based on a composite of gonadal hormones (e.g., estrogens or
androgens) and sex chromosomes (e.g., 46XX or 46XY)!. Previous studies demonstrated direct

effects of gonadal hormones in regulation of IFN-y production by NK cells*, but it remains
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possible that NK cell sex differences could also be attributed to cell-intrinsic factors. To identify
sex hormone-mediated effects, we examined NK cell abundance and function in gonadectomized
mice. Gonadectomy failed to eliminate sex differences in NK cell frequency (Fig. 1h and
Extended Data Fig.1f), absolute numbers (Fig. 1i) and IFN-vy protein production in response to
cytokine stimulation (Fig. 1j,k and Extended Data Fig.1g), indicating gonadal hormones are not
solely responsible for sex differences in NK cells. While NK cell maturation subsets identified by
CD11b and CD27 expression have differential capacities for survival and effector function,
splenic NK cells derived from either WT or gonadectomized female and male mice did not display
significant differences in the frequencies of NK cell maturation subsets (Extended Data Fig. 1h-
k). These results indicated that the observed sex biases in NK cell number and effector function
are not due to differential maturation states. Thus, we hypothesized that sex chromosome dosage

may contribute to differential NK cell abundance and function between sexes.

X-linked UTX escapes X-inactivation and has higher expression in female NK cells.

While 46XX females undergo X chromosome inactivation (XCI) to control dosages of X-linked
genes, a subset of genes escapes XCI (termed XCI escapees), often resulting in higher expression
in females compared to males®:%. Thus, increased XCI escapee expression in females compared
to males could potentially mediate sex differences in NK cells. While different genes escape X-
inactivation in humans and mice, five genes (XIST, DDX3X, KDM6A, EIF2S3, KDM5C) have
previously been identified as XCI escapees in both®’. XIST was excluded from further analysis
because it is not expressed in male cells due to its known role in X chromosome inactivation in
female cells'. All 4 remaining genes were significantly downregulated in male vs. female NK cells,

in both human (Fig. 2a) and mouse (Fig. 2b). Kdm6a (which encodes the protein UTX) transcript
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levels displayed the most sexually dimorphic expression in both human and mouse NK cells (Fig.
2a,b). Male NK cells also expressed lower UTX protein levels compared to female NK cells in
mice (Fig. 2¢,d). These differences in Kdmo6a transcript levels and UTX protein levels persisted in
both gonadectomized mice (Fig. 2e-g) and four core genotype (FCG) mice (Extended Data Fig.
2a) in which sex chromosome complement (XX or XY) is uncoupled from gonadal sex organ
(ovaries or testes)*®. These data indicate expression levels of Kdm6a (UTX) are sex-biased in NK

cells and primarily dictated by X chromosome dosage rather than gonadal hormones.

UTX suppresses NK cell fitness.

To determine if UTX mediates the observed sex differences in NK cells, we generated a series of
mice with dose-dependent loss of UTX. First, we generated female mice with a heterozygous
deletion of UTX in NK cells (Kdm6a™™ ™ Ncr1¢<*, hereafter referred to as UTX"; Supplementary
Data Table 1) to mimic the single copy of UTX expressed in males. We confirmed similar NK
cell UTX protein expression between female UTXHt and male WT (Kdm6a™ Ncrl©<) mice
(Extended Data Fig. 2b). Female UTX"™ mice displayed similar splenic NK cell numbers
compared to male WT (Fig. 3a,b), and both displayed increased numbers of NK cells compared
to female WT. No significant differences in maturation by CD11b and CD27 expression were
observed between NK cells from female WT, male WT, and female UTX"' mice (Extended Data
Fig. 2¢). Thus, loss of one copy of UTX was sufficient to increase NK cell numbers in a

maturation-independent manner.

We next produced mice with a homozygous deletion of UTX (Kdm6a™" Ncr1¢+, hereafter
referred to as UTX™P; Supplementary Data Table 1), resulting in loss of both copies of UTX in

NK cells. UTX protein expression was significantly lower in female UTXN¢P NK cells compared
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to female WT NK cells by flow cytometry (Extended Data Fig. 2b), as well as lower compared
to NK cells with a single UTX copy (i.e., male WT and female UTX""). The absence of UTX
protein at the predicted size (180 kD) in female UTXN¢P compared to WT NK cells was confirmed
by western blot (Extended Data Fig. 2d). NK cell frequencies and absolute numbers increased
with decreasing UTX copy number (Fig. 3c,d and Extended Data Fig.3a). These data implicate

UTX in regulating NK cell frequency and absolute numbers in a dose-dependent manner.

To define the mechanisms underlying the increased NK cell numbers in UTXN¢P mice
(CD45.2%), 1:1 mixed bone marrow chimeric (mBMC) mice with WT (CD45.1+) were produced.
6 weeks post-reconstitution, we observed a marked competitive advantage of female UTXNKP
(CD45.2+) NK cells compared to WT in female recipients (CD45'*?) following bone marrow
transplantation (Extended Data Fig. 3b-c). In contrast to NK cells, T cells from the same donor
(UTXNKP CDA45.2%), which are UTX-sufficient due to NK-specific deletion of UTX, displayed the
original injection ratio (1:1) (Extended Data Fig. 3b,c). These data suggest UTX repressed NK
cell numbers in a cell-intrinsic manner during development. To test whether this phenotype was
driven by differences in proliferation, we analyzed the cell division marker Ki67 in splenic NK
cells in WT:UTXNP mBMC mice, injected at a 4:1 ratio to normalize cell number between
genotypes. Paradoxically, UTXNP NK cells displayed lower frequencies of Ki67* cells and
showed less CFSE dilution in response to IL-15 (Extended Data Fig. 3d,e). These results
suggested that the higher NK cell numbers observed in UTXNXP mice were not due to increased

proliferation.

Given these results, we hypothesized that the elevated frequency of NK cells in UTXNKP
mice (Fig. 3c-d) could be due to enhanced cellular fitness of NK cells in the absence of UTX

expression. To test this possibility, congenically distinct WT (CD45%2) and UTXNP (CD45.2%)
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splenic NK cells were labeled with Cell Trace Violet (CTV) and transferred into WT (CD45.1%)
recipients at a 1:1 ratio (Extended Data Fig. 3f). On day 7 post-transfer, the transferred population
was skewed toward UTXNKP NK cells in recipient spleens (Fig. 3e,f), demonstrating cell-intrinsic
UTX suppression of mature NK cell homeostasis. This difference was not due to altered
proliferation, because CTV dilution by both transferred populations was minimal on day 7 post-
transfer (Extended Data Fig. 3g). To test whether UTX repressed NK cell homeostasis through
regulation of apoptosis, we compared cleaved caspase 3 expression in sorted NK cells incubated
with either IL-15 alone or with IL-15 and an apoptosis inducer, Nutlin-3a*. Lower UTX
expression correlated with decreased cleaved caspase 3* NK cells in the presence of low dose IL-
15 and Nutlin-3a treatment (Fig. 3g,;h). Moreover, male NK cells also displayed a modest but
significant decrease in the frequency of cleaved caspase 3* NK cells in response to Nutlin-3a
compared to female NK cells which also persisted in gonadectomized mice (Extended Data Fig.
3h-k). Moreover, regulation of NK cell apoptosis and survival relies on the relative expression
levels of Bcl-2 (anti-apoptotic factor)* which can be antagonized by Bim (pro-apoptotic factor)*'.
UTXNKP NK cells showed increased intracellular protein expression of Bcl-2 and a modest increase
in Bim (Fig. 3i,j and Extended Data Fig. 31) compared to WT NK cells. This resulted in a
significantly increased Bcl-2:Bim ratio in UTXNP NK cells (Fig. 3k). Male NK cells also
displayed a significant increase in Bcl-2:Bim ratio (Fig. 3l), which persisted following
gonadectomy (Fig. 3m). Together, these data demonstrate that altered UTX levels may underlie

sex differences in NK cell fitness through regulation of Bcl-2 expression.
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UTX enhances NK cell effector function.

Since male NK cells exhibited decreased IFN-y production (Fig. 1d,e) independent of gonadal
hormones (Fig. 1j,k) we next sought to determine if this phenotype was regulated by UTX levels.
After cytokine stimulation, frequencies and absolute numbers of IFN-y-producing cells (Fig. 4a
left, and Extended Data Fig. 4a,b) as well as IFN-y MFI (Fig. 4a, right) were similar between
male WT and female UTX" NK cells. IFN-y production by female UTX" NK cells was
intermediate between female WT and female UTX™P NK cells (Fig.4a and Extended Data Fig.
4a,b). This trend was also observed by comparing NK cell IFN-y accumulation by ELISA (Fig.
4b). Moreover, this phenomenon was not specific to IFN-y, since GM-CSF production, a pro-
inflammatory NK effector molecule®®, was also reduced with decreasing UTX copy number in

female NK cells (Fig. 4¢).

In addition to cytokine production, NK cell cytolytic activity is crucial for anti-viral*> and
anti-tumor defenses*. To assess sex differences in NK cell cytotoxicity, we performed killing
assays with MHC Class I-deficient MC38 cells as targets. At a 4:1 Effector:Target ratio, male WT
NK cells displayed significantly lower lysis of target cells compared to female WT (Fig. 4d),
which was sustained in gonadectomized mice (Extended Data Fig. 4¢). Impaired target cell killing
by male NK cells was not due to differences in degranulation, since CD107a levels were similar
between female and male NK cells (Extended Data Fig. 4d.,e). However, males produced
significantly lower levels of cytotoxic molecules perforin and granzyme B in response to IL-15
and anti-NK1.1 activating receptor ligation (Extended Data Fig. 4d,e). Notably, UTX" and male
WT NK cells showed similar killing capacity (Fig. 4d), which was intermediate between female
WT and UTXNKD NK cells (Fig. 4d). Together, these data suggest that UTX enhances NK cell

cytotoxicity in a dose-dependent manner.
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Considering the observed effects of UTX loss on NK cell effector function, we examined
whether UTX™P mice were more vulnerable to viral infection. Rapid IFN-y and GM-CSF
production is critical for NK cell mediated anti-viral control®. Strikingly, UTXNKP mice rapidly
succumbed to infection (n = 3/8 survived) upon challenge with a sublethal dose of MCMYV (Fig.
4e). Moreover, UTX-deficient splenic NK cells displayed a marked defect in IFN-y production
and granzyme B production in total NK cells on day 1.5 post-infection (D1.5 PI) (Fig. 4f and
Extended Data Fig. 4f,g). Additionally, a similar defect in IFN-y production by UTXNKP was
observed in all maturation subsets (Extended Data Figure 4h), implicating UTX in control of
IFN-y production in a maturation independent manner. To confirm whether dosage of UTX
expression in mature NK cells associates with production of IFN-y during viral infection in vivo,
we generated transgenic mice to achieve a tamoxifen-inducible UTX deletion (Kdm6a™!
Rosa26FRT2CRE+ "hereafter referred to as iUTX"; Supplementary Data Table 1). mBMC mice were
produced with a 1:1 mix of WT (CD45.1*) and iUTX"- (CD45.2*) to limit UTX deletion to the
hematopoietic compartment. WT:iUTX"* mBMC mice were treated with tamoxifen immediately
prior to infection with MCMV to ablate UTX expression (Fig. 4g). iUTX"(CD45.2*) NK cells
produced less IFN-y compared to their WT counterparts (Fig. 4h and Extended Data Fig. 4i).
Tamoxifen administration in WT:iUTX”* mBMC mice resulted in differential degrees of UTX
protein loss and displayed a significant positive correlation between intracellular UTX levels and
IFN-y production on D1.5 PI (Fig. 4i). These results demonstrate that cell-intrinsic UTX levels in
mature NK cells regulate effector molecule production and subsequent protection against MCMV

infection.
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UTX regulates NK cells in a demethylase-independent manner.

As a histone demethylase, UTX may control NK cell homeostasis and effector gene expression
programs by catalyzing the removal of a methyl group from H3K27me3 (a repressive histone
mark) to poise chromatin for active gene expression**. However, UTX also possesses demethylase-
independent activities by interacting with epigenetic regulators and chromatin modifiers to
coordinate gene expression*>#. To explore the role of UTX demethylase activity in modulating
NK cell homeostasis and effector function, we leveraged mice which express a catalytically
inactive UTX (UTX “demethylase-dead” or UTXP™P mice; Supplementary Data Table 1)
harboring H1146A and E1148A point mutations in the catalytic domain*’. Interestingly, female
UTXPMP and WT mice exhibited similar frequencies and absolute numbers of splenic NK cells
(Fig. 5a-c), while UTX™P mice showed increased splenic NK cell numbers compared to both.
These findings suggest that UTX’s repression of NK cell numbers was demethylase-independent.
Moreover, no differences were observed between WT and UTXPMP NK cells in the ability to
produce IFN-y in response to cytokine stimulation (Fig. 5d-f). These results demonstrate that
UTX’s function in restraining NK cell numbers and promoting IFN-y production is demethylase-

independent.

In addition to a single copy of UTX, males express the catalytically inactive Kdm6c¢ (which
encodes the protein UTY), the Y-chromosome linked homolog of UTX. We confirmed that UTY
is only expressed in male NK cells from humans (Extended Data Fig. 5a) and mice (Extended
Data Fig. Sb) and was not altered by gonadectomy in mice (Extended Data Fig. 5b). As discussed
above, no differences were seen in NK cell numbers or effector function between male WT (one
copy UTX and UTY) and female UTX" (one copy UTX) mice (Fig. 3a,b and Fig. 4a, d),

suggesting a limited role for UTY in regulating NK cell homeostasis and effector function.
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Additionally, male UTXNKP (Kdm6a™ Ncri**) mice showed increased NK cell frequency and
absolute numbers (Extended Data Fig. Sc,d) and produced less IFN-y (Extended Data Fig. Se-
h), compared to male WT controls, which mirrors changes seen in females with NK cell UTX
deficiency. (Fig. 3a,b and Fig. 4a,b). Thus, UTX loss in NK cells has similar effects in females

and males.

UTX controls the NK cell transcriptome through chromatin remodeling.

Recent studies have identified NK cell regulatory circuitry (regulomes) that prime innate lymphoid
cells for swift effector responses even prior to NK cell activation®:#. As an epigenetic modifier,
UTX can alter transcription by organizing chromatin at regulatory elements of target gene loci®.
To investigate the UTX-mediated modifications on chromatin accessibility and gene expression in
NK cells, we performed Assay for Transposase-Accessible Chromatin using sequencing (ATAC-
seq) in tandem with bulk RNA sequencing (RNA-seq) on sort-purified WT (CD45.1*) and UTXNKP
(CD45.2*) NK cells from 4:1 WT:UTX™P mBMC mice (Extended Data Fig. 6a). Using mBMC
mice allowed for an internally controlled experiment and minimized environmental confounding
factors. Principal Component Analysis (PCA) of both ATAC-seq and RNA-seq data revealed
sample clustering by genotype (Extended Data Fig. 6b). ATAC-seq revealed 3569 peaks
decreased and 2113 peaks increased in accessibility in UTXNP compared to WT NK cells (log,
fold change > +0.5, adjusted p-value < 0.05, FDR < 0.05) (Supplementary Data Table 2).
Moreover, RNA-seq identified 701 decreased and 554 increased genes in UTXNKP vs. WT (log,
fold change > + 0.5, adjusted p-value < 0.05, FDR < 0.05) (Extended Data Fig. 6¢ and
Supplementary Data Table 3). These findings suggest profound changes in both the chromatin

landscape and transcriptome of NK cells in the absence of UTX.
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Integrative analysis of ATAC-seq and RNA-seq identified 395 genes that are both
differentially accessible and expressed with a significant positive correlation (Spearman
correlation: R = 0.62, p < 2.2x10'¢) between the mean log, fold change of ATAC-seq peaks and
log, fold change of RNA-seq expression (Extended Data Fig. 6d). Fuzzy c-means clustering’! of
both the ATAC-seq and RNA-seq datasets identified six major clusters which were significantly
decreased (Clusters 1, 2, 3, and 6) or increased (Clusters 4 and 5) in accessibility (Fig. 6a) and
expression (Fig. 6b) in UTX™P NK cells. For functional enrichment analysis, g:Profiler’> was
used to analyze clusters of differentially expressed genes identified by RNA-seq (Fig. 6¢). Major
pathways such as immune system process, cytokine production, IFN-y production, lymphocyte
activation, and immune effector process were associated with decreased expression in UTXNKP
(Clusters 1, 2, 3, and 6) (Fig. 6¢). Meanwhile, pathways such as developmental process,
biosynthetic process, and metabolic process were significantly associated with increased
expression in UTXNKP (Clusters 4 and 5) (Fig. 6¢). Of note, analysis of cell death pathway genes
revealed multiple genes to be differentially expressed (Extended Data Fig. 6e). Notably,
expression of the anti-apoptotic gene Bcl2 was increased while the pro-apoptotic gene Casp3 was
decreased (Extended Data Fig. 6e). Collectively, these findings implicate loss of UTX results in
modifications of chromatin accessibility and expression of genes associated with NK cell

homeostasis and effector function.

Considering the genome-wide differences in accessibility and gene expression we observed
by ATAC-seq and RNA-seq, we also explored direct UTX-mediated effects. We performed anti-
UTX CUT&Tag (Cleavage Under Targets and Tagmentation Assay) followed by sequencing,
allowing detection of DNA regions bound to UTX using an antibody-based immunoprecipitation

method>. Anti-UTX CUT&Tag on sort-purified WT and UTX™P NK cells revealed 5746 UTX-
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bound peaks (FDR < 0.01, adjusted p-value < 0.05) (Fig. 6d and Supplementary Data Table 4).
Principal Component Analysis (PCA) of both ATAC-seq and RNA-seq data revealed sample
clustering by genotype (Extended Data Fig. 6f). We identified 191 genes that were UTX-bound,
differentially accessible by ATAC-seq, and differentially expressed by RNA-seq (Fig. 6d). Within
these 191 genes, a majority of UTX-bound peaks were located in promoter (20.58%), intronic
(46.94%), and intergenic (27.4%) regions (Fig. 6e). Noteworthy genes involved in NK cell
homeostasis (Bcl2 and Thyl) (Fig. 6f)*->*5 and effector function (Ifng and Csf2) were UTX-
bound, differentially accessible, and differentially expressed (Fig. 6g). Moreover, of the 191 UTX-
bound genes, 140 genes were decreased in expression, while the remaining 51 genes were
increased (Supplementary Data Table 3) corroborating a prior report in T cells that UTX
functions in both activating and repressing gene transcription®. Enrichr pathway analysis*® on
these 191 UTX-bound genes revealed decreased inflammatory response, IFN-vy signaling, and NK
cell cytotoxicity pathways in UTXMP NK cells (Extended Data Fig. 6g). Conversely, increased
cellular catabolic process and apoptosis signaling pathways, which include both pro- and anti-
apoptotic genes (e.g., Bcl2, Bbc3, Gadd45g), were seen in UTXNKP NK cells. Among 865 UTX-
bound peaks with UTX-dependent expression and chromatin accessibility differences (191 unique
genes), linear regression analysis showed a significant positive correlation (Pearson’s R =0,5165,
p <0.0001) between chromatin accessibility and gene expression (Extended Data Fig. 6h,i). UTX
occupied regions within the Bcl2, Thyl, Ifng, and Csf2 gene loci corresponded with regions in
which differences in accessibility and gene expression were also noted (Fig. 6f,g). These data
suggest UTX regulates chromatin accessibility and gene transcription pathways important in

regulating NK cell homeostasis and function.
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UTX is known to interact with transcription factors (TFs) to orchestrate target gene
transcription®. To identify putative TF motifs with differential accessibility due to loss of UTX,
we performed HOMER (Hypergeometric Optimization of Motif Enrichment)*” TF motif analysis
on differentially accessible peaks identified by ATAC-seq (Extended Data Fig. 6j). TFs
associated with NK cell effector function (e.g. Runt (Runx1 and Runx2)*® and T-box (Eomes, T-
bet, Tbr1 and Tbx6)> family members) were more significant and had a higher percentage of target
motifs associated with decreased accessibility in UTXNP (Clusters 1, 2, 3, and 6) (Extended Data
Fig. 6j). Conversely, TFs associated with proliferation, differentiation, and metabolism in the zinc
finger and ETS family TFs® were more significantly associated with increased accessibility
(Clusters 4 and 5) (Extended Data Fig. 6j). Furthermore, TF motif analysis of UTX-bound peaks
by UTX CUT&Tag corroborate these results by revealing TFs critical in both NK cell effector
processes (T-bet, Eomes, Runx1, Tbx5) and developmental programs (ETS1, AP-1) (Extended
Data Fig. 6k). These data suggest both differential accessibility and direct UTX-binding of
important TF binding motifs implicated in regulating NK cell fitness and effector processes. These
analyses suggest that UTX modulates the chromatin landscape to control expression of genes
important in NK cell homeostasis (Bcl2 and Thyl) and effector function (Ifng and Csf2).
Ultimately, these findings suggest a model in which differential UTX expression levels may
underlie sexual dimorphism in NK cells as a central regulator of NK cell fitness and effector

function (Fig. 6h).
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Discussion

Sex is a critical biological variable in determining outcomes to viral infections?. This was recently
illustrated with COVID-19, in which male sex was identified as a major risk factor for severe
disease’. Moreover, recent studies have linked NK cell dysfunction to severe COVID-19 disease®'.
Given the importance of NK cells in anti-viral immunity, understanding the root causes of sex
differences in NK cell biology will have far-reaching implications in optimizing endogenous
effector responses. In this study, we demonstrate that lower UTX expression in male NK cells
contributes to their increased numbers and decreased effector functionality (Fig. 6h). NK cell UTX
is required for controlling NK cell fitness, modulating accessibility of transcription factor binding
motifs, increasing chromatin accessibility at effector gene loci, and poising NK cells for rapid
response to viral infection.

In addition to NK cells, sexual dimorphism has been reported in B cells, monocytes,
neutrophils, CD4* T cells, and CD8* T cells*®. While sex differences in immune cells have
previously been reported to be mediated by gonadal sex hormones®?%3-64_ it remains possible that
a subset of these disparities may also be attributed to differential UTX expression. In support of
this possibility, UTX deficiency has been associated with decreased T and iNKT cell numbers®*- 6
67; and UTX transcripts are lower in male vs. female cells for multiple immune cell types (CD4+ T
cells, CD8* T cells, Monocytes, B cells) queried in the DICE database®® (data not shown). Further
phenotypic studies are needed to determine UTX’s role in modulating sex differences in other

immune cell types.

NK cell-mediated effector functions include cytokine production and cytotoxic molecule
expression®. Our multi-omic analyses suggest that UTX poises the chromatin landscape of NK

cells to quickly respond to viral challenge by increasing accessibility and transcription of effector
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loci. These studies revealed 191 genes (including Ifng, and Csf2%-7°) that were simultaneously
bound by UTX, differentially accessible, and expressed. Decreased IFN-y and GM-CSF cytokine
production and impaired cytolytic capacity of UTX-deficient NK cells support UTX’s role in
promoting effector functionality during inflammation. However, there may be additional indirect
consequences of UTX-mediated gene regulation that play important roles in NK cell effector
function, as evidenced by the additional genes that are differentially expressed but not bound by
UTX.

As a H3K27me3 demethylase, UTX poises chromatin for active gene expression’'. In
addition to its catalytic activity, UTX functions in multiprotein complexes with other epigenetic
regulators (e.g. SWI/SNF, MLL4/5 and p300) to mediate chromatin remodeling in a demethylase-
independent manner®:7!. We report demethylase-independent functions of UTX in regulating
homeostasis and effector programs in NK cells. This is in contrast to UTX’s role in iNKT cells, in
which its demethylase activity is required®. Thus, the molecular mechanisms by which UTX
functions may be lineage specific. In support of this hypothesis, UTX has been reported to interact
with lineage specific TFs in T cells to target effector loci*®. Our HOMER motif analysis revealed
potential UTX interactions with Runx1, Runx2, Eomes, and other TFs important for NK cell
effector function during viral infection®® . Moreover, these analyses also point to UTX
interactions with KLF1, KLF5, Sp2 and other TFs associated with NK cell proliferation,
differentiation, and metabolism®. Furthermore, our results support previously published studies in
which UTX in other cell types has been reported to coordinate responses with T-bet, Eomes and
Tbx5%, ETS1%, and AP-1%-. Finally, Runx1 has been shown to interact with UTX-regulated BRG1
and SWI/SNF complexes*. However, due to the correlative nature of HOMER analysis, further

studies with co-immunoprecipitation and mass spectrometry are needed to experimentally verify
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these interactions in situ. Furthermore, as a constitutive XCI escapee, UTX may have cell type
specific mechanisms through two possibilities: 1) pool of cofactors present and ii) availability of
its epigenetic binding partners. UTX relies on byproducts of metabolic pathways for cofactors
(e.g., Fe(Il), a-ketoglutarate, oxygen) crucial for its enzymatic activity’>. Thus, dependent on the
metabolic state, there are distinct pools of cofactors accessible for UTX’s demethylase function,
allowing differential levels of catalytic activity based on the cell type. Additionally, UTX’s
functionality may also be contingent on the activity and expression level of its binding partners

(e.g. MLL3/4, SWI/SNF, p300) which are autosomally encoded.

Weighing factors that define patient subsets with different immune responses will allow us
to move past a “one-size-fits-all” therapeutic approach to a precision medicine paradigm. UTX
deficiency has been associated with Kabuki Syndrome and Turner Syndrome®: 73, two human
conditions associated with immune dysregulation and increased infections. Our findings suggest
the possibility that UTX deficiency in human NK cells may contribute to decreased viral
immunosurveillance observed in these patients, although future work will be needed to support
this hypothesis. Moreover, understanding sex differences in NK cell function is required to
incorporate sex as a biological factor in treatment decisions. In males with severe viral illness, for
instance, enhancing NK cell UTX activity may provide therapeutic benefit. We expect that these
insights will be important not only in the setting of viral infections, but also in other infections and
cancer, where NK cells also play an important role. These findings may also have important

implications for adoptive cellular therapies, in which NK cells are the subject of intense interest’*
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Figure 1: Sex differences in IFN-y production and NK cell numbers are independent of
gonadal hormones. a) Representative dot plots, b) frequency, and ¢) absolute numbers of
splenic NK cells (CD3-TCRf3- NK1.1*) in female and male C57BL/6 mice (n = 15 per group). d)
Percentage IFN-y* and e) normalized IFN-y mean fluorescence intensity (MFI) of total splenic
NK cells from female vs. male mice cultured with no treatment (NT) or IL-15 (50 ng/mL) and
IL-12 (20 ng/mL) for 4 hours, normalized to MFI of female IL.-15/12 treatment (n = 8 per
group). f) Percentage IFN-y* and g) normalized IFN-y MFI of CD3-CD56* female (n = 6) and
male (n = 7) human NK cells cultured and stimulated with 10 ng/mL of IL-12 for 16 hours in the

presence of K562 cells, normalized to MFI of female IL-12 treatment. h) Frequency and i)
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absolute numbers of splenic NK cells in gonadectomized female and male mice (n = 18 per
group). j) Percentage IFN-v* and k) normalized IFN-y MFI of total splenic NK cells isolated
from gonadectomized female and male mice and cultured with no treatment (NT) or IL-15 (50
ng/mL) and IL-12 (20 ng/mL) for 4 hours (n = 12 per group). Data are representative of 2-4
independent experiments. Samples were compared using two-tailed unpaired Student’s t test and
data points are presented as individual mice with the mean = SEM (*, p <0.05; **, p <0.01; ***,

p<0.001; #*+%, p<0.0001).
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Figure 2

Human NK Cells b Mouse NK Cells
a 2.0- Kokok 2.0+ Female
*xx ® Female | * @ Male
9 15_ KKk [ ] o 9 15_ * Kok ok
a ® o a
o {2 o e
S o S 10—
w 1.0- w
E . ‘ E
[e] (@)
Z 0.5+ ® ® z 0.5 ®
i °
0.0
0.0 fb (00 5 6’0
S Q) s & S P
Q,\Qq’ @\0&_\_\ Q \{\6 % Q‘b@&
‘)
Fold Change Fold Change
ated on - - 1% Cells ) *okk
C  Gated on CD3TCRB: NK1.1° Cell d 1s-
100—: —II\:Aerlnale % ® |
3 - Vale
X 80 20 Only < 10-
?6 60- 5
<407 £0.5-
20—: Z
03 0
0 103 104 10°
UTX EITC > Female Male
Hok
e kameaWTX) T  Gatedon CD3TCRB NK1.1* Cells
1.5+ %k 1254 e
c 100 3 —Female -
o d A - Male iz 1.00-
@ Y ] 2° Only s ]
© 1.0 o ».E_ 60 X 0.754
o :
(L X .
] 0. 50—
€0.54 20 - E
= 0] 2 0.25-
3 4 5 .
0 10 10 10
0.0 Female Male UTX FITC > 0.00 Female Male

29

Gonadectomized Mice




Figure 2: X-linked UTX displays sexually dimorphic gene expression independent of sex
hormones. a) Normalized expression of X-chromosome inactivation escapee genes using DICE
database RNA-seq data on sorted NK cells from human females (n = 36) vs. males (n = 54)
normalized to female. b) Normalized expression of X chromosome inactivation escapee genes by
RT-gPCR in splenic NK cells from female vs. male mice (C57BL/6; 8 week old, n =5 per group).
Genes are ordered by increasing fold change between female and male from left to right. ¢)
Representative histogram and d) normalized MFI of UTX protein expression in splenic NK cells
from naive female vs. male mice by flow cytometry, normalized to MFI of female mice (C57BL/6;
8-week-old; n = 15 per group). e) Relative expression of Kdm6a (UTX) by RT-qPCR of isolated
splenic NK cells normalized to female. f) Representative histograms and g) relative UTX MFI of
NK cells by flow cytometry from spleens of gonadectomized female and male mice (n = 6 per
group) normalized to female. Samples were compared using unpaired two-tailed Student’s t test
and data points are presented as individual mice with the mean + SEM (*, p <0.05; **, p <0.01;

##% p<0.001).
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Figure 3
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Figure 3: UTX suppresses NK cell fitness.

a) Frequency and b) absolute numbers of NK cells in spleen of female wild type (WT), male WT,
and female UTX"' mice (n = 12-16 per group). ¢) Frequency and d) absolute numbers of NK cells
in spleen of female WT, UTX" and UTXN¢P mice. e) Representative contour plots showing
frequencies of congenically distinct WT (CD45*2) and UTXNKP (CD45.2%) NK cells transferred
into WT (CD45.1%) recipients at a 1:1 ratio before injection (left) and on day 7 post transfer (right).
f) Frequency of WT and UTXMKD cells in the spleen of recipient mice on day 7 post transfer
compared to pre-injection ratio (n = 6 per group). g) Representative histograms and h)
quantification of percentage of cleaved caspase 3* NK cells of female WT, UTX"!, and UTXNP
cultured with IL-15 (5 ng/mL) and either DMSO or 2.5 uM Nutlin-3a for 24 hours (n = 3-11 per
group). i-k) Normalized i) Bcl-2 MFI, j) Bim MFI, and k) Bcl-2:Bim MFI ratio in splenic NK cells
from female WT and UTX"P mice (n = 5 per group). I-m) Bcl-2:Bim MFI ratio in splenic NK
cells from 1) female WT and male WT mice (n = 6 per group) and m) gonadectomized female and
male mice (n = 11 per group). Data are representative of 2-4 independent experiments. Samples
were compared using a-d) ordinary one-way ANOVA, h) two-way ANOVA with Tukey’s
correction for multiple comparisons, or f, i-m) unpaired two-tailed Student’s t test and data points
are presented as individual mice with the mean + SEM (N.S., Not Significant; *, p <0.05; **, p

<0.01; ***, p<0.001; **** p<0.0001).
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Figure 4
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Figure 4: UTX enhances NK cell effector function and is required for survival against viral

infection. a) Percentage IFN-y* and normalized IFN-y MFI of total NK cells from female WT,

male WT, female UTX", and female UTXNXP mice with no treatment (NT) or cultured with IL-

15 (50 ng/mL) and IL-12 (20 ng/mL) for 4 hours (n = 6-10 per group), normalized to MFI of
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female IL-15/12 treatment. b) IFN-y and ¢) GM-CSF concentrations measured by ELISA in
culture supernatants from female WT, UTX!t, and UTX™P NK cells with no treatment (NT) or
stimulated with IL-12 (20 ng/mL) and IL-18 (10 ng/mL) for 4 hours (n = 3-5 per group). d) Specific
lysis of MHCI-deficient MC38 Target cells by female WT, male WT, female UTX", or female
UTXMP NK (Effector) cells for 16 hours at a 4:1 Effector:Target ratio, normalized to percent
specific lysis by female WT NK cells (n = 5-12 per group). e) Kaplan-Meier survival curves of
WT and UTXNKP mice infected with MCMYV (n = 8 per genotype). Mantel-Cox test (**, p=0.0093).
f) Flow cytometric analysis of percentage IFN-y*, normalized IFN-y MFI, and normalized
granzyme B (GzmB) MFI relative to WT in splenic NK cells on D1.5 post MCMYV infection of
4:1 WT:UTXNKD mixed bone marrow chimeras (mBMCs) (n = 6-14). g) Schematic showing
generation of 1:1 WT:1UTX”- mBMCs. WT (CD45.1+) and iUTX" (CD45.2*) bone marrow was
transferred at a 1:1 ratio into busulfan depleted hosts and treated with 1 mg tamoxifen daily for 3
days prior to MCMV infection. h) Percentage IFN-y* and normalized IFN-y MFI of NK cells
derived from 1:1 WT:iUTX* mBMC mice on day 1.5 post MCMYV infection, normalized to WT
(n = 6). i) Correlation of IFN-y vs. UTX MFI of total splenic NK cells (n = 12). Two-tailed
correlation of XY data performed. Pearson’s 12 =0.775, and p <0.0001. Data are representative of
2-3 independent experiments. Samples were compared using a-c¢) two-way ANOVA or d) one-
way ANOVA with Tukey’s correction for multiple comparisons or f,h) paired two-tailed Student’s
t test. Data points are presented as individual mice with the mean + SEM (*, p<0.05; **, p<0.01;

ok p<0.001; **%* p<0.0001).
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Figure 5
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Figure 5: UTX controls NK cell homeostasis and IFN-y production independent of

demethylase activity. a) Representative density plots, b) frequency, and ¢) number of NK cells in

the spleen of female WT, UTXPMP and UTX™P mice (n =5 per group). d) Representative contour

plots, e) percentage IFN-y*, and f) normalized IFN-y MFI of female WT, UTXPMP, and UTXNKD

NK cells (n = 5 per group) normalized to WT. Data are representative of 2-3 independent

experiments. Samples were compared using one-way ANOVA with Tukey’s correction for

multiple comparisons. Data points are presented as individual mice with the mean + SEM (N.S.,

Not Significant; *, p <0.05; **, p <0.01; **%, p<0.001; **** p<0.0001).
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Figure 6
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Figure 6: Global changes in NK cell chromatin accessibility and transcription mediated by
UTX. a-¢c) WT:UTXN> mBMCs were generated by transferring WT (CD45.1%) and UTXNP
(CD45.2*) bone marrow into lymphodepleted host mice (CD45'*2) and allowed to reconstitute for
6 weeks. Splenic NK cells were sorted for ATAC-seq and RNA-seq library preparation (n=3 per
group). a, b) Line graphs (left) and heatmap (right) of fuzzy c-means clustered a) differentially
accessible peaks identified by ATAC-seq and b) differentially expressed genes identified by RNA-
seq of splenic NK cells from WT:UTXPmBMC:s (adjusted p-value < 0.05 and membership score
> 0.5). Line graphs show mean (black line) and standard deviation (red ribbon) of mean-centered
normalized log, values of significant (FDR and adjusted p-value < 0.05). ¢) Pathway analysis of
significant fuzzy c-means clustered RNA-seq genes using g:Profiler with point size indicating -
logio(p-value). d-g) Anti-UTX CUT&Tag was performed in WT and UTXNP NK cells and
identified 5746 unique UTX-bound peaks (n=3 per group). d) Location of UTX-bound peaks. e)
Venn diagram outlining overlapping differentially accessible (DA) genes identified by ATAC-seq
and differentially expressed (DE) genes identified by RNA-seq. f-g) Representative gene tracks
from UCSC Integrated Genome Browser of anti-UTX CUT&Tag (“anti-UTX”), ATAC-seq, and
RNA-seq of f) Bcl2 and Thyl and g) Ifng and Csf2 ; Y-axis depicts counts per million (CPM). h)
Schematic of how differential UTX expression levels underlie sexual dimorphism in NK cell
composition and function (left). Diagram of how UTX may be regulating gene programs involved

in NK cell numbers and effector function during homeostasis and viral infection (right).
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Extended Data Figure 1
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Extended Data Figure 1: Sex differences in IFN-y production in response to IL-12/18. a)

Representative dot plots showing gating strategy to identify CD3- TCR-NK1.1* mouse NK cells.

b) Representative contour plots, (¢) percentage IFN-y*, and (d) normalized IFN-y MFI of female

and male WT NK cells with cultured no treatment (NT) or IL-12 (20 ng/mL) and IL-18 (10 ng/mL)

for 4 hours (n = 14 per group). e) Representative contour plots of CD3-CD56* female (n = 6) and

male (n = 7) human NK cells cultured and stimulated with 10 ng/mL of IL-12 for 16 hours in the
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presence of K562 cells. f) Representative dot plots of splenic NK cells (CD3- TCRf- NK1.1*) in
gonadectomized female and male mice. g) Representative contour plots of total splenic NK cells
isolated from gonadectomized female and male mice and cultured with no treatment (NT) or IL-
15 (50 ng/mL) and IL-12 (20 ng/mL) for 4 hours. h) Representative contour plots and i) percentage
CD27-CD11b (DN), CD27*CD11b" (CD27 SP), CD27+CD11b* (DP), and CD27-CD11b* (CD11b
SP) of total splenic NK cells from female and male mice (n = 7 per group). j) Representative
contour plots and k) percentage CD27-CD11b- (DN), CD27*CD11b- (CD27 SP), CD27+CD11b*
(DP), and CD27-CD11b* (CD11b SP) of total splenic NK cells from gonadectomized mice (n =6
per group). Data are representative of 2-3 independent experiments. Samples were compared using
unpaired two-tailed Student’s t test and data points are presented as individual mice with the mean

+ SEM (N.S., Not Significant; **, p <0.01; **** p<0.0001).
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Extended Data Figure 2
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Extended Data Figure 2: UTX expression in Four Core Genotype mice and maturation in
UTX mouse models. a) Relative expression of Kdm6a (UTX) by RT-qPCR in Four Core
Genotype mice, in which male or female gonads present are independent of XX or XY
chromosome composition, normalized to female WT expression (XX with ovaries) (n = 3-5 per
group). b) Relative UTX MFI in splenic NK cells isolated from female WT, male WT, female
UTX"e, and female UTXN¢P mice (n = 4-19 per group). ¢) CD11b and CD27 expression within
NK cells isolated from female WT, male WT, and female UTX"* mice (n = 7-13 per group). d)
Representative western blot showing protein expression of UTX in NK cells isolated from female

WT and UTXMKP mice compared to (-actin loading control. Data are representative of 2-3
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independent experiments. Samples were compared using a) unpaired two-tailed Student’s t test,
b,c) one-way ANOVA with Tukey’s correction for multiple comparisons. Data points are
presented as individual mice with the mean + SEM (N.S., Not Significant; **, p <0.01; *** p

<0.001; **+% p<0.0001).
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Extended Data Figure 3: UTX regulates NK cell fitness. a) Representative flow cytometry dot
plots of NK cells in spleen of female wild type (WT), male WT, and female UTX", and female
UTXMKD mice. b) Representative contour plots and ¢) percent of WT CD45.1* or UTXNKP CD45 .2+

cells of total splenic T cells (left) and NK cells (right) in 1:1 WT:UTXP mBMC mice (n=3). d)
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Percentage of Ki67+ cells in blood of 4:1 WT:UTX™P mBMCs (n=28) ratio used to normalize WT
and UTXMP NK cell numbers. e) Representative histogram (left) and quantification (right) of
CFSE expansion, division and proliferation indexes calculated using FlowJo’s Proliferation tool
of CFSE-labeled splenic NK cells isolated from WT and UTX™P mice stimulated ex vivo with IL-
15 (50 ng/mL) for 4 days. f) Schematic showing adoptive transfer of CTV-labeled congenically
distinct WT (CD45"2) and UTXNKP (CD45.2+) NK cells transferred into WT (CD45.1%) recipients
at a 1:1 ratio with analysis of CTV dilution and WT:UTXMtP ratio on D7 by flow cytometry. g)
Representative histograms showing CTV dilution of congenically distinct WT (CD45*%) and
UTXNKD (CD45.2+) NK cells transferred into WT (CD45.1%) recipients before transfer (left) and

on day 7 post transfer (right). h) Representative histograms and i) percentage of cleaved caspase

3* splenic NK cells from female WT and male WT (n = 3-8 per group) treated ex vivo with IL-15

(5 ng/mL) and DMSO or 2.5 uM Nutlin-3a for 24 hours. j) Representative histograms and k)

percentage of cleaved caspase 3* splenic NK cells from gonadectomized female and male mice (n
= 6 per group) treated ex vivo with IL-15 (5§ ng/mL) and DMSO or 2.5 uM Nutlin-3a for 24 hours.
1) Representative histograms of Bcl-2 (left) and Bim (right) of flow cytometry in splenic NK cells
from female WT and UTX™P mice (n = 5 per group). “Ctrl” refers to matched unstained flow
cytometry controls. Data are representative of 2-3 independent experiments. Samples were
compared using unpaired two-tailed Student’s t test with Welch’s correction and data points are
presented as individual mice with the mean + SEM (N.S., Not Significant; *, p<0.05; **, p <0.01;

ek p <0.0001).
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Extended Data Figure 4
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Extended Data Figure 4: UTX enhances effector function independent of gonadal hormone

and maturation. a) Representative contour plots of total NK cells from female WT, male WT,

female UTX", and female UTXNXP mice cultured with IL-15 (50 ng/mL) and IL-12 (20 ng/mL)

for 4 hours. b) Absolute number of IFN-y* NK cells from female WT, male WT, and female

UTX" mice stimulated with either no treatment (NT) or IL-15 (50 ng/mL) and IL-12 (20 ng/mL)

for 4 hours (n = 8 per group). ¢) Specific lysis of MHC Class I deficient MC38

cells (Target cells)

by female WT, male WT, and gonadectomized female and male NK cells for 16 hours at a 4:1

effector:target ratio, normalized to percent specific lysis by female WT NK

cells (n = 3-6 per

group). d) Representative histograms and e) MFI of CD107a, granzyme b (GzmB), and perforin
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of female WT and male WT NK cells incubated with IL-15 (50 ng/mL) only or additionally
stimulated with plate-bound anti-NK1.1 antibody (PK136) (n = 4-5 per group). “Ctrl” refers to
matched unstained control for flow cytometry. Representative f) contour plots of IFN-y and g)
histogram of GzmB expressing total splenic NK cells on D1.5 post MCMV infection of 4:1
WT:UTX™P mixed bone marrow chimeras (mBMCs), ratio used to normalize cell numbers
between genotypes. h) IFN-y protein production in UTX™P compared to WT NK cells within
maturation subsets: CD27-CD11b- (DN), CD27*CD11b- (CD27 SP), CD27+CD11b* (DP), and
CD27-CD11b* (CD11b SP) isolated from 4:1 WT:UTXNP mBMC 1.5 days post-MCMYV infection
(n = 6).1i) Representative contour plots of total NK cells derived from 1:1 WT:iUTX"mBMC mice
on day 1.5 post MCMV infection, normalized to WT (n = 6). Data are representative of 2-3
independent experiments. Samples were compared using paired two-tailed Student’s t test and data
points are presented as individual mice with the mean + SEM (N.S., Not Significant; *, p<0.05;

#% p <0.01; #%* p <0.001; #¥** p<0.0001).
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Extended Data Figure 5
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Extended Data Figure 5: UTY is expressed but not sufficient to compensate for loss of UTX
in NK cell homeostasis and effector function. a) Expression in transcripts per million of KDM6A

(UTX) and KDM6C (UTY) using DICE database RNA-seq data on sorted NK cells from human
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females (n = 36) vs. males (n = 54). b) Relative expression of Kdm6a (UTX) and Kdm6¢ (UTY)
by RT-qPCR in splenic NK cells isolated from female WT, male WT, and gonadectomized female
and male mice (n = 6 per group). ¢) Representative flow cytometry dot plots and quantification of
d) frequency and absolute numbers of NK cells in spleen of male WT and UTX™P mice (n = 8 per
group). e) Representative flow cytometry contour plots and quantification of f) percentage IFN-v*
and normalized IFN-y MFI of total NK cells from male WT vs. male UTX™P mice with no
treatment (NT) or in response to IL-15 (50 ng/mL) and IL-12 (20 ng/mL) stimulation for 4 hours
ex vivo, MFI normalized to male WT (n = 8 per group). g) Representative flow cytometry contour
plots and quantification of h) percentage IFN-y* and normalized IFN-y MFI of total NK cells from
male WT vs. male UTX™P mice with no treatment (NT) or in response to IL-12 (20 ng/mL) and
IL-18 (10 ng/mL) stimulation for 4 hours ex vivo, MFI normalized to male WT (n = 8 per group).
Data are representative of 2-3 independent experiments. Samples were compared using paired two-
tailed Student’s t test and data points are presented as individual mice with the mean + SEM (N.S.,
Not Significant; **,p <0.01; *** p

<0.001; **+% p<0.0001).
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Extended Data Figure 6
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Extended Data Figure 6: Integrative ATAC, RNA, anti-UTX CUT & Tag sequencing analysis
reveal concomitant changes in chromatin accessibility and transcription mediated by UTX.
a) Schematic of mBMC mice generated by transferring a mixture of WT (CD45.1%) and UTXNP
(CD45.2*) bone marrow into a lymphodepleted host (CD45'*2) and allowed to reconstitute for 6
weeks. NK cells were sorted from spleens of mBMC mice for ATAC-seq and RNA-seq library
preparation. b) Principal component analysis (PCA) of (left) chromatin accessibility (ATAC-seq)
and (right) transcriptional (RNA-seq) changes in WT and UTXN¢P NK cells at steady state. c)
Volcano plot of significant differentially expressed genes by RNA-seq plotted by Log2FC of
UTXMNKD vs. WT (x-axis) and Log2 Mean Expression (y-axis). Dotted lines represent different
Log2FC cut offs (0.5 and 1). Red dots are highlighted genes of interest for NK cell effector and
developmental pathways. d) Scatter plot highlighting genes that were differentially accessible and
expressed (FDR and adjusted p-value < 0.05) colored by fuzzy c-means cluster (see Fig. 6). Y-
axis depicts mean log, fold change of ATAC accessibility peaks and x-axis depicts log, fold change
of RNA-seq transcript levels. Best fit regression line (red) with standard error (light red ribbon).
Positive correlation calculated by Spearman correlation of dataset (R=0.62, p<2.2x107%). e)
Heatmap displaying differentially expressed cell death pathway genes between WT and UTXNP
NK cells. All genes displayed in heatmap met the following threshold of significance: FDR < 0.05,
adjusted p-value < 0.05, and log, fold change > 0.5. f) PCA analysis of anti-UTX CUT&Tag in
sort-purified WT and UTXN¢P NK cells (n=3 per group). g) Functional gene ontology pathway
analysis on UTX-bound genes that are decreased (red) or increased (blue) by expression by RNA-
seq using Enrichr. h) Log2FC in UTXNP vs. WT of ATAC accessibility (y-axis) plotted by either
decreased (>-0.5 Log2FC) (blue) or increased (>+0.5 Log2FC) (purple) expression by RNA-seq

(x-axis) of the UTX bound genes with significant changes in accessibility and expression. i)
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Correlation plot of Log2FC of UTXNP vs. WT RNA-seq values compared to corresponding
ATAC-seq values for each specific UTX-bound gene. Linear regression was performed to allow
for the best-fit line to be plotted (black line through graph) with the confidence intervals plotted
(dotted red lines). Pearson’s correlation was performed with r = 0.5165 with a significant p value
< 0.0001. j) HOMER motif analysis of significant fuzzy c-means clustered ATAC-seq peaks
grouped by transcription factor family (top) and transcription factor (bottom). Point size indicates
percentage of target sequences featuring motif and red gradient indicates -log;o(p-value) of
enrichment. k) HOMER Motif analysis performed on UTX-bound peaks. % Target Sequences

refers to percent of target motifs identified by the HOMER algorithm out of the background motifs.
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Supplementary Data Table 1: Mouse Strains Used in this Study
Mouse Strain Genetic
Name Genotype Backeround Description Reference
(abbreviation) g
Homozygous UTX
ox/flox
UTXD kdméar C57BL/6 KO in NKp46 Generated De
Ncerleret . Novo
expressing cells.
Heterozygous
UTX"e Kdm6a" """ C57BL/6 deletion of UTX in Generated De
Ncerleer NKp46 expressing Novo
cells.
Generated De
Kdm6aoox Mouse with full body Novo with
iUTX" —— C57BL/6 | Tamoxifen-inducible Jackson Lab
Rosa26 deletion of UTX. Strain ID
#:008463
Mouse harboring full
UTXPMD UTXH!46A+E1148A | C57BL/6 body copy of a PMID: 22949634
demethylase dead '
UTX
XX - Ovary Mice with sex
Four Core | xy _ Qvar PMID: 19028515
Genotype Y C57BL/6 chromosomes '
Mice (FCG) XX — Testes independent of
XY - Testes gonadal composition

Contact for Reagent and Resource Sharing
Further information and requests for resources and reagents should be directed and will be fulfilled

by the Corresponding Authors, Timothy O’Sullivan (tosullivan@mednet.ucla.edu) and Maureen

Su (masu@mednet.ucla.edu)

Method Details
Mice
Mice were bred at UCLA in accordance with the guidelines of the institutional Animal Care and

Use Committee (IACUC). The following mouse strains were used in this study: C57BL/6
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(CD45.2%) (Jackson Labs, #000664), B6.SJL (CD45.1%) (Jackson Labs, #002114), Rosa26ERT2Cre
(Jackson Labs, #008463), Ncri€e 75, Kdm6a™" 64, UTXH146A+E148A (JTXPMP)7 - and Four Core
Genotype mice®'. For experiments with gonadectomy, procedure was performed by Jackson
Laboratories Surgical Services. To generate UTXNP and UTX"' mice de novo for this study,
NcerI€™WTmice were crossed to Kdm6a™™ mice to generate either NcrI“*™VTKdm6a™" (UTXN<P) or
Ner1€VTKdm6a™™T (UTXHe) offspring. To generate iUTX” mice with a full body tamoxifen-
inducible deletion of UTX de novo, Rosa26E*™¢ mice were crossed to Kdm6a™™ mice to generate
F2 progeny Rosa26FRT2C*Kdm6a" offspring. CD45'*2 mice were generated de novo by crossing
CD45.1+* B6.SJL and CD45.2* C57BL/6 mice. For all mouse experiments in 6-8 week old age-
matched littermates were used in accordance with approved institutional protocols. mBMC mice
were generated by depleting host CD452 mice by intraperitoneal (i.p.) injection of busulfan
(Img/mL) at 20mg/kg for 3 consecutive days, followed by reconstitution 24 hours later with
various mixtures (specified for each experiment in figure legends) of bone marrow cells from WT
(CD45.1%) and knockout (CD45.2%) donor mice in the presence of an anti-NK1.1 antibody (1
mg/ml; clone: PK136) to deplete any remaining mature NK cells. For inducible deletion of UTX
in iUTX"- mice, mBMC mice produced with WT and iUTX" bone marrow were treated with 1 mg

tamoxifen i.p. daily for 3 days prior to MCMYV infection.

MCMYV infection

MCMYV (Smith strain)’”” was serially passaged through BALB/c hosts three times, and then salivary
gland viral stocks were prepared with a dounce homogenizer for dissociating the salivary glands
of infected mice 3 weeks after infection. Experimental mice in studies were infected with MCMV

by i.p. injection of 7.5 x 10? plaque-forming units (PFU) in 0.5 mL of PBS. Mice were monitored
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and weighed daily and sacrificed when body weight dropped over 20% from initial weight. “Sub-
lethal dose” of MCMV was determined by infection of mice with different dosages to identify the

dose in which WT C57BL/6 would survive after 7 days.

Isolation and enrichment of mouse NK cells

Mouse spleens, livers, lungs, and blood were harvested and prepared into single cell suspensions
as described previously’. Splenic single cell suspensions were lysed in red blood cell lysis buffer
and resuspended in EasySep™ buffer (StemCell). To avoid depleting Ly6C* NK cells we
developed a custom antibody cocktail as follows: splenocytes were labeled with 10 pg per spleen
of biotin conjugated antibodies against CD3 (17A2), CD19 (6D5), CD8 (53-6.7), CD88 (20/70),
Ly6G (1A8), SiglecF (S17007L), TCRP (H57-597), CD20 (SA275A11), CD172a (P84) and
magnetically depleted from total splenocyte suspensions with the use of anti-biotin coupled

magnetic beads (Biolegend)®.

Ex vivo stimulation of mouse NK cells

For cytokine stimulation experiments, 2 x 10* mouse NK cells were stimulated for 4 hours in CR-
10 (RPMI 1640 + 25 mM HEPES + 10% FBS, 1% L-glutamine, 1% 200 mM sodium pyruvate,
1% MEM-NEAA, 1% penicillin-streptomycin, 0.5% sodium bicarbonate, 0.01% 55 mM 2-
mercaptoethanol), Brefeldin A (1:1000; BioLegend) and Monensin (2 uM; BioLegend) with or
without recombinant mouse IL-15 (50 ng/mL; Peprotech), mouse IL-12 (20 ng/mL; Peprotech),
and/or recombinant mouse IL-18 (10 ng/mL; Peprotech). Cells were cultured in CR-10 media
alone as a negative control (No Treatment or NT). Absolute number of IFN-y producing NK cells

were determined by acquiring and counting individual cells with an Attune NxT after intracellular

53



flow cytometry staining to determine cell count of IFN-y* out of the 2 x 10* cells plated total. For
plate-bound antibody stimulation experiments, 2 x 10* isolated NK cells per condition were
stimulated with 4 mg/mL precoated antibody against NK1.1 (PK136) for 4 hours in complete
media containing Brefeldin A (1:1000; BioLegend) and Monensin (2uM; BioLegend). Cells were

cultured in media alone as a negative control (No Treatment or NT).

Proliferation assays

CellTrace™ CFSE (Thermo) stock solution was prepared per the manufacturers’ instructions and
diluted at 1:10,000 in 37C PBS. Isolated NK cells were incubated in 0.5mL of diluted CFSE
solution for 5 minutes at 37°C. The solution was quenched with 10X the volume of CR-10 media.
Cells were then washed and plated at 50 ng rmIL-15 (Peprotech) and cultured for 4 days to assess

proliferation.

Human NK cell culture and stimulation

Human peripheral blood mononuclear cells (PBMCs) from anonymous healthy donors were
obtained from leukoreduction filters after platelet apheresis from the UCLA Virology Core. NK
cells were isolated using the EasySep Human NK Cell Isolation Kit (Stem Cell Technologies)
following manufacturer instructions. Following isolation, cells were maintained in 24-well G-Rex
plates (Wilson Wolf) in NK MACS media (Miltenyi Biotech) supplemented with human IL-2 (100
IU/mL, Peprotech) and human IL-15 (20 ng/mL, Peprotech) at a plating density of 5 x 10° cells
per well. For cytokine stimulation, either freshly isolated human NK cells or cells activated for 14
days with IL-2/IL-15 were plated with K562 leukemia cells at an E:T ratio of 2.5:1 in addition to

human IL-2 (100 IU/mL, Peprotech), human IL-15 (20 ng/mL, Peprotech), human IL-12 (10
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ng/mL, Peprotech), and/or human IL-18 (100 ng/mL, Peprotech) in CR-10 media. NK cells were

stimulated with cytokines for 16 hours before analysis by flow cytometry.

Cleaved caspase 3 induction
2 x 10* mouse NK cells were cultured in CR-10 media with 5 ng/mL recombinant mouse IL-15
(Peprotech) and control DMSO or 2.5 uM Nutlin-3a (MedChem Express; Cat# HY-10029) for 24

hours before intracellular staining for cleaved caspase 3.

Adoptive transfer of NK cells
Freshly isolated congenically distinct NK cells were labeled with CellTrace™ Violet (CTV)
(ThermoFisher; Cat#C34557) following manufacturer instructions. CTV labeled cells were mixed

at a 50:50 ratio, resuspended in PBS, and injected 5x10° cells i.v. into wild type recipient mice.

Tumor killing assays

Low passage MHC Class I deficient MC38 tumor cells were labeled with CTV (ThermoFisher;
Cat#C34557) following manufacturer instructions. Freshly isolated splenic NK cells were cultured
with 1 x 10* B2M~7- MC38 cells per well at effector:target (E:T) ratios of 4:1, 2:1, and 1:1 in the
presence of 50 ng/mL recombinant mouse IL-15 (Peprotech; Cat#210-15) for 16 hours. Remaining
CTV positive tumor cells were quantified by flow cytometry using the Attune NxT Acoustic

Focusing cytometer and data were analyzed with FlowJo v10.7.2 software (TreeStar).

Flow cytometry and cell sorting
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Cells were analyzed for cell surface markers using fluorophore-conjugated antibodies (BioLegend,
eBioscience). Cell surface staining was performed in FACS Buffer (2% FBS and 2 mM EDTA in
PBS) and intracellular staining was performed by fixing and permeabilizing using the eBioscience
Foxp3/Transcription Factor kit for intranuclear proteins or BD Cytofix/Cytoperm kits for
cytokines. Flow cytometry was performed using the Attune NxT Acoustic Focusing cytometer
(Thermo) and data were analyzed with FlowJo v10.7.2 software (TreeStar). Cell surface and
intracellular staining was performed using the following fluorophore-conjugated antibodies:
CD45.1 (A20),CD45.2 (104),NK1.1 (PK136), TCRf3 (H57-597),CD3 (17A2),IFN-y (XMG1 .2),
Ly6C (HK1.4),Bcl-2 (BCL/10C4),CD11b (M1/70),CD27 (LG.3A10), granzyme b (GB11), UTX
(N2C1 - GeneTex), Goat anti-rabbit H&L (Abcam - ab6717), Bim (c34c5), Ki-67 (16A8),CD107a
(1D4B), cleaved caspase 3 (Asp175), human CD56 (TULY56), human CD3 (UCHT1), and human

IFN-y (B27). Isolated splenic NK cells were sorted using Aria-H Cytometer (BD) to >95% purity.

Quantitative PCR

For quantitative PCR experiments, up to 5 x 10° cells were isolated using NK EasySep magnetic
Isolation kit (StemCell; Cat#19855) as detailed above. RNA was isolated from cells using Quick-
RNA Micro-prep kit (Zymo; Cat#R1051). Then, RNA was quantified using a NanoDrop and used
up to 1 ug to synthesize cDNA using High-Capacity cDNA Reverse Transcription Kit
(ThermoFisher; Cat# 4368813). Then 1 ul of undiluted cDNA was directly used in a Tagman Real-
Time PCR assay in a 386 well plate. Each sample was plated at a minimum of 3 technical replicates
per tagman probe. Tagman probes (Ifng: Mm01168134_m1, Csf2: Mm01290062_m1, Kdmb6a
(Utx): Mm00801998_m1, Eif2s3: Mm01236979_g1, Kdm5c: Mm00840032_m1, Kdmé6c (Uty):

MmO00447710_m1, Ddx3x: Mm04207948_gH), were ordered from ThermoFisher Tagman probe
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catalog (Cat# 4331182). Normalized expression was calculated as follows: 1) 3-actin was used as
a housekeeping gene and used to normalize the amount of each sample for each probe, then 2)

each sample was normalized to female WT for each gene.

ELISA

2 x 10* mouse NK cells were stimulated with recombinant mouse IL-12 (20 ng/mL; Peprotech)
and recombinant mouse IL-18 (10 ng/mL; Peprotech) for 4 hours before conditioned media was
harvested and stored at -80°C. Mouse IFN-y and GM-CSF were detected using Legend Max

ELISA kits (Biolegend) following manufacturer’s instructions.

Western blot

Protein was extracted from enriched primary splenic NK cells using Pierce RIPA buffer (Thermo-
Fisher) with Halt protease inhibitor cocktail (Thermo-Fisher) and protein concentration was
quantified using the Pierce BCA Protein Assay kit (Thermo-Fisher). Samples were
electrophoresed on NuPage Novex 4-12% Bis-Tris Protein Gels, transferred to PVDF membranes,
and blocked overnight at 4°C with 5% w/v nonfat milk in 1X TBS and 0.1% Tween-20.
Immunoblots were performed using rabbit anti-UTX (anti-UTX Cell Signaling Rabbit mAb
#33510), rabbit anti-B-actin (Cell Signaling CST4970), and goat anti-rabbit horseradish peroxidase
secondary antibody (Thermo-Fisher 31466). Proteins were detected using the SuperSignal West

Pico PLUS ECL kit (Thermo-Fisher) and visualized using the Azure Biosystems ¢280 imager.

RNA-seq library construction
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RNA was isolated from 50,000 sort-purified NK cells per sample using RNeasy Mini kit (Qiagen).
RNA quality was verified using High Sensitivity RNA Screen Tape and excluded samples with a
RINe <6.0. RNA-seq libraries were sequenced using Illumina HighSeq 4000 platform (single end,

50bp).

ATAC-seq library construction

ATAC-seq libraries were produced by the Applied Genomics, Computation, and Translational
Core Facility at Cedars Sinai in the following manner: 50,000 cells per sample were lysed to collect
nuclei and treated with TnS5 transposase (Illumina) for 30 minutes at 37°C with gentle agitation.
The DNA was isolated with DNA Clean & Concentrator Kit (Zymo) and PCR amplified and
barcoded with NEBNext High-Fidelity PCR Mix (New England Biolabs) and unique dual indexes
(Illumina). The ATAC-Seq library amplification was confirmed by real-time PCR, and additional
barcoding PCR cycles were added as necessary while avoiding overamplification. Amplified
ATAC-Seq libraries were purified with DNA Clean & Concentrator Kit (Zymo). The purified
libraries were quantified with Kapa Library Quant Kit (KAPA Biosystems) and quality assessed
on 4200 TapeStation System (Agilent). The libraries were pooled based on molar concentrations

and sequenced on an Illumina HighSeq 4000 platform (paired end, 100bp).

CUT&Tag Library Preparation

For anti-UTX CUT&Tag library preparation, nuclei were isolated with cold nuclear extraction
buffer (20 mM HEPES, pH 7.9, 10 mM KCl, 0.1% Triton X-100, 20% glycerol, 0.5 mM
spermidine in 1X protease inhibitor buffer) and incubated with activated concanavalin A (ConA)

coated magnetic beads (Polysciences - 86057-3) in PCR strip tubes at room temperature for 10
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minutes. A 1:100 dilution of primary antibody (anti-UTX Cell Signaling Rabbit mAb #33510 or
IgG Isotype Control: Cell Signaling Technology #3900S) in antibody buffer (20 mM HEPES pH
7.5; 150 mM NaCl; 0.5 mM Spermidine; 1X Protease inhibitor cocktail (Roche) ; 0.05% Digitonin,
2mM EDTA, 0.1% BSA) was added and nuclei were incubated with primary antibodies overnight
at 4C. The next day, the strip tubes were incubated on a magnetic tube holder and supernatants
were discarded. Secondary antibody (Guinea Pig anti-Rabbit IgG Fisher Scientific - NBP172763)
was added diluted 1:100 in Dig-Wash (20 mM HEPES pH 7.5; 150 mM NaCl; 0.5 mM
Spermidine; 1X Protease inhibitor cocktail; 0.05% Digitonin) and nuclei were incubated for 1 hour
at room temperature. Nuclei were washed four times in Dig-Wash and then incubated with a 1:20
dilution of pAG-Tn5 adapter complex (EpiCypher) in Dig-300 buffer (1x Protease inhibitor
cocktail, 20 mM HEPES pH 7.5, 300 mM NaCl, 0.5 mM spermidine) for 1 hour at room
temperature. To stop tagmentation, 25 uLL Dig-300 buffer with 10 uL 1 M MgCl, 7.5 uL 0.5 M
EDTA, 2.5 uL 10% SDS, and 5 uL 10 mg/mL proteinase K was added to each reaction and
incubated at 55 degrees for 1 hour. DNA was extracted by phenol:chloroform:isoamyl alcohol
separation. DNA was barcoded and amplified using the following conditions: a PCR mix of 25 uL
NEBNext 2X mix, 2 ul. each of barcoded forward and reverse 10 uM primers, and 21 uL of
extracted DNA was amplified at: S8C for 5 min, 72C for 5 min, 98C for 45 sec, 16x 98C for 15
sec followed by 63C for 10 sec, 72C for 1 min. Amplified DNA libraries were purified by adding
1.3x volume of KAPA pure SPRI beads (Roche) to each sample and incubated for 10 minutes at
room temperature. Samples were placed on a magnet and unbound liquid was removed. Beads
were rinsed twice with 80% ethanol, and DNA was eluted with 25 uLL TE buffer. All individually
i7-barcoded libraries were mixed at equal molar proportions for sequencing on an Illumina

NovaSeq 6000 sequencer.
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Sequencing Data Analysis

ATAC-seq and anti-UTX CUT&Tag fastq files were trimmed to remove low-quality reads and
adapters using Cutadapt™ (version 2.3). The reads were aligned to the reference mouse genome
(mm10) with bowtie2®’ (version 2.2.9). Peak calling was performed with MACS28 (version 2.1.1).
Peaks/regions identified as UTX-bound (UTX CUT&Tag) and differentially accessible (ATAC-
seq) were annotated using the annotatepeaks.pl function from the HOMER analysis package. To
determine the distance to the nearest TSS (transcription start site), we used the default settings in
annotatepeaks.pl, which utilizes RefSeq transcription start sites to determine the closest TSS. For
genomic annotation, we used the “Basic Annotation” output provided by the
assignGenomeAnnotation program in annotatePeaks.pl. The TSS was defined from -1kB to
+100bp, and TTS (transcription termination site) was defined from -100 bp to +1kB. “Basic
Annotation” is based on alignments of RefSeq transcripts to the UCSC hosted mouse genome file
(mm10). HTseq® (version 0.9.1) was used to count the number of reads that overlap each peak per
sample. The peak counts for ATAC-seq were analyzed with DESeq2 * (version 1.24.0) to identify
differentially accessible genomic regions. Peaks with adjusted p-value < 0.05 were considered
significantly differentially accessible. UTX CUT&Tag peak counts were trimmed for low counts
<50 and WT was compared with UTX"XP as a control for background signal. The peak counts for
ATAC and anti-UTX CUT&Tag were visualized with Integrated Genome Browser (version 9.1.8)
using mouse genome 2011. RNA sequencing analysis was carried out by first checking the quality
of the reads using FastQC. Then, they were mapped with HISAT2 (version 2.2.1) to the mouse
genome (mm10). The counts for each gene were obtained by HtSeq?®?. Differential expression

analyses were carried out using DESeq2% (version 1.24.0) with default parameters. Genes with
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adjusted p value <0.05 were considered significantly differentially expressed. Sequencing depth
normalized counts were used to plot the expression values for individual genes.

Fuzzy c-means clustering was used for both ATAC-seq and RNA-seq using significant
(adjusted p-value andFDR <0.05, log, fold change +/- 0.5) normalized counts generated from
DESeq2. Mfuzz package (version 3.14) within R was used to perform this analysis into 6 clusters
with a membership score of >0.5. The differentially accessible ATAC peaks were analyzed using
the findMotifsGenome.pl function from HOMER> (version 4.9.1) of each cluster to identify
enriched cis-regulatory motifs of transcription factors. Pathway analysis of clustered RNA-seq
data was performed using g:Profiler using the g:GOSt function. Top relevant pathways were
selected from KEGG Biological Pathways and Gene Ontology Pathways (Biological Processes

and Molecular Function).

DICE Expression Data Analysis

Gene expression data in sorted human NK cells by donor sex was provided by the Database of
Immune Cell Expression, Expression quantitative trait loci (eQTLs) and Epigenomics (DICE)
Project®®. Expression data was downloaded as transcripts per million per sorted immune cell type

and male or female sex. Expression was then normalized to the average of females.

Statistical Analyses

For graphs, data are shown as mean + SEM, and unless otherwise indicated, statistical differences
were evaluated using a student’s t test. For graphs containing multiple groups, either one-way (one
treatment or condition) or two-way (multiple treatments or conditions) ANOVA with Tukey’s

correction for multiple comparisons was used as stated. For Kaplan-Meir survival curve, samples
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were compared using the Log-rank (Mantel-Cox) test with correction for testing multiple
hypotheses. A p-value < 0.05 was considered significant. Graphs were produced and statistical
analyses were performed using GraphPad Prism and ggplot2 library in R. Spearman Correlation

on best fit regression line was performed using ggpubr library in R.

Data Availability

Sequencing datasets are accessible from GEO with accession number GSE185065.
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Abstract

Low oxygen levels, or hypoxia, has been associated with immune defects in multiple
contexts. Hypoxia is associated with higher levels of H3K27me3 in CD4+ T cells. T cell-specific
deletion of the histone demethylase is sufficient to recapitulate multiple features of hypoxia,
including increased H3K27me3 accumulation and decreased production of IFN-y+ CD4+ T cells
in response to IL-12 cytokine stimulation. T cell specific UTX deletion has functional
consequences, as mice are more susceptible to colon cancer and is not responsive to IFN-y-
dependent checkpoint therapy with anti-PD-1 treatment. However, mice with loss of UTX in T
cells protected from colitis in which IFN-y production has been tied with pathogenesis.
Concomitant RNA and H3K27me3 CUT&Tag sequencing demonstrate an important role for UTX
in removing repressive H3K27me3 marks to promote upregulation of IL12/STAT4 pathway genes
including 1112rb, Tbx21, and Ifng. Together, these data demonstrate that UTX functions through
its demethylase activity to promote Thl cell differentiation and suggest that hypoxia’s HIF-

independent effects on Th1 effector function may be mediated through UTX.
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Introduction

Hypoxia occurs when oxygen demand outstrips supply and is a feature of multiple pathological
immune niches, including tumors and sites of tissue inflammation. The consequences of hypoxia
can be potentially dire, with sustained hypoxia in pathologic sites leading to metabolic crisis and
cell death. As a consequence, multiple oxygen sensing mechanisms have evolved that mediate an
adaptive response to low oxygen conditions. Central to these hypoxia-induced pathways is the
stabilization of the transcription factor HIF (hypoxia-inducible factor), which promotes expression
of genes important in adaptation to low oxygen levels in multiple tissue types. In addition, multiple
HIF-independent oxygen sensing mechanisms have recently been identified, including those that
alter histone methylation to induce transcriptional changes in hypoxia'. In support of an important
role for hypoxia in disease development, hypoxia in pathologic immune niches has been linked to
disease outcome. For instance, hypoxia in tumors has been linked with poor outcomes with cancer?.
Strong evidence now exists that hypoxic tumor microenvironment limits effective anti-tumor
immune responses, suggesting that hypoxia’s immunosuppressive effect is a major contributor to
poor outcomes®. At the same time, hypoxia in inflamed colon tissue is associated with protection
in a mouse model of colitis*. Although the mechanisms underlying these associations remain
incompletely defined, it 1is possible that they may also reflect hypoxia-induced
immunosuppression.

Hypoxia has been associated with alterations in the differentiation and effector function of
immune cells. For instance, multiple studies have reported that hypoxic conditions decrease the
proportion of T cells that produce IFN-y3$. In these studies, this decrease has been attributed to
stabilization of T cell HIF-1a, since genetic deletion of HIF-1a in T cells resulted in increased IFN-

v secretion®. Moreover, hypoxia-induced changes in IFN-y production were abolished in HIF-1a
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deficient CD4* T cells, suggesting that upregulation of HIF-1a is responsible for the hypoxia-
induced changes. Importantly, however, because the changes were incompletely attenuated with
HIF-1a deficiency, these data also suggested the existence of an additional, distinct oxygen-
sensing pathways important in regulating hypoxia-induced changes.

UTX (ubiquitously transcribed tetratricopeptide repeat protein on the X chromosome;
transcribed by the gene Kdmb6a) is an epigenetic regulator that catalyzes the demethylation of
repressive trimethylated histone 3 lysine 27 (H3K27me3) marks to activate gene transcription’. As
a member of the 2-oxoglutarate (OG)-dependent dioxygenase (2-OGDD) family of enzymes, UTX
has recently been shown to be oxygen-sensitive. Specifically, hypoxia inactivates UTX’s
demethylase activity in a HIF independent manner®® which results in global H3K27me3
hypermethylation. We focused on UTX as a potential oxygen sensor in CD4* T cells due to its
previous links with immune cell differentiation!®!! evidence of H3K27me3 accumulation in
hypoxic tumor tissue® and because of its potential for therapeutic manipulation’.

Here, we show that hypoxia is associated with histone hypermethylation in CD4+ T cells.
T cell-specific deletion of the histone demethylase UTX (encoded by the gene Kdmo6a) is sufficient
to recapitulate multiple features of hypoxia, including decreased proportion of IFN-y* CD4+ T
cells. Concomitant RNA and H3K27me3 CUT&Tag sequencing demonstrate an important role for
UTX in removing repressive H3K27me3 marks to promote upregulation of IL12/STAT4 pathway
genes including IL12rb, Thx21, and Ifng. T cell specific UTX deletion has functional
consequences, as mice are more susceptible to colon cancer but protected from colitis. Together,
these data demonstrate that UTX functions through its demethylase activity to promote Th, cell
differentiation and suggest that hypoxia’s HIF-independent effects on Th, effector function may

be mediated through UTX.
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Results

Hypoxia and UTX deficiency leads to increased H3K27me3 levels in CD4+ T cells.

Recent work demonstrated H3K27me3 accumulation in an immortalized cell line in hypoxia®.
Consistent with this, our results indicate this phenomenon translates to primary T cells due to
increased global H3K27me3 levels in T cells incubated in hypoxia (1% O,) compared to normoxia
(20% 0O,) (Fig. 1a). Since UTX is an epigenetic regulator harboring intrinsic H3K27me3
demethylase activity, we hypothesized loss of UTX catalytic activity under low oxygen conditions
may be causing the accumulation of H3K27me3 levels in T cells. To interrogate this, we produced
mice with a T cell specific deletion of UTX (Kdm6a"*°x Lcke*) hereafter referred to as UTXTP
mice. Flow cytometric analysis revealed an increase in H3K27me3 levels in naive splenic CD4+
T cells in UTX™P mice compared to WT (Fig. 1b). Together, these data suggest that loss of UTX

in T cells recapitulates the accumulation of H3K27me3 levels observed in hypoxic conditions.

Hypoxia and UTX deficiency both result in decreased CD4+ T cell IFN-y production.

Hypoxia has previously been associated with decreased CD4* T cell IFN-y production®. In line
with this, our flow cytometric analysis of mouse CD4+ T cells stimulated with proinflammatory
cytokines IL-2 and IL-12, showed lower IFN-y production with hypoxia (1% O2) compared to
normoxia (20%) (Fig. 1c,d). Remarkably, UTX deficiency in CD4+ T cells phenocopied this
hypoxia-associated finding, with significantly lower proportion of UTX™P CD4+ T cells
producing IFN-vy, compared to WT (Fig. 1c,d). Additionally, UTX deficiency abolished hypoxia-
induced decrease in IFN-y production since there were no significant differences between IFN-vy
production during normoxia or hypoxia by UTX™P T cells (Fig. 1c,d). Moreover, there is no

significant difference in IFN-y production between WT T cells in hypoxia and UTXTP T cells in
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normoxia. Taken together, these data suggest loss of UTX in T cells phenocopies IFN-y production

during hypoxia conditions and eliminates the oxygen sensitivity of the T cells as seen in WT.

T cell specific UTX deficiency protects against autoimmune colitis.
Given decreased IFN-y production by UTX-deficient CD4* T cells in vitro, we next sought to
determine how T cell specific UTX deficiency affects disease development. We utilized two
different mouse models of colitis, in which pathologic hypoxia is well-characterized and IFN-vy
producing CD4* T cells have been identified as a pathogenic cell type!?. The first mouse model of
autoimmune colitis we tested was an acute high-dose injection of an activating antibody against
CD3 (anti-CD3, clone: 2C11), which has been reported to result in colonic T helper cells expansion
and differentiation'® (Fig. 2a). In accordance with our in vitro findings, flow cytometric analysis
of the small intestine of anti-CD3 challenged mice revealed decreased IFN-y producing CD4+ T
cells in UTX™P compared to WT (Fig. 2b,c). These data suggest loss of UTX in T cells also results
in defective IFN-y production and Th, differentiation in vivo in response to anti-CD3 treatment.
Furthermore, to determine long-term effects in survival and disease progression due to loss
of UTX in T cells, a CD4* T cell adoptive transfer colitis model was used (Fig. 2d)'4. Naive CD4+
T cells (CD3* TCRB* CD4* CD45RB") cells from either WT or UTX"™P mice were transferred
into mice lacking T or B cells (Rag2”), and recipients were monitored for IFN-y production,
weight loss, and survival (Fig. 2d). Similar to the acute colitis model, recipients of UTX™P T cells
showed significantly decreased IFN-y production by CD4* T cells compared to WT in the lamina
propria (Fig. 2e,f). Notably, recipients of UTX™P T cells were protected from pathologies
associated with colitis such as weight loss and lethality (defined by >20% weight loss), suggesting

that UTX deficiency in CD4* T cells is sufficient to protect from colitis (Fig. 2g,h). Moreover,
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recipients of UTX™P T cells had decreased inflammatory colitis as measured by colon weight to
length ratios (Fig. 2i).Hematoxylin and eosin staining of colons revealed diffuse inflammation
from the cecum to rectum with infiltration of CD4* lymphocytes into the lamina propria in the
recipients of WT T cells (Fig. 2j, left); however, recipients of UTX™P T cells had significantly
decreased lymphocytic infiltration into the lamina propria, mucosal thickening, transmural spread,
and abnormal crypt formation as measured by blinded histopathological scoring (Fig. 2j, right
and Fig. 2k). Together, these data suggest loss of UTX in T cells results in decreased IFN-y

production in vivo and protection against inflammatory colitis.

UTX deficiency results in increased susceptibility to colon cancer.

In addition to colitis, colon cancer has also been previously characterized to be associated with
hypoxic microenvironments'®. Thus, we tested if loss of UTX in T cells impacted the survival
potential of mice challenged with a subcutaneous tumor model of colon cancer (MC38). We
transferred 3x105 MC38 colon cancer cells into the flank of either WT or UTX™P mice and
monitored survival (characterized as a tumor of <1000 mm? size) and tumor measurements over
time. Our results indicate loss of UTX in T cells is detrimental to survival against tumor growth
since UTXT™P mice displayed increased lethality (Fig. 3a) and tumor size over time (Fig. 3b) and
on day 25 post MC38 challenge (Fig. 3c). Furthermore, recent developments in tumor
immunotherapy indicate treatment with anti-PD-1 is dependent on IFN-y production by T cells!'.
Thus, we hypothesized that UTX™P mice would not be responsive to anti-PD-1 therapy due to
defective IFN-y production by UTX-deficient CD4+ T cells (Fig. 1 and 2). To test this, we treated
WT or UTX™P mice challenged with MC38 tumors subcutaneously with either isotype or anti-

PD-1 treatment twice a week until the study’s endpoint (Fig. 3d). As predicted, WT mice
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responded quickly to anti-PD-1 treatment with little to no tumor growth compared to isotype
treatment over time (Fig. 3d,e — pink (WT - anti-PD-1) vs. black (WT - isotype)) and on Day 21
post MC38 tumor challenge (Fig. 3e). However, in accordance with our hypothesis, UTX™P mice
showed both higher tumor burden compared to WT (Fig. 3d,e — red (UTX™CP — isotype) vs. black
(WT - isotype)) and did not respond to anti-PD-1 treatment with no significant difference between
isotype and anti-PD-1 treatment over time (Fig. 3d,e — red (UTX™? - isotype) vs. blue (UTX™CP
- anti-PD-1)) and on Day 21 post MC38 tumor challenge (Fig. 3e). These results indicate loss of
UTX in T cells results is not responsive to anti-PD-1 therapy due to the inability of UTX-deficient

T cells to produce robust IFN-y levels in response to tumor challenge.

T cell specific UTX deficiency results in repressive H3K27me3 accumulation and
downregulation of transcription T helper 1 effector gene loci.

A previous report in T cells described differentiation from naive CD4+ T cells to T helper type 1
cell (Th;) was associated with removal of H3K27me3 marks at Ifng, Thx21, and other Th;-
associated loci'’. Erasure of these repressive H3K27me3 marks increases chromatin accessibility
at these genetic loci and poises them for active gene transcription to allow to Th, differentiation.
Since UTX deficiency in T cells results in decreased IFN-y production by CD4+* T cells, UTX may
play a role in catalyzing removal of H3K27me3 at gene loci required for Thl differentiation. To
explore this possibility, we performed bulk RNA sequencing and H3K27me3 CUT&Tag
sequencing to identify genetic loci whose transcription may be regulated by UTX’s demethylase
activity. RNAseq of WT vs. UTX™P CD4+ T cells showed global changes in transcription, with
660 genes downregulated and 1084 genes upregulated in UTX™P (Fig. 4a). Gene ontology

pathway analysis of the downregulated genes in UTX™P vs. WT showed Th; effector gene
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pathways such as “IL-12 and Stat4 dependent signaling” and “Cytokines and Inflammatory
Response”. More specifically, examples of downregulated genes in UTX™P CD4+ T cells included
Th, genes including Thx21, Ifng, and 1112rb2 (Fig. 4c). At the same time, these genes correlated
with increased H3K27me3 levels by CUT&Tag in UTX™P T cells (Fig. 4d). Further integrative
analysis of the RNA-seq and H3K27me3 CUT&Tag datasets revealed a correlation of genes that
show decreased expression by RNA-seq with genes that showed higher levels of H3K27me3
(repressive) histone marks (Fig. 4e). Finally, H3K27me3 CUT&Tag showed significantly higher
peaks in distal regulatory regions associated with Ifng (Fig. 4f), and promoter, intronic, and
intergenic regions associated with Thx21 and 1112rb2 (Fig. 4f). These findings suggest UTX
regulates Th, differentiation from naive CD4+ T cells by catalyzing the removal of repressive

histone marks (H3K27me3) to regulate downstream Th; gene expression.
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Discussion

We demonstrated both hypoxia and UTX-deficiency results in accumulation of H3K27me3 and
decreased IFN-y production. Furthermore, Th, stimulation experiments in vitro with IL-12 and in
vivo with anti-CD3 treatment of UTX-deficient T cells resulted in decreased IFN-y production by
CD4+* T cells. Moreover, UTX deficiency in T cells protects against colitis driven by pathogenic
Th, cells. At the same time, mice with UTX-deficient T cells are more prone to colon cancer,
where IFN-y producing Th; cells are important for responsiveness to anti-tumor checkpoint
therapy (anti-PD-1). Finally, global transcriptomics by RNA-seq and H3K27me3 profiling by
CUT&Tag in WT or UTX™P T cells revealed decreased expression of Thl genes (Tbx21, Ifng,
and /112rb2) and concomitant increased repressive H3K27me3 at those gene loci. Ultimately, our
study suggests UTX is oxygen-sensitive and is required in regulating expression of genes critical
for Th, differentiation.

Previously, UTX’s oxygen sensitivity was demonstrated in accumulation of H3K27me3 in
hypoxia (5% O,) was observed in a mouse hepatoma cell line (mHepa-1 c4) in a Hifla (hypoxia-
inducible factor)-independent manner. Notably, our results demonstrate this is also the case in
primary mouse T cells. The specific effect of hypoxia on T cell effector function has been a topic
of debate in which a study in 2015 reports decreased IFN-y production® and another study in 2010
reporting increased IFN-y production in hypoxia'®. However, cell culturing and hypoxia conditions
may be a cause for the discrepancies described in these studies. Furthermore, increased IFN-vy
protein production was detected in Balb/c mice meanwhile in C57BL/6 only displayed differences
in Ifng transcript levels. Our results support the hypothesis that IFN-y production by CD4+ T cells
in C57BL./6 mice is significantly decreased in hypoxic conditions and loss of UTX recapitulates

this decrease and displays similar levels despite differences in environmental oxygen conditions.
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Since deletion of UTX in T cells phenocopies the increased H3K27me3 accumulation and
decreased IFN-y production, one possible hypothesis is that UTX’s demethylase activity is
required for promoting IFN-y production in T cells. However, additional studies using a
demethylase-dead mutant of UTX in T cells would be beneficial in determining if these effects are
dependent on UTXs catalytic activity. This contrasts with UTX’s activity in mouse natural killer
(NK) cells in which demethylase activity is dispensable for productive IFN-y secretion. Similarly,
another study in CD8+ T cells determined UTX’s catalytic demethylase activity was not required
for productive effector function'®. However, in human NK cells, pharmacological inhibition of
UTX and IMJD3’s H3K27me3 demethylase activity resulted in decreased IFN-y production’. This
indicates UTX may display cell type specific activities.

Furthermore, UTX can also cooperate with additional epigenetic regulators such as BRG1,
MLL4/5, SWI/SNF to deposit additional histone marks and modulate general chromatin
accessibility in a demethylase-independent manner?-?2. There may be additional UTX-mediated
demethylase-independent functions that play a role during hypoxia in other contexts.

Further studies are needed to elucidate differential UTX-mediated mechanisms based on
the cell type. Moreover, additional mechanistic studies are required to identify specific regions
that UTX are bound to within the genome in CD4* T cells to determine direct UTX-mediated
effects. Also, other protein-protein interactions between UTX and other transcription factors

during hypoxia such as Hif-1a will be important to understand if they co-regulate each other.
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Figure 1: Loss of UTX in CD4+ T cells recapitulates increased H3K27me3 and decreased
IFN-y production in hypoxia. a) Representative histograms (left) and quantification (right) of
H3K27me3 MFI in CD4+ T cells from spleens of WT mice in normoxia (20% O,) compared to
hypoxia (1% O,) (n = 15 per group). b) Representative histograms (left) and quantification (right)
of H3K27me3 MFI in CD4+ T cells from spleens of WT or UTX™P mice (n = 5 per group). c,d)
CD4+ T cells were isolated from spleens of WT or UTX™P mice and stimulated in the presence
of IL-12 (10 ng/ml), IL-2 (5ng/ml), anti-CD28 (0.5 mg/ml), and plate-bound anti-CD3 (10 ug/ml)
for 4 days before performing flow cytometry. ¢) Representative contour plots and d) quantification
of %IFN-y+ CD4+ T cells cultured in normoxia in normoxia (20% O,) compared to hypoxia (1%
0O,) (n = 12 per group). Data are representative of 2-3 independent experiments. Samples were
compared using a,b) paired two-tailed Student’s t test ¢,d) one-way ANOVA and data points are

presented as individual mice with the mean + SEM (ns, Not Significant; **** p<0.0001).
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Figure 2
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Figure 2: Deletion of UTX in T cells is protective in two models of autoimmune colitis.

a) Schematic of experimental design of colitis model 1: WT and UTX™P mice were injected with
50 ug of anti-CD3 antibody intraperitoneally (i.p.). After 48 hours, the small intestine was
harvested for flow cytometry. b) Representative contour plots and ¢) quantification of %IFN-y+
CD4+ T cells from the small intestine of WT or UTX™P mice (n = 9 per group). ¢) Schematic of
experimental design of colitis model 2: CD4*CD45RB" T cells were FACS sorted from WT or
UTXT™P mice and transferred into Rag2” recipient mice. Recipients were monitored for 8 weeks
and then sacrificed for flow cytometry and histological analysis of the lamina propria. e)
Representative contour plots and f) quantification of %IFN-y+ CD4+ T cells from the lamina
propria of Rag2” recipient mice with either WT or UTXTP transferred cells (n = 16 per group). g)
Graph of percent weight loss from original weight in recipients with either WT or UTXTP
transferred cells (n = 7-8 per group). h) Kaplan-Meier survival curve of Rag2” recipient mice of
WT or UTX™P T cells, with survival defined as weight loss <20% (n = 7-8 per group). i)
Histopathological scoring of colon tissues for inflammation. j) Hematoxylin and eosin (H&E)
staining of colon tissues of recipient mice at study endpoint. Note extensive infiltration in the
lamina propria (black arrows; left) in recipients of control CD4*CD45RB" cells with relatively
mild disease and decreased immune cell infiltration in recipients of UTX-deficient CD4*CD45RB"
cells (black arrows; right). Black scale bar=50um. k) Weight-to-length ratios of recipient mice
colons harvested at study endpoint, measured as weight (g) divided by length (cm) from the cecum
to rectum (n = 10 per group). Data are representative of 2-3 independent experiments. Samples
were compared using unpaired two-tailed Student’s t and data points are presented as individual

mice with the mean + SEM (ns, Not Significant; **** p<0.0001).
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Figure 3
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Figure 3: Increased tumorigenicity in mice UTX deficient T cells and is not rescued by
treatment with ant-PD-1. a) Kaplan-Meier survival curve, b) tumor volume over time, and c¢)
Day 25 tumor volumes of WT or UTX™P mice challenged with 3x105 MC38 tumor cells, with
survival defined as weight loss <20% (n = 5-7 per group). d) Tumor volume over time and e) Day
21 tumor volumes of WT or UTX™P mice challenged with 3x105 MC38 tumor cells, with either
isotype or anti-PD-1 treatment (n = 5-11 per group). Data are representative of 2-3 independent
experiments. Samples were compared using ¢) unpaired two-tailed Student’s t test d, €) one-way
ANOVA and data points are presented as individual mice with the mean + SEM (ns, Not

Significant; *, p<0.05; **, p<0.01; ***, p<0.001; **** p<0.0001).
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Figure 4
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Figure 4: UTX promotes Th1 gene expression through removal of H3K27me3. Splenic T cells
were sorted for RNA-seq library preparation (n=3 per group) from WT or UTX™P T cells. a)
Volcano plot of total differentially expressed genes in T cells from WT vs. UTX™P plotted with
Log2FC (y axis) and Log2 Mean Expression (x-axis). Red dots indicate genes that are significantly

increased and blue dots indicate genes that are significantly decreased, gray dots are not significant.
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b) Pathway analysis of significantly downregulated RNA-seq genes using DAVID with -log;o(p-
value) plotted on x-axis. Heatmaps of target genes in Th1 gene pathways that are ¢) significantly
differentially expressed by RNA-seq or d) significant differential levels of H3K27me3 by
CUT&Tag of WT or UTX™P T cells. e) Log2FC in UTX™P vs. WT of H3K27me3 levels (y-axis)
plotted by either decreased (>-0.5 Log2FC) (blue) or increased (>+0.5 Log2FC) (purple)
expression by RNA-seq (x-axis). f) Representative gene tracks from UCSC Integrated Genome
Browser of H3K27me3 CUT&Tag of Ifng, Tbx21, and 1112rb2 ; Y-axis depicts counts per million

(CPM).

88



Materials and Methods

Mice

All mouse experimental procedures were approved by the University of North Carolina
Institutional Animal Care and Use Committee (IACUC) and mice were housed and bred in sterile,
specific pathogen-free mouse facilities. Utx"" mice were back-crossed to C57BL/6J for > 5

generations and crossed to Lck“* mice as previously described (Cook et al Immunity 2015).

Experimental colitis and tissue harvesting

Mouse model of colitis 1: WT and UTX™P mice were injected with 50 ug of anti-CD3 antibody
intraperitoneally (i.p.). After 48 hours, the small intestine was harvested for flow cytometry.
Mouse model of colitis 2: CD4+ cells were enriched from Ut (control) or Utx"'Lck 8- to 12-
week-old female donor spleens using the CD4+ T cell Isolation Kit II (Miltenyi Biotec) according
to manufacturer instructions. Cells were labeled and sorted for CD4*CD25-CD45RB" cells by
fluorescence-activated cell sorting. Cells (5 x 10°) were injected i.p. into 4- to 7-week-old Rag2--
recipient female mice. Weights were measured weekly from initial cell transfer. Lack of survival
was defined as death or weight loss > 20%. Recipient mice were euthanized once weight loss was
>20% of initial body weight or at 10 weeks after adoptive transfer and spleens, mesenteric lymph
nodes (MLNSs), and colons were harvested. Spleens and MLNs were macerated and filtered into a
single cell suspension using a 10-mL syringe using 40um cell strainers (BD), followed by
incubation with ACK Lysis Buffer (Gibco). Colons were digested in collagenase/dispase and
DNase (Roche), followed by Ficoll gradient centrifugation. Lymphocytes were collected and used

for flow cytometry analysis.
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Colon histopathology

Colons were harvested at 10 weeks after adoptive transfer or earlier if weight loss of 20% was
noted. Specimens were fixed in 10% formalin, sectioned (5 um), and stained with H&E. Scoring
for inflammation was performed as described (Ostanin et al Am J Physiol Gastrointest Liver
Physiol 2009; Read et al Curr Protocol Immunol 2001) in a blinded fashion by a veterinary

pathologist.

Flow cytometry and cell sorting

Cells were analyzed for cell surface markers using fluorophore-conjugated antibodies (BioLegend,
eBioscience). Cell surface staining was performed in FACS Buffer (2% FBS and 2 mM EDTA in
PBS) and intracellular staining was performed by fixing and permeabilizing using the eBioscience
Foxp3/Transcription Factor kit for intranuclear proteins or BD Cytofix/Cytoperm kits for
cytokines. Flow cytometry was performed using the Attune NxT Acoustic Focusing cytometer
(Thermo) and data were analyzed with FlowJo v10.7.2 software (TreeStar). Cell surface and
intracellular staining was performed using the following fluorophore-conjugated antibodies:
TCRp (H57-597),CD3 (17A2),IFN-y (XMG1.2), UTX (N2C1 - GeneTex), Goat anti-rabbit H&L
(Abcam - ab6717), Bim (c34c5). Isolated splenic T cells were sorted using Aria-H Cytometer (BD)

to >95% purity.

Hypoxia and In vitro Thl skewing assay

Splenic CD4+*CD25- naive T cells of WT or UTX™P mice were sorted per manufacturer’s

instructions (StemCell) and cultured with cytokines (10 ng/mL IL-2 and 5 ng/ml of 1L-2), anti-
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CD28 (0.5 mg/ml), and plate-bound anti-CD3 (S5ug/ml) for 4 days. Cells were moved out of anti-
CD3 and anti-CD28 into a new well with fresh media and cytokines on day 2. IFN-y+ CD4+ T
cells were accessed using intracellular cytokine staining on day 4. Cells were either incubated in
normoxia (20% O,) or hypoxia (1% O,). Normoxia conditions were places in a 37C 5% CO,
incubator in normal oxygen conditions. Hypoxia was simulated using a modular hypoxia incubator
chamber that is purged and injected with a mixture of 1% O,, 5% CO, balanced with nitrogen for
5 minutes at 20 liters/min. The hypoxia chamber was placed within the same 37C incubator as the

normoxia condition.

RNA-seq library construction

RNA was isolated from 50,000 sort-purified NK cells per sample using RNeasy Mini kit (Qiagen).
RNA quality was verified using High Sensitivity RNA Screen Tape and excluded samples with a
RINe <6.0. RNA-seq libraries were sequenced using Illumina HighSeq 4000 platform (single end,

50bp).

CUT&Tag Library Preparation

For anti-H3K27me3 CUT&Tag library preparation, nuclei were isolated with cold nuclear
extraction buffer (20 mM HEPES, pH 7.9, 10 mM KCl, 0.1% Triton X-100, 20% glycerol, 0.5
mM spermidine in 1X protease inhibitor buffer) and incubated with activated concanavalin A
(ConA) coated magnetic beads (Polysciences - 86057-3) in PCR strip tubes at room temperature
for 10 minutes. A 1:100 dilution of primary antibody (anti-UTX Cell Signaling Rabbit mAb
#33510 or IgG Isotype Control: Cell Signaling Technology #3900S) in antibody buffer (20 mM

HEPES pH 7.5; 150 mM NacCl; 0.5 mM Spermidine; 1X Protease inhibitor cocktail (Roche) ;
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0.05% Digitonin, 2 mM EDTA, 0.1% BSA) was added and nuclei were incubated with primary
antibodies overnight at 4C. The next day, the strip tubes were incubated on a magnetic tube holder
and supernatants were discarded. Secondary antibody (Guinea Pig anti-Rabbit IgG Fisher
Scientific - NBP172763) was added diluted 1:100 in Dig-Wash (20 mM HEPES pH 7.5; 150 mM
NaCl; 0.5 mM Spermidine; 1X Protease inhibitor cocktail; 0.05% Digitonin) and nuclei were
incubated for 1 hour at room temperature. Nuclei were washed four times in Dig-Wash and then
incubated with a 1:20 dilution of pAG-Tn5 adapter complex (EpiCypher) in Dig-300 buffer (1x
Protease inhibitor cocktail, 20 mM HEPES pH 7.5, 300 mM NaCl, 0.5 mM spermidine) for 1 hour
at room temperature. To stop tagmentation, 25 uLL Dig-300 buffer with 10 uL 1 M MgCl, 7.5 uL
0.5 M EDTA, 2.5 uL 10% SDS, and 5 uLL 10 mg/mL proteinase K was added to each reaction and
incubated at 55 degrees for 1 hour. DNA was extracted by phenol:chloroform:isoamyl alcohol
separation. DNA was barcoded and amplified using the following conditions: a PCR mix of 25 uL
NEBNext 2X mix, 2 ul. each of barcoded forward and reverse 10 uM primers, and 21 uL of
extracted DNA was amplified at: S8C for 5 min, 72C for 5 min, 98C for 45 sec, 16x 98C for 15
sec followed by 63C for 10 sec, 72C for 1 min. Amplified DNA libraries were purified by adding
1.3x volume of KAPA pure SPRI beads (Roche) to each sample and incubated for 10 minutes at
room temperature. Samples were placed on a magnet and unbound liquid was removed. Beads
were rinsed twice with 80% ethanol, and DNA was eluted with 25 uLL TE buffer. All individually
i7-barcoded libraries were mixed at equal molar proportions for sequencing on an Illumina

NovaSeq 6000 sequencer.

Sequencing Data Analysis
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H3K27me3 CUT&Tag fastq files were trimmed to remove low-quality reads and adapters using
Cutadapt (version 2.3). The reads were aligned to the reference mouse genome (mm10) with
bowtie2 (version 2.2.9). Peak calling was performed with MACS2 (version 2.1.1). Peaks/regions
identified as H3K27me3-bound (UTX CUT&Tag) were annotated using the annotatepeaks.pl
function from the HOMER analysis package. To determine the distance to the nearest TSS
(transcription start site), we used the default settings in annotatepeaks.pl, which utilizes RefSeq
transcription start sites to determine the closest TSS. For genomic annotation, we used the “Basic
Annotation” output provided by the assignGenomeAnnotation program in annotatePeaks.pl. The
TSS was defined from -1kB to +100bp, and TTS (transcription termination site) was defined from
-100 bp to +1kB. “Basic Annotation” is based on alignments of RefSeq transcripts to the UCSC
hosted mouse genome file (mm10). HTseq (version 0.9.1) was used to count the number of reads
that overlap each peak per sample. The peak counts for ATAC-seq were analyzed with DESeq2
(version 1.24.0) to identify differentially accessible genomic regions. Peaks with adjusted p-value
< 0.05 were considered significantly differentially accessible. The peak counts for H3K27me3
CUT&Tag were visualized with Integrated Genome Browser (version 9.1.8) using mouse genome
2011. RNA sequencing analysis was carried out by first checking the quality of the reads using
FastQC. Then, they were mapped with HISAT2 (version 2.2.1) to the mouse genome (mm10).
The counts for each gene were obtained by HtSeq. Differential expression analyses were carried
out using DESeq?2 (version 1.24.0) with default parameters. Genes with adjusted p value <0.05
were considered significantly differentially expressed. Sequencing depth normalized counts were

used to plot the expression values for individual genes.
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Pathway analysis of clustered RNA-seq data was performed using DAVID. Top relevant
pathways were selected from KEGG Biological Pathways and Gene Ontology Pathways

(Biological Processes and Molecular Function).

Statistical Analyses

For graphs, data are shown as mean + SEM, and unless otherwise indicated, statistical differences
were evaluated using a student’s t test. For graphs containing multiple groups, either one-way (one
treatment or condition) or two-way (multiple treatments or conditions) ANOVA with Tukey’s
correction for multiple comparisons was used as stated. For Kaplan-Meir survival curve, samples
were compared using the Log-rank (Mantel-Cox) test with correction for testing multiple
hypotheses. A p-value < 0.05 was considered significant. Graphs were produced and statistical
analyses were performed using GraphPad Prism and ggplot2 library in R. Spearman Correlation

on best fit regression line was performed using ggpubr library in R.
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Chapter 4:

Concluding Remarks
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Concluding Remarks

While major sex differences occur in both the innate and adaptive immune responses, only recently
has sex been beginning to be considered as an important biological factor in treatment decisions.
Given the importance of NK cells in anti-viral immunity, understanding the root causes of sex
differences in NK cell biology will have far-reaching implications in optimizing endogenous
effector responses. We demonstrated that lower UTX expression in male NK cells contributes to
their increased numbers and decreased effector functionality. NK cell UTX is required for
controlling NK cell fitness, modulating accessibility of transcription factor binding motifs,
increasing chromatin accessibility at effector gene loci, and poising NK cells for rapid response to
viral infection. Our findings suggest the possibility that UTX deficiency in human NK cells may
contribute to decreased viral immunosurveillance observed in these patients, although future work
will be needed to support this hypothesis. In males with severe viral illness, for instance, enhancing
NK cell UTX activity may provide therapeutic benefit. We expect that these insights will be
important not only in the setting of viral infections, but also in other infections and cancer, where
NK cells also play an important role. These findings may also have important implications for
adoptive cellular therapies, in which NK cells are the subject of intense interest. Additionally,
deeper understanding of sex differences in NK cells can also set criteria for donors to develop off-
the-shelf cellular therapies.

Furthermore, since deletion of UTX in T cells phenocopies the increased H3K27me3
accumulation and decreased IFN-y production seen in hypoxia, one possible hypothesis is that
UTX’s demethylase activity is required for promoting IFN-y production in T cells. However,
additional studies using a demethylase-dead mutant of UTX in T cells would be beneficial in

determining if these effects are dependent on UTX’s catalytic activity. This contrasts with UTX’s
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activity in mouse NK cells in which demethylase activity is dispensable for productive IFN-y
secretion. This indicates UTX may display cell type specific activities. Further studies are needed
to elucidate differential UTX-mediated mechanisms based on the cell type. Moreover, additional
mechanistic studies are required to identify specific regions that UTX are bound to within the
genome in CD4* T cells to determine direct UTX-mediated effects. Also, other protein-protein
interactions between UTX and other transcription factors during hypoxia such as Hif-1a will be
important to understand if they co-regulate each other.

In summary, our work here has delineated two mechanisms of epigenetic regulation of
immune cell homeostasis and effector processes by UTX. First, we described sex differences
mediated by increased expression of UTX in females due to escape from X-inactivation. We
identified major sex differences in NK cell number mediated by resistance to apoptosis and
defective effector mechanisms of cytokine production and cell cytotoxicity in male NK cells
compared to female. Additionally, we defined UTX’s oxygen sensor capabilities in the context of
hypoxia in T cells since both hypoxia and loss of UTX in T cells resulted in decreased Th,
differentiation and IFN-y production. Furthermore, specific loss of UTX in T cells protected from
two models of autoimmune colitis but also was detrimental in colon cancer challenged mice. These
advances have not only added to the basic understanding of NK cell and T cell regulatory
mechanisms during various immune challenges but have given us further insight into how to boost

endogenous immune responses for future therapeutic approaches.
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