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Natural killer cells

UT(se)X differences during immune responses

Alexandros Galaras & Mihalis Verykokakis

The immune system is not immune to sex 
differences. New research now uncovers 
the molecular mechanisms that underlie 
sex-based differences during antiviral immune 
responses.

Although the sex of an individual is defined based on the sex chro-
mosome complement, and the presence of gonads and the respec-
tive gonadal hormones, sex differences are evident in multiple 
non-reproductive organs, including the immune system1. As was illus-
trated during the ongoing COVID-19 pandemic, male sex can be associ-
ated with more severe disease and outcomes than female sex, possibly 
indicating weaker antiviral responses in men2. In general, women mount 
more robust immune responses during viral infections, including those 
to influenza and hepatitis B viruses, and show greater drug and vaccine 
responsiveness; in contrast, women are more susceptible to autoim-
mune diseases3. Although hormonal differences between men and 
women have often been implicated in these differences4, the underly-
ing molecular basis was unclear. In this issue of Nature Immunology, 
Cheng et al.5 provided strong evidence that sex chromosome dosage 
controls the number and activity of natural killer (NK) cells, thus regu-
lating antiviral immune responses in a sex-dependent manner (Fig. 1).

NK cells are a type of immune cell that is important in control-
ling viral infections. Paradoxically, men tend to have more NK cells 
than women, yet are more susceptible to viral infection6. However, 
Cheng et al.5 observed that isolated male NK cells produced lower 
levels of interferon-γ (IFNγ) than female cells after ex vivo stimulation 

with pro-inflammatory cytokines, in both humans and mice. Male 
NK cells also showed impaired target cell killing and production of 
cytotoxic molecules, such as granzyme B and perforin, indicative of 
overall compromised NK cell responses in male cells. Importantly, 
these phenotypes persisted in gonadectomized mice, thus excluding 
the possibility that sex-related hormone differences might account for 
the observed sexual dimorphism of NK cells.

A number of immune-related genes, including TLR7 (encoding 
Toll-like receptor 7), FOXP3 (encoding the transcription factor FOXP3) 
and KDM6A (encoding UTX, an epigenetic regulator with demethylase 
activity), as well as several microRNA molecules, are found on the X 
chromosome1. Although large portions of one of the two X chromo-
somes become inactivated in female mammals to correct for gene 
dosage effects, some genes escape from X chromosome inactivation 
(XCI), leading to their increased expression7. Therefore, Cheng et al.5 
postulated that this unequal gene expression pattern may contribute 
to discrete NK cell responses between sexes. Through gene expres-
sion screening, the authors discovered five genes that escape XCI in 
both mice and humans. Although all five were differentially expressed 
between the sexes, the authors focused on Kdm6a because it was the 
most downregulated XCI gene in male NK cells. Notably, these differ-
ences in Kdm6a transcript and UTX protein levels were independent 
of gonadal sex organs, indicating that UTX expression is primarily 
determined by X chromosome dosage.

In an elegant series of experiments, Cheng et al.5 investigated 
the role of UTX in sex-related immune responses in female mice with 
heterozygous deletion of the Kdm6a gene (UtxHet) specifically in NK 
cells (using the Ncr1cre mouse model8), which resembled male mice 
in their levels of UTX. Loss of one Kdm6a allele in female mice led to 
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Fig. 1 | The X-linked protein UTX controls NK cell number and functions in a 
sex-dependent manner. a, Kdm6a is located on the X chromosome but escapes 
X chromosome inactivation in female mice and humans. Female mice have fewer 
NK cells but are less susceptible to viral infection, whereas male mice have more 
copious NK cells with less cytotoxic capacity. Female mice with heterozygous 
deletion of the Kdm6a gene in NK cells showed similar NK cell number and 
function to male mice, suggesting that UTX is a critical mediator of sex-related 
immune responses. In addition, using mice with complete deletion of UTX in NK 

cells, the authors discovered that UTX reduced NK cell frequency, but promoted 
NK effector function, in both sexes. Importantly, UTY cannot compensate for 
the reduced UTX dosage in male mice. b, UTX acts as an epigenetic regulator 
that affects NK cell homeostasis and function. UTX binds to 191 genes as part of 
a multiprotein complex, which includes lineage-specific transcription factors, 
altering their chromatin accessibility and expression. Among its target genes, 
UTX promotes expression of genes responsible for NK effector functions, while 
suppressing important anti-apoptotic genes.
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pathways associated with cytokine production, lymphocyte activation 
and immune effector processes. In contrast, pathways related to devel-
opmental, metabolic and biosynthetic processes were associated with 
genes that were upregulated in UtxNKD NK cells.

To identify direct effects of UTX in NK cell function, Cheng et al.5 
further interrogated the chromatin binding profile of UTX in NK cells 
with anti-UTX CUT&TAG sequencing. They determined that, of the 
395 genes that were accessible and expressed in a UTX-dependent 
manner, 191 were also bound by UTX, providing strong evidence that 
these genes were direct UTX targets. Among these genes, UTX bound 
to sets of genes associated with pathways involved in cytokine signaling 
and cytotoxicity, including Ifng and Csf2. Together, these data support 
the likelihood that UTX regulates NK cell effector function by directly 
regulating expression and chromatin accessibility in key effector  
gene loci.

To begin to understand how UTX may control transcription in 
NK cells, the authors performed transcription factor motif analysis 
of the differentially accessible peaks and the UTX-bound peaks. This 
analysis revealed that binding motifs for multiple transcription factors 
involved in NK cell function, including RUNX1, RUNX2 and T-BET, were 
associated with UTX-bound loci and with differential accessibility in 
UtxNKD NK cells. Although indirect, these findings suggest that UTX 
interacts with NK-lineage-associated transcription factors to regulate 
the chromatin accessibility and transcription of NK effector genes 
during an immune response.

The work by Cheng et al.5 elegantly highlights the signifi-
cance of UTX in modulating NK cell homeostasis and function in a 
sex-dependent manner. Although other immune subsets show differ-
ences between sexes11, there has not, as yet, been a thorough investi-
gation of whether these differences are UTX dependent, or whether 
UTX is differentially expressed in other immune cell types between 
male and female mammals. Notably, UTX regulates the number of 
invariant natural killer T cells by contributing to the shaping of the 
lineage-specific super-enhancer landscape during their development 
through its demethylase activity9. In stark contrast, UTX functions 
in NK cells in a demethylase-independent manner, indicating that 
UTX utilizes lineage-specific mechanisms to control immune cell 
responses. Motif analysis provided initial insights into the protein 
complexes potentially underlying the described effects in NK cells. 
Immunoprecipitation experiments followed by mass spectrometry 
are required to reveal the different protein partners in NK cells as well 
as how these transcription factors are altered in other immune popu-
lations and different environmental contexts, such as viral infection 
and stress response. Nonetheless, additional studies are required 
to uncover the full spectrum of UTX functions in other immune  
cell populations.

Although personalized medicine aims to provide equal care to 
all individuals, numerous aspects of immune responses are currently 
unclear. Sexual dimorphism is a critical biological factor that must be 
considered when studying immune response variability and for future 
therapeutic strategies, especially in individuals with sex chromosome 
disorders and in transgender individuals. This work by Cheng et al.5 is 
a significant step toward understanding the molecular basis of sexual 
dimorphism in the immune system, which may ultimately contribute to 
new treatments and therapies for infectious and autoimmune diseases.
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increased NK cell numbers, as well as impaired cytokine production and 
cytotoxicity upon stimulation, as compared to what is seen in wild-type 
female mice; however, these phenotypes were similar between female 
UtxHet and wild-type male mice, showing that reducing the genomic 
Kdm6a copy number was sufficient to normalize NK cell responses 
between sexes. Both phenotypes were further enhanced in both male 
and female mice with homozygous deletion of Kdm6a in NK cells, in 
a cell-intrinsic manner, while mice engineered to have NK cells with 
conditional deletion of UTX (UtxNKD mice) were also more suscepti-
ble to murine cytomegalovirus (MCMV) infection. In contrast to its 
function in other lymphocytes9, UTX regulated NK cell responses in 
a demethylase-independent manner, because a catalytically inactive 
UTX mutant did not alter NK cell number or functionality. Together, 
these results demonstrated that differential UTX expression between 
male and female NK cells contributes to the different antiviral immune 
responses observed between sexes. Of note, these results also indicate 
that UTY, which is the Y-linked homolog of UTX, cannot compensate 
for the reduced UTX dosage in male mice.

Splenic NK1.1+ NK cells can be further distinguished into func-
tional subsets based on their expression of CD27 and CD11b, which 
have different properties in regard to proliferation, cytotoxicity and 
cytokine production10. These results raised the question of whether the 
observed difference in NK cell functionality between the sexes and in 
the presence or absence of UTX were a consequence of altered NK cell 
development. However, Cheng et al.5 found no difference in the repre-
sentation of NK mature subsets either between male and female mice 
or in the absence of one or two copies of UTX, indicating that UTX does 
not change the developmental pathway of NK cells. These results were 
corroborated in mice with acute tamoxifen-induced deletion of UTX 
prior to MCMV infection, which resulted in reduced IFNγ production 
by NK cells. Therefore, these findings suggest that UTX regulates the 
response of mature NK cells during viral infection, without contribut-
ing to NK cell development.

To investigate how UTX may control NK cell number at steady 
state, Cheng et al.5 interrogated the ability of NK cells from UtxNKD mice 
to survive and proliferate. Although UTX did not affect NK cell prolifera-
tion, it promoted apoptosis, as indicated by decreased levels of active 
caspase 3 in UtxNKD NK cells. Subsequent experiments showed that in 
wild-type male and UtxNKD NK cells, the level of the anti-apoptotic mol-
ecule BCL-2 increased, compared to that in wild-type female NK cells, 
even in gonadectomized mice. Importantly, UTX bound to Bcl2 regula-
tory regions and altered its chromatin accessibility and transcription. 
In addition to Bcl2, whole transcriptomic analysis showed that several 
genes related to cell death pathways were also differentially expressed 
in UtxNKD NK cells, indicating that UTX controls the homeostatic NK cell 
number through modulation of apoptosis.

As an epigenetic modifier, UTX controls gene expression by alter-
ing chromatin organization in potential regulatory genomic regions. To 
provide molecular insight into the function of UTX in NK cells, Cheng 
et al.5 analyzed the transcriptomic and chromatin accessibility pro-
files of NK cells lacking UTX through bulk RNA sequencing (RNA-seq) 
and assay for transposase-accessible chromatin (ATAC) sequencing 
(ATAC-seq). This analysis revealed numerous genetic loci that lost or 
gained accessibility, while over 1,200 genes showed altered expres-
sion in the absence of UTX. Combinatorial analysis of the RNA-seq 
and ATAC-seq data determined that 395 genes were both differentially 
accessible and expressed with a positive correlation. Consistent with 
the impaired response of UtxNKD NK cells, genes that were less acces-
sible and showed lower expression in UtxNKD NK cells were enriched for 
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	Fig. 1 The X-linked protein UTX controls NK cell number and functions in a sex-dependent manner.




