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Abstract
Background  Interferon-γ (IFNγ) is a key cytokine that activates macrophages and is essential for the defence against 
intracellular pathogens. Beyond its immediate effects, IFNγ also shapes macrophages for subsequent encounters 
with pathogen-associated molecules by multiple mechanisms, including chromatin remodelling. Here, we employed 
integrated epigenomic and transcriptomic approaches utilizing primary macrophages from gene-modified mice to 
explore the role of STAT1 and its naturally occurring isoforms in these processes.

Results  Using ChIP-seq for histone modifications (H3K27ac and H3K4me1) and RNA-seq, we demonstrate that STAT1 
isoforms differentially modulate macrophage responses to lipopolysaccharide (LPS) following IFNγ conditioning. We 
provide genetic evidence that STAT1 isoforms exhibit distinct capacities to mediated IFNγ-induced changes in H3K27 
acetylation at promoter and enhancer regions, thereby shaping transcriptional responses to LPS. We show that the 
STAT1β isoform, which lacks the C-terminal transactivation domain (TAD), is unable to mediate the repressive effect of 
IFNγ on transcriptional regulation by LPS but retains significant collaborative activity. Furthermore, we show that IFNγ 
attenuates the induction of a subset of antiviral genes and represses LPS-induced negative feedback loops, thereby 
amplifying the inflammatory response to pathogens. These effects are dependent on the presence of the STAT1 
C-terminal TAD, highlighting its importance in fine-tuning the balance between inflammatory and antiviral responses.

Conclusions  Our findings uncover isoform-specific roles of STAT1 in IFNγ-driven epigenetic regulation and 
macrophage conditioning, providing new insights into the control of inflammation and innate immunity.

Keywords  Interferon- γ, Lipopolysaccharide (LPS), Macrophage conditioning, H3K27ac, H3K4me1, RNA-seq
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Background
Macrophages are innate immune cells that are crucial for 
the first line of defence against pathogens and tumour 
cells. Macrophages are also involved in the pathogenesis 
of inflammatory diseases, such as rheumatoid arthritis 
and arteriosclerosis, and neurodegenerative diseases [1].

Interferon-γ (IFNγ) is a potent macrophage-activating 
cytokine. It is pivotal for the immune defence against 
intracellular pathogens [2] by inducing transcriptional 
programs that orchestrate many cellular processes, 
including antigen-presentation and antimicrobial activ-
ity. IFNγ signals through the receptor-associated kinases 
JAK1 and JAK2, which in turn tyrosine-phosphory-
late signal transducer and activator of transcription 1 
(STAT1). Activated STAT1 homodimers translocate to 
the nucleus and bind to consensus motifs termed IFNγ-
activated sequence (GAS) elements to induce target 
genes [3, 4]. STAT1 also induces the expression of other 
transcription factors, such as IFN-regulatory factors 1 
and 8 (IRF1, IRF8), which bind to distinct consensus 
sequences and cooperate with STAT1 in the induction 
of IFN-stimulated genes (ISGs). IRF1 binds to IFN-stim-
ulated response elements (ISRE) in target gene promot-
ers and is central for the second wave of transcriptional 
responses to IFNγ [5]. Although STAT1 homodimers 
and IRF1 are the paradigmatic transcription factors in 
the IFNγ signalling cascade, ISRE-driven genes can also 
be induced through the activation of STAT1-STAT2 het-
erodimers which, together with IFN-regulatory factor 9 
(IRF9), form the IFN-stimulated gene complex 3 (ISGF3). 
ISGF3 complexes containing unphosphorylated STAT2 
(ISGF3II) have been shown to regulate ISRE-driven genes 
during delayed responses to IFNγ [6]. Moreover, STAT1-
IRF9 complexes were shown to induce the ISRE-driven 
genes Cxcl10 and Ifit2 [7–9].

Transcription factors use a DNA-binding domain to 
localize and bind to their cognate sequence elements at 
target gene regulatory elements and a transactivation 
domain (TAD) to interact with the general transcriptional 
machinery and recruit essential transcriptional co-fac-
tors, such as histone modifying and chromatin remod-
elling enzymes [10]. The TAD of STAT1 is localized at 
its C-terminus and is missing in the naturally occurring 
isoform STAT1β [11–13]. In vitro studies have demon-
strated that STAT1β homodimers still bind to GAS ele-
ments in promoters of target genes in response to IFNγ 
but fail to recruit the histone acetyltransferase CBP/p300 
and induce GAS-driven gene expression [11–14]. There 
is also evidence that STAT1 interacts weakly with CBP/
p300 through its N-terminus, although it remains unclear 
whether this interaction occurs in the context of native 
chromatin [15]. In contrast, STAT1 isoforms appeared 
to be functionally redundant within an ISGF3 complex, 
implying that the TAD is provided by STAT2 [11, 16, 17]. 

Beyond its interaction with CBP/p300, the C-terminal 
TAD of STAT1 has also been reported to directly interact 
with minichromosome maintenance protein 5 (MCM5) 
and the DNA repair-associated tumour suppressor 
BRCA1 [18–20].

Complete STAT1 deficiency in humans and mice 
results in severe immunodeficiencies, characterized by 
life-threatening viral and bacterial infections [21–24]. 
Our studies using gene-modified mice that express 
either the full-length STAT1α (Stat1α/α) or the trun-
cated STAT1β isoform (Stat1β/β) from the endogenous 
gene locus have demonstrated that STAT1β is capable of 
mediating IFNγ-dependent innate immune responses in 
vivo, albeit with significantly less potency than STAT1α 
[25]. While transcriptional responses to IFNγ were 
impaired but not entirely abolished in bone marrow-
derived macrophages from Stat1β/β mice, studies on 
selected IFNγ target genes revealed gene-specific roles of 
STAT1β in histone acetylation at STAT1 target gene loci 
and the recruitment of RNA polymerase II [26]. How-
ever, genome-wide analyses of these effects are missing.

There is strong evidence that IFNγ-induced histone 
acetylation not only occurs at target genes but also at 
genes that are not transcriptionally regulated, the latter 
critically impacting on subsequent responses to inflam-
matory stimuli across both short-term priming and 
long-lasting innate immune memory (trained immunity) 
[27–30]. For example, IFNγ priming strongly augments 
LPS-induced expression of cytokine genes, including 
Tnf and Il12p40, by increasing the acetylation of histone 
3 lysine 27 (H3K27ac) at distal regulatory elements in 
human monocytes and murine macrophages [31]. This 
process involves sustained occupancy of enhancer ele-
ments by STAT1 and IRF1 and increased recruitment 
of LPS-activated NFκB, transcriptional coactivators and 
DNA-dependent RNA polymerase II [31].

In this study, we sought to gain a deeper understand-
ing of the mechanisms by which IFNγ priming modifies 
chromatin and how these modifications affect secondary 
responses to toll-like receptor (TLR) ligands. To achieve 
this, we conducted a comprehensive epigenomic and 
transcriptomic analysis to characterize changes of H3K27 
acetylation and H3K4 monomethylation (H3K4me1) fol-
lowing IFNγ stimulation, as well as the subsequent tran-
scriptional responses to the toll-like receptor 4 (TLR4) 
agonist lipopolysaccharide (LPS). These analyses were 
performed in bone marrow-derived macrophages from 
wild-type (WT), Stat1α/α, Stat1β/β and Stat1 knock-
out (Stat1-/-) mice. We show that cells only express-
ing STAT1β exhibit an impaired, yet not completely 
abolished, ability to induce H3K27 acetylation changes 
in response to IFNγ. This is accompanied by a signifi-
cant defect in both the repression of enhancer activa-
tion and the transcriptional upregulation of a subset 
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of LPS-induced genes. Furthermore, we demonstrate 
that IFNγ pretreatment amplifies the induction of an 
ISGs subset by LPS, while simultaneously attenuating 
the expression of a subset of antiviral ISGs. These find-
ings provide new insights into how IFNγ modulates the 
H3K27 acetylation landscape, regulates enhancer activity, 
and reshapes TLR4-mediated response.

Results
IFNγ-activated STAT1 isoforms differentially modulate LPS-
induced cytokine induction
To test if the absence of STAT1 or its C-terminal TAD 
affects secondary responses to LPS, we utilized primary 
macrophages from four types of mice: STAT1-deficient 
(Stat1−/−) mice, mice expressing only the full-length 

STAT1α isoform (Stat1α/α), mice expressing only the 
truncated STAT1β isoform (Stat1β/β), which lacks the 
C-terminal TAD [25], and wild-type (WT) mice. We 
pretreated macrophages with IFNγ for 14 h, followed by 
treatment with LPS for 1, 3 and6 h, and then analyzed 
cytokine mRNA expression (Fig. 1a). IFNγ pretreatment 
strongly increased LPS-induced expression of Il12p40 
and Tnf in WT but not in Stat1−/− cells (Fig. 1b and c). 
Stat1α/α cells showed a similar cytokine gene expres-
sion pattern as WT cells, whereas Stat1β/β cells showed 
a reduced, yet not completely abolished, augmentation of 
LPS-induced Il12p40 and Tnf expression by IFNγ (Fig. 1b 
and c and Additional file 1: Fig. S1a and S1b for the sta-
tistical analysis of IFNγ pretreated versus non-pretreated 
cells).

Fig. 1  IFNγ-activated STAT1 isoforms differentially modulate LPS-induced cytokine induction. a Experimental workflow: Bone marrow-derived mac-
rophages (BMDM) from wild-type (WT), Stat1α/α, Stat1β/β and Stat1−/− mice were stimulated with IFNγ for 14 h, washed with PBS and treated with LPS 
for the times indicated. b-d Expression of Il12p40 (b), Tnf (c) and Il10 (d) mRNA was determined by RT-qPCR. Expression levels were normalized to the 
housekeeping gene Ube2d2. Mean values ± SD from 3 independent experiments are given. Statistical analysis was done with log-transformed data; 2-way 
ANOVA with repeated measurement and Tukey HSD posthoc test; significances are only indicated for the comparisons between IFNγ pretreated and non-
pretreated cells (LPS versus IFNγ, LPS); * p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001
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In contrast to the increase of inflammatory cytokine 
induction, IFNγ represses a subset of LPS-induced genes, 
including Il10 [32]. In line, we found reduced upregula-
tion of Il10 by LPS in IFNγ pretreated WT cells as com-
pared to cells that were only treated with LPS (Fig. 1d, 
and Additional file 1: Fig. S1c). Stat1α/α cells showed a 
stronger repression of Il10 induction by LPS compared 
to WT cells at early time points after treatment, whereas 
IFNγ pretreatment barely affected the induction of Il10 
in Stat1β/β cells (Fig. 1d and Additional file 1: Fig. S1c). 
Notably, early induction of I110 by LPS alone was higher 
in Stat1β/β and Stat1−/− than in Stat1α/α and WT cells 
(Fig. 1d), arguing for a suppressive effect of the STAT1 
C-terminal TAD on the early induction of IL-10.

Collectively, these data provide proof-of-concept that 
IFNγ-activated STAT1 isoforms differ in their ability to 
modulate the transcriptional responses to LPS.

STAT1 isoforms differentially regulate H3K27 acetylation 
and deacetylation in response to IFNγ
To analyse how STAT1 and its isoforms regulate histone 
modifications in response to IFNγ at the genome-wide 
level and how they impact on transcriptional responses 
to LPS, we treated WT, Stat1α/α, Stat1β/β and Stat1−/− 
macrophages with IFNγ for 14  h followed by 3 h or6  h 
LPS treatment and performed (i) ChIP-seq for H3K27ac 
and H3K4me1 and (ii) RNA-seq experiments (Fig. 2a).

First, we analysed genome-wide effects on H3K27 
acetylation, a histone mark for active promoters and 
enhancers [33]. H3K27ac signals across the genome 
showed a high correlation between replicates and clus-
tering according to the treatments (Additional file 1: Fig. 
S2a), indicating low variation between biological rep-
licates and good data quality. To quantify the overlap 
of H3K27ac signals between cells of the different geno-
types across treatments, we computed the Jaccard simi-
larity index [34] between samples based on the pairwise 
overlap of peaks called for each sample. The relative 
similarity between untreated and IFNγ-treated cells was 
stronger than between untreated and LPS-treated cells, 
indicating that LPS has a more pronounced impact on 
H3K27ac than IFNγ-pretreatment (Additional file 1: Fig. 
S2b). To derive a unified peak set that represents recur-
rent H3K27ac peaks called across all samples, we devel-
oped a custom approach that collapses overlapping peaks 
into a consensus peak set (Additional file 1: Fig. S2c and 
methods). The majority of the H3K27ac peaks were iden-
tified in intronic regions, followed by intergenic regions 
and promoter-transcriptional start sites (TSS) (Fig. 2b). 
As a quality control, we performed de novo transcription 
factor motif discovery in the sequences of our H3K27ac 
consensus peak set and found the highest enrichment 
for motifs resembling the SPI-B and AP-1 binding motifs 
(Fig. 2c). SPI-B shares its core consensus motif with PU.1 

(also named SPI-1) [35, 36], a pioneering transcription 
factor in macrophages that sets the stage for macro-
phage-specific transcriptional response to LPS [37]. AP-1 
family members are known to contribute to the response 
to many TLR ligands, including LPS [38].

To better understand the role of STAT1 and its C-ter-
minal TAD in the regulation of H3K27 acetylation in 
response to IFNγ, we focussed on untreated and IFNγ-
treated WT, Stat1α/α, Stat1β/β and Stat1−/− cells. We 
performed unsupervised clustering (K-means, k = 4) 
on H3K27ac consensus peaks that changed by the 
IFNγ treatment (pairwise Wald test, adjusted p ≤ 0.001) 
(Fig.  2d). Peaks in clusters 2 and 3 showed an increase, 
whereas peaks in clusters 1 and 4 showed a decrease in 
H3K27 acetylation response to IFNγ (Fig.  2d). Surpris-
ingly, we observed more pervasive changes in H3K27ac 
in Stat1α/α than in WT cells at the peaks that displayed 
significant changes across treatments and genotypes, 
with a stronger effect on the deacetylation of H3K27 
than on its acetylation. In contrast, Stat1β/β cells had 
weaker changes in H3K27ac than WT cells at this sub-
set of peaks (Fig.  2d). Stat1−/− cells clustered together 
with untreated WT, Stat1α/α and Stat1β/β cells, indicating 
that most changes in H3K27ac are mediated by STAT1. 
We observed a 1.6-fold enrichment of intergenic regions 
in cluster 1 and a 2.2-fold enrichment of promoter-TSS 
regions in cluster 4 peaks (Binomial test, p ≤ 0.001) (Addi-
tional file 1: Fig. S2d).

Peaks that showed an IFNγ-induced increase in H3K27 
acetylation (cluster 2 and cluster 3) were found to har-
bour ISRE and IRF1 binding motifs (Fig. 2d and Addi-
tional file 1: Fig. S3a). This is in line with previous reports 
showing that at later stages of the IFNγ response, the 
STAT1 binding profile changes from GAS to IRF1 and 
ISRE elements, which are highly similar and can be occu-
pied by STAT1 as part of ISGF3 complexes or by IRF1 
[31, 39, 40]. Cluster 2 and cluster 3 peaks also showed an 
enrichment in binding sites for the IFNγ-inducible tran-
scription factors IRF2 and IRF8 against genomic back-
ground (Additional file 1: Fig. S3a) and include peaks 
annotated to well-known STAT1 target genes, such as 
Irf1 and Ciita (Additional file 2: Table S1).

H3K27ac peaks that were downregulated in response to 
IFNγ (cluster 1 and cluster 4) were found to harbour con-
sensus motifs for members of the activator protein 1 (AP-
1) family, such as FRA1, FRA2, FOS and JUNB (Fig. 2d 
and Additional file 1: Fig. S3a). Comparison between the 
clusters revealed a stronger enrichment of the IRF1 motif 
in cluster 3 than in cluster 2 and a stronger enrichment of 
the AP-1 motif in cluster 4 than in cluster 1 (Additional 
file 1: Fig. S3b).

Differential H3K27ac analysis identified 2576 peaks 
gaining and 2315 peaks loosing H3K27 acetylation in 
response to IFNγ in WT cells (DESeq2, padj-value ≤ 0.05 
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Fig. 2  STAT1 isoforms mediate overlapping but also unique changes in H3K27ac
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and log2 fold-change ≥ 1; Fig. 2e). Stat1α/α cells showed 
a comparable number of acetylated peaks but a higher 
number of deacetylated peaks compared to WT cells, 
whereas Stat1β/β cells had lower numbers of both acety-
lated and deacetylated peaks than WT cells (Fig.  2e). 
In Stat1−/− cells, we observed considerably fewer dif-
ferentially acetylated H3K27ac peaks than in cells of all 
other genotypes (Fig.  2e). Peaks that gained H3K27ac 
in response to IFNγ were preferentially found at pro-
moter-TSS, intronic and intergenic regions, whereas no 
significant enrichment for genomic features were found 
for deacetylated peaks in WT cells (Additional file 1: 
Fig. S3c). The genomic location of H3K27ac peaks were 
mostly concordant between cells of the different geno-
types, except for a gain in exonic regions in Stat1α/α cells 
and a muted effect in Stat1β/β and Stat1−/− cells, particu-
larly for promoter-TSS and intronic regions, respectively 
(Additional file 1: Fig. S3c).

In line with our published data on H3 N-terminal pan-
acetylation [26], we found reduced, but not completely 
abolished, H3K27ac at the Irf1 promoter and a nearly 
complete impairment in the upregulation of H3K27ac 
at the Ciita promoter in Stat1β/β cells (Additional file 1: 
Fig. S3d and S3e). Stat1α/α cells showed a comparable 
increase in H3K27ac at the Irf1 and Ciita promoters as 
observed in WT cells (Additional file 1: Fig. S3d and S3e).

Focusing on the differences between WT, Stat1α/α and 
Stat1β/β cells, we found a strong overlap in regulated 
peaks, as well as peaks that were exclusively regulated in 
cells of the different genotypes (Fig. 2f ). The difference 
between WT, Stat1α/α and Stat1β/β cells was higher for 
deacetylated than acetylated H3K27 peaks. Peaks that 
were exclusively upregulated in Stat1α/α cells showed 
an enrichment in DNA motifs bound by methyl-CpG-
binding proteins, such as MBD2 and MECP2, and by 
histone H4 transcription factor (HINFP1/1), an inter-
actor of MBD2 also known as MIZF [41, 42], compared 
to the acetylated peaks in the other genotypes (Fig. 2g). 
This suggest that STAT1α alone specifically increases 
H3K27ac at CpG-rich promoters. In contrast, these 
motifs were enriched in deacetylated H3K27 peaks in 
WT and, to a lesser extent, Stat1β/β cells, indicating 
opposing regulation of H3K27ac at CpG-rich promoters 
compared with Stat1α/α cells.

Collectively, these data indicate that IFNγ-induced 
H3K27 acetylation is associated with an enrichment in 
ISRE/IRF consensus motifs, whereas H3K27 deacety-
lation is associated with the presence of AP-1 family 
motifs. Moreover, the data underscores the crucial role 
of the STAT1 C-terminal TAD in IFNγ-induced H3K27 
acetylation and uncover a previously unrecognized role 
in H3K27 deacetylation.

STAT1 isoforms differentially regulate enhancer activity in 
response to IFNγ
Enhancers are marked by monomethylated K4 on histone 
H3 (H3K4me1) [43, 44] and can be roughly classified into 
active and inactive (poised) enhancers based on the pres-
ence or absence of H3K27 acetylation, respectively [45].

H3K4me1 signals showed a high correlation between 
genotypes and treatments (Additional file 1: Fig. S4a) and 
a lower dynamic range than H3K27ac signals, both across 
the genome (Additional file 1: Fig. S4b) and at the top 
5000 most dynamically regulated regions (Additional file 
1: Fig. S4c) in cells of all genotypes.

We next focussed on changes in H3K4me1 at H3K27ac 
consensus peaks. At the genome-wide level, Stat1α/α 
cells showed a modestly higher increase in H3K4me1 in 
response to IFNγ than WT cells, whereas Stat1−/− cells 
and, to a lesser extent, Stat1β/β cells showed an increased 
loss of H3K4me1 at H3K27ac peaks (Fig. 3a).

We then classified enhancers into (i) activated enhanc-
ers (high H3K4me1 and acquisition of H3K27ac in 
response to IFNγ) and (ii) inactivated enhancers (high 
H3K4me1 and H3K27ac in untreated cells and loss of 
H3K27ac in response to IFNγ). We found 2282 activated 
and 2473 inactivated enhancers (Fig.  3b) in WT cells. 
IFNγ inactivated more enhancers in Stat1α/α than in WT 
cells (3111 and 2473, respectively), whereas the number 
of activated enhancers was comparable (2247 and 2282, 
respectively; Fig.  3b). Stat1β/β cells had less activated 
and inactivated enhancers than WT cells but more than 
Stat1−/− cells, indicating that STAT1β can mediate the 
activation and inactivation of a subset of STAT1-regu-
lated enhancer elements (Fig. 3b).

Although the enhancer landscape in macrophages is 
predetermined by the pioneering transcription factor 
PU.1, there is also evidence that certain genomic regions 
lacking H3K4me1, termed latent enhancers, can acquire 
H3K4me1 and H3K27ac in response to LPS or IFNγ [32, 
39]. However, compared to the activating effect on poised 
enhancers, the effect on latent enhancers was small in 
our experimental set-up (Additional file 1: Fig. S4d).

Similar to our findings for H3K27ac consensus peaks, 
activated and inactivated enhancers showed a large 
overlap but, surprisingly, also elements that were exclu-
sively regulated in either WT, Stat1α/α or Stat1β/β cells 
(Fig.  3c). Enhancers that were exclusively activated in 
Stat1α/α cells had the strongest enrichment for the HD/18 
transcription factor-binding motif archetype, which is 
utilized by members of the homeobox transcription fac-
tor family, such as HOXA10, HOXA13 and HOXB13, 
compared to the activated enhancer peaks in the other 
genotypes (Fig. 3d). Enhancers that were exclusively acti-
vated in Stat1β/β cells, had the strongest enrichment for 
the OVOL1 motif, whereas there was no strong motif 
enrichment in enhancers exclusively activated by IFNγ in 
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Fig. 3  STAT1 isoforms differ in their ability to activate and inactive enhancers in response to IFNγ. a Violin plots showing the log2 ratio over H3K27ac con-
sensus peaks of H3K4me1 signal enrichment between IFNγ treated and untreated (UT) WT, Stat1α/α, Stat1β/β and Stat1−/− cells. b Scatter plots of H3K4me1 
versus H3K27ac in WT, Stat1α/α, Stat1β/β and Stat1−/− BMDM for IFNγ-activated enhancers (left panel) and IFNγ-inactivated enhancers (right panel) in WT, 
Stat1α/α, Stat1β/β and Stat1−/− BMDM. The numbers of activated and inactivated enhancers are indicated in the respective quadrant of the scatter plots 
for cells of the four genotypes. c Proportional Venn diagram of activated and inactivated enhances in WT, Stat1α/α and Stat1β/β cells. d Top 10 enriched 
transcription factor-binding motifs in enhancers that are exclusively activated or inactivated in WT, Stat1α/α, Stat1β/β and Stat1−/− cells (archetype) ranked 
by Benjamini-Hochberg adjusted p-value with log2 fold ratio > 0.5
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WT and Stat1−/− cells (Fig. 3d). For enhancers that were 
exclusively inactivated in cells from one of the four geno-
types, we found the strongest enrichment for the NRF1 
motif archetype in WT cells and ZNF384 in Stat1α/α cells 
(Fig. 3d). To our knowledge, none of these transcription 
factors has been directly implicated in the transcriptional 
responses to IFNγ. Stat1−/− cells showed an enrichment 
of the IRF1 consensus motif in the peaks that were exclu-
sively deacetylated in these cells (Fig. 3d). This result may 
be attributed to the impaired expression of IRF1 in the 
absence of STAT1, suggesting that IRF1 is essential for 
sustaining H3K27 acetylation at specific genomic regions.

Taken together, these data show that STAT1 isoforms 
differentially regulate enhancer activity in response to 
IFNγ. The presence of only STAT1α mainly increases 
IFNγ-induced enhancer inactivation, whereas the pres-
ence of only STAT1β results in an impaired, yet not 
completely abolished, activation and inactivation of 
STAT1-regulated enhancer elements.

IFNγ treatment blocks the LPS-induced upregulation of a 
subset of antiviral genes
To investigate the effect of IFNγ pretreatment on LPS-
induced transcriptional responses we performed RNA-
seq analysis (see Fig.  2a for the experimental scheme). 
Differential gene expression analysis of all treatment con-
ditions identified 6910 differentially expressed genes in 
WT cells (DESeq2, likelihood ratio test, adjusted p ≤ 0.01). 
K-means clustering classified differentially expressed 
genes into 9 groups (Fig. 4a). In keeping with the focus of 
our study, we concentrated on clusters that showed either 
collaborative (additive or synergistic) gene regulation by 
IFNγ and LPS (cluster 1 and cluster 5) or a repression of 
LPS-induced up- or downregulation by IFNγ (cluster 2 
and cluster 7, respectively) (Fig. 4a and b).

Gene ontology analysis (GO) showed enrichment of 
genes annotated to distinct biological functions in each 
of the clusters (Fig. 4c). Cluster 1, which contains genes 
that are additively or synergistically induced by IFNγ and 
LPS, as exemplified by Ido1, Gbp6 and Bcl9 (Fig. 4b), was 
strongly enriched in genes annotated for the response to 
IFNβ (Fig.  4c). In line, cluster 1 genes showed a strong 
enrichment in ISRE and IRF1 motifs in their promoter 
region (Additional file 1: Fig. S5). Surprisingly, ISRE and 
IRF1 motifs were also enriched in promoters of cluster 
2 genes, the group of genes that showed a repression of 
LPS-induction by IFNγ (Additional file 1: Fig. S5). Closer 
examination of these genes revealed that cluster 2 con-
tains well-known IFN-inducible antiviral genes, such as 
2’−5’-oligoadenylate synthase 2 (Oas2) and IFN-induced 
protein with tetratricopeptide repeats 3B (Ifit3b) (Fig. 4b 
and Additional file 3: Table S2). These results identify 
two classes of LPS-regulated and ISRE- or IRF1-driven 
genes, which are either enhanced (cluster 1) or repressed 

(cluster 2) by pretreatment with IFNγ. The latter class 
was enriched in genes annotated for the response to virus 
and related categories (Fig. 4c), suggesting that IFNγ spe-
cifically represses the induction of a subset of antiviral 
genes in response to LPS.

Cluster 5, which contains genes that are basally 
expressed in macrophages and downregulated by IFNγ 
and LPS, as exemplified by Tmem154, Cdk20 and Uck2 
(Fig. 4b), showed enrichment in genes annotated for 
DNA-dependent replication, mitotic sister chromatin 
segregation and other categories related to cell division 
(Fig. 4c). These data are consistent with reported anti-
proliferative activities of IFNγ [46] and indicate collabo-
ration with LPS in the downregulation of cell cycle genes. 
Cluster 5 also contains genes annotated for DNA meta-
bolic processes, such DNA-methyltransferase 1 (Dnmt1) 
(Additional file 3: Table S2). Cluster 5 genes showed 
enrichment for binding motifs of E2F family members, 
such as E2F7 and E2F1 (Additional file 1: Fig. 5a), which 
have a well-established role in the regulation of cell cycle 
genes and the induction of apoptosis [47].

Cluster 7 genes, whose downregulation by LPS was 
blocked by IFNγ, showed the strongest enrichment for 
genes annotated for ribosome biogenesis, ribonucleopro-
tein complex biosynthesis and non-coding RNA (ncRNA) 
processing (Fig.  4c). Cluster 7 genes also contained the 
anti-apoptotic gene Bcl2 and cyclin E1 encoding gene 
Ccne1 (Fig. 4b). Transcription factor binding motif analy-
sis showed the strongest enrichment for C-MYC and 
MNT (Max network transcriptional repressor) in cluster 
7 genes (Additional file 1: Fig. S5).

Taken together these data show that IFNγ pretreatment 
blocks the LPS-induced upregulation of a subset of anti-
viral genes and the LPS-induced downregulation of genes 
mainly associated with mitochondrial RNA metabolism 
or ribosome biogenesis.

IFNγ-mediated inhibition of gene induction by LPS 
requires the presence of STAT1 and its C-terminal TAD
To test whether STAT1 modulates the effect of IFNγ 
pretreatment on LPS-induced gene expression changes 
over baseline (untreated) we fit a generalized linear 
model (glm) where we regressed log2 fold changes over 
untreated as a function of the 3-way interaction between 
IFNγ pretreatment, duration of LPS stimulation (3–6 h) 
and the genotype. For all clusters of genes tested, we 
found significant interaction both between genotype 
and IFNγ pretreatment (cluster 2 genes: Likelihood-ratio 
X2 = 45.98, DF = 3; p-value = 5.72e-10) as well as between 
genotype and LPS exposure time (cluster 2 genes: Like-
lihood-ratio X2 = 51.73, DF = 3; p-value = 3.42e-11) as 
tested by two-way ANOVA (Additional file 4: Table S3).

We then quantified the differences in the log2 fold 
change in gene expression of cells treated with either 



Page 9 of 22Akagha et al. BMC Genomics          (2026) 27:256 

Fig. 4  IFNγ pre-treatment affects LPS-responses in WT BMDM. a Heatmap of 6910 differentially expressed genes (K-means clustering, k = 9) with an 
adjusted p-value ≤ 0.01. b RNA-seq data (TPM) of example genes from cluster 1, cluster 2, cluster 5 and cluster 7. c Top 10 enriched gene ontology (GO) 
pathways (biological processes) in cluster 1, cluster 2, cluster 5 and cluster 7
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Fig. 5  IFNγ pre-treatment differentially affects LPS-responses in WT, Stat1α/α, Stat1β/βand Stat1−/− BMDM. a Box plots showing log2 fold changes in gene 
expression of the different treatments over untreated WT, Stat1α/α, Stat1β/β and Stat1−/− cells in cluster 1 (top) and cluster 2 (bottom). For reasons of clarity, 
statistical significances are only indicated for the differences in the log2 fold change over untreated between LPS alone (L) and after pre-treatment with 
IFNγ (GL) across the genotypes. Stars denote Tukey HSD adjusted p-values. See Additional file 5: Table S4 for the Tukey HSD results of all comparisons. * 
p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001. b, c Heatmaps showing the expression patterns of examples genes from cluster 1 (b) and cluster 2 (c). TPM values have 
been scaled for each gene so that expression values ranging from 100 (max TPM for this gene) to 0 were obtained
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LPS alone (L) or with IFNγ prior to LPS treatment (GL) 
over untreated cells in each cluster. IFNγ pretreatment 
enhanced mean LPS-induced gene expression of clus-
ter 1 genes in WT, Stat1α/α and Stat1β/β cells but not in 
Stat1−/− cells (Fig. 5a, upper panel and Additional file 5: 
Table S4 for Tukey HSD results). At the single gene level, 
this expression pattern was found for many well-known 
ISGs, such as Oas3 and Zbp1 (Fig.  5b). However, there 
were a few notable exceptions, such as Ido1 and Tgtp1, 
which were synergistically induced by IFNγ and LPS in 
WT and Stat1α/α cells but not in Stat1β/β cells (Fig.  5b). 
Ido1 and Tgtp1 showed an even stronger enhancement 
in Stat1α/α than in WT cells, suggesting that STAT1β is 
not only incapable of inducing these genes but also limits 
their induction by STAT1α.

For cluster 2 genes, we found a repressive effect of 
IFNγ on LPS-induced upregulation in WT and Stat1α/α 
cells, whereas this was strongly diminished in Stat1β/β 
and Stat1−/− cells (Fig. 5a, lower panel and Additional file 
5: Table S4 for Tukey HSD results). Cluster 2 genes con-
tained well-known IFN-stimulated genes (ISG) with anti-
viral activity, such as Mx1, and genes that were induced 
by LPS in a STAT1-independent manner, such as Irak3, 
Lcn2 and Anxa7 (Fig. 5c). IRAK3 (also named IRAK-M) 
and LCN2 are both essential negative regulators of mac-
rophage activity [48, 49].

LPS-induced repression of cluster 5 genes was 
enhanced by IFNγ in WT, Stat1α/α, Stat1β/β and, to a 
lesser extent, Stat1−/− cells, whereas LPS-induced repres-
sion of cluster 7 genes was inhibited by IFNγ in WT and 
Stat1α/α but not Stat1β/β and Stat1−/− cells (Additional file 
1: Fig. S6).

Taken together, these data indicate that STAT1β medi-
ates large parts of the collaborative effects of IFNγ on 
transcriptional responses to LPS (cluster 1) but fails to 
inhibit the up- and downregulation of subsets of LPS-
responsive genes (cluster 2 and cluster 7). Furthermore, 
the data indicate that the collaborative inhibition of gene 
expression by IFNγ and LPS (cluster 5) is partially inde-
pendent of STAT1.

Inhibition of LPS-induced enhancer activation by IFNγ 
requires the presence of the STAT1 C-terminal TAD
IFNγ affects LPS responses by multiple mechanisms, 
including induction of feedback inhibitors, upregulation 
of signalling components [2, 50–52] and H3K27 acetyla-
tion at enhancer elements [31, 32]. To test whether IFNγ-
induced H3K27ac changes at enhancers (as defined in Fig. 
3b) correlate with effects on transcriptional responses to 
LPS, we tested for differences in the frequency of acti-
vated and inactivated enhancers ± 100 kb around the TSS 
of genes in each of the WT clusters (cluster 1–9) with all 
treatment conditions compared to untreated cells.

Cluster 1 and cluster 2, which contain genes that are 
upregulated by LPS, showed an enrichment of activated 
enhancers in LPS-stimulated versus untreated cells (Fig. 
6a). In cluster 1, the enrichment of activated enhanc-
ers was higher in IFNγ + LPS treated cells than in cells 
treated with LPS alone, indicating collaborative enhancer 
activation by the two treatments. For example, collabora-
tive enhancer activation was observed around the Cd274 
gene, which encodes the checkpoint protein PD-L1 (Fig. 
6b). Of note, 4 out of the 5 peaks at these two genes are 
located in regions that were identified as enhancers by 
multiple methods by the group of Ido Amit [53] (indi-
cated with an E in Fig. 6c).

  
In line with a previous report [31], we also found col-

laborative enhancer activation at the IL-12p40-encoding 
gene Il12b (Additional file 1: Fig. S7a). In cluster 2, the 
enrichment of activated enhancers was lower in response 
to IFNγ + LPS than LPS alone, suggesting that IFNγ pre-
treatment inhibits enhancer activation in this group of 
genes (Fig. 6a). This pattern is exemplified at the Irak3 
and Mefv gene loci, the latter encoding PYRIN (Fig. 6c 
and Additional file 1: Fig. S7b). Similarly, we observed 
IFNγ-induced inhibition of enhancer activation at the 
Il10 locus (Additional file 1: Fig. S7c).

For the genes in cluster 5, which are downregulated by 
IFNγ and LPS, we found an enrichment of inactivated 
enhancers in response to LPS (Fig.  6a). IFNγ pretreat-
ment did not alter the frequency of inactivated enhanc-
ers in cluster 5 genes, arguing against a collaboration of 
IFNγ and LPS in enhancer inactivation of this group of 
genes. For the LPS-repressed genes in cluster 7, we found 
a weak enrichment of inactivated enhancers, in response 
to LPS but not IFNγ + LPS (Fig.  6a), suggesting that the 
downregulation of only a small subset of cluster 7 genes 
is associated with enhancer inactivation and that this is 
blocked by IFNγ pretreatment.

Collectively, these data show that both the enhanc-
ing and repressive effects of IFNγ on gene induction by 
LPS correspond with effects on LPS-induced enhancer 
activation (cluster 1 and cluster 2 genes), whereas effects 
on LPS-repressed genes (cluster 5 and cluster 7 genes) 
appear to be mostly unrelated to alterations in enhancer 
activity.

Having established that IFNγ pretreatment affects LPS-
induced enhancer activation in cluster 1 and cluster 2 
genes, we next quantitatively compared the overall gain 
of H3K27ac signal at the TSS ± 25 kbp in WT, Stat1α/α, 
Stat1β/β and Stat1−/− cells across treatments. In line with 
the data shown in Fig.  6a, IFNγ-pretreatment increased 
LPS-induced H3K27ac in cluster 1 genes (Fig.  6d). As 
expected, cluster 1, which was strongly enriched in IFN 
response genes, barely showed any increase in H3K27ac 
in Stat1−/− cells across treatments. The IFNγ-dependent 
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increase in H3K27ac was similar between WT and 
Stat1α/α cells, whereas it was slightly lower in Stat1β/β 
cells (Fig. 6d, upper panel). However, IFNγ pretreatment 
caused a similar fold-change in H3K27ac in Stat1β/β as 
in WT and Stat1α/α cells, suggesting that collaborative 
enhancer activation is largely intact in Stat1β/β cells. In 
cluster 2 genes, IFNγ pretreatment reduced the overall 
gain in H2K27ac at distal elements in response to LPS 
in WT cells, further supporting our finding that IFNγ 

blocks LPS-induced enhancer activation at a subset 
of LPS-responsive genes (Fig.  6d, lower panel). In line 
with the well-established role of STAT1 in the cellular 
response to LPS, the gain in H3K27ac was reduced, but 
not absent, in Stat1−/− cells. IFNγ failed to block LPS-
induced H3K27 acetylation in Stat1−/− and Stat1β/β cells 
and even slightly increased H3K27ac in response to LPS 
in Stat1β/β cells (Fig. 6d, lower panel). Impaired suppres-
sion of LPS-induced H3K27 acetylation in Stat1−/− cells 

Fig. 6  Association of enhancers changes with transcriptional clusters. a Enrichment of activated and inactivated enhancers under the different treatment 
condition in the distinct transcriptional clusters in WT cells: IFNγ-treated versus untreated cells (IFNγ), LPS-treated versus untreated cells (LPS) and IFNγ 
pretreated and 3 h LPS stimulated versus untreated cells (IFNγ + LPS). Color encodes for the log2 ratio over untreated and size encodes for the binomial 
test Benjamini-Hochberg adjusted p-value (-log10). b, c Normalized H3K27ac density tracks around the Cd274 gene (b) and the Irak3 gene (c) in WT cells. 
The merged normalized H3K27ac signal from 3 independent experiments is shown. H3K27ac peaks of interest are indicated by a box and enhancers 
identified by Lara-Astiaso [53] are indicated by an E under the box. d Changes in H3K27 acetylation at the TSS ± 25 kb of cluster 1 and cluster 2 genes in 
Stat1α/α, Stat1β/β and Stat1−/− cells compared to WT cells in response to IFNγ (G), IFNγ followed by LPS for 3 h (GL) or only LPS (L) for 3 h
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and, to a lesser extent in Stat1β/β cells, compared with 
Stat1α/α and WT cells is for example, observed at the 
Irak3 gene (Fig. 6c and Additional file 1: Fig. S7d-f ).

Taken together, these data show that the STAT1 C-ter-
minal TAD is required for the repressive effects of IFNγ 
on LPS induced enhancer activation, whereas it is largely 
dispensable for collaborative enhancer activation by IFNγ 
and LPS.

IFNγ pretreatment reshapes the transcription factor 
network utilized by TLR4 signalling
IFNγ and LPS induce the expression of a wide range of 
transcription factors, such as IRF1, IRF8, ATF3 and JUNB 

(Fig. 7a), leading to transcription factor cascades that 
amplify the initial response and establish complex expres-
sion patterns required for proper responses to extracel-
lular stimuli. To reconstruct the gene regulatory network 
(GRN) underlying the LPS and IFNγ + LPS responses, we 
provided GRaNIE [54] with gene expression data (RNA-
seq raw counts) and H3K27ac peaks (location and raw 
counts) from untreated and LPS-treated (3 h and 6 h) 
or untreated and IFNγ + LPS-treated WT and Stat1−/− 
cells. The peak sequences were scanned for occurrences 
of binding motifs for the top 150 variable transcription 
factors and the program assigns transcription factors to 

Fig. 7  Defining the regulatory networks that drive responses to LPS and IFNγ + LPS. a Top 5 variable transcription factors (TFs) in response to the treat-
ments using data from WT and Stat1−/− cells. b Schematic representation of the regulatory network construction. c The top 150 most variable TFs (accord-
ing to variance across RNA-seq data from WT and Stat1−/− cells) were used for TF network reconstruction using the elastic-GRN approach implemented 
in GRaNIE [54]. This method enables the identification of transcription factors, acetylated peaks (putative enhancers), and genes that exhibit significant 
co-variation within the dataset. These elements are organized into groups of target genes (communities) that are potentially regulated by one or more 
transcription factors, mediated by the presence of putative binding sites within the co-varying acetylation patterns of the peaks. c Regulatory network 
initiated by transcription factors (TF) in response to the treatments indicated. TFs in the nodes and select TFs in the distinct target gene communities 
are shown. For clarity, a maximum of 50 connections to target genes per community are shown. Left panel: GRaNIE was provided with expression data 
(RNA-seq raw counts) and H3K27ac peaks (location and counts) from untreated and LPS-treated (3 h and 6 h) WT and Stat1−/− cells. Right panel: GRaNIE 
was provided with expression data (RNA-seq raw counts) and H3K27ac peaks (location and counts) from untreated and IFNγ + LPS -treated (3 h and 6 h) 
WT and Stat1−/− cells
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differentially acetylated peaks (DA) and DA peaks to tar-
get genes, thereby defining communities (Fig. 7b).

  
As expected, the ISGF3 components STAT1, STAT2 

and IRF9 were identified as part of the core transcription 
factor network mediating responses to LPS, regardless of 
IFNγ pretreatment. IRF1, IRF7 and IRF8 also emerged 
as central regulators in both treatments, consistent with 
their strong upregulation by IFNγ and LPS (Additional 
file 1: Fig. S8). Notably, the target gene communities of 
STAT1, STAT2, IRF1 and IRF9 differed between treat-
ments, indicating treatment-specific interactions with 
other transcriptional regulators (Additional file 1: Fig. 
S9a). However, it is important to consider that the bind-
ing motifs annotated for these STAT and IRF family 
members are highly similar (Additional file 1: Fig. S9b).

Our analysis identified MAZ (Myc-associated zinc fin-
ger protein), ETV5 (ETS variant transcription factor 5), 
NFYB (nuclear transcription factor Y subunit beta), E2F8 
(E2F transcription factor 8) and ATF4 (activating tran-
scription factor 4) as key transcription factors driving 
the epigenetic (H3K27ac) and transcriptional response to 
IFNγ + LPS (Fig. 7c, right panel). Furthermore, our analy-
sis revealed that KLF8 (KLF transcription factor 8), NRF1 
(nuclear respiratory factor 1) and EGR1 (early growth 
response 1) are central components of the transcription 
factor network regulating responses to LPS in non-pre-
treated cells (Fig. 7c, left panel).

In the context of the identified key transcription factors 
involved in the response to IFNγ + LPS, we observed that 
the downregulation of Etv5 and E2f8 occurred largely 
independently of STAT1 (Additional file 1: Fig. S10). In 
contrast, the expression of Nfyb and Atf4 was elevated 
in the absence of STAT1 (Additional file 1: Fig. S10). 
The C-terminal TAD of STAT1 had a critical role in the 
collaborative upregulation of Irf1 and Irf8 in response 
to IFNγ and LPS, as well as Stat1 in response to IFNγ 
(Additional file 1: Fig. S8). Consistent with our previous 
findings [26], we observed enhanced induction of Irf7 
by IFNγ in the absence of the STAT1 C-terminal TAD, 
which may partially explain the increased expression of a 
subset of ISGs (Additional file 1: Fig. S8).

Taken together, these data identify both novel and 
known transcriptional regulators and their target genes, 
providing mechanistic insights into the epigenetic and 
transcriptional crosstalk of IFNγ and LPS signalling.

Discussion
IFNγ is crucial for the immune response to viral and 
bacterial pathogens but is also associated with several 
autoinflammatory diseases and chronic mucocutane-
ous candidiasis [21, 55–57]. IFNγ not only induces its 
own transcriptional program but also synergizes with 
or antagonizes transcriptional responses to subsequent 

inflammatory stimuli [28, 29, 31, 58]. The underlying 
mechanisms have been extensively studied and include 
IFNγ-induced histone acetylation at promoter and 
enhancer elements [27].

Herein, we used primary macrophages from gene-tar-
geted mice to investigate the role of the STAT1 C-ter-
minal TAD in the genome-wide regulation of H3K27ac 
and H3K4me1 in response to IFNγ and analyse effects on 
subsequent transcriptional response to LPS. By focussing 
on STAT1 and its C-terminal TAD, we gained mechanis-
tic insights into epigenetic and transcriptional regula-
tion by IFNγ and its impact on responses to secondary 
inflammatory stimuli. Our approach enabled us to iden-
tify a gene-specific requirement for the STAT1 C-ter-
minal TAD for H3K27 acetylation and deacetylation at 
promoter and enhancer elements and a particular impor-
tance of the STAT1 C-terminal TAD for the repressive 
activities of IFNγ on LPS-induced gene regulation.

One of the most notable findings of our study is that 
the STAT1 C-terminal TAD is not only essential for 
H3K27 acetylation at specific target genes but also has 
a critical role in H3K27 deacetylation in response to 
IFNγ. H3K27 deacetylation was found to be associated 
with the presence of motifs for AP-1 family members, 
rather than STAT1 itself. This suggest that the STAT1 
C-terminal TAD regulates H3K27 deacetylation through 
indirect mechanisms, such as influencing the interplay 
between AP-1 and histone deacetylases (HDAC), modi-
fying AP-1 activity or inducing co-repressors. Notably, 
IFNγ can both synergize with AP-1 family members to 
induce ISG expression during simultaneous exposure to 
IFNγ and stress, while also repressing AP-1-dependent 
gene expression in response to secondary TLR2 stimula-
tion [59–61]. Surprisingly, cells only expressing STAT1α 
showed a profound increase in H3K27 deacetylation 
in response to IFNγ compared to WT cells at both pro-
moter and enhancer elements, indicating that STAT1β 
has a crucial role in balancing STAT1α-mediated chro-
matin remodelling. Despite the profound alterations 
in H3K27 deacetylation in IFNγ-treated cells that only 
express STAT1α, transcriptional responses to subsequent 
LPS stimulation were comparable to those of WT cells. 
Further studies are needed to address if and how IFNγ-
mediated H3K27 deacetylation impacts on subsequent 
responses to other stimuli.

Another important finding of our study is that IFNγ 
pretreatment represses the upregulation antiviral genes, 
including certain ISGs, in response to LPS stimulation, 
while simultaneously enhancing the induction of many 
genes annotated to the response to IFNβ. The suppres-
sion of antiviral gene induction by IFNγ can be seen as 
a mechanism to tailor macrophage responses to encoun-
tering bacterial pathogens. While IFNγ priming pri-
oritizes front-line antibacterial effector functions (e.g. 
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phagocytosis, nitric oxide production and expression of 
GBP proteins), it avoids metabolically costly antiviral ISG 
expression upon LPS stimulation, improving efficiency 
and limiting collateral tissue damage.

The factors determining the differences in ISG regula-
tion remain unclear. Both repressed and collaboratively 
induced ISGs were enriched in the highly similar, if not 
identical, consensus motifs recognized by ISGF3 and IRF 
family members [62, 63]. A similar divergent ISG expres-
sion pattern was also observed in human macrophages 
treated with IFNγ for several days before exposing them 
to IFNβ [29]. This study provided some evidence that spe-
cifically ISGF3-driven genes are suppressed by IFNγ pre-
treatment, albeit this needs confirmation. We found that 
IFNγ as well as LPS stimulation upregulate Irf2, which 
can competitively inhibit IRF1-mediated transcriptional 
activation [5]. It is therefore also possible that ISGs differ 
in their sensitivity to IRF2-mediated inhibition.

Importantly, IFNγ not only inhibited the expression 
of antiviral ISGs but also other genes annotated to the 
response to viruses or related functional categories in 
response to LPS. We demonstrate that the repression of 
gene induction by LPS depends on the presence of the 
STAT1 C-terminal TAD and involves inhibition of LPS-
induced enhancer activation. Consistent with a previous 
report [31], we observed that IFNγ inhibits LPS-induced 
enhancer activation at the Il10 gene, reinforcing the con-
cept that IFNγ inhibits an LPS-induced negative feed-
back loop. Moreover, our finding that IFNγ blocks both 
enhancer activation and gene induction of Irak3 extends 
this concept to another crucial negative regulator of TLR 
signalling cascade.

In contrast to the repressive activities of IFNγ on gene 
induction by LPS, the collaborative activities (additive 
or synergistic) were largely independent of the STAT1 
C-terminal TAD. However, there were notable excep-
tions, such as Ido1 and Tgtp1, whose synergistic activa-
tion by IFNγ and LPS was completely dependent on the 
presence of the C-terminal TAD of STAT1.

Mechanistically, we show that the enhancing effect of 
IFNγ pretreatment on LPS responses involves enhancer 
activation at a subset of LPS-induced genes. The effect 
on enhancer activation was largely independent of the 
STAT1 C-terminal TAD and, for example, observed at 
the Il12p40 and Tnfa genes and at a subset of ISGs, such 
as the oncogene Bcl9 and the checkpoint protein PD-
L1-encoding gene Cd274. These findings support a previ-
ous study that showed IFNγ-induced enhancer activation 
at the Il12p40 and Tnfa gene loci [31].

Another surprising finding of our study is the lack of 
evidence for a significant role of GAS elements in IFNγ-
induced enhancer activation. Studies on selected ISGs 
demonstrated a gene-specific distribution of labour 
between STAT1 and IRF1 in the recruitment of histone 

modifying enzymes to promoter and enhancer regions 
[26, 64, 65]. Our findings suggest that at the genome-wide 
level, H3K27 acetylation is predominantly mediated by 
IRF1. Other factors that bind to ISRE/IRF elements, such 
as IFNγ-activated ISGF3 or non-canonical STAT1-con-
taining complexes may also contribute, particular at late 
time points after stimulation [66]. Late IFNγ responses 
are marked by a switch from GAS to ISRE/IRF1 elements 
[67], raising the possibility that enhancer activation by 
STAT1 homodimers is not sustained throughout the 
treatment. Supporting the central role of IRF1 in IFNγ-
induced chromatin remodelling, recent studies have 
shown that IRF1 is essential for opening inaccessible 
chromatin, which can subsequently be utilized by STAT1 
homodimers to establish de novo enhancers in response 
to IFNγ [68].

Most of the past studies focused on gene induction by 
LPS and comparatively little is known about effects of 
IFNγ on genes that are repressed by LPS. We found that 
LPS-repressed genes that are affected by IFNγ pretreat-
ment fall into two categories: collaboratively (synergis-
tically or additively) repressed genes and genes whose 
repression is inhibited by IFNγ. We provide evidence 
for an involvement of E2F family members in the down-
regulation of gene expression by IFNγ and LPS. In line 
with the role of the E2F family in the regulation of the 
cell cycle [47], the collaboratively repressed genes mainly 
consisted of genes annotated to DNA replication and 
mitosis. Intriguingly, collaborative transcriptional down-
regulation by IFNγ and LPS was partially independent 
of STAT1 and did not involve effects of IFNγ on LPS-
induced enhancer inactivation. Genes whose repres-
sion was inhibited by IFNγ mainly consisted of genes 
annotated to mitochondrial RNA metabolism and ribo-
some biogenesis. The mechanisms of how IFNγ blocks 
LPS-mediated downregulation remained unclear. How-
ever, we show that the inhibitory activity of IFNγ largely 
depends on the presence of STAT1 and its C-terminal 
TAD and, except for a small set of genes, does not involve 
enhancer inactivation.

Our transcription factor network analysis not only 
confirmed the central roles of STAT1, STAT2 and IRF9 
but also underscores the importance of IRF1 and IRF8 in 
the transcriptional response to LPS in IFNγ-pretreated 
macrophages. Furthermore, the analysis identified MAZ, 
ETV5, NFYB, E2F8 and ATF4 as key regulators, with 
MAZ emerging as a pivotal factor governing the larg-
est gene community and connecting to the IRF-STAT 
network. There is strong evidence that MAZ colocalizes 
with STAT1 on chromatin in response to IFNγ and posi-
tively regulates the expression of immune genes, includ-
ing a subset of ISGs, but also negatively regulates gene 
expression in HAP1/K562 cells [69]. In line, we found 
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some ISGs, such as Socs1 and Cd274, and activated as 
well as repressed genes in the list of MAZ target genes.

Our study has two limitations. First, our findings on the 
influence of the STAT1 C terminal TAD in IFNγ-induced 
priming on histone modification and transcription are 
based on comparing STAT1α (full length) and STAT1β 
(lacking the C-terminal TAD) without genome wide, time 
resolved DNA occupancy profiling. Prior studies indicate 
broadly similar binding of both isoforms to canonical 
GAS elements, with subtle differences in dimer-dimer 
formation and kinetics [12–14, 26]. Thus, while our 
data demonstrate a requirement for the STAT1 TAD, 
we cannot distinguish TAD-dependent cofactor recruit-
ment from altered DNA binding (e.g., residence time 
or site selectivity) as the primary driver of the observed 
histone‑modifying and transcriptional effects. Future 
isoform specific, time-resolved ChIP-seq or CUT&RUN 
coupled with interactome profiling will be needed to 
resolve underlying mechanisms. Second, our data estab-
lish a strong correlation between H3K27ac dynamics 
and gene expression, but do not demonstrate causality. 
Although, STAT1 isoform-specific perturbations link 
STAT1 domain architecture to H3K27ac dynamics and 
transcriptional outputs at defined loci, definitive tests of 
H3K27ac causality (e.g., targeted acetylation or deacety-
lation at specific enhancers) will be needed to establish 
whether H3K27ac is a driver, correlate, or consequence of 
transcriptional responses.

Beyond insights in STAT1 isoform-specific chroma-
tin functions, our findings carry broader implications 
across immunology, host-pathogen evolution, and pub-
lic health. The finding that IFNγ skews macrophage 
programs towards antibacterial activity, while repress-
ing antiviral and anti‑inflammatory pathways, support 
a model of adaptive trade‑offs in which an IFNγ‑primed 
antibacterial bias likely conferred fitness in bacterial-
rich environments at the cost of transiently reduced 
antiviral readiness. Clinically, these data argue for tem-
porally informed immunomodulation: distinguishing 
short‑term priming from longer‑lived innate memory 
will be critical for scheduling interventions that leverage 
IFNγ to enhance antibacterial defences when bacterial 
threat dominates yet avoid blunting antiviral responses 
in viral‑prone settings or during co‑infections. Epige-
netically, our results provide a rationale to cautiously 
explore HDAC modulators to “tune” macrophage prim-
ing, with rigorous attention to dose, timing, and revers-
ibility. Translationally, IFNγ‑induced enhancer signatures 
and STAT1 isoform activity could serve as actionable 
biomarkers to guide patient stratification and therapeutic 
choice. Finally, population variation, including genetic or 
epigenetic factors that shift STAT1α/β ratios, may under-
lie inter‑individual and ancestry‑linked differences in 
infection outcomes, highlighting the need for precision 

strategies that account for host diversity and for societal 
efforts to align antimicrobial stewardship with immuno-
modulatory therapies.

Conclusions
This study reveals that IFNγ primes macrophages to 
restrain the induction of antiviral genes, including a sub-
set of ISGs, while negative feedback regulators of TLR 
signalling. Additionally, IFNγ collaborates with LPS 
to block cell cycle genes and enhance the expression of 
a distinct set of ISGs. Our study also supports previous 
reports showing that IFNγ pretreatment promotes the 
expression of proinflammatory cytokines, while limit-
ing LPS-induced IL-10. We find that STAT1 isoforms 
differentially mediate IFNγ‑induced changes in H3K27 
acetylation at promoters and enhancers, thereby shaping 
subsequent transcriptional responses to LPS. Integrat-
ing these results, our study predicts that a shift from the 
full-length STAT1α towards the C-terminally truncated 
STAT1β would dampen inflammatory gene expression 
while increasing antiviral activity in cells sequentially 
exposed to IFNγ and LPS. Our results help to better 
understand the interplay between transcription fac-
tor networks and the epigenome during infectious and 
inflammatory diseases.

Methods
Mice
 C57BL/6N (Wild-type, WT), Stat1−/−, Stat1a/a and 
Stat1β/β mice [22, 25] mice were bred at the University of 
Veterinary Medicine, Vienna. Mice were housed under 
specific-pathogen-free conditions according to Fed-
eration of European Laboratory Animal Science Asso-
ciations (FELASA) guidelines at the animal facility of the 
Institute of Animal Breeding and Genetics, University of 
Veterinary Medicine Vienna. All mice were on C57BL/6 
background. For the isolation of bone marrow, mice were 
euthanized with CO2 to ensure a humane and gradual 
induction of unconsciousness. Mice were observed to 
verify unconsciousness before respiration ceased. This 
method was selected in accordance with regulations from 
the European Union (Directive 2010/63/EU on the pro-
tection of animals used for scientific purposes, Annex 4).

Bone marrow-derived macrophages (BMDM)
BMDM were differentiated and cultured from bone mar-
row of 8 to 12-week-old male mice. BMDM were differ-
entiated for 7–9 days on Petri dishes (Greiner Bio-One) 
in DMEM (Sigma-Aldrich) supplemented with 10% FCS 
(Gibco/Thermo Fisher Scientific), 15% L929 cell-con-
ditioned medium, 2 mM L-glutamine (Sigma-Aldrich), 
100 U/ml penicillin, 100  µg/ml streptomycin, (Sigma-
Aldrich) and 50 µM β-mercaptoethanol (Gibco/Thermo 
Fisher Scientific) at 37  °C and 5% CO2 atmosphere. 
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BMDMs were stimulated with 100 U/mL IFNγ (Milli-
pore, IF005) and 5 ng/mL LPS (Sigma, Escherichia coli 
055: B5) for the times indicated.

1⋅106 BMDMs were seeded on a 6-well plate (Falcon, 
353224) and stimulated with IFNγ for 14  h. IFNγ was 
removed, cells were washed with PBS and LPS was added 
for the times indicated. Cells were placed on ice and 
washed with ice-cold PBS before harvesting for further 
analysis.

Reverse transcription-quantitative PCR (RT-qPCR)
Total RNA was isolated from cells or organs using TRIzol 
reagent (Invitrogen) according to the manufacturer’s 
instructions and RT-qPCR was performed as described 
[25]. Following primers were used: Ube2d2-fwd 5’-AGG 
TCC TGT TGG AGA TGA TAT GTT-3’, Ube2d2-rev 
5’-TTG GGA AAT GAA TTG TCA AGA AA-3’, Ube2d2-
FAM 5’-CCA AAT GAC AGC CCC TAT CAG GGT 
GG-3’; Tnf-fwd 5’- CAA AAT TCG AGT GAC AAG 
CCT G-3’, Tnf-rev 5’- GAG ATC CAT GCC GTT GGC-3’, 
Tnf-FAM 5’- AGC CCA CGT CGT AGC AAA CCA CC; 
Il12p40-fwd 5’- GGA CGG TTC ACG TGC TCA T-3’, 
Il12p40-rev 5’- TCC AGT GTG ACC TTC TCT GCA-3’, 
Il12p40-FAM 5’- CCA TTC CAC ATG TCA CTG CCC 
GAG A-3’; I10-fwd 5’- TTT GAA TTC CCT GGG TGA 
GAA-3’, Il10-rev 5’- GGA GAA ATC GAT GAC AGC 
GC, Il10-FAM 5’- CTG AAG ACC CTC AGG ATG CGG 
CTG A-3’.

Chromatin Immunoprecipitation (ChIP)
5⋅106 BMDMs were seeded on 100 × 20  mm petri dish 
(Falcon, 353003) and stimulated with IFNγ for 14 h. IFNγ 
was removed and LPS was added for the times indicated. 
Cells were crosslinked with 1% formaldehyde (Thermo-
Fisher Scientific, 28908) in PBS for 10 min (min) at room 
temperature (RT) on a shaker. Cells were quenched with 
0.125  M glycine for 20  min at RT. Cells were harvested 
and washed twice in ice-cold PBS containing 1x protease 
inhibitor tablets (PI, Sigma-Aldrich, S8820-2TAB) and 1 
mM PMSF (Sigma-Aldrich, SLBX4318). Cells were cen-
trifuged for 5 min at 300 × g at 4  °C, pellets were snap-
frozen in liquid nitrogen and stored at −80 °C overnight. 
Pellets were thawed on ice for 30  min and resuspended 
in 1 mL of sonication buffer (10 mM Tris pH 8.0, 0.25% 
SDS, 2mM EDTA) supplemented with 1 mM PMSF and 
1x PI. Samples were sonicated in 15 mL polypropylene 
tubes (Falcon, 352099) suitable for the Bioruptor® Pico 
(Diagenode) for 20 min. Sonicated samples were centri-
fuged for 10 min at 14,000 × g at 4 °C and the supernatant 
was diluted in 1.5 mL equilibration buffer (10 mM Tris, 
233 mM NaCl, 1.66% TritonX-100, 0.166% DOX, 1 mM 
EDTA, 1 mM PMSF, PI). 20% and 10% of total chromatin 
were used for each immunoprecipitation (IP) and input 
control, respectively. 1 mg of anti-H3K27ac (Diagenode, 

C15410196) or 2  mg of anti-H3K4me1 (Abcam, 8895) 
antibody was added to the sonicated chromatin aliquots. 
All samples were incubated on a rotator overnight at 4 °C.

Magnetic beads (ThermoFisher Scientific, 10004D) 
were washed twice in RIPA-LS buffer (10 mM Tris-HCL 
pH 8.0, 140 mM NaCl, 1mM EDTA pH 8.0, 0.1% SDS, 
0.1% sodium deoxycholate, 1% triton X-100) containing 
0.1% BSA. The beads were blocked overnight in RIPA-LS 
buffer containing 0.1% BSA at 4 °C. Input control samples 
were reversed crosslinked overnight at 65  °C. The next 
day 10 µl of the magnetic beads were added and samples 
were incubated 3 to 4 h at 4 °C (on a rotator). The beads 
were washed once with RIPA-LS buffer, RIPA-HS buffer 
(10 mM Tris-HCL pH 8.0, 500 mM NaCl, 1mM EDTA 
pH 8.0, 0.1% SDS, 0.1% sodium deoxycholate, 1% tri-
ton x-100), RIPA- LiCl buffer (10 mM Tris-HCL pH 8.0, 
1mM EDTA pH 8.0, 0.5% sodium deoxycholate, 0.5% 
NP-40, 250 mM LiCl) and TE buffer (10 mM Tris-HCL 
pH 8, 1 mM EDTA). The beads were gently resuspended 
in a 25 mL tagmentation reaction mix. The tagmentation 
reaction mix contained 5x tagmentation buffer (50 mM 
Tris pH 8, 0.25% SDS, 2 mM EDTA), 19 mL nuclease-free 
water and 1x tagment DNA enzyme (Illumina, 15027865). 
The reaction mix was incubated for 10 min at 37 °C. The 
beads were washed once with RIPA-LS buffer and 10 mM 
Tris pH8 and then resuspended in 20 mM EDTA. Sam-
ples were heated for 30 min at 50 °C and 25 mL NEB Next 
High fidelity 2x master mix (NEB, M0480S) was pre-
heated for 20 s at 98°. 10.5 mL 20 mM MgCl2 was added 
to the master mix and the mixture was added to the sam-
ples. The samples were incubated for 5 min at 72 °C and 
10  min at 95  °C and cooled on ice and 2x forward and 
barcoded reverse primers were added. Primers used for 
the ChIPseq analysis are listed in Additional file 6: Table 
S5. An enrichment PCR was performed with the follow-
ing program: 98 °C for 30 s, 15 cycles (98 °C for 10 s, 63 °C 
for 30 s and 72 °C for 30 s) and 72 °C for 1 min. The super-
natant was removed using DynamagTM−96 Side Magnet 
(ThermoFisher Scientific, 12331D) and stored at −80 °C. 
DNA from the input samples were eluted using Qiagen 
MinElute Kit (Qiagen, 28006). DNA was quantified using 
Qubit Fluorometer (ThermoFisher Scientific). To 2 ng of 
input DNA, 12 mL of the tagmentation reaction mix (1 
mL of 5X tagmentation buffer, 1 mL of 1:10 diluted Tag-
ment enzyme and nuclease-free water) was added. The 
tagmented input DNA was purified with a Qiagen Min-
Elute kit. 2x forward, barcoded reverse primers and 20 
mL NEBNext High fidelity 2X master mix were added 
to the eluted input DNA. An enrichment PCR was per-
formed with the abovementioned program, except the 
cycle number was 12. The libraries of the samples and 
input controls were purified, and the size was selected by 
adding 2x AMPureXP beads (Beckman Coulter, A63880). 
The mixture was resuspended and incubated for 10 min 
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at RT. The supernatant was discarded, and the beads 
were washed twice with 80% EtOH for 5 s and air dried 
for 5 min on the magnet. The beads were removed from 
the magnet to elute the DNA, and 50 mL of water was 
added for 10 min at RT. The beads were placed back on 
the magnet for 5 min, and the supernatant was removed 
into a new tube. DNA was measured on the Qubit Fluo-
rometer. For quality check, the fragment size of the DNA 
was analyzed on Agilent High Sensitivity D1000 TapeSta-
tion. 4 nM of samples were pooled according to barcode 
and DNA fragment size. Samples were sequenced at the 
CeMM biomedical sequencing facility in Vienna, Austria.

ChIP-seq analysis
Preprocessing and alignment
ChIP-seq reads were processed using fastp v0.23.4 [70], 
where adapter and low-quality bases were trimmed. 
Trimmed reads were then aligned against the NCBI Ref-
Seq GRCm38.p6 mouse reference genome using bowtie2 
v2.3.5.1 [71]. Mapped reads were then filtered to remove 
reads with mapping quality Q < 30 using samtools v1.16 
[72]. Normalized ChIP seq signal enrichment was gener-
ated using deepTools [73] by calculating the log2 ratio of 
the RPGC normalized target IP over input IgG.

Peak calling and consensus peak derivation
Broad peaks per sample were called using MACS3 [74] 
setting the slocal to 500, llocal to 5000 and the q-value 
threshold to 0.05. Peaks were filtered to exclude regions 
that overlap with ENCODE blacklisted regions [75]. For 
generating correlation heatmaps, per sample binned (10 
kb bins) coverage was calculated using the “multiBam-
Summary” command from the deepTools v3.5.2 suite and 
the pairwise Pearson correlation was calculated. Samples 
were clustered using the “hclust” R package using the 1-r 
as distance metric and setting the linkage to “Ward.D2”. 
Jaccard similarity was calculated using “bedtools jaccard” 
from the bedtools v2.31.0 suite. Samples were clustered 
using the “hclust” R package using the 1-jaccard as dis-
tance metric and setting the linkage to “single”.

To generate a H3K27ac consensus peak set out of all 
peak sets all overlapping and bookend peaks across all 
samples were merged into contigs using bedops [76] and 
the number of overlapping peaks per contig is recorded. 
Contigs that consist of a single peak were used as-is. 
For contigs consisting of 2 peaks the consensus region 
is defined as the intersection of peaks that overlap by ≥ 
50%. For contigs that consist of 3 peaks, we identify all 
the input peaks that overlap these contigs and merge 
them into a single consensus peak. For contigs that con-
sist of > 3 peaks, the per base number of overlaps is cal-
culated across each contig. Per base overlaps are then 
smoothed by applying a gaussian kernel with a variable 
smoothing window empirically calculated. Local minima 

and maxima of the per base smoothed overlaps are cal-
culated over a rolling window, proportional to the gauss-
ian kernel window. Peaks within a contig are defined by 
their flanking valleys. Finally, the consensus region within 
a peak is defined as the full width at half maximum 
(FWHM). Consensus H3K27ac peaks were annotated 
and quantified using annotatePeaks.pl from HOMER 
[77].

To quantify IFNγ induced changes genome-wide, 
for each target (consensus H3K27ac or H3K4me1) the 
normalized signal enrichment of IP over IgG input was 
calculated using the “bigWigCompare” tool from the 
deepTools v3.5.2 suite. Then the genome-wide, binned 
(500 bp bins) log2 ratio of the signal enrichment between 
IFNγ treated and untreated samples was calculated using 
the “bigWigCompare” from the deepTools v3.5.2 suite.

Motif enrichment
De novo and known motif analysis was performed using 
the “findMotifsGenome.pl” tool from the HOMER v4.11 
suite. Motif enrichment between groups of consensus 
peaks was performed using a custom implementation as 
previously described [78]. Briefly, non-redundant tran-
scription factor motif archetypes derived from GRCm38 
at p < 1e-04 [79] were mapped to peaks using bedops [76] 
and the counts of each motif archetype per group was 
calculated. Over- or under-representation of every motif 
archetype for each group was tested using a hypergeo-
metric enrichment using the frequency of the motif in 
the rest of the groups as the expected probability. Hyper-
geometric test p-values were then corrected for multiple 
testing using FDR adjustment.

Differential peak activity analysis
Differential H3K27ac signal analysis between groups of 
samples was performed using DESeq2 [66]. H3K27ac 
raw signal over peaks was quantified using HOMER 
[77] and the count matrix was supplied to DESeq2. For 
pairwise testing the Wald test was applied while identifi-
cation of peaks that display differential H3K27ac enrich-
ment across multiple conditions the likelihood ratio test 
(LRT) against a null model was used. Differentially active 
peaks were called at 0.05 Benjamini-Hochberg adjusted 
p-value. In the pairwise Wald test comparisons, peaks 
with significant differential H3K27ac levels were called 
at absolute log2 fold change > 1 and Benjamini-Hochberg 
adjusted p-value ≤ 0.05.

Enhancer class assignment
Distal H3K27ac consensus peaks (> 1000  bp from near-
est TSS) were classified into activated and inactivated 
enhancer elements, independently for each genotype 
and treatment combination, based on H3K27ac and 
H3K4me1 levels. Specifically, we defined activated 
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enhancers for each of the LPS, IFNγ, and IFNγ + LPS 
conditions the H3K27ac consensus peaks which have 
< 30 normalized H3K27ac counts and ≥ 10 normalized 
H3K4me1 counts in untreated state and upon treat-
ment they maintain ≥ 10 normalized H3K4me1 counts 
while H3K27ac levels are ≥ 30 normalized counts. Simi-
larly, inactivated enhancers are defined as the elements 
that in the untreated condition are positive for H3K27ac 
and H3K4me1 (≥ 30 and ≥ 10 normalized counts, respec-
tively) and but lose H3K27ac (< 30 normalized counts) 
upon treatment while H3K4me1 remains ≥ 10 normalized 
counts. Elements with shared classes across genotypes 
were identified and archetype motif enrichment was per-
formed as described above.

RNA-seq analysis
Transcriptome profiling using Smart-seq2
Total RNA was isolated using AllPrep DNA/RNA Mini 
Kit (Qiagen, 80204) according to the manufacturer’s 
instructions. 500 pg of RNA was used as input. Reverse 
transcription and PCR were performed as described [80]. 
Library preparation was conducted on 1 ng of cDNA 
using the Nextera XT DNA Sample Preparation Kit (Illu-
mina) followed by SPRI (Beckman Coulter) size selection. 
Sequencing was performed by the Bio-medical Sequenc-
ing Facility at CeMM using the Illumina HiSeq 3000/4000 
platform and the 50 bp single end configuration.

Preprocessing and alignment of the RNA-seq data
RNA-seq data were processed and quality-controlled 
using established bioinformatics software. Raw reads 
were trimmed using trimmomatic (v.0.32) [81] and 
aligned to the mouse reference genome (mm10) using 
STAR (v.2.7.1) [82]. Gene expression was quantified by 
counting uniquely aligned reads in exons using the func-
tion summarizeOverlaps from the GenomicAlignments 
package (v.1.6.3) in R (v.3.2.3). Gene annotations were 
based on the Ensembl GENCODE Basic set (genome 
build GRCm38 release 93) [83].

Differential gene expression analysis
The gene count matrix was initially filtered to exclude 
genes where the mean counts across all samples was less 
than 5 raw counts. To identify any source of variation, 
the top variable genes (genes that account for the 50% of 
total variation observed) were used and a principal com-
ponent analysis was performed. Identification of differen-
tially expressed genes across conditions was performed 
using DESeq2 by applying LRT against a null model. Sig-
nificantly changing genes across groups were called at ≤ 
0.01 Benjamini-Hochberg adjusted p-value. Gene Ontol-
ogy over-representation analysis is performed using the 
R package clusterProfiler [84] testing for enrichment for 
each of the three GO terms (Biological Processes-BP, 

Molecular Function-MF, and Cellular Compartment-
CC). All significantly changing genes (LRT Benjamini-
Hochberg adjusted p-value ≤ 0.01) genes were used as 
background.

Gene regulatory network analysis
Gene regulatory network analysis was performed using 
the Bioconductor package GRaNIE (version 1.12.0) [54], 
together with our RNA-seq read counts, acetylated peak 
locations and read counts, and motif scans for the top 150 
most variable transcription factors (according to vari-
ance across RNA-seq data from WT and Stat1−/− cells) 
available in HOCOMOCO (version 12) [85]. GRaNIE 
parameters were set to Spearman as the TF-peak, peak-
gene and TF-gene correlation method, and maximal 
peak-gene distance was set to 250 kb. Graphs have been 
generated using the igraph R package [86], R package ver-
sion 2.1.4, ​h​t​t​p​​s​:​/​​/​C​R​A​​N​.​​R​-​p​​r​o​j​​e​c​t​.​​o​r​​g​/​p​a​c​k​a​g​e​=​i​g​r​a​p​
h.]. Annotations of the putative target genes as ISG and 
transcriptional regulators were based on AnimalTFDB 
version 4.0 [87] and the ISG list provided by Karjalainen 
et al. [88], respectively.

Statistical analyses
Statistical analyses were performed in R 4.2.2 and in 
GraphPad Prism version 10. P-values and correction tests 
are reported throughout along with the statistical test 
performed and the sample sizes, where applicable.
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