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ARTICLE INFO ABSTRACT

Keywords: Nuclear receptor Nur77 plays a pivotal role in immune regulation across various tissues, influencing pro-

Nur77 inflammatory signaling pathways and cellular metabolism. While cellular mechanics have been implicated in

Kmfmnome;hfnics inflammation, the contribution of Nur77 to these mechanical processes remains elusive. Macrophages exhibit
Mc;rrlozlt:;ee eton remarkable plasticity in their morphology and mechanics, enabling them to adapt and execute essential in-

flammatory functions, such as navigating through inflamed tissue and pathogen engulfment. However, the
precise regulatory mechanisms governing these dynamic changes in macrophage mechanics during inflammation
remain poorly understood. To establish the potential correlation of Nur77 with cellular mechanics, we compared
bone marrow-derived macrophages (BMDMs) from wild-type (WT) and Nur77-deficient (Nur77-KO) mice and
employed cytoskeletal imaging, single-cell acoustic force spectroscopy (AFS), migration and phagocytosis assays,
and RNA-sequencing. Our findings reveal that Nur77-KO BMDMs exhibit changes to their actin networks
compared to WT BMDMs, which is associated with a stiffer and more rigid phenotype. Subsequent in vitro ex-
periments validated our observations, showcasing that Nur77 deficiency leads to enhanced migration, reduced
adhesion, and increased phagocytic activity. The transcriptomics data confirmed altered mechanics-related
pathways in Nur77-deficient macrophage that are accompanied by a robust pro-inflammatory phenotype. Uti-
lizing previously obtained ChIP-data, we revealed that Nur77 directly targets differentially expressed genes
associated with cellular mechanics. In conclusion, while Nur77 is recognized for its role in reducing inflam-
mation of macrophages by inhibiting the expression of pro-inflammatory genes, our study identifies a novel
regulatory mechanism where Nur77 governs macrophage inflammation through the modulation of expression of
genes involved in cellular mechanics. Our findings suggest that immune regulation by Nur77 may be partially
mediated through alterations in cellular mechanics, highlighting a potential avenue for therapeutic targeting.

Cellular stiffness

1. Introduction

Macrophages are innate immune cells with a crucial function in the
body’s defense against pathogens and infections. Upon recognition of a
pathogen and in response to inflammatory signals, specific signaling
pathways are initiated (Glass and Natoli, 2015; Liddiard and Taylor,
2015). While this inflammatory response of macrophages has been
extensively studied and described, there are still unanswered questions

regarding other properties that macrophages exhibit upon cell activa-
tion, such as their ability to alter cell mechanics. Macrophages are either
tissue-resident cells or are derived from monocytes traveling through the
bloodstream. Once monocytes adhere to activated vascular endothelial
cells and translocate into the tissue, these cells differentiate into mac-
rophages. Macrophages monitor tissue homeostasis, may expand in size,
and are crucial in the phagocytosis of debris and pathogens (Medra-
no-Bosch et al., 2023). To carry out these functions, macrophages need

Abbreviations: Nur77, Nuclear Receptor 4A1; BMDM, Bone Marrow Derived Macrophages; AFS, Acoustic Force Spectroscopy; LPS, Lipopolysaccharides.
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to remodel their mechanical properties, a process largely dependent on
the cell cytoskeletal network, and adhesiveness of the cell interface.
Recently, we characterized the viscoelastic properties of monocytes at
high resolution, demonstrating that these cellular properties are
strongly regulated by cytokine stimulation (Evers et al., 2021). More
specifically, the application of single-cell acoustic force spectroscopy
(AFS) techniques revealed that these cells can adapt their mechanical
properties in response to chemokines such as CCL2.

At present, the investigation of macrophage mechanics remains
limited, but a complex interplay between macrophage phenotype and
mechanical properties has been described. Specifically, pro-
inflammatory (M1) and pro-resolution (M2) macrophages feature
distinct viscoelastic properties, as revealed using single-cell optical
tweezers and AFS approaches (Evers et al., 2022). In addition, it has
been described that human macrophages exhibit increased actin poly-
merization in response to lipopolysaccharide (LPS) and interferon
gamma (IFN-y) stimulation, which results in altered phagocytic func-
tion, adhesion, and migration capabilities (Bufi et al., 2015; Mcwhorter
et al., 2016; Patel et al., 2012). Despite these advances, our under-
standing of the mechano-immunology of macrophages and its regulation
is fundamentally incomplete, and the link between genomic and me-
chanical processes has not been fully explored.

The nuclear receptor Nur77 (gene name NR4A1) is a transcription
factor that functions as a central regulator of innate and adaptive im-
mune responses (Lith and de Vries, 2021). Nur77-deficient mice have
been implicated in a variety of inflammation-driven pathologies, such as
atherosclerosis, rheumatoid arthritis, and inflammatory bowel disease
(Hamers et al., 2012; Hanna et al., 2012; Hu et al., 2014; Li et al., 2015;
Shaked et al., 2015). Notably, macrophages are profoundly influenced
by aberrant Nur77 activity in inflammatory disease. Upon stimulation
by pro-inflammatory stimuli like LPS and tumor necrosis factor (TNF)-a,
the expression of Nur77 increases in human and mouse macrophages
(Bonta et al., 2006; Pei et al., 2005). Nur77 has been shown to restrict
the macrophage inflammatory response via negative regulation of nu-
clear factor kappa B (NF-«kB)-dependent cytokines (Li et al., 2015) and
transcriptional reprogramming of mitochondrial metabolism (Koenis
et al., 2018a). Additionally, studies have shown that a whole-body
Nur77 deficiency or a macrophage-specific deletion in mice exacer-
bates atherosclerosis (Hamers et al., 2012; Hanna et al., 2012).
Furthermore, Nur77-deficient mice exhibit increased macrophage
infiltration and cytokine production in inflammatory bowel disease
models (Wu et al., 2016). Nur77 deficiency also renders mice more
susceptible to experimental autoimmune encephalomyelitis with a
macrophage-specific deletion exacerbating disease severity through
enhanced production of norepinephrine (Shaked et al., 2015). Further-
more, Nur77 is involved in regulating the differentiation of Ly6C'
macrophages (Hanna et al., 2011).

So far, Nur77 has been described to be induced by stretching of
vascular smooth muscle cells, however its effect on cellular mechanics
has not been studied (De Waard et al., 2006). Yet, aberrant signaling of
the androgen receptor, also a nuclear receptor, reprograms prostate
cancer metabolism, thereby changing the mechanical phenotype of the
cancerous cells (Chianese et al., 2022).

Here, we investigate the contribution of Nur77 to macrophage
mechano-immunology. We achieved this by conducting a combination
of biophysical, bioinformatic, and transcriptomics analysis of wild-type
(WT) and Nur77-deficient murine bone marrow-derived macrophages
(BMDMs). We characterized mechanical changes by quantifying the
expression of cytoskeletal proteins, imaging the macrophages, and
measuring the mechanical properties of these cells. The latter includes
cell elasticity, phagocytic, and migratory activity of the cells, which are
key to macrophage function in inflammation. Taken together, Nur77
affects both the inflammatory response of macrophages and the
expression of mechanics-related genes. Our data contribute to further
insights into the unexplored role of nuclear receptor signaling in the
mechanical behavior of macrophages.
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2. Results
2.1. Nur77 deficiency affects membrane organization and cell size

To study the involvement of the cytoskeleton in regulating cellular
mechanics of macrophages after cell activation, we performed F-actin
staining before and after LPS stimulation of bone marrow-derived
macrophages (BMDMs) from wild-type (WT) C57/Bl6 and Nur77-
deficient (Nur77-KO) mice (Fig. 1A). Nur77-KO BMDMs exhibit more
disrupted F-actin localization compared to WT BMDMs. This was
determined by quantification of the so-called ruffles, which are erect
veils of membranes on the surface of cells that promote migration and
respond to stimuli (Condon et al., 2020). The extent of ruffles was
determined by quantification of the intensity of actin localized on the
cell surface (Fig. 1B). An increase in ruffle formation suggests higher
environmental sampling by phagocytes and has been associated with a
more pro-inflammatory phenotype (Condon et al., 2020). Quantification
of actin ruffles revealed that especially at the later time points of LPS
stimulation, Nur77-KO BMDMs have more ruffles compared to WT
BMDM:s, indicating that the impact of Nur77 deficiency on the ruffle
pattern changes over time. To further quantify changes in the morpho-
logical properties of the BMDMs, we measured the total cell surface area
of both WT and Nur77-KO BMDMs and observed that the cell size of both
increases in response to LPS stimulation. However, Nur77-KO BMDMs
are smaller than WT BMDM and this difference in size is already
noticeable before LPS stimulation. Furthermore, Nur77-KO BMDMs
have a rounder appearance before LPS stimulation and expand less after
LPS stimulation (Fig. 1C). In conclusion, Nur77 deficiency affects the
mechanical properties of BMDMs especially after inflammatory stimu-
lation as the cells have less ruffled areas of the cell membrane and their
cell size is reduced.

2.2. Nur77 deficiency impacts the mechanical phenotype of macrophages

To execute their function, macrophages often need to control their
morphology via the regulation of cellular mechanical properties. Thus,
to see if Nur77 signaling contributes to this process, we analyzed the
stiffness of the cells. WT and Nur77-KO BMDMs were subjected to
acoustic force spectroscopy (AFS). This experimental setup, which
combines optical microscopy and acoustic tweezing, allows for the
quantification of cellular mechanical properties in high-throughput. WT
and Nur77-KO BMDMs were mixed with silica microspheres and injec-
ted into AFS microfluidic chips. The cells were then allowed to adhere to
the bottom of the chips and cultured overnight at a slow flow rate.
Notably, both WT and Nur77-KO BMDMs spontaneously seized the silica
microspheres on top without engulfing them (Supplemental Fig. STA).
By analyzing the response of the cells to the applied acoustic forces, we
observed that the Nur77-KO macrophages exhibit significantly higher
elastic modulus at basal conditions, as compared to the WT BMDMs
(Fig. 2A). It is noteworthy to mention that the elastic modulus of WT
macrophages significantly increases upon LPS exposure, as in agreement
with existing literature (Bufi et al., 2015; Patel et al., 2012). The elastic
modulus of LPS-treated Nur77-KO is also higher than the elastic
modulus of LPS-treated WT macrophages.

2.3. Nur77 affects macrophage migration, cell adhesion, and phagocytic
capacity

We next asked whether the observed Nur77-mediated mechanical,
morphological, and cytoskeletal alterations are associated with changes
in macrophage migratory and phagocytic capacity. Single-cell migration
was monitored overnight under LPS stimulation showing that Nur77-KO
BMDMs are more migratory than WT BMDMs when stimulated (Fig. 2B).
Detailed analyses demonstrated that the velocity and directness of the
cells are increased in Nur77-KO compared to WT BMDMs only when
stimulated with LPS (Fig. 2C-D).
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Fig. 1. Microscopic analysis unveils the role of Nur77 in macrophage size and membrane formation. A: Representative immunofluorescent images of WT and Nur77-
KO BMDMs stained for F-actin (red) and nuclei (blue) stimulated with LPS for 0, 6, 18, or 24 hrs. Corresponding close-up images are shown for the cells after 24 hrs of
stimulation. Scale bars, 10 um. B: Quantification of the ruffled edges of WT and Nur77-KO BMDMs at corresponding time points. The total area of ruffled edges per
image was corrected for total cell number and then normalized to the corresponding WT mice. Each symbol represents a biological replicate (n = 3 mice) and ratio
paired t-test was performed. C: Quantification of single cell area in um? of WT and Nur77-KO BMDMs at corresponding time points. Small dots represent single cells,
large symbols are medians of each biological replicate. The lines in the plot display the quartiles and median of all data points (n = 3 mice). A ratio paired t-test was
performed. 0 hrs, 410 WT cells and 367 KO cells; 6 hrs, 516 WT cells and 506 KO cells; 18 hrs, 272 WT cells and 340 KO cells; 24 hrs, 281 WT cells and 375 KO

cells. *P<0.05.
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Fig. 2. Nur77 regulates mechanical properties such as cellular stiffness, macrophage migration, adhesion, integrin expression, and phagocytosis. A: Probing WT and
Nur77-KO BMDM mechanical properties using acoustic force spectroscopy (AFS). The stiffness measured in elastic modulus (Pa) of WT and Nur77-KO BMDMs before
and after LPS treatment was determined. Each data point represents a single cell. Mann-Whitney test, 0 hrs) n=360 WT; n=309 KO, 18 hrs) n=227 WT; n=87 KO.
Data from n = 3 mice was analyzed together. B: Migration pattern after overnight migration of WT and Nur77-KO BMDMs after 18 hrs LPS pre-incubation. Each point
represents a single cell. C-D: Quantification of migration velocity in um/min and directness for WT and Nur77-KO BMDMs. Two-way ANOVA, 0 hrs) n= 724 WT; n=
508, 18 hrs) n= 135 WT; n= 226. E: Dot plot showing the mean amount of WT and Nur77-KO BMDMs adhered to ICAM-1 after 0 or 20 hrs of LPS stimulation
quantified after Hoechst staining. Each symbol represents a biological replicate (n = 3 mice) and a multiple paired t-test was performed. F-G: CD11b or CD18 median
expression was determined by flow cytometry for WT and Nur77-KO BMDM:s left untreated and treated with LPS for 20 hrs. Each symbol represents a biological
replicate (n = 3 mice) and multiple paired t-test was performed. H: Phagocytosis of WT and Nur77-KO BMDMs was quantified with Zymosan Fluorescence kit and
expressed as a fold change of Nur77-KO over WT BMDMs. Ratio paired t-test was performed on mean fold change per biological replicate (symbols). For (A), data are
shown as mean+SD (error bars) or for (C,D,H) mean+SEM (error bars), ns non-significant; *P<0.05;**P<0.01;***P<0.001; ****P<0.0001.
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To gain a better understanding of the enhanced migratory capacity of
Nur77-deficient BMDMs, we hypothesized that interfacial adhesion may
be decreased in KO cells. To test this, WT and Nur77-deficient BMDMSs
were allowed to adhere to ICAM-1 coated plates. Nur77-KO BMDMs
exhibit a decreased adhesion to ICAM-1 compared to WT BMDMs after
stimulation (Fig. 2E). Transmembrane integrins play a crucial role in the
adhesion of macrophages, therefore we further analyzed the expression
of such proteins (Schittenhelm et al., 2017). The most critical integrin
for macrophage adhesion and migration is CD11b/CD18 (also known as
Mac-1), which is a heterodimer of the subunits aM (CD11b, ITGAM) and
f2 (CD18). In line with our adhesion experiments, flow-cytometry an-
alyses revealed that after LPS stimulation CD11b protein expression on
the cell surface of Nur77-KO BMDMs is lower compared to the expres-
sion on WT BMDMs (Fig. 2F). Protein expression of CD18 on the cell
surface is, however, upregulated (Fig. 2G). Since the adherence of
Nur77-KO BMDMs to ICAM-1 is reduced, one may propose that the
expression of CD11b is rate-limiting and/or that even though CD18
protein expression is elevated, the protein is not fully functionally
active. At present, no antibodies are available to determine the open
(active) conformation of murine CD11b/CD18.

Phagocytosis is yet another process that requires tight regulation of
the cytoskeleton and is crucial for BMDM function (Dupuy and Caron,
2008). To study this process, BMDMs were incubated with fluorescent
Zymosan particles and uptake was measured by flow cytometry.
Notably, Nur77-KO BMDMs showed more phagocytosis compared to WT
BMDMs (Fig. 2H).

In conclusion, after LPS stimulation, cell migration is increased and
adhesion is reduced in Nur77-KO BMDMs compared to WT BMDMs,
which is in line with a lower abundance of integrin CD11b, while the
phagocytic capacity of Nur77-deficient cells is increased.

2.4. Transcriptome analysis of Nur77-deficient and WT BMDM:s after
LPS stimulation

To investigate the role of Nur77 in the regulation of macrophage
function under inflammatory conditions in further detail, we performed
transcriptomic analyses. In WT BMDMs, Nur77 mRNA expression shows
a rapid and transient response to LPS stimulation, with maximum
expression at 1 hr, and already after 2 hrs there is again almost no Nur77
mRNA detectable (Fig. 3A). Endogenous Nur77 protein expression in
macrophages has been described to maintain for at least 18 hrs (Koenis
et al., 2018a). Next, we performed, to our knowledge for the first time,
extensive RNA sequencing (RNA-seq) for WT and Nur77-deficient
BMDMs after short (4 hrs) or prolonged (18 hrs) LPS activation. As ex-
pected, we observed substantial differential gene regulation when
comparing Nur77-KO with WT BMDMs. Notably, the impact of Nur77
deficiency on gene transcription was most pronounced at the later time
point of LPS stimulation (Fig. 3B). To further analyze the RNA-seq data,
we organized the data in a heatmap with unbiased ordering in 8 clusters
of genes with similar expression patterns affected by deficiency of Nur77
and 4 hrs or 18 hrs of LPS activation (Fig. 3C).

To reveal the impact of Nur77 deficiency on gene expression in the
context of macrophage activation by LPS, we performed pathway ana-
lyses at 18 hrs of LPS stimulation (Fig. 3D). The positive association of
Nur77 deficiency with inflammatory pathways is very strong, which is
illustrated by the fact that 6 out of 10 of the pathways with the strongest
effect on their normalized enrichment scores concern inflammatory
signaling (Fig. 3D). In addition, we observed upregulation of hypoxia-
related pathways in Nur77-KO BMDMs, as well as reduced oxidative
phosphorylation, consistent with the previously described role of Nur77
in macrophage metabolism (Koenis et al., 2018a). A more detailed
representation of the different pathways with the running enrichment
scores over the position in the ranked list of genes further substantiates
the relevance of these pathways in Nur77-regulated cellular signaling
(Supplemental Figure S2A). The top 40 genes of the rank list belonging
to the HALLMARK Inflammatory Pathway are listed in a separate
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heatmap with the gene names indicated. In this list of genes multiple
cytokines, NF-kB-related genes, and hypoxia-related factors are present
(Supplemental Figure S2B).

Next, pathway analysis was conducted on all 8 clusters presented in
the heatmap, revealing different aspects of Nur77 function in activated
macrophages (Fig. 3C; Supplemental Figure S3A). Consistent with the
observations made for the entire dataset as described above, the genes in
clusters 3, 4, 5, and 7 all affiliate with inflammatory pathways. Regu-
lation of the genes in clusters 1, 2, and most specifically and strongly, in
cluster 6, relate to cellular proliferation, cell division, the cell cycle, and
nucleotide metabolism, with the strongest effect of Nur77-deficiency at
the onset of the experiment, so before LPS stimulation.

Most interestingly for this study, and related to the observed differ-
ences in cellular mechanics of Nur77-KO compared to WT BMDMs, the
gene set in cluster 8 exhibits a strong association with extracellular
matrix aspects, such as collagen and elastic fiber formation, as well as
with cell adhesion, contraction, motility, and migration (Fig. 3E). Given
that these specific pathways are strongly related to the migratory and
phagocytotic capacity of cells, involving movement and mechanical
cellular deformation, we considered that the reorganization of their
cytoskeleton may be affected.

Collectively, these transcriptomic data underscore the prominent
role that Nur77 has in the later stage of inflammation in macrophages,
concerning the resolution phase in which the inflammatory response is
put to an end to prevent excessive local tissue damage. Most relevant for
our current study, we discovered that Nur77 deficiency regulates the
expression of a group of genes related to cellular mechanics.

2.5. Nur77 deficiency leads to highly adaptable regulation of mechanic-
related genes

To further investigate the potential role of Nur77 in the mechanical
properties of macrophages, we analyzed the up- and downregulated
genes from the RNA-sequencing in response to LPS stimulation sepa-
rately. Splitting the dataset into up- and downregulated genes revealed
that the majority of differential regulation occurred at 18 hrs of LPS
stimulation, reinforcing the notion that Nur77 deficiency primarily
dysregulates genes during the resolution phase of the inflammatory
response (Fig. 4A-B). In addition, after 18 hrs of LPS stimulation, more
genes are upregulated than downregulated in Nur77-KO BMDMs
compared to WT BMDMs, suggesting that Nur77 has mostly a repressive
effect on transcription of the genome in macrophages.

When studying the associated pathways of the separate lists of up-
and downregulated genes by gene-set enrichment analysis (GSEA), the
cytoskeleton-related pathways showed up in both the upregulated and
downregulated gene sets, depending on the time points of LPS stimu-
lation. To further delineate this observation, we analyzed these path-
ways in more detail and observed that at 0 hrs of LPS stimulation, genes
affiliated with the cytoskeleton pathway are mostly downregulated.
However, after 4 hrs of LPS stimulation, the contribution of up- and
downregulated genes in this pathway is similar, followed by a remark-
able upregulation of these genes after 18 hrs of LPS stimulation. This
pattern was observed for all pathways associated with the cytoskeleton,
including ‘Cytoskeleton’, ‘Cytoskeletal Part’, ‘Cytoskeleton Organization’,
‘Regulation of Cytoskeleton Organization’, and ‘Microtubule Cytoskeleton’
(Fig. 4C), and with actin associated pathways (Supplemental data Fig.
S4A). This pattern is not observed for genes involved in inflammatory
pathways like ‘Cellular Response to Cytokine Stimulus’ or genes related to
‘Oxidation Reduction Process’ (Supplemental data Fig. S4B). Overall, the
regulation of Nur77 on cytoskeleton-related pathways appears to change
at different stages of inflammatory stimuli.

To determine whether a specific set of genes exhibits a reversal of
their expression pattern upon Nur77 deficiency or whether certain
groups of genes are either downregulated or upregulated, all the hits of
the GSEA of the ‘Cytoskeleton Pathway’ were listed at the individual time
points; 0, 4, and 18 hrs of LPS stimulation (Supplemental Figure S4C).
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data was performed on n = 4 WT mice and n = 3 KO mice.

Next, we examined the expression profile of all genes with a significant
difference between WT and Nur77-KO macrophages over time. Genes
such as Cep250, Kif23, Nek2, and Tpm4 (marked in red) show a different
regulation over time; in unstimulated macrophages, their expression is
lower compared to WT macrophages, and at 18 hrs their expression is
increased in Nur77-KO macrophages compared to WT macrophages.

Taken together, these results indicate a diverse regulation of the
cytoskeleton in BMDMs following stimulation and highlight the impact
of Nur77 at these distinct stages of inflammatory stimulation. Given that
macrophages initially contract in response to inflammatory stimuli and
then expand and migrate, these transcriptomics data support a highly
adaptable regulatory mechanism for the cytoskeleton in these cells (Jain
et al., 2019; Ronzier et al., 2022).

2.6. Nur77 directly regulates the transcription and expression of
mechanic-related genes

To explore whether the transcription factor Nur77 has a direct role in
regulating the expression of genes with a crucial function in the cellular
mechanics of macrophages, we selected signature genes derived from

above mentioned GO pathways. We presented the expression profile of
these genes in a heatmap (Fig. 5A). Next, we determined whether these
genes contain a Nur77-specific response element (AAAGGTCA) within 5
kilobases (kB) from the transcription start site (TSS). In the promoter
regions of 42% of these genes, we detected a DNA sequence with at least
80% homology with the Nur77-response element (genes indicated in
green; Fig. 5A). To further substantiate the potential interaction of
Nur77 with these elements, we explored our previously obtained Nur77
ChIP-seq datasets in RAW264.7 mouse macrophage cells and C2C12
mouse myoblast cells overexpressing Nur77 (Koenis et al., 2018a). For
11 out of the 14 genes indicated in green in the heatmap, DNA binding of
Nur77 was observed in this ChIP-seq dataset. As an example, the
ChIP-seq results for Itgh2 and Capza2 are shown with the Nur77 response
element in the peaks indicated (Fig. 5B). Remarkably for Itgh2, the
binding of Nur77 at these loci appears to be cell-type specific, as no or
less binding is observed in C2C12 cells. In contrast, the binding of Nur77
to the Capza2 promoter seems to be conserved between these cell types.
Finally, protein levels of Itgb2 and Capza2 were determined by Western
blot analyses to prove that not only mRNA but also protein expression is
lower in Nur77-KO compared to WT BMDMs (Fig. 5C-D).
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Taken together, our transcriptomic data support a role for LPS
stimulation and Nur77 in cellular mechanics, involving changes in the
plasticity of the cytoskeleton that affect cellular stiffness, migration,
adhesion, and phagocytosis. Furthermore, we propose that the changes
in cellular mechanics are not only a secondary effect of the pro-
inflammatory phenotype of Nur77-KO BMDMs, but as our data sug-
gest a direct effect of Nur77 functioning as a transcription factor binding
immunomechanic-related target genes to regulate their transcription
and expression.

3. Discussion

In the last decade, extensive insight has been gained concerning the
heterogeneity of macrophage phenotypes, emphasizing these cells’
plasticity and remarkably diverse functions. Macrophages strongly
respond to environmental signals such as secreted cytokines and dif-
ferentiation factors (Liddiard and Taylor, 2015). Only recently, alter-
ations in extracellular matrix stiffness and spatial constraints have been
shown to exert a discernible impact on the polarization of macrophages

(Chen et al., 2020; Jain et al., 2019; Okamoto et al., 2018). A mechanical
cue in the extracellular environment can induce a multi-faceted
sequence of events in macrophages; adaptation of morphological char-
acteristics, cytoskeletal modifications, altered gene expression, or vice
versa, resulting in differentiation of cellular function. In an inflamma-
tory setting, macrophages start migration and phagocytosis in response
to extracellular cues, requiring drastic cytoskeleton rearrangement (Bufi
etal., 2015; Ronzier et al., 2022). While the precise pathways governing
the interplay between inflammation and cell mechanics remain elusive,
noticeable alterations collectively underscore a tightly orchestrated
regulatory mechanism (Atcha et al., 2021; Dutta et al., 2020). In the
current study, we introduce the transcription factor Nur77 as a
contributor to immunomechanics of macrophages in addition to its
well-known function as an inhibitor of the inflammatory response of
macrophages (Lith and de Vries, 2021). Our findings demonstrate that
Nur77 deficiency alters primary murine macrophages’ elastic modulus,
reduces cell size, and enhances phagocytosis. In line with these obser-
vations, we observed reduced adhesion and enhanced migration of
LPS-stimulated macrophages in the absence of Nur77 signaling.
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Furthermore, our transcriptomic analyses revealed remarkable changes
in the expression of key mechanical signature genes, which may be
directly regulated by Nur77.

The anti-inflammatory impact of Nur77 in macrophages encom-
passes multiple aspects, among which the direct attenuation of gene
expression of inflammatory cytokines, as well as the inhibition of pro-
inflammatory transcription factors like NFkB through trans-repression
(Hanna et al., 2012). Furthermore, we have previously demonstrated
that Nur77 inhibits the formation of the pro-inflammatory metabolite
succinate by interfering with mitochondrial metabolism (Koenis et al.,
2018a). Our RNA-seq data show that Nur77-KO BMDMs are, as ex-
pected, more pro-inflammatory in response to LPS compared to WT
BMDMs (Fig. 4A). Previously, pro-inflammatory macrophages have
been associated with increased intrinsic cellular stiffness, enhanced
phagocytic activity, more ruffled membrane edges, and augmented
migratory capability (Condon et al., 2020; Patel et al., 2012). In the
current study, we observed similar mechanical changes when comparing
WT and Nur77-KO BMDMs, raising the question of whether these me-
chanical changes are a secondary effect of the pro-inflammatory
phenotype of Nur77-deficient BMDMs. It should be noted, however,
that Nur77-KO BMDMs already exhibit alterations in cellular mechanics
and gene expression before stimulation with LPS. Moreover, our
ChIP-seq data revealed that Nur77 directly binds genes encoding pro-
teins associated with cellular mechanic properties. Based on these ob-
servations, we propose that modulation of the mechanical
characteristics of macrophages is an additional mechanism through
which Nur77 restrains inflammation.

We observed that Nur77-KO BMDMs exhibit reduced adhesion to
ICAM-1 compared to WT BMDMs. The integrins CD11b and CD18 are
known to bind ICAM-1 (Ross and Vetvicka, 1993; Ruoslahti, 1991).
Therefore, we expected to observe less expression of these integrin
subunits in Nur77-KO BMDMs. For CD11b, the RNA-seq data indeed
revealed a reduction in expression in Nur77-deficient BMDMs, which
also results in reduced protein exposure on the cell surface. Intriguingly,
despite lower CD18 mRNA expression, as well as reduced CD18 protein
expression in total cell lysates, CD18 exposure on the cell surface is
higher for Nur77-KO BMDMs compared to WT BMDMs. These data
highlight the importance to assess whether CD11b/CD18 has its active
or ‘open’ conformation. Unlike the human situation, no mouse-specific
antibodies have been described that specifically detect the active
conformation of CD11b/CD18, which is crucial to elucidate this complex
issue. Taken together, although CD18 surface expression was increased,
the observed lowered adhesion may indicate reduced functionality of
CD11b/CD18 integrins.

The simultaneous presence of dysfunctional CD11b/CD18 and
heightened phagocytosis may appear contradictory (Sun et al., 2021).
This apparent discrepancy may be attributed to the involvement of
various other cell surface proteins, such as the mannose receptor and
dectin-1 receptor, in the internalization of Zymosan particles (Underhill
and Ozinsky, 2002). Moreover, other proteins, like PI3Ky, Kindlin-3,
Arp2/3, and Rho GTPases, have been described to be crucial for
phagocytosis and the mRNA expression of some of these are actually
changed in Nur77-KO BMDMs (Fig. 5A) (Bouti et al., 2021; Liu et al.,
2020; Mao and Finnemann, 2015).

One of the limitations of our study is the lack of in vivo data to
confirm macrophage mechanic phenotypes in an inflammatory disease-
related setting. In previous studies, we have shown in mice that
thioglycollate-induced migration of inflammatory cells to the peritoneal
cavity is higher in Nur77-deficient than in WT-type mice (Hamers et al.,
2012). More specifically, both B cell and macrophage influx was
increased (Hamers et al., 2012; Morrison et al., 2014). It is conceivable
that cellular mechanics and inflammation reciprocally constrain or
assist each other, given their interdependence (Mukhopadhyay, 2023).
Moreover, we show that the impact of Nur77 deficiency on mechanical
alterations changes in response to LPS stimulation. This aligns with the
intricate role Nur77 has in inflammation, being an early-response gene
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that contrastingly influences especially the resolution phase of macro-
phage activation. Another limitation is that we did not perform rescue
studies in the Nur77-deficient BMDMs to establish that changed cellular
mechanics could be reversed.

Previously, we analyzed the transcriptome of primary Nur77-
deficient macrophages by microarray analyses and observed changes
in the expression of genes involved in extracellular matrix synthesis and
degradation (Hamers et al., 2016). It should be noted however, that at
that time we used the so-called classical Nur77-deficient mouse model
that had been generated through homologous recombination, which we
demonstrated to express high levels of a truncated Nur77-variant
(Koenis et al., 2018b). This truncated Nur77-variant has significant
adverse effects on the inflammatory status of the liver and spleen in
aging mice. In the current study, we applied the Cre-Lox system-derived
Nur77-deficient mouse line, in which the Nur77 gene has been deleted
completely. We propose that the current data provide therefore more
reliable insight on the impact of Nur77 deficiency in macrophage
phenotype and function.

The current RNA-sequencing data allow for a more in-depth analysis
of Nur77-regulated gene expression, and we have extended our tran-
scriptome studies with analyses of LPS-stimulated macrophages. We
observed a remarkable regulation of cellular mechanics-related genes
being dysregulated upon Nur77 deficiency. Of particular note is the
changed expression of actin-related proteins (Actr3, Actr2) and actin-
related protein complex subunits (Arpc3, Arpclb, Arpc5, Arpc2) in
Nur77-KO BMDMs (Fig. 5A). These genes are well-known for their in-
fluence on macrophage mechanics (Ronzier et al., 2022; Rotty et al.,
2017). Additionally, RhoGTPases such as Rac1/2 and RhoA/C show
changed expression and are recognized for their role in modulating
adhesion and phagocytosis of macrophages (Allen et al., 1997). More
specifically, some of those genes showed strong upregulation, whereas
others involved in cellular mechanics were downregulated in response
to LPS, with the strongest effects after prolonged activation (18 hrs). The
mere fact that Nur77-motifs are localized in the genome close to the TSS
of the genes with a changed expression upon Nur77 deficiency supports
our hypothesis that Nur77 directly regulates their expression; Actg,
Actr2, Actr3, Arf6, Arpc3, Capza2, Itgbl, Itgb2, Itgb5, Itgal, Itgax, and
Racl. This hypothesis is further substantiated by previous ChIP data
obtained in RAW264.7 macrophage cells overexpressing Nur77 con-
firming the direct binding of Nur77 to the promoter of several of these
genes (Koenis et al., 2018a).

Nur77, belonging to the superfamily of nuclear receptors, is cate-
gorized as an ‘orphan receptor’ due to the absence of an identified
physiological ligand which may be due to the fact that the ligand-
binding domain has a closed conformation (Safe, 2023). The activity
of the transcription factor Nur77 is primarily regulated by its expression
levels and posttranslational modifications. In macrophages, Nur77
protein has been described to localize to the nucleus (Pei et al., 2005). In
our current study, we revealed that Nur77 expression is significantly
induced by LPS as shown with qPCR analysis and Nur77 deficiency af-
fects the expression of mechanics-related genes. These findings suggest
that Nur77 modulates macrophage mechanics primarily through its
enhanced expression. As soon as other modes of regulation have been
discovered, such as agonists or antagonists for Nur77, it would be
interesting to modulate Nur77 activity and investigate the effect on
macrophage inflammation and mechanics.

Taken together, we revealed that Nur77 acts as a key regulator of
macrophage immunomechanics. The comparison of WT and Nur77-
deficient macrophages revealed that the impact of Nur77 on cellular
mechanics genes contributes to the overall function of this transcription
factor in promoting the resolution of inflammation, modulation of
migration, and phagocytosis in activated macrophages.
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4. Methods
4.1. Experimental models and subject details

4.1.1. Mouse strains

All animal housing, care, and experimental procedures were con-
ducted in accordance with the guidelines and regulations set forth by the
Institutional Animal Experimental Committee for Animal Welfare,
following the principles of Directive 2010/63/EU of the European
Parliament. Whole-body Nur77 knockout mice were generated by
crossing C57Bl6/J mice that overexpress Cre recombinase under the
control of the human cytomegalovirus (CMV) promoter with mice
harboring a loxP-flanked Nur77 (Nr4al) locus (Koenis et al., 2018b).
This breeding strategy allowed for the deletion of the Nur77 gene. The
successful deletion of Nur77 was confirmed by genotyping PCR. Sub-
sequently, Nur77-deficient mice that no longer expressed Cre recombi-
nase were generated (referred to as Nur77-KO mice). Both Nur77-KO
mice and their wild-type (WT) littermates were used in the experiments.

4.1.2. Bone marrow-derived macrophage (BMDM) differentiation and cell
culture

Bone marrow cells were isolated from the femurs and tibias of male
WT and Nur77-KO mice aged 6-12 weeks. The cells were differentiated
into macrophages by culturing them in RPMI 1640 medium (Gibco,
cat#22400089) supplemented with 10% fetal calf serum, 100 U/mL
penicillin, 100 pg/mL streptomycin, 2 mM L-glutamine, 15% L929-
conditioned medium, 1 mM sodium pyruvate, 1x MEM Non-Essential
Amino Acids Solution (Gibco, cat#1140050), and 1x MEM Vitamin
Solution (Gibco, cat#11120052) for a period of 7 days. BMDMs were
seeded at a density of 1 x10° cells per well in 6-well culture plates. After
the differentiation process, the cells were lifted, counted, and re-seeded
for further analyses. In all experiments involving LPS-stimulated
BMDMs, a concentration of 100 ng/mL lipopolysaccharide (LPS)
(Sigma, cat#L2637) was used. As a control for differentiation, we
determined expression of differentiation markers CD11b+F4/80+ by
flow cytometry and demonstrated that all cells were >99% positive for
both markers (Toda et al., 2021).

4.2. Method details

4.2.1. Immunofluorescence microscopy

Differentiated BMDMs were seeded at a density of 0.5 x10° cells per
well on uncoated glass coverslips in a 24-well cell culture plate. The cells
were stimulated with 100 ng/mL LPS (Sigma, cat#L2637) for 0, 6, 18,
and 24 hours, followed by fixation with 4% paraformaldehyde (Sigma)
in PBS for 10 minutes. After three washes with PBS, the cells were
permeabilized with 0.5% Triton-X (Sigma)/PBS for 10 minutes and then
blocked with 1% BSA/PBS for 30 minutes. The cells were first stained
with DAPI (Invitrogen, cat#D21490) in 0.5% BSA/PBS for 15 minutes,
followed by Alexa Fluor 568 Phalloidin (Invitrogen, cat#A12380)
staining for 1 hour. Fluorescence images were acquired using the Leica
SP8 confocal microscope.

4.2.2. AFS experimental setup

We reported details on the setup, specifications, and fabrication of
AFS in previous papers (Evers et al., 2024, 2022, 2021). Briefly, all
measurements were conducted on an AFS-G2 (Lumicks B.V., the
Netherlands), which comprises a motorized z-stage mounted on an
inverted microscope (Nikon Eclipse TE200), G2 AFS chip holders
(microfluidic devices), and a temperature controller. Visualization and
illumination were achieved by a motorized 20x microscope objective
for a nanometer-precise z-translation, a red-light LED, and a uEye
camera (UI-324xCP-M, IDS) capable of imaging with a sampling fre-
quency of 60 Hz. The AFS chip consists of a microfluidic chamber for cell
loading and a piezoelectric element on top to transduce the acoustic
waves. Acoustic forces are applied on silica microspheres, which were
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tracked by image recording using LabVIEW (provided by Lumicks B.V.)
for real-time, x, y, and z tracking of bead location.

4.2.3. AFS experiments

BMDM WT and Nur77-KO cell suspensions, at a density of 40 x 10°
cells/mL mixed with silica microspheres (7.9 pm in diameter; Spher-
otech, SIP-60-10), were injected into the microfluidic chambers of the
AFS chips before being placed into the incubator. Non-attached and
dead cells were flushed out by connecting the AFS chip to a syringe
pump (AL-2000, World Precision Instruments) after 2 h incubation, and
BMDM s were cultured inside the incubator overnight at a slow flow rate
(3 pl/min). WT and Nur77-KO macrophages were exposed to 100 ng/mL
LPS (Sigma, cat#L2637) for 6 h while being cultured inside the AFS
chip. On the day of measurement, each individual bead in the field of
view was tracked by LabVIEW and their z-position was determined by a
look-up-table (LUT), set to track from O to 10 000 nm at a step size of
100 nm. After calibration (for details see previous paper (Evers et al.,
2022), a constant acoustic force (~1.7 nN) was applied, pushing the
beads upward, thereby stretching the macrophages. All measurements
were performed at 37°C, with an amplitude of 30%-60% at 14.47 and
14.51 MHz frequency, and applied constantly for a period of 20 s.

4.3. Migration assay

Cell migration assays were performed using the p-Slide Chemotaxis
(80326, ibidi GmbH) according to the manufacturer’s protocol. Briefly,
BMDM cell suspensions (6 pL) of 3 x 10° cells/ml. were seeded into the
center chamber of a p-Slide. After cell adhesion, the two opposing res-
ervoirs were filled with culture medium containing 10% FCS. Cell
migration was recorded every 10 min overnight by mounting the p-Slide
on the stage of a Nikon Eclipse Ti inverted microscope with a 37 °C
incubator and 5% CO2. Single-cell tracking and analysis in the obser-
vation area of each image sequence was done using the Manual Tracking
plugin of ImageJ and ibidi Chemotaxis and Migration Tool (version 2.0)
which does not provide single cell quantification but averaged numbers.

4.4. Adhesion assay

After differentiation in 6-well plates, BMDMs were stimulated with
100 ng/mL LPS (Sigma, cat#L2637) for 20 hours. The cells were then
washed with PBS and lifted with 4 mg/mL lidocaine hydrochloride
(Supelco) for 5 minutes at 37°C. After centrifugation, 0.6 x10° cells
were plated on ICAM-1-coated (12,5 ug/mL; R&D systems, cat#796-IC)
96-well plates. The cells were allowed to attach for 30 minutes, followed
by the removal of the media and replacement with warm HBSS con-
taining 1:1000 Hoechst 34580 (Sigma, cat#63493). After an additional
30 minutes of incubation, the cells were fixed with 4% para-
formaldehyde (Sigma) for 15 minutes. The cells were then washed and
analyzed using the ImageXpress Pico with cell count analysis.

4.5. Phagocytosis assay

Differentiated BMDMs were seeded at a density of 0.6 x10° cells per
well in a 96-well cell culture plate. The following day, 1 x10° Zymosan
beads (Invitrogen, cat#Z23374) per well were washed and resuspended
in PBS. The beads were added to the cells and incubated for 30 minutes
at 37°C. After incubation, the cells were washed and incubated with
fresh medium for another 30 minutes at 37°C. Subsequently, the cells
were washed and lysed with RIPA buffer (50 mM Tris-HCl pH 7.4,
150 mM NaCl, 1% IGEPAL CA-630, 0.5% sodiumdeoxycholate, 0.1%
SDS). The Zymosan signal in the cell lysate was analyzed at 594 nm
using a CLARIOstar (BMG Labtech) per well. For each biological repli-
cate at least 3 wells were measured. To account for differences in cell
numbers, a BSA Protein Assay Kit was used for normalization.
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4.6. Flow cytometry

After differentiation in 6-well plates, BMDMs were stimulated with
100 ng/mL LPS (Sigma, cat#L2637) for 24 hours. The cells were washed
and scraped with FACS buffer (PBS + 2% FBS + 5 mM EDTA (Sigma)).
After pelleting the cells, they were incubated in FACS buffer containing
CD16/CD32 (1:500, eBioscience™, cat#14-0161-82) for 15 minutes at
4°C and then transferred to a 96-well V-bottom plate. The cells were
then incubated with the antibodies F4/80 (Invitrogen,
cat#12-4801-82, 1:100), CD11b (Invitrogen, cat#17-0112-82, 1:100),
and CD18 (Biolegend, cat#101405,1:100) for 30 minutes at 4°C. After
washing, the cells were resuspended in FACS buffer containing 7-AAD
(Invitrogen, cat#A1310, 1 ug/mL) to exclude dead cells. Samples were
analyzed by flow cytometry using BD Facs Canto II (BD Biosciences) and
analyzed with FlowJo v10.5.3 software (FlowJo LLC).

4.7. RNA sequencing (RNA-seq)

After differentiation in 6-well plates, BMDMs were stimulated
100 ng/mL LPS (Sigma, cat#L2637) for 0, 4, and 18 hours. Following
stimulation, RNA was extracted using the RNeasy Mini kit with an on-
column DNase-treatment according to the manufacturer’s instructions
(Qiagen). RNA concentration was determined using a Qubit fluorometer
(Qiagen), RNA quality was evaluated using an Agilent Bioanalyzer 2100
system (Agilent Technologies). Strand-specific libraries were generated
using the KAPA mRNA HyperPrep kit according to the manufacturer’s
instructions. Libraries were pooled and diluted to 25nM prior to
sequencing on a Novaseq 6000 instrument (Illumina) at a depth of 20
million paired ended 150 base pair reads.

4.8. Reverse transcription (RT)-gPCR

Total RNA from differentiated and stimulated BMDMs was isolated
using TRIreagent (Sigma) following the manufacturer’s instructions.
The RNA pellet was dried and dissolved in nuclease-free ultrapure water.
The RNA concentration was determined using a Nanodrop UV-VIS
Spectrophotometer. Reverse transcription was performed on 1 pg of
RNA using the iScript cDNA Synthesis Kit (Bio-Rad). Quantitative PCR
(qPCR) was carried out using the SensiFAST SYBR No-ROX kit (Bioline)
on a LightCycler 480 II PCR platform (Roche). Primer set amplification
efficiencies and transcript starting concentrations (NO) were calculated
using LinRegPCR (Untergasser et al., 2021). Target gene expression was
normalized by dividing it by the geometric mean of Rplp0 and Hrpt
housekeeping gene expression. The primer sequences used for RT-qPCR
are  Nur77-TTGAGTTCGGCAAGCCTACC, Rplp0-GGACCCGAGAA-
GACCTCCTT, Hprt-TTGCTCGAGATGTCATGAAGGA.

4.9. Western blotting

After differentiation in 6-well plates, BMDMs were stimulated with
100 ng/mL LPS (Sigma, cat#L2637) for 0, 4, and 18 hrs. Differentiated
BMDMs were then washed with PBS and lysed in ice cold RIPA buffer
(50 mM Tris-HCI pH 7.4, 150 mM NaCl, 1% IGEPAL CA-630, 0.5%
sodiumdeoxycholate, 0.1% SDS) supplemented with protease inhibitor
(cOmplete mini EDTA-free; Merck, cat#11836170001) and phosphatase
inhibitor (PhosSTOP; Roche, PHOSS-RO). Protein quantification was
performed using the DC Protein Assay Kit (Bio-Rad) following the
manufacturer’s protocol. Protein samples were heated for 5 min at 96°C.
Total protein (15 pg) was separated on a 4-12% Bolt Bis-Tris gel (Invi-
trogen, cat#NWO04120BOX) and transferred onto a nitrocellulose
membrane (Bio-Rad). The membranes were blocked with 2% nonfat
milk in 0.1% Tween (v/v) in PBS (TBS-T) for 1 hour and then incubated
with rabbit-Itgb2 (Proteintech, cat#10554-1-AP) and rabbit-Capza2
(Proteintech, cat#15948-1-AP). After three washes with TBS-T, the
protein bands were detected by incubating the membranes with horse-
radish peroxidase (HRP)-conjugated secondary antibodies for 1 hour at
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room temperature. Following five washes with TBS-T, the protein bands
were visualized using the Supersignal West Pico PLUS chemiluminescent
substrate (ThermoFisher, cat#34580) and captured with the Image-
Quant 800 Western blot imaging system (Amersham).

4.10. Quantification and statistical analysis

4.10.1. Statistical Analysis

Statistical analysis was performed using GraphPad Prism 8.0.1.,
except the RNA-seq data which were analyzed in Rstudio. Data are
shown as mean + SEM, unless stated otherwise. Number of replicates (n)
and the statistical tests used are indicated in the figure legends, with a p-
value < 0.05 considered significant. Other levels of significance are
reported as: *p<0.05;**p<0.01;***p<0.001;****p<0.0001. Normal
data distribution was tested using Kolmogorov-Smirnov normality test.
P values were calculated using a ratio/multiple paired t-test or a two-
way ANOVA with either Bonferroni or Tukey post hoc correction as
indicated in the figure legends.

4.11. Analysis of WT and Nur77 macrophage mechanical properties
The mechanical properties were determined by fitting to the stan-

dard linear liquid (SLL) model. The creep compliance J(t), as a function
of time, in the SLL model is given by:
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where Ea is the elastic modulus associated with the actin cytoskeleton,
na the viscous contribution of the cytoskeleton, and nc the background
viscosity.

The extension curves, z-height versus time, were first converted to J
(t), where,

(2)

Where z(t) is the extension curve (z-direction) obtained by pulling on a
cell, F is the applied force, and r is the radius of the silica bead. J(t) was
then plotted as a function of time and Eq. (1) was fit to the resultant
curves. Three biological replicates were analyzed simultaneously and a
Mann-Whitney test was used due to skewed data.

4.12. Quantification of RNA-seq

Reads were aligned to the mouse genome mm10 using HISAT2 2.1.0
(PMID: 31375807) with default settings. BAM files were indexed and
filtered on MAPQ > 15 with SAMtools 1.16.1 (PMID: 33590861). Raw
tag counts and RPKM (reads per kilo base per million mapped reads)
values per gene were summed using HOMER2’s analyzeRepeats.pl script
with default settings and the -noadj or -rpkm options for raw counts and
RPKM reporting, respectively. Differential expression was assessed using
the DESeq2 Bioconductor package in an R 4.2.2 environment with a
Benjamini-Hochberg adjusted P value < 0.05 and an average RPKM > 1
in at least one group. Genes with a false discovery rate (FDR)-adjusted p
value < 0.05 and a log2 fold-change < —1 or > 1 were considered to be
differentially regulated. To identify deregulated pathways the software
packages Metascape (Zhou et al., 2019) and EGSEA (Alhamdoosh et al.,
2017) were used.

4.13. Quantification of Images

The cell size analysis was performed with Icy image analysis
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software,with which single cells per image were identified based on
DAPI-stained nuclei by HK-means method (Dufour et al., 2008). To
quantify cell size, the plug-in Active Countours was used, to generate
precise ROIs for every cell (Dufour et al., 2011). Next, these ROIs were
quantified to extract the area of the cell. This was done for multiple field
of views per coverslip. Multiple coverslips per mice were analyzed with
n=number of mice.

Quantification of ruffled edges was performed in ImageJ by using
previously published protocol (Kreider-Letterman et al., 2022). An
average per field of view is calculated, this was done for multiple field of
views (at least 5) per mice with n=number of mice.

Data resources

The accession number is for the raw and processed RNA-seq data
reported in this paper is GEO: GSE253423
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