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Abstract

Macrophages are mechanosensitive cells that can exquisitely fine-tune their function in response 

to their microenvironment. While macrophage polarization results in concomitant changes in 

cell morphology and epigenetic reprogramming, how biophysically-induced signaling cascades 

contribute to gene regulatory programs that drive polarization remains unknown. We reveal a 

cytoskeleton-dependent Src-H3 acetylation (H3Ac) axis responsible for inflammation-associated 

histone hyperacetylation. Inflammatory stimuli caused increases in traction forces, Src activity 

and H3Ac marks in macrophages, accompanied by reduced cell elongation and motility. 

This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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These effects were curtailed following disruption of H3Ac-signaling through either micropattern-

induced cell elongation or inhibition of H3Ac readers (BRD proteins) directly. Src activation 

relieves the suppression of p300 histone acetyltransferase (HAT) activity by PKCδ. Furthermore, 

while inhibition of Src reduced p300 HAT activity and H3Ac marks globally, local H3Ac 

levels within the Src promoter were increased, suggesting H3Ac regulates Src levels through 

feedback. Together, our study reveals an adhesome-to-epigenome regulatory nexus underlying 

macrophage mechanosensation, where Src modulates H3Ac-associated epigenetic signaling as 

a means of tuning inflammatory gene activity and macrophage fate decisions in response to 

microenvironmental cues.
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1. Introduction

Macrophages play an important role in tissue healing and regeneration. A growing number 

of studies have demonstrated that these innate immune cells recognize extracellular 

mechanical cues that can consequently modulate their response to biochemical perturbations 

[1,2]. As mechanosensitive cells, macrophages respond to biophysical cues such as 

the extracellular matrix (ECM) architecture and composition, tissue stiffness, cell-cell 

contacts, fluid flow-mediated stretch, and compressive or shear forces [1]. These stimuli 

contribute to macrophage homeostatic function and also modulate their activation [3]. In 

particular, studies have demonstrated that the response of macrophages to proinflammatory 

cytokines is dampened within low-adhesive conditions where cells are, for example, 

patterned into confined [2] or elongated morphologies [4], or in contact with soft 

substrates [5]. Interestingly, more recent works have also demonstrated that macrophages 

generate differential extracellular forces in response to altered ECM stiffness and during 

classical pro-inflammatory (often referred to as M1) activation induced by bacterial 

lipopolysaccharide (LPS), which might further contribute to local tissue mechanics [6,7].

Cell shape alterations have been linked to several aspects of cellular function, including 

growth and apoptosis [8], differentiation and lineage commitment [9,10], and pathology 

[11,12]. In vitro observations show murine bone marrow derived macrophages (BMDM) 

undergo shape changes upon activation [4]. Inflammatory activation through LPS/IFNγ 
causes a flattening of adhered BMDMs, exhibiting a signature “fried-egg” morphology and 

causing a significant drop in the aspect ratio of the cells [4]. M2 activation (alternative 

activation, pro-wound healing) bestowed by the introduction of interleukins IL-4/IL-13 

causes significant elongation of the macrophage population [4]. Such cell shape changes 

can also be triggered by mechanical changes within the cell microenvironment. For 

example, facilitated elongation of mouse BMDMs through the micropatterning of ECM 

proteins shows that elongated cells express higher M2 phenotypic markers even in the 

absence of polarizing exogenous cytokines [4]. Additionally, micropatterning macrophages 

enhanced the production of M2 marker Arginase upon IL-4/IL-13 treatment and reduced the 

expression of M1 marker iNOS post LPS/IFNγ exposure [4]. Other works observe a similar 
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effect when BMDMs were cultured on topographically grooved substrates, where cell 

elongation presents with reduced inflammatory tumor necrosis factor α (TNFα) secretion, 

and increased interleukin-10 (IL-10) and Arginase-1 production [13,14]. These observations 

have also been corroborated in vivo wherein implantation of biomaterials presenting grooved 

topographies elicited higher production of healing markers Arginase-1 and IL-10, compared 

to flat control materials [13].

Epigenetic gene regulatory mechanisms are key to both pro- and anti-inflammatory 

macrophage phenotypes [15]. Specifically, LPS-induced inflammation has been observed to 

enhance histone acetyl transferase (HAT) activity in BMDMs [16] and alveolar macrophages 

[17]. Moreover, several epigenetic drugs that either impede histone H3 acetylation (H3Ac) 

or their recognition by transcriptional complexes display anti-inflammatory effects [15]. Of 

considerable interest are the inhibitors of bromodomain and extraterminal domain (BET) 

proteins such as iBet762 [18] and JQ1 [19], which have substantial anti-inflammatory 

properties. Well-known members of the BET family of proteins include BRD2 and 

BRD4, both of which have been implicated in inflammation based on their localization to 

inflammatory gene promoters during macrophage polarization [19,20]. These H3Ac readers 

bind to relaxed regions of the chromatin marked by acetylated histones and act as scaffolds 

on euchromatin, facilitating binding by transcription elongation factors, transcriptional 

factors and other coactivators [21]. By supporting the stability and localization of protein 

complexes comprising inflammatory transcriptional factors such as NF-κB, STATs and 

IRFs, BET proteins contribute significantly to inflammatory program activation within 

macrophages [21].

Biophysically-induced cell shape changes have been known to modulate chromatin 

accessibility and control cellular behaviors such as reprogramming [22] and motility [23] 

through epigenetic histone modifications. In this study, we hypothesized that extracellular 

mechanical signaling alters inflammatory gene activity and macrophage fate decisions 

by tuning epigenetic regulation of transcription. We found that seeding macrophages on 

micropatterned (5 μm wide) fibronectin lines caused reduced expression of inflammatory 

markers such as Nos2 and Ccl2 when stimulated with LPS/IFNγ. These changes were 

concomitant with a reduction in bulk histone acetylation, and we sought a mechanism that 

would explain this observation. We found that Src and p300 HAT activity, both hallmarks 

of inflammatory activation, were suppressed in macrophages cultured on micropatterned 

lines. In addition, micropatterns induced similar cellular morphology and anti-inflammatory 

effects as soluble pharmacological BET inhibitors, and we explored these effects in parallel 

to identify their mechanistic intersections.

2. Materials and methods

2.1. Primary macrophage culture, activation and treatment conditions

BMDMs were cultivated and stimulated as previously described [4]. 8- to 12-week old 

female C57BL/6J mice (Jackson Laboratory) were sacrificed, and their femur and tibia 

dissected per Institutional for Animal Care and Use Committee (IACUC) approved protocols 

established at the University of California-Irvine. Subsequently, the bone marrow from each 

of the bones was flushed out and treated with ACK cell lysis buffer (Gibco). The cells 
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were then cultured in D10 media (DMEM with 10% fetal bovine serum (FBS), 100 U/mL 

Penicillin, 100 μg/mL Streptomycin, 292 μg/mL L-glutamine, all from Gibco) supplemented 

with recombinant murine macrophage colony stimulating factor (derived from CMG14-12/

L929 cell supernatant) for 7 days on non-treated culture dishes. Day-7 cells were then 

seeded and allowed to adhere for 2 h (h) prior to stimulation. The macrophages were 

stimulated with 1 ng/mL of LPS (from E. coli O111:B4, Sigma Aldrich) and recombinant 

mouse IFNγ (R&D Systems) for 16 h resulting in macrophage inflammatory activation. 

Unstimulated cells were used as controls. iBet treatment, when used, was performed by 

introducing 1 μM of iBet762 (Sigma Aldrich) into the culture medium 30 min (min) prior to 

stimulation.

Gene knockdown were performed by electroporation using siRNA, 

3 days prior to experiments (4D-Nucleofector, Lonza). BRD2 

siRNA pool (GGAAAGGGCUCAUCGCCUA, CGGAAGCCCUACACUAUUA, 

GAAUUGGGAUCGAUGAAGA, GAGCUUGAGCGAUAUGUUU) (Horizon 

Discovery, Cat. M-043404-01-0005), and BRD4 siRNA 

pool (GAACCUCCCUGAUUACUAU, CAACAAACUUCCUGGUGAG, 

AAGGAAACCUCAAGCUGAA, ACAAUCAAGUCUAAACUAG) (Horizon Discovery, 

Cat. M-041493-00-0005) were both a mixture of 4 siRNA. Cytoskeletal inhibitors, when 

used, were also introduced 30 min pre-stimulation. Cytoskeletal inhibitors Cytochalasin-D 

(10 μM), Blebbistatin (30 μM), Y27632 (30 μM) and RKI-1447 (10 μM) were used at 

the indicated concentrations (all from Tocris Bioscience). Src inhibition and knockdown 

experiments were performed on cell seeded onto tissue culture plates. Src inhibitors PP1 

(Cayman Chemicals) and PP2 (Millipore Sigma) were used at a concentration of 5 μM 

for a period of 6, 24 or 48 h. Src knockdown was performed using an siRNA pool 

(pool of 4 siRNA – UGACCGAGCUCACCACUAA, GGGAAACGGGCAAAUAUUU, 

GCACGGGACAGACCGGUUA, GCCAAGGGCCUAAAUGUGA) (Horizon Discovery, 

Cat. M-040877-01-0005), nucleofected at day 6 for a period of 48 h. A scrambled 

siRNA pool (UGGUUUACAUGUCGACUAA, UGGUUUACAUGUUGUGUGA, 

UGGUUUACAUGUUUUCUGA, UGGUUUACAUGUUUUCCUA) (Horizon Discovery, 

Cat. D-001810-10-05) was used for non-target controls. Cells were treated with rottlerin 

(5 μM, Tocris Bioscience) and curcumin (30 μM, Sigma) for 6 h before stimulation to inhibit 

the activity of PKCδ and p300 respectively.

After stimulation with 1 ng/ml of LPS and IFNγ, the cells were either fixed with 4% 

paraformaldehyde for immunostaining, lysed in Trizol (Sigma Aldrich) for qRT-PCR and 

NanoString gene expression profiling, or lysed in RIPA buffer (VWR) with protease 

and phosphatase inhibitor cocktail (Thermo Fisher) for proteins analysis through western 

blotting. The stimulation time course experiments in this study were performed using 

inflammatory stimuli concentrations of 10 ng/ml for LPS and IFNγ. A minimum of three 

individual biological replicate experiments were performed for all the analyses.

2.2. Micropatterning

Micropatterning was performed as described earlier [4]. In brief, silicon wafers with an 

array of 5 μm lines and 5 μm spacing was fabricated by standard photolithography and used 
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to create PDMS (1:10 ratio of resin base to crosslinker, Sylgard 184) stamps by replica 

molding (soft lithography). These stamps were washed with 70% ethanol and dried with a 

nitrogen gun, before being incubated with 20 μg/mL fibronectin for 1 h at room temperature 

(RT). PDMS spin-coated 25-mm coverslips were treated with UV Ozone (Jelight) and 

stamped onto with the fibronectin-coated PDMS stamps. The coverslips were then incubated 

in 0.2% (w/v) Pluronic F-127 (Sigma Aldrich) for 1 h at RT. The surfaces were washed with 

phosphate buffered saline (PBS) thrice before being seeded with cells at a density of 80,000 

cells/mL. Flat controls were prepared by casting PDMS on 10 cm petri dishes and used for 

creating control unpatterned protein surfaces.

2.3. Cell migration and quantification

Cells were tracked via live-cell imaging of macrophages post stimulation for 12 h, with 

a capture frequency of 2 min. In brief, fibronectin was stamped onto PDMS-coated glass 

coverslips of dimensions 10 mm × 8 mm and transferred into glass bottom 8-chamber slides 

(Nunc Lab-Tek), before being blocked using Pluronic F-127 as described above. Cells were 

seeded at a density of 20,000 cells per well, and imaging was performed post stimulation. 

The images were processed to track the cell centroids using MTrackJ plug-in of Fiji [24]. 

The centroid data was analyzed using a custom python script. The metrics measured were: 

velocity – total distance traveled over unit time of observation, maximum displacement – 

the farthest distance traveled by a cell relative to its starting position, and mean square 

displacement (MSD) – average (over all observations) of the square of displacement. At 

least 40 cells per condition, from two biological replicates were analyzed.

2.4. Traction force microscopy (TFM)

Polyacrylamide (PA) gel substrates were prepared with a modified procedure of previously 

published protocols [25,26]. Briefly, glass coverslips (10 mm × 8 mm) were UV-ozone 

treated and functionalized using 0.3% (v/v) 3-(Trimethoxysilyl)propyl methacrylate (Sigma 

Aldrich) in 95% ethanol and 0.5% glacial acetic acid. Glass slides were functionalized 

with 0.1 mg/mL poly-D-lysine (Gibco) and a 1:800 (v/v) dilution of red fluorescent micro-

spheres (0.5 μm carboxylate-modified, Thermo Fisher) in water [26]. A solution of 40% 

acrylamide and 2% bis-acrylamide (both Bio-Rad) was mixed to prepare 20 kPa gels [25]. 

Polymerization was initiated by the addition of 1:1000 (v/v) tetramethylethylenediamine 

and 1:100 (v/v) of a 1% ammonium persulfate solution (both Sigma Aldrich). 5 μL 

of PA solution was pipetted onto the functionalized glass slides and the functionalized 

glass coverslip was placed on top. After polymerization, the gels were peeled off, and 

fibronectin (20 μg/mL) was conjugated to the surface of gels with sulfo-SANPAH reagent 

(Thermo Fisher) [25]. The prepared PA gels were rinsed with PBS, and surfaced disinfected 

with UV light for 30 min, after which cells were seeded at 20,000 cells per well in 

glass bottom 8-chamber slides (Nunc Lab-Tek). Traction force microscopy imaging was 

performed by capturing images of microbeads and cell location at 2 h, 6 h and 15 h post 

stimulation. The cells were released from the gel surface with a 0.1% sodium dodecyl 

sulfate solution. Fiji software [24] was used to register any unaligned images. Subsequently, 

particle image velocimetry and Fourier transform traction cytometry were performed as 

previously described [27]. A custom code was written in Python and IJ1 macro language 

to batch process the single cell traction forces. While the estimated total elastic energy 
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is the integrated strain energy of the PA gel under elastic deformation by cell traction 

forces, the root-mean-squared (RMS) forces are calculated as the square root of the mean 

squared forces associated with the bead displacement by single cells, measured using 24 

pixel interrogation windows as described before [6,28]. A minimum of 40 cells per condition 

from two biological replicates were analyzed.

2.5. RNA extraction, qRT-PCR and qPCR

RNA was extracted using Direct-zol RNA extraction kit (Zymo Research #R2051) and 

converted to cDNA using the High-Capacity cDNA Transcription Kit (Thermo Fischer 

Scientific #4368814). Reverse transcribed cDNA or genomic DNA from ChIP samples were 

used for quantitative PCR (qPCR). Samples were analyzed using SsoAdvanced™ Universal 

SYBR Green Supermix reagent (Bio-Rad #1725272). Primer concentrations were kept at 

300 nM and 2 step qPCR was performed as described according to the manufacturer’s 

protocol. The primers used for qRT-PCR and qPCR are attached in the supplement (Table 

S1).

2.6. Gene expression panel

Multiplexed gene expression analysis for 240 inflammatory genes was performed on 

macrophages undergoing stimulations on the flat (unpatterned) and micropatterned surfaces 

using the nCounter inflammation panel (NanoString Technologies). Samples from two 

biological replicate experiments were processed as recommended by the manufacturer. 2 h 

and 16 h LPS/IFNγ-treated cells were analyzed to understand differential gene expression at 

early and late time points. Data underwent background subtraction and filtering to eliminate 

lowly expressed genes, and was subsequently normalized to the geometric mean of six 

reference genes: Cltc, Gapdh, Gusb, Hprt, Pgk1, and Tubb5. Gene expression was also 

normalized to the positive controls in the panel. Genes that were expressed higher than two 

standard deviations above the mean of the negative background controls were selected for 

further analysis. Fold-change data were represented on a Log2 scale for both replicates and 

time-points.

2.7. Gene coregulation network analyses

Gene correlation analysis was performed using gene expression data (GEO Number: 

GSE21764) from BMDMs stimulated for 1, 2, or 4 h with LPS and with or without iBet 

treatment. Pearson’s correlation coefficients for all pairwise arrangements were calculated 

for the inflammatory genes that showed over 1.5-fold change in micropatterned vs. flat 

surfaces (averaged across two biological replicates) in our gene expression dataset, as well 

as LPS-sensitive integrin and cadherin genes (from the adhesome gene sets in Refs. [29–

31]). A correlation threshold of 0.9 was set for the adjacency matrix. Gene nodes without 

any correlation were excluded. The correlation network was visualized using the igraph 

package in R [32]. Protein-protein interactions in this study were mapped using the String 

database [33].
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2.8. ChIP-seq data mining

H3Ac enrichment data were obtained from ChIP-Seq experiments from a separate published 

study (GEO: GSE21910) [18]. H3Ac enrichment was measured for the genes in the gene 

correlation network described above. H3Ac binding was quantified as a summation of 

enrichment above a background threshold, in the promoter regions defined by 10 kilobases 

centered around the start of each gene. The enrichment data were converted to Z-scores for 

visualization as a heatmap for annotation of the gene correlation network described above.

2.9. Immunostaining, western blots and ELISA

Cells were fixed with 4% paraformaldehyde (EMS), and permeabilized with 0.3% Triton 

X-100 (Sigma Aldrich) in PBS with a 10 min incubation. Primary antibody, against 

either integrin αV/β3 (1:200 (v/v), Novus Biologicals, Cat. SC56-07), H3Ac (1:500 (v/v), 

Millipore Sigma, Cat. 06–599), iNOS (1:50 (v/v), Abcam, Cat. 15323), NF-κB (1:200 

(v/v), Santa Cruz, Cat. sc-8008), or Src (1:500 (v/v), Cell Signaling, Cat. 2108) was used 

overnight at 4 °C. After 3 h of incubation at RT with Alexa Fluor 594 conjugated secondary 

antibody (Abcam), cells were incubated for 30 min with Alexa Fluor 488-Phalloidin 

and DAPI (both Life Technologies). The samples were then mounted with fluoromount-

G (Southern Biotech) for visualization using a confocal microscope (Zeiss LSM780 or 

Olympus Fluoview FV3000). Staining for vinculin/focal adhesion kinase were performed 

using a staining kit (Sigma, Cat. FAK100) following the manufacturer’s instructions. For 

western blotting, SDS-PAGE was performed using 4–15% gels (Bio-Rad) at 70 V, and 

the proteins were transferred using a dry blot transfer system to nitrocellulose membranes 

(iBlot2). The blot was blocked with 5% bovine serum albumin (BSA) and probed overnight 

at 4 °C with either H3Ac (1:1000 (v/v), Millipore Sigma, Cat. 06–599), Src (1:1000 (v/v), 

Cell Signaling, Cat. 2108), phospho Src (Y416) antibody (1:1000 (v/v), Cell Signaling, Cat. 

6943), phospho PKCδ (Y311) (1:1000 (v/v), Cell Signaling, Cat. 2055), PKCδ (1:1000 

(v/v), Abcam, Cat. ab182126), phospho STAT1 (Y701) (1:1000 (v/v), Cell Signaling, Cat. 

9167), STAT1 (1:1000 (v/v), Cell Signaling, Cat. 14994), or HIF1α (1:1000 (v/v), Cell 

Signaling, Cat. 36169) primary antibody followed by incubation with an anti-rabbit IgG 

HRP secondary antibody (1:2000 (v/v), Cell Signaling) at RT for an hour. GAPDH (1:2000, 

Santa Cruz, Cat. sc-59540) was used to normalize the cell lysate loading. ELISA was 

performed as per standard techniques using a mouse MCP-1 kit (Biolegend, Cat. 432704).

2.10. Cytokine profiling

Cytokine profiles for macrophage response to LPS/IFNγ with inhibitory drug treatments 

were probed by multiplexed analyte analysis (Mouse Cytokine Array/Chemokine Array 

31-Plex (MD31), Eve Technologies, Calgary, CAN).

2.11. Chromatin immunoprecipitation followed by qPCR (ChIP-qPCR)

ChIP experiments were performed using previously established methods [34]. Flat and 

micropatterned surfaces were created on 150 mm PDMS-coated petri dishes onto which 5 

million cells were plated for each of the conditions. After 2 h of stimulation, culture media 

was aspirated out and the cells were crosslinked with 1% paraformaldehyde (EMS) for 10 

min at RT. The fixation was quenched with the addition of 0.125 M glycine in PBS for 5 

Veerasubramanian et al. Page 7

Biomaterials. Author manuscript; available in PMC 2022 March 22.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



min and cells were scrapped into cell lysis buffer (0.5% Nonidet-40 and 85 mM KCl in 20 

mM Tris-HCl, pH 8.0). Nuclei were pelleted at 2500×g for 5 min, and then lysed with nuclei 

lysis buffer (0.1% sodium dodecyl sulfate, 0.5% sodium deoxycholate, 1% Nonidet-40 in 

10 mM Tris-HCl, pH 7.5). Chromatin from the nuclear lysate was then sheared for 8 

min (0.7 s on and 1.3 s off pulses) using a probe sonicator (Branson Sonifier SFX250) 

at 40% amplitude. All steps were performed on ice. Approximately 10 μg of chromatin 

was used per immunoprecipitation with 2 μg of H3Ac antibody (Millipore Sigma, Cat. 06–

599) at 4 °C overnight. The precipitates were recovered with magnetic protein A/G beads 

(Thermo Fisher), and washed twice serially with low salt immunocomplex buffer, high salt 

immunocomplex buffer, lithium chloride immunocomplex wash buffer, and Tris-EDTA (pH 

8). Immunoprecipitated protein-DNA complexes were eluted into a solution of 1% SDS and 

100 mM sodium bicarbonate, and then reverse crosslinked overnight at 65 °C in a solution 

containing RNase A and proteinase K. The DNA was recovered using AMPure XP magnetic 

beads (Beckman Coulter), washed with 70% ethanol, and then quantified by qPCR. DNA 

enrichment has been represented as the fraction of input and is presented as fold versus 

H3Ac binding in macrophages cultured on flats.

2.12. HAT activity assay

Total HAT activity was measured using a colorimetric kit (Epigentek, Cat. P-4003-96), 

following the manufacturer’s recommended protocol. Nuclear extracts from 5 × 106 cells 

collected 2 h after LPS/IFNγ stimulation were isolated using the methods described above 

for ChIP-qPCR. p300 HAT activity was measured using the same assay techniques, except 

that p300 was immunoprecipitated [35] using a p300 antibody (Abcam Cat. ab10485, 1:100 

(v/v)) overnight and purified using magnetic protein A/G bead before the HAT assay.

2.13. Image analysis

Analyses of cell morphology and quantification of fluorescent intensity were performed 

using Fiji software [24]. Cell morphology was ascertained by demarcating the outlines 

of phalloidin stained cells manually. DAPI-stained nuclei were used as masks for nuclear 

intensity quantification of the protein/channel of interest, and the integrated intensity of 

protein fluorescence in the nucleus was assessed on a per-cell basis. A minimum of 60 cells 

were analyzed from replicate experiments.

2.14. Data acquisition and mining

Data represented in this manuscript (specifically Fig. 1c–f, 3a and 7cd) had been collected 

as part of a published doctoral dissertation at UCI [36]. Data were also mined from publicly 

available microarray (GEO Number: GSE21764) and ChIP-Seq datasets (GEO: GSE21910) 

[18]. Previously curated adhesome gene sets that described the components of the integrin 

and cadherin networks were used for analysis [29–31].

2.15. Statistical analysis

One-way ANOVA with multiple comparisons using Tukey test were performed on GraphPad 

Prism (v8, GraphPad software). The same software was used to perform Student’s t-test in 

Veerasubramanian et al. Page 8

Biomaterials. Author manuscript; available in PMC 2022 March 22.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



experiments where there were only two treatment groups. Data are represented as mean ± 

SEM in the bar plots. Median and quartiles have been marked in the violin plots.

3. Results

3.1. BET inhibition and facilitated cell elongation prevent inflammation-associated cell 
rounding and gene expression

To assess the effects of inflammation on cell shape, we activated macrophages cultured 

on flat control substrates with 1 ng/ml LPS/IFNγ. Unstimulated macrophage populations 

appeared as a mixture of elongated and, occasional, circular cells. LPS/IFNγ treatment 

caused cytoskeletal flattening and rounding, thereby significantly reducing the cell aspect 

ratio (Fig. 1b,d) [4]. We used micropatterning to facilitate cell elongation on 5 μm wide 

fibronectin lines, while keeping unpatterned, flat stamped surfaces as a control (Fig. 

1a and b). Macrophages display an elongated morphology on micropatterned surfaces 

in both unstimulated and LPS/IFNγ-treated conditions, demonstrating the abrogation of 

shape changes associated with the M1 phenotype (Fig. 1b,d). Interestingly, the disruption 

of H3Ac readers by iBet762 (henceforth described as iBet) and JQ1 also caused most 

of the population to retain an elongated morphology even with LPS/IFNγ stimulation 

(Figs. 1b and S1a). In addition, we observed that inflammatory genes responsible for free 

radical production (Nos2) and macrophage recruitment (Ccl2) were both downregulated in 

macrophages with BET inhibition and micropattern-facilitated elongation (Fig. 1c).

Quantification of the nuclear aspect ratio and two-dimensional projected area revealed a 

notable change with LPS/IFNγ activation (Fig. 1e and f). LPS/IFNγ stimulation caused 

rounding of nuclei within the cell population while increasing the nuclear area, without 

altering nuclear volume (Fig. 1g). Interestingly, while the micropatterned cells resist the 

rounding and flattening of nuclei that typically occurs with LPS/IFNγ stimulus, iBet 

treatment did not prevent inflammation-associated shape changes within nuclei (Fig. 1f). 

However, the nuclear volume was significantly lower with micropatterning and iBet 

treatment, pointing to a more compact nucleus (Fig. 1g). BET inhibition using JQ1 causes 

morphological changes identical to that of iBET treatment (Figs. S1b–d), further confirming 

that cellular elongation was likely caused by BET inhibition. Silencing both BRD2 and 

BRD4 suppresses inflammatory markers Ccl2 and Nos2, and abrogates the inflammatory 

stimulation-induced circularization of cells (Fig. 1h and i). Together, these observations on 

morphology and gene expression suggest that altered inflammatory states in macrophages 

might be coordinated through both BET signaling and cell shape changes.

3.2. Cellular elongation alters adhesive structures

Our analysis of adhesome genes in macrophages over time demonstrate the dynamic 

expression of cytoskeleton and associated genes with inflammatory polarization (Fig. S5). 

Such a dynamic adhesome [1,37] is suggestive of an altered mechanical state in response to 

LPS/IFNγ stimulation that can explain cell shape-related morphological observations. Based 

on this, we hypothesized that the micropatterning induced macrophage elongation causes 

differential regulation of cell adhesive structures. Given that the fibronectin-binding integrin 

αvβ3 is involved in cell-substrate engagement and guided cellular behavior like migratory 
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persistence [38], we examined its expression by staining. In agreement with our previous 

report [39], we find that integrin αvβ3 was lower expressed in cells that were stimulated with 

LPS/IFNγ (Fig. S2). Interestingly, treatment with iBet or elongation along micropatterns 

caused higher integrin αvβ3 expression, although this is not necessarily indicative of higher 

integrin engagement. Therefore, we also visualized focal adhesions by staining vinculin. 

On the micropatterns and in cells treated with iBet, vinculin staining was more diffuse and 

lower overall (Fig. 2a), suggesting that adhesive interactions may be repressed in elongated 

cells [14]. Given these results, we next explored the possibility of alterations in motility and 

traction forces caused by such disruptions to adhesive structures.

3.3. Cellular elongation correlates with increased motility

Cell motility is a hallmark of macrophages and a critical attribute for carrying out their 

functions of innate immunity. Cell motility across control, iBet-treated, and micropatterned 

conditions showed no significant differences across all metrics of motility measured 

(displacement and velocity) in the absence of stimulation. We noted that, as previously 

reported [7,39], LPS/IFNγ-activated BMDMs exhibited a reduced propensity for migration 

relative to unstimulated cells (Fig. 2b–e). BET inhibition protected activated macrophages 

from this inflammation-associated reduction in motility, as motility metrics remained 

elevated in iBet-treated cells relative to untreated cells upon LPS/IFNγ treatment (Fig. 

2b–e). We observe similar trends in cells that were micropatterned. Inflammatory stimuli 

did significantly reduce migration speed on patterns, however cells cultured on patterns still 

tended to migrate farther and faster than stimulated cells on flat surfaces. These data suggest 

that modulation of macrophage motility through use of micropatterned substrates or iBet 

treatment is coordinated with macrophage shape and phenotype.

3.4. BET inhibition in macrophages prevents the upregulation of cell traction forces 
during stimulation with LPS/IFNγ

Our analysis of morphology revealed a sizable proportion of iBet-treated cells presenting 

increased leading-edge like protrusions (i.e. greater than 2) that were rapidly formed and 

dissipated (Fig. 2g). These transient lamellipodia/filopodia-like appendages, were observed 

in actively migrating cells and could be involved in mechanosensation [40]. Macrophage 

motility has been previously described as being driven by frontal-towing, where the force 

generated by the migrating cell is concentrated in its leading edge [6]. Since traction and 

adhesive forces drive cell motility, we sought to see if there existed differential traction 

forces in iBet-treated cells. LPS/IFNγ-mediated polarization of macrophages resulted in an 

increase in root-mean-squared (RMS) traction forces (Fig. 2f) up to 15 h post LPS/IFNγ 
addition. These heightened traction forces were dampened in the presence of iBet, which 

corroborates our observations of reduced motility in iBet-treated cells. Traction forces 

are often attributed to cell shape changes [41], among other factors. Thus, this increase 

in traction forces could potentially explain the flattening of macrophages in response to 

inflammatory stimuli.
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3.5. Micropattern-elongated and iBet-treated macrophages display largely divergent 
responses to inflammatory stimulation

To gain a better molecular understanding of the inflammatory gene suppression that 

occurs when macrophages cultured on micropatterned surfaces are subjected to LPS/IFNγ 
stimulus, we utilized a multiplexed inflammatory gene analysis panel. We were able to 

ascertain that patterned surfaces modulate inflammatory gene expression after as little as 

2 h of an inflammatory stimulus (Fig. 3a). However, such differential expression is more 

apparent after 16 h of stimulation, where there is a significant downregulation of canonical 

inflammatory makers, such as Nos2 and Ccl2. Unexpectedly, we also find that our patterned 

surfaces upregulate the expression of Nfkb1 (pro-inflammatory transcription factor NF-κB) 

along with a number of other genes in this inflammatory panel. Comparing these data with 

the documented effects of iBet (GEO: GSE21764 [18]), we find that very few genes that 

were upregulated by the patterned surfaces experience similar changes with iBet treatment. 

These discrepancies in gene regulation could be due to fact that iBet globally targets (and 

competitively inhibits) BET proteins, which are epigenetic readers of H3Ac that are involved 

in gene activation, while the pathways affected by patterned surfaces may have a more 

nuanced impact on gene regulation at specific targets.

3.6. Elongation-induced dynamic inflammatory genes are strongly coregulated with 
adhesome genes dynamically regulated during polarization

To further investigate the relationship between biophysically-altered gene regulation in 

macrophages and the H3Ac epigenetic landscape, we leveraged temporal gene expression 

data of polarized macrophage from the previously mentioned dataset [18] to build a 

gene expression coregulation network of genes involved in inflammation and macrophage 

mechanoregulation. To do so, we first included inflammatory genes that we observed 

to by dynamically regulated by patterned surfaces from our NanoString data (Fig. 3a). 

Given that we have previously observed that monocyte differentiation into macrophages and 

subsequent LPS stimulation lead to dynamic expression levels in the genes which encode 

for proteins involved in cell-ECM and cell-cell contact-mediated forces [1] (described 

by others as the integrin and cadherin adhesomes, respectively [29–31]), we added LPS-

sensitive adhesome genes to our network analysis. By building this network using LPS-

sensitive adhesome genes and the inflammatory genes that were differentially regulated by 

patterned surfaces, we observe a notable relationship between the expression of several 

adhesome and inflammatory genes (Fig. 3b). The network shows a strong correlation 

between inflammatory and adhesome genes, suggesting that these genes may be coregulated 

in response to LPS-treatment (Fig. 3b,f). While the number of positive correlations per 

gene is roughly the same for both inflammatory and adhesome genes, it was interesting 

that the adhesome genes displayed nearly double the number of negative correlations 

compared to the inflammatory genes (Fig. 3b). In addition, there existed a sizable proportion 

of both positive and negative correlations between adhesome and inflammatory gene 

network connections (Figs. 3d and S3a). This points towards a strong coregulation of 

inflammatory and adhesome genes with inflammatory polarization. Mapping the protein-

protein interactions using the tools from String database [33], we find that several of the 

adhesome and inflammatory genes under consideration have been reported to be associated 

on a protein level as well (Fig. S3b). Particularly noteworthy is Src (an adhesome gene 
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that was highly correlated in our coregulation network) which has been reported to have 

protein-level interactions with several inflammatory and adhesome genes, placing it at the 

interface of several adhesome to inflammatory signaling cascades (Fig. S3b).

3.7. H3Ac levels at coregulated gene promoters are dynamic upon stimulation

Following the creation of our gene correlation network, we sought to identify potential 

epigenetic regulatory mechanisms that might explain such coordination in adhesome 

and inflammatory gene regulation. To accomplish this goal, we performed a differential 

enrichment analysis on a previously existing ChIP-seq dataset (probed for H3Ac peaks) in 

primary mouse macrophages stimulated with LPS, with or without iBet treatment (GEO: 

GSE21910) [18]. From this analysis, we identify genes from our correlation network whose 

promoters exhibit changes in H3Ac enrichment following LPS stimulation. We were also 

able to identify promoters whose H3Ac levels were dependent on BET signaling (e.g., 

those that were altered by iBet exposure). We used this analysis to cluster genes according 

to promoter H3Ac enrichments and identify trends in the dynamic relationship between 

promoter H3Ac and gene expression across experimental conditions (Fig. 3c). Accordingly, 

cluster 1 comprised genes whose H3Ac enrichment within their promoter region was 

maintained with LPS-treatment, but still sensitive to iBet. Cluster 2 contained genes 

with reduced H3Ac enrichment upon inflammatory stimulation, and that were potentially 

sensitive to additional losses in H3Ac by iBet treatment. We found that most of the negative 

gene correlations in the network involved genes of cluster 2, irrespective of whether the 

correlation was an inter- or intra-cluster (Fig. 3e). The intra-cluster correlations between 

the genes belonging to cluster 1 were majorly positive (96%), suggesting a high degree 

of coexpression in the genes of this cluster in response to LPS treatment. In addition, 

a significant number of adhesome genes within cluster 1 correlated tightly with a vast 

majority of genes in the network, explaining their prominent presence at the center of the 

network. To better highlight the relationship between each cluster category and the genes 

within our coregulation network, we have added this annotation to our network (Fig. 3b). 

Since the clusters were fundamentally different in their H3Ac dynamics, this observation 

suggested that epigenetic regulatory mechanisms through promoter H3Ac in response to 

LPS could be responsible for at least some of the inflammation-associated adhesome gene 

changes. In addition, these observations support the existence of co-regulatory mechanisms 

of inflammatory and adhesome gene expression through epigenetic means, although further 

studies would be necessary to establish more definitive proof of such mechanisms.

3.8. Cytoskeletal disruption impedes inflammation-associated histone hyperacetylation

The ChIP-seq analysis suggested a highly dynamic H3Ac state in the first hours of 

inflammatory stimulation. Hence, we wished to characterize changes to global H3Ac 

levels resulting from LPS/IFNγ stimulation. Staining for H3Ac, we noted a surge in the 

total H3Ac levels in cells polarized with LPS/IFNγ (Fig. 3g). Furthermore, we observed 

that macrophages treated with cytoskeletal inhibitors targeting the actomyosin network 

displayed lower H3Ac levels, even with activating stimuli. These findings suggest that 

biomechanical forces and other signaling events translated through the cytoskeleton may be 

instrumental to the observed rise in H3Ac levels in response to LPS/IFNγ activation. From 

our gene coregulation analysis, ChIP-seq mining and reported protein-protein interactions, 
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we narrowed our search for an LPS- and iBet-sensitive adhesome component that potentially 

modulated H3Ac levels down to the signaling kinase Src.

3.9. Src expression and activity is essential for inflammatory histone hyperacetylation

Since Src emerged as a promising candidate pivotal to a putative mechanosensory-

inflammatory H3Ac axis, we hypothesized that Src signaling was involved in histone H3 

hyperacetylation in macrophages. To test this, we knocked down Src using a siRNA pool. 

We confirmed Src depletion at 48 h by quantifying both mRNA and protein expression 

(Figs. S6a and b). siSrc treatment results in reduced inflammatory expression of iNOS and 

MCP-1 (Fig. 4a and b), and also of their respective mRNA transcripts Nos2 and Ccl2 (Fig. 

4c). Notably, siSrc treatment caused a reduction in bulk H3Ac levels in unstimulated (Fig. 

4d) and LPS/IFNγ-stimulated (Fig. 4e) cells. Next, we wanted to explore the possibility 

of Src controlling H3Ac levels by modulating histone acetyltransferase (HAT) activity. 

We found that total HAT activity increases in control macrophages when treated with 

LPS/IFNγ - possibly due to inflammatory programs requiring an increase in the accessibility 

of inflammation-specific genes [42]. Src depletion results in an about 20% reduction in 

total HAT activity (Fig. 4f). Src depletion also impaired the inflammation-associated surge 

in HAT activity that was observed in control condition. Since p300 is an important HAT 

associated with macrophage inflammation [15,42], we also measured p300 HAT activity 

by coupling immunoprecipitation techniques with HAT activity assays. We find that p300 

HAT activity is increased by about 50% with inflammatory activation. siSrc treatment causes 

a significant decrease in p300 HAT activity in cells stimulated with LPS/IFNγ, and these 

p300 activity levels were comparable to those observed in unstimulated cells. This suggested 

that the global increase in H3Ac levels that are triggered during inflammatory activation is 

orchestrated by Src-dependent p300 HAT activity.

Earlier studies have shown that not only do Src levels increase with inflammation, but Src 

also gets activated by phosphorylation of residue Y416 upon inflammatory polarization 

[43]. We utilized Src pharmacologic inhibitors PP1 and PP2 to curb the activation of Src 

at the protein level, and found that both of these inhibitors significantly impaired Src 

phosphorylation (Figs. 5a and S7a). Src inhibition caused dampened iNOS expression (Fig. 

5d) and MCP-1 production (Fig. 5b) by macrophages exposed to LPS/IFNγ. This also 

corroborates with the lower Ccl2 and Nos2 gene expression observed with Src inhibition 

(Figs. 5c and S7b). PP1/2-mediated Src inhibition also results in lower H3Ac levels in both 

resting (Figs. 5e and S7c) and LPS/IFNγ-treated cells (Fig. 5f). We also measured p300 

HAT activity with PP1 and PP2 treatments. Both drugs suppressed LPS/IFNγ-associated 

increases in p300 HAT activity, further demonstrating that Src activation is responsible for 

inflammatory histone hyperacetylation and p300 HAT activity (Fig. 5g). Since Src inhibition 

resulted in diminished Ccl2 expression, we sought to test if this can be explained through 

changes to H3Ac locally at the Ccl2 proximal promoter. PP1 and PP2 treatments caused 

significant reductions in H3Ac enrichment at the Ccl2 promoter in unstimulated cells, and 

marginal drops in LPS/IFNγ-treated cells (Fig. 5h).

Interestingly, we observe that inhibiting Src activity using PP1 and PP2 results in elevated 

promoter H3Ac enrichment in inflammatory polarized cells (Fig. 5i). There is also a 
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corresponding increase in Src transcript levels in the cells treated with Src inhibitors 

(Fig. 5j). This is suggestive of a regulatory compensation mechanism involving negative 

feedback that makes it possible for cells to withstand sufficient levels of Src activity during 

inflammatory stimulation.

3.10. PKCδ links Src activation with elevated p300 HAT activity

While the influence of Src on p300 HAT activity and H3Ac levels were evident from 

our results, we sought a mechanism by which Src could impact p300. In our literature 

search, we came across protein kinase C delta (PKCδ), a kinase that contributes to 

inflammation in macrophages and has been reported to rein in p300 HAT activity by 

phosphorylation within some in vitro systems [44]. In addition, the activation of Src kinase 

has been shown to phosphorylate PKCδ at Y311 which suppresses its activation by caspase-

mediated cleavage in 3T3 fibroblasts [45]. Y311 phosphorylation of PKCδ also results in 

its potential ubiquitination and degradation [45,46]. We wished to explore the possibility 

that Src activation leads to an increase in p300 HAT activity and histone hyperacetylation 

by suppressing PKCδ, and explore the relevance of such a mechanism in the macrophage 

inflammatory process.

To answer this, we first performed an LPS/IFNγ stimulation time course, exploring changes 

in Src activation, histone acetylation and PKCδ levels (Fig. 6a). We found that Y416 

phosphorylated Src increased within the first 15 min of inflammatory stimulation and 

the levels remained heightened for the duration of our time course (360 min). Histone 

acetylation was also seen to increase quickly, and was significantly higher at the 60-min 

time point, which coincided with the start of transcriptional activity of factors such as 

NF-κB. This increase in H3Ac levels was sustained for up to at least 360 min (data not 

shown). Interestingly, Y311 phosphorylated PKCδ increased transiently, with an abrupt 

decay beginning around 90 min after the onset of stimulation. This also coincided with a 

transient drop in total PKCδ levels, that return to pre-stimulation levels. Based on previous 

reports that p300 HAT activity is suppressed by PKCδ [35,44], we posited that p300 

activity is freed from suppression by PKCδ as a result of Src activation upon inflammatory 

polarization.

To study the effects of Src, PKCδ, and p300 on macrophage inflammatory activation, we 

blocked the activity of these molecules with PP1/PP2, rottlerin and curcumin, respectively, 

and profiled cytokine secretion (Fig. 6b). We found that blocking p300 had significant 

anti-inflammatory outcomes including a reduced IL-6, TNFα, and MCP-1 production. PP1 

was overall anti-inflammatory, and along with PP2 caused a decreased MCP-1 production by 

the cells. The impact of rottlerin was mixed, as it both upregulated and downregulated some 

inflammatory genes. We also studied the impact of these drugs on transcriptional factors 

such as NF-κB, STAT1 and HIF-1α. We find that curcumin reduces total NF-κB levels in 

both unstimulated and LPS/IFNγ stimulated cells (Fig. S8b). Inflammation-induced STAT1 

activation, which is marked by an increase in Y701 phosphorylated STAT1, is blocked in 

cells treated with rottlerin (Fig. S8a), potentially explaining some of the anti-inflammatory 

effects of rottlerin observed within our cytokine secretion profiles. HIF-1α, whose levels 

increase with inflammation as a result of stabilization, are suppressed in the absence of Src 
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activation, as seen in both PP1 and PP2 treated cells (Fig. S8a). These results underline the 

effects of each of these molecules in macrophage inflammation.

Our next experiment examined the effects of rottlerin and curcumin on bulk H3Ac levels 

(Fig. 6c). As expected, our p300 inhibitor curcumin led to a drastic drop in H3Ac 

expression, while rottlerin caused an increase in H3Ac levels. These results can be explained 

by the opposing impacts that these drugs have on p300 HAT activity – e.g., curcumin 

induced a precipitous drop in p300 HAT activity, while rottlerin caused an increase in p300 

activity in both unstimulated and stimulated cells (Fig. 6d). These results demonstrate that 

suppression of PKCδ can activate p300 HAT activity and lead to histone hyperacetylation.

We next wished to test the hypothesis that Src inactivation relieves PKCδ suppression 

and degradation. Observing total PKCδ and Y311 phosphorylated PKCδ levels in cells 

treated with PP1 and PP2 at 1-h post-stimulation, we observe that PP1 and PP2 treatments 

reduce Y311 phosphorylation of PKCδ, and diminish the transient drop in PKCδ levels 

(Fig. 6e). These results show that Src activation post-stimulation is indeed necessary for the 

suppression and degradation of PKCδ.

3.11. Micropatterned-induced macrophage elongation reduces global and local histone 
acetylation

Based on our observation that Src activation and subsequent PKCδ suppression was 

necessary for p300-mediated H3 hyperacetylation, we wished to observe Src expression and 

activation in iBet-treated and micropatterned (elongated) cells. We found that iBet treatment 

causes downregulation of Src gene expression as expected (Fig. 7a, Fig. S5) [18]. However, 

Src levels in micropatterned cells were unchanged in both unstimulated and LPS/IFNγ-

treated comparisons. We next wanted to observe if Src activation was hampered in the 

elongated cells. By measuring the ratio of phospho-Src (Y416) to total Src using western 

blots, we observe that there is an increase in Src activation upon LPS/IFNγ stimulation as 

expected [43]. However, phospho-Src levels do not increase significantly on micropatterned 

cells (Fig. 7b). This suggests that adhesome rearrangements induced by cellular elongation 

hamper Src activation by inflammatory stimulus, but do not trigger upregulation of Src 
expression as previously observed during pharmacological inhibition of Src activity through 

PP1/PP2 on flat surfaces (Fig. 5i and j).

Previous studies had noted that cellular elongation changes H3Ac level in fibroblasts and 

mesenchymal stem cells [22,47]. We wished to ascertain if total H3Ac levels varied with the 

elongation of macrophages. We noticed with both western blotting and immunofluorescence 

imaging that micropatterned cells exhibited lower global H3Ac marks (Fig. 7c and d). We 

also observed reduced total HAT and p300 HAT enzymatic activity in macrophages on 

micropatterns that were treated with inflammatory stimulus (Fig. 7e), corroborating with the 

reduced bulk H3Ac levels.

We further postulated that global reduction in H3Ac on micropatterns would translate to 

decreased levels of H3Ac at inflammatory gene promoters. ChIP-qPCR analysis showed 

significant drops in H3Ac enrichment at Ccl2 and Src promoter regions of micropatterned 

cells compared to unpatterned cells (Fig. 7f). We also observe reduced H3Ac enrichment 
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at the promoter of Cd86 (an pro-inflammatory macrophage marker), and unchanged 

H3Ac levels at the Mrc1 (an anti-inflammatory marker) gene promoter in unstimulated 

micropatterned cells.

4. Discussion

Many studies have focused on cell shape associated phenotypic changes, and their 

relationship with altered epigenetic states. One such study found that cellular elongation and 

spreading correlate with nuclear deformation and orientation [48]. Furthermore, elongated 

cells also exhibited significantly higher chromatin condensation and cell proliferation 

[48]. Elongation of mesenchymal stem cells by micro-topography or mechanical stretch 

causes increased nuclear elongation, and differential histone 3 acetylation (H3Ac) 

and histone modifying enzyme activity [47]. The biophysical regulation of osteogenic 

differentiation [49] and cell reprogramming [22] are also associated with changes in 

the epigenetic landscape. In mammary epithelial cells, it was reported that disruption of 

the actin cytoskeleton caused histone deacetylation [50]. Furthermore, the morphology 

of macrophages is known to correlate with their molecular phenotype in vivo. For 

instance, elongated macrophages found within atherosclerotic lesions of coronary arteries, 

a microenvironment that exhibits abnormal biomechanical cues, express CD68 and CD14 

while rounded macrophages express CD68 only [51]. With these in mind, we asked 

if similar forms of biophysically induced epigenetic modulation can explain the altered 

inflammatory response commonly observed in elongated macrophages [4].

In this study, we revealed altered epigenetic states and inflammatory gene expression 

profiles that arise alongside the elongation of macrophages and compared these altered 

molecular signatures with those induce through inhibition of BET (H3Ac reader) epigenetic 

signaling. Notably, we found that, similar to micropatterned and alternatively activated 

macrophages [4], iBet treatment promoted a more elongated cell morphology along with 

a suppressed inflammatory response. This morphological and inflammatory suppression of 

macrophage response to LPS/IFNγ was also reproduced in BRD2 and BRD4 deficient 

cells, showing that these specific BRD proteins play a role in guiding macrophage 

inflammation. Furthermore, we found that, in addition to canonical alteration in cellular 

shape, macrophages also increased the magnitude of their ECM traction forces upon 

inflammatory stimulation (with LPS/IFNγ addition), which led to concomitant reductions 

in migratory potential (speed and maximum displacement). This suggests that increased 

traction forces in inflamed cells may be utilized to increase ECM anchorages in order 

to reduce cell mobility. These effects on migration and traction force were also subdued 

in the presence of iBet, and cells cultured on low-adhesive micropatterned surfaces also 

retained significantly higher migratory potential. Taken together, these findings more closely 

connect cell-mediated force generation and the migratory potential of macrophages, which 

are undoubtably influenced by properties of the local microenvironment, to the expression 

of proinflammatory cytokines, including those involved in the recruitment of additional 

macrophages into the local tissue environment (e.g., MCP-1) to facilitate critical functions 

of innate immunity. These findings also corroborate a number of recent studies highlighting 

the importance of heightened cytoskeleton tension in macrophage polarization [52–54], 

where the acquisition of an inflammatory state requires cytoskeletal tensions large enough to 

Veerasubramanian et al. Page 16

Biomaterials. Author manuscript; available in PMC 2022 March 22.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



facilitate the nuclear shuttling of key mechanotransducers (e.g., YAP/TAZ [5] or MRTF [2]) 

and activation of mechanically-gated ion channels (e.g., Piezo1) [55].

While elongated macrophages expressed lower levels of classical M1 markers and 

inflammation-associated cellular and nuclear shape changes, an analysis of 240 

inflammatory genes reveals that the impacts of facilitated macrophage elongation on 

LPS/IFNγ treatment are not classifiable as purely pro- or anti-inflammatory. This was in 

stark contrast to the effects of iBet, which largely suppressed pro-inflammatory (M1) marker 

expression. However, the relationship between cell shape, motility and traction forces as 

macrophages polarize with LPS/IFNγ stimulation were also substantiated by examining 

the effect of polarization on adhesion and motility related genes. Specifically, reanalysis 

of existing datasets revealed that LPS stimulation caused sweeping changes in adhesome 

gene expression levels, possibly to further support alterations in morphology and migratory 

behavior (Figs. S4 and S5). Additionally, we noted a multifaceted relationship between 

adhesome and inflammatory gene expression using gene correlation network analysis. 

Intriguingly, iBet treatment partially blocks the incidence of inflammation-associated 

changes in adhesome and inflammatory gene expression, potentially explaining the 

persistence of cellular elongation even in the presence of inflammatory stimulus (Figs. S4 

and S5). This also suggested that epigenetic regulatory mechanisms involving H3 acetylation 

may influence the co-regulation of inflammatory and adhesome genes during inflammatory 

stimulation.

Acetylation of lysine residues in histones is generally associated with a relaxed and 

permissive chromatin architecture, and therefore, indicative of positive transcriptional 

regulation [56]. We report that total H3Ac levels increase in cells when stimulated with 

LPS/IFNγ, in a cytoskeleton-dependent manner. Indeed, previous studies have demonstrated 

a link between inflammation and histone acetylation. Endothelial shear stress-induced 

inflammatory eNOS secretion is tied to enhanced p300 HAT activity at the Nos3 promoter. 

Macrophages treated with HAT inhibitors, specifically curcumin [57], garcinol [58], 

and C646 [59], show reduced NF-κB activation and inflammatory marker expression 

upon stimulation. Here, we also report a decrease in global H3Ac levels in elongated 

macrophages.

From our network analysis, we also note an intricately connected set of genes that 

upregulate during LPS stimulation but whose gene expression may also be H3Ac dependent. 

Examining protein-level interactions between the genes of this cluster using previously 

reported associations through the String database, we find that the tyrosine kinase Src is 

at the interface of connections between the inflammatory and adhesome clusters. Src was 

also one of the genes whose promoter showed substantial increases in H3Ac with LPS 

in an iBet-sensitive manner. In addition, we also found that focal adhesions (visualized 

by vinculin staining), which help activate Src, were more diffuse and weaker in cells on 

micropatterns and those treated with iBet. This led us to explore the effect of Src knockdown 

and inhibition on H3Ac acetylation and find that a Src-p300 axis controls H3Ac levels 

in macrophages, and that this is vital for inflammatory activation. Src activation requires 

integrin engagement [43] and an intact cytoskeleton [60], making it highly probable that 

the dampened Src activity observed in cells on micropatterns are due to morphological and 
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adhesome modifications caused by low-adhesive culture conditions. In addition, previous 

studies have shown that Src activity (and consequent RhoA inactivation) is dampened within 

micropatterned HeLa cells [61].

In our LPS/IFNγ stimulation time course, we find that Src gets activated, and PKCδ 
levels transiently drop with a concomitant increase in Y311 phosphorylated PKCδ. Our 

experiments also show that the change in levels of PKCδ are Src-dependent. Blocking 

PKCδ through rottlerin also results in elevated p300 activity and H3Ac levels. Src has been 

previously reported to phosphorylate PKCδ at Y311 leading to its functional inactivation 

and degradation [45,46]. While PKCδ is a known antagonist of p300 HAT activity [35,44], 

our results reveal that Src activation is linked to p300 and H3 hyperacetylation through 

PKCδ phosphorylation and subsequent degradation during early macrophage polarization. 

We do note, however, that PKCδ levels rise back to pre-stimulation levels by 120 min 

post-stimulation, further suggesting that this transient drop in PKCδ represents a temporal 

window for release of p300 repression. Fig. 8 provides an illustration summarizing the 

Src-H3 acetylation signaling axis proposed in this study.

5. Conclusions

In summary, it has been proposed that macrophages fine-tune their immune responses, 

in part, through the activity of signaling molecules that function as mechanosensitive 

“rheostats”, which operate by effectively increasing (or deceasing) the output of certain 

signaling pathways. Given their demonstrated ability to both i) propagate mechanical signals 

from outside of the cell and ii) modulate the activity of integrin and immunoreceptor 

signaling pathways, Src and several Src-family member kinases have been proposed as 

candidate drivers of this rheostat-like behavior [62], however a clear mechanism has not 

been fully elucidated. At the same time, several studies have recently established that 

epigenetic modifications are essential for immune signal activation in macrophages, yet 

no studies to date have explored whether macrophages utilize epigenetic mechanisms as 

a means to fine-tune immune signaling output in response to biophysical cues. Here, 

we examined the role of epigenetic signaling in the regulation of mechanosensitive 

inflammatory gene activity. Our current study reveals, for the first time, a Src-histone 

H3 acetylation (H3Ac) signaling axis that is essential to the macrophage inflammatory 

response, and serves as both a modulator of immune signaling “gain” as well as an 

autoregulatory (negative) feedback mechanism to maintain Src expression levels during 

polarization. Importantly, we also observe that Src kinase activity was attenuated within 

low-adhesive culture conditions (where decreases in global levels of H3Ac were also noted) 

suggesting that Src may be largely responsible for biophysically-induced changes in histone 

modifications as reported by us and many others [5,22,63].

Taken together, our study highlights Src as a mediator of shape-dependent changes in 

H3Ac levels and inflammatory activation of macrophages. We provide first-ever evidence 

that Src acts as a rheostat to immune signaling activity in macrophages through a novel 

Src-epigenetic signaling axis. Given that Src plays multiple roles in macrophage biology, 

we believe our results have the potential to clarify critical regulatory mechanisms of innate 

immunity and greatly advance our understanding of the cell-material interface.
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Fig. 1. Macrophages exhibit altered morphology and inflammatory activation with BET 
inhibition and facilitated elongation.
(a) Schematic for the micropatterning technique used to generate the 5 μm fibronectin 

lines, and timeline of experiments describing the experimental workflow. (b) Morphology 

of unstimulated and stimulated BMDMs on flats, flats with iBet and micropatterned lines, 

with F-actin stained in the inset figures. (c) Relative gene expression of M1 marker genes 

Nos2, and Ccl2 in cells stimulated with LPS/IFNγ for 16 h, on the flats, flats with iBet and 

micropatterned conditions. Gene expression have been individually normalized to Gapdh. 

Quantification of cellular (d) and nuclear (e) aspect ratios for the BMDMs on flats, flats 

with iBet and micropatterned lines, and corresponding nuclear area (f), and nuclear volume 

(g). (h) Morphology of cells treated with siRNA against BRD2 and BRD4 for 3 days, 

and stimulated with 1 ng/ml LPS/IFNγ for 16 h. F-actin has been stained in the inset 
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figures. (i) Relative gene expression of M1 marker genes Nos2, and Ccl2 in cells stimulated 

for 16 h with 1 ng/ml LPS/IFNγ, after treatment with siBRD2 and siBRD4 for 3 days. 

Gene expression have been individually normalized to Gapdh. Data in all panels have been 

represented as mean ± SEM. One-way ANOVA with multiple comparisons using Tukey test 

was performed. Violin plots show quartiles and median. Source data are provided.
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Fig. 2. Macrophages exhibit altered adhesive structures and motility with BET inhibition and 
facilitated elongation.
(a) Vinculin staining of unstimulated and 1 ng/ml LPS/IFNγ stimulated BMDMs on 

flats, flats with iBet and micropatterned lines at 16 h post stimulation. Quantifications of 

maximum displacement (b), velocity (c), and mean square displacements (d) for BMDMs 

tracked for 12 h post stimulation, and displacement rose-plots (e) for the cells on flats, 

flats with iBet and micropatterns, with and without LPS/IFNγ stimulation. (f) Root-mean-

squared (RMS) traction forces measured at 2 h, 6 h and 15 h post stimulation, via traction 

force microscopy show an increase in forces with inflammatory activation that is subdued 

with iBet treatment. (g) Time-lapse microscopy figures demonstrating the motility behaviors 

of a representative macrophage on flats with and without iBet treatment; arrows point to 

leading-edge like protrusions that were transient and numerous (>2) in iBet-treated cells. 

Data in all panels have been represented as mean ± SEM. One-way ANOVA with multiple 

comparisons using Tukey test was performed. Violin plots show quartiles and median. 

Source data are provided.
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Fig. 3. Inflammatory and cell adhesion genes are co-regulated during macrophage stimulation 
and associate with dynamic histone acetylation.
(a) Heat map of dynamic inflammatory genes being differentially regulated with facilitated 

elongation (consistent across two biological replicates), at both early and late inflammatory 

states, and donut charts showing overlap between genes regulated with iBet treatment. 

(b) Gene coregulation network built with elongation-regulated differentially-expressed 

inflammatory genes (dynamic genes from a), and LPS-sensitive adhesome genes, and the 

correlations per gene for the various categories of genes in the network. (c) Heatmap 

showing differentially enriched H3Ac at promoter regions of the networked genes reveals 

a highly dynamic H3Ac landscape at 1 h post stimulation. (d) Statistics of correlations 
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within the network show that the dynamic adhesome and inflammatory genes are highly 

coregulated upon LPS stimulation. (e) Intercluster statistics that reveal that intra-cluster 

1 correlations were highly positive. (f) Statistical of genes in the network, plotting them 

based on the number of number of correlations. (g) Immunofluorescence images and H3Ac 

quantifications in macrophages treated with cytoskeletal inhibitor drugs - cytochalasin-D (10 

μM), blebbistatin (30 μM), Y27632 (30 μM) and RKI-1447 (10 μM), showing a reduced 

bulk H3Ac levels in LPS/IFNγ-activated cells. Cytoskeletal inhibitors were added 30 min 

prior to cytokine addition, and the cells were stained at 16 h post stimulation. p-values 

displayed are from one-way ANOVA with multiple comparisons using Tukey test. Violin 

plots show quartiles and median. Source data are provided.
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Fig. 4. Src controls H3 hyperacetylation upon LPS/IFNγ stimulation through p300.
iNOS expression (a), MCP-1 production (b), and Nos2 and Ccl2 gene expression levels 

(c) at 16 h post 1 ng/ml LPS/IFNγ stimulation in siSrc-treated cells portray Src as an 

inflammatory gene. Histone acetylation staining in cells treated with siSrc for 48 h (d), 

and a further 16 h of 1 ng/ml LPS/IFNγ stimulation (e) show lower global H3Ac levels 

with Src knockdown. (f) Total HAT and p300 HAT activity measured in siSrc-treated cells 

2 h post LPS/IFNγ stimulation show lower p300 HAT activity. Data has been represented 

as mean ± SEM, and one-way ANOVA with multiple comparisons using Tukey test was 

performed. Exceptions in panels b–e where only 2 conditions are available were instead 

subjected to Student’s t-test for analysis. Violin plots show quartiles and median. Source 

data are provided.
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Fig. 5. Src activation drives H3 hyperacetylation through p300.
(a) Effects of PP1 (5 μM) and PP2 (5 μM) treatment on Src activation measured by 

Western blot. Anti-inflammatory effects of PP1 and PP2 treatments demonstrated by MCP-1 

production (b), Ccl2 and Nos2 gene levels (c), and iNOS staining (d) in cells treated with 

Src inhibitors for 6 h, followed by stimulation of 1 ng/ml LPS/IFNγ for 16 h. Global 

H3Ac levels in cells treated with PP1 and PP2 for 24 h (e), and 6 h Src inhibitors followed 

by 16 h 1 ng/ml LPS/IFNγ treatment (f) show Src inhibition suppress H3Ac expression. 

(g) p300 activity in unstimulated and stimulated cells wherein 6 h drug treatment was 

followed by 2 h of 1 ng/ml LPS/IFNγ treatment show suppressed p300 activity in PP1- and 

PP2-treated cells. (h) Ccl2 proximal promoter H3Ac enrichment measured at two different 
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loci in 6 h PP1- and PP2-treated cells that were subsequently stimulated for 2 h with 1 

ng/ml LPS/IFNγ; ChIP-qPCR with pre-immune IgG displayed background signal and was 

comparable across conditions (data not shown). (i) Src proximal promoter H3Ac enrichment 

measured in 6 h PP1- and PP2-treated cells that were subsequently stimulated for 2 h 

with 1 ng/ml LPS/IFNγ. (j) Src gene expression in in 6 h PP1- and PP2-treated cells that 

were subsequently stimulated for 16 h with 1 ng/ml LPS/IFNγ. Data has been represented 

as mean ± SEM, and one-way ANOVA with multiple comparisons using Tukey test was 

performed. Violin plots show quartiles and median. Source data and unprocessed blots are 

provided.
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Fig. 6. LPS/IFNγ stimulation triggers Src activation and suppresses PKCδ, increasing H3Ac 
through derepression of p300 HAT activity.
(a) Stimulation time course with 10 ng/ml LPS/IFNγ drives up Src activity, and histone 

acetylation levels, along with transient drops in total PKCδ and a brief increase in Y311 

phospho-PKCδ. (b) Cytokine prolife of cells treated for 6 h with inhibitory drugs that 

suppress Src, PKCδ and p300 activity, before stimulation with 1 ng/ml LPS/IFNγ for 16 

h. Cytokines in the heatmap are ordered by the concentration observed (IL-6 being the 

highest). (c) Histone acetylation staining in cells treated for 6 h with rottlerin (5 μM) and 

curcumin (30 μM), and 16 h of 1 ng/ml LPS/IFNγ stimulation. (d) p300 HAT activity shoots 

up with rottlerin treatment and diminishes with curcumin addition. (e) Levels of total and 

Y311 phospho-PKCδ in cells treated for 6 h with PP1 (5 μM) and PP2 (5 μM), 1 h after 1 

ng/ml LPS/IFNγ stimulation. Data has been represented as mean ± SEM. One-way ANOVA 

with multiple comparisons using Tukey test was performed. Violin plots show quartiles and 

median. Source data and unprocessed blots are provided.

Veerasubramanian et al. Page 32

Biomaterials. Author manuscript; available in PMC 2022 March 22.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 7. Macrophage cell elongation reduces global and local histone acetylation.
(a) Src gene expression in cells with iBet treatment and micropatterning, 16 h post 

LPS/IFNγ stimulation. (b) Western blot analysis of Src activation in cells with iBet 

treatment and micropatterning, 30 min and 120 min post LPS/IFNγ stimulation. (c) Western 

blots of macrophages showing reduced bulk H3Ac levels on micropatterned surfaces 

at 16 h post LPS/IFNγ stimulation. (d) Immunofluorescence images and corresponding 

quantifications of macrophages in same conditions. (e) Total and p300 HAT activity 

measured in cells with iBet treatment and micropatterning. (f) ChIP-qPCR showing reduced 

H3Ac enrichment on the proximal promoters of inflammatory genes Ccl2, Src, and Cd86 
with facilitated elongation on micropatterns; ChIP-qPCR with pre-immune IgG displayed 

background signal and was comparable across conditions (data not shown). Data has been 

represented as mean ± SEM. One-way ANOVA with multiple comparisons using Tukey test 

was performed. Violin plots show quartiles and median. Source data and unprocessed blots 

are provided.
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Fig. 8. Summary illustration of Src-H3 acetylation signaling axis in macrophages.
(Top) Summary of observations on cell morphology, motility, Src and p300 activity, histone 

acetylation levels and inflammatory activation, in cells treated with iBet or undergoing 

facilitated elongation. The relative impact of each condition on a given cell characteristic 

is conveyed through the direction (up or down) and size of arrowheads. (Bottom) 

Schematic portraying the cytoskeleton-epigenetic nexus that modulate inflammation in 

macrophages experiencing elongation or pharmacological perturbation (gray dashed arrows 

indicate previously reported mechanisms). Src activation is achieved by both exposure 

to biochemical/soluble cues such as LPS (through a MyD88-dependent mechanism) [64] 
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and IFNγ (through a JAK1 dependent mechanism), and biomechanical events such as 

ECM-integrin engagement [65]. Src activation drives PKCδ degradation and suppression 

by phosphorylation at Y311. Src inhibitors such as PP1 and PP2 prevent the activation of 

this signaling cascade. PKCδ activity suppresses p300 HAT activity by phosphorylation at 

S89 [44]. We show that cellular elongation can suppress Src activation even in the presence 

of LPS/IFNγ stimulation. This eventually leads to a diminished p300 HAT activity in 

elongated cells. p300 acetylates his-tones, allowing transcriptional complex binding to the 

chromatin. A diminished p300 activity in elongated cells thus lowers transcriptional activity 

of inflammatory genes. In contrast, the anti-inflammatory activity of iBets stems from 

their inhibition of BET family proteins (e.g., Brd2 and Brd4) that facilitate transcription 

factor and elongation factor binding to the chromatin. This work demonstrates a novel 

mechanism through which biophysical cues from the microenvironment can regulate 

transcriptional programs such as inflammation by rapidly modifying histones. Notably, these 

biophysically-induced effects can be on par with those observed through treatments with 

soluble pharmacological agents.
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