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Abstract

The pulmonary fibrotic microenvironment is characterized by increased stiffness of lung tissue 

and enhanced secretion of profibrotic soluble cues contributing to a feedback loop that leads 

to dysregulated wound healing and lung failure. Pinpointing the individual and tandem effects 

of profibrotic stimuli in impairing immune cell response remains difficult and is needed for 

improved therapeutic strategies. We utilized a statistical design of experiment (DOE) to investigate 

how microenvironment stiffness and Interleukin 13 (IL13), a profibrotic soluble factor linked 

with disease severity, contribute to the impaired macrophage response commonly observed in 

pulmonary fibrosis. We used engineered bioinspired hydrogels of different stiffness, ranging 

from healthy to fibrotic lung tissue, and cultured murine alveolar macrophages (MH-S cells) 

with or without IL13 to quantify cell response and analyze their independent and synergistic 

effects. We found that, while both stiffness and IL13 independently influence macrophage 

morphology, phenotype, phagocytosis and efferocytosis, these factors work synergistically to 

exacerbate impaired macrophage phenotype and efferocytosis. These unique findings enabled by 

the innovative approach provide insights into how macrophages in fibrotic conditions are not as 

effective in clearing debris, contributing to fibrosis initiation/progression, and more broadly inform 

how underlying drivers of fibrosis modulate immune cell response to inform therapeutic strategies.
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Alternative activation (M2 phenotype) of macrophages and reduced phagocytosis is regulated 

synergistically by increased substrate stiffness and presence of profibrotic soluble cues.

Introduction

Pulmonary fibrosis is a form of interstitial lung disease (ILD) characterized by dysregulated 

wound healing resulting in lung scarring and irreversible damage to the lung architecture.1, 2 

Several risk factors have been linked to the increased precedence of the disease, including 

radiation and chemotherapeutics,3 viral infections,4 environmental and occupational 

exposure to hazardous materials,5 and genetic factors.6 Amongst different ILDs, idiopathic 

pulmonary fibrosis (IPF) is the most archetypal and severe disease of unknown etiology 

with an incidence rate of 3–18 cases per 100,000 people in the US and Europe and a 

median survival rate of 2–3 years.7 The current understanding of IPF best classifies the 

disease as a result of aberrant wound healing.8 However, the initiation and early stage 

mechanism of this dysregulated wound healing remain poorly understood, preventing the 

development of effective therapeutics. The fibrogenesis is hypothesized to be initiated by 

repeated micro-injuries to the alveolar epithelium resulting in a maladaptive wound healing 

response orchestrated by activated fibroblasts.9 These activated fibroblasts are involved in 

matrix remodeling following epithelium injury by secreting and depositing key extracellular 

matrix (ECM) proteins.10 Excess production of these ECM proteins is a hallmark of IPF 

progression resulting in tissue stiffening, decreased vital lung capacity, and eventual lung 

failure.11 Contributing to the aberrant wound healing,12 activated macrophages are also 

hypothesized to play a central role in the profibrotic feedback loop by secreting profibrotic 

cues that reinforce fibroblast activation.13 Insights into the compelling microenvironment 

factors that drive impaired macrophage polarization and function in this complex process are 

needed to identify therapeutic approaches that can reverse their destructive contributions to 

IPF as one approach to decelerating the profibrotic loop.

Macrophages are professional phagocytes that can activate to phenotypes historically 

characterized as either classically-activated, pro-inflammatory (M1) or alternatively-

activated, anti-inflammatory (M2) based on microenvironment cues.14–16 Improper balances 

of these activated phenotypes can lead to macrophages becoming key players in various 

pulmonary diseases.17, 18 In IPF, the current hypothesis of macrophage involvement begins 

with M1 macrophages contributing to the initial stages of injury to maximize cytotoxic 

activity and neutralize infection, followed by a phenotypical shift towards M2 prevalence 
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to resolve inflammation and mediate wound healing responses (e.g., fibroblast activation 

and proliferation, supporting further ECM remodeling).19, 20 In support of this, cellular 

population analysis both in clinical settings and in animal models (predominantly murine 

models) have repeatedly shown increased presence and persistence of more-M2 like 

macrophages in the later stages of fibrosis that further exacerbates the profibrotic feedback 

loop and fibrosis progression.13, 21 Indeed, studies of IPF patients have revealed an increased 

presence of M2 macrophages in the bronchoalveolar lavage (BAL) and serum.22, 23 Excess 

M2 polarization supports secretion of pro-fibrotic mediators such as transforming growth 

factor β (TGF-β) that increases fibroblast recruitment and activation through paracrine 

signaling.24 Similar observations have been made in murine fibrotic models (i.e., bleomycin-

induced fibrosis) in which increased macrophage presence M2 contributes to the profibrotic 

loop by secretion of soluble factors (e.g., TGF-β, C-C motif chemokine ligand 2 [CCL2], 

and platelet-derived growth factor [PDGF])25 and are influenced by other known fibrotic 

cues (e.g., interleukins [IL] 13 and 10)26, 27 that ultimately impairs macrophage response 

and phenotype. Limited observations also have suggested that macrophages display an 

impaired phagocytic profile in late-stage fibrotic disease that likely exacerbates impaired 

remodeling.28, 29

Given the complex interplay of profibrotic signs, identifying a single point of fibrotic 

initiation or main contributor to macrophage persistence within the profibrotic loop 

remains difficult. To investigate the underlying drivers of fibrosis, reductive models of IPF 

mimicking changes in fibrotic microenvironment have been pursued.30, 31 Some of these 

changes in the fibrotic microenvironment include increased stiffness of lung tissue due 

to the excess deposition of the ECM32 (Youngs modulus (E)~1.5–3 kPa for healthy lung 

tissue to E~20–25 kPa for fibrotic tissue), increased presence of profibrotic soluble factors 

(such as IL13),33 and the enhanced secretion and presence of select ECM components.34 

Our group35, 36 and others37, 38 have highlighted the role of ECM components in fibrosis 

towards promoting fibroblast activation and proliferation on mechanically relevant hydrogel 

culture systems. Similarly other studies have investigated changes in macrophage function, 

including phenotypical changes,39, 40 morphology,41, 42 and phagocytosis39, 41, 43 by 

varying substrate stiffness in the presence of different polarizing factors. While these 

factors individually have shown to modulate macrophage phenotype, there is still a 

limited understanding of how these variables work together or independently to drive 

impaired phenotypes and ultimately accelerate disease progression. Identification of parallel 

or synergistic drivers of IPF will not only inform hypotheses of early-stage disease 

underpinnings, but also generate focused approaches for identifying therapeutic intervention 

priorities.

In this work, we sought to investigate if substrate stiffness and profibrotic soluble cues, 

two key parameters of fibrosis progression, act synergistically or independently in altering 

macrophage phenotype and function. For this, we utilized a mechanically relevant 2D 

hydrogel culture platform with defined mechanical (stiffness) cues inspired by the stiffness 

of healthy and fibrotic lung tissue and biochemical cues (IL13) inspired by the increased 

secretion of IL13 in the fibrotic microenvironment33 and for its role in activating other 

immune cells25, 44 to investigate the response of murine alveolar macrophage cells (MH-

S cells). We hypothesized that both IL13 and matrix stiffness work synergistically to 
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alter the phenotype and impair the function of alveolar macrophages. To assess this, we 

applied a statistical design of experiments (DOE) approach with two-factor factorial design, 

examining at “low” and “high” profibrotic stimuli conditions, and quantified both individual 

and combinatorial effect of these microenvironmental cues on macrophage responses, 

including the morphological, phenotypical, and phagocytic profile of alveolar macrophages 

under different culture conditions (Figure 1). We chose two levels for stiffness, low (E~2–3 

kPa) and high (E~20–22 kPa) that were inspired by the stiffness of healthy lung tissue and 

fibrotic lung tissue, and two levels of IL13, low (0 ng/mL IL13) and high (20 ng/mL), 

based on literature precedence.39,41 This DOE approach contributes to the understanding 

of microenvironment cues for altered macrophage function in fibrosis including impaired 

phagocytosis and highlights the importance of investigating the effect of pro-fibrotic factors 

both individually and in tandem for unravelling complex immune cell responses to identify 

better therapeutic targets.

Experimental section

PEG-norbornene functionalization and characterization.

Functionalization of 4-arm amine terminated PEG (PEG-4-NH2; ~10 kDa) (JenKem 

Technology USA Inc.) with norbornenes was performed using a previously established 

protocol.45 Briefly, PEG-4-NH2 (5 gm, 1eq) was added to an argon-purged 100 mL 

round bottom flask (RBF) and dissolved in anhydrous N,N-dimethylformamide (DMF, 

ThermoFisher) at room temperature. In another argon-purged 250 mL RBF, 5-norbornene-2-

carboxylic acid (Nb-COOH) (0.54 mL, 8.8 eq, Sigma Aldrich), hexafluorophosphate 

azabenzotriazole tetramethyl uronium (HATU) (1.52 gm, 8 eq, Sigma Aldrich), and 4-

methylmorpholine (4-MMP) (0.99 mL, 18eq, TCI chemicals) were dissolved in 20 mL 

anhydrous DMF at room temperature. After the reagents were dissolved completely in the 

DMF, the PEG solution was added dropwise using a syringe to the other RBF containing 

dissolved norbornene solution and stirred overnight. The functionalized PEG was purified 

by precipitation in ice-cold diethyl ether two times (250 mL) and the solid product was 

collected by vacuum filtration using a Buchner funnel with filter paper number 5. The solid 

polymer product was dried in the vacuum oven overnight at room temperature and further 

purified by dialysis (MWCO 1 kDa, Spectrum Laboratories) against deionized water (DI 

water) for 2 days. The purified product was frozen and lyophilized and the functionality 

(purity) of the norbornene functionalized PEG (PEG-4-Nb) was quantified (functionality of 

~ 85% norbornene per 4-arm PEG) using 1H NMR (AV600 NMR spectrometer) in DMSO-

d6 (Figure S1). The yield was ~ 70%. PEG-4-Nb was dissolved in phosphate buffered saline 

(PBS) and stored at −80°C until further use.

LAP synthesis.

The photoinitiator, lithium phenyl-2,4,6-trimethylbenzoylphosphinate (LAP), was 

synthesized using a previously published protocol46. Briefly, in an argon-purged RBF, 2,4,6-

trimethylbenzoyl (3.2 gm, Sigma Aldrich) and dimethyl phenylphosphinate (3 gm, Sigma 

Aldrich) were added and stirred overnight at room temperature. The following day, Lithium 

Bromide (6.1 gm, Sigma Aldrich) was dissolved in 2-Butanone (100 mL, Sigma Aldrich) 

and added dropwise to the reaction mixture using a syringe. The reaction mixture was heated 
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(50°C, 10 minutes) in an oil bath and formation of a solid precipitate was observed. The 

reaction mixture was cooled to room temperature for 4 hours and filtered to recover the solid 

final product. The product was dried under vacuum and the product purity was confirmed 

using 1H NMR in DMSO-d6 (Figure S2). The purified product was stored at −80°C until 

further use.

Peptide synthesis and characterization.

All peptides were synthesized by solid phase peptide synthesis using standard Fmoc 

chemistry and contained cysteine amino acid to facilitate covalent crosslinking between 

the pendant thiol (SH) of the peptides and the norbornene (Nb) end group of the 

PEG-4-Nb monomer. The difunctional linker peptide (GCGKVPMSMRGGKGCG) and 

monofunctional pendant peptides (CGGPHSRNG10RGDSP [PHSRN] (integrin binding 

peptide) and CGGHRPSNG10RGSDP [HRPSN] (scrambled peptide)) were synthesized 

on a microwave-assisted automated peptide synthesizer (Liberty Blue; CEM, Matthews, 

NC) using triple coupling of Fmoc-protected amino acids (Chempep). The peptides were 

cleaved from the resin using 95 % (v/v) trifluoroacetic acid (Acros organics), 2.5 % (v/v) 

triisopropylsilane (Acros Organics) 2.5 % (v/v) DI water, and 5 % (w/v) Dithiothreitol 

(Research Products International) for 4 hours while stirring at room temperature. Cleaved 

peptides were precipitated in cold diethyl ether for 5 times (9X excess volume) and 

dried overnight. Crude peptides were dissolved in 95% DI water and 5% Acetonitrile 

(ThermoFisher) and purified using reverse-phase high performance liquid chromatography 

(HPLC; XBridge BEH C18 OBD 5 μm column; Waters, Milford, MA) with a linear water-

acetonitrile gradient (95:5 to 55:45 H2O:ACN over 40 minutes). The purified peptides 

were lyophilized, and the molecular weight was confirmed by mass spectrometry (Figure 

S3, S4, S5). The lyophilized peptides were reconstituted in the sterile PBS and the thiol 

concentration of each peptide solution was determined using Ellman’s assay. The peptides 

were aliquoted and stored at −80°C until further use.

Hydrogel polymerization.

Hydrogels were prepared using thiol-ene click chemistry based on modified versions 

of established protocols.45 Precursor monomer solutions at different monomer and 

linker peptide concentrations were polymerized to make hydrogels with different moduli 

(‘stiffness’): (a) Soft hydrogels were prepared using 11 mM PEG-4-Nb, 9 mM linker 

peptide, and (b) Stiff hydrogels were prepared using 23 mM PEG-4-Nb, 21 mM linker 

peptide. For all the conditions, 2 mM pendant peptide (PHSRN or HRPSN) and 2.2 mM 

LAP were used. A 1:1 stoichiometric ratio between thiol and norbornene was maintained 

for all the studies. Hydrogels were polymerized upon irradiation for 5 minutes using 

long wavelength UV light (10 mW/cm2, 365 nm) with an Omnicure Series 2000 light 

source (Excilitas, Waltham, MA) with light guide and a collimating lens. For modulus 

measurements, 30 μL precursor solution was polymerized in a 1 mL syringe (with the tip 

cut off) and the hydrogels were equilibrium swollen in PBS overnight. For the cell culture 

experiments, hydrogels were formed on glass coverslips (12 mm) under sterile conditions 

using cylindrical gasket mold (11mm diameter, 0.5mm height). Precursor solution (60 μL) 

was used for each mold and the monomer solution was polymerized for 5 minutes. A single 

hydrogel was made at a time and then placed in non-tissue culture treated 24-well plate. 
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The hydrogels were washed once with sterile PBS and incubated with 500 μL of sterile PBS 

overnight.

Surface modulus measurement using microindentation.

Microindentation was used to determine the surface moduli of the hydrogels and identify 

the monomer concentrations that achieved the desired stiffness, where final hydrogel 

compositions were noted above32. Microindentation experiments were performed with a 

custom made tribometer using 1.5 mm diameter alumina spherical indenter probe to measure 

contact modulus of the hydrogel surface47. The microtribometer had a nanopositioning stage 

(PI Q-545.240) with a range of 26 mm and a resolution of 6 nm and was used to control 

indentation depth. A custom load cell consisted of a calibrated cantilevered beam (1165 

N/m) and a capacitance sensor (Lion Precision CPL290, C3S) was used to measure beam 

deflection. The thickness of each hydrogel was measured before placing the sample on the 

indentation platform and different normal forces (0.25 – 5 mN) were applied to achieve 

a maximum indentation depth of ~15% (relative to hydrogel thickness). The contact force 

was calculated by multiplying the beam deflection by the spring constant of the cantilever 

beam. The difference between the stage displacement and the beam deflection provided the 

indentation depth of the Alumina probe into the sample. Contact moduli then were obtained 

by fitting the contact force, indenter radius, and indentation depth in the Hertz model.47 Six 

indentation measurements were performed per sample to account for the spatial variation.

For in situ modulus measurements, monomer solution was polymerized on an AR-G2 

rheometer (TA Instruments, New Castle, DE) with UV-Vis light accessory, 8-mm geometry, 

and Omnicue Series 2000 light source (Excilitas, Waltham, MA) with liquid filled light 

guide (10 mW/cm2 at 365 nm, 5 minutes). During polymerization, storage modulus was 

measured over time at a strain of 2.5% and a frequency of 1 rad/s to achieve measurements 

within the linear viscoelastic regime. Final Young’s modulus (E) was calculated from 

the measured final storage modulus (G’) using the rubber elasticity theory, adjusting for 

theoretical equilibrium swelling.45

Mammalian cell culture and maintenance.

An immortalized murine alveolar macrophage cell line (MH-S) was purchased from the 

American Type Culture Collection (ATCC). MH-S cells were cultured at 37°C with 5% 

CO2 under sterile conditions in the complete media containing RPMI 1640 Medium 

(Corning) supplemented with 10 % (v/v) heat-inactivated fetal bovine serum (FBS; Gibco) 

and 1% (v/v) penicillin/streptomycin (PS, Corning). Cells were expanded on T-75 tissue 

culture flasks and spent media was replaced with fresh media every 2–3 days. Upon 80% 

confluency, cells were detached from T-75 using Trypsin/EDTA (3 minutes, Corning) and 

either used in the experiments as needed or subcultured following the vendor instructions. 

All the experiments in this study were performed between passage 2 and passage 10.

Cell seeding and culture on hydrogels (2D hydrogel culture).

The 24-well plate containing equilibrium swollen hydrogels of different stiffness was 

removed from the incubator; PBS was removed and hydrogels were washed once with 

fresh RPMI media before adding fresh media. Hydrogels were equilibrated in the media 

Bomb et al. Page 6

Biomater Sci. Author manuscript; available in PMC 2023 September 27.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



for 2 hours. The required number of detached MH-S cells (using trypsin/EDTA) from T-75 

flasks were resuspended in RPMI media (500 μL per well) and seeded dropwise on top of 

the hydrogels uniformly at a seeding density of 100,000 cells/cm2. Cell-hydrogel constructs 

were incubated at 37°C with 5% CO2 to allow the cells to adhere on the hydrogels. After 

24 hours, hydrogels were transferred to a fresh non-tissue culture treated 24-well plate to 

remove any unattached cells and 500 μL of fresh media was added to each well. Cells 

were incubated for additional 24 hours at 37°C with 5% CO2 before using the cells for 

experiments. 48 hours post seeding, cells were either polarized with IL13 cytokine (20 

ng/mL) or media was replenished for non-IL13 treated conditions for 24 hours. After 

polarization for 24 hours, cells were either prepared for further experiments or the samples 

were processed for analysis. For each experiment, cells were subcultured from the same 

thawed vial to ensure uniform culture history for all the conditions. Metabolic activity of 

cells for cells cultured on hydrogels over time was assessed using an alamarBlue assay 

according to the manufacturer’s instructions. Briefly, alamarBlue reagent was diluted 1:10 

in complete media, and the cells cultured on hydrogels were incubated in the diluted 

alamarBlue solution for 4 hours after which the fluorescence was measured on the plate 

reader (Ex. 560, Em/ 590).

Cell attachment and cell spread.

To quantify the effect of stiffness and presence of IL13 cytokine on cell attachment and 

cell spread area, MH-S cells were seeded on hydrogels and the cell hydrogel constructs 

were imaged on BioTek Cytation 5 Multimode Imager (Agilent Technologies, Santa Clara, 

CA). To determine the attached cell count on each hydrogel sample, multiple images 

were captured using the 4X objective, allowing examination of a broad, representative 

hydrogel area. To assess cell spreading, multiple images per sample were captured using the 

20X objective. Image analysis for both cell attachment and cell spreading was performed 

using Fiji-ImageJ (National Institutes of Health, Bethesda, MD). Briefly, the images were 

converted into binary format and individual cells in a cell cluster were identified using the 

watershed option and analyzed using the analyze particle option in the software. For cell 

attachment studies, at least 5 replicates were used for each culture condition and minimum 

of 4 images from each replicate were captured. For cell spread quantification, 3 replicates 

were used for each condition and between 7 and 10 images were captured from each 

replicate.

Phagocytosis and efferocytosis assay.

Internalization of lipid microparticles by MH-S cells seeded on hydrogels was performed 

to assess the effect of stiffness and IL13 on particle uptake. Sterile and endotoxin 

free fluorescent lipid microparticles (3 μm diameter) were purchased from Echelon 

Biosciences (Salt Lake City, Utah) and used without further modification. Cells were 

seeded and polarized using IL13 as described above. To determine efferocytosis by cells, 

phosphatidylserine (PS) coated microparticles were used and phagocytosis by cells was 

quantified using phosphatidylcholine (PC) coated microparticles. Briefly, both PS and PC 

sterile microparticles were sonicated for 10 minutes followed by vortexing for 1 minute 

to achieve a uniform particle suspension. The required volume of particle suspension was 

mixed with fresh RPMI media (200 μL) to achieve a final concentration of ~5 particles 
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per cell (~15 μg/mL). Cell-hydrogel constructs were washed once with fresh media and 

300 μL of fresh media per well was added. Particle suspension was added on top of the 

hydrogels dropwise and cells were placed at 37°C in 5% CO2 for 6 hours to allow for 

particle internalization. Post incubation, cells were washed twice with sterile PBS to remove 

non-internalized particles. Samples were imaged on LSM 800 Confocal Microscope (Zeiss) 

followed by preparing the samples for flow cytometry to assess the %microparticle+ cell 

population for different hydrogel conditions. At least 3 hydrogel samples per condition were 

used for the internalization assay.

Flow cytometry analysis for macrophage phenotype and internalization.

Changes in macrophage phenotype for cells seeded on different hydrogel conditions was 

determined using flow cytometry. Cells were washed twice with cold PBS and the cells were 

detached from hydrogels by incubating with TrypLE Express (300 μL; 3 minutes; Gibco) 

at 37°C in 5% CO2. Cells were checked under the microscope to ensure complete cell 

detachment and 300 μL of FACS buffer (2% (v/v) FBS in PBS) was added to quench 

the TrypLE Express. The cell suspension was transferred to 1.5mL Eppendorf tubes, 

centrifuged (500xg, 5 minutes, 4°C), and washed twice with ice-cold PBS. Cells were 

blocked with anti-CD16/32 (BioLegend, San Diego, CA) for 15 minutes on ice to minimize 

non-specific binding followed by staining for surface markers for 30 minutes using the 

following antibodies: anti-CD86-AlexaFluor700, anti-CD80-Pacific Blue (from BioLegend). 

Cells were washed twice with ice-cold PBS and then fixed using 4% paraformaldehyde 

(PFA) in PBS (Alfa Aesar) for 15 minutes. Cells were then permeabilized using Intracellular 

Staining Permeabilization Wash Buffer (Biolegend) and intracellular staining was done on 

ice for 30 minutes with anti-CD206-PE-Cy7 (BioLegend). Flow cytometry analysis was 

performed using ACEA NovoCyte Flow Cytometer (Agilent Technologies, Santa Clara, 

CA). All samples were gated to identify single cell population (Figure S6) and mean 

fluorescence intensity (MFI) was quantified to measure changes in marker expression. MFI 

for all the samples was normalized to Soft condition without IL13 (Soft (−)). At least 3 

hydrogel samples per condition were used for the flow cytometry analysis.

Similarly, to analyze the extent of phagocytosis and efferocytosis by cells, fluorescent lipid 

particles were added to the cells as described earlier (phagocytosis and efferocytosis assay) 

and the internalization was quantified using flow cytometry. Briefly, cells were detached 

(TrypLE Express), washed twice with FACS buffer, and quenched with 0.4% Trypan Blue 

dye before running on the flow cytometer to account for internalized particles. The data was 

collected on the FITC channel to measure particle uptake and MFI. For all the conditions, 

MFI was normalized to Soft condition without IL13 (Soft (−)). At least 3 hydrogel samples 

per condition were used for the flow cytometry analysis.

Cytokine analysis using Enzyme Linked ImmunoSorbent Assay (ELISA).

Phenotype of macrophages cultured on hydrogels was further quantified by measuring the 

release of cytokines using ELISA. Media in which cells were being cultured under different 

conditions was collected and centrifuged to remove any debris and then frozen at −80°C. 

These conditioned media samples were shipped to the University of Maryland Cytokine 

Core to analyze the concentration of the following cytokines within them: C-C Motif 

Bomb et al. Page 8

Biomater Sci. Author manuscript; available in PMC 2023 September 27.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Chemokine Ligand 2 (CCL2), Transforming growth factor beta (TGF-β), Tumor necrosis 

factor alpha (TNF-α), and Interleukin 1 beta (IL-1β). Media from at least 3 hydrogel 

samples, per condition was used for the ELISA assay. Absolute concentrations for each 

cytokine were determined using a standard curve.

RNA isolation and gene expression analysis using RT-qPCR.

To examine the effect of stiffness on macrophage phenotype at gene level, cells were 

seeded and polarized on hydrogels as described earlier. Cells then were washed once 

with warm PBS and detached from hydrogels by incubating with TrypLE Express (300 

μL; 3 minutes) at 37°C in 5% CO2. Cells were checked under the microscope to ensure 

complete cell detachment and diluted with 300 μL of FACS buffer. Cells were washed once 

with warm PBS followed by preparing the samples for RNA isolation. For each replicate, 

samples from two hydrogels were pooled. RNA from the cells was isolated using a RNeasy 

plus mini kit (Qiagen) following the manufacturer’s protocol. The purity and content of 

the isolated RNA was determined using UV-Vis spectrophotometer (Nanodrop; Thermo 

Scientific, Waltham, MA); the A260/A280 value was verified to be equal to or above 1.8 

for each sample. After RNA isolation, cDNA was synthesized using a QuantiTect Reverse 

Transcription Kit (Qiagen) following the manufacturer’s protocol. Reverse transcription 

quantitative real-time PCR (RT-qPCR) was run using a SYBR-Green master mix according 

to the manufacturer’s instructions. Primers for the genes of interest (CD206 and IL-1β) were 

selected from the literature48 and are listed in Table S1. The ΔΔCt method was used to 

quantify gene expression, with GAPDH as housekeeping gene49. Gene expression of cells 

on Stiff hydrogels was normalized to Soft hydrogel condition. RT-qPCR was run on CFX96 

detection system (Bio-rad, Hercules, CA). 3 replicates per condition were used for the gene 

expression analysis.

Immunofluorescent staining of cells on 2D hydrogels.

After polarization for 24 hours in conditions of interest, cells were prepared for 

immunostaining. Cells on hydrogel substrate were washed twice with PBS (5 minutes) and 

fixed using 4% PFA for 15 minutes at room temperature. Fixed cells cultured on hydrogels 

were washed twice with PBS and then incubated in 0.25% v/v Triton-X (ThermoFisher 

Scientific) for 15 minutes at room temperature while rocking for permeabilization. Samples 

were further washed twice with 0.1% v/v Triton X-100 in 1 wt% Bovine Serum Albumin 

(BSA; ThermoFisher Scientific) for 5 minutes while rocking and then incubated with 0.2% 

v/v Triton X-100 in 3 wt% BSA for 1 hour at room temperature while rocking for blocking 

and permeabilization. Permeabilized samples were incubated with primary antibody in 

0.2% v/v Triton-X/3 wt% BSA (rabbit Anti-Mannose Receptor (CD206), 1:100, Abcam, 

Waltham, MA) overnight at 4°C. Samples were washed thrice with 0.1% v/v Triton X-100/1 

wt% BSA for 15 minutes at room temperature while rocking. The secondary antibody 

(goat anti-rabbit AlexaFluor 488, 1:100, Invitrogen) and actin red (10% v/v; F-actin stain) 

were added in 0.2% v/v Triton-X/3 wt% BSA solution and incubated at room temperature 

with samples for 3 hours while rocking. Samples were washed thrice with 0.1% v/v Triton 

X-100/1 wt% BSA for 15 minutes and incubated with Hoechst stain (0.4% v/v, Invitrogen) 

in PBS for 45 minutes at room temperature. Samples were washed twice with PBS and 
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stored in PBS at 4°C protected from light until imaging. Hydrogel samples were placed on 

glass slide and imaged using LSM 800 confocal microscope.

Statistical analysis.

A two-factorial DOE approach was used to assess macrophage phenotype and function 

in response to hydrogel stiffness and IL13 and determine the independent (linear) and 

synergistic (non-linear) effects of factors on macrophage response. In this study, the 

independent input variables were matrix modulus (“Low” – 3 kPa (‘Soft’ hydrogel 

condition) and “High” – 22 kPa (‘Stiff’ hydrogel condition)) and IL13 concentration 

(“Low” – 0 ng/mL and “High” – 20 ng/mL). For the output response variables, 

macrophage morphology, phenotype (flow cytometry and cytokine secretion), phagocytosis, 

and efferocytosis were quantitatively analyzed to determine the effect of profibrotic stimuli 

on macrophage response. Statistical design and analysis were conducted using Minitab 20 

(Minitab Inc., State College, PA), where evaluation of the individual vs. synergistic terms 

was performed using two-way analysis of variance (ANOVA). All results are reported 

as mean ± standard error of the mean. For all studies, specific numbers of replicates 

are noted in the individual experimental sections where n ≥ 3 was used in all cases. 

At least 3 replicates (seeded gels in individual wells) were included per experiment, 

and each experiment was repeated at least twice, where each data point represents the 

average for/within a sample replicate for these studies. GraphPad Prism 9 (GraphPad 

Software Inc.) was used to perform additional statistical analyses: specifically, statistical 

comparisons for cell area and data from flow cytometry, ELISA, phagocytosis, and 

efferocytosis experiments were performed using one-way ANOVA with post-hoc Tukey’s 

Honest Significant Difference (HSD).

Results

Synthesis and characterization of bioinspired hydrogel matrix for macrophage culture.

We utilized step-growth thiol-norbornene click chemistry to fabricate hydrogels with tunable 

mechanical properties inspired by the stiffness of healthy (E ~ 1.5 – 3 kPa) and fibrotic (E ~ 

20 – 25 kPa) lung tissue.32 Specifically, to prepare the hydrogels, norbornene-functionalized 

4-arm PEG (PEG-4-Nb, M.W. 10,000 g/mol) was reacted with a dithiol linker peptide 

(GCGKVPMSMRGGKGCG) and a monothiol pendant peptide (2 mM), where different 

monomer concentrations were used to prepare hydrogels of relevant elastic modulus while 

maintaining stoichiometry of 1:1 Nb:SH. The thiol-norbornene reaction was photoinitiated 

with lithium phenyl-2,4,6-trimethylbenzoylphosphinate (LAP) and cytocompatible doses of 

long wavelength UV light (10 mW/cm2 at 365 nm for 5 min) (Figure 2A). The monothiol 

integrin binding pendant peptide CGGPHSRNG10RGDSP was used, inspired by fibronectin 

rich pulmonary interstitium, to promote cell attachment on the hydrogel matrix.50

The contact moduli of these synthetic bioinspired hydrogels were examined using 

microindentation. The contact modulus is measured using microindentation to assay the 

modulus of the surface on which the cells were cultured. As expected, an increased 

concentration of PEG-4-Nb resulted in hydrogels with an increased elastic modulus (Figure 

2B). An elastic modulus of E ~ 2.7 ± 0.3 kPa was achieved in the 11 mM Nb functional 
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group condition, a similar stiffness to that of the healthy lung tissue.32 Similarly, an elastic 

modulus of E ~ 23.6 ± 1.5 kPa was achieved in the 23 mM Nb functional group condition, 

a similar stiffness to that of fibrotic lung tissue.32 In situ rheology was also performed and 

elastic moduli similar to the contact moduli for 11 mM (E ~ 2.4 ± 0.4 kPa) and 23 mM (E ~ 

22.1 ± 1.9 kPa) Nb functional group conditions were observed. For the studies in this work, 

we defined the 11 mM and 23 mM Nb functional group conditions as ‘Soft’ and ‘Stiff’ 

hydrogel conditions, respectively.

Quantification of cell density on hydrogels.

We first sought to quantify the effect of hydrogel stiffness and a profibrotic soluble cue 

(IL13) on cell seeding to ensure that uniform cell density was observed on all the conditions. 

MH-S cells were seeded on Soft and Stiff hydrogels at 100,000 cells per cm2, allowed to 

adhere for 24 hours, followed by media changed to remove unattached cells, and incubated 

for another 24 hours, after which the media was replaced with fresh media with or without 

IL13. Cells were then incubated for 24 hours, allowing for a response to matrix and soluble 

cues, before determining the final cell number. Both increased stiffness and presence of 

IL13 resulted in non-significant differences in cell attachment on hydrogels (Figure 2C and 

2D), indicating a consistent number of cells across all conditions. Soft hydrogels without 

IL13 (Soft (−)) had a final density of 1030 ± 92 cells/ mm2, and Soft hydrogels with IL13 

(Soft (+)) had a final density of 1010 ± 69 cells/ mm2. Similarly Stiff hydrogels without 

IL13 (Stiff (−)) and with IL13 (Stiff (+)) had a final seeding density of 990 ± 44 cells/ 

mm2 and 999 ± 81 cells/ mm2 respectively. Furthermore, we assessed the metabolic activity 

of MH-S cells seeded on hydrogels and cultured with or without IL13 over time using an 

alamarBlue assay. We observed increases in the metabolic activity of cells cultured on the 

hydrogels over time for all the conditions and non-significant differences between different 

conditions at each time point (Figure S8). We further confirmed that cell attachment on 

hydrogels was associated with the integrin binding peptide (PHSRN) by using a scrambled 

version of integrin binding peptide (HRPSN) and quantifying cell attachment (Figure 2C). 

Significantly lower and limited cell attachment (p < 0.0001, Figure 2E) was observed 

on hydrogels with scrambled sequence (HRPSN, 190 ± 69 cells/ mm2), compared to the 

integrin binding peptide (PHSRN), supporting that presentation of the integrin binding 

peptide facilitates cell attachment on the hydrogels.

Assessment of cell spread in response to stiffness and soluble cues.

After establishing the relevant culture conditions, we next sought to investigate the effect 

of both stiffness and IL13 on macrophage morphology and cell area. For the four culture 

conditions investigated, a rounded morphology of the MH-S cells was observed, which is 

common to alveolar macrophages cultured on substrates within a physiological relevant 

stiffness range.51 Both increases to stiffness and addition of IL13 resulted in increased cell 

spreading and area (Figure 3A). Cell area for the Soft (−) condition was 153.57 ± 4.92 

μm2 which increased to 166.99 ± 9.84 μm2 (Soft (+)) and 189.75 ± 5.56 μm2 (Stiff (−), 

p < 0.001) with both increased stiffness and addition of IL13 individually. Interestingly, 

the combination of both stiffness and IL13 (Stiff (+)) resulted in the highest cell area of 

214.94 ± 5.55 μm2 (p < 0.0001) when compared to stiffness and IL13 individually. This 

trend of increased cell area with stiffness and IL13 was visualized using a contour plot, 
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where the curvature of contours indicated the potential of some combinatorial effect of both 

profibrotic stimuli in increasing the cell area (Figure 3B). To examine if this combinatorial 

effect was synergistic in nature, we utilized a 2-factorial DOE approach and performed 

two-way ANOVA analysis to determine the statistical significance for both individual and 

synergistic terms. The DOE analysis showed that, while both stiffness (p < 0.0001) and IL13 

(p = 0.001) individually were significant in increasing the cell spread, a synergistic effect of 

both the factors (p = 0.26) was absent in increasing the cell area (Figure 3C, Table S3). This 

statistical analysis therefore suggests that the two profibrotic biochemical and biomechanical 

cues can both work in parallel to increase cell spread, and may even work additively to 

increase the area, but are not collaborating together to produce a combinatorial, enhanced 

effect. This result further indicates the importance of performing the DOE analysis rather 

than relying on intuition to unravel these complex interactions.

Characterization of macrophage phenotype in response to profibrotic stimuli.

Next, we investigated the effect of both profibrotic stimuli on the polarization of MH-

S cells. MH-S cells were cultured on Soft and Stiff hydrogels and polarized with or 

without IL13 (20 ng/mL) for 24 hours, after which the polarization profile of cells 

was determined by quantifying relative changes in the pro-inflammatory (M1) and anti-

inflammatory (M2) marker expressions. Relative expression of intracellular CD206, which is 

an anti-inflammatory (M2) marker, was first qualitatively determined using immunostaining. 

Compared to Soft (−), both Soft (+) and Stiff (−) showed an increase in CD206 expression 

(green fluorescence), which was further increased in Stiff (+) condition, suggesting both 

stiffness and IL13 promoted an increased M2 phenotype of macrophages (Figure 4A). This 

observation was further confirmed by flow cytometric analysis of cells and quantifying 

relative changes in normalized expression (MFI) for M2 (CD206) and M1 (CD86, CD80) 

markers (Figure 4B). For CD206, Soft (−) had a normalized MFI of 1.00 ± 0.05, which 

increased significantly for both Soft (+) (2.21 ± 0.24, p < 0.0001) and Stiff (−) (1.41 ± 0.14, 

p < 0.05). Like immunostaining data, a further increase in CD206 normalized expression 

(2.43 ± 0.25) was observed in Stiff (+) condition. The M2 anti-inflammatory phenotype 

of MH-S cells was further confirmed by decreased expression of M1 polarization markers: 

CD86 and CD80 (Figure 4B). For CD86, Soft (−) had a normalized MFI of 1.00 ± 0.02, 

which decreased significantly for both Soft (+) (0.66 ± 0.03, p < 0.0001) and Stiff (−) (0.77 

± 0.02, p < 0.0001). For Stiff (+), a further decrease in CD86 normalized expression (0.61 ± 

0.01, p < 0.0001) was observed. Similarly, for CD80, Soft (−) had a normalized MFI of 1.00 

± 0.04, which did not decrease significantly for Soft (+) condition (0.97 ± 0.07). However, 

the decrease in normalized CD80 expression was significant for both Stiff (−) (0.66 ± 0.02, p 

< 0.001) and Stiff (+) (0.79 ± 0.05, p < 0.01) conditions.

This trend of increased CD206 expression and decreased CD86 and CD80 expression in 

the presence of Stiff hydrogels and IL13 first was visualized using contour plots (Figure 

4C), and then the DOE approach was used to investigate the individual and synergistic 

effects of stiffness and IL13 on macrophage marker expression (Figure 4D, Table S4, 

S5, S6). Two-way ANOVA results showed that for CD206, both stiffness (p = 0.005) 

and IL13 (p < 0.0001) were individually significant; further, while the Stiff (+) displayed 

the highest CD206 expression, there was no synergistic effect of both the factors (p = 
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0.320) in promoting CD206 expression under these conditions. For CD86, both stiffness 

(p < 0.0001) and IL13 (p < 0.0001) were again individually significant, but, interestingly, 

here the factors also displayed a synergistic effect (p < 0.0001) in downregulating CD86 

expression. In contrast, for CD80, stiffness was significant (p < 0.0001) individually; IL13 

was not (p = 0.121); and the combination of both stiffness and IL13 showed synergistic 

effects (p = 0.030) in decreasing CD80 expression. The DOE model for normalized CD80 

and CD86 marker expression was also validated using cells cultured on an intermediate 

stiffness hydrogel (E ~ 10–12 kPa) without the presence of IL13 and a close agreement 

between predicted and actual values for both CD80 (Predicted: 0.80; Actual: 0.84 ± 0.07) 

and CD86 (Predicted: 0.89; Actual: 0.88 ± 0.03) was observed (Table S15). From these three 

phenotypic markers, our results provide evidence of several synergistic effects following 

both profibrotic stimuli that contribute to a M2 anti-inflammatory phenotype of alveolar 

macrophages.

We performed further phenotypical analysis of MH-S cells by quantifying the soluble 

factors (TGF- β, CCL2, TNF-α, and IL-1β) secreted by cells in the different culture 

conditions using an ELISA assay (Figure 5A, Table S2). Cells in the Soft (−) condition 

had a normalized expression of TGF-β (1.00 ± 0.12), which increased significantly for Soft 

(+) (1.48 ± 0.11, p < 0.001). Non-significant changes were observed in normalized TGF-β 
expression for Stiff (−) (0.97 ± 0.11), whereas Stiff (+) had significantly higher normalized 

TGF-β expression (1.35 ± 0.13, p < 0.01)). Similarly, for CCL2, Soft (−) had a normalized 

CCL2 expression of 1.0 ± 0.03, which significantly increased for Soft (+) (1.28 ± 0.01, p < 

0.01). However, both Stiff (−) (1.01 ± 0.12) and Stiff (+) (1.15 ± 0.07) had a non-significant 

increase in normalized CCL2 expression. For both M1 associated cytokines (TNF-α, and 

IL-1β), a non-significant decrease in the normalized cytokine expression was observed. Soft 

(−) had a normalized TNF-α expression of 1.00 ± 0.15, which was reduced for Soft (+) 

(0.84 ± 0.14), Stiff (−) (0.86 ± 0.22), and Stiff (+) (0.65 ± 0.14) conditions. Similarly, for 

IL-1β, Soft (−) had a normalized expression of 1.00 ± 0.42, which was reduced for Soft (+) 

(0.86 ± 0.18), Stiff (−) (0.77 ± 0.38), and Stiff (+) (0.45 ± 0.28) conditions. Contour plots 

for normalized cytokine expression showed some curvature for all the cytokines (Figure 5B). 

However, the DOE analysis showed only IL13 had a statistically significant impact (p < 

0.0001) in increasing the normalized expression of TGF-β and CCL2, while no other terms 

(stiffness individually and stiffness and IL13 synergistically) were significant in driving the 

secretion of various soluble factors (Figure 5C, Table S7, S8, S9, S10).

We hypothesized that the limited effect of stiffness observed on the secretion of various 

cytokines, as measured by ELISA, could be due to differences in the time scale of secretion 

of different cytokines and their relative stability or consumption. Therefore, we decided 

to look at the effect of stiffness on the expression of certain macrophage markers at the 

gene level using RT-qPCR. We quantified the normalized gene expression CD206 and IL-1β 
relative to the housekeeping gene GAPDH (Figure S7). Consistent with observations from 

the flow cytometry analysis, cells in the Stiff (−) condition showed a significant increase 

(p < 0.05) in CD206 gene expression relative to Soft (−). Interestingly, for IL-1β, Stiff 

(−) showed a significant increase (p < 0.05) in IL-1β gene expression relative to Soft 

(−), which was absent on the protein-level. Overall, our analysis of phenotypical profiles 

of macrophages on cell surface level, secreted protein level, and gene-level indicate that 
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both stiffness and IL13 are important individually and synergistically in driving MH-S 

macrophages to a M2 phenotype.

Reduced phagocytosis and efferocytosis observed in response to profibrotic stimuli.

Lastly, we looked at two internalization functions of macrophages, phagocytosis and 

efferocytosis, processes that are critically important in clearing foreign pathogens and 

apoptotic debris, respectively.52 Phagocytosis is the major process for the uptake and 

removal of microbial matter and foreign debris during which the foreign agents are taken up 

by the phagosome.53 Efferocytosis is a special form of phagocytosis during which apoptotic 

cell debris is recognized by the exposed phosphatidylserine on the surface of apoptotic 

cells and removed by macrophages before these cells release toxic substances into the 

local microenvironment.52 The outcome of these processes vary significantly based on the 

engaged surface receptors during the recognition step; phagocytosis of foreign material can 

lead to a range of inflammatory signals within the macrophage, while efferocytosis often 

imparts an anti-inflammatory signaling cascade. Changes in the internalization capabilities 

of macrophages can hinder effective macrophage function in ways that might further 

exacerbate disease progression. We first investigated the effect of stiffness and IL13 on 

the phagocytosis function of macrophages by using fluorescent lipid microparticles coated 

with phosphatidylcholine (PC) as phagocytic mimics and allowed MH-S cell to internalize 

the particles for 6 hours. Qualitatively, compared to Soft (−), all other conditions (Soft (+), 

Stiff (−) and Stiff (+)) showed a decrease in the uptake of PC microparticles (Figure 6A). 

This observation was confirmed by flow cytometry analysis quantifying the percentage of 

cells (%) that internalized the particles, as shown by the different counts in the fluorescence 

intensity from Soft (−) (highest) to Stiff (+) (lowest), supporting reduced particle uptake 

(Figure 6B). Indeed, Soft (−) showed the highest %PC positive cells (48.49 ± 0.88 %). 

The uptake was reduced for Soft (+) condition (44.50 ± 2.48 %). Furthermore, a significant 

decrease in %PC positive cells was observed for Stiff (−) (42.66 ± 2.18 %, p < 0.01) and 

Stiff (+) (39.68 ± 2.34 %, p < 0.001) (Figure 6C). Similar observations were made in the 

normalized MFI expression, where Soft (−) had the highest normalized MFI (1.00 ± 0.06) 

followed by Soft (+) (0.88 ± 0.07), Stiff (−) (0.83 ± 0.03, p < 0.01), and Stiff (+) (0.71 

± 0.03, p < 0.001) (Figure 6D). To determine if stiffness and IL13 reduced phagocytic 

capability of MH-S cells independently or synergistically, we used a DOE approach with 

both %PC positive cells and normalized MFI as outputs (Figure 6E, Table S11, S12). For 

both of these outputs, stiffness (p = 0.001 for %PC positive and p < 0.0001 for normalized 

MFI) and IL13 (p = 0.009 for %PC positive and p = 0.002 for normalized MFI) were 

significant independently; however, no synergistic effects between the two factors were 

observed (p = 0.652 for %PC positive and p = 0.952 for normalized MFI).

We also investigated how stiffness and IL13 impacted efferocytosis by macrophages, 

which is clearance of apoptotic debris and critical in maintaining regulated wound healing 

paradigm.54 To mimic efferocytic targets, we utilized phosphatidylserine (PS) coated 

fluorescent lipid microparticles. These particles were chosen due to the increased presence 

of PS on the surface of apoptotic cells, which is recognized by macrophages and then 

followed by internalization.53, 55 Similar to phagocytosis studies, PS coated microparticles 

were incubated with cells for 6 hours followed by qualitative and quantitative analysis. 
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Qualitatively, we observed cells in the Soft (−) condition showing the highest uptake 

of PS microparticles followed by Soft (+), Stiff (−), and Stiff (+). Interestingly, visual 

observations showed each cell on average had a higher number of internalized PS particles 

compared to PC particles (Figure 7A). This observation was confirmed by flow cytometry 

analysis of positive cells (%) that internalized the PS particles, where multiple distribution 

peaks indicated macrophages had a more heterogenous uptake profile of efferocytic mimics 

compared to phagocytic mimics (Figure 7B). For our analysis, we were interested in uptake 

regardless of the population heterogeneity and therefore gated the population based on cells 

without any particles (using an untreated control). Quantitative analysis showed the highest 

%PS positive cells (62.92 ± 3.07 %) followed by Soft (+) (57.02 ± 1.42 %), Stiff (−) (52.89 

± 2.96 %, p < 0.01), and Stiff (+) (51.93 ± 2.08 %, p < 0.01) (Figure 7C). Normalized MFI 

was similarly highest for Soft (−) (1.00 ± 0.08) and reduced with the increased stiffness and 

IL13 to 0.80 ± 0.02 (Soft (+)), 0.68 ± 0.03 (Stiff (−)), and 0.65 ± 0.01 (Stiff (+)) (Figure 

7D). Again, DOE two-way ANOVA analysis on both %PS positive cells and normalized 

MFI was done to identify the individual and synergistic effects of stiffness and IL13 (Figure 

7E, Table S13, S14). Statistical analysis showed that, while for %PS positive cells, stiffness 

(p = 0.001) and IL13 (p = 0.043) are significant independently without any synergy (p = 

0.122); however, normalized MFI showed stiffness (p < 0.0001) and IL13 (p < 0.003) are 

significant both independently and synergistically (p = 0.012). These observations indicate 

synergistic effects at the single cell level, where the total amount of PS particles internalized 

(reflected in the MFI) is synergistically influenced by the mechanical and biochemical cues. 

Overall, our results indicate impaired functional responses by MH-S in their phagocytic 

and efferocytosis capabilities in the presence of pro-fibrotic stimuli (both independently 

and synergistically), which may play a crucial role in further exacerbating the pro-fibrotic 

feedback loop.

Overall, our results highlight the utility of statistical design of experiments in conjunction 

with bioinspired culture model systems to assess the individual and synergistic effects of 

pro-fibrotic stimuli on alveolar macrophage response and function. With this approach, we 

elucidated that the M2 macrophage phenotype and their particle uptake (phagocytosis and 

efferocytosis) are independently regulated by both stiffness and IL13. Further, we identified 

synergistic effects of these stimuli on downregulation of the M1 macrophage phenotype 

and efferocytosis. These results provide key insights into how multiple pro-fibrotic stimuli 

work in tandem to exacerbate macrophage phenotype and response, where misregulation of 

alveolar macrophage debris clearing is implicated in pulmonary fibrosis yet mechanistically 

not well understood, as well as a platform for future studies (e.g., evaluating therapeutic 

candidates that target multiple fibrotic pathways).

Discussion

In this study we presented a statistical DOE approach to investigate the effect of commonly 

observed profibrotic stimuli (i.e., increased tissue stiffness and IL13 soluble factors) on the 

phenotype and functions of alveolar macrophages. Excess deposition of extracellular matrix 

is a hallmark of disease progression for pulmonary fibrosis, which results in increased 

stiffness of the lung tissue leading to eventual decline in lung function. In addition, increased 

presence of IL13 has been observed in fibrotic lungs in both humans and animal models and 
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has been shown to activate different immune cells including alveolar macrophages, epithelial 

cells, and fibroblasts.25, 44 Previous studies56, 57 (as detailed later in the discussion) 

have demonstrated the effect of substrate stiffness on altered macrophage properties in 

non-respiratory contexts; here, we focus on applying a rigorous statistical approach to 

investigate the independent and synergistic effects of stiffness and soluble cues specifically 

on alveolar macrophages, using the MH-S murine cell line. We showed that increasing the 

stiffness of the hydrogel from Soft (E~2.5 kPa) to Stiff (E~23 kPa) and adding pro-fibrotic 

soluble cues (e.g., IL13) led to increased spreading of MH-S cells, a phenotypical shift 

towards anti-inflammatory phenotype, and impaired phagocytic and efferocytic functions 

of these alveolar macrophages. While both stiffness and IL13 independently influenced 

cell spreading, phenotypical markers, phagocytosis and efferocytosis, synergistic effects 

between these fibrotic cues also were observed in further influencing macrophage phenotype 

(CD86 and CD80 marker expression) and efferocytosis. Thus, the work presented here has 

important implications in identifying underlying drivers of fibrosis and their interactions 

with each other in regulating the immune microenvironment during disease progression.

Synthetic hydrogel systems allow for integration of relevant biomechanical and biochemical 

cues and opportunities to investigate cell response, including phenotype and functionality. 

Multiple studies42, 58 have investigated the polarization profile of macrophages cultured 

on synthetic substrates, using varied cell sources and materials across a range of moduli. 

For example, Sridharan and colleagues41 showed that collagen coated polyacrylamide 

hydrogels of increasing stiffness (11, 88 and 323 kPa) promoted THP-1 derived human 

macrophages towards a M1 phenotype in the presence of M1 stimuli. In contrast, Scott 

and colleagues59 showed PEG hydrogels of increasing stiffness (0.1 3.4 and 10.3 kPa) 

resulted in an increased CD206+ cell population (M2 marker) and a further increase in 

CD206+ population in the presence of M2 stimuli (IL4/IL13) for cord blood derived human 

macrophages. These results indicate the importance of careful selection of the synthetic 

model system, mechanical properties, and cell type for the application of interest, since 

macrophages from different sources can produce different phenotypical profiles and are 

highly sensitive to relevant microenvironmental cues. Building from this nuanced backdrop, 

we sought to explicitly study parallel or synergistic drivers of the impaired phenotype 

of alveolar macrophages (MH-S cells) in a system inspired by the biomechanical and 

biochemical cues of IPF for informing hypotheses of ILD initiation and progression.

Focusing on alveolar macrophages specifically is crucial to understanding the impaired 

macrophage response in IPF, as alveolar macrophages dominate the lung landscape and 

display distinct phenotypes and functions when compared to macrophages from other 

tissue compartments.17 Under homeostatic conditions, alveolar macrophages are the most 

abundant cells in the lungs and are phenotypically identified by high surface marker 

expression of SiglecF and CD11c, which is unique to this subclass of macrophages.60 

Alveolar macrophages are highly responsive to external stimuli and can change their 

phenotypical profile to either pro-inflammatory (M1) or anti-inflammatory (M2) depending 

on the pulmonary microenvironment.61 They are also remarkably plastic cells that can 

switch their polarization profile in the presence of different stimuli, making them not 

only critical for maintaining homeostasis but also as potential targets in regulating and 

reprogramming disease responses for therapeutic benefit.14 However, due to limitations of 
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sample collection and in situ measurements, it is challenging to study the phenotypical 

and functional response of alveolar macrophages directly in the lung during disease 

progression. Alveolar macrophages are currently obtained in limited numbers by performing 

bronchoalveolar lavage through invasive bronchoscopy which makes it difficult to study 

cellular response and testing therapeutics ex vivo.62 Alternatively, murine models for 

diseased states (e.g., bleomycin induced fibrosis) are established to study the cell response 

and for therapeutics testing.24 However, due to low recovery of alveolar macrophages from 

the mice lungs, similar challenges in ex vivo analysis persist. MH-S cells, an immortalized 

cell line derived from Balb/c murine alveolar macrophages, allow us to assess the response 

of alveolar macrophages with phenotypic similarity to in vivo studies,63 providing a robust 

and tissue-specific cell type to establish our model system.

To investigate the effect of stiffness and IL13 on MH-S response, we first established the 

synthetic hydrogel system by identifying monomer conditions to prepare hydrogels inspired 

by the stiffness of healthy and fibrotic lung tissue and achieving a similar final seeding 

density and nonsignificant differences in the metabolic activity for all the culture conditions, 

facilitated by the presence of a fibronectin-inspired integrin binding peptide (Figure 2). After 

establishing the culture system, we assessed the effect of the stimuli individually and in 

combination on cell morphology and observed that both stiffness and IL13 increased the 

cell area of alveolar macrophages. Previous studies41, 42 have reported similar observations 

showing an increase in the cell area with an increase in the substrate stiffness. Indeed, 

it is widely shown that cells can recognize substrate stiffness via cell-ECM adhesion 

structures called focal adhesions (FAs); accordingly, we hypothesize that stiff hydrogels 

promote higher FA formation in macrophages, resulting in an increased cell spread and 

more flattened morphology.64, 65 Similarly, M2 polarizing stimuli have been reported to 

produce an elongated macrophage morphology on tissue culture plastic, and macrophages 

cultured on hydrogels in the presence of IL4 (M2 polarizing stimuli) increased expression of 

vinculin, an actin-binding FA protein, suggesting that presence of these stimuli contribute to 

higher FA formation and therefore increased cell spreading.66 We report similar observations 

for alveolar macrophages, where MH-S cells cultured on Stiff hydrogels with IL13 showed 

the highest cell area compared to other conditions. Both IL13 and mechanical stimuli 

are known to act through integrin-mediated signaling pathways, which may contribute to 

increased cell area.67 Interestingly, DOE analysis showed that, while both stiffness and IL13 

independently increase cell area, these factors do not act synergistically in increasing the cell 

area (Figure 3).

We next investigated cell response for MH-S cells in the presence of profibrotic stimuli 

on the cell surface, protein, and gene level. Immunostaining and flow cytometry analysis 

showed both stiffness and IL13 result in an increased CD206 expression (M2 marker), 

which was followed with decreased expression of both CD86 and CD80 (M1 markers) 

(Figure 4). DOE analysis showed that, while both stiffness and IL13 were independently 

effective in increasing CD206 expression and decreasing both CD80 and CD86 expression, 

the effect was synergistic only for CD86. The effect of stiffness was further confirmed on 

the gene level, where Stiff hydrogels had significantly higher CD206 expression compared 

to Soft hydrogels (Figure S6), indicating these phenotypical changes were observed on both 

the surface and gene level. Our ELISA results showed interesting insights: M2-associated 
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cytokines (TGF-β and CCL2) showed only IL13 dependent increases, while M1-associated 

cytokines (TNF-α and IL-1β) showed non-significant decrease in the presence of both the 

profibrotic stimuli (Figure 5). We hypothesized that the lack of statistical significance for 

the latter two cytokines (TNF-α and IL-1β) relative to the former two cytokines (TGF-β 
and CCL2) may be due differences in the timescales of their secretion and their relative 

stability or consumption after secretion in cell culture and during processing; for example, 

the half-life of TNF-alpha is on the order of minutes, whereas the half-life of secreted latent 

TGF-β is on the order of hours and is then activated into TGF-β1).68–70 To circumvent these 

potential sources of variability at the protein level and quantitatively confirm phenotypic 

trends, we looked at the gene-level quantifying the expression of both M1 (IL-1β) and M2 

(CD206) markers using RT-qPCR and found that stiff hydrogels significantly downregulated 

IL-1β gene expression while upregulating CD206 gene expression.71 Furthermore, our 

studies explain that M2 macrophage phenotype, commonly observed in fibrosis, is regulated 

by multiple fibrotic stimuli working both parallel and in tandem synergistically. Both 

mechanotransduction cues66 and IL-13 receptor72 signaling have been shown to signal 

through the JAK/STAT pathway to drive M2 polarization, a pathway that has also been 

implicated broadly in ILDs and represents an important therapeutic target.73 Given this 

overlap, we hypothesize that more phenotypical markers may show synergistic effects; this 

increased interaction may become more apparent with longer time points. The approach 

and system established here provides opportunities for further probing such synergies 

and temporal effects in future studies. Our studies presented here highlight that multiple 

profibrotic stimuli work synergistically in promoting dysregulated wound healing and the 

opportunity for future therapeutic strategies for IPF to simultaneously address multiple 

fibrotic drivers for effective treatments.

While macrophage phenotype was found to be influenced by both biophysical and 

biochemical cues, we sought to identify if these factors equally impair phagocytic capacity, 

given the importance of macrophages in clearing debris and damaged cells, which are 

thought to exacerbate IPF progression. Phagocytosis is an essential macrophage function 

that plays an important role in host defense by removing microbial pathogens and other 

foreign objects.53 Efferocytosis, which is a specialized type of phagocytosis, involves 

internalization of apoptotic cells, which is crucial in maintaining normal wound healing.74 

We first studied the effect of stiffness and IL13 on phagocytosis by MH-S cells using 

PC coated microparticles and found that both stiffness and IL13 significantly decreased 

the uptake of PC microparticles independently without synergy, indicating an impaired 

macrophage function in the presence of both pro-fibrotic stimuli (Figure 6). Next, we 

performed a similar analysis to study efferocytosis using PS microparticles and found 

that both stiffness and IL13 independently and synergistically reduce the uptake of PS 

microparticles with pro-fibrotic stimuli. Li and Bratlie43 have shown similar results, where 

increasing substrate stiffness of gellan gum hydrogels with IL4 significantly reduced 

uptake of polystyrene particles by RAW 264.7 macrophage cells. Another study by 

Sridharan and colleagues41 further reported a biphasic response in phagocytosis where 

THP-1 macrophage cells cultured on polyacrylamide gels with medium stiffness (88 kPa) 

showed the highest phagocytic capacity followed by those on Soft (11 kPa) or Stiff gels 

(323 kPa), demonstrating stiffness-dependent phagocytic effects. Our studies show that 
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multiple aspects of the fibrotic microenvironment contribute to defective phagocytosis, 

which would limit effective removal of foreign pathogen, and defective efferocytosis, which 

would increase apoptotic debris in the lungs, contributing to the profibrotic feedback loop. 

Observations of impaired phagocytic profiles by macrophages are also reported in human 

patients29 and in animal models75 of pulmonary fibrosis; our work highlights that defective 

phagocytosis observed in fibrosis is regulated by both substrate stiffness and presence 

of IL13. Furthermore, identifying treatment strategies to restore the normal phagocytic 

functions of alveolar macrophages is critical for effective fibrosis treatment and points to 

another prospective therapeutic target.

The DOE approach presented in this study allows us to extract information about the 

interactions of different factors on our variable of interest using few total samples compared 

to investigating each factor one at a time. However, the fibrotic milieu is developed 

dynamically over a much longer time scale that our current approach does not permit. 

These dynamic shifts in pulmonary microenvironment are critical in understanding disease 

initiation and progression, specifically understanding cell response during intermediate 

stages fibrosis which is currently not known. While we only investigated the effect of 

two profibrotic stimuli (stiffness and IL13) on macrophage phenotype and properties, the 

statistical approach presented here provides much more versatility in terms of including 

other factors, such as introducing other cell types (e.g., epithelial cells and fibroblasts) or 

including different ECM components (e.g., laminins and collagens) commonly found in 

the fibrotic interstitium. Additionally, incorporating different types of immune cells (e.g., 

macrophages, epithelial cells and fibroblasts) and studying the effects of different ECM 

components on cellular responses more broadly would further capture aspects of more 

complex fibrotic microenvironments and provide insights into the pro-fibrotic responses 

of immune cells. Furthermore, more complex statistical models (such as response surface 

analysis with the addition of center points in addition to high and low points45) could also 

be used to investigate cell responses at intermediate stages of fibrosis and understand how 

these factors interact with each other and individually in this context. The data presented 

here demonstrate the benefit of using a DOE approach to study the effect of the complex 

immune microenvironment on biological responses in a more efficient and robust manner. 

In addition, hydrogel platforms that allow in situ modification of substrate stiffness can be 

incorporated in future investigation to examine the temporal dynamics of the reversibility of 

pro-fibrotic cell responses towards stopping or reversing the progression of fibrosis.76–78

Overall, our studies show that multiple profibrotic stimuli work both in parallel and in 

synergy to impair macrophage functional responses under fibrosis inspired conditions. 

Using a DOE based approach, we showed that while both substrate stiffness and 

IL13 independently modulate macrophage cell spreading, anti-inflammatory phenotype, 

and reduced phagocytosis and efferocytosis, where synergistic effects were observed in 

downregulating a pro-inflammatory phenotype and decreasing efferocytosis suggesting 

an intertwined effect of multiple fibrotic stimuli in dysregulated wound healing. These 

observations highlight the need for use of well-defined in vitro model systems with multiple 

fibrotic cues to probing the multifaceted fibrotic response systematically investigating how 

underlying drivers of fibrosis modulate the fibrotic cascade. Building this model not only 

provides opportunities to elucidate fibrotic drivers, but also provides an important platform 
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to screen potential new therapeutics that target these abundant alveolar macrophages in the 

lung in future studies. The platform presented here allows for incorporation of other fibrotic 

players to understand the crosstalk between the different fibrotic factors in the pulmonary 

microenvironment and assess different therapeutic strategies targeted towards investigating 

the potential reversibility of fibrosis. Taken together, this work lays a critical foundation to 

support identification of novel therapeutic targets surrounding innate immune cell regulation 

with the long-term goal of stopping or reversing fibrosis.

Conclusion

In this work, we present a statistical approach to study the individual and synergistic 

effects of matrix stiffness and profibrotic soluble factor (IL13) on the phenotype and 

properties of alveolar macrophages. We found that both stiffness and IL13 independently 

regulate macrophage morphology, M2 polarization profile, and reduced phagocytosis and 

efferocytosis. Further, some synergistic effects are also observed especially in tuning 

macrophage phenotype and efferocytosis, which have potential further downstream effects 

in promoting dysregulated wound healing in pulmonary fibrosis. Taken together, these 

results indicate that multiple profibrotic factors play a complex role in modulating 

impaired macrophage response, and a more detailed mechanistic understanding is required 

to delineate the role of complex fibrotic microenvironment on immune cell response. 

Furthermore, the framework established in this study provides an opportunity to study 

the combinatorial effects of multiple fibrotic microenvironment cues to better understand 

the complex pathology of the pulmonary fibrosis and identify novel therapeutic targets for 

stopping the progression of fibrosis or even potentially reversing it.
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Figure 1: Approach Overview.
The goal of this study was to test the individual and synergistic effects of hydrogel stiffness 

and profibrotic soluble factor (IL13) on macrophage response, from phenotype to particle 

clearance that are thought to be critical in the role of macrophages in pulmonary fibrosis 

initiation and progression yet remain difficult to examine. To study this effect, alveolar 

macrophages (MH-S cells) were cultured on Soft and Stiff hydrogels with and without 

IL13 and the response of interest was investigated. A 2-factorial design of experiment 

approach was then applied to the response (input variables: cell morphology, cell phenotype, 

phagocytosis, and efferocytosis) to determine the independent or synergistic effects of 

stiffness and IL13 on modulating macrophage phenotype and functions. Model DOE results 

are shown depicting individual and synergistic trends.
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Figure 2. Establishment of lung-inspired hydrogel culture system.
(A) Hydrogels were formed using thiol-norbornene click chemistry by reacting PEG-4-

Nb with a dithiol functionalized linker peptide to control stiffness and a monothiol 

functionalized pendant peptide to aid in cell attachment. The reaction was triggered by 

light (365 nm at 10 mW/cm2 for 5 min) in the presence of photoinitiator (LAP). (B) 

Hydrogels with different stiffness were prepared by the varying monomer concentration, 

and the surface moduli of the hydrogels were measured using a microindentation technique 

(n=3). (C) MH-S cell attachment was quantified under different culture conditions and was 

found to be independent of stiffness and IL13 and was facilitated by the presentation of 

integrin binding pendant peptide (n ≥ 5). (D) Representative images showing attachment 

of MH-S cells on Soft and Stiff hydrogels with and without IL13. Inset images show 

an increase in the cell area in the presence of IL13 and increased stiffness at equivalent 

magnification. (E) Representative images showing scrambled pendant peptide (HRPSN) 
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resulted in limited cell attachment. (****) signifies p < 0.0001 Statistical significance for 

modulus measurement was determined using Student’s t-test and statistical significance for 

cell attachment was determined using one-way ANOVA. Scale bar = 100 μm. “n” refers to 

the number of replicates (seeded gels in individual wells) used in each study.
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Figure 3. Effect of fibrotic cues on cell morphology and associated DOE analysis.
A 2-factorial statistical approach was applied to study the effect of stiffness and IL13 on 

cell area. (A) Quantification of cell area under different culture conditions showed both 

stiffness and IL13 increased cell area (n = 3). (***) signifies p < 0.001, (****) signifies p < 

0.0001. Statistical significance was determined using one-way ANOVA (B) Contour plot to 

visualize the trend for increased cell area with stiffness and IL13. (C) A two-way ANOVA to 

determine which factors had significant effect (p < 0.05) on increasing cell area showed both 

stiffness and IL13 were significant independently. “n” refers to the number of replicates used 

in each study.
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Figure 4. Effect of fibrotic cues on changes in phenotypical marker expression and associated 
DOE analysis.
A 2-factorial statistical approach was applied to study the effect of stiffness and IL13 on 

macrophage phenotype by quantifying changes in markers assessed with flow cytometry. 

Mean fluorescence intensity (MFI) was normalized to Soft (−). CD206 was used as a M2 

marker while CD86 and CD80 were used as M1 markers. (A) Representative image of MH-

S cells with nuclei (blue), F-actin (red), and CD206 (green) qualitatively showed an increase 

in CD206 expression with increased stiffness and IL13. (B) Flow cytometry analysis of 

CD206, CD28, and CD80 marker expression showed upregulation of M2 markers and 

downregulation of M1 marker expression (n ≥ 3). (*) signifies p < 0.05, (**) signifies p 

< 0.01, (***) signifies p < 0.001, (****) signifies p < 0.0001. Statistical significance was 

determined using one-way ANOVA. (C) Contour plot to visualize the trend for different 

marker expression with stiffness and IL13 as assessed with flow cytometry. (D) A two-way 

ANOVA to determine which factors had a significant effect (p < 0.05) on increasing the 
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expression of M2 phenotype markers: stiffness was significant independently for CD206, 

CD80 and CD80; IL13 was significant for CD206 and CD86; and both stiffness and IL13 

were synergistically significant for CD86 and CD80. “n” refers to the number of replicates 

used in each study.

Bomb et al. Page 29

Biomater Sci. Author manuscript; available in PMC 2023 September 27.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 5. Effect of fibrotic cues on secretion of soluble factors and associated DOE analysis.
A 2-factorial statistical approach was applied to study the effect of stiffness and IL13 on 

macrophage phenotype by quantifying changes in soluble factors secreted by macrophages 

using an ELISA assay. Each cytokine secretion was normalized to the Soft (−) condition. 

TGF-β and CCL2 were used as M2 phenotype associated cytokines, while TNF-α and IL-1β 
were used as M1 phenotype associated cytokines. (A) Normalized soluble factor secretion 

for TGF-β and CCL2 showed IL13 dependent upregulation. Non-significant downregulation 

was observed for both TNF-α and IL-1β (n ≥ 3). (**) signifies p < 0.01, (***) signifies p < 

0.001. Statistical significance was determined using one-way ANOVA. (B) Contour plot to 

visualize the trend for different cytokines with stiffness and IL13. (C) A two-way ANOVA to 

determine which factors had significant effects (p < 0.05) on upregulating an M2 phenotype 

showed IL13 was significant for TGF-β and CCL2. “n” refers to the number of replicates 

used in each study.
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Figure 6. Effect of fibrotic cues on phagocytosis and associated DOE analysis.
A 2-factorial statistical approach was applied to study the effect of stiffness and IL13 

on phagocytosis of phosphatidylcholine (PC) coated fluorescent microparticles. PC coated 

beads were used as phagocytic mimics. (A) Representative image of MH-S cells with 

internalized PC microparticle (green) showed a decrease in the uptake of particles with 

increased stiffness and IL13. (B) Representative histograms of population of MH-S cells 

that internalized PC microparticles. Decreased fluorescence intensity of the second peak 

with higher stiffness and IL13 corresponds to a decreased uptake of particles by cells. 

(C) A decrease in the population of MH-S cells (%)that internalized PC microparticles 

was observed with increased stiffness and IL13. (D) A decrease in the normalized Mean 

fluorescence intensity (MFI) (normalized to Soft (−)) was observed with increased stiffness 

and IL13, indicating reduced uptake. (**) signifies p < 0.01, (***) signifies p < 0.001. 

Statistical significance was determined using one-way ANOVA. (E) A two-way ANOVA 

to determine which factors had significant effects (p < 0.05) showed both stiffness and 

IL13 were significant in reducing uptake (% PC positive cells and normalized MFI) 

independently; no synergistic effect was observed. Scale bar = 50 μm “n” refers to the 

number of replicates used in each study.
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Figure 7. Effect of fibrotic cues on efferocytosis and associated DOE analysis.
A 2-factorial statistical approach was applied to study the effect of stiffness and IL13 on 

efferocytosis of phosphatidylserine (PS) coated fluorescent microparticles. Here, PS coated 

beads were used as efferocytic mimics. (A) Representative image of MH-S cells with 

internalized PS microparticle (green) showed a decrease in the uptake of particles with 

increased stiffness and IL13. (B) Representative histograms of population of MH-S cells 

that internalized PS microparticles. A decrease in the fluorescence intensity of the second 

peak with higher stiffness and IL13 corresponds to a decreased uptake of particles by cells. 

(C) A decrease in the population of MH-S cells (%)that internalized PS microparticles 

was observed with increased stiffness and IL13. (D) A decrease in the normalized mean 

fluorescence intensity (MFI) (normalized to Soft (−)) was observed with increased stiffness 

and IL13, indicating reduced uptake. (**) signifies p < 0.01, (***) signifies p < 0.001, 

(****) signifies p < 0.0001. Statistical significance was determined using one-way ANOVA. 

(E) A two-way ANOVA to determine which factors had significant effects (p < 0.05) showed 

both stiffness and IL13 were significant in reducing the uptake (% PC positive cells and 

normalized MFI) independently; however, only normalized MFI showed synergistic effects. 

Scale bar = 50 μm. “n” refers to the number of replicates used in each study.
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