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The microenvironment of immune cells is an important regulator of their function and fate. Three-dimensional (3D) culture
systems provide opportunities for probing immune cell responses to invading pathogens in microenvironments with
biophysical and biochemical properties inspired by human tissues. Yet, the low throughput and manual preparation of many
3D culture models present challenges for translation of assays and their broad and accessible use for studying host-pathogen
interactions. To address this, we established a high-throughput macrophage-bacteria co-culture model that mimics lung
tissue stiffness across healthy and diseased conditions. Using bioprinting, human THP-1 monocytes were encapsulated and
differentiated into macrophages within synthetic extracellular matrices (ECMs) fabricated with well-defined polymer and
peptide bioinks in a 96-well plate format. Macrophages retained viability and displayed immunocompetence, including
phenotype, phagocytosis, and response to stimuli. Macrophages in fibrosis-inspired ‘stiffer’ (storage modulus (G')~4.8kPa)
microenvironments exhibited higher basal expression of both inflammation and traditional fibrosis associated genes
compared to more compliant (G'~1.1kPa) synthetic ECMs inspired by healthy lung microenvironments. We applied our
model 3D cultures to study immune response to invasion of a bacterial pathogen implicated in hospital born lung infections
and mortality, Pseudomonas aeruginosa. Macrophages exhibited differential responses to P. aeruginosa in stiff
microenvironments, with decreased cytokine secretion of IL-6 and IL-1B and elevated IL-10 and TNF-a compared to healthy
compliant microenvironments, suggesting that microenvironment properties may shape initialimmune responses. This high-
throughput, accessible controlled platform provides opportunities for understanding human host-pathogen interactions and
a foundation for identifying therapeutic strategies for bacterial infections in well-defined physiologically relevant
microenvironments.
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Introduction

Interactions between immune cells and pathogens are increasingly
recognized as drivers of inflammation and disease. 2 The innate
immune system provides fast, non-specific protection against
variety of foreign materials.3 Macrophages, key innate immune cells
found in tissues throughout the body, play essential roles in
maintaining homeostasis and fighting infections.* > As the first line of
defense, macrophages detect, respond to, and eliminate foreign
pathogens, particulates, and bacteria through phagocytosis
(engulfment) and pro-inflammatory or anti-microbial signaling.6-11
Invading pathogenic bacteria are responsible for complex host-
pathogen interactions that involve immune evasion, hijacking
immune cell machinery, and host cell death and can lead to a variety
of diseases if untreated. First, invaders enter the body and are
recognized by innate immune cells, primarily macrophages, through
pathogen-associated molecular patterns (PAMPs) within the
microbe, and then immune cells direct inflammatory processes
against the foreign pathogens. This process often leads to resolution
of the infection in healthy tissue microenvironments, yet can be
unsuccessful in microenvironments with underlying disease, where
mechanisms and how to target them are not fully understood.??
While complex in vitro systems (e.g., organoid, microfluidic,
scaffolds) have been applied to studying these interactions,’* most
of what we know about host-pathogen interactions comes from
traditional two-dimensional (2D) cultures on tissue-culture plastic
(TCP) or mouse models.® 1417 Accessible and well-defined human
three-dimensional (3D) culture systems, which can be easily and
consistently used to probe how the immune system recognizes and
responds to pathogens in physiologically relevant
microenvironments, are still needed.

Macrophage phenotypes (e.g., inflammatory (M1) or anti-
inflammatory (M2)) are highly plastic and shift in response to
external cues.’ 101813 Fyrther, macrophage functions are dependent
on their microenvironment and are highly responsive to both
biochemical and mechanical cues within the extracellular matrix
(ECM). The ECM is a network of proteins and other bioactive cues
that provided structure to our tissues and supports cellular
function.2% 2! Several works have shown that biomaterial properties,
such as surface topography, stiffness, and chemistry, influence
macrophage behavior, with a focus on 2D culture and understanding
immune response to materials for implantation or injection.1% 22-26
For example, a range of anti-inflammatory coatings and scaffolds
have been designed for applications in tissue regeneration and
wound healing. Hydrophilic and rough coatings were observed to
promote desired anti-inflammatory and wound healing responses in
some cases.?’ Scaffolds made from glycosaminoglycans, such as high
molecular weight hyaluronic acid, also have been shown to promote
wound healing responses.?®

Well-defined and tunable 3D culture systems inspired by the
native ECM provide an opportunity for better understanding the
complex interactions between cells and their microenvironments.
Building from the successes of such systems in probing mesenchymal
cell-microenvironment interactions,?®-3¢ we aimed to study immune
cell response at homeostasis and in response to pathogens. Studies
of macrophages in 3D culture systems for testing hypotheses about
how microenvironment cues influence macrophage response to
stimuli has gained more recent attention but is less studied, owing in
part to the challenges with assaying immune response in 3D
cultures.3437.38

Approaches for 3D in vitro modeling of the ECM often utilize
hydrogels, water-swollen polymer networks, that are engineered to
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have similar properties to human tissue microenvironments,3%:33
Hydrogels for these applications can be madeiwith dygilding dolecks
harvested from natural sources, such as collagen, hyaluronic acid,
and alginate, or synthesized from synthetic building blocks, such as
bioinert polyethylene glycol (PEG) or polyacrylamide and bioactive
peptides, with desired functionality.3% 3° While natural polymers
have advantages of inherent bioactivity of utility for immune cell
culture,3V 3 reductionist approaches with well-defined synthetic
building blocks afford the potential for probing the effects of
biophysical cues like stiffness independently of specific biochemical
cues like receptor-binding sequences. In particular, hydrogels built
with bioinert PEG can be attractive for control of synthetic matrix
mechanical properties via covalent crosslinking and biochemical
content by covalent functionalization with specific bioactive cues for
probing cell responses. For example, PEG can be functionalized with
a range of biocompatible reactive handles for conjugation with
bioactive peptides inspired by natural collagen (e.g., RGD and
GFOGER) and cell-degradable linkers that are responsive to matrix
metalloproteinases (MMPs) secreted by encapsulated cells,
mimicking the dynamics of the ECM.30 4042 A few studies have
demonstrated the effect of specific extracellular factors on
macrophage phenotype and function in 3D culture with engineered
ECMs: for example, i) biochemical content, including identity of the
base material (e.g., PEG, gelatin-methacrylate (GELMA), or naturally-
derived Collagen 1) and presence of individual integrin binding
peptides (e.g., RGD, GFOGER, or YISGR), or ii) biophysical properties,
including modulus, pore size, or degradability.3* 38 43.44 These works
inspire a reductionist approach to design molecularly engineered
culture systems built upon selected polymers and peptides. With
natural hydrogels, decoupling mechanical cues from inherent
bioactivity can be challenge. In using a simple, bioinert synthetic
building blocks (PEG, peptides), we aim to reproduce only some of
the essential elements of in vivo systems while providing precise
control of microenvironment properties to modulate stiffness
independent of selected bioactive cues, complementing natural
systems.

The low throughput nature of many manually prepared 3D
hydrogel culture systems presents challenges for accessibility across
fields and broad use in mechanistic and therapeutic studies that may
necessitate hundreds of replicates within a single experiment.3> 32,45
46 Bioprinting has the potential to address these challenges, from the
fabrication of polymer scaffolds to single tissues and whole organs.
Bioprinting involves automated 3D printing of biocompatible inks,
especially those with cells already mixed within the polymeric
precursor solution, in a specific spatial organization. #7 48 In
particular, drop-on-demand inkjet printing offers the ability to print
multiple building blocks into a higher-ordered structure, where the
RASTRUM bioprinter creates hydrogel-based structures within a
well-plate format for higher throughput of both printing and post-
printing cell analysis.*® 30 Bioprinting has gained momentum in the
medical field and affords opportunities for creating accessible,
robust 3D culture models built with well-defined engineered building
blocks, relevant for studying host-pathogen interactions in a range of
microenvironments.

In this work, we created a bioinspired controlled 3D culture
system for probing macrophage response to bacterial invasion with
high throughput using bioprinting*® 5% 52 and well-defined synthetic
ECMs. Synthetic ECMs were selected to produce stiffnesses like that
of healthy to fibrotic lung tissues and present integrin-binding
peptides RGD, GFOGER, and YIGSR, relevant to specific ECM proteins
(fibronectin, collagens, laminins) found in native human tissues.
Human THP-1 monocytes were encapsulated within bioprinted
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hydrogel-based synthetic ECMs, composed of PEG-peptide building
blocks linked with thiol-maleimide chemistry,*® 50 53 and
differentiated into macrophages. Macrophage viability, morphology,
phenotype, and inflammatory response to stimuli were assessed
within synthetic ECMs with stiffnesses relevant to healthy (storage
modulus [G’]~0.7 and 1.1 kPa) and fibrotic (G’~3.0 and 4.8 kPa) lung
tissues.3% 54 We then applied these high-throughput 3D cultures to
study early immune cell response to invasion with pathogenic
Pseudomonas aeruginosa, a gram negative bacteria responsible for
high mortality rates particularly in patients with cystic fibrosis or
other chronic lung disease, developing assays for not only probing
immune cell responses but also their uptake of live bacteria.® 17,5558
We found differential macrophage responses to P. aeruginosa that
were dependent on the ECM stiffness, particularly secretion of
inflammatory cytokines. These studies establish robust and
accessible tools for probing host-pathogen interactions in 3D
physiologically relevant microenvironments and demonstrate the
importance of ECM stiffness in functional responses of innate
immune cells.

Experimental

Cell culture. THP-1 cells (RRID: CVCL_0006), a human monocyte cell
line, were purchased from American Type Culture Collection (ATCC,
Manassas, Virginia, USA). THP-1 cells were used as a model human
macrophage cell line. Cells were confirmed to be contamination free
regularly by visual inspection of cell morphologies, sizes, and growth.
Cells were also tested on a quarterly basis to be mycoplasma free
using MycoAlert® Mycoplasma Detection Kit (Lonza). Cells were
cultured between passage 2-10 in complete media, RPMI 1640
Medium (Fisher Scientific) supplemented with 10% heat-inactivated
fetal bovine serum (FBS) (certified Gibco heat inactivated, USA origin)
and 1% penicillin/streptomycin (Fisher Scientific). THP-1 cells were
printed as monocytes, then stimulated with 200 nM phorbol 12-
myristate 13-acetate (PMA) (Sigma Aldrich) for 24 hours to
differentiate cells into a macrophage phenotype (dTHP-1).5°

3D Cell encapsulation within hydrogel-based synthetic ECMs. The
3D cultures were printed using the RASTRUM™ bioprinter (Inventia
Life Science) based on established protocols.*¢ 51 Bioinks and
activators are proprietary inks sourced from Inventia Life Science
(Table 1). These catalog numbers correspond to inks with storage
modulus (G’) of 0.7, 1.1, 3.0, and 4.8 kPa, where G’ is a measure of
‘stiffness’ (G’ ~ stiffness k). All inks were generously provided by
Inventia Life Science (Sydney, Australia). Inks are composed of a 4-
arm PEG-maleimide that reacts with 4-arm PEG-thiol and a
combination of thiolated peptides (mono-functionalized integrin
binding peptides and di-functionalized MMP-degradable linkers). All
inks used in this work included functionalized RGD, GFOGER, and
YIGSR. Details of formulations can be found in previous literature.**
50 The printing protocol was created via RASTRUM™ Cloud (Inventia
Life Science) using a density of 20E6 cell/mL activator, based on
previous work.>! As a representative example, for one print of 12
wells, you need 200 uL of activator and 20E6 cells/mL in 200 uL of
bioink (i.e., activator and bioink are in a 1:1 ratio). The activator and
bioink come together during inkjet printing in a dropwise fashion for
gelation in the well of the well plate.

This journal is © The Royal Society of Chemistry 20xx
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Table 1. Ink composition for Hydrogel Matrices

rticle Online
f:,flf::s:; Activator # Bioink%Ok 10.1039&55%300255%(
0.7 F176 F267 Px01.28
11 F177 F239 Px02.28
3.0 F178 F268 Px03.28
4.8 F323 F268 Px06.28

THP-1 monocyte cells were printed using the Large Plug model in a
96-well plate (Corning - #CLS3904). The printed Large Plug model is
0.5 mm in height and fills the whole surface of a well in a standard
96 well plate (surface area ~0.32 cm?).5° Post-printing, cells were
differentiated with 200 nM PMA for 24 hours. After 24 hours, cells
were washed with phosphate buffered saline (PBS) and given fresh
complete media. While workflows generally printed monocytes that
were then differentiated in 3D culture, differentiated THP-1
macrophages also were printed and yielded similar results (Figure
S1).

Assessment of macrophage viability. The cell viability in 3D culture
was assessed by a LIVE/DEAD™ Viability/Cytotoxicity Kit (Invitrogen).
The LIVE/DEAD™ kit contained calcein-AM to indicate viable cells
(live cells fluoresce green; excitation [ex.] 494 nm, emission [em.] 517
nm) and ethidium homodimer-1 to label dead cells (dead cells
fluoresce red; ex. 528 nm, em. 617 nm). Hydrogels were washed 3x
with PBS, followed by 3 min PBS incubation, and then incubated (37
°C, 5% CO2) for 10 min in a solution of calcein-AM (2 uM) and
ethidium homodimer-1 (4 uM). After incubation, hydrogels were
washed 3x with PBS, followed by 3 min PBS incubation. Hydrogels
were imaged with a confocal microscope (LSM 800, Zeiss; 10x
objective and frame size of 1024 x 1024, 180 um z-stack, 8.38
um/stack, three images per sample). Cell viability was quantified
with Volocity software (Quorum Technologies Inc.) using the
following functions: measure objects and then separate touching
objects for AF488 (green) channel and Rhoda (red) channel functions.
The percentage of viable cells was calculated by the number of green
cells / total number of cells x 100%.

Macrophage polarization. THP-1 cells were printed as monocytes;
post-printing, cells were differentiated with 200 nM PMA for 24
hours. After 24 hours, cells were washed with PBS and given fresh
complete media. Two days post-printing or seeding, cells were
stimulated with either Lipopolysaccharides (LPS) (10 ng/mL,
Escherichia coli 0111:B4 [Millipore Sigma, Rockville, MD, USA]) and
interferon (IFN)-y (40 ng/mL, PeproTech®), applied for 72 hours as
M1 stimuli.®% 62

Flow cytometry analysis of macrophage phenotype. All
centrifugation steps and washes were completed at 400 g for 5 min.
Cells on tissue culture polystyrene (TCP) were detached using
TrypLE™ Express Enzyme (1X) (Gibco™) for 20 mins and washed with
PBS. Cells were retrieved from hydrogel matrix to complete
downstream flow cytometry analysis. Here, 75 uL (1.1 kPa) or 150 uL
(4.8 kPa) of RASTRUM™ Fortissimo Extract (F235, Inventia Life
Science) was added to each well for 45 min to enzymatically degrade
the hydrogel matrix followed by addition of 100 pL of PBS. Wells
were washed 3 times with PBS and subsequent washes were
combined and filtered through a 70 um cell strainer. Cells were
washed 2x in 2% FBS in PBS and stained in antibody cocktail for 40
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mins in the dark on ice. Samples were analyzed using ACEA NovoCyte
Flow Cytometer. Antibodies were purchased from Biolegend:
Brilliant Violet 711™ anti-human CD86 Antibody (Mouse 1gG2b,
k), PE/Cyanine7 anti-human CD206 (MMR) Antibody (Mouse 1gG1,
k), Alexa Fluor® 700 anti-human HLA-DR Antibody (Mouse IgG2b, k),
and Pacific Blue™ anti-human CD11b Antibody (Mouse IgG1, k).

Gene Expression of Macrophages. Gene expression was measured
using Qiagen Custom RT2 Profiler PCR array for genes listed in Table
2 below. Briefly, cells were encapsulated and cultured for 5 days,
then retrieved from 3D cultures with F235 (Inventia Life Science), as
described above. RNA then was isolated from the retrieved cells
using Qiagen RNeasy Micro Kit (cat no. 74004) and subsequently
frozen and stored at -80°C. RNA quality was verified using UV-Vis,
where UV A260/A280 ratios all were > 2, and Agilent 5200 RNA
Fragment Analyzer, where all RNA Quality Numbers (RQNs) were > 8.
RNA then was converted to cDNA using Qiagen RT First Strand Kit (cat
no. 330401) followed by RT2 SYBR Green Fluor gPCR Mastermix Kit
(Cat no. 330513).
Table 2. Catalog numbers for genes used in custom RT? PCR array

(Qiagen).

Gene CAS #
ARG1 PPH20977A
MRC1 (CD206) PPHO09939A
IL10 PPHO0572A
IL1B PPHO0171A
TNF PPHO0341A
NFKB1 PPHO0204A

Bacterial cell culture. Two strains of bacteria were used: P.
aeruginosa (PAO1) or P. aeruginosa-GFP (10145GFP, ATCC) based on
downstream analyses, where GFP-expressing bacteria were used for
experiments analyzing macrophage phagocytosis. Bacteria were
streaked onto a lysogeny broth (LB) agar plate. Multiple colonies
were picked and inoculated into 5 mL of LB for suspension culture.
Cells were grown up to exponential phase (OD ~0.6) and then
resuspended to an OD of ~2.0 for invasion.

Quantification of macrophage phagocytosis of P. aeruginosa. THP-
1 cells were stained using 1:1000 dilution CellTracker™ Deep Red
(Invitrogen™) for 30 min in serum free RPMI 1640 media, then
washed with RPMI complete media. Cells were allowed to rest for 1
hour before bioprinting. THP-1 cells then were encapsulated in
hydrogels, differentiated into macrophages using PMA, and cultured
in hydrogels for 4 days in RPMI complete media. On day 4, they were
washed 2x (5 min) with antibiotic free RPMI + 10% FBS. Macrophage
dTHP-1 cultures were stimulated with 4 pL of P. aeruginosa-GFP
(diluted to OD =2) and incubated for 1 hour (37°C, 5% C0O2), followed
by 3x washes in PBS. The 1 hour time point was chosen to have
limited bacteria growth within the experimental timeframe, as the
bacteria have a doubling time of ~1 hour.53

For imaging, dTHP-1s were stained with Hoechst for 25 min then
washed 3x prior to invasion. Cells were washed with PBS 3x and fixed
in 4% paraformaldehyde (PFA) for 20 minutes. Hydrogels were
imaged using the Andor Dragonfly spinning disk confocal (Fusion
Software, 25x objective with water immersion and frame size of 2048
x 2048, 4.17 um z-stack, 100 um/stack, three images per sample).
Phagocytosis was quantified by IMARIS software using find surfaces.
GFP inside macrophages was quantified using a cell mask for cell
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tracker deep red then finding GFP surfaces within the, mask (Figure
S2). For flow cytometry analysis, after 1 houpdnvasionodTHPaD zetls
were incubated in 1:1000 gentamicin: RPMI media for 1 hour, then
washed 3x and harvested from the hydrogels as specified in the flow
cytometry methods.

Enzyme-linked immunosorbent assay (ELISA) and flow cytometry
analysis of P. aeruginosa treated macrophages. Four days post-
encapsulation, dTHP-1 were washed 2x for 5 min with antibiotic free
RPMI + 10% FBS. We quantified macrophage surface markers and
cytokine release after 4-hour invasion and 20-hour rest period. This
time period was chosen to allow for sufficient time for cellular
responses to bacteria while minimizing any associated cell death, as
shown in previous work.®* Macrophage dTHP-1 cultures were
stimulated with 4 uL of P. aeruginosa (POA1) (diluted to OD = 2).
After 4 hours of incubation (37°C, 5% CO,), cells were treated with
1:1000 gentamicin: RPMI media for 1 hour, as previously described,®*
then fresh RPMI media was added. Cells were incubated in media
overnight (20 hours). Cells were retrieved from hydrogels and
analyzed via flow cytometry, following the procedure specified in the
flow cytometry methods. Macrophage supernatants were harvested
and frozen at -80°C until shipment for sandwich-based ELISA analysis
by University of Maryland Cytokine Core or Human IL1-10 DuoSet
ELISA kit (R&D Systems). The limits of quantitation are as follows: IL-
1B (0.4 to 2000 pg/mL), IL-6 (0.18 to 750 pg/mL), TNF-a (0.4 to 1750
pg/mL), and IL-10 (31 to 2000 pg/mL).

Statistical analysis. GraphPad Prism 9 was used to perform
statistical analyses. All quantitative data are represented as mean +
standard error of the mean. Tukey’s multiple-comparison test was
used to generate p-values in one-way ANOVA multiple comparisons
unless stated otherwise.

Results and discussion

Bioprinted, bioinspired 3D cultures enable encapsulation and
function of differentiated human THP-1 macrophages

To create high-throughput, well-defined 3D cultures for probing
host-pathogen interactions, we utilized the RASTRUM™ Bioprinter
to encapsulate THP-1 cells in PEG-peptide hydrogel-based synthetic
ECMs. These matrices incorporated integrin-binding peptides (YIGSR,
GFOGER, RGD) for promoting cell adhesion and function, inspired by
native lung ECMs, which are rich in laminins, collagens, and
fibronectin amongst other insoluble ECM components. RGD is found
in a range of ECM proteins (e.g., fibronectin, collagen |) and was used
as a general sequence for promoting binding to a range of integrins
(e.g., avB3, avB5, a5B1);%° GFOGER is found in collagen | and IV and
is known to bind related specific integrins (e.g., a1B1 and a2f31);5 67
and YIGSR is found in laminins and is known to bind specific integrins
(e.g., a1B1 and a3B1).%8 Presence of adhesive sites in the bioprinted
PEG network was vital to macrophage viability (Figure S3). Other
compositions were also considered, such as the incorporation of
hyaluronic acid, which we previously reported with mouse-derived
macrophages >! and here gave similar viability for bioprinted human
THP-1 cells (Figure S4); however, we chose the reductionist PEG-
peptide composition to eliminate concerns over immunomodulatory
effects of HA itself.

Hydrogels were fabricated with four different stiffnesses
relevant to healthy (G’~0.7 and 1.1 kPa) and fibrotic (G’~3.0 and 4.8
kPa) lung tissues. Note, storage moduli (G’) reported are estimated
to be approximately one-third of the value of the elastic modulus (E)
based on rubber elasticity theory (E ~ 2.1, 3.3, 9.0, 14 kPa,
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respectively), assuming a Poisson’s ratio for an incompressible
material (n ~ 0.5), and are proportional to matrix stiffness.®®
Undifferentiated THP-1 cells were encapsulated in these 3D cultures
within a 96-well plate format and then dosed with 200 nM PMA for
24 hours to obtain differentiated macrophages (dTHP-1) (Figure 1A).
These 3D cultures are ~ 0.5-mm thick and 6.94-mm in diameter with
pore sizes that are reported to be similar amongst the different
matrix stiffnesses (on the order of ~ 10 um? based on SEM
measurements of the pore area).*® Hydrogels are rapidly printed
(e.g., ~ 10 minutes to print each plate, not including priming and
calibration) for subsequently assaying cell response to different
conditions and a range of stimuli with a variety of molecular tools.
For imaging applications, production of replicates can be scaled out
with the imaging model in which one gel occupies only a fraction of
a well, requiring fewer z-stacks. With the imaging models, all 96 wells
can be printed in a single run in < 2 hours, including preparation and
priming of the printer. Through LIVE/DEAD™ staining, we also show
that imaging and large plug models created similar cellular
microenvironments for 3D culture, with high viability at the same cell
densities (Figure S5). Moving forward, we applied the large plug
model to obtain cell counts needed for flow cytometry analyses.

THP-1 monocytes were encapsulated on Day 0 and differentiated
immediately after printing in PMA for 24 hours. Macrophages (dTHP-
1) in matrices with different stiffnesses (G’ ~ 0.7, 1.1, 3.0, and 4.8
kPa) all exhibited high viability (> 80%) over a 7-day period (Figure
1B), where Day 1 represents the day following encapsulation and
differentiation into dTHP-1s. Viability was confirmed by a secondary
measurement of metabolic activity using alamarBlue™ (Figure S6).
The alamarBlue™ results show that metabolic activities of dTHP-1
cells in matrices of different moduli were similar at Day 5, the
timepoint at which the cellular phenotyping and analyses were
performed, as detailed below. We selected two compositions
relevant to healthy and fibrotic lung stiffnesses (G’ ~ 1.1 kPa and 4.8
kPa) moving forward to investigate if the compliance of the synthetic
matrix affected cellular phenotype and responses.

This journal is © The Royal Society of Chemistry 20xx
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Figure 1. Cell viability in different matrix compositions in bioprinted
3D cultures. THP-1 monocytes were printed using RASTRUM™
bioprinter and differentiated into macrophages: (A) workflow for cell
encapsulation, differentiation, and monitoring. (B) Percentage of
viable cells shown with standard error of mean was quantified using
analysis of confocal images. The statistics shown represent one-way
ANOVA results from Tukey’s test (n = 3), comparing viabilities on Day
7 where *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. There
were statistical differences between Day 7 viability between 1.1 and
3.0 kPa cultures. All others were nonsignificant. (C) Representative z-
stack projections from confocal imaging of cells in different synthetic
matrix stiffnesses (G’ ~ 0.7, 1.1, 3.0, and 4.8 kPa) stained using
LIVE/DEAD™ kit are shown (scale bar: 100 um).

After confirming viability in all conditions, we chose to focus on
2 matrix compositions moving forward inspired by healthy (G'~ 1.1
kPa) and fibrotic (G~ 4.8 kPa) lung tissues3® > to determine if the
mechanical properties of the microenvironment like that found in
diseased tissues affected macrophage phenotype and function.
Specifically, we wanted to confirm differentiation of monocytes into
macrophages using CD11b, which is a surface marker that belongs to
the Mac-1 integrin complex and is known to have key functions in
macrophage adhesion, migration, phagocytosis, and immune
regulation.’® 71 First, macrophages in 3D cultures were differentiated
via PMA using previously established protocols, and then basal
expression of dTHP-1 macrophage surface markers was measured via
flow cytometry, where representative gating schemes are shown in
Figure S7.54 An increase in CD11b+ expression (Figure 2A) compared
to the PMA) control indicated successful

monocyte (no
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differentiation of dTHP-1 cells into macrophages, consistent with
previous reports.®* 72 Indeed, all THP-1 conditions treated with PMA
had >84% CD11b+, a marked increase compared to undifferentiated
THP-1 cells on tissue culture polystyrene (THP TCP), which were only
~5% CD11b+. Importantly, we did not see differences in
differentiation with PMA when comparing CD11b expression (Figure
2A) between stiffnesses (1.1 vs. 4.8 kPa) or between TCP (positive
control) and hydrogel compositions. We did not observe significant
proliferation over 7 days (Figure S6), further supporting that
macrophages have been terminally differentiated.

Traditionally, activated macrophages have been characterized
with states—inflammatory phenotypes (M1) or
inflammatory phenotypes (M2); however, the spectrum of

two anti-
macrophage phenotype is much broader and more complex than this
binary paradigm.® 10 18 13 Here, expression of CD86 and MHCII
(common M1 markers) and CD206 (common M2 marker)°! for dTHP-
1 macrophages was measured after 5 days in 3D culture. There was
no statistical difference in surface marker expression (CD86, MHCII,
or CD206) between dTHP-1 macrophages cultured in 1.1 and 4.8 kPa
synthetic matrices (Figure 2B); however, there was a significant
difference between dTHP-1 macrophages on TCP and dTHP-1
macrophages in 3D cultures. Compared to 2D culture on TCP, dTHP-
1 macrophages in 3D cultures had lower CD206 and MHCII and higher
CD86 expression. We hypothesize that these 3D cultures provide a
more inflammatory microenvironment compared to TCP, which has
also been shown in previous literature.3% 37 38 The RT-qPCR data
(Figure 2C-H) confirms the decreased expression of CD206 (Figure
2F) in 3D culture and also shows increased expression of
inflammatory cytokines (TNF-a and IL-1f3). In-line with other reports
examining matrix density effects, the surface marker data is
inconclusive, but gene expression analysis shows significant
differences between soft and stiff matrices.** Cells cultured in stiffer
(4.8 kPa) synthetic matrix are shown to be more activated than cells
in more compliant (1.1 kPa) matrices, both in expression of
inflammatory (TNF-a and IL-1) and anti-inflammatory (IL-10)
associated genes, supporting the relevance of applying well-defined
bioprinted 3D cultures for probing macrophage responses to
microenvironment cues.3’
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Figure 2. Basal expression of markers of macrophage phenotype in
bioprinted 3D cultures. (A) THP-1 (THP) differentiation into macrophages
(dTHP) in different microenvironments (2D culture on TCP; 3D culture in
different synthetic matrix stiffnesses (G’~ 1.1 kPa, 4.8 kPa)) assessed by the %
CD11b+ cells using flow cytometry. (B) Basal levels of expression of markers
of macrophage phenotype (MHCII, CD86, and CD206) were quantified using
flow cytometry. (C-H) Basal levels of expression of markers of macrophage
phenotype and inflammatory response were quantified using RT-gPCR. The
statistics shown represent one-way ANOVA results from Tukey’s test (n=3)
where *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.

Macrophage response to well-defined stimuli in bioprinted 3D
cultures

For probing macrophage responses in these 3D cultures, well-studied
M1 (inflammatory) stimuli (LPS/IFN-y) were first applied to evaluate
M1 polarization. LPS is a stimulus associated with pathogen invasion,
where LPS is a found in the outer membrane of Gram-negative
bacteria and serves as a potent endotoxin that elicits immune
responses (Figure 3).51 61 62 Importantly, inflammatory stimuli, LPS
and IFN-y, resulted in robust increase expression of MHCIl and CD86
in all cultures (2D culture on TCP, 3D cultures with G’~ 1.1 kPa, and
4.8 kPa), which are traditionally used as M1 markers.5% 62 73 |n
response to LPS/IFN-y, the level of CD86 increase was greater in
stiffer matrix while the level of MHC expression was lower in 4.8
compared to 1.1 kPa. Overall, these data indicate appropriate dTHP-
1 macrophage polarization in response to stimuli in these bioprinted
3D cultures and demonstrate adequate inflammatory response upon
application of well-defined stimuli.

This journal is © The Royal Society of Chemistry 20xx
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Figure 3. Macrophage polarization in response to well-defined stimuli in
bioprinted 3D cultures. (A) Experimental workflow and (B) flow cytometry
results for expression markers of macrophage inflammatory phenotype
(MHCII, CD86) in response to well-defined stimuli (M1 stimuli (LPS/IFNy) in
different microenvironments (2D culture on TCP; 3D culture in different
synthetic matrix stiffnesses (G'~ 1.1 kPa, 4.8 kPa)). The statistics shown
represent a one-way ANOVA Tukey’s test (n=3) where *p < 0.05, **p < 0.01,
**¥p < 0,001, ****p < 0.0001.

Macrophage response to pathogenic bacteria P. aeruginosa

After evaluating response to traditional M1 stimuli, we applied our
system to study host-pathogen response, by simulating a
Pseudomonas aeruginosa invasion. P. aeruginosa are capable of
evading the immune system,’® often leading to chronic lung
infections and overall decreased lung function. Notably, many
chronic lung diseases involve constant tissue remodelling, leading to
increased stiffness and lung fibrosis.”* 75> Thus, a key question
remains: how do such changes in the pulmonary microenvironment,
specifically the tissue stiffness, influence macrophage function and
their ability to clear pathogens and restore homeostasis?
Understanding this relationship is essential for developing new
strategies to combat bacterial infections in chronic diseases, but to
do so requires new experimental models that accurately capture
elements of diseased lung microenvironments environments to
enable mechanistic insights and therapeutic advancements. To
probe this, we utilized the bioprinted well-defined 3D cultures
evaluate macrophage inflammatory response to invading P.
aeruginosa, examining phagocytosis of bacteria and cytokine
secretion.

Macrophage phagocytosis of these pathogenic bacteria was
investigated, invading these 3D cultures with GFP-expressing P.
aeruginosa. Flow cytometry and image analysis (Figure 4) confirms
phagocytosis of bacteria by a subset of macrophages. As shown in
Figure 4B-F, dTHP-1 macrophages denoted as GFP positive (+) were
those that phagocytosed P. aeruginosa (Figure S8). The % of (+)
macrophages were similar between 3D cultures (G’ ~ 1.1 and 4.8 kPa)
(Figure 4B). Notably, the (+) macrophages harvested from 1.1 kPa
hydrogels exhibited a higher GFP MFI than those from 4.8 kPa (Figure
4C). The complementary image analysis (Figure 4D) confirms
internalization of bacteria, where bacteria invasion through the full
thickness of the synthetic matrix was observed in both conditions.
Movement of bacteria was enabled in part by the average estimated
pore size of these bioprinted 3D cultures (~ 10 microns) being larger
than individual bacteria (diameter ~ 1 micron). The number of
bacteria per dTHP-1 macrophage suggests that the macrophages
have similar levels of phagocytosis in 1.1 and 4.8 kPa matrices;
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however, the mean phagocytosis and associated distribution trend is
higher in the 1.1 kPa condition, consistent with: the fksDeyronmsty
data (Figure 4D). These observations suggest that, within the
population of macrophages that internalized bacteria, macrophages
in 1.1 kPa condition phagocytosed more bacteria per cell than those
in 4.8 kPa condition; however, overall, macrophages in both matrices
exhibit similar phagocytosis levels.
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Figure 4. Analysis of GFP-expressing P. aeruginosa uptake by macrophages.
(A) Workflow of bacteria invasion. Flow cytometry results showing (B) % of
dTHP-1 macrophages that are GFP+; and (C) GFP MFI of only macrophages
that are + for bacteria phagocytosis, for cells in 2D culture on TCP without
bacterial invasion (UT control) and 3D culture in different synthetic matrix
stiffnesses with bacterial invasion (G'~ 1.1 kPa, 4.8 kPa). (D) average
bacteria/cell/image was quantified using IMARIS analysis of (E) confocal
microscopy images to identify GFP+ bacteria (green) within macrophage cell
bodies stained with CellTracker™ (red) and nuclei (blue). Image processing
can be found in Figure S2. The statistics shown represent nonpaired t-test (n
=9) (D) or one-way ANOVA (B-D) Tukey’s test (n=3) where *p < 0.05, **p <
0.01, ***p < 0.001, ****p < 0.0001.

We further probed host-pathogen interactions in these
microenvironments by investigating dTHP-1 macrophage phenotypic
and inflammatory responses to bacteria through flow cytometry and
ELISA, quantifying inflammatory surface markers and cytokine
secretion, respectively. Macrophages exhibited increases in both
inflammatory surface markers, CD86 and MHCII, in response to P.
aeruginosa after 4-hour invasion with bacteria (Figure 5, Figure S9).

The expression levels of surface markers were similar in both 3D
culture conditions invaded with P. aeruginosa (1.1 kPa and 4.8 kPa)
(Figure 5). MHCII expression was higher and CD86 expression was
lower in the 1.1 kPa condition compared to 4.8 kPa condition. To our
knowledge, this report is the first flow cytometry phenotypical
analysis of human macrophage response to P. aeruginosa in an in
vitro 3D microenvironment. In both conditions, an increase in
inflammatory cytokines (TNF-a, IL-1f, IL-6) was observed upon
invasion using ELISA, consistent with other in vitro bacteria invasion
assays.” 8 Along with inflammatory cytokines, we observed an
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increase in an anti-inflammatory cytokine IL-10. These observations
of increases in both anti-inflammatory and inflammatory cytokine
production in response to P. aeruginosa has been reported in the
literature.® 76 A statistically significant increase in IL-10 also was
observed in the fibrotic matrix condition compared to its UT
condition; this increase is consistent with literature showing that
stiffness can increase alternatively activated (M2) macrophages.3% 77

We observed statistical differences in the levels of secreted
cytokines between cultures as well, where cells in 3D cultures
inspired by fibrotic microenvironments (G’ ~ 4.8 kPa) secreted lower
amounts of IL-6 and IL-1f3, and higher amounts of TNF-a and IL-10
compared to cells in more compliant matrices inspired by healthy
microenvironments. These observations of varying levels of response
between fibrotic versus healthy microenvironments suggests
potential origins of chronic immune evasion and supporting culture
model relevance as discussed below. Overall, these studies provide
critical workflows for immune cell phenotypical analysis in 3D
cultures of host-pathogen cells and insights into macrophage
responses to pathogenic bacteria in 3D microenvironments inspired
by healthy and fibrotic lung tissue.
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Figure 5. Evaluation of macrophage inflammatory response to P.
aeruginosa. (A) Workflow is shown for (B) flow cytometry result for
macrophage surface markers and (C) ELISA results of measured cytokine
release for macrophages in 3D culture in synthetic matrix stiffnesses (G~ 1.1
kPa, 4.8 kPa) with and without (UT) P. aeruginosa invasion. The statistics
shown represent one-way ANOVA Tukey’s test (n=3) where *p < 0.05, **p <
0.01, ***p < 0.001, ****p < 0.0001.

Discussion

The role of the microenvironment in cellular phenotypes and
functions, including for immune cells like macrophages, is becoming
increasingly implicated in the context of chronic diseases. This
underscores the need for accessible and consistent 3D culture
systems to study cellular responses to chemical and mechanical cues

8 | J. Graf, 2025, 00, 1-3

presented by the ECM and to other cells found withjin, a range of
niches.”® 7° Within hydrogel-based 3D cultupes; ranyofactiasobage
been identified to influence macrophage phenotype and function,
including the chemical composition, integrin binding peptides,
modulus, pore size, and degradability of the matrix.3* 3% 43 Further,
macrophages recently were found to use a fundamentally different
mechanism for mechanosensing of their environment when
encapsulated within versus seeded on top of substrates, highlighting
the importance of recapitulating physiologically relevant
microenvironments in vitro.8° Given that chronic lung diseases are
characterized by extensive ECM remodelling and fibrosis, leading to
altered macrophage function and impaired immune responses,
model systems that capture these microenvironmental changes with
high throughput are essential for probing the mechanisms of
immune dysfunction and identifying potential therapeutic targets.

In this work, we utilized synthetic ECMs formed from thiol-ene
chemistry using building blocks of bioinert PEGs functionalized with
maleimide or thiol groups and thiolated peptides. Thiol-maleimide
hydrogels are well-characterized and known to be highly stable for
> 30 days in the absence of MMP-degradation.®! In our hands, the
thickness of the gel remained constant over the course of the study,
based on confocal imaging; therefore, we did not see evidence of
degradation of gels over a 7-day period. For longer periods of time,
future work could measure cell-driven degradation, which is
dependent on cell type, density, and stimuli. Further this chemistry
has been demonstrated previously to produce high viability of
encapsulated cells, without the need for light-based or small
molecule initiators,32%* and shown relevance for a range of biological
applications (e.g., cell culture, tissue engineering, drug delivery).82 83
85 While the fast reaction kinetics can present challenges in manually
prepared materials,82-%* inkjet-based bioprinting takes advantage of
this rapid gelation to form well-defined 3D cultures within a well-
plate format using a controlled, drop-wise approach.*®5° Qur group>!
and others®® 4% 33 have previously shown that that inkjet printing
efficiently encapsulates a variety of cell types, including cancer cells,
fibroblasts, and murine primary and immortalized macrophages.>!
Here, we build upon that work and show that this bioprinting
technology can be used to create high throughput, well-defined, and
adaptable synthetic 3D cultures of human macrophages and probe
their responses to inflammatory factors and a bacterial pathogen. 46
86,87

The presented work uniquely demonstrates how inkjet-based
bioprinting can be utilized for encapsulation and culture of human
macrophages for high-throughput probing of host-pathogen
interactions. To achieve this, we developed consistent workflows for
encapsulating, differentiating, and analysing THP-1 human
macrophages. While we focused on encapsulation of THP-1
monocytes followed by their differentiation to macrophages in 3D
culture, we have also demonstrated that fully differentiated THP-1
macrophages can be printed, encapsulated, and cultured (Figure S1).
As prior work has shown photopolymerized PEG-peptide hydrogels
did not allow for viable encapsulation of human dTHP-1
macrophages,® our contrasting results further support the versatility
of the bioprinted thiol-maleimide PEG-peptide hydrogel 3D culture
platform for studies of innate immune cells. We utilized the range of
capabilities provided by bioprinting to probe cell responses to
different matrix stiffnesses, as well as hydrogel model architectures,
and developed a range of workflows for key assays and cell analyses
to probe macrophage phenotypic, phagocytic, and inflammatory
responses to stimuli in these bioinspired 3D microenvironments.
Over a range of stiffness relevant to healthy and fibrotic tissues, we
translated protocols from traditional TCP to multi-well plate 3D
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cultures for simple and accessible workflows that allow cell
harvesting for flow cytometry or high-resolution in situ imaging. In
these 3D cultures, regardless of stiffness, macrophages remained
viable and responsive to external stimuli and produced relevant
inflammatory responses (Figure 3).

We focused on evaluating the effect of stiffness on macrophage
response to bacterial invasion in these 3D cultures. First, we
evaluated successful differentiation from monocytes to
macrophages indicated by CD11b+ expression (Figure 2A) and
appropriate macrophage M1 polarization (Figure 3B). Then, upon
adding P. aeruginosa, we observed that human macrophages
produce phenotypic and cytokine profiles consistent with those
observed during pathogen invasion in vivo,® 88 mainly upregulation
of inflammatory markers (MHCIl and CD86) and inflammatory
protein secretion (IL-18, TNF-a, and IL-6) (Figure 5). Toll-like receptor
(TLR) ligands on the bacteria cell wall, mainly LPS and flagella, are
known to upregulate both MHCII and CD86,%% °° which is confirmed
by this work. These two surface markers also are important for
antigen presentation to T-cells. When macrophages engulf bacteria
small peptide fragments are processed in the endosome and then
displayed and presented by MHC for presentation to T-cells, and
CD86 acts as a costimulatory molecule for promoting T-cell activation
and proliferation.® Aside from T-cell stimulation, macrophages also
fight off bacterial infection through release of reactive oxygen
species (ROS) and nitric oxide (NO),%? as well as many inflammatory
cytokines including those tested in this study (IL-183, TNF-a, and IL-6).
113 These cytokines are all essential in the host immune response and
accordingly are among the most common studied in previous
invasion models.® 16 64,90, 33, 34 The inflammatory and antimicrobial
response of macrophages to P. aeruginosa in 3D culture platform is
consistent with literature reports, including macrophage responses
on TCP to invasion with P. geruginosa,® % %2 and now provides
insights into responses in well-defined 3D microenvironments with
different physiologically-relevant stiffnesses.

Notably, when the stiffness of microenvironment was varied
from a healthy (1.1 kPa) to fibrotic range (4.8 kPa), RT-gPCR analysis
showed changes in the expression of several genes, where
macrophages in the 4.8 kPa condition expressed higher levels of both
inflammatory and anti-inflammatory genes compared to 1.1 kPa.
This observation is consistent with constant, aberrant wound
healing, where macrophages are persistently activated in the fibrotic
niche and other chronic lung diseases.?> %6

We did not observe differences in basal levels of expression of
inflammatory surface markers or protein secretion between fibrotic
and healthy ECM-mimics, whereas we did observe statistical
differences in macrophage phagocytosis, protein secretion, and
surface marker expression in response to bacterial invasion between
3D cultures of different compliance (Figures 4 and 5). While the
percentage of macrophages that phagocytosed, bacteria was similar
between conditions, higher amounts of bacteria per macrophage
were discerned in the healthy lung microenvironment condition (1.1
kPa) compared to the fibrotic lung microenvironment condition (4.8
kPa). These findings from flow cytometry analysis supported by
super-resolution imaging trends suggest increased macrophage
phagocytic activity in the healthy microenvironment; however, only
small differences are seen. More complex culture systems, such as
co-culture with other host cells (e.g., epithelial cells, fibroblasts), may
elucidate more pronounced differences. Further, macrophage
secretion of IL-1B and IL-6 during infection was higher within the
healthy microenvironment, whereas TNF-a and IL-10 secretion was
higher in the fibrotic microenvironment.
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Each of these cytokines has essential functions. IL;1B,release. is
indicative of inflammasome activation, Whichp 1i339¢85eAtials5k
controlling bacterial growth and balancing the duration and strength
of macrophage inflammatory responses.®’ Previous studies by Deng
et al. in TCP also show that P. aeruginosa activates the NLRP3
inflammasome, marked by release of IL-1B.7 IL-6 is often associated
with acute phase reactions to infections, and plays critical roles in
recruiting leukocytes to the infection site, while also promoting anti-
inflammatory resolution.®® %8 TNF-a, plays an essential role in
fighting off bacterial infections, through a broad range of functions,
such as recruitment of neutrophils, signalling cell death, and
stimulation of adjacent cells to secrete antimicrobial peptides.®®
Note, amongst these cytokines, TNF-a is known to have multi-
functional pro-immune activities that are context dependent. The
level of TNF-a is important for promoting beneficial, pro-healing
responses to injury and invaders, including an effective host
response to pathogen invasion; however, excessive activation of
TNF-mediated cell death is known to promote, rather than prevent,
microorganism pathogenicity.100-102

Unlike the other cytokines measured, IL-10 is known to be
immunosuppressive and is characteristic of anti-inflammatory M2
macrophages.103 104 Because macrophages are highly plastic,
heterogeneous, and exist along a spectrum of M1 to M2 phenotypes,
macrophages can upregulate both inflammatory and anti-
inflammatory factors simultaneously.® 1% M2 macrophages may be
responsible for promoting fibrosis; however, the role of IL-10 in
pulmonary fibrosis remains unclear. While IL-10 is an essential
regulator to balance inflammation and prevents excessive tissue
damage,19¢: 107 |L-10 can be a driver of pulmonary fibrosis'®® and a
tolerizing factor that may explain decreased bacteria clearance in
fibrotic microenvironments. Whether IL-10 promotes or resolves
bacterial infection also remains debated.

On the whole, upregulation of all these proteins show that
macrophages exhibit a robust response to P. aeruginosa in both the
healthy and fibrotic inspired compositions (1.1 and 4.8 kPa) of these
bioprinted 3D cultures. However, in the fibrotic microenvironment,
we see downregulation of proteins that are essential for resolving
infection, IL-6 and IL-1B, and upregulation of TNF-a, which can cause
negative immune impacts if overexpressed. Further, increases in IL-
10 are consistent with macrophages in fibrotic environments, where
M2 activation is prominent.10% 110 Additionally, basal gene expression
levels of macrophages are consistent with a continual overactivated
state, which is often seen in chronic lung disease and fibrosis. Taken
together, gene expression and protein secretion data show the
complexity of macrophage polarization, where macrophages are not
solely M1 or M2 but can upregulate traditional M1 and M2 markers
simultaneously; it is now widely accepted that macrophages exist on
a spectrum rather than a binary scale.®® 111 This work suggests the
relevance of the high throughput 3D culture system for probing
dysregulated or suppressed macrophage response in lung disease.

This work establishes a high-throughput 3D culture platform as a
powerful tool for studying immune responses in chronic lung
infections, demonstrating that ECM stiffening may play a vital role in
the macrophage-mediated pathogen clearance and inflammatory
response. While our study focuses on acute immune responses due
to the inherent limitations of in vitro co-cultures, where long
bacterial invasion times (>24 hours, Figure S9) are often impractical,®
64, 94, 112, 113 thjs system provides a foundation for investigating
microenvironmental influences on infection initiation. Beyond
stiffness, this platform can be adapted to evaluate different
microenvironment cues, such as viscoelasticity, collagen and other
protein deposition, and multicellular interactions. Further, while our
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studies have focused on macrophage response, these culture
systems may also be relevant for studying bacteria response to
related microenvironment cues, where mechanical properties also
have been shown to influence bacteria function.1!4%1¢ Along with
macrophages, the interplay between immune cells and other cells
found in the lung microenvironment, such as fibroblasts, plays an
important role in fibrosis and response to microenvironment stimuli
(e.g., mechanical stiffness, pathogens). Opportunities for future work
include increasing model system complexity for evaluation of
immune responses to pathogens with both macrophages and
fibroblasts in these bioprinted 3D cultures. Further, while cell lines
are relevant for preliminary testing of technology and allow the
robust screening of immune responses, evaluating the responses of
primary immune cells with the approaches established here will be
relevant in future studies particularly for use of cells from different
origins (e.g., healthy vs. diseased individuals). Additionally, while we
focused on probing response of macrophages to the
microenvironment, there are opportunities to use this system to also
evaluate monocyte response to microenvironment cues prior to
differentiation.

Overall, this work establishes a foundation for using this high
throughput bioprinting platform for answering important
mechanistic questions. By varying synthetic matrix biochemical
content, stiffness, model architecture, this system enables precise
control over environmental variables, facilitating investigations into
cellular responses to pathogens, cytokines, and therapeutic
interventions. With its potential for both fundamental research and
high-throughput drug screening, this technology provides a valuable
framework for identifying strategies to enhance immune function
and pathogen clearance in fibrotic lung diseases.

Conclusions

We demonstrated a high-throughput, tunable, versatile 3D culture
system for probing host-pathogen interactions, specifically
macrophage responses to microenvironment cues and bacterial
invasion. Workflows were established that allow interrogation of
macrophage responses in these 3D cultures, including polarization,
cytokine secretion, and phagocytosis, and enabled new studies to
build from those previously done in 2D culture or manually prepared
3D cultures. We show that the bioprinting process for creating these
3D cultures is compatible with human innate immune cells, allowing
high viability of THP-1 monocytes and dTHP-1 macrophages in
synthetic ECMs of varying compliance over a range relevant for
healthy to fibrotic lung tissue. With this model system, we found
differential immune response in stiffer, fibrotic microenvironments
compared to more compliant, healthy microenvironments. This
altered immune response suggests potential origins of chronic
immune evasion observed clinically. Overall, this work established a
platform for modeling and understanding immune response in
bioinspired tissue microenvironments, providing well-defined, yet
more complex co-cultures, particularly with fibroblasts, with insights
into macrophage responses to different stimuli and future
opportunities for use in mechanistic and treatment studies.
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