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ABSTRACT: Critical functions of immune cells require them to rapidly change their shape and generate forces in
response to cues from their surrounding environment. However, little is known about how soluble factors that may
be present in the microenvironment modulate key aspects of cellular mechanobiology—such as immune cell
deformability and force generation—to impact functions such as phagocytosis and migration. Here we show that
signaling by soluble stress hormones through B-adrenoceptors (3-AR) reduces the deformability of macrophages;
this is dependent on changes in the organization of the actin cytoskeleton and is associated with functional changes
in phagocytosis and migration. Pharmacologic interventions reveal that the impact of 3-AR signaling on macro-
phage deformability is dependent on actin-related proteins 2/3, indicating that stress hormone signaling through
B-AR shifts actin organization to favor branched structures rather than linear unbranched actin filaments. These
findings show that through remodeling of the actin cytoskeleton, 3-AR-mediated stress hormone signaling mod-
ulates macrophage mechanotype to impact functions that play a critical role in immune response.—Kim, T.-H.,
Ly, C., Christodoulides, A., Nowell, C.J., Gunning, P. W., Sloan, E. K., Rowat, A. C. Stress hormone signaling
through B-adrenergic receptors regulates macrophage mechanotype and function. FASEB J. 33, 3997-4006 (2019).
www.fasebj.org
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Immune cells sense and integrate information from di-
verse environmental cues (1-3). In response to physiologic
and psychologic stressors, fibers of the peripheral sym-
pathetic nervous system release catecholaminergic stress
hormones including norepinephrine into major organ
systems to induce a “fight-or-flight” response; epinephrine
is released from the adrenal gland into circulation (4, 5).
Norepinephrine and epinephrine bind to B-adrenergic
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receptors (3-ARs) to mediate changes in immune cell
function. Such neuroendocrine-immune communication
is evolutionarily conserved (6) and critical for modulating
immune response [reviewed in (7)]. Macrophages are es-
sential for immune function: inflammation triggers blood-
circulating monocytes to be recruited and differentiate into
macrophages (8). Resident macrophages are present in
major organs and perform crucial functions in tissue ho-
meostasis, such as eliminating infectious agents, mediat-
ing inflammation, and repairing tissue damage (9-11).
B-AR signaling induces molecular changes in macro-
phages, including up-regulation of immune receptor
CD14 and increased secretion of cytokines including TNF-
a, IL-6, and IL-10 (12-14), as well as changes in integrin
affinity (15). B-AR signaling has also been shown to affect
phagocytosis, but studies reveal inconsistent results (13,
15). However, despite the importance of stress hormones
in modulating immune cell function, little is understood
about the physical and molecular mechanisms that un-
derlie B-AR regulation of macrophage functions including
migration and phagocytosis.
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The mechanical phenotype—or mechanotype—of mac-
rophages is intimately linked to their function (16, 17). The
compliance of macrophages has been associated with
their advection through narrow channels and migration
through micron-scale pores (18). Macrophage phagocy-
tosis has also been associated with cell mechanical prop-
erties (19). The link between mechanotype and functions
can be explained as phagocytosis and migration require
force generation and changes in cellular shape, which are
regulated by shared molecular mediators. A primary de-
terminant of the mechanical stability of macrophages is
the actin cytoskeleton, which also provides critical force-
generating machinery for the cell (18, 20). Protrusions and
cellular shape changes generated by actin polymerization
and branching—which are mediated by the actin-related
protein 2/3 (Arp2/3) complex and formins—are required
for functions such as migration and phagocytosis (21-24).
However, it is poorly defined how stress hormone sig-
naling modulates actin organization and dynamics to
regulate macrophage mechanical properties and function.
Such knowledge would provide mechanistic insight into
how cells alter their physical properties in response to a
soluble physiologic cue.

Here we investigate how B-AR signaling modulates
macrophage mechanotype and key functions of phago-
cytosis and migration. Using U937 human myeloid cells
and RAW 264.7 mouse myeloid cells, we show that sig-
naling through B-AR reduces the deformability of differ-
entiated macrophages but not of precursor monocytes.
B-AR regulation of cell deformability is dependent on
remodeling of the actin cytoskeleton and is associated with
changes in phagocytosis and migration. These findings
show that 3-AR signaling, which is activated by soluble
stress hormones, induces changes in macrophage mecha-
notype and critical functions of phagocytosis and migra-
tion. To our knowledge, this is the first report of how a
physiologic cue regulates cellular physical phenotype and
physiologic functions by shifting the balance between
branched and unbranched actin filament populations.

MATERIALS AND METHODS
Cells and reagents

The human histomonocytic (U937) cell line [American Type
Culture Collection (ATCC), Manassas, VA, USA] was main-
tained in RPMI 1640 media supplemented with 10% fetal bovine
serum (FBS; Gemini Bio-Products, West Sacramento, CA, USA)
and 1% penicillin and streptomycin (Thermo Fisher Scientific,
Waltham, MA, USA). Macrophage-like cells were differentiated
by treatment with 50 ng/ml phorbol 12-myristate 13-acetate
(PMA) in serum-free medium for 24 h (25). The murine macro-
phage (RAW 264.7) cell line (ATCC) was maintained in DMEM
(Thermo Fisher Scientific) supplemented with 10% FBS and 1%
penicillin and streptomycin (Thermo Fisher Scientific). All cells
were maintained at 37°C, 5% CO,.

The B-AR agonist (isoproterenol) and antagonist (pro-
pranolol) were from MilliporeSigma (Burlington, MA, USA). The
adenylyl cyclase activator forskolin (MilliporeSigma) was used at
10 pwM for 24 h. To inhibit polymerization of F-actin, we treated
cells with 2 pM cytochalasin D (Santa Cruz Biotechnology, Dal-
las, TX, USA) for 1 h. To inhibit the activity of Arp2/3 and
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formins, cells were treated with 50 pM CK666 (MilliporeSigma)
or 20 puM SMIFH2 (MilliporeSigma) for 24 h. To chelate
intracellular Ca®", cells were treated with 10 pM 1,2-bis(2-
aminophenoxy)ethane-N,N,N’,N'-tetraacetic acid tetrakis-
acetoxymethyl ester (Thermo Fisher Scientific) for 24 h.

Quantitative RT-PCR

To measure levels of B-adrenoceptors in U937 cells before and
after PMA-differentiation into macrophages, TRIzol reagent
(Thermo Fisher Scientific) was used to extract total RNA from
cells according to the manufacturer’s protocol. cDNA was
obtained using SuperScript III First-Strand Synthesis System
(Thermo Fisher Scientific) starting from 1 pg of RNA. Quantita-
tive PCR was performed using the CFX96 Touch Real-Time PCR
Detection System (Bio-Rad, Hercules, CA, USA) and SYBR Green
Real-Time PCR Master Mixes (Thermo Fisher Scientific) with the
following primers: GAPDH (forward: 5'-tgcaccaccaactgcttage-3',
reverse: 5'-ggcatggactgtggtcatgag-3'), TLR4 (forward: 5'-
agacctgtccctgaaccctat-3', reverse: 5'-cgatggacttctaaaccageca-3’),
CCR2 (forward: 5'-ccacatctcgttcteggtttatc-3', reverse: 5'-cagg-
gagcaccgtaatcataate-3'), CD14 (forward: 5'-acgccagaaccttgtgage-
3’, reverse: 5'-gcatggatctccacctctactg-3’), CD163 (forward: 5'-
tttgtcaacttgagtcccttcac-3’, reverse: 5'-tcccgctacacttgttttcac-3"),
CSFIR (forward: 5'-gggaatcccagtgatagagec-3', reverse: 5'-
ttggaaggtagcegttgttggt-3'), CD68 (forward: 5'-cttetetcatteccctatg-
gaca-3', reverse: 5'-gaaggacacattgtactccacc-3'), CD16/FCGR3A
(forward: 5'-cctectgtctagteggtttgg-3’, reverse: 5'-tcgagcaccetg-
taccattga-3"), CD71/TFRC (forward: 5'-accattgtcatatacccggttca-
3’, reverse: 5'-caatagcccaagtagccaatcat-3').

Flow cytometry

To confirm differentiation of U937 cells, we quantified the ca-
nonical macrophage surface marker, CD11b. Differentiated and
undifferentiated U937 cells were harvested in ice-cold PBS con-
taining 10% FBS solution. We then immunolabeled 1 X 10° cells
with 0.75 pg of phycoerythrin-conjugated CD11b antibody
(301306; BioLegend, San Diego, CA, USA) for 30 min at room
temperature. After being washed with PBS, cells were analyzed
with FACSAria II High-Speed Cell Sorter with FACSDiva soft-
ware (BD Biosciences, San Jose, CA, USA) and Flow]Jo software
(FlowJo, Ashland, Oregon, USA) at the University of California,
Los Angeles (UCLA) Broad Stem Cell Research Center Flow
Cytometry Core. To measure B,AR expression levels, we fixed
cells with 4% paraformaldehyde and labeled them with 0.60 g
of FITC-conjugated B,AR antibody (sc-271322; Santa Cruz Bio-
technology) before analyzing by flow cytometry.

Phagocytosis assay

To quantify phagocytosis, we measured the uptake of pH-
sensitive dye (pHrodo) conjugated E. coli bioparticles (26) into
macrophages using an automated live cell imaging system
(IncuCyte Zoom; Essen BioScience, Ann Arbor, MI, USA) (27).
Because the fluorescence of the pHrodo dye conjugated to E.coli
bioparticles is sensitive to pH, the fluorescence increases once
the particles are internalized through phagocytosis. PMA-
differentiated U937 cells were treated with forskolin (10 wM) or
isoproterenol (100 nM) with or without inhibitors of actin poly-
merization, branching, and nucleation (2 wM cytochalasin D,
50 uM CK666, and 20 .M SMIFH?2). After 1 h of incubation, 10 p.g/
well of pHrodo conjugated E. coli bioparticles (Thermo Fisher
Scientific) were added, and images were then acquired every 2 h
for 48 h. To quantify the total green object area (square micro-
meters per image), which indicates the number of internalized
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particles, images were analyzed using IncuCyte Zoom software
(Essen BioScience).

Chemotaxis assay

Chemotaxis of macrophages was measured using a transwell
migration assay. We seeded 8 X 10° U937 cells on polycarbonate
membranes with 5 pm-diameter pores (Transwell Inserts;
Corning, Corning, NY, USA) and differentiated cells as pre-
viously described. After 24 h, forskolin (10 M), propranolol
(10 pM), or isoproterenol (100 nM) with or without other actin-
perturbing drugs were added in both upper inserts and lower
wells. To induce chemotaxis, the chemoattractant, 10% FBS, was
added only to the lower wells. After incubation for 6 hat37°C, we
determined the number of cells that had migrated through to the
lower well by staining the remaining cells in the lower well with
Hoechst 33342 (10 pg/ml) for 30 min at room temperature. To
quantify chemotaxis efficacy, we counted the number of cells that
migrated into the lower well by acquiring at least 5 images per
well using a charge-coupled device camera (AxioCam MRm;
Carl Zeiss, Oberkochen, Germany) mounted on an inverted
fluorescence microscope (Carl Zeiss) with X10 objective (Zeiss
EC Plan-NEOFLUAR, NA:0.3) equipped with X-Cite 120Q light
source.

Quantitative image analysis

To quantify levels of F-actin, 1 X 10° undifferentiated U937
cells were plated on a glass (Millicell Ez Slides; Milli-
poreSigma) coated with 100 pg/ml of Matrigel (Corning)
followed by differentiation with PMA. To identify single cells,
we labeled both F-actin (phalloidin) and DNA (DRAQ5). Cells
were fixed with 4% paraformaldehyde for 15 min at room
temperature, and then incubated for 1 h at room temperature
with phalloidin (Alexa Fluor 546-conjugated Phalloidin,
1:200; Thermo Fisher Scientific) and DRAQ5 (1:1000; Thermo
Fisher Scientific) diluted in 1% (w/v) bovine serum albumin
in PBS with 0.3% Triton X-100. To acquire images, we used a
laser-scanning confocal microscope (LSM 5; Carl Zeiss)
equipped with argon (488 and 514 nm), HeNe (543 nm), and
Red Diode (633 nm) lasers, and a X63 objective (NA1.2 W Corr
UV-VIS-IR, C-Apochromat; Carl Zeiss). For quantification of
F-actin levels, we used a custom script to perform watershed
segmentation and extract cell regions to measure actin in-
tensity per cell (Image]; National Institutes of Health,
Bethesda, MD, USA) (28).

Parallel microfiltration

To measure the deformability of cells, which is indicated by their
ability to filter through 5 wm pores of a membrane with applied
pressure, we used parallel microfiltration (PMF) as described in
our previous studies (29, 30). Briefly, cells were treated with
drugs for 24 h, and we prepared a suspension of single cells by
trypsin treatment for 3 min followed by scraping to harvest ad-
ditional cells that remain adhered. Cells were counted (TC20; Bio-
Rad) to generate a suspension of 5 X 10° cells in culture media,
which is placed in a well of the PMF device. To drive the cell
suspension to pass through the 5 pm pore-polycarbonate mem-
brane, we applied an air pressure of 2.0 kPa for 30 s. Retention
was determined by measuring the mass of the cell suspension
that was retained at the end of the filtration timecourse compared
with the initial mass loaded (massgn,/massia). Higher re-
tention indicates a population of cells that has a higher proba-
bility to occlude pores compared with a suspension of cells that
more readily transit through pores. Cells with higher elastic

B-AR SIGNALING REGULATES MACROPHAGE MECHANOTYPE

modulus as measured by atomic force microscopy tend to have a
higher probability of occluding micron-scale pores (31, 32).

Quantitative deformability cytometry

To measure the deformability of single cells, we used quantitative
deformability cytometry as described in our previous studies (31,
33). Briefly, cell suspensions were flowed through poly-
dimethylsiloxane (PDMS) microfluidic devices with channels
that were 5 pm X 10 wm (width X height); the timescale of cell
transit, or transit time, provides a measure of cell deformability
(34). We flowed suspensions of 1.5 X 10° cells/ml through q-DC
devices using a driving pressure of 41 kPa and captured 2500
frames/sec using a CMOS camera (Phantom) mounted on an
inverted microscope (Carl Zeiss) equipped with a X20/0.40 NA
objective. We performed post acquisition analysis using Matlab
(MathWorks, Natick, MA, USA) to determine the transit time for
individual cells (https.//github.com/knybe/RowatLab-DC-Analysis).

Statistical analyses

All experiments were performed at least 3 independent times.
Statistical significance between control and treated groups was
determined with an unpaired ¢ test or 1-way ANOVA with
Tukey’s multiple comparison post hoc analysis using Graphpad
Prism 5 (GraphPad Software, La Jolla, CA, USA).

RESULTS

B-AR signaling reduces the deformability
of macrophages

To determine whether B-AR signaling drives physical
changes in myeloid cells, we examined the effect of the
B-AR agonist isoproterenol on the deformability of
monocytes and macrophages. First we investigated the
human U937 monocyte cell line that can be differentiated
into macrophage-like cells by treatment with PMA (35, 36).
PMA-differentiated U937 cells have been widely used as a
model for macrophages because they express macrophage
marker proteins and exhibit similar behaviors to macro-
phages including phagocytosis and chemotaxis (37-39).
Differentiation of U937 cells into macrophage-like cells
following PMA treatment was confirmed by the up-
regulated transcription of key macrophage markers
including CD14, CSFIR, and CD163 determined by
quantitative RT-PCR (qQRT-PCR) and the increased surface
expression of CD11b measured by flow cytometry (Sup-
plemental Fig. S1A-D). Using qRT-PCR, we confirmed
that both precursor monocytes (undifferentiated U937
cells) and macrophages (PMA-treated U937 cells) express
the B-AR subtypes, ADRB1, ADRB2, and ADRB3 (Sup-
plemental Fig. S1E). To determine effects of B-AR activa-
tion on both monocyte and macrophage physical properties,
we treated cells with isoproterenol and measured their
ability to deform through micron-scale pores using
PMF (29, 30). In this assay, air pressure is applied to
drive a suspension of cells through 5 um diameter pores
over a relatively short timescale of 30 s, and the volume of
fluid retained above the membrane is determined; the re-
tention volume depends on the number of pores that have
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been occluded by cells, which is largely determined by
the physical properties of cells, including cell size and
deformability (29). Before filtration, cells were treated with
isoproterenol across a range of concentrations from 1 to
100 nM, which have been shown to induce intracellular
signaling and invasion of cancer cells (40, 41). We found
that isoproterenol had no effect on the retention of
monocytes (Fig. 1A), suggesting that 3-AR signaling does
not change monocyte physical properties. By contrast, we
observed a significant increase in retention of macro-
phages with increasing isoproterenol dose, suggesting
B-AR signaling changes macrophage physical properties
in a concentration-dependent manner (Fig. 14). We found
no significant changes in cell size distributions with or
without isoproterenol (Fig. 1B), suggesting that increased
retention of macrophages with B-AR signaling is due to
decreased cell deformability. To determine whether the
differential effect of B-AR signaling in monocytes and
macrophages resulted from different levels of B-AR, we
used flow cytometry to measure surface levels of 8,AR,
which is the dominant B-AR subtype in myeloid cells (14).
We found no significant differences in 3,AR levels in U937
cells before and after PMA treatment (Supplemental Fig.
S1F-H). Nor did we find any difference inlevels of ADRB2
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transcripts measured by qRT-PCR (Supplemental Fig.
S1E). Taken together, these data indicate that stress hor-
mone signaling through B-AR selectively modulates the
mechanotype of macrophages.

To validate the B-AR-induced changes in deformability
using an independent method, we used quantitative
deformability cytometry to measure the timescale for in-
dividual macrophages to transit through 5 wm constric-
tions in a microfluidic device (31, 33); cells that are stiffer
have longer transit times (33). Activation of B-AR signal-
ing increased the transit time (TT) of macrophages (me-
dian TTyen vs. TTiso: 6.9 vs. 9.4 ms, P < 0.0001) (Fig. 1C, D),
consistent with findings by PMF that cells are becoming
less deformable with B-AR activation. To investigate
whether the 3-AR-induced changes in cell deformability
are generalizable to other myeloid cells, we measured the
retention of the mouse macrophage cell line RAW 264.7
following treatment with the B-AR agonist isoproterenol.
Consistent with findings for U937-derived macrophages,
B-AR activation resulted in increased retention of RAW
264.7 cells, indicating a concentration-dependent re-
duction in cellular deformability (Fig. 1E); we note that a
slight increase in deformability was observed for 1 nM of
isoproterenol treatment, which is not seen in the human
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Figure 1. B-AR signaling activation reduces the deformability of macrophages. A) Retention of monocyte (U937) and
macrophage (U937+PMA) cells was measured using parallel microfiltration after isoproterenol treatment for 24 h. Retention is
measured by the mass of cell suspension that remains in the top well after applying 2 kPa pressure for 30 s relative to the initial
mass. Higher retention indicates that cells are more likely to occlude the 5 wm pores. B) Cell size distribution of monocytes and
macrophages in vehicle control (Veh) and isoproterenol (Iso)-treated groups. C) Density scatterplot shows data from
quantitative deformability cytometry. We measure cell size and transit time, or the timescale for macrophages to pass through the
5 X 10 wm gap of a microfluidic channel (n > 1600). D) Boxplot shows the lower and upper quartiles with median (line).
Whiskers show the 10-90th percentiles (P < 0.0001). E) Isoproterenol effects on mouse macrophage (RAW 264.7) cells. I~H)
Relative retention measured by PMF following 24 h treatment with Iso (100 nM) and the B-blocker propranolol (Pro) (10 uM)
(F). Pro+Iso indicates cotreatment. Adenylyl cyclase activator forskolin (For; 10 wM) (G). Calcium chelator BAPTA-AM [1,2-Bis
(2-aminophenoxy)ethane-N,N,N',N'-tetraacetic acid tetrakis-acetoxymethyl ester] (10 wM) (H). One-way ANOVA test with
Tukey’s multiple comparison test. *P < 0.05, **P < 0.01, ***P < 0.001; n.s., not significant. Results represent data from at least 3

independent experiments (N = 3).
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U937 cell line. Although the trend of increased retention
with isoproterenol treatment was consistent across both
human and mouse cells, the increase in retention for the
mouse cells occurred at a higher isoproterenol concentra-
tion (~1000 nM) compared with the human cells (~1nM),
consistent with the lower expression of Adrb2 in RAW
264.7 cells (42).

To determine whether the effects of isoproterenol on
macrophage deformability are modulated by signaling
through B-AR—rather than nonspecific off-target effects—
we treated cells with the B-AR antagonist propranolol
to compete binding of the B-AR agonist at the receptor.
We found that propranolol itself does not modulate
cell deformability (P = 0.73; Fig. 1F), but propranolol
blocked the increased retention with isoproterenol, con-
firming that signaling through B-AR mediates the effects
on macrophage deformability (Fig. 1F). To identify the
downstream signaling pathway that regulates cellular
deformability, we manipulated other mediators down-
stream in the B-AR signaling pathway (41). B-AR is a G-
protein coupled receptor that activates adenylyl cyclase to
elevate levels of intracellular cAMP and calcium (32, 41).
To directly activate adenylyl cyclase, we treated U937
macrophages with forskolin and found increased re-
tention, consistent with reduced deformability (Fig. 1G).
To determine the role of intracellular Ca>*, we treated the
cells with 1,2-bis(2-aminophenoxy)ethane-N,N,N’,N'-tet-
raacetic acid tetrakis-acetoxymethyl ester to chelate in-
tracellular calcium and found that isoproterenol no longer
modulated cell deformability (Fig. 1H). Taken together,
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these results support that activation of B-AR signaling
pathway modulates macrophage deformability.

F-actin mediates B-AR-induced changes in
cell deformability

The actin cytoskeleton is a major determinant of cell
deformability (43, 44). Specifically, levels of filamentous
(F)-actin are critical for regulating cellular shape and
mechanotype (45, 46). To investigate whether the effect of
B-AR signaling on macrophage deformability was linked
to changes in the actin cytoskeleton, we imaged F-actin
using phalloidin staining and confocal microscopy. Quan-
titative image analysis revealed that treatment with iso-
proterenol for 24 h increased phalloidin intensity by
1.4-fold—indicating increased F-actin density (P < 0.001)
(Fig.2A, B). We observed that the increase in F-actin intensity
occurred in the cytoplasm, but not in the nuclear region
(P = 0.11; Fig. 2A-C). These analyses investigated actin
distribution across a 2 pm-thick midplane section of in-
dividual cells, and future studies that image actin through
the axial dimension of cells will be important to identify
spatial differences in actin throughout the cell body.
Nonetheless, consistent with these initial findings, we re-
ported previously that B-AR signaling increases F-actin in
tumor cells on similar timescales (32).

To further explore the role of the actin cytoskeleton in
B-AR regulation of macrophage deformability, we next
examined the role of different actin filament populations.
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show the 10-90th percentiles. Unpaired ¢ test. *P < 0.05. D) Macrophage retention measured by PMF. Cells are treated with
inhibitors of F-actin polymerization [cytochalasin D (Cyto D) 2 uM for 1 h], Arp2/3 activity (CK666, 50 pM for 24 h), or formin
activity (SMIFH2, 20 uM for 24 h). One-way ANOVA test with Tukey’s multiple comparison test. *P < 0.05, **P < 0.01. N.s., not
significant. Results represent data from at least 3 independent experiments (N = 3).
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There are 2 major actin filament populations that are nu-
cleated by formins and the Arp2/3 complex. Formins
nucleate linear actin filaments and promote elongation,
resulting in long, linear filaments (47, 48). The Arp2/3
complex also nucleates actin filaments, but generates
branched F-actin filament networks that tend to be ~10X
shorter and have ~20X faster turnover than formin-
nucleated filaments (44, 49, 50). We found that treatment
with the Arp2/3 inhibitor, CK666, or inhibitor of actin
polymerization, cytochalasin D, blocked the ability of
isoproterenol to increase macrophage retention, indicating
that B-AR regulation of deformability is dependent on
actin polymerization and branching. By contrast, treat-
ment with the formin-inhibitor SMIFH2 did not reverse
the effect of isoproterenol on retention (P = 0.02), indicating
that formins are not a major determinant of B-AR regula-
tion of macrophage deformability (Fig. 2D). These findings
suggest that the effects of B-AR activation on macrophage
deformability are predominantly mediated by Arp2/3-
associated shorter, branched filament networks rather
than unbranched filaments.

Activation of 3-AR signaling increases
macrophage phagocytosis and migration

Macrophages respond to chemotactic cues within tissues
and move to the site of infection to eliminate pathogens by
phagocytosis. To investigate whether B-AR signaling
modulates these key macrophage functions, we treated
macrophages with isoproterenol and measured phagocytosis
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and migration. Isoproterenol treatment increased phagocy-
tosis of fluorescent E.coli bioparticles by 44% compared with
vehicle-treated cells (P < 0.001) (Fig. 34, B and Supple-
mental Fig. S1I). Pretreatment with the 3-AR antagonist
propranolol blocked isoproterenol-enhanced E.coli inter-
nalization, showing the effect of isoproterenol on phago-
cytosis is dependent on the B-AR. In contrast, forskolin
treatment enhanced phagocytosis, demonstrating a role
for cAMP in regulating phagocytosis (Fig. 3A, B); these
findings are consistent with modulation of phagocytosis
by the 3-AR signaling pathway.

To investigate the effect of B-AR activation on migra-
tion, we used a transwell migration assay to quantify mi-
gration of macrophages through 5 um pores toward a
serum gradient. We found that isoproterenol increased the
number of cells that migrated through the porous mem-
brane toward a serum gradient by 2.4-fold (P < 0.001),
reflecting that 3-AR activation enhances macrophage mi-
gration (Fig. 3C, D). Enhanced migration was also observed
with forskolin treatment, but blocked by propranolol (Fig.
3C, D); these findings are consistent with regulation
through the B-AR signaling pathway.

Because actin remodeling is critical for the B-AR-
induced change in cell deformability, we next asked
whether changes in actin filament organization also con-
tribute to the B-AR-mediated increase in macrophage
phagocytosis and migration. To determine the effects of
changes in actin organization on phagocytosis and mi-
gration, we treated macrophages with inhibitors to block
actin nucleation, polymerization, and branching. We
found that inhibiting actin polymerization (Cyto D) or
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Figure 3. B-AR activation increases phagocytosis and motility in macrophages. A) Representative images from phagocytosis assay
showing cells treated with vehicle control (Veh), isoproterenol (Iso), propranolol (Pro), or forskolin (For) for 25 h. Green signal
shows internalized FE.coli bioparticles after drug treatments. Scale bar, 50 pm. B) Relative phagocytosis shows number of
internalized beads relative to vehicle control. Bars show means * se. One-way ANOVA test with Tukey’s multiple comparison test.
*##%kP < 0.001. C) Representative images from transwell migration assay. Scale bar, 100 wm. D) Number of migrated cells is
determined by counting the number of nuclei in bottom chamber. One-way ANOVA test with Tukey’s multiple comparison test.
*P < 0.05, #*P < 0.001. N.s., not significant. Results represent data from at least 3 independent experiments (N = 3).
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nucleation of unbranched filaments (SMIFH2) reduced
basal levels of phagocytosis (Fig. 4A4) and migration (Fig.
4B) and prevented isoproterenol from increasing either
phagocytosis or migration. Interestingly, we observed the
Arp2/3 inhibitor CK666 had no significant effects on basal
levels of phagocytosis and migration, but blocked the
B-AR-induced increase in phagocytosis and migration
(Fig. 4).

%aken together our findings show that 3-AR modulation
of actin organization and dynamics regulates phagocytosis
and migration (Fig. 5), which are required for immune re-
sponse. Our results also suggest that B-AR signaling regu-
lates macrophage deformability by shifting the balance
between longer, linear branched filaments of the actin cy-
toskeleton in favor of a highly dynamic network that ex-
hibits more branching and shorter filaments (Fig. 5).

DISCUSSION

We show here that -AR signaling triggers changes in cell
mechanotype, phagocytosis, and migration that are me-
diated by changes in the organization of actin (Fig. 5).
Although there is evidence that cell mechanical properties
are linked with immune cell functions (16, 17, 51), mech-
anistic knowledge of how physiologic cues elicit such
physical changes is still developing. Our results discrimi-
nate between the roles of formin-nucleated and Arp2/
3-nucleated actin filaments in stress hormone regulation of
macrophage deformability: our findings suggest that
B-AR activation shifts the balance between actin filament
populations to favor more highly branched, Arp2/
3-mediated structures rather than linear unbranched fila-
ments (Fig. 5). These results align well with recent obser-
vations of actin organization at adherens junctions, where
bundles of nonmuscle myosin II-associated linear actin
filaments run parallel to the plasma membrane and Arp2/
3-associated branched networks emanate from these
bundles and appear to push against the membrane (52).
Our findings suggest that a similar organization may exist

>

B
4.0

in macrophages where bundles of linear actin filaments
provide basal stiffness; consistent with this, previous
studies show that linear actin filaments are a major de-
terminant of cell stiffness (44). Here, we show that the shift
toward branched actin networks induced by B-AR acti-
vation is a major contributor to the observed decrease in
cellular deformability. Given that Arp-2/3-nucleated fila-
ments have ~20X faster turnover than formin-nucleated
filaments (44), it is intriguing to speculate that the shift to
the more highly dynamic, Arp2/3-nucleated actin struc-
tures with stress hormone stimulation may enable cells to
more quickly sample their environment and respond ap-
propriately to external stimuli.

The finding that B-AR regulation of macrophage
deformability depends on Arp2/3 suggests that both the
organization and dynamics of actin may be important for
regulation of cell mechanotype by soluble stress hor-
mones. Branched actin structures proximal to the plasma
membrane (52) counter the contractile forces generated by
nonmuscle myosin II to increase cortical tension and cell
stiffness (53, 54). Kinetic processes of actin nucleation and
branching also contribute to cellular stiffness and force
generation (44, 53, 55), which enable cells to effectively
generate protrusive structures—such as lamellipodia and
podosomes—to enhance key functions of phagocytosis
and motility (22, 23, 56-59).

By demonstrating a key role for actin in B-AR regula-
tion of phagocytosis and motility, the findings presented
here provide mechanistic insight into previous studies that
found increased phagocytosis of primary macrophages
with B-AR activation (13) as well as observations that
macrophage deformability is associated with phagocyto-
sis (19, 59). Our results show that inhibition of Arp2/3 or
formin activity blocks the B-AR-induced increase in
phagocytosis, consistent with the role of actin polymeri-
zation and branching in generating protrusions required
to engulf particles (60-62). The activity of Arp2/3 and
formins is also critical for the motility of macrophages and
dendritic cells (63—-65), where force generation is required
for the formation of protrusive structures that promote

Figure 4. B-AR signaling regu-
lates macrophage functions

o through changes in actin orga-
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nization. A) Phagocytosis is
measured in the presence of
actin  polymerization inhibitor
(2 M cytochalasin D), Arp2/3
inhibitor (50 uM CK666), or for-
min inhibitor (20 pM SMIFH2),
whereas B-AR signaling is acti-
vated with 100 nM isoproterenol
for 24 h. Statistical significance
indicated by asterisks shows com-
parisons to vehicle control unless
indicated. One-way ANOVA test
with Tukey’s multiple compari-
son test. *P < 0.0b, **P < 0.01,
*#*%P < 0.001. B) Quantitative

£
N

analysis of chemotaxis after 24 h of drug treatment. Statistical significance indicated by asterisks shows comparisons to vehicle control
unless indicated. One-way ANOVA test with Tukey’s multiple comparison test. *P < 0.05, **P < 0.01, ***P < 0.001. N.s., not
significant. Results represent data from at least 3 independent experiments (N = 3).
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Figure 5. Proposed mechanism for B-AR regulation of macrophage deformability and function. Activation of B-AR signaling with
agonist results in reduced whole cell deformability and increased branched, Arp2/3-nucleated actin in the cytoplasm. B-AR
activation also enhances macrophage functions such as phagocytosis and migration.

invasion (66, 67). Arp2/3 was also recently identified to
contribute to the deformation of the nucleus during the
migration of cells through narrow gaps (64). It is plausible
that B-AR activation may enhance the ability of cells to
move through micron-scale pores via increased nuclear
translocation mediated by Arp2/3-generated forces. Cell
motility is also sensitive to myosin II activity (68), and our
previous findings in cancer cells showed that a B,AR-
actin-myosin Il axis mediates cell stiffness and motility (32).
Future studies will investigate how B-AR signaling regu-
lates the interplay between branched, Arp2/3-nucleated
actin and myosin II, which is associated primarily with lin-
ear, formin-nucleated filaments (69, 70).

Although associations between cell mechanotype and
function have been observed in other immune cell contexts,
the molecular mechanisms have not been well understood.
The ability of neutrophils to deform through narrow gaps is
critical for their chemotactic functions. Indeed, neutrophils
show increased compliance and faster advection through
12 pm narrow microfluidic channels; by contrast, macro-
phages exhibit reduced steady-state viscosity compared with
neutrophils, which may be a physiologic adaptation for en-
hanced migration through tissues (18). The mechanotype of
T cells influences the size of immune synapses formed with
antigen presenting cells (APCs) and thus plays a crucial role
in their signaling and activation: the more compliant cyto-
skeleton of active T cells compared with naive T cells results
in formation of larger immune synapses with APCs, because
a more compliant T cell can more readily deform around or
“hug” the APC (71). These findings suggest that cellular
deformability serves as an important characteristic in pre-
dicting T cell interactions with APCs and their subsequent
activation. Consistent with our findings that actin organiza-
tion and dynamics link macrophage mechanotype and
function, the actin-severing factor cofilin was found to be
critical for modulating T cell deformability and immune
synapses with APCs (71). Actin remodeling is also critical for
intracellular trafficking and receptor internalization and
sensitization (72-74); in future research it will be important to
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determine how these cellular functions are regulated by
signaling through B-AR. Further studies of the biophysical
and molecular mechanisms of immune cell functions will
provide a more detailed understanding of the range of sol-
uble and mechanical cues that regulate immune cell behav-
iors. For example, matrix stiffness regulates immune cell
mechanotype (75, 76), cytokine production (77-79), and
phagocytosis (19) and also determines migration mode (80,
81). Understanding how multiple soluble and mechanical
cues in the microenvironment contribute to immune cell
behaviors will be important to define immune response in
physiologic and disease contexts.
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