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Abstract
Background—Extracellular pressure alterations in infection, inflammation, or positive pressure
ventilation may influence macrophage phagocytosis. We hypothesized that pressure modulates β1-
integrins to stimulate phagocytosis.

Methods—We assayed fibroblast phagocytosis of fluorescent latex beads at ambient or 20mmHg
increased pressure, and macrophage integrin phosphorylation by Western blot.

Results—Pressure did not alter phagocytosis in β1-integrin-null GD25-fibroblasts, but stimulated
phagocytosis in fibroblasts expressing wild type β1-integrin. In PMA-differentiated THP-1
macrophages, pressure stimulated β1-integrin T788/789 phosphorylation, but not S785
phosphorylation. Furthermore, pressure stimulated phagocytosis in cells expressing an inactivating
S785A point mutation or a T788D substitution to mimic a constitutively phosphorylated threonine,
but not in cells expressing an inactivating TT788/9AA mutation.

Conclusion—The effects of pressure on phagocytosis are not limited to macrophages but
generalize to other phagocytic cells. These results suggest that pressure stimulates phagocytosis via
increasing β1-integrin T789 phosphorylation. Interventions that target β1-integrin threonine 789
phosphorylation may modulate phagocytic function.
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Introduction
Monocytes and macrophages are often recruited to sites of infection and inflammation.
Interstitial tissue pressures are increased in closed space infections such as abscesses or rapidly
dissecting fascial infections, while tissue pressure may decrease in otherwise edematous
infected tissues [1–3]. Mechanical stimuli such as changes in extracellular pressure can
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Summary
Changes in extracellular pressure as may occur in conditions of infection or inflammation can influence macrophage phagocytosis, but
the pressure-stimulated receptor by which phagocytes interact with their targets has not been identified. These results demonstrate that
non-professional phagocytes such as fibroblasts display the same phenomenon and suggest that increases in extracellular pressure
stimulate phagocytosis by modulating β1-integrins threonine 789 phosphorylation.
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influence diverse cell types [4–6], including phagocytic macrophages [7]. We have previously
reported that increased extracellular pressure stimulates phagocytosis in PMA-differentiated
THP-1 macrophages and primary monocytes [8].

We now sought to identify the membrane proteins that mediate pressure-stimulated phagocytic
cell adhesion to the phagocytic target. Macrophages and non-professional phagocytic cells
such as fibroblasts, osteoblasts, and epithelial cells can bind to their targets by a variety of
receptors including the IgG FcRs (FcγR), complement receptors, and integrin heterodimers.
[9–11]. β1 and β2 integrin proteins are of particular interest as mediators of complement
receptor-mediated phagocytosis [9,12]. In particular, β1-integrin has been linked to
macrophage phagocytosis in regards to microbial pathogens.[19] Integrins are heterodimeric
proteins that .may be activated after binding to an external target by integrin clustering, talin
association and phosphorylation of the cytoplasmic tail [14,16]. intracellular signals may
influence integrin binding affinity for extracellular ligands prior to binding [15] Mechanical
strain can stimulate conformational activation of integrins [17] as well as β1-integrin clustering
[18].

Having previously shown that increased extracellular pressure promotes cancer cell adhesion
by stimulating β1-integrin binding affinity [14], we now hypothesized that pressure stimulation
of phagocytosis involves a similar effect, although cancer cells respond to pressure by different
signals [9,14]. We compared the effects of increased extracellular pressure on phagocytosis by
β1-integrin-null GD-25 fibroblasts and GD-25 subclones expressing wild type β1-integrin
subunit or various β1-integrin subunit point mutants that either mimic constitutive
phosphorylation or constitutive dephosphorylation to determine whether β1-integrin-binding
contributes to pressure stimulated phagocytosis, and to determine the specific phosphorylation
sites on the β1-integrin subunit that might mediate this effect. We evaluated β1-integrin subunit
phosphorylation in differentiated THP-1 macrophages to confirm our findings,.

Material and Methods
Cells and Reagents

The β1- integrin-null GD25 murine fibroblast line and its transfected β1- integrin-expressing
derivatives GD25-β1A, GD25-β1A,S785A, GD25-β1A,T788/9A (a gift of Dr. M. Mulevey,
University of Utah), and GD25-β1A,T788D (a gift of Dr. S. Johansson, Uppsala University)
were cultured in a conditioned medium containing DMEM plus 10% FBS [20]. Stable
transfection was maintained with 10µg/ml puromycin (Sigma-Aldrich). The THP-1 human
monocytic cell line was obtained from the American Type Culture Collection (Rockville, MD),
and maintained in RPMI-1640 (Gibco, Grand Island, NY) with 10% FBS (Sigma, St. Louis,
MO), L-glutamine (200 mM) and 2-mercapto-ethanol (5 ×10−5M) (Sigma). THP-1 cells (5 ×
105 cells per 35 mm dish) were differentiated by stimulation with PMA (50 ng/ml, final
concentration) for 3 days to obtain a macrophage-like phenotype that resembles human
monocyte-derived macrophages as previously reported [4,21]. The fluorescent-labeled latex
beads (2.0µ) used for phagocytosis were obtained from Polysciences, Inc. (Warrington, PA).

Pressure Box Model
Surrounding pressure is controlled by a specifically designed apparatus that was used in
previous studies [5,8,14,22]. The cells are placed into a Lucite chamber, using thumb screws
and an O- ring an airtight seal is achieved. The chamber contains a gas inlet and an outlet valve,
a pressure manometer is used to periodically monitor the internal pressure. In order to prevent
fluctuations of pressure caused by variance of temperature, the box is pre-warmed to 37°C for
1 hour prior to each study. This method allows for tight control of temperature, pressure
osmolarity, pH, and pO2 [5].
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Phagocytosis Assay
Fluorescent labeled latex beads (2.0µ) were opsonized with 10% FBS for 60 minutes at 37°C
prior to the experiments. 3 × 105 fibroblast cells were plated in a 60 mm Petri dish, in 3 milliliter
of conditioned tissue culture medium. Opsonized latex beads were added at a multiplicity ratio
of 1:20 and incubated for 2 hours. One set of dishes was placed into the calibrated pressure
box apparatus. The pressure inside the box was set at 20 mmHg above ambient, and the box
was incubated at 37°C. The control dishes were placed under ambient pressure inside the same
incubator. After 2 hours, the fibroblast monolayers were washed three times with phosphate
buffered saline (PBS) to remove any extracellular beads, methanol-fixed for 10 minutes, and
counterstained with methylene blue. The now engulfed intracellular fluorescent latex particles
were counted using a fluorescence microscope (Olympus America Inc, Center Valley, PA).
The phagocytic index was calculated as the number of cells with at least one bead as a
percentage of the total number of cells counted. Six different fields per plate, with three plates
for control and three for pressure [4].

Western Blotting
THP-1 macrophages were incubated under either ambient or increased pressure (20 mmHg)
[20] conditions for 30 minutes. The cells were rinsed and lysed and protein was assayed in the
lysates by bicinchoninic acid (BCA) protein assay (Pierce, Rockford, IL). [4] Equal protein
aliquots of cell lysates were resolved by 10% SDS-PAGE, transferred to nitrocellulose, blocked
with 5% bovine serum albumin in tris-buffered saline (TBS) with 0.1% Tween 20, and
subjected to Western blot with antibodies against activated or total forms of the protein in
question, peroxidase-conjugated anti-rabbit IgG, and ECL Plus Western Blotting Detection
kits. (GE Healthcare, Buckinghamshire, UK). The blots were studied along the linear range of
exposure from chemiluminescent images captured using a Kodak Digital Science Image
Station 440CF (Rochester, NY) [4].

Statistical Analysis
Data were analyzed by Student's t-test or paired t-test seeking 95% confidence as appropriate.

Results
Pressure stimulates phagocytosis by fibroblasts expressing β1-integrin subunit

Exposure to increased pressure for two hours increased phagocytosis of latex beads by GD25
cells containing wild type β1-integrin compared with phagocytosis at ambient pressure (18.3
±1.9 vs. 31.7±3.5%, n=6, p<0.01). (Figure 1B) In contrast, the GD25 fibroblasts that did not
express the β1-integrin subunit did not display increased phagocytosis in response to increased
extracellular pressure. (Figure 1A)

Pressure specifically stimulates β1-integrin threonine 788/789 phosphorylation
Since the β1-integrin subunit seemed important for the stimulation of phagocytosis by
increased extracellular pressure, we examined specifically the effects of pressure on the
T788/789 and S785 phosphorylation of the β1-integrin subunit by Western blot. In PMA-
differentiated THP-1 macrophages, pressure stimulated β1-integrin T788/789 phosphorylation
by 30.5±7.8% (n=6, p<0.05). However, S785 phosphorylation did not change significantly in
response to extracellular pressure increases. (Figure 2)

Effect of pressure on phagocytosis by fibroblasts transfected with β1-integrin subunit point
mutants

Because β1-integrin seemed important for pressure-stimulated phagocytosis and because β1-
integrin phosphorylation seemed specifically modulated by pressure in phagocytic cells, we
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next compared the effects of pressure on phagocytosis in GD25 fibroblasts stably transfected
with various β1-integrin point mutants. β1-integrin S785 phosphorylation regulates and
enhances cell attachment [23,24], while mutations that replace both threonine residues in T788
and T789 in β1-integrin with alanine residues disrupts fibroblast attachment [25]. In contrast
the T788D substitution, acts as a continuously phosphorylated active site that significantly
enhances cell adhesion [16]. Cells expressing β1-integrin with the inactivating S785A point
mutation, where the serine residue has been replaced with an unphosphorylatable alanine,
displayed a substantial increase in pressure stimulated phagocytosis compared to the WT (26.2
±3.3 vs. 39.7±2.0%, n=6, p<0.01), as these cells still have T788 and T789 sites available for
phosphorylation. Expression of the T788D substitution, which mimics constitutively
phosphorylated threonine, did not alter basal phagocytosis significantly but permitted increased
phagocytic activity under pressure conditions similarly to WT cells (15.7± 2.7 vs. 28.5±3.9%,
n=6, p<0.01). In contrast, expression of the TT788/9AA mutation, in which both the T788 and
T789 sites are rendered unphosphorylatable and presumably inactive, due to the threonine
replacement with alanine, show reduced basal phagocytosis (25.3± 3.1 vs. 12.2±2.1%, n=6,
p<0.01) and abolished the increase phagocytosis in response to pressure. (Figure 3) Thus, lack
of phagocytosis in these cells correlates with inability to be phosphorylated or constitutively
mimicking phosphorylation depending upon the substitution.

Discussion
Normal interstitial tissue pressure is 20 to 30 mm Hg [2,26–28], but the interstitial extracellular
pressure will decrease in infected or inflamed tissue [2,27,28]. Edema formation in
unconstrained infected or inflamed tissues decreases connective tissue interstitial fluid
pressures by as much as 150 mm Hg [2]. However, in closed compartments or abscesses,
infection or edema can increase tissue pressure by 5 to 80 mm Hg [1,3]. We have previously
reported that an 20mmHg above ambient increase in extracellular pressure stimulates the
phagocytosis of serum-opsonized latex beads by PMA-stimulated THP-1 macrophages,
primary isolated human peripheral monocyes and monocyte-derived macrophages [4,8].
Fibroblasts increase adhesion to matrix proteins under similar conditions[5], and many matrix
adhesion receptors can also serve as phagocytic receptors. This study demonstrates that
extracellular pressure also enhances phagocytosis in fibroblast cells, so the stimulation of
phagocytosis by increased extracellular pressure extends beyond macrophages and monocytes
to non-professional phagocytic cells such as fibroblasts. Furthermore, pressure-stimulated
phagocytosis appears mediated by β1 integrin heterodimers, and in particular requires
phosphorylation of β1 integrin at the T788 site which may in turn facilitate engagement of the
phagocytic target.

Fibroblasts and many other non-professional phagocytic cells play an important role in
phagocytosis in various settings. For instance, fibroblasts and epithelial cells have been found
to internalize B. anthracis in its spore and vegetative state [29]. In addition, fibroblasts play an
important role at various stages of tissue repair. In the early phases of tissue repair, granulation
tissue invasion, wound contraction, and fibroblast proliferation and migration are all involved
[30]. Fibroblasts are responsible for invading the temporary clot in a wound, and forming
contractile granulation tissue that allows the wound margins to come together. As the wound
clots, activated fibroblasts are present in large numbers, and are responsible for synthesizing
a new collagen-rich matrix [30].

Phagocytosis requires initial binding of the phagocytic cell to its target. This binding can occur
by many different receptors, depending upon the target. Receptors commonly involved in
phagocytosis include the IgG FcRs (FcγR), complement receptors, integrin heterodimers, toll-
like receptors, and mannose receptors[9–11]. Cellular receptors can also recognize patterns on
membranes of forigen particles. For example, the mannose receptor recognizes mannan, while
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scavanger receptors will recognize surface components such as lipopolysaccharide [9]. The
phagocytosis of an apoptotic cell is via complement receptors. Integrin heterodimers are an
example of complement receptors [9]. For instance, B1 integrin has specifically been identified
as an important receptor for the internalization of S.aureus in a Src-dependent manner [31].
β1 integrin is known to be important for internalization of pathogens [31]. β1 integrin is also
responsible for phagocytosis by malignant human breast cancer cells. β2 integrin also mainly
acts a complement receptor [32] and plays an active role in wound healing [33]. Many
phagocytic receptors serve dual functions by mediating both phagocytosis and cell adhesion,
so it may not be surprising that integrins, originally described as cell-matrix or cell-cell
adhesion molecules, are also involved in phagocytosis.

Although not itself crucial for phagocytosis, β1-integrin plays an important role in increasing
the rate of phagocytosis. Our present results suggest that the phagocytosis that is stimulated
by increased extracellular pressure is β1-integrin-mediated, because cells that do not express
the β1-integrin subunit do not display this response and cells that express mutated constitutively
activated or inactivated β1-integrin subunit exhibit predictably altered responses.

Both adhesion and phagocytic receptors have the ability to activate and inhibit the function of
the other. For example the attachement of a ligand to a fibronectin receptor (α5β1 integrin) at
the surface of a monocyte allow the cell to activate an otherwise inactive complement receptor
(αMβ2 integrin) that is responsible for mediating phagocytosis [34,35] Thus, it also remains
possible as an alternate explanation that activation of the β1-integrin may modulate an
otherwise inactive αMβ2 integrin complement receptor via such crosstalk. Distinguishing
whether ligand binding during phagocytosis is specifically β1-integrin mediated or involves
cross-activation of β2-integrins awaits further study beyond this manuscript.

Functional regulation of integrin activity during cell adhesion has been previously associated
with the phosphorylation of the β-subunit cytoplasmic domain of α/β-integrin heterodimers.
[36–38] The cytoplasmic domain of all β-subunits excluding β4 and β8 subunits contains a
unique NPXY/F-motifs and a serine-threonine cluster. [39] The serine-threonine cluster can
be subdivided into five potential phosphorylation regulatory sites: Y783, Y795, S785, T788,
and T789 [24,40]. We particularly focused on three major phosphorylation sites S785, T788,
and T789.

β1-Integrin S785 phosphorylation regulates and enhances cell attachment, but inhibits cell
motility. [23,24]. Our results demonstrate that the phophorylation of the S785 shows no change
in phagocytosis under increased extracellular pressure. When the S785 site is rendered inactive
via alanine substitution, there is an increase in pressure stimulated phagocytosis. Thus showing
that the S785 site in not a vital site for pressure induced phagocytosis. One of the remaining
sites, presumably the T788 or T789 site may be responsible for this increase. Mutations that
replace both threonine residues in T788 and T789 in β1-integrin with alanine residues prevent
T788/789 phosphorylation and disrupt fibronectin fibril formation and the attachment to
fibronectin substrates[25]. This mutation causes a conformational change in the extracelllar
domain and it prevents ligand binding [25]. Our present results demonstrate that β1-integrin
subunit T788/789 phosphorylation is stimulated by extracellular pressure increases and that
preventing T788/789 phosphorylation by point mutation prevents the stimulation of
phagocytosis by increased pressure. In contrast, the T788D substitution replaces the threonine
with an aspartic acid rather than an alanine. The aspartic acid mimics a continuously
phosphorylated active site, and enhances cell adhesion, in particular to fibronectin [16].
However, our study shows that mimicking constitutive phosphorylation of this threonine does
not alter basal or pressure stimulated phagocytic activity. Taken together, these results suggest
that while phosphorylation of the threonine 788 residue may be critical for cell adhesion to
matrix substrates, the threonine 789 residue of the β1 integrin subunit is critical in the
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stimulation of phagocytosis by extracellular pressure. Although specific siRNA knockdown
of beta-1 integrins were beyond the scope of the current manuscript, β1 integrin expression
was completely ablated in the control cell populations studied here by introduction of a null
mutation via homologous recombination, allowing for stable and specific elimination of the
β1 integrin subunit [16,25].

Phagocytic cells could respond differently to physical forces within the complex neurohumoral
in vivo environment, but the in vitro studies performed here permitted us to isolate and identify
β1 integrins as critical for the phagocytic response to pressure, and threonine 789
phosphorylation of the β1 integrin subunit as a critical mediator of this effect. Although the
identity of the pressure-activated kinase that phosphorylates the β1 integrin subunit at this
threonine or the pressure-inhibited phosphatase that no longer degrades it as effectively awaits
further study, these results identify β1 integrin threonine 789 phosphorylation as a potential
target for pharmacologic intervention to manipulate phagocytosis in settings in which
extracellular pressure is altered.
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Figure 1. Pressure effect on phagocytosis
A: Pressure effect on phagocytosis by GD25-β1A null fibroblast cells. Null cells were
incubated with serum-opsonized fluorescent-labeled latex beads under ambient pressure, or 20
mmHg increased pressure conditions for 2 hours, non-adherent beads were washed away, the
cells were fixed, and the number of intracellular latex beads was counted. Data were expressed
as percent phagocytosis as detailed in the Methods section. Pressure did not affect phagocytosis
by GD25-β1A null fibroblast cells.
B: Pressure effect on GD25-β1A WT fibroblast cells phagocytosis. GD25-β1A WT fibroblasts
were incubated with serum-opsonized fluorescent-labeled latex beads under ambient pressure,
or 20 mmHg increased pressure conditions for 2 hours, non-adherent beads were washed away,
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the cells were fixed, and the number of intracellular latex beads was counted. Data were
expressed as percent phagocytosis as detailed in the Methods section. Pressure increased
GD25-β1A WT fibroblast (* p<0.01, n=6).
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Figure 2. Studies of T788 and S785 and pressure
Increase in T788 phosphorylation in PMA-differentiated THP-1 macrophages by pressure. The
top panel represents typical Western blots for phosphorylated T788 and S785 sites, each
stripped and reprobed for GAPADH as a loading control. The graph summarizes densitometric
results expressed as mean ± se of the ratio of phosphorylated T788/789 to total T788/789 and
the the ratio of phosphorylated S785 to total S785, normalized to control. Open bars represent
ambient pressure and closed bars increased pressure. Increased pressure stimulated T788/789
phosphorylation (*p<0.05, n=5).
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Figure 3. Pressure effect on phagocytosis in cells expressing point-mutated b1 integrin constructs
Pressure effect on phagocytosis by GD25 fibroblasts expressing wild type (WT) β1A subunit
compared to fibroblasts expressing three different point mutated constructs: GD25-β1A
T788A, GD25-β1A T788/9AA, GD25-β1A S785A. All cell lines were incubated with serum-
opsonized fluorescent-labeled latex beads under ambient pressure (open bars), or 20 mmHg
increased pressure conditions (shaded bars) for 2 hours, non-adherent beads were washed away,
the cells were fixed, and the number of intracellular latex beads was counted. Data were
expressed as percent phagocytosis as detailed in the Methods section Pressure increased
phagocytosis in GD25-β1A WT fibroblast (* p<0.01, n=6), GD25-β1A T788D (* p<0.01, n=6)
fibroblast and GD25-β1A S785A (* p<0.01, n=6) fibroblast cells but did not increase in GD25-
β1A T788/9AA fibroblasts.
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