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Abstract
Implants are predisposed to infection even years after implantation, despite ostensibly being
surrounded by innumerable macrophages as part of the host foreign body response. The local
implant environment could adversely influence the implant-associated macrophage phenotype,
proliferative capacity, activation states, and ability to neutralize pathogens. This study monitored
cultured macrophage proliferative states and phagocytotic competence on tissue culture plastic to
address the hypothesis that extended contact with foreign materials alters macrophage phenotype.
That such macrophage alterations might also occur around implants has significance to the foreign
body response, infection, cancer, autoimmune and other diseases. Specifically, multiple indicators
of macrophage proliferation in various culture conditions, including cell confluence, long-term
culture (21 days), lipopolysaccharide (LPS) stimulation, passaging, and mitogenic stimulation are
reported. Importantly, primary murine macrophages became quiescent at high confluence and
senescent during long-term culture. Senescent macrophages significantly reduced their ability to
phagocytose particles, while quiescent macrophages did not. Cell senescence and quiescence were
not observed with repeated passaging. Primary macrophage stimulation with LPS delayed
senescence but did not eliminate it. These results prompt the conclusion that both cell quiescence
and senescence are observed under common macrophage culture conditions and could alter
macrophage behavior and phenotypes in extended in vitro culture, such as the ability to
phagocytose. Such macrophage transitions around foreign bodies in vivo are not documented:
quiescence and senescence reported here in macrophage culture could be relevant to macrophage
behavior both in vitro in bioassays and in vivo in the foreign body response and implant-centered
infection.

INTRODUCTION
Macrophages play a primary role in modulating the foreign body response, immediately
localizing to surfaces of every implanted material [1]. At the implant site, they are
responsible for removing cell debris, foreign bodies and pathogens. After acute phase
inflammation subsides, macrophages may reside at implant surfaces throughout the duration
of the implantation, possibly for decades [2, 3], in some case producing multi-cellular
macrophage layers around monolithic implants [1, 4], completely infiltrating porous
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implants [5], and fusing to form foreign body giant cells at these surfaces [1, 4, 6–8]. That
any of these commonly observed chronic responses result from macrophage in situ
proliferation versus continual new cell recruitment is not clear. However, a recent study
found that during T helper 2 (Th2) inflammation, macrophages were capable of undergoing
rapid proliferation in vivo [9]. Importantly, changes in their resident phenotypes, functional
competence and capabilities to address infection risk over this implant duration, prompted
by or correlated with their prolonged exposure and reaction to a foreign body (e.g., implant)
are largely unknown.

Despite macrophage persistence at surfaces of implanted materials, implants retain
substantial infection risk even years after implantation [10, 11]. This may be due to the fact
that unlike host tissue that is continuously renewed, thereby limiting opportunities for
bacterial colonization, tissue surrounding implanted materials remains relatively unchanged,
encapsulated in fibrous scar tissue [1, 12–14]. This suggests that while abundant
macrophages are present, they may be transformed by their chronic reactions to implants
into states of relative inactivity, incapable of addressing microbial presence as effectively as
during initial implant site recruitment.

Many cells in normal tissue are quiescent, a reversible, viable, non-dividing state-of-rest.
Importantly, quiescent cells can be stimulated to divide [15, 16]. Cells can also become
senescent, a viable but irreversible non-dividing state that cannot be overcome even with
mitogenic stimuli [17]. Senescent and quiescent cells are distinguished by altered patterns of
gene expression [18, 19]. Senescent and quiescent transitions in macrophages at implant
surfaces could explain their inability to adequately address bacterial infection in vivo in this
context.

Previous studies have demonstrated a decreased phagocytic ability in aged macrophages
[20] and a susceptibility of cells under oxidative stress to senesce [20, 21]. That
macrophages demonstrate increased intracellular reactive oxygen species with age [22] and
reside in high oxidative stress environments surrounding foreign bodies [13] could indicate
their propensity to senesce and their subsequent incompetence to phagocytose pathogens at
implant surfaces over time. Interestingly, foreign body giant cells, the chronic
multinucleated macrophage-derived phenotypic hallmark surrounding implanted materials,
also display decreased phagocytic ability [23], and increased lysosomal activity [23, 24],
consistent with senescent cells [25] also known to multinucleate [26]. Macrophages have
also been purported to undergo frustrated phagocytosis, an exhausting metabolic
phenomenon that could compel macrophages to senesce around implants [1, 4, 7, 8].
However, macrophage senescence and phagocytosis around chronically implanted foreign
bodies or in long-term cultures on materials remains unaddressed in current literature.

Cultured macrophages are commonly employed in assays seeking information on aspects of
their involvement in pathologies such as cancer, autoimmune diseases, and the foreign body
response [27–32]. As an immunomodulatory cell, macrophages are highly susceptible to
telomere attrition [22], increasing their potential to senesce. However, they are not
commonly assayed for this phenotype. As both quiescence and senescence alter cell genetic
profiles [18, 19], macrophage transitions to these states during in vitro culture likely
influence assay outcomes, potentially leading to false conclusions, irreproducible results,
and inconsistencies, especially when compared to in vivo phenotypes they intend to mimic.
Maintenance of consistent macrophage phenotypes and activation states between in vivo and
in vitro conditions is likely critical to ensuring proper in vitro model fidelity. Therefore,
understanding the possible consequences of macrophage senescent and quiescent transitions
has important implications both in vitro and in vivo.
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This study identified proliferation states for both primary and secondary macrophages in
several experimental culture conditions, including cell confluence, culture time, passage
number, and biochemical stimulation. Cultured macrophage capacity to phagocytose in
quiescent and senescent states raises important questions about macrophage phenotypic
competence in extended contact with materials. Should this behavior also be observed in
vivo, it has important implications for implanted biomaterials in the context of the foreign
body response.

2. METHODS AND MATERIALS
2.1. Cell Culture

2.1.a. Immortalized RAW cell culture—Macrophage-like transformed murine cell line
RAW 264.7 was purchased from the American Type Culture Collection (TIB-71, ATCC,
Manassas, USA) and cultured in 96-well tissue culture-treated polystyrene plates (BD
Falcon, San Jose, USA), unless otherwise specified, at 37°C with 5% supplemental CO2
according to the experiments detailed below. All RAW cells were used below passage 10
after purchase, unless passage number was explicitly specified. RAW cells were passaged
by scraping with a rubber scraper (Starstedt, Newton, USA). Cells were always cultured in
complete media (Dulbecco’s modified eagle medium (DMEM) with 10% fetal bovine serum
(FBS), and 1% antibiotic/antimycotic, Invitrogen, Carlsbad, USA). Full media exchanges
were performed every other day.

2.1.b. Murine primary cell sourcing—Specific pathogen-free, 2–3 month-old male
C57BL/6 mice were purchased from Jackson Laboratories (Bar Harbor, USA). Animals
were kept in the University of Utah animal facility, and provided water, mouse chow,
bedding, and modes of enrichment ad libitum throughout this study. For primary
macrophage harvests, animals were euthanized via CO2.

2.1.c. Primary macrophage cell culture—Bone marrow cells were collected from the
femurs and tibias of 4–5 month-old euthanized male C57BL/6 mice and differentiated into
bone marrow macrophages (BMMΦs) using a previously described method [33, 34]. On day
7, cells were removed from surfaces by rinsing cells 3X and incubating them in Ca+2/Mg+2-
free phosphate buffered saline (PBS, Invitrogen) for 30 minutes at 37°C, and then rinsed
from the surface using a 1 ml pipette tip, and collected. Cells were counted using a
hemocytometer and cultured in 96-well tissue culture-treated polystyrene plates (BD Falcon,
San Jose, USA), unless otherwise specified, at 37°C with 5% supplemental CO 2 according
to the experiments outlined below. At least an equal volume of complete BMMΦ media
(DMEM with 10% heat-inactivated FBS, 10% L929-conditioned media, 1% antibiotic/
antimycotic, 1% MEM nonessential amino acids, 1% HEPES, and 1% sodium pyruvate,
Invitrogen) was added to the suspended cells after plating, and fresh media was replaced
every 2–3 days. Unless otherwise specified, all BMMΦs were passaged once after their
differentiation for experimental use.

2.2. In vitro culture conditions for senescence examination
2.2.a. Cell confluence—Immortalized RAW macrophages were plated at densities of 5
×103, 1 ×104, 2 ×104, 4 ×104, and 8 ×104 cells/well, and primary macrophages were plated
at densities of 5 ×103, 1 ×104, 2 ×104, 4 ×104, 8 ×104, and 1.6 ×105 cells/well and cultured
for 24 hours prior to fixing. To determine cell senescence versus quiescence, an equivalent
cell density of 1.60 ×105 cells/well was cultured in a 30-mm Petri dish (BD Falcon) in
parallel and passaged and plated at low confluence. These cells were then cultured for 7
days further (seen previously to be the time for maximum proliferation). Both control media
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and media with 50% serum (to encourage growth) were utilized to confirm macrophage
proliferative capacity.

2.2.b. Comparisons of long-term macrophage cultures—Primary and
immortalized macrophages were plated at 5 ×103 cells/well and cultured for 1, 2, 3, 5 and 7
days for secondary RAW 264.7 macrophages and 1, 2, 3, 5, 7, 10, 12, 14, 17, 19, and 21
days for primary BMMΦs prior to fixing. To determine senescence or quiescence in primary
macrophages, a 30mm Petri dish (BD Falcon) with the same cell seeding density as the
long-term experiment was passaged on Day 21 and plated at 5 x103 cells/well and analyzed
for proliferation 5, 7, and 10 days later (i.e., the time at which the greatest proliferation
during the initial 21 days was seen). Both control media and media with 50% serum (to
encourage proliferation) were utilized to confirm macrophage proliferative capacity.

2.2.c. Lipopolysaccharide (LPS) treatment of cell cultures—For LPS-treated
conditions, primary and immortalized macrophage cultures were treated with their
respective media supplemented with 1 μg/ml LPS replaced every 2–3 days until the end of
the experiment (i.e., 7 days for RAWs and 21 days for BMMΦs). This concentration was
selected because it has been shown to effectively activate macrophages [35, 36]. RAW cells
were also stimulated with LPS during studies of increasing confluence (details listed above).

2.2.d. Cell passaging—RAW 264.7 macrophages were cultured in 30-mm tissue culture-
treated polystyrene Petri dishes (BD Falcon, San Jose, USA) and passaged 30 times and
subsequently plated into 96-well plates and assayed for senescence and proliferation
markers. Primary BMMΦs were cultured in 100-mm tissue culture-treated polystyrene Petri
dishes (BD Falcon), passaged and plated into 96-well plates for subsequent characterization.
This was repeated up to 10 passages, where passage 1 was the first passage after
differentiation. Passages were fixed after 24 hours of culture for characterization. Both
primary and secondary macrophage culture passages were performed every other day, to
allow stock cultures sufficient time to properly adhere before serial passaging.

2.2.e. Cell culture biochemical stimulation—Primary BMMΦs were plated at 5 ×103

cells/well and cultured for 21 days and then treated for 48 hours with cytokines IFN-gamma,
IL-6, MCP-1, TNF, GM-CSF, MIP-1β, MIP-1α, IL-4, RANTES, and IL-10, and mitogens
TGF-β, IL-1β, MCP-1, and also 50% and 100% serum prior to fixing. This 48-hour
incubation period was selected as the time reported for quiescent cells to reactivate [37].

2.2.f. Pre-differentiated BMMΦ cultures—Bone-marrow cells were plated into 96-well
plates and characterized on Days 1, 3, 5, and 7 post-harvest for proliferation markers prior to
full differentiation into macrophages.

2.3. Phagocytosis
Phagocytosis was measured in both senescent and quiescent cells. Blue-green fluorescent
polystyrene beads (diameter 1 μm, Invitrogen) at a dilution of 0.5 μl stock to 100 μl media
were added to macrophage cultures and allowed to incubate at 37°C with 5% supplemental
CO 2 for 12 hours. After this incubation time, cells were washed to remove any beads not
internalized and fixed with 4% paraformaldehyde (PFA, Sigma-Aldrich, St. Louis, USA),
diluted in Ca+2/Mg+2-free PBS (Invitrogen) for 20 min at room temperature for subsequent
imaging. Fixed cells were incubated with propidium iodide diluted 1:100 in PBS
(Invitrogen) for 20 minutes which successfully stained the entire cell body. Using ImageJ
(NIH freeware) the area of the cell occupied by beads was divided by the total cell area to
determine the percentage of beads occupying the cells in each frame.
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2.4. Cell labeling
2.4.a. Cell phenotypic makers—Mature macrophage-specific marker anti-F4/80 [38,
39] (clone BM8, rat anti-mouse IgG2a, pre-conjugated to phycoerythrin (PE), eBioscience,
San Diego, USA) and M2 macrophage marker anti-CD206, macrophage mannose receptor
[40] (clone MR5D3, rat anti-mouse IgG2a, preconjugated to fluorescein isothiocyanate
(FITC), AbD Serotec, Raleigh, USA) were used to label macrophages on Days 1,7, and 21.
Representative images from Day 21 are shown in Supplementary Figure 1.

2.4.b. Cell proliferation markers—Primary anti-mouse Ki-67 (IgG1, Novacastra,
Buffalo Grove, USA) and phospho-histone H3 (Ser10) (Cell Signaling Technology,
Danvers, USA) antibodies, both markers of actively proliferating cells [41, 42], were used at
dilutions of 1:50 and 1:100, respectively. Secondary IgG1 goat-anti-mouse antibody
conjugated to Alexa 488 (Invitrogen), used against both Ki-67 and phospho-histone H3, was
diluted 1:500. Samples were rinsed 2X in PBS+Ca+2/Mg+2 (Invitrogen,) and fixed in 4%
PFA (Sigma-Aldrich), diluted in Ca+2/Mg+2-free PBS for 20 min at room temperature. They
were rinsed 2X in Ca+2/Mg+2-free PBS and then incubated in block solution (4% goat serum
plus 0.1% triton-X 100, Invitrogen) for 1 hour at room temperature on a shaker plate. Each
primary antibody, diluted in block solution, was added to the samples and the plate was
sealed and placed at 4°C overnight. The primary antibody media was removed and the
samples were washed 3X in Ca+2/Mg+2-free PBS. The secondary antibody, diluted in block
solution, was added to the samples and incubated at room temperature for 1 hour on a shaker
plate. The samples were washed 3X in Ca+2/Mg+2-free PBS and counterstained with 4′,6-
diamidino-2-phenylindole (DAPI, Invitrogen) according to manufacturer’s instructions prior
to imaging.

2.4.c. Cell senescence assay—A colorimetric assay for senescence-associated beta-
galactosidase (SA beta-gal) used as a labeling kit (Cell Signaling Technology, Danvers,
USA) was used according to manufacturer’s instructions [21]. This commonly employed
assay [17] labels fixed cells positive for SA beta-gal with a blue precipitate and allows for
subsequent visualization of percent positive cells (imaging described below). A second
quantitative fluorescence-based SA beta-gal assay, employed according to a previously
established protocol [17] requires cell lysis and subsequently measures the relative
fluorescence of total SA beta-gal in the culture well, rather than distinct SA-positive cells.
Relative SA beta-gal fluorescence yield was analyzed using a plate reader (BioTek Synergy
2, Winooski, USA). All conditions were analyzed on the same plate at the same time,
making comparison of RFUs meaningful between conditions. The quantitative fluorescent
SA beta-gal lysate assay was normalized to cell density by dividing the relative fluorescence
of the SA beta-gal assay by the BCA protein content from each culture well (described
below). Both colorimetric and fluorescent senescence assays were conducted at pH 6, which
suppresses the activity of native lysosomal beta-galactosidase that is only active at pH 4
[17]. Therefore, only SA beta-gal active at pH 6 could cleave the chromogenic substrate 5-
bromo-4-chloro-3-indolyl-beta-D-galactopyranoside (X-gal), reducing non-senescent cell
staining and increasing signal:noise ratios [17].

2.4.d. BCA cell protein assay—Cell density was approximated using cell-derived
protein content from each culture well detected by the microBCA assay (Pierce Thermo
Scientific, USA) used according to manufacturer’s instructions. Relative fluorescence from
the assay was analyzed using a plate reader (BioTek Synergy 2, Winooski, USA). All
conditions were analyzed on the same plate at the same time, making comparison of RFUs
meaningful between conditions.
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2.5. Cell imaging
Fluorescent false-color, brightfield, and true color microscopy images of cells in culture
were acquired using a Nikon Eclipse TE2000-U microscope equipped with fluorescent
optics, CCD camera, and Metamorph and Q Capture Pro software. Confocal images were
captured using a FV1000 IX81 Olympus confocal microscope. Representative images were
selected from 3 independent replicates.

2.6. Statistics
Statistics were performed using a one-way ANOVA with post-hoc Dunnett Multiple
Comparisons Test or Student’s t-test, where specified. Cell counts were taken from 15X
objective images in low confluency cultures and 40X images in high confluency cultures so
that ~50–100 cells occupied each frame. For the colorimetric SA beta-gal assay, 3 frames
per replicate were counted from 3 replicates from 3 different mice per condition. For the
Ki-67 assay, 2 frames from 2 replicates were counted from 3 different mice per condition.
For the fluorescent SA beta-gal assay, lysates from 3 replicates were combined from each of
3 mice. For RAW cells, 6 wells were counted in each condition for the colorimetric SA beta-
gal and Ki-67 assays, and lysates from 3 wells were combined for each condition for the
fluorescent SA beta-gal assay. For the colorimetric senescent assay, only dark blue cells
were counted as they (and not any lighter blue cells) corresponded to cells that did not label
for Ki-67. Ki-67-positive cells with a definite labeled nucleus were counted as positive. No
values for primary cells were below the limit of detection for any of the assays. For bead
quantification in phagocytosis assays, 2 frames from 2 replicates were counted from 3
different mice per condition.

3. RESULTS
3.1. Macrophage phenotype

Macrophages maintained strong F4/80 staining throughout 21 days of culture, supporting
their mature macrophage phenotype [38, 39] (Supplementary Figure 1). Macrophages also
maintained the strong M2 phenotypic marker, CD206 [40] (macrophage-mannose receptor),
labeling to 21 days (Supplementary Figure 1), a macrophage polarization state shown
capable of proliferation in vivo during inflammation [9]. Macrophage proliferation, peaked
in culture near day 7 (Figure 1). Isotype controls for F4/80 and CD206 revealed some
background staining; however, previous work also reported strong staining for these two
markers after 21-day cultures (unpublished data, submitted 2012).

3.2. Culture Confluence
Increasing adherent macrophage confluence increased expression of senescence marker, SA
beta-gal, and decreased expression of proliferation marker, Ki-67, in primary BMMΦ cells
(Figure 2). Both the colorimetric qualitative and fluorescent quantitative senescence assays
yielded the same trends. After confluence was reached, cells were passaged and re-plated at
a low density and found capable of being restimulated to divide (Figure 3).

3.3. BMMΦ proliferation over 21 days
Primary BMMΦs initially increased and then later decreased their percent proliferation over
the course of 21 days, peaking at day 7 and 10 (Figure 1). This same trend in proliferation
was seen previously by our lab [36]. The colorimetric senescence assay inversely correlated
with the Ki-67 assay, while the fluorescent quantitative senescent assay diverged, showing a
general increasing trend over 21 days. Cells passaged and re-plated after 21 days were not
capable of being restimulated to divide, even with mitogenic stimulation (Figure 3).

Holt and Grainger Page 6

Biomaterials. Author manuscript; available in PMC 2013 October 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



3.4. Phagocytosis
Primary BMMΦs showed reduced ability to phagocytose subsequent to passaging after 21
days (Figure 4), under the same conditions by which the majority of cells within the culture
were shown to be senescent (Figure 3). Cells at high confluence (i.e., those deemed
quiescent) compared to those at low confluence showed a non-significant reduction in
phagocytosis (Figure 4).

3.5. LPS stimulation
LPS stimulation in primary BMMΦs delayed SA beta-gal staining over the course of 21
days, but did not eliminate it. The colorimetric senescence assay showed least amounts of
staining for SA beta-gal from day 5 to day 10, with proliferation rates decreasing after day
14 (Figure 5). Similar but delayed trends for both senescence assays were seen in the LPS-
stimulated condition compared to the non-LPS stimulated condition described above.

3.6. Passaging
Increasing passages of BMMΦs did not correlate to a definite increasing or decreasing trend
of SA beta-gal or Ki-67 expression up to 10 passages. The qualitative colorimetric percent
positive cell and quantitative cell lysate senescent assays followed relatively similar trends.
The Ki-67 assay was inversely related at some passage numbers, but not all (Figure 6).

3.7. Biochemical stimulation
After 21 days of culture, BMMΦs positive for SA beta-gal and negative for Ki-67 could not
be stimulated to proliferate using cytokines, mitogens, or passaging at a lower confluency as
determined by an insignificant change in either SA beta-gal or Ki-67 expression after
stimulation (Figure 3, Supplementary Figure 2).

3.8. Pre-differentiated BMMΦs
SA beta-gal increased while Ki-67 decreased during the first 7 days of macrophage
differentiation from bone marrow hematopoietic cell precursors (Supplementary Figure 3).
Though by day 7 many now-differentiated macrophages expressed SA beta-gal, they were
still able to be restimulated to divide when passaged at lower confluency. This is seen in
Figure 1, representing recently differentiated macrophages after passage and plating at a
lower confluency, exhibiting decreased SA beta-gal and increased Ki-67 expression after a
couple days of culture.

3.9. Transformed RAW cell cultures
RAW 264.7 cells stained positive for SA beta-gal with increasing time and confluency. LPS
exposure decreased SA beta-gal staining over long-term culture and with increasing
confluency (Supplementary Figure 4). RAWs always responded to restimulation to
proliferate regardless of culture time (data not shown) and passage number (passaged up to
30 times, Supplementary Figure 5).

4. DISCUSSION
Macrophage culture duration to 21 days was selected as a terminal time point as it is the
approximate time required for the foreign body response (FBR) to mature in vivo [43]. After
21 days in culture, macrophages were found to be senescent and decrease their ability to
phagocytose (Figure 4). This is consistent with the observed propensity of implants to infect
[10, 11], and implies that macrophages could lose their ability to phagocytose bacteria after
extended exposure to biomaterials. Importantly, Jenkins et al. recently discovered that
macrophages proliferate in vivo during Th2 inflammation [9]; thus, their senescence shown
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in culture over time could suggest a decreased ability to properly proliferate at implant sites
in the presence of infection. A previous study also found that macrophages decrease their
production of inflammatory cytokines over 21 days [36]. All these findings support a
phenotypic shift over time that decreases macrophage competence, contributing to their
inability to respond to bacterial invasion at the surface of an implant over time.
Macrophages from aged animals have also shown a decreased ability to be stimulated to
divide [22] and a decreased phagocytic capacity [20]. Thus, the longer the implant resides in
the body and the older the individual [44] may increase their susceptibility to implant-
centered infection.

Various culture conditions are known to affect cell senescence in other cultured cell types
including confluency, culture time, and passage number [17, 21, 45]. Passaging
macrophages up to 10 times did not appear to have observable effects on their proliferation
(Figure 6). Confluent culture disposes macrophages to quiescence but not senescence. This
was substantiated by the ability of macrophages to be re-stimulated to divide upon passaging
and mitogenic stimulation post-confluence (Figure 3). This result is consistent with contact
inhibition-induced quiescence [21, 37] shown in other cell types to also stain positive for SA
beta-gal. Decreasing SA beta-gal staining at early time points during the 21-culture is
attributed to confluence-induced quiescence of pre-differentiated BMMΦ-staged cells
(which were passaged and plated at lower cell confluence for the 21-day experiment,
Supplementary Figure 3). Dimri et al. has also shown reduced SA beta-gal staining 2 days
after highly confluent cultures of normal human fetal lung fibroblasts were passaged [37].
Confluent cultures stained positive for SA beta-gal, indicating that although this assay is
specific for senescence in other cell lines [21, 37], it stains both quiescent and senescent
macrophages. Interestingly, we found a slight decrease in phagocytosis in confluent versus
non-confluent cultures. This decrease was not significant and was not as dramatic as in
senescent cultures (Figure 4).

Two metrics were used to determine senescence: 1) senescence-associated beta-
galactosidase (SA beta-gal) activity at pH 6 [37, 46], and 2) active cell proliferation (i.e.,
absence from the cell cycle G0 phase).[41] Many cells produce beta-galactosidase at pH 4–5
in lysosomes, but it is unique among senescent cells to exhibit beta-gal activity at pH 6 [37].
Senescent cells have been postulated to provide an environment wherein modified lysosomal
beta-gal structure remains active at neutral or alkaline pH [21] and that its increased
lysosomal content characteristic in senescent cells makes it detectable [25]. While
macrophages frequently up-regulate lysosomal activity [47], the SA beta-gal assay used here
may not selectively reflect macrophage senescence. Therefore, despite common cell culture
use of the SA beta-gal assay, its validation for macrophage senescence -- to our knowledge
not yet reported -- was required. Therefore, senescence used was anti-Ki-67 antibody
labeling of cells to target a protein expressed only during active cell proliferation [41] in
parallel with SA beta-gal staining. Significantly, anti-Ki-67 labels all cells in all active cell
cycle phases (i.e., interphase and mitosis). Therefore cells were also labeled with phospho-
histone H3, which only labels cells during S-phase of interphase [42]. Results showed
similar trends between Ki-67 and phospho-histone H3 labeling (data not shown), validating
the proliferative activity of cultured macrophages using Ki-67. Inverse correlation between
cell Ki-67 expression and SA beta-gal staining suggests that SA beta-gal labels macrophages
with decreasing proliferation tendency and not non-specifically as a general function of
increased macrophage lysosomal activity.

As senescent cells are incapable of being re-stimulated to divide [48], passaging, mitogens,
and both passaging and subsequent mitogenic stimulation were all employed in culture to
determine if macrophages could be re-stimulated to divide. Macrophages were allowed to
first grow for at least 7 days in the presence and absence of mitogenic stimulation after
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passaging to determine if cells were quiescent (capable of being re-stimulated to divide) or
senescent (incapable of being re-stimulated to divide) at the time when greatest cell
proliferation is seen (Figure 1).

The cell lysate-based fluorescent SA beta-gal assay did not correlate with the fixed cell
colorimetric assay during extended culture time, showing instead an increase in SA beta-gal
over the 21 day time-course in both LPS-stimulated and non-LPS-stimulated BMMΦ culture
conditions (Figures 1 and 5, respectively). This discrepancy is attributed to the observation
that over 21 days of culture, cells becoming senescent produced increasing SA beta-gal
amounts within positive cells (Figure 1) so that total SA beta-gal amounts in culture wells
after cell lysis increased over 21 days. This explanation is also supported by observations
from increased cell confluence-dependent culture experiments where initially different
plated cell densities were cultured for identical times. These results showed that both SA
beta-gal senescence assays consistently correlated with each other and also inversely with
Ki-67 expression. Percent of cells positive for SA beta-gal detected in fixed cells using the
colorimetric SA beta-gal assay correlated inversely with percent cells positive for Ki-67,
suggesting that over increased culture time, determining senescence on a percent positive
cell basis is more representative of changes in proliferation than cell lysis methods.

As a positive control for Ki-67 and a negative control for senescence, secondary RAW 264.7
macrophages that also have intrinsically high lysosomal activity [49] were labeled with
these markers. These immortalized cells were always shown capable of being re-stimulated
to divide and subsequently expressed high levels of Ki-67 regardless of culture time or
passage number, displaying 100% Ki-67 staining even at passage 30 (Supplementary Figure
5). Interestingly, these cells began to express SA beta-gal and decrease Ki-67 with
increasing confluence, seen previously in immortalized fibroblast cultures at high
confluence [21, 50]. This is significant as the ability of immortalized and essentially
transformed cancer-like cells to quiesce is not commonly known. Primary bone-derived
murine macrophage cultures on plastic have already been shown to exhibit several
characteristic features distinct from the transformed macrophage-like murine RAW 264.7
cell line commonly employed as a macrophage surrogate in cultures [51–53]. These
differences include variances in morphology, cytokine secretion, receptor expression,
proliferation, response to LPS, and metabolic output [31, 36]. These studies now confirm
integral changes in macrophage proliferative capacity.

Endotoxin, a lipopolysaccharide (LPS) found on the membrane surface of gram negative
bacteria [54], is commonly used to stimulate macrophages [36, 55]. To determine if
macrophages might avoid senescence during perpetual stimulation that may occur at an
infected implant site, both primary and immortalized transformed macrophages were treated
with LPS in serum-based culture [31]. LPS delayed the onset of SA beta-gal expression in
primary BMMΦs, but did not eliminate it (Figure 5), and also ameliorated SA beta-gal
expression in RAW cells (Supplementary Figure 4). We previously reported reduced
inflammatory cytokine secretion from primary macrophage cultures in continued presence
of LPS in 21-day cultures [36]. We attributed this phenomenon to macrophage endotoxin
tolerance. However, increased cell senescence in primary macrophages over time may also
contribute to their attenuated cytokine response. This idea is supported by increased
senescence seen in BMMΦs over 21-day cultures, even in the persistent presence of LPS
stimulation (Figure 5).

5. CONCLUSIONS
This study identified important phenotypic changes that macrophages undergo in extended
culture that decrease their competence over time, including a decreased ability to proliferate
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and phagocytose, both integral responses for proper implant surveillance and antimicrobial
activity. This finding may explain macrophages’ reduced ability to combat infection around
biomaterials. Important future work should determine if macrophages become senescent and
decrease their ability to phagocytose around implants in vivo. Understanding the
mechanisms that predispose implant sites to infection years after device deployment will aid
in better addressing this important clinical issue, perhaps also considering that senescent-
state macrophages may increase throughout the duration of implantation. This study
demonstrated that the commonly employed senescence-associated beta-galactosidase assay
labels both quiescence and senescence cells in macrophage cultures, and revealed conditions
inducing quiescence but not senescence in cultured immortalized macrophage cell lines.
This is yet another difference between primary and immortalized macrophage cultures that
produces inequities in their direct comparisons and perhaps their fidelity to macrophage in
vivo behavior around implants. Future studies employing this SA beta-gal assay for
macrophages should validate it against additional markers of senescence and proliferation.
This study also found that, unlike senescent cells that display significantly decreased
phagocytosis, quiescent cells have only slightly reduced but insignificantly different ability
to phagocytose particles. This important functional measure distinguishes macrophage
competence between normal and quiescent and senescent cells in extended culture.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Proliferative capacity of primary BMMΦ cultures over 21 days. Fluorescence and color
images of: A) DAPI and Ki-67, and B) SA beta-gal staining, respectively, in primary
BMMΦs over 21 days. Graphical representation of: C) percent positive Ki-67 cells; D)
percent positive SA beta-gal cells (from fixed colorimetric beta-gal assay); E) relative
fluorescence units (from lysed fluorescent SA beta-gal assay); and F) cells per frame, all
over 21 days. These data show a decrease in Ki-67 staining and an increase in SA beta-gal
staining after 21 days, suggesting an increase in macrophage senescence over 21 days. One-
way ANOVA with post-hoc Dunnett Multiple Comparisons Test was applied, comparing all
days to the day 1 time point. Significance is noted as p<.05 * and p<.001 **. No significant
increase in Ki-67 expression after passaging (C) indicates macrophage senescence.
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Figure 2.
Effect of increasing cell confluence on macrophage proliferation in culture. Fluorescence
and color micrograph images of: A) DAPI and Ki-67, and B) SA beta-gal staining,
respectively, in primary BMMΦs with increasing confluence on tissue culture plastic.
Graphical representation of C) percent positive cells for Ki-67, and D) relative fluorescent
signal, from lysed fluorescent SA beta-gal assay, showing increased SA beta-gal with
increasing confluence in BMMΦ cultures. These data show decreased percent proliferative
cells as seen by Ki-67 and an increase in SA beta-gal with increasing cell density. These
data also confirm the ability of SA beta-gal to represent non-proliferative cells and the
decrease in proliferative capacity of macrophages with increasing concentration. One-way
ANOVA with post-hoc Dunnett Multiple Comparisons Test was applied, comparing all
concentrations the 5K condition. Significance is noted as p<0.05 * and p<0.001 **.
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Figure 3.
Discrimination of senescent versus quiescent BMMΦs using Ki-67 staining of cultures. A)
cells passaged after 21 days and allowed to grow for 5, 7, and 10 days. Passaged cells with
and without 50% serum as a mitogenic stimulator were compared to their respective time
point prior to day 21, indicating that after 21 days, cells decrease their ability to proliferate,
reflecting senescence. B) proliferation of cells cultured for 1 day at high confluence and 7
days after those cells were passaged and plated at low confluence in the presence and
absence of serum. These data indicate regained proliferative capacity of cells after being
plated at sub-confluency, indicating confluent cells become quiescent and not senescent.
One-way ANOVA with post-hoc Student’s t-test was applied, comparing post-passages to
the pre-passaged condition (i.e. Day 5, 7, and 10 in A and confluent cells in B). Significance
is noted as p<0.05 * and p<0.001 **.
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Figure 4.
A) Bead phagocytic uptake in macrophages passaged after 21 days (shown in Figure 3 to be
senescent) and cultured for 10 days were compared with bead uptake of their corresponding
time point prior to 21 days. Data show a reduction in phagocytosis in cells at time points
past 21 days. B) Bead uptake in macrophages at low and high confluency, indicating no
significant change in phagocytosis at high confluence (shown in Figure 3 to be quiescent).
One-way ANOVA with post-hoc Student’s t-test was applied, comparing post passages to
the prepassaged condition (i.e. Day 1, 7, and 21). Significance is noted as p<.05 * and p<.
001 **. C) Representative confocal image of BMMΦs with internalized beads. This image is
an overlay of 10 z-sections through the cell, indicating beads are internalized by
phagocytosis.
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Figure 5.
Proliferative capacity of primary BMMΦs over 21 days in culture in the presence of
continual LPS stimulation. A) Color images of SA beta-gal staining in primary BMMΦs
over 21 days in the presence of LPS. Graphical representation of: B) percent SA beta-gal
positive cells from the colorimetric SA beta-gal assay, C) relative fluorescence from the
fluorescent SA beta-gal assay, and D) cell density shown as relative absorbance from the
microBCA assay. These data show a delay in the SA beta-gal response compared to non-
LPS treated macrophages (Figure 1). One-way ANOVA with post-hoc Dunnett Multiple
Comparisons Test was applied, comparing all days to the day 1 time point. Significance is
noted as p<0.05 * and p<0.001 **.
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Figure 6.
Effect of serial passaging on BMMΦ proliferation. Fluorescence and color images of: A)
DAPI and Ki-67, and B) SA beta-gal staining, respectively, in primary BMMΦ cultures with
increasing passage numbers. Graphical representation of: C) percent positive cells for Ki-67
markers, and D) SA beta-gal (from fluorescent senescence assay) with increasing passaging
in BMMΦs. These data show no dramatic increasing or decreasing trends in senescence with
increased passaging. One-way ANOVA with post-hoc Dunnett Multiple Comparisons Test
was applied, comparing all passages to the passage 1 condition. Significance is noted as
p<0.05 * and p<0.001 **.
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