
Reduced neutrophil chemotaxis and infiltration contributes to
delayed resolution of cutaneous wound infection with advanced
age1

Aleah L. Brubaker*,§,¶,||, Juan L. Rendon*,§,||, Luis Ramirez*,†,||, Mashkoor A.
Choudhry*,†,‡,§,||, and Elizabeth J. Kovacs*,†,‡,§,¶,||

*Burn & Shock Trauma Institute, Loyola University Chicago Health Sciences Division, Maywood,
IL, USA
†Department of Surgery, Loyola University Chicago Health Sciences Division, Maywood, IL, USA
‡Department of Microbiology and Immunology, Loyola University Chicago Health Sciences
Division, Maywood, IL, USA
§Cell Biology, Neurobiology & Anatomy Program, Loyola University Chicago Health Sciences
Division, Maywood, IL, USA
¶Immunology and Aging Program, Loyola University Chicago Health Sciences Division,
Maywood, IL, USA
||Stritch School of Medicine, Loyola University Chicago Health Sciences Division, Maywood, IL,
USA

Abstract
Advanced age is associated with alterations in innate and adaptive immune responses, which
contribute to an increased risk of infection in elderly patients. Coupled with this immune
dysfunction, elderly patients demonstrate impaired wound healing with elevated rates of wound
dehiscence and chronic wounds. To evaluate how advanced age alters the host immune response
to cutaneous wound infection, we developed a murine model of cutaneous Staphylococcus aureus
wound infection in young (3–4 month) and aged (18–20 month) BALB/c mice. Aged mice exhibit
increased bacterial colonization and delayed wound closure over time compared to young mice.
These differences were not attributed to alterations in wound neutrophil or macrophage TLR2 or
FcγRIII expression, or age-related changes in phagocytic potential and bactericidal activity. To
evaluate the role of chemotaxis in our model, we first examined in vivo chemotaxis in the absence
of wound injury to KC, a neutrophil chemokine. In response to a subcutaneous injection of KC,
aged mice recruited fewer neutrophils at increasing doses of KC compared to young mice. This
paralleled our model of wound infection, where diminished neutrophil and macrophage
recruitment was observed in aged mice relative to young mice despite equivalent levels of KC,
MIP-2 and MCP-1 chemokine levels at the wound site. This reduced leukocyte accumulation was
also associated with lower levels of ICAM-1 in wounds from aged mice at early time points.
These age-mediated defects in early neutrophil recruitment may alter the dynamics of the
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inflammatory phase of wound healing, impacting macrophage recruitment, bacterial clearance and
wound closure.

Introduction
An estimated 25 billion in US health care expenditure is spent on care of chronic, non-
healing wounds (1). One patient sub-population, the elderly, account for a major portion of
patients afflicted by chronic and infected wounds (1–3). Aging is associated with a decline
in immune function which can elevate rates of wound infection and delay wound closure in
these patients (4–6). Advanced age is associated with a general decline in innate and
adaptive immune function which contributes to an increased susceptibility to opportunistic
bacterial and viral infections in the elderly (2, 7–9). Underlying this elevated susceptibility
to infection are deficits in host recognition, phagocytosis, migration and activation of a
pathogen-specific adaptive immune response (10–13). In addition to the immunosenescence
that accompanies aging, advanced age is also marked by heightened levels of circulating
pro-inflammatory mediators in the absence of an inciting stimulus, a state referred to as
“inflamm-aging (14, 15).” Together, these phenomena are thought to contribute to poor
outcomes following infection or trauma in clinical and animal models of aging (2, 16–20).

Alongside playing a critical role in eradication of foreign pathogens, the innate immune
response is also crucial to tissue repair, another physiologic response compromised by
aging. Cutaneous wound repair is a complex process, marked by immune cell infiltration
and inflammation, fibroblast and keratinocyte proliferation, angiogenesis, and remodeling of
the extracellular matrix to ensure restoration of the normal skin barrier (5, 21–24). Natural
and succinct progression through these interdependent stages of wound healing is required
to ensure rapid and adequate repair of epidermal and dermal architecture. Clinical
observations reveal that elderly patients have an impaired response to cutaneous injury,
resulting in elevated rates of wound dehiscence and subsequent chronic wounds (1, 25).
Non-healing wounds in this patient population have an increased risk of infectious
complications. This risk is associated with higher morbidity and mortality, and infectious
spread in long-term care facilities (26). Moreover, older patients are more susceptible to
post-surgical infections and subsequent problematic wound closure with costly prolonged
hospital stays (2, 25).

Laboratory studies using murine models of cutaneous injury have substantiated the
aforementioned clinical findings as advanced age has been shown to alter the dynamics of
all stages of the wound repair process (27–30). Evidence suggests age-associated differences
in the magnitude and duration of neutrophil and macrophage infiltration into the wound bed
during the inflammatory phase of wound healing (27, 29). These phagocytes are
instrumental in limiting infectious spread and regulation of the temporal progression through
the early phases of wound closure (22, 31, 32). Despite compromised immune function and
increased rates of infectious wound complications in the elderly, the impact of advanced age
on the host immune response to cutaneous wound infection has been neglected.
Staphylococcus aureus (S. aureus) is a common dermatopathogen that accounts for at least
75% of skin and soft tissue infections and 30% of surgical-site infections, with a dramatic
increase in S. aureus-associated surgical site infections to 50% in patients over 65 (2, 33,
34). We developed a cutaneous excisional S. aureus wound infection model in young (3–4
month) and aged (18–20 month) BALB/c mice. Using this model, we are the first to
demonstrate that advanced age is associated with heightened bacterial colonization and
delayed wound closure due to reduced innate immune cell recruitment.
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Materials and Methods
Animal Model

3–4 month old (young) and 18–20 month old (aged) BALB/c mice (Charles River/NIA,
Kingston Facility, Stony Ridge, NY) were utilized to determine age-dependent differences
in response to cutaneous wound injury and infection. All animal studies were approved and
performed with strict accordance to the regulations established by the Loyola University
Chicago Animal Care and Use Committee. Following acclimation at Loyola’s Animal Care
Facility, young and aged mice were subjected to dorsal excisional cutaneous injury as
previously described (35). Briefly, mice were administered 100 mg/kg ketamine and 10 mg/
kg xylazine i.p. followed by i.p. saline to ensure systemic distribution of the anesthetic.
Once the mice no longer responded to firm pressure applied to their hind limb, their
dorsum’s were shaved and cleansed with ethanol pads. Mice were then subjected to 6 dorsal
full-thickness (skin and panniculus carnosa) cutaneous wounds with a 3 mm dermal punch
biopsy (Acuderm, Ft. Lauderdale, FL). Immediately after injury, mice received ~103 CFU/
10uL of S. aureus and were returned to their cages on heating pads. Following arousal from
anesthesia after injury and infection, no overt difference in grooming, mobility, activity and
nutritional status were observed between young and aged animals. A low inoculum of
bacteria was chosen to prevent sepsis which is known to negatively impact wound healing
(36). S. aureus Newman strain was grown overnight in tryptic soy broth (TSB) at 37°C
under constant agitation. The next day, 1 mL of S. aureus in TSB was resuspended in 2mL
fresh TSB and incubated at 37°C for 2 hours to ensure mid-logarithmic growth at the time of
application to cutaneous wounds. Bacterial concentration (CFU/mL) was determined by
absorbance at 600 nm and the final inoculum confirmed by back-plating on mannitol salt
agar (MSA; BD Diagnostics, Sparks, MD).

Mice were sacrificed at days 1, 3, 7 and 10 after injury and infection. The pelt was removed
and photographed to measure wound size as described below. A larger 5 mm punch biopsy
was used to remove the 3 mm wounds. One-two wounds from each animal were used to
examine for bacterial colonization, ex vivo phagocytosis, flow cytometric analysis of wound
immune infiltrate and cytokine and chemokine analysis as detailed below. Blood was
obtained via cardiac puncture for flow cytometric analysis, as well as the bactericidal assay.

Bacterial Colonization
Skin, spleen and kidney were each homogenized in 1 mL sterile PBS and 10-fold serial
dilutions to 106 were plated on MSA plates (BD Diagnostics, Sparks, MD). Heparinized
whole blood was directly plated onto MSA plates. Plates were incubated at 37°C for 24–48
hours and colonies were counted to determine levels of bacterial colonization. Significant
bacterial dissemination to spleen, kidney and blood was not observed (data not shown). For
all wound colonization data, one wound from each individual animal was used to represent
an N of one and experiments were repeated 3–4 times at each time point.

Wound Size
Wound size was evaluated by digital photography and image analysis as previously
described (35). Briefly, at days 1, 3, 7 and 10 all six wounds per animal were photographed
with a Canon EOS SLR digital camera. Each pelt was photographed at a fixed distance of 20
cm with a ruler placed within the frame of each photograph. Photoshop 7.0 (Adobe Systems
Inc., San Jose, CA) was used to determine the number of pixels in the open wound area
using the magic wand tool, with zoom at 100% and a tolerance setting of 60. Separate
animals were sacrificed immediately following wound injury and wound size was
determined to represent day 0. Wound areas at each time point were compared with day 0
wounds: (pixels at days1–10/pixels at day 0)×100 were used to determine the percent open
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wound area at each time point. The % open area of the 6 wounds from each animal were
averaged to give one value for each animal, such that the average of 6 wound is an N of 1
individual animal. Data represents 3–4 replicate experiments.

Skin and Whole Blood Flow Cytometry
Single cell suspensions of wound cells for flow cytometry were generated as previously
described (37). At days 1–7 after injury and infection, animals were euthanized, pelts
removed and wounds excised using a 5 mm punch biopsy. Two wounds were used to
achieve an adequate total cell yield and represent an N of one individual animal. Diced
wounds were incubated overnight at 4°C in RPMI 1640 culture media containing 10% FBS
(Hyclone, Logan, UT), 2 mM L-glutamine (Gibco, Grand Island, NY), 1% penicillin/
streptomycin (Gibco, Grand Island, NY), 2 mg gentamycin sulfate (Mediatech Inc,
Manassas, VA) and 0.3 mg dispase II (Roche Diagnostics, Indianapolis, IN). The next day,
tissue pieces were removed and subjected to further enzymatic digestion with 1 mg
collagenase from Clostridium histolyticum type 1A (Sigma-Aldrich, St. Louis, MO), 1.2 mg
DNAse I from bovine pancreas Grade II (Roche Diagnostics, Indianapolis, IN), 1 mg
hyaluronidase from bovine testes type 1-S (Sigma-Aldrich, St. Louis, MO), in RPMI 1640
with 5% FBS, 2 mM L-glutamine (Gibco, Grand Island, NY), 1% penicillin/streptomycin
(Gibco, Grand Island, NY), 2 mg gentamycin sulfate (Mediatech Inc, Manassas, VA) and
magnesium chloride hexahydtrate for 2 hours at 37°C. After two hours, these solutions were
combined and debris removed by filtration with a 70μm filter. Cells that remained adherent
to the tissue culture plastic were treated with Accutase (eBioscience, San Diego, CA) for 5–
8 minutes at 37°C followed by vigorous pipetting. Cells were washed and adjusted to 1×106/
mL. Cells were blocked for 20 minutes with FcBlock (anti-CD16/CD32, eBioscience) and
rat IgG (Jackson Immuno), and then stained with PE-Cy7-F4/80 (eBioscience, San Diego,
CA), FITC-Gr-1 (eBioscience, San Diego, CA), APC-CD3 (eBioscience, San Diego, CA) or
APC-TLR2 (eBioscience, San Diego, CA). Cells were washed twice and then resuspended
in flow buffer (1% BSA, 0.1% sodium azide and 2mM EDTA in PBS). For blood analysis,
heparinized whole blood was collected and stained per the manufacture’s protocol (Leinco
Technologies). Whole blood (100 μL) was blocked for 20 minutes with FcBlock and rat IgG
and then stained with PE-Cy7-F4/80, FITC-Gr-1 and PE-CXCR2. Following staining,
erythrocytes were lysed with 2 mL Easy Lyse Solution (Leinco Technologies) for 11.5
minutes. Lysis was terminated by addition of 2 mL ice cold Wash Buffer (Leinco
Technologies). Cells were washed twice in flow buffer and resuspended in 500μL flow
buffer. Both skin and blood samples were collected on the FACSCanto I and FACS LSR
Fortessa (BD Bioscience, San Jose, CA) and data were analyzed by FlowJo Software (Tree
Star Inc, Ashland, OR). Fluorescence minus one control staining and single color controls
were used to determine positive staining.

Phagocytosis and FcγRIII Staining
Following isolation, wound cells were subjected to pHrodo-S. aureus phagocytosis as
previously described (37). Cells were resuspended to 1×106 cells/mL in Phagocytosis
Uptake Buffer (HBSS (Gibco, Grand Island, NY), with 20 mM HEPES, pH 7.4) per the
manufacturer’s instructions (Invitrogen, Carlsbad, CA). pHrodo-S. aureus BioParticles
(Invitrogen, Carlsbad, CA) were reconstituted to 1 mg/mL in Phagocytosis Uptake Buffer
and then opsonized with rabbit polyclonal IgG antibodies (Invitrogen, Carlsbad, CA) for 1
hour at 37°C. Control tubes for each animal were placed on ice (4°C) and experimental
tubes placed at 37°C for 15 minutes to allow for temperature equilibration. pHrodo-S. aureus
was then added at a ratio of 30:1 bacteria particles to cell. Samples were incubated for 0–60
minutes at 4°C (control) or 37°C (experimental) after which phagocytosis was stopped by
addition of 2 mL ice cold Phagocytosis Uptake Buffer and placement on ice. Cells were
blocked with rat IgG and anti-FcγRII (R&D Systems, Minneapolis, MN), to block FcγRI

Brubaker et al. Page 4

J Immunol. Author manuscript; available in PMC 2014 February 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



and FcγRII, respectively, for 20 minutes at 4°C. Samples were then stained with PE-anti-
FcγRIII (R&D Systems, Minneapolis, MN) for 30 minutes followed PE-Cy7-anti-F4/80 and
FITC-anti-Gr1 for 30 minutes at 4°C (38). Cells were washed twice, resuspended in flow
buffer, and phagocytosis and FcγRIII expression on wound neutrophils and macrophages
were examined by flow cytometry. Data were acquired on the FACSCanto1 (BD
Bioscience, San Jose, CA) and analyzed by FlowJo Software (Tree Star Inc, Ashland, OR).

Chemokine Analysis
One wound from each animal was homogenized in 1mL BioRad Cell Lysis buffer (BioRad,
Hercules, CA) supplemented with Factor 1, Factor 2 and PMSF per the manufacture’s
instructions (BioRad, Hercules, CA). Homogenates were sonicated at 30%, syringe-filtered
(25 μm) and chemokines (KC, MIP-2 and MCP-1) as well as adhesion molecules (ICAM-1)
were analyzed by ELISA (R&D Systems, Minneapolis, MN) (39).

In Vivo Chemotaxis
Young and aged mice were administered 100 mg/kg ketamine and 10 mg/kg xylazine
followed by saline to ensure systemic distribution of the anesthetic. Once the mice no longer
responded to firm pressure applied to their hind limb, their dorsum’s were shaved and
cleansed with ethanol pads. In the dorsal subscapular midline, mice were then injected s.c.
with saline vehicle (50μL), or 100 or 1000 pg of recombinant mouse KC in a volume of
50μL. Mice were sacrificed 8 hours after injections. The injection site and surrounding
tissue were excised with an 8 mm punch biopsy and subjected to digestion as outlined above
(37). Neutrophil recruitment to the injection site was evaluated by flow cytometry as
described above. Data are expressed as fold change of baseline neutrophil recruitment after
saline injections.

Statistical analysis
Data are shown as mean ± SEM of each group. One wound, or an average of wounds as
described above, from each animal was used to reach an N of 1, such that an N of 12
represents 12 individual animals. Data were analyzed by Student’s t test or one- way or two-
way ANOVA with Tukey’s or Bonferroni post-hoc tests, respectively, where appropriate
using GraphPad Prisim 5 (GraphPad, La Jolla, CA). A value of p ≤0.05 was considered
significant.

Results
Bacterial colonization and wound closure is impaired with advanced age

To determine the impact of advanced age on the innate immune response following
cutaneous injury and S. aureus infection, we developed a model of cutaneous wound
infection in young and aged mice to evaluate bacterial colonization and wound size at days
1, 3, 7 and 10 after injury and infection. Bacterial colonization in wounds from aged mice
were elevated over the time course examined as compared to young mice, with post-hoc
significance observed at day 3 (Figure 1, p<0.05). Levels of wound bacterial burden were
unaltered in aged animals at day 7 as compared to day 3, whereas gradual reduction in
wound bacterial content was observed in young animals by day 7. Moreover, by day 10,
wounds from young mice averaged 103 CFU/mL, compared to 106 CFU/mL in aged
animals. In parallel to these studies, wound size was evaluated by digital photography and
image analysis (Figure 2A). Compared to young mice, wounds from aged mice had a larger
percent open wound area remaining at days 3 and 7 following injury and infection (Figure
2B, p<0.05), with incomplete closure at day 10. At day 3, wounds in aged animals remained
~80% open as compared to ~66% in young mice (Figure 2B, p<0.05). By day 7, an ~ 2-fold
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increase in percent open wound area was observed in aged mice as compared to young
(Figure 2B, p<0.05). The persistent open wound bed at day 10 in aged animas (~11% verse
~0.9% in young mice) could result in subsequent infectious complications in aged mice.
Together, these findings recapitulate clinical observations of increased infectious
complications and delayed healing with advanced age.

Host recognition is not altered following injury and infection
Previous studies have reported decreased TLR expression in various innate immune cell
subsets with advanced age (reviewed in (6, 10)). TLR-1, -2 and -6 play critical roles in early
host recognition of Gram-positive pathogens, and loss of TLR2 or downstream mediators of
TLR signaling, such as MyD88, results in increased susceptibility to S. aureus infection (40–
43). Given differences in bacterial colonization at day 3, we chose to evaluate TLR2
expression on resident tissue macrophages (F4/80+Gr-1− cells from uninjured skin) as well
as on infiltrating wound leukocytes in aged mice relative to young (Figure 3A). In aged
mice, a reduction in the absolute number of TLR2+ resident tissue macrophages (Figure 3B,
p<0.05) was observed compared to young mice. Following injury and infection, there were
no age-dependent changes in the frequency of TLR2+ infiltrating macrophages and
neutrophils (Figure 3C–D). Moreover, aging did not alter the expression of TLR2 on
infiltrating leukocytes after injury and infection (Table 1). The changes in number of TLR2+

resident tissue macrophages with age may increase susceptibility to infection; however,
following injury and infection, TLR2 expression did not contribute to prolonged bacterial
infection in aged animals.

Bacterial clearance is not affected by advanced age
In addition to recognition of bacteria by the host immune system, neutrophils and
macrophages that are recruited to the wound site are required to phagocytose and clear
invading organisms. In particular, deficiencies in neutrophil and macrophage phagocytosis,
as well as bactericidal potential, have been associated with reduced bacterial clearance as
well as chronic or repeated infections (26, 44–46). A major phagocytic pathway in these
cells is the FcγR pathway (47). Interestingly, reduced expression of FcγRIII (CD16) and
phagocytosis have been observed in neutrophils from aged humans (46). Similar studies in
macrophage populations suggest a reduced phagocytic potential with advanced age (48–50).
Thus, we sought to determine if differences in phagocytosis and FcγRIII expression may
contribute to delayed resolution of bacterial clearance in our model. Initially, we examined
FcγRIII expression in peripheral blood neutrophils in our young and aged animals pre- and
post-infection. In line with studies by Butcher et al., there was a reduction in the frequency
of FcγRIII+ neutrophils in aged mice following injury and infection (Supplementary Figure
1)(46). Butcher et al. had documented that reduced FcγRIII expression was associated with
reduce phagocytic potential in neutrophils isolated from the periphery of elderly subjects
(46). Interestingly, few studies have examined the impact of the wound microenvironment
on phagocytic cell function in the setting of advanced age. Given these data, we examined
the phagocytic potential and the expression of FcγRIII pre-and post- phagocytosis in wound
cells isolated from young and aged mice. Phagocytosis of pHrodo-S. aureus bioparticles by
wound neutrophils were not different in young and aged mice (Figure 4A–B). Despite no
observed changes in phagocytosis, there were fewer FcγRIII+ neutrophils pre- and post-
phagocytosis in aged animals and the MFI of FcγRIII was diminished (Figure 4C–D,
p<0.05). Similar to these findings, no age-dependent changes in phagocytosis by wound
macrophages were observed (Figure 5A–B). In both young and aged mice, the frequency of
FcγRIIIhi macrophages was reduced post-phagocytosis as compared to cells from age-
matched controls (Figure 5C, p<0.05). However, there were no age-dependent differences in
the frequency of total FcγRIII+ macrophages between young and aged mice pre- or post-
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phagocytosis (Figure 5C). Moreover, there was a reduction in the MFI of FcγRIII in aged
mice compared to young regardless of exposure to pHrodo-S. aureus (Figure 5D, p<0.05).

Though age did not impact the phagocytic potential of isolated wound neutrophils or
macrophages ex vivo, decreased FcγR expression has been shown to play a role in
bactericidal activity via Rac-2 mediated formation of the NADPH oxidase complex (47, 51).
To evaluate if the observed reduction in FcγRIII impaired the ability of neutrophils to kill
ingested organism, isolated peripheral blood neutrophils were subjected to a modified
bactericidal assay (52). Neutrophils were allowed to phagocytose opsonized pHrodo-S.
aureus for 15 minutes, and percent killing of ingested bacteria was evaluated at 45 and 75
minutes after the end of the phagocytosis phase. No age-related differences in bactericidal
activity were observed at either time point (Supplementary Figure 2).

Aging impairs in vivo chemotaxis to dorsal cutaneous skin
Previously, our laboratory has demonstrated that peripheral blood neutrophils from aged
animals demonstrate a basal hyperchemokinesis with a reduced directional migration toward
a chemotatic stimulus in vitro (53). Given no difference in parameters of bacterial clearance,
we extended these findings to determine if age-related differences in leukocyte migration in
vivo may contribute to heightened bacterial colonization and delayed wound closure in aged
mice. Following s.c. injection of 100 pg of KC, a potent neutrophil chemokine and the
murine homolog of human IL-8, neutrophil recruitment to the dorsal skin in aged mice was
reduced as compared to young (Figure 6, p<0.05). To determine if this could be overcome
by higher doses of a chemotactic agent, we evaluated neutrophil recruitment after injection
of 1,000 pg of KC. At a ten-fold higher dose, aged mice still had impaired neutrophil
recruitment as compared to their younger counterparts given the same dose (Figure 6,
p<0.05). However, neutrophil recruitment in aged mice at a dose of 1000 pg was similar to
that observed in young mice at a dose of 100 pg. These data suggest that aging impairs
chemotaxis to cutaneous tissue with advanced age in response to a direct chemotatic
stimulus.

Peak leukocyte infiltration is attenuated in aged mice
Once we established that neutrophil recruitment in aged mice was diminished in vivo in
response to a lone chemotatic stimulus, we sought to determine if we observed reduced
leukocyte accumulation at the wound site in our model. Previous studies have documented
that advanced age can alter the inflammatory cell infiltrate in non-infected wounds of aged
mice (27, 29) as well as other tissues(54, 55); however, the impact of cutaneous infection on
leukocyte recruitment with age has not been examined. Wound leukocyte recruitment was
assayed by flow cytometry at days 1–7 after injury and infection (Figure 7). At day 1, a
similar number of wound neutrophils and macrophages were observed in young and aged
mice (Figure 7A–B). However, at day 3, there was a reduction in neutrophil and macrophage
numbers isolated from wounds from aged mice. (Figure 7A–B, p<0.05). Numbers of wound
neutrophils and macrophages were comparable in young and aged mice at day 7, despite
persistent infection in aged animals. No difference in T cell recruitment was noted at any
time point (Figure 7C). The delay in neutrophil and macrophage recruitment at day 3 in aged
animals may impair early bacterial clearance while the inability to recruit elevated numbers
of leukocytes in aged mice at later time points may contribute to the persistent infection
observed in these animals. Moreover, this altered leukocyte recruitment may perturb wound
healing kinetics, delaying transition from the inflammatory to the proliferative phase and
ultimately impairing wound closure and restoration of the dermal matrix.
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Enhanced chemokine secretion in wounds from aged animals
Important to neutrophil and macrophage recruitment are the chemotatic stimuli generated
following tissue injury by keratinocytes and resident tissue leukocytes (56, 57). To
determine if the decreased neutrophil and macrophage numbers were due to reduced
chemoattractant production, we evaluated the wound chemokine milieu. Interestingly, at day
1 following injury and infection, wounds from aged mice had elevated levels of neutrophil
chemokines KC and MIP-2 (Figure 8A–B, p<0.05). Furthermore, wounds from aged mice
had increased levels of MCP-1, a chemokine that helps recruit and differentiate circulating
monocytes (Figure 8C, p<0.05). However, these elevated levels of neutrophil and
macrophage chemokines were associated with similar neutrophil and macrophage
recruitment at day 1. At day 3, when neutrophil and macrophage numbers were significantly
reduced in aged animals, levels of these three chemotatic mediators were similar in young
and aged mice (Figure 8, p<0.05). In conjunction with reduced leukocyte accumulation,
these findings paralleled our results observed following subcutaneous injection of KC,
suggesting that a stronger chemotatic stimulus may be required to mediate a similar
chemotatic response with advanced aged.

Elevated CXCR2 expression in peripheral blood neutrophils of aged animals following
injury

KC and MIP-2 are ligands for the chemotatic receptor CXCR2 present on circulating
neutrophils (58). Ligation of CXCR2 results in upregulation of selectins and integrins which
allow neutrophils to roll, adhere and subsequently transmigrate across endothelial walls to
reach the site of injury or infection (59–62). Considering a strong chemotatic stimulus was
present at the wound site in aged animals, we examined the peripheral neutrophil pool to
determine if age-dependent differences in CXCR2 expression could account for reduced
leukocyte recruitment with age. Following injury and infection at days 1 and 3, the
frequency of neutrophils in circulation was elevated in aged mice compared to young mice
at both time points (Figure 9A–B, p<0.05). There was no difference in the frequency of
CXCR2+ neutrophils between young and aged mice prior to or following injury (Figure 9C).
Following cutaneous wound infection, downregulation of CXCR2 expression was observed
in mice of both age groups, however the MFI of CXCR2 on neutrophils from aged mice was
significantly elevated (Figure 9D). This elevation persisted out to day 3, where CXCR2
expression remained increased in aged mice relative to young mice. These data suggest that
mediators downstream of CXCR2 may contribute to decreased neutrophil recruitment to the
wound site in aged animals.

ICAM-1 is reduced in infected wounds from aged mice
In addition to the role of KC and MIP-2 mediated neutrophil upregulation of selectins and
integrin via CXCR2, secretion of these chemokines as well as pro-inflammatory cytokines
like TNF-α, promote upregulation of adhesion molecules like ICAM-1 on vascular
endothelial cells to promote rolling and firm adhesion of neutrophils along the vascular
endothelium (63–65). Perturbation of the upregulation of adhesion molecules would impair
neutrophil adherence and diapedesis into the infected wound tissue. Thus, we hypothesized
that ICAM-1 may fail to be upregulated in aged mice as compared to young (Figure 10).
Prior to wound infection, levels of ICAM-1 were comparable between young and aged mice.
Following S. aureus wound infection at day 1, levels of ICAM-1 trend downwards in both
age cohorts. Interesting, at day 3 when neutrophil and macrophage recruitment is
significantly reduced in aged mice, levels of ICAM-1 are reduced in aged mice as compared
to young (Figure 10, *p<0.05). These data suggest that decreased ICAM-1 in aged mice may
contribute to reduced neutrophil trafficking into tissue. Moreover, elevated levels of
chemokines like KC and MIP-2 in the absence of relative increases in ICAM-1 suggest that
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there may be a dysregulation of the signaling pathways in endothelial cells that act to
upregulate ICAM-1 in response to these chemokines.

Discussion
In review, we have developed a murine model of cutaneous wound infection with S. aureus
which demonstrate elevated bacterial colonization and delayed wound closures in aged mice
at early time points, which persists out to day 10 post wound infection. These findings
parallel clinical observations in elderly patients with elevated S. aureus infection rates and
prolonged, costly hospital stays (2, 25, 34). Other murine models of infection, such as
pneumonia, also report an increased bacterial burden in aged animals (66). Moreover, we
observed that wound closure was protracted in aged animals. Studies in murine models of
uninfected wounds report similar delays in wound closure with advanced age (28, 29);
however, the time to closure was reduced as compared to infected wounds from our animals.

An important factor in mediating the host response to infection is early recognition of
foreign pathogens by host immune cells by pathogen-associated molecular patterns via
pattern recognition receptors (PRRs) such as TLR2 (68). Loss of TLR2 or MyD88, a
mediator of TLR signaling, have been associated with increased susceptibility to S. aureus
infection and heightened levels of S. aureus bacteremia (40, 42, 43, 69). In our model, we
observed an age-dependent decrease in the absolute number of TLR2+ resident tissue
macrophages, however, no differences in expression or frequency of TLR2+ infiltrating
wound neutrophils or macrophages were observed. Studies demonstrate variable reduction
of TLRs macrophage expression with age (55, 66, 70), while previous studies from our own
laboratory have demonstrated no change in peritoneal or splenic macrophage TLR2 and
TLR4 expression (71). In circulating neutrophil populations, human studies suggest that
expression of TLR2 and TLR4 are unaltered with age, though membrane-associated MyD88
was decreased with age after exogenous stimulation with LPS (11). Though not evaluated in
our study, age-associated alterations in TLR2 signaling pathways, such as MyD88, may
dampen TLR2 responses in aged individuals and contribute to delayed resolution of
bacterial infection (72–74).

Previous studies have reported that aging negatively impacts the ability of both neutrophils
and macrophages to phagocytosis pathogens (26, 27, 46, 48, 49), though few have evaluated
the phagocytic potential of leukocytes following recruitment in response to tissue injury.
Furthermore, reduced FcγRIII expression in circulating human neutrophils from elderly
donors was correlated with impaired phagocytosis (46). Given that our observed differences
in FcγRIII did not contribute to functional changes in FcγRIII-dependent phagocytosis or
bactericidal activity, we did not further evaluate additional phagocytic mechanisms and
pathways. However, that lack of age-related differences in neutrophil phagocytosis is in
concert with other murine studies that do not recapitulate the phagocytosis deficits observed
in circulating human neutrophils (55). Our study extends these findings in rodent studies,
demonstrating that neutrophil phagocytosis is not impaired by advanced age following
recruitment to a specific tissue microenvironment.

We next chose to examine if age-associated alterations in chemotaxis could contribute to
impaired resolution of wound infection in our aged mice as previous studies highlight
reduced migration of peripheral blood neutrophils isolated from healthy, elderly humans and
mice (11, 29, 54, 55). Specifically, following sterile cutaneous wound injury, neutrophil
peak infiltration has been shown to be attenuated in aged C57BL/6 mice as compared to
young (29). This parallels studies of oral infection with Salmonella Typhimurium (54) or
peritoneal challenge with Candida albicans (55), were aged mice demonstrated reduced
neutrophil chemotaxis to these respective compartments. Alternatively, neutrophil
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trafficking to the lung after trauma or environmental insults is enhanced with age,
highlighting the unique and delicate microenvironment of the aging lung (18, 78, 79).

Recently, we reported that peripheral blood neutrophils from unmanipulated young and aged
mice have a basal hyperchemokinesis but lack directional migration ex vivo in response to
KC (53). We extend these findings to show that at increasing doses of KC in vivo,
neutrophils from aged mice had a diminished migratory response to cutaneous tissue as
compared to young. These data mirrored neutrophil recruitment in response to cutaneous S.
aureus wound infection in our model as elevated levels of neutrophil chemokines were
required to mediate a similar chemotatic response in aged mice as compared to young. This
reduction in neutrophil accumulation was associated with delayed resolution of wound
infection in our aged animals. Clinically, patients with reduced neutrophil function or
numbers are at a heightened risk for chronic and repeated infections with catalase-positive
bacteria, like S. aureus (44, 45, 80). However, the accepted dogma of efficient wound
healing implies that gratuitous neutrophil accumulation can result in excessive ROS and
elastase production, exacerbating tissue damage and impeding wound healing (5, 81). In
wound healing models using fetal or young mice show that a paucity of neutrophil
recruitment is correlated with reduced scar formation (82, 83) and that neutrophil depletion
may accelerate aseptic wound closure (84). Despite these findings, studies in the aging
literature have demonstrated that even in the setting of sterile wound healing, ablation of the
neutrophil population delays wound closure in aged animals (29). Importantly, increasing
neutrophil numbers via i.p. administration of G-CSF enhanced rates of wound closure in
aged mice to those observed in young mice (29). In the context of an infected wound, the
necessity of neutrophil recruitment becomes increasingly paramount. Thus, the decreased
absolute numbers of neutrophils and macrophages in our model may not only contribute to
bacterial colonization differences observed with age, but may also play a role in delayed
wound resolution in aged animals.

While we saw blunted chemotaxis to the CXCR2 ligand KC, we observed elevated CXCR2
expression on circulating neutrophils from aged animals, suggesting that despite adequate
expression of CXCR2, mediators of CXCR2 signaling may be impaired with age. For
example, recruitment of β-arrestin 2 to CXCR2 has been shown to be required for CXCR2
activation (60) and has been reported to be decreased in brain tissue of elderly humans (85).
Others have documented that high levels of KC promote CXCR2 receptor desensitization
and impaired chemotaxis (86). Thus, it is plausible that the early peak in KC levels observed
in aged mice acts to attenuate neutrophil recruitment despite persistent infection in our aged
animals. Moreover, we demonstrate that ICAM-1 expression is reduced at day 3 in aged
mice as compared to young. ICAM-1 is critical in neutrophil adhesion and subsequent
transmigration from the vasculature to the target tissue. Previously we have shown that
following burn trauma, lung endothelial ICAM-1 is elevated and associated with prolonged
neutrophilia in lungs from aged mice as compared to young (53). The differences between
these studies are likely attributable to different models of injury and the unique
microenvironment of the lung as discussed previously.

Given these data, it is reasonable to suggest that enhancing neutrophil recruitment in aged
mice may reduce bacterial colonization and wound closure. Interestingly, G-CSF is not only
an important factor in granulocyte development in the bone marrow and survival in
circulation (87–89), but it also serves to enhance CXCR2 mediated chemotaxis (90, 91),
improve integrin-adhesion molecule interactions (92) and upregulate ICAM-1 (93).
Specifically, G-CSF has been shown to upregulate CXCR2 via STAT3, enhance signaling
downstream of CXCR2 (90), restore chemotatic defects observed in aged rats (77), induce
endothelial ICAM-1 expression (93) and promote neutrophil adhesion to ICAM-1 (92, 94).
Together, these suggest a plausible interconnection between G-CSF, CXCR2 and ICAM-1
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and elucidating these interactions may provide insight and novel therapeutic approaches to
age-related impaired chemotaxis and immune cell dysfunction. However, caution should be
taken when considering altering the distribution of leukocytes, in particular in the elderly, as
they are highly susceptible to pneumonia.

As bacterial strains, in particular S. aureus, continually evade our current antibiotic
treatments, understanding how advanced age impairs the host immune response may allow
us to target immunomodulatory mechanisms that will improve outcomes following
cutaneous wound injury in elderly patients. Future work examining methods to enhance
leukocyte migration to the wound bed, such as local or systemic growth factors, may allow
for modulation of the host immune system to enhance its response to invading pathogens
following tissue injury in immunocompromised patients.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Wound bacterial colonization at days 1 through 10 following cutaneous injury and S.
aureus infection
Young BALB/c (3–4 months, black circles and solid line) and aged BALB/c (18–20 months,
black squares and dotted line) received six, 3mm dorsal cutaneous wounds followed by ~103

CFU S. aureus/wound. At days 1, 3, 7 and 10 after injury and infection, mice were sacrificed
and bacterial colonization was determined by growth on MSA plates. Data are shown on a
log scale as mean ± SEM, *p<0.001 compared to young at same time point by two-way
ANOVA; N=8–20 individual animals per group at each time point. Data are cumulative of
3–4 replicate experiments at a given time point.
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Figure 2. Wound size at days 1 through 10 following cutaneous wound infection with S. aureus
(A) Representative images of wound from young (top panel) and aged (bottom panel) mice
are days 1, 3, 7, and 10 after injury and infection. (B) Wound size expressed as percent open
wound area relative to time zero at days 1, 3, 7 and 10 after cutaneous wound infection in
young (black circle and solid line) and aged (black squares and dotted line) mice. The 6
wounds from each animal were averaged to give one value for each animal. N=7–15
individual animals per group at each time point. Data are shown as mean ± SEM, **p<0.01
and *p<0.05 compared to young at same time point by two-way ANOVA; N=7–15
individual animals per group at each time point. Data are cumulative of 3 replicate
experiments at a given time point.
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Figure 3. Expression of TLR2 by cutaneous neutrophils and macrophages
The number of neutrophils or macrophages expressing TLR2 was examined by flow
cytometry. (A) Gating strategy for TLR2+ resident and infiltrating leukocytes. Live cells
were gated on Gr-1 and F4/80; F4/80−Gr-1+ (neutrophils), F4/80+Gr-1− (macrophages).
Neutrophil and macrophage populations were then evaluated for TLR2 positivity (dotted
black line). (B) Absolute number of TLR2+ macrophages in uninjured skin from young and
aged mice, *p<0.02 by Student’s t-test, N=7 per group. (C) Frequency of TLR2+ wound
macrophages at day 1 and day 3 in young (gray bars) and aged (white bars) mice. (D)
Frequency of TLR2+ neutrophils at day 1 and day 3 in young and aged mice. Data are
shown as mean ± SEM; N=8–17 individual animals per group and are cumulative of 3
replicate experiments per time point. Data are not significant.
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Figure 4. Wound neutrophil phagocytosis of S. aureus and FcγRIII expression
Wound leukocyte suspensions were allowed to phagocytose pHrodo-S. aureus particles for
0–60 minutes and then stained for FcγRIII expression. Phagocytosis and FcγRIII were
assayed by flow cytometry. (A) Representative histograms (shaded gray-4°C, control;
black-37°C, 30 minutes; and black dotted-37°C, 60 minutes) of phagocytosis by wound
neutrophils (F4/80−Gr-1+S. aureus+). (B) Percentage of wound neutrophils that
phagocytosed pHrodo-S. aureus particles in young (gray bars) and aged (white bars) mice.
Data are not significant. (C) Percentage of wound neutrophils expressing FcγRIII in young
and aged mice; *p<0.05 verse young control, ‡p<0.001 verse young phagocytosis, §p<0.05
verse young and aged controls by one-way ANOVA. (D) MFI of FcγRIII on wound
neutrophils from young and aged mice; §p<0.001 verse young control, ‡p<0.001 verse
young control and phagocytosis,*p<0.001 verse aged matched control by one-way ANOVA.
Data are shown as mean ± SEM; N=9–12 individual animals per group for phagocytosis
assays and are cumulative of 3 replicate experiments. N=4–8 individual animals per group
for FcγRIII studies and are cumulative of 2 replicate experiments.
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Figure 5. Wound macrophage phagocytosis of S. aureus and FcγRIII expression
Wound leukocyte suspensions were allowed to phagocytose pHrodo-S. aureus particles for
0–60 minutes and then stained for FcγRIII expression. Phagocytosis and FcγRIII were
assayed by flow cytometry. (A) Representative histograms (shaded gray-4°C, control;
black-37°C, 30 minutes; and black dotted-37°C, 60 minutes) of phagocytosis by wound
macrophages (F4/80+Gr-1−S. aureus+). (B) Percentage of wound macrophages that
phagocytosed pHrodo-S. aureus particles in young (gray bars) and aged (white bars) mice.
Data are not significant. (C) Percentage of wound macrophages expressing FcγRIII in
young and aged mice; *p<0.05 verse young control, ‡p<0.01 verse aged control by one-way
ANOVA. (D) MFI of FcγRIII on wound macrophages from young and aged mice; ‡p<0.01
verse young control,*p<0.05 verse young phagocytosis, §p<0.05 verse aged control by one-
way ANOVA. Data are shown as mean ± SEM; N=9–12 individual animals per group for
phagocytosis assays and are cumulative of 3 replicate experiments. N=4–8 individual
animals per group for FcγRIII studies and are cumulative of 2 replicate experiments.
*p<0.05 verse young control, §p<0.05 verse young control and young phagocytosis,
‡p<0.05 verse age control.
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Figure 6. In vivo neutrophil chemotaxis in response to KC
Young and aged mice were injected s.c. with increasing doses of KC (0, 100 and 1000 pg)
and neutrophil recruitment to the skin was examined by flow cytometry. Data are shown as
mean ± SEM, N=3–6 individual animals per group and are cumulative of 2 replicate
experiments. *p<0.05 verses young at same time point by two-way ANOVA.
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Figure 7. Time course of cutaneous leukocyte accumulation following injury and infection
Leukocyte infiltration to the wound and surrounding tissue area of young (gray bars) and
aged (white bars) was assessed by flow cytometry at days 1 through 10 post cutaneous
wound infection. (A) Gating strategy for wound neutrophils (F4/80−/Gr-1+), wound
macrophages (F4/80+/Gr-1−) and wound T cells (CD3+) by flow cytometry. (B) Absolute
number of wound neutrophils; *p<0.01 compared to young at same time point by two-way
ANOVA. Data are shown as mean ± SEM; N=8–19 per group at days 1–7, N=3–6 at day 10.
(C) Absolute number of wound macrophages. Data are shown as mean ± SEM; N=8–19
individual animals per group at days 1–7, N=3–6 individual animals per group at day 10.
Data are cumulative of 3–4 replicate experiments at days 1–7 and are cumulative of 2
replicate experiments at day 10. (D) Absolute number of wound T cells. Data are shown as
mean ± SEM; N=3–9 individual animals per group and are cumulative of 2 replicate
experiments. Data are not significant by two-way ANOVA.
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Figure 8. Neutrophil and macrophage chemokine levels in wound homogenates
Neutrophil and macrophage chemokine levels in wounds of young (black circles and solid
line) and aged (black squares and dotted line) mice present at the site of wound infection
were measured by ELISA. (A) KC, *p<0.0001 compared to young at same time point by
two-way ANOVA. (B) Macrophage inflammatory protein-2 (MIP-2), *p<0.05 compared to
young at same time point by two-way ANOVA. (C) Macrophage chemoattractant protein-1
(MCP-1), *p<0.05 compared to young at same time point by two-way ANOVA. Data are
shown as mean ± SEM; N=8–22 individual animals per group (days 0–3) and N=3–6
individual animals per group (day 7). Data are cumulative of 3–4 replicate experiments at
days 0–3 and cumulative of 2 replicate experiments at day 7.
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Figure 9. Peripheral blood neutrophil frequency and chemokine receptor expression
Whole blood was analyzed by flow cytometry to determine the percentage of circulating
neutrophils and expression of the chemotatic receptor CXCR2. (A) Gating strategy for
neutrophils in whole blood by flow cytometry. (B) Percentage of circulating neutrophils in
peripheral blood in young (gray bars) and aged (white bars) mice. (C) Frequency of
CXCR2+ neutrophils in peripheral blood. (D). Expression of CXCR2 on peripheral blood
neutrophils. Data shown as mean ± SEM, N=9–18 individual animals per group and are
cumulative of 3–4 replicate experiment. *p<0.05 and **p<0.001 verses young at same time
point by two-way ANOVA.
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Figure 10. ICAM-1 levels in wound homogenates
ICAM-1 levels in wounds of young (gray bars) and aged (white bars) mice present at the site
of wound infection were measured by ELISA. Data are shown as mean ± SEM; N=8–12
individual animals per group. Data are cumulative of 2 replicate experiments. *p<0.05
verses young at same time point by two-way ANOVA.
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