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Abstract

The immune response to Staphylococcus aureus infection in skin involves the recruitment of 

neutrophils (PMN) from the bone marrow via the circulation and local granulopoiesis from 

hematopoietic stem and progenitor cells (HSPC) that also traffic to infected skin wounds. We 

focus on regulation of PMN number and function and the role of pore-forming alpha-toxin (AT), a 

virulence factor that causes host cell lysis and elicits inflammasome-mediated IL-1β secretion in 

wounds. Infection with wild type S. aureus enriched in AT reduced PMN recruitment and resulted 

in sustained bacterial burden and delayed wound healing. In contrast, PMN recruitment to wounds 

infected with an isogenic AT mutant strain (ΔAT) was unimpeded, exhibiting efficient bacterial 

clearance and hastened wound resolution. HSPC recruited to infected wounds was unaffected by 

AT production and were activated to expand PMN numbers in proportion to S. aureus abundance 

in a manner regulated by TLR2 and IL-1 receptor signaling. Immunodeficient MyD88 knockout 

mice infected with S. aureus experienced lethal sepsis that was reversed by PMN expansion 

mediated by injection of wild type HSPC directly into wounds. We conclude that AT induced 

IL-1β promotes local granulopoiesis and effective resolution of S. aureus-infected wounds, 

revealing a potential antibiotic free strategy for tuning the innate immune response to treat MRSA 
infection in immunodeficient patients.
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Introduction

Staphylococcus aureus infection of acute and chronic wounds is a major complication 

associated with delayed wound healing(1). These infections are caused by virulent and 

multi-drug resistant strains, including community-acquired methicillin-resistant S. aureus 
(MRSA) isolates such as USA300(2). The neutrophilic response is critical to controlling S. 
aureus infections, as invasive infections commonly occur in individuals with congenital and 

acquired defects in neutrophil number or function(3). The innate immune response to S. 
aureus includes robust and sustained recruitment of mature neutrophils (PMN) from the 

bloodstream to the site of infection(4). Recently, we discovered a novel mechanism for 

augmenting PMN numbers involving recruitment of hematopoietic stem and progenitor cells 

(HSPC) that also traffic to S. aureus-infected wounds and undergo local granulopoiesis in 

proportion to bacterial burden. We demonstrated that local granulopoiesis requires TLR2/

MyD88 signaling and that depletion of circulating HSPC is lethal for infected mice (5, 6). 

Given the importance of local granulopoiesis in combating S. aureus, additional studies are 

warranted to better understand the mechanisms regulating HSPC trafficking and production 

of PMN at the site of infection.

S. aureus produces a variety of virulence factors that counteract neutrophil recruitment and 

antimicrobial function(7–10). With particular relevance to skin infections, S. aureus 
produces alpha-toxin (AT; also known as α-hemolysin) a pore-forming toxin that lyses host 

cells(11) and contributes to disease severity(12–15). AT directly lyses perivascular 

macrophages in the skin, leading to defective and delayed PMN extravasation(16). 

Neutralizing AT with a high affinity anti-AT mAb has been shown to be an effective therapy 

to reduce disease severity by restoring recruitment of neutrophils and T cells to the infected 

skin and decreasing dermonecrosis (3). However, whether AT plays an additional role in 

regulating HSPC recruitment and local granulopoiesis during a S. aureus wound infection is 

unknown. In the current study, we set out to determine whether AT contributes to the 

dynamics of neutrophil numbers in a S. aureus-infected skin wound by impacting HSPC 

trafficking and local granulopoiesis, which would provide novel insights into the 

mechanisms that govern local granulopoiesis during a S. aureus skin wound infection.

We employed a transgenic mouse model of cutaneous infection that facilitates noninvasive 

quantification of PMN kinetics by whole animal fluorescence imaging of Lys-M-EGFP 

recruited into a full-thickness skin wound. Following inoculation with wild-type S. aureus 
versus an isogenic AT-deficient mutant (ΔAT), we observed a significant attenuation in the 

recruitment of PMN from the peripheral blood to wounds inoculated with S. aureus as 

compared to ΔAT, despite a 10-fold higher abundance of wild-type colonization in the 

wound. HSPC trafficked to the site of infection with equal efficiency following inoculation 

with either strain, signifying that progenitor cell trafficking is sensitive to wounding and 

infection but not AT-mediated toxicity. Further, we show that fortifying wounds by direct 

injection of HSPC that undergo local myeloid expansion can rescue an immunodeficient 

host from lethal infection with S. aureus. These data demonstrate the critical role of IL-1 and 

TLR2 signaling of HSPC granulopoiesis in protecting the host from virulent S. aureus and 

demonstrate a novel cell therapy approach for treatment of AT producing S. aureus 
infections.
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Materials & Methods

Staphylococcus aureus strains and growth conditions

S. aureus strains used in this study were derivatives of SH1000 that produce high levels of 

lytic AT(18). The hla mutant of SH1000 (designated as ΔAT) was constructed by 

transducing the mutation from S. aureus strain ALC837 (RN6390 with hla::ermC), using 

phage Φ11. Transductants were screened by PCR with flanking hla-specific primers as well 

as outside primers. The putative hla mutant of SH1000 was then confirmed by sequencing 

the PCR fragment containing the mutation and flanking sequences. The hla complement, 

ALC2801, was created by transducing pCL84::hla (hla inserted into the lipase gene) from S. 
aureus 8325-4 into ALC2801 using phage phi 11. Transductants were selected on TSA with 

tet 3 ug/ml and verified by the absence of lipase on egg yolk agar. Successful transformants 

were verified by restoration of hemolysis on Sheep blood agar plate and confirmed by PCR 

following by sequencing. In some experiments, we utilized the bioluminescent strain 

ALC2906 (designated as S. aureus lux), which possesses the shuttle plasmid pSK236 with 

the pbp2 (penicillin-binding protein 2) promoter fused to the luxABCDE cassette from 

Photorhabdus luminescencs, as previously described(19). All SH1000 strains and mutants 

were cultured as described previously(5, 6).

Mice

Mice used in this study were on a C57BL/6 genetic background and between 8 to 16 weeks 

old. C57BL/6J (wild-type), B6.SJL-Ptprca Pepcb/BoyJ (CD45.1), and B6.129P2(SJL)-

Myd88tm1.1Defr/J (MyD88−/−) mice were purchased from Jackson Labs. LysM-EGFP and 

MyD88−/− × LysM-EGFP transgenic mice were bred in animal facilities at the University of 

California Davis. IL-1β- and NLRP3-deficient mice were bred in animal facilities at Johns 

Hopkins University School of Medicine. All animal experiments were approved by the 

Institutional Animal Care and Use Committee of the University of California, Davis and 

performed following the guidelines of Animal Welfare Act and Health Resource Extension 

Act.

Mouse model of cutaneous infection

Mice were wounded as described previously(5, 6, 20). Briefly, the dorsum of each animal 

was shaved and the region antiseptically prepared with 10% w/v povidone-iodine and 70% 

ethanol. A full thickness skin wound was created with a 6 mm dermal punch biopsy and 

immediately inoculated with 100 µL of sterile saline or S. aureus. Animals were monitored 

daily until endpoint. Wound area was measured using Living Image 4.3.1 (Caliper Life 

Science, CA) by drawing circular regions of interest (ROI) over the entire wound. Areas 

were compared to the initial wound area and expressed as a percentage of closure.

Non-invasive quantification of wound EGFP-PMN

Kinetics of wound EGFP-PMN were quantified on an IVIS Spectrum (PerkinElmer, 

Waltham, MA) as previously described(5, 6, 20). Briefly, mice were anesthetized by 

isoflurane gas (2%, inhalation) and placed into the imaging chamber. Wound EGFP signal 

was visualized using a GFP filter (excitation of 445–490 nm and emission of 515–575 nm) 
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with an exposure time of 1 second. Images were analyzed using Living Image 4.3.1 and 

fluorescent intensity was measured over a circular region of interest (ROI) over the entire 

wound area and expressed as average radiance (photon/s/cm2/steradian) or total flux 

(photons/s).

Quantification of bacterial burden

Mice inoculated with wild-type or ΔAT S. aureus were euthanized at various time points 

post inoculation, and excised wound and kidney tissue was homogenized to allow plating of 

serial dilutions for CFU quantification. In some experiments, S. aureus lux was used to 

estimate real-time bacterial burden in vivo as previously described(5, 19)

Flow cytometric immunophenotyping

Bone marrow was isolated by crushing 2 femurs in HBSS + 2 mM EDTA + 2% FBS with a 

mortar and pestle and passed through a 70 µm filter to achieve a single cell suspension. 

Peripheral blood was drawn into a 1 mL syringe through a 25G needle immediately post-

mortem via cardiac puncture. Wounds were collected with an 8 mm dermal punch biopsy, 

coarsely chopped and enzymatically digested in 20 mM HEPES + Collagenase I (30 mg/mL; 

Worthington Biochemical Corp., Lakewood, NJ), Collagenase IX (2 mg/mL; Worthington 

Biochemical Corp.), Neutral Protease (40 mg/mL; Worthington Biochemical Corp.) 

hyaluronidase (2 mg/mL; Sigma- Aldrich, St. Louis, MO) and DNAse (2 mg/mL; Roche, 

Basel, Switzerland) for 65 minutes at 37°C, 100 rpm. Wound samples were washed with ice 

cold PBS + 5 mM EDTA and transferred into fresh tubes through a 70 µm filter. Enzymatic 

activity was quenched by adding HBSS + 2 mM EDTA +10% FBS to the cell suspension 

and incubating for 10 minutes at 37°C, 100 rpm. Total number of white blood cells per 

femur, mL of blood or wound biopsy was determined using an AcT Diff Coulter counter 

(Beckman Coulter, Indianapolis, IN), and populations of mature PMN (CD11b+, Ly6G+) 

and progenitor cells (lineage-, ckit-+) were analyzed using FACScan (BD Biosciences, San 

Jose, CA) and Attune NxT (Thermo Fisher Scientific, Waltham, MA) flow cytometers. The 

following anti-mouse antibodies were used in this study: Lineage (Pacific Blue, FITC), ckit 

(APC), Sca-1 (PE), Ly6G (PE, BV421), Mac1 (PE/Cy5), F4/80 (PE), CD45.1 (APC) from 

Biolegend (San Diego, CA).

In vivo assessment of EGFP-PMN and HSPC trafficking

C57BL/6 recipient mice were wounded and inoculated as described above. Immediately 

following wounding, BM was collected from LysM-EGFP donor mice and EGFP-PMN 

were negatively enriched through magnetic separation (Biolegend, San Diego, CA). 

Analysis by flow cytometry showed enriched samples to be 85–90% pure (EGFPhi Ly6Ghi 

Mac1hi). At 3 hours post wounding, 6×106 EGFP-PMN in 100 µL of PBS were 

intravenously injected into recipient mice via the retro-orbital sinus. To quantify HSPC 

trafficking efficiency, BM HSPC from C57BL/6 donor mice were enriched by magnetic 

separation (STEMCELL Technologies, Vancouver, BC) and labeled with VivoTrack680 

(PerkinElmer) according to the manufacturer’s recommendations. Cells were washed and 

resuspended at a concentration of 5×105 HSPC/100 µL of sterile PBS. At 3 hours post 

wounding, 5×105 labeled HSPC in 100 µL of PBS were intravenously injected into recipient 

mice via the retro-orbital sinus. PMN or HSPC recruitment efficiency was measured as the 
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relative EGFP or VivoTrack680 fluorescence intensity at wound sites 24 hours post infusion 

into S. aureus- versus ΔAT-infected animals compared to saline control. In some 

experiments, negatively enriched HSPC from LysM-EGFP donor mice were adoptively 

transferred directly into the wounds of C57BL/6 mice at 3 hours post wounding and 

inoculation. EGFP-PMN fluorescence was imaged daily on an IVIS Spectrum to track the 

rate of EGFP- PMN expansion within the wound.

Immunodepletion of PMN and HSPC

PMN and HSPC depletion was performed as described previously(5, 6). Briefly, systemic 

PMN were depleted by multiple injections of rat anti-mouse anti-Gr-1 monoclonal antibody 

(RB6-8C5 clone, 0.1 mg each injection; Biolegend). Hematopoietic stem and progenitor 

cells were depleted by multiple injections of rat anti-mouse anti-ckit monoclonal antibody 

(ACK2 clone, 1 mg each injection; Biolegend). Control animals were treated with isotype 

control rat IgG (Biolegend).

In vitro expansion of LSK

BM HSPC from LysM-EGFP mice were enriched by magnetic separation, and 500 lineage 

negative, c-kit+, SCA-1+ cells (LSK) were purified using a MoFlo Astrios cell sorter 

(Beckman Coulter, Miami, FL) directly into a 96-well plate containing 150 µl base medium 

(StemSpan SFEM II (STEMCELL Technologies), penicillin, streptomycin, 100 ng/ml SCF 

(Peprotech Inc., Rocky Hill, NJ), and 100 ng/ml Flt-3L (Peprotech Inc.)) with experimental 

conditions (500 ng/ml Pam3CSK4 (InvivoGen, San Diego, CA); 25 ng/ml IL-1β 
(Shenendoah Biotechnology Inc., Warwick, PA); 100 ng/ml IL-1RA (Peprotech Inc.)) After 

72 hours in culture, 50 µl Sytox Blue (Thermo Fisher Scientific, Waltham, MA) was added 

and live PMN were enumerated directly on the plate via flow cytometry on an Attune NxT.

LSK inoculation directly into wound bed

LSK cells from unwounded LysM-EGFP, IL-1β−/−, or NLRP3−/− donor mice were purified 

by flow-cytometric cell sorting and cultured for 48 hours in the presence of 500 ng/mL 

Pam3CSK4 to promote TLR2-driven granulopoiesis as previously described(6). At 48 hours, 

cells were harvested, washed twice in sterile PBS and adjusted to a concentration of 1×105 

HSPC/100 µL of sterile saline. MyD88-deficient mice were wounded and inoculated with a 

lethal dose (2e7 CFU) of S. aureus lux. At 6 hours post wounding, 100 µL of LysM-EGFP, 

IL1β−/−, or NLRP3−/− HSPC or sterile saline was injected directly into the wound bed. 

Bacterial bioluminescence and the animals’ health were monitored daily until the study 

endpoint of 14 days.

ELISA for myeloperoxidase (MPO) and IL-1β

Protein levels of MPO (Cayman Chemical, Ann Arbor, MI) and IL-1β (R&D Systems, 

Minneapolis, MN) were measured ex vivo from homogenized wound tissue according to the 

manufacturer’s recommended instructions.
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Live stimulation of mouse PMN with Staphylococcus aureus

PMN were isolated from bone marrow from C57BL/6 mice as described above and 

stimulated with live S. aureus as described previously (21). Briefly, 100,000 PMN were 

infected with WT S. aureus or AT at a MOI of 5:1 in RPMI + 10% FBS for 6 hours at 37°C 

and 5% CO2 in a humidified incubator. Gentimicin (20 µg/ml) was added 1 hour into the 

assay to prevent bacterial overgrowth. At 6 hours media was collected, spun down at 8000 

RCF for 10 minutes, and the supernatant collected for an IL-1β ELISA. The caspase1 

inhibitor Z-YVAD-FMK (Millipore Inc.) was added at a concentration of 20 µM, and 

purified alpha-toxin (Sigma Aldrich Inc.) was added at a concentration of 1 µg/ml.

Histopathological evaluation of skin wounds

C57BL/6 mice were wounded and inoculated with sterile saline or 1e7 CFU of WT S. 
aureus or ΔAT. At day 3 post inoculation, animals were euthanized and skin wounds 

removed with an 8 mm dermal punch biopsy. Samples were bisected along the greatest 

width of the wound and processed for paraffin embedding and hematoxylin and eosin (H&E) 

staining. All stained sections were analyzed using a Nikon Eclipse TE2000-U microscope 

with a 4x objective and a Zyla Image Source color camera. Images were processed using 

ImageJ (NIH) and Adobe Photoshop software.

Measure of hemolytic activity

Overnight S. aureus cultures were spun down at 3300 rpm for 5 min and supernatants 

filtered through 0.4 µm membranes. Fresh rabbit erythrocytes (Antibodies Inc., Davis, CA) 

were washed twice and diluted to 2% v/v in sterile PBS. Diluted erythrocytes were co-

incubated (1:1 v/v) with serially diluted culture or wound samples at 37°C with 100 rpm 

agitation for 2 hours. Remaining intact erythrocytes were pelleted and supernatants 

transferred to a 96-well plate. The amount of hemoglobin release (as a correlate of the extent 

of hemolysis and total AT activity) was quantified by measuring the absorbance of samples 

at 405 nm. Values are expressed as the relative hemolytic activity compared to negative 

(erythrocytes co- incubated with sterile PBS) and positive (erythrocytes co-incubated with 

10% Triton-X) controls.

ELISA for alpha-toxin (AT)

96-well microtiter plates (EIA, Costar 9017) containing 100 µL/well of a polyclonal anti-AT 

antibody (Abcam, ab15948) were incubated overnight at 4°C. The supernatant was removed 

and wells were blocked with sheep serum (5%, v/v in PBS) for 60 minutes at room 

temperature. Supernatants were removed and wells washed with 0.05% Tween 20. 100 µl of 

homogenized wound samples collected at various time points post inoculation with S. aureus 
or ΔAT was added to the wells and incubated for 1 hour at room temperature, followed by 

three washes with 0.05% Tween 20. 100 µl of anti-AT antibody conjugated to HRP (Abcam, 

ab15949) diluted 1:300 in 1% sheep serum (v/v) in PBS was added to each well and 

incubated for 1 hour at room temperature. Supernatants were removed and wells washed 

with 0.05% Tween 20 followed by PBS. 100 µl of substrate (TMB) was added to each well 

and the plate was incubated for 10 minutes. 100 µl of stop reagent (2N H2SO4) was added to 

each well and analyzed immediately on a plate reader at a wavelength of 450 nm.
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Adoptive transfer of CD45.1+ HSPC

C57BL/6 (CD45.2+) mice were wounded and inoculated with 1e7 CFU of S. aureus versus 

ΔAT. At 3 hours post wounding, 2×106 magnetically enriched HSPC isolated from BM of 

congenic CD45.1+ donor mice were adoptively transferred directly into wounds. Animals 

were monitored daily. At day 8 post-wounding, animals were euthanized and wounds 

collected with an 8 mm dermal punch biopsy. Samples were enzymatically digested and 

processed for flow cytometry as described previously. Donor-derived PMN expansion was 

assessed by gating on CD45.1+ progeny.

Statistical analyses

Data analysis was performed using GraphPad Prism version 6.0d (GraphPad Software, San 

Diego, CA). All data are presented as mean±SEM unless otherwise specified. Differences 

between single pairs of conditions were analyzed for significance by 2-tailed unpaired 

Student t-test. Differences between multiple groups were analyzed for significance by 1-way 

or 2-way ANOVA with Tukey or Dunnett’s multiple comparisons posttests. Survival 

between experimental groups was analyzed for significance by Gehan- Breslow-Wilcoxon 

test. In some experiments, outliers were identified using Grubb’s method. P values < .05 

were considered statistically significant.

Results

AT promotes bacterial persistence and subverts immune clearance of S. aureus

Neutrophil infiltration and abscess formation are early events in host defense against S. 
aureus skin infections. While previous work demonstrates that AT impairs the host’s ability 

to control S. aureus through attenuation of the innate immune response(16, 22), its impact on 

the dynamics of granulopoiesis, maintenance of PMN numbers and consequent bacterial 

clearance and wound closure has not been carefully studied. We first examined whether AT 

affects bacterial burden in LysM-EGFP mice that circulate green fluorescent mature PMN 

(EGFP-PMN). Mice were wounded and inoculated with saline or 1×107 CFU of wild-type 

(WT) S. aureus versus an isogenic AT-deficient mutant (ΔAT). Quantification of CFU 

recovered from homogenized wound tissue over the course of infection revealed that mice 

inoculated with WT S. aureus maintained a log higher bacterial burden than ΔAT as early as 

72 hours post-wounding, and the increased burden was sustained thereafter (Fig. 1A). To 

longitudinally examine PMN accumulation and its association with bacterial burden at 

wound sites, in vivo whole animal fluorescence imaging was performed. EGFP-PMN 

accumulated rapidly and to a similar extent over the initial 24 hours in mice inoculated with 

ΔAT or saline (Fig. 1B). In contrast, mice inoculated with WT S. aureus exhibited a ~50% 

reduction in PMN accumulation, which remained lower than that of ΔAT through day 4. The 

delay in PMN accumulation in WT S. aureus inoculated mice corresponded with 

significantly delayed wound contraction as compared to mice inoculated with ΔAT or saline 

(Fig. 1C) and resulted in non-healing wounds that correlated with decreased neutrophilic 

infiltrates around the wound site (Fig. 1D, Supplemental Fig 1). Assessment of wound tissue 

homogenates collected at various time points revealed that AT activity and protein levels 

remained high and correlated with S. aureus abundance over time (Supplemental Fig. 2). To 

confirm the defect in PMN recruitment in WT S. aureus-infected wounds is attributed to AT, 
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a plasmid of AT was cloned into ΔAT to generate a complement strain (ΔAT-comp). LysM-

EGFP mice were wounded and inoculated with 1×107 CFU of ΔAT-comp, which resulted in 

an equivalent defect in recruitment of EGFP-PMN compared with WT S. aureus 
(Supplemental Fig. 2C). Together, these kinetic data demonstrate that AT mediates a 

persistent delay in PMN accumulation during the inflammatory phase that correlates with 

increased bacterial persistence and delayed wound resolution.

PMN recruitment to S. aureus-infected skin wounds is limited by AT

To investigate whether AT affected the mobilization of mature PMN from the bone marrow 

(BM) in response to wounding and infection, mice were euthanized at various time points 

post wounding and PMN numbers in the BM and blood were enumerated by flow cytometry. 

Wounding alone (saline) resulted in a 25% reduction in BM PMN and an insignificant rise in 

the frequency of PMN detected in circulation (Fig. 2A and 2B). In contrast, S. aureus- and 

ΔAT-infected animals had a 75% reduction in BM PMN over the initial 24 hours and a 

compensatory rise in their production by 3 days post inoculation (Fig. 2A). Mice inoculated 

with WT S. aureus maintained ~2 fold greater numbers of PMN in circulation through day 5 

compared with ΔAT inoculated mice. Collectively, these data show that AT was responsible 

for a defective capacity of PMN to be recruited from the circulation to S. aureus-infected 

wounds despite elevated numbers in BM and circulation.

To more directly quantify the efficiency of PMN trafficking to S. aureus-infected wounds, 

mature EGFP-PMN were isolated from the BM of donor LysM-EGFP mice and 

intravenously transferred into congenic C57BL/6 mice that were previously wounded and 

inoculated with WT S. aureus, ΔAT or saline control. At 24 hours post transfer, detection of 

EGFP-PMN fluorescence within wounds revealed that ~50% fewer PMN recruited to WT S. 
aureus-inoculated wounds compared with those inoculated with ΔAT or saline (Fig. 2C and 

2D). Thus, despite 4-fold greater numbers of circulating PMN, AT mediated a defect in 

normal recruitment to WT S. aureus-infected wounds.

Wounding and infection stimulate HSPC trafficking from bone marrow independent of AT

Next, the influence of AT on HSPC production and trafficking in response to wounding and 

infection was evaluated. The prevalence of Lin− ckit+ HSPC within BM and blood samples 

was analyzed by flow cytometry and revealed that HSPC numbers in BM rose steadily and 

equivalently in response to WT S. aureus, ΔAT or saline (Fig. 3A). Consistent with previous 

reports, relatively few HSPC (e.g. ~500/mL) were observed in the circulation in response to 

wounding alone(5). However, by 24 hours post wounding, the number of HSPC increased by 

8–10 fold in S. aureus- or ΔAT-infected mice compared with saline (Fig. 3B). Circulating 

numbers of HSPC decreased to an equivalent baseline level among all groups by 3–5 days 

post wounding (data not shown).

To determine whether the efficiency of HSPC trafficking to wound sites was curtailed by the 

presence of AT in a manner similar to the recruitment of mature PMN, HSPC from BM of 

unwounded donor mice were enriched and fluorescently-labeled immediately prior to 

intravenous infusion into C57BL/6 mice that were wounded and inoculated with WT S. 
aureus, ΔAT or saline (Fig. 3C and 3D). WT S aureus elicited a ~25% reduction in HSPC 
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recruitment efficiency compared with saline, whereas infection with ΔAT did not 

significantly curtail the trafficking of HSPC. Together, these findings indicate that infection 

increased the release of HSPC into the circulation, but AT did not impact their trafficking to 

the site of wounding and infection as observed for PMN recruitment.

Increasing bacterial burden could compensate for reduced granulopoiesis in the setting 
AT deficiency

To examine the contribution of local granulopoiesis to the rise in PMN numbers detected in 

S. aureus-infected wounds, HSPC isolated from LysM-EGFP mice were adoptively 

transferred directly into wounds of C57BL/6 mice infected with WT or ΔAT S. aureus (Fig. 

4A). Wound fluorescence was measured daily in order to gauge the rate of local PMN 

expansion. Mice inoculated with WT S. aureus exhibited a prolonged and steady increase in 

EGFP-PMN fluorescence through day 8 post infection (Fig. 4B). In contrast, mice 

inoculated with an equivalent dose of ΔAT exhibited a ~2-fold slower rise in EGFP 

fluorescence, indicating minimal PMN expansion within the wound (Fig. 4B). To confirm 

that local granulopoiesis via HSPC accounted for the rise in EGFP-PMN signal, CD45.1+ 

HSPC were adoptively transferred into wounds of congenic CD45.2+ mice (Supplemental 

Fig. 3A) and wound homogenates were subsequently collected at day 8 post inoculation for 

analysis of local expansion of CD45.1+ progeny by flow cytometry (Supplemental Fig. 3B). 

Consistent with the EGFP-PMN signal, a ~4-fold increase in the number of CD45.1+ PMN 

were recovered from WT- versus ΔAT-infected CD45.2+ mice (Supplemental Fig. 3C). 

Remarkably, nearly all CD45.1+ progeny detected in WT-infected wounds were mature 

PMN (Ly6Ghi Mac1hi) whereas ΔAT-infected wounds exhibited a heterogeneous population 

of mature PMN and other Ly6G− Mac1hi myeloid progeny (Supplemental Fig. 3D). These 

data suggest that AT was responsible for driving efficient granulopoiesis from HSPC within 

S. aureus-infected wounds.

To determine whether the presence of AT or the concomitant increase in bacterial burden in 

S. aureus-infected mice accounted for the greater local expansion of PMN, mice received 

repeat inoculations with ΔAT (1×107 CFU) at days 2 and 4 post wounding (Fig. 4A). An 

incremental boost in the rate of PMN expansion was detected with each repeat inoculation, 

such that three inoculations of ΔAT resulted in an equivalent rate of PMN expansion as WT 

S. aureus (Fig. 4B, 4C). To confirm that repeated inoculation of ΔAT had the intended effect 

of equalizing bacterial burden, S. aureus abundance was measured from homogenized 

wound tissue samples obtained on day 6 (Fig. 4D). As anticipated, mice inoculated once 

with WT S. aureus maintained significantly higher burden than mice receiving one or two 

inoculations of ΔAT, whereas ΔATx3 inoculations yielded an equivalent bacterial burden 

compared to WT infection. We observed that repeat inoculation with ΔAT equalized 

bacterial burden and promoted a similar degree of PMN expansion as WT S. aureus. 

Therefore, increasing the bacterial burden could compensate for the lack of AT indicating 

that bacterial burden is an independent determinant that drives local granulopoiesis.

Trafficking and local PMN expansion via HSPC are required for S. aureus clearance

Local granulopoiesis within a S. aureus-infected abscess accounts for ~30% of total PMN 

numbers at day 7 post wounding and infection(5, 6). Given that the decrease in S. aureus 
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abundance and wound resolution correlated in time with the latent rise of PMN in WT S. 
aureus-infected mice, we hypothesized that local granulopoiesis played a key role in 

controlling S. aureus infection. To investigate the relative contribution of PMN recruited 

from the circulation versus those locally expanded from HSPC, LysM-EGFP mice were pre-

treated with anti-Gr-1 (αGr-1) monoclonal antibody (mAb) to deplete circulating mature 

PMN before infecting wounds with WT S. aureus or ΔAT. To deplete both mature PMN and 

HSPC in BM and circulation, αGr-1 was serially injected over five days pre-infection in 

combination with anti-ckit (αckit) mAb or an isotype control (Fig. 5A) and EGFP-PMN 

wound fluorescence was quantified daily. A significant proportion (~45%) of the total rate of 

EGFP-PMN signal rise in response to wounding and S. aureus infection remained after 

PMN depletion (Fig. 5B and 5D). Simultaneous depletion of PMN and HSPC resulted in 

nearly complete abrogation of the increase in EGFP-PMN, suggesting that local expansion 

of HSPC played an essential role in providing sufficient PMN to control WT infection. In 

contrast, wounds inoculated with ΔAT exhibited a greater initial influx but a significantly 

lower rate of PMN expansion following infection (Fig. 5C and 5D). Combined depletion of 

PMN and HSPC did not further diminish the rise in signal in response to ΔAT infection. 

Thus, local expansion of HSPC was promoted by AT and supported the steady increase in 

PMN in S. aureus-infected wounds.

Contribution of IL-1β and TLR2 in promoting HSPC granulopoiesis

AT activates the NLRP3 inflammasome in monocytes, macrophages and PMN, resulting in 

the processing of pro-IL-1β and secretion of mature IL-1β that can in turn stimulate 

granulopoiesis in bone marrow (23–25). We next examined the role of AT in production of 

IL-1β protein in the wounds of mice inoculated with S. aureus versus ΔAT. At 24 hours post 

wounding, a ~2-fold increase was detected for IL-1β protein levels within wounds infected 

with S. aureus compared with ΔAT or saline control (Fig. 6A). To examine whether the 

deficiency of IL-1β production in wounds was due, in part, to PMN sensing AT and 

activating the NLRP3 inflammasome, freshly isolated bone marrow derived PMN were 

stimulated in culture with live S. aureus, ΔAT or vehicle control (23). Following 6 hours of 

stimulation, PMN exposed to S. aureus produced ~1-fold more IL-1β compared with ΔAT 

treatment. Addition of purified AT into the ΔAT culture restored IL-1β production up to 

levels elicited by S. aureus. Moreover, addition of the caspase-1 inhibitor Z-YVAD-FMK 

abrogated IL-1β production by PMN stimulated by S. aureus (Fig. 6B). Together, these data 

demonstrate that S. aureus stimulates PMN in a manner dependent upon NLRP3 

inflammasome activity, which is amplified by AT signaling of caspase-1-dependent 

production of IL-1β.

Signaling via TLR2 or IL-1R can independently promote HSPC proliferation and 

granulopoiesis (6, 26–29). In addition, our prior work found that TLR2 expressed on the 

HSPC induced prostaglandin E2 (PGE2) that acted in an autocrine fashion to promote 

granulopoiesis (7). Given that the wound environment is rich in bacterial derived TLR2 

agonists and PMN derived IL-1β (22), we investigated the combined effect of TLR2 and 

IL-1R ligation on expansion of lineage negative, c-kit+, SCA-1+ cells (LSK). LSK purified 

from mouse bone marrow were sorted directly into a 96 well plate and expanded for 72 

hours in vitro in medium supplemented with a combination of the TLR2 agonist Pam3CSK4 
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and IL-1β. Addition of agonist or cytokine alone induced a 2-fold increase in PMN 

production, whereas the combination synergistically promoted granulopoiesis as evidenced 

by a 10-fold increase in expansion compared to vehicle control (Fig 6C). We conclude that 

TLR2 agonists from gram-positive bacteria and IL-1β from PMN stimulated by AT act 

synergistically on HSPC to promote PMN expansion.

Local PMN expansion signaled via IL-1β in HSPC rescues MyD88−/− immunodeficient mice 
from sepsis

Mice lacking MyD88, the signaling adapter downstream of IL-1R/TLR family members, 

have defective clearance of S. aureus skin infections due to impaired PMN recruitment (19, 

30). The contribution of IL-1β in promoting local HSPC differentiation and expansion of 

PMN and their capacity to control cutaneous S. aureus infection was evaluated in MyD88−/− 

mice. LSK cells isolated from LysM-EGFP donor mice were expanded in vitro to HSPC in 

the presence of TLR2 stimulation and injected directly into the wounds of MyD88−/− mice 

infected with a lethal inoculum of S. aureus. Nine of 10 saline-treated MyD88−/− mice 

succumbed to infection within 7 days post-wounding and infection. In contrast, all of the 

mice that received injection of HSPC into their wounds survived over the same interval (Fig. 

7A). While there was not a measurable difference in bacterial burden between the groups as 

assessed by in vivo bioluminescence imaging, survival in wt HSPC recipients correlated 

with a significant reduction in bacterial burden in the kidneys by 72 hours post-infection 

(Fig. 7B, Supplemental Fig. 4), suggesting that HSPC play a critical role in preventing 

bacterial dissemination. To evaluate whether the local injection of HSPC resulted in an 

increase in PMN number within S. aureus-infected wounds, myeloperoxidase (MPO) levels 

were measured from homogenized wound tissue collected at 72 hours post-infection. A ~1-

fold increase in MPO levels was detected in wt HSPC-treated wounds compared with saline 

controls (Fig. 7C). Employing MyD88−/− crossbred with LysM-EGFP, we confirmed that the 

adoptively transferred wt HSPC did not elicit an increase in endogenous PMN recruitment 

from circulation over the first 3 days of infection (Supplemental Fig. 4B). We conclude that 

the increase in MPO levels observed in wt HSPC-treated wounds was derived from local 

expansion of PMN necessary for protection against lethal dissemination of S. aureus in 

MyD88−/− mice.

Next, we investigated whether IL-1β production by HSPC and their PMN progeny was 

necessary for protection against lethal infection in MyD88−/− mice. HSPC harvested from 

congenic IL-1β−/− mice were directly delivered to MyD88−/− mice and survival and bacterial 

burden were monitored over time. IL-1β-deficient HSPC did not improve survival or 

protection against bacterial dissemination to the kidneys in MyD88−/− mice (Fig. 7A,B). 

IL-1β−/− HSPC also did not elicit an increase in PMN numbers as indicated by MPO levels 

that were equivalent to the saline-treated control mice at 72 hours post-infection (Fig. 7C). 

Correlating with the increase in PMN numbers and survival following transfer of wt HSPC 

to infected wounds in MyD88−/− mice was a 1-fold greater local production of IL-1β protein 

compared with the saline or IL-1β−/− HSPC treatments (Fig. 7D). To determine whether 

NLRP3 inflammasome activity contributed to survival, HSPC collected from the BM of 

congenic NLRP3−/− mice were injected into wounds of MyD88−/− mice. The survival rate of 

NLRP3−/− HSPC recipients was intermediate between the WT and the saline or IL-1β−/− 
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HSPC recipients (Supplemental Fig. 4C) Collectively, these data indicate that IL-1β 
mediated local granulopoiesis by transferred HSPC is necessary for MyD88−/− mice to 

control a lethal S. aureus wound infection, and IL-1β production is in part dependent on 

NLRP3 inflammasome activity within the progeny of transplanted HSPC.

Discussion

Feedback between the wound and BM is important in regulating appropriate numbers of 

both PMN and HSPC in circulation and available to recruit to sites of infection. In this 

report, we demonstrate that AT modulates the host’s ability to mount an effective immune 

response by promoting S. aureus colonization and limiting PMN recruitment efficiency into 

a full-thickness skin wound. Following inoculation with wild-type S. aureus versus an 

isogenic ΔAT mutant, we noted significant attenuation in PMN recruitment from the 

circulation to wounds inoculated with WT S. aureus as compared to ΔAT. Further, we 

confirmed attenuation in PMN recruitment was restored in a ΔAT-complemented strain that 

restored S. aureus production of AT. A novel finding was that HSPC expanded in BM and 

trafficked to the site of infection with equal efficiency following inoculation with either 

strain, signifying that progenitor cell trafficking from BM to wounds is unaffected by AT-

mediated toxicity that impedes PMN recruitment. Furthermore, we report that local 

granulopoiesis and PMN antibacterial defenses play a central role in bacterial clearance and 

protection from septicemia. The mechanism of local granulopoiesis involved a critical role 

for TLR2 signaled myeloid differentiation of HSPC and IL-1β driven expansion of mature 

PMN at the site of infection. Finally, we show that fortifying wounds with exogenously 

transferred HSPC primed to undergo myeloid expansion effectively rescued MyD88-

deficient mice from a lethal wound infection with S. aureus.

AT is a clinically important virulence factor that promotes dermonecrosis in S. aureus 
intradermal and subcutaneous infection models in mice(14, 22) through its interaction with 

A-disintegrin and metalloproteinase 10 (ADAM10) on host cells(31) as well as the adherens 

junction protein plekstrin-homology domain containing protein 7 (PLEKHA7) expressed by 

keratinocytes(32). Given its importance in exacerbating infection severity, AT has been a 

clinical target, employing both monoclonal antibodies and small molecules. These therapies 

have had a marked effect on reducing disease severity in mouse and rabbit models of S. 
aureus skin infection(33–35). Still, it is unclear whether targeting AT in an active or passive 

vaccination strategy will be effective as a single antigen, because S. aureus produces many 

other virulence factors that evade host defenses(36). Therefore, we focused our efforts on 

understanding how AT impacts the neutrophilic response to provide specific host cell 

mechanisms to target for enhanced clearance of S. aureus infections. We found that in a S. 
aureus-infected full-thickness skin wound, AT regulated HSPC recruitment to wounds and 

PMN expansion at the site of infection through several unexpected observations.

First, circulating PMN were increased 3-fold with WT S. aureus compared with infection 

with the ΔAT mutant or uninfected saline-treated wounds. This was largely due to a reduced 

capacity of PMN extravasation as evidenced by a 50% reduction in the trafficking efficiency 

of intravenously transferred PMN. Although the mechanism by which AT led to less PMN 

extravasation was not directly investigated, a prior report found in a S. aureus intradermal 
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infection model that AT causes lysis and destruction of perivascular macrophages, which 

lead to a decrease in PMN-attracting chemokines (CXCL1 and CXCL2) and markedly 

impaired PMN extravasation(16). In contrast to the effect of AT on mature PMN 

extravasation, AT did not impair the recruitment of HSPC to the site of infection, and the 

steady rise in EGFP-PMN signal in wounds infected with WT S. aureus was instead 

mediated by local expansion of recruited HSPC. This is consistent with our prior report 

demonstrating that HSPC numbers can rise 5-fold within a S. aureus-infected wound, 

delivering up to 2×105 progenitors at sites of infection, roughly equivalent to the number 

found in a femur at baseline(6). Underlying differences between AT’s influence on the 

recruitment of PMN versus HSPC to the site of infection is likely due to the chemotactic 

factors produced in the presence versus absence of AT, as well as differences in the adhesion 

receptors on mature PMN versus HSPC. For example, CXCL1 and CXCL2 chemokines 

bind CXCR2 and promote PMN recruitment (37, 38), whereas HSPC express CXCR4 and 

selectively migrate in response to ligation of CXCL12(39–42). CXCL12 is produced by 

various cell types in the skin (43, 44), and levels increase in response to wounding (45, 46). 

A recent report demonstrating that increased production of CXCL12 at wound sites 

promotes the recruitment of BM-derived mesenchymal stem cells points to a possible 

mechanism by which CXCL12 may direct HSPC migration to sites of infection as well (47).

Second, we found that there were decreased IL-1β levels in wounds infected with ΔAT 

compared with WT S. aureus, and we observed the same defect in vitro by infecting PMN 

with the wild-type and knockout strains of S. aureus. AT is known to be a potent activator of 

the NLRP3 inflammasome that leads to caspase-1-mediated processing of pro-IL-1β into 

mature IL-1β (21, 23–25, 48), and mice that harbor a myeloid-specific deletion of ADAM10 

suffer exacerbated skin infection that is associated with markedly reduced IL-1β production 

(49). Likewise, in vitro, IL-1β production in PMN cultures stimulated with WT S. aureus 
was abrogated in the presence of a caspase-1 inhibitor, and IL-1β production in PMN 

cultures stimulated with ΔAT was rescued by addition of purified AT. Taken together, these 

findings indicate that interaction between AT and ADAM10 on myeloid cells is essential for 

production of IL-1β, and the decreased levels of IL-1β observed in wounds infected with 

ΔAT was likely due to a concomitant decrease in NLRP3 inflammasome activation in 

myeloid cells including PMN, which we reported previously are the most abundant source of 

IL-1β within a S. aureus intradermal infection (23). The results presented here suggest that 

while AT attenuates the trafficking of mature PMN to wound sites, local detection of AT and 

activation of the inflammasome is an important host immune tactic to elicit local 

granulopoiesis. Further, the reduction of IL-1β in ΔAT wounds may also result from a 

difference in biofilm formation between the two bacterial strains. AT is required for biofilm 

formation (50) and IL-1β production by PMN is dependent on the size and organization of 

the microbe it detects (51). Thus the differential response of PMN to the more virulent wt S. 
aureus versus a strain with a defect in biofilm formation, such as ΔAT, could account for 

diminished cytokine production.

A third key finding was the synergistic role of TLR2 and IL-1β signaling in inducing local 

granulopoiesis of the recruited HSPC. This is significant because S. aureus possesses TLR2 

ligands, particularly lipopeptides and lipoteichoic acid in its cell wall, and both TLR2 and 

IL-1R can promote HSPC proliferation and granulopoiesis in other model systems (6, 26–
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29, 50). However, their cooperative contribution to local granulopoiesis in the context of S. 
aureus-infected wounds had not been reported. We found that in response to in vitro 
stimulation with the TLR2 agonist, Pam3CSK4, and recombinant IL-1β there was a 100% 

increase in granulopoiesis compared to either stimulus alone. The novel finding here was 

that neutrophil-derived IL-1β and S. aureus-stimulated TLR2 signaling act synergistically 

and in part through the inflammasome to promote expansion of PMN from HSPC. We 

previously found that TLR2/MyD88 activation on HSPCs led to PGE2 production that 

provided an autocrine signal to promote granulopoiesis (7). It is tempting to speculate that 

IL-1β acts in a similar manner in promotion of HSPC differentiation and this will be a 

subject for future work.

Finally, our data demonstrate that IL-1β signaling drives local granulopoiesis, but the source 

of IL-1β and involvement of autocrine versus paracrine activation of HSPC remains ill-

defined. Taking into account our finding of a doubling in MPO levels that correlated closely 

with increased PMN numbers and concomitant local production of IL-1β following adoptive 

transfer of wild-type but not IL-1β−/− HSPC, we surmise that local granulopoiesis is 

promoted by autocrine IL-1β production. While it is possible that other IL-1β-producing 

cells promote local granulopoiesis through paracrine signaling, we previously reported 

defective local granulopoiesis from HSPC derived from MyD88−/− donor mice that were 

adoptively transferred into the wounds of infected wt mice(6). Several mechanisms of IL-1β 
production may be involved in the wounds. The survival of MyD88−/− mice depended on 

IL-1β in the transferred HSPC, and mice receiving NLRP3−/− HSPC faired worse than those 

receiving wt HSPC, This indicates that the NLRP3/caspase-1 inflammasome is in part 

responsible for the survival conferred by the cells and that inflammasome-independent 

mechanisms of IL-1β production may also contribute to the improved survival observed in 

our model. Neutrophil derived proteinase-3 and pathogen derived proteases are both capable 

of processing pro-IL-1β to IL-1β in neutrophils (53, 54), and future studies are required to 

determine their relative contributions to IL-1β production in S. aureus infection. Taken 

together, we propose that IL-1β produced by HSPC’s expanding progeny induce myeloid 

differentiation and significantly expand PMN numbers through autocrine feedback 

signaling. It is likely that IL-1β plays a similar role in promoting local granulopoiesis in 

other tissues infected with S. aureus. In particular, AT-induced IL-1β production promotes 

excessive PMN infiltration and exacerbation of pneumonia during S. aureus pulmonary 

infections (49). Future studies will determine whether S. aureus induced HSPC recruitment 

and local granulopoiesis are involved in S. aureus pneumonia and at other sites of tissue 

infection.

In conclusion, trafficking and local myeloid expansion of HSPC at the site of S. aureus-

infected wounds provides a host immune tactic for circumvention of acute neutropenia 

mediated by AT, a key virulence factor employed by S. aureus. These findings support a 

strategy of active or passive vaccination approaches that target AT. However, S. aureus 
produces many other virulence factors that evade host defense mechanisms and it is 

important to consider alternate strategies that fortify innate immune mechanisms for 

bacterial clearance. A strategy in which TLR2 and IL-1β are used to prime autologous 

HSPC to expand PMN on demand may provide an immune-based alternative and/or 

complementary therapeutic approach to combat S. aureus-infected wounds, which might be 
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especially relevant for infections caused by virulent and multi-drug resistant MRSA strains 

or in immunocompromised individuals.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Alpha-toxin sustains S. aureus burden and delays PMN accumulation and wound 
healing
LysM-EGFP mice were wounded and inoculated with saline or 1×107 CFU of S. aureus or 

the isogenic AT-deficient mutant (ΔAT). (A) Kinetics of S. aureus burden measured from 

tissue homogenates collected after wounding and inoculation at day 0. (B) EGFP-PMN 

fluorescence measured at wound sites. (C) Wound size relative to the initial area of 6 mm. 

(D) Representative wound images are shown for each treatment group. Scale bars = 5 mm. 

Data are derived from 3–11 mice per group and are expressed as mean±SEM. * p < .05, ** p 
< .01, *** p < .001, S. aureus or ΔAT versus saline control. # p < .05, S. aureus versus ΔAT. 

1A: two-tailed unpaired t test; 1B-C: 2-way ANOVA (p < .0001 for each) with Tukey’s 

multiple comparisons test.
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Figure 2. Alpha-toxin disrupts trafficking of PMN from bone marrow into a S. aureus infected 
wound
C57BL/6 mice were wounded and inoculated with saline or 1×107 CFU of S. aureus versus 

ΔAT. Mice were euthanized at various endpoints and the number of Ly6Ghi Mac1hi PMN in 

(A) bone marrow and (B) peripheral blood was determined by flow cytometry. (C) Separate 

cohorts of dark mice received 6×106 EGFP-PMN via intravenous transfer 3 hours after 

wounding and inoculation, and the relative recruitment was determined based on the total 

EGFP fluorescence at wound sites 24 hours later. (D) Representative images showing PMN 

fluorescence at wound sites immediately following wounding and 24 hours later are shown. 
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Data represent 3–10 mice per group and are expressed as mean±SEM. * p < .05, ** p < .01, 

*** p < .001, S. aureus or ΔAT versus saline control. # p <.05, S. aureus versus ΔAT. 2-way 

ANOVA (p < .05 and p < .01 for 2A and 2B, respectively) with Tukey’s multiple 

comparisons test. 2C: 1-way ANOVA (2C, p < .05) with Tukey’s multiple comparisons test.
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Figure 3. HSPC trafficking is not affected by AT-mediated toxicity
Wounded C57BL/6 mice were euthanized at various endpoints following inoculation with 

sterile saline or 1×107 CFU of S. aureus versus ΔAT, and the prevalence of Lin ckit+ HSPC 

in (A) bone marrow and (B) peripheral blood was determined by flow cytometry. (C) 

Separate cohorts of mice received 5×105 fluorescently labeled HSPC via intravenous 

transfer 3 hours after wounding and inoculation, and relative recruitment was determined 

based on the total fluorescence signal at wound sites 24 hours later. (D) Representative 

images showing HSPC fluorescence at wound sites immediately following wounding and 24 

Falahee et al. Page 22

J Immunol. Author manuscript; available in PMC 2018 September 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



hours later are shown. Data represent 4–7 mice per group and are expressed as mean±SEM. 

* p < .05, ** p < .01, S. aureus or ΔAT versus saline. 1-way ANOVA (p < .01 and p < .05 for 

3B and 3C, respectively) with Tukey’s multiple comparisons test.

Falahee et al. Page 23

J Immunol. Author manuscript; available in PMC 2018 September 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 4. HSPC expansion within the wound is responsive to bacterial abundance
(A) C57BL/6 mice were wounded and inoculated with 1×107 CFU of S. aureus or ΔAT. At 

24 hours post wounding, mice received a local injection of 5×105 HSPC from LysM-EGFP 

donor mice. Some animals that received ΔAT at day 0 received additional inoculations of 

equivalent CFU at day 2 or days 2 and 4 post wounding as indicated. (B) EGFP-PMN 

fluorescence at wound sites was quantified daily. (C) The rate of increasing EGFP-PMN 

fluorescence was determined based on the slopes depicted in panel B. (D) Bacterial burden 

from wounds of mice from each experimental group was determined from homogenized 

wound tissue collected at day 6 post wounding. Data represent 4–10 mice per group and are 

expressed as mean±SEM. * p < .05, ** p < .01, versus S. aureus or as indicated. 1-way 

ANOVA (p < .01 and p < .01 for 4B and 4C, respectively) with Tukey’s multiple 

comparisons test. 1-way ANOVA (4D, ns) with Dunnett’s multiple comparisons test.
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Figure 5. Local granulopoiesis provides a significant source of PMN in S. aureus infected wounds
(A) Monoclonal antibodies were administered via intraperitoneal injection to block 

trafficking of PMN (αGr-1) or PMN and HSPC (αGr-1/αckit) to wounded LysM-EGFP 

mice according to the experimental design depicted. Wound fluorescence was quantified 

daily for each group in response to 1e7 CFU of (B) S. aureus or (C) ΔAT. (D) The relative 

rate of EGFP-PMN expansion was compared between treatment groups. Data represent 4–6 

mice per group and are expressed as mean±SEM. * p < .05, *** p < .001, as indicated. 1-

way ANOVA (p < .0001 for 5B and 5D) with Dunnett’s multiple comparisons test.

Falahee et al. Page 25

J Immunol. Author manuscript; available in PMC 2018 September 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 6. IL-1β and TLR2 activation signals granulopoiesis of bone marrow derived HSPC
(A) IL-1β protein expression from homogenized wound tissue collected 24 hours post 

wounding and inoculation with saline or S. aureus versus ΔAT as measured by ELISA. (B) 

Bone marrow derived PMN were stimulated with live S. aureus or ΔAT in the presence and 

absence of a caspase1 inhibitor (Z-YVAD-FMK) and purified alpha-toxin. IL-1β protein 

levels were measured in culture supernatants by ELISA. Non-stimulated cells showed 

protein levels below the limit of detection for the ELISA (data not shown). Data normalized 

for each mouse to IL-1β produced by WT S. aureus. (C) In vitro expansion of LSK from 

BM-derived HSPC cultured for 72 hours with Pam3CSK4 alone, IL-1β alone, Pam3CSK4 + 

IL-1β, Pam3CSK4 + IL-1β + IL-1RA, or vehicle control. Data are expressed as mean±SEM 

and represent at least 3 independent experiments. * p < .05, ** p < .01, *** p < .001, WT + 

Z-YVAD-FMK, ΔAT, or ΔAT + AT versus WT alone (B) or vehicle, Pam3CSK4 alone, 

IL-1β alone, or Pam3CSK4 + IL-1β + IL-1RA versus Pam3CSK4 + IL-1β (C). 6A: two-

tailed unpaired t-test; 6B-C: 1-way ANOVA (p<0.0001 for 6B and 6C) with Tukey’s 

multiple comparisons test.
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Figure 7. Adoptive transfer of HSPC confers protection from lethal S. aureus infection in 
MyD88−/− mice in an IL-1β-dependent manner
MyD88−/− mice were wounded and infected with a lethal dose of 2e7 CFU of 

bioluminescent S. aureus. At 6 hours post inoculation, wounds were injected with either 

1×105 HSPC derived from the bone marrow of wild-type (wt) or IL-1β−/− mice or vehicle 

control. (A) Kaplan-Meier survival plots are shown. Separate cohorts of mice were 

euthanized at 72 hours post wounding and inoculation and (B) bacterial burden in the 

kidneys, (C) MPO and (D) IL-1β were quantified from homogenized tissue samples. Data 

represent 5–10 mice per group and are expressed as mean±SEM. * p < .05, ** p < .01, *** p 

< .001 compared to saline control or as indicated. Gehan-Breslow-Wilcoxon test (7A); 1-

way ANOVA (p < .05, p < .05 and p < .01 for 7B, 7C and 7D, respectively) with Tukey’s 

multiple comparisons test.
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