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SUMMARY 14 

Staphylococcus aureus is the causative agent of numerous severe human infections associated 15 

with significant morbidity and mortality worldwide. S. aureus often targets the vascular 16 

endothelium to interfere with proper host responses during invasive infections. In this study, we 17 

provide evidence that S. aureus β-toxin inhibits wound repair mechanisms in human endothelial 18 

cells by preventing cell proliferation and migration. These findings were confirmed in a rabbit 19 

aortic explant model where β-toxin impedes sprout formation. Decreased cell proliferation was 20 

accompanied by decreased production of the angiogenic proteins endothelin-1, IGFBP-3, 21 

thrombospondin-1, TIMP-1, and TIMP-4. Meanwhile, inhibited wound repair was marked by 22 

increased HGF secretion from endothelial cells, likely a marker of endothelial cell damage. 23 

Together, these findings establish a mechanistic role for β-toxin where it inhibits proper tissue 24 

repair processes that likely promote S. aureus infective niche. 25 

 26 
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 29 

INTRODUCTION 30 

Staphylococcus aureus is the causative agent of numerous diseases including skin and 31 

soft-tissue infections, bacteremia, toxic shock syndrome, pneumonia, and infective endocarditis 32 

(IE) (1). It is also the leading cause of health care-associated infections (2, 3). S. aureus 33 

facilitates these distinct infections by producing a plethora of secreted and cell-associated 34 

virulence factors that, together, enable the organism to bind to, colonize, or invade host cells and 35 

tissues, and promote immune system subversion (4–9). The cytolysin β-toxin is encoded by a 36 
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majority of S. aureus strains and is produced during infection by phage excision (10). β-toxin 37 

promotes skin and nasal colonization, modulates the immune response to infection, and increases 38 

the severity of life-threatening infections like necrotizing pneumonia and IE (10–15). β-toxin 39 

exhibits pathogenic properties as a function of its sphingomyelinase (SMase) activity (16, 17). 40 

SMases hydrolyze sphingomyelin, a structural molecule in eukaryotic membranes, into 41 

phosphocholine and ceramide. Ceramide can be further processed by host enzymes into 42 

ceramide-1-phosphate (C1P), sphingosine, and sphingosine-1-phosphate (S1P) (18). These 43 

bioactive sphingolipids are widely recognized as essential signaling molecules that regulate 44 

various cellular functions and pathological processes, including cell growth and survival, 45 

inflammation and immune cell trafficking, vascular integrity and dysfunction, and angiogenesis 46 

(19–24). 47 

Angiogenesis, the development of new capillaries from preexisting blood vessels, allows 48 

remodeling of the vascular system (25). It requires the coordinated efforts of endothelium-49 

associated cells (e.g. pericytes, fibroblasts, monocytes) to sustain vessel sprouting and for 50 

functional maturation and vessel stabilization. Under physiologic conditions, angiogenesis leads 51 

to organ growth and re-vascularization of damaged or ischemic tissues for wound healing, while 52 

aberrant angiogenesis disrupts these processes and can promote pathological states like 53 

malignancy, asthma, diabetes, cirrhosis, multiple sclerosis, and endometriosis (25–27). More 54 

recently, angiogenesis induced as a result of microbial infection has been shown to act as an 55 

innate immune mechanism to control and clear invading pathogens (28). Not surprisingly, some 56 

bacterial pathogens (e.g. Bartonella spp., Mycobacterium tuberculosis and Pseudomonas 57 

aeruginosa), viruses (e.g. hepatitis C virus and human papilloma virus), and pathogenic fungi 58 
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(e.g. Candida albicans and Aspergillus fumigatus) have also been found to co-opt angiogenic 59 

processes to promote disease development and/or persistence (28–31).  60 

S. aureus necrotizing pneumonia and IE are prime examples of aggressive infections that 61 

present with tissue injury that distinctly lacks signs of healing (14, 32). S. aureus IE is 62 

characterized by non-healing vegetative lesions, tissue destruction at and around the heart valves, 63 

and systemic complications such as ischemic liver lesions or kidney injury (4, 5, 33). Studies 64 

have also shown that β-toxin modulates endothelial cell function. In murine pneumonia models, 65 

β-toxin induces vascular leakage and neutrophilic inflammation (14). In vitro, it increases 66 

platelet aggregation and inhibits neutrophil transendothelial migration, processes important in 67 

development of IE (12, 15, 32, 34). Furthermore, in human aortic endothelial cells, β-toxin 68 

decreases expression of the chemokine IL-8 and upregulates expression of VCAM-1, both of 69 

which are important angiogenic molecules (12, 15, 35, 36). Altogether, these studies indicate that 70 

a central process may exist where β-toxin targets angiogenesis as a pathogenesis mechanism that 71 

enhances S. aureus infections.  72 

Therefore, we investigated whether β-toxin modulates the endothelial cell angiogenic 73 

response as a possible mechanism for potentiating S. aureus infections. We provide evidence that 74 

β-toxin specifically targets both human endothelial cell proliferation and cell migration in well-75 

established in vitro models. These results are consistent with a dysregulated angiogenic response 76 

centered around inhibition of the production of proteins important for these processes. While β-77 

toxin can affect the complexity of capillary-like structures formed in vitro, this effect is 78 

insufficient to explain β-toxin’s anti-angiogenic properties. Conclusive evidence comes from ex 79 

vivo studies that demonstrate β-toxin prevents branching microvessel formation, highlighting its 80 

ability to interfere with tissue re-vascularization and vascular repair. 81 
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RESULTS 82 

β-toxin targets the production of angiogenic proteins involved in proliferation and 83 

migration.   84 

SMase activity results in the production of bioactive sphingolipids, recognized as 85 

signaling molecules that modulate angiogenesis (37, 38). Hence, we first sought to establish 86 

whether S. aureus β-toxin alters the secretion profile of angiogenesis-related proteins in 87 

immortalized human aortic endothelial cells (iHAECs). For this purpose, we used a human 88 

angiogenesis proteome array to profile 48 proteins in iHAEC supernatants from subconfluent 89 

monolayers treated for 24 h under proangiogenic (growth medium ± VEGF), antiangiogenic (+ 90 

axitinib), or toxin conditions. In complete medium (basal medium with growth supplements), the 91 

most highly detected proteins secreted by endothelial cells were serpin E1, endothelial growth 92 

factor (EGF), thrombospondin-1, and endothelin-1, which promote either matrix degradation, 93 

growth, or proliferation and migration (Fig. S1A). These were followed largely by proteins that 94 

promote endothelial cell proliferation and migration (artemin, insulin-like growth factor binding 95 

protein (IGFBP)-2, IGFBP-3, pentraxin 3), capillary formation (angiopoietin-2), and tissue 96 

inhibitor of metalloproteinases (TIMP)-1. Hence, as expected, iHAECs in growth medium are 97 

under angiogenic-inducing conditions. For the subsequent studies, the secretion profile of 98 

iHAECs treated with VEGF (10 ng mL-1), axitinib (30 μM), or β-toxin (50 mg mL-1) were 99 

expressed as fold change from growth medium control, with a cut-off of ≥1.5-fold or ≤0.5-fold 100 

as thresholds for 50% increases or decreases in protein levels, respectively (39).   101 

VEGF promotes angiogenesis and is produced by iHAECs during growth in a monolayer, 102 

albeit at low levels (Fig. S1A). Thus, VEGF treatment was used to maximally induce 103 

angiogenesis under experimental conditions tested in our study. VEGF-treated cells exhibited a 104 
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similar profile to that of growth medium control, with the exception of IL-8 which showed 105 

increased production (1.5-fold; +50%) (Fig. 1). Furthermore, in the presence of complete 106 

medium, VEGF did not further induce proliferation, confirming optimal proangiogenic 107 

conditions (Fig. S2A, S2B). Axitinib is an antiangiogenic molecule that inhibits VEGF receptor-108 

1, -2, and -3 signaling in endothelial cells (40) and inhibits both cell proliferation and cell 109 

migration (41). At working concentrations, axitinib significantly inhibited metabolic activity and 110 

proliferation (Fig. S2C, S2D) while preserving integrity of the monolayer as visually established. 111 

Consistent with its antiangiogenic activity, axitinib induced an overall inhibitory profile with 112 

<0.5-fold decreases in production of granulocyte-macrophage colony-stimulating factor (GM-113 

CSF), A Disintegrin and Metalloproteinase with Thrombospondin Motifs (ADAMTS)-1, 114 

Hepatocyte Growth Factor (HGF), pentraxin 3, TIMP-1, and dipeptidyl peptidase IV (DPPIV) 115 

(Fig. 1). β-toxin treatment at a sublethal concentration (Fig. S1B) resulted in an overall inhibitory 116 

profile that was centered around proteins important for cell proliferation and migration: IGFBP-3 117 

(0.4-fold; ˗64%), TIMP-1 (0.2-fold; ˗75%), TIMP-4 (0.5-fold; ˗50%), thrombospondin-1 (0.4-118 

fold; ˗63%), and endothelin-1 (0.3-fold; ˗71%) (Fig.1). The protein profile resulting from β-toxin 119 

treatment suggests that β-toxin is an antiangiogenic molecule that inhibits angiogenesis by 120 

targeting proliferation and migration. 121 

 122 

β-toxin inhibits wound healing.  123 

As in vitro wound healing assays are a function of proliferation and migration, we used 124 

this approach to directly evaluate the ability of iHAECs to close a gap in the monolayer in the 125 

presence or absence of β-toxin (50 μg mL-1). VEGF (10 ng mL-1) and axitinib (10 μM) were used 126 

as inducing or inhibition controls, respectively. Of note, axitinib, at the concentration used to 127 
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treat monolayers (30 μM) resulted in generalized iHAEC toxicity during wound healing (as 128 

observed by loss of integrity of the monoloayer) (Fig. S2B). Hence, we decreased the axitinib 129 

concentration to 10 μM for this assay which inhibited proliferation but did not result in 130 

cytotoxicity (Fig. S3).  131 

Without treatment, iHAECs closed 80% of the gap by 24 h, as measured in time-lapse 132 

analyses (Fig. 2). iHAECs stimulated with VEGF showed an increase in percent gap closure of 133 

15%, while those treated with axitinib displayed significant inhibition with a 28% decrease in 134 

gap closure compared to untreated cells (Fig. 2A and 2B). Similarly, iHAECs treated with β-135 

toxin exhibited a 28.5% decrease in gap closure (Fig. 2A and 2C). During infection, host cells 136 

can undergo prolonged exposure to β-toxin before vascular damage occurs, potentiating the 137 

inhibitory phenotype. To assess this, iHAECs were treated overnight with β-toxin, prior to gap 138 

formation, and thereafter as previously performed. Pretreatment with β-toxin significantly 139 

inhibited gap closure by 34.3% (Fig. 2A and 2D), but overall provided no significant further 140 

inhibition (Fig. 2B and 2C). These results were confirmed in human umbilical vein endothelial 141 

cells (HUVECs), where similar inhibition of gap closure was observed upon exposure to β-toxin 142 

with and without pretreatment (Fig. S4). These data indicate that β-toxin markedly inhibits re-143 

endothelialization, contributing to defects in vascular repair. 144 

 145 

Differential protein production during wound healing.  146 

Because differential effects were observed in the wound healing assay in response to β-147 

toxin and experimental controls, we investigated the proteome profile in media collected at the 148 

end of the assays. This provided an opportunity to establish whether distinct profiles would 149 

ensue from cell populations that contain cells actively migrating and proliferating to close a gap 150 
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versus those in a monolayer. In the wound healing assay, serpin E1, EGF, and endothelin-1 151 

remained unchanged compared to growth in a monolayer (Fig. S1A). Overall, these remained the 152 

most highly detected proteins secreted by iHAECs in vitro. Interestingly, compared to growth in 153 

a monolayer, iHAECs in the wound healing assay exhibited both increases and decreases in 154 

proteins involved in growth, proliferation, and migration, where placental growth factor (PlGF), 155 

TIMP-1, and thrombospondin-1 were increased by 1.6-fold (+57%), 2.1-fold (+108%), and 1.7-156 

fold (+67%), respectively, while hepatocyte growth factor (HGF), and IGFBP-2 were decreased 157 

by 0.5-fold (-51%) and 0.4-fold  (-57%), respectively (Fig. S1A).  158 

 iHAECs in the wound healing assay were more responsive to the effects of VEGF and 159 

axitinib. Cells treated with VEGF exhibited an induced angiogenesis profile compared to both 160 

untreated cells (Fig. 3) and VEGF-treated cells grown in a monolayer (Fig. S5). Proteins that 161 

showed increases during wound healing spanned most categories, with those important in 162 

extracellular matrix degradation being the sole exception (Fig. 3). These results are consistent 163 

with enhanced gap closure (Fig. 2A) and reiterate the prominent effects of VEGF on regulation 164 

of angiogenic factors. While axitinib significantly inhibited gap closure (Fig. 2A), it induced a 165 

mixed protein profile and a shift away from the inhibitory profile observed in iHAEC 166 

monolayers (Fig. S5). Instead, during wound healing, axitinib specifically targeted matrix 167 

metalloproteinase (MMP)-8 (0.5-fold; -47%), PDGF-AA (1.7-fold; +34%), and TIMP-4 (0.5-168 

fold; -41%) (Fig. 3). Subtle decreases in a select group of proteins caught our attention as they 169 

stand opposite to the changes observed in VEGF-treated cells. These included the cytokines 170 

CXCL-16 and IL-1β, MMP-9, the growth factor HB-EGF, and proteins involved in regulating or 171 

aiding proliferation and migration (IGFBP-2, TIMP-1, activin A, serpin F1, and DPPIV). 172 
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Strikingly, iHAECs treated with β-toxin during wound healing exhibited a mostly neutral 173 

profile with subtle changes observed throughout. Most notably were decreased MMP-8 174 

(important in matrix remodeling for angiogenesis) and increased endostatin (an angiogenesis 175 

inhibitor) (Fig. 3). The most relevant change after β-toxin treatment was increased production of 176 

the growth factor HGF by 1.7-fold (+69%) (Fig. 3). This profile is intriguing given that in that 177 

same context β-toxin significantly inhibited gap closure (Fig. 2C). Pretreatment shifted the 178 

profile back to mostly inhibitory, where iHAECs exhibited large decreases in 179 

proliferation/migration proteins PD-ECGF (0.4-fold; -59%) and TIMP-1 (0.5-fold; -46%) (Fig. 180 

3). Therefore, subtle changes in the balance of angiogenic proteins may be sufficient to 181 

significantly impact wound healing as measured in vitro. Collectively, these results illustrate the 182 

context–dependent characteristics of the angiogenic profile of iHAECs in response to exogenous 183 

agents.  184 

 185 

β-toxin inhibits cell migration and cell proliferation.  186 

Having established that β-toxin inhibits wound healing, we addressed whether this effect 187 

was the result of impaired cell migration, cell proliferation, or both. For this purpose, we 188 

conducted wound healing assays in the presence of mitomycin C, an antiproliferative agent. 189 

Mitomycin C was used at 2 μg mL-1 as this concentration reduced metabolic activity by 49.2%, 190 

and in combination with β-toxin did not further decrease metabolic activity (Fig. 4A). Treatment 191 

with mitomycin C above 2 μg mL-1 resulted in cell toxicity (data not shown). Mitomycin C 192 

inhibited wound healing by 17.8% compared to untreated cells, where the largest effect on cell 193 

proliferation and concomitant decreases in wound closure were measured past 15 h (Fig. 4B, 194 

4C). iHAECs concurrently treated with β-toxin (50 μg mL-1) and mitomycin C exhibited a 40.9% 195 

9

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted November 26, 2021. ; https://doi.org/10.1101/2021.11.26.470137doi: bioRxiv preprint 

https://doi.org/10.1101/2021.11.26.470137


decrease in wound closure compared to untreated cells and a 28.8% decrease compared to those 196 

treated only with mitomycin C (Fig. 4B and 4C). The additive effect of mitomycin C and β-toxin 197 

in the wound healing assay is consistent with β-toxin inhibiting cell migration.  198 

 In the wound healing assay, initially cells exist in a monolayer and gap closure is largely 199 

driven by actively migrating cells of the gap cell front. Therefore, we sought to directly test β-200 

toxin effects on cell proliferation in a population of actively proliferating cells. For this, iHAECs 201 

were cultured at the time of seeding in the presence or absence of β-toxin or mitomycin C and 202 

total cell counts were measured from images taken at various time points over a 20-h period (Fig. 203 

4D). In this context, β-toxin significantly inhibited cell proliferation comparable to the inhibition 204 

induced by mitomycin C (Fig. 4D). These data provide evidence that β-toxin can interfere with 205 

the angiogenic process by both inhibiting cell migration and cell proliferation.  206 

 207 

β-toxin inhibits neovessel formation in rabbit aortic ring explants.  208 

Re-vascularization is the ultimate outcome of angiogenesis. In vitro, endothelial cell 209 

differentiation into capillaries or tubulogenesis can be addressed with a tube formation assay. For 210 

this assay, iHAECs and HUVECs were seeded on growth factor reduced (GFR)-Matrigel in 211 

medium containing serum to induce tube formation. Cells were treated with either β-toxin or 212 

axitinib (inhibitor control) at the time of seeding and the average tube length and loop count was 213 

measured over a 12-h time frame. Axitinib significantly decreased tube length and loop count 214 

over time (Fig. 5A-C). Yet, β-toxin treatment produced mixed results in aortic versus umbilical 215 

vein endothelial cells. In the presence of β-toxin, the average tube length and loop count 216 

remained unaffected in iHAECs (Fig. 5D, 5E). With HUVECs, β-toxin had no effect on tube 217 

length but did significantly decrease loop count, suggesting a direct effect on network 218 
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complexity during re-vascularization (Fig. 5F, 5G). The differential responses of HUVECs and 219 

iHAECs to β-toxin likely reflects either the heterogeneity of endothelial cells or the altered 220 

physiology of immortalized cells (42).  221 

Hence, it remained to be established if β-toxin inhibits angiogenesis by targeting capillary 222 

formation. To address this in a more physiologically relevant system, we utilized the rabbit aortic 223 

ring model of angiogenesis. In this model, thoracic and abdominal aortas were explanted from 224 

New Zealand white rabbits, cut into ~1 mm sections, embedded into a thin layer of GFR-225 

Matrigel, and cultured in complete medium to induce sprouting at the severed edge of the 226 

explant. We used equal numbers of thoracic and abdominal aortic rings per condition obtained 227 

from 3 individual rabbits. After embedding, aortic rings were cultured in the presence or absence 228 

of β-toxin or axitinib for 14 days. Untreated aortic ring explants (n=26) formed sprouts within a 229 

week that continued to grow in density and complexity over time while rings treated with 230 

axitinib (n=8) or β-toxin (n=12) failed to sprout over the course of the experiment (Fig. 6; Fig. 231 

S6; Fig. S7). Thus, in the more physiologically relevant context of the aortic ring model, β-toxin 232 

completely inhibited angiogenesis. 233 

 234 

DISCUSSION 235 

The vascular endothelium reaches into every organ, where endothelial cells, as building 236 

blocks of the vascular network, maintain cardiovascular homeostasis and health of surrounding 237 

tissue (43, 44). Angiogenesis, the process of developing neovessels from pre-existing formations, 238 

is a critical function of the endothelium and essential for vascular repair and tissue re-239 

vascularization after injury. Hence, given the contribution of β-toxin to the exacerbation of S. 240 

aureus pneumonia (10, 14) and vegetative lesions during IE (10, 45, 46), we addressed whether 241 
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β-toxin interferes with angiogenic processes. With the use of the ex vivo rabbit aortic ring model, 242 

which preserves the microenvironment of the aortic endothelium, we demonstrate that β-toxin is 243 

an anti-angiogenic virulence factor that prevents branching microvessel formation. We provide 244 

evidence that β-toxin specifically targets both human endothelial cell proliferation and cell 245 

migration as tested in vitro, which is consistent with an angiogenic response dysregulated in the 246 

production of proteins important in cell proliferation and cell migration. Furthermore, while β-247 

toxin can affect the complexity of capillary-like structures formed in vitro, this effect is 248 

insufficient to explain β-toxin’s anti-angiogenic properties. Yet, the different sensitivities of 249 

iHAECs and HUVECs to the effect of β-toxin in the tube formation assay suggest that β-toxin 250 

could induce increased pathology on tissues where endothelial cells are more sensitive to the 251 

toxin. These results highlight a mechanism where β-toxin exacerbates S. aureus invasive 252 

infections by interfering with tissue re-vascularization and vascular repair.  253 

Ischemic or injured tissues release factors into the environment to trigger sprouting 254 

angiogenesis (47, 48). The balance between stimulatory (pro-angiogenic) and inhibitory (anti-255 

angiogenic) factors controls the angiogenic switch, where endothelial cells change from a 256 

quiescent to a sprouting phenotype (49). When the local concentration of angiogenic inducers is 257 

produced in excess of the angiogenic inhibitors, neovessel formation is triggered. The angiogenic 258 

switch is off when the local concentration of angiogenic inhibitors overpowers the stimulators. 259 

Growth factors that promote angiogenesis include VEGF, HGF, serpin E1, EGF, bFGF, 260 

endothelin-1, and PDGF, while those that turn it off include thrombospondin-1 and endostatin 261 

(48, 50). Aberrant angiogenesis occurs when the system is inappropriately or chronically 262 

activated, or when there is a spatiotemporal imbalance of pro- and anti-angiogenic factors. 263 

Improper angiogenesis can lead to endothelial dysfunction, malignancy, insufficient wound 264 
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healing, and various diseases such as retinopathies, fibrosis, diabetes, cirrhosis, and 265 

endometriosis (25, 51–53). 266 

 In vitro, endothelial cell monolayers under pro-angiogenic conditions produce an 267 

angiogenesis proteome profile consistent with cells that are triggered to sprout. VEGF 268 

stimulation under this condition only further promotes angiogenesis by inducing the release of 269 

IL-8, confirming the pro-angiogenic state of endothelial cells. β-toxin shifted the overall profile, 270 

where the abundance of many proteins was decreased. β-toxin decreased the production of both 271 

endothelin-1 and thrombosponin-1. These two proteins are some of the most highly expressed in 272 

iHAECs in our experimental conditions and have opposing effects on angiogenesis. Endothelin-1 273 

is a potent endothelial cell mitogen shown to stimulate migration and to contribute to endothelial 274 

cell integrity, of particular importance in newly formed blood vessels (54). Thrombosponin-1 is a 275 

non-structural extracellular matrix protein and a potent endogenous inhibitor of cell adhesion, 276 

migration, and proliferation (55). Its primary function is to counter the effect of angiogenic 277 

stimuli, effectively turning the angiogenic switch off. Thrombosponin-1 decreases may 278 

potentially correspond to concomitant decreases of endothelin-1 and/or overall decreases of 279 

angiogenic signals. β-toxin also decreased the production of TIMP-1, TIMP-4, and IGFBP-3. 280 

TIMPs are known to control MMPs activities to maintain extracellular matrix homeostasis while 281 

promoting sprout formation, vessel stabilization, and vessel pruning (regression) (56). TIMPs 282 

also possess several cellular functions independent of their MMP-inhibiting activities (57). For 283 

example, TIMP-1 promotes cell growth and limits cell migration by controlling focal adhesions 284 

(58). TIMPs functions are spatiotemporally regulated, and dysregulation causes a functional 285 

imbalance leading to excessive and uncontrolled matrix degradation resulting in sprouting 286 

defects, vessel instability and/or vascular regression (56, 57). IGFBP-3 is yet another 287 
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multifunctional protein with context-dependent effects on angiogenesis. In HUVECs, IGFBP-3 288 

disrupts established focal adhesions and actin stress fibers inhibiting cell migration, while in 289 

endothelial progenitor cells, it stimulates cell proliferation, migration, and survival to promote 290 

vascular repair (59, 60). Therefore, the cell type dictates whether IGFBP-3 induces or inhibits 291 

cell migration. Altogether, these results indicate that β-toxin likely causes an imbalance in 292 

protein production that cumulatively disrupts angiogenesis in iHAECs. 293 

 The wound healing assay provided a context with which to address the effect of β-toxin 294 

on the endothelium’s endogenous capacity to repair. It mimics re-endothelialization after 295 

vascular injury, a process dependent on cell migration and proliferation. iHAECs were sensitive 296 

to VEGF stimulation in this context, producing an array of growth factors known to promote 297 

angiogenesis (PDGF, FGF, and ANG-2), but in particular, factors that induce vessel maturation 298 

and capillary network formation (ANG-2 and GDNF) (61, 62). In this context, the IGFBPs and 299 

TIMP-1 are increased as well as coagulation factor III (also known as tissue factor) and several 300 

cytokines. The angiogenesis proteome profile is consistent with cells that are not only triggered 301 

to sprout but also ready for re-vascularization and tissue repair. During wound healing, β-toxin 302 

largely induced production of HGF, with subtle increases in PDGF-AA and endostatin, and a 303 

subtle decrease in MMP-8. Excess HGF in the serum is clinically used as an indicator of 304 

advanced atherosclerotic lesions, vascular lesions, and hypertension (63–65). Vascular lesions 305 

are accompanied by endothelial cell injury. As such, it has been suggested that endothelial cells 306 

produce HGF to promote repair of damaged endothelial cells at these lesions (63–65). Hence, 307 

iHAECs might induce HGF as a protective mechanism in response to endothelial injury caused 308 

by β-toxin. This response is consistent with increases in PDGF-AA, an early factor produced by 309 

senescent endothelial cells at cutaneous wound sites that promotes tissue repair (66).  MMP-8 is 310 
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a pro-angiogenic factor rapidly induced during tissue injury that stimulates proliferation, 311 

migration, and capillary network formation (67). Therefore, the decrease in MMP-8 in 312 

combination with an increase in endostatin (angiogenic inhibitor), while subtle, may be relevant 313 

in the context of wound healing. Alternatively, the inhibitory effect of β-toxin in wound healing 314 

could be directly driven by sphingolipid metabolites produced from SMase activity. 315 

 The sphingolipid metabolites ceramide and S1P are critical regulators of cellular and 316 

pathological processes yet have opposing effects on vascular functions (23, 24, 37, 68). 317 

Ceramide is the first sphingolipid metabolite produced from β-toxin’s hydrolysis of 318 

sphingomyelin. It promotes cellular functions associated with endothelial dysfunction and 319 

inhibition of angiogenesis. Ceramide is a well-known antiproliferative molecule and induces 320 

endothelial barrier dysfunction, oxidative stress, cell senescence, and cell death. It inhibits cell 321 

migration by disassembling focal adhesions and depolymerizing stress fibers (69). Ceramide can 322 

further be metabolized into S1P. S1P promotes cellular functions associated with maintenance of 323 

vascular integrity and induction of angiogenesis. It stimulates cell proliferation, supports barrier 324 

integrity, and promotes cell survival. S1P enhances cell contacts with the extracellular matrix to 325 

induce cell migration (70, 71). At the end, the cellular balance between ceramide and S1P 326 

dictates the outcomes. This balance is also known as the ceramide rheostat (24). Interestingly, 327 

several proteins regulated by β-toxin (IGFBP-3, TIMP-1, thrombospondin-1, HGF, endothelin-1) 328 

are either controlled by ceramide/S1P or regulate their activity. IGFBP-3 activates sphingosine 329 

kinase to convert sphingosine into S1P stimulating growth and promoting cell survival (72). 330 

Furthermore, IGFBP-3 directly inhibits sphingomyelinase (73). Meanwhile, ceramide has been 331 

shown to downregulate TIMP-1 in human glioma cells resulting in reduced tumor volume (74). 332 

Exogenous C2-ceramide causes apoptosis of porcine thyroid cells by decreasing 333 
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thrombospondin-1 expression (75). Conversely, S1P induces TIMP-1 production (76). HGF is 334 

protective against ceramide-mediated apoptosis (77) while endothelin-1 induces SMase activity 335 

resulting in increased VCAM-1 surface expression. The fate of ceramide following production 336 

by β-toxin is not known. Altogether, the anti-angiogenic effects of β-toxin described herein are 337 

consistent with ceramide rheostat signaling. Future studies will be directed at elucidating the 338 

underlying cellular processes driving the anti-angiogenic endothelial cell phenotype in the 339 

presence of β-toxin. In particular, the physiological context and sphingolipid metabolites that 340 

mediates those responses. 341 

Angiogenesis is a highly complex but fundamental physiological process essential for 342 

vascular injury repair (i.e., due to mechanical damage or toxin-mediated damage of the 343 

endothelium) as well as the re-vascularization of ischemic or injured tissue (i.e., due to embolic 344 

events, trauma, or caused by pathogens and their toxins). Here, we provide evidence that S. 345 

aureus β-toxin inhibits capillary formation by a mechanism that targets cell proliferation and cell 346 

migration. β-toxin inhibition of IGFBP-3 and TIMP-1 are of particular interest as these 347 

molecules play crucial roles in endothelial cell proliferation and migration and are linked to 348 

SMase activity. While it is not clear how sphingolipid metabolites inhibit the abundance of 349 

IGFBP-3, decreases in IGFBP-3 favors ceramide accumulation as opposed to the more protective 350 

sphingolipid S1P (73). Ceramide not only arrests cell growth but also regulates production of 351 

TIMP-1 (19, 20, 74). During wound healing, β-toxin can also target MMP-8 to limit endothelial 352 

cell proliferation and migration, while turning angiogenesis off by increasing the levels of 353 

endostatin. In conclusion, β-toxin is an anti-angiogenic virulence factor that can prevent proper 354 

vascular repair, keeping the endothelium in a proinflammatory, hypercoagulable state, and 355 
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preventing neovessel formation. This environment in turn would allow S. aureus to maintain its 356 

infectious niche. 357 
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 370 

MATERIALS AND METHODS 371 

Protein Expression and Purification  372 

N-terminal His6-tagged β-toxin was previously cloned into E. coli TOP10 using a 373 

pTrcHis TOPO vector (45). The plasmid was maintained with 100 µg mL-1 carbenicillin in all 374 

growths. Cells were grown in 1 L terrific broth (24 g yeast extract, 12 g tryptone, 4 mL glycerol, 375 

100 mL of supplement [0.17 M KH2PO4, 0.72 M K2HPO4]) at 37°C to an OD600 0.4 – 0.8 376 

followed by induction with 1 mM IPTG overnight at 30°C. Pelleted cells were resuspended in 25 377 

mL resuspension buffer (50 mM NaH2PO4, 500 mM NaCl, 20 mM imidazole, pH 8) and three 378 
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Pierce Protease Inhibitor Mini Tablets. 10 mL aliquots were divided into bead lysing tubes 379 

containing 7 g of 0.1 mm glass beads and homogenized using a PreCellys Cryolys Evolution 380 

(bertin Instruments) with the following settings: 9900 rpm, 6- 30 s cycles with 60 s rests, 4°C. 381 

Lysate was centrifuged (40 min, 50,000 x g, 4°C) and clarified with a 0.45 μm filter. Affinity 382 

chromatography with HisPur™ Cobalt Resin followed by an imidazole-gradient elution (50 mM 383 

NaH2PO4, 500 mM NaCl, 250 mM imidazole, pH 8) was used to separate β-toxin. Protein-384 

containing fractions, assessed by SDS-PAGE, were dialyzed against 4 L PBS, pH 7.4, overnight 385 

at 4°C. Protein concentration was determined by Qubit™ using the Qubit™ Protein Broad Range 386 

kit. Typical yield was 4-5 mg per liter of growth. Purity was assessed by Coomassie stain of 387 

SDS-PAGE gels and was at least 95% by visual observation. All proteins were cleaned of 388 

endotoxin via Detoxi-Gel™ resin and endotoxin levels were assessed using the ToxinSensor™ 389 

LAL Endotoxin Assay Kit. Proteins were used when the final endotoxin concentration in 390 

experiments was ≤0.025 ng mL-1 (78). 391 

 392 

Culture Conditions 393 

Immortalized human aortic endothelial cells (iHAECs) are a recently established cell line 394 

shown to retain phenotypic and functional characteristics of primary cells, serving as a large-395 

vessel model system in which to address questions relevant to vascular biology (78). Human 396 

umbilical vein endothelial cells (HUVECs) were obtained from Thermo Fisher as low passage 397 

cells.  398 

Cells were grown at 37°C, 5% CO2 in phenol red–free, endothelial cell basal medium 399 

(Medium 200) supplemented with low-serum growth supplement (LSGS, final concentrations of: 400 

FBS 2%, hydrocortisone 1μg mL-1, human epidermal growth factor 10 ng mL-1, basic fibroblast 401 
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growth factor, 3 ng mL-1, heparin 10 μg mL-1). Cells were maintained on 1% gelatin-coated 402 

plates unless otherwise stated. Cells were passaged at least twice before use in experiments. 403 

iHAECs were used at passages between 4 and 10 from a single clone. Primary HUVECs were 404 

used between 4 and 12 passages. Mycoplasma-testing was conducted every 6 months using 405 

MycoAlert™ Plus Mycoplasma Detection Kit. 406 

 407 

Cell Growth and Metabolic Activity  408 

An MTS assay was used to determine cell viability. Cells were seeded at 7,000 cells/well 409 

into gelatin-coated 96-well plates and grown overnight to near confluency. Media was removed 410 

and replaced with 100 μL of media containing increasing concentrations of β-toxin, VEGF, 411 

axitinib, or mitomycin C followed by overnight incubation. 20 μL of CellTiter 96® AQueous 412 

One Solution was added to each well followed by a 1 h incubation at 37°C, 5% CO2. A plate 413 

reader was used to read absorbance at 490 nm. Three independent experiments in triplicate were 414 

conducted. The data were normalized so that untreated cells were 100% activity.  415 

 416 

Proteome Profiler™ Human Angiogenesis array  417 

Gelatin-coated 96-well tissue culture plates were seeded at 7,000 cells/well and grown to 418 

near confluence. Fresh media containing β-toxin at 50 μg mL-1 was added, and plates were 419 

incubated for 24 h at 37°C, 5% CO2. The conditioned media was removed and stored at -80°C 420 

until analyzed. Each treatment was conducted in triplicate with three technical replicates. The 421 

relative expression of 55 angiogenesis-related proteins was determined from the conditioned 422 

media of various experiments using a Proteome Profiler™ Human Angiogenesis Antibody Array 423 

according to the manufacturer's instructions modified for fluorescent analysis. 120 μL of 424 
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conditioned media was incubated with a cocktail of biotinylated detection antibodies for 1 h at 425 

room temperature. During this incubation, the membrane containing the capture antibodies was 426 

blocked at room temperature. After the hour incubation, the sample-antibody mixture was added 427 

to the washed membrane and incubated overnight at 4˚C. After a series of washes, the membrane 428 

was incubated with IRDye 800CW Streptavidin (1:2000 dilution) for 30 min at room 429 

temperature in the dark. After a series of washes, the fluorescent signal was detected using an 430 

Azure c600 (Azure Biosystems; 120 μm resolution, auto intensity). The signal produced at each 431 

spot is proportional to the amount of analyte bound and the mean pixel intensity of the duplicate 432 

spots on the membrane was calculated and averaged using Image Studio Software (LI-COR). 433 

Fold-changes over untreated controls were calculated for each detected protein. All treatments 434 

were matched. After an extensive literature search and cross-referencing of the GTExPortal and 435 

Expression Atlas databases, seven analytes unlikely to be produced by endothelial cells were 436 

removed from final analysis (angiopoietin-1, angiostatin/plasminogen, EG-VEGF, FGF-4, leptin, 437 

platelet factor 4, serpin B5). None of these analytes were produced by iHAECs. 438 

 439 

Wound Healing Assay 440 

4-chamber silicone inserts were placed into 12-well uncoated tissue culture treated plates. 441 

Each chamber was seeded with 3.08x104 cells and plates were incubated at 37°C, 5% CO2 for 4 442 

h. The media was removed and replaced media containing β-toxin (50 μg mL-1) and incubated 443 

overnight. The inserts were removed, and conditioned media was saved. The wells were washed 444 

with DPBS, and the conditioned media was returned to the wells with additional media 445 

containing effectors so that the final volume was 1.5 mL per well. Experiments were also 446 

conducted where β-toxin (50 μg mL-1), VEGF (10 ng mL-1), axitinib (10 μM), or mitomycin C (2 447 
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μg mL-1) was added after insert removal. The plates were incubated overnight in a Leica DMi8 448 

equipped with a Tokai Hit stage-top incubator set to 37°C, 5% CO2. Images were captured every 449 

30 min for 24 h using a HC PL FLUOTAR 4x/0.13 objective lens. Five independent experiments 450 

were conducted for each treatment condition. Images were automatically analyzed via ImageJ. 451 

The edges were found (Process → Find Edges) and the image was smoothed 10 times (Process 452 

→ Smooth). A MinError(I) threshold was then applied (Image → Adjust → Auto Local 453 

Threshold: MinError (I)) to automatically detect cells. The particle count was then quantified 454 

with a particle size of 1000-infinity (Analyze → Analyze Particles [size: 1,000 – infinity]) (79).  455 

 456 

Cell Proliferation Assay  457 

For cell proliferation assays, cells were seeded at 7,000 cells/well into gelatin-coated 96-458 

well plates and immediately treated with either β-toxin (50 μg mL-1), VEGF (10 ng mL-1), 459 

axitinib (10 μM), or mitomycin C (2 μg mL-1). Plates were incubated overnight in a Leica DMi8 460 

equipped with a Tokai Hit stage-top incubator (Tokai Hit Co., Ltd.) set to 37°C, 5% CO2. 461 

Merged images were captured every 30 min for 5 h, then every 5 h using a HC PL FLUOTAR 462 

4x/0.13 objective lens. Three independent experiments were conducted for each treatment 463 

condition. Cells were automatically counted using ImageJ by modifying the protocol outlined by 464 

Venter and Niesler (2019). Images were converted to grayscale and the edges found (Process → 465 

Find Edges). An Isodata threshold was then applied (Image → Adjust → Auto Threshold: 466 

Isodata) to automatically detect cells. The particle count was then quantified after determining 467 

the appropriate particle size to decrease background (Analyze → Analyze Particles [size: 0.003 – 468 

0.2]). 469 

 470 
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Tube Formation  471 

Wells in angiogenesis μ-slides were coated with 10 μL of GFR-Matrigel and allowed to 472 

polymerize for 1 h in a humidified chamber at 37°C, 5% CO2. Cells were seeded at 10,000 473 

cells/well in media containing β-toxin (50 μg mL-1) or axitinib (30 μM). The μ-slides were 474 

incubated overnight in a Leica DMi8 equipped with a Tokai Hit stage-top incubator set to 37°C, 475 

5% CO2. Images were captured every hour for 12 h using a HC PL FLUOTAR 4x/0.13 objective 476 

lens. Images were analyzed via the ImageJ Angiogenesis Analyzer plugin (80). A minimum of 477 

six independent experiments with five technical replicates were conducted.  478 

 479 

Aortic Ring Explant 480 

Mixed-sex New Zealand white rabbits, 2-3 kg, were purchased from Charles River and 481 

maintained at Charmany Instructional Facility at the School of Veterinary Medicine (SVM) of 482 

the University of Wisconsin (UW)-Madison. All rabbits were individually caged and given 483 

access to food and water ad libitum. Rabbits were given a period of at least four days to 484 

acclimate and deemed generally healthy by a veterinarian before experimental procedures. All 485 

experimental procedures were conducted under a UW-Madison SVM IACUC-approved protocol 486 

(#V006222). 487 

Aortic ring explants were conducted by modifying the thin-layer method (81). The 488 

thoracic and abdominal aortas were excised immediately after euthanasia. In a petri dish 489 

containing PBS, excess fascia and connective tissue were removed, then 1 – 1.5 mm2 cross-490 

sections were cut with a scalpel. 300 uL phenol red-free GFR-Matrigel was added to wells in 24-491 

well plates and rings immediately embedded. After 10 min polymerization at 37°C, 5% CO2, 500 492 

μL supplemented Medium 200 was added and plates were incubated at 37°C, 5% CO2 up to 14 493 
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days. Medium 200 contained LSGS, 100 U mL-1 penicillin-streptomycin, 2.5 μg mL-1 494 

amphotericin B, and relevant treatments. Media (± treatments) was changed every 3-5 days. 495 

Merged images were captured every other day using the Leica DMi8 equipped with a Tokai Hit 496 

stage-top incubator set to 37°C, 5% CO2 using a HC PL FLUOTAR 4x/0.13 objective lens. 497 

Growth was assessed using ImageJ (82). A total of three rabbits were used with a minimum of 498 

three rings per condition.  499 

 500 

Quantification and Statistical Analysis 501 

Statistical analyses were performed using GraphPad Prism software. For each 502 

experiment, the precision measures and number of technical and biological replicates are 503 

indicated in figure legends. The number of cells, number of measurements and timing of 504 

experiments can be found in the Method Details for each experimental setup. For the proteomics 505 

analysis, emphasis was placed on proteins with mean fold change outside of the 0.5-to-1.5-fold 506 

change previously described using this same array (39). Cell proliferation, tube formation, and 507 

wound healing were analyzed by two-way repeated measures ANOVA with α = 0.05. For MTS 508 

assays unpaired two-tailed t-tests were conducted. Statistical significance was given as * p ˂ 509 

0.0332, ** p ˂ 0.0021, *** p ˂ 0.002, **** p < 0.0001.  510 

 511 
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Figure 1. β-toxin inhibits production of angiogenic proteins from human aortic endothelial 
cells in monolayer growth.

Immortalized human aortic endothelial cells (iHAECs) grown to near confluency on gelatin-
coated plates were treated with either VEGF (10 ng mL-1), axitinib (30 μM), or β-toxin (50 μg mL-

1) for 24 h. Protein production was assessed by Proteome Profiler Human Angiogenesis Array Kit. 
Results are the mean fold change over untreated cells of three independent experiments conducted 
in duplicate. • angiogenic-related factors with a 50% increase (>1.5-fold change) or decrease 
(<0.5-fold change) from media control.

Figure 1
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Figure 2. β-Toxin inhibits wound healing.

Time course analysis of iHAECs grown to confluency in silicone inserts that create uniform gaps 
upon removal and treated with either VEGF (10 ng mL-1), axitinib (10 μM), or β-toxin (50 μg mL-

1) for 24 h. Images captured every 30 min.

(A) Phase-contrast microscopy at Time 0 (representative image) and at 24 h for all conditions 
tested. Scale bar = 200 μm. 

(B) iHAECs treated with VEGF or axitinib. 

(C) iHAECs treated with β-toxin. 

(D) iHAECs pretreated overnight with β-toxin prior to gap formation and thereafter. 

(B-D) All results are mean ± SEM of five independent experiments with four replicates each. * p
˂ 0.0332, ** p ˂ 0.0021, *** p ˂ 0.002, **** p = <0.0001; two-way repeated measures ANOVA 
with Tukey’s multiple comparisons test.
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Figure 3

Figure 3. β-Toxin modulates production of angiogenic proteins from iHAECs during wound 
healing. iHAECs grown to confluency in silicone inserts that create uniform gaps upon removal 
and treated with either VEGF (10 ng mL-1), axitinib (10 μM), or β-toxin (50 μg mL-1) for 24 h. 
Angiogenesis proteome arrays were determined from culture supernatants collected at 24 h. 
Results shown are the mean fold change from untreated cells of five independent experiments. 

• angiogenic-related factors with a 50% increase (>1.5-fold change) or decrease (<0.5-fold 
change) from media control.
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Figure 4. β-toxin inhibits migration and proliferation. 

(A) Percent metabolic activity. iHAECs grown to near confluency on 1% gelatin-coated plates and 
treated for 24 h with mitomycin C (MMC) in the absence or presence of β-toxin (50 μg mL-1). **** 
p = <0.0001; two-way repeated measures ANOVA. Unpaired, two-tailed t test was used to compare 
individual MMC treatments to media control (0 μg mL-1). 

(B) Phase-contrast microscopy at Time 0 (representative image) and at 24 h for all conditions 
tested. Images captured every 30 min. Scale bar = 200 μm.

(C) Percent wound closure over time of iHAECs treated with MMC (2 μg mL-1) ± β-toxin (50 μg
mL-1). All results are mean ± SEM of five independent experiments with four replicates each. *** p
˂ 0.002; two-way repeated measures ANOVA.

(D) Cell proliferation of iHAECs seeded at 7,000 cells/well and treated with MMC (2 μg mL-1) or 
β-toxin (50 μg mL-1) over a 20-h period. Cells counted every 30 min for the first 5 h then every 5 h 
thereafter. Results represent the change in cell count (mean ± SEM) of three independent 
experiments conducted in triplicate. * p ˂ 0.0332, unpaired, two-tailed t-test at 20 h.
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Figure 5. β-Toxin has differential effects on tube formation. iHAECs seeded on GFR-Matrigel were 
treated with either axitinib (30 μM) or β-toxin (50 μg mL-1) and tube formation imaged every 1 h for 12 h. 
(A) Phase-contrast microscopy at 3 h. Scale bar = 200 μm. 
(B) Average tube length over time of iHAECs ± axitinib.
(C) Average loop count over time of iHAECs ± axitinib. 
(D) Average tube length over time of iHAECs ± β-toxin.
(E) Average loop count over time of iHAECs ± β-toxin.
(F) Average tube length over time of HUVECs ± β-toxin.
(G) Average loop count over time of HUVECs ± β-toxin.
(B-G) Results are means ± SD for at least 6 independent experiments with five replicates each. Statistical 
significance determined by two-way repeated measures ANOVA. 
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Figure 6. β-toxin inhibits sprout formation. Thoracic and abdominal aortas were collected and 
sectioned from 2–3 kg New Zealand white rabbits. Rings were cultured on GFR-Matrigel in the 
presence or absence of β-toxin (50 μg mL-1). Scale bar = 500 μm.

(A) Phase-contrast microscopy of thoracic aortic rings. 

(B) Phase-contrast microscopy of abdominal aortic rings.
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