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Background

Patients with septic shock caused by Staphylococcus aureus have mortality rates exceeding 50%, despite appropriate antibiotic therapy. Our objectives were to establish a rabbit model of S. aureus septic shock and to determine whether a novel immunotherapy can prevent or halt its natural disease progression.





Methods

Anesthetized rabbits were ventilated with lung-protective low-tidal volume, instrumented for advanced hemodynamic monitoring, and characterized for longitudinal changes in acute myocardial dysfunction by echocardiography and sepsis-associated biomarkers after S. aureus intravenous challenge. To demonstrate the potential utility of this hyperdynamic septic shock model for preclinical drug development, rabbits were randomized for prophylaxis with anti-Hla/Luk/ClfA monoclonal antibody combination that neutralizes alpha-hemolysin (Hla), the bicomponent pore-forming leukocidins (Luk) including Panton-Valentine leukocidin, leukocidin ED, and gamma-hemolysin, and clumping factor A (ClfA), or an irrelevant isotype-matched control IgG (c-IgG), and then challenged with S. aureus.





Results

Rabbits challenged with S. aureus, but not those with saline, developed a hyperdynamic state of septic shock characterized by elevated cardiac output (CO), increased stroke volume (SV) and reduced systemic vascular resistance (SVR), which was followed by a lethal hypodynamic state characterized by rapid decline in mean arterial pressure (MAP), increased central venous pressure, reduced CO, reduced SV, elevated SVR, and reduced left-ventricular ejection fraction, thereby reproducing the hallmark clinical features of human staphylococcal septic shock. In this model, rabbits pretreated with anti-Hla/Luk/ClfA mAb combination had 69% reduction in mortality when compared to those pretreated with c-IgG (P<0.001). USA300-induced acute circulatory failure—defined as >70% decreased in MAP from pre-infection baseline—occurred in only 20% (2/10) of rabbits pretreated with anti-Hla/Luk/ClfA mAb combination compared to 100% (9/9) of those pretreated with c-IgG. Prophylaxis with anti-Hla/Luk/ClfA mAb combination halted progression to lethal hypodynamic shock, as evidenced by significant protection against the development of hyperlactatemia, hypocapnia, hyperkalemia, leukopenia, neutropenia, monocytopenia, lymphopenia, as well as biomarkers associated with acute myocardial injury.





Conclusion

These results demonstrate the potential utility of a mechanically ventilated rabbit model that reproduced hallmark clinical features of hyperdynamic septic shock and the translational potential of immunotherapy targeting S. aureus virulence factors for the prevention of staphylococcal septic shock.
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Introduction

Centers for Disease Control estimated 119,247 cases of S. aureus bacteremia (SAB) occurred in 2017 in United States, with 19,832 (16.6%) associated deaths (1). CDC reported an even higher mortality rate of 55.6% for patients with septic shock (2). Numerous bacterial virulence factors are implicated in animal models as contributing to the pathogenesis of S. aureus sepsis, such as surface proteins that facilitate tissue adherence and immune evasion, immunomodulatory proteins and coagulases that alter the inflammatory-coagulation interface, exotoxins that damage immune cells, endothelial cells, as well as different cells of the heart, lungs, liver and kidneys (3–7). Various clinical trials targeting some of these S. aureus virulence factors, such as its capsular polysaccharides, iron surface determinant B, manganese transport protein C, or clumping factor A (ClfA), have failed to demonstrate efficacy (8–11).

Results from clinical trials targeting pore-forming toxins by passive immunization with single monoclonal antibodies (mAb) are mixed. Although a cross-reactive mAb, ASN100, that neutralizes alpha-hemolysin (Hla) as well as two-component pore-forming toxins (Luk)—including Panton-Valentine leukocidin F component (LukF), leukocidin D, and gamma-hemolysin B component (HlgB)—protected against lethal challenge with a highly virulent community-associated methicillin-resistant S. aureus strain USA300 in mouse and rabbit pneumonia models (12), its phase 2 trial was terminated for futility after a planned interim analysis (13, 14). An anti-Hla mAb, MEDI4893/suvratoxumab, that protected against lethal challenge with USA300 in ferret and mouse pneumonia models but only partial protection in the rabbit pneumonia model showed a modest 31.9% (90% CI, -7.5% to 56.8%) relative risk reduction of pneumonia in a phase 2 clinical trial (15). It now seems imprudent to target only pore-forming toxins when staphylococcal pathogenesis is widely thought to be due to many virulence determinants (3–7).

The present study was undertaken to evaluate prophylactic efficacy of an anti-Hla/Luk/ClfA mAb combination in a newly developed mechanically ventilated rabbit model of USA300-induced septic shock. The anti-Hla/Luk/ClfA mAb combination was shown recently to confer protection in mouse models of surgical site infection (16), a diabetic mouse wound infection model (17), and a rabbit model of prosthetic joint infection (18). Mouse sepsis models are often used for preclinical testing but not used to evaluate efficacy of the anti-Hla/Luk/ClfA mAb combination because mouse polymorphonuclear leukocytes (PMNs) are known to be largely resistant to Panton-Valentine leukocidin and gamma-hemolysin and susceptible only to leukocidin ED (12). In contrast, rabbit and human PMNs were highly sensitive to all these cytotoxins (12, 19, 20), thereby making the rabbit a more suitable species for preclinical efficacy testing of the anti-Hla/Luk/ClfA mAb combination. Also, mouse sepsis models were not useful in predicting clinical efficacy of S. aureus conjugate capsular polysaccharides (21) and iron surface determinant B (IsdB) (22–24) vaccines that ultimately failed in phase 3 clinical trials (8, 25). The translational value of mouse sepsis models may be limited by the predominance of a hypodynamic circulation, which is typically not observed in septic shock patients (26–29). Because septic shock patients who were resuscitated adequately with fluids consistently demonstrated a hyperdynamic circulation with a high cardiac output (CO) and low systemic vascular resistance (SVR) (26–29), the recently published Minimum Quality Threshold in Preclinical Sepsis Studies guideline recommended that preclinical sepsis models should administer fluid resuscitation in order to separate sepsis-related events from pathological events resulting solely from progressive circulatory deterioration due to protracted hypovolemia (30). Fluid resuscitation was implemented successfully in non-human primate, canine and mouse Gram-negative sepsis models, which was critical for the development of both hyperdynamic state and myocardial depression seen in human sepsis (31–34). Unfortunately, fluid resuscitation was not implemented in commonly used mouse S. aureus sepsis models (21–24), likely because assessment of fluid responsiveness and its impact on sepsis-induced changes in cardiovascular performance require advanced hemodynamic monitoring and/or echocardiography, methods which are not available in most research laboratories.

To develop rabbit models that better predict the human clinical response and support drug regulatory approval, we used funding from the Food and Drug Administration to establish an experimental ICU to perform pathophysiology and preclinical efficacy studies to closely mimic clinical practice (35, 36). We describe here a new preclinical model of hyperdynamic septic shock induced by S. aureus in which rabbits are mechanically ventilated, instrumented for advanced hemodynamic monitoring (MAP, central venous pressure, cardiac output, stroke volume, systemic vascular resistance), evaluated for acute myocardial dysfunction by echocardiography, and assessed for changes in sepsis-associated blood biomarkers using real-time point-of-care instruments. In a natural history study, rabbits challenged intravenously with USA300 developed hallmark clinical features of a hyperdynamic state of septic shock that was followed by a short-lived and lethal hypodynamic state in which animals developed global left-ventricular dysfunction and acute circulatory failure. In a prophylactic efficacy study, rabbits pretreated with the anti-Hla/Luk/ClfA mAb combination, but not those pretreated with irrelevant isotype-matched control mAb (c-IgG), were protected against the lethal course of USA300-induced septic shock.





Methods




S. aureus preparation

A minimal-passaged SF8300 clinical strain representative of the epidemic clone USA300-0114 was used to induce lethal septic shock in the mechanically ventilated rabbit model. SF8300 was grown in 10 mL of tryptic soy broth (TSB) media (Sigma-Aldrich) overnight, then diluted 1:50 into 50 mL of TSB media in a 250 mL Erlenmeyer flask. Bacteria were grown at 37°C with shaking at 120 RPM and harvested at an OD600 nm of 0.4. Cells were washed and resuspended in sterile phosphate-buffered saline (PBS) to a concentration of 1 × 1010 colony-forming units (CFU)/mL, aliquoted into individual cryovials, and immediately stored at -80°C (19). Frozen stocks were titered in triplicate on three separate occasions before use in any experiment. Based on this value, the inoculum containing 9.4 x 108 CFUs (in 2.2 mL saline solution) was prepared and again tittered in triplicate to document the numbers of bacterial CFUs used for intravenous challenge of rabbits.





Monoclonal antibodies

Anti-Hla mAb (37), anti-Luk mAb that cross-neutralizes LukF-PV (PVL), LukD (leukocidin ED), HlgB (γ-hemolysin) (16), and anti-ClfA mAb (38) were generated as described previously. An irrelevant isotype-matched control IgG (c-IgG) directed against the gp120 protein of HIV was used as control (37).





Mechanically ventilated rabbit model of USA300-induced septic shock

The rabbit model was reviewed and approved by the University of California San Francisco Institutional Animal Care and Use Committee. Experiments were conducted in a facility certified by the Association for Assessment and Accreditation of Laboratory Animal Care International. New Zealand White rabbits (Western Oregon Rabbit Co.), 3.4 - 4.0 kg, 16 - 20 weeks of age, both male or female rabbits, were sedated by administration of buprenorphine (0.01-0.05 mg/kg) subcutaneously, and then, after 30 minutes, injected intramuscularly with a solution containing 36 mg/kg ketamine and 5.2 mg/kg xylazine. Ophthalmic ointment was placed on each eye. Once the desired depth of anesthesia was achieved as assessed by lack of pedal reflex, a 3.0 mm cuffed endotracheal tube was introduced orally into the trachea. The endotracheal tube was connected to a neonatal ventilatory circuit (Fisher & Paykel), connected to a heated humidifier (Fisher & Paykel) and then a ventilator (ADS2000, Engler) with the following settings: peak inspiratory pressure (PIP) of 12-15 cm H2O, positive end-expiration pressure (PEEP) of 5 cmH2O, respiratory rate of 30 breaths/min, flow rate of 4 L/min, fraction of inspired oxygen (FiO2) of 0.35, and 2.0-2.5% isoflurane to maintain general anesthesia. The ventilator settings remain constant for the duration of the study, except when FiO2 is increased to 1.0 when performing suctioning for removal of mucus that built up at the distal end of the endotracheal tube. The respiratory rate may be adjusted to maintain PaO2 between 140 and 200 mmHg and PaCO2 between 35 and 45 mmHg. The left or right marginal ear vein was catheterized with a 22G x 1” IV catheter for continuous infusion of Normosol-R with 5% dextrose (4 mL/kg/h) using an infusion pump (Hospira) for fluid maintenance.

The right carotid artery was catheterized with either 4 French pediatric PiCCO catheter (Getinge) for the natural history study or 18G arterial catheter (Argon Medical Devices) for the efficacy study and positioned approximate 2-3 cm from the common aortic arch, whereas the right internal jugular vein was catheterized with a 4 French dual-lumen pediatric central venous catheter (Medline) and positioned 1-2 cm from the right atrium using a common cutdown approach as detailed here. The surgical site was shaved, scrubbed, and prepped aseptically. The surgical site was draped out with sterile towels. The rabbit was placed in a supine position and depth of anesthesia was assessed by pinching between the toes. If rabbit was responsive, isoflurane was increased to effect. A 2-3 cm incision was made to access the right carotid artery/internal jugular vein using aseptic technique. Blunt and sharp dissection was used to identify and isolate the carotid artery from the Vagus nerve as well as the internal jugular vein. A distal 3-0 silk ligature was placed around the carotid artery/jugular vein to prevent back bleeding. A loose proximal ligature was placed around the carotid artery/jugular vein. A small (approximately 1 mm) cut was made at an angle across the vessel and the catheter was passed through the cut proximally and advanced about 5 cm so that the catheter tip was positioned approximately 2-3 cm from the common aortic arch or 1-2 cm from the right atrium. The proximal ligature was tied to secure the catheter in place. The vessels were repositioned and the wound was closed in at least 2 layers. The catheters were connected to pressure transducers with integrated flush device (Getinge) and the patient monitor (MP90, Philips Healthcare) for continuous blood pressure monitoring. To maintain patency, the catheters were continuously flushed with 3 ml/h normal saline containing 1U/ml heparin, and manually flushed every 1 h with three quick flushes of normal saline containing 1U/ml heparin.

Once the catheters were in place, the transpulmonary thermodilution method was used to measure cardiac output every 2 h by injecting a bolus of 2-mL cold normal saline through the central venous catheter. A thermistor located at the tip of the PiCCO catheter recorded the very brief drop in the blood temperature for calculation of a thermodilution curve and cardiac output (CO) on the patient monitor (MP90, Philips Healthcare). For each timepoint, CO was measured two times about 3-4 min apart, and then averaged. If the two CO measurements differed >10% from one another, a third CO measurement was performed, and the three measurements averaged. At 6 h after surgery, rabbits were challenged intravenously via the IV catheter placed in the marginal ear vein with a 2.2 ml saline solution containing 9.4 x 108 CFUs of USA300.





Echocardiography

Two-dimensional echocardiography was used to assess global left ventricular hypokinesia in the natural history study rabbits. Images were obtained with a cardiac ultrasound machine (iE33, Philips Healthcare) equipped with S12-4 sector array pediatric transducer. We measured the left ventricular and auricular dimensions as well as left ventricular ejection fraction (LVEF) using the parasternal long axis view of the heart via Teicholz method. 





Serial blood sampling and analysis

Arterial blood samples were collected at pre-infection baseline (within 1 h of intravenous challenge with USA300), and then every 2 h for the first 24 h post infection (hpi) and every 4 h until the end of the study. Blood gas analysis was determined using RapidPoint 500 (Siemens), including partial pressure of oxygen (PaO2) and of carbon dioxide (PaCO2), bicarbonate [HCO3-]), base excess, sodium (Na+), potassium (K+), chloride (Cl-), calcium (Ca++), glucose, and lactate. The Element HT5 Veterinary Hematology Analyzer© (Heska, Loveland, CO) was used to determine complete blood count with five-part differential. VetScan VS2© (Abaxis, Union City, CA) was used for analysis of alanine aminotransferase (ALT), aspartate aminotransferase (AST), creatinine and blood urea nitrogen.





Microbiology and tissue sample processing

Heart, lung, liver, kidney, and spleen were weighed and processed for bacterial count. For each organ, 3 to 4 pieces (0.05-0.10 grams each) were removed from different parts of the organ, totaling 0.1-0.2 grams, and then homogenized for 30-90 seconds using a Tissue-Tearor (BioSpec, Bartlesville, OK). Each homogenate (100 µL) was then serially diluted in 900 µL of normal saline and 100 µL of each dilution plated onto 5% blood sheep agar and incubated for 16-24 h at 37°C for CFU count.





Statistical analysis

Our hypothesis is that survival of rabbits pretreated with c-IgG is shorter than survival of those pretreated with anti-Hla/Luk/ClfA mAb combination in a rabbit model of USA300-induced septic shock. We calculated that a sample size of 9 animals per experimental group would provide a power of 80% to detect a hazard ratio of 0.25, with a two-sided type I error 0.05 by means of a log-rank test (Schoenfeld method) using STATA version 17.0 (StataCorp). The sample size was increased to 10 animals per experimental group to account for potential exclusion of animals in this model for technical problems related to intubation, surgery for placement of catheter in the carotid artery, or occlusion of endobronchial tube from mucus buildup during mechanical ventilation (35). Survival curves were generated using the Kaplan-Meier method, and significance was assessed by means of the log rank (Mantel-Cox) test. Nonparametric statistics, median [25th percentile – 75th percentile], were computed for all variables. Bacterial count and lung weight/body weight (LW/BW) ratio were compared using a nonparametric two-sided Mann-Whitney U test. Two-sided Fisher’s exact test was used to determine whether rabbits pretreated with c-IgG or anti-Hla/Luk/ClfA mAb combination differ in the proportions of categories for the various blood tests (e.g., hypocapnia). Nonparametric one-way analysis of variance (ANOVA) with Kruskal-Wallis test followed by Dunn’s multiple comparison test were used to evaluate effect of pretreatment with c-IgG or anti-Hla/Luk/ClfA mAb combination on blood tests conducted at pre-infection baseline or terminal endpoint.






Results




Natural history study revealing a hyperdynamic state of USA300-induced septic shock in mechanically ventilated rabbits

We performed a natural history study to characterize the pathogenesis of USA300-induced septic shock in anesthetized rabbits that were intubated for mechanical ventilation with a lung-protective low-tidal volume (Figure 1A), as previously described (35). Anesthetized rabbits were instrumented with the PiCCO catheter and central venous catheter for advanced hemodynamic monitoring, including intermittent measurement of cardiac output by transpulmonary thermodilution method (Figures 1A, B). Rabbits were infused with a total of 60-65 mL/kg of a balanced crystalloid solution over the course of 6 h preceding S. aureus challenge for (i) fluid maintenance at 4 mL/kg/h, (ii) continuous flushing the arterial and central venous catheters at 3 mL/h each (Figure 1A), and (iii) fluid resuscitation at 30 mL/kg to counteract the hypotension associated with overstimulation of Vagus nerve during carotid artery catheterization (35), thereby providing adequate volume repletion that may be crucial for the development of a hyperdynamic state of septic shock after S. aureus challenge.




Figure 1 | Experimental setup for a mechanically ventilated rabbit model of hyperdynamic septic shock with advanced hemodynamic monitoring. (A) Rabbits were anesthetized with isoflurane and mechanically ventilated with lung-protective low-tidal volume parameters as shown. A thermodilution catheter placed in the right carotid artery and central venous catheter (CVC) in the right internal jugular vein for continuous measurement of arterial blood pressure (ABP), central venous pressure (CVP), and heart rate (HR), as well as intermittent measurement of cardiac output. (B) Changes in blood temperature (Tblood) were measured by transpulmonary thermodilution of cold saline of known volume (InjVol) and temperature (Tinj) that was injected through the CVC and passed through the right heart, the lungs, and the left heart and then detected by the PiCCO catheter placed in the carotid artery. This procedure was repeated 2-3 times within 10 minutes to ensure that an accurate average of the cardiac output (C.O.), which is inversely related to the area under the thermodilution curve, was computed on the cardiac monitor (Philips Intellivue MP90 with PiCCO module).



Mortality rate was 100% (6/6) for USA300-challenged rabbits, with acute circulatory failure and death occurring between 15 and 27 h post infection (Figures 2A–F), whereas the two saline-challenged rabbits survived to the end of the study period at 36 h post challenge (Figures 2G, H). The hyperdynamic state of USA300-induced septic shock, which was characterized by elevated cardiac output, increased stroke volume, and decreased systemic vascular resistance, occurred early at 2-6 h post infection in five of the rabbits (Figures 2A, B, D–F) or later at 8-18 h post infection in one rabbit (Figure 2C), thereby reproducing the clinical hyperdynamic state with increased heart rate, elevated cardiac output, increased stroke volume, and decreased systemic vascular resistance in adequately volume-resuscitated patients with septic shock (26–29). Then the ensuing hypodynamic state, which was characterized by decreased heart rate, decreased MAP, increased central venous pressure, decreased cardiac output, decreased stroke volume, and elevated systemic vascular resistance, occurred in the 4-6 h period before the rabbits succumbed to USA300-induced septic shock (Figures 2A–F), mimicking the terminal phase in non-survivor patients with hypodynamic shock and death (39). MAP, central venous pressure, cardiac output, stroke volume and systemic vascular resistance remained within normal limits for the two saline-challenged rabbits, consistent with our previous findings that our lung-protective low-tidal volume mechanical ventilation protocol and instrumentation did not negatively impact rabbits without infectious challenge (35).




Figure 2 | Natural history study showing hyperdynamic and hypodynamic states of USA300-induced septic shock in mechanically ventilated rabbits. Advanced hemodynamic monitoring was performed for rabbits challenged with USA300 (A–F) or saline (G, H). Heart rate (HR), mean arterial pressure (MAP) and central venous pressure (CVP) were recorded every 15 minutes, whereas cardiac output (CO) was determined intermittently at the time points indicated in each graph. Systemic vascular resistance (SVR) and stroke volume (SV) were computed based on HR, MAP, CVP and CO. Numerical values for HR were divided by 3 and SVR by 10, and SV multiplied by 10 so that they can be displayed with the other parameters using the same scale on the y-axis.







Acute myocardial dysfunction in rabbits during hypodynamic shock

Transthoracic echocardiography was used in the rabbit natural history study to characterize further potential septic shock-induced acute myocardial dysfunction, including global left ventricular hypokinesia, which occurred in 60% of mechanically ventilated patients with septic shock (40). Representative M-mode echocardiographic tracings for Rabbit #1 (see Figure 2A for corresponding changes in hemodynamic parameters) obtained at pre-infection baseline (Figure 3A), at the early hypodynamic state when MAP decreased 20% from pre-infection baseline value (Figure 3B), and at the late hypodynamic state when MAP decreased >30% from pre-infection baseline value (Figure 3C) illustrated the development of progressive global left ventricular hypokinesia. For all six rabbits with USA300-induced septic shock, left ventricular ejection fraction (LVEF) was 70% (range from 64% to 75%) at pre-infection baseline, and decreased progressively to 47% (28% to 61%) during the early hypodynamic state, and then to 35% (25% - ;46%) during late hypodynamic state (test for linear trend P<0.001; Figure 3D).




Figure 3 | Development of global left ventricular dysfunction in early and late hypodynamic states of USA300-induced septic shock. Representative M-mode echocardiographic tracing showing systolic and diastolic left ventricular dimensions in a USA300 WT-infected for Rabbit #1 at (A) pre-infection baseline, (B) early hypodynamic state when MAP decreased by about 20% from pre-infection baseline, and (C) late hypodynamic state in the when MAP was decreased >30% from pre-infection baseline. (D) Left ventricular ejection fraction (LVEF) for six rabbits challenged with USA300 declined significantly from pre-infection baseline to the early and then late hypodynamic states (linear test for trend, P < 0.001). For two control rabbits challenged with saline, LVEF values were unchanged over time: 67%, 69%, 64% for Rabbit #7, and 64%, 62%, and 62% for Rabbit #8 at pre-infection baseline, 5 h post saline challenge, and 36 h post saline challenge, respectively.







Prophylactic efficacy of anti-Hla/Luk/ClfA mAb in a rabbit model of USA300-induced septic shock

Rabbits were randomized for intravenous injection with either 30 mg/kg each of the anti-Hla/Luk/ClfA mAb combination or irrelevant isotype-matched c-IgG. After 16-20 h, rabbits were challenged intravenously with the community-associated MRSA USA300, which is known to produce the virulence determinants targeted by our mAb combination: α-hemolysin is neutralized by anti-Hla mAb; F components of the bicomponent toxin LukF-PV (PVL), LukD (leukocidin ED), HlgB (γ-hemolysin) are cross-neutralized by anti-Luk mAb (41); and clumping factor A is neutralized by anti-ClfA mAb. Overall survival rates were 11% (1/9) for rabbits pretreated with c-IgG compared to 80% (8/10) for those pretreated with anti-Hla/Luk/ClfA mAb combination (P<0.001 by log-rank test; Figure 4A).




Figure 4 | Anti-Hla/Luk/ClfA mAb combination improved survival in rabbit model of USA300-induced hyperdynamic septic shock. (A) Kaplan-Meier survival curves for rabbits pretreated with indicated mAbs and then challenged intravenously with 9.4 x 108 CFUs of USA300. Two-sided Mantel-Cox log-rank test was used to compare survival rates with P<0.05 considered statistically significant. (B) Bacterial counts of vital organs for rabbits determined at the terminal endpoint when rabbits succumbed to infection (filled symbol) or at the end of the monitoring period 36 h post infection (open symbol). Nonparametric Mann-Whitney U test was used to evaluate differences in bacterial counts in vital organs for animals pretreated with c-IgG vs. anti-Hla/Luk/ClfA antibody. P-values ≥0.05 are marked as ns for not significant, * if <0.05, and *** if <0.001.



S. aureus quantified in heart and kidney samples showed significant log10CFU reduction (P<0.001 and P=0.043 by nonparametric Mann-Whitney test), whereas those in lung, spleen, kidney, and liver samples showed non-significant reduction in rabbits pretreated with anti-Hla/Luk/ClfA mAb combination compared to those pretreated with c-IgG (Figure 4B).





Anti-Hla/Luk/ClfA mAb combination protected against acute circulatory failure

Although cardiac output and central venous pressure were measured in the natural history study, these advanced hemodynamic parameters were not measured for the efficacy study of the anti-Hla/Luk/ClfA mAb combination because they are labor intensive, and the more expensive thermodilution and central venous catheters that we used are more prone to thrombotic occlusion due to their narrower tip design, thereby requiring removal and exchange with new catheters in 20-30% of rabbits. Nonetheless, for the efficacy study, we catheterized the right carotid artery for continuous blood pressure monitoring with a similarly sized arterial catheter in which the narrow tip was cut off with a sharp surgical blade, creating a 90° blunt tip which helped reduce the frequency of thrombotic catheter occlusion to <5% of rabbits. Mean arterial pressure (MAP) was recorded every 15 min, providing a high-resolution view of the individual rabbit’s hemodynamics (Figures 5A, B). MAP declined sharply in all (9/9) c-IgG-pretreated rabbits in the 2-4 h preceding death (Figure 5A), corresponding to the hypodynamic state of septic shock described above (Figures 2, 3), whereas MAP remained within normal limits for 80% (8/10) of anti-Hla/Luk/ClfA mAb combination-pretreated rabbits that survived to the end of the study at 36 h post infection and declined sharply in only the remaining 20% (2/10) of rabbits that died (Figure 5B). The one survivor pretreated with c-IgG developed severe hypotension at 25 h post infection when MAP decreased to 14 mmHg, but then increased rapidly and remained from 25 to 32 mmHg until the animal was euthanized at 36 h post infection, the end of the study period (Figure 5A). USA300-induced acute circulatory failure, defined as >70% decreased in MAP from pre-infection baseline, occurred in 20% (2/10) of rabbits pretreated with anti-Hla/Luk/ClfA mAb combination compared to 100% (9/9) rabbits pretreated with c-IgG compared to (two-sided Fisher’s exact test, P < 0.001; see also Figure 5C).




Figure 5 | Anti-Hla/Luk/ClfA mAb combination, but not c-IgG, protected against acute circulatory failure. Mean arterial pressure (MAP) were recorded every 15 minutes in rabbits pretreated with (A) c-IgG or (B) anti-Hla/Luk/ClfA mAb combination. (C) MAP at pre-infection baseline (T0) or terminal endpoint (TE) for the two experimental groups were compared by nonparametric one-way analysis of variance (ANOVA) with Kruskal-Wallis test followed by Dunn’s multiple comparison tests. Data points from rabbits that succumbed to infection are represented by filled symbols, and those euthanized at the end of the monitoring period 36 h post infection by open symbols. P-values ≥0.05 are marked as ns for not significant, ** if <0.01, and *** if <0.001.







Hypoxemic respiratory failure not a consistent feature of this rabbit model of USA300-induced septic shock

Despite USA300 infecting the lungs of all rabbits (Figure 4B), the lung weight to body weight (LW/BW) ratio in g/kg, a quantitative measure of acute lung injury, was 4.2 [3.8 – 4.9] for rabbits pretreated with anti-Hla/Luk/ClfA mAb combination and 3.9 [3.7 - 4.5] for those pretreated with c-IgG (Mann Whitney test, P=0.50; Figure 6A), which are similar to the LW/BW ratio of 3.9 for uninfected control rabbits that were managed using the same aforementioned lung-protective ventilatory strategies (35). Accordingly, hypoxemic respiratory failure was not a consistent feature of the rabbit model because the ratio of partial pressure arterial oxygen and fraction of inspired oxygen (PaO2/FiO2) decreased to 100 mmHg - 300 mmHg, thresholds for mild to moderate in ARDS severity according to the Berlin definition (42), in only 20% (2/10) and 11% (1/9) of rabbits pretreated with anti-Hla/Luk/ClfA mAb combination or c-IgG, respectively (two-sided Fisher’s exact test, P = 1.00; Figure 6B).




Figure 6 | Intravenous challenge with USA300 did not cause hypoxemic respiratory failure. (A) Lung weight to body weight (LW/BW) ratio determined at pre-infection baseline (T0) or the terminal endpoint (TE) when rabbits succumbed to infection (filled symbol) or at the end of the monitoring period 36 h post infection (open symbol). Nonparametric Mann-Whitney U test was used to evaluate differences in LW/BW pretreated with c-IgG compared to anti-Hla/Luk/ClfA antibody. (B) PaO2:FiO2 determined at pre-infection baseline (T0) or TE and compared by nonparametric one-way analysis of variance (ANOVA) with Kruskal-Wallis test followed by Dunn’s multiple comparison tests. P-values ≥0.05 are marked as ns for not significant.







Temporal changes in peripheral white blood cell populations and survival in rabbits pretreated with anti-Hla/Luk/ClfA mAb combination

To determine whether temporal changes in circulating white blood cell populations are associated with survival of rabbits pretreated with anti-Hla/Luk/ClfA mAb combination or c-IgG, serial blood samples were collected from each rabbit at pre-infection baseline, 2, 4, 6, 8, 10, 12, 14, 16, 18, 20, 22, 24, 28, 32, 36 h post infection or within 1 h of the time when rabbit succumbed to infection for complete blood count with differential. Peripheral white blood cells, including neutrophils and monocytes, declined very rapidly within the first 6 h post infection for all rabbits, but then increased among the 80% (8/10) and 11% (1/9) of rabbits pretreated with anti-Hla/Luk/ClfA mAb combination or c-IgG, respectively, that survived to the end of the study at 36 h post infection (two-sided Fisher’s exact test, P = 0.006; Figures 7A–F). Among the 8 non-survivors pretreated with c-IgG, those with the steepest decline in white blood cells, neutrophils and monocytes also developed earliest acute circulatory failure and death (Figures 7A, C, E). Lymphocyte counts also declined, but less rapidly compared to the decline of neutrophils and monocytes, in all rabbits from both experimental groups (Figures 7G, H). Compared to rabbits pretreated with c-IgG, those pretreated with anti-Hla/Luk/ClfA mAb combination had significantly greater numbers of white blood cells (4.9 [3.7 - 6.4] vs. 1.4 [0.7 - 2.9] * 103/µL, P<0.001), neutrophils (2.5 [1.7 - 3.4] vs. 0.7 [0.2 - 1.5] * 103/µL, P<0.001), monocytes (0.49 [0.29 - 0.56] vs. 0.05 [0.01 - 0.14] * 103/µL, P=0.002), and lymphocytes (1.2 [0.9 - 1.4] vs. 0.4 [0.3 - 0.8] * 103/µL, P=0.002) at the terminal endpoint (Figures 7A–H).




Figure 7 | Temporal changes in circulating cell populations. Serial blood samples were collected from carotid artery and analyzed on a veterinary hematology analyzer for complete blood count with differential for rabbits pretreated with c-IgG (A, C, E, G) or anti-Hla/Luk/ClfA mAb combination (B, D, F, H).







Differences in biomarkers in rabbits pretreated with anti-Hla/Luk/ClfA mAb combination or c-IgG

Lactate at the terminal endpoint was 1.3 [0.8 - 6.4] mmol/L for rabbits pretreated with anti-Hla/Luk/ClfA mAb combination compared to 13.9 [9.0 - 15.7] mmol/L for those pretreated with c-IgG (multiplicity-adjusted P<0.01; Figure 8D). Lactate increased in all (10/10) non-survivors but remained similar to pre-infection baseline for 9/9 survivors from both experimental groups (Figure 8D), consistent with hyperlactatemia being one of the strongest prognostic biomarker of survival in patients with septic shock (43, 44).




Figure 8 | Arterial blood gas analysis in rabbits pretreated with anti-Hla/Luk/ClfA mAb combination or c-IgG. (A) Partial pressure of arterial carbon dioxide (PaCO2), (B) pH, (C) HCO3-, (D) lactate, (E) glucose, and (F) potassium determined at pre-infection baseline (T0) or the terminal endpoint (TE) within 1 h of when rabbits succumbed to infection or at 36 h post-infection at the end of the study period for rabbits pretreated with anti-Hla/Luk/ClfA mAb combination or c-IgG. Multiplicity adjusted P-values were calculated by nonparametric one-way analysis of variance (ANOVA) with Kruskal-Wallis test followed by Dunn’s multiple comparison test for the four comparisons indicated in each panel. P-values >0.05 are marked with ns for not significant, * for <0.05, ** for <0.01, and *** for <0.001.



Despite no differences at pre-infection baseline, PaCO2 at the terminal endpoint was 35 [29 - 44] mmHg for rabbits pretreated with anti-Hla/Luk/ClfA mAb combination compared to 19 [11 - 27] mmHg for those pretreated with c-IgG (multiplicity-adjusted P<0.05; Figure 8A). Severe hypocapnia, defined as PaCO2 < 25 mmHg, occurred in 10% (1/10) of rabbits pretreated with anti-Hla/Luk/ClfA mAb combination compared to 78% (7/9) of those pretreated with c-IgG (two-sided Fisher’s exact test, P = 0.005). This is consistent with findings in patients with septic shock in which severe hypocapnia was associated with death (45, 46).

pH showed broad changes, ranging from marked acidosis to alkalosis, in rabbits from both experimental groups, and did not correlate with survival or death (Figure 8B). In contrast, bicarbonate decreased to the lowest level in all (10/10) non-survivors compared 0/9 survivors, although differences between the two experimental groups at the terminal endpoint were not statistically significant (Figure 8C).

Glucose also displayed a broad range at the terminal endpoint for rabbits in both experimental groups, with hypoglycemia (<100 mg/dL) occurring in 37% (7/19) and hyperglycemia (>200 mg/dL) in 16% (3/19) of rabbits (Figure 8E). Potassium levels at the terminal endpoint was 3.0 [2.7 - 4.8] mmol/L for rabbits pretreated with anti-Hla/Luk/ClfA mAb combination compared to 7.4 [4.5 - 8.3] mmol/L for those pretreated with c-IgG (multiplicity-adjusted P<0.01; Figure 8F). Extreme hyperkalemia (>6.5 mEq/L) occurred in 70% (7/10) of rabbits from both experimental groups that succumbed to USA300-induced septic shock and none (0/9) of the survivors (Figure 8F).





Changes in biomarkers associated with multiple organ dysfunction

Acute myocardial injury biomarkers, including cardiac troponin I, CK-MB, and myoglobin, increased significantly from pre-infection baseline to the terminal endpoint for rabbits pretreated with c-IgG (Figures 9A–C). In contrast, cardiac troponin I, but not CK-MB or myoglobin, increased significantly from pre-infection baseline to the terminal endpoint for rabbits pretreated with anti-Hla/Luk/ClfA mAb combination (Figures 9A–C). When comparing rabbits pretreated with c-IgG or anti-Hla/Luk/ClfA mAb combination at the terminal endpoint, significant differences were noted with cardiac troponin I (multiplicity-adjusted P<0.01), but not CK-MB or myoglobin (Figures 9A–C). The aspartate aminotransferase to alanine aminotransferase (AST/ALT) ratio increased to greater than 5 in 44% (4/9) rabbits pretreated with c-IgG compared to 0% (0/10) for those pretreated with anti-Hla/Luk/ClfA mAb combination (Figure 9D). In the four c-IgG-pretreated rabbits with AST/ALT >5, ALT was only mildly elevated (suggestive of minimal liver necrosis) whereas AST was markedly elevated (suggestive of myocardial necrosis) (47), which is consistent also with their markedly elevated levels of cardiac troponin I, CK-MB, and myoglobin (Figures 9A–C). Creatinine and blood urea nitrogen levels were mildly elevated in only 22% (2/9) and 10% (1/10) of rabbits pretreated with c-IgG and anti-Hla/Luk/ClfA mAb combination (two-sided Fisher’s exact test, P = 0.58;Figures 9E–F), suggesting minimal impact of USA300-induced septic shock on kidney function.




Figure 9 | Biomarkers of multiple organ dysfunction in rabbits pretreated with anti-Hla/Luk/ClfA mAb combination or c-IgG. (A) Cardiac troponin I, (B) creatine kinase-MB (CK-MB), (C) myoglobin, (D) aspartate aminotransferase/alanine aminotransferase (AST/ALT), (E) creatinine, and (F) blood urea nitrogen determined at pre-infection baseline (T0) or the terminal endpoint (TE) within 1 h of when rabbits succumbed to infection or at 36 h post-infection at the end of the study period for rabbits pretreated with anti-Hla/F/ClfA mAb combination or c-IgG. Multiplicity adjusted P-values were calculated by nonparametric one-way analysis of variance (ANOVA) with Kruskal-Wallis test followed by Dunn’s multiple comparison test for the four comparisons indicated in each panel. P-values >0.05 are marked with ns for not significant, * for <0.05, ** for <0.01, and *** for <0.001.








Discussion

Our new mechanically ventilated rabbit model (Figure 1) reproduced an extended hyperdynamic state of septic shock that was characterized by elevated cardiac output, increased stroke volume, and reduced systemic vascular resistance, which was then followed by a short-lived and lethal hypodynamic state characterized by rapid decline in mean arterial pressure, increased in central venous pressure, reduced cardiac output, reduced stroke volume, elevated systemic vascular resistance (Figure 2), and reduced left-ventricular ejection fraction (Figure 3). The hyperdynamic and hypodynamic states of septic shock observed in this rabbit model closely mimicked the hallmark clinical features of human septic shock (30, 48), which may prove to be critical for using this preclinical animal model as a tool to help predict clinical efficacy of novel anti-staphylococcal drug candidates.

Because the development of a hyperdynamic state in patients with septic shock and in preclinical animal models is dependent on adequate fluid resuscitation (30–34), volume repletion in our rabbit model was implemented by infusion of 60-65 mL/kg of a balanced crystalloid solution over the course of 6 h preceding S. aureus challenge (Figure 1A). Our non-aggressive fluid repletion approach allowed for the development of a hyperdynamic state of septic shock as evidenced by the increased stroke volume observed in all (6/6) rabbits as early as 2 h after S. aureus challenge (Figures 2A–F), suggesting that adequate volume repletion was administered (49, 50). It should be noted that our goal is to model in rabbits the transition from pre-sepsis to the development of S. aureus-induced hyperdynamic septic shock, and, as such, volume repletion in our rabbit model was implemented before infectious challenge to enable the maintenance and increase in stroke volume that occurred shortly after intravenous injection of S. aureus. This experimental setup allowed us to then evaluate whether prophylactic administration of anti-Hla/Luk/ClfA mAb combination prevents the development of S. aureus hyperdynamic and hypodynamic septic shock in the setting of pre-administration of volume repletion.

We showed here in this new rabbit model of hyperdynamic septic shock that prophylaxis with the anti-Hla/Luk/ClfA mAb combination resulted in a 69% greater survival rate compared to prophylaxis with c-IgG (Figure 4A), and that improved survival was associated with its protection against S. aureus-induced acute circulatory failure (Figure 5). The most severe manifestation of acute circulatory failure, aside from sudden death, is septic shock, which can be difficult to characterize in the critically ill patients because of modifying factors such as antibiotic therapy and supportive care (48). In our mechanically ventilated rabbit model, the hallmark clinical features of septic shock are readily recognized in rabbits pretreated with c-IgG. USA300-induced severe hypotension (Figure 5A) was associated with extreme hyperlactatemia (Figure 8D), a biomarker of global tissue hypoxia/hypoperfusion (51) that occurred despite adequate arterial oxygenation (Figure 6B) from our lung-protective low-tidal volume mechanical ventilation strategy. The latter stages of USA300-induced septic shock in the rabbit model were further characterized by hypocapnia (Figure 8A), hyperkalemia (Figure 8F), leukopenia (Figure 7A), neutropenia (Figure 7C), monocytopenia (Figure 7E) and lymphopenia (Figure 7G), which are common components of human septic shock (52, 53). Prophylaxis with anti-Hla/Luk/ClfA mAb combination, however, halted the progression of acute circulatory failure in 80% (8/10) of rabbits (Figure 5B), thereby preventing marked changes to these biomarkers and their grave prognosis. Importantly, the improved survival associated with anti-Hla/Luk/ClfA mAb combination may be due in part to its capacity to reduce growth and survival of USA300 in the heart (Figure 4B) and protect against acute myocardial injury (Figures 9A–C).

Our study has limitations. First, our sample size calculation was powered to detect as statistically significant a 60% difference in survival (the primary study outcome), requiring a small sample size of only nine animals per experimental group. As such, our study was not powered for statistical analysis of secondary study outcomes comparing changes in blood biomarkers that also requires accounting for multiple comparisons. Second, we did not determine the individual contributions of each mAb for protection against USA300-induced septic shock in the present study. However, it should be noted that these three mAbs when administered alone or in various combinations had demonstrated efficacy in the other preclinical models, including mouse, ferret and rabbit models of pneumonia (54–56), mouse and rabbit models of dermonecrosis (57, 58), mouse models of surgical site infection (16), a diabetic mouse wound infection model (17), and a rabbit model of prosthetic joint infection (18). Third, only the community-associated MRSA USA300 strain was used in the rabbit model of septic shock for efficacy testing because it expresses all the virulence factors targeted the anti-Hla/Luk/ClfA mAb combination. Future studies would characterize the efficacy of this mAb combination against other clinically relevant MRSA strains, including some hospital-associated MRSA strains that do not express PVL. Fourth, while we demonstrated efficacy of anti-Hla/Luk/ClfA mAb combination for pre-exposure prophylaxis, we did not address its efficacy in post-exposure exposure treatment as an adjunctive therapy to the standard of care, which includes antibiotic, fluid resuscitation and vasopressor that are vital to the management of patients with S. aureus septic shock. For future post-exposure treatment studies in the rabbit model, aggressive fluid resuscitation may be triggered at a later time points after S. aureus challenge using precise thresholds for acute hemodynamic deterioration (e.g., when MAP decreased >20% from pre-infection baseline), which aligns better with the recommendation in the Surviving Sepsis Campaign guidelines that initial fluid resuscitation begins immediately on diagnosis of sepsis and organ dysfunction (48).

In summary, prophylactic administration of the anti-Hla/Luk/ClfA mAb combination protected against acute circulatory failure and death in a rabbit model of USA300-induced hyperdynamic septic shock. Prognostic biomarkers associated with improved survival in this rabbit model may be useful for designing clinical trials to evaluate efficacy of the anti-Hla/Luk/ClfA mAb combination against S. aureus severe sepsis and septic shock.





Data availability statement

The raw data supporting the conclusions of this article will be made available by the authors, without undue reservation.





Ethics statement

The animal study was approved by University of California San Francisco Institutional Animal Care and Use Committee. The study was conducted in accordance with the local legislation and institutional requirements.





Author contributions

NN: Data curation, Formal Analysis, Investigation, Methodology, Writing – review & editing. TD: Data curation, Formal Analysis, Methodology, Investigation, Writing – review & editing. KS: Investigation, Writing – review & editing. CT: Investigation, Writing – review & editing, Methodology, Resources. BS: Resources, Writing – review & editing, Conceptualization, Project administration, Supervision. BD: Conceptualization, Project administration, Resources, Supervision, Writing – review & editing, Data curation, Formal Analysis, Funding acquisition, Investigation, Methodology, Visualization, Writing – original draft.





Funding

The authors declare financial support was received for the research, authorship, and/or publication of this article. Development of the mechanically ventilated rabbit model of septic shock was funded in part by the US Food and Drug Administration contract number HHSF223201710112C to BD. The FDA was not involved in the study design, collection, analysis, interpretation of data, the writing of this article or the decision to submit it for publication. The preclinical efficacy of the monoclonal antibody combination was funded by AstraZeneca.





Conflict of interest

Authors CT and BS are employed by AstraZeneca. The preclinical efficacy testing of anti-Hla/Luk/ClfA mAb combination study was funded by AstraZeneca to BD.

The remaining authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

This study received funding from AstraZeneca for preclinical efficacy testing of the monoclonal antibody combination in the mechanically ventilated rabbit model of S. aureus septic shock. The funder had the following involvement with the study: BS was involved in the study design, and CT prepared and characterized the monoclonal antibody combination.





References

1. Kourtis, AP, Hatfield, K, Baggs, J, Mu, Y, See, I, Epson, E, et al. Vital signs: Epidemiology and recent trends in methicillin-resistant and in methicillin-susceptible staphylococcus aureus bloodstream infections - United States. MMWR Morb Mortal Wkly Rep (2019) 68:214–9. doi: 10.15585/mmwr.mm6809e1

2. Klevens, RM, Morrison, MA, Nadle, J, Petit, S, Gershman, K, Ray, S, et al. Invasive methicillin-resistant Staphylococcus aureus infections in the United States. JAMA (2007) 298:1763–71. doi: 10.1001/jama.298.15.1763

3. van Hal, SJ, Jensen, SO, Vaska, VL, Espedido, BA, Paterson, DL, and Gosbell, IB. Predictors of mortality in Staphylococcus aureus Bacteremia. Clin Microbiol Rev (2012) 25:362–86. doi: 10.1128/CMR.05022-11

4. Sampedro, GR, and Bubeck Wardenburg, J. Staphylococcus aureus in the intensive care unit: Are these golden grapes ripe for a new approach? J Infect Dis (2017) 215:S64–70. doi: 10.1093/infdis/jiw581

5. Thomer, L, Schneewind, O, and Missiakas, D. Pathogenesis of Staphylococcus aureus bloodstream infections. Annu Rev Pathol (2016) 11:343–64. doi: 10.1146/annurev-pathol-012615-044351

6. Foster, TJ, Geoghegan, JA, Ganesh, VK, and Hook, M. Adhesion, invasion and evasion: the many functions of the surface proteins of. Staphylococcus aureus. Nat Rev Microbiol (2013) 12:49–62. doi: 10.1038/nrmicro3161

7. Spaan, AN, van Strijp, JAG, and Torres, VJ. Leukocidins: staphylococcal bi-component pore-forming toxins find their receptors. Nat Rev Microbiol (2017) 15:435–47. doi: 10.1038/nrmicro.2017.27

8. Fowler, VG, Allen, KB, Moreira, ED, Moustafa, M, Isgro, F, Boucher, HW, et al. Effect of an investigational vaccine for preventing Staphylococcus aureus infections after cardiothoracic surgery: a randomized trial. JAMA (2013) 309:1368–78. doi: 10.1001/jama.2013.3010

9. Fowler, VG Jr., and Proctor, RA. Where does a. Staphylococcus aureus Vaccine stand? Clin Microbiol Infect (2014) 20 Suppl 5:66–75. doi: 10.1111/1469-0691.12570

10. Fattom, A, Matalon, A, Buerkert, J, Taylor, K, Damaso, S, and Boutriau, D. Efficacy profile of a bivalent Staphylococcus aureus glycoconjugated vaccine in adults on hemodialysis: Phase III randomized study. Hum Vaccin Immunother (2015) 11:632–41. doi: 10.4161/hv.34414

11. Miller, LS, Fowler, VG, Shukla, SK, Rose, WE, and Proctor, RA. Development of a vaccine against Staphylococcus aureus invasive infections: Evidence based on human immunity, genetics and bacterial evasion mechanisms. FEMS Microbiol Rev (2020) 44:123–53. doi: 10.1093/femsre/fuz030

12. Diep, BA, Le, VT, Visram, ZC, Rouha, H, Stulik, L, Dip, EC, et al. Improved Protection in a Rabbit Model of Community-Associated Methicillin-Resistant Staphylococcus aureus Necrotizing Pneumonia upon Neutralization of Leukocidins in Addition to Alpha-Hemolysin. Antimicrob Agents Chemother (2016) 60:6333–40. doi: 10.1128/AAC.01213-16

13. Release, AN. Arsanis provides update following completion of planned interim analysis of phase 2 clinical trial of ASN100 (2018). Available at: http://investors.arsanis.com/news-releases/news-release-details/arsanis-provides-update-following-completion-planned-interim (Accessed 11/15/2019).

14. Miller, LS, Fowler, VG, Shukla, SK, Rose, WE, and Proctor, RA. Development of a vaccine against Staphylococcus aureus invasive infections: Evidence-based on human immunity, genetics, and bacterial evasion mechanisms. FEMS Microbiol Rev (2020) 44(1):123–53. doi: 10.1093/femsre/fuz030

15. Francois, B, Jafri, HS, Chastre, J, Sanchez-Garcia, M, Eggimann, P, Dequin, PF, et al. Efficacy and safety of suvratoxumab for prevention of Staphylococcus aureus ventilator-associated pneumonia (SAATELLITE): a multicentre, randomised, double-blind, placebo-controlled, parallel-group, phase 2 pilot trial. Lancet Infect Dis (2021) 21:1313–23. doi: 10.1016/S1473-3099(20)30995-6

16. Ortines, RV, Wang, Y, Liu, H, Dikeman, DA, Pinsker, BL, Miller, RJ, et al. Efficacy of a Multimechanistic Monoclonal Antibody Combination against Staphylococcus aureus Surgical Site Infections in Mice. Antimicrob Agents Chemother (2019) 63(8):e00346–19. doi: 10.1128/AAC.00346-19

17. Tkaczyk, C, Jones-Nelson, O, Shi, YY, Tabor, DE, Cheng, L, Zhang, T, et al. Neutralizing Staphylococcus aureus Virulence with AZD6389, a Three mAb Combination, Accelerates Closure of a Diabetic Polymicrobial Wound. mSphere (2022) 7:e0013022. doi: 10.1128/msphere.00130-22

18. Mao, Y, Valour, F, Nguyen, NTQ, Doan, TMN, Koelkebeck, H, Richardson, C, et al. Multi-mechanistic monoclonal antibody combination targeting key Staphylococcus aureus virulence determinants in a rabbit model of prosthetic joint infection. Antimicrob Agents Chemother (2021) 65(7):e0183220. doi: 10.1128/AAC.01832-20

19. Diep, BA, Chan, L, Tattevin, P, Kajikawa, O, Martin, TR, Basuino, L, et al. Polymorphonuclear leukocytes mediate Staphylococcus aureus Panton-Valentine leukocidin-induced lung inflammation and injury. Proc Natl Acad Sci USA (2010) 107:5587–92. doi: 10.1073/pnas.0912403107

20. Loffler, B, Hussain, M, Grundmeier, M, Bruck, M, Holzinger, D, Varga, G, et al. Staphylococcus aureus panton-valentine leukocidin is a very potent cytotoxic factor for human neutrophils. PLoS Pathog (2010) 6:e1000715. doi: 10.1371/journal.ppat.1000715

21. Fattom, AI, Sarwar, J, Ortiz, A, and Naso, RA. Staphylococcus aureus capsular polysaccharide (CP) vaccine and CP-specific antibodies protect mice against bacterial challenge. Infect Immun (1996) 64:1659–65. doi: 10.1128/iai.64.5.1659-1665.1996

22. Kuklin, NA, Clark, DJ, Secore, S, Cook, J, Cope, LD, McNeely, T, et al. A novel Staphylococcus aureus vaccine: iron surface determinant B induces rapid antibody responses in rhesus macaques and specific increased survival in a murine S. aureus sepsis Model Infect Immun (2006) 74:2215–23. doi: 10.1128/IAI.74.4.2215-2223.2006

23. Kim, HK, DeDent, A, Cheng, AG, McAdow, M, Bagnoli, F, Missiakas, DM, et al. IsdA and IsdB antibodies protect mice against Staphylococcus aureus abscess formation and lethal challenge. Vaccine (2010) 28:6382–92. doi: 10.1016/j.vaccine.2010.02.097

24. Joshi, A, Pancari, G, Cope, L, Bowman, EP, Cua, D, Proctor, RA, et al. Immunization with Staphylococcus aureus iron regulated surface determinant B (IsdB) confers protection via Th17/IL17 pathway in a murine sepsis model. Hum Vaccin Immunother (2012) 8:336–46. doi: 10.4161/hv.18946

25. Shinefield, H, Black, S, Fattom, A, Horwith, G, Rasgon, S, Ordonez, J, et al. Use of a Staphylococcus aureus conjugate vaccine in patients receiving hemodialysis. N Engl J Med (2002) 346:491–6. doi: 10.1056/NEJMoa011297

26. Wilson, RF, Thal, AP, Kindling, PH, Grifka, T, and Ackerman, E. Hemodynamic measurements in septic shock. Arch Surg (1965) 91:121–9. doi: 10.1001/archsurg.1965.01320130123014

27. Abraham, E, Bland, RD, Cobo, JC, and Shoemaker, WC. Sequential cardiorespiratory patterns associated with outcome in septic shock. Chest (1984) 85:75–80. doi: 10.1378/chest.85.1.75

28. Hunter, JD, and Doddi, M. Sepsis and the heart. Br J Anaesth (2010) 104:3–11. doi: 10.1093/bja/aep339

29. Merx, MW, and Weber, C. Sepsis and the heart. Circulation (2007) 116:793–802. doi: 10.1161/CIRCULATIONAHA.106.678359

30. Hellman, J, Bahrami, S, Boros, M, Chaudry, IH, Fritsch, G, Gozdzik, W, et al. Huber-lang M. Part III: Minimum quality threshold in preclinical sepsis studies (MQTiPSS) for fluid resuscitation and antimicrobial therapy endpoints. Shock (2019) 51:33–43. doi: 10.1097/SHK.0000000000001209

31. Hollenberg, SM, Dumasius, A, Easington, C, Colilla, SA, Neumann, A, and Parrillo, JE. Characterization of a hyperdynamic murine model of resuscitated sepsis using echocardiography. Am J Respir Crit Care Med (2001) 164:891–5. doi: 10.1164/ajrccm.164.5.2010073

32. Zanotti-Cavazzoni, SL, Guglielmi, M, Parrillo, JE, Walker, T, Dellinger, RP, and Hollenberg, SM. Fluid resuscitation influences cardiovascular performance and mortality in a murine model of sepsis. Intensive Care Med (2009) 35:748–54. doi: 10.1007/s00134-008-1360-9

33. Natanson, C, Fink, MP, Ballantyne, HK, MacVittie, TJ, Conklin, JJ, and Parrillo, JE. Gram-negative bacteremia produces both severe systolic and diastolic cardiac dysfunction in a canine model that simulates human septic shock. J Clin Invest (1986) 78:259–70. doi: 10.1172/JCI112559

34. Carroll, GC, and Snyder, JV. Hyperdynamic severe intravascular sepsis depends on fluid administration in cynomolgus monkey. Am J Physiol (1982) 243:R131–141. doi: 10.1152/ajpregu.1982.243.1.R131

35. Nguyen, NTQ, Gras, E, Tran, ND, Nguyen, NNY, Lam, HTH, Weiss, WJ, et al. Pseudomonas aeruginosa ventilator-associated pneumonia rabbit model for preclinical drug development. Antimicrob Agents Chemother (2021) 65:e0272420. doi: 10.1128/AAC.02724-20

36. Byrne, JM, Waack, U, Weinstein, EA, Joshi, A, Shurland, SM, Iarikov, D, et al. FDA public workshop summary: Advancing animal models for antibacterial drug development. Antimicrob Agents Chemother (2020) 65(1):e01983-20. doi: 10.1128/AAC.01983-20

37. Hua, L, Hilliard, JJ, Shi, Y, Tkaczyk, C, Cheng, LI, Yu, X, et al. Assessment of an anti-alpha-toxin monoclonal antibody for prevention and treatment of Staphylococcus aureus-induced pneumonia. Antimicrobial Agents chemother (2014) 58:1108–17. doi: 10.1128/AAC.02190-13

38. Tkaczyk, C, KasturIrangan, S, Minola, A, Jones-Nelson, O, Gunter, V, Shi, YY, et al. Multimechanistic monoclonal antibodies (MAbs) targeting Staphylococcus aureus alpha-toxin and clumping factor A: Activity and efficacy comparisons of a MAb combination and an engineered bispecific antibody approach. Antimicrob Agents Chemother (2017) 61(8):e00629-17. doi: 10.1128/AAC.00629-17

39. Clowes, GH Jr., Vucinic, M, and Weidner, MG. Circulatory and metabolic alterations associated with survival or death in peritonitis: clinical analysis of 25 cases. Ann Surg (1966) 163:866–85. doi: 10.1097/00000658-196606000-00008

40. Vieillard-Baron, A, Caille, V, Charron, C, Belliard, G, Page, B, and Jardin, F. Actual incidence of global left ventricular hypokinesia in adult septic shock. Crit Care Med (2008) 36:1701–6. doi: 10.1097/CCM.0b013e318174db05

41. Diep, BA, Palazzolo-Ballance, AM, Tattevin, P, Basuino, L, Braughton, KR, Whitney, AR, et al. Contribution of Panton-Valentine leukocidin in community-associated methicillin-resistant Staphylococcus aureus pathogenesis. PLoS One (2008) 3:e3198. doi: 10.1371/journal.pone.0003198

42. Force, ADT, Ranieri, VM, Rubenfeld, GD, Thompson, BT, Ferguson, ND, Caldwell, E, et al. Acute respiratory distress syndrome: the Berlin Definition. JAMA (2012) 307:2526–33. doi: 10.1001/jama.2012.5669

43. Nguyen, HB, Rivers, EP, Knoblich, BP, Jacobsen, G, Muzzin, A, Ressler, JA, et al. Early lactate clearance is associated with improved outcome in severe sepsis and septic shock. Crit Care Med (2004) 32:1637–42. doi: 10.1097/01.CCM.0000132904.35713.A7

44. Blair, E. Acid-base balance in bacteremic shock. Arch Intern Med (1971) 127:731–9. doi: 10.1001/archinte.1971.00310160209017

45. Blair, E. Hypocapnia and gram-negative bacteremic shock. Am J Surg (1970) 119:433–9. doi: 10.1016/0002-9610(70)90146-7

46. Mazzara, JT, Ayres, SM, and Grace, WJ. Extreme hypocapnia in the critically ill patient. Am J Med (1974) 56:450–6. doi: 10.1016/0002-9343(74)90475-6

47. Botros, M, and Sikaris, KA. The de ritis ratio: the test of time. Clin Biochem Rev (2013) 34:117–30.

48. Evans, L, Rhodes, A, Alhazzani, W, Antonelli, M, Coopersmith, CM, French, C, et al. Surviving sepsis campaign: international guidelines for management of sepsis and septic shock 2021. Intensive Care Med (2021) 47:1181–247. doi: 10.1007/s00134-021-06506-y

49. Marik, PE, Cavallazzi, R, Vasu, T, and HIrani, A. Dynamic changes in arterial waveform derived variables and fluid responsiveness in mechanically ventilated patients: a systematic review of the literature. Crit Care Med (2009) 37:2642–7. doi: 10.1097/CCM.0b013e3181a590da

50. Michard, F, and Teboul, JL. Predicting fluid responsiveness in ICU patients: a critical analysis of the evidence. Chest (2002) 121:2000–8. doi: 10.1378/chest.121.6.2000

51. Garcia-Alvarez, M, Marik, P, and Bellomo, R. Sepsis-associated hyperlactatemia. Crit Care (2014) 18:503. doi: 10.1186/s13054-014-0503-3

52. Farkas, JD. The complete blood count to diagnose septic shock. J Thorac Dis (2020) 12:S16–21. doi: 10.21037/jtd.2019.12.63

53. Angus, DC, and van der Poll, T. Severe sepsis and septic shock. N Engl J Med (2013) 369:840–51. doi: 10.1056/NEJMra1208623

54. Cohen, TS, Hilliard, JJ, Jones-Nelson, O, Keller, AE, O'Day, T, Tkaczyk, C, et al. Staphylococcus aureus alpha toxin potentiates opportunistic bacterial lung infections. Sci Transl Med (2016) 8:329ra331. doi: 10.1126/scitranslmed.aad9922

55. Diep, BA, Hilliard, JJ, Le, VT, Tkaczyk, C, Le, HN, Tran, VG, et al. Targeting alpha toxin to mitigate its lethal toxicity in ferret and rabbit models of Staphylococcus aureus necrotizing pneumonia. Antimicrob Agents Chemother (2017) 61(4):e02456-16. doi: 10.1128/AAC.02456-16

56. Vu, TTT, Nguyen, NTQ, Tran, VG, Gras, E, Mao, Y, Jung, DH, et al. Protective efficacy of monoclonal antibodies neutralizing alpha-hemolysin and bicomponent leukocidins in a rabbit model of Staphylococcus aureus necrotizing pneumonia. Antimicrob Agents Chemother (2020) 64(3):e02220-19. doi: 10.1128/AAC.02220-19

57. Tkaczyk, C, Hua, L, Varkey, R, Shi, Y, Dettinger, L, Woods, R, et al. Identification of anti-alpha toxin monoclonal antibodies that reduce the severity of Staphylococcus aureus dermonecrosis and exhibit a correlation between affinity and potency. Clin Vaccine Immunol (2012) 19:377–85. doi: 10.1128/CVI.05589-11

58. Le, VT, Tkaczyk, C, Chau, S, Rao, RL, Dip, EC, Pereira-Franchi, EP, et al. Critical role of alpha-toxin and protective effects of its neutralization by a human antibody in acute bacterial skin and skin structure infections. Antimicrob Agents Chemother (2016) 60:5640–8. doi: 10.1128/AAC.00710-16




Publisher’s note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2023 Nguyen, Doan, Sato, Tkaczyk, Sellman and Diep. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Images/fimmu.2023.1260627_cover.jpg
’ frontiers ‘ Frontiers in Immunology

Monoclonal antibodies neutralizing alpha-
hemolysin, bicomponent leukocidins, and
clumping factor A protected against
Staphylococcus aureus-induced acute
circulatory failure in a mechanically
ventilated rabbit model of hyperdynamic
septic shock





OEBPS/Images/fimmu-14-1260627-g004.jpg
& e c-lgG, 30 mg/kg B

= anti-Hla/Luk/CIfA mAbs, 30 mg/kg each

100 10
_ o 9
S 80 S 8
3 P<0.001 o 7
3 60 L 6
et =)
= L 5
8 40 Q 4
] > 3
= 20 g3
.
0

0
0 4 8 12 16 20 24 28 32 36
hours post infection with USA300

heart lung liver spleen kidney





OEBPS/Images/fimmu-14-1260627-g002.jpg
Rabbit #1

Rabbit #3

Rabbit #5

Rabbit #7

1204
110

10
0

100
90
80
70
60
50
40
30
P

— Heart Rate/3 (beats/min)
— MAP (mmHg)
— CVP (mmHg)

0

120
110
100

20
10
0

4

8 12 16 20 24 28 32 3‘6
hours post infection with USA300

90
80
70
60
50
40
S0 ’/\,\_/\._/—-’\\

AN

0

120
110
100
90
80
70
60
50
40
30
20

4

8 12 16 20 24 28 32 36
hours post infection with USA300

1OMAMA\W_/_NWW

o

120
110
100
90
80
70
60
50
40
30
20
10

4

8 12 16 20 24 28 32 36
hours post infection with USA300

N

o

4

8 12 16 20 24 28 32 3'6
hours post challenge with saline

-+ CO (cL/min)
= SVR/10 (dynes/sec/cm™)
- SV*10 (mL/beat)

B
120
110
100
90
80
70
60
50
40
30
20
104
0

Rabbit #2

L4

0

120
110
100
920
80
70
60
50
40
30
20
10
0+

Rabbit #4

it

4

8 12 16 20 24 28 32 36
hours post infection with USA300

0

120
110
100
90
80
70
60
50
40
30
20
10

Rabbit #6

o

4

8 12 16 20 24 28 32 36
hours post infection with USA300

o

120
110
100
90
80
70
60
50
40
30
20
10

Rabbit #8

4

8 12 16 20 24 28 32 36
hours post infection with USA300

Z%

0
0

4

8 12 16 20 24 28 32 36
hours post challenge with saline





OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Monoclonal antibodies neutralizing alpha-hemolysin, bicomponent leukocidins, and clumping factor A protected against Staphylococcus aureus-induced acute circulatory failure in a mechanically ventilated rabbit model of hyperdynamic septic shock

      

        		

          Background

        



        		

          Methods

        



        		

          Results

        



        		

          Conclusion

        



        		

          Introduction

        



        		

          Methods

        

          		

            S. aureus preparation

          



          		

            Monoclonal antibodies

          



          		

            Mechanically ventilated rabbit model of USA300-induced septic shock

          



          		

            Echocardiography

          



          		

            Serial blood sampling and analysis

          



          		

            Microbiology and tissue sample processing

          



          		

            Statistical analysis

          



        



        



        		

          Results

        

          		

            Natural history study revealing a hyperdynamic state of USA300-induced septic shock in mechanically ventilated rabbits

          



          		

            Acute myocardial dysfunction in rabbits during hypodynamic shock

          



          		

            Prophylactic efficacy of anti-Hla/Luk/ClfA mAb in a rabbit model of USA300-induced septic shock

          



          		

            Anti-Hla/Luk/ClfA mAb combination protected against acute circulatory failure

          



          		

            Hypoxemic respiratory failure not a consistent feature of this rabbit model of USA300-induced septic shock

          



          		

            Temporal changes in peripheral white blood cell populations and survival in rabbits pretreated with anti-Hla/Luk/ClfA mAb combination

          



          		

            Differences in biomarkers in rabbits pretreated with anti-Hla/Luk/ClfA mAb combination or c-IgG

          



          		

            Changes in biomarkers associated with multiple organ dysfunction

          



        



        



        		

          Discussion

        



        		

          Data availability statement

        



        		

          Ethics statement

        



        		

          Author contributions

        



        		

          Funding

        



        		

          Conflict of interest

        



        		

          References

        



      



      



    



  



OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fimmu-14-1260627-g006.jpg
ns

oe C-lgG

Hla/Luk/CIfA mAbs

om anti-

B

A

ns

mﬁ

(BHww) ¢014:¢0ed

mCl

.

OCOOMNOUOTONTO
—

(B%/6) Mg/

TE

TE





OEBPS/Images/fimmu-14-1260627-g003.jpg
FR 63Hz

8.1cm

2D/ MM
87%
C50

P Off
Gen

87%

pre-infection baseline B

[GELES
8.1cm

early hypodynamic phase

2D/ MM
87% 87%
C 50

P Off
Gen

0444cm__-q
1.07 e

0.423 cml

0.302 cm

- LVIDs
-Ivss
= - LvPWd
- LVIDd 175cm
-sd 0.262 cmyz
EDV (MM-Teich) 5.04 mi
IVSILVPW (MM)
LV Mass (Cubed)
VS % (MM) |
ESV (MM-Teich) 2.47 mi
FS (MM-Teich)  38.9 %
EF (MM-Teich) 727 %
LVPW % (MM)  47.0%
RPN

<

>~

2

0.302cm— g L
1.55 cr X L
0.262 CV:S"‘ >
-

0.262 cmpmmey

1.84 cm

0.222 cm.
EDV (MM-Teich) 10.3 mi|
LV Mass (Cubed) 5.86 g
IVS/LVPW (MM) ~ 0.847
IVS % (MM) 18.0 %
ESV (MM-Teich) 6.60 ml
FS (MM-Teich)  15.8 %
EF (MM-Teich)
LVPW % (MM)

15.3 %88

pre-infection
baseline

early
hypodynamic hypodynamic

0.363cm—-o
1.55 cm)
0.343 cm)|

0.262 cm,

mcmm 2

0.222 cm,

EDV (MM-Teich) 11.5 ml e
LV Mass (Cubed) 6.27 gf

IVS/LVPW (MM)
IVS % (MM)

FS (MM-Teich) 193 %

ESV (MM-Teich) 6.60 mis
42.6 %ENGE

EF (MM-Teich)

LVPW % (MM) 38.5 %

late

-1






OEBPS/Images/fimmu-14-1260627-g008.jpg
oe C-lgG

n:

on anti-Hla/Luk/CIfA mAbs

A

ns

ns

%%k

0 00 Qo oo
© B ¥ O -

(BHww) ¢0oed

TE

TE

%%k

ns

ns
o
T
T0

ns

]

| L A
COOMNONTONTO

(/1oww) wnissejod

ns

ns

w (p/Bw) asoon|b

VOFTNOOOFTNO

a (Voww) sjeroe)

o
N





OEBPS/Images/logo.jpg
, frontiers | Frontiers in Immunology





OEBPS/Images/fimmu-14-1260627-g001.jpg
fluid maintenance

Normosol-R

blood sampling
5% dextrose

CBC with differential,
blood gas, electrolytes,
cold injectate chemistry, biomarkers
cardiac output

intravenous line
drug,
S. aureus challenge,
pentobarbital
euthanasia

Isoflurane PIF Tidal Volume
2.0% 4 6-7 ml/kg

PIP PEEP I:E EtCO,

. g 1
15 6 1:2 35-45 mmHg HR/ECG | &

Anesthesia Ventilator Patient Monitor

2.

Trial #1 "2 (e Average Unit
CO-Cal © Cal  Cal ( Jgal
0.45 0.45 0. 46| U/nin
1.81 1.79 1. 83 Umin/m2
11.0 97 °c
2 ml

InjVol BSA C.I.

341 2 ml 0. 25 w2 ]89

Wait before starting





OEBPS/Images/fimmu-14-1260627-g005.jpg
anti-Hla/Luk/CIfA mAb

A AV TN
.\.9.«%{151,5

AN
M A

MAP (mmHg)
MAP (mmHg)

40
30
20
0
0 4 8 12 16 20 24 28 32 36 0 4 8 12 16 20 24 28 32 36
hours post infection with USA300 hours post infection with USA300

oe C-IgG
onm anti-Hla/Luk/CIfA mAbs






OEBPS/Images/fimmu-14-1260627-g007.jpg
A

monocytes (x 1031pL)

99 009000000 .
oLvwhUON®©O©O

white blood cells (x 1031uL)

neutrophils (x 10%/uL)

lymphocytes (x 10%/uL)

o oax =
N

oON DM O OOODN

-

O=_2NWAhOIONWOO

c-1gG

0 4 8 12 16 20 24 28 32 36
hours post infection with USA300

0 4 8 12 16 20 24 28 32 36
hours post infection with USA300

0 4 8 12 16 20 24 28 32 36
hours post infection with USA300

0 4 8 12 16 20 24 28 32 36
hours post infection with USA300

white blood cells (x 103/uL)

neutrophils (x 103/uL)

m

monocytes (x 103IpL)

D00 000000 b
oL NMwhuo~N®©O©O

I

lymphocytes (x 10%/uL)

-

O=_2NWHhUIONWOOO

anti-Hla/Luk/CIfA mAb

0 4 8 12 16 20 24 28 32 36
hours post infection with USA300

0 4 8 12 16 20 24 28 32 36
hours post infection with USA300

0 4 8 12 16 20 24 28 32 36
hours post infection with USA300

0 4 8 12 16 20 24 28 32 36
hours post infection with USA300





OEBPS/Images/fimmu-14-1260627-g009.jpg
19G
om anti-Hla/Luk/CIfA mAbs

oe C-

*k

*k
ns *k

.

.
W
TO TE TE

3

*

TO

000000000 000000000
000000000 ONOWLITO®N
OONOWLITON—

(p/Bw) uabouyu eain poolq

(wybu) uigojBoAw

%%k

DITTONONNT—OO
(u/Bw) suunesd

ns
L]
L]
o
o
-1 @
[E. :
TE
ns
ns

* k%
ns
-y —
0 70

ns
' T0

n o nw o w.nm o OODONOWULTONTO
3 3 N N v -~
(qw/Bu) | uodos oeipieo 1v/LSY





