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Abstract 



Introduction 

Antibiotic combination therapy is a fairly common practice, with ampicillin clavate being used regularly for post-operation care. What is of particular interest is synergistic antibiotic combination therapy, where the combination of the two antibiotics produces an effect that is greater than the sum of their individual effects. The necessity of combination therapy has been doubted in the past, as there is a risk of increasing the already large amount of multi-drug resistant bacteria or MDR (3). Cephalosporins are a part of a larger group of antibiotics called beta lactams (13). These antibiotics target the cell wall of bacteria and induce cell death by apoptosis (13). Recent studies have shown their potential as synergists to lipoglycopeptide, glycopeptide, and peptide antibiotics. This study will analyze both in vitro and in vivo studies of cephalosporins, particularly Ceftaroline, a 5th generation cephalosporin (13). This study will evaluate the recent in vitro and in vivo research for antibiotic combinations of cephalosporins 

Summary

Bacterial Retrieval and Species  

Across 10 studies, a total of 284 different samples of bacteria were tested. The majority of the studies utilized Staphylococcus aureus strains with varying susceptibilities: Methicillin resistant (MRSA), vancomycin intermediate-susceptible (VISA and h-VISA), and daptomycin non-susceptible (DNS). A notable outlier in this trend is Mikhail et al., which studied samples of gram-negative bacterial Pseudomonas aeruginosa and Klebsiella pneumoniae (7). In addition, Meyer et al. focused solely on Enterococci, including vancomycin-resistant (VRE) strains and samples of Enterococcus faecalis and Enterococcus faecium (8).
	How the samples were retrieved is also an important factor. Studies like Kebriaei et al. utilized bacterial samples of interest from clinical cases (1). These samples were unique in that they were retrieved from patients who had suffered from a bacterial infection that was resistant to treatment by traditional antibiotics. Of particular interest is a study conducted by Sakoulas et al., where 26 different cases of vancomycin-resistant S. aureus in hospital patients were reviewed, and notable samples were tested in vitro (5). 
MIC and TK Testing

Almost all studies reviewed conducted in vitro testing using Minimum Inhibitory Concentration (MIC) and Time-Kill (TK) testing followed the standards of the Clinical and Laboratory Standard Institute (CLSI). CLSI is the standard by which most antimicrobial susceptibility examination is followed (12). This included inoculating Mueller-Hinton Broth (MHB) with 6x106 CFU/mL of the bacterial sample. The only study that did not follow these standards is Sakoulas et al., who inoculated their MHB broth with 6x10 7CFU/mL.
In Vivo Testing 

The importance of testing antibiotics on living things cannot be overstated. Given that, majority of the current studies about antibiotic combinations are in vitro. Two notable examples of in vivo studies are Meyer et al. as well as Sakoulas et al. Meyer et al. focused much of their study on in vivo testing, using Galleria mellonella larvae to calculate a lethal dose of enterococcus inoculum, which was then used to see the effects of antibiotic combinations (8). Sakoulas et al. operated in vivo by injecting one strain of MRSA (Sanger 252) into CD1 mice and measuring the lesions on their sides with one side being treated with an antibiotic combination and the other side being the control (4).   

Cephalosporin Synergy
While not all the studies reviewed focused on cephalosporin synergy, they all did test one or more cephalosporins with a lipoglycopeptide, glycopeptide, or Daptomycin (DAP). All the cephalosporins tested are as listed from most to least tested: Ceftaroline (CPT), Cefazolin (CFZ), Cefepime (FEP), Ceftriaxone (CRO), Cefotaxime (CTX), Ceftazidime-avibactam (CZA), and Cefmetazole (CMZ).

























Analysis

MIC and TK testing Analysis
Studies that follow CLSI standards allow for easier comparisons of results. However, the application of such standards should be closely monitored for discrepancies. In two such examples, both Kebriaei et al. and Xhemali et al modify their TK testing due to Lipoglycopeptide binding to the polystyrene surface of the well and not circulating in the broth (1 and 2). 
Kebrieai et al. found that the potency of lipophilic antibiotics for deep well MIC (DWMIC) was nearly 8x greater than the standard microbroth dilution MIC (MBD MIC) (1). On the other hand, Xhemali et al. accounted for the unwanted binding of antibiotics by simply increasing the amount of dalbavancin for DNS isolates (4).
The discrepancies between MIC and TK testing are important because TK tests simulate the activity of an antibiotic inside of a living subject by measuring the amount the bacterial population grows. More so, the TK test is based off the values found in the MIC dilutions. Kebriaei et al. and Xhemali et al. are not the only studies that used lipophilic antibiotic combinations in standard MBD MIC testing. All of the other studies using lipophilic antibiotics ( 7 and 8). Smith et al. and Meyer et al. account for oritavancin (ORI) binding by adding “0.002% polysorbate 80” (7) to the solution, which, in fact, follows CLSI guidelines. However, Kebrieai et al. also added 0.002% polysorbate 80 to their MBD MIC and found that there was still a difference in the result in their TK analyses depending if it was performed based on MBD MIC or DWMIC values (1).
Based on the potential for discrepancies in MIC testing, more testing should be conducted on the relationship between the surface area of the microwell plate and the lipophilicity of the antibiotic being tested. Kebrieai et al. states that “this phenomenon should not be underestimated in clinical settings while using IV bags, plastic tubes, etc. for various dosing regimens of LGP” (1). 

In Vivo Testing 

In vivo testing is essential to testing antibiotic combinations; being more effective in a broth solution does not always translate into effective patient treatment. Sakoulas et al. demonstrated that MRSA SA1 grown in 1mg/L ceftaroline solution produced smaller lesions on infected mice (5). Granted, this testing was with one bacterial strain (5) and was more so used more to test the neutrophil-enhancing effect of ceftaroline. The testing done by Meyer et al had a strong emphasis on in vivo testing and found that none of the combinations tested, notably ceftriaxone (CRO), made a statistically significant difference in the survival time in G. mellonella compared to using ORT alone (8).



Analysis of cephalosporin synergy

Of the cephalosporins analyzed, CPT has the most potential as a synergist, especially with DAP (7-9). Ceftaroline is a 5th generation cephalosporin, this may be why it is the most effective synergist among the cephalosporins analyzed. In vitro CPT was always among the most effective in lowering the MIC for oritavancin and daptomycin (7-9). When combined with oritavancin, CPT demonstrated superior synergy than combinations of nafcillin (NAF), and CFZ (7). Of particular interest is a study conducted by Sakoulas et al., where 26 different cases of vancomycin-resistant S. aureus in hospital patients were reviewed, and notable samples were tested in vitro (5). In that study, treatments that failed ranged from monotherapy to combination therapy using vancomycin, beta lactams of the penicillin family, and even mono/combination therapy of daptomycin (5). 

Time-Kill Analysis Chart
	Combination
	Study
	Result (Percent of strain) 


	Antibiotic
	Cephalosporin
	
	

	DAL
	FEP

	Kebriaei et al. (1)
	Synergistic (100%)

	
	CFZ
	Kebriaei et al. (1)
	Synergistic (100%)

	
	CPT
	Kebriaei et al. (1)
	Synergistic (100%)

	
	
	Xhemali et al. (2)
	Synergistic (98%)

	DAP
	CFT
	*Sakoulas et al. (5)
	Synergistic (NA)


	
	
	Smith et al. (6)
	Synergistic (100%)

	
	CFZ
	Smith et al.  (6)
	Non-synergistic (0%)

	
	
	Lai et al. (9)
	Synergistic h-VISA (78%)
Synergistic VISA (100%)

	
	CMZ
	Lai et al. (9)
	Synergistic h-VISA (78%)
Synergistic VISA (100%)


	
	CPM
	Lai et al. (9)
	Synergistic h-VISA (66.67%)
Synergistic VISA (100%)

	
	
	

	
	CRO
	Smith et al. (6)
	Synergistic (100%)

	
	CTX
	Lai et al. (9)
	Synergistic h-VISA (66.67%)
Synergistic VISA (100%)

	
	FEP
	Smith et al. (6)
	Synergistic (100%)

	VAN
	FEP

	Kebriaei et al. (1)
	Synergistic (80%)

	
	
	Tran et al. (10)
	Synergistic 100%, VSSA, h-VISA, VISA

	
	CFZ
	**Kebriaei et al. (1)
	NA

	
	
	Tran et al. (10)
	Synergistic 100%, VSSA, h-VISA, VISA

	
	CPT
	**Kebriaei et al. (1)
	NA

	
	
	Tran et al. (10)
	Synergistic 100%, VSSA, h-VISA, VISA

	ORT
	FEP

	Smith et al. (7)
	Synergistic DNS MRSA, VISA, MRSA, E. faecium
Non-synergistic for E. faecalis

	
	CFZ
	Smith et al. (7)
	Synergistic DNS MRSA, VISA, MRSA, E. faecium
Non-synergistic for E. faecalis

	
	CPT
	Smith et al. (7)
	Synergistic DNS MRSA, VISA, MRSA, E. faecium
Non-synergistic for E. faecalis

	
	CRO
	Meyer et al. (8)
	Not significantly different from ORT monotherapy


Evaluation of the Synergy of Cephalosporins with Dalbavancin, Daptomycin, Vancomycin, and Oritavancin. 
* Sakoulas et al. in vitro test for synergy was for one strain of MRSA.
** The results of synergy displayed by Kebriaei et al. only summarized the synergy of beta lactams overall, co in cases of sub-100% synergy, the specific drug that not synergetic is unknown. 







	CZA
	AMK
	Mikhail et al. (4)
	Synergistic (100%)

	
	AZT
	Mikhail et al. (4)
	Synergistic (100%)

	
	COL
	Mikhail et al. (4)
	Inconclusive Synergy (50%)

	
	MEM
	Mikhail et al. (4)
	Inconclusive Synergy (50%)

	
	FOS
	Mikhail et al. (4)
	Synergistic (75%)



Evaluation of the Synergy of Ceftazidime-avibactam with Meropenem, Colistin, Amikacin, and Aztreonam.



	

Lipoglycopeptide Interactions 
The LGPs analyzed were DAL and ORT. Both treatments are Lipophilic, thus some interference between results of the DWMIC and MDBMIC depending on the surface area of the container (1,2).  The conclusions found by Kebriaei et al and Smith et al. provides evidence that cephalosporins, particularly CPT, is a good synergist to ORT against MRSA, DNS MRSA, VISA, and h-VISA. In contrast, Meyer et al. found no difference between ORT monotherapy and ORI+CRO combination therapy in vivo. Further investigation is warranted to see if CPT will behave in a similar way in vivo. 

Glycopeptide (Vancomycin) Interactions
Vancomycin-cephalosporin combinations were moderately effective against VSSA, h-VISA, and VISA (10). Ceftaroline once again was the most effective synergist among the other cephalosporins against VISA, but performed similarly to CZT and FEP against h-VISA (10). Tran et al. concludes that the potential cause of synergy between cephalosporins and glycopeptide antibiotics may be caused by the “see-saw effect” (10)

Peptide (Daptomycin) Interactions
Of the studies reviewed, Daptomycin was the most extensively studied, having in vitro and in vivo studies in addition to a clinical case analysis (2,5,6,8,9). The effectiveness of daptomycin and cephalosporins has varying effects on both enterococcus and staphylococcus genus’ depending on their susceptibility. However, ceftaroline is promising in its ability as a synergist based on clinical and in vitro evidence. The “see-saw effect” is speculated to also factor into this combination (9). More in vivo evidence is needed. (2,5, 6, 8, 9). 















Drug Guide: 

	Name
	Class
	Studies Used In

	Ampicillin (AMP)
	Beta-lactam
	Smith 6

	Amikacin (AMK)
	Aminoglycoside
	Mikhail 4

	Aztreonam (AZT)
	Monocyclic β-lactam
	Mikhail 4

	Cefepime (FEP)
	4th gen cephalosporin 
	Kebriaei 1 Xhemali 2 Tran 10 Lai 9 Smith 6

	Ceftaroline (CPT)
	fifth-generation cephalosporin
	Kebriaei 1 Xhemali 2 Sakoulas 5 Tran 10 Smith 7 Smith 6

	Ceftazidime-avibactam (CZA)
	3rd gen cephalosporin paired with non-β-lactam β-lactamase inhibitor
	Mikhail 4

	Cefazolin (CFZ)
	1st gen cephalosporin 
	Kebriaei 1 Xhemali 2 Tran 10 Lai 9 Smith 7 Smith 6

	Cefmetazole (CMZ)
	2nd gen cephalosporin 
	Lai 9

	Ceftriaxone (CRO)
	3rd gen cephalosporin
	Meyer 8 Smith 6

	Cefotaxime (CTX)
	3rd gen cephalosporin 
	Lai 9 Smith 6

	Colistin (COL)
	Polymyxin
	Mikhail 4

	Dalbavancin (DAL)
	 Lipoglycopeptides
	Kebriaei 1, Xhemali 2

	Daptomycin (DAP)
	Lipopeptide
	Sakoulas 5 Meyer 8 Smith 6 Lai

	Ertapenem (ERT)
	Carbapenem 
	Xhemali 2 Smith 6

	Fosfomycin (FOS)
	Unknown class (unique)
	Mikhail 4

	Gentamicin
	aminoglycoside
	Meyer 8 

	Linezolid
	oxazolidinone
	Meyer 8 

	Meropenem (MEM)
	broad-spectrum carbapenem
	Mikhail 4

	Nafcillin (NAF)
	beta-lactam
	Tran 10 Smith 7 

	Oritavancin (ORI)
	 lipoglycopeptide
	Kebriaei 1 Meyer 8 Smith 7 

	Oxacillin (OXA)
	beta-lactams
	Kebriaei 1 Xhemali 2

	 Teicoplanin (TEC)
	glycopeptide
	Kebriaei 1

	Telavancin (TLV)
	 lipoglycopeptide
	Kebriaei 1

	Rifampin
	rifamycin
	Meyer 8 

	Sulbactam (SUL)
	Beta-lactamase inhibitor 
	Lai 9

	Vancomycin (VAN)
	glycopeptide
	Kebriaei 1 Tran 10 Lai 9





Conclusion 



In conclusion, cephalosporins have the potential to be strong synergists against a variety of bacterial strains. There is a significant number of in vitro experiments being conducted in current research. As always, more in vivo research is needed before moving on to clinical trials. There is always the risk of producing an even greater amount of resistance in a bacterium where combination therapy fails. The procedures used to conduct TK and MIC testing should be reviewed and followed to allow for easier cross-referencing of results. Daptomycin has a significant amount of both in vitro and in vivo research behind it. More complex in vivo trials are needed to test this combination thoroughly.  Eventually, the biochemical mechanism of these antibiotic combinations, as done in He et al. should be explored, as the more we learn about what occurs intracellularly to cause these pathogens to become resistant. The more we can learn about antibiotic resistance, the better-prepared we will be for the future. 
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