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Gamithromycin is a long-acting azalide antibiotic that has been developed recently for the treatment of swine respiratory diseases. In this study, the pharmacokinetic/pharmacodynamic (PK/PD) targets, PK/PD cutoff, and optimum dosing regimen of gamithromycin were evaluated in piglets against Streptococcus suis in China, including a subset with capsular serotype 2. Short post-antibiotic effects (PAEs) (0.5–2.6 h) and PA-SMEs (2.4–7.7 h) were observed for gamithromycin against S. suis. The serum matrix dramatically facilitated the intracellular uptake of gamithromycin by S. suis strains, thus contributing to the potentiation effect of serum on their susceptibilities, with a Mueller-Hinton broth (MHB)/serum minimum inhibitory concentration (MIC) ratio of 28.86 for S. suis. Dose-response relationship demonstrated the area under the concentration (AUC)/MIC ratio to be the predictive PK/PD index closely linked to activity (R2 > 0.93). For S. suis infections, the net stasis, 1–log10, and 2–log10 kill effects were achieved at serum AUC24h/MIC targets of 17.9, 49.1, and 166 h, respectively. At the current clinical dose of 6.0 mg/kg, gamithromycin PK/PD cutoff value was determined to be 8 mg/L. A PK/PD-based dose assessment demonstrated that the optimum dose regimen of gamithromycin to achieve effective treatments for the observed wild-type MIC distribution of S. suis in China with a probability of target attainment (PTA) ≥ 90% was 2.53 mg/kg in this study. These results will aid in the development of clinical dose-optimization studies and the establishment of clinical breakpoints for gamithromycin in the treatment of swine respiratory infections due to S. suis.
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INTRODUCTION

When considering swine respiratory disease (SRD) due to bacterial agents, the primary pathogens are Actinobacillus pleuropneumoniae, followed by Bordetella bronchiseptica and Streptococcus suis (1). Albeit relatively less frequent, the presence of S. suis capsular serotype 2, and a most virulent and dominant pathogenic serotype in many countries that have been associated with pneumonia, meningitis, and septicemia can result in severe systemic infections and high mortality in both pigs and human (2). In particular, two large outbreaks of lethal S. suis serotype 2 infections in China with 240 human cases and 53 deaths have changed the opinion that S. suis only causes sporadic human cases (3–5). Notwithstanding the existence of vaccination against streptococcosis, antibiotic therapy remains the most commonly used treatment for S. suis infections due to the serotype diversity.

Gamithromycin is a semisynthetic azalide that is approved for the treatment of SRD due to A. pleuropneumoniae and Pasteurella multocida (6, 7). Intramuscular and subcutaneous administrations have been developed with promising pharmacokinetic and efficacy results in pigs (8, 9). Our previous pharmacokinetic/pharmacodynamic (PK/PD) studies in piglets have demonstrated the potency and efficacy of gamithromycin for Haemophilus parasuis (6). Given that gamithromycin has activity against a wider range of respiratory pathogens and other macrolides/azalides are used for the treatment of respiratory tract infections (6, 10–12), a logical consideration is to what extent gamithromycin could be valuable for S. suis infections. While it is recognized that the area under the concentration-time curve/MIC (AUC/MIC) is the predictive PK/PD index that well-describes the efficacy of azalide antibiotics (9, 13–15), data regarding the PK/PD profiles of gamithromycin are not currently available for S. suis.

The objectives of this study were to characterize the PK/PD relationship and the magnitude of gamithromycin target exposures associated with efficacy against S. suis. Specifically, the PK/PD targets provide a framework for optimization of the dosing regimen of gamithromycin when combined with PK data from pigs. Moreover, by integration of these targets and the MIC distribution of S. suis isolates from China, the relevant PK/PD cutoff (COPD) value for gamithromycin was estimated for S. suis. This would be useful in setting the final clinical susceptibility breakpoints for gamithromycin against Streptococcus spp.



MATERIALS AND METHODS


Organisms, Media, and Antibiotic

A total of 197 clinical isolates of S. suis collected from diseased swine suffering septicemia, pneumonia, and meningitis were used in this study. These isolates were gathered through a 10-years antimicrobial resistance surveillance study for animal original bacteria in China between 2009 and 2018. Two well-described strains (ATCC 43765 and 05ZYH33) of S. suis serotype 2 (SS2) were used for the PK/PD studies, as SS2 is the most virulent and dominant pathogenic serotype for both swine and human (2, 16, 17). S. suis strains were grown, subcultured, and quantified using cation-adjusted Mueller-Hinton broth (MHB) with 5% lysed horse blood and sheep blood agar. Gamithromycin injection (Zactran®, 15% w/v) for in vivo studies was purchased from Boehringer Ingelheim Animal Health, Toulouse, France, and gamithromycin powder for in vitro studies was obtained from NMT Biotech Ltd., Suzhou, China.



In vitro Susceptibility Testing and MIC Distribution

Routine MIC determinations for gamithromycin against 197 S. suis isolates were undertaken by the broth microdilution technique in accordance with CLSI guidelines (18). To obtain a wild-type MIC distribution, the isolates harboring the detectable acquired macrolide resistance mechanisms (i.e., ermA, ermB, mefA, and msrD) were consequently removed (19). Among the entire S. suis population, 47 representative isolates covering 10 different serotypes and 8 areas of China were selected for susceptibility measurements both in MHB and porcine serum to obtain a scaling factor that bridged the MICs in different matrices. To assess the extent of serum potentiation effect on gamithromycin susceptibility, further MIC determinations were, therefore, undertaken for additional five isolates of S. suis, in which MHB was supplemented with increasing proportions of porcine serum from 25 to 100%.



Membrane Permeability Assessment

The plasma membrane permeability of S. suis cells in broth and serum matrices was measured using a 1-N-phenylnaphthylamine (NPN) uptake assay as previously established (20, 21). Bacterial cells from a mid-log phase culture were resuspended in PBS to an OD600nm of 0.5 and inoculated into porcine serum and MHB supplemented with 25%, 50%, and 75% serum. After 4 h of incubation at 37°C, a volume of 100 μl of cells was added to 100 μl of PBS containing 25 μM NPN in black 96-well microplates and allowed to incubate for an additional 15 min at room temperature. Fluorescence was read in an EnSight plate reader (PerkinElmer; excitation λ = 355 nm, emission λ = 405 nm). NPN uptake results were calculated as a percentage of pure serum control.



Intracellular Accumulation of Gamithromycin

To examine whether the serum matrix promotes drug transmembrane transport, the levels of gamithromycin intracellular accumulation by S. suis in MHB and porcine serum were determined as our previously established (21, 22). Bacterial cells from an overnight culture were adjusted in MHB and serum to a density of ~109 CFU/ml and incubated for 30 min in the presence of 0.5 mg/L gamithromycin. After centrifugation, the cells were washed three times with PBS and lysed by sonication on ice. The gamithromycin concentrations in the lysate were determined using an HPLC-MS/MS system (9). Results are expressed as intracellular drug concentrations normalized to bacterial densities before lysis.



In vitro Activity, PAE, and PA-SME Determinations

Time-kill experiments were performed to characterize in vitro activity of gamithromycin against S. suis as previously described (23). In brief, an initial inoculum of ~106 CFU/ml mid-log phase S. suis cells was inoculated into MHB supplemented with serial concentrations of gamithromycin from 1/4 to 32 × MICs. After 3, 6, 9, 12, and 24 h of incubation, 10-fold serial dilutions of each culture were plated on blood agar for bacterial enumeration. The limit of detection was 40 CFU/ml.

The PAEs were measured after initial exposures to 1 × and 4 × MICs of gamithromycin, and the post-antibiotic sub-MIC effects (PA-SMEs) were determined in sub-MIC treated phases (0.1 to 0.3 × MICs) after exposure to gamithromycin at 4 × MICs for 1 h. The calculations of PAEs and PA-SMEs have been described in detail elsewhere (9, 23).



Drug Pharmacokinetics and PK/PD Index Target Activity

Gamithromycin concentration measurement methods and serum PK in piglets after intramuscular injection at 6.0 mg/kg have been described elsewhere in detail (9). In brief, the elimination half-lives and the peak concentration of gamithromycin were 29.4 h and 0.99 mg/L, respectively (9).

The AUC/MIC ratio was chosen as the pharmacodynamic parameter for gamithromycin based on previous studies demonstrating this PK/PD index to be predictive of treatment efficacy for the macrolides (9, 23–25). Ex vivo PK/PD studies were performed using the drug-containing serums collected from piglets at different time points after receiving intramuscular dosing of gamithromycin at 6.0 mg/kg. Bacterial cells of ATCC 43,765 and 05ZYH33 were subcultured and inoculated to each serum sample, giving an initial inoculum of ~106 CFU/ml. The mixtures were then serially diluted and plated using a drop-plate technique to measure the log10 change of bacterial count after 24 h of incubation. The PK/PD relationship was determined by measurement of the correlation between ex vivo activity and the PK/PD parameter of AUC24h/MIC. The dose-response curve was modeled according to a Hill-type sigmoid Emax model using the Phoenix WinNonlin software (version 8.1; Certara Corporation) (25): E = E0 + Emax × CN/(EC50N + CN), where E0 is the log10 change of bacterial count in the absence of drug, C is the AUC24h/MIC ratio, EC50 is the AUC24h/MIC required to achieve 50% of the maximum effect (Emax), and N is the Hill coefficient representing the slope of the dose-response curve. The coefficient of determination (R2) was used to estimate the variance that might be due to regression with the AUC24h/MIC ratio. The PK/PD index targets in serum necessary for the net static, 1-log10, and 2-log10 kill effects were determined for each strain.



PK/PD-Based Dose Assessment and Cutoff Determination

To deduce the optimum dose of gamithromycin potentially for the treatment of S. suis infections, the population dose covering the observed wild-type MIC distribution of S. suis (n = 125) was explored by a 10,000-iterations Monte Carlo simulation (MCS) using the Crystal Ball software (Oracle, Redwood City, CA, United States). The wild-type distribution was chosen because only the isolates devoid of phenotypically detectable resistance genes that clinically can be successfully treated with gamithromycin and that should be considered to calculate a dose. In addition, macrolides generally act bacteriostatic effect (26). The population dose was, therefore, computed to guarantee a bacteriostatic activity over at least 3 days using the following formula (23, 25):
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where Cl/F is the body clearance scaled by intramuscular bioavailability to cover at least 3 days dosing (L/kg/3 days) (9); AUC/MICbreakpoint is the target PK/PD index of 17.9 h for a bacteriostatic effect; since a scaling factor of 28.86 was used to bridge the MIC variations between broth and serum that already took the serum binding into account, the free drug fraction (fu) was considered negligible herein.

For calculation of the PK/PD cutoff (COPD), a series of MCSs were performed separately for each possible MIC based on our previously reported PK parameters and the PK/PD targets obtained in this study (9). The AUC24h/MIC ratio after intramuscular administration was calculated using the following equation: AUC24h/MIC = Dose/(Cl/F × MIC). Cl/F was the clearance scaled by intramuscular bioavailability that was assumed to be 0.91 ± 0.26 L/kg/h (9). The mean AUC24h/MIC ratio associated with a static endpoint (i.e., 17.9 h) was used for COPD determination. COPD was defined as the MIC value at which the probability of target attainment (PTA) reached 90% (27, 28).




RESULTS


MIC Distribution for Gamithromycin

As shown in the primitive gamithromycin MIC distribution for 197 S. suis isolates (Figure 1), the MIC50 and MIC90 values were 0.5 and 4 mg/L, respectively. After the removal of 72 isolates that carried ermA, ermB, mefA, or msrD genes, the other 125 S. suis isolates represented the phenotypical wild-type distribution (Figure 1). Based on the visual inspection and ECOFFinder method, the tentative wild-type cutoff was, therefore, set at 2 mg/L for the wild-type distribution obtained in this study.


[image: Figure 1]
FIGURE 1. Wild-type and non-wild-type minimum inhibitory concentration (MIC) distributions for gamithromycin against clinical Streptococcus suis isolates from swine in China. The isolates harbored the macrolide resistance mechanisms such as ermA, ermB, mefA, and msrD genes (non-wild-type; n = 72) were consequently excluded from the primitive distribution (n = 197) to obtain the wild-type MIC distribution (n = 125). The number of S. suis isolates (left y-axis) and their observed frequency (right y-axis) corresponding to each MIC are shown along the y-axis.




Possible Mechanisms for Serum-Induced Potentiation Effect

To characterize the impact of growth matrix on gamithromycin potency, we investigated the susceptibility discrepancy of S. suis between porcine serum and MHB. For the 47 representative S. suis isolates tested, geometric mean MIC and minimum bactericidal concentration (MBC) values were markedly lower in porcine serum than those determined in MHB, with an MHB/serum ratio of 28.86 for MIC and 11.23 for MBC, respectively (P < 0.005; paired Student's t-test; Table 1). Corresponding MBC/MIC ratios for both growth matrices were in the range of 3.45–8.87 (Table 1).


Table 1. Geometric mean minimum inhibitory concentrations (MICs) and minimum bactericidal concentrations (MBCs) in broth and porcine serum and MBC/MIC and Mueller-Hinton broth (MHB)/serum ratios for gamithromycin against selected Streptococcus suis isolates (n = 47).
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1-N-Phenylnaphthylamine fluoresces strongly in phospholipid environments but weakly in aqueous environments. We observed that NPN fluorescence intensities for individual S. suis strains in serum were 1.5-fold greater compared with those in MHB (Figure 2A). The addition of varying proportions of porcine serum to MHB caused a dose-dependent increase in the NPN uptake (Figure 2B). Their results indicated that serum matrix markedly increased the plasma membrane permeability of S. suis cells, and therefore promoted the antibiotics intake. As expected, the intracellular accumulations of gamithromycin in S. suis cells are nearly doubled in serum matrix compared with MHB (P < 0.05; Figure 2C). Consistently, the MICs of gamithromycin against the five S. suis strains decreased exponentially with an increasing proportion of serum from 25 to 75% (Figure 2D).


[image: Figure 2]
FIGURE 2. A large potentiation effect of serum on in vitro potency of gamithromycin against S. suis. (A) Porcine serum disrupts the plasma membrane of S. suis cells by measuring fluorescence intensity of 1-N-phenylnaphthylamine (NPN) after 4 h of incubation. (B) Serum-induced NPN uptake of S. suis strains. Bacterial cells were exposed to increasing proportions of porcine serum from 25 to 75%. NPN uptake (%) represents fluorescence intensity divided by the value observed in 100% serum. (C) Intracellular accumulations of gamithromycin in S. suis strains after exposure to 0.5 mg/L gamithromycin for 30 min in Mueller-Hinton broth (MHB) and serum matrix. Data shown are the means of three independent biological replicates, *P < 0.05 and **P < 0.005. (D) A concentration-dependent decrease in gamithromycin MICs for S. suis strains in the presence of increasing proportions of serum from 25 to 75%. Data shown are the log2-transformed MIC values.




In vitro and ex vivo Activity of Gamithromycin for S. suis and PAEs

In vitro time-kill curves of gamithromycin for S. suis were performed in the presence of 1/4 to 32 multiples of MIC. Gamithromycin exerted antibacterial activity immediately after being added to both S. suis isolates in a time-dependent manner (Figures 3A,B). Against S. suis ATCC 43,765, complete bactericidal activity reaching the undetectable limits of eradication was attained within 9 h in response to gamithromycin at 16 × MICs (Figure 3B).


[image: Figure 3]
FIGURE 3. Gamithromycin activity against S. suis. (A,B) In vitro time-kill curves of gamithromycin against S. suis 05ZYH33 and ATCC 43765 in MH broth (MICMHB = 0.125 and 0.063 mg/L, respectively). (C,D) Ex vivo activity for S. suis 05ZYH33 and ATCC 43,765 in serum samples of piglets receiving intramuscular administration of gamithromycin at 6.0 mg/kg (MICserum = 0.016 and 0.004 mg/L, respectively). Numerical values on the right brackets represent the mean concentrations of gamithromycin in porcine serums collected at different time points.


Compared with the MHB matrix, gamithromycin exhibited higher ex vivo activity against S. suis in serum samples. For S. suis 05ZYH33, sustained killing was achieved with porcine serums obtained up to 36 h (>0.034 mg/L) after intramuscular injection at 6.0 mg/kg. Increasing the serum concentration of gamithromycin further to the peak concentration resulted in a decrease of 2.87-log10 CFU/ml after 24 h (Figure 3C). Persistent growth inhibition or rapid bactericidal activity was similarly observed for S. suis ATCC 43765 when exposed to serum collected up to 96 h (Figure 3D).

The PAEs for gamithromycin were calculated to be 0.5–1.8 h and 2.0–2.6 h at 1 × and 4 × MICs, respectively (Figures 4A,B). A concentration-dependent trend toward a longer suppression of S. suis regrowth was observed after exposure to the increasing sub-MIC concentrations of gamithromycin (0.1–0.3 × MICs), resulting in PA-SMEs of 2.4–7.7 h (Figures 4C,D). Of note, for gamithromycin having such a long half-life of 29.4 h (9), the short PAEs and PA-SMEs are of limited clinical significance for dosage determination and require dosage regimens that continuously maintain levels above the MIC.
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FIGURE 4. Gamithromycin postantibiotic effect [PAE; (A,B)] and post-antibiotic sub-MIC effect [PA-SME (C,D)] against S. suis ATCC 43765 and 05ZYH33. The post-antibiotic effects (PAEs) were measured after initial exposures to gamithromycin both at 1 × and 4 × MICs, and the PA-SMEs were measured after exposure to gamithromycin at 4 × MICs. The horizontal bars represent the time that required bacterial counts to increase by 1.0-log10 CFU/ml after drug removal (PAEs) or at the sub-MIC phases (PA-SMEs).




PK/PD Index Target of Gamithromycin for S. suis

The serum in vitro AUC24h/MIC is a robust predictor of the observed in vitro effect with an R2 value of >0.93 (Figure 5). The PK/PD relationships were quite similar for two strains (05ZYH33 and ATCC 43,765), which is reasonable given the relatively narrow MIC range. The mean AUC24h/MIC ratios necessary to produce the bacteriostatic effect, 1-log10 and 2-log10 kill effects in bacterial burdens were 17.9, 49.1, and 166 h, respectively, (Table 2). The mean AUC24h/MIC associated with a 1-log10 kill was roughly 3-fold larger than that associated with the stasis endpoint. The Emax, EC50, and the slope (N) of the best-fitting line based on the sigmoid Emax model are also shown in Table 2. A bactericidal effect or greater kill was achieved for both S. suis strains tested over the entire drug-exposure range.
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FIGURE 5. Gamithromycin pharmacokinetic/pharmacodynamic (PK/PD) relationship for S. suis. Correlation plots between ex vivo activity and area under the concentration (AUC24h)/MIC ratio of gamithromycin against S. suis 05ZYH33 and ATCC 43765 using the sigmoid Emax model. The fitting curve represents the predicted values, and the points represent the observed values of individual serum samples collected from 0 to 96 h.



Table 2. Pharmacokinetic/pharmacodynamic (PK/PD) target values of gamithromycin in serum (AUC24h/MIC) needed to achieve the net stasis, 1-log10, and 2-log10 kill endpoints for each S. suis strain testeda.
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PK/PD-Based Dose Assessment and COPD Determination

Given the long half-life (29.4 h) of gamithromycin in piglets (9), the optimum dose should be administered to guarantee the activity of gamithromycin over at least 3 days for a bacteriostatic endpoint. The MHB MIC distribution was transformed into a vector of equivalent serum MIC distribution by dividing all determined MICs by 28.86, that is, by the scaling factor bridging MICs in the two matrices. Based on the results of MCS, for a PTA of 90%, the predicted dose for S. suis infections was 2.53 mg/kg in China (Figure 6). This suggested that the mean serum concentration of gamithromycin over 72 h after a single intramuscular administration of this dose would produce a net stasis for the observed wild-type MIC distribution of S. suis in China. For the current clinical dosage of 6.0 mg/kg, the corresponding PTA was 97.4% for this MIC distribution (Figure 6). In fact, this observed distribution of S. suis was collected from at least 8 different provinces of China through a 10-years antimicrobial resistance surveillance study. In this case, these isolates were typical enough to be representative of the S. suis population in China. Therefore, our dose prediction results based on MCS would be valid for treating SRD due to S. suis in China. However, given that the MIC distribution may vary widely between countries and regions, further evaluations are, therefore, needed to adjust the optimum dose according to susceptibility variation of different S. suis populations.


[image: Figure 6]
FIGURE 6. The population distributions of gamithromycin doses, as predicted by a PK/PD model against S. suis for a duration of action of 3 days in terms of probability of target attainment (PTA; y-axis). The vertical bars indicate the PTA (97.4%) for the current nominal dose of 6.0 mg/kg and the calculated target dose (2.53 mg/kg) for a PTA of >90% to cover the observed wild-type MIC distribution of S. suis obtained in this study. The dose range of 0–10 mg/kg was indicated on the x-axis.


The PTA of achieving various AUC24h/MIC endpoints at each possible MIC value after a 10,000-subject MCS is shown in Table 3. At a MIC value of ≤ 8.0 mg/L, the probabilities of achieving a bacteriostatic action for S. suis (AUC24h/MIC ratio of 17.9 h) were higher than 86.2%, which is an approximation to the 90% criterion (Table 3). Consequently, the COPD of gamithromycin against S. suis was calculated as a MIC value of 8.0 mg/L.


Table 3. Probability of attaining the typical area under the concentration (AUC24h)/MIC targets at each possible MIC value when treated with gamithromycin at the current dose of 6.0 mg/kg against S. suis infections.
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DISCUSSION

In general, both the AUC/MIC and the time of plasma concentration above the MIC (T>MIC) are taken into account as the proper PK/PD parameters to determine the optimal dosing regimen of macrolides (13, 14). Contemporary thought on the long-acting (LA) macrolides in veterinary medicine are that the best PK/PD index is the AUC/MIC (15, 29). Our studies with gamithromycin have consistently demonstrated time-dependent activity against S. suis and H. parasuis with short PAEs and PA-SMEs (9). Data generated in this study identified the AUC/MIC as the PK/PD parameter that was strongly associated with the activity for S. suis with an R2 of >0.93. The mean serum AUC/MIC targets required for stasis, 1-log10, and 2-log10 reductions in this study were 17.9, 49.1, and 166 h, respectively. In our previous PK study where the clinical intramuscular dose of gamithromycin at 6.0 mg/kg was administered to piglets, the corresponding AUC value was 6.28 mg·h/L (9). After accounting for the scaling factor of 28.86 between MHB and serum, gamithromycin MIC50 and MIC90 values in serum for the observed distribution of S. suis in China would be 0.02 and 0.14 mg/L,respectively. Normalizing the AUC value for the serum MIC50 and MIC90 of gamithromycin achieved AUC/MIC ratios of 45 and 314 h, respectively, which would be adequate to exceed the stasis and 2-log10 reduction endpoints identified in this study.

The PK/PD target assessment for activity is a critical step in the development of antibiotic drugs to generate the optimal dosing regimens as well as establish the susceptibility breakpoints (30). Our studies demonstrated gamithromycin to be active against S. suis infections, while it is currently not indicated for the treatment of streptococcosis. As a result of its spectrum and potency against SRD-associated pathogens, the clinical efficacy of gamithromycin is currently being investigated in a confirmatory clinical trial with S. suis infections (7). From a microbiological success standpoint, gamithromycin at 6 mg/kg resulted in a 32.1% decrease in the bacterial isolation rate of S. suis from the porcine nasal cavity at the end of a single dose treatment, which was comparable to a 37.7% decrease in the tulathromycin treatment group (7). Consistent with our PK/PD-based dose simulation results in this study, the current clinical dose regimen of gamithromycin at 6.0 mg/kg is estimated to be effective against SRD due to S. suis in China.

Similar to other macrolides for fastidious bacteria such as A. pleuropneumoniae, P. multocida, and H. parasuis (31, 32), the MICs of gamithromycin for S. suis were substantially lower in porcine serum compared with those determined in MHB. It is well-known that macrolides act through binding to the 50S ribosomal subunit that requires drug across the plasma membrane of the bacterial cell first. This potentiation effect by serum is, therefore, likely due to increased plasma membrane permeability and subsequent passive accumulation of antibiotics in the biological matrix. In support of this hypothesis, our results from NPN uptake and intracellular antibiotic accumulation assays indicated that porcine serum significantly facilitated gamithromycin uptake by S. suis cells and reduced their MIC values in a concentration-dependent manner. This is in agreement with our previous studies for tulathromycin against S. suis and gamithromycin against H. parasuis (9, 23). These results also support the view that increased susceptibility to macrolides in eukaryotic cell culture media and biological fluids was due to the decreased expression of the oprM gene (encoding a protein essential for active multidrug efflux pumps MexAB and MexXY) in Pseudomonas aeruginosa (33). Collectively, these observations suggest that the clinical efficacy of macrolides may be largely underestimated due to the higher MICs measured in artificial media such as MHB.

Setting the conclusive epidemiological cutoff value for gamithromycin against S. suis was beyond the scope of this study, which would have required a larger population of phylogenetically diverse isolates from different laboratories and more extensive geographical origin (34, 35). In veterinary clinical settings, internationally accepted interpretative criteria are lacking for gamithromycin against Streptococcus spp. until now, but breakpoints of ≥16 mg/L have been proposed to classify cattle P. multocida and Mannheimia haemolytica isolates as resistant to gamithromycin (18). In this study, the PK/PD cutoff for gamithromycin against S. suis was calculated to be 8 mg/L at the current clinical dose of 6.0 mg/kg. This is ~2–4-fold higher than the MIC breakpoints for other macrolide antibiotics such as azithromycin, clarithromycin, and erythromycin against Streptococcus spp. recommended by CLSI guideline (18). In general, the PK/PD cutoff value was determined by considering the PK variability, microbiological, and pharmacological components. Of note, the PK variability was generally limited between different breeds of pigs. The PK/PD cutoff obtained in this study is, therefore, valid for countries other than China and can be taken into account by the CLSI and VetCAST to establish clinical breakpoints.

One of the major limitations of this study is the fact that only the serum PK/PD relationship was investigated. It will be important to test relevant PK/PD targets based on drug levels at the site of infections. In addition, our study was unable to establish the epidemiological cutoff solely based on the single MIC distribution of S. suis, and the optimum dose computations are somewhat restricted to China. Nonetheless, the PK/PD cutoff identified in this study can be used as a tentative surrogate for gamithromycin MIC interpretation against S. suis in the absence of a clinical breakpoint. Further investigations are required to confirm our findings and support the establishment of the final gamithromycin susceptibility breakpoints for S. suis.



CONCLUSION

Our study demonstrated that serum exposure promotes intracellular uptake of gamithromycin by S. suis cells, contributing to the potentiation effect in the presence of porcine serum. The pharmacodynamic targets and PK/PD cutoff obtained in this study are of potential clinical relevance for the dosing regimen optimization and susceptibility breakpoint determination for gamithromycin in the treatment of SRD due to S. suis.
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Typical AUC,4,/MIC targets (h)* PTA (%) at each possible MIC (mg/L) in MH broth®

05 1 2 4 8 16 32
179 100 100 100 90.7 86.2 123 1.03
49.1 100 100 99.9 45.7 353 0.42 0.06
166 100 69.4 6.41 051 0.12 0.02 0.01

24 scaling factor of 28.86 was used to bridge the MIC differences between MH broth and serum when calculating the probabilties of target attainment (PTA); the mean AUC4y/MIC
ratio in serum associated with a static endpoint (i.e., 17.9 h) was used for the PK/PD cutoff determination.
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Test matrix MIC (mg/L) MBC (mg/L) MBC/MIC ratio

MHB 0.443 1.634 3.45
Serum 0.015 0.137 8.87
MHB/serum ratio* 28.86 11.23 NA

2P < 0.005 for MIC or MBC diifferences between MHB and serum (paired Student's t-test);
NA, not applicable.
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S. suis strains MIC (mg/L) [ Emax ECso N Target values of gamithromycin
AUC;,/MIC ratio in serum (h)?

in MHB in serum Stasis 1-logo kill 2-logyo kill
05ZYH33 0.125 0.016 270 -3.41 26.1 0.67 20.0 50.1 158
ATCC 43765 0.063 0.004 3.39 -3.71 19.2 051 15.8 480 174
Mean NA NA 3.06 -3.56 227 0.59 17.9 49.1 166
sD NA NA 0356 0.15 345 0.08 2.10 1.05 7.85

“Eo, the change in bacterial density after 24 h of incubation in no drug control serum; ECso, the AUC2an/MIC ratio associated with 50% of the maximal bacterial reduction (Emax); N, the
slope of the dose-response relationship; means and standard deviations (SDs) are shown in boldface; NA, not applicable.
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