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Abstract: Streptococcus suis (S. suis), a zoonotic pathogen, causes severe diseases in both pigs and
human beings. Cefquinome can display excellent antibacterial activity against gram-negative and
gram-positive bacteria. The aim of this study was to derive an optimal dosage of cefquinome
against S. suis with a pharmacokinetic/pharmacodynamic (PK/PD) integration model in the target
infection site and to investigate the cutoffs monitoring the changes of resistance. The minimum
inhibitory concentration (MIC) distribution of cefquinome against 342 S. suis strains was determined.
MICsy and MICyg were 0.06 and 0.25 pug/mL, respectively. The wild-type cutoff was calculated
as 1 ug/mL. A two-compartmental model was applied to calculate the main pharmacokinetic
parameters after 2 mg/kg cefquinome administered intramuscularly. An optimized dosage regimen
of 3.08 mg/kg for 2-log1y CFU reduction was proposed by ex vivo PK/PD model of infected swine.
The pharmacokinetic-pharmacodynamic cutoff was calculated as 0.06 pug/mL based on PK/PD
targets. Based on the clinical effectiveness study of pathogenic MIC isolates, the clinical cutoff was
calculated as 0.5 pg/mL. A clinical breakpoint was proposed as 1 ug/mL. In conclusion, the results
offer a reference for determining susceptibility breakpoint of cefquinome against S. suis and avoiding
resistance emergence by following the optimal dosage regimen.

Keywords: cefquinome; Streptococcus suis; clinical breakpoint; epidemiological cutoff; PD cutoff;
clinical cutoff; dosage regimen; PK/PD model

1. Introduction

Streptococcus suis (S. suis) is a gram-positive facultative anaerobe and increasingly
emerging zoonotic infection with a global distribution [1]. Among the 35 serotypes (1/2,
1-34) of S. suis classified by different capsule antigens, pathogenicity has been reported for
serotype 7 strains isolated from diseased animals and humans [2]. Increasing emergence
and dissemination of resistance has been reported in recent years, mainly caused by
exposure to antibacterial abuse and misuse.

Cefquinome is a fourth-generation cephalosporin developed exclusively for veterinary
use in the clinic [3]. Due to its structure characteristic (Figure 1), cefquinome displays
outstanding stability for beta-lactamase and exerts excellent antibacterial activity against
gram-positive and gram-negative bacteria in vitro or in vivo antibacterial activity [4]. It has
been approved for the treatment of respiratory tract infections with a dosage of 2 mg/kg
by the European Medicines Agency (EMA) [5].
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Figure 1. Chemical structure of cefquinome.

The susceptibility breakpoint (SBPT) is useful to determine the susceptibility or resis-
tance of a bacterium to an antibiotic and to define the effect, or inappropriate antibiotic
treatments, on bacterial infections. The setting breakpoint is composed of three parts:
in vitro susceptibility, in vivo pharmacokinetics of animals, and clinical or bacteriologi-
cal outcome [6]. Three terms, epidemiological cutoff (ECOFF), pharmacodynamic cutoff
(COpp), and clinical cutoff (COcL) are employed to describe these concepts [7,8]. ECOFF
is a useful tool for laboratories conducting susceptibility testing and for clinicians test-
ing infections. COpp is the highest MIC which can achieve probable target attainment
(PTA) (>90%) in the population from the target PK/PD index by Monte Carlo simulation.
The COct, is a MIC-related clinical outcome. There is no previous investigation studying
the susceptibility breakpoints which contains the establishment of a clinical cutoff for
cefquinome against S. suis. Irrational use of antibiotics in the veterinary clinic is the major
reason leading to resistance. The pharmacokinetic/pharmacodynamic (PK/PD) model can
design an optimal dosing regimen to avoid resistance development [9]. To our knowledge,
no PK/PD model of cefquinome against S. suis has been developed in swine. It is useful to
assess the dose of cefquinome against S. suis, in order to guide clinical therapy.

In this study, a terminal ECOFF (TECOFF), COpp, and COcy, of cefquinome against
S. suis are explored which can provide evidence for the susceptibility breakpoint. The
dosage regimens of cefquinome against S. suis are optimized by an ex vivo PK/PD model.
This will be influential in protecting the efficacy of cefquinome.

2. Results
2.1. MIC Distribution of CEF against S. suis

The distribution of cefquinome against 342 S. suis isolates is shown in Figure 2. MICs
and MICy for cefquinome against S. suis were determined to be 0.06 and 0.25 pg/mL,
respectively. The minimum inhibitory concentration (MIC) data of 342 S. suis isolates
showed that the MIC distribution was consistent with a normal distribution by normality
test (p > 0.2). The upper tail (99.9%) of the wild-type cutoff value was 1 pug/mL. The
optimum MIC range (0.015-1 pug/mL) was obtained using the NORMINYV function, and
the probability of an isolate with an MIC value higher than the high cutoff was lower than
1.5% when employing the NORMDIST function. The difference between the estimate (340)
and the actual isolate number (337) was minimal when the optimum fit was 1 pg/mL,
and 98.5% of the wild-type isolates were included in the ECOFF. As a result, the tentative
ECOFF was defined as 1 ng/mL (Table 1). The ECOFF of cefquinome against S. suis needs
more results from different laboratories to be ultimately determined [10].

Table 1. The upper limit and probability of MIC distribution.

Subset Fitted MIC (ug/mL) True Estimate Diff. Probabilities
97.5% Subset ECOFF 0.25 311 332 21 90.9%
99% Subset ECOFF 0.5 328 340 12 95.9%
99.9% Subset ECOFF 1 337 340 3 98.5%

Note: True is the actual cumulative numbers of strains; Estimate is the simulative cumulative numbers of strains; Diff is the difference

between True and Estimate.
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Figure 2. MIC distribution of cefquinome against 342 S. suis isolates.

2.2. MIC, MBC, MPC and PAE of Cefquinome against SS0061

The MIC values of cefquinome against SS0061 were both 0.125 pg/mL in vitro and ex
vivo, and the minimum bactericidal concentration (MBC) values were 0.125 and 0.25 pug/mL
in vitro and ex vivo, respectively. The mutant prevention concentration (MPC) value of
cefquinome against SS0061 was 0.4 pg/mL, and the mutant selection window (MSW)
was 0.125-0.4 pg/mL, indicating that the resistant mutant selection window was narrow.
Post-antibiotic effect (PAE) of different concentrations of cefquinome (1%, 2%, or 4x MIC)
and exposure time (1 or 2 h) are shown in Table 2. With an increase in drug concentrations
and exposure time, the PAEs are enhanced.

Table 2. Post-antibiotic effect (PAE) after 1 and 2 h on SS0061.

. PAE (h)
Concentrations
Expose1h Expose 2 h
1 x MIC 0.12 0.68
2 x MIC 0.62 0.74
4 x MIC 1.04 1.24

2.3. In Vitro and Ex Vivo Time-Killing Curves

The in vitro time-killing curves of cefquinome against SS0061 are illustrated in Figure 3.
The drug can inhibit the growth of S. suis after exposure 1 x MIC for 24 h, along with
a visible growth inhibition, whereas >2 logyy CFU/mL reductions in bacterial density
occurred after exposure to cefquinome at 4 x MIC for 24 h. After 24 h incubations with
high drug concentrations (16 x MIC~32 x MIC), S. suis can maintain a bacterial density of
about 2 logjg CFU/mL.
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Figure 3. The in vitro time-killing curves of cefquinome against SS0061.
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The ex vivo time-killing curves are shown in Figure 4. The bacteria were reduced
drastically to about 3 logjg CFU/mL exposure to the plasma samples after intramuscular
(ILM) administration.
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Figure 4. The ex vivo time-killing curves of cefquinome against S. suis. (a) represents in healthy group plasma; (b)represents
in infected group plasma. The legends mean different plasma samples after cefquinome administration.

2.4. Pharmacokinetic Analysis of Cefquinome in Plasma

The concentration-time profiles of cefquinome in plasma were described by a two-
compartmental open model with a first-order absorption phase after a single .M. adminis-
tration in healthy and infected pigs. The main PK parameters of cefquinome are illustrated
in Table 3. The concentration-time profiles are presented in Figure 5.

Table 3. Pharmacokinetic parameters of cefquinome in plasma at a dose of 2 mg/kg by intramuscular
injection of the pigs (mean + SD).

A Plasma
Parameters Units

Healthy (n = 8) Infected (n = 8)

o4 1/h 4.73 +0.79 4.54 +0.94

B 1/h 0.31 £0.17 0.34 £0.16

T1/20 h 0.15 £+ 0.03 0.16 = 0.03

Ti/28 h 2.24 +0.23 2.33 +£0.21

Tmax h 0.45 £+ 0.02 0.42 +£0.03

AUC h-pg/mL 9.77 + 0.63 9.86 = 0.78

Cax ug/mL 3.93 +0.11 3.92 +£0.13
CL/F mL/kg/h 204.51 £ 19.50 202.77 £ 17.03

Vd/F L/kg 0.11 4 0.06 0.10 = 0.02

Note: AUC: the area under the concentration-time curve; Cpax: maximal drug concentration; Tax: time to
reach Cpax; T1/2«: distribution phase half-life; Ty /,5: elimination half-life; o: distribution phase rate constant; 3:
elimination phase rate constant; CL/F: clearance per fraction absorbed; V4/F: volume of distribution per fraction
absorbed.

The AUC of plasma in both healthy pigs (9.77 £ 0.63 h x ng/mL) and infected pigs
(9.86 £ 0.78 h x pg/mL) was similar. Cnax values of 3.93 £ 0.11 pg/mL (healthy) and
3.92 £ 0.13 (S. suis-infected) were reached at 0.45 & 0.02 h and 0.42 & 0.03 h, respectively,
indicating that the concentration of cefquinome in the plasma of the healthy and infected
groups was similar. CL/F is also similar in healthy and infected groups indicating that the
clearance rate is not influenced by healthy conditions.
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Figure 5. Concentration-time of cefquinome in plasma by 2 mg/kg b.w. intramuscular injection.

2.5. PK/PD Integration Modeling and Dose Estimation

The PK/PD profiles of concentrations versus antibacterial effects in plasma were
simulated by the inhibitory sigmoid I, model. The correlation between the antimicro-
bial effect and ex vivo PK/PD parameters of (AUCy41,/MIC)ex was simulated and the
parameters are illustrated in Table 4. Ultimately, the corresponding dose of cefquinome
achieving bacteriostasis is 2.86 mg/kg, 1-log killing effect is 2.96 mg/kg and 2-logyg killing
is 3.08 mg/kg.

Table 4. The PK/PD modeling of cefquinome in plasma at a dose of 2 mg/kg by intramuscular
injection of the pigs.

Parameters Units Healthy Infected
Imax Log CFU/mL 6.53 £0.13 6.00 £ 0.25
Eg Log CFU/mL 2.89 £0.19 2.92 +0.47
ECs h 79.14 £2.44 46.38 1 4.48
N - 7.54 £ 0.61 24.81 £ 10.12
Static effect h 76.73 +1.84 46.00 £ 4.53
1-logy killing h 83.32 £ 1.84 47.59 4+ 3.95
2-logyp killing h 91.54 +£1.96 49.66 + 3.34
3-log; killing h 106.44 & 3.28 -

2.6. Determination of COpp
PK/PD indices (AUC,41,/MIC) for different antibacterial effect were selected as the

target value. 10,000 subjects were simulated by Monte Carlo simulation. Ultimately, the
COpp for cefquinome against S. suis was defined as 0.06 ng/mL (as Figure 6 shows).
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Figure 6. Probability of target attainment (PTA) for different antibacterial effects on the healthy group.
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2.7. Clinical Outcomes and Determination of COcp,

When the experimental model of pig streptococcosis was successfully established, the
pigs exhibited obvious clinical symptoms, such as roughened body coats, loss of appetite,
and elevated body temperature (39.5 to 42.0 °C); the pigs were reluctant to rise, and some
were lame in one or more legs. A few of the pigs exhibited severe central nervous system
signs, such as head tilt, tremors, prostration, and opisthotonos.

The clinical outcomes corresponded to pig streptococcosis caused by 5 isolates of S. suis
and treatment with a recommended dosage of cefquinome (2 mg/kg). The results of clinical
experiment are shown in Table 5. The clinical cure rate (no relapse over 7 days following
cure) was 100% using a therapeutic dosing regimen in the SSZD01 and 551496 groups. The
cure rates were 83%, 67%, and 50% in the 550061, 5514130, and 552481 groups, respectively.

The clinical outcomes were analyzed by the WindoW approach [11]. The calculation
and clinical experiment results are shown in Table 5. The cure rate and mortality rate of
5 isolates with different MICs in the treatment group were statistically analyzed, and the
survival animals of the treatment group were 6, 6, 5, 4, and 3. The probabilities calculated
by CAR algorithms were 100, 100, 83.33, 66.67, and 50. The MIC of the isolate corresponding
to the minimum value of CAR was selected as 1 pig/mL. Meanwhile, the CAR should not
be set at the lowest or highest measured MIC. The difference in the cure probability of each
MIC calculated by the MaxDiff algorithm was 25.00, 33.30, 25.03, 16.67, and 0. The MIC of
the isolate corresponding to the maximum MaxDiff value was selected as the lower limit of
the cutoff at 0.06 pg/mL. As a result, the window of CO¢p, was 0.06-1 pg/mL.

Table 5. The efficacy of cefquinome for the treatment of pig streptococcicosis caused by different MIC isolates.

Groups (HI;IIEL) “I’{I:tr:a(l}t)y Rcﬁ:r(?,/o) AUCsuce  AUCuu CAR %Success < MIC ~ MaxDiff
$57D01 0.015 0 100 0.05 0.05 1.00 100.00 25.00
551496 0.06 0 100 0.32 0.32 1.00 100.00 33.30
550061 0.25 17 83 136 146 0.93 83.33 25.03
5514130 1 33 67 4.74 5.96 0.80 66.67 16.67
552481 2 50 50 824 11.96 0.69 50.00 0.00

Note: AUCgyc: AUC based upon the number of therapeutic successes; AUCryt,1, AUC estimated based upon the total observations; CAR:
cumulative AUC ratio; MaxDiff: the method of maximum difference.

The CART algorithm was applied to analyze the clinical outcomes of each pig (Figure 7).
The cure rate reached 100% when cefquinome was added at MIC values <0.16 ug/mL.
However, the cure rate was close to 83.3% when cefquinome was added at MIC values
<0.63 ng/mL. The COcp, is the MIC at which the cure rate equals 90%. Consequently, the
COcL value ranged from 0.16 to 0.63 pg/mL.

Nonlinear regression analysis was performed to obtain the equation expressing the rela-
tionship between log, MIC and cure rate. The equation was y = —1.144x> — 12.831x + 64.812,
and R? (the correlation coefficient) was 0.99. When the cure rate equaled 90%, the cor-
responding log, MIC value was approximately —1, and the MIC value was 0.5 ug/mL,
which accorded with the range of 0.16-0.63 ug/mL. Consequently, the CO¢cp, was defined
as 0.5 pg/mlL.
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Figure 7. The simulation of CART modeling.

2.8. Development of Susceptibility Breakpoints

The results of TECOFF > COcp, > COpp were obtained by comparing the TECOFF and
COpp, and COcp, values. Ultimately, according to the susceptibility breakpoint decision
tree, the final susceptibility breakpoint was defined as 1 pg/mL.

3. Discussion

S. suis is widely regarded as one of the most important zoonotic pathogens causing
severe infection in animals and humans, with clinical symptoms such as arthritis, encephali-
tis, and pneumonia [12]. It is essential to optimize the dosage regimen and monitor the
development of resistance of S. suis, because of the rapid spread of resistance to common
antibiotics.

The ECOFF is used to distinguish the distribution of wild-type and non-wild type
bacterial populations [13]. The traditional method for determining ECOFF is a visual inspec-
tion of distribution histograms of the MICs of special agents against organisms. However,
this method may be improper when there is a bimodal MIC distribution, and the determi-
nation lacks reproducibility because the calculation process is observer-dependent [14]. In
this study, we adapted a statistical technique process to determine the TECOFF as 1 pg/mL
with nonlinear regression analysis fitting to a cumulative log-normal MIC distribution [14],
and this value was similar to the result by visual inspection. The ECOFF of cefquinome
against S. suis needs at least five MIC distributions from different laboratories. The TECOFF
can provide evidence for the determination of ECOFFE.

Monte Carlo simulation is a simple and semi-random number generator that merges
the variable distribution of population PK/PD parameters and the PTA. This simula-
tion can describe the relationship of random probability. As the simulation proceeds,
10,000 AUC/MIC ratios are calculated with their probabilities, and then all AUC/MIC
ratio values and the probability of attaining each of them are obtained [15]. In this study,
the COpp was calculated as 0.06 pg/mL. This value was equal to the MICsj of cefquinome
against 342 S. suis isolates, indicating that half of the S. suis infections could be cured by
using cefquinome under the recommended regimen [16]. COpp of cefquinome against
haemophilus parasuis was also calculated as 0.06 ug/mL [17].
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The PK/PD model is a valuable tool to optimize dosage regimen [18]. An accurate
PK/PD integration model is essential to predict the clinical treatment efficacy of antibiotics
for respiratory tract infection and establish an interpretive susceptibility breakpoint for pre-
venting the spread of bacterial resistance. %T > MIC is the most appropriate PK/PD index
for a time-dependent antibiotic to determine antibacterial efficacy and predict therapeutic
efficacy. However, the ex vivo antibacterial pattern of cefquinome was altered and different
from the pattern of the in vitro conditions in the time-killing curve experiment. As the
concentration increased in serum, the bacterial counts decreased after 24 h of incubation,
indicating that the antibacterial activity is concentration-related under ex vivo conditions.
In addition, the different parameters based on the values of T > MIC and bacterial counts
(log19g CFU/mL) cannot be acquired using ex vivo PK/PD integration, and AUC/MIC is
also used for describing the character of antibacterial activity of cefquinome [19]. For these
reasons, AUC/MIC was regarded as the most appropriate PK/PD index to describe the
antibacterial activity of cefquinome in serum.

EMA have proposed a dose of cefquinome to treat respiratory tract infections of swine
as 2 mg/kg bodyweight. The recommend dose is designed for respiratory tract disease,
not only for S. suis infection. The PK/PD model is recognized to evaluate and optimize the
dose regimen and guide clinical treatment. There are many previous studies investigating
the dose of cefquinome against a specific bacterium [19-21]. From the manuscript, the
ECOFF, COpp and COcy, were determined as 1 pg/mL, 0.06 pg/mL and 0.5 pg/mL,
respectively. Compared with COpp and ECOFF, COpp is less than ECOFF which indicates
the recommended dose regimen is a little bit too low to treat the wild-type population
infected by S. suis [22]. From the clinical experiment, for the pathogens associated with
high MIC values, the cure rate is less than 67% at a dose of 2 mg/kg, indicating the dose of
cefquinome against S. suis needs to be optimized. By the current ex vivo PK/PD model
for the infected group, the dose is determined as 3.08 mg/kg. From our viewpoint, it is
important to determine the MIC of cefquinome against S. suis before antibacterial treatment.
If the MIC is higher than the clinical breakpoint, it is a better way to select the optimized
dose (3.08 mg/kg) or change to another antibiotic. When the MIC is lower than the clinical
breakpoint, the recommended dose is still the best choice.

The correlation of MICs with the clinical outcome of infection caused by causative
pathogens is important for establishing clinical cutoffs. The COc1, was developed and
proposed by inspecting clinical and microbiological outcomes based on the MICs associated
with clinical infection. The decisive factors associated with establishing CO¢, include the
MICs of the causative isolates of infection, the dosage regimen of antibiotics, the phar-
macokinetics in target animals, the toxicological aspects, comprehensive microbiological
studies, the clinical outcome aspects, and so on. In a previous study, the clinical break-
points of amoxicillin to the pathogens of causative porcine respiratory tract infection were
established as <0.5 pg/mL for “susceptible”, 1 ug/mL for “intermediate”, and >2 pg/mL
for “resistant” based on extensive studies of their MICs, pharmacological, clinical outcome,
and microbiological parameters [23]. Due to the lack of extensive data, statistical measures
were adopted for the process [24]. In this study, based on the clinical outcomes of an
effectiveness study of cefquinome against pig streptococcosis, a tentative clinical cutoff
was established.

The proposed COcr, should be developed with a therapeutic outcome based on the
infection of different MIC isolates. Considering the MIC distribution, the pathogenic clinical
isolates of different MICs, which are selected from distribution of sensitive strain, MICs,
value, MICq value, ECOFF, and resistant isolate, were chosen on the basis of pathogenicity
experiments performed on mice (data not shown) for the establishment of an experimental
model of pig streptococcosis. Then, the therapeutic dose of 2 mg/kg body weight was
used for treatment. The pigs in groups SSZD01 and 551496, which exhibited MICs of 0.015
and 0.06 ug/mL, respectively, had a rapid clinical recovery according to the clinical score.
In contrast, in the 5514130 and 552481 groups (1 and 2 ug/mL, respectively), the clinical
recovery was unsatisfactory over the whole treatment period, and more failure cases arose
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from isolates with high MICs. The clinical efficacy of cefquinome against clinical isolates of
different MICs was confirmed regarding each group obtaining treatment by a significant
reduction in the clinical score. Ultimately, the tentative COc|, was calculated as 0.5 pg/mL.

4. Materials and Methods
4.1. Determination of the Epidemiologic Cutoff

The MIC of 342 S. suis was measured with agar dilution with CLSI guidelines [25].
Strains of S. suis were inoculated onto Mueller-Hinton (MH) agar containing sheep blood
(5%), with twofold dilutions (0.0075-32 pg/mL) of cefquinome (Dr. Ehrenstorfer, Augsburg,
Germany).The plates were incubated at 37 °C in an atmosphere containing 5% CO; for 24 h.
Escherichia coli (ATCC 25922) was selected as the quality control strain for determination of
the MIC. Prior to testing, each isolate was sub-cultured at least three times in trypticase soy
agar (TSA) and trypticase soy broth (TSB) containing 5% newborn calf serum (Zhejiang
Tian Hang Biotechnology Co., Ltd., Hangzhou, China).

The MIC distribution was constructed and converted into a cumulative log-normal
distribution. Then, nonlinear least-squares regression was employed to fit the cumulative
log,-transformed MIC data to obtain a range of optimum wild-type MIC distributions,
which contained the wild-type MIC in the range of 0.1% and 99.9% and to calculate the
probability of MIC data falling within the cutoff range. The cutoff value would encompass
at least 95% of the wild-type isolates [14]. The ECOFF value could also be calculated by
ECOFFinder software, which is a fully automatic Microsoft Excel spreadsheet calculator,
following the methodology described by Turnidge. ECOFFinder is freely available on the
CLSI website [11].

4.2. Pharmacodynamics of Cefquinome against SS0061
4.2.1. MIC and MBC Determination of SS0061 In Vitro and Ex Vivo

550061 strain, for the highly virulent, was selected to research the in vitro and ex
vivo antimicrobial activity of cefquinome. For determination of MIC, a 100 pL suspension
of $S0061 at 1 x 10° CFU/mL was added to 100 uL TSB or plasma with cefquinome
concentrations from 16 to 0.03 pg/mL followed by the broth dilution method. The plates
were incubated at 37 °C for 24 h. An aliquot of 100 pL from each clear tube was sub-cultured
on TSA; the plates were incubated at 37 °C overnight, and the colonies were counted to
determine the minimum bactericidal concentration (MBC).

4.2.2. In Vitro and Ex Vivo Time-Killing Curve of SS0061

For the in vitro time-killing curves, 5 mL 550061 at 10° CFU/mL were added to 5 mL
TSB with cefquinome concentrations as 0 x MIC, 1 x MIC, 2 x MIC, 4 x MIC, 8 x MIC,
16 x MIC, 32 x MIC and 64 x MIC. Each culture was serially diluted 10-fold with sterile
saline, and 100 pL of each dilution from different time points (0, 1, 2, 4, 6, 8, 12, and 24 h)
was spread onto TSA agar plates.

For the ex vivo time-killing curves, $50061 was cultured at 37 °C in TSB until logarith-
mic phase and diluted to 10° CFU/mL. S50061 were co-incubated with plasma samples
collected from healthy and infected pigs at different time points after .M. administration
of cefquinome (2 mg/kg b.w.) (Shanghai Tongren Pharmaceutical Co., Ltd., Shanghai,
China). Each culture was serially diluted 10-fold with sterile saline, and 100 pL of each
dilution from different time points (0, 3, 6, 9, 12, and 24 h) was spread onto TSA agar plates.
Then, the bacterial count (CFU/mL) was determined after incubation for 24 h at 37 °C with
5% CQO,. The limit of detection was 10 CFU/mL.

4.2.3. Determination of the MPC of Cefquinome against SS0061

An aliquot of 100 uL of the 10’ CFU/mL bacterial suspension was cultured on TSA
plates containing various concentrations of cefquinome (0 x MIC, 1 x MIC, 2 x MIC,
4 x MIC, 8 x MIC, 16 x MIC, 32 x MIC, and 64 x MIC), incubated for 72 h, and colonies
were counted every 24 h. All mutant prevention concentration (MPC) determinations were
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performed in duplicate. The MPC was defined as the lowest cefquinome concentration
with no visible bacterial growth on agar plates after incubation for 72 h.

4.2.4. In Vitro PAE

The PAE of cefquinome is determined as described. S50061 was incubated with 1, 2
and 4 MIC of cefquinome. After incubating for 1 or 2 h, the drug was removed by dilution
1000 times with fresh medium. The viable counts of S. suis were determined at 1, 2, 4, 6,
8,10 and 12 h. The PAE was calculated as follows: PAE = T-C, where T and C represent
the periods required for viable counts of bacteria to increase by 1-logjg CFU in the drug
removal phase for the treatment and the untreated control groups, respectively.

4.3. Pharmacokinetics of Cefquinome in the Plasma of Pigs
4.3.1. Animals and Dosing

Sixteen pigs, with an average weight of 15 £ 2 kg, were randomly segmented into
groups A and B, with 8 pigs in each group. Each pig in group B was inoculated with 3 mL
of 1 x 108 CFU/mL SS0061 by intranasal infection to establish the infected model. Animals
in group A were inoculated with an equal volume of TSB broth. When streptococcus’s
symptoms such as high temperature, loss of appetite, fatigue, increased breathing rate,
coughing, corneal flushing, joint swelling, and central nervous system signs were observed
in group B, all the animals were administered cefquinome sulfate at a dose of 2 mg/kg via
posterior auricular muscle injection. All healthy animals were returned to the farm.

4.3.2. Sample Collection

Blood samples (5 mL) from each pig in the healthy and infected groups were collected
at 0, 0.08, 0.17, 0.25, 0.5, 0.75, 1, 1.5, 2, 3, 4, 6, 8, 10, 12, 24, 36, and 48 h after injection
administration from the jugular vein, and transferred into heparinized tubes. Plasma
samples were centrifuged at 3500 rpm/min for 10 min. All samples were stored at —20 °C
prior to the analysis.

4.3.3. Sample Analysis

The quantitative analysis of cefquinome in plasma and PELF was performed by HPLC-
UV. A ZORBAX SB-Aq reverse-phase column (250 mm x 4.6 mm, i.d. 5 um, Agilent) was
used to execute HPLC at a detection wavelength of 265 nm at 30 °C. The mobile phase
consisted of 0.05% phosphoric acid (phase A) and acetonitrile (phase B) at a flow rate of
1 mL/min with a gradient elution condition.

Plasma (0.5 mL) was deproteinized with 1 mL of acetonitrile. After centrifugation,
1.5 mL of dichloromethane was added to the supernatant to carry out the back extraction.
The top layer was transferred into an autosampler vial and injected into HPLC system after
vortex mixing and centrifugation. The standard curves of cefquinome were linear from
0.08 to 10 ug/mL in plasma (R? = 0.9966). The limit of determination (LOD) was 0.03 and
the limit of quantification (LOQ) was 0.08 ug/mL in plasma. The recovery of cefquinome
in plasma ranged from 79.57% to 93.20%.

4.4. Pharmacokinetic/Pharmacodynamic Integration Model

The PK/PD integration model was calculated with the parameters representing the
bacteriological outcome. Then, the inhibitory sigmoid I, model was used to simulate the
values of PK/PD parameters by WinNonlin software version 5.2.1. The model equation is
described as follows:

Lyax x CN

E=Ey— x>
* CN 4 ECN

where E is the antibacterial effect measured as the change in the bacterial count (log;g CFU/mL)
in the plasma sample after 24 h of incubation compared to the initial value, Ej is the
maximum antibacterial effect determined as the difference in the log;y) CFU/mL value of
the sample incubated between 0 h and 24 h, I, is the amplitude of maximal effect, ECsg
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is the value of PK/PD parameter which can produce 50% of the maximum antibacterial
effect, C is the PK/PD parameters in the effect compartment, and N is the Hill coefficient,
which describes the steepness of the PK/PD parameter-effect curve.

Three levels of the antibacterial effect were quantified from the sigmoid Emax model
by PK/PD parameters required for static action (no change in bacterial counts after 24 h
incubation, E = 0), 1-log killing effect (a 90% reduction in bacterial count, E = —1), 2-log1g
killing effect (a 99% reduction in the bacterial count, E = —2) and 3-logj killing effect (a
99.9% reduction in the bacterial count, E = —3) in each of the samples.

4.5. Determination of COpp by Monte Carlo Simulation

In order to obtain the probability target attainment, PK parameters and PK/PD targets
are selected for simulation. PK/PD targets corresponding to different antibacterial effect
were selected to obtain the probability of target attainment (PTA). COpp was defined as the
maximal MIC value at which the corresponding PTA was >90% [26].

4.6. Dose Estimations

PK/PD parameters corresponding to an E value in the plasma were used to deduce an
optimal dose regimen. The potential optimal dosage could be calculated as the equation:

(4H€) xmic
fu

where MIC is 0.25 pg/mL (MICq) of cefquinome against S. suis, (AUC/MIC),y is the target
end point for optimal efficacy, CL/F is the clearance per fraction absorbed, and unbound
fraction (fu) is 0.812 [27].

Dose = x CL/F

4.7. Clinical Effectiveness of Cefquinome on Pigs Infected with Different S. suis Isolates
4.7.1. Animal Groups and Establishment of Infected Model

Thirty-six piglets, with an average weight of 20 & 4 kg, were randomly segmented
into 6 groups, one of which was a blank control group with 6 pigs, and the other five with
6 pigs in each group were infected with five different strong pathogenic S. suis strains, In
this study, these strains corresponded to the strains of SSZD01, S51496, SS0061, SS14130,
552481, and their MIC value was 0.015 pg/mL, 0.06 ug/mL, 0.25 pg/mL, 1 ng/mL,
2 ug/mL, respectively. The infected model was established by inoculating with 3 mL of
1 x 108 CFU/mL SS0061 via nasal inoculation. The infected pigs in each group were ad-
ministered with cefquinome sulfate injection when streptococcosis symptoms were observed.
Piglets were observed daily for rectal temperature, respiratory state and behavior and
depression. The main observing targets were scored following criteria described in the
FDA guidance with some improvements.

4.7.2. Statistical Analysis of Clinical Outcome and Clinical Cutoff

CLSI and EUCAST have not yet published the unified procedure for establishing
COct. Three analysis methods could be used to analyze the clinical efficacy data, including
Classification and Regression Tree analysis (CART), WindoW approach, and nonlinear
regression analysis. For CART, the software of Salford Predictive Modeler version 8.2
was used to predict the likelihood of success or failure in cefquinome-treated piglets with
S. suis infection. WindoW approach is a proposal for CLSI/VAST discussion [28]. This is
accomplished using two separate algorithms (MaxDiff and CAR), simultaneously applied
to define a Window of COcy,. The range of COc, values could be determined by both
methods. Then the relationship between log, MIC for 5 isolates and cure rate derived
from clinical effectiveness studies was simulated by nonlinear regression analysis. COcp,
was defined as the maximum MIC value with a cure rate of 90% under the same dosing
regimen.
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4.8. Development of Susceptibility Breakpoints

The final susceptibility breakpoint of cefquinome against S. suis was established based
on the (SBPT) decision tree with the TECOFF and COpp and COcy, values.

5. Conclusions

This was the first study on susceptibility breakpoint and the optimal dosage regimen
of cefquinome against S. suis in pigs. The TECOFF was determined as 1 pg/mL, the COpp
was calculated of 0.06 pg/mL and the CO¢p, was determined as 0.5 ng/mL. Based on the
(SBPT) decision tree, the susceptibility breakpoint was set as 1 ug/mL. The optimized dose
was determined as 3.08 mg/kg for the clinical treatment. This study offers evidence for
monitoring resistance emergence and guidance for clinical treatment.

Author Contributions: Data curation, K.M.; Formal analysis, L.S. and Y.P,; Investigation, M.L. and
K.Z.; Methodology, K.M. and M.L.; Project administration, L.H.; Software, H.-H. and C.X; Validation,
Y.H. and Z.L.; Writing—original draft, K.M. and M.L.; Writing—review & editing, L.H. All authors
have read and agreed to the published version of the manuscript.

Funding: This research was funded by National key research and development program, 2016YFD0501310
and 2018YFD0500301, and the fundamental research funds for the Central Universities, 2662017PY081.

Institutional Review Board Statement: The experimental procedures in the study involving animals
were approved by Institutional Animal Care and Use Committee at Huazhong Agricultural University
(approval number HZAUSW-2018-021).

Data Availability Statement: Data is contained within the article.

Conflicts of Interest: The authors declare no conflict of interest.

Abbreviations

AUC: Are under concentration; CART: Classification And Regression Trees; CLSI: Clinical laboratory
standard institution; COpp: Pharmacodynamics cutoff; COcr: Clinical cutoff; CFU: Colony-forming
unit; ECOFF: Wild cutoff; fu: unbound faction of antibiotic; HPLC: High Performance Liquid Chro-
matography; MBC: Minimum bactericidal concentration; MIC: minimum inhibitory concentration;
MPC: mutation preventive concentration; MSW: mutant selection windows; PAE: Post-antibiotic
effect; PK: Pharmacokinetic; PD: Pharmacodynamics; PTA: Probability of target attainment; SBPT:
Susceptibility breakpoints; S. suis: Streptococcus suis; TECOFF: Terminal wild cutoff; T > MIC: Time
above minimum inhibitory concentration.

References

1.  Chengappa, M.M.; Pace, LW.; Williams, J.A.; Herren, C.H.; Ascher, S.E. Efficacy of tiamulin against experimentally induced
Streptococcus suis type-2 infection in swine. J. Am. Veter. Med. Assoc. 1990, 197, 1467-1470.

2. Staats, J.; Feder, I.; Okwumabua, O.; Chengappa, M. Streptococcus Suis: Past and Present. Veter. Res. Commun. 1997, 21, 381-407.
[CrossRef] [PubMed]

3. Chin, N.-X,; Gu, J.-W,; Fang, W.; Neu, H.C. In vitro activity of cefquinome, a new cephalosporin, compared with other
cephalosporin antibiotics. Diagn. Microbiol. Infect. Dis. 1992, 15, 331-337. [CrossRef]

4. Limbert, M,; Isert, D.; Klesel, N.; Markus, A.; Seeger, K.; Seibert, G.; Schrinner, E. Antibacterial activities in vitro and in vivo and
pharmacokinetics of cefquinome (HR 111V), a new broad-spectrum cephalosporin. Antimicrob. Agents Chemother. 1991, 35, 14-19.
[CrossRef]

5. CVMP. Cefquinome Summary Report. Emea/Mrl/005/95; European Agency for the Evaluation of Medicinal Products: London, UK,
1995.

6.  Turnidge, J.; Paterson, D.L. Setting and Revising Antibacterial Susceptibility Breakpoints. Clin. Microbiol. Rev. 2007, 20, 391-408.
[CrossRef] [PubMed]

7. Kahlmeter, G.; Brown, D.; Goldstein, F.; MacGowan, A.; Mouton, J.; Odenholt, I.; Rodloff, A.; Soussy, C.-J.; Steinbakk, M.; Soriano,

F; et al. European Committee on Antimicrobial Susceptibility Testing (EUCAST) Technical Notes on antimicrobial susceptibility
testing. Clin. Microbiol. Infect. 2006, 12, 501-503. [CrossRef] [PubMed]


http://doi.org/10.1023/A:1005870317757
http://www.ncbi.nlm.nih.gov/pubmed/9266659
http://doi.org/10.1016/0732-8893(92)90019-P
http://doi.org/10.1128/AAC.35.1.14
http://doi.org/10.1128/CMR.00047-06
http://www.ncbi.nlm.nih.gov/pubmed/17630331
http://doi.org/10.1111/j.1469-0691.2006.01454.x
http://www.ncbi.nlm.nih.gov/pubmed/16700696

Antibiotics 2021, 10, 958 13 of 13

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

Drusano, G.L.; D’Argenio, D.Z.; Preston, S.L.; Barone, C.; Symonds, W.; LaFon, S.; Rogers, M.; Prince, W.; Bye, A ; Bilello, J.A. Use
of Drug Effect Interaction Modeling with Monte Carlo Simulation to Examine the Impact of Dosing Interval on the Projected
Antiviral Activity of the Combination of Abacavir and Amprenavir. Antimicrob. Agents Chemother. 2000, 44, 1655-1659. [CrossRef]
[PubMed]

Nielsen, E.I; Friberg, L.E. Pharmacokinetic-Pharmacodynamic Modeling of Antibacterial Drugs. Pharmacol. Rev. 2013, 65,
1053-1090. [CrossRef] [PubMed]

Toutain, P.-L.; Bousquet-Melou, A.; Damborg, P; Ferran, A.A.; Mevius, D.; Pelligand, L.; Veldman, K.T.; Lees, P. En Route towards
European Clinical Breakpoints for Veterinary Antimicrobial Susceptibility Testing: A Position Paper Explaining the VetCAST
Approach. Front. Microbiol. 2017, 8, 2344. [CrossRef]

Mi, K;; Sun, D.; Li, M,; Hao, H.; Zhou, K;; Liu, Z.; Yuan, Z.; Huang, L. Evidence for Establishing the Clinical Breakpoint of
Cefquinome against Haemophilus Parasuis in China. Pathogens 2021, 10, 105. [CrossRef] [PubMed]

Hughes, ]. M.; Wilson, M.E.; Wertheim, H.F.; Nghia, H.D.T.; Taylor, W.; Schultsz, C. Streptococcus suis:An Emerging Human
Pathogen. Clin. Infect. Dis. 2009, 48, 617-625. [CrossRef]

Pfaller, M.A.; Espinel-Ingroff, A.; Canton, E.; Castanheira, M.; Cuenca-Estrella, M.; Diekema, D.; Fothergill, A.; Fuller, J.;
Ghannoum, M.; Jones, RN.; et al. Wild-Type MIC Distributions and Epidemiological Cutoff Values for Amphotericin B,
Flucytosine, and Itraconazole and Candida spp. as Determined by CLSI Broth Microdilution. J. Clin. Microbiol. 2012, 50, 2040-2046.
[CrossRef]

Turnidge, J.; Kahlmeter, G.; Kronvall, G. Statistical characterisation of bacterial wild-type MIC value distributions and the
determination of epidemiological cut-off values. Clin. Microbiol. Infect. 2006, 12, 418-425. [CrossRef]

Ambrose, P.G.; Grasela, D.M. The Use of Monte Carlo Simulation to Examine Pharmacodynamic Variance of Drugs: Fluoro-
quinolone Pharmacodynamics against Streptococcus Pneumoniae. Diagn. Microbiol. Infect. Dis. 2000, 38, 151-157. [CrossRef]
Lei, Z.; Liu, Q.; Qi, Y,; Yang, B.; Khaliq, H.; Xiong, J.; Moku, G.K.; Ahmed, S.; Li, K.; Zhang, H.; et al. Optimal Regimens and
Cutoff Evaluation of Tildipirosin Against Pasteurella multocida. Front. Pharmacol. 2018, 9, 765. [CrossRef]

Xiao, X.; Sun, ].; Chen, Y.; Huang, R.-J.; Huang, T.; Qiao, G.G.; Zhou, Y.-F; Liu, Y.-H. In vitro dynamic pharmacoki-
netic/pharmacodynamic (PK/PD) modeling and PK/PD cutoff of cefquinome against Haemophilus parasuis. BMC Veter. Res. 2015,
11, 33. [CrossRef] [PubMed]

Velkov, T.; Bergen, PJ.; Lora-Tamayo, J.; Landersdorfer, C.; Li, ]. PK/PD models in antibacterial development. Curr. Opin.
Microbiol. 2013, 16, 573-579. [CrossRef] [PubMed]

Lee, D.-H.; Birhanu, B.T;; Lee, E.-B.; Lee, S.-].; Boby, N.; Park, Y.-S.; Park, S.-C. Pharmacokinetic and pharmacodynamic integration
for optimal dosage of cefquinome against Streptococcus equi subsp. equi in foals. Vet. Res. 2020, 51, 131. [CrossRef] [PubMed]
Zhang, L.; Wu, X.; Huang, Z.; Zhang, N.; Wu, Y.; Cai, Q.; Shen, X.; Ding, H. Pharmacokinetic/pharmacodynamic assessment of
cefquinome against Actinobacillus Pleuropneumoniae in a piglet tissue cage infection model. Veter. Microbiol. 2018, 219, 100-106.
[CrossRef]

Ahmad, I; Hao, H.; Huang, L.; Sanders, P.; Wang, X.; Chen, D.; Tao, Y.; Xie, S.; Xiuhua, K,; Li, J.; et al. Integration of PK/PD
for dose optimization of Cefquinome against Staphylococcus aureus causing septicemia in cattle. Front. Microbiol. 2015, 6, 588.
[CrossRef]

Zhou, Y.-F; Bu, M.-X;; Liu, P; Sun, J.; Liu, Y.-H.; Liao, X.-P. Epidemiological and PK/PD cutoff values determination and
PK/PD-based dose assessment of gamithromycin against Haemophilus parasuis in piglets. BMC Veter. Res. 2020, 16, 81. [CrossRef]
[PubMed]

Bottner, A.; de Jong, A.; Schmid, P.; Schuller, S.; Traeder, W.; Weiskopf, S. Determination of Breakpoints for Veterinary Antimicrobial
Substances for Resistance Assessment of Veterinary Pathogens; Berliner und Munchener Tierarztliche Wochenschrift: Berlin, Germany,
2000; Volume 113, pp. 344-347.

Moore, C.L.; Lu, M.; Cheema, F,; Osaki-Kiyan, P; Perri, M.B.; Donabedian, S.; Haque, N.Z.; Zervos, M.]. Prediction of Failure in
Vancomycin-Treated Methicillin-Resistant Staphylococcus aureus Bloodstream Infection: A Clinically Useful Risk Stratification
Tool. Antimicrob. Agents Chemother. 2011, 55, 4581-4588. [CrossRef]

CLSI. Development of in Vitro Susceptibility. In Testing Criteria and Quality Control Parameters for Veterinary Antimicrobial Agents;
Approved Guideline, 3rd ed.; CLSI: Wayne, PA, USA, 2009.

Zhang, P.; Hao, H; Li, J.; Ahmad, I.; Cheng, G.; Chen, D.; Tao, Y.; Huang, L.; Wang, Y.; Dai, M.; et al. The Epidemiologic and
Pharmacodynamic Cutoff Values of Tilmicosin against Haemophilus parasuis. Front. Microbiol. 2016, 7, 385. [CrossRef] [PubMed]
Rottbell, L.A.H.; Friis, C. Penetration of antimicrobials to pulmonary epithelial lining fluid and muscle and impact of drug
physicochemical properties determined by microdialysis. J. Pharmacol. Toxicol. Methods 2016, 78, 58—65. [CrossRef] [PubMed]
Turnidge, J.D.; Martinez, M.N. Proposed method for estimating clinical cut-off (CO CL) values: An attempt to address challenges
encountered when setting clinical breakpoints for veterinary antimicrobial agents. Veter. J. 2017, 228, 33-37. [CrossRef]


http://doi.org/10.1128/AAC.44.6.1655-1659.2000
http://www.ncbi.nlm.nih.gov/pubmed/10817724
http://doi.org/10.1124/pr.111.005769
http://www.ncbi.nlm.nih.gov/pubmed/23803529
http://doi.org/10.3389/fmicb.2017.02344
http://doi.org/10.3390/pathogens10020105
http://www.ncbi.nlm.nih.gov/pubmed/33498972
http://doi.org/10.1086/596763
http://doi.org/10.1128/JCM.00248-12
http://doi.org/10.1111/j.1469-0691.2006.01377.x
http://doi.org/10.1016/S0732-8893(00)00185-1
http://doi.org/10.3389/fphar.2018.00765
http://doi.org/10.1186/s12917-015-0343-7
http://www.ncbi.nlm.nih.gov/pubmed/25889187
http://doi.org/10.1016/j.mib.2013.06.010
http://www.ncbi.nlm.nih.gov/pubmed/23871724
http://doi.org/10.1186/s13567-020-00853-2
http://www.ncbi.nlm.nih.gov/pubmed/33059768
http://doi.org/10.1016/j.vetmic.2018.02.027
http://doi.org/10.3389/fmicb.2015.00588
http://doi.org/10.1186/s12917-020-02300-y
http://www.ncbi.nlm.nih.gov/pubmed/32138735
http://doi.org/10.1128/AAC.00115-11
http://doi.org/10.3389/fmicb.2016.00385
http://www.ncbi.nlm.nih.gov/pubmed/27047487
http://doi.org/10.1016/j.vascn.2015.11.007
http://www.ncbi.nlm.nih.gov/pubmed/26645525
http://doi.org/10.1016/j.tvjl.2017.10.004

	Introduction 
	Results 
	MIC Distribution of CEF against S. suis 
	MIC, MBC, MPC and PAE of Cefquinome against SS0061 
	In Vitro and Ex Vivo Time-Killing Curves 
	Pharmacokinetic Analysis of Cefquinome in Plasma 
	PK/PD Integration Modeling and Dose Estimation 
	Determination of COPD 
	Clinical Outcomes and Determination of COCL 
	Development of Susceptibility Breakpoints 

	Discussion 
	Materials and Methods 
	Determination of the Epidemiologic Cutoff 
	Pharmacodynamics of Cefquinome against SS0061 
	MIC and MBC Determination of SS0061 In Vitro and Ex Vivo 
	In Vitro and Ex Vivo Time-Killing Curve of SS0061 
	Determination of the MPC of Cefquinome against SS0061 
	In Vitro PAE 

	Pharmacokinetics of Cefquinome in the Plasma of Pigs 
	Animals and Dosing 
	Sample Collection 
	Sample Analysis 

	Pharmacokinetic/Pharmacodynamic Integration Model 
	Determination of COPD by Monte Carlo Simulation 
	Dose Estimations 
	Clinical Effectiveness of Cefquinome on Pigs Infected with Different S. suis Isolates 
	Animal Groups and Establishment of Infected Model 
	Statistical Analysis of Clinical Outcome and Clinical Cutoff 

	Development of Susceptibility Breakpoints 

	Conclusions 
	References

