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ABSTRACT

Bovine mastitis undermines udder health, jeopar-
dizes milk production, and entails prohibitive costs,
estimated at $2 billion per year in the dairy industry of
the United States. Despite intensive research, the dairy
industry has not managed to eradicate the 3 major
bovine mastitis-inducing pathogens: Staphylococcus au-
reus, Streptococcus uberis, and FEscherichia coli. In this
study, the antimicrobial efficacy of a newly formulated
biphenomycin compound (AIC102827) was assessed
against intramammary Staph. aureus, Strep. uberis, and
E. coli infections, using an experimental mouse masti-
tis model. Based on its effective and protective doses,
AIC102827 applied into the mammary gland was most
efficient to treat Staph. aureus, but also adequately
reduced growth of Strep. uberis or E. coli, indicating
its potential as a broad-spectrum candidate to treat
staphylococcal, streptococcal, and coliform mastitis in
dairy cattle.
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Short Communication

Mammary gland inflammation, or mastitis, provokes
detrimental damage to mammary epithelial cells and
results in highly impaired milk production. As the most
common disease in dairy cows, mastitis is the principal
cause of economic losses in the dairy industry (Piepers
et al., 2007; Pinzén-Sénchez et al., 2011). Clinical
mastitis caused by environmental pathogens such as
Streptococcus uberis and Escherichia coli can mostly
be cured by antibiotic therapy (Pyoralda, 2009). Nev-
ertheless, the incidence of coliform mastitis has been
increasing relentlessly, and multidrug resistance is a
typical feature for E. coli (Bradley, 2002; Saini et al.,
2012). Although use of the preventive measures in the
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well-known 10-point checklist of the National Mastitis
Council (NMC, 2006) has significantly improved the
incidence of mastitis induced by contagious pathogens
such as Staphylococcus aureus, staphylococcal masti-
tis is still frequently observed (Hogeveen et al., 2010;
Zadoks et al., 2011). Therefore, novel antimicrobial
therapies remain highly desired for treatment of not
only Strep. uberis and E. coli mastitis but also Staph.
aureus mastitis.

The antimicrobial AIC102827 belongs to the cyclo-
peptide biphenomycin class (Ezaki et al., 1985), acting
at the level of bacterial protein synthesis; that is, in-
hibition of the thermo-unstable elongation factor (EF-
Tu). Specifically, the thermo-unstable elongation factor
mediates the entry of the aminoacyl-transfer (t)RNA
into the free A-site of the ribosome (Agirrezabala and
Frank, 2009). This mode of action makes no distinction
between gram-positive and gram-negative pathogens,
suggesting the potential for efficient antibiotic activity
against gram-positive Staph. aureus and Strep. uberis
and gram-negative E. coli. The objective of the current
study was to screen, both in vitro and in vivo, the in-
tramammary efficacy of the novel candidate antimicro-
bial AIC102827 against the bovine mastitis pathogens
Staph. aureus, Strep. uberis, and E. coli. Bovine mas-
titis studies are time consuming and extremely costly.
Therefore, the mouse model for bovine mastitis, which
has been recognized as a fast, cheap, and reproducible
intermediate in vivo alternative for antimicrobial com-
pound efficacy studies in cattle (Brouillette et al., 2004;
Notebaert et al., 2008; Demon et al., 2012), was applied
as an elegant screening tool in the current study.

In the present study, the excipient (hydrogel) and
different concentrations of AIC102827 (2, 4, 8, and 12
mg/mL) were provided as ready-to-use suspensions by
AiCuris GmbH & Co. (Wuppertal, Germany). Staphy-
lococcus aureus Newbould 305 (ATCC 29740), Strep.
uberis NADC C-1 (ATCC 27958), and E. coli P4:032
were used for infection of mice (challenge isolates).
These bacterial strains were originally isolated from
clinical mastitis cases (Prasad and Newbould, 1968;
Bramley, 1976; McDonald and McDonald, 1976). Over-

7082



SHORT COMMUNICATION: ANTIMICROBIAL EFFICACY OF ANOVEL BIPHENOMYCIN

night cultures of the bacteria were diluted in sterile
PBS and quantified by flow cytometry (BD Biosci-
ences, Erembodegem, Belgium), as described in detail
by Demon et al. (2012). In vitro determination of the
MIC of AIC102827 against the challenge isolates Staph.
aureus Newbould 305, Strep. uberis NADC C-1, and
E. coli P4:032, and a random selection of recent bo-
vine mastitis field isolates (n = 10 for each species)
was performed using the Mueller-Hinton agar dilution
assay according to Clinical and Laboratory Standards
Institute guidelines (CLSI, 2008). The procedures for
mouse mammary gland infection, postmortem mamma-
ry gland homogenization, and bacterial quantification
have been described recently by our group (Demon et
al., 2012). Briefly, CD-1 lactating mice (Harlan Labo-
ratories Inc., Horst, the Netherlands) were anesthe-
tized and intraductally inoculated with approximately
150 cfu of challenge isolate in 100 pL of PBS in both
glands of the fourth abdominal mammary gland pair.
Similarly, 100 pL of the excipient and test doses of
ATIC102827 were instilled at 4 h after bacterial inocula-
tion. After killing of the mice at 14 h posttreatment,
mammary glands were harvested, weighed, and homog-
enized on ice in sterile PBS. Bacterial counts (cfu) were
obtained after quantification of serial log;, dilutions
of mammary gland homogenates on tryptic soy agar
plates and transformation of the raw counts into base
10 logarithmic (log,,) values. The detection limit was
1.7logyy cfu/g of gland. In the dose-titration studies,
a group with bacteria-infected, excipient-treated mice
(excipient control group) was compared with 3 test
groups, in which mice were infected with bacteria and
treated with a particular dose of AIC102827. In the
intra-experimental comparison study, the excipient con-
trol group was compared with one test group, in which
mice were infected with bacteria and treated with 800
pg/gland of AIC102827. The groups in the different
studies were composed of 4 mice (8 mammary glands),
except the 3 mice (6 glands) in the 800 pg/gland test
group in the E. coli dose-titration study. The animal
experiments were approved by the Ethical Committee
of the Faculty of Veterinary Medicine, Ghent Univer-
sity, Merelbeke, Belgium (EC2009/133). To evaluate
the dose-response relationship for the antimicrobial,
the effective dose (ED)sjog10, EDyog10, Protective dose
(PD);s, and PDy, values were calculated from the dose-
titration studies. The EDyjo9 and EDye, o values are
the concentrations of AIC102827 needed to reduce the
mean bacterial count from the excipient control group
by 2log, and 4log, cfu/g of gland, respectively. The
PDs, and PD,y, are the doses of AIC102827 needed
to observe, respectively, 50 and 100% of cleared mam-
mary glands (with mean bacterial count below the
detection limit). The model parameters were calculated
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by nonlinear regression analysis using Microsoft Excel
software (Microsoft Corp., Redmond, WA). The models
that fitted best; that is, that yielded the highest R* val-
ue, with the dose-response relationship of the antibiotic
were polynomial for Staph. aureus Newbould 305 (y =
7.107°2% — 0.0471z + 8.5966) and Strep. uberis NADC
C-1 (y = 5.10"%* — 0.0101z + 6.1556) and exponential
for E. coli P4:032 (y = 8.6977e *""*"). The EDyy and
EDjjog10 values were then computed by calculating =
from these models, in which ¥ is replaced by z — 2 and z
— 4, respectively, with z being the mean bacterial count
(logy cfu/g of gland) from the excipient control group.
To determine the volume of the secretory fluid in the
bacterially infected mammary gland, mice (n = 8) were
intraductally infected with Staph. aureus Newbould 305
as described. Mammary glands (n = 15; 1 gland was
omitted due to improper inoculation) were harvested at
4 h postinoculation. The glands were weighed, placed
on a cell strainer of 40 pm, and centrifuged at 2,000 x g
for 1 h to expel their milk content. After centrifugation,
the glands were weighed again and subtracted from
the gland weight before centrifugation. The resulting
weight was divided by the density of mouse milk (1.06
mg/mL) to calculate the corresponding volume.

Table 1 reports MIC values of AIC102827, the newly
formulated antimicrobial from the biphenomycin class,
against the 3 major bovine mastitis pathogens. The
MIC values of AIC102827 against 10 bovine mastitis
field isolates of Staph. aureus, Strep. uberis, and E. coli
were 4 to 8, >16, and 2 to 4 ng/mL, respectively. These
MIC values illustrate efficient in vitro antimicrobial ac-
tivity of AIC102827 against Staph. aureus and E. coli,
but less adequate activity against Strep. wuberis. The
adequate activity of AIC102827 against Staph. aureus
and FE. coli indicates its ability to act against both
gram-positive and gram-negative bacteria. However,
the inadequate activity against Strep. uberis shows
that, although AIC102827 inhibits a universal bacterial
growth mechanism, species-specific characteristics are
involved in the susceptibility to the antimicrobial. The
MIC values of AIC102827 against the mouse mastitis
challenge isolates of Staph. aureus Newbould 305, Strep.
uberis NADC C-1, and E. coli P4:032 were 4, >16, and
4 pg/ml, respectively, and strongly correlated with the
sensitivity of the bovine mastitis field isolates, indicat-
ing the suitability of the latter as reference strains in
the current in vivo mouse mastitis study. The in vivo
dose-responses of mouse mastitis induced by Staph.
aureus Newbould 305, Strep. uberis NADC C-1, and
E. coli P4:032 to hydrogel-suspended AIC102827 were
analyzed in 3 separate dose titration studies (Figure 1A
to C). These data were used to calculate the EDyjou,
EDyjog10, PD5g, and PDyg values (Table 1). The EDyq10
value (corresponding to 99% bacterial clearance) of
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AIC102827 was 45, 215, and 130 pg/gland for Staph.
aureus, Strep. uberis, and FE. coli, respectively. These
values indicate that AIC102827 can clear 99% of the
Staph. aureus bacteria from the lactating mammary
gland, even at a low dose, whereas a higher dose is
needed to clear Strep. uberis and E. coli. In line with
this finding, the ED 419 value (corresponding to 99.99%
bacterial clearance) of AIC102827 was 100, 530, and 310
pg/gland for Staph. aureus, Strep. uberis, and E. coli,
respectively. The PDy, and PD,y, values of AIC102827
for the 3 mouse mastitis challenge isolates additionally
indicated that its intramammary treatment is more
efficient in curing glands infected by Staph. aureus
than by Strep. uberis or E. coli. An intra-experimental
study with one selected dose of AIC102827 was then
performed to evaluate reproducibility and compare
the antimicrobial efficacy of AIC102827 between the
3 pathogens in a study with minimal variability of ex-
perimental parameters such as the health status of the
mice and environmental conditions such as humidity
and temperature (Figure 1D). An AIC102827 dose of
800 pg/gland was selected for the intra-experimental
comparison study, because it showed reduction of the
bacterial load virtually to the detection limit in most
mammary glands in the separate dose-titration stud-
ies. For all 3 species, the mean bacterial counts (logy,
cfu/g of gland) in the intra-experimental study (Figure
1D) closely approximated their respective means in
the dose-titration study (Figure 1A to C), illustrating
the reproducibility of our data. Together, our in vitro
MIC and in vivo mouse data indicate adequate efficacy
of AIC102827 against the 3 mouse mastitis challenge
isolates.

The antimicrobial AIC102827 indicated similar in
vitro MIC for Staph. aureus Newbould 305 and E.
coli P4:032. Consequently, analogous in vivo antimi-
crobial activity was expected against both pathogens.
However, AIC102827 was less effective against E. coli

DEMON ETAL.

than against Staph. aureus in the in vivo study. In con-
trast, efficacy against Strep. uberis in vivo was higher
than expected based on the in vitro data. Together,
these observations indicate that the mammary gland
environment positively influences antimicrobial activ-
ity against the gram-positive bacteria and negatively
affects activity against the gram-negative E. coli. A
possible explanation for the increased in vivo activity
against Staph. aureus and Strep. uberis could be that
the concentration of AIC102827 in milk greatly exceeds
the in vitro MIC required to inhibit bacterial growth.
To assess this hypothesis, we evaluated the intrama-
mmary antimicrobial concentration in the bacterially
infected mammary gland at 4 h postinfection; that is,
at the time of compound treatment. On average, 52
pL (£19 pL) of secretory fluid was observed in the
infected mammary gland, which had a mean weight of
635 mg (+163 mg) at the time of treatment (Figure 2).
Although substantial variability in gland volume was
seen, these data indicate that the concentration of the
compound suspension, which is injected in a volume of
100 pL, is reduced by approximately 30% after injection
in the mammary gland. Treatment with the 8 mg/mL
suspension led to a concentration of approximately 5
mg/mL in the mammary gland and is several-hundred-
fold higher than the concentration that is used in in
vitro experiments (in the pg/mL range) to determine
the MIC wvalues, corroborating this hypothesis. How-
ever, this does not explain the potentially lower in vivo
antimicrobial efficacy against E. coli. The milk envi-
ronment of the mammary gland is known to influence
the in vivo efficacy of an antimicrobial agent. Critical
aspects influenced by the milk matrix are local immune
cell interactions, bacterial growth, and pharmacokinetic
parameters (adsorption, distribution, metabolism, and
excretion) of the antimicrobial (Brouillette and Mal-
ouin, 2005; Gehring and Smith, 2006; Van Bambeke
et al., 2006). In this context, the extracellular residing

Table 1. Antimicrobial efficacy of AIC102827 against Staphylococcus aureus, Streptococcus uberis, and Escherichia coli evaluated in vitro by
determination of MIC values and in vivo by analyzing effective and protective doses using the mouse mastitis model

MIC' (pg/mL)

Effective dose” (pg/gland) Protective dose® (pg/gland)

Field Mouse mastitis
Species isolates challenge EDsiog10 ED o410 PDs, PDigp
Staph. aureus 4-8 4 45 100 200 800
Strep. uberis >16 >16 215 530 400-800 800
E. coli 2-4 4 130 310 400-800 >800

"Minimal concentrations of the antimicrobial required to inhibit visible growth of Staph. aureus (n = 10), Strep. uberis (n = 10), or E. coli (n =
10) field isolates and Staph. aureus Newbould 305, Strep. uberis NADC C1, or E. coli P4:032 mouse mastitis challenge isolates.

ZEDQIQQIO and ED .0 values are the concentrations of AIC102827 needed to reduce the mean bacterial count (log;, cfu/g of gland) from the

excipient control group by 2log;, and 4log,,, respectively.

*The PDy, and PD,,, values are the doses of AIC102827 needed to observe, respectively, 50% and 100% of cleared mammary glands; that is, with

a count (logyy cfu/g of gland) below the detection limit.
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Figure 1. Staphylococcus aureus Newbould 305 (A), Streptococcus uberis NADC C-1 (B), and Escherichia coli P4:032 (C) count reduction
(logyp cfu/g of gland) at 14 h posttreatment in infected mouse mammary glands treated with increasing doses of the novel antimicrobial agent
AIC102827; (D) intra-experimental comparison study indicating Staph. aureus Newbould 305, Strep. uberis NADC C-1, and E. coli P4:032 count
reduction (logjy cfu/g of gland) at 14 h posttreatment in mouse mammary glands treated with 800 pg/gland AIC102827. Dashed line indicates

detection limit. Hydrogel = excipient only (no AIC102827).

E. coli has become better adapted to the milk environ-
ment than the typically intracellularly residing gram-
positive pathogens Staph. aureus and Strep. uberis,
at least partially clarifying the potentially lower than
expected antimicrobial efficacy against E. coli observed
in the current study. The observation that the in vitro
antimicrobial activity of AIC102827 for Staph. aureus,
Strep. uberis, or E. coli did not directly correlate with

its in vivo efficacy corroborates previous reports by our
group and others (Apparao et al., 2009; Pyorala, 2009;
Demon et al., 2012). Hence, our current data again
highlight the importance of in vivo studies in addition
to in vitro studies to screen antimicrobial candidates.
Several studies in cows describe strain-specific as-
sociations for Staph. aureus, Strep. uberis, and E. coli
with respect to clinical signs, persistence, and response

Journal of Dairy Science Vol. 96 No. 11, 2013



7086

Figure 2. Volume of milky secretory fluid in the Staphylococcus
aureus Newbould 305-infected mammary gland (n = 15) at 4 h postin-
fection. Volume is presented as microliters per 635 mg of mammary
gland, because 635 mg is the average weight of an infected mammary
gland at the moment of antimicrobial treatment.

to therapy (Saini et al., 2012; and reviewed by Zadoks,
2007; Zadoks et al., 2011). Therefore, systematic com-
parison of the efficacy of antimicrobials against mastitis
induced by different clinically relevant bovine strains
would greatly help to guide veterinary practitioners in
combining the most efficacious therapeutics as a strat-
egy to target, for example, particular cases involving
either a single resistant pathogen strain or multiple
strains. Strains of Staph. aureus and E. coli other than
Newbould 305 and P4:032, respectively, have been ap-
plied in the mouse mastitis model (reviewed by Brouil-
lette and Malouin, 2005; and Notebaert and Meyer,
2006), highlighting the diversity of its possible applica-
tions. In contrast to labor-intensive and costly experi-
mental mastitis studies in cows, an intra-experimental
comparison of a panel of selected clinically relevant
bovine pathogen isolates is easily achievable in mice
and therefore of major added value.

The analysis in this in vivo mouse mastitis study
showed the adequate antimicrobial efficacy of the novel
biphenomycin compound AIC102827 against a refer-
ence strain of the 3 major bovine mastitis pathogens
Staph. aureus, Strep. uberis, and E. coli. The field ef-
ficacy assessment of this promising compound in an
appropriate formulation in dairy cattle is now required

Journal of Dairy Science Vol. 96 No. 11, 2013
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to validate these innovative intermediate data in the
target species.
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