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Abstract

Combination therapies are frequently used in the treatment of multidrug-resistant Klebsiella pneumoniae infection without
consensus regarding which combination is the most effective. We compared bactericidal titres from sera collected from critically
ill patients receiving meropenem plus tigecycline (n = 5), meropenem plus colistin (n = 5), or meropenem, colistin and tigecycline
(n =5) against K. pneumoniae isolates that included ESBL-producing (n = 7) and KPC-producing strains (rn = 14) with varying
sensitivity patterns to colistin and tigecycline. Meropenem concentrations (C,,;,) were measured in all samples by LC-MS/MS,
and indexed to respective pathogen MICs to explore differences in patterns of bactericidal activity for two versus three drug
combination regimens. All combination regimens achieved higher SBTs against ESBL (median reciprocal titre 128, IQR 32—
256) versus KPC (4, IQR 2-32) strains. Sera from patients treated with meropenem-colistin yielded higher median SBTs (256,
IQR 64-512) than either meropenem-tigecycline (32, IQR 8-256; P < 0.001). The addition of tigecycline was associated with a
lower probability of achieving a reciprocal SBT above 8 when meropenem concentrations were below the MIC (P =0.04).
Although the clinical significance is unknown, sera from patients receiving tigecycline-based combination regimens produce
lower serum bactericidal titres against ESBL or KPC-producing K. pneumoniae. SBTs may represent a useful complimentary
endpoint for comparing pharmacodynamics of combinations regimens for MDR Enterobacteriaceae.
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Although the clinical use was first described over 70 years
ago, the serum bactericidal titre (SBT) assay remains perhaps
the only direct methods for measuring antimicrobial pharma-
codynamics that takes into account the susceptibility of the
pathogen, patient pharmacokinetics, drug protein binding,
and synergistic or antagonistic interactions of antibiotic com-
binations [8]. However, SBT tests are rarely performed for
patients with KPC-Kp bloodstream infection (BSI), and no
data available regarding which combination of drugs routinely
achieves the highest SBT against a variety of isolates. To ad-
dress this knowledge gap, we performed SBT tests using sera
collected from 15 patients undergoing routine therapeutic
drug monitoring (TDM) for meropenem during treatment of
KPC-Kp BSI. Instead of performing SBT assays for the pa-
tient’s respective isolate, we tested each serum sample against
21 well-characterised K. pneumoniae strains with varying sus-
ceptibility to meropenem, colistin and tigecycline. We then
analysed the relationship between meropenem serum
concentration/MIC ratio for each sample-isolate combination
and the observed SBT activity.

Materials and methods
Test isolates

Non-replicate K. pneumoniae blood culture isolates (n=21)
were collected between March 2011 and April 2012 from
hospitalised patients. The genetic relationship between
K. pneumoniae strains was investigated by multilocus se-
quence typing (MLST) and characterization of
carbapenemase and ESBL genes was performed by PCR
and DNA sequencing, as previously described [9].

Ethics statement

This non-interventional study was performed at S. Orsola-
Malpighi Hospital, University of Bologna—a tertiary 1420-
bed hospital with approximately 72,000 yearly inpatient ad-
missions. Sera samples were collected from March 2013 to
November 2014 as part of routine TDM of meropenem per-
formed for patients with KPC-Kp infection. The study design
was approved by the Institutional Research Committee in ac-
cordance with principles outlined in the Declaration of
Helsinki.

Antimicrobial treatments

All patients had a confirmed diagnosis of KPC-Kp
bacteraemia or intraabdominal infection. Per institutional pro-
tocol, meropenem was administered as a 2-g loading dose
followed by 4-6 g per day administered by extended infusion
(over 8 h) adjusted for patient renal function. Colistin was
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administered intravenously at a loading dose of 9 million in-
ternational units (MIU) followed by a 9-MIU daily dose ad-
ministered in two divided doses, titrated for renal function.
Tigecycline was administered at standard intravenous doses
(100-mg loading dose followed by 50 mg twice daily).

Serum sample collection

Meropenem trough (C,;,) serum samples were collected im-
mediately prior to the start of the next meropenem infusion
between days 2 and 5 of therapy, and samples were split to
perform SBT assays in parallel. Peak SBT activity was not
specifically analysed due to the administration strategy of
meropenem, and expected significant interpatient variability
in active colistin formation rates (time to C,,,,c) among patients
with varying renal function.

Serum bactericidal assays

SBTs were performed according to CLSI-M21A guide-
lines with minor modifications [10]. Samples were not
heat treated to inactivate protein prior to testing. Briefly,
serum samples were twofold serially and incubated with
bacteria inoculum of 5 x 10° CFU per mL at 37 °C for
24 h. Then, 20 pL of each well was subcultured to
180 uL of MacConkey broth and incubated at 37 °C.
After 24 h, the serum bactericidal titre (SBT) results
were determined by visual inspection and defined as
the highest dilution of serum that completely inhibited
sub-cultured bacterial growth.

Antibiotic concentration monitoring

Serum antibiotic concentrations were measured by means
of a liquid chromatography-tandem mass spectrometry
(LC-MS/MS) system composed of an HPLC
(Prominence, Shimadzu, JAP) coupled with a triple
quadrupole mass spectrometer (API-4000, AB-SCIEX,
USA). Briefly, 0.1 mL of plasma was spiked with
30 puL of an internal standard solution (1 pg/mL deuter-
ated compounds in methanol-H,O 50-50% v/v) and, after
5-min rest, deproteinised/extracted by the addition of
0.3 mL of acetonitrile. After thoroughly vortexing for
1 min, the samples were centrifuged at 18000g for
10 min at 48 °C. A volume of 0.1 mL of the supernatant
was diluted with 0.9 mL of a mixture of chromatograph-
ic phase A (see below) and 10 pL of the diluted super-
natant was injected on column by the autosampler of the
LC-MS/MS system.

Chromatography was performed in binary gradient mode at
constant flow rate (0.5 mL/min) onto a phenyl-hexil column
(Luna 100 x 2.0 mm, 5 um, Phenomenex, USA). Mobile
phase A was composed by 95% v/v of a solution of 1| mM
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ammonium acetate, | mM acetic acid in LC-MS grade water
and 5% v/v of LC-MS grade methanol. Mobile phase B was
95% v/v of methanol and 5% 1 mM ammonium acetate, 1 mM
acetic acid in water. The binary concentration gradient was the
following, according to phase B composition: 0% for 1 min,
from 0 to 100% in 3 min, 100% for 1 min then 0% for 1 min.
Total run time was 5 min. Compounds were ionised in positive
electrospray ionization (ESI+) mode and detected by means of
two specific mass-to-charge ratio (m/z) transitions for each
compound in multiple reaction monitoring (MRM) mode.

Calibration was performed by means of a 7-point curve
(linear fitting) run in triplicate. As controls, three pooled hu-
man plasmas of known concentration were processed at the
beginning, in the middle and at the end of each analytical
session. Intra- and inter-day precision (C.V.%) and accuracy
(BIAS %) were all below 10% of assigned values. Lower limit
of quantitation (LOQ) was better than 0.1 pg/mL for each
compound.

Statistical analysis

The distribution of log-transformed reciprocal SBT titres pro-
duced by each combination regimen against ESBL and KPC-
producing strains was compared by median and interquartile
range (IQR) box-whisker plots and the ANOVA/ Kruskal-
Wallis test with Tukey-Kramer test for pairwise comparisons.
Continuous variables were compared by two-tailed Student’s
T test with Welch correction for unequal variances.
Categorical ratios were analysed using the chi-square test.
The relationship of SBT titres for each combination indexed
to sample meropenem C,,,;,/MIC ratio for the respective iso-
late were analysed using density plots and nonparametric den-
sity shading to assess the frequency of SBT titres above and
below a predefined reciprocal titre of 8, and at meropenem
Cpin above or below the MIC.

Results
Patients population

We enrolled 15 patients during the study period. Thirteen
patients had a KPC bacteraecmia while two patients had
KPC intra-abdominal infection treated with combination
antimicrobial therapy and surgical source control
(Table 1). The majority of patients (10/15) had a severe
sepsis or a septic shock. The median (IQR) age was 60
(52-74), 69% of patients were male. Five out of 15 patients
(33%) were solid organ recipients while 3/15 (20%) of
them had a chronic renal failure. The median (IQR) esti-
mated clearance of creatinine, calculated with Cockcroft-
Gault equation at the day of serum collection, was 48 (31—
86). The median (IQR) daily dose of meropenem was 4 (4—

Table 1  Demographics, comorbidities, clinical characteristics and
outcome of 15 patients treated with three combination regimens

Characteristics Total, n=15
Age (years) (median (IQR)) 60 (52-74)
Sex, male 6 (69)

Comorbidities, no. (%)

Chronic renal failure 3(20)
COPD 2 (13)
Liver cirrhosis 3(20)
Solid malignancies 3(20)
Solid organ transplant 5(33)

Liver transplant 4 (206)

Kidney transplant 1.(7)

Charlson score (median (IQR)) 4 (4-6)
Infection information, no. (%)
Site of infection
Primary bloodstream infection 3 (20)
Secondary bloodstream infection 10 (60)
Intra-abdominal source 6 (40)

Urinary tract source L(7)

Lower respiratory tract source 3(20)
Intra-abdominal 2(13)
Infection severity
Sepsis 5(33)
Severe sepsis 3 (20)
Septic shock 7 (47)
Treatment
Meropenem + colistin + tigecycline 5(33)
Meropenem + colistin 5(33)
Meropenem + tigecycline 5(33)
Outcome, no. (%)
30-day mortality 2 (13)
In-hospital mortality 2 (13)
Relapse 1(6)

6) grams. Samples for SBT and TDM of antimicrobials
were obtained after a median (IQR) of 3 (2-6) days of
antimicrobial treatment obtaining a median (IQR) C,,;, of
meropenem of 36 (21-47) mg/L.

Phenotypic and genotypic characterization
of multidrug-resistant K. pneumoniae

Genotypic and phenotypic characteristics of K. pneumoniae
isolates used in this study are shown in Table 2. Nearly all
(6/7) of ESBL producers were susceptible to meropenem,
while median MIC of ceftazidime was 128 mg/L (IQR
128->256 mg/L). Only one of the seven ESBL producers
was resistant to colistin. Analysis of (3-lactamase gene se-
quences revealed that all KPC-producing strains harboured
blagpc.;. Analysis of mgrB sequence revealed that 85.7%
(6/7) of colistin-resistant KPC producers were disrupted by
insertion sequence (IS5-like) element. MLST showed that
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Table 2 Phenotypic and genotypic characteristics of 21 multidrug-resistant K. pneumoniae strains
Isolate  Sequence type ~ MIC (mg/L) Resistance mechanism
Meropenem  Colistin ~ Tigecycline  Ceftazidime  blaKPC ~ ESPL Colistin
Kpl 512 32 0.064 2 >256 blaxpc.s  blasyy NA
Kp2 512 128 0.032 2 >256 blagpc.;  blasyy NA
Kp3 258 32 0.064 2 >256 blagpc.s  blargy-blasyy NA
Kp4 512 128 0.064 2 >256 blaxpc.s  blasyy NA
Kp5 258 16 0.125 2 >256 blagpc.;  blargyblasyy NA
Kp6 512 128 0.064 2 >256 blagpc.;  blasyy NA
Kp7 512 64 0.064 4 >256 blagpc.;  blasyy NA
Kp8 258 16 16 2 >256 blagpc.z blargyblagyy 1S5-like element
Kp9 258 32 64 2 >256 blagpc.;  blarpy-blasyy IS5-like element
Kpl0 258 16 32 2 >256 blakpc.z blargyblagyy 1S5-like element
Kpll 512 64 32 16 >256 blakpc.z blarpy-blagmy 1S5-like element
Kpl2 258 32 64 2 >256 blagpc.z blagyy 1S5-like element
Kpl3 258 16 32 2 >256 blakpc.z blargyr-blagyy IS5-like element
Kp14 258 64 128 2 >256 blaxpc.s  blasyy ND
Kpl5 15 0.064 0.064 0.5 128 NA blargy-blasyy blacryans NA
Kpl16 512 1 0.064 4 128 NA blagiry NA
Kpl7 15 2 16 2 128 NA blasyry blacryans ND
Kpl8 147 0.125 0.064 2 256 NA blargy-blagy NA
Kpl19 37 8 0.064 2 > 256 NA blagyy blacrxans NA
Kp20 15 0.032 0.032 2 128 NA blagyy blacrxans NA
Kp21 37 2 0.25 2 256 NA blargyrblasyy blacryans  NA

ND not detected, NA not assessed

KPC-producing K. pneumoniae belonged to the clonal
complex 258 (CC258). Several sequence types (STs)
were identified among ESBL producers including ST15
(3/7, 42.8%), ST37 (2/7, 28.5%), ST512 (1/7, 14.3%)
and ST147 (1/7, 14.3%).

SBT of meropenem-based combination regimens

All treatment regimens exhibited bactericidal activity
against ESBL-producing strains (Fig. la). Overall, sera
collected from meropenem-colistin-treated patients pro-
duced significantly higher reciprocal SBTs (median 256,
IQR 64-512) than patients treated with either
meropenem-tigecycline (median 32, IQR 8-256;
P <0.001) or meropenem-colistin-tigecycline (median 64,
IQR 32-128; P<0.05).

Compared with ESBL-producing strains, reciprocal
SBTs were significantly lower for all combinations
against KPC-Kp (median 128, IQR 32-256 vs. 4, IQR
2-32; P<0.001). However, sera collected from patients
receiving meropenem plus colistin still achieved higher
median reciprocal SBTs against KPC-Kp (24, IQR 8-64)
compared with meropenem-tigecycline (1, IQR 1-2) or
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the three-drug combination (8, IQR 2-64; Fig. 1b).
When analysed in relation to colistin susceptibility status
of KPC-KP strains, colistin resistance was associated
with a 4/5-fold decrease in the SBTs for colistin-based
combinations (Supplementary Fig. S1).

Meropenem serum concentrations

When analysed in relation to the MIC of test isolates,
only 2% of samples (2/105) were found to have a
meropenem C,i, below the MIC of ESBL-producing test
isolates (median ratio 40.9, IQR 10.9-535) (Table 3). In
contrast for KPC-producing strains, meropenem concen-
trations were below the MIC in 120/210 (57.1%) of se-
rum samples. Interestingly, a higher proportion of sera
contained meropenem concentrations below the pathogen
MIC when tested against colistin-susceptible (73/105)
versus colistin-resistant 44% (47/105) strains (P =
0.003). The median meropenem C,,;,/MIC for KPC-
producing strains was 0.44 (IQR 0.31-1.75) for
colistin-susceptible versus 1.15 (IQR 0.52-2.25) for
colistin-resistant strains.
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Fig. 1 Box and whisker plots of log-transformed reciprocal SBT troughs
for K. pneumoniae isolates. (a) ESBL-positive K. pneumoniae, n =105
samples. Median SBT 128 (IQR 32-256); (b) KPC-positive
K. pneumoniae, n=210 samples; median SBT 4 (IQR 2-32). Black
triangles represent values that are above the upper value plus three
times the IQR. Groups were compared by ANOVA with Tukey-Kramer
test for pairwise comparisons

Pharmacodynamic analysis of antimicrobial
combinations

Different patterns of SBT activity were observed for the three
meropenem-based combinations when indexed to meropenem
Chin/MIC (Fig. 2). A significantly higher proportion of sam-
ples from patients receiving the meropenem-colistin combina-
tion (Fig. 2a) produced reciprocal SBTs in excess of 8 com-
pared with meropenem-colistin-tigecycline (Fig. 2b) or
meropenem-tigecycline-treated patients (Fig. 2c), P= 0.0001
all comparisons. The difference in the proportion of samples

achieving reciprocal titres greater than 8 was especially nota-
ble when analysis is restricted to samples with meropenem
Cmin/MIC ratios less than 1. In these samples, 60%
meropenem-colistin samples (27/45 samples) versus 46% of
meropenem-colistin-tigecycline (14/30) and 0% (0/47) of
meropenem-tigecycline samples produced reciprocal SBTs
above 8 (P<0.01 all comparisons).

Discussion

Clinicians have few tests beyond the MIC to guide combina-
tion antimicrobial therapy for multidrug-resistant pathogens.
The revival and clinical validation of SBT testing for
multidrug-resistant (MDR) Gram-negative pathogens may
be the most straightforward for identifying patients at risk
for treatment failure due to suboptimal antimicrobial regi-
mens. However, the distribution of typical SBTs for common
combination regimens used in the treatment of MDR Gram-
negative bacteria is not well defined. To address this need, we
compared the serum bactericidal activity for common
meropenem combination regimens against ESBL and KPC-
producing K. pneumoniae strains representing common geno-
types and phenotypes of extended-spectrum beta-lactamase
(ESBL) and KPC producers isolated from patients with BSI
in our region.

Our analysis demonstrated that sera collected from patients
receiving a combination of meropenem-colistin achieved sig-
nificantly higher serum bactericidal titres against a collection
of not only ESBL producers, but also against KPC-producing
K. pneumoniae, including both colistin-sensitive and resistant
strains. Notably, patients who received tigecycline as part of
their combination regimen had lower SBTs irrespective of
meropenem or colistin sensitivity, even when used in combi-
nation with both drugs as a part of a three-drug regimen. This
raises the question of whether tigecycline antagonises activity
of either meropenem or colistin, or both, and if antagonism
that is observed depends on full or residual activity of the
respective drugs during the treatment of MDR strains.

Published literature cannot answer that question as phar-
macodynamic interactions of tigecycline with meropenem or
colistin for KPC-Kp provide mixed answers. Both in vitro and

Table3  Trough plasma level (C,;,,) of meropenem measured in serum samples collected from 15 patients treated with different combination therapies

Therapy No. of Median daily dose, Median estimated Median meropenem
patients grams (IQR) glomerular filtrate rate, concentration, mg/L
mL/min® (IQR) (IQR)
Meropenem-tigecycline 5 4.0 (4.0-4.0) 63.5 (44.4-77.8) 28.0 (21.3-33.7)
Meropenem-colistin 5 4.0 (3.5-6.0) 56.0 (35.4-94.5) 21.7 (8.4-81.7)
Meropenem-colistin-tigecycline 5 4.0 (3.5-6.0) 23.8 (14.5-80.5) 46.2 (44.9-46.9)
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Fig. 2 Density plots of observed SBTs by meropenem combination
indexed to meropenem C,,;,/MIC ratio. The vertical dashed line
separates sera samples with meropenem C.,;,/MIC ratios > 1.
Horizontal dashed lines indicate a 1:8 SBT titre threshold.
Nonparametric density shading indicates area that contains 90% of data
points (light grey) and 50% of data points (dark grey). When tested
against the isolate bank, sera samples collected from patients receiving
meropenem-colistin (a) produced significantly higher SBT titres than
either meropenem-tigecycline-colistin, 2=10.001 (b); or meropenem-
tigecycline P<0.0001 (c). For sample-isolate combinations with a
meropenem C,;,/MIC concentrations of <1 (left of dotted line), the
frequency of SBT titres exceeding 1:8 (left upper quadrant) was
significantly lower in meropenem-tigecycline-colistin, P =0.04; and
meropenem-tigecycline group, P <0.01 (c) versus meropenem-colistin

in vivo studies have suggested that a combination of
meropenem plus tigecycline is antagonist indifferent or at least
not consistently synergistic [9, 12—15]. In this context, bacte-
riostatic antibiotics are known to potentially antagonise bac-
tericidal activity of many antibiotic in vitro [11]. On the other
hand, observational studies have reported that meropenem-
based combinations that frequently include tigecycline in
combination with colistin are associated with improved sur-
vival from KPC-Kp BSIs, especially when meropenem MICs
are less than 8 mg/L [2, 3]. However, these case-control stud-
ies can be biased by comparisons of combination therapy
against monotherapy regimens that are widely recognised to
be inferior for BSIs (i.e. aminoglycoside, tigecycline for BSI,
or lower dose colistin monotherapy). Moreover, the numerous
combinations and medically complex patient populations
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analysed in these observational studies limit statistical power
required to differentiate which combination regimen is supe-
rior [16, 17]. This highlights another potential role for SBT
assay as a possible surrogate endpoint for future prospective
observational or randomised controlled trials evaluating anti-
microbial combination therapy of KPC-Kp infection.

A limitation of the study is that concentrations of
polymyxins and tigecycline are unknown in the samples.
Therefore, it is possible that the low SBTs observed in
tigecycline-treated patients may be related to an unknown
pharmacokinetic interaction or lower rates/concentration
of active colistin formation rather than an antagonistic
interaction. However, lower meropenem exposures could
not explain the lower SBTs observed in patients receiving
tigecycline in combination with meropenem and colistin,
and median concentration was higher (46 mg/L, IQR
44.9-46.9) in patients receiving the three-drug versus
meropenem-tigecycline (28, IQR 21.3-33.70) or
meropenem-colistin (21.7, IQR 8.4-81.7). At the same
time, it is possible that antagonism effect of tigecycline
to the double combination of meropenem and colistin
was related to the low serum tigecycline levels [18,
19], thus resembling a concentration-dependent interac-
tion [20].

In conclusion, we found that sera collected from pa-
tients receiving meropenem-colistin achieved higher
SBTs against ESBL and KPC-producing K. pneumoniae
isolates compared with sera from meropenem-tigecycline
or meropenem-colistin-tigecycline-treated patients. The
addition of tigecycline to meropenem-based combinations
was associated with a reduction in bactericidal activity,
particularly when meropenem concentrations in the sam-
ple were below the MIC. Further studies are required to
establish the relationship of SBT activity and the proba-
bility of clinical response or survival from K. pneumoniae
BSI, and whether antagonistic effects are clinically
relevant.
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