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Doripenem-colistin exerts synergy against some, but not all, Klebsiella pneumoniae carbapenemase (KPC)-producing K.
pneumoniae strains in vitro. We determined if doripenem MICs and/or ompK36 porin gene mutations impacted the re-
sponses of 23 sequence type 258 (ST258), KPC-2-producing strains to the combination of doripenem (8 �g/ml) and colistin
(2 �g/ml) during time-kill assays. The median doripenem and colistin MICs were 32 and 4 �g/ml. Doripenem MICs did
not correlate with KPC-2 expression levels. Five and 18 strains had wild-type and mutant ompK36, respectively. The most
common mutations were IS5 promoter insertions (n � 7) and insertions encoding glycine and aspartic acid at amino acid
(aa) positions 134 and 135 (ins aa134-135 GD; n � 8), which were associated with higher doripenem MICs than other mu-
tations or wild-type ompK36 (all P values < 0.04). Bactericidal activity (24 h) was achieved by doripenem-colistin against
12%, 43%, and 75% of ins aa134-135 GD, IS5, and wild-type/other mutants, respectively (P � 0.04). Doripenem-colistin
was more active in time-kill studies than colistin at 12 and 24 h if the doripenem MIC was <8 �g/ml (P � 0.0007 and 0.09,
respectively), but not if the MIC was >8 �g/ml (P � 0.10 and 0.16). Likewise, doripenem-colistin was more active at 12 and
24 h against the wild type/other mutants than ins aa134-135 GD or IS5 mutants (P � 0.007 and 0.0007). By multivariate
analysis, the absence of ins aa134-135 GD or IS5 mutations was the only independent predictor of doripenem-colistin re-
sponses at 24 h (P � 0.002). In conclusion, ompK36 genotypes identified ST258 KPC-K. pneumoniae strains that were most
likely to respond to doripenem-colistin.

Carbapenem-resistant (CR) Klebsiella pneumoniae has emerged
as a major pathogen (1–9), causing infections that are associ-

ated with crude mortality rates as high as 50% (1, 10–13). Obser-
vational studies indicate that outcomes may be improved with
combination antimicrobial therapy compared to monotherapy
(12, 14, 15), particularly if the regimens include a carbapenem
(16). Nevertheless, optimal combinations are not defined, and
treatment failure rates remain unacceptably high. Our group and
others have reported bactericidal activity and synergy for dorip-
enem-colistin against some, but not all, CR K. pneumoniae strains
in vitro (17–19). Indeed, “one-size-fits-all” approaches to identi-
fying optimal antimicrobial regimens against CR K. pneumoniae
and other carbapenem-resistant Enterobacteriaceae are not likely
to be effective. Carbapenem resistance is mediated through mul-
tiple mechanisms, including production of metallo-�-lactamases
and nonmetallocarbapenemases (such as Klebsiella pneumoniae
carbapenemase [KPC] and OXA-type carbapenemase). Alterna-
tively, strains with defects in outer membrane proteins (OMPs)
may express AmpC �-lactamase or extended-spectrum �-lacta-
mases (ESBLs). Levels of carbapenem resistance in individual
strains can be impacted by the presence of several mechanisms.
We hypothesize that the specific resistance mechanisms mani-
fested by CR K. pneumoniae strains dictate the efficacy of carbap-
enem-containing combinations.

We recently demonstrated that the vast majority of CR K.
pneumoniae bacteremia among solid-organ transplant recipients
at our center is caused by the international epidemic clone se-
quence type 258 (ST258) (20). We further showed that the major-

ity of our ST258 strains are KPC-2 producers that express TEM-1
and SHV-12 �-lactamases and possess a mutant ompK35 porin
gene (20). Within this clonal background, however, several
ompK36 porin mutations were identified. Two ompK36 mutations
in particular were associated with significantly higher carbapenem
MICs than wild-type ompK36, but the impact of ompK36 muta-
tions on responses to a carbapenem or the combination of a car-
bapenem and colistin during time-kill experiments is not known.
The objective of this study was to determine if certain ompK36
mutations were associated with a decreased likelihood of bacteri-
cidal activity or synergy for doripenem-colistin. We have chosen
to study doripenem among the carbapenems because it is the for-
mulary agent at our center and it is less susceptible to hydrolysis by
KPCs than other agents in the class (21).

MATERIALS AND METHODS
Strains. Bloodstream isolates from 23 unique patients at the University of
Pittsburgh Medical Center (UPMC) were selected for this study. They
were stored at �80°C in the repository at the UPMC XDR Pathogen
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Laboratory and subcultured onto Mueller-Hinton agar twice before un-
dergoing MIC determinations and time-kill assays. This study was per-
formed under the protocol “Clinical database and biorepository of multi-
drug resistant pathogens” that was reviewed and approved by the
University of Pittsburgh Institutional Review Board.

MICs and time-kill assays. MICs were determined by standard broth
microdilution (22). In time-kill assays, fixed drug concentrations (dorip-
enem, 8 �g/ml; colistin, 2 �g/ml) were tested against inocula of each strain
(1 � 106 CFU/ml) suspended in 10 ml of cation-adjusted Mueller-Hinton
broth, and bacterial colonies were enumerated following incubation at
37°C with shaking. Drug concentrations were chosen based on achievable
serum drug levels in pharmacokinetic studies (23, 24). The level of killing
by a drug or the doripenem-colistin combination was defined as follows:
log10 CFU/ml at time of interest � log10 CFU/ml at time zero. The extent
of synergy between doripenem and colistin was defined as follows: log10

CFU/ml of a strain in the presence of doripenem-colistin � log10 CFU/ml
of the strain in the presence of colistin. Bactericidal activity was defined as
a level of killing of �3 log10 CFU/ml. Synergy was deemed to be present if
the extent of synergy was �2 log10 CFU/ml.

Molecular characterization of strains. Strains from �80°C stock
were express mailed on dry ice to the Public Health Research Institute for
detection of resistance determinants. PCR and DNA sequencing were
used as previously described to characterize blaKPC, blaIMP, blaNDM,
blaVIM, blaOXA-48, blaTEM, blaSHV, blaCTX-M, blaAmpC, and porin genes
(25–29). PCR primers for ompK35 and ompK36 are listed in Table 1.
Nucleotide sequences were compared with data from GenBank (http:
//www.ncbi.nlm.nih.gov/blast/).

Expression of blaKPC and ompK36 porin genes was measured in the
UPMC XDR Pathogen Laboratory. DNase-treated RNA was obtained
from late-exponential-phase cultures using a RiboPure-Bacteria kit (Am-
bion), and cDNA was made using qScript cDNAMix (Quanta Biosci-
ences). Quantitative reverse transcription (qRT)-PCR was performed in a
TaqMan gene expression assay (ABI) using the one-step SYBR green kit
(SYBR green FastMix ROX; Quanta Biosciences) with primers listed in
Table 1. Expression levels were measured in threshold cycle (CT) units
(the first cycle at which the signal is above a preset threshold). The relative
mRNA level for each gene was determined by the comparative CT, with
normalization to the housekeeping gene rpoB. Data are presented as ex-
pression relative to a control strain that expresses ompK35 and ompK36
(K. pneumoniae ATCC 13883) (29, 30). Experiments were performed in
triplicate.

Statistical analysis. Numbers of CFU and MICs were logarithmically
transformed prior to statistical analyses. Comparisons between groups of
antimicrobial agents were made by Fisher’s exact test for categorical vari-
ables and Student’s t test or analysis of variance (ANOVA) for continuous

variables. Correlations between pairs of variables were assessed using the
Spearman rank test. A multiple-linear-regression model was used to iden-
tify factors independently associated with time-kill results at 24 h; the
factors included in the model were those identified by univariate analyses
to be significant at a P value of �0.10 or those that could be performed in
real time in clinical microbiology laboratories. Significance was defined as
a P value of �0.05 (two tailed).

RESULTS
ompK36 porin mutations and gene expression. Each of the 23
strains carried blaKPC-2, blaTEM-1, blaSHV-12, and mutant ompK35
(guanine insertion at nucleotide [nt] 121, resulting in a premature
stop codon at amino acid [aa] 89). Five and 18 strains had wild-
type and mutant ompK36, respectively. The ompK36 mutations
included a 6-bp insertion that encodes glycine and aspartic acid at
amino acid 134 (ins aa134-135 GD; n � 8), an IS5 insertion se-
quence within the promoter with or without partial promoter
deletion (IS5 mutants; n � 7) (Fig. 1), a guanine insertion at nt 382
causing a frameshift (n � 1), a mutation of alanine to valine at aa
11 (A11V; n � 1), and an asparagine-asparagine-threonine-glu-
tamic acid (NNTE) deletion at amino acid positions 84 to 87 (del
aa84-87NNTE; n � 1).

We evaluated the impacts of the major mutations on ompK36
gene expression for representative KPC-2-producing K. pneu-
moniae (KPC-K. pneumoniae) strains by qRT-PCR (3 strains per
ompK36 variant). Strains with IS5 promoter insertions exhibited
significantly lower levels of ompK36 expression than strains with
wild-type ompK36 or the ins aa134-135 GD insertion mutation
(median relative expression [range]: 0.30 [0.09 to 8.7] versus
100.5 [87.4 to 113.6] and 78.0 [61.0 to 95.0], respectively; P �
0.003 and 0.002).

Activity of doripenem and colistin alone. The median dorip-
enem MIC was 32 �g/ml (Table 2). There was no association
between doripenem MICs and the level of KPC-2 expression (P �
0.52). IS5 and ins aa134-135 GD mutants were associated with
higher doripenem MICs (median log10 MIC, 7) than ompK36
wild-type strains (median log10 MIC, 3.5; P � 0.0002) or ins nt382
G, A11V, and del aa84-87NNTE mutants (median log10 MIC, 5;
P � 0.04). There were no differences in doripenem MICs between
the last group of 3 mutants and wild-type ompK36 strains (P �
0.65). For the remainder of this report, these 8 strains will be
considered together and are referred to as other mutant/wild-type
ompK36 strains.

During the first 8 h of time-kill experiments, doripenem (8
�g/ml) was more active in killing KPC-K. pneumoniae strains for
which the doripenem MIC was �8 �g/ml than strains for which
the MIC was �8 �g/ml (Fig. 2A). Thereafter, strains that were
originally inhibited by doripenem demonstrated regrowth, and
there were no significant differences in median time kills based on
doripenem MICs.

Likewise, median levels of killing differed at earlier time points
between ins aa134-135 GD mutants, IS5 mutants, and other mu-
tant/wild-type ompK36 strains (Fig. 2B). Responses to doripenem
were hierarchical. The ins aa134-135 GD mutants were most re-
sistant to killing, as doripenem failed to inhibit the growth of any
strain at any time point. IS5 mutants exhibited intermediate re-
sponses; reductions from the starting inocula were evident for
57% (4/7) of strains at 4 h, but there was regrowth of all but one
strain by 8 h. There was no difference in median levels of killing
between wild-type ompK36 and other mutants. Other mutant/

TABLE 1 Primers for PCR and qRT-PCR

Primer Sequence

Expected
band size
(bp) Reference

PCR

ompK35-F1 5=GGATGGAAAGATGCCTTCAG3= 1,392 This study

ompK35-R1 5=CATGACGAGGTTCCATTGTG3=
ompK36-F1 5=GGGAAGAATCGCACGAAATA3= 1,744 This study

ompK36-R1 5=TCTTACCAGGGCGACAAGAG3=

qRT-PCR

RT-ompK35-F1 5=GCAATATTCTGGCAGTGGTGATC3= This study

RT-ompK35-R1 5=ACCATTTTTCCATAGAAGTCCAGT3=
RT-ompK36-F1 5=TTAAAGTACTGTCCCTCCTGG3= This study

RT-ompK36-R1 5=TCAGAGAAGTAGTGCAGACCGTCA3=
RT- rpoB-F1 5=AAGGCGAATCCAGCTTGTTCAGC3= 39

RT- rpoB-R1 5=TGACGTTGCATGTTCGCACCCATCA3=
RT-KPC-F1 5=CGTGACGGAAAGCTTACAAA3= 30

RT-KPC-R1 5= AGCCAATCAACAAACTGCTG3=
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wild-type ompK36 strains were most sensitive at 4 h, as reductions
from the starting inocula were demonstrated for 75% (6/8) of the
strains; bactericidal activity (defined as �3 log10 kill) was achieved
against 38% (3/8) of these strains for at least one time point com-

pared to none of the ins aa134-135 GD or IS5 mutants. After 24 h
of incubation with doripenem, there were no significant differ-
ences between the three groups of ompK36 variants.

The median colistin MIC was 4 �g/ml (range, 0.125 to 128

FIG 1 Nucleotide sequences of the upstream regions of the ompK36 gene in strains with wild-type sequence, a full-length IS5 insertion, and an IS5 insertion along
with a promoter deletion. Nucleotide positions shared by the three strains are marked with asterisks; missing bases are indicated by dashes. The ompK36 ribosome
binding site (rbs), start codon, and �10 and �35 promoter sequences are shown in boldface, while the presumed IS5 element integration sites (target site
duplications [TSD]) are shown in boldface italics. Open reading frames (ORFs) are portrayed by arrows, with the IS5 transposase ORF indicated in black and the
upstream ORF (KPHS_37020) and ompK36 ORF in white. The inserted IS5 element, including the IS5 transposase ORF (black arrow) and its right and left
inverted repeats (IR-R and IR-L), are shown in gray italic letters. Single-line arrows beneath the inverted repeats indicate the direction of the repeats. A 1,200-bp
IS5 element is inserted 33 bp upstream of the ompK36 start code from the TSD site (TTAA), which qRT-PCR data indicate is disrupting the transcription of
ompK36. The gray shading denotes a 395-bp deletion region, encompassing a partial sequence of an unknown ORF (KPHS_37020) and the �30 and �10
promoters. The IS5 insertion and promoter deletion also disrupt ompK36 expression.
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�g/ml), which did not differ based on the type of ompK36. Colistin
MICs were �2 �g/ml against 61% (14/23) of the strains. During
the first 12 h of time-kill experiments, colistin (2 �g/ml) was less
active against strains for which the colistin MIC was �2 �g/ml
(Fig. 3). Nevertheless, colistin at 2 �g/ml was able to inhibit the
growth of the latter strains, consistent with bacteriostatic activity.
By 24 h, differences based on colistin MICs were no longer appar-
ent. The type of ompK36 did not impact time-kill responses to
colistin at any time point (P � 0.12, 0.06, 0.66, and 0.56 at 4, 8, 12,
and 24 h, respectively; ANOVA).

Activity of the doripenem-colistin combination. Dorip-
enem-colistin was significantly more active than colistin alone at
12 and 24 h against strains with doripenem MICs of �8 �g/ml
(P � 0.0007 and 0.09, respectively) (Fig. 4A). In contrast, median
time kills were not significantly different for strains with dorip-
enem MICs of �8 �g/ml (P � 0.10 and 0.16, respectively). Dorip-
enem-colistin exerted bactericidal activity against 100% (4/4) and
16% (3/19) of strains with doripenem MICs of �8 �g/ml and �8
�g/ml, respectively, at 12 h (P � 0.0004). At 24 h, the correspond-
ing rates were 75% (3/4) and 32% (6/19) (P � 0.15). Synergy
(defined as �2 log10 more kill with doripenem-colistin than colis-
tin alone) was achieved against 100% (4/4) and 11% (2/19) of
strains with doripenem MICs of �8 �g/ml and �8 �g/ml, respec-
tively, at 12 h (P � 0.002). At 24 h, the corresponding rates were
100% (4/4) and 32% (6/19) (P � 0.02). There was no difference in
synergy between strains with colistin MICs of �2 �g/ml and �2
�g/ml at 12 h (22% [2/9] versus 29% [4/14]; P � 1.0) and 24 h
(44% [4/9] versus 43% [6/14]; P � 1.0).

Bactericidal activity was achieved by colistin-doripenem
against 62% (5/8) of other mutant/wild-type ompK36 strains, 14%
(1/7) of IS5 mutants, and 12% (1/8) of ins aa134-135 GD mutants

at 12 h (P � 0.05; ANOVA). At 24 h, the corresponding rates were
75% (6/8), 43% (3/7), and 12% (1/8) (P � 0.04; ANOVA). Syn-
ergy was achieved against 62% (5/8), 14% (1/7), and 0% (0/8) of
other mutant/wild-type ompK36 strains, IS5 insertion mutants,
and ins aa134-135 GD mutants, respectively, at 12 h (P � 0.01;
ANOVA). At 24 h, the corresponding rates were 75% (6/8), 29%
(2/7), and 25% (2/8) (P � 0.14; ANOVA). The performances of
doripenem-colistin were comparable against IS5 insertion and ins
aa134-135 GD mutants, whether measured by the achievement of
bactericidal activity (P � 1.0 and 0.28 at 12 and 24 h, respectively)
or synergy (P � 0.47 and 1.0, respectively).

Doripenem-colistin was significantly more active than
colistin alone against wild-type ompK36 and other mutant
strains, as measured by levels of killing during time-kill assays
(P � 0.28, 0.035, 0.007, and 0.0007 at 4, 8, 12, and 24 h, respec-
tively) (Fig. 4B). The activities of doripenem-colistin and colis-
tin alone during time-kill assays were comparable against
aa134-135 GD and IS5 mutants (P � 0.54, 0.15, 0.27, and 0.40
at 4, 8, 12, and 24 h, respectively).

Predictors of responses to doripenem-colistin. By univariate
analysis, the absence of aa134-135 GD or IS5 mutations was sig-
nificantly associated with the level of killing by doripenem-colistin
at 24 h (P � 0.006). The absence of aa134-135 GD or IS5 muta-
tions and lower doripenem MICs were associated with the extent
of synergy between doripenem and colistin at 24 h (P � 0.0004
and 0.004, respectively) (Table 3). By multivariate analysis, the
absence of aa134-135 GD or IS5 mutations was the only indepen-
dent factor associated with the level of killing by doripenem-colis-
tin and the extent of synergy during time-kill assays at 24 h (P �
0.002 and 0.04, respectively) (Table 3).

TABLE 2 Killing activities of doripenem and colistin alone or in combination against 23 KPC-K. pneumoniae isolates

Isolate
no.

MIC
(�g/ml)a

KPC
expressionb ompK36 genotype

Level of killing (log10 CFU/ml) at (h):

Dori Col

Dori Col Dori � Col

4 8 12 24 4 8 12 24 4 8 12 24

83 32 128 4.88 Wild type �2.30 �2.32 �0.14 3.48 �0.83 �0.30 �1.09 �2.49 �1.35 �2.41 �2.83 �4.27
25 16 16 4.10 Wild type �0.90 �1.59 �2.14 �3.17 �0.59 �0.91 �1.01 1.85 �1.19 �1.95 �2.65 �3.47
216 4 8 5.02 Wild type �2.57 �1.13 2.68 3.72 0.27 1.79 3.51 3.91 �2.91 �3.34 �3.14 0.72
347 4 0.125 5.04 Wild type �3.14 �1.00 2.21 3.90 �3.81 �2.08 �3.16 2.07 �3.41 �4.27 �6.05 �4.57
383 8 0.125 4.11 Wild type 2.17 3.48 3.63 3.90 �4.37 �3.66 �1.61 3.47 �4.30 �3.51 �6.08 �6.08
41 4 64 5.02 Del aa84-87NNTE �3.71 �1.36 1.68 3.68 �2.56 �4.34 �2.76 3.60 �3.77 �6.03 �6.03 �6.03
44 32 4 4.8 A11V �2.47 �0.25 2.79 3.64 �0.48 �0.48 �0.38 �1.36 �1.38 �1.97 �2.42 �2.75
539 64 0.25 4.3 Frameshift (ins nt382 G) 2.47 3.42 3.78 3.80 �3.00 �1.47 �2.29 �1.10 �3.80 �3.62 �3.42 �4.69
175 64 2 4.75 Ins aa134-135 GD 3.19 3.95 4.11 4.106 �0.82 �1.08 �1.32 �0.71 �2.27 0.10 �0.02 �1.88
89 128 64 5.02 Ins aa134-135 GD 2.48 3.22 3.19 3.19 �1.14 �1.57 �1.44 �2.29 �2.02 �3.55 �3.08 �4.40
168 128 32 3.26 Ins aa134-135 GD 2.71 3.26 3.12 3.51 �0.35 �0.72 �0.26 3.81 �2.15 �3.25 �1.32 �0.77
115 32 0.125 4.30 Ins aa134-135 GD 2.40 3.66 4.42 3.84 �4.53 �3.92 �2.85 2.20 �3.70 �3.55 �2.00 3.28
184 32 8 3.88 Ins aa134-135 GD 2.63 3.57 3.81 3.83 0.27 0.27 1.95 3.96 �0.84 �1.02 0.74 3.80
155 32 2 4.60 Ins aa134-135 GD 2.47 3.43 3.80 3.70 �6.10 �2.08 �1.36 1.68 �4.10 �2.39 �2.01 2.77
484 128 0.25 4.75 Ins aa134-135 GD 2.24 3.51 3.89 3.95 �4.33 �2.09 �1.76 1.48 �3.64 �3.97 �2.58 2.15
436 32 0.125 3.67 Ins aa134-135 GD 2.30 3.47 3.58 3.82 �4.03 �2.44 �0.83 3.79 �4.00 �2.59 �0.85 3.78
178 256 16 4.89 IS5 ins and promoter del �1.63 0.61 3.43 3.79 �0.48 �0.48 �0.37 �1.11 �0.27 �0.24 �0.33 �1.23
220 256 16 5.15 IS5 ins and promoter del �2.07 0.85 2.66 3.27 �0.81 �0.85 �1.44 �0.39 �0.67 �1.13 �2.38 �2.62
94 128 4 4.457 IS5 1.92 3.65 3.77 3.78 �0.66 �0.81 �1.14 �2.29 �1.07 �1.73 �2.73 �3.96
121 256 4 5.34 IS5 �0.77 �1.29 �2.21 �1.32 �0.82 �0.99 �2.05 �1.46 �1.05 �1.32 �2.35 �3.24
1 128 8 4.80 IS5 �0.15 3.08 3.64 3.85 2.22 3.56 3.80 3.85 1.48 3.30 3.70 3.83
404 64 2 5.02 IS5 1.84 3.46 3.57 1.48 �1.32 �0.10 �1.72 �1.42 �1.78 �3.11 �3.36 �3.99
584 32 32 5.23 IS5 1.60 1.38 2.08 3.67 1.97 1.77 2.47 3.83 �1.59 �1.82 �1.11 3.60

a Dori, doripenem; Col, colistin.
b Expression was determined by qRT-PCR, with normalization to the housekeeping gene rpoB and relative to expression by K. pneumoniae strain ATCC 13883 (29, 30).
Experiments were performed in triplicate.
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DISCUSSION

This is one of the first studies to evaluate the in vitro efficacy of a
carbapenem and carbapenem-colistin combination against CR K.
pneumoniae strains in the context of molecular mechanisms of
resistance. We demonstrated that ST258, KPC-2-producing K.
pneumoniae strains causing bacteremia at our center harbor a va-
riety of mutant ompK36 genes, which impact responses to dorip-
enem and doripenem-colistin in vitro. Our most striking finding is
that ompK36 ins aa134-135 GD and ompK36 promoter IS5 muta-

FIG 2 Killing activity of doripenem (Dori) against KPC-K. pneumoniae
strains, stratified by doripenem MICs (A) and the presence of ompK36 muta-
tions (B). The data represent the median log10 kills by doripenem. (A) P values
indicate the differences in killing by doripenem against 4 strains with dorip-
enem MICs of �8 �g/ml and 19 strains with MICs of �8 �g/ml. (B) P values
indicate the differences in killing by doripenem against 8 ins aa134-135 GD
mutants, 7 IS5 mutants, and 8 ompK36 other mutant/wild-type strains
(ANOVA).

FIG 3 Killing activity of colistin (COL) against KPC-K. pneumoniae strains,
stratified by colistin MICs. The data represent median log10 kills by colistin; the
P values indicate the differences between KPC-K. pneumoniae strains for
which colistin MICs were �2 �g/ml and �2 �g/ml.

FIG 4 Killing activities of doripenem, colistin, and colistin-doripenem
against KPC-K. pneumoniae strains, stratified by doripenem MICs (A) and
the presence of ompK36 mutations (B). The P values indicate the differ-
ences in median time kills by colistin versus doripenem-colistin in combi-
nation. (A) Median log10 kills by doripenem, colistin, and doripenem-
colistin against KPC-K. pneumoniae strains with MICs of �8 �g/ml (upper
graph) and �8 �g/ml (lower graph). Note the lower level of kills for strains
with MICs of �8 �g/ml at each time point. (B) Median log10 kills by
doripenem, colistin, and doripenem-colistin against other mutant/wild-
type ompK36 strains (upper graph) and strains with ins aa134-135 GD or
IS5 mutations (lower graph). Note the lower level of kills for ins aa134-135
GD or IS5 mutants.
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tions were associated with significantly higher doripenem MICs
and diminished efficacy of doripenem-colistin during time-kill
assays, as measured by median kills and the likelihood of achieving
bactericidal activity or synergy. Indeed, the absence of these mu-
tations in KPC-K. pneumoniae strains was an independent predic-
tor of killing by doripenem-colistin and synergy between the
agents. In linking molecular data for strains with responses to
antimicrobials, this study provides a model for future laboratory
and clinical investigations into the treatment of infections due to
CR K. pneumoniae and other carbapenem-resistant Enterobacteri-
aceae.

Taken together, our data suggest that doripenem MICs and
ompK36 genotyping of KPC-K. pneumoniae strains can be used to
rapidly identify strains that are most likely to respond to dorip-
enem-colistin in vitro (Fig. 5). In our paradigm, strains are strati-
fied based on doripenem MICs. The presence of lower-level dorip-
enem resistance, as reflected by a MIC of �8 �g/ml in our data set,
indicates that doripenem-colistin is likely to be effective against a
given strain. It is anticipated that the vast majority of these strains,
if genotyped, would be shown to carry wild-type ompK36 or mu-
tations other than ins aa134-135 GD or IS5 insertions. Molecular
typing is most useful for strains with higher-level doripenem re-
sistance, defined here as a MIC of �8 �g/ml. The data indicate

that strains carrying IS5 or ins aa134-135 GD mutations in
ompK36 are not likely to respond any more robustly to dorip-
enem-colistin than to colistin alone. In contrast, our findings sug-
gest that the combination is likely to retain activity against other
mutant/wild-type ompK36 strains, even if doripenem MICs are 16
to 64 �g/ml. If validated, our findings have two important clinical
implications. First, they provide an argument for the measure-
ment of precise doripenem MICs, rather than relying on break-
point values to simply classify strains as susceptible or resistant.
Second, they suggest that our paradigm could be useful for guid-
ing the selection of antimicrobial regimens against KPC-K. pneu-
moniae infections.

Our data also have important implications for understanding
the mechanisms by which susceptibility or resistance to carbapen-
ems and carbapenem-colistin combinations are mediated. Porins
are outer membrane channels that allow �-lactams and other
molecules to diffuse into periplasmic active sites (31), and porin
modifications are well recognized in CR K. pneumoniae strains.
ompK36 ins aa134-135 GD and IS5 mutations have been linked to
elevated carbapenem MICs (30, 32). The site between OmpK36
amino acids 134 and 135 falls within a transmembrane �-strand
loop 3 (L3) that constitutes the porin channel eyelet (30, 32, 33).
L3 mutations can alter the porin channel and reduce carbapenem

TABLE 3 Predictors of responses to doripenem-colistin during time-kill experiments in vitroa

Factor

P value for doripenem-colistin at 24 h

Level of killing Extent of synergy

Univariate
analysis Multivariate analyses

Univariate
analysis Multivariate analyses

log2 doripenem MIC 0.52 0.06 0.057 0.004 0.44 0.42
log2 colistin MIC 0.53 0.81 0.68 0.89 0.64 0.64
log10 KPC expression 0.32 0.40 Not included 0.94 0.87 Not included
Absence of ins aa134-135 GD or

IS5 mutation
0.006 0.002 0.002 0.0004 0.04 0.037

a Univariate and multivariate analyses were performed using linear-regression and multiple-linear-regression models, respectively. Factors included in the multivariate analyses
were those found significant by the univariate analyses or those that would be feasible as real-time tests in clinical microbiology laboratories. Multivariate analyses were performed
including and excluding log10 KPC expression. Boldface numbers represent significant P values at the level of �0.05.

FIG 5 Model for predicting responses of KPC-K. pneumoniae strains to doripenem-colistin. The model is based on data demonstrating that lower doripenem
MICs were associated with the extent of synergy at 24 h and that the absence of ins aa134-135 GD and IS5 mutations was independently associated with levels of
killing and extent of synergy at 24 h.
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uptake (33). Our aa134-135 GD insertion mutants did not exhibit
diminished ompK36 expression, implying that elevated carbap-
enem MICs stemmed from porin structural changes rather than
porin loss. IS5-like insertions (	1.2 kb) were identified previously
within the ompK36 open reading frame and promoter (34–36). To
our knowledge, however, the IS5 insertions with or without a pro-
moter deletion found in this study have not been described. More-
over, the promoter site of insertion is novel, suggesting that the
mutations arose de novo at our center. The IS5 insertions were
associated with impaired ompK36 expression, which implies that
the high-level carbapenem resistance exhibited by mutant strains
resulted from diminished levels of OmpK36.

The kinetics by which strains manifested their resistance to
doripenem during time-kill assays were also impacted by the
OmpK36 status. The ins aa134-135 GD mutants did not respond
to doripenem at any time point, indicating that changes to the
porin channel severely restricted access of the drug to penicillin
binding protein targets. IS5 mutants, on the other hand, were
often inhibited 4 h before they exhibited regrowth, indicating that
doripenem had some early access to target sites via limited porins
that were then exhausted. In keeping with a hypothesis that the
time-kill data were shaped by access to drug targets via porins,
strains with wild-type ompK36 or weak ompK36 mutants were
most strongly inhibited by doripenem prior to regrowth. Regard-
less of differences in responses to doripenem at earlier time points,
the bacterial concentrations achieved by ins aa134-135 GD mu-
tants, IS5 mutants, and other mutants or wild-type OmpK36
strains at 24 h in the presence of doripenem (8 �g/ml) were indis-
tinguishable (Table 2).

Synergy between colistin and doripenem is consistent with a
model in which membrane permeabilization by the former agent
facilitates increased access of the latter to target sites, allowing it to
overcome hydrolysis by KPC (37, 38). Our data demonstrate that
intact OmpK36 porins are also necessary for synergy in this
model. We cannot assess the impact of ompK35 mutations on
responses to either doripenem or doripenem-colistin, since all
ST258 strains carried a TGA nonsense mutation at codon 89. Loss
or mutation of ompK35 or analogous porins is common in ESBL-
producing Enterobacteriaceae (39). The ompK35 mutation in our
strains is described in previous studies of ST258 strains, suggesting
that it is widespread (30, 32, 40). The lower doripenem MICs
against strains with wild-type ompK36 support the general belief
that ompK35 mutations are not linked to high-level carbapenem
resistance in the absence of coexisting ompK36 mutations (32,
41–43). It is also notable that doripenem-colistin responses were
not impacted by colistin MICs. On one hand, we showed that
colistin alone (2 �g/ml) was significantly more active during the
first 12 h of time-kill experiments against KPC-K. pneumoniae
strains for which colistin MICs were �2 �g/ml. However, these
differences were no longer observed at 24 h. Moreover, colistin
exerted bacteriostatic activity throughout time-kill experiments
against strains for which MICs were �2 �g/ml. Therefore, colistin
retained activity against strains that were putatively resistant to the
drug as determined by the MIC.

In conclusion, our data clearly demonstrate that ST258
KPC-K. pneumoniae strains bear genetic heterogeneity that im-
pacts in vitro responses to a widely used antimicrobial combina-
tion. Based on these findings, the detailed molecular characteriza-
tion of strains should be considered an essential component of
future studies of antimicrobial regimens against KPC-K. pneu-

moniae. Along these lines, we acknowledge that the genotypes of
strains from our patients may differ from those at other centers.
Therefore, studies comparable to ours must be conducted using
strains with various genetic backgrounds from different geo-
graphic locations, and the results for particular mutations must be
corroborated. The mechanistic explanations that we propose for
our findings also will need to be investigated in follow-up studies.
Nevertheless, the current study is an important early step in the
development of methods to rapidly identify antimicrobial regi-
mens that are best suited to treat patients infected with CR K.
pneumoniae or other highly resistant bacteria. In the future, the
molecular signature of infecting strains should be one of the fac-
tors routinely considered by clinicians as they make treatment
decisions, along with the type of infection being treated, underly-
ing diseases, host factors, and pharmacokinetic/pharmacody-
namic parameters.
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