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ABSTRACT Time-kill curves are used to study antibiotic combinations, but the colony
count method to obtain the results is time-consuming. The aim of the study was to
validate an ATP assay as an alternative to the conventional colony count method in
studies of antibiotic combinations. The cutoff point for synergy and bactericidal effect
to categorize the results using this alternative method were determined in Pseudomonas
aeruginosa. The ATP assay was performed using the GloMax 96 microplate luminometer
(Promega), which measures bioluminescence in relative light units (RLU). To standardize
this assay, background, linearity, and the detection limit were determined with one strain
each of multidrug-resistant P. aeruginosa and Klebsiella pneumoniae. Twenty-four-hour
time-kill curves were performed in parallel by both methods with 12 strains of P. aerugi-
nosa. The conventional method was used as a “gold” standard to establish the pharmaco-
dynamic cutoff points in the ATP method. Normal saline solution was established as
washing/dilution medium. RLU signal correlated with CFU when the assay was performed
within the linear range. The categorization of the pharmacodynamic parameters using
the ATP assay was equivalent to that of the colony count method. The bactericidal effect
and synergy cutoff points were 1.348 (93% sensitivity, 81% specificity) and 1.065 (95%
sensitivity, 89% specificity) log RLU/mL, respectively. The ATP assay was useful to deter-
mine the effectiveness of antibiotic combinations in time-kill curves. This method, less la-
borious and faster than the colony count method, could be implemented in the clinical
laboratory workflow.

IMPORTANCE Combining antibiotics is one of the few strategies available to over-
come infections caused by multidrug-resistant bacteria. Time-kill curves are usually
performed to evaluate antibiotic combinations, but obtaining results is too laborious
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se and abuse of antibiotics have led to an increase in antibiotic-resistant bacterial

strains. Acquired resistance to antimicrobials is an issue challenging health sys-
tems. Antibiotic resistance can be caused by different mechanisms, ranging from inac-
tivation or alteration of the antimicrobial or its binding site to changes in porins or in
efflux pumps, which result in a lower accumulation of antibiotic. Infections caused by
multidrug-resistant (MDR) microorganisms may be difficult to treat, which is translated
into an increase in their mortality and morbidity rates.

The emergence of antibiotic resistance in bacteria usually involved in nosocomial
infections, has generated special alarm because these infections can compromise the
lives of critical and/or immunosuppressed patients. Pseudomonas aeruginosa and
Klebsiella pneumoniae, together with Escherichia coli, are the bacterial species most fre-
quently involved in nosocomial infections. These infections are often caused by MDR
high-risk clones within these species (1-4).

Optimization of the strategies to combat MDR microorganisms is essential due to
the limited therapeutic options. Combining antibiotics to obtain a synergistic effect
against MDR bacteria may be also a therapeutic option. The efficacy of an antibiotic
combination can be evaluated by different techniques. The time-kill curve is a dynamic
method in which bacterial death is analyzed in the presence of fixed concentrations of
antibiotic in relation to time (5). Results from time-kill curves are obtained 48 h after
starting the experiment. Based on the results obtained in the curves, other complex
pharmacokinetic/pharmacodynamic studies can be carried out, such as the “hollow
fiber” model (6). This two-compartment model allows the evaluation of changes in an-
tibiotic concentration over time, mimicking physiological conditions. Both techniques
are very laborious and complicated when implemented in the clinical diagnostic rou-
tine in a microbiology laboratory. A less laborious and faster technique than the classi-
cal methodology to count viable cells would facilitate the laboratory workflow and
shorten the time for results, allowing the implementation of studies of antibiotic com-
binations in the clinical routine.

Methods for bacterial detection and counting based on bioluminescence have
been described. These methods correlate cell viability with metabolic activity by meas-
uring NAD or ATP. The presence of these molecules in cells makes its detection symp-
tomatic of the presence of living organisms (7).

Luminometers allow the quantification of bioluminescence. The increase in biolumi-
nescence is directly proportional to the amount of ATP, which in turn correlates with
the living organisms present in the sample (8). These systems are widely used, espe-
cially in industry and in health care settings, to evaluate the effectiveness of cleaning
and/or sterilization processes (8, 9). The potential use of this technique to evaluate an-
tibiotic activity by studying the bactericidal effect has been also reported (10). To our
knowledge, the pharmacodynamic parameter of synergy has not been determined
before using this technique in time-kill curves.

The aim of the present study was to validate the use of this ATP measurement assay
using bioluminescence as an alternative to the colony count of viable cells for the
study of antibiotic combinations. The ultimate goal is the implementation of this tech-
nigue in the laboratory routine.

RESULTS

Luminometer standardization. The background average values obtained from 30
observations were 10° and 107 relative light units (RLU)/mL for cation-adjusted Mueller-
Hinton broth (CA-MHB) and normal saline solution (NSS), respectively. Below these val-
ues bacterial RLU readings could not be differentiated from the corresponding RLU value
of the medium. Background oscillation was considered relevant enough to be removed
in further assays. The detection limits obtained for both CA-MHB and NSS were 10* and
10% CFU/mL, respectively. The range of linear relationship between log RLU per milliliter
and log CFU per milliliter were 10% to 108 CFU/mL (R? = 0.99 to 1) in CA-MHB, and 103 to
10° CFU/mL (R? = 0.98 to 1) in NSS (Fig. 1). No significant differences were observed at
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FIG 1 Linearity study of Pseudomonas aeruginosa at 0, 8, and 24 h with cation-adjusted Mueller-Hinton broth

(CA-MHB) and normal saline solution (NSS) (below).

different times or for the different species. NSS was established in further studies as the
medium used to wash and dilute the samples.

The relative standard deviations (RSDs), in both the CA-MHB and NSS data, were
equal to or inferior to the corresponding RSDs of the conventional method for the dif-
ferent times, concentrations, and strains analyzed (data not shown).

Comparative analysis. The comparative analysis was performed analyzing the
results from the P. aeruginosa curves by the conventional colony count method and
the ATP assay in parallel. The growth curve study was performed from the values
obtained under the experimental condition without antibiotic. The Pearson correlation
coefficient (r) was 0.93, and the infraclass coefficient correlation (ICC) was 0.88 (95%
confidence interval [Cl], 0.816 to 0.923).

The graphical comparison of time-kill curves for some isolates is shown in Fig. 2.
The results obtained at 24 h by the conventional colony count method (CFU per millili-
ter) were used as a gold standard to determine the pharmacodynamic parameters in
RLU per milliliter. The cutoff point for bactericidal effect was established using the val-
ues obtained from antibiotics as single agents and combined. The sample size included
257 paired data. The value for the bactericidal effect cutoff was 1.348 log RLU/mL, with
a sensitivity of 93%, and a specificity of 78.5%; the area under the curve (AUC) obtained
was 0.929 (Fig. 3A).

The cutoff point for synergy was established considering the values obtained from
antibiotic combinations. The sample size included 105 paired data. The cutoff point for
synergy was 0.9 log RLU/mL, with a sensitivity of 95% and a specificity of 88%; the area
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FIG 2 Time-kill curves for P. aeruginosa ST175 (07-016), ST235 (07-004), ST274 (09-011), ST2221 (10-016), ST2534 (06-025),
and ST2536 (06-001). Results are shown for the conventional colony count method (CFU per milliliter) (left) and ATP
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FIG 3 ROC curves for bactericidal effect and synergy. High areas under the ROC curves (0.929 to 0.943)
were observed in both pharmacodynamic parameters bactericidal effect (A) and synergy (B).

under the curve (AUC) obtained was 0.9430 (Fig. 3B). When considering a specificity of
100%, the cutoff was 2.199 (53% sensitivity).

DISCUSSION

Combined antibiotic treatments are increasingly used in the clinic due to the burden
of infections caused by MDR/extensively drug-resistant (XDR) bacteria. However, antibi-
otic combination studies are time-consuming and therefore not routinely performed in
clinical laboratories. The use of instantaneous luminometer reading to evaluate antibiotic
combinations in time-kill curves would avoid the requirement of an overnight culture for
a viable cell count. The present study was aimed to validate an ATP measurement tech-
nique using bioluminescence as an alternative to the laborious conventional colony
count method for the study of antibiotic combinations in time-kill curves.

Background, linearity, and the detection limit were studied for the standardization
of the ATP measurement assay. NSS was compared with CA-MHB, which was the me-
dium recommended by the manufacturer and used in previous studies (8, 11, 12).
Background oscillation was considered relevant enough to be removed from assays.
Linearity showed similar Pearson’s correlation coefficients. Given the lower detection
limit and the broader range of linearity determined for NSS, this was established as the
optimal medium. Considering the initial inoculum (10° log CFU/mL), the detection limit
obtained with NSS (103 log CFU/mL) was considered adequate as the value corre-

FIG 2 Legend (Continued)

measurement assay (RLU per milliliter) (right). Four experimental conditions were studied: growth control, meropenem
alone, colistin alone, and meropenem plus colistin. The antibiotic concentrations were 17.71 mg/L for meropenem and
2,08 mg/L for colistin.
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sponded to the maximum bacterial load change required to evaluate the pharmacody-
namic parameters.

Control of variables affecting the bioluminescence reaction is essential, including
the composition of the reading medium. Several ions have been reported to quench
the bioluminescence reaction of the firefly luciferase (13). Cations should be strictly
controlled while performing the assay, not only because of the potential quenching
effect of the medium, but also due to the requirement of magnesium for the activity of
this enzyme (11, 14). The concentration of cations included in CA-MHB medium may
interfere with the RLU signal, which is in agreement with our standardization results
that support the use of NSS instead of CA-MHB medium. Extracellular ATP may also
affect the signal, as previously reported by Cai et al. (10). While these authors removed
enzymatically extracellular ATP, the double centrifugation we performed to eliminate
the antibiotic may have also contributed to its removal.

The correlation between CFU and RLU had been previous reported to diminish at
24 h, depending on the bacterial species (15). They attributed those discrepancies to
metabolic differences between growth phases, slowing down the ATP production at
the stationary phase. However, the decreases in correlations were observed because
readings above the upper limit of what the authors had considered their linearity
range were included. In contrast, in the present study no differences were found in the
correlation at different growth phases—probably because the readings were within
the linearity range.

The categorization of antibiotic combinations obtained using the ATP measurement
assay was equivalent to the results obtained with the colony count method. Specificity
should be prioritized over sensitivity when considering the therapeutic benefit of a
combination. Therefore, 100% specificity cutoff points for synergy should be used to
avoid false positives and unnecessary side effects. Synergy should be confirmed by the
colony count method when the bacterial load decrease is between the cutoff with
maximum sensitivity and specificity and the 100% specificity cutoff point. In this situa-
tion, the same aliquot could be further evaluated by the conventional method.

Our study had some limitations. The present study included only Pseudomonas aer-
uginosa. Other Gram-negative bacilli and Gram-positive bacteria should also be eval-
uated to validate its use in clinical isolates. One of the strengths of our study was the
large sample size of readings to establish the cutoff points for P. aeruginosa. Another
strength was the number of different antibiotic combinations, which supports its poten-
tial in a clinical background.

Our results support that the ATP assay could be used for the study of antibiotic
combinations against MDR/XDR strains. Furthermore, as this method is less laborious
and faster than the colony count, it could be implemented in the clinical laboratory
workflow routine for the study of effective treatments against clinical isolates.

MATERIALS AND METHODS

Bacteria. This study examined 12 clinical isolates of extensively drug-resistant (XDR) P. aeruginosa
from nine Spanish hospitals previously characterized at a phenotypical and molecular level (see the sup-
plemental material) (16). The isolates belonged to the following sequence types: ST111, ST175, ST179,
ST235, ST244, ST253, ST274, ST2221, ST2533, ST2534, ST2535, and ST2536. KPC-containing K. pneumo-
niae ATCC BAA 1706 was included for standardization.

Culture media and antibiotics. Columbia blood agar (COS) (bioMérieux) were used to culture the
isolates. Cation-adjusted Mueller-Hinton broth (CA-MHB) (Becton, Dickinson) was used to perform the
time-kill curves, and Mueller-Hinton agar (MH) plates (bioMérieux) were used for the quantification of
CFU per milliliter.

The antibiotics used were meropenem, aztreonam, colistin, and amikacin (all from Sigma-Aldrich),
and ceftolozane-tazobactam (Zerbaxa; MSD). The antibiotic stocks were prepared according to the
Clinical and Laboratory Standards Institute (CLSI). The final concentrations used in the time-kill assays
corresponded to the AUC over 24 h (Table 1) (17-21).

Time-kill curves. A starter culture was performed from the overnight (O/N) culture in CA-MHB and
incubated in a water bath shaker at 37°C for 90 min to achieve early exponential growth.

Each flask containing 30 mL of CA-MH was supplemented with either a single antibiotic or combina-
tion at the corresponding concentration (Table 1), except the growth control condition. The antibiotic
combinations tested are shown in the supplemental material. Flasks were inoculated with 10° CFU/mL
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TABLE 1 Antibiotics used in the time-kill curves®

Antibiotic Concn (mg/L) Equivalent clinical dose
Meropenem 17.71 29q8h

Aztreonam 43.75 29q8h
Ceftolozane-tazobactam 38/6.25 3gqg8h

Colistin 2.08 451U q12h

Amikacin 8.17 19 qg24h

9The corresponding concentration and its equivalent clinical dose are shown for each antibiotic.

and incubated at 37°C in the water bath shaker for 24 h. From each flask, 1-mL aliquots were collected
at different times (0, 8, and 24 h) and centrifuged at 5,000 rpm for 5 min. After the supernatants were
discarded, bacterial cells were resuspended twice with saline solution to eliminate the antibiotic from
the medium. Each aliquot was analyzed in parallel using two methods: (i) conventional viable cell count
(CFU per milliliter) and (ii) the ATP measurement assay (RLU per milliliter).

Conventional viable cell count (CFU per milliliter). Ten-fold dilutions of the aliquots were inocu-
lated onto MH agar plates and incubated at 37°C for 18 to 24 h. Only plates with 30 to 300 colonies
were considered.

The bactericidal effect and synergy were the pharmacodynamic parameters defined based on con-
ventional viable cell count. The bactericidal effect is defined as the reduction of =3 log CFU/mL at 24 h
from the start of the experiment with the starter culture (5). Synergy is defined as the reduction of
=2 log CFU/mL from the final count of colonies in the antibiotic combination compared to the result of
the most effective of the two components (22).

ATP quantification technique by bioluminescence (RLU per milliliter). The quantification of via-
ble cells through ATP was performed using the BacTiter-Glo microbial cell viability assay kit (Promega)
and the GloMax 96 microplate luminometer (Promega) (11). The reagent was prepared and preserved
following manufacturer’s instructions. After bacterial lysis, free ATP reacts with luciferase enzyme (Ultra-
Glo recombinant luciferase) that induces a luminescent signal. This assay is based on the ability of firefly
luciferase to catalyze the oxidation of p-luciferin in the presence of a magnesium salt and ATP, and the
light intensity emitted has been shown to be proportional to the ATP content and hence to the viable
bacterial cells in any sample.

ATP measurement was performed using 96 opaque-walled multiwell plates. Time-kill curve samples
were analyzed in triplicate and samples from the linearity assay five times. The same number of controls
with background medium was included in each assay. The procedure was done by adding 100 uL sam-
ple and 100 uL BacTiter-Glo reagent. The plate was incubated at 37°C in the dark for 5 min and placed
into the luminometer with a 1-s integration time. Mean background RLU values were then subtracted
from the RLU sample values.

ATP assay standardization. Background, linearity, precision, and the limit of detection were ana-
lyzed using P. aeruginosa ST175 and K. pneumoniae ATCC BAA-1706 to set the experimental conditions
to perform the time-kill curve tests. Each test of each strain was performed in duplicate.

Background was determined to control any significant oscillation of the reading medium. Data were
gathered from linearity assays and corresponded to the values obtained with CA-MHB and normal saline
solution (NSS) alone. The average and the standard deviation (SD) were calculated.

Linearity was calculated performing 10-fold dilutions of the bacterial culture in CA-MHB. This bacterial
culture was performed as described for the time-kill curves. Two aliquots of each dilution were obtained at
0, 8, and 24 h to test two different backgrounds (i.e., CA-MHB and NSS). For the NSS condition, one aliquot
was centrifuged at 5,000 rpm for 5 min, the supernatant was discarded, and the bacterial cells were resus-
pended twice with NSS. For the CA-MHB broth, there were no additional steps prior to the reading. Each
aliquot was 10-fold diluted and analyzed in parallel using the luminometer and performing cultures onto
MH plates in duplicate.

For every time and background, graphical representations of the results expressed in log,, scale
were plotted. CFU were represented in the x axis and RLU in the y axis. Linear regression was used to
evaluate the correlation between CFU and RLU using the R? statistic.

Precision corresponded to the relative standard deviation (RSD) (coefficient of variation). This param-
eter was calculated for each time, viable cell count, and background (14).

The limit of detection was calculated from the control wells of the linearity assay as the average lu-
minescence (RLU) + 3 SD (23).

Statistical analyses. The comparative study between the conventional method and the ATP assay
included a correlation study throughout the growth curves. The average of time-kill curve results (CFU
and RLU) was converted to a log,, scale. The values from the P. aeruginosa growth control (without anti-
biotic) were used to confirm the correlation between CFU and RLU along the 24-h growth curves. A
Shapiro-Wilk test for normal data was performed prior to calculation of the Pearson correlation coeffi-
cient and the intraclass correlation coefficient (ICC) with Stata version 15.

Receiver operating characteristic (ROC) curves, sensitivity, specificity, area under the ROC curve
(AUQ), and the optimal cutoff for the ATP assay were computed using an R library called pROC. Figures
were created in R using the ggplot library. The bactericidal effect and synergy cutoff points were deter-
mined with a Youden test (14) using the conventional colony count method as the gold standard. The
chosen cutoff point values were those with maximum sensitivity and specificity. Nonetheless, the
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sensitivity and specificity of these parameters can be adjusted through the modification of the cutoff
point values according to the aim of the test.

SUPPLEMENTAL MATERIAL

Supplemental material is available online only.
SUPPLEMENTAL FILE 1, PDF file, 0.1 MB.
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