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ABSTRACT

Objective: Antibiotic resistance by beta lactamase expression is a
serious and growing threat. We aimed to determine whether beta-
lactamase activity is detectable in urine specimens to enable faster
identification of resistance.

Methods: Urine specimens from patients with extended spectrum
beta lactamase (ESBL)-expressing urinary infections were incubated
with beta lactam antibiotics. Beta lactam hydrolysis was determined
by mass spectrometry methods.

Results: Ceftriaxone hydrolysis was observed in 45 of 45 ESBL-
containing specimens from patients not treated with a beta lactamase
inhibitor before specimen collection. Ceftriaxone hydrolysis was not
observed in 108 of 108 non-ESBL-containing specimens. Spiking
studies show that beta lactam hydrolysis can be observed within 30

minutes. Beta lactam hydrolysis is evidenced by mass spectrometry
preceded by either liquid chromatography or matrix-assisted laser de-
sorption ionization specimen processing methods.

Conclusion: Clinically significant beta lactamase activity is detectable
directly from urine specimens. The described methods would enable
the detection of beta lactam resistance 24 to 48 hours sooner than
culture based methods.

The beta lactam class of antibiotics is a key component of the
antimicrobial arsenal. The archetypal beta lactam is penicillin, which is
naturally derived from penicillium mold and is synthetically manufac-
tured for frequent human use.! Since the discovery of penicillin, many
other beta lactam antibiotics (all containing a beta lactam ring) have
been developed to improve pharmacologic properties (eg, oral availa-
bility) and microbicidal properties (eg, targeting a broader spectrum of
organisms).? This class of antibiotics comprises 19 of 40 spots on the
World Health Organization list of essential antibiotics and accounts for
more than half of all antibiotics used globally.>*

The betalactam ring that defines the beta lactam class of drugs mimics
the d-alanyl-d-alanine structure that nearly all bacterial species require
for the composition of their cell wall. Beta lactam drugs irreversibly bind
to cell-wall synthesis enzymes, leading to structural degradation and bac-
terial death. Resistance to beta lactams can be acquired by 3 mechanisms:
(i) mutation of the beta lactam binding enzymes to prevent beta lactam
binding, (ii) acquisition of a beta lactam efflux pump that prevents the
drugs from entering the cell, and (iii) acquisition of a beta lactamase en-
zyme that hydrolyzes the beta lactam ring, rendering the molecule inef-
fective.*® The first 2 mechanisms of resistance are slow to be acquired
and have a negative impact on the overall fitness of an organism.” In con-
trast, the acquisition of a beta lactamase enzyme is fast because the gene
encoding the enzyme can be transferred between bacteria (even those of
different species) and production of the enzyme in sufficient quantities
to confer resistance presents minimal metabolic cost to the organism.*°

The evolution and spread of beta lactamase enzymes has led to a sub-
stantial health care burden. The rise and spread of extended spectrum
beta lactamase (ESBL)-expressing Enterobacteriaceae have led to approx-
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imately 197,400 infections, 9,100 deaths, and $1.2 billion in estimated
attributable health care costs annually in the United States.'®™" New
beta lactamase enzymes are continuing to emerge and spread, presenting
a serious public health threat."*"3

The typical workflow in a clinical microbiology laboratory leading to
identification of antibiotic-resistant organisms consists of (1) specimen
plating and mixed growth, (ii) pathogen isolation and growth, (iii) iden-
tification of the organism by biochemical tests or matrix-assisted laser
desorption ionization-time of flight (MALDI-TOF), and (iv) observed
growth in antibiotic-containing media to determine antibiotic suscep-
tibility/resistance patterns.'*!” This workflow requires 36 to 72 hours,
involves multiple manual steps, and may not detect inducible resist-
ance.'® While awaiting results, most patients are empirically treated,
and when susceptibility results are available the treatment strategy is
adjusted.” Inevitable delays in providing appropriate antibiotic treat-
ment lead to higher patient morbidity and mortality and contribute to
the spread of resistant organisms.?**'

Given the clinical challenges that beta lactamase expressing
pathogens present, there is a clear need for faster identification to both
enable effective treatment and enact isolation precautions preventing
the further spread of resistant organisms. Resistant bacteria typically
express high levels of beta lactamase to effectively counteract therapeu-
tic doses of beta lactam antibiotics.”? We sought to determine whether
beta lactamase activity could be sensitively and specifically detected
in unprocessed clinical specimens to quickly (within hours) detect the
presence of beta lactamase expressing organisms. Our approach used
mass spectrometry to show beta lactamase activity directly in biological
specimens by measuring the hydrolysis of target antibiotics through the
disappearance of protonated molecular ions in the presence of resistant
organisms.

Methods

Specimen Preparation

Residual urine specimens collected during routine clinical care were used
for this study. The study was approved by the University of California,
San Diego Institutional Review Board with a waiver of informed consent
(protocol number 181656XL).

Urine specimens were collected in Becton Dickinson Biosciences
vacutainer culture and susceptibility preservative tubes containing
2.63 mg/mL boric acid, 3.95 mg/mL sodium borate, and 1.65 mg/mL
sodium formate to prevent bacterial overgrowth (Becton, Dickinson,
and Company, Franklin Lakes, NJ) as part of routine clinical practice.
All specimens tested were excess clinical specimens stored at 4°C for
7 days or less. Colony forming units (CFUs) were determined by col-
ony counting after the application of specimens using a 0.001-mL
loop. Specimens were centrifuged and reconstituted in drug-free urine
(DFU) to remove preservatives, which inhibit hydrolysis activity. Next,
400 pL of the specimen was centrifuged at 21,000 g in a fixed-angle
rotor for 10 minutes in 1.7 mL Eppendorf tubes. After centrifugation,
the supernatant was aspirated off using an air-displacement pipette
and discarded. The aspiration of supernatant was conducted in such a
manner as to leave behind any pellet, regardless of whether it as vis-
ible to the naked eye. Next, 200 uL of certified DFU (UTAK Catalog
#88121-CDF) containing 500 pg/mL of ceftriaxone was added to each
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specimen and mixed by vortexing for 1 minute. Specimens were then
incubated at 37°C for at least 4 hours. After incubation, specimens
were centrifuged at 13,000 g in a fixed-angle rotor for 5 minutes. In
addition, 100 pL of the supernatant was diluted using 300 pL of 95%
deionized H,O, 5% methanol containing internal standard (IS; 50 ng/
mL amphetamine-d5). Isotopically labeled beta lactam was not used
as an internal standard to prevent (i) ESBL-mediated hydrolysis of the
internal standard or (ii) an internal standard acting as an inhibitor of
ESBL-mediated hydrolysis. Finally, 20 pL of the diluted specimen was
injected using a full-loop injection on a liquid chromatography (LC)
quadrupole TOF mass spectrometer (MS) system (Waters ultra perfor-
mance liquid chromatography, Waters Xevo quadrupole time-of-flight
[QTOEF)).

For multidrug analysis, specimen preparation was performed as
above with the exception that specimens were incubated for 12 hours
at 37°C and that 200 pL of certified DFU containing 500 pg/mL of each
drug (ceftriaxone, cefazolin, and oxacillin or ceftriaxone, cefazolin, ox-
acillin, and meropenem) was added to each specimen. The kinetics of
ceftriaxone hydrolysis and identification of its hydrolysis products
were performed as stated above, with the exception that certified DFU
containing 300 pug/mL of ceftriaxone was used. Incubation times were 5
minutes, 30 minutes, and 20 hours, with specimens being immediately
injected into the LC-MS system after centrifugation and specimen di-
lution.

LC

For ceftriaxone analysis, LC was performed using a Waters BEH-C18 col-
umn (1.7 pm) on a Waters Acquity UPLC system. Mobile phase A was
5 mM ammonium formate, 0.1% formic acid, and 99.9% deionized H2O
(buffer A). Mobile phase B was 0.1% formic acid and 99.9% acetonitrile
(ACN). The LC method spanned a total of 8 minutes and is described in
Supplemental Table 1. Specimens were injected using an autosampler
with a full loop injection of 20 pL.

For multidrug analysis (ceftriaxone, cefazolin, oxacillin,
meropenem), LC was performed with the same buffers, column, and
injection parameters as above. The LC method spanned a total of 8
minutes and is described in Supplementary Table 1.

For ceftriaxone hydrolysis product analysis, LC was performed with
the same buffers, column, and injection parameters as above. The LC
method spanned a total of 15 minutes and is described in Supplemen-

tary Table 1.

QTOF-MS

Data for MS were acquired on a Waters Xevo G2 TOF MS. Mass spectra
were acquired in a scanning mode across an m/z range (50-900 m/z) at a
rate of 1 scan per 0.5 seconds in continuum mode. The total MS method
spanned 6.5 minutes and was run in positive polarity with the analyzer
in sensitivity mode. Electrospray ionization was used as the ionization
method with a cone voltage of 25 volts and a fixed collision energy value
of 6 volts.

Qualitative Matrix Interference Studies

Qualitative assessment of matrix interference was performed by injecting 5
unspiked ESBL-containing urine specimens and 5 unspiked ESBL-negative
urine specimens while simultaneously infusing a solution containing
50 pg/mL of ceftriaxone reconstituted in 50% ACN:50% deionized H,O.
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Extracted ion chromatograms (EICs) of ceftriaxone were overlaid with the
expected ceftriaxone peak for all 10 patient urine specimens.

MALDI-TOF

MALDI-TOF MS was performed on a Bruker Microflex MALDI-TOF
mass spectrometer equipped with an N2 laser. Spectra were acquired in
reflectron-positive mode, with 100 pm raster spot and roughly 80% la-
ser power, 200 shots (random walk, 20 shots) detection gain 40x, and a
range of 100-1000 m/z. Specimens were prepared as above and mixed
1:1 with 10 mg/mL 0a-cyano-4-hydroxycinnamic acid. Using the dried
drop method, 2 pL of the mixture was spotted on a Bruker MSP 96 tar-
get ground steel plate. Calibration was performed using a ceftriaxone
standard at 555.0533 m/z before data acquisition.

MS Data Processing

The LC-MS data were processed in MassLynx (Waters) using the in-
tegration parameters described in Supplemental Table 2. All traces
were smoothed with 1 iteration using the mean of 2 adjacent scans.
The MALDI-TOF data were processed using Flex Analysis 4.2 (Bruker
Daltronics). Peak areas described throughout are measured in arbi-
trary units correlated to the quantity of ions colliding with the ion
detector.

Data Analysis and Graphing

Data analysis was performed with R studio (rstudio.com). Graphs were
created using the ggplot function within the tidyverse package (cran.r-
project.org/web/packages/tidyverse).

Results

Hydrolysis of Ceftriaxone in Urine Specimens

The ESBL hydrolysis of ceftriaxone was evaluated by examining EICs
of ceftriaxone (500 pg/mL) and IS in DFU (control) after 4 hours of
incubation at 37°C in the presence or absence of an ESBL-containing
patient urine specimen (FIGURE 1). In DFU alone, peak areas of
ceftriaxone and IS were 76,484 and 4,073, respectively. However,
a discernible ceftriaxone peak was not observed after incubation
with an ESBL, whereas a similar peak area for the IS was observed
(4,957). It is clear when comparing FIGURE 1A with FIGURE 1B
that ceftriaxone was hydrolyzed by the ESBL-containing specimen be-
cause the protonated molecular ion of ceftriaxone is not discernible
in FIGURE 1B. The IS is easily seen in both FIGURE 1A and 1B
and helps rule out a matrix effect that could potentially suppress the
ceftriaxone signal in FIGURE 1B. Boxplots illustrating the median
ratios of ceftriaxone area counts and IS area counts (CTX/IS ratio) af-
ter incubation with DFU, ESBL-containing patient specimens, ESBL-
containing specimens from patients treated with a beta lactamase
inhibitor (tazobactam or meropenem), and non-ESBL-containing pa-
tient specimens are shown in FIGURE 1C. Strikingly, there was at
least a 10-fold difference in the median CTX/IS ratio between ESBL-
containing specimens and specimens lacking ESBL activity. A cutoff
of the CTX/IS of anywhere between 0.77 and 5.4 would allow perfect
discrimination. To confirm the discriminatory utility of the hydroly-
sis assay, we tested 94 specimens in a blinded manner (FIGURE 1D).
Two specimens showed clear evidence of hydrolysis (filled arrow), and
these 2 specimens were confirmed to contain ESBLs.
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During a 12-month period from December 2019 to December 2020,
the University of California, San Diego Clinical Microbiology Labora-
tory performed 37,731 urine cultures. Of these cultures, gram negative
rods were observed in 11,560 (30.6%). In addition, ESBL-expressing
organisms were observed in 1,283 cultures (3.4% of total cultures,
11.2% of gram negative rods). All ESBL-expressing organisms were
gram negative rods: 987 (76.9%) were Escherichia coli, 280 (21.8%) were
Klebsiella pneumoniae, and 16 (1.3%) were Klebsiella oxytoca. Thus, our
finding that 2 out of 94 culture specimens contained ESBL organisms
is consistent with the overall prevalence of ESBLs in our institution’s
tested population.

Discrimination between ESBL- and non-ESBL-containing specimens
was robust under conditions intended to simulate decreased analytical
sensitivity or detect potential interferences. The robust identification of
ESBL-containing specimens was also apparent when data were analyzed
at unit resolution (Supplemental Figure 1), simulating the performance
of an instrument with lower mass accuracy. To determine whether bac-
terial overgrowth or matrix effects could lead to false positives or false
negatives, 5 specimens with ESBL and 5 specimens without ESBL, all
with visible turbidity and/or discoloration, were analyzed on 5 noncon-
secutive days in both a qualitative and a quantitative matrix effect study.
The CTX/IS ratios were separated by at least an order of magnitude on
all days, although some degradation of hydrolysis activity was observed
(Supplemental Figure 2). An infusion of 50 pg/mL of ceftriaxone
performed during an injection of urine specimens from the same set of
10 specimens revealed no significant ion suppression or enhancement

across the ceftriaxone peak observed (Supplementary Figure 3).

Collective Hydrolysis of Ceftriaxone, Cefazolin, and
Oxacillin in Urine Specimens

To show the generalizability of our approach, we looked for ESBL hy-
drolysis of a mixture of 3 beta lactam antibiotics (ceftriaxone, cefazolin,
oxacillin [CCO]) by observing the EICs of ceftriaxone (500 pg/mL),
cefazolin (500 p g/mL), and oxacillin (500 p g/mL), and the EIC of the
IS in DFU were evaluated after 12 hours of incubation at 37°C, in the
presence or absence of an ESBL (FIGURE 2). As expected, robust peak
areas for the molecular ions corresponding to ceftriaxone (99,907),
cefazolin (66,619), oxacillin (36,612), and IS (2,511) were observed in
the absence of an ESBL (FIGURE 2A). Except for the IS, these peaks
disappeared after incubation with an ESBL-containing specimen,
indicating robust hydrolysis of all 3 beta lactam antibiotics (FIGURE
2B). Boxplots illustrating the median ratios of ceftriaxone/IS, cefazolin/
IS, and oxacillin/IS after incubation with (n = 10) or without (n = 3) an
ESBL-containing specimen are shown in FIGURE 2C. As seen with
the hydrolysis of ceftriaxone alone, there was at least a 10-fold differ-
ence in the median ratios between ESBL-containing specimens and
specimens lacking ESBL activity for the CCO mixture, with all beta lac-
tam antibiotics being hydrolyzed in a similar fashion.

CCO Hydrolysis Inhibited by Meropenem in Noncultured
Urine Specimens

Because a subpopulation of patients with suspected urinary tract
infections (UTIs) take antibiotics or inhibitors that prevent ESBL ac-
tivity, we monitored the hydrolysis of a CCO mixture in the presence
of meropenem. The EICs for the protonated molecular ions of CCO,
meropenem, and IS are shown in DFU after 12 hours of incubation at
37°C (FIGURE 3A). Peak areas of ceftriaxone (500 pug/mL), cefazolin
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FIGURE 1. Evaluation of ESBL Hydrolysis of Ceftriaxone: (A) EICs of the protonated molecular ions (exact m/z) of ceftriaxone
(top) and IS (bottom) after 4 hours of incubation with a sample not containing an extended spectrum beta lactamase (-ESBL)
expressing pathogen. (B) EICs of the protonated molecular ions of ceftriaxone (top) and IS (bottom) after 4 hours of incubation
with an ESBL containing specimen (+ESBL). Expected retention times for each compound are indicated to illustrate the loss
of a peak. % ion intensity (indicated at top left of each EIC) is plotted on the Y-axis and Time (min) is plotted on the X-axis. (C)
Boxplots of median ratios of ceftriaxone/IS after incubation with: Control DFU -drug free urine (n = 12), ESBL containing urine
specimens (n = 45), ESBL containing urine specimens from patients receiving beta-lactamase inhibitor treatment (n = 6), and
non-ESBL containing specimens (n = 108). Wilcoxon P-values are displayed. (D) Scatterplot illustrating ratios of ceftriaxone/

IS plotted on log scale for 94 random urine culture specimens after incubation. Closed arrow indicates two samples with ESBL
identified by urine culture and susceptibility assays. Open arrow indicates a non-ESBL containing specimen.
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(500 pg/mL), oxacillin (500 pg/mL), meropenem (500 pg/mL), and IS
were 87,072; 66,190; 28,882; 225,280; and 1,524, respectively. As ex-
pected, these peak areas were essentially unchanged after a parallel incu-
bation with an ESBL-containing specimen, indicating that meropenem
inhibits the ESBL hydrolysis of CCO (FIGURE 3B). Boxplots illustrating
the median ratios of ceftriaxone/IS, cefazolin/IS, oxacillin/IS, and
meropenem/IS after incubation with (n = 10) or without (n = 3) an
ESBL-containing specimen are shown in FIGURE 3C.

Kinetics of ESBL Ceftriaxone Hydrolysis and Identification
of Hydrolysis Products

The kinetics of ceftriaxone hydrolysis by ESBL-containing specimens
was evaluated by incubating ceftriaxone in the presence or absence of an
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ESBL-containing specimen for 5 minutes and 30 minutes at room tem-
perature (RT). At the 5-minute time point, ceftriaxone peak areas were
15,166 in the absence of an ESBL and 10,574 in the presence of an ESBL
(FIGURE 4A), an approximate 30% reduction in raw area counts. Hydrol-
ysis was essentially complete by the 30-minute time point; the ceftriaxone
peak area was 15,391 in the absence of an ESBL and was not observed
in the presence of an ESBL (FIGURE 4B). The correlation of the CTX/IS
ratios with the CFUs of the specimens showed no correlation (Supplemen-
tal Figure 4), suggesting that hydrolysis kinetics were substrate limited.
The presence of a ceftriaxone hydrolysis product was evaluated by
monitoring the EICs of the protonated molecular ion of ceftriaxone after
the loss of its triazine-ylthiol group (414.05 m/z).” In the presence of
an ESBL, a peak at 3.41 minutes was observed with an integrated area
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FIGURE 2. Evaluation of ESBL Hydrolysis of CCO: (A) EICs of the protonated molecular ions of ceftriaxone, cefazolin, oxacillin,
and IS are shown after incubation with a sample not containing extended spectrum beta lactamase (-ESBL) expressing
pathogen. Exact m/z of the protonated molecular ion for each compound is indicated. (B) EICs of the protonated molecular
ions of ceftriaxone, cefazolin, oxacillin, and IS are shown after incubation with a sample containing an ESBL containing
specimen (-ESBL). Expected retention times of the protonated molecular ions for each compound are indicated to illustrate the
loss of a peak. % ion intensity (indicated at top left of each EIC) is plotted on the Y-axis and Time (min) is plotted on the X-axis.
(C) Boxplots plotted on a log scale of individual median ratios of CCO/IS after incubation with: Control DFU -drug free urine (n
= 3) or ESBL containing urine specimens (n = 10). Dotted line indicates a ceftriaxone/IS ratio of 1.
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of 858. After 30 minutes, the peak at 3.41 minutes had an increased
peak area of 1247 (FIGURE 4D). This peak was no longer observed af-
ter a 20-hour incubation at RT (Supplemental Figure 5), indicating that
this hydrolysis product was likely unstable and unsuitable for end-point
analysis.

Monitoring of Ceftriaxone Hydrolysis by MALDI-TOF MS

Because many clinical microbiology laboratories are equipped with
MALDI-TOF MS instruments, we evaluated ceftriaxone hydrolysis using
a Bruker Microflex MALDI-TOF MS (FIGURE 5). Using the same speci-
men preparation used for LC-MS analysis, the protonated molecular ion
of ceftriaxone was clearly observed at 555.0533 m/z in both the control
and ESBL-negative specimens (FIGURE 5A and 5B). In contrast, this
peak was absent in the ESBL-positive specimens, indicating ceftriaxone
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hydrolysis by ESBL (FIGURE 5C). Boxplots representing the median
area counts for the protonated molecular ion of ceftriaxone are shown for
controls (n = 2), ESBL-containing specimens (n = 14), ESBL-containing
specimens from patients treated with a beta lactamase inhibitor (n = 1),
and non-ESBL-containing specimens (n = 13; FIGURE 5D). The median
ceftriaxone area counts for the controls, ESBL positives from patients
treated with a beta lactamase inhibitor, and ESBL-negative specimens
were at least 100-fold greater than the median area counts observed in
ESBL-positive specimens.

Discussion
The evolution and spread of antibiotic resistance among human
pathogens represents a serious public health threat.'! Faster identifi-
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FIGURE 3. Meropenem Inhibits ESBL CCO Hydrolysis: (A) EICs of the protonated molecular ions of ceftriaxone, cefazolin,
oxacillin, meropenem and IS are shown after incubation with a sample not containing extended spectrum beta lactamase
(-ESBL) expressing pathogen. Exact m/z of the protonated molecular ion for each compound is indicated. (B) EICs of the
protonated molecular ions of ceftriaxone, cefazolin, oxacillin, meropenem, and IS are shown after incubation with a sample
containing an ESBL containing specimen (-ESBL). Expected retention times of the protonated molecular ions for each
compound are indicated to illustrate the loss of a peak. % ion intensity (indicated at top left of each EIC) is plotted on the
Y-axis and Time (min) is plotted on the X-axis. (C) Boxplots plotted on a log scale of individual median ratios of CCO and
meropenem/IS after incubation with: Control DFU -drug free urine (n = 3) or ESBL containing urine specimens (n = 10).
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cation of the presence of antibiotic-resistant organisms is a key com-
ponent in the effort to reduce the spread of antibiotic resistance, as
evidenced by the inclusion of diagnostic development in the Centers
for Disease Control and Prevention’s (CDC) national strategy to com-
bat antibiotic resistance.?® Our findings indicate that beta lactamase
activity from resistant organisms can be detected in clinical urine
specimens. This finding enables a diagnostic strategy that could pro-
vide same-day detection of beta lactamase expressing organisms as

www.labmedicine.com

compared with the several days required for traditional culture and
susceptibility methods.

Same-day identification of beta lactamase expressing organisms
could provide both clinical and infection control benefits. Timely treat-
ment with effective antibiotics leads to improved clinical outcomes and
decreased costs for individual patients.” Infection control measures for
patients with antibiotic-resistant organisms (eg, use of personal protec-
tive equipment) can prevent the nosocomial spread of resistant infections
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FIGURE 4. Kinetics of Ceftriaxone Hydrolysis: Peak intensity of ceftriaxone after 5 minutes (A) and 30 minutes (B) of incubation
with (+ESBL) or without (-ESBL) an ESBL containing specimen. The predicted hydrolysis product due to the loss of the
ceftriaxone’s triazine-ylthiol group at 414.05 m/z (RT: 3.40 min) appears after 5 minutes (C) and 30 minutes (D) of incubation
only in the presence of ESBL expressing bacteria. % ion intensity (indicated at top left of each EIC) is plotted on the Y-axis and

Time (min) is plotted on the X-axis.
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if implemented in a timely manner.”® In addition, our method may be use-
ful for public health or agricultural monitoring for ESBL.?” Our data, and
that from other centers, suggest that ESBL-expressing organisms account
for 3% to 23% of all UTIs and are likely to increase as antibiotic resist-
ance spreads.”*?**° According to chart reviews of our small and randomly
selected population of ESBL-expressing E. coli UTIs, 6 of 34 patients
were empirically treated with ineffective cephalosporins (ceftriaxone or
cefazolin). These patients may have had shorter lengths of infection had
they been treated with effective antibiotics earlier. Furthermore, ESBL-
expressing E. coli was discovered in one of these patients 48 hours af-
ter being discharged to a long-term care facility with an ineffective oral
antibiotic regimen, a scenario associated with the continued spread of
antibiotic-resistant organisms. Consistent with our findings, an obser-
vational study of hospitalized patients with ESBL pyelonephritis showed
that ~65% of patients received ineffective antibiotic coverage.’' Direct
detection of ESBL activity in urine specimens could be used to rule out
empirical treatment for Gram-negative UTIs (eg, ceftriaxone or cefazolin).
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Significant effort has gone into the detection of antibiotic-resistant
organisms given the clinical need for faster identification. Primarily,
breakthroughs have occurred in identifying the sequence of the genes
responsible for resistance.’*** Specifically, molecular identification of
the mecA gene creating methicillin-resistant Staphylococcus aureus has
shown clinical utility.** However, the diversity of known beta lactamase
genes (hundreds have been identified) and the emergence of novel genes
limits the utility of this approach.’*® Identification of ESBL enzyme
activity from clinical specimens utilizing a chromogenic substrate has
shown promise, but the reagents necessary are not readily available 3¢

Our findings show, for the first time, that the activity of ESBL en-
zyme present in a centrifuged urine specimen is sufficient for robust
detection, using LC-MS, before the required culture and isolation of
pathogenic organisms. Such direct detection of beta lactamase activity
enables the fast detection of resistance in clinical scenarios involving
other pathogens, clinical specimens, or beta lactam drugs. For example,
detecting the presence of carbapenemase activity in sputum specimens
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FIGURE 5. Evaluation of Ceftriaxone hydrolysis by MALDI-TOF MS. Protonated molecular ion of ceftriaxone after incubation
with DFU (n = 2) (A), patient specimens (n = 8) without an ESBL (B), and patient specimens with an ESBL (n = 14) (C). The
expected m/z of the protonated ceftriaxone molecular ion (555.0533 m/z) is indicated in each plot with a dotted line and each
plot is shown using the same X and Y axis scale. (D) Box plots of the median area counts of ceftriaxone after incubation with
DFU, ESBL +, ESBL + w/Inhibitor Treatment, and ESBL - specimens as measured by MALDI-TOF MS. Whiskers are up to but no

greater than 1.5 times the inter-quartile range.
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from patients with suspected Acinetobacter infections could indicate the
presence of carbapenemase expressing Acinetobacter infections, another
class of antibiotic-resistant organisms classified as an urgent threat by
the CDC.™ Additional studies need to be conducted to show that di-
rect detection of beta lactamase activity could be used to differentiate a
pathogenic infection from non-disease-causing colonization with a re-
sistant organism, a common diagnostic challenge.®”

Our data was primarily generated using LC-based separation
methods followed by MS detection of parent beta lactam ions because of
analytical sensitivity and ease of data interpretation. Because we did not
rely on high-resolution data for identifying beta lactamase activity, this
technique is generalizable to LC combined with most quadrupole mass
spectrometers. In addition, we have shown that beta lactamase detec-
tion can be performed using MALDI techniques. The MALDI-TOF tech-
nology is utilized for organism identification in many clinical microbi-
ology laboratories. Notably, the specific instrument type and matrix we
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used for our experiments is the same as those used for clinical specimens
in our institution’s microbiology laboratory. The ready availability of
both quadrupole and MALDI-TOF technology in clinical laboratories
would enable the utilization of our described diagnostic approach with
minimal additional instrumentation required.

Clinically administered beta lactamase inhibitors are a potential
interferent of the described diagnostic strategy. As we observed, patients
who received tazobactam or meropenem before specimen collection did not
have appreciable beta lactamase activity in their urine. It should be noted
that specimens intended for microbiology testing are ideally collected from
patients before they receive treatment because antibiotics can also interfere
with most culture, identification, and susceptibility testing methods. Thus,
the potential for interference in the described method of beta lactamase
activity assessment would not present an excessive burden compared to
standard methods. Both tazobactam and meropenem have been shown to

inhibit beta lactamase activity in vitro.?®*
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Conclusion

Further development (eg, identifying optimal buffers and matrices,
and the most stable hydrolysis products) of the described diagnostic
strategy will be needed to improve turnaround time, which could be
reduced to 30 minutes or less based on estimates of beta lactamase
enzyme kinetics.*’ Larger studies including unique clinical scenarios
must be performed to understand sensitivity, specificity, opti-
mal cutoffs, and concordance with traditional culture and suscep-
tibility analysis for relevant pathogen, specimen, and antibiotic
combinations.

Supplementary Data
Supplemental figures and tables can be found in the online version of
this article at www.labmedicine.com.
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