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its implementation and further development. The amount of microbial species that can be identified by
MALDI-TOF routinely has increased in the last few years and now it is possible to reliably identify non-
tuberculous mycobacteria or closely-related species of Nocardia spp. Yeasts, both belonging to Candida
. . and non-Candida genera can also be identified by MALDI-TOF, as well as filamentous fungi. In the lat-
Identification R R . .
Antibiotic resistance mechanisms ter case, both sample preparation methods and the available databases have been important factors in
Typing achieving accurate identifications at the species level.
Virulence markers The expertise acquired over time has allowed researchers to identify microorganisms directly from
clinical samples, facilitating improved management of infected patients. This expertise has also been
applied to the development of a MALDI-TOF-based methodology for the detection of different antimicro-
bial resistance mechanisms. Therefore, future applications such as bacterial strain typing, or the detection
of virulence markers seems feasible to perform with this technology. Furthermore, other emerging
mass spectrometry and spectroscopy technologies may assist MALDI-TOF in the near future to carry
out important tasks that nowadays are performed by time-consuming and labour-intensive methods.
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La espectrometria de masas MALDI-TOF en el laboratorio de Microbiologia
Clinica del siglo XXI

RESUMEN

Palabras clave: La espectrometria de masas MALDI-TOF se ha convertido en un método de referencia para la identifi-

Espectrometria de masas MALDI-TOF cacién de aislados bacterianos en la rutina de los laboratorios de microbiologia clinica de todo el mundo.

Identificacién . ) o Su elevada especificidad, facilidad de aplicacién y coste-eficacia, unido a su capacidad de facilitar resul-

Mecamsmos de resistencia antibidtica tados fiables en menos de 5 min, han favorecido su implantacién y desarrollo. La cantidad de especies

Tipado . R . . . .. Sy

Marcadores de virulencia mlcroblar'las que se pueden identificar rnec.ilant.e MALDI—TOF de forma rutlne.1r1a se ha .1d0 incrementando
en los Gltimos afios, y actualmente es posible identificar de forma fiable micobacterias no tuberculosas
o especies estrechamente relacionadas del género Nocardia. También se pueden identificar especies de
levaduras —del género Candida y de otros géneros— y de hongos filamentosos. En este tltimo caso,
tanto los métodos de preparacién de muestras como las bases de datos disponibles han sido factores
importantes para conseguir identificaciones precisas hasta el nivel de especie.
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La experiencia adquirida durante todo este tiempo ha permitido a los investigadores identificar microor-
ganismos directamente desde muestras clinicas, lo que facilita el manejo optimizado de pacientes
infectados. El conocimiento adquirido se ha aplicado también a desarrollar una metodologia basada en
MALDI-TOF para detectar diferentes mecanismos de resistencia a antimicrobianos. Este hecho permite
creer que en el futuro se podria aplicar esta tecnologia para realizar tipado bacteriano o deteccién de
marcadores de virulencia. Ademas, otras tecnologias emergentes basadas en la espectrometria de masas
y espectroscopia podrian, en un futuro cercano, asistir a MALDI-TOF para llevar a cabo tareas importantes
que en la actualidad requieren métodos lentos y trabajosos.

© 2020 Elsevier Espaiia, S.L.U. y Sociedad Espaiiola de Enfermedades Infecciosas y Microbiologia Clinica.

Todos los derechos reservados.

Introduction

MALDI-TOF MS (matrix-assisted laser desorption/ionization
time of flight mass spectrometry) emerged almost two decades ago
as a technique for the rapid identification of microorganisms and
it has been established as a fundamental instrument in the clinical
microbiology laboratory (CML).!2 It is based on the unique pro-
tein pattern displayed by each microbial species and its detection
through the application of a soft desorption/ionization - using a UV
laser - to bacterial/fungal biomass embedded in an organic matrix
— usually a-cyano-4-hydroxycinnamic acid, HCCA.>* The energy
of the laser transforms the mixture into gas phase but does not
fragment the molecules present. Thus, proteins ranging from 2 to
20kDa - and even bigger ones when specific matrixes are applied -
can be detected. Ribosomal proteins can be found within this range
and it is upon them that MALDI-TOF identification relies.

MALDI-TOF allows rapid, cost-effective and accurate identifi-
cation of microorganisms, even those closely related.’~” This goal
was reached mainly due to the improvement of the sample pro-
cessing methods applied prior to MALDI-TOF analysis.® Optimized
sample preparation has allowed the inclusion of mycobacteria and
filamentous fungiin the list of microorganisms that can be routinely
identified by MALDI-TOF.%-1°

Comprehensive and updated databases containing common and
rare species with clinical importance are now available. This is
another key factor for the achievement of accurate identifications.
Speed is also of paramount importance for clinicians to initiate
directed antibiotic treatment when needed or to avoid the use
of unnecessary antibiotics. The turnaround time for the identifi-
cation of bacterial isolates from colonies ranges between 5 and
45 min, depending on whether a protein extraction step is required,
what happens less often every time due to the increasing relia-
bility of the methodology.'! Besides, when MALDI-TOF is used for
antibiotic resistance detection, this information is available to clini-
cians at least 24 h earlier than when identification and/or resistance
detection is performed using conventional methods.!? Thus, the
implementation of MALDI-TOF has been shown to have a clini-
cal impact, useful in epidemiologic studies and a support for the
development of antimicrobial stewardship programs (ASP).!3

Applications of MALDI-TOF for the identification of
microorganisms

Bacterial identification

The use of MALDI-TOF for the routine identification of bacterial
isolates is the most widely spread and optimized so far. MALDI-TOF
has become, over the last ten years, the reference method because
of its great speed for identification, either from colonies grown
on agar plates or directly from clinical samples (see below). The
accuracy of MALDI-TOF has increased over time and the identifi-
cation of most bacterial species commonly found in CMLs can be

reliably identified nowadays using MALDI-TOF.!# Species belong-
ing to the order Enterobacterales have been demonstrated to be
accurately identified by MALDI-TOF. A collaborative study car-
ried out in 2018'° proved that all Salmonella spp. and Cronobacter
spp. isolates included in the study were correctly identified at
the genus level. Besides, closed-related genera (Aeromonas, Cit-
robacter, Escherichia, Plesiomonas, Providencia, Serratia and Yersinia)
were tested in the same study so, the authors could rule out their
misidentification as Salmonella spp. or Cronobacter spp. The most
commonly encountered species within the Enterobacterales order
(Citrobacter spp., Enterobacter spp., Escherichia spp., Klebsiella spp.,
Morganella spp., Proteus spp., Salmonella spp. and Serratia spp.) have
been widely demonstrated to be accurately identified in the rou-
tine of CMLs using MALDI-TOF.!%17 However, MALDI-TOF has been
reportedly shown to misidentify Shigella spp. as Escherichia coli
and to provide limited discrimination for the species belonging
to the Citrobacter freundii, Enterobacter cloacae, Klebsiella pneu-
moniae, Klebsiella oxytoca complexes and to Salmonella enterica
serovars.!6.18

The identification of non-fermenting gramnegative rods by
MALDI-TOF is currently implemented in the routine of most CMLs.
The most commonly species encountered in the clinical envi-
ronment (Pseudomonas aeruginosa, Stenotrophomonas maltophilia,
Moraxella catharralis) have been shown to be identified accurately
by different MALDI-TOF systems in 93.6-96.6% of the analyzed
cases.!? However, other genera of this group have been only iden-
tified at the complex level (i.e. Burkholderia cepacia complex and
Acinetobacter baumannii complex) or at the genus level (Achro-
mobacter spp., Chryseobacterium spp. or Ralstonia spp.) due to the
high homology displayed by species within the same complex and
genus, respectively. These species represent a challenge also for the
DNA-based methods but, in most cases, the identification at the
species level is not relevant from the clinical perspective. When
identification at the species level is required in order to estab-
lish the antibiotic susceptibility of a certain isolate, improvements
in the database are requested using reference strains correctly
identified by molecular methods at the species level. However, a
higher level of accuracy may be achieved more easily in the future,
thanks to the improvement in the databases and to spectra analy-
sis.

Other gramnegative bacteria such as the HACEK group has also
been successfully identified by MALDI-TOF with rates of 100%
species level accuracy when enriched databases are used.?% In one
study, a commercial database provided 93.0% correct genus level
assignment but only 66.0% accurate species level identification.??
This is also true for the genus Neisseria since different species
belonging to the normal oral microbiota have been misidentified
as Neisseria meningitidis.2! Only the use of updated and enriched
libraries can prevent these misidentifications and warrant an
accurate identification. The level of accuracy achieved for the iden-
tification of gramnegative bacteria using MALDI-TOF is so high
currently that can be coupled with the detection of resistance
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mechanisms - also performed by MALDI-TOF - and both goals can
be achieved within 1h,?2 as shown in other section of this review.

Grampositive bacteria have always posed a challenge for
MALDI-TOF. Both their complex cell wall composition and the
close-relatedness of the species within the main genera makes dif-
ficult to differentiate some of them. The use of formic acid for a
rapid, on-plate protein extraction has greatly increased the success-
ful identifications of these microorganisms at the species level.!!
However, some species can only be reliably resolved to the com-
plex level so far. This is the case of Streptococcus pneumoniae and the
species belonging to the Streptococcus mitis complex. Despite the
improvements in the available libraries, the discrimination among
these Streptococcus species is not always easy. Efforts have been
applied to the detection of specific peaks that allow their accurate
differentiation.b Besides, and algorithm applied to the top ten iden-
tifications provided by MALDI-TOF has been developed for the same
purpose.?>

Regarding anaerobic bacteria, MALDI-TOF has shown to pro-
vide species-level accuracy similar to molecular techniques, but in
a rapid and cost-effective way.2 Great improvements have been
achieved for the reliable identification of anaerobes thanks to a
multicentric study called ENRIA, which allowed the enrichment of
the Biotyper V6 library (6903 main spectrum profiles, MSPs) with
well-characterized anaerobic isolates from more than 60 different
genera.2> The impact of the updated library was especially signifi-
cant for the identification of grampositive anaerobic isolates at the
species-level, whose identification was known to be hindered by
the lack of reference spectra from this group of bacteria in previous
versions of the commercial libraries.

Identification of isolates belonging to the order Actinomycetales

Although the discrimination of the species belonging to
the Mycobacterium tuberculosis complex remains one of the
main challenges that MALDI-TOF should overcome in the near
future, discrimination of the growing number of non-tuberculous
Mycobacterium species using MALDI-TOF has been achieved in
the last years thanks to the availability of updated and com-
prehensive databases and to the development of standardized
sample processing methods.” An “in vitro diagnostic” (IVD) pro-
cedure developed by Bruker Daltonics (Bremen, Germany) based
on mechanical disruption of the bacterial biomass using crys-
tal beads followed by protein extraction with formic acid and
acetonitrile has been shown to provide high-confidence species
level assignment (Fig. 1). Besides, the application of a sonica-
tion or high-performance beating step to the heat-inactivated
mycobacteria cells have also shown to provide highly reliable
results at the species-level. Differentiation of species belonging to
complexes such as Mycobacterium avium complex is being success-
fully achieved thanks to the detection of species-specific marker
peaks.”6 Altogether, MALDI-TOF provides highly reliable identifi-
cation of non-tuberculous Mycobacterium species. The accuracy of
these identifications is comparable to those provided by molecular
methods but the turnaround time of MALDI-TOF is around 1 h, due
to the need to heat-inactivate the samples during 30 min. Despite
the clear advantages of MALDI-TOF for the identification of these
microorganisms, many users declare that the preprocessing of the
samples discourages them from applying MALDI-TOF routinely for
the identification of non-tuberculous mycobacteria. However, in
the last years, the increasing number of publications on this sub-
ject demonstrates that this application of MALDI-TOF is becoming
widely accepted.

Regarding the order Actinomycetales, clinical interest is focused
on two genera: Nocardia and Streptomyces. Similar to mycobacte-
ria, these microorganisms require disruption of their cell wall in
order to be accurately identified by MALDI-TOF. However, their

complicated taxonomy makes it difficult to discriminate closely
related species. This is important for the correct administration
of the optimal antibiotic treatment in the case of Nocardia due
to species specific susceptibility patterns. The implementation
of mechanical disrupture and protein extraction is advisable for
routine identification of Actinomycetales, although improvements
in the most updated commercial and in-house databases allow
species-level identification from isolated colonies using on-plate
formic acid extraction.?’

Identification of yeasts and filamentous fungi

The routine identification of yeasts using MALDI-TOF is totally
implemented in CMLs nowadays.? Although the use of protein
extraction was described in old studies, the identification of yeasts,
especially these belonging to commonly found genera as Candida
or Cryptococcus, is performed directly from colonies grown on agar
media and from clinical samples (Fig. 1). Literature concerning the
identification of non-Candida genera is scarce, but most authors
recommend the use of in-house libraries for this purpose.

In the case of filamentous fungi, similar events have taken place
to those explained above for non-tuberculous mycobacteria: the
identification of these microorganisms required previous disrup-
tion in order to break their cell wall, the complexity of these
eukaryotic species is higher than in the case of bacteria, and the pat-
tern of expressed proteins changes with time. In addition to these
difficulties, the lack of comprehensive commercial databases was a
fact until very recently. Thus, most authors eventually constructed
their own in-house libraries using specific sample preparation
methods.'? As a result, no standardized method for the identi-
fication of filamentous fungi is available so far, but MALDI-TOF
users have applied similar combinations of mechanical and chem-
ical disruption with successful results.?® The use of the enriched
databases has proved useful, although in most cases the reference
spectra included by only one research centre was very limited.
This approach also presented the handicap of being time consum-
ing and requiring research personnel with high mass spectrometry
expertise. A more global attempt has been developed recently
by Normand et al.> A database containing over 11,000 reference
spectra from 938 fungal species of clinical interest have been con-
structed and it can be accessed on-line in order to compare spectra
from unidentified fungal isolates. The database has been shown to
provide correct identification of clinically important species from
the genus Aspergillus, Trichophyton or Microsporum and allows CMLs
to implement the routine identification of filamentous fungi in a
rapid and reliable manner.

The implementation of MALDI-TOF for the identification of other
groups of microorganisms such as viruses or parasites has been
developed recently. Further information about this topic can be
found in the proceedings published recently by the Spanish Society
of Clinical Microbiology and Infectious Diseases (https://seimc.org/
contenidos/documentoscientificos/procedimientosmicrobiologia/
seimc-procedimientomicrobiologia65.pdf).

Direct identification of microorganisms from clinical samples

One of the most clinically impacting applications of MALDI-TOF
is the direct identification of microorganisms from clinical sam-
ples. The correct identification of the microorganisms present in
blood cultures has been widely evaluated. Its implementation has
allowed the change of the empirical therapy for an optimized treat-
ment in 35.1% if the cases.?° The clinical impact of MALDI-TOF is
even higher when the detection of resistance mechanisms is associ-
ated with microbial identification since the information is obtained
24-48 h earlier than when conventional methods are applied.'?
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Fig. 1. Sample types that can be analyzed by MALDI-TOF and the processing method recommended.

Table 1

Different methods applied for the direct identification of microorganisms from blood cultures and other clinical samples.

Direct identification of microorganisms from clinical samples using MALDI-TOF

Differential centrifugation Short-incubation

Commercial kits

- 10 min centrifugation at 1000 rpm
- Recover the supernatant

- 2min centrifugation at

14,000 rpm

- Transfer the pellet to

the MALDI-target plate

or submit it to protein

extraction

- Do not spread

at36°C
- Recover the

plate and transfer it
to the MALDI-target
plate

- Add some drops from the blood culture broth
to a Columbia agar plate

- Incubate during 3-4 h

microorganism from the

MBT SEPSITYPER, Bruker Daltonics

VITEK® MS Blood Culture
Kit, bioMérieux

Rapid BACpro® Il
Nittobo, Ltd.

The identification of the microorganisms present in blood
cultures requires a preprocessing of the cultured blood sample
aiming at concentrating the pathogens and eliminating blood
cells and resins present in the blood culture bottles (Fig. 1).
These goals were achieved in early studies by differential cen-
trifugation which consisted on a first centrifugation step at low
speed (1000 rpm) to remove substances present in the blood cul-
ture that may interfere with the identification of the pathogens.
Then, a second centrifugation step at high speed (14,000 rpm)
is applied in order to concentrate the microorganisms present.

Later, the pellet can be directly applied onto the MALDI tar-
get plate or submitted to protein extraction before their analysis
by MALDI-TOF (Table 1). Other authors have avoided this sam-
ple processing by culturing some drops of the blood culture
on Columbia agar medium and incubating the plates for 3-4h.
The identification was carried out successfully by scrapping the
microorganisms grown on the agar Plates.?! However, later studies
have shown that the use of ad-hoc commercial kits provide stan-
dardization of the method and increased species and genus level
identification.?2
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Regardless of the method used, the rate of correct identifications
at the species level using different MALDI-TOF platforms is above
80% of the analyzed samples, fulfilling the requirements for the
implementation of this method in the routine of CMLs.! Although
some microbial species, such as yeasts, have represented a chal-
lenge for MALDI-TOF,!? the use of commercial kits have started to
overcome this problem. The limitation of this method so far is the
reliable identification in the case of polymicrobial bacteremia.! !>

Other clinical samples such as urine and cerebrospinal fluid
(CSF) have been tested with MALDI-TOF, although literature con-
cerning this subject is scarce.!® The main limitations in these cases
are the low concentration of pathogens in this type of samples
(<1.5 x 10°-109), insufficient volume of sample, the presence of
other substances that may interfere with the identification and
polymicrobial samples. Despite the difficulties, successfully identi-
fication of bacteria has been performed from urine and CSF samples.
The differential centrifugation method has been applied in both
cases, and the implementation of commercial kits for sample prepa-
ration did not only enhanced the rate of reliable species-level
identifications from urine samples, but allowed the detection or
antimicrobial resistance mechanisms.??

Clinical and economic impact of MALDI-TOF on rapid
diagnosis and integration into antimicrobial stewardship
programs (ASPs)

Beyond the contribution made by MALDI-TOF to the reliability
and accuracy of microbiological identification, which after 10 years
of experience is beyond doubt, there are still fields to be explored.
Currently, the balance between costs and savings is the cornerstone
for introducing new technologies in clinical practice, as there is a
reduction in the budget of health care systems and there is need of a
reduction of costs without sacrificing quality.>#>> There have been
several studies evaluating the cost savings of MALDI-TOF in clinical
practice. Most studies focus on measuring the benefits of micro-
bial identification in bacteremia cases, due to its clinical impact on
the patients. Although the methodology for the direct identification
microorganisms grown in blood cultures is not yet fully standard-
ized and great variability is shown depending on the volume of
blood culture used, the method of extraction of microorganisms
(centrifugation, commercial methods, tubes with separator gel,
etc.), the results suggest that the rapid analysis of positive blood
cultures using MALDI-TOF, by any of these methodologies, is a valu-
able contribution. The most important clinical benefits observed in
the literature are an early administration of adequate antimicrobial
therapy, reduced morbidity and mortality, a reduction in hospital
stay and a reduction in costs per hospitalized patient.

One of the first studies to evaluate the clinical impact of MALDI-
TOF on patient outcome was conducted by Huang et al.3® These
researchers proposed integrating MALDI-TOF into the workflow of
an ASP. The study included 501 patients with bacteremia or can-
didemia for evaluation, and 245 patients in the intervention group.
In patients included in the MALDI-TOF group, the time to organ-
ism identification and time to effective antibiotic therapy were
reduced, optimal antibiotic therapy was provided, mortality was
lower and the length of intensive care unit stay and risk of recurrent
bacteremia were reduced.

As mentioned in the previous epigraph, the study of Clerc et al.
demonstrated that in 35% of the episodes (n=202), the informa-
tion generated by MALDI-TOF had a clinical impact by modifying
the empirical therapy. The most remarkable consequence was the
correct broadening of the antibiotic spectrum in 43.7% of cases.
In those cases, in which MALDI-TOF did not have a documented
impact, modification of the therapy would have been possible in
24% of cases.>0 Factors involved in not taking the MALDI-TOF results

into account included younger age of the patient, admission of
patient in intensive care units, male sex and lack of confidence
shown by medical staff in the use of an unfamiliar technology. Ver-
roken et al. evaluated the impact on antimicrobial prescription of
a workflow in which the identification was provided by MALDI-
TOF.!2 Partial susceptibility results were performed regarding the
previously obtained identification results and were provided on the
same day, as identification from positive blood cultures of Enter-
obacterales, P. aeruginosa and Staphylococcus aureus. The mean time
to identification was reduced by around 65%, mean time to com-
plete susceptibility results was reduced by 27%, and the mean
time to optimal antimicrobial treatment was decreased to 16 h.
Beganovic et al. evaluated the impact of MALDI-TOF in combination
with antimicrobial stewardship intervention on patient outcome.3”
The primary outcome was the time to optimal therapy, which was
significantly reduced by the use of MALDI-TOF. The mean time to
microbiological clearance, the mean length of hospital stay, the
mean stay in a critical care unit, the number of patients with recur-
rence of the same bacteremia, and the mean length of antimicrobial
therapy were also reduced.

A very recent study comparing the cost/effectiveness of dif-
ferent rapid methods for the diagnosis of bacteremia (especially
molecular methods) combined or not with an ASP?® shows that
the diagnosis of bacteremia by the classical methodology, com-
bined with an ASP, does not significantly improve survival either
globally or adjusted for quality of life (quality-adjusted life years,
QALY) compared to the classical diagnosis not combined with an
ASP, although it reduces costs by 25%. On the other hand, the
combination of rapid diagnosis using MALDI-TOF associated with
an ASP not only reduces costs by an additional 25% compared to
the classical ASP methodology, but also, compared to the simple
conventional methodology, improved overall survival by 7% and
improved QALY by 0.94 years. The authors conclude that, even in
comparison with the combination ASP using molecular techniques,
coupling MALDI-TOF and ASP is the most cost-effective option, and
the one associated with greater savings per QALY gained.

Further cost-effective multicentre studies are required to evalu-
ate the impact of identification by MALDI-TOF MS compared to the
previously reported methodologies and others yet to be developed,
but we also expect interesting research in new fields as resistance
detection and detection of high-risk clones which are increasingly
introduced in the routine of microbiology laboratories.

Other applications of MALDI-TOF

The versatility of MALDI-TOF favours the emergence of more and
more applications based on this technology. The most promising
ones that are ready or almost ready to be used in clinical practice
are the detection of antimicrobial resistance, the typing studies and
the detection of virulence markers.

Detection of antimicrobial resistance mechanisms

One of the most widespread application related to the detec-
tion of antimicrobial resistance by MALDI-TOF MS is the detection
of B-lactamases and carbapenemases by measuring the hydroly-
sis of different antibiotics in the presence of resistant bacteria.>®
If the antibiotic is hydrolyzed, the peak pattern of the antibiotic
shifts with respect to the native antibiotic, so we have two differ-
ent spectra for each form of the antibiotic. This way we can compare
the results of our sample spectra to a positive and negative control.
If the spectra have the same peak pattern as the positive control,
the antibiotic is hydrolyzed and the bacteria analyzed carries a [3-
lactamase and/or carbapenemase. If the spectra have the same peak
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pattern as the negative control, the antibiotic is not hydrolyzed, and
the bacteria does not carry a [3-lactamase and/or carbapenemase.

The direct detection of the B-lactamase activity is carried out
in a very similar way in all the published works. A fresh bacterial
culture is resuspended in an antibiotic buffer and incubated at 37 °C
under agitation. At the end of the incubation time, the mixture is
centrifuged and the supernatant is deposited on the MALDI-TOF
target plate. Once dried, the matrix can be added and the sample
analyzed by MALDI-TOF.

Within cephalosporins, the mass spectrum of cefotaxime,
ceftazidime, ceftriaxone, cefpodoxime and cefepime and their
hydrolysis products have been described.>? Cefepime has been dis-
carded for the detection of 3-lactamases by MALDI-TOF due to its
low specificity, as it presents false positives in the hydrolysis. Cef-
triaxone is the antibiotic that has shown the highest sensitivity
and specificity, as well as the shortest detection time. With 30 min
of incubation, we would observe a positive hydrolysis both in the
case of bacteria that produces extended spectrum 3-lactactamases
(ESBL) or AmpC type [3-lactactamases (Fig. 2). In the case of cefo-
taxime and cefpodoxime, the results are similar, although there is
more experience when using cefotaxime. Both have sensitivity lev-
els above 90%, but in both cases the recommended incubation time
is 1 h. If using ceftazidime, hydrolysis and subsequent detection by
MALDI-TOFis much less effective, soitis not recommended as a first
line antibiotic for the analysis of B-lactactamases. The sensitivity is
less than 90% and the recommended incubation time is 3 h.

In the case of carbapenem antibiotics, studies analyzing
the hydrolysis of ertapenem, meropenem and imipenem have
been described by using mass spectrometry. For ertapenem and
meropenem, the sensitivity is about 90-95% but with a recom-
mended incubation time of about 2 h. In the case of ertapenem
the mass peaks of the hydrolysis metabolite are perfectly char-
acterized and appear in the mass spectrum. This is not the case
for meropenem and imipenem. In order to solve this problem, two
alternatives have been proposed. In the case of meropenem, the use
of dihydroxybenzoic acid (DHB) as a matrix has been proposed.*°
This matrix allows the observation of the mass peaks correspond-
ing to meropenem and its hydrolyzed product. The disadvantage of
this methodology is that DHB provides a less homogeneous crys-
tallization than HCCA, being necessary to perform manual readings
in many cases, which makes it difficult to automate the process
and to implement its use in routine. In the case of imipenem, the
fact of not observing hydrolysis peaks generated certain uncertain-
ties. This problem has been solved using an internal standard in
the matrix, so that we can semi-quantify the decrease in the mass
peaks of imipenem with respect to the internal standard.??

In the MALDI Biotyper IVD (Bruker Daltonik) there is a resistance
module, the MBT STAR-BL IVD software that together with the MBT
STAR-Carba IVD Kit and the MBT STAR-Cepha IVD Kit allows, in
an automated way, the interpretation of spectra and provides a
combined report with the identification of the microorganism and
its susceptibility to imipenem. This allows the automation of the
interpretation of hydrolysis facilitating the use of this technique
for users who are not experts in mass spectrometry.

In a different approach, susceptible and resistant microorgan-
isms from the same species can be differentiated by peak analysis.
There are mass peaks in the spectrum associated with a certain
pattern, due to the expression of a peptide or protein directly or
indirectly related to a resistance phenotype. The presence of these
mass peaks helps the user to differentiate between susceptible and
resistant microorganisms.

Research in this field have identified the presence of KPC-
producing K. pneumoniae, by searching the peak mass at 11.109 Da
related to the expression of protein p019.! It can also be used to
detect methicillin-resistant S. aureus by detecting the mass peak
at 2.415 Da corresponding to the soluble phenyl modulin (PSM).*2

Resistance to colistin -either mediated by the mcr-1 gene or not-
has been detected by MALDI-TOF by observation of the lipid A or
the modified lipid A by addition of a phosphoethanolamine group
in the bacterial spectrum.*3 Associated with a specific peak pattern
and not only a mass peak is the presence of Bacteroides fragilis with
the cfiA resistance gene** and also the presence of vanA-producing
Enterococcus faecium.*

This procedure has not only been applied in bacteria, but also in
mycobacteria and fungi with good results.*547 Although the sensi-
tivity and specificity of the method is high, the amount of biomass
needed and the laboriousness of the technique for these microor-
ganisms hamper its future clinical application.

Finally, a new approach has been developed based on the
measure of the relative bacterial growth in the presence of an
antimicrobial drug. Susceptible isolates will not be able to grow,
so a recognizable spectrum will not be observed, whereas resistant
microorganisms will show certain growth proved by the typical
spectrum obtained by MALDI-TOF. The procedure consists of 4-
h incubation of the suspected microorganism together with an
antimicrobial solution. This test has been performed both on bac-
teria from plate cultures and directly from positive blood cultures.
Different antibiotics have already been tested such as piperacillin,
oxacillin, cefotaxime, meropenem, gentamicin, ciprofloxacin and
vancomycin with good results. This procedure has also been auto-
mated so that the hands-on-time is reduced and the technique
is less hands-dependent.*® However, it has the disadvantage of
requiring a minimum bacterial growth, so the incubation time is
higher than the usual time required for rapid techniques.

Regarding the detection of antifungal resistance mechanisms,
advance studies have been performed by de Carolis et al. in which
the expression of resistance mechanisms of Candida glabrata iso-
lates from clinical origin to caspofungin could be detected by
MALDI-TOF.*° The isolates were incubated in growing concen-
trations of caspofungin and the resulting protein spectra were
compared to each other using a composite correlation index (CCI).
The minimal profile changing concentration, i.e., the concentration
of antifungal that makes the yeasts not viable, could be detected by
this statistical method and correlated with the minimal inhibitory
concentration against each strain. Further studies have been car-
ried out in order to shorten the incubation times and adapt the
methodology for routine use, but available results refer only to a
limited number of Candida and Aspergillus species so far.

Typing studies

Peak analysis of the spectra obtained by MALDI-TOF and its
correlation of a specific peak pattern within certain microbial pop-
ulations opens a new field of research for the detection of important
characteristics of an isolate in a few minutes and in a cost-efficient
way. The most limiting factor for MALDI-TOF when applied to typ-
ing of microorganisms is reproducibility, which can be obtained by
maintaining the same working conditions such as incubation time
or culture medium. Following a standardized analysis procedure
with MALDI-TOF it has been demonstrated that results are repro-
ducible and also very simple to develop.”® MALDI-TOF typing does
not require highly qualified personnel to be carried out.

Specific software for spectra analysis, such as BioNumer-
ics (Applied Maths, bioMérieux), Mass-Up,”! Clover MS Data
Analysis (http://www.clovermsdataanalysis.com/) or MALDIquant
(http://strimmerlab.org/software/maldiquant/) is now available.
Besides, MALDI Biotyper Subtyping software module (Bruker Dal-
tonik) allows the differentiation between Mycobacterium chimaera
and the Mycobacterium intracellulare complex and the differen-
tiation of Listeria monocytogenes from related species with high
sensitivity and specificity as part of the identification process.”?
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Fig. 2. Workflow for the application of MALDI-TOF to the detection of antibiotic resistance mechanisms.

So far, the application of MALDI-TOF for the typing of bacteria
has made it possible to accurately and quickly identify five high-
risk clones of Pseudomonas aeruginosa, like the sequence type 111
(ST111),ST175,ST235,ST253, and ST395.>3 In addition, 04 serotyp-
ing and MALDI-TOF biomarker peak analysis, proved to be sensitive
and specific methods that could be easily incorporated in the rou-
tine workflow for the early detection of P. aeruginosa ST175 high
risk clone.”* Clostridioides difficile typing has been made possible by
a MALDI-TOF method based on the high molecular weight (HMW)
protein profiling (mass range of 30-50 kDa) from whole cells, fol-
lowed by analysis of peaks in the 2-20kDa range from protein
extractions, in comparison with the results obtained with the PCR
ribotyping as the reference method.”> An E. coli outbreak has also
been typed correctly using MALDI-TOF in comparison with PFGE
with a simple full protein extraction.?®

From an epidemiological point of view, the use of MALDI-TOF as
a typing tool would mean a very important advance when applied
to the infection control programmes of healthcare facilities, as
isolates involved in outbreaks would be quickly and efficiently
detected since the information is acquired almost in real time.

Detection of virulence markers

Since many bacterial pathogenicity factors are proteins, MALDI-
TOF can definitely be considered as a tool for their detection.
However, this option has been barely exploited so far. Admittedly,
there are some intrinsic difficulties, such as the amount of protein
needed (MALDI-TOF MS is not a particularly sensitive technique)
or the size of the proteins, which may lie out of the default detec-
tion window and require constant adjustment and calibration of
the instrument.

Nevertheless, several attempts have been performed in this
regard, such as the detection of Clostridioides difficile toxins.?” Dif-
ferentiation between 2 genotypes, cdtA(+) and cdtB(+) was 100%
accurate by a 6-peak cluster analysis of spectra generated. In addi-
tion, agr-positive methicillin resistant S. aureus®® or Clostridium
botulinum neurotoxin have been detected by MALDI-TOF.>® This
technology has also been applied for detection of the anthrax lethal

factor (LF), a virulence factor produced by Bacillus anthracis, the
causative agent of anthrax. The sensitivity of the test was 100%.5°

Conclusions

MALDI-TOF mass spectrometry has become a reference method
for the identification of a wide range of microorganisms. Its applica-
tion for the detection of antimicrobial resistance mechanisms has
also been widely established, reducing the turnaround time and
simplifying the workflow in CMLs.

Although for the moment the information obtained by MALDI-
TOFregarding bacterial typing or the detection of virulence markers
requires confirmation through much slower molecular techniques,
the potential of MALDI-TOF to become a first line technology in the
near future is high. In combination with other emerging technolo-
gies such as Fourier-Transform Infrared Spectroscopy, MALDI-TOF
can provide clinically impacting information rapidly and cost-
effectively.
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