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ABSTRACT

Background and Aims: Stenotrophomonas maltophilia is a multidrug-resistant opportunistic pathogen that threatens human and
public health because of its widespread intrinsic and acquired antibiotic resistance. These bacteria become resistant to aztreonam
by degrading it using the beta-lactamases. The aim of this study was to evaluate the effect of aztreonam/avibactam on aztreonam
resistance in clinical strains of S. maltophilia and to assess the synergistic potential of aztreonam in combination with tigecycline.

Methods: Minimum Inhibitory Concentrations (MICs) of aztreonam, aztreonam/avibactam, tigecycline, and doxycycline were
determined using broth microdilution in sixty-six S. maltophilia isolates. Additionally, six isolates with the most common MICs
of aztreonam/avibactam against the strains, 2 pg/ml and 4 pg/ml were selected from among the sixty-six tested strains, and the
effectiveness of the combination of aztreonam/avibactam with tigecycline was determined using both the checkerboard test and
the time-dependent killing method.

Results: Aztreonam/avibactam restored aztreonam activity in 96.9% of resistant S. maltophilia isolates. Half of the isolates were
susceptible to tigecycline, whereas all were susceptible to doxycycline. The combination of aztreonam/avibactam with tigecycline
was found to have an additive effect against all isolates in the checkerboard experiment in which the activity of aztreonam/avibactam
in combination with tigecycline was investigated against six isolates. In the time-dependent killing experiment, the combination
exerted a synergistic effect against two isolates.

Conclusion: Aztreonam/avibactam appears to be an important alternative for reversing aztreonam resistance in S. maltophilia.
Additionally, tetracyclines, such as tigecycline and doxycycline, are highly effective against these bacteria. To confirm these
promising findings, further in vitro, in vivo, and clinical studies are required.
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INTRODUCTION meningitis, endocarditis, and urinary tract infections (Brooke,

2021). S. maltophilia respiratory tract infections can have a
Stenotrophomonas maltophilia is a multidrug-resistant Gram-  ,orality rate of almost 50%. In the case of septic shock, this
negative pathogen that causes life-threatening infections, espe-  yate can increase (Hafiz et al., 2022). S. maltophilia is naturally
cially in immunocompromised and intensive care patients (Liv,  agistant to antibiotics such as carbapenems and aminoglyco-

Xiang, &. Zhang, 2.024; MOJIC'a etal., 2022). Natural resistance  gjqes which are critical in infections with multidrug-resistant
and multidrug resistance, which occur through the transfer of Gram-negative pathogens. Resistance to antibiotics occurs es-
ant1b10tlc. resistance genes via gene tra}nsfer mechanisms sgch pecially in the presence of genes encoding efflux pumps and
as plasmids, cause the treatment options for'Gram-negatlve enzymes that degrade antibiotics (Gil-Gil, Martinez, & Blanco,
pathogens to gradually decrease and place an important focus  >()). Additionally, acquired resistance is common due to the
on healtl} .Stl{dles r§lated to the discovery Of new alftlbloucs- . large number of antibiotic resistance genes and gene mutations.
maltophilia is particularly notable for causing respiratory tract  Tpe empirical antibiotic treatment approach preferred for other
infections, but it can also be encountered as the causative agent Gram-negative pathogen infections may not be applicable for S.
of bacteremia, skin and soft tissue infections, osteomyelitis,  ,,;10philia. In order to prevent unnecessary antibiotic use and
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not contribute to antibiotic resistance, the treatment regimen
should be evaluated after reviewing factors such as bacterial
culture results, the patient’s general condition, and risk factors
(Tamma et al., 2023). It has been observed that a history of
previous broad-spectrum antibiotic use increases the risk of
S. maltophilia infections in hospitalised patients (Hafiz et al.,
2022; Brooke, 2021).

Efflux pump-mediated resistance is observed against
trimethoprim/sulfamethoxazole, which is considered the first
step in the treatment of S. maltophilia. Similarly, resistance to
levofloxacin and minocycline is also transmitted through the
presence of various resistance genes and can be transferred be-
tween bacteria (Mojica, Bonomo, & Van Duin, 2023; Tamma
et al., 2023). A meta-analysis reported that S. maltophilia re-
sistance to levofloxacin, trimethoprim/sulfamethoxazole, and
minocycline can be observed worldwide (Dadashi et al., 2023).

Serine PB-lactamases and metallo B-lactamases, which cleave
the B-lactam rings necessary for the antimicrobial activity, inac-
tivate the beta-lactam antibiotics. In order to overcome this crit-
ical challenge, f-lactamase inhibitors that inhibit B-lactamases
have been synthesized and combined with p-lactam antibiotics.
L1 metallo p-lactamase and L2 serine B-lactamase are respon-
sible for the P-lactam resistance observed in S. maltophilia.
L1 pB-lactamases hydrolyse penicillins, cephalosporins, and
carbapenems, while L2 serine f-lactamases are responsi-
ble for the hydrolysis of aztreonam and extended-spectrum
cephalosporins. L2 serine B-lactamases can be inactivated by
the B-lactamase inhibitors clavulanic acid and avibactam (Mo-
jita et al., 2022). With the approval of avibactam, a new ser-
ine PB-lactamase inhibitor, in 2016, its combination with cef-
tazidime was approved and introduce to increase the effec-
tiveness of ceftazidime (Tyers & Wright, 2019). The combi-
nation of aztreonam, a monobactam, and avibactam has been
the subject of research in recent years and has been found to
be an effective combination (Sader, Carvalhaes, Arends, Cas-
tanheira, & Mendes, 2021; Sader, Castanheira, Kimbrough,
Kantro, & Mendes, 2023; Cornely et al., 2020). In 2024, aztre-
onam/avibactam was approved by the European Medicines
Agency (EMA) for the treatment of Gram-negative bacterial
infections, such as complicated intra-abdominal and urinary
tract infections and hospital-acquired pneumonia. Furthermore,
EUCAST has published aztreonam/avibactam clinical cut-off
values for Enterobacterales (EUCAST, 2024b). In light of new
studies, in cases of resistance to other antibiotics, the combina-
tion of aztreonam and ceftazidime/avibactam should be used,
as recommended in the 2023 report by the Infectious Diseases
Society of America (IDSA) (Tamma et al., 2023).

The most important problem with antibiotic susceptibility
testing for S. maltophilia is that breakpoints are available for
only a few antibiotics because of insufficient in vitro and clinical
data (CLSI, 2023). In addition, given antibiotic resistance, there
appears to be insufficient data to assess the effectiveness of al-

ternative antibiotics. The IDSA recommends that combination
therapy be preferred for S. maltophilia infections to increase
the chance of treatment success. The use of minocycline in
combination with other treatment regimens is recommended
to accelerate clinical improvement. Although breakpoints for
minocycline have been established by the CLSI, no data on
tigecycline are available. Although minocycline is preferred
because it has some advantages, such as better tolerance to it
than tigecycline, it is also known that tigecycline is an important
alternative (Tamma et al., 2023; CLSI, 2023). The aim of this
study was to evaluate the efficacy of new drugs/combinations,
primarily aztreonam/avibactam, for which CLSI breakpoints
have not yet been determined. These drugs may be alternatives
in the treatment of S. maltophilia infections.

MATERIALS AND METHODS

Bacteria and antibiotics

Sixty-six S. maltophilia strains included in the study were iso-
lated from clinical samples collected from Istanbul University,
Faculty of Medicine, Istanbul, Turkey between 2005 and 2009.
Pseudomonas aeruginosa ATCC 27853 was used as a qual-
ity control strain to verify the accuracy of the experiments.
Tryptic soy agar (TSA-BD DIFCO™) and cation-adjusted
Muller—Hinton Broth (MHB-BD BBL™) were used for the
growth of bacteria. In this study, aztreonam (Sigma—Aldrich),
avibactam (Sigma-Aldrich), doxycycline (Sigma—Aldrich),
and tigecycline (Pfizer Inc.) were tested for their effectiveness
against these strains. Antibiotics were prepared in accordance
with the CLSI recommendations and stored at - 20°C for a max-
imum of 6 months. For this purpose, aztreonam was dissolved
in saturated sodium bicarbonate solution and diluted with ster-
ile distilled water. All other antibiotics were dissolved in ster-
ile distilled water. The aztreonam/avibactam combination was
studied in accordance with the CLSI recommendations, with
the avibactam concentration fixed at 4 pg/ml in all experiments
(CLSI, 2023).

Broth microdilution

Minimum Inhibitory Concentrations (MICs) of aztreonam,
tigecycline, doxycycline, and aztreonam/avibactam against the
isolates were determined using the broth microdilution method
recommended by the CLSI (CLSI, 2006). Bacterial suspen-
sions at a final concentration of 5x105 were added to two-fold
serial dilutions of antibiotics (128-0.06 pg/ml) prepared in 96-
well U-bottom microplates. After incubating the microplate at
37°C for 24 hours, MICs were determined as the lowest an-
tibiotic concentration at which no growth was observed. In the
aztreonam/avibactam combination, the final concentration of
avibactam was fixed at 4 pg/ml in all wells. Experiments were
repeated three times.
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Checkerboard Assay

A checkerboard assay was performed to determine the effects
of the aztreonam/avibactam combination with tigecycline on
S. maltophilia isolates (Eliopoulos & Moellering, 1996). For
this purpose, six isolates with the most common MICs of aztre-
onam/avibactam against the strains, 2 pg/ml and 4 pg/ml were
selected from among the 66 tested strains, and the experi-
ments were continued with these isolates. After the MIC val-
ues of aztreonam/avibactam and tigecycline were determined
separately, two-fold serial dilutions of the antibiotics between
8xMIC and MIC/8 were prepared, and each of these concen-
trations was added to the microplate to match each other. For
this purpose, aztreonam/avibactam was added to the horizontal
plane of the microplate, and tigecycline was added to the verti-
cal plane of the microplate at increasing concentrations. Then,
bacterial suspensions were added to the microplate to a final
concentration of 5x10° and incubated at 37°C for 24 h. The next
day, 30 pl of resazurin solution (0.1 mg/ml) was added to all
wells, and the mixture was kept for 3 h. Wells with no bacterial
growth were identified, and the lowest concentrations of the
two antibiotics in these wells were determined. The fractional
inhibitory concentration (FIC) index was determined by con-
sidering the concentrations. The FIC value for each antibiotic
was determined by dividing the lowest antimicrobial concen-
tration in wells with no bacterial growth by the MIC value of
that antibiotic alone against the same isolate. The FIC index
was obtained by summing the FIC values of both antibiotics.
According to the FIC index results, combinations were eval-
uated as synergistic (values < 0.5), additive (values 0.5-4) or
antagonist (values > 4.0) (Odds, 2003).

Time-Kill Assay

A time-kill assay was used to determine the time-dependent
effects of the combination of aztreonam/avibactam with tige-
cycline on six S. maltophilia isolates (NCCLS, 2002). After
the antibiotics were prepared to have final concentrations cor-
responding to their MICs, they were added either alone or in
combination to bacterial inocula at a final concentration of 10°
CFU/ml. Samples were taken from these suspensions at 0, 2, 4,
6, and 24 h, dilutions were made, and the plates were then incu-
bated at 37°C for 24 h. The number of bacterial colonies formed
the next day was counted and determined. The obtained data
were used to create time-Kill curves, with time on the x-axis and
bacterial counts expressed logarithmically on the y-axis. The
results were then evaluated as synergistic, additive, or antago-
nistic based on the National Committee for Clinical Laboratory
Standards (NCCLS) criteria (NCCLS, 2002). Bactericidal ac-
tivity was defined as a decrease of >3logl0O cfu/mL in the
number of viable bacteria in the initial inoculum. Antibiotic
combinations were evaluated by comparing the effects of each
combination with those of the individual antibiotics. Synergy
and antagonism were determined by changes in colony num-

bers. A > 2logl0 decrease was considered to indicate synergy
and a > 2log10 increase for antagonism. If no 2log10 change
was observed, the effect of the combination was considered
additive.

Statistical analysis

The graphs were generated using GraphPad Prism version 8.0.0
(GraphPad Software, San Diego, CA, USA). Statistical analysis
was performed on the time-kill data using two-way analysis of
variance followed by Tukey’s post-hoc test, with p-values of <
0.05 considered statistically significant.

RESULTS

Antibiotic susceptibility test results

The MICs (pg/ml) of the antibiotics against sixty-six S. mal-
tophilia isolates are provided in Supplementary 1. MICso and
MICy values (pg/ml), representing the lowest MICs that inhib-
ited 50% and 90% of the isolates, respectively, are presented in
Table 1.. As the breakpoints, the susceptibility breakpoint for
aztreonam published by CLSI for P. aeruginosa, which is <8
pg/ml, was applied (CLSI, 2023); for aztreonam-avibactam, the
provisional PK/PD susceptibility breakpoint of <8/4 pg/ml was
used (Singh et al., 2015). According to the results, all isolates
except one (n:65) were determined to be aztreonam-resistant.
When aztreonam is used together with avibactam, MIC values
decreased significantly. All strains, except two, were evaluated
as susceptible to aztreonam/avibactam. Although the MIC50
and MIC90 values for aztreonam were found to be >128 pg/ml,
these values for aztreonam/avibactam were 4/4 and 8/4 pg/ml,
respectively. All isolates tested were susceptible to doxycy-
cline according to the breakpoints for Enterobacterales (CLSI,
2023). The tigecycline susceptibility breakpoint, <2 pg/ml,
determined by the US Food and Drug Administration (FDA)
(2023) for Enterobacterales, was applied. As a result, 9 of 66
isolates were found to be resistant to tigecycline, 24 were inter-
mediately susceptible, and 33 were susceptible to tigecycline.

Table 1. MICsq and MICy values of antibiotics

Antibiotics MICsy MICyy
(ng/ml) (ug/ml)
Doxycycline 1 2
Tigecycline 2 8
Aztreonam >128 >128
Aztreonam/Avibactam 4/4 8/4

MIC breakpoints (ug/ml): Dox: S<4 =8 R>16; Tig: S<2 I=4 R>8;
Azt: S<8 I=16 R>32; Azt/Avi: S<8 I=16 R>32
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Figure 1. Time-kill curves of antibiotics and combination

Checkerboard assay results

To determine the effect of the combination of aztre-
onam/avibactam with tigecycline, three of the six selected iso-
lates had MIC values of 4/4 pg/ml for aztreonam/avibactam,
and the other three had 2/4 pg/ml. The isolates used in the
combination experiments are described in Table 2.

Table 2. MIC values of isolates used in combinations

Isolate Antibiotics
number
Aztreonam/avibactam Tigecycline
MICs (ng/ml)
9 2/4 4
61 2/4 2
68 4/4 4
76 4/4 4
111 2/4 4
114 4/4 4

The combination experiments were repeated three times, and
the results are shown in Table 3. According to the FIC index

values, the combination of aztreonam/avibactam and tigecy-
cline had additive effects on all six isolates tested. Synergism
or antagonism was not observed.

Table 3. FIC index values of the aztreonam/avibactam and tigecycline combi-
nations

Isolate FIC index of aztreonam/avibactam and
number tigecycline combination therapy
9 0.75
61 0.625
68 0.75
76 0.625
111 0.625
114 0.75

Time-kill results
Time-dependent killing results showed that aztre-
onam/avibactam and tigecycline alone or in combination
did not cause a 3log reduction in initial bacterial counts.
These antibiotics inhibited bacterial growth for most of the
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tested isolates at all-time intervals compared with the control
group. The effectiveness of the combination was observed at
the end of 24-h, and statistical significance was determined
between the control and combination groups for all tested
isolates (p < 0.05). For isolates 9 and 114, the combination of
aztreonam/avibactam and tigecycline was found to have at least
a 2-log reduction in bacterial counts at the end of the 24th hour
compared with the most effective antibiotic alone; therefore,
the combination was evaluated as synergistic. For isolates 68,
76, and 111, the combination caused a 1 log decrease in the
number of bacteria at the end of the 24th hour compared with
the most effective antibiotic alone. No significant effect was
observed for isolate 61. The effects of the combination were
evaluated as additives for isolates 61, 68, 76, and 111.

DISCUSSION

S. maltophilia is a Gram-negative pathogen that poses a health
risk due to its widespread antibiotic resistance and severe mor-
tality and morbidity in immunocompromised patients. Treat-
ment options for S. maltophilia are quite limited, and besides
clinical data, information on clinical breakpoints for antibiotic
efficacy as defined by reference sources, such as CLSI and
EUCAST, is also limited (CLSI, 2023; EUCAST, 2024a). The
three antibiotics recommended by the CLSI for first-line therapy
are trimethoprim/sulfamethoxazole, levofloxacin, and minocy-
cline. However, studies conducted worldwide have shown that
clinical S. maltophilia isolates may exhibit resistance to these
three antibiotics (Dadashi et al., 2023). In addition to these
three antibiotics, IDSA’s 2023 guide also recommends antibi-
otics such as aztreonam, tigecycline, ceftazidime/avibactam
(Tamma et al., 2023). Results of a study examining 486 patients
treated for bloodstream infections caused by S. maltophilia
showed that levofloxacin was the most commonly used an-
tibiotic. Trimethoprim/sulfamethoxazole was largely preferred
as definitive treatment after empirical treatment. The study re-
sults also showed that aztreonam, tigecycline, and doxycycline
were not widely preferred (Cai, Tillotson, Benjumea, Callahan,
& Echols, 2020). Additionally, studies have revealed the exis-
tence of tigecycline resistance. Among the 450 S. maltophilia
strains isolated between 2012 and 2015, tigecycline resistance
was 22.22% and doxycycline resistance was 18.67% (Zhao et
al., 2018). In our study, half of the 66 S. maltophilia strains
isolated from respiratory tract samples from patients with cys-
tic fibrosis were found to be susceptible to tigecycline. All
isolates were found to be susceptible to doxycycline. These
results indicate that in addition to minocycline, other tetracy-
clines is an important treatment option. Studies evaluating the
efficacy of doxycycline against S. maltophilia are limited. In a
clinical study comparing tetracyclines (minocycline and doxy-
cycline) with trimethoprim/sulfamethoxazole, similar clinical
(28.6% vs. 25.4%) and microbiological success rates (55.6%
vs. 66.4%) were determined for these two antibiotic groups (Al-

hayani, Philpott, Liao, Gentene, & Mueller, 2024). Tigecycline
has been tested in many studies for S. maltophilia, and resis-
tance rates have been reported to be between 11.8% and 28.1%
(Banar et al., 2023; Biagi et al., 2020a; Su et al., 2023; Wang,
Yu, Hsu, & Wu, 2020). It was determined that minocycline and
tigecycline had bacteriostatic effects on S. maltophilia isolates
carrying the dihydropteroate synthase (sul) gene (Zhao et al.,
2022). Similarly, the results of the time-dependent killing assay
conducted with 6 strains in our study revealed that tigecycline
had a bacteriostatic effect on these strains. It is thought that
these strains may carry the sul gene, and genetic studies are
required to confirm this. According to the results of a study
conducted by Giilmez et al. (2010), the most effective antibi-
otics against 25 tested S. maltophilia isolates were trimetho-
prim/sulfamethoxazole, tigecycline, and doxycycline. In the re-
sults of this study, resistance percentages were determined as
4% and 0% for tigecycline and doxycycline, respectively. In
our study, the resistance percentages were the same for doxycy-
cline but higher for tigecycline (13.6%) (Giilmez, Cakar, Sener,
Hascelik, & Karakaya, 2010).

The efficacy of aztreonam/avibactam against Enterobac-
terales has been demonstrated in numerous studies, and broth
microdilution breakpoints have been published by EUCAST
(EUCAST, 2024b). Results from a large surveillance study
involving 63 countries determined that aztreonam/avibactam
was 99.4% potent against metallo p-lactamase positive En-
terobacterales isolates (Rossolini, Arhin, & Kantecki, 2024).
The combination of ceftazidime/avibactam with aztreonam has
been recommended in the guidelines published by IDSA, as its
effectiveness has been proven in the treatment of S. maltophilia
(Tamma et al., 2023; de Almeida Torres, Junior, Lopes, Zei-
gler, & Uip, 2023; Ranieri et al., 2023; Emeraud et al., 2019).
Avibactam enhances the in vitro activities of both ceftazidime
and aztreonam when combined with them in S. maltophilia
isolates (Lin et al., 2020).

Aztreonam resistance is common among S. maltophilia iso-
lates (Andelkovi¢ et al., 2019). Avibactam has been reported
to competitively and reversibly inhibit S. maltophilia L2 f-
lactamases, thus restoring the susceptibility of this bacteria to
aztreonam (Mojica et al., 2017). Other p-lactamase inhibitors,
when combined with aztreonam, restored activity to a lesser
extent than avibactam. Following avibactam (98%), relebac-
tam (71%), clavulanate (61%) and vaborbactam (15%) were
determined as effective f-lactamases, respectively (Biagi et al.,
2020b). Similarly, another large-scale study examining 1,839
S. maltophilia isolates from different geographic regions and
infection types showed that aztreonam/avibactam was effective
against 97.8% of the isolates. The same study determined that
the sensitivity of the isolates to tigecycline was 85% (Sader
et al., 2020). Our study demonstrated that aztreonam resis-
tance was eliminated by aztreonam/avibactam in S. maltophilia
strains isolated from Tiirkiye. Additionally, 86.4% of the iso-
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lates were found to be susceptible or intermediate to tigecycline
in our study.

Antibiotic combinations are frequently preferred in situ-
ations that require rapid and effective treatment to achieve
broad-spectrum effects, reduce the risk of resistance develop-
ment, decrease the efficacy of existing resistance, target het-
erogeneous bacterial populations by combining different an-
tibiotics, and enhance clinical efficacy in cases in which in
vitro synergism is observed (Roemhild, Bollenbach, & Ander-
sson, 2022). However, it is possible that antibiotics may interact
with each other, resulting in synergism or antagonism. Syner-
gism between antibiotics used in combination is preferable for
treatment, but antagonism can make treatment unsuccessful.
Therefore, when making antibiotic combinations, this possi-
bility should be considered, and appropriate studies should be
conducted. Combination studies on aztreonam/avibactam have
been limited to testing combinations of ceftazidime/avibactam
and aztreonam. Hence, it is important to test the efficacy of
aztreonam/avibactam along with another highly effective an-
tibiotic with a different mechanism of action, such as tigecy-
cline. A previous study determined that combinations of tige-
cycline with cefoperazone-sulbactam and levofloxacin had a
synergistic effect (Karamanlioglu & Dizbay, 2019). Although
many methods are used in the literature to test the effectiveness
of combinations, the most frequently used are the checkerboard
assay and the time-kill method. Both of these methods have ad-
vantages and disadvantages. While the checkerboard method is
a more static method that examines the effects of antibiotics
on the growth of bacteria, the time-kill method is a dynamic
method based on the principle that antibiotics kill bacteria in a
time-dependent manner (White, Burgess, Manduru, & Bosso,
1996). This fundamental difference between them may have
caused some inconsistencies in the results of the two tests. In
our study, although the checkerboard assay results indicated
that the combination was additive in all isolates, the time-kill
experiment results indicated that the combination of tigecycline
and aztreonam/avibactam, a P-lactam-f-lactamase inhibitor,
showed synergism for two isolates. A meta-analysis showed that
synergisms detected by the time-kill method were greater than
those detected using the checkerboard method (Zusman et al.,
2013). Similarly, previous studies have reported that the time-
kill method is more sensitive in detecting synergism (Visalli,
Jacobs, & Appelbaum, 1998; Rizvi, Ahmed, Khan, Shukla, &
Malik, 2013). In parallel with these findings, synergism was ob-
served in two isolates using the time-dependent killing method
in our study.

CONCLUSION

The results obtained from this study, in parallel with the litera-
ture, showed that aztreonam/avibactam restored aztreonam ac-
tivity in S. maltophilia isolates that were isolated from Tiirkiye
and resistant to aztreonam. In addition, the effectiveness of

tigecycline and doxycycline against S. maltophilia isolates indi-
cated that they could be important alternatives for treating these
infections, and further studies are therefore necessary. Accord-
ing to the results of the time-kill experiment performed to deter-
mine the efficacy of the combination of aztreonam/avibactam
with tigecycline, the observation of synergism in the two iso-
lates was interpreted as promising for the combined use of these
antibiotics. However, clinical studies are needed to confirm the
results.
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