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Abstract

Purpose Urinary tract infections (UTIs) are common complications after kidney transplantation (KT), often resulting in
severe outcomes like acute graft failure and sepsis. Factors such as diabetes, age, sex, and type of transplantation significantly
influence disease progression. Rising antibiotic resistance complicates treatment, emphasizing the importance of Antimi-
crobial Stewardship (AMS), particularly during the post-transplant immunosuppression phase. Recent changes in treatment
protocols, including a shift away from treating asymptomatic bacteriuria and modifications in antibiotic prescribing, highlight
the need for updated resistance trend analyses.

Methods This retrospective study at the University Hospital Essen analyzed urine samples from kidney transplant outpatients
from 2013 to 2022. Pathogen identification and resistance testing focused on common UTI pathogens, including Escheri-
chia coli, Klebsiella spp., Pseudomonas aeruginosa, Enterococcus faecium, and Enterococcus faecalis. Data on antibiotic
prescriptions were sourced from the North Rhine Association of Statutory Health Insurance since 2017.

Results Out of 10,508 urine samples collected from 6962 patients, bacterial growth was detected in 4126 samples (39%).
Escherichia (E.) coli was the most frequent pathogen (41%). Klebsiella spp., which accounted for 11.7% of all pathogens,
showed increasing resistance to piperacillin/tazobactam and ceftazidime. Resistance rates Enterococcus faecalis showing
a significant decline in levofloxacin (100% resistance in 2014 in all isolates, compared to 2% in 2022). An increasing con-
cern in our cohort is the prevalence of Extended Spectrum Beta-Lactamase (ESBL)-producing Gram-negative pathogens,
particularly Klebsiella spp., which are being detected with greater frequency. In our center, we have observed a significant
increase in the use of oral antibiotics recommended for first-line therapy. This shift is attributed to updated guidelines and
therapeutic recommendations. Consequently, oral cephalosporins are now rarely used due to their low bioavailability.
Conclusion The study highlights the importance of ongoing surveillance to address antibiotic resistance in KT recipients.
Increasing resistance in pathogens like Klebsiella spp. necessitates new antimicrobial strategies. Findings should inform
future guidelines to preserve antibiotic effectiveness and improve therapeutic outcomes in this vulnerable patient population.
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contributing to increased morbidity, mortality, and hospi-
talization. Among these complications, UTIs are the most
common [1, 2].
The incidence and progression of UTIs in KT recipients
are influenced by various patient-related factors, including
underlying conditions particularly diabetes mellitus, age,
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type of transplantation, and sex [3]. Bacteriuria can progress
to complicated UTlIs, potentially compromising allograft
function and survival [4, 5]. These infections have a substan-
tial impact on hospitalization rate, graft function outcomes,
and mortality in transplant recipients [6, 7]. There is a nota-
ble difference in the incidence of UTIs among KT recipi-
ents compared to recipients of other solid organs. A cohort
study by Vidal et al. (2012), which tracked 2405 solid organ
transplant recipients over three years, found that KT recipi-
ents had the highest UTI incidence, with 13.84 cases per
100 subjects per year [8]. The early post-transplant period
is particularly critical due to intensified immunosuppressive
therapy, increasing susceptibility to infections. Prophylac-
tic measures like TMP-SMX are routinely used to prevent
Pneumocystis pneumonia, while broad-spectrum antibiotics
are often required to manage infections and prevent sepsis.

In 2010, we introduced the Essen algorithm for calcu-
lated antibiotic treatment of UTT after KT [9]. This approach
addressed both Gram-negative bacteria and the increased
incidence of enterococci. It recommended that fluoroqui-
nolones during the initial two months post-transplant, with
cephalosporins to be used thereafter. A subsequent re-eval-
uation of this approach revealed an increased resistance of
Gram-negative urinary pathogens, especially Klebsiella spp.,
over a four-year period (2009-2012) in our center leading to
a change in in-house practice [10].

Rising antimicrobial resistance complicates UTI manage-
ment in KT recipients, emphasizing the need for effective
prevention and treatment strategies. Understanding local
epidemiology and resistance trends is crucial for optimiz-
ing therapy. Despite these challenges, there have been sev-
eral paradigms shifts over the past decade. The question of
whether asymptomatic bacteriuria (ASB) should be treated
is currently evolving within transplant nephrology. Addi-
tionally, prescribing practices have been influenced by new
insights into the efficacy and side effects of various antibi-
otics, including oral cephalosporins and fluoroquinolones.
Consequently, the responsible use of antimicrobials, guided
by AMS principles, is crucial for mitigating resistance and
maintaining the effectiveness of existing treatments [11].

Given these challenges, we analyzed pathogen and
resistance trends in KT recipients over a ten-year period
(2013-2022) to support the development of targeted treat-
ment strategies.

Methods
Study population and design
This single-center study was conducted at the Kidney

Transplant Outpatient Department at the University Hos-
pital Essen, Germany. Urine samples from outpatients were
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retrospectively analyzed to assess the development of micro-
biological pathogen frequencies and their resistance rates
to anti-infective agents. This study included all KT patients
who were 18 years or older and attended the outpatient clinic
between 2013 and 2022.

Regarding the transplantation, induction therapy for all
included transplant patients consisted of steroids and either
IL-2 receptor antagonist basiliximab (majority) or anti-thy-
mocyte globulin based on the immunological risk profile.
Maintenance immunosuppression included prednisolone,
a calcineurin inhibitor and an anti-metabolite. All newly
transplanted patients received low-dose TMP-SMX for six
months.

In the study, we conducted the analysis on a case-by-case
basis, meaning it was not person-specific. A total of 12,692
patient visits were recorded, the median age was 55 years
(range, 18-89 years). 5562 cases (44%) were associated
with female patients, while 7012 cases (56%) were associ-
ated with male patients. In 118 cases (< 1%), no sex was
specified.

Study procedures

The analysis focused on common UTI pathogens: the Gram-
negative bacteria E. coli, Klebsiella spp., Pseudomonas
aeruginosa, and the Gram-positive bacteria Enterococcus
faecium and Enterococcus faecalis.

The anti-infective therapies evaluated were selected
according to local guidelines for the treatment of UTIs and
Pneumocystis prophylaxis. Patients with symptomatic UTIs
received appropriate antibiotic therapy. Patients with ASB
were treated with antibiotics until 2017, after which local
guidelines were revised to discontinue treatment for ASB.

The analysis was conducted on a case-by-case basis using
all visits to the KT outpatient clinic, which were generated
by our hospital’s internal electronic data processing sys-
tem. Since the evaluation was not patient-specific, patients
who presented multiple times may have been included in
the analysis multiple times. Additionally, we examined all
outpatient cases to determine whether there was a subse-
quent inpatient admission to our clinic during the observa-
tion period. Based on the ICD codes of these inpatient cases,
we checked whether a complicated urinary tract infection,
sepsis, or bloodstream infection was coded for the stay and
evaluated accordingly.

The development of resistances was correlated with anti-
biotic prescription data exclusively from our KT outpatient
clinic. This data was obtained from the North Rhine Asso-
ciation of Statutory Health Insurance (“Kassenérztliche
Vereinigung Nordrhein”), which has been legally required
to maintain statistics on prescribed antibiotics since 2017.
Data for the period from 2013 to 2016 were not available.
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This study was approved by the Ethics Committee of
the Medical Faculty of the University of Duisburg-Essen
(Approval No. 23-11437-BO).

Treatment
Local UTI diagnostic and treatment strategy

Until 2017, the strategy followed the so-called “Essen
Algorithm,” where a calculated therapy with ciprofloxacin
was generously initiated even in cases of ASB or cystitis,
especially within the first two months after transplantation
[11]. Due to various paradigm and guideline shifts in the
treatment of UTIs (for a more detailed explanation, see the
discussion), our center has also changed its strategy. Since
2017, ASB is no longer treated, and therapy is administered
whenever possible after the pathogen is identified. Similarly,
in cases of clinical signs of transplant pyelonephritis or lab-
oratory evidence of infection, therapy is usually initiated
based on prior microbiological findings and adjusted upon
receipt of current results. Patients with urosepsis are admit-
ted to the hospital and generally receive an empiric therapy
with piperacillin/tazobactam, with adjustments based on the
antibiogram after the pathogen has been identified.

Definitions

Symptomatic bacteriuria, ranging from local symptoms,
such as cystitis, to the development of pyelonephritis and
sepsis, can lead to severe consequences in transplant recipi-
ents including impaired allograft function, allograft loss
and patient death. According to the recommendations from
the Infectious Diseases Community of Practice (IDCOP) of
the American Society of Transplantation ASB was defined
by the presence of > 10° bacterial colony forming units
per millilitre (cfu/ml) in urine without urinary or systemic
symptoms of infection. Acute simple cystitis was defined
by typical clinical symptoms of lower urinary tract infec-
tion without systemic symptoms or inserted foreign mate-
rial and> 10 white blood cells (WBC)/mm? or > 10> cfu/
mL uropathogen. An acute pyelonephritis of the transplant
or complicated UTI was defined by fever and other typical
symptoms of an acute infection, moreover with pain above
the flank or the allocraft or with findings of bacteriemia
with same organism as in urine. Laboratory investigations
of urine here are defined as > 10 WBC/mm?® or > 10* cfu/mL
uropathogen. If more than three urogenital tract infections
occur within the last 12 months, it is considered a recurrent
UTI [12].

Bacteria are further classified according to their resist-
ance mechanisms. Internationally, the term ESBL is com-
monly used. The classification of multidrug-resistant P.

aeruginosa (multidrug-resistant (MDR), extensively drug-
resistant (XDR), and pandrug-resistant (PDR)) is not entirely
consistent. MDR P. aeruginosa is defined as non-susceptible
to at least one antibiotic in the following classes: penicillins,
cephalosporins, fluoroquinolones, aminoglycosides, and car-
bapenems. XDR refers to susceptibility limited to only two
of these antibiotic classes, while PDR describes non-suscep-
tibility to all mentioned antimicrobial agents [13]. In recent
years, the term “difficult-to-treat resistance” (DTR) has also
been introduced, which refers to a lack of susceptibility to
the following agents: piperacillin-tazobactam, ceftazidime,
cefepime, aztreonam, meropenem, imipenem-cilastatin, cip-
rofloxacin, and levofloxacin [14].

Statistical analysis

Statistical analysis was performed using GraphPad Prism
10.2.3.

Here, the development of resistance between 2013 and
2022 was evaluated. Using the chi-square test, resistant and
sensitive pathogens for each antibiotic were compared dur-
ing the specified period.

The test compared the absolute number of resistant patho-
gens with the sensitive ones. This approach was also used
for the description of the ESBL and MDR isolates. It should
be mentioned that the statistics serve as an additional tool to
better describe the observed developments. p-values <0.05
were considered significant.

Graphic design

The illustrations were generated with GraphPad Prism.

Results

Between 2013 and 2022, a total of 10,508 urine samples
from 6962 patients were analyzed. Bacteriuric episodes,
excluding skin and mucosal flora, were observed in 4126
cases (39%) of the samples. While the absolute number
of urine samples fluctuated slightly over the observation
period, the relative proportion of detected uropathogenic
bacteria remained almost constant. An overview is provided
in Table 1.

Microbiological profile of UTIs in kidney transplant
recipients

Gram-negative bacteria account for more than 75% of cases.

This pattern in the microbiology of UTIs in KT recipient
is similar to other patient populations prone to UTIs [15].
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Table1 Number of urine samples and detected bacteriuric epi-
sodes 2013-2022: this table shows the absolute numbers of detected
uropathogens in all submitted urine samples over time

Year Total number  Number of Relative proportion of
of urine sam-  bacteriuric positive urine cultures
ples episodes

2013 519 233 43%

2014 766 287 37%

2015 1026 387 42%

2016 1062 442 42%

2017 1170 466 40%

2018 1353 530 39%

2019 1351 583 43%

2020 1012 380 38%

2021 1262 482 38%

2022 987 346 35%

z 10,508 4136 39%

The relative proportion of positive urine cultures remained nearly
constant throughout the period

Distribution of detected Gram-negative pathogens
in KT recipients

For a detailed overview of the prevalence of the main
Gram-negative pathogens, see Table 2. Specifically, E. coli
was identified in 2141 of 5215 cases (41%). The absolute
detection of isolates slightly declined during the years of
the COVID-19 pandemic, while the relative proportion
remained stable. Klebsiella spp. accounted for 613 of
5215 cases (11.7%). Here too, the percentage distribution
remained stable during the observation period. Proteus
mirabilis was isolated in 407 cases (7.8%), Pseudomonas
aeruginosa was identified in 230 cases (4.3%). A significant
difference in the prevalence of the analyzed pathogens was
not detected over the study period.

Distribution of detected Gram-positive pathogens
in KT recipients

Enterococcus spp. are also common causes of UTI in trans-
plant recipients, accounting for up to 19,4%.

The most frequently isolated Gram-positive pathogen was
E. faecalis 1012/1325 (76%).

A complete overview of the isolated Gram-positive path-
ogens is provided in Table 3.

Defined daily doses (DDD) of prescribed antibiotics
from 2017 to 2023

During the period from 2017 to 2023, a total of 33,471.49

DDD were prescribed. The most frequently prescribed
antibiotic was TMP-SMX, totaling 21,311.58 DDD (63%
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of total prescriptions). TMP-SMX was almost exclusively
prescribed for the prophylaxis of Pneumocystis pneumonia
following recent transplantation or after a rejection episode
and played no relevant role in the treatment of UTIs. Other
commonly prescribed antibiotics included ciprofloxacin and
fosfomycin. While oral cephalosporins such as cefuroxime
were relatively frequently prescribed in 2017, they have not
been used at all since 2022. The importance of substances
that have been recommended for the treatment of UTIs in
recent years, such as nitroxoline, nitrofurantoin, and pivme-
cillinam, has increased. The use of amoxicillin/clavulanic
acid has increased in 2023. Some agents were prescribed
very rarely and are not explicitly listed here. A detailed over-
view is provided in Supplementary Table 1 and Fig. 1.

Antimicrobial resistance of Klebsiella spp., E. coli
and Pseudomonas aeruginosa

Antibiotic resistance among Gram-negative uropathogens in
KT recipients has generally increased over time in our study,
with notable rises in resistance to piperacillin/tazobactam
and ceftazidime in Klebsiella spp., and persistent high resist-
ance in E. coli to TMP-SMX.

For Klebsiella spp. (Fig. 2) the resistance rate against
piperacillin/tazobactam showed a general upward trend, with
an increase in 2022 (p=0.21). The resistance rate against
ceftazidime was relatively low, but showed an increase in
recent years, particularly in 2022 (p=0.04). The resistance
against TMP-SMX fluctuated over the years, with higher
resistance rates in the early and late years of the observed
period (p=0.09). The resistance rate against ciprofloxacin
showed an upward trend, especially in 2019 and 2020, and
remained relatively high until 2022 (p=0.4). Resistance
to fosfomycin varied overall, but it is generally considered
moderate high (p=0.28). Since there is no EUCAST recom-
mendation for susceptibility testing of pivmecillinam, testing
cannot be performed.

E. coli (Fig. 3) showed moderate resistance rates to
piperacillin/tazobactam with a slight decline in recent years
(p<0.01). To ceftazidime low resistance rates were detected
that remained fairly constant over the years (p <0.01). E.
coli showed high and constant resistance rates against TMP-
SMX (p=0.01). Against ciprofloxacin moderate resist-
ance rates with a slight decline in recent years were shown
(p<0.01). Resistance to fosfomycin were generally low
(p=0.02).

Pseudomonas aeruginosa (Supplementary Fig. 1) showed
moderate and stable resistance rates to piperacillin/tazobac-
tam (p=0.23). The resistance to ceftazidime was moderate
and remains constant (p=0.14). To ciprofloxacin P. aerugi-
nosa presented fluctuating resistance rates with a general
decline (p=0.39). There is a natural resistance to TMP-
SMX and fosfomycin, so an evaluation is not meaningful.



1759

a 10-year...

Antibiotic resistance of urinary pathogens after kidney transplantation

G08=N (99°0) (e2) (ez'9) (9v'z1) (sz's) (9g'81) (€2) (68°9%) (z6'7) (99°0) (%) 20T
z L 6l 8¢ 9l 95 L el Sl 4 N

ave=N (25'0) (98'0) (€0'9) (9'01) (co'v) (vz'21) (65'2) (20'vS) (91'¢) (98'0) (%) (X404
z € iz g vl 09 6 88l 1 € N

962=N (102 (e'1) (12'9) (20'11) (L'v) (62'21) (1) (z0'eg) (102 (¥e'0) (%) 0202
9 v 0z ee vl €5 € 851 9 b N

19b=N (1z'0) (1z’0) (se's) (6v°01) (€6') (e9'81) (9g°2) (9v'28) (€6') (ev'0) (%) 6102
L L 14 4 €2 18 L 4174 €2 4 N

LEb=N (e2'0) (£'0) (8's) (15') (v6°¢) (2v'91) (s5'2) (66'75) (¥e's) (9v'0) (%) 8102
b € 14 44 A 9] L €2 4 14 N

620=N (Z'0) (1) (5'9) (6g'8) @) (8¥'21) 1) (€¥5) (6%) (2%°0) (%) 1102
€ L 8z 9 8l S. 9 €€ ¥4 4 N

—_— (ez'0) (91'1) (z1'g) (9L'11) (6v'€) (8's1) (911) (¥'29) (s6'¢) (2v'0) (%) 9102
L g e 8y Sl 89 S 172 L 4 N

6Zh=N (12'0) (v's) (z1'9) (o) (s9'g) (s8g'el) (z8'2) (90'59) () (¥2'0) (%) §L0Z
€ 9 92 4 vz 65 zh vee A b N

986 =N (zs'0) (62'1) (6'7) (80°11) (28'€) (8L'%1) (ze2) (z0'65) (90'2) (22'0) (%) 102
z S 6l ey Sl 5§ 6 622 8 € N

_ (ss'0) (81'0) (9'%) (1°2) (L'2) (e's) (81) (S1v) (s'e) (81'0) (%)
69€=N € F 5z 6¢ sl 62 ol i/ 6l ! N Eloe
Jaquinu [ejo ] eliydojjew susosaolew esouibnioe sipqelw nuebiow ‘dds Jdwos aeoeojo 1109 dds ‘dds Jeap
seuowoydosjous}s eneLss seuowopnasd Snajoid ejjauebiopy ejjeIsqajy Jsjoeqoiejuy e|yoleyosy J18joeqoiD 48)oeqojauldy

7207—€10¢ suadoyjed aAneIou-weln) paje[os]

olqel

pringer

As



1760

P. Weber et al.

Table 3 Isolated Gram-positiv
pathogens 2013-2022
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Fig. 1 Defined daily doses (DDD) of prescribed antibiotics from 2017 to 2023
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Urinary Klebsiella spp. isolates of kidney
transplant patients 2013 - 2022
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Fig.2 Antibiotic resistance of Klebsiella spp. Isolates 2013-2022. Significance: *p <0.05 (chi-square test)

Antimicrobial susceptibility of Enterococcus faecalis
and Enterococcus faecium

For Enterococcus faecalis (Fig. 4) exhibited consistently
low resistance rates to ampicillin, vancomycin and line-
zolid throughout the study period. Interestingly, resistance
for levofloxacin, previously high, significantly declined
starting in 2018, dropping from 100% in 2014-2017 to
just 2% in 2022 (p < 0.01).

Enterococcus faecium (Supplementary Fig. 2) showed
very low resistance rates to linezolid. However, the resist-
ance to vancomycin increased over time with rates rising
from 16% in 2013 to 33% in 2018, before stabilizing at
14% in 2022 (p=0,28).

Development of multidrug resistant organisms

Regarding Gram negative organisms, we focused our
analysis on ESBL-producing E. coli and Klebsiella spp.,
and MDR P. aeruginosa. A detailed overview is provided
in Fig. 5, Table 4 and Supplementary Figs. 3-5.

In E. coli, both the absolute numbers and the percent-
age of ESBL cases increased until 2020, after which a
declining trend has been observed. For Klebsiella spp.,
aside from a slight decrease in 2020, there has generally
been an increasing trend in ESBL development.

For P. aeruginosa, although the absolute numbers are
low, an increase in MDR cases is also evident.

Urosepsis and transplant pyelonephritis

Of all the recorded cases, based on the ICD codes, 163 cases
were identified as hospital admissions with the diagnosis of
urosepsis (A41), 368 cases with transplant pyelonephritis
(N39) following a positive urinary culture. In sepsis cases,
the results of submitted blood and urine cultures were
further analyzed. An overview of the detected pathogens
in blood or urine cultures is provided in Supplementary
Table 2. Bloodstream infections were most frequently caused
by Gram-negative pathogens. E. coli was the most detected
pathogen in both cases. Enterococci were also frequently
found, especially in urine cultures.
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Urinary E.coli isolates of kidney transplant
patients 2013 - 2022
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Fig.3 Antibiotic resistance of E. coli isolates 2013-2022. Significance: *p <0.05, **p<0.01, ***p <0.001, ****p <(0.0001 (chi-square test)

Discussion

This study investigated antimicrobial resistance in Gram-
negative and Gram-positive uropathogens among KT recipi-
ents over one decade (2013-2022). Enterobacterales, par-
ticularly E. coli and Klebsiella spp., accounted for 60% of
bacteriuria cases, consistent with other cohorts [16]. Resist-
ance rates in Gram-negative pathogens, especially Kleb-
siella spp., have increased significantly.

Klebsiella spp. colonizes renal transplant patients more
frequently than healthy individuals. Our data show a notable
increase in resistance of Klebsiella spp. to both piperacil-
lin/tazobactam and ceftazidime. This increase is markedly
higher compared to national German surveillance data,
where resistance rates in the general outpatient population
are reported to be up to 13.9% for ceftazidime and 11.9%
for piperacillin/tazobactam [17]. The proportion of ESBL-
producing isolates has also surged, with fluctuations during
the pandemic period. Further monitoring of the cohort in the
coming years is necessary and important, given that resist-
ance in Klebsiella spp. is already a global concern [18].

@ Springer

E. coli often causes UTIs both in KT recipients and non-
transplant patients and showed high and stable resistance
to TMP-SMX in our cohort. E. coli remains the most com-
mon Gram-negative pathogen causing UTI, as observed in
the studied cohort [19]. Resistance was primarily detected
for TMP-SMX and ciprofloxacin, with lesser relevance for
piperacillin/tazobactam and ceftazidime. The relatively high
resistance rate to TMP-SMX may be related to the local
guidelines for the treatment of KT recipients. During the
observation period, there was a downward trend in both the
DDD of TMP-SMX (-56,58% in 2017 compared to 2013)
and the resistance of E. coli (52% in 2013 compared to 42%
in 2022). Another influencing factor could be the decreas-
ing number of kidney transplants in Germany (2015: 648;
2022: 505; a reduction of 22%) [20]. The decline in ESBL-
producing E. coli since the COVID-19 pandemic may reflect
effective AMS measures.

For P. aeruginosa, stable resistance data were observed
for piperacillin/tazobactam and ceftazidime. There was a
decrease in resistance against ciprofloxacin.
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Urinary Enterococcus faecalis isolates of
kidney transplant patients 2013 - 2022

%k %k %k %k

resistance %
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Fig.4 Resistance to levofloxacin of Enterococcus faecalis isolates 2013-2022. Significance: *p <0.05, **p <0.01, ***p <0.001, ****p <(0.0001
(chi-square test)
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Fig.5 Percentage of ESBL and MDR isolates 2013-2022

For ESBL and MDR pathogens, E. coli showed a decline  in Klebsiella spp. enhances resistance through limited anti-
post-pandemic, while Klebsiella spp. and P. aeruginosa  biotic penetration and horizontal gene transfer, increasing
exhibited rising trends. Klebsiella spp. are becoming an  clinical challenges. ESBL infections often require carbap-
increasing problem. This trend is also reflected in other  enem therapy, associated with higher costs, longer hospital
studies from different cohorts [19]. Biofilm formation stays, and increased mortality [21].

@ Springer



1764

P. Weber et al.

Table 4 Multidrug resistant isolates from 2013-2022 absolute

Year Escherichia Klebsiella spp. Pseudomonas
coli (ESBL) (ESBL) aeruginosa
(MDR)

2013 N 19 11 2

(%) (8 (37 ®
2014 N 24 5 0

(%) (10) (&) 0
2015 N 33 10 1

(%) (14 a7 C))
2016 N 36 16 0

(%) (15 24 0
2017 N 23 33 3

(%) (10) 44 (10)
2018 N 53 28 5

(%) (22 (39 (20)
2019 N 66 45 4

(%) (@27 (52) (16)
2020 N 37 7 5

(%) (23) (13) (10)
2021 N 32 23 7

(%) (AN (38) (33)
2022 N 18 37 8

(%) (13) (66) (42)

In parentheses: percentage share of all ESBL / MDR isolates within a
pathogen group within a year

In a seminal study, Goossens and colleagues demon-
strated a significant positive association between the out-
patient use of antibiotics and the extent of antimicrobial
resistance among E. coli infections on a Europe-wide
scale [22]. Particularly KT recipients with recurrent UTIs
appear to have an increased risk of infections with multi-
drug-resistant Gram-negative pathogens [23].

E. faecalis and E. faecium showed a very low resistance
against linezolid, indicating its continued effectiveness.
While the detection of enterococci in urine is often consid-
ered colonization, it is important to note that enterococci can
act as true pathogens in immunocompromised populations.
In this vulnerable group, enterococcal infections can lead to
significant morbidity, especially when associated with com-
plicated UTIs, bacteremia, or graft-related complications
[24]. Distinguishing between colonization and true infec-
tion represents a major clinical challenge in the manage-
ment of infections in transplant recipients. This diagnostic
uncertainty often complicates treatment decisions, particu-
larly regarding the initiation or discontinuation of antibiotic
therapy [25].

A significant decrease in levofloxacin resistance in E. fae-
calis was observed, dropping from 100% in 2014 to 2% in
2022. Although fluoroquinolones are not recommended as
first-line therapy for enterococcal infections due to limited
clinical efficacy, particularly against E. faecium, they were
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included in our analysis to reflect prescribing trends and to
assess the impact of AMS measures over time.

A general trend of decreasing resistance to fluoroqui-
nolones can also be observed in Pseudomonas aeruginosa,
E. coli, and Enterococci. This suggests that adherence to
recommended treatment guidelines can be associated to anti-
biotic prescription practices and the development of resist-
ance. Following a safety warning in 2019 regarding the use
of fluoroquinolones, a reduction in resistance was already
observed the subsequent year.

Bloodstream infections were rare, primarily caused by
Gram-negative pathogens like E. coli, with 36 out of 163
cases due to MDR organisms, which is considered relatively
high. This can be attributed to several factors specific to
the KT population. Chronic immunosuppression increases
susceptibility to infections with opportunistic and resist-
ant pathogens. Additionally, KT recipients often experi-
ence recurrent UTIs, leading to repeated courses of broad-
spectrum antibiotics. This contributes to selective pressure,
favoring the emergence and persistence of MDR organisms
[26].

When assessing the development of resistance in uropath-
ogenic bacteria over such a long period, it is important to
consider how treatment guidelines have evolved in recent
years. In the early 2010s the AMS Movement became more
and more important [27]. Since 2016, fosfomycin was estab-
lished as the preferred first-line treatment for uncomplicated
UTIs to improve treatment safety and efficacy while reduc-
ing resistance. This shift was part of the broader AMS ini-
tiative as well and was also reflected in the German recom-
mendations for the treatment of UTIs in adults issued in
2017 [28, 29]. It emphasizes evidence-based treatment and
promoting responsible antibiotic use to provide clear rec-
ommendations and minimize resistance. At our center’s KT
outpatient clinic, there has been an increase in fosfomycin
prescriptions since 2017. The resistance situation remains
favorable for most Gram-negative pathogens. A recent study
from South Africa also reported low fosfomycin resistance
rates, aligning with global trends [30]. This serves as an
indication of how guidelines can positively influence clini-
cal practice. Since 2018 recommendations were updated to
discourage routine treatment of ASB with antibiotics aiming
to prevent unnecessary antibiotic use and reduce resistance
risk [31].

A very significant event in Germany was the issuance
of the Rote Hand Brief (Red-Hand Letter) in April 2019
and FDA warning update in 2018. They were issued warn-
ing of the serious and potentially irreversible side effects of
fluoroquinolones. This led to strict restrictions on their use,
recommending them only after careful benefit-risk assess-
ment [32]. In the KT outpatient clinic of our center, the use
of fluoroquinolones has tended to decrease. Additionally, the
use of non-antibiotic medications such as phytotherapeutics
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has gained relevance in outpatient care in recent years [33,
34].

The COVID-19 pandemic abruptly changed all our
lives, inevitably leading to a massive reduction in travel
and enhanced hygiene measures that, for the first time, also
strongly impacted the private sector. This influenced the
development of resistance, which is also reflected in our
cohort [35].

Another factor that has influenced the development
of resistance in recent years, especially in Germany and
Europe, is the movement of refugees from Syria, Ukraine,
Russia, and Afghanistan. For various reasons, there is
already a higher prevalence/incidence of multidrug-resist-
ant organisms in these countries of origin, particularly
carbapenemase-producing Enterobacterales [36].

Overall, it is positive to note that fosfomycin, nitroxo-
line, nitrofurantoin, and pivmecillinam—which should
continue to be used as first-line therapy for uncomplicated
UTIs according to the current European recommendations
on urological infections—also show a favorable resist-
ance profile against Enterobacterales in our cohort [37].
Their use in patients after KT therefore appears to be safe
and is already routinely applied. There was a significant
increase in the prescription of pivemecillinam since the
guideline change in 2017 (2017: 0 DDDs, 2023: 183.334;
p<0.01). The use of pivmecillinam for UTIs is still rec-
ommended due to the continuously favorable resistance
situation [38, 39]. This underscore again how guideline
recommendations can positively influence clinical practice
and highlights the importance of continuously conducting
new surveys on resistance development to keep the recom-
mendations up to date.

An exception here is Klebsiella spp., which already shows
an increasing development of resistance to the oral first-line
substances. It remains to be seen whether new substances
such as gepotidacin, which have shown good efficacy in cur-
rent studies on uncomplicated UTTIs, can also be safely used
in the KT population [40].

The prescription of nitroxoline and nitrofurantoin in our
study was very variable. These substances are primarily used
for the prophylaxis of recurrent UTIs. Some outliers, such as
the one for nitroxoline in 2022, are due to prescriptions for
individual patients who received such prophylaxis. Addition-
ally, nitroxoline was unavailable from March to July 2021
due to supply shortages [41].

Moreover, it is positive that the use of oral cephalospor-
ins at our outpatient clinic has significantly declined. It is
now known that oral administration results in insufficient
therapeutic levels [42]. Oral cephalosporins promote the
development of Clostridoides difficile infections and MRSA
colonization [43].

However, it’s important to note that resistance patterns
vary significantly depending on the region.

A large surveillance study from Germany investigated
the resistance of Enterobacterales in urine samples between
2016 and 2021. A subgroup analysis was conducted among
young women, postmenopausal women, and men [44]. Over-
all, a decrease in resistance was observed regardless of age
and sex. However, the resistance data differ from our cohort,
highlighting the need for specialized treatment considera-
tions for KT recipients due to their unique risk factors.

High resistance rates in Gram-negative bacteria have been
reported globally, with studies from the Asia—Pacific and
the Middle East showing MDR prevalence rates of up to
80%, underscoring the importance of national surveillance
programs to protect public health and guide treatment strate-
gies [45, 46]. The major challenge of antibiotic resistance
can only be resolved within the international community.

Our study has several limitations. Although the observa-
tion period is long and the number of samples analyzed is
high at 10,508, only outpatients from a single KT outpa-
tient clinic were included. Furthermore, treatment strategies
changed during the observation period, and we only had
antibiotic consumption data from 2017 onwards. While a
direct, individual-level linkage between microbiological data
and antibiotic prescriptions was not feasible due to system
constraints, targeted data assignment based on health insur-
ance records enabled a robust correlation between antibiotic
use and resistance trends across the entire cohort of KT out-
patients. Therefore, more frequent monitoring of resistance
development for the KT patient collective would be benefi-
cial in the future.

Since we conducted a case-based rather than a patient-
based evaluation, individual patients may have been included
multiple times in the analysis. The evaluation regarding
hospitalization, complicated UTIs, and sepsis was carried
out exclusively based on ICD codes for patients treated as
inpatients at our center. Patients who were not treated at our
center during the observation period or were coded under
a different primary diagnosis may therefore not have been
captured.

An interesting aspect to consider in future studies is the
role of new diagnostic technologies and molecular meth-
ods in monitoring antibiotic resistance. While traditional
culture methods remain the gold standard, molecular tech-
niques such as PCR (Polymerase Chain Reaction) and Next-
Generation Sequencing (NGS) enable faster and more accu-
rate identification of resistant genes and pathogens. There
are already reviews for UTIs that attest to early diagnostic
accuracy [47]. Implementing these technologies in clinical
practice may present challenges, including the need for addi-
tional training for medical personnel and the costs associ-
ated with acquiring and operating the equipment. However,
the long-term benefits, such as improved patient outcomes
and reduced treatment costs through more targeted therapy
approaches, could justify these initial investments.
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Conclusion

Our study highlights the significant burden of antimicro-
bial resistance in KT recipients, with notably high rates of
MDR organisms, particularly among Klebsiella spp. The
observed increase in resistance to key antibiotics, such
as piperacillin/tazobactam and ceftazidime in Klebsiella
spp., underscores the urgent need for targeted AMS inter-
ventions in this vulnerable population. The sharp decline
in levofloxacin resistance among E. faecalis from 100%
in 2014 to 2% in 2022 illustrates the positive impact of
recommendation adherence and AMS programs on resist-
ance trends. Continuous surveillance is essential to detect
emerging resistance patterns early and to guide evidence-
based adjustments in clinical practice.

Given the unique susceptibility of KT recipients to
severe infections and the potential for graft-related compli-
cations, our findings support the need for tailored infection
management strategies. These results can inform future
guidelines and policies by emphasizing the importance
of implementing risk-based AMS specific to transplant
populations, regularly updating treatment recommenda-
tions based on local resistance data, and promoting strate-
gies to minimize unnecessary antibiotic use, particularly
in asymptomatic bacteriuria.

By integrating these insights, future guidelines can
help preserve the efficacy of existing antibiotics, optimize
patient outcomes, and reduce the burden of MDR infec-
tions in transplant recipients.
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