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Articles

Clinical prevalence of collateral sensitivity: a systematic
exploration of multicentre antimicrobial surveillance data

Sebastian T Tandar, Laura B Zwep, Sjoukje H S Woudt, Annelot F Schoffelen, Wiep Klaas Smits, Linda B S Aulin, Apostolos Liakopoulos,
J G Coen van Hasselt, Infectious Diseases Surveillance Information System-Antimicrobial Resistance Study Group*

Summary

Background Collateral effects arise when resistance to one antibiotic alters the susceptibility of a bacterial strain to
another antibiotic, resulting in either increased (collateral sensitivity) or decreased (collateral resistance) susceptibility.
Collateral sensitivity-based antibiotic treatment offers a promising strategy against antibiotic resistance. To date, the
clinical occurrence of collateral sensitivity between bacterial strains and species remains to be further evaluated. Our
study aims to evaluate the occurrence patterns of collateral sensitivity in clinical settings.

Methods For this systematic exploration of multicentre antimicrobial surveillance data, we analysed large-scale
antimicrobial resistance surveillance data from three datasets, covering over 5 million minimum inhibitory
concentration (MIC) measurements across 86 antibiotics and 30 pathogen species, to identify collateral effect
interactions. Pairwise and three-way collateral effects were quantified to assess species-wide trends in both
collateral sensitivity and collateral resistance within individual pathogen species. Additionally, we compared the
prevalence of collateral sensitivity between and within antibiotic classes. By comparing collateral sensitivity
occurrence across species, we identified collateral sensitivity interactions conserved across several pathogens.

Findings We found a low occurrence of collateral sensitivity in clinical strains, with 364 of 12024 species-antibiotic
pairs (3-0%) affected, compared to 5044 cases (42-0%) of collateral resistance. Most collateral sensitivity interactions
involved antibiotics from different classes, except for f-lactams, which showed 41 (34-2%) of 120 occurrences of
intraclass collateral sensitivity. We identified six collateral sensitivity pairs that were conserved across four
bacterial species, including several highly virulent pathogens belonging to the ESKAPEE group. Three of these
conserved collateral sensitivity pairs were associated with a higher MIC towards colistin. Only one three-way
collateral sensitivity interaction was shared across four pathogen species. The collateral effect network generated
in this study is available via a web application, enabling further data exploration and supporting future research
on antibiotic collateral effects.

Interpretation Several collateral sensitivity interactions were conserved across several clinically relevant pathogens.
The identified collateral sensitivity pairs can be considered for the development and application of collateral
sensitivity-based antibiotic therapies to prevent and reverse antimicrobial resistance.

Funding The Longfonds foundation and the Dutch Ministry of Health, Welfare, and Sport.

Copyright © 2025 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).

Introduction

Antimicrobial resistance (AMR) in bacterial pathogens
poses a substantial threat to human health.! The evolution
of AMR can be attributed to several underlying cellular
mechanisms. AMR mechanisms offer not only a survival
strategy against a specific antibiotic, but can also alter the
susceptibility of a cell to other antibiotics as evolutionary
trade-off.? The effect of resistance to one antibiotic on sus-
ceptibility to another is known as a collateral effect. This
effect can appear as decreased susceptibility to another
antibiotic, termed collateral resistance, often seen between
antibiotics sharing a common resistance mechanism, such
as efflux pump overexpression.’ Resistance to one anti-
biotic might also lead to increased susceptibility to another
antibiotic, which is referred to as collateral sensitivity.?
Although the precise mechanisms behind collateral
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sensitivity often remain elusive, past studies have provided
potential mechanistic explanations for its occurrence.? For
example, trkH mutations in Escherichia coli were found to
mediate resistance to aminoglycosides by reducing proton
motive force, hampering aminoglycoside uptake but sim-
ultaneously impairing the function of the AcrAB-TolC
efflux pump, causing trkH mutant E coli to be more
susceptible to other antibiotics.*

Exploiting the occurrence of collateral sensitivity pheno-
types in antibiotic treatment regimens has been suggested
as a promising strategy to prevent and reverse AMR.*” The
design of a collateral sensitivity-based combination therapy
involves selecting and combining drugs such that resist-
ance to one increases susceptibility to the other to overcome
antibiotic resistance.**®* Choosing an effective collateral
sensitivity antibiotic pair therefore requires information on
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Research in context

Evidence before this study

We conducted a PubMed search for studies published between
January, 2015 and September, 2025 using the terms “collateral
sensitivity”, “disjoint resistance”, “antibiotics”, “clinic”, and
“retrospective analysis”, without language restrictions. Of the
117 publications identified, only two specifically focused on
evaluating the clinical occurrence of collateral sensitivity. The first
study used antibiotic susceptibility surveillance data to investigate
minimum inhibitory concentration (MIC) patterns, but was
limited to a single-centre dataset and did not explore collateral
sensitivity across different pathogenic species, highlighting a gap
in our understanding of the clinical occurrence of collateral
sensitivity. The second study, done by our group, introduced a
tool for analysing large-scale population surveillance data to
systematically identify collateral effects linked to antibiotic
resistance.

Added value of this study
The current study provides a comprehensive overview of the
occurrence of collateral sensitivity across a wide range of

the reciprocity and magnitude of the observed collateral
effect.® Despite the promising potential of collateral
sensitivity-based therapies, questions remain about their
occurrence and applicability in clinical settings,? largely
because most collateral sensitivity studies have been done
in controlled laboratory environments. Although several
collateral sensitivity pairs, such as fluoroquinolone-
B-lactam® and cefazolin—-meropenem,' have been identi-
fied in clinical E coli isolates, the consistency of collateral
sensitivity across different pathogens remains unclear.
This consistency is essential to ensure the broader applic-
ability of a particular collateral sensitivity pair for treating a
wide range of infections." Therefore, an analysis evaluating
the occurrence, magnitude, reciprocity, and consistency of
collateral effects across diverse drug pairs and pathogen
species is needed.

In the current study we use a pooled, large-scale multi-
centre antimicrobial surveillance dataset that includes the
antibiotic susceptibility profiles of 30 pathogens, including
the ESKAPEE group pathogens (ie, Enterococcus faecium,
Staphylococcus aureus, Klebsiella pneumoniae, Acinetobacter
baumannii, Pseudomonas aeruginosa, Enterobacter spp, and
E coli).'>** Using a previously developed statistical inference
technique to identify collateral sensitivity,'® we explore the
ubiquity of antibiotic pairs demonstrating collateral sensi-
tivity across different species, supporting the potential
application of collateral sensitivity-based therapies as a
generic treatment in cases where the main pathogen
causing the infection is unknown. Additionally, we inves-
tigated whether reduced susceptibility to several antibiotics
better predicts collateral sensitivity to another antibiotic. By
investigating the collateral effect network in this dataset,
our aim is to advance understanding of the clinical

antibiotics and pathogens through analysis of large-scale
antibiotic surveillance data. The collateral effect relationships
identified in our study are made accessible through a web
application to enable further exploration of the data by clinicians
and the scientific community, thereby supporting future studies
aiming to better understand collateral antibiotic effects.

Implications of all the available evidence

The comprehensive analysis of collateral sensitivity in diverse
clinical environments presents evidence of consistent collateral
sensitivity in clinical settings and suggests the potential for the
implementation of collateral sensitivity-based therapies. Our
findings can serve as a starting point for subsequent efforts to
develop collateral sensitivity-based therapeutic strategies against
antibiotic resistance, in particular for ESKAPEE pathogens. By
demonstrating the conservation of collateral sensitivity effects
across multiple pathogens, our findings support further studies
towards the clinical evaluation of collateral sensitivity-based
combination therapies that could potentially thwart or reverse
the evolution of resistance.

prevalence of collateral sensitivity and to identify collateral
sensitivity interactions that might consistently emerge in
clinical settings.

Methods

Data source and preprocessing

For this systematic exploration of multicentre antimicrobial
surveillance data, clinical isolate minimum inhibitory
concentration (MIC) data were acquired and pooled from
three datasets, including the National Institutes of Health
(NIH;™ access date Feb 19, 2021), the Infectious Diseases
Surveillance Information System Antimicrobial Resistance
(ISIS-AR;* access date March 3, 2021), and the Anti-
microbial Testing Leadership and Surveillance (ATLAS;
access date Nov 3, 2023). Each source provided MIC values
for several pathogens, encompassing a wide range of anti-
biotic classes. Censored MIC values were imputed as fol-
lows: less-than-or-equal-to values were directly used as the
imputed MIC; and greater-than values were imputed by
doubling the reported value. Rounded MIC values were
imputed to the nearest power of 2. MIC obtained from
different measurement methods (appendix p 1) were
assumed to be equivalent. Data from the NIH database
were filtered to exclude non-clinical bacterial isolates.
Potentially overlapping entries between datasets were
removed on the basis of the reported measurement or
strain ID. For each species, the dataset was further curated
by excluding antibiotics with fewer than 100 observations,
and isolates which were only tested for one antibiotic. For
the current analysis, entries on the Acinetobacter bau-
mannii-calcoaceticus complex were pooled together with
that of Acinetobacter baumannii. MIC breakpoint values for
each antibiotic-species set were obtained from the AMR
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package" in R, using the latest published data from Euro-
pean Committee on Antimicrobial Susceptibility Testing or
Clinical and Laboratory Standards Institute. If the corre-
sponding breakpoint for the exact species was unavailable,
the closest available breakpoint value at the next higher
taxonomic level was used for analysis.

Pairwise collateral effect quantification

Collateral effect quantification was done to assess
population-wide trends in both collateral sensitivity and
collateral resistance within specific pathogen species. This
analysis was performed using the collatRal package.” The
pairwise collateral effect quantification involved two drugs
denoted as test antibiotic A and focal antibiotic B. Here, a
focal antibiotic refers to the primary drug of interest for
which resistance characteristics are being examined,
whereas test antibiotic refers to the secondary drug for
which potential collateral effect was assessed in relation to
resistance to the focal antibiotic. Analysis was done separ-
ately for each species. For each species-antibiotic pair set,
MIC data were dichotomised into groups with higher
(group Bigh-mic) and lower (group Biow.mic) MIC towards
the focal antibiotic B (figure 1). The dichotomisation
threshold (t) was set at the median MIC for antibiotic B to
ensure roughly equal group sizes with a maximum allowed
imbalance of 9:1. Collateral effect was quantified as the
mean difference of log-MIC value between the groups
BHigh-MIC and Bygw-mic.

¢A‘BHigh = 1Og2(MICA‘Bngh) - 10g2(MICA\BLow)

The identification of collateral effect was determined
by hypothesis testing with a null hypothesis of ¢=0. The
alternative hypotheses were ¢ <0 for collateral sensitivity and
>0 for collateral resistance. A false discovery rate (FDR)-
adjusted p value threshold of 0-05 was used to determine the
statistical significance of the tested collateral effect inter-
action.® A minimum absolute collateral effect size |¢p| of
0-5 was used to ensure the identified collateral effects reflecta
relevant change in antibiotic susceptibility (figure 1). All
possible antibiotic pairs were tested bidirectionally. The
prevalence of collateral sensitivity interaction between anti-
biotic classes was evaluated on the basis of the occurrence rate
of collateral sensitivity between each two antibiotic classes.

In this analysis, collateral effects were assessed solely from
antibiotic susceptibility profiles without determining
underlying mechanisms. The primary focus of this analysis
is to identify collateral sensitivity, defined as cases in which a
higher MIC for the focal antibiotic corresponds to a lower
MIC for the test antibiotic. Conversely, the term collateral
resistance is used to describe cases in which a higher MIC
for the focal antibiotic is associated with a higher MIC for the
test antibiotic without distinguishing collateral resistance
and co-resistance. Thus, we used the term collateral
resistance in this study as a general term for both events.
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Collateral effect quantification (collatRal)
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Figure 1: Collateral effect quantification workflow

Collateral effect quantification was done separately for each species and
antibiotic pair (test antibiotic A and focal antibiotic B). The top panel shows a
sample MIC distribution towards test antibiotic A between strains that have a
high or low MIC towards the focal antibiotic B. This dichotomisation into high or
low MIC for the focal antibiotic was based on the median MIC observed for that
antibiotic within the tested species. Collateral effect magnitude ¢ was calculated
as log2 ratio of the mean MIC value towards antibiotic A observed in groups with
a higher MIC (lower susceptibility) and a lower MIC (higher susceptibility) to the
focal antibiotic B. Relevant collateral effect pairs were selected based on the
magnitude of the collateral effect (¢) and statistical significance of the observed
MIC difference (FDR-corrected p value). FDR=false discovery rate. MIC=minimum
inhibitory concentration.

Quantification of three-way collateral sensitivity effects

The current analysis aims to quantify collateral effects
involving an antibiotic triplet. For each set of test anti-
biotic A and focal antibiotics B and C, the strains were
grouped into strains with a higher MIC to both B and C
(Brigh&Crign) and strains with a lower MIC to either
B or C (Brow|Crow). Three-way collateral effect of
B and C resistance to A () was quantified by the mean
difference of log-MIC value between groups By;ign&Criigh
and BL0W|CLOW'

I’DA\ (Bigh&Criigh)

= 1082(MICA|(Bmg,,&cH,‘gh)) - log, (MICA\(BLW\CLOW))

A minimum absolute three-way collateral effect size [| of
0-5 was used to identify physiologically relevant effects.

Software

Data (pre-)processing, analysis, and visualisation were
conducted in R (version 4.3.2). Standardisation of antibiotic
name, abbreviation, and classification was done using the
AMR package? in R (appendix pp 11-12).

For more on the collatRal
package see https://github.com/
vanhasseltlab/collatRal
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For more on the Collateral
effects network see https://
collateralviz.lacdr.leidenuniv.nl

Role of the funding source

The role of the funders of this study is limited to data col-
lection. The funder was not involved in data analysis, data
interpretation, or writing of the report.

Results

The analysis was performed on a MIC dataset from
5-10 million isolates pooled from the NIH (2050 isolates
[0-04%)]), ISIS-AR (4-5 million isolates [88-75%]), and
ATLAS (0-6 million isolates [11-21%]) datasets. The
ISIS-AR dataset provides extensive information for six
ESKAPEE pathogens (appendix p 2). The NIH and ATLAS
databases were incorporated to increase the diversity of
antibiotic compounds and pathogen species included in the
analysis. The pooled dataset included MIC measurements
for 86 antibiotics from human isolates measured in
30 pathogenic species (figure 2A-C; appendix pp 2, 11-12),
from 73 countries across several continents, with most entries
originating from the Americas and Europe (appendix p 2).
The dataset was not equally distributed across all species and
antibiotics. Species with the highest number of MIC meas-
urements (1) and different antibiotics (d) were E coli
(n=2-82x10% d=58), S aureus (n=1-05x10% d=51),
Kpneumoniae (n=4-97 x 10°; d=53), P aeruginosa (n=4-63 x 10%;
d=44), and Streptococcus preumoniae (n=6-61x10% d=45),
which altogether accounted for 4-89 x 10° (95-42%) isolates in
the pooled dataset. The combined dataset included
3630 antibiotic pairs (r), which when stratified by species
resulted in 12 024 species-antibiotic pairs.

We identified collateral effects in 5408 (45-0%) of the
12 024 tested species-antibiotic pairs. Despite the general
prevalence of collateral effects (figure 3A-B), collateral
sensitivity was found to be significantly less prominent
than collateral resistance (5044 [41-9%] of 12024;
figure 3B), occurring in only 364 (3:03%) of the
12024 observed species-antibiotic pairs (figures 3B-C).
This finding aligns with previous reports that also found
collateral sensitivity to be less frequent than collateral
resistance.’®® Some collateral sensitivity interactions are
specific to either Gram-positive or Gram-negative bacteria,
which might reflect the use of certain antibiotics according
to Gram-staining classification, because of different
bacterial properties between both groups (appendix p 3).

High MICs to colistin and chloramphenicol showed the
highest frequency of relevant collateral sensitivity hits
(figure 3C). Among pairs with collateral sensitivity effects
for these antibiotics, reciprocal collateral sensitivity was
found in six (3-3%) of 182 pairs for colistin and three (1-4%)
of 218 pairs for chloramphenicol (appendix p 13). Inverse
proportionality between the MICs of the focal and test
antibiotics within a collateral sensitivity pair was not
associated with collateral effect magnitude and occurred
mainly among pairs with reciprocal collateral sensitivity
(appendix p 4).

Collateral effect networks for each antibiotic pair and
species evaluated in this study are accessible through a web
application dashboard. This application enables both

general and species-specific and antibiotic-specific explo-
rations of collateral effects through interactive visualisation
tools. An example exploration of the specific collateral
sensitivity network for Haemophilus influenzae is shown in
the appendix (p 5).

Although we applied a cutoff collateral effect size || of
0-5 to select for a collateral sensitivity with a more relevant
effect on test antibiotics MIC, 43-0% of all identified collat-
eral sensitivity was associated with a two-fold reduction of
test antibiotics MIC (equivalent to ¢ < —1-0; appendix p 6).
14-2% of the identified collateral sensitivity interactions with
known MIC breakpoint value for the corresponding species
was associated with a decrease in MIC value that recate-
gorised the mean population from above to below the cor-
responding MIC breakpoint for susceptible isolates
(appendix pp 6-7).

The current analysis evaluated the prevalence of inter-
class (between-antibiotic classes) and intraclass (within-
antibiotic classes) collateral sensitivity among the identified
collateral effect network by comparing the pooled occur-
rence rates of collateral sensitivity within and between
antibiotic classes. The analysis showed that interclass col-
lateral sensitivity interactions were generally more com-
mon than intraclass collateral sensitivity, with the exception
of the p-lactam group. Within this group, intraclass collat-
eral sensitivity accounted for up to 41 (34-2%) of 120 of the
identified collateral sensitivity interactions (figure 4). Fur-
ther division of the p-lactam group into penicillin, ceph-
alosporin, and carbapenem subclasses revealed that the
prevalence of intraclass collateral sensitivity in the f-lactam
group was mainly observed within the cephalosporin sub-
class, in which 14 (21-9%) of 64 cephalosporin-resistant
isolates showed collateral sensitivity to another cephalo-
sporin (appendix p 8). Other intraclass p-lactam collateral
sensitivity interactions involving penicillin and carbapenem
were associated with increased cephalosporin susceptibility.
Antibiotics categorised under other antibacterials also
exhibited intraclass collateral sensitivity, probably because of
the integration of several smaller antibiotic classes into this
group.

To assess the consistency of collateral sensitivity occur-
rence across different pathogen species, we screened the
collateral effect network to identify collateral sensitivity
interactions that consistently emerged across multiple
species. The majority of detected collateral sensitivity
occurrences were found to be unique for one (r=220 pairs)
or shared across two (r=45 pairs) species. For example, a
strong and reciprocal collateral sensitivity between imipe-
nem and chloramphenicol was observed in S pneumoniae
strains but not in any of the other pathogenic species
(appendix p 9). Six antibiotic pairs showed consistent col-
lateral sensitivity across four pathogens (necessarily the
same four pathogens). This included azithromycinin iso-
lates with a high linezolid MIC, cefuroxime in isolates with
high MIC to tobramycin, amoxicillin—clavulanate in iso-
lates with high MIC to chloramphenicol, as well as cefa-
zolin, ampicillin, and levofloxacin in isolates with high MIC
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Figure 2: Characteristics of the pooled antimicrobial resistance surveillance data

Data was pooled from National Institutes of Health, ISIS-AR, and ATLAS datasets. (A) Number of isolates (observation sets) for each species included in the dataset. Each isolate can be associated with
several MIC measurements for different antibiotics. (B) Number of antibiotics tested on each species included in the dataset. (C) Number of MIC measurements identified for each antibiotic included in the
dataset. Antibiotics name abbreviations are listed in the appendix (appendix pp 11-12). MIC=minimum inhibitory concentration. Species included: Acinetobacter baumanii, Acinetobacter junii, Acinetobacter
Iwoffii, Bacteroides ovatus, Bacteroides thetaiotaomicron, Campylobacter jejuni, Citrobacter freundii, Enterobacter agglomerans, Enterobacter asburiae, Enterobacter cloacae, Enterococcus durans, Enterococcus faecalis,
Enterococcus faecium, Enterococcus gallinarum, Escherichia coli, Haemophilus influenzae, Klebsiella aerogenes, Klebsiella oxytoca, Klebsiella pneumoniae, Lelliottia amnigenus, Pluralibacter gergoviae, Pseudomonas
aeruginosa, Serratia liquefaciens, Serratia marcescens, Staphylococcus aureus, Stenotrophomonas maltophilia, Streptococcus agalactiae, Streptococcus pneumoniae, Streptococcus pyogenes.

to colistin (figure 5A; appendix p 9). Notably, all three pathogens, namely A baumannii, E coli, K pneumoniae, and
occurrences of collateral sensitivity in isolates showing a P aeruginosa. Among these six pairs, reciprocal collateral
high MIC to colistin were conserved across four ESKAPEE  sensitivity was observed on colistin—cefazolin pairs in
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Figure 3: Clinical occurrence of collateral effects

(A) Collateral effect size for each antibiotic pair (using |¢p] > 0-5 as threshold for relevant collateral effects, denoted by red dashed lines). All tested pairs were categorised on the basis of the direction and
reciprocity of the interaction, namely reciprocal collateral sensitivity, collateral sensitivity, and other (unidirectional and reciprocal collateral resistance as well as no collateral effect). (B) Occurrence
percentages of collateral resistance, collateral sensitivity, reciprocal collateral sensitivity, and no collateral effect across different species. The total number of antibiotic pairs tested for each species was
shown above the corresponding bars. (C) Number of collateral sensitivity pairs identified for each antibiotic. The number of species-antibiotic pairs tested for the antibiotic of interest (including no collateral
effects and collateral resistance) was shown above the bars. Antibiotics with no identified collateral sensitivity interaction were excluded. Antibiotics name abbreviations are listed in the appendix
(pp 11-12). Species included: Acinetobacter baumanii, Acinetobacter junii, Acinetobacter Iwoffii, Bacteroides ovatus, Bacteroides thetaiotaomicron, Campylobacter jejuni, Citrobacter freundii, Enterobacter
agglomerans, Enterobacter asburiae, Enterobacter cloacae, Enterococcus durans, Enterococcus faecalis, Enterococcus faecium, Enterococcus gallinarum, Escherichia coli, Haemophilus influenzae, Klebsiella aerogenes,
Klebsiella oxytoca, Klebsiella pneumoniae, Lelliottia amnigenus, Pluralibacter gergoviae, Pseudomonas aeruginosa, Serratia liquefaciens, Serratia marcescens, Staphylococcus aureus, Stenotrophomonas maltophilia,
Streptococcus agalactiae, Streptococcus pneumoniae, Streptococcus pyogenes.

A baumanii and E coli (appendix p 9). This finding suggests ~ consistent collateral sensitivity across four species: azi-
the species specificity of reciprocal collateral sensitivity. thromycin collateral sensitivity was observed in Enterococcus
None of the observed collateral sensitivity pairs were shared  faecalis, Enterococcus faecium, Streptococcus agalactiae, and
across more than four species. S pneumoniae isolates with increased MICs to linezolid and
We did a three-way collateral sensitivity to investigate the ~ meropenem (appendix p 10).

potential occurrence of complex collateral sensitivity phe-

notypes involving antibiotic triplets. The analysis identified  Discussion

3186 (4-24% of 75056 species-antibiotic triplet sets) three-  This study aimed to explore the collateral effect network and
way collateral sensitivity interactions. For comparison, identify collateral sensitivity antibiotic pairs using a large,
pairwise collateral sensitivity evaluation covered 3630 pairs, multicentre clinical surveillance dataset. Although collat-
with 281 (7-74%) pairwise collateral sensitivity interactions  eral sensitivity is typically assessed by comparing MICs
identified (figure 5B). Only one antibiotic triplet showed between parental and mutant strains,** such comparisons

6 www.thelancet.com/microbe Vol 7 April 2026


www.thelancet.com/microbe

Articles

Fols)

80

dog

o,

60

Figure 4: Prevalence of interclass and intraclass occurrence of collateral sensitivity

Frequency and direction of collateral sensitivity interactions between different antibiotic classes. Arrows (chords) originate from the focal antibiotic class (where higher
MIC was observed) and point toward the test antibiotic class (where collateral sensitivity effects were detected). The colour of the inner arc at the base of each arrow
corresponds to the antibiotic class of the test antibiotic (the class at which the arrow ends), whereas the colour of the outer arc represents the antibiotic class at each
segment of the circle. The width of each arrow chord is proportional to the number of detected collateral sensitivity interactions between the focal and test antibiotic
classes. Numbers at the outer arcs indicate the total number of detected collateral sensitivity interactions either originating from (start) or received by (end) each
antibiotic class. Penicillins, cephalosporins, and carbapenems were grouped as B-lactams; no observed collateral sensitivity involved monobactams. The class of other
antibacterials includes chloramphenicol, daptomycin, fosfomycin, fusidic acid, metronidazole, mupirocin, nitrofurantoin, sulfamethoxazole, sulfisoxazole, trimethoprim,

trimethoprim and sulfamethoxazole, and zidebactam.

are challenging in clinical surveillance datasets because of
the frequent scarcity of isolate lineage information. To
address this gap, we focused on species-wide trends. Here,
collateral sensitivity was identified from consistent patterns
in which a lower MIC to the test antibiotic was associated
with a higher MIC to the focal antibiotic across more than
100 isolates of the same species (figure 1). Such a pattern
indicates an underlying trade-off in antibiotic susceptibility,
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which by definition constitutes collateral sensitivity. Con-
versely, if the two MICs varied independently, no statistic-
ally significant association would be expected in the
aggregate data. By systematically identifying antibiotic
pairs with consistent collateral sensitivity, our analysis
pinpoints those most likely to produce reproducible col-
lateral sensitivity in clinical settings, a crucial consideration
for collateral sensitivity-guided therapies.®
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Figure 5: Magnitude and bacterial species distribution of consistent collateral sensitivity pairs

(A) Consistency of two-antibiotics collateral sensitivity. The collateral sensitivity interactions were considered consistent if the effect was observed in at least four
different species. A threshold collateral effect size of || > 0-5 was applied (dashed red and blue lines). Drug label colours denote the different antibiotic classes between
which collateral sensitivity effects were detected. The number of species shown for each antibiotic pair might vary on the basis of data availability, given that species with
fewer than 100 MIC measurements for a given pair were excluded from the analysis. (B) Occurrence rate between consistent two-way collateral sensitivity across all
tested antibiotic pairs and three-way collateral sensitivity across all tested triplets. The number of antibiotic pairs and triplets is denoted by r. Two-way collateral
sensitivity constituted of collateral sensitivity interactions involving two antibiotics, and three-way collateral sensitivity constituted of collateral sensitivity interactions
involving three antibiotics. Two-way collateral sensitivity was examined in 3630 antibiotic pairs and three-way collateral sensitivity in 75 056 antibiotic triplets.

The y-axis represents the occurrence as a percentage of the total number of antibiotic pairs and triplets that showed shared collateral sensitivity across one, two, three,

and four species. Antibiotic name abbreviations are listed in the appendix (pp 11-12).

Our analysis does not capture all collateral sensitivity
phenotypes within a pathogen species. Instead, it identifies
only those that consistently emerge across isolates of each
tested species. Thus, our approach may only flag collateral
sensitivity phenotypes driven by either a single, highly
prevalent resistance mechanism, or by several mechanisms
that lead to the same phenotype in clinical settings.

Consequently, this approach might limit the current ana-
lysis in identifying collateral sensitivity pairs that can be
reliably evolved in the laboratory but are less prevalent in
clinical settings, probably because of the more diverse and
uncontrolled evolutionary trajectories found in clinical
environments.?*?' For example, aminoglycoside collateral
sensitivity consistently emerged in ciprofloxacin-resistant
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P aeruginosa during adaptive laboratory evolution,'?* but
this interaction was not detected in our clinical dataset,
suggesting it might not be as consistent in real-world set-
tings. Adaptive laboratory evolution studies linked amino-
glycoside collateral sensitivity in ciprofloxacin-resistant
strains to mutations in gyrA-B, mexS (mexEF-oprN) and
nfxB (mexCD-opr])."” This absence might be due to the
presence of alternative ciprofloxacin resistance mecha-
nisms that do not confer aminoglycoside collateral sensi-
tivity, the occurrence of escape mutations that negate
aminoglycoside collateral sensitivity in ciprofloxacin-
resistant strains, or epistatic interactions between the
genetic background and specific mutations that resulted in
pleiotropic effects. Together, these factors highlight the
complexity of translating laboratory collateral sensitivity
observations to clinical contexts and help explain the rarity
of collateral sensitivity in clinical settings, where environ-
mental conditions drive variable evolutionary trajectories.

Seven consistent collateral sensitivity pairs (six pairwise
and one three-way collateral sensitivity) were identified.
These collateral sensitivity pairs were conserved across four
pathogenic species. The rarity of conserved collateral sen-
sitivity, particularly across species, might partly reflect
interspecies differences in pathogen physiology and gen-
etic background,"** which can in turn influence the
development of pleiotropic effects, including collateral
sensitivity. Given the high prevalence of ESKAPEE patho-
gens in clinical settings, these consistent collateral sensi-
tivity interactions may offer a strategic advantage in
developing collateral sensitivity-based therapies.

Elevated MICs for colistin were consistently associated
with reduced MICs toward ampicillin, cefazolin, and levo-
floxacin across all Gram-negative pathogens in which these
pairs were tested (figure 5A). Notably, the association
between colistin resistance and increased susceptibility to
other antibiotics has also been highlighted in previous
studies.*** One study pinpointed the mechanism of this
collateral sensitivity phenotype in colistin-resistant Gram-
negative bacteria as loss of the lipopolysaccharide layer,
which increases membrane permeability and susceptibility
to other antibiotics.* These findings suggest a shared col-
lateral sensitivity mechanism across colistin-resistant
Gram-negative pathogens. The alignment between previ-
ous laboratory studies and current clinical observations
underscores these collateral sensitivity pairs as both
mechanistically characterised and clinically prevalent.
Therefore, future studies are encouraged to explore the
clinical potential of these collateral sensitivity pairs in
combination therapies and to further investigate the
occurrence of similar collateral sensitivity phenotypes in
other clinically relevant Gram-negative pathogens.

A high number of collateral sensitivity interactions were
identified in pathogens showing elevated MIC towards
chloramphenicol (figure 3C). This includes three reciprocal
collateral sensitivity interactions between chloramphenicol
and three p-lactam antibiotics, including amoxicillin—
clavulanate and imipenem in S pneumoniae as well as
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cefpirome in K pneumoniae (appendix p 13). This finding is
in line with a previous finding of chloramphenicol collateral
sensitivity in several pathogen species,” and the mechanis-
tically characterised chloramphenicol resensitisation
observed in extended-spectrum f-lactamase-producing
pathogens.” Thus, future studies are encouraged to further
characterise the underlying mechanisms and pharmacody-
namics collateral sensitivity pairs involving chloramphenicol
and f-lactams.

Three-way collateral sensitivity interaction was uncom-
mon in this dataset (figure 5B). The low number of iden-
tified interactions could partly reflect the limited
measurements available for each antibiotic triplet and the
stricter penalties introduced by FDR correction compared
with pairwise analyses. One three-way collateral sensitivity,
azithromycin collateral sensitivity in isolates with elevated
linezolid and meropenem MICs, was conserved across four
species. Although this triplet shows potential as a candidate
for three-way collateral sensitivity-based therapy, further
investigation is needed to assess its clinical utility.

Collateral sensitivity is often assumed to occur primarily
between antibiotic pairs from different classes.?” Consistent
with this expectation, our analysis found that collateral
sensitivity interactions were predominantly identified
between antibiotics of different classes, with the notable
exception of p-lactams (figure 4). Within the p-lactam class,
we observed a higher frequency of intraclass collateral
sensitivity interactions, particularly among cephalosporins
(appendix p 8). The prevalence of intraclass collateral sen-
sitivity within B-lactams may be related to the evolutionary
constraints imposed by p-lactamase evolution.” Further
research is needed to clarify the mechanisms underlying
the apparent exclusivity of intraclass collateral sensitivity
interactions among p-lactams.

This analysis used pooled MIC data from NIH, ISIS-AR,
and ATLAS datasets. The ISIS-AR dataset provides dense
information on six ESKAPEE pathogens in the Netherlands,
whereas the NIH and ATLAS dataset contribute data on a
broader range of species, antibiotics, and geographic regions
(appendix p 2). Nevertheless, uneven coverage across anti-
biotics and pathogens remains in the pooled dataset, limit-
ing our ability to identify collateral sensitivity interactions for
under-represented species and antibiotics. Moreover, the
much larger size of the ISIS-AR dataset means that data for
certain pathogens are dominated by measurements from
the Netherlands, especially for S aureus (89-4%) and E coli
(97-2%). As such, the outcomes for these two species may
predominantly reflect phenotypes common in Dutch din-
ical settings. Future studies incorporating more regionally
diverse datasets could further assess the generalisability of
the currently identified collateral effect profiles for these two
pathogens.

The reliance of the current analysis on MIC values may
introduce several limitations. The standard two-fold dilu-
tion used in MIC assays, combined with the imputation of
MIC values required when results are reported as greater-
than or less-than-or-equal values, can lead to
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overestimation or underestimation of actual antibiotic
susceptibility. Consequently, this study may only approxi-
mate, and not precisely capture, the magnitude of collateral
effects. Nonetheless, MIC remains the most widely avail-
able and practical metric for large-scale surveillance and for
identifying collateral effects in clinical settings. Subsequent
studies aiming to further characterise selected collateral
sensitivity pairs identified in the current analysis may
benefit from alternative metrics that offer higher resolution
and accuracy in measuring antibiotic susceptibility, such as
the concentration to inhibit bacterial growth by 50% or the
bactericidal effect concentration to achieve half-maximal
bactericidal effect.

This analysis focused on identifying antibiotic pairs with
conserved collateral sensitivity across several pathogens.
However, the dataset also supports targeted investigations
of the collateral effect network. To facilitate this, the col-
lateral effect network is available online for further
exploration of pathogen-specific or antibiotic-specific
patterns.

In summary, this large-scale analysis contributes to our
understanding of collateral effects by evaluating their
occurrence in clinical settings. By highlighting collateral
sensitivity interactions conserved across several pathogens,
our study supports further efforts for developing collateral
sensitivity-based therapies that can be effective across a
broader range of pathogens. Altogether, these findings
support ongoing efforts to translate collateral sensitivity-
based strategies into clinical practice to help combat
antibiotic resistance.
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