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Cefiderocol heteroresistance associated with mutations in TonB-
dependent receptor genes in Pseudomonas aeruginosa of
clinical origin
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ABSTRACT The siderophore-cephalosporin cefiderocol (FDC) presents a promising
treatment option for carbapenem-resistant (CR) P. aeruginosa (PA). FDC circumvents
traditional porin and efflux-mediated resistance by utilizing TonB-dependent receptors
(TBDRs) to access the periplasmic space. Emerging FDC resistance has been associated
with loss of function mutations within TBDR genes or the regulatory genes control-
ling TBDR expression. Further, difficulties with antimicrobial susceptibility testing (AST)
and unexpected negative clinical treatment outcomes have prompted concerns for
heteroresistance, where a single lineage isolate contains resistant subpopulations not
detectable by standard AST. This study aimed to evaluate the prevalence of TBDR
mutations among clinical isolates of P. aeruginosa and the phenotypic effect on FDC
susceptibility and heteroresistance. We evaluated the sequence of pirR, pirS, pirA, piuA, or
piuD from 498 unique isolates collected before the introduction of FDC from four clinical
sites in Portland, OR (1), Houston, TX (2), and Santiago, Chile (1). At some clinical sites,
TBDR mutations were seen in up to 25% of isolates, and insertion, deletion, or frameshift
mutations were predicted to impair protein function were seen in 3% of all isolates (n
= 15). Using population analysis profile testing, we found that P. geruginosa with major
TBDR mutations were enriched for a heteroresistant phenotype and undergo a shift in
the susceptibility distribution of the population as compared to susceptible strains with
wild-type TBDR genes. Our results indicate that mutations in TBDR genes predate the
clinical introduction of FDC, and these mutations may predispose to the emergence of
FDC resistance.
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M ultidrug-resistant (MDR) Pseudomonas aeruginosa (PA) is a priority antimicrobial Pittsburgh, Pennsylvania, USA

resistant (AMR) pathogen with an estimated mortality impact of 2,700 hospital-
ized US patients per year (1, 2). Moreover, rates of MDR P. ageruginosa in hospitalized
and critically ill patients are rising, increasing dependence on last-line agents such as
the novel cephalosporin cefiderocol (FDC). Emerging clinical data have raised concerns WM. has received grant support from Merck and
about the reliability of FDC antimicrobial susceptibility testing (AST) and the translation ;:;y;lf;;g;g%TE;::TEﬁ:oza;arjzefjoff{igi
of in vitro susceptibility data to clinical efficacy (3, 4). Despite high rates of laboratory- dliscllosa,
reported susceptibility in carbapenem-resistant (CR) pathogens, a numerical increase
in mortality was seen among patients randomized to cefiderocol-based therapy versus
polymyxin-based combination therapy in a phase 3 study (5). Further, clinical isolates of
P. aeruginosa that test susceptible by routine AST have been described to rapidly develop
cefiderocol resistance upon drug exposure (6-8). These data emphasize a need to define
microbiologic and clinical risk factors for cefiderocol treatment failure.

Address correspondence to William R. Miller,
wrmiller@houstonmethodist.org.

See the funding table on p. 14.

Received 29 January 2024
Accepted 1 June 2024
Published 12 July 2024

Copyright © 2024 American Society for
Microbiology. All Rights Reserved.

August 2024 Volume 68 Issue 8 10.1128/aac.00127-24 1


https://crossmark.crossref.org/dialog/?doi=10.1128/aac.00127-24&domain=pdf&date_stamp=2024-07-12
https://doi.org/10.1128/aac.00127-24
https://doi.org/10.1128/ASMCopyrightv2

Full-Length Text

Bacterial heteroresistance has been suggested as one potential explanation for
the discordance in microbiologic susceptibility data and clinical outcomes (9). Hetero-
resistance describes a phenomenon whereby minority subpopulations of an isolate
display an antibiotic-resistant phenotype below the detectable limits of standard clinical
microbiology techniques. Under antimicrobial pressure, these low-frequency resistant
subpopulations survive antibiotic killing and continue to expand, potentially leading to
recurrent infection and the emergence of resistance and associated treatment failure (10,
11). Heteroresistance to cefiderocol has been reported in association with P. aerugi-
nosa infections where an initial isolate tested susceptible by standard antimicrobial
susceptibility testing, but cefiderocol non-susceptibility later emerged (12). However, the
mechanisms underlying this phenotype remain poorly understood.

As a catechol conjugated cephalosporin, cefiderocol functions under the guise of an
iron-siderophore and circumvents traditional drug resistance pathways by binding iron
and utilizing TonB-dependent receptors (TBDRs) to enter the periplasmic space (13-16).
In P. aeruginosa, there are two putative TBDRs that contribute to the vast majority of
cefiderocol uptake, namely PirA and PiuA (with some strains possessing the ortholog
PiuD instead of PiuA) (15, 16). Import of catechol siderophores by these TBDRs leads to
activation of the PirRS two-component sensor system that promotes a positive-feedback
loop on transcription of pirA and piuA/piuD resulting in increased production of the
catechol-siderophore receptors (17). Expression of pirA is tightly controlled via phosphor-
ylation of the response regulator PirR via the histidine kinase PirS. Of note, there is a basal
level of constitutive expression of piuA even in the absence of PirS.

Clinical and in vitro data suggest resistance to catechol-conjugated antibiotics
emerges when both PirA and PiuA/D become non-functional either via direct mutations
in piuA/D and pirA or via mutations in pirS or pirR that decrease the expression of
these TBDRs (6, 8, 15). However, while in vitro minimum inhibitory concentrations (MICs)
required for P. aeruginosa killing are elevated with the loss of a single system (e.g. PirA or
PiuA), overt resistance to catechol-conjugated antibiotics does not emerge when single
transporter isogenic P. aeruginosa knockouts have been generated (18). Thus, underlying
mutations in these pathways may not be recognized using conventional AST despite
their serving as a potential first step in the emergence of cefiderocol resistance.

To date, no study has investigated the clinical prevalence of mutations in genes
encoding the PirA, PiuA/D, and PirRS proteins among clinical isolates of P. aeruginosa.
Here, we investigate the prevalence of mutations in these genes across geographically
diverse sets of clinical isolates and assess the impact of these mutations on cefiderocol
susceptibility and their association with heteroresistance.

RESULTS

Prevalence of mutations in the PirRS and PiuA/D pathways from clinical
isolates of P. aeruginosa

To evaluate the frequency of mutations in the PirRS and PiuA/D pathways, we utilized
a collection of isolates for which sequencing data were available from four distinct
geographic locations and patient populations: (i) a general hospital in Houston, Texas;
(ii) a cancer hospital in Houston, Texas; (iii) a general hospital in Portland, Oregon;
and (iv) an urban hospital in Santiago, Chile (19, 20). All isolates were collected prior
to the introduction of cefiderocol. Overall, non-synonymous single nucleotide polymor-
phisms (SNPs) were present in between 5% and 30% of the evaluated TBDR components
across all isolate libraries (Fig. 1A). Major pirRS and piuA/D mutations likely to have a
significant impact on protein function, defined as a nucleotide change leading to an
amino acid insertion or deletion, frameshift, or premature stop codon, were detected
only in hospitals from Houston, TX and not in isolates from Portland, Oregon, or Chile.
In Houston general hospital isolates, pirR had the highest frequency of probable loss of
function mutations with nine isolates (4.7%) exhibiting insertion, deletion, or frameshift
mutations, and one (0.5%) harboring an early stop codon at amino acid 26 (Fig. 1B).
The pirR frameshift mutations occurred in a stretch of seven guanine residues from
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FIG 1 TonB-dependent receptor mutant prevalence across four clinical populations of Pseudomonas aeruginosa. (A) Prevalence of mutations in the genes

encoding the PirA and PiuA/D cefiderocol import. (B) Distribution of major mutations, defined as those resulting in a frameshift (fs), insertion (ins), deletion (del),

and/or early stop codon.

nucleotide positions 389 to 395 (amino acid position 132 or 133), resulting in multiple
missense mutations with premature termination of the protein at amino acid position
165. This would be predicted to lead to the loss of the DNA binding domain of the
response regulator, which covers amino acid positions 138-237, based on sequence
homology with other OmpR/PhoB-type proteins. For piuA/piuD, approximately 1% of
isolates had insertion, deletion, or frameshift mutations. Isolates obtained from the
Houston cancer hospital had a similar distribution of changes in TBDR genes to those
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from the general hospital within the same city. Nearly 2% of Houston, TX cancer hospital
isolates had insertion, deletion, frameshift, or early stop codon mutations, and one
isolate had an early stop mutation within pirR (Fig. 1B).

Characterization of major TBDR mutations

To characterize the impact of the identified major mutations in TDBR genes on suscepti-
bility to cefiderocol, all 12 isolates harboring major mutations in the Houston, TX general
hospital collection underwent testing by both broth microdilution in ID-MH media and
by disk diffusion testing (Table 1). The diversity in the observed number of sequence
types (STs) suggested that isolates with major TBDR mutations were not representative
of clonal expansion, although 5 of the 12 isolates belonged to one of three high-risk
clonal lineages (ST235, n = 1; ST111, n = 2; and ST274, n = 2). The laboratory strain
P. aeruginosa PAO1 and five carbapenem-resistant isolates from the high-risk lineages
ST235 and ST111 with wild-type TBDR sequences were used as controls. Broth microdilu-
tion results of major TBDR mutants characterized one isolate as resistant (C1408, FDC
MIC 16 pg/mL) and one as intermediate (C1418, FDC MIC 8 pg/mL) by CLSI susceptibil-
ity criteria (Table 1). Notably, the resistant isolate possessed a variant of the OXA-15
beta-lactamase with a G150S amino acid substitution, while the intermediate isolate had
the pseudomonal-derived cephalosporinase (PDC)-205 variant. Both isolates were also
non-susceptible by disk diffusion with zone diameters of 13 mm and 12 mm for C1408
and C1418, respectively. The remaining 10 of 12 TBDR isolates and all control isolates
tested susceptible by both broth microdilution and KB disk diffusion (Table 1).

Evaluation of heteroresistance by population analysis profiling

Heteroresistance, or the presence of a subpopulation of bacterial cells with a reduced
antimicrobial susceptibility, has been described for B-lactam antibiotics including
cefiderocol, although the specific mechanisms responsible for this phenotype have not
been identified (21). We sought to evaluate if the presence of major mutations in the
TBDRs mediating cefiderocol uptake was associated with heteroresistance using an agar
dilution population analysis profile (PAP) method. Both isolates identified as non-suscep-
tible by standard susceptibility criteria were also identified as resistant using PAP. Among
the remaining 10 TBDR mutants, PAP studies identified four isolates as heteroresistant
and six isolates as susceptible. All five susceptible controls tested susceptible per agar
dilution PAP tests (Fig. S1), and there were no significant differences in the starting
inoculums between the susceptible and heteroresistant strains (3.62 x 10° CFU/mL vs
2.21 x 10° CFU/mL, P = 0.30).

Area under the curve (AUC) analyses showed a statistically significant difference in
the AUC of susceptible, resistant, and heteroresistant isolates, and these results were
consistent regardless of inoculum. The mean AUC for heteroresistant and for susceptible
isolates was 111.2 (95% Cl: 89.29-133.2) and 63.5 (95% Cl: 49.88-75.19), respectively. This
mean difference was statistically significant (two-sided t test, P = 0.0087). The PAP-AUC
results were similar when performed with a controlled inoculum of approximately 2
x 10® CFU/mL on a subset of the isolates. Controlled inoculum studies performed in
triplicate showed a mean AUC of 104.9 (95% Cl: 85.72-119.4) for the heteroresistant
isolates, and of 61.7 (95% Cl: 48.68-71. 07) for the susceptible isolates (P = 0.0061, Fig. 2A
and B).

Heteroresistance is not an artifact of agar iron content

Previous studies have suggested that the iron in the MH agar media is bound in such a
way that the locally available concentrations are low and mimic an iron-deficient
environment (22, 23). However, there are potential concerns that the presence of excess
iron may lead to difficulties in interpreting cefiderocol susceptibility (3, 24, 25). To verify
that the differences in population survival seen on agar dilution PAP were not an artifact
of the iron content of the media, we performed killing assays across the same cefiderocol
concentrations using a controlled inoculum in ID-MH broth. All four heteroresistant
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TABLE 1 Summary of TBDR mutant backgrounds including specific TBDR mutations, sequence types, additional beta-lactamase properties, and cefiderocol
broth microdilution susceptibility test results

Strain ST PDC variant Pre-existing PirA/PiuA  ID-CA-MHB  PAP phenotype (AUC)  24-Hour FDC 48-Hour FDC
pathway mutations MIC (pg/mL) Kirby-Bauer disk Kirby-Bauer disk
diameter (mm) diameter (mm)
TBDR
mutants
C1308 ST308 PDC-37 Frameshift in pirR <0.5 Susceptible (67.2)° 34 34
C1364 ST633 PDC-3 Deletion of glycine at <0. Susceptible (68.9)° 28 25
amino acid position 415
in PiuA
C1408 ST235 PDC-35 Insertion of glycineat 16 Resistant (160.1)° 13 10
amino acid position 131
in PirR
c1417 ST111 PDC-3 Frameshift in pirR <0.5 Susceptible (60.9)° 26 26
C1418 Novel PDC-205 Frameshift in pirR 8 Resistant (155.6) 12 1
C1526 ST111 Novel (A46D; T79A; Frameshift in pirR <0.5 Heteroresistant (109.0)* 25 22
E221K)
C1814 Novel PDC-1 Frameshift in pirR 1 Heteroresistant (125.7) 24 16
C1933 Novel PDC-1 Frameshift in pirR <0.5 Susceptible (66.9)° 26 24
C4587 ST274 PDC-24 Frameshift in pirR <0.5 Heteroresistant (96.3)° 23 22
C4593 ST274 PDC-24 Frameshift in pirR <0.5 Heteroresistant (88.6)° 26 26
C4595 ST870 PDC-3 Deletion in glycine at 2 Susceptible (69.3) 25 23
amino acid position 415
in PiuA
C4702 ST3948-SLV PDC-31 Frameshift in pirR 1 Susceptible (76.6) 28 25
Control
strains
PAO1 ST549 PDC-1 Reference <0.5 Susceptible (40.64)° 30 28
C1273 ST235 PDC-35 Wild type <0.5 Susceptible (65.54)° 33 32
C1435 ST235 PDC-35 Wild type <0.5 Susceptible (65.6) 29 28
C1275 ST111 PDC-3 Wild type <0.5 Susceptible (52.1) 33 33
C1433 ST111 PDC-3 Wild type <0.5 Susceptible (52.5) 32 32
C1363 ST235 PDC-35 Wild type <0.5 Susceptible (60.7) 31 25

qndicates isolate area under the curve calculations (AUC) from controlled inoculum in triplicate (~5 x 108 CFU/mL), all others from overnight inoculum (~2 x 10° CFU/mL).
AUC values from controlled inoculum did not differ statistically from values obtained from high inoculum runs (P value = 0.62 for heteroresistant isolates, P value= 0.95
for susceptible isolates). FDC, cefiderocol; ID-CA-MHB, iron-depleted cation-adjusted Mueller Hinton broth; MIC, minimum inhibitory concentration; PAP, population analysis
profile; PDC, Pseudomonas-derived cephalosporinase; SLV, single locus variant; ST, sequence type; TBDR, TonB-dependent receptor.

isolates (C1526, C1814, C4587, and C4593) were assessed for heteroresistance detection
in iron-depleted media as compared to control laboratory strain PAO1 and a susceptible
clinical control with wild-type TBDR genes (C1273). All four isolates deemed heteroresist-
ant per agar-dilution PAP-AUC method maintained a heteroresistant phenotype with
AUCs ranging from 91.4 to 125.7 and logjg change in CFU/mL ranging from —3.23 to
—5.28 at 16 pg/mL (Fig. 2C and D). Compared to control PAO1, both C1526 and C1814
had significantly higher growth at all FDC concentrations 4, 8, and 16 ug/mL (P value at
16 png/mL 0.0055 and <0.0001, respectively; Fig. 2). Both the clinical control C1273 and
laboratory strain PAO1 remained fully susceptible, with a greater than 6 logqg decrease in
CFU/mL at 16 pg/mL. While the mean change in CFU/mL of isolates C4593 and C4587
remained higher than the 6 logq cutoff for heteroresistance, the growth difference as
compared to both control strains did not reach statistical significance (Fig. 2D).

August 2024 Volume 68 Issue 8 10.1128/aac.00127-24 5


https://doi.org/10.1128/aac.00127-24

Full-Length Text

A

w

0 -
", -
Initial Inoculum - ik
10M =1 2
1010 . £ T .
100+ g g g 2 L
10 o8 t's -4 o
106 = <& -
D -6-r---\\g----% R ST hR
105+ p=0.53 o b4
10:_ g o © w -
03+ | T
1024 -8 * A
101 B
100 — T -10 T T T -
susceptible heteroresistant 0 4 8 16 o
[FDC] pg/mL o
Initial Inoculum o
1011 —
1010 <z el
109 E
108 - 2 A
. [T
107 et e ... %) v
106 =
1054 L 1 o hR
104 o
103 p=0.28 = @
102_
101_
100 T T -10 T T T
&,\W ' ‘},,o“ 0 4 8 16
& & [FDC] pg/mL
9"6 £

FIG 2 Heteroresistance phenotype associated with TBDR mutations is present independent of the iron state of growth
media upon cefiderocol exposure and with controlled inoculum. (A) Comparison of starting inoculum after adjusting to 0.5
McFarland (ODgpg nm 0.08-0.1) for (B) population analysis profile performed by agar dilution on ascending concentrations
of cefiderocol in Muller-Hinton agar. (C) Comparison of starting inoculum for (D) population analysis performed by growth
of strains with ascending cefiderocol concentrations in iron-depleted Mueller-Hinton broth. Dashed line marks the cutoff for
heteroresistance (hR). Error bars represent standard deviation of three independent runs. Asterisk above each point represents
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C1814 (hR)
C1526 (hR)
C4587 (hR)
C4593 (hR)
PAO1 (S)
C1273 (S)
C1308 (S)
C1364 (S)
C1417 (S)
C1933 (S)

PAO1 (S)
C1273 (S)

C1408 (R)

C1814 (hR)
C4593 (hR)
C4587 (hR)
C1526 (hR)

the statistical difference from PAO1 at each indicated concentration. **, P < 0.01; ****, P < 0.0001; ns, non-significant.

Heteroresistance is associated with a change in the population MIC distribu-
tion after exposure to cefiderocol

To assess whether the heteroresistance phenotype was associated with changes in
susceptibility to cefiderocol, we sampled isolates from the original strain populations
grown in ID-MH broth before and after exposure to cefiderocol at 4 pg/mL (suscepti-
ble breakpoint) and 16 pg/mL (resistant breakpoint). Growth of subcultured colonies
from the heteroresistant isolates demonstrated a general shift in the MIC distributions
that correlated with the parent isolate AUC measurements (Fig. 3). Isolate C1814 (AUC
125.8) demonstrated growth of colonies at both 4 and 16 pg/mL and had a statistically
significant increase in MIC after cefiderocol exposure compared to both susceptible
controls PAO1 and C1273 (P value = 0.024 and 0.017, respectively). Isolates C1526 (AUC
109) and C4587 (AUC 99.6) also demonstrated growth of colonies at 4 and 16 pg/mL,
with a broadened MIC distribution after cefiderocol exposure. A small number of isolates
from the post-exposure population displayed MICs in the 2-4 ug/mL range, compared
to 0.5-1 pg/mL in the parent population, although these changes were not statisti-
cally significant. Colonies from PAO1 were recovered from both the 4 and 16 pg/mL
cefiderocol growth condition, but the overall distribution of MICs between exposed
and unexposed populations was similar and no isolates with an MIC of greater than
1 pg/mL were recovered. The susceptible clinical strain C1273 did not demonstrate any
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breakthrough growth at a cefiderocol exposure of 16 pg/mL, and all recovered isolates at
lower concentrations had an MIC of <0.5 pg/mL.

Emergence of FDC resistance is associated with loss of fptA and changes in
genes related to iron acquisition and drug efflux

Paired whole-genome sequencing and SNP analysis were performed on isolate C1814
and two derivative colonies with increases in MIC above the susceptibility breakpoint
recovered after exposure to FDC: C1814-8 pg/mL and C1814-16 pg/mL. There were
34 non-synonymous SNPs shared between the post-FDC exposure isolates, 102 unique
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changes in C1814-8 pug/mL and 117 unique changes in C1814-16 pg/mL (Table S1).
Both C1814-8 ug/mL and C1814-16 ug/mL acquired either a stop codon or frameshift
mutation in the gene encoding the pyochelin receptor fptA, as well as missense
mutations in the pyoverdine synthesis genes pvdl and pvdJ, and the periplasmic ferric
iron-binding protein hitA. C1814-16 ug/mL lost the original pirR frameshift mutation seen
in parent C1814 and acquired a new early stop codon mutation in the piuA TBDR. In
addition, C1814-16 ug/mL acquired missense mutations in femR (sigma factor for the
ferric-mycobactin receptor), muxA (an RND-type efflux pump), and tonB1. C1814-8 ug/mL
was also noted to have a frameshift in rocS7 (known to repress MexAB-OprM) and phu$S
(heme-binding protein), insertion in efhP (which regulates a number of iron acquisition
genes), and a missense mutation in PA0192 (predicted to encode a TBDR), among others
(26, 27).

Kirby-Bauer disk diameter correlates with heteroresistance as determined by
PAP-AUC

The heteroresistant phenotype is not identified on routine antimicrobial susceptibility
testing, and population analysis is a time and labor-intensive method that is not
practical for the clinical microbiology laboratory. We noted on disk diffusion testing
that heteroresistant isolates were more likely to have breakthrough colonies or dual
concentric halos as compared to susceptible isolates, and that these were more
pronounced on incubation at 48 h. Thus, we sought to investigate whether disk diffusion
diameters correlated with PAP-AUC results. At 24 h, the PAP-defined heteroresistant TBDR
mutant isolates had significantly smaller KB disk diameters when compared to TBDR
mutants with a PAP-defined susceptible phenotype and the wild-type TBDR controls
(Fig. 4A). The mean 24-h KB disk diameter for heteroresistant isolates was 24.5 mm
versus an average disk diameter of 29.3 mm for susceptible isolates (P-value = 0.014).
The mean 48-h KB disk diameters showed a similar distinction between heteroresist-
ant and susceptible isolates, with an average of 21.5 mm for heteroresistant isolates
versus 27.9 mm for their susceptible counterparts (P value = 0.013, Fig. 4B). Linear
regression was performed by plotting each isolate disk diffusion diameter against the
AUCs obtained from the initial PAP screen. Both 24-h and 48-h KB disk diameter results
correlated strongly with AUC measurements (R* = 0.82 and 0.80, respectively), suggesting
a simple modification of disk diffusion testing may be a useful screening method to
identify heteroresistant isolates.

DISCUSSION

Cefiderocol has in vitro activity against many MDR-Gram-negative organisms, including P.
aeruginosa, and has become an increasingly utilized salvage therapy for Gram-negative
organisms resistant to most other B-lactam antibiotics (28). Resistance to FDC in P.
aeruginosa, while uncommon, has been described in association with several factors,
including the alteration of the outer membrane TBDRs or the signaling pathways that
control their expression, acquisition of exogenous B-lactamases, mutations in penicillin-
binding protein 3 (PBP3), and changes in the intrinsic PDC enzyme that may alter the
hydrolytic activity of the B-lactamase toward FDC (29). We hypothesized that alterations
of the TBDR pathway may function similary to other porin mutations, restricting the
import of the antibiotic to the periplasmic space. While several studies have investigated
the presence of TBDR pathway mutations in clinical isolates, these have generally been
limited in the number and geographic representation of isolates included (7, 8, 30, 31).In
this study, we evaluated 498 clinical isolates of P. aeruginosa collected across three
diverse geographic regions and four unique clinical sites prior to the introduction of
cefiderocol. We found pre-existing mutations within the PirA and PiuA/D pathways in up
to a quarter of genomes. Importantly, changes likely to have an impact on protein
function, including insertion, deletion, or frameshift mutations within the TBDR target
genes pirA, pirS, pirR, and piuA/D were seen at rates up to 5.7% of carbapenem-resistant P
aeruginosa isolates from one center, despite no prior cefiderocol exposure. Probable loss
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of function mutations displayed a geographic predisposition among clinical sites,
occurring only in isolates from two different tertiary healthcare facilities in Houston, TX,
where broad antimicrobial exposures are not uncommon. The isolates were from a
diverse set of sequence types, suggesting clonal expansion of a single isolate at one
center did not appear to explain the geographic distribution of mutations. A number of
additional individual SNPs were prominent throughout each center independent of the
geographic location of isolates. The specific factors driving the selection of mutations in
the TBDR genes are unknown. Further studies are needed to elucidate the clinical risk
factors and geographic predispositions for isolates with TBDR mutations.

Notably, mutations in any single pathway are rarely linked to overt FDC resist-
ance, suggesting that a combination of factors is needed for the resistant phenotype
to emerge. Our data further support the hypothesis that individual TBDR pathway
mutations play a partial or first-step role in the evolution of cefiderocol resistance among
clinical isolates. This is consistent with previously published in vitro data that suggest the
impact of a lone pirA mutation on FDC susceptibility is limited, but substantial increases
in MIC may occur when changes in PirA occur alongside other TBDR gene mutations
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(e.g., piuA/D) or changes in PDC that may expand its hydrolytic activity against FDC
(6, 8, 15). Independently, loss of PiuA/D appears to have a more substantial impact
on cefiderocol susceptibility, leading to MIC increases from 0.5 to 8 ug/mL; however,
compound mutations involving both the PirA and PiuA cefiderocol TBDR pathways
consistently displayed even higher MICs in the =16 pg/mL range (15, 16). In this study,
the most frequently observed major mutation was a frameshift mutation leading to a
premature stop codon in the pirR gene, and similar mutations have been described
in P. aeruginosa of clinical origin (6, 8). Interestingly, expression of pirA seems to rely
on induction via catechol substrate recognition by PirS, while piuA is constitutively
expressed in a PirR-dependent manner (17). Thus, loss of a functional PirR would be
predicted to impair the expression of two of the major TBDRs involved in FDC uptake,
and the presence of this mutation in clinical isolates would be of concern for the
emergence of resistance. Indeed, isolates that were non-susceptible to FDC emerged
in the C1814 background after a single 24-h passage in the presence of this antibiotic.
This was associated with loss of the pyochelin receptor FptA, changes in the genes
responsible for pyoverdine synthesis, as well as mutations that may impact the efflux
pumps MexAB-OprM and MuxAB-OpmB, which have all been implicated in the FDC
resistance phenotype previously (29, 32, 33). Prior studies have also shown that isolates
with exposure and resistance to ceftolozane-tazobactam may also display an increased
risk for the emergence of cefiderocol resistance, particularly in the setting of both TBDR
and ampC mutations (7, 8). Consistent with this hypothesis is the fact that the two
FDC non-susceptible isolates from this study had pirR mutations coupled with either
change in the PDC enzyme (C1418 and PDC-205) or an extended-spectrum OXA variant
(C1408 and OXA-15 with G150S substitution) (34). Further investigations are warranted
to unravel the prevalence of the combinations of these mutations and their impact on
cross-resistance among newer B-lactam/B-lactam inhibitor combinations.

Since there was significant variability in the FDC MICs of isolates with TBDR mutations,
we sought to investigate whether changes in TBDRs may be an underlying genetic
factor in the development of heteroresistance to FDC. Heteroresistance, or the presence
of bacterial subpopulations with reduced susceptibility to FDC, has been described for
P. aeruginosa, and has been proposed as a potential explanation for higher-than-expec-
ted treatment failures against extensively drug-resistant isolates (9, 21). In this cohort,
heteroresistant isolates were found to be present among strains with TBDR mutations
predicted to result in an insertion, deletion, or frameshift mutations, but were not
detected in a subset of control isolates with wild-type TBDR genes. Half of the TBDR
mutant isolates studied displayed changes in FDC susceptibility: two were non-suscep-
tible to FDC by traditional AST, and 4 of the remaining 10 TBDR mutants displayed
a heteroresistant phenotype. The frequency of resistant subpopulations as measured
by AUC within heteroresistant isolates directly correlated with in vitro emergence of
decreased cefiderocol susceptibility after as little as a single drug exposure, emphasizing
the potential vulnerability of heteroresistant isolates to adapt upon antibiotic challenge.
One limitation of the AUC method is that it may lack the resolution to discriminate
bacterial isolates near the susceptible boundary (i.e., within 1-10 CFU/mL of the 10°%-log
cutoff). These in vitro data emphasize a need for prospective clinical studies that can help
define a meaningful AUC or other cutoff criterion to potentially identify P. aeruginosa at
high risk for the emergence of cefiderocol resistance on drug exposure.

Finally, our study provides a basis for the further investigation of a clinically feasi-
ble method for detecting heteroresistant isolates in the clinical microbiology lab. We
provide a comparison of agar dilution methods to detect FDC heteroresistance to a
time-kill assay in ID-MH broth. Our analyses demonstrate that cefiderocol heteroresist-
ance detected by agar dilution is also captured via growth in iron-depleted media,
suggesting that heteroresistance can be reliably assessed via agar dilution methods and
is not an artifact of non-physiologic iron content in the growth media. Importantly, all
four PAP-classified heteroresistant isolates were classified as susceptible by standard AST
methods using CLSI breakpoints; thus, current testing methods may not capture the
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diversity of FDC susceptibility phenotypes in P. aeruginosa. Kirby-Bauer disk diffusion
studies read at 24 and 48 h showed a correlation to formal PAP-AUC values. In clinical
practice, PAP-AUC is not feasible due to the time and resource requirements of the test.
Optimization of techniques such as a heteroresistance cutoff read at 24 or 48 h may
be a potential strategy to identify isolates with an increased risk of the emergence of
resistance, although further studies are needed using a larger sample size.

In summary, we identified the prevalence of PirA and PiuA/D TBDR pathway
mutations across a collection of clinical P. aeruginosa isolates with no prior cefiderocol
exposure. While TBDR probable loss of function mutations are relatively uncommon,
identified in approximately 3% of the overall cohort, we noted a significant variance
across geography suggesting that local prevalence may vary substantially (from 0% to
5.7%). Further surveillance is needed as cefiderocol use increases, as this may apply
a selective pressure that alters the frequency of these mutations in the population. A
second important aspect of our work is that P. aeruginosa isolates with disruption of PirR
appear to be enriched for a heteroresistant phenotype. These isolates showed a greater
degree of survival in the presence of FDC as compared to isolates without changes in
the TBDR genes and the laboratory strain PAO1, despite testing susceptible by routine
AST methods. Heteroresistant isolates also showed a shift in the MIC distribution of the
population after a single FDC exposure, suggesting this phenotype may predispose to
an increased risk for the emergence of resistance. Further work is needed to define risk
factors for PirA and PiuA/PiuD pathway mutations that appear to arise in select clinical
isolates despite no prior cefiderocol exposures and the impact of heteroresistance on
clinical treatment outcomes.

MATERIALS AND METHODS
Isolate source and identification of polymorphisms in TBDR genes

We analyzed whole-genome sequence data for clinical isolates of P aeruginosa
previously collected from 2006 to 2018 from four institutions: an urban hospital in
Houston, TX (n = 212), a referral cancer hospital in Houston, TX (n = 107), an urban
hospital in Portland, OR (n = 80), and an urban hospital in Santiago, Chile (n =99) (19, 20).
Isolates were recovered from variable clinical sources (e.g., sputum, urine, and blood),
and patients had no prior exposure to FDC (as FDC was not clinically available at the time
of PA isolate collection). The isolates collected from the general hospitals in Houston,
TX and Santiago, Chile were all carbapenem-resistant, while those from the Portland, OR
general hospital and the Houston, TX cancer hospital were a mix of carbapenem-resist-
ant and susceptible isolates. For all four libraries, whole-genome sequence data were
used to evaluate for mutations of genes encoding TBDR component proteins previously
implicated in decreased susceptibility to FDC: pirA, pirR, pirS, and piuA or piuD. Sequences
were assessed for the prevalence of: (i) insertion, deletion, frameshifts; (ii) early stop
codon; and (iii) single nucleotide polymorphisms. Genomes were assembled with SPAdes
(version 3.15.2), annotated with RAST, and then differences in both nucleotide and
predicted amino acid sequence changes were determined by pairwise alignment using P.
aeruginosa PAOT1 as a reference.

Antimicrobial susceptibility testing

Phenotypic studies were performed from the Houston, TX general hospital isolate library
as these isolates were previously banked and available for further laboratory testing.
From this library, all isolates found to have probable loss of function mutations in
the TBDR pathway proteins (e.g., frameshift, insertion, deletion, and early stop) were
obtained for microbiologic resistance analyses. P. aeruginosa PAO1 and carbapenem-
resistant clinical isolates from the high-risk ST111 and ST235 lineages with wild-type
TBDR gene sequences were used as controls. Each isolate was grown on fresh cetri-
mide agar (Oxoid) from purified stocks stored in Brucella broth with 15% glycerol at
—80°C. Cefiderocol susceptibility testing was performed using broth microdilution in
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iron-depleted Mueller-Hinton (ID-MH, BBL Mueller Hinton Il cation-adjusted, Becton
Dickinson) media prepared in accordance with the Clinical and Laboratory Standards
Institute M100 Appendix | (using Chelex 100 resin, Bio-Rad Laboratories) and verified
to have a final iron concentration <0.03 mg/L (MilliporeSigma MQuant Iron Test Kit)
(35, 36). Broth microdilution plates were made using ID-MH to create a range of FDC
concentrations 0.5-32 ug/mL at twofold increments. A 0.5 McFarland standard was
measured, diluted 1:100 in ID-MH, and 50 pL was inoculated into each well to achieve a
final inoculum of 5 x 10° CFU/mL. Plates were incubated for 20 h after which MICs were
recorded. Kirby-Bauer disk diffusion testing was performed on standard Mueller-Hinton
agar (BBL Mueller Hinton Il agar, Becton Dickinson). For each isolate, a 0.5 McFarland
standard was plated and a single FDC drug eluting disc (HardyDisks AST cefiderocol
30 pg) was placed at the center of the cultured plate. Plates were incubated for 48 h at
37°C with disk diameter measurements taken at 24-h and 48-h time points.

PAP and calculation of AUC measurements

Initial screening was performed using a single colony selected at random and grown
overnight in ID-MH. For each isolate, 150 mm X 15 mm plates were prepared with
50 mL MH agar supplemented to attain a range of FDC concentrations: 0, 4, 8, and
16 pg/mL (1x, 2%, and 4x the cutoff for susceptible) as shown in Fig. S2. Overnight
cultures were diluted in phosphate-buffered saline (PBS) to create a series of 10-fold
dilutions and plated onto a labeled grid using 50 L aliquots in technical triplicate per
plate. Plates were incubated and read at 24 and 48 h. Colony-forming units (CFUs) per mL
were counted per each corresponding section and averaged across technical triplicates.
CFU values were log-transformed and normalized to growth relative to each isolate’s
corresponding 0 pg/mL FDC plate (Equation 1) to obtain Alog values to calculate relative
survival under different FDC concentration exposures.

Alog CFUy ppc = 10g[CFUj ppc] — log[CFUx ppc]

where x corresponds to CFU values obtained at either 4, 8, and 16 pug/mL FDC
exposure.

Using previously published criteria, susceptible was defined as a =6-logjg drop in
CFU/mL at 4 pg/mL, heteroresistance was defined as less than 50% isolate survival at
4 pg/mL with greater than 0.0001% survival at 8 ug/mL (when compared to 0 pg/mL FDC
growth), and resistance was defined as >50% isolate survival at 8 ug/mL or higher (9, 37).

PAP-AUC was then performed in triplicate using a controlled inoculum of 0.5
McFarland (approximately 2 x 10® CFU/mL) for all four TBDR mutants identified with
a heteroresistant phenotype, as well as for three TBDR mutants with a susceptible
phenotype and two susceptible non-mutant controls. Using the Alog values, AUC was
calculated with GraphPad Prism with a baseline of —10 using a trapezoidal method
between any two subsequent points with inclusion of all Y increases that exceeded 0
(Fig. S2). A baseline of —10 was chosen as the maximum log change observed in our
study was —9.15. Welch'’s t test was run to assess differences in initial inocula and AUCs.
Differences in colony counts across the different antibiotic concentrations in the PAP
experiments were analyzed using ANOVA with Dunnett’s test for multiple comparisons
and PAO1 as reference. Linear regression was used to compare trends between KB and
PAP-AUC results.

Validation of agar dilution PAP using ID-MH broth

Isolates were grown in ID-MH overnight and adjusted to a controlled inoculum of 0.5
McFarland. The CFU of the controlled inoculum was verified by plating a serial dilution
of the initial McFarland to an antibiotic free plate for pre-incubation colony counts. This
standard was then diluted 1:10 and approximately 1 x 10’ CFU/mL was inoculated into
ID-MH broth with FDC concentrations at 0, 4, 8, and 16 ug/mL and grown at 37°C in
a rotary incubator for 24 h. At 24 h, broth cultures were centrifuged and washed two
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times in PBS to remove the broth-antibiotic supernatant. Pellets were then resuspended
in PBS and serial 10-fold dilutions were plated on antibiotic-free Mueller-Hinton agar.
Plates were incubated at 37°C for 24 h after which colonies could be counted to quantify
survival, and AUC was determined as above. The heteroresistant isolates C1814 and
C4593 were tested to represent the highest and lowest AUC by agar PAP testing, and the
susceptible non-TBDR mutant C1273 and laboratory strain PAO1 served as controls. All
assays were performed in technical and biological triplicates.

Evaluation of population MIC distribution

All four heteroresistant isolates were tested, and the susceptible non-TBDR mutant
C1273 and laboratory strain PAO1 served as controls. Isolates were grown in ID-MH
overnight and adjusted to a controlled inoculum of 0.5 McFarland in fresh ID-MH before
exposure to cefiderocol at 0, 4, and 16 pg/mL. After growth at 37°C in a rotary incubator
for 24 h, broth cultures were centrifuged and washed two times in PBS to remove
the broth-antibiotic supernatant. Pellets were then resuspended in PBS and plated on
antibiotic-free MH agar. Three unique colonies (growth permitting) were collected at
random from each plate corresponding to the different antibiotic concentrations and
incubated on MH agar for 24 h at 37°C. These colonies were subcultured one additional
time in the absence of antibiotic, and then FDC MICs were determined using broth
microdilution in triplicate for each subculture isolate. Overnight growth in antibiotic was
repeated in biological triplicate. GraphPad Prism was used to assess statistical differences
in population MIC distributions for each isolate using two-way ANOVA with Dunnett’s
test to correct for multiple comparisons.
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