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Abstract
Fosfomycin is a broad-spectrum antibiotic indicated for first-line treatment of uncomplicated
urinary tract infection (UTI) caused by Escherichia coli. However, it is often used for non-E. coli
Enterobacterales when limited oral antibiotics are available to treat UTI caused by increasingly
resistant urinary pathogens. Both agar dilution (AD) and disk diffusion (DD) are approved
methods for fosfomycin susceptibility testing, though DD is used more often in clinical settings.
During DD testing, visually distinct inner colony (IC) sub-populations frequently develop. A
collection of K. pneumoniae (n = 262), obtained from five US locations in 2013-2023 and their
corresponding IC (n = 116; 44.3%) underwent susceptibility testing. Median minimal inhibitory
concentration (MIC) values increased three, 2-fold dilutions from IC-producers to IC. IC-
producers along with 1C never producers (NP) underwent heteroresistance screening. IC-
producers had greater odds (odds ratio: 1.71) of screening positive for heteroresistance. Whole
genome sequencing among selected IC-producer/IC pairs revealed variations in several known
fosfomycin resistance genes within IC isolates not found in their IC-producers or NP. Further in
vitro fitness testing including growth curve and generation time analysis demonstrated no loss of
fitness for IC in monoculture. Among a 72-hour competition time growth between 1C-producers
and IC, prolonged generation times were observed across all IC-producers and IC. In
competition, some IC entered death phase as early 24-36 hours post inoculation where all IC-
producers maintained logarithmic growth for all 72 hours. Finally, in vivo fitness testing using an
ascending UTI mouse model, showed varying colonizing abilities of I1C isolates when in

competition—up to 50% for IC isolates. This work reveals that specific genetic variations did not



alter in vivo fitness of K. pneumoniae when colonizing the mouse urinary tract. This indicates

that fosfomycin 1C should be considered relevant, and not ignored during DD testing.
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1. Introduction

Antibiotic resistance is a worldwide problem threatening the ability to effectively treat bacterial
infections, thus requiring a need to prevent further resistance and prolong their ability to be used.
Urinary tract infections (UTI) are one of the most common causes for antibiotic prescriptions in
the United States, and fosfomycin is recommended as first-line treatment of uncomplicated UTI

UTI) (1, 2).

Fosfomycin is a broad spectrum antibiotic first developed in the 1960s and approved by the Food
and Drug administration in 1996 (3, 4). It the only drug in its class of drugs and has a chemical
structure unrelated to other known antibiotics (5-7). Fosfomycin has broad spectrum activity
against both Gram-positive and Gram-negative organisms, this includes both methicillin-resistant
and -susceptible Staphylococcus aureus (MSSA and MRSA) as well as extended spectrum beta-
lactamase (ESBL) and Klebsiella pneumoniae carbapenemase (KPC) producing organisms (8-
10). It is indicated as a first-line agent for uUTI caused by Escherichia coli and Enterococcus
faecalis; however, it is often used to treat UTI caused by non-E. coli organisms as there are
limited oral antibiotics available to treat UTI caused by increasingly resistant urinary pathogens
(11-19). Because of its activity against many multidrug-resistant pathogens, fosfomycin has
undergone revival, but concerns regarding susceptibility testing procedures have recently been

highlighted (20-23).

While agar dilution (AD) is the reference method for fosfomycin, both disk diffusion (DD) and

AD are approved methods for testing bacterial susceptibility to fosfomycin in the clinical



microbiology laboratory. AD is, however, both labor- and time-intensive, so DD is generally
used more often in the clinical setting. However, during DD testing, the presence of visually
distinct inner colony (IC) sub-populations frequently appear and can be more resistant than the
IC-producer (i.e., the clinical isolate from which the IC arise) culture. One issue of great concern
is that the two main organizations responsible for approving susceptibility breakpoints, the
Clinical and Laboratory Standards Institute (CLSI) and European Committee on Antimicrobial
Susceptibility Testing (EUCAST), have discordant recommendations for interpretation of 1C
present during DD testing of fosfomycin. CLSI states that the antibiotic’s zone of inhibition shall
be measured from the innermost colonies, whereas EUCAST states that the IC shall be ignored
(24, 25). These zone of inhibition measurements determine whether a patient-specific organism
is reported as susceptible or resistant to a tested antibiotic. It is unclear how large of a patient and
public health issue these contradictory standards may be. Because it is unknown how often
patients have misclassified fosfomycin susceptibility test results, we cannot be sure how
frequently these clinical test results are leading to a less effective treatment for UTI, and
potentially increasing of infections caused by undocumented fosfomycin-resistant
Enterobacterales. To prevent potential misclassifications of fosfomycin susceptibility and to curb
the growing prevalence of multidrug resistance, it is important to define the most accurate
fosfomycin testing method and to understand whether the IC populations are clinically

important.

In the most frequently used susceptibility testing method used clinically for fosfomycin, DD, IC

sub-populations arise. The presence of these IC sub-populations creates three distinct phenotypes



during this DD testing, those being isolates which never produce an IC (“never producer” or
NP), isolates that have IC arise during DD testing (IC-producer) and the visually distinct IC
themselves. While the two major organizations responsible for determining susceptibility criteria
have discordant recommendations on how to interpret these distinct 1C, the most appropriate
method is unknown. There is a critical need to determine the optimal interpretation of DD results
for fosfomycin against common UTI pathogens as use of unreliable testing methods could lead to

an increase in resistant infections.

To address this issue, a series of in vitro and in vivo experiments were performed using a
collection of geographically diverse Klebsiella pneumoniae clinical isolates (n = 262) to
determine the most effective method to interpret disk diffusion testing results for fosfomycin. In
Chapter 2, | reviewed the literature on global fosfomycin susceptibility testing methods and
results when used against K. pneumoniae, clinical outcomes of fosfomycin usage to treat K.
pneumoniae UTI, and fosfomycin resistance mechanisms in clinical K. pneumoniae. In Chapter
3, | describe fosfomycin susceptibility of a K. pneumoniae isolate collection (n = 262) utilizing
both AD and DD as testing methods. In Chapter 4, | describe the fosfomycin susceptibility of
the K. Pneumoniae IC collection (n = 116) that arose from the primary collection during DD.I
also describe the presence of heteroresistance and fosA genes among the collection. In Chapter 5,
| describe the in vitro fitness of a subset of IC-producers (n = 9), IC (n = 9), and isolates which
never produced IC (n = 5) and a whole genome sequence analysis of these isolates. In Chapter 6,

| describe the in vivo fitness of four 1C-producer/IC pairs using an ascending UTI model of the



mouse urinary tract. In Chapter 7, | reflect on my work and propose future directions to continue

my work.



2. Chapter 2: Inconsistencies in global fosfomycin susceptibility testing of Klebsiella spp.
and the rise of inner colony mutants observed during testing in Enterobacterales as a
potential cause for poor clinical outcomes

2.1 Introduction
Both AD and DD) are approved methods for testing bacterial susceptibility to fosfomycin in the

clinical microbiology laboratory. AD is both labor- and time-intensive, so other methods are
often used in clinical and research laboratories (24, 26). DD is, therefore, a frequently used
susceptibility testing method for fosfomycin. The presence of visually distinct IC sub-
populations, which appear to be more resistant than the primary culture, frequently develop
during DD testing (27-29). Additionally, there are no DD breakpoints that apply to K.
pneumoniae; all fosfomycin DD breakpoints are extrapolated from E. coli (24, 26). Thus, it is
necessary to understand which interpretation of inner colonies is most appropriate for K.
pneumoniae and whether the inconsistencies in breakpoint application and the occurrence of
discrete inner colonies lead to the discordance of fosfomycin susceptibility testing results and

clinical outcomes when treating K. pneumoniae.

2.2 ldentification of literature and categorization of results

PubMed was utilized to source relevant studies assessing the use of fosfomycin susceptibility
testing internationally from 2006-2022, occurrence of inner colonies among Enterobacterales,
and fosfomycin treatment outcomes against K. pneumoniae. Search terms included
“fosfomycin”, “susceptibility testing”, “Klebsiella”, “inner colony”, “heteroresistance”,

“resistance”, and “outcomes”. Data sources were narrowed to studies published in the English

language.



Testing data from these publications was divided broadly by use of CLSI and EUCAST
breakpoints. Methods used in these studies were summarized first followed by the susceptibility
interpretations produced by these methods. Studies that reported the presence of IC during
fosfomycin DD testing were used to identify potential causes including: mutations in sugar-
phosphate transporter genes, fosfomycin deactivating enzymes, and mutations in the fosfomycin
site of action. Lastly, the discordance between fosfomycin susceptibility testing results and

clinical outcomes in K. pneumoniae were summarized.

2.3 International utilization and interpretation of fosfomycin susceptibility testing methods
Two major breakpoint setting organizations (CLSI and EUCAST) have established breakpoints
that are used for susceptibility testing globally. However, the oral breakpoints for both
organizations do not apply to K. pneumoniae and must be extrapolated from their E.coli
breakpoint. During the period of the included studies EUCAST had intravenous breakpoints
(EUCAST v) which applied to K. pneumoniae. In clinical settings within the United States, CLSI
is strictly followed while EUCAST is used exclusively in the European Union. However, outside
these locations, consensus is lacking for which organization’s guidelines and breakpoints are

applied.

2.3.1 Collection and fosfomycin susceptibility testing practices among international studies of

Klebsiella spp.



The most common susceptibility testing methods used were AD and DD, with a smaller number
of studies utilizing ETEST, BMD, and Vitek 2 or Phoenix. Both CLSI and EUCAST approve use
of AD and DD whereas CLSI explicitly recommends against use of broth microdilution and
makes no recommendations on agar gradient diffusion strips (Etest, bioMérieux; MIC test strip,

Liofilchem®) likely contributing to their lower use in studies (24, 30).

2.3.1 International studies using CLSI breakpoints

Of 29 studies included, 21 extrapolated CLSI E. coli breakpoints for fosfomycin against
Klebsiella spp. (Table 1) (31-51). Only two of these studies included isolates collected and tested
in the United States; both used Etest for testing of clinical K. pnemoniae isolates (31, 40).
Endimiani et al., also used AD and DD (31). Additional studies collected isolates from East Asia

(2), the Middle East (6), South Asia (6), Mexico (1), Brazil (1), South Africa (1) and Spain (1).

East Asian studies took place in China and Taiwan both using K. pneumoniae urine isolates (39,
41). These studies used different methods for susceptibility testing for their isolates, with one

using BMD and the other DD (39, 41).

Studies from the Middle East used DD as a susceptibility testing method (33, 35, 36, 38, 46, 48).
Four of these studies utilized clinical K. pneumoniae isolates, three of which were in Iran and
one in Lebanon (33, 35, 46, 48). Two additional Middle Eastern studies used Klebsiella spp.
clinical isolates collected in either Israel and Turkey (36, 38). Peretz et al. utilized Vitek 2

(bioMérieux; Marcy-1 *Etoile, France) in addition to DD for their Israeli study (38).



Two south Asian studies collected and tested K. pneumoniae urine isolates in India (34, 44).
Both studies used AD and DD for fosfomycin susceptibility testing, but Bir et al., also used Etest
(34, 44). In Pakistan, three studies collected and tested Klebsiella spp. urine isolates via DD (37,

49, 51).

The studies that took place in Brazil and South Africa utilized DD for fosfomycin susceptibility
of K. pneumoniae and K. oxytoca (32, 47). Miranda-Novales et al., used DD for fosfomycin
susceptibility testing of K. pneumoniae urine isolates by DD in Mexico (43). De Cueto, et al.,
utilized AD to test fosfomycin susceptibility against K. pneumoniae urine isolates from Spain

(42).

2.3.2 International studies using EUCAST breakpoints

Nine of the 29 included studies either applied or extrapolated EUCAST breakpoints for
fosfomycin against Enterobacterales or E. coli respectively. Due to the 2020 change in
breakpoints for oral fosfomycin changing the susceptible breakpoint from 32 pg/mL to 8 pg/mL,

some studies applied breakpoints that are no longer recommended (52).

The majority of studies that utilized EUCAST breakpoints (n/N = 6/9) have some or all of the
isolates collected from countries within the European Union (53-58). Two of the studies applied

EUCAST,v breakpoints for AD (53, 54). Tutone et al., extrapolated the EUCAST oral breakpoints



for E. coli for AD and DD against Klebsiella spp. urine isolates collected in Belgium, United

Kingdom, Italy, Spain, and Russia (55).

Three of the European studies utilized the pre-2020 breakpoints for their collections of K.
pneumoniae isolates (56-58). Each used a different testing method, one extrapolating the DD
breakpoints using urine isolates from the Czech Republic (56), another applying the MIC
breakpoints to German isolates using AD (57), and one used Phoenix (Becton Dickinson;

Franklin Lakes, New Jersey) for testing their isolates from Italy (58).

Outside the European Union, the pre-2020 EUCAST breakpoints were utilized in studies from
India, Taiwan, and Turkey (44, 59, 60). The studies that took place in Taiwan and Turkey both
utilized AD for testing K. pneumoniae (59, 60). Bir et al., applied and extrapolated the

breakpoints for the same K. pneumoniae urine isolates using AD, DD, and ETEST as was used

for the CLSI breakpoints (44).

2.3.3 Fosfomycin susceptibility of international collections of Klebsiella spp. isolates

When studies extrapolated fosfomycin MIC breakpoints from CLSI against K. pneumoniae,
using AD it often resulted in >90% of isolates being susceptible to fosfomycin (Table 2). De
Cueto et al. reported 92.8% susceptibility (n/N = 128/138) (42). Similar results were observed
across other studies: Endimiani et al., reported 92.6% (n/N = 63/68), Bir et al., 92.1% (n/N =

35/38), and Behera et al. 91.3% (n/N = 42/46) of isolates susceptible to fosfomycin (31, 34, 44).



The use of DD as a fosfomycin susceptibility testing method for extrapolating CLSI breakpoints
resulted in approximately 30% fewer susceptible Klebsiella spp. isolates with only the collection
from Mothibi et al., having >90% susceptibility (32). Slightly lower rates of susceptibility were
found in collections from Lima et al. 86.7% (n/N = 409/472) and Abdullah et al., 77.5% (n/N =
1253/1617) (47, 51). Rates of susceptible isolates were as low as 57.6 (n/N = 38/66) from Liu et

al. (41).

Bir et al. and Endimiani et al. published lower rates of susceptibility when utilizing DD as
compared to AD for susceptibility testing within their isolate collections (31, 44). Bir et al.
reported two less isolates (n/N = 32/38; 84.2%) susceptible to fosfomycin when using DD as
compared to AD (44). Endimiani et al. observed 20 fewer susceptible isolates (n/N = 43/69;

63.2%) when using DD compared to AD (31).

When studies applied EUCAST v fosfomycin breakpoints for use with AD, susceptibility ranged
from 66.0% (n/N = 165/250; Kowalska-Krochmal et al.) to 90.6% (n/N = 29/32; Aydemir et al.)
(53, 60). When Tutone et al. extrapolated the post-2020 oral MIC breakpoints, only 27.1% (n/N

= 42/155) of Klebsiella spp. were susceptible to fosfomycin (55).

When studies extrapolated the EUCAST oral DD breakpoints (S > 24mm) between 50.0% (n/N
= 19/38; Bir et al.) and 80.4% (n/N = 517/643; Fajfr et al.) of isolates were found to be
susceptible (44, 56). When Tutone et al. extrapolated the oral breakpoints, only 1.9% (n/N =

3/155) were susceptible (55).

10



Both of these studies including both AD and DD, reported a reduction in interpreted
susceptibility when measuring with DD versus AD (44, 55). Bir et al. noted 14 more susceptible
isolates (n/N = 33/38; 86.9%) when using AD as opposed to DD (44). Similarly, Tutone et al.
reported 39 more susceptible isolates (N= 155) when using AD as the susceptibility testing

method (55).

2.4 Clinical outcomes of fosfomycin treatment of Klebsiella pneumoniae UTI
Clinical outcomes studies and their conclusions are limited for fosfomycin treatment of
Klebsiella spp. UTIs compared to E. coli. Most of these studies were retrospective chart reviews

which introduces limitations in interpretation of the results (11, 15, 16).

2.4.1 Treatment of urinary tract infection with fosfomycin

When studying the treatment of symptomatic UTI caused by K. pneumoniae (and E. coli) results
conclude that fosfomycin susceptibility data for K. pneumoniae does not predict patient
outcomes as it does in E. coli (11, 15, 16). They conclude that fosfomycin is suitable especially
for the treatment of E. coli caused by UTI and that a standard single 3g oral dose of fosfomycin

tromethamine is inadequate for infections caused by Klebsiella spp. (15).

Matthews et al., included patients with UTI caused by either K. pneumoniae (n =9) or E. coli (n
= 52) in their retrospective cohort study, 66.7% and 58.5% of which were ESBL-positive,

respectively (16). In vitro susceptibility to fosfomycin (based on pre-2020 EUCASTora MIC

11



breakpoints using BD Phoenix for MIC measurement) was reported for 100% of K. pneumoniae
and 98% of E. coli isolates. All patients received one or more doses 3g oral fosfomycin
tromethamine (irrespective of sex/ complication status), at this United Kingdom-based medical
center. Current guidelines state that all male UT1 are complicated (cUTI), even simple cystitis,
thus outside the uUT]I approval for fosfomycin (61, 62). Previous studies suggest that cUTI are
better treated with 2-3 doses of 3g fosfomycin over the course of 6 day (63), possibly explaining
why women received a median of a single dose whereas men received a median of three doses.
Based on the study’s clinical and microbiological cure definitions, 22.2% (n/N= 2/9) of K.

pneumoniae infections were cured (16).

Similarly, Neuner et al., performed a retrospective chart review of the microbiological and
clinical outcomes of UTI caused by multi-drug resistant (MDR) pathogens (11). This included
carbapenem-resistant K. pneumoniae (n =13), and ESBL-positive E. coli (n = 5). Of the K.
pneumoniae isolates 92% were fosfomycin susceptible and 80% of E. coli were fosfomycin
susceptible per CLSI breakpoints using Etests. Microbiological cure was observed in just 46% of

K. pneumoniae but 100% of E. coli infections.

A larger prospective study including carbapenem-resistant K. pneumoniae by van Duin et al.,

included 19 hospitalized patients with a physician-diagnosed UTI treated with fosfomycin (17).
Treatment success was seen in 10.5% (n = 2) of patients, which was defined as a negative urine
culture following the index culture. Fosfomycin treatment failure was seen in 47.4% (n = 9) of

patients; failure was defined as a patient having a recurrent carbapenem-resistant K. pneumoniae

12



seven days after the index culture. The remaining patients, 42.1% (n = 8), did not meet the

definitions for treatment success or failure (17).

In hospital database review of UTI in kidney transplant recipients by Reid et al. 5 patients with
infections caused by K. pneumoniae (carbapenemase producing) were treated with fosfomycin
(18). All patients were 1-6 months post-transplant and received 3-7 doses of 3g oral fosfomycin.
Bacterial clearance at 3 months post treatment was observed in only 1 patient, another
experienced a persistent UTI, 2 patients had a recurrent UTI in the 3 months post-treatment, and

one patient experienced both a persistent and recurrent UT1 (18).

Seroy, et al., performed a retrospective chart review and found 23 patients with K. pneumoniae
(ESBL-positive, n = 8; carbapenem resistant, n = 13) caused UTIs that were treated with
fosfomycin (14). Inclusion in this study required the isolated organism to be susceptible to
fosfomycin per CLSI breakpoints using Etest. These patients received 1-14 doses of 3g oral
fosfomycin. A persistent UTI was recorded for 8 patients (34.8%) with either ESBL-positive or
carbapenem resistant infections. Recurrent UTIs were observed in 5 patients (21.7%) of which 4
were either ESBL-positive or carbapenem resistant. Resulting in an overall treatment failure rate

of 56.5% (n/N = 13/23) patients within the study.

These studies concluded that in vitro susceptibility data for fosfomycin against K. pneumoniae
was generally discordant with positive clinical outcomes. With treatment failure exceeding 47%

in all studies despite the majority of the patients having susceptible K. pneumoniae infections

13



based on extrapolated breakpoints, evidence suggests that fosfomycin is best used to treat only E.
coli (11, 16). Alternatively, some of the authors suggest that K. pneumoniae infections may be

successfully treated using a different dosing regimen (14, 15).

Potential dosing regimen may include either prolonged treatment, a higher dose, or a
combination of the two. Acute toxicity studies within animal models found that doses of up to
5g/kg were well tolerated in mice and rats (61). Adverse events of transient and mild watery
stools were seen in rabbits and diarrhea with anorexia in dogs were associated with the increased
dose of fosfomycin. The doses used in these toxicity studies represent 50-125 times greater doses
than the 3g human dose (61). When studying the pharmacokinetics of multiple oral doses,
Wenzler et al., found both daily and every 48 hour dosing to be safe and tolerable with the only
adverse events associated with fosfomycin being diarrhea reported by 58% of participants (64).
Of the participants with noted diarrhea events, only one participant had Clostridioides difficile-
associated diarrhea (64). Thus, it is safe to explore utilizing alternative dosing regimen for the

oral treatment of K. pneumoniae uUTI.

2.4.2 Treatment of asymptomatic bacteriuria (ASB) with fosfomycin

In the study among pregnant patients from eight Indonesian health centers, 10.2% (n/N = 73/715)
were positive for ASB (19). Of these patients K. pneumoniae was the second most common
Gram-negative organism isolated behind E. coli. Based on in vivo susceptibility testing >80% of
K. pneumoniae isolates and 100% of E. coli isolates were fosfomycin susceptible (19). Based on

urinalysis results 76 patients were treated with a single 3g oral dose of fosfomycin-trometamol as

14



empiric treatment of the asymptomatic colonization per Infectious Diseases Society of America
guidelines (19, 65). Risks associated with non-treatment of ASB in pregnant patients include
preterm labor, low birth weight, preeclampsia, hypertension, maternal renal failure, and
intrauterine fetal death (19, 65). This study reports 100% full-term and normal-birth weight

babies and side effects of self-resolving diarrhea in two of the pregnant patients (19).

2.5 Observations of inner colonies and potential causes

The presence of colonies within the zone of inhibition (inner colonies) using DD and Etest have
been noted among Enterobacterales (27-29). The frequency of their appearance ranges widely
among the organisms tested. They have been noted as “frequent” (28) and were present in 19%
(29) of K. pneumoniae when performing fosfomycin DD testing. Additional E. coli observations
have noted inner colonies present in 0.8% (27), and 69% (29) of isolates, whose variability may
be explained by both timing and geography isolate of collection. Transmission of resistance
mechanisms among clinical isolates can take extended periods of time to reach new geographic
locations or they may only persist in the geographic location in which they arise. It is because of
this epidemiological records of antibiotic resistance are hyper-localized and hospital specific (66,

67).

E. coli and K. pneumoniae possess many of the same fosfomycin resistance mechanisms,
however, K. pneumoniae possess more inherent fosfomycin resistance mechanisms (68). It is
conventionally believed that some of these shared mechanisms, specifically the shared sugar

phosphate transporters are the primary cause for the formation of I1C and their resistance (27).

15



Though the inherently present fosA within some clinical K. pneumoniae must also be considered
as a potential cause for the formation of increased resistance among an IC-subpopulation (28).
However, the cause for the formation of these IC remains unknown and is only speculated to be

related to known resistance genes within these Enterobacterales.

2.5.1 The role of sugar-phosphate transporters in the resistance of inner colonies

Mutations within the sugar-phosphate transporters UhpT and GlpT, which allow fosfomycin to
enter the cell, are a suspected cause for the formation of fosfomycin resistant IC among
otherwise susceptible Enterobacterales cultures. When E. coli IC strains were sequenced, four of
the five had large deletions that included the uhpT gene that were not present in the IC-producer
sequence (27). This gene is responsible for encoding the hexose-6-phosphate transporter—a
sugar-phosphate antiporter— in Enterobacterales (69). The final E. coli IC strain had an intact
uhpT but had a nonsense mutation in uhpA which is required for in vivo expression of uhpT (27,
70). UhpT is induced by its substrate—glucose-6-phosphate (G6P)—and is also partially
responsible for fosfomycin uptake in Enterobacterales (70, 71). Presence of G6P in conjunction
with a functional UhpT potentiates the activity of fosfomycin, requiring a lower concentration of
fosfomycin to inhibit growth, thus a deletion or mutation in uhpT or another uhp would result in
decreased susceptibility to fosfomycin (27, 70, 72). This type of mutation affects G6P utilization,
and causes decreased bacterial fitness and is counter selected in vivo (27, 70). Counter selection
is the process through which natural selection does not favor a particular mutation causing it to

die out over several generations.
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Similar to UhpT, GIpT (glycerol-3-P permease protein) is a cellular transporter that is
responsible for fosfomycin uptake in Enterobacterales and induced by its substrate—glycerol-3-
phosphate (69, 70, 73). Mutations in glpT are associated with increased fosfomycin resistance in

E. coli clinical isolates as well as counter selection in vivo (70).

These mutations in uhpT and glpT are commonly seen in fosfomycin-resistant clinical K.
pneumoniae isolates (74). Upstream mutations in cyaA that cause lower levels of cyclic-AMP
(cCAMP) are not seen in vivo as uhpT and glpT are positively regulated by cAMP (70, 75). Thus,

having either a functional UhpT or GIpT transporter is necessary for in vivo growth (70).

2.5.2 Role of fosA in resistant inner colonies

Variations within fosA genes present and the expression levels of fosA may play a role in the
formation of fosfomycin resistant IC. In a study where frequent inner colonies were noted among
fosfomycin using DD testing against K. pneumoniae, all isolates were found to harbor fosA and
all but one carried a fosA6 allele (28). The fosA gene encodes fosfomycin resistant glutathione
transferase, a metalloenzyme which inactivates fosfomycin by catalyzing the addition of
glutathione (76, 77). Presence of chromosomal fosA has been seen among most clinical K.
pneumoniae isolates across many studies, but not all K. pneumoniae possess this resistance
mechanism. Various fosA alleles are found both chromosomally (fosA5 and fosA6) in K.
pneumoniae and on plasmids in many Enterobacterales (78-84). Nonetheless, even chromosomal

fosA5/fosA6 alleles are not found in all clinical K. pneumoniae isolates (46).
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Plasmids carrying a fosA gene are often found in the presence of MDR-phenotypes, as these
plasmids carry genes that encode resistance mechanism to other antibiotics (84, 85). Across
Enterobacterales, all fosA alleles—aside from fosA2—have been found to be plasmid mediated
(86). FosA3 is a globally prevalent plasmid-carried allele and frequently transmitted by animals;

it is extensively found in East Asia (86).

The presence of a fosA allele and fosfomycin heteroresistance are often found in the same
isolates of Klebsiella spp. (87, 88). However, in cases where K. pneumoniae isolates screen
positive for fosfomycin heteroresistance there is no evidence of sustained up-regulation of fosA

(87).

2.5.3 Mutations in murA among K. pneumoniae and inner colonies
Fosfomycin targets UDP- N- acetylglucosamine enolpyruvate transferase (MurA), an enzyme
responsible for initiation of peptidoglycan biosynthesis of the bacterial cell wall (68). Mutations

in murA are associated with acquired fosfomycin resistance seen in E. coli (68, 89-94).

The occurrence of murA mutation-mediated fosfomycin resistance in clinical K. pneumoniae
isolates is variable. In a study of carbapenem-resistant K. pneumoniae infections in Taiwan, no
murA mutations were detected among fosfomycin-resistant strains (74). In opposition, another
study found that 70% of fosfomycin non-susceptible isolates had a murA mutation (95). A third
study found a mutant murA gene in a single (n/N = 1/48) fosfomycin non-susceptible K.

pnemoniae (96). Thus, it is hypothesized that some murA mutations may still allow for a
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functional MurA enzyme, meaning that other mechanisms are responsible for fosfomycin

resistance among these K. pneumoniae isolates.

There have been no published instances of murA mutations occurring in IC produced by
fosfomycin-susceptible Enterobacterales. However, the literature describing the presence of IC is

limited to just a handful papers outside of our laboratory’s work.

2.6 Conclusions

International studies using a wide variety of susceptibility testing methods and breakpoints have
found the majority of K. pneumoniae clinical isolates to be susceptible to fosfomycin. This
comes with limitations as many of these studies are extrapolating breakpoints that only apply to
E. coli. Extrapolating fosfomycin susceptibility breakpoints for use in K. pneumoniae poorly
predicts the clinical outcomes in UTI patients as compared to E. coli which these breakpoints
were established for. Inner colonies are a frequent phenomenon among both species, however,
with unexplained heteroresistance and more inherent resistance mechanisms in K. pneumoniae,
the IC phenomena in K. pneumoniae must be investigated thoroughly to provide the best possible

treatment for patients.
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3. Chapter 3: Fosfomycin susceptibility of clinical K. pneumoniae isolates (97)

3.1 Introduction

Several fosfomycin studies have highlighted the observation of IC within the zone of inhibition
during fosfomycin disk diffusion testing (27-29, 98). The presence of these inner colonies
present during within Etest inner inhibition zones has been linked to (non-fosfomycin) antibiotic
heteroresistant phenotypes in other organisms (99). The difference in recommendations for
interpreting DD results between organizations can lead to isolates with the same minimal
inhibitory concentration (MIC) having varying zone diameters, ultimately resulting in different
susceptibility interpretations. In 2018, a CLSI ad hoc working group reviewed data surrounding
these DD inner colonies. It was determined that the CLSI would not amend their methods
because colonies within the zone were determined to be rare for E. coli, there was a lack of
clinical outcomes data, and there were concerns that amending this method might imply that
colonies could be ignored for other non-E. coli organisms where additional resistance genes (e.g.,
fosA) could be attributed to their occurrence (https://www.idsociety.org/idsa-
newsletter/september-26-2018/clsi-updates-from-the-clsi-subcommittee-on-susceptibility-

testing).

In addition to the two organizations having differing interpretations of IC they also have
considerably different breakpoints with EUCAST having more conservative zone diameter
measurements and lower MIC breakpoints, especially for the oral formulation of fosfomycin (24,
26). In 2020, EUCAST revised their oral fosfomycin breakpoints to reduce the MIC resistance

threshold from >32 pg/mL down to >8 pug/mL, and these breakpoints were restricted for use only
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in E. coli from their previous approval for all Enterobacterales (52). However, fosfomycin

breakpoints have not been reviewed by CLSI again since the EUCAST change.

In light of these differing breakpoints and contradictory IC interpretive criteria published by
CLSI and EUCAST that are being extrapolated for use in non-E. coli Enterobacterales, we
sought to compare categorical agreement of DD and AD between the extrapolated breakpoints
from CLSI and EUCAST oral breakpoints to the approved EUCAST IV breakpoints.
Additionally, we sought to assess the implications of the IC interpretation on zone diameter

readings among a convenience collection of 262 clinical K. pneumoniae isolates.

3.2 Methods

3.2.1 Bacterial isolates

This study included a convenience sample of 262 K. pneumoniae clinical isolates collected from
five US locations from 2013-2016 (97, 100-102) and 2022-2023. Of these isolates 38 were
obtained in Boston, MA; 36 from Philadelphia, PA; 6 from Houston, TX; 82 from Minneapolis,
MN; and 100 from Richmond, VVA. Henceforth, this collection of 262 K. pneumoniae isolates and
any subsets of the collection will be referred to as the “clinical isolate collection” (Table 6). The
anatomical culture sites of the isolates included urine (n = 244), blood (n = 9), sputum (n =5),
wounds (n = 3), and bone (n = 1). Phenotypic susceptibility profiles varied and included 49

confirmed extended-spectrum beta-lactamase (ESBL) producing isolates (97, 100-102).

3.2.2 Susceptibility testing and disk diffusion interpretation
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Fosfomycin susceptibility was determined in duplicate, on separate days, via AD and DD using
both CLSI and EUCAST procedures (24, 52, 103). When performing disk diffusion, which both
organizations state that the methods and breakpoints apply only to E. coli, two measurements
were collected: (1) following the CLSI procedures to measure the innermost zone of inhibition
when a minimum of one single discrete IC was present; and (2) following EUCAST procedures
to measure the outermost zone of inhibition, ignoring the presence of any discrete inner colonies

when present.

Test isolates were inoculated onto blood agar plates for overnight growth at 37°C. Single
isolated colonies were used to inoculate sterile saline to a density of ~1.5 x 108 CFU/mL. For
disk diffusion, a single, sterile swab was soaked in the inoculated saline for at least 30 seconds,
rotated to remove excess liquid, and used to inoculate a dry Mueller-Hinton agar (MHA) plate.
Following plate inoculation, commercially available fosfomycin disks (Becton and Dickinson,
Franklin Lakes, NJ) containing 200 ug of fosfomycin and 50 pg of G6P were placed in the center
of plates. For AD, the saline suspension was diluted to 2 x 10 CFU in Mueller-Hinton I1 broth
(MHB) where 5 pL (10* CFU) of the MHB suspension was placed onto a series of MHA plates
supplemented with fosfomycin plus 25 pg/mL of G6P. The concentrations of fosfomycin used
for AD ranged from 1 to 256 pug/mL. Enterococcus faecalis ATCC 29212 was included as a

control strain and was run in parallel with test isolates for each susceptibility test.
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Due to the lack of established breakpoints for K. pneumoniae and oral fosfomycin, the oral
fosfomycin MIC breakpoints and all DD breakpoints for E. coli using both CLSI and EUCAST

criteria, and the EUCAST MIC breakpoints for IV fosfomycin were applied as written (Table 5).

3.2.3 Correlation of susceptibility testing

Correlation between CLSI AD, CLSI DD, EUCASTorat AD, EUCAST oral DD and EUCAST v DD
results were calculated using EUCAST v AD as the reference method. Categorical agreement
was achieved when a test MIC value agreed with the interpretive criteria (susceptible /
intermediate / resistant) results from the given reference method (24, 104). Error rates were
calculated per the CLSI standards of minor error, major error, and very major error. A minor error
was classified as when either a test method deemed an isolate to be intermediate while the
reference method deemed the isolate to be resistant or susceptible, or when a test method deemed
an isolate to be susceptible or resistant and the reference method deemed it to be intermediate. A
major error occurred when the reference method determined the isolate to be susceptible and the
test method deemed it to be resistant. Very major error occurred when the reference method

deemed the isolate to be resistant and the test method deemed it to be susceptible (24, 104).

Scattergram comparisons depicting zone diameter measurements and MIC values were

constructed using R desktop version and Rstudio (Rstudio, Boston, MA).

3.3 Results

3.3.1 Susceptibility testing
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Using AD, the MIC range and MICso90 remained the same between both organizations, with a
range of 1 to >256 pg/mL and MICsgg0 OF 32/256 pg/mL. The resulting interpretive categories of
the isolates varied based on the testing procedures and which organizations’ breakpoints were
applied or extrapolated for use (Table 5). When using AD, 58.0% (n = 152) of isolates were
considered susceptible when applying EUCAST IV breakpoints, compared to 77.5% (n = 203)
when extrapolating CLSI breakpoints, and 8.4% (n = 22) when extrapolating EUCAST oral

breakpoints (Table 7).

When using DD per each organization’s standard operating procedures (SOP) for interpreting the
results of DD (per E. coli breakpoints), 58.4% (n = 153) were susceptible per CLSI, 50.4% (n =
132) per EUCAST v, while only 6.2% (n = 15) were susceptible per EUCASTra. A total of 230
(87.8%) isolates displayed discrete inner colonies during at least one replicate of DD testing,
accounting for differences in zone diameter measurements based on SOP recommendations. Less
than half (n = 117) of isolates had at least five discrete IC. The zones of inhibition for this isolate
set ranged from 6 to 24 mm using CLSI, and 6 to 30 mm using EUCAST SOP (Figure 1). When
utilizing the CLSI DD SOP, the median zone of inhibition was 17 mm (considered susceptible [S
> 16mm]). When utilizing the EUCAST DD SOP, the collection had a median zone of inhibition

of 20 mm (considered resistant [Rorar < 24mm, Ry < 21mm)]).

Using the EUCAST procedure for DD, when inner colonies were present the zone of inhibition
was 2 to 13 mm larger than CLSI measurements on the same plate, with a median difference of 4

mm. When inner colonies were present, zone diameter distributions followed visually distinct
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patterns when comparing measurements (Figure 1). EUCAST data clustered near the median
zone measurement (20.5 mm) with the majority of the isolates in this collection having a zone of
inhibition around that peak (16 to 24 mm), with few isolates having a zone of inhibition outside
of that range. However, the CLSI data had a more even distribution across zone measurements,
not highly concentrated around the median zone diameter (16.5mm). Additionally, comparison of
the zone diameters per each organization’s SOP for individual MIC values shows a greater
number of zone diameters measured using the CLSI SOP compared to EUCAST (Figure 2).
EUCAST’s SOP (panels A and B) resulted in more isolates with the same MIC sharing a zone
diameter measurement as compared to CLSI (panel C) where there were a greater amount of

isolates that did not share a zone diameter measurement with another isolate at that MIC.

3.3.2 Correlation of susceptibility testing methods

Categorical agreements calculated showed that the greatest agreement was with CLSI AD
(72.5%; 190/262 isolates) where 8.0% (n/N = 21/262) of the isolates had minor error and 46.4%
(n/N = 48/110) of the resistant isolates had very major error due to the one-dilution difference in
susceptible breakpoints (Table 8). The poorest categorical agreement was with EUCAST oral DD
(45.0%, 118/262 isolates), where, 92.8% (n/N = 141/151) of susceptible isolates having major

errors, and 2.7% (n/N = 3/110) of resistant isolates having very major errors.

3.4 Discussion
Several recent fosfomycin studies have highlighted the observation of inner colonies within the

zone of inhibition during fosfomycin disk diffusion testing (2729, 98). However, conflicting
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recommendations for interpretation of these colonies from CLSI and EUCAST can lead to
varying zone diameters and susceptibility interpretations despite isolates having isolates identical

MIC values.

This study sought to compare the susceptibility of a collection of K. pneumoniae isolates (n =
262) between CLSI and EUCAST procedures and breakpoints for both AD and DD testing. The
results were widely distributed where 6.2-77.5% of the isolates were considered susceptible per
the currently established CLSI and EUCAST ral breakpoints for E. coli, and the EUCAST v
breakpoints for all Enterobacterales. The CLSI AD breakpoints resulted in the most isolates
being categorized as susceptible, and EUCASToral DD resulted in the most isolates being
categorized as resistant. This is a result of EUCASToral lower susceptibility breakpoint MIC (<8
pg/mL) compared to EUCAST v (<32 ug/mL) and CLSI (<64 pg/mL) and the difference in zone
diameter breakpoints. Additionally, nearly half of isolates displayed >5 inner colonies during DD
testing (44.7%) resulting in remarkably different zone diameter measurements between CLSI and
EUCAST before extrapolating their different interpretive categories. The practice of taking inner
colonies into account when measuring the zone of inhibition resulted in greater inconsistencies in
DD measurements for isolates with identical MIC values. Thus, the zone diameter measurements
followed different distributions, indicating that the differing interpretation of 1C, when present,

affects the susceptibility categories.

When comparing CLSI AD and EUCASToral AD to EUCAST v AD there was greater agreement

with CLSI (72.5%) than EUCAST oral (50.4%).This is strictly a reflection of the single two-fold

26



dilution difference between the reference EUCAST v susceptible breakpoint and CLSI as
compared to the two, two-fold dilution difference in the MIC breakpoints between the two
EUCAST breakpoints. Additionally the greatest agreement between any DD methods and
breakpoints as compared to the reference of EUCAST v AD was EUCAST v DD (61.5%),
followed by CLSI (53.5%), and the worst being EUCASTora DD (45.0%), albeit none of these
are strong agreements and have large amounts of major (7.3-92.8%) and very major (2.7-46.4%)
errors. The error rates exceeded CLSI’s published acceptable error rates of <10% minor errors,
3% major errors, and 1.5% very major errors (104, 105). This can be attributed to both the
difference in breakpoints and the difference in zone measurements from the two organizations

for the 87.8% of isolates where inner colonies arose during DD testing.

Mojica et al. recently conducted a similar analysis of K. pneumoniae isolates (n = 68) collected
in Colombia; however, all were resistant to third-generation cephalosporins or carbapenems (29).
They reported 90% of isolates to be susceptible per CLSI DD, 99% per CLSI AD, and 62% per
EUCAST DD. This analysis was completed prior to EUCAST’s AD breakpoint change (from 32
ug/mL to 8 pg/mL); therefore, a smaller amount of the 96% of isolates considered susceptible
per EUCAST AD with the current breakpoint applied. Interestingly, the authors reported a much
lower incidence (19%) of inner colonies whereas we saw them arise in 87.8% (44.7% of isolates
having >5 IC) of our isolate collection (29). Similar to our results, Elliott et al. recently noted
that inner colonies were “frequently present” for non-E. coli species during fosfomycin DD
testing among a collection of Klebsiella pneumoniae carbapenemase (KPC)-producing isolates

(28). All KPC-producing K. pneumoniae isolates (n = 24) carried fosA per whole-genome
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sequencing. It is likely that most clinical K. pneumoniae isolates carry fosA and play a role in the
formation of inner colonies. Even though our collection included isolates with susceptible
phenotypes (n = 36), the MICso90 Values of 32/256 pg/mL were slightly higher than those

reported (8/32 pg/mL) by Mojica et al. (29).

Furthermore, Abbott et al. reported a presence of fosA in all their K. pneumoniae isolates (n = 20)
with 60% (n =12) of those screening positive for heteroresistance using a proposed disk elution
method (87). Using an in vitro bladder infection model, the same authors found that baseline
high-level heteroresistance in K. pneumoniae was associated with regrowth or treatment failure
even when isolates had MICs that were lower than or equivalent to non-heteroresistant E. coli
(106, 107). An evaluation of the correlation between heteroresistance and IC presence among our

collection is currently being conducted.

Lucas et al. have also noted the presence of inner colonies in E. coli isolates during disk
diffusion, but at a much lower incidence (8%) compared to the K. pneumoniae studies (27). This
study was able to attribute some amount of the IC production to the presence of mutations in
uhpT, which encodes the nutrient transport pump UhpT. Such mutations cause increased
resistance to fosfomycin through reduced function in or loss of a functional UhpT pump which
also reduced fosfomycin uptake. However, this increased resistance is believed to come at a
fitness cost to the bacterial cells because they are less able or unable to utilize G6P as a nutrient
with an altered UhpT pump; it is unknown how reliably these results can be applied to other non-

E. coli Enterobacterales (27, 70).
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One of the strengths of this study is the inclusion of both organizations’ SOPs on the
measurement of zone diameter as it results in different measurements when IC are present. The
inclusion of an isolate set with diverse phenotypes collected from multiple geographic areas is
also a strength of our work. However, this study is limited by its sample size as it is too small to
perform an accurate epidemiological cutoff (ECOFF) value analysis or suggest appropriate
breakpoints for K. pneumoniae. However, EUCAST’s MIC Distributions for Fosfomycin
database (retrieved 8/19/2022) displays the MIC distribution for 1396 K. pneumoniae isolates
which follow a similar MIC distribution (ECOFF = 128 pg/mL) to the isolate collection in the

current study (https://mic.eucast.org/search/).

In conclusion, our data suggest that CLSI and EUCAST frequently classify K. pneumoniae
isolates with the same fosfomycin MIC into different interpretive categories based on the use of
AD and DD, as well as the organizations’ SOPs. Our data also show that the interpretation of I1C
greatly affects the resulting zone diameter and the interpretive category of the isolate, which
supports both EUCAST and CLSI’s current recommendations that DD is an unsupported method
for non-E. coli organisms at the current breakpoints. The inconsistent categorization of isolates
with identical MIC based on varying organizations’ breakpoints and methods necessitates further
studies to determine the clinical importance, most appropriate interpretation of IC present during

fosfomycin DD testing, and hazards of extrapolating to non-E. coli Enterobacterales.
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4. Chapter 4:Comparison of susceptibility among inner colony and clinical isolate
collections susceptibility
4.1 Introduction
In 2018 a CLSI ad hoc working group (AHWG) was convened to evaluate the issue of IC during
fosfomycin testing. After literature review—which focused on one paper (27) available at that
time—the AHWG stated that IC were rare among the E. coli isolates for which these breakpoints
apply (https://www.idsociety.org/idsa-newsletter/september-26-2018/clsi-updates-from-the-clsi-
subcommittee-on-susceptibility-testing). These IC have been noted to occur at varying rates for
different organisms ranging from 3.1-69% in E. coli and 19- 82.5% in K. pneumoniae (27, 29,
97). In real world settings, these breakpoints are extrapolated for use against other non-E. coli
organisms which left the AHWG concerned that methods ignoring the IC would be extrapolated
to organisms with more prevalent rates of IC production and additional resistance genes (e.g.,
fosA) (27-29, 87, 97, 106). Previous investigations have implicated fosA genes as a major source
of fosfomycin resistance among K. pneumoniae due to the presence of both chromosomal and

plasmid mediated variations in the K. pneumoniae population (28, 31-37).

In an effort to understand a possible contributor to the discordance between in vitro susceptibility
testing results and in vivo clinical outcomes for fosfomycin treatment of K. pneumoniae, we
sought to determine the frequency and susceptibility of IC as compared to their IC-producers
among a geographically diverse collection of isolates (n = 262). We also aimed to investigate
whether the heteroresistance status and presence of fosA among the clinical isolate collection

contributed to the production of IC.
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4.2 Methods

4.2.1 Bacterial isolates

This study included the same convenience sample of 262 K. pneumoniae clinical isolates
outlined in section 3.2.1 (Table 6) (13, 97, 100, 101) , as well as the IC produced by these
isolates during previous disk diffusion testing (n = 116) (97). As colony morphology was

uniform for all IC, the closest IC to the disk was selected for subculturing and testing.

4.2.2 Susceptibility testing and interpretation

Fosfomycin susceptibility was determined in biological duplicate, on separate days, via BMD
(24, 97). Isolates were tested on individual days in technical triplicate. The MIC for each test was
read as the first concentration where there was no visible growth for all three technical replicates.
The final MIC used for analysis was the modal MIC accounting for acceptable error of +1

dilution.

Test isolates (clinical isolate collection: n = 262; IC collection n = 116) were inoculated onto
blood agar plates for overnight growth at 37°C. Single isolated colonies were used to inoculate
sterile saline to a density of ~1.5 x 108 CFU/mL. The saline suspension was diluted to 106 CFU
in MHB where 50 pL of the MHB suspension was placed into three columns of a 96-well plate
with each row containing a serial dilution of fosfomycin plus 25 pug/mL of G6P. Test
concentrations of fosfomycin ranged from 2 to 256 pg/mL using 2-fold dilutions (24, 97).

Enterococcus faecalis ATCC 29212 was included as a control strain and was run in parallel with
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test isolates for each susceptibility test. All tests were performed according to recommendations

in the CLSI M100 document (24).

Due to the lack of established oral fosfomycin breakpoints for K. pneumoniae, all analysis was
extrapolated using oral breakpoints or directly applying IV breakpoints. CLSI and EUCAST E.
coli oral breakpoints were extrapolated and pre-2024 EUCAST v breakpoints were applied

(Table 5).

4.2.3 Heteroresistance screening

A modified disk elution screening test from Abbott et al. for heteroresistance was performed on a
subset of the IC-producer and IC isolates to compare the frequency of heteroresistance
populations between the susceptible isolates that produced >5 IC (n=44) and those that never
produced IC (never producers; NP) (n=14) (87). Isolates were included in the screening if they
were a susceptible isolate (per CLSI; <64 ug/mL) as either an IC-producer or NP. IC-producers
needed to meet additional criteria of a resistant IC (per CLSI; >256 pg/mL), produced >5 IC, and

a difference in I1C and I1C-producer MIC of at least three 2-fold dilutions (Figure 3).

In the disk elution test, 6 commercially available fosfomycin disks (200ug fosfomycin, 50ug
glucose-6-phosphate) (Becton and Dickinson, Franklin Lakes, NJ) were added to 1.9 mL of
Mueller-Hinton broth in a test tube and allowed to elute for 90 minutes to approximate a

fosfomycin concentration of ~420 ug/mL (68-70% of the total disk fosfomycin volume) (87).
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Overnight broth cultures containing ~108 CFU/mL were used to inoculate both a disk-free control
and the experimental tubes at 100pL. Tubes were incubated at 37 °C for 72 hours and assessed
for turbidity visible to the unaided eye. An internal IC strain (B128D) with an MIC >1024 pug/mL
was used as a positive growth control, E. coli ATCC 25922 as a negative growth control, and a

bacteria-free negative control were run in parallel with test isolates.

Results underwent linear regression to determine the odds ratio for heteroresistance and being an
IC-producer. Statistical data were processed using R version 4.3.2 and Rstudio Desktop version
2023.12.1 (Rstudio, Boston, MA). Packages used were the stats version 4.3.2 and base version

4.3.2.

4.2.4 Presence of fosA

Isolates that met the same inclusion criteria (Figure 3) as the heteroresistance screening were
tested for the presence of fosA genes. DNA extractions were performed using the Dneasy mini Kit
(QIAGEN; Hilden, Germany). The presence of fosA was determined via PCR amplification

using primers for fosA (F: ATCTGTGGGTCTGCCTGTCGT; R: ATGCCCGCATAGGGCTTCT)
and fosA3 (F:GCGTCAAGCCTGGCATTT,; R:GCCGTCAGGGCTGAGAAA (23). The
amplification product was run on gel electrophoresis for presence of an amplicon of ~271bp and
~282hp for fosA and fosA3, respectively (96). The presence of fosA and fosA3 genes were also

analyzed in relation to positive heteroresistance screenings via Fisher’s Exact Test.

4.3 Results
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4.3.1 Susceptibility testing and interpretation

The MIC values ranged from <2 to >256 pg/mL for the clinical isolate collection (n = 262) and
32 t0 >1024 pg/mL for IC (n = 116) (Table 9). By extrapolating E. coli breakpoints, 50.8% (n =
133) of the clinical isolate collection were susceptible by CLSI breakpoints as well as 24.4% (n =
64) and 3.8% (n = 10) by EUCASTvand EUCASTra breakpoints, respectively. In addition, the
same collection was resistant in 29.0% (n = 76), 75.6% (n = 198), and 96.2% (n = 251) of
isolates per CLSI, EUCAST v, and EUCASTral breakpoints, respectively. The MICsogo for this

collection was 64/256 pg/mL.

The IC collection was susceptible 3.4% (n =4) and 1.7% (n = 2) by CLSI and EUCAST)v,
respectively, with no susceptible isolates per EUCASTral breakpoints. The same collection had
93.2% (n = 109) resistant isolates per CLSI, 98.3% (n = 114) per EUCAST v and 100% (n = 116)
per EUCASTora. The MICsggo for this collection was >1024/>1024. I1C isolates had an MIC that
was up to seven 2-fold dilutions higher than their respective 1C-producers and a modal increase
of three dilutions (Figure 4). A true increase in MIC was seen in 89.7% of isolates as two
isolates had no increase in MIC and another group had an increase of a single 2-fold dilution (n =

10) which is acceptable error and considered the same MIC.

4.3.2 Heteroresistance screening
Of the susceptible collection of IC-producer strains, 95.3% (n/N = 41/43) screened positive for
heteroresistance(Table 10). The two isolates that had a negative screening were M063 (MIC

[P/1C]: 32/1024 png/mL) and V057 (MIC [P/IC]: 64/>1024 pg/mL). Among the NP isolates,
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64.3% (n/N = 9/14) screened positive for heteroresistance. The NP isolates that screened
negative had MIC of 8 ug/mL (B254, M041, M073), 32 ug/mL (M048), and 64 pg/mL (M055).
The difference in rates of a positive heteroresistance screening was significant (p < 0.01).
Additionally, IC-producers had 1.71 greater odds (95% confidence interval 1.24:2.34; p < 0.01)

of screening heteroresistant as compared to NP isolates.

4.3.3 Presence of fosA/fosA3 genes

Of the NP isolates, 57.1% (n/N = 8/14) were fosA positive. Isolates M041 and M073 screened
negative for the heteroresistant subpopulation and were fosA positive, while all other
heteroresistance negative isolates were fosA negative. An additional three heteroresistance
positive isolates (MIC: 64 pug/mL) were negative for fosA. There was no significant relationship
between heteroresistance and fosA in NP (p = 0.58). None of the NP isolates contained a fosA3

plasmid.

Of the IC-producer, 58.1% (n/N = 25/43) were fosA positive. Isolate V057 screened negative for
the heteroresistant subpopulation and was fosA negative, in opposition to M063 that screened
negative for heteroresistance but was fosA positive. An additional 15 isolates that screened
positive for heteroresistance (MIC: 32-64 pg/mL) were negative for fosA. There was no
significant relationship between heteroresistance and fosA in IC-producers (p >0.9). None of the

IC-producers contained a fosA3 plasmid.
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Of the IC isolates, 39.5% (n/N = 17/43) were fosA positive. Some IC were positive for fosA
despite the fact that they arose from fosA negative 1C-producers (n = 4). Of the fosA negative IC
isolates 46.2% (n/N = 12/26) came from fosA positive IC-producers. There was no significant
relationship between the presence of fosA in the IC and heteroresistance of the IC-producer from

which these IC arose (p >0.9). None of the IC isolates contained a fosA3 plasmid.

4.4 Discussion

In addition to the occurrence of more frequent IC, the presence of inherent fosA genotypes and
noted heteroresistance are cited reasons why oral fosfomycin may be considered a poor treatment
option for K. pneumoniae UTI (28, 87). This study sought to compare the frequency and
susceptibility of the IC arising from fosfomycin susceptibility testing as compared to their IC-
producers. This was further expanded to explore the rates of heteroresistance among IC-
producers and NP, as well as the presence of fosA among all three phenotypes (NP, IC-producers,

and IC).

While the interpretation of the susceptibility testing differs by the breakpoints extrapolated or
applied, the MIC range of the clinical isolate collection (n = 262) was lower (<2 to >256 pg/mL)
as compared to the IC collection (n = 116, 32 to >1024 pug/mL). The modal increase of three 2-
fold dilutions from IC-producer to IC was also reflected in the MICso90 0f 64/256 pug/mL and

>1024/>1024 pg/mL for the clinical isolate and IC collections, respectively.
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Despite different phenotypes, both the IC-producers and NP had isolates that screened positive
for heteroresistance using the modified screening test. IC-producers had greater odds (1.71; 95%
Cl11.24:2.34; p < 0.01) of having a positive heteroresistance screening as compared to the NP.
Heteroresistance appeared to be unrelated to fosA among the clinical isolate collection, as there
was no significant relationship between heteroresistance and presence of fosA in IC- producers
((p >0.9) or NP (p = 0.58) per a Fisher’s exact test. Additionally, 46.2% (n/N =12/26) of the IC
that arose from fosA positive IC-producers lost or did not have an intact chromosomal fosA gene.
The fosA3 gene, which is most commonly seen on plasmids, was not present in any of the

isolates.

Mojica et al. conducted BMD and DD testing on an isolate collection including K. pneumoniae
isolates (n = 68) (29). Of their collection, 76 and 85% of isolates were susceptible per
EUCAST,v and CLSI breakpoints, respectively. The authors reported lower MICsg90 Values
(8/32 pg/mL) compared to the current study (64/256 pg/mL). In addition to the lower MIC, the
authors noted a lower incidence of IC (19%) as compared to the current study (44.3%). Elliott et
al. also noted that IC were frequently present for non-E. coli species during fosfomycin DD
testing among a collection of Klebsiella pneumoniae carbapenemase (KPC)-producing isolates
(28). All KPC-producing isolates (n = 24) in their collection carried fosA per whole-genome
sequencing- notably higher than the 50.9% (n/N = 29/57) within the clinical isolate collection

carrying a chromosomal fosA gene in the current study.
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Additionally, Abbott et al. reported the presence of fosA in their K. pneumoniae isolates (n = 20),
which is more in agreement with the findings of Elliott et al. than the current study (106). The
IC-production phenotype was unknown for these isolates. Using the disk elution method
modified for the current study, 60% (n/N = 12/20) of the Abbott’s isolates screened positive for
heteroresistant population with a high-level resistant subpopulation. The authors were unable to
attribute the heteroresistance to an upregulation in fosA with quantitative PCR methods. In
another study using an in vitro bladder infection model, it was shown that a baseline
heteroresistance in K. pneumoniae was associated with regrowth and treatment failure despite

having an MIC lower than or equivalent to non-heteroresistant E. coli (87, 107).

One of the strengths of the current study is addressing the problem from the three phenotype
approach, looking at NP, IC-producers, and the IC themselves. Previous studies have looked at
fosA presence in IC-producers but did not address the other two phenotypes. When
heteroresistance was studied, it was done without the context of IC-production. This study is
limited by the inclusion of only K. pneumoniae and the exclusion of E. coli; however, the
regrowth with a susceptible MIC phenomenon is not seen as commonly in E. coli (107).
Additionally, due to the volume of IC present among the 116 IC-producers we only subcultured
and tested the closest IC to the disk, this means we may not have captured variations in the
presence of fosA genes among the IC. The current study is limited in the geographic locations of
isolate collection being only from United States locations and may only be representative of
trends in North America. The lack of global diversity in isolates highlighted by the lack of fosA3

within the collection, a fosA allele common across East Asia (86).
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The production of >5 IC among clinical K. pneumoniae isolates is common and, in most cases,
results in a subpopulation with increased MIC. The production of these IC results in greater odds
of producing an heteroresistant population, however, there is still a notable amount of NP that
also had a positive heteroresistance screening. The presence of chromosomal fosA appears to be
unrelated to both IC production and a positive heteroresistance screening. The production of IC
during fosfomycin disk diffusion is a predictor of heteroresistant populations, which is associated
with poor clinical outcomes. Thus, the frequent presence of K. pneumoniae IC were associated
with heteroresistance and should prompt avoidance of fosfomycin treatment when IC are present

during DD testing.
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5. Chapter 5: In vitro fitness and whole genome sequence analysis of fosfomycin
susceptible and resistant isolates
5.1 Introduction
In disk diffusion (DD), one of the most frequently used susceptibility testing methods performed
for fosfomycin, the presence of colonies growing within the zone of inhibition have been noted
(27-29, 97). Enterobacterales utilize two main nutrient transport systems (uhpT and glpT) which
are also responsible for fosfomycin uptake (76). UhpT is induced by glucose-6-phosphate (G6P),
the supplementation of which is standard in commercially available disks (76). These IC have
increased minimal inhibitory concentrations (MIC) as compared to the isolates from which they
arise. However, it is conventionally hypothesized that the IC have reduced fitness compared to
the respective IC-producer as well due to mutations within uhpT, due to the inability to utilize its
substrate, G6P (27). Furthermore, mutations in glpT are associated with increased fosfomycin
resistance in E. coli clinical isolates (70). These type of mutation, those disrupting the proper
transcription and translation of uhpT and glpT, affect sugar phosphate utilization (27, 70, 76).
The loss of ability to utilize G6P and G3P has been associated with decreased bacterial fitness
and believed to cause counter selection—where loss of fitness mutants are unable to thrive in an
environment with isolates without these mutations causing the mutants to die and non-mutants to
thrive—in vivo (27, 70). It was further described that there was a reduced fitness in fosfomycin

resistant E. coli as compared to susceptible isolates (70).

Taking into account the discordance between fosfomycin susceptibility testing results and

clinical outcomes, where K. pneumoniae isolates with susceptible MIC (based on extrapolated E.
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coli breakpoints) result in frequent treatment failure and regrowth (11, 14-18), and the frequency
of IC, we aimed to determine the in vitro fitness of three phenotypes: IC never producers (NP),
IC-producers, and IC. Additionally, this study aimed to investigate whether any genetic
differences between IC and their IC-producer strains may be related to their occurrence during

DD testing.

5.2 Methods

5.2.1 Bacterial isolates

This study included a convenience sample of 23 K. pneumoniae urine isolates collected from
four US locations during 2013-2016 (n = 5) and 2022-2023 (n = 9) (13, 97, 100, 101).
Susceptible isolates NP (n = 5), susceptible IC-producers (n = 9) and their corresponding
resistant IC (isolates given the “D” designation [n = 9]) were included. Of these, one (M001) was
confirmed to be an ESBL-producing isolate. IC-producer/IC pairs were selected from the 44 IC-
producers that met inclusion criteria in section 4.3.2, and narrowed down to the IC producers
with the largest number of dilutions separating their MIC from the respective IC. The 5 NP were

those with the lowest MIC from each geographic collection location with NP.

5.2.2 Time growth experiments

Each isolate was grown in three media types: full-strength cation-adjusted Mueller-Hinton broth
(CaMHB), ¥s-strength CaMHB, and filtered sterilized pooled human urine (Lee BioSolutions,
Maryland Heights, Missouri, USA) for 24 hours at 37°C, with samples taken at standard time
intervals. Overnight cultures were utilized to inoculate 15mL flasks of media at ~10° CFU/mL.

Athours 0, 1, 2, 3, 4, 6, 8, and 24, a 2.5mL sample of culture was taken for two technical
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replicates, diluted in 10-fold serial dilutions and plated onto Mueller-Hinton agar (MHA). Plate
counts were utilized to determine the CFU/mL present at the time of the measurement.

Experiments were conducted in biological duplicate on separate days for each media type.

A growth curve of the mean value of four plate counts for each timepoint per media type was
made for each isolate to visualize the different phases of bacterial growth. Graphs were

normalized to a true starting concentration of 10° CFU/mL (Figure 5, 6).

5.2.3 Generation time

Using the growth curve and generation time equation (Figure 7), the average generation time
during the logarithmic phase of growth was calculated for each isolate per media type. Student’s
T-tests were performed for each media type comparing individual IC-producer and IC, as well as

the averages across IC-producers and IC, and IC-producers and NP.

5.2.4 Competition time growth curves/rates

Isolate pairs consisting of an IC-producer and its respective IC were co-inoculated in flasks
containing full-strength CaMHB for 72 hours to test the fitness and growth rates when isolates
were combined. Overnight cultures were utilized to inoculate 15mL flasks of media at 10°
CFU/mL, where equal parts of the inoculum came from the IC-producers and IC. Samples
containing 2.5 mL were taken at hours 0, 1, 2, 3, 4, 6, and 8 in technical duplicate. At hours 12,
24, 36, 48, and 60, 10uL of culture (culture A) was used to inoculate a 10ml flask of fresh MHB

(culture B) to extend the logarithmic growth phase. Samples of 2.5mL were taken from both

42



cultures A and B at 12-hour increments as well as a final 2.5mL sample taken at hour 72, each in
technical duplicate. Selective plating was utilized to differentiate between the growth from the
IC-producer and IC. Each replicate was plated on standard MHA and on fosfomycin-
supplemented MHA (containing 25 pg/mL G6P) at a concentration between the MIC of the IC-
producers and IC at appropriate dilutions and incubated overnight. Both isolate types grew on the
standard MHA, but only the IC grew on the fosfomycin-supplemented plates. The difference

between the plate counts was used to determine the IC-producers’ CFU/mL.

5.2.5 Whole genome sequence analysis

DNA extractions were performed on all isolates using the Dneasy mini prep using the Gram-
negative extraction protocol (QIAGEN; Hilden, Germany) and the genomic DNA was sequenced
by SeqCoast Genomics (Portsmouth, NH). Sequencing was performed using short read Illumina
sequencing performed on NextSeq2000. The sequence data were assembled and annotated using
the Comprehensive Genome Analysis tool from the Bacterial and Viral Bioinformatic Resource
Center (BV-BRC) (108). The annotated genomes were uploaded to Geneious Prime (Dotmatics;

Boston, MA) for further analysis.

Single gene sequence comparisons were completed for six genes associated with fosfomycin
resistance (Table 11) (27, 28, 37, 68, 70, 73, 76, 78-84, 89-92, 94, 109-111). The copy numbers
of genes of interest were assessed through Geneious Prime annotation search tools. The search
function allowed for both the copy number and location of these genes to be assessed on the

annotated genomes. Once located the extract region and reverse complement, when needed, tools
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were used to isolate the singular gene sequence for comparison. Theses single sequences were
aligned and compared for IC-producer/IC pairs using the pairwise align function. The alignment
data provided percentage of shared sequence identity in both DNA and amino acid sequences as

well as locations of any variations.

Genome wide analysis was conducted on Geneious Prime by mapping the I1C contigs to the
respective 1C-producer sequence. The annotate and predict functions were used to find all single
nucleotide polymorphisms (SNP) and larger variations. Variations were narrowed to those that
caused amino acid changes within coding regions. The genes with variations between 1C-
producers and IC were compared across the nine pairs to identify the most common mutations

from IC-producers to IC.

5.3. Results

5.3.1. Time growth experiments

The growth curves for full-strength and ¥-strength MHB followed approximately the same curve
for each isolate when comparing to only itself while the urine curves were noticeably lower
(Figures 5, 6). Growth curves between individual IC-producers and IC pairs also followed

approximately the same shape when looking at each media type (Figures 5, 6).

5.3.2. Generation Time
Generation times among the isolate pairs ranged from 21.6-31.2 minutes in full-strength MHB,

23.4-32.4 minutes in Ya-strength MHB, and 21.0-34.8 minutes in urine (Table 12). Differences in
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generation time for IC-producer and IC pairs in all media conditions ranged from <0.6-4.2

minutes. Generation times were not significantly different (a = 0.5) in any media type, with p-

values ranging from 0.06-0.98 (Table 13).

Generation times between I1C-producers and IC as a collection were not significantly different in
any media type. Inner colonies had shorter average generation times (difference of <0.6 minutes)
in full- and (difference of 0.6 minutes) ¥-strength MHB, while IC-producers had shorter average

generation times (difference of 1.2 minutes) in urine (Table 14).

Between IC-producers and NP, as a collection, generation times did not yield clear evidence of a
difference in fitness. NP had a significantly shorter average generation time of 3.0 minutes (p =
0.03) in full-strength MHB. There was no significant difference in generation times in ¥-strength
MHB and urine (difference of 0.6 minutes), with IC-producers having a slightly shorter

generation time among the urine cultures (3.6 minutes, p = 0.06) (Table 14).

5.3.3. Competition growth curves/rates

The competition growth curves demonstrated a near steady logarithmic phase for both I1C-
producers and IC for most isolates (Figure 8). The exception to this was isolates V044D and
V001D, which began to experience death phase between hours 24-36 and 60-72, respectively,

whereas their 1C-producers (V044 and VV001) did not (Figure 8A and 7F).
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Generation times among the IC-producers within the competition experiments ranged from 49.8-
51.6 minutes and 47.4-70.2 minutes among the IC (Table 12). There were no significant
differences in the generation times between the 1C-producers and their IC in competition (Table
3). However, the generation times for both the 1C-producers and the I1C doubled (22.2 — 31.2
minutes to 47.4 — 70.2 minutes) when in competition as compared to solo inoculation in full-

strength MHB.

5.3.1. Whole genome sequence analysis
Most IC-producers shared 100% sequence identity with their IC among the six resistance genes
analyzed. Of the IC that had mutations compared to their IC-producers, many of the mutations

were silent single nucleotide polymorphisms (SNP).

The relevant mutations were within the sugar phosphate transporters (glpT and uhpT). One
isolate pair (B131/B131D) was missing glpT, another pair (M001/M001D) had glpT gene split
into two locations, similar to the split of glpT in B209D (Table 15). As all bacterial genes are
contiguous, a separation or split among the sequence is considered a variation/mutation. Three IC
(B131D, M063D, and M001D) had different mutations in uhpT. One of the NP (B254) did not
contain a copy of fosA and an IC isolate (V044D) had a mutation in fosA. Two NP (B254 and
B275) had duplicate copies of murA, and one IC (M063D) had a mutation in the same gene. A

single IC had a mutation in pykF as compared to its IC-producer.
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All IC isolates had variations causing translational changes within an uncharacterized Major
Facilitator Superfamily (MFS)-type transporter. No other variant gene or variants among a gene
family were seen across all IC. Many of the isolates had mutations in multiple MFS-type
transporters that were shared with other IC isolates. Aside from B131D, all IC isolates had a
variant in at least one of three uncharacterized MFS-type transporters. Five isolates (B209D,
MO009D, M063D, V044D, and V094D) had mutations in a 1218bp MFS-type gene. Four isolates
(M001D, V001D, V044D, and V094D) had mutations in a 1428bp MFS-type gene. The third

MFS-type gene (1371bp) had three isolates with mutations (B209D, P550D, and VV001D).

5.4. Discussion

The occurrence of fosfomycin-resistant IC among a collection of susceptible isolates of K.
pneumoniae was common (n/N = 43/133; 32%), IC-producers and IC had reduced in vitro fitness
compared to NP due to sugar-phosphate transporter mutations (17, 20). This study sought to
explore the relationship between these IC and in vitro fitness, as well as potential genetic causes

for the production of these IC among clinical K. pneumoniae isolates.

Among this collection, no significant in vitro fitness loss was observed from IC-producers to IC
isolates in full-strength MHB, %s-strength MHB, or pooled human urine. A small but significant
(p = 0.03) difference in generation time was observed between the collections of IC-producers
and NP isolates, where the NP had a shorter mean doubling time (3.0 minutes). This indicates
that in most media types the phenotypic presentation (NP, IC-producer, or IC) had no effect on

growth rate. When grown in competition, both 1C-producers and IC had increased generation
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times where observed generation time was nearly twice as long for single culture time growths.
This implies that the competition for resources within the same culture had a greater effect on

generation time. Additionally, the occurrence of two IC isolates that underwent the death phase
as early as 24-36 hours post initial inoculation point to a difference in stability of the mutations

among the IC isolates.

The potential genetic causes for the IC were not consistent across all isolate pairs, 56% (n = 5) of
the isolate pairs had near identical copies of uhpT and glpT between the 1C-producers and IC
with unchanged amino acid sequences. The remaining pairs (n = 4) had variations changing the
amino acid sequences in one or both of these transporters. Furthermore, three of the isolate pairs
had no variations in the translational sequence of any of the six examined genes examined. New
genes of interest were established as variations across MFS-type transporters were identified

among all IC.

These data are contradictory to the findings in previous studies which exclusively studied E. coli
IC. Lucas et al. sequenced five E. coli IC-producer/IC pairs when studying the presence of IC
among fosfomycin DD testing (27). The study found deletions in uhpT in four IC that were not
present in the IC-producer. This type of mutation affects G6P utilization, and has caused
decreased bacterial fitness and is counter selected in vivo (27, 70). While the current study saw
mutations within uhpT among three isolate pairs there was no loss of fitness observed in any of

three media types for solo incubation or when grown in competition.
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Furthermore, Nilsson et al., found fosfomycin resistance was associated with mutations in uhpT
and glpT, or the associated genes in E. coli (70). These isolates had mutations in the sugar-
phosphate transporters which resulted in increased generation time in both the presence and
absence of fosfomycin compared to isolates without these variants. In the current study,
variations within glpT from IC-producer to IC were seen in a single isolate pair (B209/D) with

no loss of in vitro fitness.

Abbott et al., utilized an in vitro bladder infection model to study the treatment of K. pneumoniae
UTI with fosfomycin (106). This study simulated the regular emptying (every two hours) of the
bladder during both the infection and treatment portions of the model, far more frequently than
the re-inoculation in the current study. In another study, Abbott et al., examined heteroresistance
of these isolates by exposing isolates to high-dose fosfomycin in MHB for 72 hours to visualize
which isolates were able to grow despite the fosfomycin presence (87). They determined that a
high level resistant heteroresistant subpopulation (similar to that seen with the IC) was associated
with regrowth and treatment failure despite having an MIC lower than or equivalent to non-

heteroresistant E. coli (87, 106).

Identification of mutations in MFS-type transporters as a mechanism for fosfomycin resistance in
K. pneumoniae is novel to our knowledge; however, Sharma et. al, showed that a transporter in
this same family is responsible for fosfomycin efflux in Acinetobacter baumannii (112). Other
members of the MFS family exist as multidrug efflux pumps for many organisms including K.

pneumoniae (113, 114). This includes kpnGH, an MFS-transporter responsible for the efflux of
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drugs from several antibiotic classes among K. pneumoniae (115). The relationship between the
fosfomycin-resistant IC and these common variations in the uncharacterized MFS-type
transporter needs further study to determine if they are a factor in the production of these K.

pneumoniae IC.

The strengths of this study are highlighted by the inclusion and comparison of the three IC-
production phenotypes. By studying both IC/IC-producer pairs as well as NP isolates, the current

study was able to observe and compare the in vitro fitness of three different types of isolates.

Among this collection of K. pneumoniae clinical isolates, there was no significant loss of in vitro
fitness from the IC isolates. While the genetic cause of the IC remains unknown, some of the
same genes where variations had previously been noted in E. coli studies were seen in this
collection without the associated fitness loss seen in those studies. With the additional knowledge
that heteroresistant K. pneumoniae are associated with regrowth and treatment failure in modeled
systems, K. pneumoniae IC should be treated as clinically relevant pending in vivo testing as they

have near equal fitness to their IC-producer.
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6. Chapter 6: In vivo fitness of IC and IC-producers

6.1. Introduction

Discrete 1C occurring within the zone of inhibition during fosfomycin disk diffusion (DD)
testing have been documented among many organisms including Klebsiella pneumoniae (27-29,
97). These IC often have elevated fosfomycin minimal inhibitory concentration (MIC) values
when compared to the IC-producers from which they arise. This is particularly problematic due
to the discordance in guidelines for reading DD results as discussed in Chapter 3. The European
Committee on Antimicrobial Susceptibility Testing (EUCAST) guidelines state to measure the
entire zone of inhibition, despite the presence of IC, whereas the Clinical and Laboratory
Standards Institute (CLSI) guidelines state to measure the 1C-free zone. Despite both
organizations’ clear statements that these breakpoints and guidelines apply only to Escherichia
coli, they are frequently extrapolated to non-E. coli Enterobacterales (32, 33, 35-38, 41, 43, 45—

49, 51, 56).

Previous studies that have documented fosfomycin non-susceptible IC have noted genetic
differences between the IC-producers and IC (27). Some of the most common mutations and
deletions between the IC-producers to IC cultures occur in sugar phosphate transporters, UhpT
and GlpT. Both are cellular transporters responsible for fosfomycin uptake in Enterobacterales
and are induced by their substrates—glucose-6-phosphate (G6P) and glycerol-3-phosphate (G3P)
for UhpT and GIpT, respectively (69, 70, 73). Thus, disruptions in the expression of these genes
affect the utilization of their substrates, can cause decreased bacterial fitness, leading to the

conventional belief that only the IC-producer isolate is able to grow in vivo
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(27, 70). However, most of these fitness studies occurred in vitro and limited work using a

mouse model has occurred only recently among E. coli (110).

As Enterobacterales species, both K. pneumoniae and E. coli possess many of the same
fosfomycin resistance mechanisms, however, K. pneumoniae have more inherent fosfomycin
resistance mechanisms (68, 116). FosA is a metalloenzyme which inactivates fosfomycin by
catalyzing the addition of glutathione. Unlike in E. coli, this resistance gene can be carried both
chromosomally and via plasmids in K. pneumoniae (76, 77). Several studies have reported
chromosomally carried fosA alleles among most K. pneumoniae isolates in their collections (28,

78-84).

We therefore sought to determine the urinary tract colonizing abilities of 1C-producer/IC pairs,
with known genotypes (fosA, uhpT, and glpT), in competition using a validated ascending

urinary tract infection (UTI) mouse model.

6.2. Methods

6.2.1. Bacterial isolates

A subset of four isolate pairs, from 5.2.1, with varying fosfomycin MIC values and varied
geographic collection sites was used for the ascending mouse UTI model work. Four susceptible
IC-producer isolates and their corresponding resistant IC (isolates given the “D” designation)
were included. Isolates were chosen for the large differences in MIC values between IC-producer

and IC. B131/D and B209/D were collected from Boston, Massachusetts, in 2013 (100). B131/D
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are both known to be missing glpT, and B131D has mutations within uhpT. B209D is known to
have mutations in glpT not seen in B209. Isolates collected from Boston were known to come
from patients with symptomatic infections; however, these data were not available for other
geographic cites of collection (117). M001/D was collected in 2022 from Minneapolis,
Minnesota, and confirmed to be an ESBL-producing isolate. M001/D contained a non-
continuous copy of glpT and M001D has a mutation within uhpT. P550/D was collected in 2016
from Philadelphia, Pennsylvania (101). P550D contains no mutations among fosA, uhpT, glpT,

murA, pykA, and pykF compared to P550.

6.2.2. Ascending urinary tract infection mouse model

An established ascending UTI mouse model, validated in E. coli, was used to determine the
colonizing abilities of the IC-producers and IC in competition (118-121). All procedures
involving animals were reviewed and approved by the Institutional Animal Care and Use
Committee of the University of Minnesota (IACUC protocol number: 2102-38878A). The total
duration of the model was five days from culture preparation to results, with inoculation
occurring on day zero. Four isolate pairs were used to inoculate a total of 144 mice (35 to 39

mice per isolate pair).

On day -1, a single colony of overnight culture of the IC-producers and IC were used to inoculate
separate flasks containing 250 mL of cation-adjusted Muller Hinton broth (MHB). Following
overnight incubation at 37° C in a water shaker bath, the contents of the flasks were centrifuged

to produce a pellet with a concentration of ~10*! colony forming units (CFU)/mL. This
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concentration was estimated by serial dilution to ~108 CFU/mL followed by spectrophotometry
and comparison to an established optical density (OD)/concentration curve. Concentration was
confirmed via further serial dilution (~10! and 10> CFU/mL) and plating 200pL to count on day
one. On day zero, the ~10'* CFU/mL inoculum of each strain (IC-producer and IC pair) was
mixed and used to inoculate sedated mice via urinary catheter at a volume of 1uL/g mouse
weight. Mice had water removed at least 15 minutes prior to being sedated via isoflurane. The
mixed inoculum was delivered via pump (1070 Micron; Foredom Electric Company; Bethel,
Connecticut) at a rate of 0.5uL/second, to reduce the likelihood of injury to the bladders of
sedated mice. Water was returned to mice 30 minutes after the last mouse in the cage was

inoculated.

On day two, mice were humanely sacrificed via carbon dioxide, and their bladders and kidneys
were aseptically harvested and placed into separate sterile collection vials. After determining
organ weight, each vial was homogenized in 2mL of sterile phosphate buffered saline (PBS).
Homogenate was plated onto both drug-free and fosfomycin-containing Mueller-Hinton agar
(MHA) plates. The drug-supplemented plates contained 25 pg/mL G6P and fosfomycin at a
concentration at least two dilutions higher than the MIC of the IC-producer and at least two
dilutions lower than the MIC of the IC in order to inhibit growth of the IC-producer isolate. The
difference between the plate counts was used as the IC-producer count. This selective plating
process was used to calculate bacterial burden and average CFU/mg of tissue for each

experiment.
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6.2.3. Whole genome sequence analysis of urinary tract associated virulence factors

DNA extractions of the isolates grown outside of the mouse model were performed as outlined in
section 5.2.5. Single gene sequence comparisons were completed for virulence factor genes
associated with bladder colonization (fimF, fimG, fimH, and papC) (49, 122-124). The fimH
gene, a type 1 fimbrial adhesion factor regulated by both fimF and fimG. The papC gene, a

homotypic cell adhesion factor.

6.3. Results

6.3.1. Ascending urinary tract infection mouse model

Of the mice inoculated (n = 144), 15% (n = 22) died prior to sacrifice (Figure 9). This was near
equally spread among the isolate pairs, where 14% of the inoculated mice (n/N = 5/35) died from
each B131/D, M001/D, and B209/D, and 17% of inoculated mice (n/N = 7/39) died from the
P550/D pair. Cause of death was not able to be assessed in the mice because they were either
removed from cages by animal care staff or the postmortem interval was too long to harvest the
tissues. The harvested mice had colonization in 53-80% in bladder tissue (Table 16). Of the mice
with bladder colonization, 53-81% had progression to kidney colonization in either one or both

kidneys.

Colonization density was much greater among bladder tissue as compared to kidney tissues for

both IC-producers and IC (Table 17). Due to the wide variability in colonization density, most

isolate pairs had no significant difference in density between IC-producer and IC. However, in
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bladder tissue, isolate P550 had significantly higher (p <0.01) colonization density than its IC

(P550D).

The proportion of the bacterial burden attributable to each isolate type varied based on organ
tissue and isolate pair (Figure 10). On average the IC were a greater proportion of the bacterial
burden in the kidney tissue for B131/D, bladder tissue for M001/D, and both bladder and kidney
tissue for B209/D. The higher proportion of burden of B131D was significantly greater (p =
0.046) than B131. A significantly higher proportion of the bacterial burden was attributed to the
IC-producer in kidney tissue for M001/D (p = 0.016) and both bladder (p = 0.042) and kidney

tissue (p = 0.036) among P550/D.

6.3.2. Whole genome sequence analysis of urinary tract associated virulence factors
All isolate pairs contained all four virulence genes: fimF, fimG, fimH, and papC (Table 18).
None of the isolate pairs contained any variations with all isolate pairs sharing 100% sequence

identity between corresponding IC-producers and IC.

6.4. Discussion

Conventional belief suggests that some of the most common genetic variations between
fosfomycin IC-producers and their IC cause a decrease in bacterial fitness and would be selected
against in vivo (27, 70). However, all previous studies have been conducted utilizing E. coli

which do not contain the same inherent fosA genes and have less frequent heteroresistant cultures
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(87, 107). This study sought to determine the urinary tract colonizing abilities of IC-producer/IC

pairs in competition.

Of the mice that survived to harvest, 53-80% of mice had bladder colonization based on the
isolate pairs. Kidney colonization occurred in 53-81% of the mice with bladder colonization.
Colonization density was highly variable in both bladder and kidney tissue, with a much greater
density observed in bladder tissue. The proportion of bacterial burden attributed to the IC was
greater in B131/D in kidney tissue (p = 0.046) M001/D in bladder tissue and B209/D in both
bladder and kidney tissue. Thus, IC have the ability to colonize the urinary tract at near equal
rates as their IC-producer and in the case of 131D in kidney tissue at a significantly higher

proportion.

All isolates contained copies of virulence factor genes associated with bladder colonization
(fimF, fimG, fimH, and papC). Each isolate pair had 100% shared sequence identity between the
IC-producer and IC for all four genes. This indicates that for these fimH and papC encoded
adhesion factors there are no mutagenic caused differences in the ability of these isolates to
adhere to the urinary tract via FimH or PapC. Thus, the differences in abilities to adhere to
bladder tissue among isolate pairs is unrelated to these genes and is caused by an unrelated loss

or gain of fitness within the IC.

Bermudez et al., used a similar bladder colonization model with E. coli IC with known genetic

mutations within uhpBA, pykA, and pykF (110) UhpA and uhpB are regulatory genes for uhpT
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and necessary for its expression in vivo. Mice underwent transurethral inoculation of a single
isolate, either a wild type or mutagenic E. coli strain. At 24 hours post inoculation there were
comparable organ titers between the wild type and pykA mutants, pykF mutants, and pykA/pykF
double mutants. At 16 hours post inoculation they noted comparable bacterial titers in both
bladder and kidney tissue for wild type and uhpBA mutants (110). In contrast, the current study
inoculated isolates in competition, which improved upon the understanding of the fitness of these

isolate types when competing for the same limited space and nutrients.

The competition aspect of this study, inoculating isolates via a mixed culture, is one of its
greatest strengths. In vitro, separate isolate inocula did not produce significantly different
generation times in any tested medium; however, when in mixed culture, both isolates had
extended generation times, and some IC isolates underwent a death phase. While the ascending
mouse UTI model is translational and does not exactly replicate a human host, the competition
aspect of the model does mimic the same mixed culture conditions within a human since clinical
isolates collected from patients were used. However, this work is limited by the small number of

isolates tested.

Among this collection, IC had varying abilities to colonize the urinary tract, though on average
they had some presence in both tissue types across the four isolate pairs. Furthermore, they were
able to be the primary bacterial burden in half the tissues with a significantly greater proportion
of the burden in kidney tissue coming from B131D. This work reveals that genetic variations

within uhpT and glpT did not alter the in vivo fitness of K. pneumoniae when colonizing the
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mouse urinary tract emphasizing that fosfomycin I1C should be considered clinically relevant, and

not ignored during DD testing.
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7. Chapter 7: Reflections and future directions

7.1. Clinical relevance of fosfomycin resistant K. pneumoniae inner colonies

The work described herein had provided valuable insight into the clinical relevance of
fosfomycin resistant K. pneumoniae IC. The occurrence of IC among fosfomycin disk diffusion
testing against K. pneumoniae was common, arising from 87.8% (n/N = 230/262) of the clinical
isolate collection. When approached through the inclusion criteria of >5 IC, 44.7% (n/N =
116/262) of the collection was included for further analysis. A smaller subsection of these
clinically collected isolates had a susceptible MIC when extrapolating E. coli breakpoints (n =
49). Most of the IC that arose from a susceptible K. pneumoniae clinical isolate were resistant to
fosfomycin (n/N = 44/49). These IC isolates had a modal increase in MIC of three, 2-fold
dilutions from their IC-producer. Furthermore, the production of these IC was associated with
significantly greater odds of a positive heteroresistance screening (odds ratio: 1.68; 95% ClI:

1.21-2.32; p < 0.01).

Upon analysis of genomic variations between IC-producers/IC, there was not a consistently
mutated gene across the isolate pairs. Common mutations occurred among the sugar phosphate
transporters where three IC had variations in uhpT not present in their respective IC-producers.
Two of those isolate pairs had either shared absence or splitting of glpT with their respective IC-
producer. An additional IC isolate contained unique variations compared to the respective IC-

producer. Further variations were noted among single IC isolates within fosA, murA, and pykA.
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Among the subset of isolates which underwent in vitro fitness testing, the generation times of
isolates ranged from 21.6-31.2 minutes in full-strength MHB, 23.4-32.4 minutes in ¥s-strength
MHB, and 21.0-34.8 minutes in urine. With generation time differences in all media types not
exceeding 4.2 minutes, there was no significant difference in the in vitro fitness of the IC
compared to the IC-producers in monoculture. However, when comparing the NP isolate
collection to the IC-producer isolate collection, the NP isolates had a significantly shorter
average generation time of 3.0 minutes (p = 0.03) as monoculture in full-strength MHB. This
demonstrates a lack of fitness change among IC isolates in monoculture as compared to IC-

producers.

When generation times were assessed among a competition culture of IC-producers/IC, they
were approximately double those of the monoculture generation times for both 1C-producers and
IC. Thus, when both isolate types were competing for nutrients, their growth was slowed. In
addition, two of the nine IC among the isolate pairs experienced a death phase that was not seen
among their respective IC-producers within the 72-hour culture period. This indicated that some

of the hypothesized mutagenic causes for the IC production are more stable than others.

Among the isolates that underwent in vivo fitness testing via the ascending mouse UTI model,
proportional bacterial burden varied between isolate pairs. On average, three isolate pairs
(B131/D, M001/D, and B209/D) demonstrated higher average bacterial burden among IC in
either bladder tissue, kidney tissue or both. Of which, the IC burden was significantly higher (p =

0.046) among B131D in kidney tissue. Isolate pair M001/D had a significantly greater (p =
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0.016) IC-producer burden in the kidney tissue. Furthermore, P550/D had a significantly higher
proportion of the burden attributable to the IC-producer in both the bladder (p = 0.042) and
kidney tissues (p = 0.036). Thus, the IC isolates had the ability to colonize the urinary tract at
near equal rates to their IC-producers and in the case of B131D, caused a significantly greater

proportion of the colonization in some (kidney) tissues.

The works of this dissertation lead to the conclusion that fosfomycin-resistant K. pneumoniae IC
should likely be considered clinically relevant. Due to their near equal generation times in vitro
and colonizing abilities in vivo, their occurrence should not be ignored. These IC are likely to
colonize the human urinary tract with fosfomycin-resistant organisms, and as Abbott et al., has
proved, these heteroresistant populations are associated with failed treatment and regrowth using
a dynamic bladder model (87, 106). While not an approved susceptibility testing method by
either CLSI or EUCAST, fosfomycin DD testing may be beneficial in determining clinical
outcomes of fosfomycin treatment. The association between IC and heteroresistance could be
critical in determining the likelihood of microbiological cure versus treatment failure and

regrowth.

7.2. Future laboratory research

7.2.1. Fosfomycin dose dependent expression via RT gPCR

To understand how the presence of fosfomycin alters the expression of various resistance
mechanisms, I propose a fosfomycin dose-dependent expression study utilizing reverse

transcription quantitative polymerase chain reaction (RT gPCR).
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Isolates will be exposed to two concentrations of fosfomycin, chosen to simulate the
concentration of a susceptible MIC (8 pg/mL) (24, 26)and the average concentration seen
clinically in the first 24 hours post fosfomycin dosage (350 pug/mL) (64, 125, 126). This will be
accomplished by using pre-warmed (37° C) flasks of 15mL of MHB supplemented with 25
pg/mL of G6P (127) and either O pg/mL, 8 pg/mL, or 350 pg/mL of fosfomycin inoculated with
200pL of overnight broth culture—each containing ~108 CFU/mL. Flasks would be incubated for
2 hours in a 37° C shaker bath. Using optical density and an appropriate K. pnemoniae growth
curve to determine the concentration of the culture 7.5x108 cells would be stabilized for RNA

extraction using RNAprotect (QIAGEN; Hilden, Germany) (112, 128).

RNA extractions would be performed using the rNeasy mini kit (QIAGEN; Hilden, Germany).
Template RNA will be converted to cDNA using iScript cDNA synthesis kit (Bio-Rad; Hercules,
CA, USA). Reverse transcription quantitative polymerase chain reaction (RT gPCR) would be
performed on QuantStudio 5 (Thermo Fisher Scientific; Waltham, MA, USA) using SYBR green

chemistry.

Genes of interest would include uhpT, glpT, murA, and fosA to determine if fosfomycin exposure
alters the expression of these resistance mechanisms. An additional reference gene (recA) would
be recommended for use in analysis and normalization. While K. pneumoniae does not have an
established reference gene for RT qPCR, Gomes et al., determined that recA meets all the

requirements for a reference gene (129).
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7.2.2. Characterizing causal relationships between genetic variations and fosfomycin resistance
Following the genetic findings of this work it would be critical to determine any causative
relationship between these variations and fosfomycin resistance. | would propose an approach
similar to how Srinivasan et al. were able to characterize a novel multidrug efflux pump within

K. pneumoniae (115).

This would be accomplished in part by creating primers and transforming them into an E. coli
reference strain. Though the chromosomal genes would remain intact it would allow for the
understanding of whether the additive nature of these gene products resulted in fosfomycin

resistance in the cases of fosA and uncharacterized MFS variants identified in Chapter 5.3.4.

In several of the variations seen, the presence of a functional gene product would nullify any
effects seen from an additional plasmid mediated copy. Variations within uhpT, glpT, murA, and
pykF need to be transformed into a susceptible K. pneumoniae isolate with disrupted
chromosomal copy(s) using plasmid mediated variant as a replacement. Because the MFS
variants are currently uncharacterized it will also be necessary to complete this step for those

genes.

These transformed isolates will then be subject to AD along with the unaltered isolates as
reference to determine if an increase in MIC is observed due to the variation(s) in each of the

genes of interest.
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7.3. Future clinical research

To determine the relationship between fosfomycin IC and treatment failure, | propose a
retrospective analysis of patients given fosfomycin to treat their K. pneumoniae UTI along with
collection of their causative isolate. This would involve obtaining both patient records regarding
the UTI treated with fosfomycin per prescriber decision. For ethical purposes, antibiotic choice
should not be influenced by a study (thus a retrospective analysis is necessary) as there is
evidence that fosfomycin may not be equivalent to other available oral antibiotics for UTI caused
by E. coli, and should be reserved for difficult cases where other IV or PO options may not be

available (130).

Study design would require the inclusion of any patients who received fosfomycin for the
treatment of a K. pneumoniae UTI with an available culture for duplicate DD testing within a
research laboratory setting to determine IC-production status. Patients should be excluded should
they have a history of UTI within the last six months or any antibiotic use within 30-days prior to
culture. Other variables to collect would include classification of UTI as either a cUTI or uUTI,
urinary catheter use, and complicating factors such as a uretal stent, neurogenic bladder, and
polycystic kidney disease should be collected as well. Patient records would then be assessed 30
days after initial culture to determine if the patient returned for UTI symptoms. If a patient had a
positive urine culture for K. pneumoniae or returned with UTI symptoms within those 30 days,
the patient case would be considered a microbiological and clinical failure. Should a patient not

return for UTI based follow-up within 30 days, they would be considered to have treatment
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success. Patients could be lost to follow up if they returned to a different institution for UTI
symptoms within the 30 days post initial culture, and this limitation would need to be considered

in the analysis of these results.

Due to the limited use of fosfomycin against K. pneumoniae UTI, it may be beneficial to
approach this as a multicenter study utilizing collaborators across the United States. By assessing
multiple geographic areas, the patient/isolate collection would be larger and likely more

representative of the types of K. pneumoniae UTI seen in the United States.
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Table 1. Collection and susceptibility testing practices for fosfomycin against Klebsiella spp. in international studies.

Number of

Isolated

Geographic

Testing

isolates organism location Source of Isolate Method Breakpoints used Author
4Urine, wounds,
blood, lower
: Poland ;%Zp(;ﬁﬁ;}ll, e o Kowalska-
n =250 Klebsiella spp. . . Agar dilution | EUCAST\v Krochmal, et
infection,
. . al., 2022 (53)
cerebrospinal fluid,
and other clinical
materials
_ . Germany, - Goer, et al.,
n=230 K. pneumoniae United States -- Agar dilution | EUCAST\v 2022 (54)
Agar dilution,
_ . . disk Endimaiani,
n =68 K. pneumoniae United States -- diffusion, CLSI etal., 2010 (31)
ETEST
Belgium, United _—
_ . : ’ . Agar dilution, Tutone, et al.,
n =155 Klebsiella spp. Kln_gdom, It_aly, Urine disk diffusion EUCAST oral 2022 (55)
Spain, Russia
K. pneumoniae
_ (n=1252), . . Disk Mothibi, et al.,
n=1350 K. oxytoca South Africa Urine diffusion CLSI 2020 (32)
(n=98)
_ . . Disk Yekani, et al.,
n=28 K. pneumoniae Iran Urine diffusion CLSI 2018 (33)
: . . : Agar dilution, Behera, et al.,
n =46 K. pneumoniae India Urine disk diffusion CLSI 2018 (34)
n=232 K. pneumoniae Lebanon Urine, body screen, | Disk CLSI Araj, et, al.,

67



wound/pus/abscess, | diffusion 2018 (35)
blood, respiratory,
and other fluids
3 . . . Disk b Fajfr et al.,
n =643 K. pneumoniae Czech Republic | Urine diffusion EUCAST 2017 (56)
Skin/ soft tissues, .
: sputum, blood Disk Demir and
n =098 Klebsiella spp. Turkey o ' cer CLSI Buyukguclu,
genitourinary, diffusion 2017 (36)
sterile body fluids

_ : . : Disk Khan, et al.,
n=>56 Klebsiella spp. Pakistan Urine diffusion CLSI 2014 (37)

Disk Peretz, et al
n =305 Klebsiella spp. Israel Urine diffusion, CLSI 2019 (’38) N
Vitek 2

_ . Urine, lower I b Kaase, et al.,
n=>50 K. pneumoniae Germany airway, wounds Agar dilution | EUCAST 2014 (57)

_ . . . Broth Qiao, et.al.,
n=9 K. pneumoniae China Urine microdilution CLSI 2013 (39)

B . . : Alexander, et
n=19 K. pneumoniae United States Urine ETEST CLSI al., 2012 (40)
n =100 K. pneumoniae Taiwan -- Agar dilution | EUCAST® I(_5ug,)et al., 2011

B . : : Disk Liu, et al., 2010
n =66 K. pneumoniae Taiwan Urine diffusion CLSI (41)

B . . : _ de Cueto, et al.,
n=138 K. pneumoniae Spain Urine Agar dilution | CLSI 2006 (42)

Disk Miranda-
n=_82 K. pneumoniae Mexico Urine diffusion CLSI Novales, et al.,
2022 (43)
n =988 K. pneumoniae Italy Urine, respiratory BD Phoenix | EUCAST Della Rocca, et
' tract, blood, al., 2022(58)
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medical devices,
wounds

Agar dilution,
3 . . : disk Bir, et al., 2022
n=38 K. pneumoniae India Urine diffusion, CLSI, EUCAST (44)
ETEST
_ . Wound, urine, I Aydemir, et al.,
n=32 K. pneumoniae Turkey blood, and rectal Agar dilution | EUCAST 2022 (60)
_ . : . Disk Igbal, et al.,
n=37 K. pneumoniae Paksitan Urine diffusion CLSI 2021 (45)
_ . Disk Kashefieh, et
n =100 K. pneumoniae Iran -- diffusion CLSI al., 2021 (46)
K. pneumoniae
_ (n=381), . : Disk Lima, et al.,
n=472 K. oxytoca Brazil Urine diffusion CLSI 2021 (47)
(n=91)
Wound, urine . .
_ . ’ ’ Disk Sharahi, et al.,
n=>52 K. pneumoniae Iran bIoc_)d, tracheal diffusion CLSI 2021 (48)
aspirate
Urine, blood, pus,
catheter tip, body
_ . . fluid, bile, Disk Imtiaz, et al.,
n =200 K. pneumoniae Pakistan nasal/tracheal diffusion CLSI 2021 (49)
swab, sputum,
tissue
. . Ballestero-
n=139 K. pneumoniae Spain ;Jbrér;?{]?r:glw’ bile, Agar dilution | CLSI Tellez, et al.,
2017 (50)
N . . : Disk Abdullah, et al.,
n=1617 K. pneumoniae Pakistan Urine diffusion CLSI 2013 (51)
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&Source of culture was not separated by isolated organism

b Analyzed data prior to EUCAST changing oral fosfomycin breakpoints in 2020
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Table 2. Studies that extrapolated CLSI E. coli breakpoints for used in fosfomycin susceptibility testing against Klebsiella spp.

MICsor90 MIC range
Number of Isolated . Susceptible Resistant (ng/mL) (ng/mL)
Isolates Organism Testing Method n (%) n (%) 1Z50/90 IZ range Author
(mm) (mm)
Agar dilution 4 - 256
(CLSI) 63 (92.6) 3(4.9 16/64 pg/mL ug/mL
_ . Disk diffusion <10 - Endimaiani,
n =68 K. pneumoniae (CLSI) 43 (63.2) 2(2.9) >16/>14mm ~20mm etal., 2010 (31)
ETEST 64/>512 16 - >512
(CLSI) 40 (58.8) 10 (14.7) ug/mL ug/mL
K. pneumoniae (n
_ = 1252), Disk diffusion Mothibi, et al.,
N=1350 | “oxytoca (CLSI) (94.0) (6.0) - - 2020 (32)
(n=98)
. Disk diffusion Yekani, et al.,
n=28 K. pneumoniae (CLSI) - 1(3.6) -- - 2018 (33)
_ . Agar Dilution 1->512 Behera, et al.,
n =46 K. pneumoniae (CLSI) 42 (91.3) 2 (4.3) 16/64 pg/mL ug/mL 2018 (34)
n=232 K. pneumoniae E)C;SLI;(Ij)lffusmn (66-73)* (27-34)% -- -- 'ZA(EJS (e;,;;\l.,
e Demir and
n=98° Klebsiella spp. E)C;SLI;?;ffusmn - 35 (35.7) -- -- Buyukguclu,
2017 (36)
n =56 Klebsiella spp. %il;?)'ffusmn 36 (64.0) -- -- -- l;g‘fz’(g[?;ﬂ"

71



_ . Disk diffusion B d B B Peretz, et al.,
n =305 Klebsiella spp. (CLSI) 192 (63.1) 2019 (38)
Broth Qiao, et.al
n=9 K. pneumoniae microdilution 9 (100) 0 (0.0) 1/32 pg/mL - A
2013 (39)
(CLSI)
n=19 K. preumoniae ETEST B B 16/205 B Alexander, et
- P (CLSI) ug/mLe al., 2012 (40)
_ . Agar dilution 1->512 Lu, etal., 2011
n =100 K. pneumoniae (EUCAST) 85 (85.0) 15 (15.0) 8/64 ug/mL ug/mL (59)
_ . Disk diffusion Liu, et al.,
n =66 K. pneumoniae (CLSI) 38 (57.6) -- -- - 2010 (41)
_ . Agar dilution 1-512 de Cueto, et al.,
n=138 K. pneumoniae (CLSI) 128 (92.8) 4(2.9) 16/64 pg/mL Lg/mL 2006 (42)
e Miranda-
n=_82 K. pneumoniae %ig?;ffusmn - 20 (24.4) -- - Novales, et al.,
2022 (43)
(Aé’fgg"u“on 35 (92.1) 3(7.9) | 8/64 ug/mL ig /fnlf
. o — Bir, et al., 2022
n=38 K. pneumoniae Disk diffusion B - \ '
(CLS) 32 (84.2) 6 (15.8) (44)
ETEST 33 (86.8) 3(7.9) 8/128 pg/mL | 0.125 - 1024
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(CLSI) pg/mL
n=37 K. pneumoniae (DC'SLI;?)'foS"Jn 28 (75.7) 9 (24.3)¢ -- -- Iz%bﬂ’(ig?l"
_ . Disk diffusion Kashefieh, et
n =100 K. pneumoniae (CLSI) -- 11 (11.0) -- -- al., 2021 (46)
K. pneumoniae (n
_ = 381), Disk diffusion Lima, et al.,
N=472 |k oxytoca (CLSI) 409 (86.7) | 63(13.3) . - 2021 (47)
(n=91)
n=>52 K. pneumoniae %sd;?;ffusmn 36 (69.2) 14 (26.9) -- -- gggrla?ié?t al,
n =200 K. pneumoniae EZ:'SLkS?)'foS'cm -- 43 (22) -- -- Izrggf z(4gt) al,
Agar dilution Ballestero-
n=139 K. pneumoniae (CLSI) 90 (64.7) 49 (35.3) -- - Tellez, et al.,
2017 (50)
_ . Disk diffusion Abdullah, et
n=1617 K. pneumoniae (CLSI) 1253 (77.5) 173 (10.7) -- -- al.. 2013 (51)

& Susceptibility was tested in comparison to isolates susceptibility to ertapenem, imipenem, and meropenem

b Analyzed data prior to EUCAST changing oral fosfomycin breakpoints in 2020

¢ 79 of these isolates are ESBL-positive

d Denoted as non-susceptible, includes both resistant and intermediate isolates

¢ MICsoi00 represents the entire isolate collection of K. pneumoniae (n = 19) and Citrobacter freundii (n = 1)
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Table 3. Studies that applied or extrapolated EUCAST breakpoints for used in fosfomycin susceptibility testing against Klebsiella spp.

MICso/90 MIC range

Number of Isolated . Susceptible Resistant (ng/mL) (ng/mL)

Isolates Organism Testing Method n (%) n (%) 1Z50/90 IZ range Author

(mm) (mm)
Kowalska-
n =250 Klebsiella spp. Agar dilution? 165 (66.0) 85 (34.0) 32//%15 0.5 '/anSle Krochmal, et
HY HY al., 2022 (53)

_ . oo B B Goer, et al.,

n=230 K. pneumoniae Agar dilution 20 (66.7) 10 (33.3) 2022 (54)
- - b . .

) _ Agar dilution 42 (27.1) 113 (72.9) Tutone, et al.,

n =155 Klebsiella spp. 2022 (55)
Disk diffusion® 3(1.9) 151 (97.4) -- --

_ . e B B Fajfr et al.,
n =643 K. pneumoniae Disk diffusion 517 (80.4) 64 (10.0) 2017 (56)

_ . S 16/256 0.5->1024 | Kaase, et al.,
n=>50 K. pneumoniae Agar dilution 34 (68.0) 16 (32.0) ug/mL ug/mL 2014 (57)

_ . L 1->512 | Lu,etal, 2011
n =100 K. pneumoniae Agar dilution 85 (85.0) 15 (15.0) 8/64 pg/mL ug/mL (59)

_ . e B B Della Rocca, et
n =988 K. pneumoniae BD Phoenix 744 (75.4) 244 (24.6) al., 2022 (58)
n=238 K. pneumoniae Agar dilution® 33 (86.9) 5(13.1) 8/64 pg/mL 8-512 Bir, et al., 2022
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pg/mL (44)
Disk diffusion® 19 (50) 19 (50) -- --
c 0.125-1024
ETEST 34 (89.5) 4 (10.5) 8/128 pg/mL ug/ml
_ . T B B Aydemir, et al.,
n=232 K. pneumoniae Agar dilution 29 (90.6) 3(9.4) 2022 (60)

& Analysis performed after EUCAST changed fosfomycin breakpoints in 2020, IV breakpoints applied

b Analysis performed after EUCAST changed fosfomycin breakpoints in 2020, oral breakpoints extrapolated

¢ Analysis performed prior to EUCAST changing oral fosfomycin breakpoints in 2020
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Table 4. Clinical outcomes of fosfomycin monotherapy against susceptible Klebsiella spp.

UTI compared to E. coli.

Citation, Location | Study type Fosfomycin Number of Fosfomycin Study outcomes
year of dosing patients susceptibility
publication regimen Clinical cure | Microbiological
cure
Tumturk et | Turkey Retrospective | Single 3g oral [ n=12 100% 70.8% (n/N = | 50% (n/N =
al., 2019 chart review | dose (Klebsiella susceptible 34/48) 6/12)
spp.) per CLSI
breakpoints Clinical
response rate
was only
reported as an
n=32 100% ﬁ?)ﬂ::n on | 79% (N =
(E. coli) susceptible . . 25/32)
oer CLS| (including
breakpoints Enterobacter
spp. [n =4])
Matthews | United Retrospective | n =53 n=9 100% 22.2% (n/N = | 22.2% (n/N =
etal., Kingdom | cohort received one (K. susceptible 2/9) 2/9)
dose pneumoniae) | per
n = 8 received EUCAST?
two doses breakpoints
n =14 received | n =52 100% 76.9% (n/N = | 36.5% (n/N =
three or more | (E. coli) susceptible 40/52) 19/52)
doses per
EUCAST?

breakpoints
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Neuner et | Clevland, | Retrospective | Average of 2.9 | n =13 92% NA 46% (n/N =
al., Ohio, chart review | fosfomycin (K. susceptible 6/13) K.
United doses pneumoniae) | per CLSI pneumoniae
States breakpoints
n=>5 80% NA 100% (n/N =
(E. coli) susceptible 5/5) E. coli
per CLSI
breakpoints
van Duin | United Prospective | NA n=15 (K. Testing not NA 13.3% (n/N =
etal., States pneumoniae) | reported 2/15)
Reid et al., | United Retrospective | 3-7 doses of n=5(K. Testing not NA 20.0% (n/N =
States review of 3g oral pneumoniae) | reported 1/5)
Kidney fosfomycin
transplant
patients
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Seroy et United Retrospective | 1-14 doses of | n =23 (K. 88.9% (n/N = | 43.5% (n/N = | NA
al., States chart review | 3g oral pneumoniae) | 8/9) of 10/23)
fosfomycin isolates without
reported were | persistent or
susceptible recurrent UTI
per CLSI

& Analysis performed prior to EUCAST changing oral fosfomycin breakpoints in 2020; NA: not available
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Table 5. CLSI and EUCAST breakpoints for oral and intravenous (1) fosfomycin formulations.

MIC (ug/mL) DD? (mm)
Susceptible Intermediate Resistant Susceptible Intermediate Resistant
CLSIP <64 128 >256 > 16 13-15 <12
EUCAST\® <32 NA > 32 >21 NA <21
EUCASToral <8 NA >8 >24 NA <24

only uncomplicated UTI caused by E. coli

bCLSI M100, 33" edition applies only to E. coli from the urinary tract and E. faecalis
‘EUCAST IV 2023 breakpoints for use against all Enterobacterales

dEUCAST oral breakpoints only uncomplicated UTI caused by E. coli

CLSI: Clinical and Laboratory Standards Institute; EUCAST: European Committee on Antimicrobial Susceptibility Testing



Table 6. Clinical isolates collection stratified by geographic location.

Collection Number of Anatomical Collection Proportion of Number of Citations
location isolates site of culture period IC-producers | IC collected
Hirsch et al., 2015
(100)
Chen et al., 2017
— e — _ (102)
= = - 0, =
Boston, MA n=38 Urine: n = 38 2013-2014 73.7% n=28 Hirsch et al., 2020
(101)
Bixby et al., 2023
97)
Urine: n = 25 Chen et al., 2017
Sputum: n = 5 Hiveah o ., 2020
Philadelphia, PA n=236 Blood: n=3 2016 33.3% n=12 (101) "
Wound: n=3 b L 202
Bone: n = 1 Bixby et al., 2023
' 97)
Chenetal., 2017
_ A _ (102)
= = - 0, =
Houston, TX n==6 Blood: n=6 2008-2015 33.3% n=2 Bixby et al., 2023
97
Minneapolis, MN n =282 Urine: n = 82 2022-2023 23.2% n=19
Richmond, VA n=100 Urine: n =100 2022 56.0% n =56
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Table 7. Comparison of susceptibility for agar dilution and disk diffusion using both CLSI and EUCAST breakpoints.

Susceptible (S) Intermediate (I) Resistant (R) MIC/Zone Range MICsor90
EUCAST oral breakpoints (n = 262)
Agar dilution n (%) 22 (8.4) NA 240 (91.6) 1 to >256 pug/mL 32/256 pg/mL
Disk diffusion n (%) 15 (6.2) NA 247 (93.8) 6 to 30 mm 20/18 mm
EUCAST intravenous breakpoints (n = 262)
Agar dilution?® n (%) 152 (58.0) NA 110 (42.0) 1 to >256 pug/mL 32/256 pg/mL
Disk diffusion n (%) 132 (35.0) NA 130 (65.0) 6 to 30 mm 20/18 mm
CLSI breakpoints (n = 262)
Agar dilution n (%) 203 (77.5) 21 (8.0) 38 (14.5) 1 to >256 pg/mL 32/256 pg/mL
Disk diffusion n (%) 153 (58.4) 54 (20.6) 55 (21.0) 6 to 24 mm 17/10 mm

& Approved breakpoint for all Enterobacterales, including K. pneumoniae.

CLSI: Clinical and Laboratory Standards Institute; EUCAST: European Committee on Antimicrobial Susceptibility Testing
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Table 8. Agreement between CLSI and EUCAST susceptibility testing results as compared to EUCAST v agar dilution (AD) as the
reference method.

Method ggtri%%éﬁl Minor error Major error Very major error
EUCAST\ DD 161/262 (61.5) NA 61/152 (40.1) 40/110 (36.4)
EUCASTora AD 132/262 (50.4) NA 130/152 (85.5) 0/110 (0.0)
EUCASTora DD 118/262 (45.0) NA 141/152 (92.8) 3/110 (2.7)
CLSI AD 190/262 (72.5) 21/262 (8.0) 0/152 (0) 51/110 (46.4)
CLSI DD 141/262 (53.8) 54/262 (20.6) 19/152 (7.3) 48/110 (43.6)

CLSI: Clinical and Laboratory Standards Institute; EUCAST: European Committee on Antimicrobial Susceptibility Testing; DD: disk

diffusion
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Table 9. Interpretation of MIC fosfomycin susceptibility testing results for clinical and inner colonies.

Susceptible  Intermediate Resistant MIC Range MICsorg0

n (%) n (%) n (%) (Hg/mL) (Hg/mL)
Clinical isolate collection (n = 262)
CLsSI 133 (50.8) 53(20.2) 76 (29.0)

<2 to >256 64/256

EUCASTw 64 (24.4) NA 198 (75.6)
EUCASToral 10 (3.8) NA 252 (96.2)
Inner colony isolates (n = 116)
CLSI 4(3.4) 3(2.6) 109 (93.9)
EUCASTw 2 (1.7) NA 114 (98.3)  32t0>1024 >1024/>1024
EUCASToral 0(0.0) NA 116 (100.0)

CLSI: Clinical and Laboratory Standards Institute; EUCAST: European Committee on Antimicrobial Susceptibility Testing
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Table 10. Heteroresistance screening and the presence of fosA for the clinical (n = 57) isolate collection, which was comprised of the
inner colony (IC)-producers (n = 43) and never-producers (n = 14), along with the IC (n = 43) isolate collections.

MIC (ug/mL) fosA fosA3
IC-producer Heteroresistance
(Y/N) Clinical isolate  Inner colony screening Clinical - Inner  Clinical - Inner
isolates colony isolates colony
V044 Y 8 512 + + + - -
B131 Y 8 1024 + + + - -
B035 Y 16 1024 + + - - -
V046 Y 16 1024 + - - - -
MO009 Y 16 >1024 + + + - -
B069 Y 32 256 + + - - -
MO049 Y 32 256 + - + - -
B068 Y 32 1024 + + - - -
MO063 Y 32 1024 - + + - -
V025 Y 32 1024 + - - - -
B120 Y 32 >1024 + - - - -
MO001 Y 32 >1024 + + + - -
V001 Y 32 >1024 + + + - -
V033 Y 32 >1024 + + + - -
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V094

32

>1024

BO19

64

512

B090

64

512

M021

64

512

V065

64

512

V083

64

512

B093

64

1024

B096

64

1024

B121

64

1024

B137

64

1024

P550

64

1024

V085

64

1024

B132

64

>1024

B209

64

>1024

B233

64

>1024

MO054

64

>1024

MO058

64

>1024

P570

< <| <| <] <| <| <| <| <| <| <] <| <| <] <| <| <] <

64

>1024
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P615 Y 64 >1024 + -
V008 Y 64 >1024 - -
V014 Y 64 >1024 - -
V018 Y 64 >1024 - -
V027 Y 64 >1024 - -
V037 Y 64 >1024 - -
V055 Y 64 >1024 - -
V057 Y 64 >1024 + -
V058 Y 64 >1024 - -
V076 Y 64 >1024 - -
V096 Y 64 >1024 - -
B254 N 8 NA NA NA
B275 N 8 NA NA NA
MO041 N 8 NA NA NA
MO073 N 8 NA NA NA
V078 N 16 NA NA NA
MO048 N 32 NA NA NA
P653 N 32 NA NA NA
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MO010 N 64 NA NA NA
MO011 N 64 NA NA NA
MO55 N 64 NA NA NA
P628 N 64 NA NA NA
P531 N 64 NA NA NA
P547 N 64 NA NA NA
V016 N 64 NA NA NA

N: no; NA: not applicable; Y: yes
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Table 11. Common resistance genes analyzed among whole genome sequence analysis.

Function Cause for fosfomycin resistance
fosA Fosfomycin deactivating enzyme Renders fosfomycin inactive once in the bacterial cell
function mutations prevents fosfomycin from reaching
glpT Sugar-phosphate (G3P) transporter the cite of action
. . . Fosfomycin cite of action, certain mutations prevent
murA Enzymatic catalyst for cell wall peptidoglycan synthesis from fosfomycin binding
Essential in the glycolysis portion of cell wall
OyKA, pykE Pyruvate kinase isozyme formation, mutations causing a reduction in activity of

pyruvate kKinases have been associated with fosfomycin
resistance.
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Table 12. Average generation times for isolates in full-strength Mueller-Hinton broth (MHB), Y2-strength MHB, filter sterilized urine,
and in competition (full-strength MHB).

Generation Time (minutes)

Isolate Istola;e ( M/In(]:L) Full-strength Ya-strength Uri Comp.
yp H MHB MHB fine MHB
V044 P 8 276+1.8 30.6 £0.6 288+1.2 53.4+3.0
V044D IC 512 264+1.2 25.8+3.6 324+54 70272
B131 P 8 288124 258+1.2 294124 51.6+3.0
B131D IC 1024 31.2+1.2 27.6+£3.6 27.0+£3.0 56.0+1.8
MO009 P 16 28.2+6.0 234124 23.4+1.2 56.0+1.8
MO009D IC >1024 240+0.6 23.4+1.2 240+£1.2 53.4+3.6
MO063 P 32 27.0+1.8 252+1.2 246+ 0.6 516+24
MO063D IC 1024 246+ 3.6 27.6+£3.6 25.8+1.8 49.8 +£3.0
M001 P 32 222+4.2 252+4.2 246+0.6 49824
MO001D IC >1024 22.2+54 246+ 3.0 258+1.2 522+4.2
V001 P 32 28.8+0.6 300+£1.8 31.2+0.6 498 4.2
V001D IC >1024 312+1.2 324+24 34.8+3.0 474 +54
V094 P 32 240+4.2 270+ 24 26.4+1.2 49.2 +3.6
V094D IC >1024 246+1.8 25.8+24 26.4+0.6 474 +3.6
P550 P 64 276 1.2 264+24 246+1.8 516+24
P550D IC 1024 30.0+3.0 270+ 3.0 258+1.2 50.4+£3.0
B209 P 64 28.8+4.2 28.2+24 26.0+£0.6 50.4£5.4
B209D IC >1024 26.4+4.8 276+1.8 228124 504+1.2
B254 NP 8 27.0+4.2 28.8+24 29.4+3.6 --
B275 NP 8 246+1.8 26.4+1.2 26.4+1.2 --
M041 NP 8 216124 246+ 0.6 252+1.8 --
MO073 NP 8 228+ 3.0 252+ 0.6 252+1.2 --
V078 NP 16 23.4 +<0.6 264+£1.2 20.4+£24 --
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Table 13. Difference in average generation times for individual 1C-producers and IC pairs in full-strength Mueller-Hinton broth
(MHB), Ya-strength MHB, filter sterilized urine, and in competition (Full-strength MHB).

Difference in
Isolate Media type generation time p-value
(minutes)
\V044/\V044D Full-strength MHB 1.28 0.36
Ya-strength MHB 3.6 0.08
Urine 3.6 0.32
Competition 16.8 0.21
B131/B131D Full-strength MHB 2.4 0.18
Ya-strength MHB 1.8 0.25
Urine 2.4° 0.30
Competition 3.6% 0.87
MO009/M009D Full-strength MHB 4.2% 0.26
Ya-strength MHB <0.6 3.64
Urine 3.6 0.16
Competition 2.4 0.74
MO063/M063D Full-strength MHB 2.42 0.38
Ya-strength MHB 24 0.16
Urine 1.2 0.11
Competition 1.82 0.41
M001/M001D Full-strength MHB <0.6 0.98
Ya-strength MHB 1.2# 0.32
Urine 1.2 0.36
Competition 2.4 0.44
\V001/v001D Full-strength MHB 2.4 0.06
Ya-strength MHB 24 0.27

Urine 3.6 0.07



Competition 2.42 3.69

\V094/v094D Full-strength MHB 3.6 0.72
Ya-strength MHB 1.2# 0.40

Urine <0.6? 0.51

Competition 1.82 0.72

B209/B209D Full-strength MHB 2.42 0.54
Ya-strength MHB 3.6% 0.84

Urine 1.8 0.34

Competition <0.6 0.96

P550/P550D Full-strength MHB 2.4 0.25
Ya-strength MHB 3.6 0.73

Urine 1.2 0.38

Competition 1.28 3.67

¢ IC had the shorter generation time
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Table 14. Difference in average generation time among never producer (NP), IC-producer, and IC collections.

Difference in
Isolate Media type generation time p-value
(minutes)
Producers/IC Full-strength MHB <0.6* 0.30
Ya-strength MHB <0.6% 0.98
Urine 1.2 0.32
Competition 3.6 0.48
NP/Producers Full-strength MHB 3.0 0.03
Ya-strength MHB 0.6 0.40
Urine 3.6" 0.06

2 |C had the shorter generation time

b |C-producers had the shorter generation time

IC: inner colony; IC-producers: inner colony producer



Table 15. Genetic variations within common fosfomycin resistance genes among isolates.

fosA glpT uhpT murA pykA pykF
V044 + + + + + +
V044D +2 + + + + +
B131 + - + + + +
B131D + - +P + + +
MO009 + + + + + +
MO009D + + + + + +
MO063 + + + + + +
M063D + + +© +d + +
MO001 + + + + + +
MO001D + + +¢ + + +
V001 + + + + + +
V001D + + + + + +f
V094 + + + + + +
V094D + + + + + +
B209 + + + + + +
B209D + +9 + + + +
P550 + + + + + +
P550D + + + + + +
B254 - + + +h + +
B275 + + + +h + +
MO041 + + + + + +
MO073 + + + + + +
V078 + + + + + +

Many isolates had silent mutations from IC-producer to IC that are not noted as the amino acid
chain was conserved

+ gene is split into two locations and is likely non-functional, but functionality is unknown
&Non-conserved missense mutation at 52

b Many mutations including a frame shift at 1320 that lead to a premature stop codon

¢ Conserved missense mutation at 1300

4 Non-conserved missense mutation at 617 and conserved missense mutation at 629

¢ Insertion of 9 new bp at 517

" Conserved missense mutation at 397

9 Missing 3 bases at 265

" Two copies of this gene are present



Table 16. Rates of tissue colonization among mouse bladder and kidneys. “Mice w/ bladder
colonization” was calculated as the number of the mice whose organs were harvested that had
bacterial growth in bladder tissue. “Mice w/ kidney colonized” was calculated as the number of
mice with bladder colonization that progressed to bacterial growth in one or both kidneys. “Total
kidneys colonized” was calculated as the number of kidneys with bacterial growth among the
mice with bladder colonization as colonization in either one or both kidneys was not consistent.

Isolate pair Mice w/ bladder Mice w/ kidney Total kidneys
colonized colonized colonized
Total n (%) Total n (%) Total n (%)
B131/D 30 24 (80) 24 16 (67) 48 25 (52)
M001/D 30 21 (70) 21 17 (81) 42 30 (71)
P550/D 30 17 (53) 17 9 (53) 34 16 (47)
B209/D 32 16 (53) 16 10 (63) 32 10 (31)
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Table 17. Average tissue concentration of bacterial cells stratified by isolate pair and tissue type.

Bacterial concentration was normalized to the measured weight of the tissue prior to

homogenization. The difference in concentrations of IC-producers and IC were compared using
Fisher’s exact test to determine if there was a significant difference in concentration for each

tissue type.
Bladder (CFU/mg tissue) Kidney (CFU/mg tissue)
IC-producer IC p-value  IC-producer IC p-value
B131/D 73.95+ 848+ 0.15 9.1+31.7 85%16.7 0.20
144.3 227.0
MO001/D 93.4+172.8 252.7 + 0.09 3.03+4.4 6.7 £8.8 0.14
516.5
P550/D 74.4 +110.0 18.07 + <0.01 325+752 4686 0.06
31.3
B209/D 13.1+£23.0 145+30.6 0.11 0.8+£0.8 1.0+14 0.07
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Table 18. Presence of common bladder colonization virulence factors.

fimF

fimG

fimH

papC

B131
B131D

+

+

+

MO001
MOQ01D

P550
P550D

B209
B209D

+ + |+ + [+ + |+

+ 4|+ [+ + |+

+ |+ [+ |+

+ |+ [+ |+

96



Figure 1. Histogram of measured fosfomycin disk diffusion zone of inhibition diameters using both EUCAST and CLSI guidelines
for inner colony (IC) interpretation. EUCAST measurements were the entire diameter of the zone of inhibition, irrespective of
presence of IC presence. CLSI measurements were the IC free zone of inhibition.
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Figure 2. Scattergram comparison of agar dilution MIC measurements and disk diffusion zone diameter measurements for EUCAST v
(A) EUCASToral (B) and CLSI (C) breakpoints.
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Figure 3. Flowchart of inclusion criteria for the heteroresistance screening for the clinical isolate collection (n = 262).
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Figure 4. Number of 2-fold dilution increase in MIC value of inner colony isolates arising from each IC-producer isolate.
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Figure 5. Growth curves for IC-producer/IC pairs (n

sterilized urine.
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Figure 6. Growth curve for inner colony never producer isolates (n = 5) in full-strength Mueller-Hinton broth (MHB), Ys-strength
MHB, and filter sterilized urine.
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Figure 7. Generation time equation used to calculate the doubling time of cultures during the logarithmic growth phase.

t1 — Lo
(loglo CFU,, — logy, CFUtO)/IOgm 2

G =
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Figure 8. Competition growth curves for IC-producer/IC pairs in full-strength Muller-Hinton broth over 72 hours. Flasks were

inoculated at hour zero with both IC and IC-producer cultures at 5x10* CFU/mL each. Every 12 hours broth was replaced by adding
10 pL of the grown flask into 10 mL of fresh broth.
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Figure 9. Flowchart of mouse inoculation, survival, and bacterial colonization for the four isolate pairs used in the ascending UTI

mouse model.
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Figure 10. Proportion of bacterial burden attributable to 1C-producers and corresponding IC. Bacterial burden was calculated for only
organs with colonization where the proportion of the burden attributable to the IC-producer (P) was compared to the proportion of the
burden attributable the IC in both bladder and kidney tissue.
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