Current Clinical Microbiology Reports
https://doi.org/10.1007/s40588-022-00182-2

BACTERIOLOGY (Y YAMAUCHI, SECTION EDITOR)

=

Check for
updates

Selection of Relevant Bacterial Strains for Novel Therapeutic Testing:
a Guidance Document for Priority Cystic Fibrosis Lung Pathogens

Eshwar Mahenthiralingam'® - Rebecca Weiser'

Accepted: 27 September 2022
© The Author(s) 2022

Abstract

-R. Andres Floto?>*. Jane C. Davies’ - Joanne L. Fothergill®

Purpose of Review People with cystic fibrosis (CF) suffer chronic lung infections with a range of antimicrobial-resistant
bacterial pathogens. There is an urgent need for researchers to develop novel anti-infectives to treat these problematic infec-
tions, but how can we select bacterial strains which are relevant for robust testing and comparative research?

Recent Findings Pseudomonas aeruginosa, Burkholderia cepacia complex and Burkholderia gladioli, Mycobacterium
abscessus complex, Staphylococcus aureus, Haemophilus influenza, and several multidrug-resistant Gram-negative species
were selected as key CF infections that urgently require new therapeutics. Reference isolates and strain panels were identi-
fied, and a summary of the known genotypic diversity of each pathogen was provided.

Summary Here, we summarise the current strain resources available for priority CF bacterial pathogens and highlight sys-
tematic selection criteria that researchers can use to select strains for use in therapeutic testing.
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Introduction

Lung infection in people with cystic fibrosis (CF) is polymi-
crobial and comprises a mixture of multiple bacteria, fungi,
viruses, and other microorganisms [1, 2]. After conventional
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diagnosis of infection using culture-based microbiology,
only specific bacterial and fungal CF pathogens are treated
using antibiotics or antifungals, respectively. Multiple CF
pathogens are intrinsically resistant to antibiotics, and within
the environment of the CF lung, they escape killing with
these antimicrobials leading to the establishment of chronic
infections. The continuous or repeated use of antibiotics to
suppress chronic infection may lead to increased pathogen
antimicrobial resistance (AMR), and frequently limits avail-
able therapeutic options for people with CF. In addition,
pathogen adaption to this antimicrobial-rich lung environ-
ment promotes diversification and phenotypic variation. The
microbial molecular epidemiology of CF lung infection has
been comprehensively discussed by Lipuma [2, 3e] and is
audited regularly by organisations such as the UK Cystic
Fibrosis within their Data Registry [4].

But from the diverse groups of isolates associated with
bacterial CF lung infections, how do researchers or companies
developing therapeutics select appropriate strains for analysis?

Testing of novel anti-infective agents for the treatment
of CF infections should consider using microbial strains
that are well characterised in the context of the respiratory
disease, as well as being representative of the genetic and
phenotypic diversity of species being targeted. The defini-
tion of a bacterial strain has been discussed widely and can
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now be defined at several levels of resolution based on whole
genome sequences [5]. For the purpose of this review, a bac-
terial CF strain will be taken as an isolate that is distinct
from other isolates of the same species based on a geno-
typic feature. This is important in relation to chronic CF lung
infection because sequential isolates of the same strain are
frequently collected over time, and hence will bias research
if not accounted for. Here, we provide a summary of strain
resources for problematic bacterial CF pathogens which
are treated with antibiotics in the context of the respiratory
disease (Fig. 1): Pseudomonas aeruginosa, Burkholderia
cepacia complex (Bcc) and Burkholderia gladioli, Myco-
bacterium abscessus complex, multi-drug-resistant Gram-
negative species (Achromobacter, Stenotrophomonas and
others), Staphylococcus aureus, and Haemophilus influenza.
From this knowledge, systematic criteria are also proposed
to help future selection strains for research and testing.

Pseudomonas aeruginosa

P. aeruginosa is arguably the most widely studied CF patho-
gen and is also a World Health Organisation Priority 1 (Crit-
ical) bacterium in terms of AMR and an urgent need for
new treatments [6]. P. aeruginosa continues to be a domi-
nant cause of chronic CF lung infection, with a prevalence

of greater than 50% in large populations such as the USA
[3e] and UK [4]. Aggressive antibiotic eradication therapy
has been successful at limiting P. aeruginosa infection in
children, but chronic infection eventually occurs in adoles-
cents and adults with CF [3e, 4]. Historically, P. aeruginosa
strains which have been widely studied in terms of antimi-
crobial resistance and molecular pathogenesis are:

e P aeruginosa PAO1 (ATCC 15,692), a human wound
isolate and arguably the prototypic P. aeruginosa refer-
ence strain studied for the last 30 years [7ee]

o P aeruginosa UCBPP-PA 14, a human burn isolate [7ee]

e P aeruginosa PAK, a non-CF human isolate [7ee]

However, none of the above were originally isolated
from CF lung infections, representing a key knowledge
gap in terms of therapeutic testing and modelling dis-
ease-appropriate P. aeruginosa strains. In the last decade,
one CF strain has been studied in more detail, provid-
ing insights into the different behaviour of isolates from
chronic lung infection compared to the widely studied
reference strains:

e P.aeruginosa LES B58, a chronic lung infection isolate
from an adult with CF which is representative of a major
epidemic strain, the Liverpool Epidemic Strain (LES) CF
strain [8].

CF lung
microbiota

Bacterial pathogens
Vo N\
Prevalent or problematic:
Pseudomonas aeruginosa
Burkholderia cepacia complex
Burkholderia gladioli
Mycobacterium abscessus complex
Staphylococcus aureus
Haemophilus influenza

Less prevalent but problematic
Gram-negative bacteria:
Achromobacter species
Stenotrophomonas maltophilia
Cupriavidus species

Ralstonia species

Pandoraea species

A\

Fungal pathogens

Prevalent:
Aspergillus species
Candida species

Emerging and problematic:
Scedosporium species
Lomentospora species
Exophiala species

CF anaerobes

Veillonella species
Prevotella species
Streptococcus species

Species and strain definitions generally clear,
with good genomic resources

Multiple knowledge gaps for both species and strain
definitions, with more limited genomic resources

Fig. 1 Bacterial pathogens, fungal pathogens, and the CF lung micro-
biota. Bacteria and fungi that are identified as pathogens and thera-
peutically treated in CF lung disease are listed. The wider microbiota
are also illustrated, outlining prevalent bacteria (mainly anaerobes)
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which are not currently treated as lung pathogens. The current knowl-
edge relating to taxonomic identity, strain definitions, and genomic
resources is described. Figure graphics created with BioRender.com
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The International P. aeruginosa Reference Panel

In 2013, Anthony De Soyza and colleagues coordinated the
development of an international P. aeruginosa reference
panel in an attempt to address the issue of studying dis-
ease-relevant strains [7ee] (Table 1). The panel of 43 strains
was developed to be representative of P. aeruginosa using
a systematic range of clinical and microbiological criteria.
Full historical details and source references for each panel
strain were provided, and they were selected to be geneti-
cally diverse in terms of the known population biology of

Table 1 Strain and genomic level resources for bacterial CF pathogens

P. aeruginosa at the time [7ee]. The P. aeruginosa strain
panel included all four well-studied reference strains (PAO1,
UCBPP-PA14, PAK, and LES B58) and expanded on CF
strains as follows:

e 8 isolates representative of transmissible CF strains
including LES and from Denmark and Australia

e 8§ isolates from chronic infection that were sequential to
cover evolution within an individual’s lung infection (3
from an adult and 5 from a childhood CF respiratory
infection)

Pathogen species
and genomes (no. CF rel-
evant):

MLST resources for isolates  Strain panel or published collection
(useful references)

Attributes of strain panel or collection

P. aeruginosa 8251 (1352)* isolates

2745 (36)* genomes

International panel [7®e]
Phenotypic properties [9®®]
Panel genomics [12¢]
Population genomics [13]

43 systematically selected strains;
coordinated phenotypic analysis of
42 strains from the panel; 2 major
genomic groups present within species

B. cepacia complex 4451 (2092) isolates Original panel 30 strains (representative of first 5
1410 (487) genomes [19] named genomovars): B. cepacia (1), B.
Updated panel multivorans (11), B. cenocepacia (11I),
[54] B. stabilis (IV) and B. vietnamiensis

V)

Updated panel to include 4 B. dolosa
(VD), 3 B. ambifaria (VI), 4 B.
anthina (VIII), and 4 B. pyrrocinia
isolates

B. cenocepacia

B. gladioli

Achromobacter species

Stenotrophomonas maltophila

Mycobacterium (Mycobac-
teroides) abscessus complex

S. aureus

H. influenzae

1163 (812) isolates®
342 (53) genomes®

142 (53) isolates®
107 (25) genomesh

1406 (1035) isolates
9 (1) genomes

994 (30)? isolates
101 (5)* genomes

1886 isolates
1884 genomes

37887 (309)" isolates
27082 (17)* genomes

6798 (466)* isolates
2785 (76)* genomes

Published genomic collections
(27°]

Published genomic collections and
associated CF isolates
[34e]

Published genomic collections and
associated CF isolates

[42]

[41]

Published genomic collections and
associated CF isolates

[43]

Published genomic collections and
associated CF isolates

[35, 36, 37°]

Published genomic collections and
associated CF isolates

[47]

[46]

Published collection of CF isolates
[48]

303 strain genomes characterised;
genomic support for 2 clades within
species

206 (194 CF) isolate genomes analysed;
5 genomic clades defined; 13% of CF
isolates produce lethal bongkrekic
acid toxin

54 isolate genomes from 26 CF patients
101 isolate genomes, 51 CF patients
over 20 years

91 isolate genomes, 10 CF individuals,
and 10 years

168 isolates, 31 CF individuals over
4 years of study and subsequently

1173 isolate genomes from 526 CF
individuals across UK, US, Australia
and Europe

64 isolate genomes, 50 CF individuals
from the USA

Staphopia database of 43,000 genomes

Extensive strain collection evaluated
for antibiotic resistance but limited
systematic knowledge of CF strains

aSource given as sputum without breakdown of being CF or other lung disease respiratory samples

®B. cenocepacia and B. gladioli strain information is held within the single Bcc MLST database
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e 8 additional CF strains with specific phenotypic, viru-
lence serotype characteristics [7ee].

The wider panel encompassed 15 other P. aeruginosa
strains from non-CF infections (burns, wounds, keratitis,
acute intensive care unit infection, and chronic obstructive
pulmonary disease), as well as 4 strains isolated from the
environment [7ee]. All the strains within the panel were
deposited within an internationally recognised strain reposi-
tory, the Belgium Coordinated Collection of Microorgan-
isms/Laboratory for Microbiology Gent (BCCM/LMG;
http://bccm.belspo.be/about-us/bcecm-Img). This enabled
researchers to reproducibly access the P. aeruginosa strains
from a single validated source at low cost [7ee].

Phenotypic Data on the International P. aeruginosa
Reference Panel

To follow-up the definition of the panel, Cullen and col-
leagues [9¢¢] examined multiple phenotypic properties for
42 of the original 43 strains (strain NN2 was withdrawn
from the analysis due to inconsistencies over its taxonomic
identity). The phenotypes determined included growth
rates, antibiotic susceptibility, motility, Galleria mellonella
infection modelling, mucoidy, pyocynanin and alginate pro-
duction, lipopolysaccharide properties, biofilm formation,
urease activity, and antimicrobial and phage susceptibility
[9ee]. A key feature of the phenotypic testing was its coor-
dination across multiple research laboratories in different
geographic locations, with several phenotypes such as anti-
biotic susceptibility reproduced in different centres [Jee].
This accounted for the variable nature of laboratory testing,
and the fact that P. aeruginosa is a phenotypically diverse
bacterium capable of significant intra-strain diversity [10].
By using the findings of the P. aeruginosa panel phenotype
paper [9ee], researchers can rapidly identify strains with the
relevant virulence or antimicrobial resistance traits they wish
to model.

A Genomic Understanding of the P. aeruginosa
Reference Panel

The original P. aeruginosa strain panel [7ee] accounted for
the genetic diversity of P. aeruginosa by selecting strains
based on their Clondiag Array Tube (AT) genotype [11]. The
AT-genotyping database covered the diversity of greater than
1000 P. aeruginosa strains at the time, but as a molecular
strain typing method, it is now been superseded by whole
genome sequence analysis. In 2018, Freschi and colleagues
[12¢] determined the genome sequences for 33 of the strains
from the P. aeruginosa panel [7ee] and compared them to
7 reference genomes (Table 1). A key observation from
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this analysis of 40 strain genomes was that P. aeruginosa
separates into two major evolutionary lineages, designated
genomic Groups 1 and 2. Well-characterised reference strains
such as LESB58, PAO1, and PAK are in Group 1, while other
reference strains such as UBCPP-PA14 are in Group 2.

Furthermore, genomic analysis of 1311 P. aeruginosa
genomes identified a total of 5 genomic groups within
the species [13]. This confirmed the presence of Group 1
(n=986 isolates) and Group 2 (n=297 isolates) and dem-
onstrated that they are the most common P. aeruginosa line-
ages (collectively 98% of the isolates) [13]. Three additional
groups, 3, 4, and 5, were defined, with Group 3 being sig-
nificantly distant in terms of its average nucleotide iden-
tity (ANI; 93-94% compared to all the other P. aeruginosa
genomes analysed) [13]. The group 3 isolates (14 in total)
included the well-studied multidrug-resistant P. aerugi-
nosa PAT7 strain [13]. However, in the context of the current
genomic taxonomy boundary of 95% ANI used to define the
majority of bacterial species [14ee], strain PA7 and Group
3 as a whole could be considered a novel genomic species.
This suggest that strain PA7 is less relevant as a model strain
when comparing to the more common and taxonomically
validated, P. aeruginosa lineages.

A study of 103 P. aeruginosa genomes [15] confirmed
the Groups 1 and 2 population biology as encompassing the
majority of strains [13], and also defined the preservative
tolerance of multiple panel strains. P. aeruginosa is intrin-
sically resistant to both antibiotics and other antimicrobi-
als such as preservatives, disinfectants, and biocides [15].
This analysis also showed that preservative tolerant strains
from the contamination of nonsterile industrial products
possessed genomes that were larger (7 Mb) than clinical
strains (6.6 Mb) primarily due to the presence of a 0.5-Mb
megaplasmid. The same family of megaplasmids was sub-
sequently identified in multidrug-resistant non-CF clinical
P. aeruginosa isolates from Thailand [16]. Overall, given
the clear presence of 2 common genomic lineages within
P. aeruginosa, researchers should seek to understand how
strains from each behave in relation to novel therapeutics.
At minimum, studies should include P. aeruginosa PAO1
(Group 1) and UBCPP-PA14 (Group 2) as references for
each lineage and potentially expand analysis to include wider
CF or other strains from sequenced panel [12e], or more
recent genetic studies which characterise AMR megaplasmid
encoding strains [15, 16].

Burkholderia cepacia Complex Bacteria and Burkholderia
gladioli

Burkholderia are intrinsically antimicrobial-resistant Gram-
negative bacteria that emerged as highly virulent and trans-
missible CF pathogens in the 1980s [2, 17]. From the onset
of their recognition as CF pathogens, there were difficulties
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associated with their identification and taxonomy, with 5
species groups shown to make up isolates of B. cepacia [18].
Hence, to help researchers study them, they were collec-
tively designated as the B. cepacia (Bcc) complex [18], with
a representative strain panel assembled in 2000 to facili-
tate comparative research [19] (Table 1). The original Bcc
panel included 30 strains from the 5 species at the time, and
accounted for basic genetic strain diversity as determined
by macrorestriction and pulsed-field gel electrophoresis
fingerprinting [19]. Multiple follow-up publications have
examined these original panel strains, and in 2003, an expan-
sion to the panel was made to include B. dolosa (designated
genomovar VI at the time), B. ambifaria, B. anthina, and B.
pyrrocinia (20) (Table 1). As with the P. aeruginosa panel
[7ee], all strains within the B. cepacia complex panels are
deposited within the BCCM/LMG (http://bccm.belspo.be/
about-us/bccm-Img) to enable access.

With the ongoing taxonomic classification, by 2010,
there were 17 Bcc species defined [2]. Using whole genome
sequence, a total of 22 known species and 14 further novel
genomic species have recently been identified [20]. In a more
extensive analysis of 4000 Burkholderia genomes, 26 novel
Bcc genomic species groups have been recently defined
[21e], indicating that the taxonomic complexity of this group
of bacteria will continue to grow. In the context of CF lung
infections, B. multivorans and B. cenocepacia are the most
dominant species encountered in people with CF [3e, 22],
and hence should be the focus of therapeutic development.
Although the prevalence of B. cepacia complex infections in
CF is low (between 2 and 5% in different populations [3e,
22]), they are important as a target for therapeutic development
for a number of reasons. Firstly, there are limited therapeutic
options to suppress or eradicate infection. Secondly, as a result
of the unpredictable clinical outcome and severe lung disease
associated with Bee CF lung disease, infected individuals are
frequently excluded from clinical trials of other novel drugs
and lung transplantation, further limiting options available for
this highly vulnerable group.

B. cenocepacia

This species name was proposed in 2003 [23] and known
to encompass considerable CF strain diversity. At least four
genetic lineages of B. cenocepacia were defined based on
the recA gene sequence (I1I-A, III-B, III-C, and III-D) [23,
24]. B. cenocepacia isolates from the ET12 strain have been
widely studied and include model strains J2315 [25] and
K56-2 [19]. They are representative of the highly virulent
and transmissible CF B. cenocepacia recA 1II-A lineage
[26]. B. cenocepacia recA 111-B lineage strains are prevalent
within the US CF population [2]. Within the original strain
panel [19], strain PC184 is a suitable recA III-B strain and
member of the US Mid-West epidemic clone.

Recent genomic analysis by Wallner and colleagues
[27¢] validated the major genetic split within B. cenoce-
pacia originally observed by the analysis of the recA gene
[24]. They also proposed that the III-B grouping represent
a novel genomic species, proposing the name Burkholderia
servocepacia for this group [27e]. This new species name
has not been taxonomically validated. It is also the subject of
controversy because it misrepresents that this B. cenocepa-
cia genomic species encompasses strains which are mainly
plant associated [27e]. This completely contrasts the known
CF infection epidemiology, with both III-A and III-B B.
cenocepacia strains causing devastating CF lung infections
and epidemic outbreaks of infection [2]. Future studies on
B. cenocepacia as a CF pathogen should examine strains
from both the III-A and III-B genetic lineages. Also, with
genomic characterisation of multiple B. cenocepacia isolates
completed [21e], systematic selection of future strain panels
for this species is fully enabled.

B. multivorans

Unfortunately, there is no well-characterised CF strain of
this species, even though it is now the most dominant Bcc
species seen in CF [2, 3¢, 22]. The soil isolate B. multivorans
ATCC 17,616 has been well studied [19], with multilocus
sequence typing (MLST) identifying 2 CF strains of the
same sequence type (ST-21) as this environmental isolate
[28]. Hence, strain ATCC 17,616 can be considered a model
that is genetically representative of isolates that are capable
of causing CF infection.

There have been two detailed studies following the
genomic evolution of single B. multivorans strains during
chronic CF lung infection. Silva et al. [29] followed the evo-
lution of single strain through a switch from a mucoid to
nonmucoid phenotype associated with 20 years of chronic
CF infection. Cabellero et al. [30] performed another
genomic study of the evolution of a single B. multivorans
strain which chronically infected a CF adult for 10 years
prior to lung transplantation. The isolate possessed the
MLST sequence type, ST-783 [30], and current analysis of
this sequence type at the MLST database shows that it is a
sequence type shared by other CF (US infection), non-CF
(Belgium), and environmental isolates (Belgium). Given the
depth of clinical and genomic information that accompanies
these 2 B. multivorans CF strains [29, 30], they are worthy
of inclusion within future test panels.

B. gladioli

This species is not a member of the Bcc, but it is the third
most common Burkholderia species seen in the US [2] and
UK CF population [22]. Clinical outcomes of infection with
B. gladioli may also be variable and problematic as seen
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with the Bcc. A useful model strain for this group is B. gladi-
oli BCC0238 (LMG-P 26202), a CF isolate recovered in
1996 from a paediatric patient in Minnesota, USA [31]. The
complete genome sequence for B. gladioli BCC0238 is avail-
able [31, 32], and although it has not been characterised in
detail as a CF pathogen, the isolate has been studied because
it produces multiple antibiotics, such as gladiolin which is
active against tuberculosis [31, 33].

The population biology of B. gladioli has recently been
determined [34e] by genomic comparison of 206 isolates,
of which the majority were from CF infection (n=194). The
analysis demonstrated the presence of 3 distinct genomic
groups and 5 evolutionary clades, with strain BCC0238
residing in B. gladioli group 3 [34e]. Strains from CF infec-
tion were found within all 5 evolutionary clades, and the
study also uniquely identified that 13% of the B. gladioli
CF isolates can produce the toxin, bongkrekic acid. This
virulence factor could potentially drive clinical disease in CF
as it is known to be lethal to non-CF individuals following
ingestion of bongkrekic acid via food that had been contami-
nated with B. gladioli [34e]. The antibiotic trimethoprim
suppressed B. gladioli bongkrekic acid production in vitro,
and hence could be useful to prevent rapid clinical decline
due to toxin poisoning in CF [34e]. B. gladioli should be
included as a test organism for CF therapeutics that target
Burkholderia CF infection, with BCC0238 or other genomi-
cally characterised strains selected as models [34e].

Mycobacterium abscessus Complex

A range of nontuberculous mycobacteria (NTM) may cause
lung infection in people with CF, including isolates from
the M. abscessus complex and M. avium complex [2]. Cur-
rently, the most problematic and prevalent group within a
number of global CF populations is M. abscessus. In 2013,
Bryant and colleagues [35] published the first extensive
genomic evidence that shared strains exist and transmission
of isolates may occur between individuals with CF. Over
4 years, they assembled a collection of 168 isolates from
31 individuals attending a single CF UK treatment centre,
and used genome sequencing and phylogenomic analysis to
characterise this collection [35].

In the last decade, it has become clear from genomic studies
characterizing over 1000 clinical isolates that M. abscessus CF
infections are acquired frequently through transmission lead-
ing to the emergence of globally dominant clones [36]. Fur-
thermore, high-resolution genomic analyses of 1173 isolates
from 526 CF patients were used to demonstrate the presence of
3 dominant circulating clones of M. abscessus, and model their
pathogenic evolution within selected isolates such as strain
BIR1049 [37e]. These large collections of well-characterised
M. abscessus strains [35, 36, 37¢] provide highly valuable
resources including information on antibiotic resistance and
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molecular pathogenesis in CF. A sub-selection of limited
numbers of model strains such as BIR1049, and those which
account for each of the dominant circulating clones, will be
required to enable straightforward CF therapeutic testing
against M. abscessus.

Multiresistant Gram-Negative CF Pathogens

In addition to P. aeruginosa and Burkholderia species, mul-
tiple intrinsically antibiotic resistant Gram-negative species
have emerged as CF pathogens [2], which can also dominate
the lung microbiota in CF adults [38]. These include Ralstonia
species, Pandoraea species, Stenotrophomonas maltophilia, A.
xylosoxidans, and Inquilinus limonsus [2]. There are currently
no highly characterised strains, but a small panel of representa-
tive species was assembled as part of a European Union funded
project, EuroCareCF. The panel of CF isolates and other ref-
erence strains (Table 2; n=25) were used for a quality assur-
ance trial of bacteriology laboratories in different countries
[39]. This EuroCareCF panel is also available from the BCCM/
LMG (http://bcecm.belspo.be/about-us/bcem-Img), and although
biased towards Burkholderia species (14 of 25 strains), it forms
a systematic collection of other multiresistant species useful for
therapeutic testing (Ralstonia, n=3; Pandoraea, n=4; and one
isolate of S. maltophilia, A. xylosoxidans, Cupriavidus (Ralsto-
nia) respiriculi, and Inquilinus limonsus; Table 2).

Since the assembly of the EuroCareCF strain panel [39],
it has become clear that multiple species of Achromobacter
may infect people with CF [40], including A. xylosoxidans, A.
ruhlandii, A. insuavis, A. aegrifaciens, A. dolens, A. insolitus,
and other novel genomic species [41, 42]. Two recent genomic
studies of 101 [41] and 54 [42] CF isolates of Achromobacter
provide excellent collections from which to draw diverse iso-
lates for testing. S. maltophilia is another multiresistant Gram-
negative pathogen of increasing concern in CF lung infection,
which in the USA had an overall prevalence of 13% in 2012
[3e]. Few genomic studies of S. maltophilia CF isolates exist,
but Esposito et al. [43] characterised a collection of 91 isolates
from 10 individuals with CF, looking at their phenotypic and
genomic evolution over a 12-year period. This study showed
that the S. maltophilia strains infecting the 10 individuals were
genetically diverse, with many of them representing novel
MLST sequence types [43].

Staphylococcus aureus

As a Gram-positive bacterium, S. aureus is as synonymous
with CF lung infection as P. aeruginosa. S. aureus is found
in CF patients of all ages but is at high prevalence in the
paediatric CF population (often greater than 60%) [3e].
The increased isolation of methicillin-resistant S. aureus
(MRSA) in CF is also worrying [3e], as it is WHO ‘Priority
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Table 2 The EuroCareCF panel of Gram-negative CF pathogens

Species BCCM identifier Pseudonym or other names Source: Comments (useful reference)

B. cepacia LMG 12227 ATCC 25416 Plant rot (onion), US Species type strain, Bce panel
[24]

B. multivorans LMG 130107 ATCC BAA-247 CF, UK Species type strain, Bcc panel
[24]

B. multivorans LMG 16660 C1576 CF, UK Glasgow epidemic strain, Bcc
panel [24]

B. multivorans LMG 16775 95-14886 CF, Sweden Strain from an adult with CF

B. cenocepacia LMG 16656 T J2315 CF, UK Species type strain, epidemic
recA 1I1-A lineage, ET12
strain, Bcc panel[24]

B. cenocepacia LMG 12614 NCTC 13010 CF, UK Epidemic recA 11I-A lineage,
ET12 strain

B. cenocepacia LMG 18829 PC184 CF, USA US Mid-West Epidemic strain,
recA 111-B lineage, Bcc panel
[24]

B. cenocepacia LMG 18830 CEP511 CF, Australia recA 111-B lineage, Bcc panel
(24]

B. cenocepacia LMG 16654 J415 CF, UK III-B lineage, Bcc panel [24]

B. stabilis LMG 142947 ATCC BAA-67 CF, Belgium Species type strain, Bcc panel
[24]

B. vietnamiensis LMG 18835 PC259 CF, USA Bcc panel [24]

B. dolosa LMG 18943 T AU0645 CF, USA Species type strain, Boston
epidemic strain, Updated Bec
panel

B. pyrrocinia LMG 21824 C1469 CF, UK Updated Bec panel [54]

B. gladioli LMG 18157 CC40, BCC1651 CF, USA B. gladioli clade 3, genome
available [34e]

Ralstonia mannitolylitica LMG 18103 CCUG 38756 CF, USA

Cupriavidus (Ralstonia) LMG 215107 AU3313 CF, USA Species type strain

respiraculi

Ralstonia pickettii LMG 18088 CEP0488 CF, USA

Ralstonia insidiosa LMG 18101 C6317 CF, Canada

Pandoraea apista LMG 16407 ATCC BAA-61 CF, Denmark Species type strain

Pandoraea sputorum LMG 188197 ATCC BAA-64 CF, USA Species type strain

Pandoraea pulmonicola LMG 18106 T FC330 CF, Canada Species type strain

Pandoraea pnomenusa LMG 18087 T C1513 CF, UK Species type strain

Stenotrophomonas maltophilia  LMG 958 T ATCC 13637 Human infection (mouth) Species type strain

Achromobacter xylosoxidans LMG 1863 T ATCC 27061 Human infection (ear), Japan Species type strain

Inquilinus limonsus LMG 209527 AU0476 CF, USA Species type strain

2 (high)’ AMR pathogen [6]. The prevalence of chronic
MRSA lung infection is increasing in several CF popula-
tions [3e, 4, 44]. Outside of CF lung infection, S. aureus
strain collections and knowledge of genomic diversity are
considerably advanced primarily because it is a major AMR
human pathogen [6]. An extensive database of over 36,000
isolates and 26,000 genomes is maintained at the S. aureus
MLST database [45¢]. The recently established Staphopia
analysis pipeline, database, and web application program-
ming interface also provide a unique suite of tools to assem-
ble and analyse S. aureus genomes [46]. The developers of
Staphopia used the platform to analyse over 43,000 publicly

available S. aureus genomes, exploring its genetic diversity
and selecting high-quality genomes with robust metadata as
a reference subset for the species [46].

In the context of CF, Bernady et al. [47] recently estab-
lished a collection of 64 lung infection isolates, mapped a
range of their phenotypes, and used genome sequencing and
comparison via Staphopia to place them within the known S.
aureus population biology. The CF strains were mapped to
8 of the 66 clonal complexes defined in the Staphobia study,
with the most common being CC5 and CC8 MRSA strains
[47]. The study also compared the CF strains to the well-
known non-CF reference MRSA strain, S. aureus JE2, which
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is representative of a globally distributed strain known as
USA300 [47]. S. aureus phenotypes such as toxin production
and nonmucoid variants were shown to be retained during
chronic lung infection in the MRSA and antibiotic suscepti-
ble CF strains that were characterised [47]. This study [47]
together with greater use of representative clonal complex
strains within the MLST [45e¢] (Table 1) or Staphopia data-
bases [46] can provide an excellent basis to select S. aureus
strain panels for therapeutic testing.

Haemophilus influenzae

Nontypeable H. influenzae isolates are common colonis-
ers of children with CF, with an overall prevalence of 15%
in the USA, that peaks at 32% among children aged 2 to
5 years [3e]. Although frequently treated as a pathogen in
CF, H. influenzae represents a poorly studied bacterial infec-
tion in this context. In contrast, as an invasive pathogen of
children that is capable of causing meningitis, extensive iso-
late (> 6000) and genomic collections (>2000) exist for H.
influenzae at the MLST database (Table 1) [45¢¢]. Searching
the MLST database shows that a small proportion of isolates
may represent CF infection but proving this is limited by the
fact that the source for H. influenzae isolates is generically
recorded as sputum (Table 1). Without robust sample meta-
data, it is unknown whether the sputum is from an individual
with CF or another form of respiratory disease. In addition,
CF may actually be under-represented given most infection
occurs in children, who generally cannot expectorate sputum.

Ebbing et al. [48] characterised the antibiotic resistance
of both H. influenzae and H. parainfluenzae in isolates col-
lected over 15 years within the Australian CF community.
H. parainfluenza is considered part of the normal micro-
biota within the human oral and laryngeal cavity but can
occasionally cause lung in infections and endocarditis. With
518 H. influenzae and 1020 H. parainfluenzae isolates ana-
lysed, it represents one of the largest studies in the context
of CF. The isolates were representative of the infection seen
in 349 CF individuals, and it was demonstrated that overall
antibiotic resistance increased by 46% for H. influenza and
61% for H. parainfluenza over the 15-year study. The strik-
ing frequency at which Haemophilus species are isolated
during childhood respiratory infection [3e], their increas-
ing antimicrobial resistance in CF [48], and the status of
H. influenzae as a WHO ‘Priority 3 (Medium)’ pathogen
warrants that it should be the subject of much more sys-
tematic study in CF. Given the assumption that microbial
species that infect the CF lung early and any antibiotics
administered against them will alter the lung environment,
it is likely that early H. influenzae infections may play a sig-
nificant role in influencing the future course of lung disease.

@ Springer

Systematic Criteria for the Selection
of Bacterial CF Pathogen Strains

It is clear from the current state of knowledge that the
ability to systematically select bacterial strains for testing
novel therapeutics varies for different CF pathogens. How-
ever, multiple core principles come through in consider-
ing how strains for testing and reproducible CF research
should be selected in the future. In particular, the develop-
ment of the P. aeruginosa international strain panel [7ee]
and its characterisation over the last decade [9ee, 12¢]
prompts the following selection criteria and key ques-
tions for consideration when selecting strains in future
CF research (Fig. 2):

I. A systematic strain selection process. Initially, there
was a systematic selection of P. aeruginosa strains
based on relevant strain diversity, underlying dis-
ease and other criteria [7ee]. These criteria and the
strains selected were discussed widely among mul-
tiple groups of interdisciplinary researchers [7ee].

II. Detailed phenotypic characterisation. Phenotypic
analysis of P. aeruginosa strains was subsequently
performed, reproduced, and validated to understand
their behaviour across a range of standard laboratory
models including antibiotic susceptibility analysis
[9ee]. A clear understanding of multidrug resistance
within a testing strain panel is also highly relevant in
the context of new therapeutics being able to over-
come existing AMR [6].

III. Understanding of the species and strain population
biology. The panel strains were initially placed
within the overall population biology of P. aerugi-
nosa as a bacterial species using AT-genotyping
[7ee]. This accounted for their genetic diversity and
representation of P. aeruginosa as a pathogen in CF,
other diseases, and as a free-living environmental
bacterial species. The ultimate resolution of genetic
analysis, whole genome sequencing, and the com-
parison of isolates at a phylogenomic scale revealed
further diversity into two major evolutionary groups
[13]. Although we do not fully understand the
clinical or biological significance of P. aeruginosa
genomic Group 1 or Group 2 strains, inclusion of
both within future research should be carried out to
identify if systematic differences exist.

IV.  Understanding within-strain evolution and adaption to CF
lung infection. The within-strain variation of P. aerugi-
nosa as a CF pathogen has also been extensively char-
acterised [10, 49, 50]. For example, the international P.
aeruginosa reference panel includes a mucoid and non-
mucoid isolates of the same strain (IST 27) to account
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Fig.2 Core principles and
relevant questions to aid the
design of systematic CF patho-
gen strain panels. Consideration
of the design and testing of
strains within the international
P. aeruginosa panel, and the
current state of knowledge of
multiple other bacterial CF
pathogens was made. The five
core principles (boxes) and key

Systematic
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questions within them (ovals) Spe0|e§ and
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are illustrated. Figure graphics biology
created with BioRender.com

Within strain

evolution and
adaptation to
CF

Accessible
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for this important CF phenotype [7e]. The transition to
a hypermutator for P. aeruginosa [50], or a small colony
variant in S. aureus [51], are also important sub-strain
phenotypes in CF. Consideration should be given to
which types of phenotypic strain derivatives should be
included in any therapeutic testing, particularly if new
compounds are directed, for example, at virulence factors.
V. Accessibility within a public collection. A final key
consideration is that any strains that are used widely in
therapeutic testing must be made available from curated
and accessible microbial collections. The establishment
of the international P. aeruginosa reference panel and
its central deposition in a recognised microbial resource
repository [7ee] enabled testing by multiple laborato-
ries to ensure data validation and reproduction [Jee].
Given the within strain phenotypic and genetic variance
of multiple CF pathogens, using a single curated source
rather than passing a strain from research laboratory to
research laboratory is vital to obtain robust data.

Strain Collections, Useful Databases,
and Prospective Clinical Isolates

Multiple internationally recognised strain repositories exist
from which reference strains may be ordered and hence
enable greater reproducibility across global studies. The

Criteria and
number of
strains?

Covers relevant
2
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pathogen strain
panel accounting
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of diversity?

for phenotypic,

genotypic and

genomics level
information.

Accounts for
clonal variation?
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reproducibility

BCCM/LMG collection (http://bccm.belspo.be/about-us/
bcem-Img) already forms an excellent repository for multi-
ple CF pathogen species as outlined (Table 2). The Bacterial
Diversity Metadatabase (BacDive; > 81,000 strain) is also
a highly useful online resource for researchers and compa-
nies to explore culture collections [52e]. BacDive enables
rapid searches of taxonomy, physiology, isolation source
and location, phenotypic data, and genomic resources for
multiple bacterial strains [52¢]. The database is very use-
ful for providing unifying information on bacterial strains
which may have been published under multiple pseudonyms
(e.g., ATCC, LMG, or other identifiers; see Table 2).
Multiple researchers and industrials developing ther-
apeutics also use currently circulating clinical isolates
to test novel anti-infectives. This approach is relevant if
the basic strain selection can account for the first four
criteria noted above. Working directly with CF treat-
ment centres may also be beneficial because of the rela-
tive sparsity of available clinical data that accompanies
strains requested from curated culture collections. CF
lung infection also represents a highly complex disease,
where several factors impact the success of therapeu-
tic approaches and there are multiple knowledge gaps
(Table 3). Clinical CF centres can provide rich clinical
data to accompany bacterial isolates such as the rates
of decline in lung function, frequency of exacerbations,
co-infecting pathogens, and other drug treatments.
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Table 3 Knowledge gaps in relation to the selection and testing of relevant CF pathogen strains

Pathogen or knowledge area

Knowledge gaps

Useful reviews and references

Fungal CF pathogens

o Aspergillus species

o Candida species

o Scedosporium species
o Lomentospora species
e Exophiala species

Gram-negative bacterial CF pathogens
o H. influenzae

e Stenotrophomonas species

o Achromobacter species

o Cupriavidus species

® Ralstonia species

® Pandoraea species

Prevalent CF anaerobes
o Veillonella species
® Prevotella species
e Streptococcus species

The CF lung microbiome

Appropriate therapeutic testing models

e A critical limit of available antifungal antibiotics

e Questions on their pathogenicity and transmissibility
e Variable growth phenotypes and modelling systems
e Relevant model strains

e Taxonomy and strain classification

e Genomic resources

o Questions on their pathogenesis and correlation to poor clinical
outcome

e Multidrug resistance and limited antibiotics as per priority CF patho-
gens

e Taxonomic and genomic diversity within certain species groups

o An ability to form dominant lung infection in certain CF individuals

o Difficulties in laboratory growth

o Identification and taxonomy

o Strain level understanding

e Resistance to antibiotics directed against aerobic pathogens
e Limited relevant strain collections and genomic resources

e Questions on their pathogenesis and contribution to infection

e Complexity of modelling the microbial and host diversity associated
with lung infection

e What pathogens co-occur

o How is AMR influenced by the microbiota and interactions present

o The disconnect between in vitro antibiotic susceptibility testing (on a
single target organism) and predicting clinical efficacy for anti-infec-
tives to work in a polymicrobial lung infection

o Single target pathogens versus polymicrobial testing and co-infecting
pathogens

o Artificial sputum versus standard growth media

o Ex vivo versus in vivo models

e Choice of model systems from invertebrates through to mammals

e Delivery of therapeutic and systemic versus inhaled or respiratory
targeting

o Impact of CFTR modulation and clinical relevance of models

CF fungal pathogens [55]
Fungal classification [56]

H. influenzae [48]
Dominant microbiota [38]

ey
[57]

ey
[58]

[59]
[60]
[53]

The last few decades have witnessed improved health
outcomes and decreasing rates of chronic infection with
several priority CF pathogens [4]. The revolutionary
CFTR modulator drugs have the ability to restore a sub-
stantial amount of CFTR function, and are now avail-
able for the vast majority of the CF population in many
countries [53]. Registry data have demonstrated a mod-
est impact on infection prevalence for certain bacterial
pathogens, even in populations commencing treatment in
adulthood. It is anticipated that the impacts on infection
acquisition and evolution to chronicity will be even more
marked in CF children commencing CFTR modulators
before airway disease is established. With this chang-
ing landscape in bacterial CF lung infections, there is a
strong case to continue prospective collection and char-
acterisation of CF infection isolates to join up current
and historical information, and account for the clear dif-
ferences in the clonal population biology of problematic
pathogens such as P. aeruginosa, Bcc, and M. abscessus:

@ Springer

How can researchers help provide context to clinical isolates
or other testing strains with limited genotypic characterisation?

Given that genome sequencing is now cost-effective, car-
rying this out for uncharacterised testing isolates is highly
recommended. A draft bacterial genome can be uploaded
to the SpeciesID tool (https://pubmlst.org/species-id)
available at the PubMLST database, which hosts strain
genotyping resources for multiple CF and other pathogens
(Table 1) [45ee]. The tool will carry out ribosomal multi-
locus sequence typing (rMLST) [45ee] directly on the draft
genome and provide both taxonomic and strain level matches
to the query isolate sequence against the databases. The
provenance data on closely related strains within pubMLST
(Table 1) can then be used to provide additional context to
the uncharacterized testing isolate. If the genome sequence
of the isolate is subsequently deposited in the DNA archives,
this will help researchers with future comparative analysis
and set a baseline for what AMR resistance factors may have
present in the testing isolate.
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Conclusions

The criteria and core principles on strain selection (Fig. 2)
can be applied to multiple priority CF pathogens beyond
P. aeruginosa. Phenotypic and genomic knowledge of Bcc
species, B. gladioli, M. abscessus, S. aureus, and Achromo-
bacter species in CF is reaching a point where there is now
sufficient understanding to enable systematic strain selec-
tion (Table 1). In light of this, an additional consideration
becomes:

What is the optimum number of strains of a given CF
pathogen species that is required for any testing panel to be
relevant?

Given that we know multiple strain lineages and core
genomic groups exist within P. aeruginosa [13] and B. ceno-
cepacia [27¢], initial testing of at least 5 to 10 strains should
enable basic coverage of such population biology diversity.
Going beyond this will depend on multiple variables includ-
ing the logistics of the testing required, the cost, how many
well-characterised strains are easily accessible, and whether
panels are representative of current and emerging AMR. The
strain coverage within the P. aeruginosa international refer-
ence panel and its use [9ee] suggests that 40 to 50 strains
can be handled as a relevant number for investigations on
multiple traits, at least for broader screening.

This review of strain choice for bacterial pathogens also
highlights multiple knowledge gaps for CF lung infection
which researchers should seek to fill and include (Table 3):
fungal CF pathogens, H. influenzae, and emerging AMR
Gram-negative bacterial CF pathogens, anaerobic CF bac-
teria, the wider lung microbiome, and CF relevant models
for therapeutic testing. Outlining relevant bacterial strain
resources for the major well-characterised CF pathogens
(Tables 1 and 2) and core principles for selecting relevant
strains (Fig. 2) provides a basis from which to consider the
challenge of filling these knowledge gaps (Table 3) in future.
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