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Abstract

An association exists between Streptococcus bovis-Streptococcus equinus complex
(SBSEC) bacteraemia and colorectal cancer (CRC). SBSEC comprises seven
subspecies, but it is unclear if all are linked to CRC, and potential associations with
other gastrointestinal cancers have been suggested. The timing of CRC diagnosis
relative to bacteraemia is understudied. There is limited knowledge on the
proportions of infective endocarditis (IE) diagnosed in bacteraemia for each SBSEC
subspecies. The current routine bacterial identification method, Matrix-assisted
desorption/ionisation-Time of flight mass spectrometry (MALDI-TOF MS), cannot
discriminate between the different (sub-)species using available libraries.

Paper I used 1:10 matched population controls and was conducted nationally in
Sweden 2010-2019 using registry data and examined when in time CRC is
diagnosed following SBSEC-bacteraemia and the frequency of other
gastrointestinal cancers. Most CRCs were diagnosed within the first year, although
CRC diagnoses were elevated through the remainder of follow-up. There were no
differences in the frequency of other gastrointestinal cancers following bacteraemia.

Paper II was conducted in Skane region 2003-2018 and examined whether the rates
of CRC-diagnoses following bacteraemia differed between the SBSEC (sub-
)species. SBSEC subspecies was identified by whole genome sequencing. CRC was
primarily associated with the subspecies S. gallolyticus ssp. gallolyticus (Sg
gallolyticus).

Paper III utilised the same cohort as Paper II and examined the proportions of
infective endocarditis (IE) diagnosed in bacteraemia for the different SBSEC
subspecies, and found that Sg gallolyticus carried the highest proportions of IE.

Papers IV and V developed libraries for SBSEC subspecies identification using
MALDI-TOF MS, using the previously identified isolates of Paper II. The novel
libraries could identify SBSEC subspecies.

In conclusion, most SBSCE-associated CRCs are diagnosed within the first year,
with elevated rates over time. SBSEC is not linked to subsequent gastrointestinal
cancers. Sg gallolyticus poses the highest CRC and IE risk. MALDI-TOF-MS can
identify SBSEC subspecies.
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Populérvetenskaplig sammanfattning

Streptococcus  bovis-gruppen  (internationellt kallat  Streptococcus — bovis-
Streptococcus equinus complex) dr en del av normalfloran i tarmen. S. bovis-
gruppen bestar egentligen av sju arter och subarter, men i den kliniska verksamheten
betraktas de som en bakterie - S. bovis - eftersom identifiering endast sker pa
gruppniva. Rutinmetoden for bakterieidentifering idag ér en typ av masspektrometri
som kallas Matrix-assisted desorption/ionisation-Time of flight mass spectrometry
(MALDI-TOF MS) vilken inte kan sérskilja pa S. bovis gruppens arter och subarter
med befintliga bibliotek.

Det finns sedan tidigare ett vélként samband mellan fynd av S. bovis i blododlingar
(bakteriemi) och kolorektalcancer (tjock- och &andtarmscancer). Det dr dock
bristfélligt studerat nér i tid kolorektalcancer upptécks i forhallande till bakteriemin,
huruvida cancern var kénd sedan tidigare eller uppticktes pga bakteriefyndet och
ndr det skedde. Det har ocksé spekulerats i att en liknande association som med
kolorektalcancer skulle kunna finnas dven for annan cancer i mag- och tarmkanalen.

Vidare sa talar tidigare studier for att det framfor allt &r subarten S. gallolyticus
subspecies gallolyticus (Sg gallolyticus) som &r associerad med kolorektalcancer,
men studierna dr sma och det dr oként huruvida sambandet finns dven for de Gvriga
arterna och subarterna. S. bovis kan dven orsaka hjartklaffinfektion (endokardit),
och hér anses risken ocksa vara hogst vid fynd av Sg gallolyticus medan risken ér
oklar for dvriga arter och subarter. Kunskapen om de olika arterna och subarterna
ar begriansad da fynd av S. bovis 1 blododlingar ar relativt ovanligt i Sverige och
virlden i1 ovrigt. I Skane har ca 30-40 patienter per ar drabbats av detta de senaste
aren.

Vid fynd av S. bovis 1 blododlingar genomfors ofta undersokning for
kolorektalcancer med koloskopi och for endokardit med transesofagalt hjartultraljud
(undersokning genom att ultraljudsprob svéljs ner i matstrupen) — tva ofta
obehagliga och resurskrivande undersokningar.

I den forsta studien undersoktes nér i tid kolorektalcancer diagnosticerades i relation
till fynd av S. bovis i blododlingar, samt om &dven annan cancer i mag- och
tarmkanalen diagnosticerades i O0kad omfattning efter infektionen. Studien
omfattade S. bovis-fynd i blododlingar i hela Sverige 2010-2019 och baserades pa
registerdata. Vi jimforde forekomsten av kolorektalcancer och annan mag- och
tarmcancer hos patienter som hade haft en S. bovis-infektion med en matchad
kontrollgrupp frdn totalbefolkningen. Jédmforelsen justerades &ven for
samsjuklighet. Vi fann 6kad frekvens av kolorektalcancer-diagnoser hos individer
med S. bovis innan och efter infektionen. Totalt hade patienterna med S. bovis-
infektion 7-10 génger 6kad risk att diagnosticeras med kolorektalcancer, med storst
o0kning inom det forsta aret (20-23 ganger dkad risk), men dkningen kvarstod dven
senare under uppfoljningsperioden. De flesta andra mag- och tarmcancrar var
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vanligare hos individer med S. bovis innan infektionstillfdllet, men individerna med
S. bovis-infektion diagnosticerades inte med forhdjd andel av andra mag- och
tarmcancer dn befolkningen i 6vrigt efter infektionen.

I den andra studien undersoktes hur frekvensen av kolorektalcancer var innan och
efter infektion med S. bovis-gruppens respektive arter och subarter, samt hur
fordelningen sdg ut mellan dessa i blododlingsfynd i Skane 2003-2018. Bakterier
fran blododlingar hade forvarats frysta sedan tidigare, dessa tinades, odlades och
noggrann identifiering av art och subart genomfoérdes med helgenomsekvensering.
Vi fann att 20% av fallen med infektion orsakade av subarten Sg gallolyticus
diagnosticerades med kolorektalcancer efter infektion, jaimfort med 0-4 % for 6vriga
subarter, men de flesta fall av bakteriemi orsakades av subarten S. gallolyticus
subspecies pasteurianus (Sg pasteurianus).

I den tredje studien anvidndes samma patienter och bakterier som i den andra studien,
men hur stor andel som diagnosticerats med endokardit for respektive S. bovis art
och subart undersoktes. Vi fann att andelen som diagnosticerats med endokardit var
hogst for Sg gallolyticus 33 % och Streptococcus infantarius 16% jamf{ort med 5%
for Gvriga.

I den fjarde och femte studien utgick vi fran samma bakteriestammar som i den
andra och tredje studien, och utvecklade nya bibliotek for art och
subartsidentifiering av S. bovis med MALDI-TOF MS. I den fjidrde studien
anvéndes bakterier odlade i buljong, men eftersom framst blodagarplattor anvinds
i klinisk rutin odlar skapades &ven kompletterande bibliotek baserade pa denna
odlingsmetod. Samtliga nya bibliotek kunde framgéngsrikt identifiera S. bovis pa
art och subartsnivd, och det bdst presterande biblioteket uppnadde 100 % korrekt
identifiering av isolaten korrekt.

Vara studier kan viagleda behandlande ldkare genom att laboratoriet kan identifiera
S. bovis art och subart med de nya biblioteken for MALDI-TOF MS. Detta kan ske
pa minuter, utan extra kostnader eller arbetsinsats. Behandlande lékare kan sedan
gora en riskbedomning avseende sannolikheten for odiagnostiserad
kolorektalcancer eller endokardit utifran vilken S. bovis subart den enskilde
individen ir infekterad med. Risken for bdda dess tillstdnd ar oOverldgset hogst vid
infektion med subarten Sg gallolyticus. Forhoppningen ar att farre patienter ddrmed
behover genomga resurskravande och potentiellt obehagliga undersékningar sdsom
koloskopi och transesofagalt hjartultraljud i onédan. Dessutom é&r risken for annan
odiagnostiserad mag- och tarmcancer lag, och vidare utredning for detta ér sillan
motiverad om inte andra kliniska skél foreligger.
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An introduction to the Streptococcus
bovis-Streptococcus equinus complex

The human microbiome is estimated to comprise 100 trillion cells—10 times more
than the human cells in the body and encoding 100 times more unique genes than
the human genome (1, 2). Most of the human microbiome colonises the
gastrointestinal tract, mainly the large intestine (1, 3). We are born germ-free, and
over a lifetime, we acquire this vast microbiota with which our relationship is
primarily commensal or mutualistic, although some components may also be
harmful (4). Part of this microbiota is the Streptococcus bovis-Streptococcus
equinus complex (SBSEC), a group of gram-positive non-f-haemolytic bacteria—
known for not only its association with colorectal cancer (CRC) and propensity to
cause infective endocarditis (IE) but also its role in food fermentation and its
beneficial properties in the gastrointestinal tract of ruminants (5).

“Streptococcus bovis is the most common streptococcus in cow dung.”

In 1919, Orla-Jensen first described Streptococcus bovis using these words in the
publication “The Lactic Acid Bacteria,” whereas Andrewes and Horder discovered
Streptococcus equinus in horse dung in 1906 (6, 7). The close relation between these
two species was noted in 1937, and they are now commonly referred to as the
SBSEC (8, 9).

Although it is known primarily to colonise the rumen and intestines of cows and
horses, the SBSEC has been found in lambs and goats, sea otters, koalas, and birds
(5, 10-12). Some SBSEC species play an important role in the microbial ecology of
ruminant animals, in which they influence the digestion of food, possibly by
affecting cellulose digestion, amino acid degradation, and starch fermentation, and
have even been used as a probiotic to improve the development and function of the
rumen (12-14). However, the SBSEC may also harm ruminants by causing acute
acidosis through bacterial overgrowth, bloat, and mastitis and by causing IE in birds
and sea otters (10, 12, 15, 16). Also, a correlation between cattle density and the
incidence of SBSEC bacteraemia has been found, suggesting zoonotic potential (10,
17). Further, the SBSEC species S. gallolyticus ssp. macedonicus, and S. infantarius
ssp. infantarius (S. infantarius) have been found in cheese and fermented milk,
plants, and fish products in Europe, Asia, and Africa (10, 18-20).
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In humans, the SBSEC is known predominantly for its propensity to cause IE and
its association with colorectal neoplasia (CRC and its precursor lesions, colorectal
adenomas) (9, 21-24). There is uncertainty regarding the extent to which the SBSEC
is part of the normal gut microbiota in humans. Reported faecal carriage rates range
between 5% and 60% (25-31). However, whether these values can be applied to the
general population remains unknown, because most studies comprise hospital-
derived study populations (10). The SBSEC is primarily considered a coloniser of
the intestines, but oral colonisation has been observed (32-34).

Although the SBSEC has been studied extensively due to its role in livestock, food
production, its ability to induce IE, and its link to CRC, many aspects of the SBSEC
remain unknown. This thesis delves into the species and subspecies of the SBSEC;
their association with CRC, other gastrointestinal cancers, and IE; and methods for
determining SBSEC subspecies using matrix-assisted desorption/ionisation-time of
flight mass spectrometry (MALDI-TOF MS).

Figure 1. SBSEC, cultured on sheep blood agar plate under aerobic conditions. Photograph by
Jonas Oberg.
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The taxonomy of the Streptococcus
bovis-Streptococcus equinus complex

Since their discovery, the taxonomy of the SBSEC has changed
frequently, following discoveries of new species and subspecies. The
ever-changing taxonomy and reuse of names have confused the
interpretation of older scientific studies in the context of the current
taxonomy.

The SBSEC carries Lancefield D antigen in its cell wall, a feature that is shared by
enterococci, rendering it a member of Group D streptococci (9). The SBSEC is also
closely related to viridans streptococci and causes similar disease spectra in humans
(9). As discussed, S. equinus was first described in 1906, followed by the discovery
of S. bovis in 1919, and their close relationship was established in 1937 (6-8). In
1972 and 1976, S. bovis was categorised by mannitol fermentation ability into
biotypes I (positive) and II (negative), and in 1984, biotype Il was subdivided into
biotypes 1I/1 and 11I/2 according to the latter subtype’s ability to ferment trehalose
and produce b-galactosidase and b-glucuronidase (35-37).

S. alactolyticus was described in 1984, based on its characterisation using DNA-
DNA hybridisation techniques, and Osawa et al. proposed that gallate-degrading
strains of S. bovis be called Streptococcus gallolyticus due to their genetic
similarities (38, 39). Streptococcus macedonicus was first reported in 1998, and
Streptococcus infantarius was discovered in 1997, of which its subgroups
Streptococcus infantarius ssp. infantarius and Streptococcus infantarius ssp. coli
were proposed in 2000 due to genetic and biochemical differences and later
reclassified as Streptococcus infantarius and Streptococcus lutetiensis, respectively
(19, 40-42). During this reclassification by Poyart et al. in 2002, Streptococcus
pasteurianus was introduced, consisting of strains that had been classified as
biotype 1I/2 (42). In 2003, Schlegel et al. noted the genetic similarities between S.
gallolyticus, S. macedonicus, and S. pasteurianus and proposed that they be
considered S. gallolyticus subspecies and renamed Streptococcus gallolyticus ssp.
gallolyticus, Streptococcus gallolyticus ssp. macedonicus, and Streptococcus
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gallolyticus ssp. pasteurianus, respectively (43). However, this suggestion has been
debated, because some groups maintain that Streptococcus gallolyticus ssp.
pasteurianus should still be recognised as the separate species S. pasteurianus (44).
Other species, such as Streptococcus waius and Streptococcus caprinus, were
included briefly until they were found to be synonyms of other SBSEC species (42,
45).

Although controversy remains regarding this issue, the SBSEC taxonomy that was
established by Poyart in 2002 and Schlegel in 2003 is the most frequently used
system for SBSEC species and subspecies (9, 46). Most classifications consider S.
gallolyticus ssp. gallolyticus (henceforth abbreviated as Sg gallolyticus), S.
gallolyticus ssp. macedonicus (abbreviated as Sg macedonicus), S. gallolyticus ssp.
pasteurianus (abbreviated as Sg pasteurianus), S. infantarius (synonym S.
infantarius ssp. infantarius), S. lutetiensis (synonym S. infantarius ssp. coli), S.
alactolyticus, and S. equinus to be the seven members that constitute the SBSEC (9,
46). This taxonomy will be used throughout the thesis unless otherwise stated.

However, in 2021 and 2022, two additional SBSEC species, Streptococcus vicugnae
and Streptococcus ruminicola, were proposed (47, 48). S. ruminicola has genetic
similarities to S. infantarius, whereas S. vicugnae is more similar to S. equinus, S.
lutetiensis, and S. infantarius, based on an analysis of 16s rRNA genes (47, 48).
Human infections with these species have not been reported, and their status as new
species of the SBSEC has not been fully established. They have not been included
in studies of the SBSEC in a clinical or diagnostic microbiological context.
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Differentiation of Streptococcus
bovis-Streptococcus equinus complex
species and subspecies

Identification of the species and subspecies of the SBSEC is difficult
in clinical microbiology laboratories and research studies due to the
current limitations of widely available methods for routine bacterial
species identification.

Biochemical/phenotypical methods

The SBSEC is classified as non-enterococcal Group D streptococci, and older
classifications into biotypes are based on biochemical properties, such as the ability
to ferment mannitol. Neverthelss, the current taxonomy is based primarily on
genetic differences (44). Whereas the biochemical properties of SBSEC species and
subspecies have been described, the capacity for subspecies-differentiation using
biochemical methods is limited due to phenotypic variability within the same
species and subspecies (44, 49). Further, identification by manual phenotypic
biochemical methods is time-consuming and labour-intensive, whereas automated
identification systems that are based on biochemical/phenotypical methods have
limited or unknown ability to identify SBSEC members according to the current
taxonomy (46, 49, 50). Thus, the SBSEC species and subspecies in the current
taxonomy cannot be expected to be reliably identified using
biochemical/phenotypical methods, nor is it feasible to do so (46, 49, 50).
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Amplicon sequencing

The current taxonomy is based on genetic diversity among SBSEC species and
subspecies. The most widely used amplicon sequencing method for identifying
bacterial species in clinical routine is polymerase chain reaction (PCR)
amplification of 16S rRNA genes. 16S rRNA has generally been successful in
identifying Sg pasteurianus, Sg macedonicus, and Sg gallolyticus but appears less
reliable in discriminating between S. infantarius and S. lutetiensis (49-56). The other
SBSEC species have seldom been included in the evaluation of clinical bacterial
samples (49, 51-56). However, most studies that have applied 16s rRNA analysis
and other amplicon sequencing methods have attempted to identify SBSEC species
without a reference standard and using limited datasets, excluding rarer species,
such as Sg macedonicus, S. equinus, and S. alactolyticus. As a result, 16s rRNA is
considered insufficient for identifying all SBSEC species and subspecies
definitively (49).

Sequencing of sodA genes has been employed in several studies on the SBSEC and
outperforms 16s rRNA sequencing (42, 50, 55-62). It can be used to identify most
SBSEC members, although limited discrimination between Sg gallolyticus and Sg
macedonicus has been noted (42, 50, 55-62).

Other methods for sequencing targeted gene regions, such as groES/EL, gyrB, rpoB,
and 16S-23S ITS, as well as multilocus sequence typing (MLST), have been used,
yielding promising results in a handful of studies, but none has been established as a
reference method for identifying SBSEC species and subspecies (46, 49, 55, 57, 61,
63-65).

In conclusion, certain approaches for targeted gene sequencing may be sufficient
for identifying all SBSEC species and subspecies in a clinical context. However,
they are expensive, time-consuming, and rarely available for bacterial identification
in clinical microbiology laboratories (49). The lack of a reference standard against
which sequences can be compared and the limited number of isolates of rarer
SBSEC members render some results inconclusive (46, 49). Further, reference
databases are plagued with incorrect sequences, likely due in part to changes in
taxonomy (46).

MALDI-TOF MS

Mass spectrometry (MS), developed at the end of the 19™ century, measures the
mass-to-charge ratio (m/z) of chemical compounds and calculates their molecular
weight (66). Matrix-assisted laser desorption/ionisation (MALDI) is an ionisation
technique for analysing chemical structures in biological systems (66). At the end
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of 1990s, it was demonstrated that intact bacterial cells could be distinguished using
MALDI with a time-of-flight (TOF) analyser, introducing MALDI-TOF MS
systems in microbiology as a tool for characterising bacteria (66). MALDI-TOF MS
systems can apply various strategies using intact or digested proteins—e.g., peptides
from protein digestion (peptide sequencing) (66).

In short, bacterial samples are placed on a target plate intact, through the direct
transfer (direct sample spotting) method; via on-target extraction (extended direct
transfer) method through the addition of formic acid directly on the bacterial sample
on the target plate; or after preparation in a test tube by the ethanol-formic extraction
(full extraction) method (66-69). The sample is overlaid with an energy-absorbent,
organic solution, called a matrix; the sample and matrix co-crystallise when air-
dried; and the crystals are then ionised with a laser beam and converted to
individually charged gas-phase ions (66). Using the TOF analyser and ion detection
system (detector), the separated ions are measured, and a mass spectrum is created,
based on relative abundance and mass-to-charge (m/z) ratio, generating an
individual protein profile (66). This profile can then be matched to libraries
(databases) of previously identified bacterial isolates, yielding a ranking of the
closest matches (66). The analysis can be completed in minutes. However, several
factors, such as the preparation of the sample, culture medium, culture conditions,
extraction method, calibration of the MALDI-TOF MS instrument, and number of
laser shots, may affect the system’s performance (66). Most importantly, the
identification of bacterial species depends directly on the quality of the library that
is used for matching individual protein profiles (66).

lonization by laser

Relative abundance

b

miz
Target plate Acceleration Time of flight Detector Individual protein profile

Figure 3. Schematic of MALDI-TOF MS. Image by Jonas Oberg.

The two most widely used MALDI-TOF MS systems in clinical microbiology
laboratories in Sweden are the Bruker Biotyper and bioMérieux Vitek MS. Several
studies have examined the identification of SBSEC species and subspecies by these
systems using the commercial libraries that are supplied by each manufacturer; yet,
these studies face the issue of a lack of an established reference standard for
identifying SBSEC species. The reports that have been generated have been
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hampered by the limited availability of bacterial isolates of rare species in human
infections, including S. equinus, S. alactolyticus, and Sg macedonicus. The overall
performance of both systems in these studies is influenced heavily by the number
of isolates of each SBSEC member that are included.

Romero et al. used the Bruker Biotyper with sequencing of the sodA gene as the
reference standard, demonstrating that Sg pasteurianus and Sg gallolyticus can be
identified to the S. gallolyticus species, but not subspecies, level but that S.
infantarius and S. lutetiensis could not be identified (56). Ben-Chetrit et al. tested
both systems on 40 samples of Sg pasteurianus, Sg gallolyticus, Sg macedonicus,
and S. lutetiensis (S. infantarius ssp. coli, per the old taxonomy) compared with 16s
rRNA data (52). They noted that no system could identify Sg macedonicus, whereas
the other subspecies could be identified in 84% and 83% of isolates by the Bruker
Biotyper and Vitek MS, respectively; however, identification at the species level
was possible in 100% of isolates by both systems (52). Gherardi et al. evaluated
both systems on 22 isolates of Sg pasteurianus by 16s rRNA sequencing and found
that the Bruker Biotyper identified 100% of isolates to the subspecies level, whereas
the Vitek MS identified the subspecies in 27% of isolates but the species in 100%
(54).

In a study by Agergaard et al. of 66 SBSEC isolates, including all species and
subspecies except S. alactolyticus, that evaluated both systems using various
extraction methods compared with subspecies that were identified by 16s rRNA and
16S-23S ITS, the correct subspecies was obtained in only up to 46% of isolates with
the Bruker Biotyper versus 53% with the Vitek MS, but concluded that both systems
can still be used for identification to the species level (70). Lopez-Roa et al.
examined 24 isolates of S. equinus, Sg gallolyticus, Sg pasteurianus, and S.
lutetiensis on the Bruker Biotyper versus sodA4 and found a sensitivity of 63% (71).
The type strains of eight SBSEC members were analysed on both systems by
Putnam et al., of which the Bruker Biotyper identified subspecies in up to 63% of
isolates, compared with 88% by the Vitek MS (50).

Hinse et al. demonstrated that species and subspecies discrimination is possible
based on dendrogram analysis but noted that Sg gallolyticus could not always be
separated from Sg pasteurianus (62). However, the direct identification of SBSEC
subspecies by the MALDI-TOF MS systems was not tested (62).

Bacterial identification by MALDI-TOF MS depends highly on the system and the
library that is used for identification and may be affected by errors in the library due
to changes in taxonomy. Further, commercial libraries are continuously updated,
sometimes invalidating older evaluations. Although SBSEC species can be
identified using the Bruker Biotyper and bioMérieux Vitek MS, depending on the
species, none can reliably determine all SBSEC species and subspecies as of the
time of writing (46, 49, 50, 52, 54, 56, 70, 71).
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Figure 4. Spectral profile of S. gallolyticus ssp. gallolyticus reference type strain CCUG 35224T,
cultured on a blood agar plate under aerobic conditions. Courtesy of Bo Nilson.

Whole genome sequencing

Sanger sequencing is sometimes referred to as first-generation sequencing (72).
Although it laid the foundation for subsequent whole genome sequencing (WGS)
techniques, Sanger sequencing was incredibly labour-intensive, time-consuming,
and expensive (72). Next-generation sequencing (NGS) was introduced at the
beginning of the 21st century and allowed massive parallel sequencing of single
DNA strands, resulting in an enormous increase in data sequencing capacity (72).
NGS approaches are often categorised into short-read sequencing (second-
generation sequencing) and long-read sequencing (third-generation sequencing)
(72). In short-read sequencing, the genome is fragmented into shorter segments
before sequencing, offering a massive benefit in parallel sequencing, accompanied
by the downside of the challenge of reassembling the DNA following sequencing
(72). Although long-read sequencing has the advantage of producing longer
interrupted sequence reads with less sample preprocessing that is required, its
drawbacks include the generation of more errors, higher costs, and the necessity for
larger machines (72).

Short-read sequencing is the most widely used WGS technique in clinical
microbiology laboratories and will be the focus of the following discussion. The

25



value of WGS in microbiology in the clinical and research settings is massive, aiding
in the identification of microorganisms, typing of viral strains, surveillance of
transmissible diseases, prediction of antimicrobial susceptibility, and advances in
metagenomics (73). However, the disadvantages of WGS in clinical microbiology
are its complexity, the time that it requires, training of laboratory personnel, and the
costs and expertise that are needed in bioinformatics, in addition to the challenges
of integrating WGS laboratory workflows and the absence of established reference
standards and standardised guidelines in clinical microbiology (73).

In principle, short-read sequencing is performed by DNA extraction and library
preparation, followed by sequencing, after which bioinformatics, including
assembly and mapping, is performed, depending on the query (72, 73). Bacterial
genomes contain a core genome, a standard set of genes for each species, and other
variable genomic content (74). Variability in bacterial genomes within the same
species occurs for various reasons, including point mutations, such as single
nucleotide polymorphisms (SNPs)—substitutions of one base for another (74).
Bacterial strains may be identified by reference-based mapping of SNPs, often
compared with a reference genome—e.g., from the type strain for the species (74).
Alternatively, a core genome alignment can be constructed and used as a reference
(74). Another option is gene-by-gene comparison, a modification of MLST, called
core genome MLST (cgMLST), in which alleles are compared with a set of
predefined core genes (74). Public databases for reference genomes, species core
genomes, and cgMLST are growing but may be limited for certain species (74).

Whereas WGS has been used to study the classifications and taxonomy of
Streptococcus, including the SBSEC, it has not been applied to determine SBSEC
species and subspecies (75, 76). It has been speculated that the use of WGS will
require a re-evaluation of the SBSEC taxonomy, as has been demonstrated by the
proposal of the potential new species S. vicugnae and S. ruminicola (46-48, 75, 76).
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Incidence of bacteraemia with
Streptococcus bovis-Streptococcus
equinus complex and geographic
distribution of the subspecies

The incidence of SBSEC bacteraemia and the distribution of species
and subspecies vary widely across geographic areas.

Incidence

Although few studies have examined the incidence of SBSEC bacteraemia, they
have established that such rates, and those of SBSEC IE, likely vary across
geographic areas (9, 17, 77, 78). The incidence of SBSEC bacteraemia has been best
studied in Spain. Corredoira et al. compared this incidence in Galicia between 2005—
2016 and found an overall incidence of 2.0 per 100,000 inhabitants, with varying
local rates between provinces, ranging from 0-0.6 to 4.6-10.9 per 100,000
inhabitants, which also correlated with the local cattle density (17). This group also
studied the incidence of SBSEC IE in Spain, observing an rate of 0.4-0.7 per
100,000 inhabitants in the urban area of Barcelona to 1.7-2.8 in the more rural areca
of Lugo (79). The incidence of SBSEC IE has also been measured in France, rising
in a more urban area, Ile de France, at 1.1 per 100,000 inhabitants, compared with
the rural area of Marne, at 2.4 per 100,000 inhabitants (77).

Studies have also found an increasing incidence of SBSEC bacteraemia (78, 80).
Whether this pattern mirrors an actual rise in the incidence of SBSEC bacteraemia
or merely reflects microbiological advances in the detection of bacteraemia and the
tendency to draw blood cultures remains to be determined.

The incidence of SBSEC bacteraemia in Sweden—specifically in Skéne—is
unknown.
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Species and subspecies distribution

Few studies have examined the distribution of the species and subspecies in SBSEC
bacteraemia, likely due to the rarity of bacteraemia and the challenges of identifying
subspecies. The studies are mostly limited to smaller case series (47, 48, 50, 51, 58,
71, 72). Further, depending on their clinical presentation, cases can be selected for
tertiary hospital treatment, skewing the distributions of subspecies in case series.
Population-based studies are lacking.

Sg gallolyticus has often been reported as the predominant species in studies in the
western world, especially northern Europe (4, 47, 57). Sg pasteurianus is the
predominant species in geographic areas in which Sg gallolyticus is less common,
most notably in Asian studies (9, 42, 55, 56, 81). S. lutetiensis and S. infantarius
usually account for smaller proportions of SBSEC bacteraemia, of which S.
lutetiensis is the more common (47, 48, 50, 51, 58, 71, 72). Bacteraemia due to Sg
macedonicus, S. alactolyticus, and S. equinus is rare and mostly limited to case
reports (47, 48,50,51, 58,71, 72). A summary of the SBSEC species and subspecies
distribution in bacteraemia according to current taxonomy is presented in Table 1.

Whereas a small study in Denmark found Sg gallolyticus to be the predominant
SBSEC subspecies, the distribution of subspecies in Sweden has not been studied
(63).

Differences in subspecies distribution are likely multifactorial, perhaps explained

in part by such factors as contact with cattle, inhabitation in rural versus urban
areas, and consumption of fermented food and certain cheeses (17, 79).
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The Streptococcus bovis-
Streptococcus equinus complex and
colorectal cancer

It has been estimated that 20% of the global cancer burden is linked
to infectious agents, such as bacteria, viruses, and parasites.

Since the 1950s, infective endocarditis and bacteraemia with the
SBSEC have been associated with colorectal cancer.

A brief summary of colorectal cancer

Incidence and disease burden

CRC is the third most common cancer overall in Sweden and worldwide and is the
most frequent gastrointestinal cancer, contributing to the second most number of
deaths from cancer, with incidences varying between geographic areas (83-86).
Nearly 2 million new cases and 1 million deaths from CRC per year were estimated
in 2020-2022 (Table 2); these numbers are projected to increase to 3.2 million new
cases and 1.6 million deaths per year by 2040 (83, 85, 87).

Table 2. The number of new cases and deaths for the most common gastrointestinal cancers
worldwide in 2022, according to Global Cancer Statistics, ranked for all cancers (85).

Incidence Mortality

Rank New cases Rank Deaths
Colorectal 3 1,926,000 2 904,000
Gastric 5 968,000 5 660,000
Hepatic 6 865,000 3 758,000
Oesophagus 11 511,000 7 445,000
Pancreatic 12 511,000 6 467,000
Gallbladder 22 122,000 20 89,000
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Risk factors

CRC is approximately 1.5 times as common in men (88). The risk of CRC increases
with age, wherein those aged over 65 years are roughly three times more likely to
be diagnosed than those aged between 50—64 years and about 30 times more likely
than 25-49-year-olds (88). However, the incidence of CRC in the latter group is
rising, and it has been estimated that 1 of 10 colon cancers and 1 of 4 rectal cancers
will be diagnosed in those aged <50 years within the next decade (88-90). Other
non-modifiable risk factors are ethnicity, hereditary mutations, and inflammatory
bowel disease (88). Risk factors that can be modified are obesity, physical inactivity,
diet, smoking, and alcohol intake (88).

Early prevention

Nearly all CRCs are adenocarcinomas, and the adenoma-carcinoma sequence
provides a rationale for detecting and preventing early CRC (24, 91). This
hypothesis describes the morphological evolution—from benign colorectal
tumours, adenomas and, ultimately, to CRC (Figure 5) (24). Because early
adenomas and CRC are often asymptomatic, earlier detection and removal of
precancerous tumours can decrease morbidity and mortality (83, 88, 92). Biennial
CRC screening for those aged 60-74 years by faecal haemoglobin tests was
introduced nationally in Sweden in 2021 and is estimated to save at least 300 lives
annually (86, 93, 94).

Adenomatous Severe

7 Adenocarcinoma Invasive cancer
polyps dysplasia locale

Hyperproliferation

Abnormal
cell growth

Benign Malignant

Figure 5. The adenoma-carcinoma sequence of colorectal cancer. Created with BioRender.com.

Classifications and staging

CRC and other malignant tumours are staged per the Tumour, Node, Metastasis
(TNM) classification, which describes the anatomical extent of cancer (86, 95, 96).
The TNM system is divided into preoperative clinical (c) or pathological (p)
assessment: cTNM and pTNM. Based on the TNM system, CRC is further divided
into stages I-IV, reflecting the spread and prognosis of the cancer.
Adenocarcinomas are classified as low-grade (well-differentiated cancer cells) or
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high-grade (poorly differentiated cancer cells) (86). Further, CRC is categorised into
left-sided and right-sided CRC, given their disparate molecular and immunological
characteristics, disease progression, and overall survival (97). Tables 3 and 4

describe the CRC TNM classification and staging, respectively.

Table 3. Classification of CRCs by TNM classification (86, 95).

Primary tumour (T)

Tis

Tumour/carcinoma in situ - no invasion through muscularis mucosa.

T1-T2

Tumour invades submucosa (T 1) or muscularis propria (T2). It cannot be differentiated

by preoperative imaging.

T3

Tumour invades through the muscularis propria into the pericolorectal tissues. Further

classified into T3a—T3d, depending on the degree of invasion: <1 mm to >15 mm.

T4

Tumour invades through the visceral peritoneum (T4a) or other organs (T4b).

Regional lymph node metastasis (N)

number of metastases; 4—6 (N2a) or 7 or more (N2b).

NO No regional lymph node metastasis.

N1 1-3 regional lymph node metastases. Further classified depending on the number or
character of metastases: 1 (N1a), 2—3 (N1b), or tumour deposits (N1c).

N2 4 or more regional lymph node metastases. Further classified depending on the

Distant metastasis (M)

MO

No distant metastasis.

M1

Distant metastasis. Further classified depending on metastases in one (M1a) or
several (M1b) organs or the peritoneal surface with or without other organ metastases

(M1c).

Table 4. Staging of CRC (86, 95).

T N M
Stage 0 Tis NO MO
Stage | T1-T2 NO MO
Stage Il T3-T4 NO MO
A T3 NO MO
IIB T4a NO MO
lic T4b NO MO
Stage lll Any T N+ MO
A T1-T2 N1/N1c MO
T1 N2a MO
T3-T4a N1/N1c MO
B T2-T3 N2a MO
T1-T2 N2b MO
T4a N2a MO
nic T3-T4a N2b MO
T4b N1-2 MO
Stage IV Any T Any N M+
IVA Any T Any N M1a
IVB Any T Any N M1b
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Prognosis and treatment

Surgical treatment has been considered the cornerstone of CRC treatment with a
curative aim, often in conjunction with neoadjuvant or adjuvant chemotherapy or
radiotherapy, depending on cancer stage and patient factors (86, 92). Newer
treatment options include immunotherapy, but also a so-called “watch and wait”
approach—comprising only oncological treatment without surgical resection—has
been used internationally (98, 99).

CRC survival rates have increased over the past several decades (Figure 6) (100,
101). The overall 5-year survival rate is approximately 70% in Sweden and around
or above 90% for those without metastatic disease (Stage I-II) (100-102).

4-1978 1979-1083 2984-1983 1989-1993 1994-1998 1999-2003 2004-2008 2009-2013 2014-2018 2019-2023

Figure 6. Colorectal cancer 5-year survival rates in Sweden from 1974-2023, 20-89 year olds, age-
standardised. Source: Socialstyrelsen (100). Blue: colon cancer. Orange: rectal cancer. Darker
colours: male. Lighter colours: female.

Overview of bacterial infections and colorectal cancer

Certain infectious agents are causative factors in carcinogenesis—directly through
their oncogenic properties or indirectly through inflammation and
immunomodulatory effects—and infectious agents have been linked to 20% of the
global cancer burden (103, 104). Most evidence supports the role of viral infections
in carcinogenesis, including that of human papillomavirus in cervical cancer,
hepatitis B and C in liver cancer, and Epstein-Barr virus in Burkitt’s lymphoma (99).
The influence of parasitic infections in cancer is not as extensively studied, but
examples include liver flukes in bile duct cancer and schistosomiasis in bladder
cancer (103).

The role of specific bacterial pathogens and cancer is less clear. Yet, there are
notable and well-studied associations, such as infection with Helicobacter pylori
and the development of gastric cancer, likely through chronic inflammation (103,
105). Whereas the role of other bacterial infections is uncertain, the bacterial
microbiota is likely important in the development of certain cancers, especially in
the gastrointestinal tract, where the exposure to bacteria is high (3). Further, frequent
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antibiotic use has been linked to an increased risk of the development or diagnosis
of CRC, strengthening the putative role of intestinal microbiota in cancer
development (106-109).

The function of the intestinal microbiota in cancer development is challenging to
study due to its vastness and the slow process by which cancer evolves. Findings of
specific bacteria in blood cultures have been implicated as a marker for CRC, and
registry studies have shown that diagnoses of CRC are overrepresented following
bacteraemia by Clostridium species (especially Clostridium  septicum),
Fusobacterium spp., and the SBSEC (110-112). However, their follow-up times
have been limited, and these studies have failed to determine whether the bacteria
are carcinogenic or merely a marker for established cancer. The bacterial infections
that warrant diagnostic cancer work-up and follow-up remain unknown.

A model for bacterial involvement in the development of CRC has been proposed,
termed the driver-passenger model (3). In this mechanism, intestinal bacteria are
bacterial drivers that may initiate the development of CRC through their
carcinogenic properties, such as the ability to establish an asymptomatic but chronic
inflammatory response in the colonic mucosa (3). Suggested bacterial drivers
include Shigella spp., Salmonella spp., Citrobacter spp., Escherichia coli, and
Bacteroides fragilis (3). Bacterial passengers are worse at colonising a healthy
intestinal tract but have competitive advantages once a tumour microenvironment
has been established. In this new environment, they may be able to replace the
bacterial drivers, but it is unknown whether they also continue to propel tumour
development (3). In an advanced tumour, they can migrate from the intestinal lumen
and lead to systemic infections, whereas they may be cultured in blood (113).
Proposed bacterial passengers include those that have been found in registry studies,
such as C. septicum, Fusobacterium spp., and the SBSEC (3). The functions of
bacterial drivers and passengers are likely to overlap, and some bacteria probably
serve as both (3).

An alternative hypothesis centres on alpha-bugs—pro-oncogenic microbes that also
remodel the colonic microbiota to one that promotes and further induces more alpha-
bugs, accompanied by modulations in the immune response and colonic epithelial
cells, ultimately promoting CRC (114). The first alpha-bug to be proposed was the
enterotoxigenic Bacteroides fragilis (114).
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The SBSEC and colorectal cancer

The SBSEC in general

The association between IE and CRC was initially suggested in 1951, but Klein et
al. first systematically studied the association between the SBSEC and CRC in 1977
and found that the SBSEC was more common in faeces among patients with CRC,
describing symptom-free patients who were diagnosed with CRC following SBSEC
endocarditis (25, 115).

Since then, many studies have further examined the link between the SBSEC and
CRC, wherein 25-80% of patients with SBSEC bacteraemia have been found to
have colorectal tumours (23). However, most have been conducted on the SBSEC
group level, and few have evaluated the association of individual species and
subspecies according to the current taxonomy, except for Sg gallolyticus.

Three registry-based studies have examined the rates of CRC following SBSEC
bacteraemia, all of which used hospital populations as controls. Kwong et al. found
a hazard ratio (HR) of 3.79 (confidence interval 95% [CI195%] 2.29-6.27) for 662
episodes of SBSEC bacteraemia compared with individuals with negative blood
culture in Hong Kong, with an inflection point for normalisation of the HR observed
after 1 year (110). A study of 117 episodes of SBSEC bacteraemia in Denmark, also
using controls with negative blood cultures, reported an HR of 4.36 overall (C195%
1.96-9.74) and 8.46 within 1 year (CI95% 3.51-20.4), with a median time to
diagnosis of 97.5 days (111). The third study, conducted in Australia, assessed 397
cases of SBSEC bacteraemia versus patients with other pathogens in blood cultures,
noting a relative risk of 4.4 (C195% 2.72—-6.80) (112). Whereas some of these studies
also examined the CRC rates of some SBSEC species and subspecies, they did not
describe the identification methods, rendering the results unreliable (110-112).

A recent meta-analysis found that the relative risk of underlying CRC was 3.73
(CI95% 2.79-5.01) for individuals with versus without SBSEC bacteraemia (116).
The SBSEC is often associated with early colorectal neoplasms, primarily colorectal
adenomas (9, 117). However, although the risk ratio of colorectal adenomas was
elevated in this meta-analysis, it was not statistically significant (5.00; CI95% 0.83—
30.03) (116). Also, individuals with CRC have higher rates of SBSEC colonic
colonisation and higher levels of immunoglobulin G against SBSEC antigens (23,
116, 118-120).

Although most specialists recommend that a diagnostic work-up for CRC be
considered following SBSEC bacteraemia, it is unknown whether it should be
repeated unless warranted by the findings of the primary colonoscopy (9, 121).
Corredoira et al. followed up patients with IE due to the SBSEC, observing that
many were diagnosed with colorectal neoplasms long after the primary infection—
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regardless of previous colorectal neoplasms—with a mean time to diagnosis of
colorectal neoplasm of 5 years after infection (122). The authors concluded that
colonoscopy should be repeated during the follow-up. However, they did not
include a control group, and colorectal neoplasms, such as adenomas, are also
common in the general population (123). In contrast, Boltin et al. found no
differences in the rates of colorectal neoplasms during the follow-up of patients with
faecal carriage with the SBSEC compared with controls without faecal carriage, but
the number of individuals with SBSEC carriage was limited (29).

The species and subspecies of the SBSEC

Initially, individuals with IE caused by the SBSEC were considered to be at the
highest risk of CRC. But, Sg gallolyticus was later discovered to carry the highest
risk of IE and to be the SBSEC member that was primarily associated with CRC (9,
23,52, 53,55, 56, 63, 81, 82).

Corredoira et al. compared the colonoscopy results of 98 individuals with Sg
gallolyticus bacteraemia with sex-matched and age-matched controls who had
undergone colonoscopy due to colorectal symptoms or CRC family history,
reporting that invasive carcinoma (12.5% vs. 5%, p=0.03) and colorectal neoplasia
overall (70% vs. 32%, p<0.01) were more common among those with bacteraemia
(124). Another study by the same group compared bacteraemia with biotypes I (Sg
gallolyticus) and 11, noting higher rates of colorectal neoplasms in individuals who
had been infected with biotype I (50.9% vs. 16.6%, p<0.01) (78).

Associations between the other SBSEC members and CRC are more obscure (9).
Few studies have examined the potential correlation between other SBSEC
members and CRC, because results from studies that used older taxonomies are not
applicable to all species and subspecies that are currently recognised. Further, few
have included a control population without SBSEC infection. Colorectal neoplasia
is less common in bacteraemia with S. bovis biotype II versus I infection, and rates
of colorectal neoplasia are similar in bacteraemia with biotype Il and Streptococcus
salivarius, a pathogen that is not traditionally linked to CRC (78, 125-127).
Although CRC is common among individuals with non-Sg gallolyticus SBSEC
bacteraemia, these cancers are more advanced and often diagnosed before
bacteraemia (128). There is no established consensus regarding whether individuals
with non-Sg gallolyticus SBSEC bacteraemia should be evaluated for CRC; some
guidelines recommend colonoscopy only if there is no known source of infection
(9, 126).
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Proposed mechanisms

The degree to which the SBSEC, especially Sg gallolyticus, is part of a healthy
gastrointestinal microbiota has not been established, because faecal carriage rates
differ between studies, with an overrepresentation in individuals with CRC (26, 28,
29, 129). The SBSEC can adhere to the exposed collagen in colorectal neoplasms
and is effective at degrading the carbohydrates that abound in the microenvironment
of CRC. This property could confer a competitive advantage on the SBSEC in the
presence of colorectal neoplasms, whereas other microbiota might hinder them in a
healthy colon (9, 129, 130). The SBSEC can grow in bile and potentially access the
bloodstream through the hepatic reticulo-endothelial system, a trait that could
explain the suggested association with early colorectal neoplasms, given that
translocation of bacteria from the gastrointestinal tract to the bloodstream usually
correlates with advanced malignancies (23, 131, 132).

In vitro studies have suggested that Sg gallolyticus possesses pro-inflammatory
properties by inducing the COX2 pathway, which is important in CRC
carcinogenesis and the upregulation of inflammatory cytokines (23, 129). Further,
in vitro, Sg gallolyticus strains stimulate the proliferation of human colon cancer
cells, and mice that have been administered Sg gallolyticus bear significantly more
colon tumours, with more severe dysplasia grades and greater tumour burden than
those that are exposed to control bacteria (133, 134). These results could possibly
be attributed to a chromosomal locus, termed the S. gallolyticus ssp. gallolyticus
pathogenicity-associated region (SPAR) (135, 136). Moreover, the SggT7SST®
locus is important for the type VII secretion systems that are required for adherence
to host cells and has been shown to promote CRC in a mouse model (136). Sg
gallolyticus also up-regulates and down-regulates cancer-associated genes in vitro
(137).

The SBSEC, particularly Sg gallolyticus, could serve as both a driver and passenger
in the driver-passenger model of bacterial involvement in the development of CRC

3).

Gaps in knowledge

Whereas an epidemiological association between the SBSEC, particularly Sg
gallolyticus, and CRC has been established, many questions remain unanswered.
How high are rates of CRC in individuals with SBSEC bacteraemia compared with
the general population? Is SBSEC-associated CRC diagnosed regardless of
infection or because of infection? Does the risk of developing CRC increase
following infection, and should individuals with SBSEC infection be followed up
with repeat colonoscopies? Can examination by colonoscopy sometimes be omitted
following SBSEC bacteraemia? Are SBSEC members other than Sg gallolyticus
also associated with CRC? Is SBSEC carcinogenic or merely a marker of CRC?
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What about the SBSEC and other cancers?

Gastrointestinal cancers other than CRC, as well as other cancers, are common
among patients with SBSEC bacteraemia (55, 63, 125). S. lutetiensis was observed
to have potential carcinogenic properties in a recent laboratory study, in which this
bacteria was enriched in the tumour tissue of gastric cancer patients and had
tumour-suppressing properties, promoting gastric cancer in a mouse model (138).
An association between Sg pasteurianus and hepatocellular, biliary tract,
pancreatic, and gastric cancer has been suggested in epidemiological studies (55,
63, 139). However, few studies have systematically examined whether these
cancers were detected before or after bacteraemia (55, 63, 139). Whereas some
studies have proposed that patients with SBSEC bacteraemia should also be
evaluated for non-colorectal gastrointestinal cancer, there is limited evidence that
supports such recommendations (55, 139).
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Infective endocarditis and other
clinical manifestations of
Streptococcus bovis-Streptococcus
equinus complex infection

Infective endocarditis, a disease that is characterised by high
morbidity and mortality, is frequently associated with SBSEC
bacteraemia. However, the prevalence of infective endocarditis in
bacteraemia regarding the respective SBSEC species and subspecies
has not been well studied.

Overview of infective endocarditis

IE, first described in 1674, is an infection of the endocardial surface of the heart,
most commonly in the heart valves (140). It is commonly categorised as subacute
or acute. Subacute IE is generally associated with bacteria of lesser virulence, such
as non-B-haemolytic streptococci (e.g., the SBSEC), in which symptoms can persist
for several weeks to months before a diagnosis is made (140, 141). Although acute
IE is most often associated with more virulent bacteria, such as Staphylococcus
aureus, its onset is acute and can debut with symptoms of sepsis. Most cases of IE
are caused by staphylococci, streptococci, and enterococci; less common
microorganisms in IE include fungi, gram-negative bacteria, and low virulence
pathogens, such as corynebacteria and cutibacteria (140). The epidemiology of IE
has shifted over time, and although the disease occurs at all ages, it primarily affects
males and the elderly (140).

IE may lead to uncontrolled infection; cardiac complications, such as heart failure;
and embolic complications, including ischemic stroke; overall mortality rates of
30% have been reported (140). Treatment for IE has traditionally entailed
intravenous antibiotic therapy for 2—6 weeks in a hospital, but partial oral treatment
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and outpatient parenteral antimicrobial therapy have been implemented more
recently and are now recommended in management guidelines (140-144).
Moreover, open heart surgery is often required to control infection, manage heart
failure due to valve dysfunction, and prevent emboli (140-142).

Newer diagnostic modalities for detecting valve vegetations and paravalvular
complications include positron emission tomography-computed tomography (PET-
CT) and cardiac computed tomography (cardiac CT), but the mainstay for
diagnosing IE remains a positive blood culture, accompanied by findings on
transthoracic and transoesophageal echocardiography (TTE and TOE) (140-142,
145).

The diagnosis of IE can be challenging, because it is difficult to rule out the infection
in patients with high clinical suspicion due to findings of high-risk pathogens in
blood cultures and patient risk factors, such as the presence of prosthetic valves or
degenerative valve disease (140-142). This hurdle complicates the design and
interpretation of studies on IE, because a definitive diagnosis of IE is often
impossible to obtain or rule out.

Several diagnostic criteria have been designed to improve the diagnosis of IE (141,
142, 145-148). In 1981, the Von Reyn criteria for diagnosing IE were published, in
which cases were classified as definite, probable, possible, or rejected, according
to pathological, clinical, and microbiological findings (148). These standards
evolved into the Duke Criteria, published in 1994, and the 2000 Modified Duke
Criteria (146, 147). These criteria were all based on cases with a clinical or
pathological diagnosis of IE (146-148). The major differences in the latter two
Duke's criteria compared to the earlier criteria, were that they categorised cases into
definite, possible, or rejected based on the fulfilment of major and minor criteria for
the diagnosis of IE and introduced an imaging criterion that was based on
echocardiography findings (146, 147).

The Modified Duke Criteria have been the predominant system for diagnosing IE in
clinical settings and in studies of IE for most of the 21* century and constitute the
basis for all of the widely used systems that have followed (140-142, 145). The
newer 2015 and 2023 ESC guidelines and the 2023 Duke-ISCVID criteria have
revised the criteria introducing additional imaging criteria, based on cardiac CT and
PET-CT, and have updated the microbiological criteria with new diagnostic
methods and expansion of the number of organisms that are considered to be
associated with a high risk for IE (141, 142, 145). These newer criteria were based
on previously available evidence and, unlike previous criteria, were not evaluated
or validated in the publications. However, subsequent publications have assessed
these changes retrospectively, often with greater sensitivity for the diagnosis of IE
but sometimes at the cost of decreased specificity and an increase in cases that are
defined as possible endocarditis (149-152).
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Infective endocarditis and other disease manifestations
of SBSEC species and subspecies

SBSEC infection in humans is generally associated with bacteraemia and IE, and
unlike viridans streptococci, which cause similar diseases, detection of the SBSEC
in blood cultures is typically considered to have clinical significance (9, 77, 78). IE
that is induced by the SBSEC presents as symptoms that are similar to those by
viridians streptococci, involving subacute presentation with prolonged duration of
symptoms (9, 77, 153). The treatment for IE by the SBSEC usually consists of 2—6
weeks of intravenous therapy with penicillin G or ceftriaxone, sometimes in
combination with aminoglycosides—as for other non-f-haemolytic streptococci
(141, 142). The species and subspecies of SBSEC is generally considered penicillin-
susceptible, although decreased penicillin susceptibility has been reported (9, 49,
55).

Other infections by the SBSEC include hepatobiliary and other intra-abdominal
infections, osteomyelitis, septic arthritis, spondylodiscitis, and, in rare cases,
meningitis (9, 51, 55, 78, 154). Bacteraemia with the SBSEC is often polymicrobial,
especially if the source is an intra-abdominal infection (9, 55). Urinary tract
infections have been reported, although the frequency of SBSEC-induced urinary
tract infections is difficult to establish, because streptococci in urine cultures are
often viewed by clinical microbiology laboratories as contaminants (9, 55). SBSEC
bacteraemia is most common in adults, especially elderly men, but can also occur
in children and neonates (9, 53, 55, 154, 155).

The risk of IE and other clinical manifestations varies between SBSEC species and
subspecies (9, 55, 63, 79). However, such risk between subspecies is challenging to
calculate due to the disparate taxonomic changes that have occurred over time and
the difficulty in determining SBSEC species and subspecies (9, 49). Further, the
variable distribution of SBSEC species and subspecies between geographic areas
renders it impossible to estimate the risk of IE for the individual SBSEC species and
subspecies using risk values for the SBSEC overall (52, 53, 55, 56, 63, 81, 82).
Differences in the incidence of SBSEC bacteraemia and in the distribution of
subspecies could explain in part the high variance in the frequency of SBSEC
endocarditis between countries, wherein 58% of non-B-haemolytic streptococci IE
has been found to be caused by the SBSEC in France compared with 9% in Sweden
9,77,78, 156, 157).

Streptococcus gallolyticus ssp. gallolyticus

Sg gallolyticus is usually considered synonymous with biotype I in clinical studies
(4,47, 57). Because biotype | was established as a separate entity from other SBSEC
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members early on, Sg gallolyticus has been studied more extensively than the other
species and subspecies (9).

Previous demographic studies of all the different SBSEC subspecies have found that
IE is diagnosed in 17-53% of bacteraemias by Sg gallolyticus (52, 53, 55, 56, 63,
81, 82). However, a study by Corredoira et al. in Spain of 109 episodes of only Sg
gallolyticus bacteraemia reported considerably higher proportions, in which as
many as 79% cases were diagnosed with IE, and a literature review reported IE in
64% of bacteraemias (124, 158). Most studies agree that bacteraecmia with Sg
gallolyticus has a high risk of IE—greater than that with other SBSEC species and
subspecies (9, 124, 158). Other infections include osteomyelitis, spondylodiscitis,
and biliary tract and other intra-abdominal infections (9, 51, 55).

Streptococcus gallolyticus ssp. pasteurianus

Sg pasteurianus is considered synonymous with biotype I1/2 in clinical studies (9).
It is commonly associated with biliary tract infections, such as cholangitis and
cholecystitis; other intra-abdominal infections are also frequent (9, 51, 55, 81).
Infections with Sg pasteurianus are often polymicrobial (55, 81). Previous studies
of all SBSEC subspecies have described IE in 0-33% of bacteraemias, and 18% in
the review referred to in the previous section (52, 53, 55, 56, 63, 81, 82, 158). Sg
pasteurianus is the SBSEC member that is foremost associated with neonatal sepsis
and meningitis (9, 154).

Streptococcus lutetiensis and Streptococcus infantarius

Because S. lutetiensis (previously S. infantarius ssp. coli) and S. infantarius
(previously S. infantarius ssp. infantarius) used to be encompassed by the previous
species S. infantarius (previously biotype 11/1), it is often impossible to determine
the species to which S. infantarius refers unless specified or implied from the
context of a study (9, 41, 42). Further, many studies use 16s rRNA to identify
species and subspecies, but the capacity of this method to distinguish between these
two species has been questioned (49).

Generally, few bacteraemias of each species have been included in studies on the
SBSEC, making it difficult to estimate the risks of endocarditis and other infectious
manifestations. Endocarditis rates of 0-29% for S. lutetiensis and 0—14% for S.
infantarius have been reported in previous demographic studies of all SBSEC
subspecies, and a case series by Corredoira et al. found IE in 7% (7/96) of
bacteremia with S. [utetiensis and 60% (6/10) of S. infantarius (52, 53, 55, 56, 63,
81, 82, 158). Intra-abdominal infections, such as cholecystitis, cholangitis, and
intra-abdominal abscesses by S. lutetiensis and S. infantarius have been described
(51-53, 55, 56, 63, 82).
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Streptococcus alactolyticus, Streptococcus equinus, and Streptococcus
gallolyticus ssp. macedonicus

Bacteraemia with S. alactolyticus, S. equinus, and Sg macedonicus has been
reported in humans, albeit rarely. Rare case reports have described IE by all three
pathogens (52, 159-163).

Marmolin et al. characterised 53 SBSEC bacteraemias; one was noted as S. equinus,
and two were attributed to Sg macedonicus (63). None had IE, but the infections
were not otherwise detailed. Ben-Chetrit reported a series of 40 SBSEC isolates
from blood cultures, two of which were found to harbour Sg macedonicus: one with
definite IE and one with probable IE (52).

The few episodes that have been noted are likely to be due, in part, to the use of an
older taxonomy, in which Sg macedonicus was not recognised, and the inability of
MALDI-TOF MS—the routine method for identifying species today—to properly
distinguish these three bacteria from other SBSEC species and subspecies (9, 49).
Although human infections with these three SBSEC members are rare, they could
also be underreported.
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Aims of the thesis

Despite extensive previous research on the SBSEC, much remains unknown. When
a patient is found to have bacteraemia with the SBSEC, the subspecies is likely to
be unidentified, because routine identification can be expected to be performed by
MALDI-TOF MS in most modern clinical microbiology laboratories. But can
MALDI-TOF MS identify SBSEC species or subspecies with current libraries, or
can this technique be improved?

When the SBSEC is detected in a blood culture, most clinicians are likely to
consider a routine colonoscopy, but how great is the risk of CRC for the patient? Is
a routine colonoscopy necessary for every SBSEC subspecies? Should colonoscopy
be repeated every third year thereafter, as some clinicians recommend (9)? Should
the cancer work-up also include other gastrointestinal cancers? What is the risk of
IE for each SBSEC subspecies, and when can echocardiography be omitted? What
is the incidence of SBSEC bacteraemia and the distribution of its subspecies in
Sweden?

This thesis examined the following questions in this regard:
e Can SBSEC species and subspecies be distinguished by MALDI-TOF MS?

e How prevalent is colorectal and other gastrointestinal cancers following
SBSEC bacteraemia?

e When is CRC diagnosed following SBSEC bacteraemia? Is there an
elevated incidence of CRC after the first year following bacteraemia?

e [s bacteraemia with all SBSEC species and subspecies associated with a
diagnosis of CRC following infection?

e [s bacteraemia with certain SBSEC species and subspecies associated with
diagnoses of other gastrointestinal cancers than CRC following infection?

e  What is the proportion of IE in bacteraemia with each respective SBSEC
species and subspecies? Is the risk of IE greater for certain species and
subspecies?

e  What is the distribution of SBSEC species and subspecies in Sweden?
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Present investigations

An overview of epidemiological research in Sweden and
in general

Data sources in Sweden

Sweden has a long tradition of maintaining national health registries with
comprehensive coverage. All inhabitants in Sweden are assigned a unique personal
identification number upon birth or migration to Sweden. Combined with extensive
national health registries, this practice provides ample opportunities for large-scale
register-based epidemiological research (164, 165).

The Total Population Register

The Total Population Register (in Swedish: Registret for totalbefolkningen/
Befolkningsregistret) contains information on birth dates, death dates, migrations,
name changes, and family relationships (164, 166). It is maintained by the
government agency Statistics Sweden (in Swedish: SCB) and is often used to select
matched controls in register-based research.

The National Patient Register

The National Patient Register (in Swedish: Patientregistret) is maintained by the
National Board of Health and Welfare (in Swedish: Socialstyrelsen), a government
agency, and contains data on diseases and treatments in Swedish specialised care by
public and private healthcare providers, coded according to the Swedish
International Classification of Disease (ICD) system (124, 126). It was created in
1964 and provides complete coverage of all completed inpatient stays since 1987,
with a reported coverage of over 99% (124). Since 2001, this register has also
included data on patients who have been treated in specialised outpatient care. It
does not contain data on primary care.

The National Prescribed Drug Register

The National Prescribed Drug Register (in Swedish: Likemedelsregistret) is
managed by the National Board of Health and Welfare (167). It was established in
2005 and provides data on all prescribed drugs that are dispensed in pharmacies.
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The National Cause of Death Register

The National Cause of Death Register (in Swedish: Dddsorsaksregistret) is also
maintained by the National Board of Health and Welfare (167). It lists the official
cause-of-death statistics, and its data are used to describe the health of the Swedish
population and provide information for healthcare interventions and research.

The National Cancer Register

The National Cancer Register (in Swedish: Cancerregistret) was established in 1958
and contains the official cancer statistics in Sweden (167). It is used to monitor the
incidence of cancer and its changes over time. It has been coded according to the
3rd edition of International Classification of Diseases for Oncology (ICD-0O-3) since
2005. This register contains details on the time of diagnosis, clinical and
morphological diagnosis; extent of tumour at the time of diagnosis; and patient
demographics, such as gender, age, and place of residence. The coverage and
accuracy of coding are estimated to be approximately 99%, according to the
National Board of Health and Welfare, which maintains this register (168).

The Swedish Colorectal Cancer Register (SCRCR) and Colorectal cancer data
Base Sweden (CRCBaSe)

The Swedish Colorectal Cancer Register (SCRCR) (in Swedish: Svenska
kolorektalcancerregistret) contains national data on all rectal cancers since 1995 and
all colon cancers since 2007 (169, 170). The Colorectal Cancer data Base Sweden
(CRCBaSe) is a register-based data research platform that links data in the SCRCR
to the registers of Statistics Sweden and the National Board of Health and Welfare.
Their purpose is to facilitate epidemiological research, containing detailed data on
diagnosed CRCs and their follow-up.

Regional databases

Sweden is divided into 21 administrative regions, each of which is responsible for
providing healthcare services for its population. The regions have separate medical
records systems—sometimes for the specialised and primary care in a respective
region, as is the case for Region Skane. Private healthcare providers are occasionally
included in the regions’ medical records systems.

There is no national microbiology database. The regions are responsible for
providing and managing microbiological databases for their respective laboratories,
sometimes in collaboration with other regions. Local laboratories and databases
have changed over time, and public and private healthcare services have managed
microbiological laboratories. At the time of data collection for Paper I, 23
microbiological laboratories were listed in The Public Health Agency in Sweden.
Region Skéne has only one microbiological laboratory—Clinical Microbiology,
Region Skane—which serves the entire population of Skane, enabling population-
based epidemiological research in infectious disease in this area.
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Study designs in epidemiology

Although randomised controlled studies are considered the gold standard for clinical
interventional trials, they are unfeasible to implement for observational studies that
follow individuals over a long period or for the study of rare exposures or outcomes.

For epidemiological studies that are based on healthcare databases, such as registry
data, one must select an alternative study design and strive to mitigate confounding
biases—for instance, by including a matched control population and adjusting for
potential confounders in the statistical analysis.

An often-used design for observational studies is the case-control study, in which a
group of individuals—i.e., cases—with an outcome, such as cancer, are compared
with individuals who do not experience the outcome—controls (166). This study
design is suitable for investigating the exposures that are associated with the
outcome, comparing how common the exposure is among those with the outcome
versus those without it—for example, smoking among those with and without lung
cancer. A case-control study is particularly useful if the outcome is rare and if the
time from exposure to outcome is long, and it has the advantage of allowing multiple
exposures to be studied simultaneously while being quick to conduct (166). The
main limitations are that such studies are retrospective, prone to multiple biases, and
limited primarily to odds ratios (OR) as effect measures (166).

Another common observational study design is the cohort study. In contrast to case-
control studies, which begin with the outcome, an observational study is based on
an exposure rather than an outcome (166, 167). The exposed group is then matched
to an unexposed control population to determine whether one or multiple outcomes
correlate with the exposure. A cohort study can be prospective or retrospective. The
strength of the cohort study lies in its capacity to examine the effect of an exposure
on an outcome, with the potential to assess other effect measures, such as risks and
incidences (167).

A third option is the cross-sectional study design, which evaluates data at a specific
point in time without retrospective or prospective follow-up (171). This type of
study is applied primarily to assess the prevalence of diseases in a select population.
It is faster to plan, but its ability to reach conclusions about associations and causal
relationships is limited, because exposure and outcome are measured at the same
time (171).

A major pitfall of observational studies concerns how they select study and control
populations. Although case-control and cohort studies aim to include controls that
are as similar to the study group as possible in all aspects other than exposure or
outcome, depending on the study design, such a practice is often unfeasible in a
retrospective study and is prone to introducing bias (172).

Several strategies can be used to mitigate such known and unknown confounders.
One approach is to match controls on pre-selected parameters, such as age and sex,
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to balance covariates between study groups (168). Another method is weighting, in
which data is adjusted based on weights that are assigned to individuals. A typical
example of this technique is inverse probability of treatment weights, based on
propensity scores, whereas entropy balancing is a method that has been introduced
more recently (173-175). A potential drawback of weighting methods is that
extreme weights lead to bias, potentially due to differences in the covariates of the
study groups. This issue can be addressed through weight trimming, although there
is limited guidance on the optimal methods for doing so (173-176). A third option
is stratification, in which the sample is divided into strata of similar individuals—
e.g., based on age, sex, or propensity scores (173). Alternatively, a study design,
called “Target Trial Emulation,” has proposed that observational studies be
designed more like randomised controlled studies to decrease selection bias (177,
178).

The STROBE guidelines, comprising a 22-item checklist, have been created for
epidemiological research (179). This checklist is considered good practice and often
required for publication in medical journals. These guidelines were developed to
increase the generalisability of epidemiological research by assisting writers in
preparing their manuscripts and editors, reviewers, and readers in critically
appraising articles.

52



Paper I

Risk and prognosis of colorectal cancer following bacteremia with Streptococcus
bovis-Streptococcus equinus-complex: A Swedish nationwide retrospective cohort
study

The aim of this study was to examine the risk of CRC and its prognosis, and the
frequencies of other gastrointestinal malignancies, and determine when the
malignancies were diagnosed following SBSEC bacteraemia compared with the
general population.

Methods

Study design and setting

A nationwide retrospective cohort study of SBSEC bacteraemia in Sweden from
2010-2019. A personal identity number is issued to all individuals who are
registered in Sweden, which allows cross-referencing with national health registries
and hospital and laboratory databases. Data on all blood cultures with growth of
SBSEC were requested from all 23 microbiological laboratories in Sweden, of
which 18 delivered them.

We included individuals aged >18 years old with a positive SBSEC blood culture,
defining an episode and its index date in the exposed cohort. The exposed episodes
were matched 1:10 to the general population for index year, sex, year of birth, and
geographic region using the Swedish Total Population Register. End of follow-up
was December 31, 2021; death; emigration from Sweden; or cross-over to the
exposed cohort. The Swedish Total Population Register supplied data on this
information and date of birth, and data on the underlying cause of death were
retrieved from the National Cause of Death Register.

Colorectal and other gastrointestinal cancers

Cancer diagnoses from January 1, 2000 until the end of follow-up were retrieved
from the National Cancer Register, and details on CRCs that were diagnosed
during follow-up were obtained from the Colorectal Cancer data Base Sweden
(CRCBaSe).

CRC was defined according to ICD-O/3 topography codes C18—C20 (excluding
C18.8) with a histopathological diagnosis of adenocarcinoma, unspecified
malignant tumour, or an unavailable histopathological diagnosis, and other
gastrointestinal cancers were defined per topography codes C15—-C17 and C21-C26
with a histopathological diagnosis of invasive malignancy with a risk of metastasis,
according to the coding in the National Cancer Register.
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Comorbidities and infective endocarditis

Data were retrieved from the National Patient Register, which contains data on
diagnoses in inpatient or specialised care. Diagnoses of IE during the episode with
SBSEC bacteraemia and data on comorbidities and colonoscopies from 5 years
before the index date until the end of follow-up were collected. The Charlson
comorbidity index, adapted to Swedish ICD-10 lists, was used to score
comorbidities (180). Data from the National Prescribed Drug Register on prescribed
drugs for treating diabetes mellitus and chronic pulmonary disease from 1 year prior
until the index date were obtained and added to the Charlson comorbidity index
score to improve the coverage of comorbidities in primary care.

Statistical analysis

Pearson chi-square test was used to analyse associations between categorical
variables and exposure status, and Mann-Whitney U-test was applied for continuous
variables. Individuals with previously diagnosed gastrointestinal cancers were
excluded from the calculation of rates for specific cancers. Missing data were only
available on details on diagnosed cancer, and the missing data were excluded from
the analyses.

A CRC follow-up cohort was created, excluding episodes with previously diagnosed
CRC, SBSEC relapses, those who died within 14 days of bacteraemia, and their
corresponding controls. HRs for a diagnosis of CRC following SBSEC bacteraemia
in this cohort were estimated by Cox regression, stratified by matching cohorts, and
via weights based on entropy balancing, using index year, geographic region, sex,
age, and the comorbidities of the Charlson comorbidity index as separate covariates.

Results

In total, 930 SBSEC bacteraemia episodes were identified in the databases, of which
908 SBSEC episodes and 9080 controls were included in the complete cohort;
ultimately, 731 SBSEC episodes and 7158 controls were included in the CRC
follow-up cohort (Figure 7).
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follow-up cohort.

Gastrointestinal cancer overall

Most gastrointestinal cancers were more common in the SBSEC cohort prior to
bacteraemia. Only CRC was diagnosed more frequently in the exposed versus
unexposed cohort following bacteraemia (p <0.01) (Table 5).
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Table 5. Gastrointestinal cancer diagnosed prior to and after bacteraemia compared with controls

All gastrointestinal cancers: Exposed — Unexposed
Previously diagnosed and diagnosed during SBSEC controls P
follow-up of the complete cohort (n =908) (n =9080)
. 21 4.1
Follow-up total, years (median, IQR) (0.3-4.1) (2.6-6.3) <0.01
Colorectal cancer Previous 75 (8.3) 168 (1.9) <0.01
Diagnosed 45 (5.4) 114 (1.3) <0.01
Previous 2(0.2) 4 (0.0) 0.04
(0] h
esophagus Diagnosed 0(0) 7(01) 0.40
, Previous 12 (1.3) 9 (0.1) <0.01
Gast
astric Diagnosed 1(0.1) 16 (0.2) 0.65
) Previous 4(0.4) 10 (0.1) 0.01
Hepatic -
Diagnosed 2(0.2) 18 (0.2) 0.89
Gallbladder, Previous 12 (1.3) 3(0.0) <0.01
extrahepatic bile ducts Diagnosed 1(0.1) 9 (0.1) 0.91
Pancreatic Previous 27 (3.0) 7(0.1) <0.01
Diagnosed 1(0.1) 17 (0.2) 0.62
Previous 8 (0.9) 6 (0.1) <0.01
Small bowel
mall bowe Diagnosed 1(0.1) 3(0.0) 0.27
Anal Previous 1(0.1) 4 (0.0) 0.40
Diagnosed 0 (0.0) 2 (0.0) 0.66
o Previous 0 (0.0) 0 (0.0) -
Oth trointestinal
er gastrointestina Diagnosed 1(0.1) 5(01) 0.52

Colorectal cancer

The incidence of CRC was higher overall in the exposed SBSEC cohort during
follow-up (p <0.01), wherein the largest differences were seen during the first year
following bacteraemia (p <0.01). There were no differences in this incidence during
the second year, but the differences throughout the remainder of the follow-up were
significant (p=0.01). The median time to diagnosis was significantly shorter in the
exposed cohort, at 0.21 years (interquartile range [IQR] 0.02-0.75) versus 2.34
years (1.22-4.41) (p <0.01). Ten individuals were diagnosed with CRC at >12
months in the SBSEC cohort, but only two of them had been examined by
colonoscopy during the first 12 months. CRCs diagnosed and HRs for CRC
diagnoses following SBSEC bacteraemia are presented in Table 6 and Figure 8.

Of'the CRCs that were diagnosed during follow-up, few significant differences were
observed between the exposed and unexposed cohorts. The Charlson comorbidity
score was lower in unexposed individuals (p <0.01). The follow-up time was shorter
among the exposed cohort—2.6 years (IQR 1.8-5.1)—compared with the
unexposed, (5.2; IQR 3.0-7.2) (p <0.01). However, no significant differences
appeared with regard to tumour location, TNM stage, or tumour grade at diagnosis.
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Table 6. Colorectal cancer diagnosed during follow-up of the colorectal cancer cohort

(C195%)

Colorectal cancer diagnosed during follow-up of the | Exposed — | Unexposed
colorectal cancer cohort. SBSEC controls P
(n=731) (n =7158)
In total 195 (26.7) 437 (6.1) <0.01
Colonoscopy <12 months 154 (21.1) 108 (1.5) <0.01
212 months 41 (5.6) 329 (4.6) 0.22
Benlgna)colorectal tumours and In total 106 (14.5) 187 (2.6) <0.01
polyps
Total Colorectal cancer, n | 45 89
Incidence per
1000 person-years 20.4 26 <0.01
Incidence difference
(C195%) 17.7 (11.7-23.7)
Year <1 Colorectal cancer, n | 35 20
Incidence per
1000 person-years 59.5 29 <0.01
Incidence difference
56.6 (36.9-76.4
Colorectal (C195%) ( )
cancer Year 21-<2 Colorectal cancer,n | 2 20
Incidence per
1000 person-years 43 34 0.62
Incidence difference
(CI95%) 1.2 (-4.9-7.2)
Year 22 Colorectal cancer,n | 8 49
Incidence per
1000 person-years 6.9 2.4 0.01
Incidence difference
4.5 (-0.3-9.4)
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Figure 8. Hazard ratios for colorectal cancer diagnosis following SBSEC bacteraemia compared with matched
controls. A. Stratified by matching groups. B. Entropy balancing using index year, geographic region,

sex, age, and the comorbidities of the Charlson comorbidity index.
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Paper 11

Streptococcus bovis-bacteremia: subspecies distribution and association with
colorectal cancer: a retrospective cohort study

The aim of this study was to analyse the distribution of SBSEC species and
subspecies in bacteraemia in the Skane region and examine the risk of colorectal
and other gastrointestinal cancers following bacteraemia for each species and
subspecies.

Methods

Setting

The study was conducted retrospectively in Skane, where a single laboratory,
Clinical Microbiology, Region Skane, serves all hospitals and stores all bacterial
isolates from blood cultures for a minimum of 10 years. All episodes of SBSEC-
positive blood cultures from 2003-2018 were identified and retrieved from Clinical
Microbiology, Region Skéne. Microbiological and clinical records were reviewed
retrospectively. Individuals could be included multiple times as episodes of SBSEC
bacteraemia but only once per hospital admission.

Microbiology

SBSEC isolates from blood cultures were stored at -70°C at Clinical Microbiology,
and reference type strains for each SBSEC species and subspecies were precultured
for 24—120 h on blood agar plates in 5% CO, at 37°C to check for bacteria viability
and contamination. They were then re-cultured in Brain Heart Infusion (BHI) broth
at 37°C and 120 shakes/min for 12 to 48 hours to increase the amount of cultured
bacteria.

DNA was extracted and purified using the DNeasy Blood & Tissue Kit according
to the manufacturer’s instructions. The Center for Translational Genomics, Lund
University then performed short-read WGS. SeaView was used to construct a
neighbour-joining phylogenetic tree, based on SNPs, using Kimura-2-parameters
(181). Species and subspecies were confirmed by clustering around the reference
type strains (Figure 9).
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Figure 9. Clustering of SBSEC species and subspecies in a neighbour-joining phylogenetic tree (21).

Data collection

Data on comorbidities and cancers were collected from medical records
retrospectively according to a predetermined protocol. Data collected included
colonoscopies within 12 months, and findings of cancer and adenomas were
registered. Cancers that were diagnosed prior to a positive blood culture (prevalent
cancer) and those following a positive blood culture (incident cancer) were gathered
from the regional pathological database, covering the entire population of Skane.
Comorbidities were registered and categorised per the updated Charlson
comorbidity index (182). Date of bacteraemia was considered the index date, and
episodes were followed until the date of death, emigration, or March 15, 2021.
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Statistics

An incidence cohort that consisted of episodes without prior CRC or metastasised
cancer was included in the follow-up after positive blood cultures to determine the
risks of CRC and other gastrointestinal cancers. Logistic regression was used to
analyse the association between SBSEC species and subspecies and CRC, adjusted
for predetermined potential confounders (90, 183). The covariates were analysed
independently and in a multivariable logistic regression model.

The numbers that were needed to screen for a diagnosis of CRC within 12 months
were calculated for the incidence cohort, for all SBSEC overall and only Sg
gallolyticus-bacteraemia, both overall and for episodes without an identified
infection focus.

The incidence of CRC in Skane, stratified by calendar year, sex, and 5-year interval
age groups, was used to calculate the standardised incidence ratio of CRC within 12
months following Sg gallolyticus and other SBSEC bacteraemias for the complete
cohort.

Results

The study cohort and the distribution of subspecies and species

Episodes of SBSEC bacteraemia were included according to the flowchart in Figure
10.
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Figure 10. Flowchart of selection of episodes of SBSEC bacteraemia.

In total, 236 isolates were available for the determination of species and subspecies,
of which Sg pasteurianus was the most common (88; 37%), followed by Sg
gallolyticus (58; 25%), S. lutetiensis (47; 20%), and S. infantarius (32; 14%). Nine
isolates formed a separate cluster among the S. gallolyticus subspecies and could
not be assigned to a specific subspecies. The distribution of SBSEC species and
subspecies in SBSEC bacteraemia in Skéne from 2003-2018 is presented in Figure
11.
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Figure 11. Distribution of SBSEC species and subspecies in Skane from 2003-2018.

Prevalent colorectal and other gastrointestinal cancers

There were no significant differences in the prevalence of known CRCs or colorectal
adenomas/polyps before bacteraemia. Pancreatic cancer was more common among
episodes of bacteraemia with S. lutetiensis and S. infantarius.

Incidence of colorectal and other gastrointestinal cancers

In total, 13 of 174 (7%) bacteraemia episodes were diagnosed with CRC during the
follow-up, of which 12 were diagnosed in the first 12 months. CRC was
significantly more frequent among bacteraemias with Sg gallolyticus than with all
other SBSEC species and subspecies—within 12 months and in total during follow-
up (Table 7). Only one case of other gastrointestinal cancer was diagnosed during
follow-up: pancreatic cancer following bacteraemia with S. /utetiensis.
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Table 7. Discovered cancer following bacteraemia
Other subspecies (n=9) are omitted from the table, among which no cancers were diagnosed following
bacteraemia. Variables are presented as n (% of observations per subspecies).

Sg Sg S. S. P
pasteurianus | gallolyticus | lutetiensis infantarius
(n=67) (n = 46) (n=29) (n=23)
Cancer diagnoses within 12 months
Colorectal cancer 2 (3) 9 (20) 0(0) 1(4) <0.01
Other 0(0) 0(0) 0(0) 0(0) NA
gastrointestinal
cancers
Cancer diagnoses in total during the follow-up period
Colorectal cancer 34) 9 (20) 0(0) 1(4) <0.01
Other 0(0) 0(0) 1(3) 0(0) 0.28
gastrointestinal
cancers

In univariate analysis, the OR for a diagnosis of CRC within 12 months for Sg
gallolyticus compared with all other SBSEC species was 10.14 (CI195% 2.61-39.38;
p<0.01) and 9.61 (CI195% 2.27—40.61; p<0.01) in the multivariable model, adjusted
for sex, age, and whether an infection focus was detected.

The standardised incidence ratio of CRC within 12 months for Sg gallolyticus was
59.8 (CI95% 27.3—113.3) and 7.2 for all other SBSEC species (C195% 1.5-20.9).

The numbers that were needed to screen to detect one CRC were 15 for all SBSEC
species in the incidence cohort and 9 for those without an identified focus of
infection, versus 5 and 3, respectively, for Sg gallolyticus.
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Paper III

Bacteraemia and infective endocarditis with Streptococcus bovis-Streptococcus
equinus complex: a retrospective cohort study

The aim of this study was to examine the proportions of IE and presentation of the
disease in bacteraemia with the SBSEC species and subspecies that are most
common in infection in humans: Sg pasteurianus, Sg gallolyticus, S. lutetiensis, and
S. infantarius.

Methods

A retrospective study on SBSEC bacteraemia in Skéne from 2003-2018, using the
same bacteria and cohort as in Paper II. Species and subspecies were identified by
WGS as described in Paper II, and episodes of bacteraemia by Sg pasteurianus, Sg
gallolyticus, S. lutetiensis, and S. infantarius were included. Medical records were
reviewed retrospectively according to a predefined protocol. An episode of
bacteraemia was defined as when a positive blood culture was drawn and, ending at
hospital discharge. Relapse was defined as a new episode of bacteraemia with the
same subspecies within 6 months.

The infection focus was defined according to the attending physician's diagnosis in
the medical charts, and multiple sites of infection were possible per episode.

Definite IE was defined per ESC 2015 (142). In the case of inconclusive imaging
results or if a clinical diagnosis of IE did not fulfil the criteria of definite IE, imaging
results and/or medical charts were reviewed by another physician who did not have
knowledge of SBSEC species and subspecies.

Differences in proportions were assessed by chi-squared or Kruskal-Wallis test, as
appropriate.

Results

The proportions of IE in bacteraemia were significantly higher with Sg gallolyticus
(33%) and S. infantarius (16%) versus Sg pasteurianus (5%) and S. lutetiensis (5%)
(p <0.01) (Table 8). Intra-abdominal infections were more common in bacteraemia
with S. lutetiensis (21/44; 48%) and Sg pasteurianus (37/83; 45%) compared with
S. infantarius (5/31; 16%) and Sg gallolyticus (8/52; 15%) (p <0.01). No episode of
bacteraemia with intra-abdominal infections was diagnosed with IE, but
echocardiography was only performed in 22 of 71 cases (31%). Polymicrobial
infections were more frequent in bacteraemia with S. lutetiensis and Sg pasteurianus
(»=0.02).
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Table 8. Clinical characteristics
Variables are presented as n (% of observations per subspecies).

Sg Sg S. S. P
pasteurianus | gallolyticus | lutetiensis infantarius
(n=83) (n=52) (n=44) (n=31)
Microbiology and examinations
Polymicrobial infection | 27 (33) 7 (13) 17 (39) 6 (19) 0.02
2 or more positive 46 (55) 43 (83) 18 (41) 21 (68) <0.01
cultures
Echocardiography: 43 (52) 46 (88) 18 (41) 23 (74) <0.01
TTE or TOE
Echocardiography: 28 (34) 33 (63) 10 (23) 16 (52) <0.01
TOE
Site of infection
Unknown 32 (39) 23 (44) 16 (36) 16 (52) 0.52
Infective endocarditis 4 (5) 17 (33) 2 (5) 5(16) <0.01
Cholecystitis/ 17 (20) 3 (6) 13 (30) 3 (10) 0.10
cholangitis/
pancreatitis/hepatic
infection
Colitis/appendicitis/ 20 (24) 5(10) 8 (18) 2 (6) 0.06
diverticulitis/other
intra-abdominal
Spondylodiscitis, 6 (7) 6(12) 0(0) 0(0) 0.04
osteomyelitis, or
arthritis
Skin/tissue/muscle 1(1) 1(2) 2 (5) 1(3) 0.68
Other’ 6 (7) 3 (6) 4(9) 4 (13) 0.69
Outcome
In-hospital mortality 9 (11) 2(4) 8 (18) 6 (19) 0.09
Relapse 4 (5) 1(2) 0(0) 0(0) 0.26

"Urinary, respiratory, or female genital tract and central venous catheter infection.
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Paper IV

Improved identification of Streptococcus bovis-Streptococcus equinus complex
species and subspecies by MALDI-TOF MS using a novel library

The aim of this study was to evaluate the current diagnostic accuracy of the Bruker
MALDI Biotyper system in identifying SBSEC species and subspecies using the
ethanol-formic acid extraction method and to develop a novel library to improve
diagnostic accuracy in the identification of SBSEC species and subspecies with
MALDI-TOF MS.

Methods

Setting and reference standard test

We included unique SBSEC isolates in Skéne from 2003—2018 that were identified
by WGS, as described in Paper II. Type strains and isolates of SBSEC species and
subspecies that are rare in human infections were obtained from culture collections.

MALDI-TOF MS

Isolates were precultured for 24—120 h on blood agar plates in 5% CO; at 37°C to
assess bacteria viability and contamination and then recultured in BHI broth at 37°C
and 120 shakes/min for 12-48 h. The broth was then centrifuged, and the
supernatant was removed. Standard ethanol-formic acid extraction was performed
on the remaining pellet according to the MALDI-TOF MS manufacturer’s protocol
(Bruker Daltonics, Germany). The resulting supernatant was then used to collect
spectral profiles, 1 uL per sample was pipetted onto 8—10 spots of a stainless steel
MALDI target plate and left to dry. After the drying step, 1 uL of fresh matrix
solution was applied to each spot and left to dry again at room temperature. Spectra
were collected using a Microflex LT/SH SMART MALDI-TOF MS with
flexControl v. 3.4 (Bruker Daltonics, Germany) after calibration according to the
manufacturer’s instructions using Bruker Bacterial Tests Standard, with a spectral
intensity of 10,000-25,000. The spots were analysed three times, and a total of 24—
30 spectra were generated.

Half of the isolates per species and subspecies (including type strains) were selected
to create the library, termed “Streptococcus bovis/Streptococcus equinus complex-
Clinical Microbiology Region Skane” (SBSEC-CMRS), and the remaining isolates
were used for library evaluations.

flexAnalysis v. 3.4 (Bruker Daltonics, Germany) was used for further analysis.
Smoothing and baseline subtraction were performed, and spectra with outlier peaks
(not within 500 ppm per 1,000 m/z interval) were excluded. For every isolate, 20—
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24 spectra were used to generate Main spectrum profiles (MSPs) and included in
the SBSEC-CMRS library.

The SBSEC-CMRS-library version 1.0 included MSPs for 117 unique SBSEC
isolates (18 from culture collections, including type strains). Isolates included per
SBSEC species and subspecies are listed in Table 9.

An evaluation set was created from the remaining 119 isolates (13 from culture
collections). Two random spectra from different spots of each isolate were analysed
further in the evaluation set, using MALDI Biotyper (MBT) Compass v.4.1 (Bruker
Daltonics, Germany). The evaluation set was analysed with the complete Bruker
reference library—MBT Compass Library Revision K (DB-11897, 2022)—
applying a predetermined identification cutoff score of >2.0. This set was then
reanalysed using the SBSEC-CMRS library, with cutoff scores of >2.0 and >2.3, as
recommended by the manufacturer of the mass spectrometer.

The result with the highest score (best match) is reported for every isolate.

Table 9. Isolates in the SBSEC-CMRS library and evaluation set
Number of isolates in total, with those from culture collections in parentheses.

SBSEC-CMRS library Evaluation set

S. gallolyticus ssp gallolyticus 28 (1) 28 (0)

S. gallolyticus ssp pasteurianus 36 (1) 36 (0)

S. gallolyticus ssp macedonicus 3(3) 4 (4)

S. lutetiensis 24 (2) 24 (0)

S. infantarius 16 (1) 16 (0)

S. equinus 4 (4) 5 (4)

S. alactolyticus 6 (6) 6 (5)

Total 117 (18) 119 (13)

Results

The Bruker MBT library could only identify the correct species and subspecies in
72 of 119 isolates (61%; C195% 51-69%) with a cutoff score >2.0, in none of which
Sg gallolyticus was successfully identified (Table 10 and Figure 12). However, the
species S. gallolyticus was correctly identified in 66 of 68 isolates (97%), and no
other species was misidentified as S. gallolyticus.

The SBSEC-CMRS library identified the correct species and subspecies in 116 of
119 isolates, (97%; CI195% 92—99%) with the same cutoff (>2.0); the scores for all
isolates exceeded this cutoff (Table 10 and Figure 12). At a cutoff of >2.3, the same
number of isolates was correctly identified, but an Sg gallolyticus isolate, which was
misidentified as Sg pasteurianus, attained a score of 2.21 and was thus considered
indeterminate, resulting in a total of 116 correct identifications among 119 isolates,
2 misidentifications, and 1 indetermined subspecies.
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Table 10. Comparison of results between the Bruker MBT Compass Library and the SBSEC-CMRS

Library

Numbers of correct subspecies identified at a cutoff score 22.0 (%).
Evaluation set Bruker MBT Library SBSEC-CMRS library
S. gallolyticus ssp gallolyticus 0 (0) 27 (96)
(n=28)
S. gallolyticus ssp pasteurianus 36 (100) 36 (100)
(n=36)
S. gallolyticus ssp macedonicus 4 (100) 4 (100)
(n=4)
S. lutetiensis (n=24) 14 (58) 24 (100)
S. infantarius (n=16) 10 (63) 16 (100)
S. equinus (n=5) 2 (40) 4 (80)
S. alactolyticus (n=6) 6 (100) 5(83)
Total (n=119) 72 (61) 116 (97)

Identification score
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SBSEC-CMRS library
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Figure 12. Identification score.

Distribution of identification scores for the two libraries.
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Paper V

Creation and validation of improved MALDI-TOF MS libraries for S. bovis-S.
equinus complex subspecies identification adapted to diagnostic culturing and
extraction conditions

The aim of this study was to evaluate and improve the diagnostic accuracy of the
SBSEC-CMRS library under various culture conditions by direct transfer method,
on-target extraction with formic acid, and ethanol-formic acid extraction.

Methods

Setting and reference standard test

We included unique SBSEC isolates in Skéne from 2003—2018 that were identified
by WGS, as detailed in Paper II, and type strains and additional SBSEC isolates
were obtained from culture collections, as described in Paper IV. The SBSEC-
CMRS library v1.0 was also included, as described in Paper IV.

Redesigning the SBSEC-CMRS library

The isolates included in the SBSEC-CMRS library v1.0 were included but limited
to a maximum of 10 per subspecies (184). To reduce the likelihood of
misidentifications of subspecies with over 10 available isolates (Sg gallolyticus, Sg
pasteurianus, S. lutetiensis, S. infantarius), isolates causing incorrect top hits in the
previous evaluation were omitted first, followed by those with the most incorrect
hits in the top 10 list. Thus, a maximum of 10 isolates per subspecies, resulting in
high-quality subspecies-specific identifications with version 1.0 of the SBSEC-
CMRS library, were prioritised. A total of 53 unique isolates remained in the
redesigned library (Table 11).

Two new libraries were constructed: one that consisted of isolates that were cultured
on horse blood agar plates under aerobic conditions with 5% CO2 and another that
was cultured with the same isolates on chocolate blood agar under anaerobic
conditions.

Cultures were assessed visually for contamination and confirmed by analysis using
the direct transfer method on a Microflex LT/SH SMART MALDI-TOF MS
instrument (Bruker Daltonics, Germany) with MBT Compass Library Revision K
(DB-11897, 2022). MSPs were created according to the protocol supplied by the
manufacturer (Bruker Daltonics, Germany) using the standard ethanol-formic acid
extraction method. The resulting supernatant (1 pl) was pipetted onto a minimum
of 8 spots on a stainless steel MALDI target plate and left to air-dry, after which 1
ul of fresh matrix solution was pipetted onto each spot and air-dried. Spectra were
collected on a Microflex LT/SH SMART MALDI-TOF MS instrument with
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flexControl, v.3.4 (Bruker Daltonics, Germany) after calibration according to the
manufacturer’s protocol using Bruker Bacterial Tests Standard, with a spectra
intensity between 10,000 and 25,000. The spots were analysed three times, and a
minimum of 24 spectra per sample were collected. flexAnalysis, v.3.4 (Bruker
Daltonics, Germany) was used for further analysis. Smoothing and baseline
subtraction were performed, spectra with outlier peaks (not within 500 ppm per
1,000 m/z interval) were excluded, and MSPs that included 20-24 spectra were
generated.

The “Streptococcus bovis/Streptococcus equinus-complex-Clinical Microbiology
Region Skane blood agar aerobic” (SBSEC-CMRS-BAE) library, v.1.0 was created
from MSPs using isolates that were cultured on blood agar plates under aerobic
conditions, and the “Streptococcus bovis/Streptococcus equinus-complex-Clinical
Microbiology Region Skéane chocolate agar anaerobic” (SBSEC-CMRS-CAN)
library, v.1.0 was constructed from those that were cultured on chocolate agar plates
under anaerobic conditions.

Table 11. Isolates in the redesigned SBSEC-CMRS libraries
Number of isolates in total, with those from culture collections in parentheses.

Redesigned SBSEC-CMRS libraries

S. gallolyticus ssp gallolyticus 10 (1)

S. gallolyticus ssp pasteurianus 10 (1)

S. gallolyticus ssp macedonicus 3(3)

S. lutetiensis 10 (2)

S. infantarius 10 (1)

S. equinus 4 (4)

S. alactolyticus 6 (6)

Total 53 (18)

Evaluation set

The evaluation set consisted of the same isolates as in the evaluation of the SBSEC-
CMRS, v.1.0 in paper IV—a total of 119 unique SBSEC isolates (13 isolates from
culture collections), comprising Sg gallolyticus 28, Sg pasteurianus 36, Sg
macedonicus 4, S. lutetiensis 24, S. infantarius 16, S. alactolyticus 6, and S. equinus
5. The isolates in the evaluation set were cultured under the same conditions as in
the creation of the MSPs—under aerobic conditions on blood agar plates and
anaerobic conditions on chocolate agar plates.

Extraction was performed using the direct transfer method, the on-target extraction
method with 1 pl 70% formic acid, and the ethanol-formic acid extraction method
as described, on a Microflex LT/SH SMART MALDI-TOF MS instrument. The
samples were analysed in duplicate at different spots. MALDI Biotyper (MBT)
Compass, v.4.1 (Bruker Daltonics, Germany) was used for further analysis.
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Subspecies were identified using MBT Compass Library Revision x (DB-12438,
2023); the original BHI broth-based SBSEC-CMRS library, v.1.0; the new SBSEC-
CMRS-BAE library; and the SBSEC-CMRS-CAN library alone, and the new
SBSEC-CMRS-BAE and SBSEC-CMRS-CAN libraries in combination. A
predetermined cutoff score of >2.0 was used, as established by the MALDI-TOF
MS manufacturer. An identification score of >2.0 against the MBT Compass
Library for the spot with the highest score was used as a surrogate marker of
sufficient spectral quality. Culturing, sampling, and extraction were repeated for
isolates with lower scores until >2.0 was reached. The result with the highest score
(best match) for every bacterial isolate is reported.

Results

Bruker MBT Compass library

The Bruker MBT Compass library generally performed poorly in identifications at
the subspecies level, correctly determining subspecies in 463 of 714 isolates in total
(65%; CI95% 61-68%), all with a score >2.0. Results per culture condition and
extraction method are presented in Figure 13.
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Figure 13. Identification scores and correct identification at the subspecies level by the Bruker
MALDI Biotyper Compass library. Comparison of correct identification at the species level and
identification scores for the various culture conditions and sample preparation methods. The results of
the spot with the highest score are presented. An identification cutoff score of 2.0 is marked (vertical
dotted red line), and percentages of correct identifications to the subspecies level per culture condition
and sample preparation method are shown.
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The results were improved when limiting identification to the SBSEC species level,
with the best results achieved with isolates that were cultured under anaerobic
conditions on chocolate agar and the direct transfer method—114 of 119 isolates
correctly identified (96%) (Table 12).

Table 12. Bruker MBT Compass — correct identification to the SBSEC species level

Bruker S. S. S. S. S. Total
MBT alactolyticus | equinus | gallolyticus | infantarius® | lutetiensis
Compass (n=86) (n=5) (n =68) (n=16) (n=24) (n =119)

Blood agar plates, aerobic culture conditions
Direct transfer

22.0, n (%) | 6/6 1/5 68/68 6/16 24/24 105/119
(100) (20) (100) (38) (100) (88)

On-target extraction

22.0,n (%) | 6/6 3/5 68/68 4/16 24/24 105/119
(100) (60) (100) (25) (100) (88)

Ethanol-formic acid extraction

22.0,n (%) | 6/6 3/5 68/68 0/16 24/24 101/119
(100) (60) (100) (0) (100) (85)

Chocolate agar plates, anaerobic culture conditions
Direct transfer

22.0,n (%) | 6/6 3/5 68/68 13/16 24/24 114/119
(100) (60) (100) (81) (100) (96)

On-target extraction

22.0,n (%) | 6/6 2/5 68/68 4/16 24/24 104/119
(100) (40) (100) (25) (100) (87)

Ethanol-formic acid extraction

22.0,n (%) | 6/6 3/5 68/68 1/16 21/24 99/119
(100) (60) (100) (6) (88) (83)

a8S. infantarius is synonymous with S. infantarius ssp. infantarius.

The new libraries

Of the new libraries, the SBSEC-CMRS-BAE library performed best overall,
correctly identifying subspecies in 99% of isolates (CI95% 98-100) with a cutoff
score of >2.0; only one isolate fell below the cutoff. The SBSEC-CMRS-BAE
library performed best with blood agar plates under aerobic conditions and the on-
target method and with chocolate agar plates that were cultured anaerobically with
full extraction—both methods yielded correct subspecies identification in 119 of
119 isolates (100%), with none receiving a score of under 2.0. The performance was
also good with the SBSEC-CMRS-CAN library, albeit slightly lower than that of
the SBSEC-CMRS-BAE library. Combining the libraries did not improve
performance. Total identification results for all culture conditions and extraction
methods for all libraries are presented in Table 13. Results per culture condition and
extraction method are presented in Figure 14 and 15.
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Table 13. Comparison of the results with the various libraries: correct subspecies identification
of the spot with the highest score.

Library Correct subspecies identification, Identification
identification score 22.0%° score <2.0, n

Bruker MBT Compass 463/714, 65% (61-68) 0

SBSEC-CMRS (BHI broth) 674/698, 97% (95-98) 16

SBSEC-CMRS-BAE* 707/713, 99% (98-100) 1

SBSEC-CMRS-CAN¢ 684/706, 97% (95-98) 8

Combined -BAE and -CAN‘ 704/713, 99% (98-99) 1

aTotal results of all culture and extraction conditions. °n, % (Cl95%) °Results <2.0 excluded. ‘SBSEC-
CMRS-BAE library, v.1.0 and SBSEC-CMRS-CAN library, v.1.0, individually and combined.
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Figure 14. Identification scores and correct identification to the subspecies level by the SBSEC-
CMRS-BAE library, v.1.0. Comparison of correct identification at the species level and identification
scores for the various culture conditions and sample preparation methods. The results of the spot with
the highest score are presented. An identification cutoff score of 2.0 is marked (vertical dotted red line),
and percentages of correct identifications to the subspecies level per culture condition and sample
preparation method are shown.
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Figure 15. Identification scores and correct identification to the subspecies level by the SBSEC-
CMRS-CAN library v. 1.0. Comparison of correct identification at the species level and identification
scores for the various culture conditions and sample preparation methods. The results of the spot with
the highest score are presented. An identification cutoff score of 2.0 is marked (vertical dotted red line),
and percentages of correct identifications to the subspecies level per culture condition and sample
preparation method are shown.

75



76



Discussion

These studies delve into the associations between bacteraecmia with SBSEC and
CRC, the proportions of IE in bacteraemia with the various species and subspecies,
and the potential use of MALDI-TOF MS in differentiating SBSEC species and

subtypes.

In Paper I, we reaffirmed the association between SBSEC bacteraemia and CRC
and observed elevated rates of CRC over a long-term follow-up. However, we did
not find increased rates of other gastrointestinal cancers after bacteraemia compared
with the general population.

In Paper II, we established a WGS method for determining SBSEC species and
subspecies and showed that CRC following SBSEC bacteraemia is more frequent
with Sg gallolyticus versus other subspecies, whereas Sg pasteurianus was the most
common subspecies.

In Paper 111, the proportions of IE were considerably higher in bacteraemia with Sg
gallolyticus and S. infantarius than with other SBSEC species and subspecies.

Papers IV and V developed methods for identifying SBSEC species and subspecies
by MALDI-TOF MS using novel libraries.

However, the broader implications of these findings remain to be discussed, as do
certain methodological considerations.

Strengths, limitations, and methodological
considerations

Paper 1

In this retrospective cohort study, we used matched controls from the general
population. This may have affected the effect estimates due to surveillance bias,
because patients in a hospital might undergo more exams than the general
population—particularly when SBSEC is identified in blood cultures. However,
recent studies in other geographic areas have used hospital populations as controls,
whereas effect estimates are lacking compared with the general population (110-
112).
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Further, the study's goal was to increase the understanding of possible associations
or causal relationships between the SBSEC bacteraemia and CRC over time, for
which the general population is more suitable as a control population. In addition,
the potential differences in the rates of other gastrointestinal cancers might be
underestimated in a hospital-derived control group. Initially, we planned to recruit
a matched control group with bacteraemia by Escherichia coli. However, this
proved unfeasible due to the many local microbiological laboratories from which
data were retrieved. In hindsight, it may have been prudent to have added a control
group of blood culture-negative individuals and use propensity score matching or a
similar method to adjust for unmeasured confounders by better reflecting the
population with SBSEC bacteraemia.

Also, due to the well-known association between SBSEC bacteraemia and CRC,
individuals with SBSEC bacteraemia are more likely to be examined by
colonoscopy than other populations, which will be difficult to adjust for in a
statistical analysis.

A major shortcoming of this study is its lack of proper identification of SBSEC
species and subspecies. Because Sg gallolyticus is primarily associated with CRC
following bacteraemia and because the distribution of SBSEC species and
subspecies varies between regions, all effect measures in studies of SBSEC without
proper microbiological identification are likely to be plagued by this unquantifiable
error (9, 21, 55, 63). We chose to estimate effect measures for S. gallolyticus species
versus other species, because MALDI-TOF MS can likely manage this distinction
(70, 184, 185). Nevertheless, these estimates are also affected by the local
distribution of S. gallolyticus subspecies. A longer follow-up with reliably identified
species and subspecies would have been preferable but remains unfeasible with
currently available data.

Another limitation concerns the time at which the cancer was diagnosed relative to
bacteraemia. Because the study was register-based and centred on the date when
cancer was confirmed or definitively diagnosed—rather than when it was
suspected—there was bound to have been a delay from the point of suspicion to
pathologically confirmed diagnosis. It is possible that although cancer could have
been detected before the date of bacteraemia, the formal date of diagnosis could
have been after bacteraemia. In this scenario, a diagnosis of CRC would not have
been a consequence of a positive SBSEC blood culture in these cases.

Further, there are multiple risk factors for cancers and many potential confounders
that affect which patients are examined for cancer. Although matching was done on
factors commonly associated with cancer, such as gender and age, other factors,
including alcohol intake and smoking, were rare in the National Patient Register,
likely due to underreporting, because the register does not include primary care data,
which is why we refrained from adjusting from these risk factors (83, 183). Also,
we did not adjust for, nor did we have data on, socio-economic factors. Examples
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of factors potentially associated with the development or diagnosis of CRC are
illustrated in Figure 16.
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Figure 16. Factors that are potentially associated with the development or diagnosis of colorectal
cancer or the decision to investigate by colonoscopy. Picture created using DAGitty (186). White
covariates were adjusted for, whereas grey covariates were not.

Initially, we only adjusted the stratified analysis for Charlson comorbidity score.
However, one referee raised a valid concern over the unbalanced groups regarding
the distribution of comorbidities and suggested using propensity score matching or
inverse probability of treatment weighting to adjust for this imbalance. We
attempted to apply propensity score matching, but this method is prone to data loss
due to the exclusion of individuals without a valid match. Instead, we tried inverse
probability of treatment weighting, but we could only incorporate matching
variables and Charlson comorbidity score into this model, because including more
covariates adversely increased the bias from other covariates. Also, the extreme
weights comprised all exposed individuals, and by excluding them, we lost a
disproportionate number of exposed individuals who were later diagnosed with
CRC.

Ultimately, we chose to use entropy balancing, allowing us to incorporate the
comorbidities of the Charlson comorbidity index score as separate covariates, in
addition to the matching variables. This step led to a balanced weight distribution
without extreme weights and with no extreme weights in the exposed cohort, given
the nature of the weighting method.

Detailed data on diagnosed CRC from SCRCR/CRCBaSe were lacking. Although
less information on ¢cTNM stage was missing—which was considered the most
important data—more substantial portions on tumour grade were absent, as were
follow-up data regarding local recurrences and distant metastases. Because the
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proportions of missing data were similar between the exposed and control groups,
we excluded these data from our statistical analyses. Alternative statistical strategies
could have been used instead. One straightforward solution might have involved
adding a category for the missing data in the statistical analysis. Another approach
could have been mean substitution, replacing the missing data with the mean of the
variables (187). A third option might have been multiple imputation, in which the
missing data are replaced with predicted values, based on existing data from other
variables (187).

A strength of this study was its nationwide population-based design, despite the
inability or refusal of some laboratories to deliver data. This design led to one of the
largest SBSEC cohorts to be assembled, with longer follow-ups than previous
studies. Nevertheless, we were limited by the inclusion of fewer SBSEC episodes
than expected, based on preliminary numbers on episodes of bacteraemia in Skéne.
We speculate that SBSEC bacteraemia is more common in Skéne due to its large
cattle population (17).

Another strength is the study’s use of matched controls from the general population,
because effect estimates compared with the general population have been lacking.
Further, we provided detailed data on diagnosed cancers and follow-up data,
dispelling preconceived notions of SBSEC-associated CRC being less advanced
than in the general population, and supplied numbers on other gastrointestinal
cancer diagnoses following infection.

Paper 11

This retrospective study examined the distribution of various SBSEC species and
subspecies in bacteraemia and their respective associations with CRC and other
gastrointestinal cancers. Whereas Paper I evaluated the associations between
SBSEC and CRC over time, Paper II investigated the findings of cancers following
known bacteraemia and, consequently, studied the implications of deciding whether
to assess patients with the various SBSEC subspecies for CRC and other
gastrointestinal cancers.

The retrospective nature of this study limited the scope of information that was
gathered. Although we initially collected data on gastrointestinal symptoms prior to
bacteraemia, these data were soon deemed to be unreliable and were not examined
further. A prospective design would have improved the reliability of the baseline
information; however, such a design was impractical due to the low number of cases
of SBSEC bacteraemia each year and the extensive follow-up that is required.

Although the study was population-based—Ilimited to Skdne—all hospitals in Skane
were served by a single laboratory during the study period, limiting the number of
episodes of bacteraemia that were included. The laboratory also has an established
routine of storing bacterial isolates for at least 10 years—a practice that not all
laboratories follow in Sweden.
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Most isolates that were unavailable for culture were obtained at the start of the study
period. However, we observed increasing rates of SBSEC bacteraemia over time,
and most of the more recent isolates (stored <10 years) were available; thus, few
isolates were unavailable for WGS. It is unknown whether this pattern reflects an
actual increase in incidence or is attributed to more blood cultures being drawn,
improved sensitivity in blood culturing, or older isolates being identified as
streptococci without identification of group or species. Further, when a relapse in
SBSEC occurred shortly after primary bacteraemia, the isolate from the relapse was
not always stored and was thus presumed to be the same subspecies, because the
SBSEC in blood cultures is relatively rare.

The study was also limited in the number of episodes, particularly of less common
species and subspecies, which impeded the statistical analyses capabilities to adjust
for confounders. We also assessed differences in CRC rates between SBSEC species
and subspecies. Although we calculated standardised incidence ratios, the study
would have benefited from inclusion of an additional group of individuals with
infections by other bacteria less associated with CRC, such as E. coli and viridans
streptococci.

Whereas Paper I was register-based and included a larger cohort, Paper II generated
more detailed data and identified SBSEC species and subspecies by collecting data
from medical records and isolates from the local laboratory. This study design also
allowed the exact dates on which SBSEC was detected and when cancer was
discovered to be determined, rather than the dates for reported pathological
diagnosis. As a result, we drew more robust conclusions regarding which CRC was
diagnosed due to a positive blood culture.

Further, differences in the proportions of colonoscopies that were performed were
observed between species and subspecies. However, the treating clinician was likely
blinded to specific SBSEC subspecies, because most bacteraemias occurred after
the introduction of Bruker MALDI-TOF MS, which does not separate subspecies
within the SBSEC using the supplied library, as noted by the manufacturer.

Although WGS likely reduced misclassifications by providing accurate
identifications, it also resulted in the appearance of a subgroup of S. gallolyticus
without definite subspecies, which likely would have been avoided by using an
alternative method, such as MLST, or by combining multiple amplicon sequencing
methods, because the taxonomic and clinical relevance of the unidentified isolates
is unknown (46, 49, 55, 57, 61, 63-65).

Overall, at the time of writing, this study is one of the largest SBSEC studies,
identifying species and subtypes according to the current taxonomy (52, 53, 55, 56,
63, 81, 82).
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Paper 11

This study determined the proportions of IE in bacteraemia between SBSEC species
and subspecies and examined the clinical presentation of bacteraemia.

Like the other papers, this study was limited by its retrospective nature. The
proportions that were determined by echocardiography varied between SBSEC
members, wherein those that were most frequently diagnosed with definite IE were
also examined more often. Nevertheless, relapses in bacteracmia were not observed
more frequently among the subspecies that were examined less often by
echocardiography. As in Paper II, the clinicians were likely unaware of the SBSEC
species or subspecies and thus blinded de facto, and the uneven proportions of
echocardiography were likely attributed to symptoms that were associated with IE.

The diagnosis of IE is based on criteria, and there is no clinical gold standard for
such a diagnosis (141, 145). Because most SBSEC bacteraemias are likely to fulfil
the criteria for possible IE—given that the SBSEC is regarded as a typical IE
pathogen—we opted to focus solely on definite [E (136, 137, 140). Patients who are
classified as having possible IE constitute a recurring problem in studies of risks
and proportions of IE in bacteraemia, because there is no consensus on how to
consider and manage this group of patients. To this end, one potential approach is
to use another reference standard, such as the consensus of a multidisciplinary
endocarditis team or of several physicians, or the physician's decision to treat as IE
(149). Nevertheless, a preconceived risk of IE for a group of bacteria, such as the
SBSEC, is likely to influence these decisions, prompting us to report numbers only
on definite IE.

To further reduce the risk of misclassifications, all patients who were treated as IE
but did not meet the criteria for definite [E—accompanied by inconclusive or
ambiguous echocardiography results, medical charts, and/or imaging—were
reviewed by experienced clinicians who were blinded to SBSEC species and
subspecies. Also, the treating physicians were likely blinded to SBSEC species and
subspecies, and subspecies misclassifications were mitigated through identification
by WGS.

Another limitation of the study was that only relapses with growth of the SBSEC in
cultures were identified. Although a few suspected clinical relapses and
undiagnosed cases of IE were listed in the manuscript, more clinical relapses could
have been missed during review of the medical records, as this was not done
systematically in this regard.

The study was further limited by its descriptive nature and the relatively few
episodes that were included, despite it being one of the larger cohorts of SBSEC
subspecies, particularly for S. lutetiensis and S. infantarius (52, 53, 55, 56, 63, 81,
82).
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Papers IV &V

In Papers IV and V, we evaluated the performance of Bruker’s current MALDI-
TOF MS libraries in identifying SBSEC species and subspecies and created in-
house libraries to improve this identification.

In Paper IV, we cultured the isolates in BHI broth and utilised ethanol-formic acid
extraction to create the library and evaluation set. Certain SBSEC isolates tend to
grow poorly on blood agar plates, and culturing them in broth improved their
bacterial yield, making extraction easier. However, this practice does not reflect
MALDI-TOF MS routines in clinical laboratories, in which bacteria are usually
cultured on blood agar plates under aerobic conditions and analysed using the direct
transfer method or by on-target extraction with formic acid. Previous studies have
shown that culture conditions and extraction methods may affect the performance
of MALDI-TOF MS in identifying bacteria (70, 188). In hindsight, applying culture
and sampling methods that are used in clinical routine would have been advisable.

Thus, we deemed it necessary to create the new libraries in Paper V. Nevertheless,
this endeavour was an opportunity to remove bacterial isolates or MSPs that were
likely to cause misidentifications. We elected to omit the isolates that caused
misidentifications in the lists of top 10 hits in Paper IV, but an alternative approach
could have been to select isolates based on clustering in the dendrogram. Other
authors have previously suggested this type of refinement of reference library data
(189). However, it could be argued that this may be selectively biasing, causing
artificially inflated results, despite other culture and sampling conditions being used.
Testing the libraries from Paper V on another evaluation set could confirm the
findings. Dividing our SBSEC culture collection into three parts from the outset—
using the first two to create and evaluate the library and the third for validation—
would have been a more sound approach.

Further, we opted to use the manufacturer's established cutoff identification score
of >2.0, which the manufacturer has deemed to be reliable for identification to the
species level when using the supplied commercial libraries. We also used duplicate
sampling to report the best match (the sample with the highest score), as is
established in clinical routine and research (70). However, alternative criteria have
been proposed, such as an additional criterion of a difference in score of >0.2 or
10% to the second species (190, 191).

An important limitation of these studies is the absence of a recognised gold-standard
method for identifying SBSEC subspecies. Although identification through short-
read WGS, based on reference-based mapping of SNPs, is likely to be more reliable
than other methods that have been used to identify SBSEC subspecies, this strategy
has not been applied previously to the identification of SBSEC species and
subspecies. An alternative approach was also tested, using Kraken for subspecies
identification (192). It was apparent that the accuracy of Kraken with regard to
identifying SBSEC subspecies was poor, likely due to database errors or limitations,
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resulting in numerous misidentifications; thus, it was not used further. At the time
that the libraries were developed, public genome references were not available for
all subspecies.

Moreover, in Paper 11, we identified a group of isolates that formed a separate cluster
among the S. gallolyticus subspecies. At the time, they could not be assigned to a
specific subspecies, and it is unknown whether they constitute a new S. gallolyticus
subspecies or belong to Sg gallolyticus. They were not included in the published
paper, but in an internal evaluation, they were identified as Sg gallolyticus using the
new libraries. Also, the potentially new SBSEC species S. vicugnae and S.
ruminicola were not included in the libraries, but at the time of writing, infections
in humans have not been reported (47, 48)

Further, Sg macedonicus, S. equinus, and S. alactolyticus infections are rare in
humans. Most of these isolates were obtained from culture collections, limiting the
number of isolates that were included in the libraries and evaluations. These bacteria
were rarely derived from human infections, and it could be speculated that they may
differ from those that infect humans. Thus, the performance of the libraries in
identifying these rare pathogens is somewhat uncertain but likely to have limited
consequences in blood cultures from human infections. We also noted that several
isolates from culture collections were previously misidentified (unpublished
results), further limiting the scarce supply of these rare pathogens.

Another potential limitation is that the various species and subspecies were not
completely separated in the dendrograms in Papers IV and V, indicating that high-
quality spectra are needed to make reliable identifications.

None of the new libraries has been validated externally. To evaluate the external
validity of the results, their performance should be assessed on other MALDI-TOF
MS instruments in external laboratories and on SBSEC isolates from different
geographic regions. Developing similar libraries for MALD-TOF MS systems by
other manufacturers would be prudent.

Comparisons with other studies

Incidence and subspecies distribution

There are little data on the overall incidence of SBSEC bacteraemia. Corredoira et
al. studied such rates from 2005-2016 in the provinces of Galicia, Spain (17),
reporting an overall incidence of 2.0 per 100,000 inhabitants in Galicia, peaking in
Lugo at 4.6-10.9 and bottoming in Orense at 0—0.6. They also noted a correlation
between incidence and cattle density between provinces. We found an overall
incidence of 2.0 (range 1.35-2.94) per 100,000 inhabitants in Paper II (21).
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In Paper I, we observed that the Stockholm region had notably fewer episodes of
SBSEC bacteraemia than Skane (151 vs. 246) despite having nearly twice the
population of Skane (193). Skéne is known for agricultural production—both crops
and cattle—and its cattle density is higher than in Stockholm (194). Previous studies
in Spain and France have published similar results, reporting a higher incidence of
SBSEC IE in rural compared with urban areas (77, 79). However, because
Stockholm is served by several microbiological laboratories, which changed during
the study period, we refrained from publishing incidence numbers from the various
regions, because the quality of data was difficult to evaluate.

As discussed, there are a few studies on the distribution of the subspecies in SBSEC
bacteraemia using the current taxonomy, although most are limited in size (52, 53,
55, 56, 63, 81, 82). Sg gallolyticus is often described as the predominant subspecies
in Europe and North America, but exceptions exist (9). A study of 53 episodes by
Marmolin et al. that was conducted in Denmark—a setting that presumably has
similar demographics and lies near Skaine—showed Sg gallolyticus to predominate,
contributing to 36% of episodes, followed by Sg pasteurianus (23%) and S.
lutetiensis (23%) (63). In contrast, in our population-based cohort in Paper II, Sg
gallolyticus constituted 25% of episodes and was the second most common
subspecies (21). This rate could have been higher if the unidentified subspecies had
been determined to be Sg gallolyticus, which is likely, had an amplicon-based
method been used instead of WGS.

In contrast, Sg pasteurianus is often the dominant subspecies in Asian studies on
SBSEC bacteraemia. The largest cohort was recruited by Sheng et al., comprising
172 episodes, 73% of which were Sg pasteurianus, followed by Sg gallolyticus
(18%) (49). Sg pasteurianus also predominated in Paper II, contributing to 37% of
episodes.

Previous studies have reported proportions of 2-29% for S. lutetiensis and 0-13%
for S. infantarius, whereas we observed rates of 20% and 14%, respectively (21, 52,
53, 55, 56, 63, 81, 82). However, the results of several of these studies could be
affected by the limited ability of 16S rRNA sequencing to discriminate between
these two species (49).

The distribution of SBSEC species and subspecies may have been skewed in earlier
studies, because several of them were likely not population-based and were possibly
from tertiary centres to which cases of IE could have been selected. Sg gallolyticus
is the most likely to cause IE, perhaps effecting the selection of bacteraemia due to
Sg gallolyticus, explaining the higher proportions of this subspecies in some studies
(9). Moreover, if not all species are systematically identified to the subspecies level,
bacteraemia episodes with IE could have their subspecies identified to a higher
degree than episodes without IE, resulting in a type of detection bias.
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Colorectal cancer

Few studies have compared CRC rates following SBSEC bacteraemia with those of
the general population, as we did in Paper I. Kwong et al. contrasted such rates for
662 SBSEC bacteraemia episodes with those of a hospital-derived population with
negative blood cultures in Hong Kong, using propensity score matching that
incorporated age, sex, and comorbidity index score (110). They found an HR of 3.9
(CI95% 2.3-6.4) for SBSEC overall and 5.7 (CI195% 2.2—-15.1) for Sg gallolyticus.
However, the study was registry-based, and the microbiological methods were not
disclosed, raising doubts about the identification of Sg gallolyticus and the
reliability of these rates. Moreover, they found an inflection point of normalised
CRC rates for SBSEC after 374 days and noted that SBSEC was primarily
associated with early-stage CRC (stages 1 and 2).

Another registry-based study by Laupland et al. in Australia examined the rates of
CRC within 1 year of SBSEC bacteraecmia compared with other unspecified
bacteraemias, finding a relative risk of 4.4 (C195% 2.7-6.8) (112). Despite this study
design and its omission of detailed microbiological methods, they reported such
ratios for individual SBSEC subspecies: 4.5 (CI95% 1.7-9.9) for Sg gallolyticus,
4.7 (CI195% 1.3-12.0) for Sg pasteurianus, and 10.6 (CI95% 2.9-27.3) for S.
lutetiensis.

Justesen et al. conducted a registry-based study in Denmark, also using blood-
culture-negative episodes as controls, matched for age and sex (111). They included
117 SBSEC episodes and reported HRs of 8.5 (CI195% 3.5-20.4) within 1 year and
4.4 overall (C195% 2.0-9.7), with a median number of days to a diagnosis of CRC
of 97.5.

A meta-analysis, comprising Kwong et al., Laupland et al., and three other studies
with various control populations, found an overall HR of CRC of 3.7 (CI95% 2.8—
5.0) (116).

In Paper I, we noted higher CRC rates overall (HR 10.3 in the stratified analysis and
6.7 with the adjusted method using entropy balancing) and during the first year (19.8
and 23.4, respectively). We used controls from the general population, whereas the
three registry studies above chose hospital-derived control populations. These
control populations are likely to have different risk factors for CRC, as well as
differences in expected life spans, and may be more or less likely to undergo
colonoscopy. When we applied entropy balancing to adjust for comorbidities, the
HRs became more similar to those in other studies. The primary goal of Paper I was
to study CRC rates in SBSEC bacteraemia compared with the general population,
because the few existing cohort studies on this topic have primarily examined rates
versus hospital populations. Further, the rates of CRC and the distribution of SBSEC
subspecies may differ between geographic regions and populations (21, 55).
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We also observed increased rates of CRC during follow-up of over 2 years, which
has been reported in other studies (110-112). However, this rise was slight and may
not have been detected in a smaller sample size. Corredoira et al. presented a case
series of 109 episodes of SBSEC IE (102 with Sg gallolyticus), of which 70 were
diagnosed with colorectal neoplasia (8 were CRC), in conjunction with the acute
episode (122). During follow-up, 43 episodes were diagnosed with colorectal
neoplasia (12 had previously had a normal colonoscopy, and 31 had previous
colorectal neoplasia), 5 of which were CRC, with a mean duration of 60.6 months
following the primary infection. Although no control group was included and
although the study group consisted of older individuals, in whom colorectal
adenomas are likely to occur, the study authors concluded that colonoscopy should
be repeated following SBSEC bacteraemia. Regardless, their findings highlight the
need for long follow-up times when studying carcinogenesis.

In Paper I, the CRCs diagnosed after SBSEC bacteraemia were not less advanced
than those of the general population, in contrast to the findings in Kwong et al. and
as has been reported elsewhere (9, 110). Early colorectal neoplasms correlate
primarily with Sg gallolyticus, and we did not determine the distribution of SBSEC
subspecies in Paper I. The subspecies distribution may have differed in the study by
Kwong et al., in which a Sg gallolyticus constituted a greater proportion. However,
previous Asian studies have reported higher percentages of Sg pasteurianus than Sg
gallolyticus (55, 139). Although we reported higher rates of colorectal adenomas in
SBSEC compared with controls in Paper I, this pattern could be attributed to
surveillance bias, because more colonoscopies were conducted among SBSEC
patients, likely due to its established association with CRC.

Further, we reported rates of CRC for the S. gallolyticus and other SBSEC species
at the species level in Paper I, but we chose not to examine their various subspecies
due to the unreliability of MALDI-TOF MS in distinguishing SBSEC subspecies.
The other registry-based studies did not acknowledge this severe methodological
limitation, and their reported rates per subspecies could be unreliable (110, 112).

In Paper I, we presented the results of CRC following bacteraemia with the various
SBSEC species and subspecies, which has been reported using reliable microbial
methods but previously only in limited cohorts. Further, several such studies have
omitted whether CRC was diagnosed before or after bacteraemia—instead
presenting overall CRC numbers.

The largest study on Sg gallolyticus bacteraemia (at the time of writing) was
conducted by Corredoira et al., who observed CRC overall in 25 of 257 bacteraemia
episodes (9.7%) (195) but did not state whether these cases were diagnosed before
or after the infection. In our study, Paper II, the overall rate of CRC among cases of
Sg gallolyticus bacteraemia was 25% (13/53), of which nine patients were
diagnosed after bacteraemia.
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Sheng et al. presented the largest study of Sg pasteurianus, noting CRC overall in
19 of 126 cases (15%), but they did not distinguish how many CRCs were known
before and diagnosed after presenting with bacteraemia (55). In our cohort in Paper
II, CRC was diagnosed overall in 15 of 83 cases of Sg pasteurianus (18%), three of
whom were diagnosed after bacteraemia.

Another study by Corredoira et al. presented a cohort of S. infantarius episodes
according to a previous taxonomy, including S. infantarius ssp. infantarius and S.
lutetiensis, in which 6 of 58 episodes (10%) had CRC, but all were diagnosed prior
to known infection, although some were diagnosed simultaneously as blood cultures
were drawn (128). They did not report any case of CRC that was diagnosed
following a confirmed infection. These values match the rates of CRC in our cohort
in Paper [I—14% for S. lutetiensis and 10% for S. infantarius—with only one CRC
diagnosed during follow-up. CRC rates overall are summarised in the table below.
The findings of these studies are summarised in Table 14.

Table 14. CRC associated with the most common SBSEC subspecies — overall proportions (52,
55, 56, 63, 81, 195).
Kaiki et al. presented CRC diagnoses following bacteraemia, not overall proportions.

Sg gallolyticus | Sg pasteurianus S. lutetiensis | S. infantarius
Corredoira 25/257 (10%) N/A N/A N/A
(2017)
Sheng 5/31 (16%) 19/126 (15%) N/A N/A
(2014)
Marmolin 3/19 (16%) 0/12 (0%) 0/12 (0%) 0/7 (0%)
(2016)
Romero 114 (7%) 0/24 (0%) 0/5 (0%) 0/2 (0%)
(2011)
Ben-Chetrit 2/6 (33%) 4/26 (15%) 0/6 (0%) 0/0 (0%)
(2016)
Kaiki 3/5 (60%) 4/29 (14%) 1/4 (25%) 0/1
(2021)
Total 39/372 (10%) 27/205 (13%) 1127 (4%) 0/10 (0%)

Other gastrointestinal cancers

Few studies have presented rates of non-CRC gastrointestinal cancers following
SBSEC bacteraemia. Sheng et al. reported more non-CRC gastrointestinal cancers
among bacteraemias with Sg pasteurianus versus Sg gallolyticus (32 of 126 [25%]
vs. 2 of 31 [6%]; p=0.04), but as discussed, they failed to note how many followed
bacteraemia (55). There were no differences between the individual non-CRC
gastrointestinal cancers. Kale et al. presented a series of S. gallolyticus species in
blood and ascites cultures from 68 patients, most of which were Sg pasteurianus
(exact number not disclosed), and observed HCC in 5 of 68 episodes (7%) (139).
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They did not differentiate between prevalent and incident cancer but presented
overall numbers. Moreover, they used the phenotypic identification method VITEK
II, which is not considered sufficient for determining SBSEC subspecies (49). In
Paper I, we found that oesophageal, gastric, hepatic, and pancreatic cancers were
more prevalent among individuals with SBSEC bacteraemia than the general
population before bacteraemia, but no other gastrointestinal cancers other than CRC
were diagnosed more often during follow-up. In Paper II, only 1 patient was
diagnosed with a non-CRC gastrointestinal cancer during follow-up, but previously
diagnosed pancreatic cancer was more prevalent among patients with S. lutetiensis
bacteraemia compared with the other SBSEC species and subspecies (21).

Infective endocarditis

As discussed, the lack of a clinical gold standard for diagnosing of IE complicates
its study. Most studies have applied established criteria, such as Duke's criteria,
modified Duke’s criteria, and, more recently, ESC2015, ESC2023, and Duke-
ISCVID2023 (141, 142, 145-147). Whereas infections that fulfil the definitions of
definite IE are subject to less debate, the category of possible IE constitutes a major
challenge in research and the clinic.

Several studies have examined the rates of IE in SBSEC bacteraemia, but few have
used the current taxonomy. Further, many of these studies are plagued by
uncertainties in methodology, such as poor definition of the IE that is assessed and
uncertain or unreliable methods for identifying subspecies (55, 63, 124, 158).

In Paper 111, the proportion of IE in Sg gallolyticus bacteraemia was 33% (CI95%
21-47%), compared with 79% of 109 episodes in Corredoira et al., 52% of 31
episodes in Sheng et al., and 53% of 19 episodes in Marmolin et al. (55, 63, 124).
A review that included some of these studies found a 64% rate of IE in Sg
gallolyticus bacteraemia (158).

The proportion of IE in Sg pasteurianus bacteraemia in Paper III was 5% (CI95%
2-12%), versus 13% of 126 episodes in Sheng et al., 8% of 106 episodes in
Nasomsong et al., and 33% of 12 episodes in Marmolin et al. (55, 63, 196). In the
review above, 18% of cases of Sg pasteurianus bacteraemia were IE (158).

Fewer bacteraemia episodes by S. lutetiensis and S. infantarius have been described
previously. Our proportions of IE were 5% by S. lutetiensis (C195% 1-17%) and
16% by S. infantarius (95% CI 7-34%), whereas Marmolin et al. reported a 17%
rate of S. lutetiensis 1E in 12 episodes and a 14% rate of S. infantarius IE in 7 cases;
Corredoira noted rates of 7% and 60% in 96 in 10 episodes, respectively (63, 158).

Although the proportion of IE has been consistently higher in bacteraemia by Sg
gallolyticus compared with Sg pasteurianus and S. lutetiensis in most published
studies, we found lower proportions of IE for all SBSEC (sub)species (55, 63, 124,
158, 196). Among several explanations for this pattern, our cohort was population-
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based, whereas the cohorts in other studies might have been derived from tertiary
health care centres, potentially selecting for complicated infections, such as IE (22,
55, 196). Further, unless the SBSEC species and subspecies are systematically
identified in all SBSEC bacteremia, it could be speculated that the laboratories
might have opted to identify species and subspecies in bacteraemias with IE,
increasing the rates of IE in retrospective analyses of such episodes.

Another possibility is misclassification of SBSEC (sub)species due to insufficient
accuracy of bacterial identification, as perhaps was the case in Namsong et al., who
used the VITEK 2 automated system (196). Many studies have failed to define
whether only definite IE was included, because the proportions of IE would have
been higher had possible IE been included (55, 63, 124, 196). These issues are likely
present in the review above, potentially overestimating rates of IE, whereas our
values may be underestimated due to the application of more rigorous definitions of
IE (22, 158). Another explanation is differences in demographics with regard to
other comorbidities, because the studies were performed in disparate geographic
areas.

Identification of SBSEC species and subspecies by MALDI-TOF MS

Few studies have evaluated the performance of MALDI-TOF MS systems in
identifying SBSEC species and subspecies. Agergaard et al. assessed the
performance of the Bruker Biotyper and bioMérieux VITEK MS using direct
transfer sampling, on-target extraction, and ethanol-formic acid extraction on
isolates that were grown under aerobic and anaerobic conditions on horse blood and
chocolate agar, respectively (70). A total of 66 clinical SBSEC isolates from blood
cultures were included, representing every species and subspecies except S.
alactolyticus. This group sequenced 16S rRNA and the ITS region as its reference
method but also noted the limitation of a lack of an established reference method
for identifying SBSEC species and subspecies. Generally, direct transfer performed
worse than on-target and ethanol-formic acid extraction. However, neither system
could reliably identify subspecies, yielding rates of correct identification from 4.5—
62.1%. The authors observed that although both systems are useful for identifying
SBSEC species, only S. [utetiensis was reliably identified without
misidentifications. These results are consistent with our evaluation of the Bruker
Biotyper in Papers IV and V.

Hinse et al. used the AXIMA Confidence MALDI-TOF MS instrument to compare
taxonomic resolution with sequencing of the SodA4 gene, on 88 SBSEC isolates from
culture collections (62). When culturing in BHI broth, they could not generate a
dendrogram that was consistent with that based on Sod4 sequencing—a similar
limitation as we noted in Paper IV. However, a sufficient dendrogram was
constructed when the isolates were cultured on sheep blood agar. All SBSEC
members could be discriminated by MALDI-TOF MS in the dendrogram, except Sg
pasteurianus and Sg gallolyticus, which did not separate completely but were
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grouped into sub-clusters—a tendency that could be seen in the dendrograms of our
novel libraries in Papers IV and V. The group also noted that several SBSEC isolates
in culture collections were misidentified. They concluded that MALDI-TOF MS
could potentially be used to identify SBSEC species and subspecies but did not
evaluate the actual performance of any library that was associated with the system.

As discussed, alternative methods for bacterial species identification such as
amplicon sequencing can be used to determine SBSEC species and subspecies (49,
62). However, compared with MALDI-TOF MS, these approaches are more time-
consuming, expensive, and often unavailable in clinical microbiology laboratories
(49, 66).

Conclusions

Although the incidence of SBSEC bacteraemia appears to be rising, the small annual
number of cases per subspecies renders high-quality studies challenging to perform.
Moreover, SBSEC studies should be conducted at the subspecies level, but the lack
of identification of SBSEC members in clinical routine impedes retrospective
studies from being conducted. Further, Papers I-III were limited by their
retrospective nature. It has become increasingly clear that SBSEC species and
subspecies are distinct entities, and objections to the methodology will always be
raised when the SBSEC is studied on a group level. Ultimately, due to the low
incidence of SBSEC bacteraemia, all contributions to our knowledge of the SBSEC
are worthwhile, but proper subspecies identification remains the cornerstone for
further studies.

Association with colorectal and other gastrointestinal cancer: Carcinogenic or
not?

In Paper I, we studied the association between SBSEC bacteraemia and CRC over
time. This endeavour was challenging, because the life expectancy following
SBSEC bacteraemia is limited due to the high median age and numerous
comorbidities in such patients, whereas carcinogenesis is a slow process, taking
several years. It is evident that CRC is diagnosed early following infection, with
most cases diagnosed within the first year (110, 111). Our study also found
increasing rates of CRC during long-term follow-up, whereas few other studies of
larger SBSEC cohorts with long follow-up have been conducted. However, most
CRCs that were diagnosed after the first year had not undergone a previous
colonoscopy, several of which could have been overlooked CRCs rather than those
that developed during follow-up.

Other groups have recommended regular colonoscopies following Sg gallolyticus
bacteraemia (9, 121, 122). While data on SBSEC members at the group level cannot
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be translated directly to individual subspecies, there are little data to support this
practice, since the recommendation is based on a limited case series without
population controls or systematically conducted colonoscopies (122). One must also
consider whether colonoscopies are performed solely to detect CRC or whether it
should be used for precancerous lesions, such as colorectal adenomas. Is diagnosis
and excision of precancerous lesions necessary in an ageing population that may
never develop symptomatic cancer?

In Paper II, we confirmed the association between Sg gallolyticus and a diagnosis
of CRC following bacteraemia. Whereas the standardised incidence ratio of CRC
was elevated for the other SBSEC subspecies compared with the general population
in Skane, few CRCs were diagnosed in a group that is more likely to be examined
by colonoscopy than the general population, introducing possible surveillance bias.
Few studies have been conducted on all SBSEC subspecies using the current
taxonomy, and a recurring problem is that most do not distinguish between CRC
that is diagnosed before and after bacteraemia. Our results do not clearly support
systematic colonoscopy following bacteraemia with other SBSEC species and
subspecies. However, a matched control group of non-SBSEC controls was not
included.

There is undoubtedly a link between the SBSEC in blood cultures—specifically Sg
gallolyticus—and a subsequent diagnosis of CRC. There is also increasing in vitro
evidence that Sg gallolyticus has carcinogenic properties (125-128, 189). However,
no sufficient clinical study has shown definitive causation between the SBSEC or
Sg gallolyticus and the development of CRC. It remains unknown whether the
SBSEC, and specifically Sg gallolyticus, is merely a passenger or also a driver in
the driver-passenger hypothesis. Further, the association between the SBSEC and
CRC has been based primarily on blood culture results, which are sufficient to
determine whether these patients should undergo colonoscopy based on blood
culture findings. However, a more ideal examination of the causal relationship
between the SBSEC and CRC would be based on faecal carriage. Yet, studying
SBSEC faecal carriage presents challenges, and prospective studies on the
development of CRC would need to encompass a large number of individuals who
are followed over extended times.

It has been suggested that workups for other gastrointestinal cancers should be
conducted following SBSEC bacteraemia. Although all gastrointestinal cancers
were common among the SBSEC bacteraemia cases in Papers I and 11, they were
known before the bacteraemia. There were no differences in the diagnoses of other
gastrointestinal cancers after bacteraemia. If other gastrointestinal cancers are more
frequent after SBSEC bacteraemia, at the group or subspecies level, they are likely
to have limited clinical relevance.
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Infective endocarditis?

There is ample evidence that the risk of IE in SBSEC bacteraemia is greatest for Sg
gallolyticus (9, 22, 63, 158). Although most groups would likely agree that the risk
is lower for other species and subspecies, there is no consensus on how much lower
that risk is.

All SBSEC studies that are conducted on the subspecies level are limited by the low
number of bacteraemia cases. Further, many are not population-based. If performed
in tertiary centres, there is likely to be referral bias of patients with IE, which could
yield inflated proportions of patients who are diagnosed with IE.

In addition, all research on IE is limited by the lack of a gold standard, and clinical
criteria are used instead (141, 145-147). Whereas cases that fulfil the criteria for
“definite IE” are undisputed, the category of “possible IE” represent a major
challenge in research studies and clinical settings. Because the SBSEC is considered
a typical IE pathogen regardless of species and subspecies, most patients will be
classified into “possible IE” by fulfilling the microbiological criteria, in addition to
the minor criteria regarding fever. Thus, in comparing the risks of IE in SBSEC
bacteraemia, only comparison of the rates of “definite IE” has clinical relevance.

Identification of SBSEC species and subspecies

There are several methods for identifying SBSEC species and subspecies, each with
advantages and drawbacks. Whereas WGS is likely the most reliable approach, it is
currently not feasible for clinical use due to a lack of availability, high costs, and
long processing times. Several amplicon methods can identify SBSEC subspecies
sufficiently, of which 16S rRNA is the most widely available and capable of
distinguishing subspecies to a level that is acceptable for clinical use.

MALDI-TOF MS is now the most widely used method for routine bacterial
identification in clinical microbiology laboratories using modern methods, given its
speed, cost-effectiveness, and ease of use. Our new libraries demonstrate that
MALDI-TOF MS can be used to identify SBSEC species and subspecies. It would
be preferable to replicate these results by internal and external validation, preferably
on isolates from a different geographic region. The new libraries would also have to
be adapted to other manufacturers” MALDI-TOF MS systems.

The question remains whether the unidentified S. gallolyticus group is a novel
subspecies or whether it belongs to the other S. gallolyticus subspecies. Although
constituting few episodes, of which several were relapses, this group had clinically
similar properties as Sg gallolyticus with high rates of IE and was also identified as
Sg gallolyticus using the novel libraries in Papers IV and V. A potential
misidentification as Sg gallolyticus is unlikely to cause patients harm by a missed
diagnosis of IE or CRC, because bacteraemia by Sg gallolyticus is likely to be
examined for both. Other potential new SBSEC species have been suggested
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recently; they were not included in the novel libraries, but such infections in humans
have not yet been reported (47, 48).

Clinical implications

When should colorectal and other gastrointestinal cancers be screened for?

The number needed to screen (NNS) to diagnose 1 CRC in Paper II was 15 for
SBSEC bacteraemia overall and 5 for Sg gallolyticus bacteraemia. The NNS for
such a diagnosis in patients with gastrointestinal symptoms varies across studies:
two meta-analyses reported values that correspond to an NNS of 12 and 17 (197,
198). A large study in which colonoscopies were conducted on asymptomatic
patients aged over 50 years, almost only men, detected CRCs at a rate that
corresponded to an NNS of 100 (199).

Although the exact percentages vary by studies, the proportions of patients who are
diagnosed with CRC following bacteraemia by Sg gallolyticus warrant CRC
screening following the infection, and it should be mandatory if the patient is
eligible for CRC treatment. One should also consider that the most pronounced
association for bacteraemia by Sg gallolyticus is with early CRC and precancerous
lesions, rendering invasive examinations, such as colonoscopies, questionable in the
most elderly population, a group with many comorbidities. Further, although the
correlation between Sg gallolyticus bacteraemia and a subsequent diagnosis of CRC
increases with age, placing older patients at greater risk of CRC, a missed diagnosis
of CRC could have greater consequences for younger patients.

It remains unknown whether colonoscopies should be repeated regularly, and little
data support this practice following Sg gallolyticus bacteraemia unless warranted by
findings at the first colonoscopy. Nevertheless, repeated colonoscopy is
recommended in some international guidelines (200).

Whether colonoscopy should be performed following bacteraemia that is caused by
SBSEC species and subspecies other than Sg gallolyticus is unknown. Although the
frequency of CRC appears to be elevated, this trend may indicate surveillance bias
due to a greater likelihood of undergoing colonoscopy. Our findings in Paper II do
not support mandatory colonoscopies. However, it would be prudent to consider a
colonoscopy if no source of infection is identified. Colonoscopy should also be
strongly considered if the SBSEC subspecies is not identified.

With regard to other gastrointestinal cancers, there is no evidence that supports their

screening unless symptoms present otherwise.

When should echocardiography be conducted?

The claim that examination for IE by TTE or TOE should be mandatory in
bacteraemia in Sg gallolyticus without an identified source of infection is
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undisputed, given that most clinicians agree that the risk of IE is high. However,
there is no clear answer for bacteraemia with other subspecies, and there are no
established criteria or risk levels that dictate when routine investigation for IE can
be omitted.

Our findings and those of other groups indicate that the risk of IE is likely to be
relatively high in S. infantarius bacteraemia, particularly when the patient has a
prosthetic valve (22, 63, 158); thus, routine investigation for IE should be
considered in such a case.

The risk of IE is lower in bacteracmia with S. [utetiensis and Sg pasteurianus, but
the proportion of IE vary between studies. If there is low clinical suspicion of IE in
bacteraemia with these pathogens, TTE may be sufficient to rule out IE and could
possibly be omitted entirely in the setting of an acute-onset intra-abdominal
infection. The remaining SBSEC species and subspecies are so rare that it is
impossible to determine the risks of IE in bacteraemia with such members.

In addition to the subspecies, a long duration of symptoms (>1 week),
monomicrobial bacteraemia, patient risk factors for IE, and the lack of an identified
source of infection should prompt an investigation for IE, as for other non--
haemolytic streptococci (201).

How should SBSEC species and subspecies be identified?

The novel MALDI-TOF MS libraries that were constructed in Papers IV and V
provided sufficient accuracy in identifying SBSEC species and subspecies. The
blood agar aerobic library SBSEC-CMRS-BAE can be incorporated directly into
clinical routine using the direct transfer method on bacterial isolates that are cultured
on blood agar plates under aerobic conditions, requiring minimal additional effort
and cost. It should be noted that the novel libraries are not CE IVD-certified in the
EU nor FDA-cleared in the USA, and therefor considered in-house developed tests
and subjected to local regulations. Also, none of the libraries has been evaluated
directly on positive blood culture bottles with regard to performance (202).

Current MALDI-TOF MS libraries are insufficient for identifying SBSEC
subspecies. Nevertheless, the Bruker MBT Compass library can distinguish S.
gallolyticus on a species level from other SBSEC species. This property may be
beneficial, because non-S. gallolyticus SBSEC bacteraemia has a lower indication
for colonoscopy, and the risk of IE could be lower than in bacteraemia with the S.
gallolyticus species.

Other alternatives for identifying SBSEC species and subspecies are WGS and
amplicon sequencing-based methods, whereas 16s rRNA is the most widely used
technique. Although the latter has certain limitations in identifying SBSEC
subspecies, it remains a viable option for clinical use.
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Ethical considerations

Definitely answering the questions of when to conduct a work-up for CRC by
colonoscopy or for IE by TOE would require randomised controlled trials or the
examination of all patients with SBSEC bacteraemia and controls. It is simply not
feasible or ethical to submit patients to unnecessary invasive examinations or to
omit tests that would typically be performed. In addition, although CRC is common
in the general population, large control groups would still be required to achieve
sufficient statistical power.

Moreover, whereas screening for CRC is less controversial or perhaps even
uncontroversial, which patients should be screened for potential precancerous
tumours, such as colorectal adenomas? At what prevalence and for how many
remaining years of life is screening meaningful? Perhaps more importantly, at what
age should screening begin?

In addition, at what risk and proportion of IE in bacteraemia should an investigation
for endocarditis be conducted? What is the acceptable NNS? These levels have not
been established.

Another consideration is the performance of a microbiological method. In the
clinical setting, we accept certain failures and missed diagnoses when treating and
examining patients, but laboratory methods are often held to much higher standards.

Future research

Future studies must be larger per SBSEC species and subspecies and require
longer follow-ups in the context of gastrointestinal cancer, necessitating
population-based studies, likely conducted on national level, for long periods.

e It has not been fully established whether colonoscopy can be omitted in
bacteraemia with a non-Sg gallolyticus SBSEC species or subspecies.
Further studies must be conducted at the SBSEC subspecies level, and
suitable control groups must be selected carefully.

e The need for performing colonoscopy at regular intervals after
bacteraemia with Sg gallolyticus has not been established or studied
systematically.

e Whether Sg gallolyticus is carcinogenic or merely a marker for established
CRC remains undetermined in epidemiological studies on bacteraemia and
faecal carriage. Research on Sg gallolyticus faecal carriage with long-term
follow-up is needed.

o The risk of IE for various SBSEC species and subspecies must be assessed
in larger studies.
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Because bacteraemia due to individual SBSEC species and subspecies is
rare, meta-analyses of population-based studies of IE and CRC in various
regions are likely needed, and microbiological methods for subspecies
identification must meet acceptable standards.

External validation of our novel MALDI-TOF MS libraries would be
beneficial.

Can our novel MALDI-TOF MS libraries be applied directly to positive
blood culture bottles?

Are there subsets of Sg gallolyticus that possess oncogenic properties, and
can these subsets of bacteria be identified by WGS or MALDI-TOF MS?
Are there more SBSEC species and subspecies waiting to be discovered?
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