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Abstract

Streptococcus pyogenes, a group A streptococcus, is the major bacterial pathogen responsible for acute bacterial
infection of the human oropharynx and the causative agent of scarlet fever. Estimates of the global burden of
S. pyogenes related diseases revealed 616 million cases of pharyngitis, and at least 517,000 deaths due to severe invasive
diseases and sequelae. Here we describe Lactobacillus crispatus DSM25988 that was identified among hundreds
of Lactobacillus strains (referring to all organisms that were classified as Lactobacillaceae until 2020) showing
ability to prevent adhesion of S. pyogenes to Detroit 562 cells, and to exhibit a masking and co-aggregating effect
on S. pyogenes in vitro. L. crispatus DSM25988 also inhibits invasion of cultured human epithelial pharyngeal cells
by S. pyogenes. Competitive binding to fibronectin might be involved in the inhibition process. Antiviral activity of
the L. crispatus DSM25988 cells were identified in an in vitro cell model demonstrating that L. crispatus effectively
excludes viruses from epithelial cells using SARS-CoV2 proteins as a model. This finding points to the potential of
DSM25988 to protect cells from virus infection. Biological activity is retained in heat treated cells. The heat-treated
Lactobacillus strain was further developed into functional throat lozenges, wherein its biological activity is stably
maintained in the formulation. Lozenges containing L. crispatus DSM25988 underwent testing in an uncontrolled,
prospective user study in 44 subjects with symptoms of sore throat for a period of up to 14 days. The study data
shows promising safety and efficacy of the medical device when used against symptoms of sore throat like scratchy
feeling, hoarse voice and swallowing pain.
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1. Introduction

Streptococcus pyogenes is a human bacterial pathogen with
a tremendous virulence potential. It primarily colonises
the upper respiratory pharyngeal mucosa (Walker et al.,
2014). Interactions with humans range from asymptomatic
carriage over mild and superficial infections of mucosal
membranes and skin up to systemic purulent toxic-
invasive disease manifestations. S. pyogenes is the major
bacterial pathogen responsible for acute infection of the
human oropharynx and tonsils, and it is the causative
agent of scarlet fever. S. pyogenes pharyngitis is commonly
associated with sore throat, pain on swallowing, and fever.
Estimates of the global burden of S. pyogenes related
diseases revealed 616 million cases of pharyngitis and at
least 517,000 deaths due to severe invasive diseases and

sequelae (Carapetis et al., 2005). Although pharyngitis in
the majority of cases primarily is caused by viral infections,
S. pyogenes is responsible for 5-15% of sore throat visits
in adults and 20-30% in children. The incidence peaks in
children 5-15 years of age, and, in temperate climates,
pharyngitis usually occurs in the winter and early spring.
The risk of acute pharyngitis due to S. pyogenes among
adults is higher for parents of school-age children and for
those whose occupation brings them into close association
with children (Lindbaek et al., 2004). Asymptomatic
carriage of S. pyogenes has been frequently noted among
household contacts of patients with S. pyogenes pharyngitis.
Moreover, S. pyogenes carriage by symptom-free health care
workers has also been made responsible for nosocomial
outbreaks (Danzmann et al., 2013). In symptom-free
children aged 2-4 years, carriage of 100 to 10,000 cfu/ml
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S. pyogenes per nasopharyngeal swab has been detected
(Thors et al., 2016).

Much research has been done to reveal molecular interactions
between S. pyogenes and its human host. Several cell surface
proteins of S. pyogenes have been documented as being
involved in pharyngeal adherence and colonisation during
infection, including lipoteichoic acid, M-protein and collagen-
like surface proteins Scll and Scl2. The adhesion proteins,
and specifically the Scl proteins have been implicated in
binding to a wide variety of factors on the surface of host
pharyngeal cells, including fibronectin, laminin and collagen
(Courtney et al., 1986; Ellison et al., 2020). A number of
antibiotics have been shown to be effective in treating
S. pyogenes pharyngitis. These include penicillin and its
congeners (e.g. ampicillin and amoxicillin), as well as
numerous cephalosporins, macrolides, and clindamycin
(Shulman et al., 2012). However, the use of antibiotics heavily
disrupts the ecology of the human microbiota not only of
the pharynx, but also of the gut, skin and other mucosal
tissues. Dysbiosis of the microbiota has been associated with
alarge number of health problems and causally implicated in
metabolic, immunological, and developmental disorders, as
well as susceptibility to development of infectious diseases.
The adverse effects of antibiotics on microbial succession,
diversity, and resistance can last long past application, even
for years (Langdon et al., 2016).

Over the past decades, lactic acid bacteria have aroused
interest for their use in prevention and treatment of
multiple diseases owing to the health beneficial (probiotic)
properties of some strains (Buckley et al., 2018; Holz et al,,
2013, 2015). Mechanisms of action may include enhanced
mucosal barrier function, direct antagonism with pathogens,
inhibition of bacterial adherence and invasion capacity in the
intestinal epithelium, boosting of the immune system and
influence on the central nervous system (Shenderov et al,
2020; Stavropoulou and Bezirtzoglou, 2020). Probiotics have
also been considered an alternative to antibiotics (Kim et al.,
2015; Reid and Friendship, 2002). Lactobacillus crispatus is
a commensal gram-positive lactic acid bacterium inhabiting
the human vaginal and intestinal mucosa, and several strains
are highly adhesive to different types of epithelial cells (He
et al., 2020). Phylogenetically, L. crispatus is closely related
to Lactobacillus acidophilus and Lactobacillus helveticus,
two of the most commonly used probiotics in food industry
(You and Kim, 2020). L. crispatus has a long history of
human consumption and has been identified in starter
cultures for rye sourdough, in cheese, wine, sauerkraut and
in whisky (Beganovic et al., 2014; Henri-Dubernet et al.,
2008; Kacaniova et al., 2012; Meroth et al., 2003; Van Beek
and Priest, 2000). L. crispatus is classified as biosafety level
1, is Generally Regarded As Safe (GRAS), and is approved as
a ‘Qualified Presumption of Safety’ (QPS) microorganism,
which conforms with the safety requirements for a food
or feed additive of the European Food Safety Authority

(EFSA) (Andreoletti et al., 2008). Epidemiologic studies
reveal a strong positive correlation between the presence of
L. crispatus in the vaginal microbiota and reduced urogenital
infection risk to bacterial, fungal and viral pathogens (Ngugi
et al., 2011; Wang et al., 2019). Further, there is preclinical
and clinical experimental evidence of L. crispatus reducing
the urogenital and gastrointestinal infection risk towards
multiple fungal, bacterial and viral pathogens (Horie et al,,
2002; Mousavi et al., 2018; Parolin et al., 2018; Stapleton
et al., 2011). Surface layer (S-layer) proteins, such as SIpA
or CbsA are considered relevant for the antipathogenic
activity of L. crispatus. These proteins support adherence
of L. crispatus to epithelial cells of the cervix, thus sterically
competing with, excluding or displacing pathogens from
the mucosal surface (Abramov et al., 2014; Chen et al.,
2007). Strain-specific adhesins from different L. crispatus
strains could be identified as mucus-binding proteins. It
appears that L. crispatus via its adhesins is able to interfere
with fibronectin binding of pathogens to epithelial cells,
thus reducing the colonisation of the pathogen (Ojala et al.,
2014). Moreover, L. crispatus has been described to adhere
to fibronectin, laminin and to collagens I, IV and V, thus
competing with pathogens for these proteins (Antikainen
et al., 2002). Besides this steric shielding effect, L. crispatus
is also able to directly interact with pathogens on the basis
of direct cell-cell contacts (Mousavi et al., 2018; Parolin
et al., 2018).

Here, we describe the characterisation of heat-treated
L. crispatus strain DSM25988 selected from a large lactic
acid bacteria strain collection as a suitable lactic acid
bacteria strain for the prevention of S. pyogenes adhesion
to laropharyngeal epithelial cells, as well as a bioactive for
the prevention and treatment of S. pyogenes-caused sore
throat with its clinical application as a lozenge.

2. Materials and methods
Bacterial strains

Lactobacillus species strains from a proprietary strain
collection were grown at laboratory scale and exposed
to a systematic preclinical screening program as viable
bacteria or after heat-treatment (OASSYS screening
system; Organobalance GmbH, Berlin, Germany). The
final hit was identified as L. crispatus by 16S rDNA
sequence analysis. For whole genomic sequencing, DNA
of L. crispatus DSM25988 was extracted (Leibniz Institute
DSMZ GmbH, Braunschweig, Germany) and sequenced by
Next Generation sequencing using PacBio RS technology
(Rhoads and Au, 2015) followed by assembly of long
high-quality reads to obtain the whole genome sequence
(Eurofins Genomics GmbH, Ebersberg, Germany). Species-
level taxonomic identification was performed (BaseClear
BV, Leiden, the Netherlands). Potential antibiotic resistance
genes and virulence factors were searched for by comparing
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the aligned and annotated full genome sequence to the
Comprehensive Antibiotic Resistance Database (CARD)
(McMaster University, Ontario, Canada) and Virulence
Factor Database (VFDB) (NHC Key Laboratory of Systems
Biology of Pathogens, Institute of Pathogen Biology, Beijing,
China PR) databases in October 2019 (BaseClear BV). At lab
scale, L. crispatus DSM 25988 was grown in MRS medium
(De Man et al., 1960) at 37 °C under anaerobic conditions
if not described otherwise. L. crispatus DSM25988 was
industrially manufactured by fermentation in yeast extract
media at 37 °C, followed by heat treatment, cell separation
and lyophilisation using maize starch for stabilisation
(Lactosan GmbH & Co KG, Kapfenberg, Austria).
S. pyogenes DSM11728 and S. pyogenes DSM20565 were
obtained from the German Collection of Microorganisms
and Cell Cultures GmbH (DSMZ, Braunschweig, Germany).
Cells were grown in Todd-Hewitt-broth (Ellner et al., 1966)
at 37 °C, in a microaerobic atmosphere or at 5% CO, with
96% humidity if not described otherwise.

Co-aggregation

The test for co-aggregation activity of lactobacilli with
S. pyogenes DSM11728 was adapted from Lang et al. (2010)
and Holz et al. (2015) with the difference that the optical
density (OD 600 nm) was adjusted to 2 (S. pyogenes),
and to 1 (Lactobacillus species). S. pyogenes cells were
stained with Vybrant® CFDA SE (Fisher Scientific GmbH,
Hagen, Germany) adapted from Lang et al. (2010). For co-
aggregation testing of salvans lozenges, one verum lozenge
containing L. crispatus and one lozenge without lyophilised
heat-treated L. crispatus (placebo), were dissolved in
phosphate buffered saline (PBS) and subjected to the assay
with unstained S. pyogenes cells.

Biofilm binding of Lactobacillus cells

In order to quantify binding of lactobacilli to S. pyogenes
DSM11728 the optical density (OD,,) of washed
S. pyogenes cells in PBS was adjusted to 1, transferred to
96 well microtiter plates for an overnight incubation at 37 °C
to form a biofilm (Stepanovi¢ et al., 2000). Lactobacillus
cells grown overnight were stained with Vybrant CFDA SE.
Aliquots of stained Lactobacillus cells were co-incubated
with the S. pyogenes biofilm for 1 h and washed three
times with PBS to remove unbound or loosely bound cells.
Fluorescence was measured before and after incubation at
494 nm/512 nm and after each washing step with a Mithras
Lb 940 multiplate reader (Berthold Technologies GmbH
& Co0.KG, Bad Wildbad, Germany).

Pharyngeal epithelial cell line invasion inhibition assay
Knowledge of adherence assays (Plant et al., 2006) led to

the approach of investigating the invasion inhibition of
S. pyogenes by L. crispatus. Human pharynx carcinoma

epithelial cell line Detroit-562 cells were grown in
supplemented Minimal Essential Medium (MEM) with
Earle’s salts at 37 °C, 5% CO,, 95% humidity, plated in 24
well cell culture plates and cultivated again under identical
conditions for 24 h. Non-adhering cells were removed.
Washed bacterial cells were resuspended in MEM medium
and the OD, was adjusted (S. pyogenes DSM20565 OD
0.2 and L. crispatus OD 1). L. crispatus suspension was
pre-incubated with adhering Detroit 562 cells for 30 min
at 37 °C, 5% CO,, 95% humidity. S. pyogenes was added,
and the cell culture plates were incubated again at 37 °C,
5% CO,, 95% humidity for 30 min. Detroit 562 cells were
then detached from the culture plates by adding cold water
and placing the culture plate on an orbital shaker. Cells
were suspended in PBS, plated onto neomycin blood agar
and incubated at 37 °C under microaerophilic conditions.
S. pyogenes colony counts were determined.

Biofilm reducing assay

The MBEC Assay® Biofilm Inoculator (Innovotech Inc.,
Edmonton, Canada) was used for biofilm density formation
(Ceri et al., 1999; Harrison et al., 2010). Biofilm formation
was tested with and without precoating of the polystyrene
pegs with saliva. Pooled saliva from at least three human
donors (Lee BioSolutions Inc., Maryland Heights, MO,
USA) was sterile filtrated on the day of use to remove any
microorganisms from the saliva. For saliva precoating, the
peg lid was inserted into a microtiter plate with saliva in
the respective microwells, and incubated at 37 °C for 1 h.
Trypticase soy yeast extract medium (TSY), saliva and a
50:50 mixture of TSY and saliva were compared as growth
media for establishing S. pyogenes biofilms. S. pyogenes
was grown in TSY at 37 °C. In case of pre-treatment of
S. pyogenes with Lactobacillus cells, S. pyogenes culture
was incubated with lyophilised heat-treated manufactured
L. crispatus (2 mg/ml final concentration) for 20 min with
shaking at 120 rpm, then allowed to settle for 30 min.
The supernatant and the untreated S. pyogenes culture
were used for the biofilm assay on pegs and binding was
analysed by determination of cfu/peg. In each case the un-
treated S. pyogenes culture was compared to the pre-treated
S. pyogenes culture to determine the effect of L. crispatus.

Fibronectin binding assay

Fibronectin-coated 96 well microtiter-plates (Corning®
BioCoat™ Fibronectin 96-well plates; Corning Inc, Corning,
NY, USA) were adjusted to room temperature to investigate
binding to immobilised fibronectin (Courtney et al., 1986).
Samples were applied and measured photometrically at
wavelengths of 485 nm excitation and 528 nm emission
(BioTek Instruments Inc., Winoosky, VT, USA). Cells were
harvested and resuspended in PBS, OD, was adjusted.
Samples of the lyophilised heat-treated manufacturing
batches of L. crispatus were resuspended in PBS. Samples
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were stained with CFDA SE (Fisher Scientific GmbH,
Hagen, Germany or Biotium, Fremont, USA). PBS and
maize starch samples were treated with CFDA in the
same way as controls. For competitive binding assays the
washed S. pyogenes DSM20565 was stained with CFDA SE
(Biolegend, San Diego, CA, USA). Lyophilised heat-treated
L. crispatus was suspended in PBS incubated at room
temperature. Efficiency of reduced S. pyogenes fibronectin
binding was calculated as relative binding inhibition in
percent to the control S. pyogenes alone.

SARS-CoV2 neutralisation assay

SARS-CoV2 microneutralisation assay was performed
at IBT Bioservices (Rockville, MD, USA) Manufactured
L. crispatus (heat-treated, lyophilised) was suspended in
PBS, pH was adjusted to 7.4. Vero cells seeded one day
prior in black 96-well plates were incubated overnight.
Two-fold serial dilutions ranging from 40 to 0.3 mg/ml were
prepared in triplicate. The dilutions were then incubated
with recombinant rVSV-SARS-CoV2 Spike for 1 h at 37 °C.
After removing cell culture medium from the 96-well plates,
the L. crispatus/virus mixtures were added to the Vero
cells, and incubated for 24 h at 37 °C. Infection efficiency
was measured by quantifying luciferase fluorescence; virus
only and Vero cells only wells were added to calculate the
50% inhibition concentration (IC;) using the XLFit dose
response model.

Cytotoxicity assay

Cytotoxicity assay was performed at IBT Bioservices. Heat-
treated, lyophilised L. crispatus was suspended in PBS,
pH was adjusted to 7.4. Vero cells seeded one day prior
in black 96-well plates were incubated overnight. Two-
fold serial dilutions ranging from 40 to 0.3 mg/ml were
prepared in triplicate. L. crispatus dilutions were incubated
for 1 h at 37 °C and, after removing cell culture medium
from the 96-well plates, were added to the Vero cells and
incubated for 24 h at 37 °C. Cells only and medium only
wells were also added. After incubation, cells were lysed for
evaluation of the ATP content using the CellTiter-Glo® kit
(Promega, Madison, W1, USA). Luciferase luminescence
in relative light unit (RLU) was read and 50% cytotoxicity
concentration (CC, ) was calculated using the XLFit dose
response model.

Preparation of salvans lozenges

Lozenges (‘salvans® Halspastillen’) were manufactured using
isomalt, marshmallow root extract, natural flavours, natural
colorants and L. crispatus salvans (Dr. C. Soldan GmbH,
Adelsdorf, Germany) and packaged in aluminium/PVC
blisters (Captagel Pharma GmbH, Besigheim-Ottmarsheim,
Germany). The product is indicated for the prevention and
relief of sore throat symptoms in patients above 6 years of

age at risk of laropharyngeal infection caused by S. pyogenes,
and certified as a substance-based, risk-class I medical
device under GMP- and EN ISO 13485:2016 compliant
manufacturing conditions (Nutrin GmbH, Hallerndorf,
Germany). Conformity was evaluated and confirmed by the
manufacturer on the basis of the manufacturing validation
batch.

Salvans lozenges study

A social-media based, uncontrolled observational post
market user follow-up study was launched in order to
generate data on user acceptability, product safety and
performance regarding the relief of sore throat symptoms
in subjects prone to bacterial throat infection. Interested
recipients were informed about the required actions
and purpose of the study and data protection rights
according to the European General Data Protection
Regulation (EU) 2016/679 (GDPR; EC, 2016). Subjects
willing to participate were asked to explicitly consent in
writing to study participation and the collection, storage
and use of their data for the purpose of the study. Via an
electronic online questionnaire, subjects were requested
to provide data on the frequency and duration of sore
throat episodes over the last 5 years, the specification of
common cold symptoms during these episodes, diagnosis
of streptococcal angina by a general practitioner during
this time, and prescription of antibiotics. Inclusion criteria
were at least 2 annual sore throat episodes over the past
5 years, the occurrence of symptoms of bacterial throat
infection or diagnosis of streptococcal angina by a general
practitioner and a history of prescription of antibiotics.
Exclusion criteria was the current use of antibiotics. The
selected cohort of participants was provided with one
package of lozenges (24 lozenges) and asked to complete
an electronic baseline-questionnaire (baseline), as soon
as they suffer from symptoms of sore throat, and another
questionnaire after symptoms disappeared (follow-up).
The data from the baseline and follow-up questionnaires
was exported from the web application in Microsoft-
Excel format, merged in Microsoft Excel (Microsoft,
Redmond, WA, USA), quality checked and exported in
csl-format. Descriptive data analysis was performed using
the freeware PSPP. The following data were collected:
demographics (age, gender), concomitant treatments, date
of first lozenge application, occurrence of the common
cold symptoms (irritated throat sensation, oropharyngeal
redness, swallowing pain, hoarseness, running nose, cough
(dry, productive), increased body temperature, fever, body
aches, headache, ear pain, swollen lymph nodes, purulence,
duration of symptoms at start of lozenge application, Visual
Analog Scale (VAS) (0-10) assessment of throat pain,
burning, swallowing pain, sensation of throat dryness,
hoarseness, sensation of throat irritation, feeling of ‘lump
in the throat; inflammation, swelling, tight sensation, VAS
(0-10) assessment of improvement of throat pain after
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one lozenge (and speed of improvement), improvement
of throat pain after one day of lozenge application (and
number of lozenges).

3. Results

Selection of Lactobacillus strains co-aggregating with
Streptococcus pyogenes

In the initial mass screening program, 798 lactobacilli
strains (‘lactobacilli’ and Lactobacillus spec. designating
all organisms that were classified as Lactobacillaceae until
2020) were evaluated for their binding capacity and binding
strength to S. pyogenes. A subset of 89 (11.1%) lactobacilli
strains showed medium to very strong binding. In follow-up
investigations, the subset of 89 Lactobacillus strains was
screened for their ability to co-aggregate with S. pyogenes
in aqueous suspension. Thirty strains were identified to
co-aggregate the S. pyogenes strain. Among these, a subset
of five candidate strains was further analysed regarding
efficiency of co-aggregation, fibronectin binding and
binding to a pharyngeal epithelial cell line. Moreover, the
candidates were analysed by 16s rRNA gene sequencing
and whole genome analysis. The finally selected candidate
was identified as L. crispatus (deposited under DSM25988).
No transmissible antibiotic resistance genes or virulence
factors were found when matching the genome of this
strain to the CARD and VFDB databases. Living as well as
heat-treated L. crispatus DSM 25988 cells were able to form
large co-aggregates with S. pyogenes (Figure 1), involving
multiple streptococci adhering to one Lactobacillus cell
(microscopic analysis, data not shown).

Lactobacilli reduce adherence of Streptococcus
pyogenes to human epithelial cells

In an adherence assay, we investigated if the pre-selected
lactobacilli interfered with S. pyogenes binding to human
epithelial host cells. Lactobacilli indeed reduced binding

S. pyogenes Heat-treated
control L. crispatus
control

Heat-treated
L. crispatus
+ S. pyogenes

of S. pyogenes in a competition assay, though in different
degrees (Figure 2). L. crispatus DSM25988 (strain 3 in
Figure 2) reduced binding of S. pyogenes by up to 22%.

Interference of L. crispatus (heat-treated lyophilised cells)
with biofilm formation of S. pyogenes was analysed on saliva-
coated or uncoated polystyrene pegs. Pre-incubation with
L. crispatus DSM25988 significantly reduced S. pyogenes
biofilm density by 1.35 and 0.85 log on the saliva-coating
and uncoated polystyrene plates, respectively, indicating
that Lactobacillus cells reduce biofilm formation and
prevent binding of the pathogen.

Lactobacillus crispatus efficiently binds to fibronectin

To further characterise and understand the observed
adherence inhibition of S. pyogenes by L. crispatus on human
epithelial cells, we analysed fibronectin binding activities.

120

100 + _} %

804 =

60 -

40 1

Relative binding (%)

20

Strain1  Strain2  Strain3  Strain4 S. pyogenes

Figure 2. Invasion inhibition assay of selected lactobacilli
against Streptococcus pyogenes on Detroit-562 cells.
Lactobacilli from the screening cohort (strain 1-4) were pre-
incubated for 30 min to human pharynx carcinoma epithelial
cell line Detroit 562, S. pyogenes was added and incubated
for 30 min. The control (labelled ‘S. pyogenes’) is a human
cell layer pre-incubated with phosphate buffered saline before
incubation with S. pyogenes.

L. crispatus
control

L. crispatus
+ S. pyogenes

Figure 1. Co-aggregation of living and heat-treated Lactobacillus crispatus DSM25988 with Streptococcus pyogenes DSM11728.
The results are shown compared to negative control (L. crispatus). S. pyogenes alone does not show any precipitation. Living and
heat-treated L. crispatus DSM25988 induced comparable degrees of co-aggregate formation with S. pyogenes, and comparable
in vitro efficacy in reducing planktonic S. pyogenes from the supernatant.
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L. crispatus DSM25988 and heat-treated lyophilised
L. crispatus DSM25988 were found to efficiently bind to
fibronectin (Figure 3). DSM25988 (live cells as well as the
heat-treated preparation) are able to bind to fibronectin
as well as S. pyogenes, and that this binding is stable after
three wash cycles.

Based on analysis of different Lactobacillus strains preselected
for their ability to co-aggregate with S. pyogenes, L. crispatus
DSM25988 (strain 3 in Figure 4) was selected for further
analysis as it is most likely to exhibit a good exclusion activity
against S. pyogenes on fibronectin binding (Figure 4).

Competitive exclusion experiments also showed that a
heat-treated lyophilised preparation of L. crispatus reduced
binding of S. pyogenes DSM20565 to fibronectin reliably and
at a comparable efficiency as the viable cell preparation. The
competitive exclusion activity increases with the number of
heat-treated lyophilised L. crispatus cells used (Figure 5),
and degree of exclusion can reach up to 80% under the
conditions used.

Lactobacillus crispatus DSM 25988 neutralises SARS-
CoV2 virus in a competitive binding assay

As both bacterial and viral interactions with human
epithelial cells predominantly occur via competitive
binding to surface structures/receptors or direct fibronectin
binding, we tested if L. crispatus DSM25988 exhibit activity
in neutralise the SARS-CoV2 spike protein in a competitive
binding experiment. Using a recombinant rVSV-Sars-CoV2
mutant and Vero cells, heat-treated L. crispatus cells were

160 [0 Baseline [ After 3¢ wash T

140 4

120

100
80
60
40 -
20

Relative binding (%)

S. pyogenes L. crispatus Heat-treated

alive  lyophilised L. crispatus

Figure 3. Efficiency of binding of Lactobacillus crispatus
DSM25988 and Streptococcus pyogenes to fibronectin
coated plates. Fibronectin binding is detected for L. crispatus
DSM25988 and heat-treated lyophilised L. crispatus DSM25988 to
a similar level as for S. pyogenes. S. pyogenes and L. crispatus
were stained with CFDA SE. Both baseline fluorescence (dark
grey columns, showing the total fluorescence of the stained
sample bound and non-bound) and fluorescence after the three
washing steps (light grey columns, showing the bound cells
after removal of non-binding cells) were measured. Results
show the data from 8 datasets.

-
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strain1 strain2 strain3 strain4  strain 5

[JS. pyogenes with live lactobacilli

[JS. pyogenes with heat-treated lactobacilli

O S. pyogenes without Lactobacillus

Figure 4. Lactobacillus cells reduce binding to fibronectin in a
co-incubation-assay of Lactobacillus strains and Streptococcus
pyogenes DSM20565. The diagram shows the percentage of
adherent S. pyogenes cells in co-incubation with selected
living and heat-treated Lactobacillus strains. The control shows
S. pyogenes binding alone. Living, as well as heat-treated
lactobacilli reduce the amount of S. pyogenes binding to
fibronectin. Results show the data from 8 datasets.

100 T
90 -
80 -
70 A
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50 -
40 4
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0 2.00E+08 4.00E+08 5.00E+08 1.00E+09 1.50E+09
Concentration of heat-treated lyophylised L. crispatus (cells/ml)

Residual binding of S. pyogenes (%)

Figure 5. Competitive binding of Streptococcus pyogenes
to fibronectin in a co-incubation assay with heat-treated
lyophilised Lactobacillus crispatus DSM25988 used at different
concentrations. Data show concentration-dependent decrease
in binding efficiency of S. pyogenes to fibronectin in a co-
incubation assay with L. crispatus DSM25988. Results show
the data from 8 datasets.

co-incubated and exclusion of virus protein binding was
detected by fluorescence (luciferase assay). Neutralisation
of rVSV-Sars-CoV2 mutant occurred at low concentrations
while no cytotoxicity (CC50) of the preparation was
detected (Table 1). Also, when the other tested Lactobacillus
strains showed an even better neutralisation rate, it has to
be considered that the cytotoxicity was much higher for
these strains. Both parameters have to be seen in a context
for further applications. Based on these results, L. crispatus
showed the most promising results for further applications.
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Table 1. Inhibition of rVSV-Sars-CoV2 mutant mean fluorescence
signals in Vero cells by heat-treated lyophilised Lactobacillus
crispatus DSM 25988 compared to non-related Lactobacillus
strains (strains A and B). Results show data from 3 datasets.

Strain Concentration of  50% cytotoxicity
50% neutralisation concentration
(mg/ml) (mg/ml)
Heat-treated lyophilised 7.421 44.24
L. crispatus
Lactobacillus strain A 5.946 9.614
Lactobacillus strain B 2974 5473

Verification of co-aggregation activity of Lactobacillus
crispatus after formulation into the medical device
salvans lozenges

The formulated heat-treated lyophilised L. crispatus
DSM25988 in salvans lozenge was tested in vitro for co-
aggregation activity (Figure 6). Furthermore, the placebo
lozenge without heat-treated lyophilised L. crispatus
(salvans) was co-incubated with S. pyogenes to determine
background co-aggregation. While the salvans lozenge alone
showed a slight background reaction (auto-aggregation),
all other negative controls did not show any co-aggregation
at all. Co-incubation of the salvans lozenge and S. pyogenes
however showed a clear co-aggregation and interaction
between S. pyogenes and the medical device salvans
lozenges. This co-aggregation was clearly stronger than
the background reactions. Co-aggregation of the salvans
lozenge with the S. pyogenes is maintained after formulation.

=y

{(7 \ . ) S. pyogenes
Placebo
) ¢ D) Placebo and S. pyogenes
% W™ ®  Salvans® MD + S. pyogenes
x @ < .

Salvans® MD

Figure 6. Co-aggregation of Streptococcus pyogenes and
Lactobacillus crispatus in formulated salvans medical device
(MD) lozenge. A lozenge without L. crispatus (placebo) and
salvans lozenge were investigated in co-aggregation assays.
As negative controls S. pyogenes alone, placebo alone or
salvans lozenge alone were used. A slight background reaction
(auto-aggregation) of salvans lozenge is visible, but can be
neglected in comparison to the co-aggregation of salvans
lozenge and S. pyogenes.

Salvans lozenges user study

Subjects from a customer database who had previously
given consent to receive information about new products,
were contacted and informed about heat-treated lyophilised
L. crispatus containing salvans throat lozenges and were
asked to participate in a post-market user study with the
certified medical device class I. In total, 147 subjects with
a history of signs and symptoms or diagnoses indicating
multiple bacterial throat infections during the last 5 years
consented to participate in the prospective, uncontrolled
patient reported outcome study. Each study subject was
provided with one package of salvans throat lozenges and
the link to electronic baseline and follow-up questionnaires,
respectively. 86 subjects (58.5%) with an acute episode of
throat irritation reported the baseline dataset (intention-
to-treat dataset). Of these, 44 subjects (51%) also reported
follow-up data (per protocol dataset).

This study is the first to evaluate the impact of L. crispatus
DSM25988 formulated in salvans lozenges on throat
infection symptoms. Details of the study population and
the baseline characteristics are given in Supplementary
Table S1. The overall symptom rating and the results
on the subcategories are summarised in Table 2 and in
Supplementary Table S2.

The overall VAS rating significantly decreases during the
study and highlights an overall improvement. The largest
decrease was seen in the swallowing pain, agonizing throat
pain, dry throat and scratchy sensation. No side effects were
reported in the study group.

Table 2. Longitudinal reporting of symptom severity.

Baseline (n=44) Follow-up
(n=44)
Reported treatment duration (days) - 8.35 (0, 17)
VAS symptom severity scoring'
‘agonising throat pain’ 4.82(0,9) 1.36 (0, 8)
‘burning’ 3.33(0, 8) 0.73(0,7)
‘swallowing pain’ 4.38 (0, 9) 1.09 (0, 8)
‘dry throat’ 5.67 (0, 10) 1.31 (0, 8)
‘hoarseness’ 4.36 (0, 10) 1.36 (0, 7)
‘scratchy sensation’ 5.60 (0, 10) 0.87 (0, 5)
lump in the throat’ 2.56 (0, 10) 0.76 (0, 7)
‘inflamed throat’ 3.31(0, 10) 0.91 (0, 8)
‘swollen throat’ 1.71 (0, 9) 0.69 (0, 9)
‘tightened feeling’ 1.84 (0, 9) 0.60 (0, 7)

" Visual analog scale (VAS) symptoms severity ranged from 0 (not at
all) to 10 (very strong). The brackets show minimum and maximum of
all answers.
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4. Discussion and conclusions

The main goal of this study was to identify and characterise
a Lactobacillus strain that interacts with and co-aggregates
S. pyogenes, the bacterial causative agent of throat infections,
and to develop a suitable application device. We showed
that selected Lactobacillus strains prevent adhesion and
invasion of S. pyogenes to human epithelial pharyngeal
cells. We identified strain L. crispatus DSM25988 as the
best candidate to prevent S. pyogenes from binding to and
invading human cells and as bioactive agent for the medical
device as suitable application form.

Lactobacillus strains have long been used in food and dairy
products. Many of those exhibit probiotic properties when
applied as live cells and at adequate quantities and are
proposed to be beneficial to human health, their main
site of activity being the gastrointestinal tract (Silva et al,,
2020; Walter 2008). Lactobacilli with beneficial effects
occur naturally in the human body and include strains of
the species Lactococcus lactis, Lacticaseibacillus paracasei
or L. crispatus (Abramov et al., 2014; Pasolli et al., 2020).
When exploring and developing a novel strain for use in
humans, several aspects have to be considered, among those
being safety on the one hand and clear mode of action on
the other hand (Doron and Snydman, 2015; FAO/WHO,
2002; Melo Pereira et al., 2018).

The safety characteristics are the strain’s origin (healthy
human microbiota), pathogenicity, and antibiotic
resistance. L. crispatus is a naturally occurring Lactobacillus
strain in the human body and is generally recognised as
safe (GRAS-status). The genome analysis of L. crispatus
DSM25988 showed that no antibiotic resistance genes
or virulence factors are present, which is an additional
safety aspect. Cytotoxicity has proved low. Activities of
probiotic strains include epithelium adhesion ability,
pathogen coaggregation and antimicrobial activity.
The coaggregation properties of a probiotic strain with
potential pathogens can be used as a screening marker for
the selection of the probiotic strain for administration to
humans (Melo Pereira et al., 2018). Coaggregation enables
the pathogen agglomeration with the probiotic cells, which
results in the elimination of pathogen through natural body
functions (faeces, saliva).

The activity of L. crispatus DSM25988 is partly based on
its efficacy in binding to S. pyogenes cells. Co-aggregation
has previously been described as a potent mode of action
for bacterial interactions with the aim to remove single
species from surfaces or bacterial communities. Recent
examples include the co-aggregation of Helicobacter pylori
in the gastric system, Candida spp. in the vaginal cavity or
Streptococcus mutans in the oral cavity (Buckley et al., 2018;
Carmo et al,, 2016; Holz et al., 2013, 2015). Co-aggregation
which might also lead to ‘masking’ the microbial cell

surface binding molecules and sterically hinder binding
of the pathogen to epithelial surface molecules may lead
to detachment of target cells from the biofilm or from
epithelial tissue, thus reducing inflammatory signals or
biofilm stability. Additionally, the larger co-aggregate
can more easily be removed from the oral cavity or other
surfaces than single microbial cells.

L. crispatus DSM25988 also exhibits a binding activity to
human cells, among others to cell surface structures like
fibronectin. We propose that L. crispatus DSM25988 is
able to directly interact with S. pyogenes and to bind to
fibronectin which might exclude S. pyogenes from binding
to epithelial cells. Interestingly, this latter feature makes
L. crispatus DSM25988 a potential bioactive agent against
viral particles that rely on fibronectin binding for cell
invasion. We used SARS-CoV2 protein as a model system
in this study to demonstrate this effect. More viruses,
such as influenza virus, use fibronectin as binding partner
to invade human cells (Greco et al., 2002; Leung et al.,
2012). In vivo co-aggregation of group A streptococcus
(GAS) streptococci, masking their surface sites ordinarily
available for binding to epithelial cells, is suggested
to reduce acute pharyngitis/tonsillitis risk by fostering
clearance of planktonic GAS streptococci from the oral
cavity by forming larger aggregate which are flushed from
the oral cavity and throat by batural saliva flow. Manna et
al. (2020) recently identified probiotic-derived lipopeptides
as potential inactivating molecule for SARS-CoV 2 Spike
protein and its human receptor ACE2. They hypothesised
an immunomodulatory role of such metabiotic compounds.
We propose that interaction of L. crispatus DSM25988 with
fibronectin might be a therapeutic mechanism to exclude
viruses from infection in human tissues as has previously
been shown in the vaginal cavity (Abramov et al., 2014; He
et al., 2020; Ojala et al., 2014).

Different approaches had been used to identify potential
aggregation-involved structures (Kojic et al., 2011; Miljkovic
et al., 2015; Schachtsiek et al., 2004; Younes et al., 2012).
Recent reviews summarise the diverse surface molecules
found on Lactobacillus cells that are part of the pathogen
and epithelium interactions (Muscariello et al., 2020;
Sengupta et al., 2013). These include aggregation promoting
factors in Lactiplantibacillus plantarum, L. acidophilus
and Lactobacillus gasseri (Goh and Klaenhammer 2010).
Which of those molecules are responsible for the observed
activities in the Lactobacillus strain studied here, is part of
our ongoing research.

We furthermore described the formulation of heat-treated
Lactobacillus crispatus into lozenges (certified medical
device class 1, MDD) in a user study. S. pyogenes (also
known as group A B-haemolytic Streptococcus or GABHS)
is the most common bacterial cause of acute sore throat.
Antibiotics are still the most often prescribed therapy for
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acute sore throat and are often unnecessary and ineffective
in this setting, contributing to the growing problem of
antibiotic resistance. Lozenges containing antiseptics have
a broad range antibacterial activity which damages the oral
microbiota as a severe side effect. Addressing microbiota
management as an alternative to antimicrobial drugs has
been proposed earlier and might be a valid paradigm
change in treating infections (Humphreys and McBain
2019). Using inactivated, i.e. heat-treated cells of biologically
active Lactobacillus cells is emerging as a new approach
to deliver biological activity via metabolites or cell surface
structures (Geraldo et al., 2020; Shenderov et al., 2020).
Inactivated probiotics have been described to enhance
host immunity or to protect against pathogens (Jeong et
al.,, 2020; Jia et al., 2019).

A specific and targeted approach might prove a noteworthy
alternative that helps to reduce the use of antibiotics and
broad-spectrum antimicrobials in over the counter lozenges
for sore throat application.

Supplementary material

Supplementary material can be found online at https://doi.
org/10.3920/BM2021.0103.

Table S1. Baseline characteristics of salvans throat lozenges
user group (intention to treat and per protocol cohort).

Table S2. Longitudinal reporting of treatment satisfaction
and product safety at baseline and follow-up.
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