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e S. salivarius induces cross-reactive anti-Spike Abs in mice,

aiding virus clearance

e S. salivarius boosts salivary anti-Spike antibodies in the
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In brief

Bondareva et al. show that commensal
bacteria, including Streptococcus
salivarius, trigger cross-reactive anti-
Spike antibodies capable of SARS-CoV-2
virus inhibition. Streptococcus salivarius
abundance correlates with salivary anti-
Spike antibodies early after SARS-CoV-2
vaccination. Streptococcus salivarius
supplementation enhances salivary anti-
Spike antibodies in vaccinees.
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SUMMARY

The commensal microflora provides a repertoire of antigens that illicit mucosal antibodies. In some cases,
these antibodies can cross-react with host proteins, inducing autoimmunity, or with other microbial antigens.
We demonstrate that the oral microbiota can induce salivary anti-SARS-CoV-2 Spike IgG antibodies via mo-
lecular mimicry. Anti-Spike 1gG antibodies in the saliva correlated with enhanced abundance of Strepto-
coccus salivarius 1 month after anti-SARS-CoV-2 vaccination. Several human commensal bacteria, including
S. salivarius, were recognized by SARS-CoV-2-neutralizing monoclonal antibodies and induced cross-reac-
tive anti-Spike antibodies in mice, facilitating SARS-CoV-2 clearance. A specific S. salivarius protein, RSSL-
01370, contains regions with homology to the Spike receptor-binding domain, and immunization of mice with
RSSL-01370 elicited anti-Spike IgG antibodies in the serum. Additionally, oral S. salivarius supplementation
enhanced salivary anti-Spike antibodies in vaccinated individuals. Altogether, these data show that distinct
species of the human microbiota can express molecular mimics of SARS-CoV-2 Spike protein, potentially
enhancing protective immunity.

INTRODUCTION ceptor, which is expressed by various cell types.' The S protein

of SARS-CoV-2 contains a receptor-binding domain (RBD)
SARS-CoV-2 infects cells via the interaction of the Spike that mediates its interaction with ACE2 and promotes viral
(S) protein with the angiotensin converting enzyme 2 (ACE2) re-  entry.>* Blocking of this crucial interaction by monoclonal
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anti-SARS-CoV-2-RBD antibodies (Abs) confers protection of
the host against infection of target cells.>® Systemic Abs in the
blood (mainly IgG, IgM, and IgA1) curtail virus propagation after
infection of the host, whereas the presence of antigen-specific
Abs at the mucosal surfaces (IgA2, IgA1, and IgM) is required
to prevent initial infection of the host.” Although systemic vacci-
nation with a mRNA vaccine encoding the S protein of SARS-
CoV-2is known to induce anti-S Abs in the nasopharyngeal fluid,
these Abs are not maintained for a long time,® and the mecha-
nisms ensuring the maintenance of salivary anti-SARS-CoV-2
Ab responses are poorly understood.

Secretion of Abs at mucosal surfaces can be enhanced by an-
tigens presented by the mucosal microbiota.” It is estimated that
the human microbiota contains several millions of genes,10 thus
potentially providing a plethora of epitopes for Ab binding."’
Some of these epitopes may resemble host proteins, potentially
inducing cross-reactive autoimmunity, '2~'® whereas others may
mimic proteins from different microorganisms and provide
cross-protective immunity.'>'” Microbiota-induced immunity is
known to provide protection against microbial infections by Cit-
robacter rodentium, Clostridiodes difficile, Pseudomonas aeru-
ginosa'®?° and by viruses such as influenza.”" Protection is
mediated by increasing the fitness of the innate immune system
via tonic type | interferon (IFN) production®®** and by cross-
reactive Ab responses.'® Interestingly, cross-reactive Abs tar-
geting glycoprotein (gp)41 of HIV-1 are induced by distinct
commensal microbiota.?* Furthermore, such microbiota-
induced gp41 reactive B cells diverted the Ab response gener-
ated by vaccination using envelope (Env) glycoprotein to non-
neutralizing epitopes on HIV-1 Env.?®

Several studies have reported the presence of SARS-CoV-2-
RBD Abs in unexposed healthy individuals.?*° Induction of
such Abs in previous infections with common cold coronaviruses

has been postulated, but this link has not been formally proven.
The original antigens inducing cross-reactive RBD secretory
IgA Abs have remained obscure. Here, we show that neutralizing
anti-RBD Abs recognize distinct commensal strains in the human
microbiota. Vaccination-induced salivary Abs promoted the
expansion of these commensals, and supplementation of vacci-
nated individuals with one such strain increased the concentra-
tions of anti-SARS-CoV-2 IgG in the oral cavity. Altogether, our
data demonstrate a cross-regulation of salivary anti-S Ab re-
sponses and distinct bacteria of the nasopharyngeal microbiota.

RESULTS

Oral microbiota changes during vaccination are
associated with the induction of salivary Ab responses
Abs that are found at the mucosal surfaces are actively trans-
ported from the body through the layer of epithelial cells (ECs).
For this transport from the basolateral to the apical side of ECs
lining the mucosal tract, ECs express specific receptors, such
as the neonatal Fc receptor (FCRn) and the polymeric immuno-
globulin receptor (plgR).®"** The plgR mediates the transport
of IgA and is ubiquitously expressed by ECs of the oral and
gastrointestinal tract. FcRn mediates the transport of IgG, and
in adult humans, it is expressed only by EC of the oral cavity.*
Accordingly, saliva of healthy individuals contains both IgG and
IgA, whereas the luminal content, i.e., feces, of the gut contains
IgA but not IgG (Figures 1A-1C). We recruited 19 healthy partic-
ipants to study the microbiota-Ab interaction during the first
month after vaccination. Among them, only one of the partici-
pants exhibited anti-nucleocapsid (NCP) IgG in the serum (Fig-
ure S1A), whereas the others lacked such Abs, indicating their
naive status with regard to SARS-CoV-2 exposure. Next, we
quantified the amount of anti-S1 of S IgG and IgA in the oral
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Figure 1. Oral antibody responses during first month of BNT162b2 vaccination

(A and B) Total levels of salivary and fecal IgG (A) and IgA (B) levels in healthy volunteers before vaccination.

(C) Total levels of salivary IgA and IgG levels during BNT162b2 vaccination course.

(D and E) Anti-Spike IgG (D) and IgA (E) levels in the saliva of healthy individuals vaccinated with BNT162b2 vaccine.

(F) Anti-Spike IgA and IgG levels in serum during BNT162b2 vaccination course.

(G) Representative dot plots showing salivary bacteria IgA and IgG coating during the course of BNT162b2 vaccination. Oral microbiota was stained using anti-
human IgG and anti-human IgA antibodies and frequencies of IgA/IgG-coated bacteria were determined by flow cytometry.

(H) Frequencies of IgG*IgA~, IgG ™~ IgA*, and IgG*IgA* bacteria in the saliva during the course of BNT162b2 vaccination. Arrows (at days 0 and 21) indicate days of

vaccination.

Each dot represents one participant. Bars (A, B) represent the median. Mann-Whitney test was used in (A) and (B). Friedman test with Dunn’s multiple com-
parisons (C-F and H) was used. p < 0.05 were considered statistically significant. Ns, not significant.

cavity during the first month after the primary vaccination against
SARS-CoV-2 (Figures 1D and 1E). For 19 healthy participants
vaccinated with BNT162b2 (Table S1 for detailed information),
high amounts of anti-S1 IgG Abs (in 10 of the 19 participants)
were detectable in the saliva at day 21, whereas the other 9
showed only low anti-S1 IgG titers. The Ab response further
increased in all participants until day 28, 7 days after administra-
tion of the second dose of the vaccine (Figure 1D). That was in
line with the induction of serum anti-SARS-CoV-2 S IgG (Fig-
ure 1F). No significant induction of anti-S1 or anti-S3 IgA at the

1868 Cell Host & Microbe 37, 1866-1881, November 8, 2023

mucosal surfaces was observed, although anti-S1 IgA was pre-
sent in the serum (Figures 1E, 1F, and S1B). Thus, in agreement
with a previous report,®® vaccination with BNT162b2 induced
anti-S IgG Abs in the oral cavity, starting from day 21 after the
initial vaccine dose.

Since vaccination induced the secretion of anti-S Abs into the
oral cavity, we next evaluated whether the profile of bacterial
coating with salivary Abs changes during vaccination. We
observed high coating of oral microbiota by secreted IgA and
IgG Abs (Figure 1G). Noteworthy, most of the bacteria were
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Figure 2. Oral microbiota composition during first month of BNT162b2 vaccination
(A-C) Richness of microbiota composition during the course of BNT162b2 vaccination.
(D) Principal-component analysis (PCA) of salivary microbiota at days 0 and 28 of BNT162b2 vaccination.

(legend continued on next page)
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bound by both IgA and IgG Abs (Figures 1G and 1H). Further
analysis at various time points after vaccination revealed
increased frequencies of IgG*IgA* bacteria in the saliva at day
21 after vaccination, the time point when significant anti-S Ab re-
sponses had developed (Figure 1D). To analyze the impact of
vaccination-induced anti-S IgG Abs on the bacterial composi-
tion, we compared salivary microbiota before and after vaccina-
tion in 19 individuals. The overall diversity (Chao1, Simpson, and
Shannon indexes) of the oral microbiota did not change following
vaccination (Figures 2A-2C). However, the composition of mi-
crobiota at day 0 and day 28 after primary dose clustered sepa-
rately, as revealed by principal-component analysis (PCA) (Fig-
ure 2D). Since the salivary microbiota is characterized by not
only high inter-individual variability but also high intra-individual
stability,>**® we checked whether the observed differences
were due to the regular fluctuation of microbiota by following
oral microbiota composition after vaccination (Figure S2).
Changes in the composition of salivary microbiota were
observed starting from day 21 after primary vaccination, corre-
lating with the induction of salivary anti-S Ab responses
(Figures 1D and S1B), but not before, further suggesting that
compositional changes of the oral microbiota can be influenced
by anti-S Abs. Subsequent comparison of oral microbiota
composition by linear discriminant analyses (LDAs) combined
with effect size measurements (LEfSe) at day 0 and day 28
showed that Streptococcaceae and Enterococcaceae families
were enriched in the oral microbiota at day 28, whereas Micro-
coccaceae and Fusobacteriaceae family members were
reduced, respectively (Figure S2A). At the genus level, LEfSe
analysis revealed that at day 28, Turicella, Nesterenkonia, Es-
cherichia/Shigella, Pillibacter, Lachnoanaerobaculum, Selemo-
nas, and Streptococcus were enriched at day 28, whereas
Rothia, Fusobacterium, Morococcus, and Cetobacterium were
found to be diminished at day 28 (Figure 2E). When following
relative abundances of bacterial genera identified by LEfSe
over time after vaccination, we observed an increase of Selemo-
nas (in 16 of the 19 participants), Pillibacter (in 14 of the 19), and
Streptococcus (in 14 of the 19: from 8.8% + 3.0% at day O till
12.1% = 5.3% at day 28) (Figure 2F). A reduction in Fusobacte-
rium (in 14 of the 19) occurred only on day 28 after primary vacci-
nation (Figure 2G). Changes in Rothia and Escherichia/Shigella
genera were not statistically significant (Figures S2B and S2C).
In view of the high LDA score of Streptococci (Figure 2E), further
classification of Streptococcus genera showed that frequencies
of Streptococcus salivarius, but not Streptococcus australius,
were significantly increased in the oral cavity at day 28 after
vaccination, in 14 of the 19 participants (means of S. salivarius
at days 0 and day 28 were 0.8% + 0.4% and 1.8% + 1.5%) (Fig-
ure 2H). To further verify the increase of S. salivarius, we have
defined Streptococci species during vaccination by minimal en-
tropy decomposition approach.®” Only oligotypes correspond-

Cell Host & Microbe

ing to S. salivarius were increased during the vaccination course
(Figure S38), further suggesting that vaccination correlates with
the S. salivarius abundance in the oral cavity. Next, we per-
formed correlation analysis of S. salivarius abundance with
anti-S Ab levels. Although no correlation was observed between
S. salivarius and virus-neutralizing capacity neither at day 0 nor
day 28 (Figures S4A and S4B), levels of this bacteria correlated
with the levels of both anti-S1 IgG and anti-S1 IgA (Fig-
ures S4C-S4F), suggesting that both neutralizing and non-
neutralizing anti-S Abs may have an impact on the enhanced
presence of S. salivarius.

To further address whether such changes might be attributed to
the temporal changesinthe microbiota, we have analyzed publicly
available datasets evaluating the salivary bacterial composition
during 1 month.*®*° We did not observe any differences in Strep-
tococcus abundance in those studies, further indicating that such
changes are associated with vaccination (Figure S5A). We have
previously reported that rheumatoid arthritis (RA) patients do not
develop salivary anti-S Abs during the first month after immuniza-
tion.*° Thus, we next analyzed the salivary microbiota in RA pa-
tients during vaccination (Figure S5B). Consistent with the lack
of salivary anti-S Abs, Streptococcus abundance in RA patients
did not change during the first 28 days after vaccination (Fig-
ure S5B; Table S2). Finally, the S. salivarius abundance was similar
between healthy individuals at day 28 and subjects from an inde-
pendent cohort recruited several months after vaccination, sug-
gesting atemporal effecton the S. salivarius increase during vacci-
nation (Figure S5C; Table S3). Of note, such temporal oral
microbiota fluctuations were not associated with any clinically
relevant observations in the participants, despite some reported
cases of diarrhea associated with vaccination.*' Altogether, these
data further support a link between oral anti-S Abs and changes in
the microbiota composition.

Participants differed in their salivary anti-S1 IgG levels at day
21 after vaccination (Figure 1D), and their salivary Ab response
correlated with serum anti-S levels (Figure S6A). We therefore
divided them into “high” (anti-S1 1gG: 60.5% =+ 55%) and
“low” (anti-S1 1gG: 9.0% =+ 5.1%) responders in terms of
anti-S 1gG titers and compared their oral bacterial composition
(Figures S6B-S6E). LEfSe analysis between these two sub-
groups revealed decreased Olsenella and Peptostreptococca-
ceae_insertae_sedis and enhanced abundances of Solobacte-
rium and Pseudomonas in low responders (Figures S6C and
S6E). None of these bacterial genera, except Solobacterium,
were significantly affected during the course of vaccination (Fig-
ure S6D). This finding indicates that the observed increase in
Streptococci during vaccination was not primarily influenced
by the levels of salivary anti-S IgG responses but rather associ-
ated with the generation and secretion of such Abs.

Since the intestine is an organ densely populated with
commensal microbiota,’ we next analyzed whether vaccination

(E) LDA scores of genera of salivary microbiota at day 0 and at day 28 of BNT162b2 vaccination. Linear discriminant analysis (LDA) combined with effect size
measurements (LEfSe) was performed for 16S rRNA datasets obtained from saliva of vaccinated individuals. A p value of <0.05 was considered significant in

Kruskal-Wallis test, and respective genera were depicted.

(F and G) Relative abundances of Selenomonas, Fusobacterium, Pilibacter, and Streptococcus during BNT162b2 vaccination.
(H) Relative abundancy of S. salivarius and S. australis in the saliva during BNT162b2 vaccination.
Each dot represents one participant. Friedman test with Dunn’s multiple comparisons (A-C and F-H) was used. p < 0.05 were considered statistically significant.

Ns, not significant.
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Figure 3. Neutralizing anti-RBD antibodies recognize distinct commensal bacteria

(A) Representative dot plots of human fecal microbiota stained with neutralizing anti-RBD antibody raised in rabbit. Left plot shows the binding of secondary anti-
rabbit IgG-Alexa 647 antibody.

(B) Representative dot plots of microbiota stained with monoclonal neutralizing anti-RBD antibodies derived from COVID-19 patients (HK CV38-113 and HK
CV07-287 clones). Left plot shows the binding of secondary anti-human IgG-Alexa 647 antibody.

(legend continued on next page)
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also impacted the fecal microbiota composition throughout the
first month after vaccination. We neither observed any significant
induction of anti-S-SARS-CoV-2 IgA responses during the
28 days after primary vaccination (Figure S7A), nor changes in
microbial diversity (Chao1, Simpson, and Shannon indexes) (Fig-
ure S7B; data not shown). Subsequent LEfSe analysis revealed
that three bacterial families, Leptotrichiaceae, Xanthomonoda-
ceae, and Succinivibrionaceae, and 5 respective genera, Snea-
thia, Anaerotruncus, Herbaspirillum, Succinivibrio, and Stenotro-
phomonas, were changed in the fecal microbiota between days
0 and 28 after the primary vaccine dose (Figures S7C-S7G).
Notably, these bacterial families represent minor (relative abun-
dance less than 0.1%) members of the microbial community of
the gut. Thus, vaccination did not detectably affect fecal micro-
biota composition in the time window studied here. Altogether,
the oral, but not fecal, microbiota composition exhibited distinct
changes during the first month after the application of the initial
dose of the vaccine that was associated with the secretion of
anti-S-SARS-CoV-2 IgG Abs into the saliva.

Anti-S Abs recognize various microbial species via
molecular mimicry

The temporal microbiota composition in the oral cavity is rela-
tively stable, but it still exhibits some degree of fluctuation over
time.®*°% Given that changes in the composition of salivary mi-
crobiota upon vaccination did correlate in time with the induction
of anti-S-SARS-CoV-2 Abs, we hypothesized that S specific Abs
might bind to distinct commensal bacteria and influence their
abundance. To test this hypothesis, we stained the fecal micro-
biota of healthy, non-vaccinated individuals (Table S4 for detailed
information) with neutralizing Abs specific for the RBD of the S
protein of SARS-CoV-2 (Figures 3A-3C) that were either gener-
ated by immunizing rabbits or were cloned from hospitalized
COVID-19 patients.*” The rabbit Ab and 13 of the 15 human
monoclonal neutralizing Abs tested bound to distinct commensal
bacteria. The two monoclonal Abs without binding activity were
used as isotype controls heavy kappa (HK) CV07-287 and heavy
lambda (HL) (CV07-250; Figure 3C). Co-staining of microbiota
with rabbit and human monoclonal Abs revealed that different
Abs specific for RBD may recognize similar bacteria (Figure S8A),
indicating that the bound bacteria may express surface antigens
mimicking the RBD of SARS-CoV-2.

To identify the bacterial genera bound by the anti-RBD Abs, we
isolated those bacteria by fluorescence-activated cell sorting
(FACS) and determined their 16S ribosomal DNA (rDNA) genotype
(Figure 3D). Bacteria that had been labeled by the secondary Abs
(anti-human IgG and anti-rabbit IgG) were excluded from the anal-
ysis (File S1). We could identify several bacterial genera recog-
nized by one or more of the anti-RBD Abs (Figure 3E; File S1).

Cell Host & Microbe

The monoclonal human anti-RBD Abs showed specific reactivity
toward Streptococcus, Escherichia, Bifidobacteria, and others
(Figure 3E). Genera identified differed among various donors (Fig-
ure 3E), highlighting the inter-individual diversity of the microbiota
and showing that the anti-RBD Abs tested could bind to several
distinct bacterial genera. The binding of the anti-RBD IgG Abs to
the microbiota was distinct, as far as it differed from that of the sec-
ondary anti-lgG Abs used (File S1), and from the binding pattern of
a non-autoreactive, non-RBD specific human HK mGO53 1gG
Ab”*? (Figure S8B; File S1). In addition to that, 3 S (non-S1) binding,
non-neutralizing Abs (HL CV03-163, HL CV03-177, and HL CV05-
115) were analyzed for their reactivity to the microbiota. Only HL
CV03-177 showed binding to the microbiota (Figures S9A and
S9B). Further 16S sequencing revealed the distinct, non-overlap-
ping pattern of bacteria identified by neutralizing, RBD-specific
Abs (File S1). To further analyze the non-specific binding of Abs,
we have selected clonally related anti-RBD Abs that differed
only by one amino acid in their heavy-chain complementarity-
determining region 3 (CDRHB3) region (Figure S10A) and analyzed
their binding to the microbiota. Single amino acid substitution of
CDRH3 affected the binding to microbiota, further arguing for spe-
cific recognition of at least cloned bacterial strains (Figure S10B).
We concluded that neutralizing anti-RBD Abs can bind to distinct
bacterial species of the microbiome.

To identify the bacterial molecular mimics recognized by the
anti-RBD Abs, we isolated bacteria binding to such Abs from
the fecal microbiota of eight healthy donors by FACS and culti-
vated them in selective bacterial media under anaerobic culture
conditions. Individual bacterial colonies were identified accord-
ing to their 16S rDNA sequences (Figures 3D and 3F). Consis-
tently with 16S sequencing data (Figure 3E; File S1), two Bacilli
species, three Streptococcus species, two Bifidobacterium spe-
cies, two Enterococcus species, as well as Veillonella parvula and
Acidaminococcus intestinalis were identified (Figure 3F). Staining
of cultured bacteria confirmed their recognition by anti-RBD Abs
(Figures S11A and S11B). Interestingly, S. salivarius that was
found to be increased in the oral cavity of vaccinated humans
was recognized by three of the monoclonal Abs tested and the
rabbit anti-RBD Abs (Figures 3F and S10C). A probiotic strain of
S. salivarius K12 (Bactoblis), was also recognized by the rabbit
anti-RBD Abs (Figure S11A). Of note, some bacterial cultures
showed only partial staining with anti-RBD Abs, probably reflect-
ing the heterogeneity of bacteria during growth or community-
dependent variability in gene expression (Figure S11).

Induction of cross-reactive anti-S Abs by commensal
microbiota strains

Having identified distinct bacterial mimics of RBD, we next
investigated whether the bacteria expressing these proteins

(C) Frequencies of bacteria bound by human neutralizing anti-RBD antibodies and one derived from rabbit toward microbiota from healthy individuals. Fecal
microbiota from 5 healthy donors were stained with 15 monoclonal anti-RBD antibodies from COVID-19 patients or anti-rabbit RBD, followed by respective
secondary fluorochrome-coupled antibodies. Bound bacterial fraction was defined via comparison of stained sample with sample stained only with secondary

antibody.

(D) Strategy for the identification of bacteria that are bound by anti-RBD antibodies.
(E) Relative abundance of selected bacterial genera in sorted bacterial fractions from healthy individuals (HC) bound by respective anti-RBD antibodies. 16S rRNA
V3-V4 region of sorted bacteria was sequenced and annotated to corresponding bacteria. Abundance was calculated in relation to the number of total reads.

Genera with abundance higher than 0.1% were further selected.

(F) List of cloned bacteria isolated based on the binding to anti-RBD antibodies.
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could induce a cross-reactive anti-RBD Ab response in vivo. We
focused on S. salivarius and B. pseudocatenulatum, taking into
account that S. salivarius is increased in humans after the first
month upon vaccination (Figure 2H) and on B. pseudocatenula-
tum abundance which inversely correlates with the development
of the post-COVID-19 acute syndrome.** Considering that these
bacteria can be normal constituents of the microbiota, we fed
C57BL/6 mice by oral gavage with S. salivarius K12 or
B. pseudocatenulatum to test whether a cross-reactive IgA
response would be induced. Within 21 days, fecal IgA reactive
to RBD was detectable in mice fed with both S. salivarius K12
and B. pseudocatenulatum (Figure 4A). Fecal supernatants
also inhibited binding of RBD to ACE2, indicating that those
RBD Abs had neutralizing capacity (Figure 4B).

We next mapped the epitopes of the S SARS-CoV-2
protein, recognized by the IgA Abs that were induced by oral sup-
plementation of mice with the bacteria. Of the 564 peptides repre-
senting the S protein of SARS-CoV-2, IgA induced by both
B. pseudocatenulatum and S. salivarius K12 recognized the pep-
tide sequence GFNCYFPLQSYGFQPTNGV (Figures 4C and
S12A). Indeed, the peptide recognition motifs of rabbit anti-RBD
and human HL CV07-200 anti-RBD Abs included this sequence
in their receptor-binding motif (RBM) epitope (Figures S12B-
S12D). This peptide corresponds to the RBM of RBD, in line with
the ACE2-RBD inhibition data (Figure 4B), and has homology to
reference standard sequence library (RSSL)-01370 of S. salivarius
K12 (Figures S12E-S12G). These data show that oral supplemen-

WB: anti-His Tag
Detection: anti-mouse IgG HRP

tation of mice with S. salivarius K12 and B. pseudocatenulatum can
induce Abs cross-reactive to the RBM of the S protein of SARS-
CoV-2 in mice in vivo.

Western blot analysis of bacterial lysates revealed that rabbit
anti-RBD Abs and the human anti-RBD IgG Ab HL CV07-200
recognize discrete proteins of S. salivarius and B. pseudocate-
nulatum (Figures 4D and S13A-S13C). We identified the
S. salivarius protein by mass-spectrometry as the uncharacter-
ized protein RSSL-01370, putative dextransucrase (Table S5).*°
We confirmed the binding of RSSL-01370 from S. salivarius
K12 to anti-RBD Abs, by cloning the encoding gene in E. coli
and detecting this recombinant protein with the anti-RBD Abs
(Figure 4E). Taken together, these data demonstrate that
distinct commensal microbiota expresses proteins that selec-
tively mimic RBD and that are recognized by neutralizing anti-
RBD Abs.

To further show that RSSL-01370 can induce anti-RBD Abs,
mice were immunized with purified RSSL-01370. Consistently,
RSSL-01370 immunization induced anti-RBD and anti-S1 1gG
Abs in the serum, indicating that this bacterial protein can induce
cross-reactive Abs against the S of SARS-CoV-2 (Figure 5A).
Further cloning of Abs from RSSL-01370 immunized mice re-
vealed the presence of Abs that neutralize S-pseudotyped
lentivirus entry into ACE2-expressing 293 T cells, albeit at
higher concentrations than Abs isolated from COVID-19
patients (Figures 5B and S14). Thus, RSSL-01370 protein from
S. salivarius can induce neutralizing anti-S Abs.
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Figure 5. Inhibition of SARS-CoV-2 infection by cross-reactive anti-Spike antibodies elicited by commensal bacteria

(A) Sera anti-RBD and anti-S1 IgG levels in mice immunized with purified RSSL-01370 protein.

(B) Inhibition of S-pseudotyped lentivirus entry to ACE2 expressing 293 T cells by monoclonal antibodies.

(C) Inhibition of S-pseudotyped lentivirus entry to ACE2 expressing 293 T cells by serum from mice immunized either with S. salivarius or S. salivarius/

B. pseudocanulatum/B. longum.

(D) Weight loss of K18-hACE2 Tg mice immunized either with bacteria or with CoviVac (at days 0 and 14) and infected with 10* TCID B1.1 SARS-CoV-2 (day 21).
(E) NCP protein staining of lung from B1.1 SARS-CoV-2 infected K18-hACE2 Tg mice at day 7 post-infection. Scale bar represents 200 pm.
(F) Intensity of NCP protein staining in the lungs of B1.1 SARS-CoV-2 infected K18-hACE2 Tg mice at day 7 post infection.

(G) Sera anti-S. salivarius 1gG levels in mice immunized with bacteria or with CoviVac. Data in (B) and (D) are shown as mean + SD, in (A), (C), (D),

F), and (G) as

(
individual dots and median. Mann-Whitney test was used in (A) and (C). Kruskal-Wallis test with Dunn’s multiple comparisons was used for (D), (F), and (G).

p < 0.05 were considered statistically significant. ns, not significant.

To further test the in vivo relevance of bacteria-induced Ab re-
sponses on viral clearance, we immunized C57BL/6 mice
either with S. salivarius K12 alone or in combination with
B. pseudocatenulatum and B. longum. We noted that mice
vaccinated with the bacterial mixture showed a higher capability
to inhibit infection of ACE2-293 T cells with S-pseudotyped virus
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(Figure 5C). Thus, we next immunized K18-hACE2 Tg mice with
the bacterial mixture and infected them with 10* tissue-culture
infectious dose (TCID) B1.1 SARS-CoV-2 intranasally 3 weeks
later. Mice immunized with whole-virion inactivated SARS-
CoV-2 (CoviVac) emulsified in alum were used as control.®
Although bacteria-treated mice did not show any significant
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Figure 6. Induction of cross-reactive anti-RBD SARS-CoV-2 response by Streptococcus salivarius K12 in vaccinated humans

(A) Absolute values (top) and relative increase (bottom) of salivary anti-S1 IgG and IgA levels after oral S. salivarius K12 supplementation for 2 weeks. Area under
the curve (AUC) was calculated for each sample. Relative increase was calculated as following: AUC(day 14)/AUC(day 0)*100.

(B and C) Absolute values (top) and relative increase (bottom) of salivary anti-B1.1.529 RBD IgG (B) and anti-RBMygo_496 (C) I9G by oral S. salivarius K12 sup-
plementation for 2 weeks. Binding was assessed by ELISA using serial dilutions of saliva. Area under the curve (AUC) was calculated for each sample. Relative
increase was calculated by the following formula: relative increase = AUC(day 14)/AUC(day 0) * 100.

(D) Serum anti-S1 1gG and IgA levels after oral S. salivarius K12 supplementation for 2 weeks. Each dot represents one participant. Wilcoxon matched-pairs
signed rank test was used for (A)-(D). p < 0.05 were considered statistically significant. ns, not significant.

amelioration of overall disease (Figure 5D), virus clearance from
the lungs was accelerated (Figures 5E and 5F), suggesting that
cross-reactive Abs contribute to the viral clearance in vivo.
Finally, mice immunized with CoviVac also produced IgG Abs re-
acting to S. salivarius (Figure 5G), further highlighting the cross-
reactivity between anti-viral immune responses and certain bac-
terial strains.

We next analyzed whether oral supplementation of humans
with the probiotic S. salivarius K12 affects the nasopharyngeal
S-specific Ab levels in vaccinated individuals. To this end, fully
vaccinated individuals who had their last vaccination at least

3 months prior to enroliment in this study were supplemented
orally with 107 colony-forming unit (CFU) of S. salivarius K12 daily
for 2 weeks (Table S6 for detailed information on the cohort).
Their salivary and serum anti-S Ab levels were compared before
supplementation and 2 weeks later. Within 2 weeks, S. salivarius
K12 supplementation induced a significant increase in anti-S1
IgG responses in the saliva of 13 of the 19 probands (day 0:
8.5 + 12.1 vs. day 14: 28.5 + 48.8), an increase that was not
observed in the control group (Figure 6A). Importantly, we
also observed increased reactivity toward the RBD of the
Omicron/B1.1.529 variant of SARS-CoV-2 (day 0: 2.8 + 5.8 vs.
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Figure 7. Cross-reactive anti-RBD IgA antibodies in non-vaccinated individuals recognize commensal bacteria

(A) Correlation of the levels of salivary anti-S1 IgA with the age in healthy individuals.

(B) Mean fluorescent intensity of IgA1 and IgA2 coating of various bacterial strains using saliva from donors who had anti-RBD IgA (HC-RBD-IgA*) and those who
did not (HC-RBD-IgA™) in their saliva. Spearman correlation was quantified in (A). Unpaired t test was used for (B). Each dot represents one participant. p < 0.05

were considered statistically significant. ns, not significant.

day 14: 6.7 + 8.5) (Figure 6B). Consistent with the homology be-
tween RSSL-01370 and the RBMygg_496 peptide (Figure S12E),
S. salivarius K12 supplementation also increased titers of sali-
vary IgG Abs against RBMygg_496 (day 0: 9.0 + 10.37 vs. day
14: 17.6 = 18.4) (Figure 6C). Eight of the 19 K12-treated partici-
pants also exhibited an increase in salivary S1-specific IgA
(day 0: 17.6 + 13.2 vs. day 14: 26.4 + 23.2), but the difference
did not reach statistical significance (Figure 6A). Serum anti-S
IgG and IgA titers were also not significantly affected by K12 sup-
plementation (Figure 6D). These data indicate that oral supple-
mentation with S. salivarius K12 can stabilize and increase the
concentration of S-specific IgG Abs in the oral cavity of
BNT162b2 vaccinated humans within 2 weeks.

Since S. salivarius is a commensal bacterium that colonizes the
oral cavity and may induce local IgA responses there by itself, we
next assessed the relation of cross-reactive RBD-specific IgA Abs
and the age in the saliva of healthy individuals before vaccination
(Table S1; participants at day 0 of vaccination study) and found
that the magnitude of the S1-binding IgA responses in the saliva
negatively correlated with the age of the donors (Figure 7A). We
then addressed whether salivary IgA Abs cross-reacting to
RBD would also recognize S. salivarius in unvaccinated individ-
uals (Table S7). For this, S. salivarius, B. pseudocatenulatum,
and B. subtilis were incubated with saliva from unexposed, unvac-
cinated humans who exhibited RBD-reactive IgA (healthy controls
[HC]-RBD-IgA). We found that the saliva from HC-RBD-IgA posi-
tive, but not from negative, individuals contained IgA2 recognizing
S. salivarius and B. pseudocatenulatum (Figure 7B). These data
show that RBD-reactive IgA2 can be induced by these bacteria
in unexposed, unvaccinated individuals.

To address whether RBD-reactive IgA can be modulated in
unvaccinated humans, we supplemented unvaccinated humans
with probiotic S. salivarius K12 (Figures S15A-S15D). In this
setting, 2 weeks of supplementation did not induce any signifi-
cant anti-S1 IgA salivary Ab responses. In addition, anti-S1 IgG
was not detected in these participants, consistent with
their vaccination status (Figure S15A; data not shown). Further
analysis of the oral microbiota composition showed that
S. salivarius K12 reduced the abundance of Actinomyces and
Selemonas genera when compared with individuals of an un-
treated group (Figures S15A-S15D). Thus, S. salivarius K12 sup-
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plementation affected the levels of anti-S IgG only in vaccinated
individuals (Figure 6).

DISCUSSION

The microbiota composition influences the efficiency of vaccina-
tion via innate sensing of microbiota by pattern recognition re-
ceptors, modulation of antigen presentation by antigen-present-
ing cells, immunomodulatory effects of bacterial metabolites,
and cross-reactive T and B cell responses.”” In particular, the
nasopharyngeal microbiota may contribute to the protection of
the host from infection with pathogenic airborne viruses, here
SARS-CoV-2, via modulating the ACE2 receptor expression,*®
induction of tonic type | IFN responses,*® and via tuning of sys-
temic and mucosal transforming growth factor (TGF)-B1 levels,
with TGF-B1 controlling Ab class switch recombination to IgA1
and IgA2.°°°" It is also evident that bacteria of the microbiota
provide a vast repertoire of potential molecular mimics for the
mucosal immune system, which may provide cross-reactive,
pre-existing mucosal immunity against pathogens. Thus,
commensal bacteria may contribute to the highly variable sus-
ceptibility of humans toward infection with the pathogen. Here,
we show that, on one hand, BNT162b2 vaccination supports
the persistence of the commensal S. salivarius in the oral cavity,
and on the other hand, oral supplementation of S. salivarius
enhanced anti-S Abs in the oral cavity. Such interaction between
vaccine-induced Abs and commensal bacterium occurs via mo-
lecular mimicry between S protein and RSSL-01370 protein of
S. salivarius and thereby may provide a further line of protection
upon SARS-CoV-2 infection. Thus, we describe the mutual regu-
lation of anti-viral Ab responses and commensal microbiota via
molecular mimicry in the context of SARS-CoV-2.
Ab-microbiota interactions at the mucosal surfaces may
either result in the depletion of targeted bacteria'® or in facili-
tating their persistence.” Here, we observe that a SARS-CoV-
2 S-expressing vaccine induces salivary Abs correlating with
the expansion of certain strains of Streptococci, including
S. salivarius, in line with the notion that vaccine-triggered
Abs may help these commensals to persist in the oral
cavity. Interestingly, although monoclonal anti-RBD Abs showed
quite broad binding toward intestinal microbiota (Figure 3E),
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vaccination-elicited salivary Abs did not induce significant
changes in the composition of the oral microbiota but rather pro-
moted the growth of beneficial probiotic bacteria. This work re-
veals the existence of such cross-reactive Abs against both
the RBD of SARS-CoV-2 S protein and distinct bacterial peptide
mimics, including those of S. salivarius and B. pseudocatenula-
tum. Additional oral supplementation of vaccinated people with
the probiotic S. salivarius K12 also enhanced the levels of
anti-S Abs in the oral cavity. Altogether, these data demonstrate
antigen-specific interactions of commensal bacteria and salivary
Abs, and in the case of S. salivarius and RBD-specific, cross-
reactive Abs, a positive regulatory feedback loop. A limitation
of this study is the short period of analysis after vaccination
and the small cohort size. Additional studies with longer obser-
vation periods and more participants are needed to determine
the persistence of this microbiota-Ab crosstalk in the long run.

Bacterial mimics of SARS-CoV-2 S RBD, enhancing a neutral-
izing mucosal Ab response, are supported by similar observa-
tions reported earlier for the HIV-1 virus. In that case, gp41-
and gp120-reactive Abs showed cross-reactivity against distinct
mimics of microbiota.’*?>** In contrast to the SARS-CoV-2 S
protein, microbiota-induced gp41-reactive Abs diverted the Ab
response generated by Env vaccination from neutralizing to
non-neutralizing epitopes on HIV-1 Env.?® Thus, it will be impor-
tant to understand why microbial mimics support or deviate pro-
tective immune responses.

In case of the SARS-CoV-2 S protein, we observed a positive
correlation of certain bacteria with preexisting anti-RBD IgA Abs
in healthy, unexposed subjects, and oral supplementation with
S. salivarius and B. pseudocatenulatum induced such cross-
reactive Abs in mice. Such preexisting IgA Abs can be explained
by the previous exposure of related coronaviruses in humans or
the presence of certain bacteria strains in humans, but not in
mice. 16S rRNA sequencing of C57BL/6 fecal microbiota further
supported the lack of S. salivarius and Bifidobacteria in these
mice (data not shown) and further introduction of these bacteria
elicited intestinal IgA response in mice. At the same time, both
vaccinated and non-vaccinated did not show further amplifica-
tion of IgA response (Figures 7 and S15). Further suggesting
that de novo induction of RBD-reactive IgA and increase in
RBD-specific IgG may occur by the colonization of the bacteria,
but the contribution of related coronaviruses in the induction of
cross-reactive IgAs cannot be excluded at this point. Further ex-
periments are needed to address this question in detail.

Since the pre-existing, cross-reactive Abs are found only in the
salivary and intestinal mucosa, but not in the blood, it is unlikely
that systemic immune reactions are induced or that the trans-
epithelial transport of systemic Abs is significantly affected.
Indeed, our analysis of total Ig levels did not reveal any significant
changes upon S. salivarius K12 administration (data not shown).
It appears to be a flexible reaction of the local mucosal immune
cells, including the induction of short-lived plasma cells.
Interestingly, introduction of K12 into mice induced anti-S re-
sponses, whereas K12 administration in humans, who harbor
S. salivarius as commensal, did not significantly increase
S-specific IgA in the saliva. By contrast, vaccinated persons sup-
plemented with S. salivarius showed the enhanced presence of
salivary anti-S1 IgG Abs. Whether these IgG Abs are produced
by sort-or long-lived plasma cells, and whether in this case

¢ CellP’ress

trans-epithelial transport is affected, remains to be shown.
Considering that such an increase has been observed not only
for wild-type (WT) S but also for omicron RBD and sequence-
related RBD of human coronavirus HKU1, but not for
sequence-unrelated NL63 RBD (Figure 6; data not shown), it is
conceivable that the induction of such Abs may happen locally
at the mucosal surfaces via low-affinity interactions. Thus, it
would be interesting to evaluate in the future the secreted and
systemic Ab repertoire that can be shaped via molecular mim-
icry. To what extent these modulations of neutralizing salivary
anti-RBD Ab concentrations protect from infection and disease
remains to be shown. We have found that RSSL-01370 of
S. salivarius can induce both non-neutralizing and neutralizing
Abs against S and subsequently promote viral clearance in vivo
in an animal model. Two additional studies addressed the impact
of S. salivarius K12 on COVID-19. In one study, K12 supplemen-
tation reduced the incidence of COVID-19 in children during
30 days of K12 supplementation.®* Another study observed an
amelioration of severe COVID-19 in patients treated with S. sal-
ivarius K12.%° Thus, S. salivarius K12 may promote viral clear-
ance, but larger clinical studies are required in order to provide
more substantial evidence for this.

Apart from host-intrinsic factors, the initial virus load may
affect disease outcome and severity,°®°” and there is increasing
evidence of microbiota changes during severe COVID-19,%%°°
suggesting that the microbiota composition may be a risk factor
for the development of severe disease as well.”®°° The data are
conflicting in terms of the genera associated with disease
severity, which is probably due to the heterogeneity of the pa-
tient cohorts and differences in treatment. Acommon denomina-
tor is that acute COVID-19 is associated with the prevalence of
opportunistic bacteria and depletion of immunomodulatory bac-
teria.®® For instance, a distinct oropharyngeal microbiota
composition in the COVID-19 patients, characterized by enrich-
ment of opportunistic pathogens such as Veillonella and Mega-
sphaera and depletion of Pseudopropionibacterium, Rothia,
and Streptococcus®' as well as increased ratios of Klebsiella,
Acinetobacter, and Serratia correlate with disease severity.®’
Another study revealed that several Streptococci species were
depleted in patients with severe disease, which was character-
ized by high levels of Mycoplasma salivarium and lower anti-S
IgG levels in the bronchoalveolar lavage fluid.®? Further compar-
ison of oral microbiota during COVID-19 in unvaccinated and
vaccinated individuals showed enrichment of opportunistic bac-
terial species, including S. pneumoniae and E. coli in unvacci-
nated patients, whereas vaccinated individuals showed
enhanced the presence of S. salivarius and fewer opportunistic
species.®® Finally, a longitudinal assessment of the oral micro-
biota composition after COVID-19 infection revealed that Strep-
tococcus disappeared initially during COVID-19 infection but
again reappeared after 1 year.®* Our data on the salivary micro-
biota during COVID-19 confirm the depletion of Streptococcus
during severe COVID-19 (Figure S16; Table S8). Altogether,
these data suggest that both viral and microbiota composition
may fuel severity of COVID-19.

Earlier reports have described generic fecal microbiota signa-
tures associated with the development of high anti-S Ab titers
upon vaccination and with S. salivarius being described as posi-
tively impacting the titers of neutralizing Abs in the blood of
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individuals with a high body-mass index.®® The presence of other
bacteria was reported to correlate with the levels of systemic Ab
titers induced by vaccination.®® The mechanisms of action have
been obscure. Here, we demonstrate that distinct bacteria, such
as S. salivarius, impact on the local presence of SARS-CoV-2-
specific Abs in the oral cavity selectively, by the expression of
molecular mimics of the RBD of the SARS-CoV-2 S protein.
Since we have not seen changes in the general composition of
fecal microbiota upon vaccination, those changes in bacterial
composition identified by Ng and colleagues most likely function
in a so far not deciphered, generic way.®® Another study also re-
vealed vaccination-induced changes of the oral microbiome.®®
Unfortunately, however, S-specific Ab responses were not
analyzed in that study, and the mechanisms involved remained
obscure.

Insummary, we here provide the first evidence that distinct bac-
teria of the microbiota of the oro-nasopharyngeal tract contribute
to the regulation of mucosalimmunity to SARS-CoV-2 by means of
their molecular mimicry of the RBD of the SARS-CoV-2 S protein
and that they support the persistence of salivary immunity.
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SARS-CoV-2 Nucleocapsid His Protein, CF

SARS-CoV-2 Spike RBD protein
(flag-his) (Omicron/B.1.1.529)
RBD peptide (RBD4go-496:
CNGVEGFNCYFPLQSYG)

Recombinant SARS-CoV-2 S Protein
RBD-Fc Chimera (carrier-free)

Fixable Viability Dye eFluor 450

ACE2 protein

Biotinylated RBD

Protease inhibitors cocktail

glass beads

non-fat milk

SuperSignal West Fempto Maximum Sensitivity
Trypsin (Trypsin Gold, Mass Spectrometry Grade)
2,5-dihydroxybenzoic acid

Ampicillin

Polyethylene glycol

HAT Media Supplement (50 %) Hybri-Max

Rapidozym GmbH
Thermo Fisher Scientific
Beckman Coulter Life Science
Thermo Fisher Scientific
BD Biosciences
Biosciences

Invitrogen

Sigma

Thermo Fisher Scientific
Roth

MP Biomedicals

MP Biomedicals

DSMZ

Invitrogen

New England BiolLabs
New England BioLabs
This paper

Thermo Fisher Scientific
Genway

Jackson ImmunoResearch
Sigma-Aldrich
Invitrogen

Invitrogen
Sigma-Aldrich

Roth

R&D

Sino biological

R&D
SanyouBio

Eurogentek

BioLegend

Invitrogen

Southern Biotech
Miltenyi Biotec

Roche

MP Biomedicals

Roth

Thermo Fisher scientific
Promega
Sigma-Aldrich

Thermo Fisher scientific
Sigma-Aldrich
Sigma-Aldrich

Cat. No. GEN-003-1000
Cat. No. R0O192

Cat. No. A63881

Cat. No. 62249

Cat. No. 559123

Cat. No. 345249

Cat. No. 46-2224
Cat. No. 53286-100G
Cat. No. 12957138
Cat. No. 5772.1

Cat. No. 113002032
Cat. No. 113012031
www.dsmz.de

Cat. No. 15529019
Cat. No. R0111S

Cat. No. R0146S

N/A

Cat. No. 89964

Cat. No. E04696

Cat. No- 111-606-144
Cat. No. N2770

Cat. No. 88-7324-88
Cat. No. 88-7324-88
Cat. No. 1007161000
Cat. No. 6771.1

Cat. No. 10522-CV
Cat. No. 40592-V08B-100

=3

Cat. No. 10474-CV
Cat. No. PNA055

Cat. No: AS-65619

Cat. No. 793106

Cat. No. 50-112-8817
Cat. No. 2010-01

Cat No: 130-127-457
Cat. No. 11 836 145 001
Cat. No. 6911100
Cat. No. 68514-61-4
Cat No. 34095

Cat. No. V5280

Cat. No. 149357

Cat. No. 11593027
Cat. No. P7181

Cat. No. H0262-10VL
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Alum Thermo Fisher Scientific Cat. No. 77161
Lipofectamine 2000 Thermo Fisher Scientific Cat. No. 11668019

Critical commercial assays

NGS standard sensitivity fragment analysis kit
Nextera XT Index Kit v2 Set C/D

MiSeq Reagent Kit v3 (600 cycle)

NucleoSpin Gel and PCR Clean-up Kit
Quick-DNA™ Fecal/Soil Microbe Miniprep Kit

Peptide microarray multiwell replitope SARS-CoV-2
Spike glycoprotein wild type + mutations

Easy Stool Extraction Device

Agilent

lllumina

lllumina

Macherey-Nagel

Zymo Research

JPT Peptide Technologies GmbH

ALPCO

Cat. No. DF-473-1000

Cat. No. FC-131-2003

Cat. No. MS1023003

Cat. No. 740609.50

Cat. No. D6010

Cat. No. RT-MW-WCPV-S-V02

Cat. No. 30-EZEX-100

Deposited data

Raw sequence data

NCBI Sequence Read Archive (SRA)

Bioproject: PRUNA738291

Experimental models: Cell lines

HEK293T cells
Vero cells
P3X63Ag8.653 myeloma cells

Ferreira-Gomes et al.”®

Kozlovskaya et al.®

ATCC

PMID: 33785765; RRID:CVCL_0063
PMID: 34427172; RRID:CVCL_0574
Cat. No. CRL-1580; RRID:CVCL_4032

Experimental models: Organisms/strains

Hemizygous K18-hACE2 Tg mice (B6.Cg-Tg
(K18-ACE2)2Primn/J) on C57BI/6
genetic background

C57BL/6J

Jackson Laboratory

Jackson Laboratory

JAX #034860, RRID:IMSR_JAX:034860

JAX #000664,
RRID:IMSR_JAX:000664

Oligonucleotides

16S Amplicon PCR Forward Primer 5’-TCgTCggCAg
CgTCAgATgTgTATAAgAgACAgCCTAC
999NggCWgCAg-3’

16S Amplicon PCR Reverse Primer 5’-gTCTCgTggg
CTCggAgATgTgTATAAgAgACAggACTACHVggg
TATCTAATCC-3’

Klindworth et al.”®

Klindworth et al.”®

PMID: 22933715

PMID: 22933715

LPW57 5’-AgTTTgATCCTggCTCAg-3’ Woo et al.®” PMID: 11040945
LPW58 5’-AGgCCCgggAACgTATTCAC-3’ Woo et al.®” PMID: 11040945
Uncharacterised protein RSSL-01370 Forward Primer This paper N/A

5’- CTCCATATgAATTTACCAAGTCACCATACAAggg -'3

Uncharacterised protein RSSL-01370 Reverse Primer This paper N/A

5’- gTggTCgACATTCACTTTTTCAgTTgCTACACC -'3

Recombinant DNA

pPET-21b expression vector Addgene Cat. No. 69741-3

pCG1-SARS-CoV-2-S

Hoffmann et al.”

PMID: 32142651

Software and algorithms

MiSeq Reporter Software
PANDAseq 2.11

Graphpad Prism 9.3.1
FlowJo v10

Mascot MS/MS ion search
Biotools software

lllumina

GitHub

Prism

Tree Star Inc.
Matrix Science
Bruker Daltonik

www.illumina.com
www.github.com
https://www.graphpad.com
www.flowjo.com
www.matrixscience.com

www.bruker.com

ZEN 2.0 Carl Zeiss AG N/A

Other

Easy Stool Extraction Device ALPCO Cat. No. 30-EZEX-100
Agilent Fragment Analyzer 5200 Roche Cat. No. M5310AA
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REAGENT or RESOURCE SOURCE IDENTIFIER

lllumina MySeq 2500 lllumina www.illumina.com
Spectramax plus 384 Molecular devices Cat. No. 5510-236-04
COY anaerobic chamber COQY Lab products www.coylab.com

BD Influx® BD Biosciences www.bdbiosciences.com
FACSCanto Il BD Biosciences www.bdbiosciences.com
MACS Quant 16 Miltenyi Biotec www.miltenyibiotec.com
Microarray scanner Innoscan 710. Innopsys www.innopsys.com
Chemi Doc XRS+ imaging system Bio-Rad Cat. No. 1708265
Ultraflex [l MALDI-ToF-ToF mass spectrometer Bruker Daltonik www.bruker.com
Cryotome MH560 Thermo Fisher Scientific www.assets.thermofisher.com
LSM 880 Carl Zeiss AG N/A

RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Andrey
Kruglov (kruglov@drfz.de).

Materials availability
Plasmids, cell lines and antibodies, bacterial strains generated during the study are available upon request to the lead contact.

Data and code availability
® Microbiota 16S sequencing data have been deposited at NCBI Sequence Read Archive (SRA) and will be publicly available by
the date of publication. Accession numbers are listed in the key resources table. Original western blot images are included in
the manuscript. The DOl is listed in the key resources table. Microscopy data reported in this paper will be shared by the lead
contact upon request.
o No original code has been generated during this study.
® Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Human Donors

Healthy individuals within BNT162b2 vaccination study were consented within the BNT162-01 study (ClinicalTrials.gov Identifier:
NCTO04380701) and informed consent forms are archived as per 162-01 procedures. Table S1 reports median age and sex propor-
tions among the participants. Other individuals participating in this study gave written informed consent according to the approval of
the ethics committee at the Charité University Hospital Berlin (EA4/019/21, EA2/200/21, EA2/010/21, EA2/066/20, EA4/188/20 and
EA2/002/21) and was in compliance with the Declaration of Helsinki. Tables S3, S4, S6, and S7 reports median age, sex proportions
and treatments regimes among the participants. Table S2 reports characteristics of rheumatoid arthritis patients enrolled in the anal-
ysis of oral microbiota after vaccination with the median of age, sex proportions, and medications. Table S8 reports median age, sex
proportions and treatments regimes among the participants suffering from respiratory infections, COVID-19 infection was confirmed
by respective PCR analysis for SARS-CoV-2 RNA. All the participants gave informed consent to participate in the study before tak-
ing part.

Supplementation of healthy individuals with probiotic bacteria

Healthy volunteers were recruited. Inclusion criteria were: full course of vaccination against SARS-CoV-2, with the time after last
vaccination being more than 3 months (Figure 6) or unvaccinated (Figure S15; Table S7). Participants were provided with 50 mg
(107 CFU) of Streptococcus salivarius K12 (Novozin immun; Bluestone pharma) which was taken once per day before sleep. Control
participants were not provided with any additional supplements. Serum and saliva were collected and analyzed for anti-Spike anti-
body titers at day 0 and day 14 of probiotic supplementation. Anti-nucleocapsid IgG titers were measured at day 0 and day 14 of the
study to exclude the exposure of participants to SARS-CoV-2 during the study.

Mice
Hemizygous K18-hACE2 Tg mice (B6.Cg-Tg(K18-ACE2)2Primn/J) on C57BI/6 genetic background were purchased from the Jack-
son Laboratory (JAX #034860, RRID:IMSR_JAX:034860). Wild type C57BI/6 mice were acquired from the Pushchino Animal Breeding
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Facility (Branch of the Shemyakin and Ovchinnikov Institute of Bioorganic Chemistry, Russian Academy of Sciences). All animals
were maintained under SPF conditions at the Center for Collective Use of the Institute of Physiologically Active Compounds or
the Center for Precision Genome Editing and Genetic Technologies for Biomedicine, Engelhardt Institute of Molecular Biology,
Russian Academy of Sciences. All animal procedures were performed in accordance with Russian regulations of animal protection
and approved by the local Ethics Review Committees at the Institute of Physiologically Active Compounds RAS (protocol No 50,
August 10, 2020) and the Engelhardt Institute of Molecular Biology RAS (protocol No 2, September 14, 2022).

Mice immunizations

Grown bacteria were collected, washed three times with PBS and heat-inactivated at 65 °C for 1 hr. Heat inactivated bacteria were
resuspended with final ODggg equals 1.0. C57BI/6 mice (8-12 weeks, both males and females) were injected with 200 pl of heat-killed
bacteria i.p. From oral gavage, live bacteria stocks were grown, washed with PBS several times, ODgqo Was adjusted to 1, 200 pl of
live bacteria was gavaged every day. For the immunization with the uncharacterized protein RSSL-01370 recombinant protein RSSL-
01370 was produced in E.coli and purified (see corresponding section in STAR Methods). 20 pg per mouse (C57BI/6 strain,
8-12 weeks old, females) was injected intraperitoneally as a mixture with Alum 1:1, v/v (Thermo Scientific, Cat. No. 77161). Boost
immunization was done at day 14 after primary injection. All animal procedures were performed in accordance with Russian regu-
lations of animal protection.

Mice vaccination and infection

Whole-virion inactivated SARS-CoV-2 vaccine (CoviVac) was produced from the prototype B.1.1 SARS-CoV-2 strain (GISAID ID EP-
I_ISL_428851) in Vero cells.*® K18-hACE2 Tg (8-12 weeks, both males and females) were vaccinated intramuscularly with CoviVac
vaccine or intraperitoneally with alum or bacteria mixture emulsified in alum at day 0 and day 14.%° At day 21, K18-hACE2 Tg mice
were infected intranasally at 10* TCIDsg (25 L into each nostril) with B.1.1 SARS-CoV-2 one week following the second vaccination
with CoviVac or Alum (Thermo Scientific, Cat. No. 77161). Animals were clinically examined and weighed daily. On day 7 of infection
mice were sacrificed.

Bacteria culture

PYG medium and plates were prepared as described by the DSMZ (German Collection of Microorganisms and Cell Cultures).
300,000 events were sorted into 1 ml of PYG medium and directly transferred to a COY anaerobic chamber. Sorted bacteria were
plated on PYG, BHI (Brain heart infusion broth, Sigma, Cat. No. 53286-100G) and Fastidious agar plates (Thermo Fisher Scientific,
Cat. No. 12957138) and bacteria were grown for 24 hours. Colonies were picked and PYG medium, BHI broth and Schaedler broth
(Roth, Cat. No. 5772.1) were inoculated with colonies from the respective plates. The next day, DNA was isolated and the remaining
bacteria were frozen in 40% glycerol LB medium in liquid nitrogen or — 80 °C.

METHOD DETAILS

Swabs and saliva sample preparation

Whole saliva was collected in collection tubes and centrifuged at 2000g for 15 min at +4°C. Supernatant was stored at -80 °C for further
analysis. Saliva pellets were further used for 16S rDNA sequencing similarly to the swab samples. Swabs were prepared for 16S rDNA
sequencing with an adapted protocol of the Quick-DNA™ Fecal/Soil Microbe Miniprep Kit (Zymo Research, Cat. No. D6010). Swabs
were obtained from clinics at — 80 °C and kept frozen until further use. The swab stick was either already stored in buffer or Bead Bash-
ing™ buffer was added to cover the swab brush. Up to 750 pL of the buffer solutions were transferred to a BashingBead™ Lysis Tube
and rigorously mixed at 13,000 rpm at 37 °C. Following the kits protocol, the supernatant was harvested after centrifugation at 13,000 x
g for 5 min and once more filtered by Zymo-Spin™ |lI-F Filter. The DNA containing solution was then treated with Genomic Lysis Buffer
and the containing DNA was put on a DNA binding Zymo-Spin™ [ICR Column repeatedly until the entire sample volume was loaded.
The bound DNA was washed with DNA Pre-Wash Buffer and g-DNA Wash Buffer. The washed DNA was eluted in 50 uL. DNA Elution
buffer and once further purified by filtration through the Zymo-Spin™ |1I-HRC Filter. 2.5 uL of each of the prepared samples was directly
loaded to the amplicon PCR of the lllumina Nextera NGS protocol described in the 16S rRNA method section.

Stool sample preparation from BNT162b2 vaccinated individuals

Fresh stool samples from participants were collected using ALPCO Easy Stool Extraction Device according to the manufacturer’s
instructions and were stored at -80°C before processing. Thawed stool suspensions were filtered through 70 um (Falcon, Cat.
No. 352350) and 30 um filters (CellTrics®, Sysmex, Cat. No. 04-0042-2316) and centrifuged at 4000 x g to pellet the bacterial cells.
Bacteria-free supernatant was filtered through a 0.22 um syringe top (Filtropur, Sarstedt Cat. No. 83.1826.001) filter and stored at —
80°C until further use. Pellets were resuspended in 1 mL of a 40 % glycerol in LB medium mixture in Safe Seal 2 mL reaction tubes
(Sarstedt, Cat. No. 72.695.500) and stored at — 80°C.

Stool sample preparation for bacteria isolation
Fresh stool samples from healthy controls were stored on ice or at 4°C before processing within 48 h. The stool was diluted in au-
toclaved and sterile-filtered PBS (in-house, Steritop® Millipore Express®PLUS 0.22 pm, Cat. No: 2GPT0O5RE) according to weight in
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the ratio 100 ng/mL and homogenized by vortex and spatula. The feces solution was then subsequently filtered through 70 um (Fal-
con, Cat. No. 352350) and 30 um filters (CellTrics®, Sysmex, Cat. No. 04-0042-2316) and centrifuged at 4000 x g to pellet the bac-
terial cells. The supernatant of this centrifugation step was once more centrifuged at 13,000 x g to pellet residual cells. The cell free
supernatant was filtered through a 0.22 um syringe top (Filtropur, Sarstedt Cat. No. 83.1826.001) filter and stored at — 80°C until
further use. Pellets of both centrifugation steps were pooled and re-suspended in 10 mL PBS to measure the cell density at
600 nm. For each working stock a cell amount resembling 0.4 OD was stored in 1 mL of a 40 % glycerol in LB medium mixture in
Safe Seal 2 mL reaction tubes (Sarstedt, Cat. No. 72.695.500) and transferred to — 80°C.

16S rRNA gene sequencing and analysis

For 16 S rRNA gene sequencing, we amplified the V3/V4 region directly from the bulk microbiota samples and from the sorted sam-
ples (primer sequences: 5’-TCgTCggCAgCgTCAgATgTgTATAAgGAgACAgCCTACgggNggCWgCAg-3’ and 5’-gTCTCgTgggCTCggA
gATgTgTATAAgAgACAggACTACHVgggTATCTAATCC-3’) with a prolonged initial heating step as described by “16S Metagenomic
Sequencing Library Preparation” for the lllumina MiSeq System. After the amplicon the genomic DNA was removed by AmPure XP
Beads (Beckman Coulter Life Science Cat. No. A63881) with a 1:1.25 ratio of sample to beads (v/v). Next the amplicons were checked
for their size and purity on a 1.5 % agarose gel and if suitable subjected to the index PCR using the Nextera XT Index Kit v2 Set C/D
(lllumina, FC-131-20083). After index PCR the samples were cleaned again with AmPure XP Beads (Beckman Coulter Life Science
Cat. No. A63881) in a 1: 0.8 ratio of sample to beads (v/v). Samples were then analyzed by capillary gel electrophoresis (Agilent Frag-
ment Analyzer 5200) for correct size and purity with the NGS standard sensitivity fragment analysis kit (Agilent Cat. No. DF-473). Of all
suitable samples a pool of 2 nM was generated and loaded to the lllumina MySeq 2500 system.

Raw data were processed and de-multiplexed using MiSeq Reporter Software. Forward and reverse reads were combined using
PANDAseq 2.11 with a minimum overlap of 25 bases®® and classified using “classifier.jar” 2.13 from the Ribosomal Database Project
with a confidence cutoff of 50%.°°""° The copy number adjusted counts were agglomerated to bacterial genera, rarefied to the small-
est size and alpha diversity were estimated using phyloSeq 1.34.”" Principle coordinate analysis were performed using Bray-Curtis
dissimilarity distance using vegan 2.5-7.7%

The linear discriminant analysis were performed using LEfSe, based on copy number adjusted counts normalized to 1M reads.”®
Raw sequence data were deposited at the NCBI Sequence Read Archive (SRA) under the accession number PRJNA738291.

Two approaches were performed to refine the classification of the Streptococcus on genus level: annotation of the underlying spe-
cies based on similarities to NCBI’s 16S ribosomal RNA sequences’* as well as unsupervised oligotyping based on minimum entropy
decomposition (MED).®”:"® Both approaches were performed for reads assigned to the Streptococcus by the RDP classifier. For the
similarity based approach a basic local alignment search was performed using megablast to retrieve 100 best hits. Because of the
high similarity of the sequences from different Streptococcus species reaching up to 100% identity, the taxa of the best hits in case of
equal identities were assigned in contrast to the lowest common ancestor classification. The oligotyping approach was based on
pairwise sequence alignments between the Streptococcus reads and the 300-764 Region of a Streptococcus vulneris reference
(NCBI Reference Sequence:NR_179383.1) using the Needleman Wunsch algorithm. The aligned sequences were aligned by keeping
gaps and removing potential insertions to generate the multiple alignment. The minimal entropy decomposition was performed as
described by Eren et al. using a critical entropy above 0.6 to split oligotypes and not considering gaps or potential insertions.”®
The possible underlying species for each oligotype was determined by basic local alignment search on 16S rRNA sequences as
well as NCBI’s nr/nt nucleotide collections. The oligotypes were annotated by positions of the minimal entropies with the multiple
alignments and the corresponding nucleobase. Position 1 corresponds to the position 300 of the Streptococcus vulneris reference.

Microbiota staining

The frozen microbiota stocks were topped up with 1 mL of autoclaved and sterile-filtered PBS to reduce glycerol toxicity while thaw-
ing. Samples were centrifuged at 13,000 xg for 10 min twice, the supernatant removed and the pellets re-suspended in PBS and
finally divided into 10 tests. All staining of microbiota samples were performed in a DNase containing buffer (PBS/ 0.2 % BSA/
25 pg/ulL DNase, Sigma Aldrich Cat. No. 10104159001). Staining for human immunoglobulins was performed in 100 pL with 1:50
(v/v) of the detection antibodies: anti-human IgA1 Alexa Fluor 647 (clone: B3506B4, Southern Biotech Cat. No. 9130-31), anti-human
IgA2 Alexa Fluor 488 (clone: A9604D2, Southern Biotech Cat. No. 9140-30). The samples were incubated for 30 minutes at 4 ° C and
directly topped up with 1 mL of a 5 uM Hoechst 33342 solution (Thermo Fischer Scientific Cat. No. 62249) for another 30 min at 4 °C.
For the detection of Spike protein- similar structures, the samples were first incubated in 50 uL containing 0.5 pg rabbit SARS-CoV-2
Spike Neutralizing Antibody (clone: HA14JL2302, Sino Biological Inc. Cat. No: 40592-R001) or Neutralizing Antibody isolated from
COVID-19 patients for 15 min at 4 °C then washed with PBS and stained again in 50 pL of the anti-rabbit IgG Alexa647 (7,5pg/ml,
Jackson ImmunoResearch Cat. No. 111-606-144) or anti-human IgG PE/ Dazzle™ 594 (2ug/ml; BioLegend Cat. No.: 366920) which
was then topped up with 5 uM Hoechst 33342 solution. After Hoechst 33342 staining samples were washed with PBS and centri-
fuged at 13,000 x g for 5 min. After removal of supernatant, the samples were re-suspended in PBS/ 0.2 % BSA. The samples
were transferred to 5 mL round bottom tubes (Falcon, Cat. No. 352063) for acquisition.

Microbiota Flow Cytometry
We used a BD Influx® cell sorter for all cytometric investigations of the microbiota samples. The sheath buffer (PBS) for the instru-
ment was autoclaved and sterile filtered (Steritop® Millipore Express®PLUS 0.22 um, Cat. No: 2GPTO5RE) before each fluidics start
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up. The quality of each acquisition was assured by the alignment of lasers, laser delays and laser intensities by Sphero™ Rainbow
Particles (BD Biosciences Cat. No. 559123). For sorting, the drop delay was determined prior with Accudrop Beads (BD Biosciences
Cat. No. 345249). Samples were acquired with an event rate below 15,000 events and sorted with an event rate below 10,000 events.
We always recorded 300,000 Hoechst 33342 positive events. We sorted up to 100,000 events for sequencing directly into Protein
Low Bind tubes (Eppendorf Cat. No 022431102), spun down the sample at 17,000 x g and replaced residual sorting buffer by
DEPC treated water (Invitrogen Cat. No. 46-2224). The samples were stored in approx. 10 pL at -20 °C until further processing.
For subsequent cultivation of bacteria, we sorted directly into PYG medium and transferred the cells directly into a COY anaerobic
chamber.

Sequencing from bacterial colonies

For the identification of the bacterial species bound to the neutralizing anti-RBD antibodies, the DNA from 200 pl of the grown bacteria
was isolated with ethanol precipitation. The isolated DNA was subsequently amplified by the 16S rDNA specific primers LPW57 and
LPW58.%" In brief, bacterial DNA was amplified with Tag-polymerase (0.005 u/ul, Rapidozym GmbH, Cat. No. GEN-003-1000),
3.12 mM MgCI2 (Rapidozym GmbH), 1 X GenTherm buffer (Rapidozym GmbH), 0.25 mM dNTP mix (Thermo Scientific, Cat. No.
R0192) and LPW57 and LPW 58 (1uM, TIB Molbiol) for 35 amplification cycles in a thermocycler. The DNA product was verified
by gel electrophoresis and purified with the NucleoSpin Gel and PCR Clean-up Kit (Macherey-Nagel, Cat. No. 740609.50). The con-
centration of the purified PCR product was adjusted to 5 ng/ul in 15 ul and send to Sanger sequencing by Eurofins Genomics.
Sequence identity was determined with the Nucleotide Basic Local Alignment Search Tool (BLAST) provided by NCBI.

Enzyme-linked immunosorbent assay

For the detection of antibody titers in sera, saliva and fecal supernatants 96-well plates were coated with goat anti-human Ig (H+L
chain) antibody (Southern Biotech, Cat. No. 2010-01) or goat anti-human IgA Fab (Southern Biotech, Cat. No. 2050-01) antibody for
the detection of IgG and IgA respectively. After washing with 1x PBST for 30 seconds, the plates were blocked with 200 uL of 5%
PBS/BSA for 1 hour at room temperature. Next, plates were washed 3 times with 200 pL of 1x PBST for 30 seconds at a time.
The sera and fecal supernatants were diluted in PBS and 100 uL were added to the plate. Standards were diluted in PBS and applied
to the plate: IgA (Genway, Cat. No. E04696) and IgG (Janssen Biotech Inc.,) then the plates were incubated over night at 4°C. After
that, plates were washed 5 times with 200 uL of 1x PBST and detection antibodies were applied: anti-human IgG-AP (ICN/Cappel,
Cat No. 59289), anti-human IgA-AP (Sigma, Cat.No. A2043), and were incubated for 1 hour at 37°C. Subsequently, the plates were
washed 5 times with 200 pL of 1x PBST 100 pL of pNPP (Sigma, Cat. No. N2770) was added to each well. Reactions were stopped by
addition of 3M NaOH (Roth: Cat. No. 6771.1). Optical densities were measured on Spectramax (Molecular devices).

Analysis of anti-Spike antibody responses by enzyme-linked immunosorbent assay

To determine the SARS-CoV-2 specific antibody titers, 96-well plates were coated overnight with either 0,5 pg/ml recombinant
SARS-CoV-2 Spike S1 Subunit His-tag Protein (R&D 10522-CV) or 0,5 pg/ml recombinant SARS-CoV-2 (2019-nCoV) Spike Protein
(RBD, His Tag, Sino biological, Cat. No. 40592-V08B-100) or 0,5 pg/ml recombinant SARS-CoV-2 Nucleocapsid His Protein, CF (RnD
Systems; Cat. No. 10474-CV) or 0.5 ng/ml recombinant SARS-CoV-2 Spike RBD protein (flag-his) (Omicron/B.1.1.529) (SanyouBio,
Cat. #PNAO55) protein or 0,5 p/ml of RBD peptide (RBD4so-496: CNGVEGFNCYFPLQSYG; Eurogentek, Cat. No: AS-65619). Plates
were washed, blocked and the administration of sera and saliva were done as previously described.*° To detect S1-specific IgA, a
biotinylated anti-human IgA antibody (Southern Biotech, Cat. No. 2050-08) was applied, followed by an incubation for 1 h at room
temperature. After washing 5 times with PBST, streptavidin-HRP (Invitrogen, Cat. No. 88-7324-88) was added and after 30 min of
incubation at RT and 5 times washing with PBST, Tetramethylbenzidine (TMB) Substrate (Invitrogen, Cat. No. 88-7324-88) was
added. The reaction was stopped by addition of 2N H2SO4 (Sigma-Aldrich: Cat. No. 84736). For anti-S1 IgG detection in saliva
anti-human IgG-AP (ICN/Cappel, Cat No. 59289) was applied and plates were incubated for 1 hour at room temperature. Subse-
quently, the plates were washed 5 times with 200 uL of 1x PBST and 100 pL of pNPP (Sigma, Cat. No. N2770) was added to
each well. Reactions were stopped by addition of 3M NaOH (Roth: Cat. No. 6771.1). Optical densities were measured on Spectramax
plus 384(Molecular devices). OD values were further plotted against respective sample dilutions and areas under the curve (AUC)
were quantified using Graphpad Prism 9.3.1. Relative increase in antibody titers for K12 supplementation study was calculated as
following: AUC(d14)/AUC(d0)*100.

Flow cytometric assay for analysis of antibody responses against Spike protein

For the detection of “Wuhan” Spike specific immunoglobulins in serum, HEK293T cells were transfected with a plasmid expressing
wild-type variant SARS-CoV-2 Spike protein. The next day, the proportion of transfected cells was determined by staining with anti-
SARS-CoV-2 Spike Glycoprotein S1 antibody (clone: CR3022, Abcam, Cat. No. ab273073) for 30 min, washing the cells once with
PBS/ 0.2 % BSA and subsequent staining with goat anti-human IgG-Alexa-647 (Southern Biotech, Cat. No. 2014-31). Further trans-
fected cells were collected and incubated with sera for 30 min, washed twice with PBS/BSA and stained with goat anti-human IgG
Alexab47 (Southern Biotech, Cat. No. 2014-31), and anti-human IgA FITC (Sothern Biotech, Cat. No. 2052-02) in the presence of
Fixable Viability Dye eFluor 450 (Invitrogen, Cat. No. 50-112-8817). Cells were washed with PBS/ 0.2 % BSA and either measured
directly or fixed in 2 % paraformaldehyde solution for 20 min at 4°C. Samples were acquired on a FACSCanto Il (BD Biosciences)
or a MACS Quant 16 (Miltenyi Biotec) and analyzed using FlowJo v10 (Tree Star Inc.) analysis software. In the respective fluorescent
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channels, geometric mean of fluorescent intensity (MFI) Spike expressing cells and non-expressing cells was quantified and
AMFI=MFI (§*)-MFI (S) for IgG and IgA was determined. AMFI values were further plotted against respective serum dilutions and
AUC were quantified using Graphpad Prism 9.3.1.

Epitope mapping for anti-RBD antibodies

Epitope mapping was performed using peptide microarray multiwell replitope SARS-CoV-2 Spike glycoprotein wild type + mutations
(JPT Peptide Technologies GmbH; RT-MW-WCPV-S-V02). Microarray was incubated with monoclonal anti-RBD antibodies (final
concentration 1 mcg/ml) or mouse fecal supernatants (1:1 dilution) at 30 °C for 1 hour with constant rotation. Slides were washed
three times with TBS buffer with 0,05 % Tween-20 and further incubated with anti-rabbit Alexa 647 (Jackson ImmunoResearch
Cat. No. 111-606-144), anti-human IgG-Alexa647 (Southern Biotech; Cat. No.: 2040-31), goat anti-Mouse IgA Antibody DyLight®
650 (Bethyl Laboratories; Cat.No.: A90-103D5) at 30 °C for 1 hour. Samples were washed with TBS-T and deionized water, dried
by centrifugation. Peptide microarray was analysed using microarray scanner Innoscan 710 (Innopsys). Fluorescence intensities
were quantified using ImagePix.

Inhibition of ACE2-RBD interaction

96-well plates were coated with 100ng/ml of human Ace?2 protein (Southern Biotech, Cat. No. 2010-01). After washing with 1x PBST
for 30 seconds, the plates were blocked with 200 uL of 5% PBS/BSA for 1 hour at room temperature. Next, plates were washed 3
times with 200 pL of 1x PBST for 30 seconds at a time. Fecal supernatants and COVID serum as positive control were diluted in PBS
and 100 pL were added to the plate. The plates were incubated at 37°C for 1 h. After that, plates were washed 5 times with 200 pL of
1x PBST and 100 ng/ml of biotinylated RBD (Miltenyi Biotec; Cat No: 130-127-457) was applied and plates were incubated for 1 hour
at 37°C. After washing 5 times with PBST, streptavidin-HRP (Invitrogen, Cat. No. 88-7324-88) was added and after 30 min of incu-
bation at RT and 5 times washing with PBST, Tetramethylbenzidine (TMB) Substrate (Invitrogen, Cat. No. 88-7324-88) was added.
The reaction was stopped by addition of 2N H2S0O4 (Sigma-Aldrich: Cat. No. 84736). Optical densities were measured on Spectra-
max (Molecular devices). Percentage of inhibition was quantified using the following values: 100% of inhibition corresponded to OD
values of blank wells, 0% of inhibition corresponded to the wells where only biotinylated RBD was added.

Generation of Spike SARS-CoV-2 pseudotyped lentivirus

1.2 x 108 293T cells were plated in a 10 cm Petri dish in 10 mL of growth medium. The next day, the cells were transfected with 5 pg
pCMV-dR8-2, 6.67 ng pUCHR-IR-GFP, and 3.33 ug of the S-protein coding plasmid using Lipofectamine 2000 (Thermo Fisher Sci-
entific) according to the manufacturer’s instruction. Then, 48 h post transfection, supernatant was collected, was filtered through
0.45 pm filters, concentrated using PEG-6000 precipitation, aliquoted, and stored at —80 °C. PVs were titrated on ACE2-expressing
293T cells and assessed by flow cytometry.

Inhibition of lentivirus

Ace? expressing 293 T cells were plated at 2 x 10* cells/well into 96-well plates the day prior to experiment. Serum samples were
serially twice-fold diluted in growth medium saliva samples were diluted 1:10, mixed with S-pseudotyped virus and incubated for 1 h
at 37 °C. The mixture was then added to Ace2-293T cells and incubated for 1 day at 37 °C. Infection was determined by flow
cytometry.

Lung histology

Lungs for histopathological examination were fixed in 10% neutral buffered formalin for 48 hours at room temperature, washed with
PBS and snap-frozen in OCT medium. Lung sections (7 um) were cut using Cryotome MH560 (Thermo Fisher), were stained with anti-
NCP antibody (Thermo Scientific, Cat. No. PA5-119601), followed by secondary anti-rabbit IgG (Jackson ImmunoResearch, Cat No.
111-606-144) and examined using confocal microscope LSM880 (Zeiss). Microphotographs were obtained by LSM880 at 10x
magnification and processed using ZEN2 (Zeiss) software. For the evaluation of NCP-APC intensity, the sum of events in APC chan-
nel was divided to the square of slide (mm?) and normalized to secondary only control. For each biological sample 3-5 consecutive
slides were analyzed.

Hybridoma generation

P3X63Ag8.653 myeloma cells were grown in RPMI-1640 medium containing 10% fetal bovine serum, 1% penicillin, and strepto-
mycin. Splenocytes from immunized animals were mixed with P3X63Ag8.653 in a 1:1 ratio and washed several times using
RPMI-1640 medium. Cells were gently resuspended, followed by the addition of 1 mL of polyethylene glycol (Sigma-Aldrich:
Cat.P7181) for 1 minute with constant stirring, followed by 2 mL of RPMI-1640 medium for 2 minutes, and 10 mL of RPMI-1640 me-
dium for 1 minute. Cells were washed and resuspended at a concentration of 2x 108 /mL in RPMI-1640 medium containing 20% fetal
bovine serum, 1% penicillin, streptomycin, 100 uM hypoxanthine, 0.4 uM aminopterin, and 16 uM thymidine, and dispersed on a
96-well plate at 100 pL per well. For 14 days, half of the medium was removed daily and new medium was added. The first colonies
were noted on days 6-8 after cell fusion. On day 10, the supernatant in the wells with colonies were analyzed for IgG production and
reactivity against RSSL-01370 and RBD-Fc-Tag by ELISA.
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Protein gel electrophoresis and Western blotting

48 h bacterial cultures were pelleted and were resuspended in RIPA buffer containing protease inhibitors cocktail (Roche, Cat. No. 11
836 145 001). Samples were sonicated at 50% voltage for 5 cycles of 10 sec pulses followed by 30 sec rest on ice. After sonication
glass beads (MP Biomedicals, Cat. No. 6911100) were added as 1/3 of total volume to the bacterial extract. Samples were vortexed
for 30 sec followed by chilling on ice for 30 sec (for a total of 5 cycles). Lysates were spun down for 10 min at 20,000 xg and super-
natant was collected. For western blot analysis, samples were run on 12% SDS-PAGE under reducing conditions and transferred to
PVDF membrane (Bio-Rad, Cat. No. 1620177). SARS-CoV-2 (2019-nCoV) Spike RBD-His Recombinant Protein (Sino Biological, Cat.
No. 40592-V08B-100) was used as a positive control. The membrane was blocked by incubation in 5% non-fat milk (Roth, Cat. No.
68514-61-4) in TBST buffer for 1 h at room temperature with constant shaking. The membrane was subsequently hybridized with
rabbit neutralizing anti-RBD antibody (Sino Biological, Cat. No. 40592-R001) or human derived RBD neutralizing antibodies in block-
ing solution for 1h at room temperature with constant shaking. It was then washed in TBST and incubated with anti-rabbit IgG-HRP
(Cell signaling, Cat. No. 7074S) or with anti-human IgG-HRP (Southern Biotech, Cat. No. 2040-05) for 1 h at room temperature with
constant shaking. SuperSignal West Fempto Maximum Sensitivity (Thermo Fisher scientific, Cat No. 34095) substrate kit was used.
The signal was acquired using Chemi Doc imaging system (Bio-Rad).

Mass-spectroscopy analysis of proteins

The protein bands after 1D-PAGE were excised and washed twice with 100 mL of 0.1 M NH4HCOS3 (pH 7.5) and 50% acetonitrile
mixture at 50°C until the piece of gel becomes transparent. Protein cysteine bonds were reduced with 10mM DTT in 50 mM
NH4HCOS3 for 30 min at 56 °C and alkylated with 15 mM iodoacetamide in the dark at RT for 30 min. The step with adding DTT
was repeated. Then gel pieces were dehydrated with 100 mcl of acetonitrile, air-dried and treated by 10 mcl of 12 mg/mL solution
of trypsin (Trypsin Gold, Mass Spectrometry Grade, Promega) in 50 mM ammonium bicarbonate for 15 h at 37°C. Peptides were
extracted with 20 mcl of 0.5% trifluoroacetic acid water solution for 30 min with sonication, dried in a SpeedVac (Labconco) and re-
suspended in 3% ACN, 0.1% TFA. Aliquots (2 mcl) from the sample were mixed on a steel target with 0.3 mcl of 2,5-dihydroxybenzoic
acid (SigmaAldrich: Cat. No: 149357) solution (30 mg in 400 mcl of 30% acetonitrile/0.5% trifluoroacetic acid), and the droplet was
left to dry at room temperature. Mass spectra were recorded on the Ultraflex Il MALDI-ToF-ToF mass spectrometer (Bruker Daltonik,
Germany) equipped with an Nd laser. The [MH]+ molecular ions were measured in reflector mode, the accuracy of the mass peak
measurement was 0.007%. Fragment ion spectra were generated by laser-induced dissociation, slightly accelerated by low-energy
collision-induced dissociation, using helium as a collision gas. The accuracy of the fragment ions mass peak measurement was 1Da.
Correspondence of the found MS/MS fragments to the proteins was performed with the help of Biotools software (Bruker Daltonik,
Germany) and a Mascot MS/MS ion search.

Protein expression

RSSL-01370 gene was amplified from the genomic DNA of Streptococcus salivarius K12 using the following primers: 5’- CTC
CATATGAATTTACCAAGTCACCATACAAGGG -’3 and 5’- GTGGTCGACATTCACTTTTTCAGTTGCTACACC -’3 and subsequently
cloned into pET-21b expression vector containing Ndel and Xhol restriction sites in Rosetta DE3 (Sigma Aldrich, Cat. No.
70954-3) chemically competent cells. Next, overnight culture of the selected clone was inoculated into 2xTY growth medium con-
taining 100 pg/ml of ampicillin and grown at 30 °C with constant shaking until OD600 reached 0,8. Protein expression was induced
by 0,6 mM of IPTG for the next 4 hours at 30 °C. Bacterial lysate was prepared and analysed as described above.

Protein purification

RSSL-01370 protein containing His-tag was expressed in Rosetta DE3 (Sigma Aldrich, Cat. No. 70954-3) cells, bacterial cell suspen-
sion was centrifuged at 4500 rpm for 20 min and resuspended in Co2+ Equilibration/Wash buffer containing 300 mM sodium chloride,
50 mM sodium phosphate, 10mM imidazole and protease inhibitors cocktail, pH7,4 (Roche, Cat. No. 11 836 145 001). Sample was
sonicated at 50% voltage for 5 cycles of 20 sec pulses followed by 30 sec rest on ice. Lysate was spun down for 10 min at 20,000xg
and supernatant containing overexpressed protein was collected. The supernatant was loaded onto HisPur™ Cobalt resin (Thermo
Scientific) and purified according to the manufacturer instructions (Thermo Scientific, Cat. No. 89964). Briefly, after loading the pro-
tein lysate the column was washed with 10 mM imidazole wash buffer and the uncharacterized protein RSSL-01370 was eluted using
150 mM imidazole elution buffer. Next, overnight dialysis against buffer containing 300 mM sodium chloride and 50 mM sodium phos-
phate (pH 7,5) was performed for the further applications of the protein.

QUANTIFICATION AND STATISTICAL ANALYSIS

Mann-Whitney or unpaired test was used for statistical evaluation between two groups. Friedman test with Dunn’s multiple compar-
isons for statistical evaluation between multiple groups containing independent variables was used. For the evaluation of NCP protein
intensity, the sum of events in fluorescent channel was divided to the square of slide (mm?) and normalized to intensity derived by
staining the consecutive slide with secondary antibody only. For each biological sample 3-5 consecutive slides were analyzed. Wil-
coxon matched-pairs signed rank test was used for analysis of data generated in the same individual before and after intervention. To
evaluate correlations, Spearman correlation was quantified. Statistical analysis was performed using GraphPad Prism 9.3.1.
P-values less than 0.05 were considered statically significant. ns - not significant.
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ADDITIONAL RESOURCES
Human participants were enrolled in the study according BNT162-01 study (ClinicalTrials.gov Identifier: NCT04380701) and in the

studies approved by the ethics committee at the Charité University Hospital Berlin (EA4/019/21, EA2/200/21, EA2/010/21, EA2/
066/20, EA4/188/20 and EA2/002/21) and were performed in compliance with the Declaration of Helsinki.
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