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Enhances Lung Macrophage Recruitment to Protect 
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Abstract
Training of the innate immune system with orally ingested 
bacterial extracts was demonstrated to have beneficial ef-
fects on infection clearance and disease outcome. The aim 
of our study was to identify cellular and molecular processes 
responsible for these immunological benefits. We used a 
murine coronavirus (MCoV) A59 mouse model treated with 
the immune activating bacterial extract Broncho-Vaxom 
(BV) OM-85. Tissue samples were analysed with qPCR, RNA 
sequencing, histology, and flow cytometry. After BV OM-85 
treatment, interstitial macrophages accumulated in lung tis-
sue leading to a faster response of type I interferon (IFN) sig-
nalling after MCoV infection resulting in overall lung tissue 
protection. Moreover, RNA sequencing showed that lung tis-
sue from mice receiving BV OM-85 resembled an intermedi-
ate stage between healthy and viral infected lung tissue at 
day 4, indicating a faster return to normal tissue homoeosta-
sis. The pharmacologic effect was mimicked by adoptively 

transferring naive lung macrophages into lungs from recipi-
ent mice before virus infection. The beneficial effect of BV 
OM-85 was abolished when inhibiting initial type I IFN sig-
nalling. Overall, our data suggest that BV OM-85 enhances 
lung macrophages allowing for a faster IFN response to-
wards a viral challenge as part of the oral-induced innate im-
mune system training. © 2021 The Author(s)

Published by S. Karger AG, Basel

Introduction

Following an exposure to infectious agents or vaccines, 
trained immunity can mount a faster and greater re-
sponse to a challenge with the same agent or even heter-
ologous pathogens [1]. Live-attenuated vaccines were al-
ready shown to induce a protective trained innate im-
mune system [2]. The use of bacterial extracts was 
previously demonstrated to have immune activation and 
immune training properties [3]. Treatment with the ap-
proved microbial product Broncho-Vaxom OM-85 (BV 
OM-85) resulted in protective effects in rhinovirus infec-
tion of human bronchial epithelial cells [4] and in animals 
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infected with influenza on initial infection outcome and 
on prevention of a following bacterial infection [5]. In 
humans, BV OM-85 is indicated for prophylactic treat-
ment to prevent recurrent respiratory tract infections in 
both adults and children with a suggested mode of action 
of triggering immunomodulatory and protective im-
mune responses against different pathogens in vivo, in-
cluding influenza and respiratory syncytial virus as well 
as bacterial superinfection following influenza [6, 7]. BV 
OM-85 is composed of a mixture of lyophilized bacterial 
compounds connected to lung infections including Hae-
mophilus influenzae, Streptococcus (Diplococcus) pneu-
moniae, Klebsiella pneumoniae ssp. pneumoniae und ssp. 
ozaenae, Staphylococcus aureus, Streptococcus pyogenes 
and sanguinis (viridans), and Moraxella (Branhamella/ 
Neisseria) catarrhalis that is applied orally.

We used a murine coronavirus (MCoV) model to de-
termine the effects of oral immune system training. MCoV 
or mouse hepatitis virus (MHV) was first isolated in 1949 
[8]. It is highly contagious in laboratory mice, having been 
one of the most abundant viruses in mouse colonies [9]. 
Duration of infection varies depending on the MCoV 
strain, route of inoculation, and host factors, including 
age, immunocompetence, passive immunity, genetic 
strain, and genetic alterations [10]. Initially, MCoV infec-
tion via a nasal route leads to infection of the lung with 
subsequent spreading to other organs, including the liver. 
Immunocompetent mice that recover from an infection 
with MCoV are resistant to strain-specific reinfection [11, 
12]. The innate immune system acts as a powerful barrier 
against MCoV infection [13]. Therefore, a proper balance 
between early activation of the innate immune system to 
fight off the viral infection and controlling the activation 
of the immune system to prevent organ damage is re-
quired to successfully battle a coronavirus infection [14].

A central role in host defence versus viral infection are 
interferons (IFNs) and their downstream activation tar-
gets as IFNs possess antiviral, anti-proliferative, and im-
munomodulatory effects [15]. Among the first responses 
to a viral challenge is the induction of type I IFN including 
IFNα and IFNβ, mostly secreted from local innate im-
mune cells [16]. Interestingly, evasion tactics of betacoro-
naviruses include the initial inhibition of especially IFNβ 
[17]. In contrast, IFNα levels were upregulated after in-
fection with MCoV [18]. Especially the early activation of 
interferon-alpha/beta receptor alpha chain 1 (IFNAR1), 
which is the major component of IFN type I signalling, on 
innate immune cells was described to be crucial in an 
MCoV mouse model [18]. A late activation of the innate 
immune system was demonstrated to be detrimental in 

human SARS-CoV-2 patients, which might be due to de-
layed activation of the IFNAR1 signalling cascade [19].

The aim of our study was to investigate the mode of 
action of immune system training via oral bacterial ex-
tracts during a viral infection. We used a mouse MCoV 
model as this was demonstrated to lead to pneumonia in 
mice when infected via the nasal route. We found that 
training of the host immune system is beneficial via the 
increase of lung tissue macrophages.

Materials and Methods

Mice
Animals were bred in the in-house breeding facility of the Cen-

tre for Biomedical Research under SPF conditions. Mice were 
housed in a BSL 2 unit in groups of 3–5 animals randomly grouped 
by sex in randomly distributed cages with dust free bedding, nest-
ing material, tap water, and pelleted food ad libitum. Room tem-
perature was 21  ° C (± 2  ° C) with 55 % (± 10 %) humidity, and 12-
h day/12-h night light cycle. During viral infection, humane end-
points were weight loss of 20 % and behavioural changes. The 
mean weight change of all mice at the end of experiments was 96.23 
% (± 6.020 %). 74 mice were divided into two equally sized groups. 
Treated mice were orally gavaged with 7.2 mg BV OM-85 (dis-
solved in 200 μL 3% D-mannitol) for 10 days. Control mice were 
orally gavaged with 200 μL 3% D-mannitol. After treatment regi-
men, mice were inoculated with 20 μL MCoV (1.5 × 106 TCID50) 
intranasally under general anaesthesia. Uninfected samples were 
collected from 7 mice each. On days 2, 4, and 10 post-inoculations, 
10 mice of each group were sacrificed by cardiac puncture under 
general anaesthesia followed by cervical dislocation. Samples were 
obtained under sterile conditions. General anaesthesia: 0.5 mg/kg 
medetomidine (Domitor®, Orion Pharma) and 5 mg/kg midazol-
am (Accord) administered intraperitoneally. Antagonization, if 
required, was performed with 2.5 mg/kg atipamezole (Antisedan®, 
Orion Pharma) and 0.5 mg/kg flumazenil (Pharmaselect) subcu-
taneously. For the adoptive transfer experiments, 6 mice received 
410,000 cells/20 μL, harvested from 12 mice, by endotracheal intu-
bation under general anaesthesia using a size 22-G intravenous 
catheter in combination with a commercial mouse intubation de-
vice. After endotracheal intubation, the cell solution was adminis-
tered directly via the catheter using the previously blunted intra-
venous catheter needle. A control group of 6 mice received 20 μL 
Ringer’s lactate solution (saline). The following day, the mice were 
inoculated with MCoV and sacrificed on day 4 described above. 
For inhibition of IFNAR1, 30 μg Ultra-LEAFTM anti-mouse IF-
NAR1 (MAR1-5A3, BioLegend) was co-applied with the virus.

Virus Propagation
The MCoV MHV-A59 virus was kindly provided from Prof. 

Burkhard Ludewig. Virus was expanded on the NCTC clone 1469 
cell line. In short, a confluent cell layer was infected with 50 μL vi-
rus solution for 20 min and cultured in Dulbecco’s modified Ea-
gle’s medium containing 10 % horse serum for 48 h. Virus was 
harvested by separating the cell culture supernatant from the cel-
lular debris by centrifugation. Virus was titrated by serial dilution 
using the Reed-Munch method to a TCID50/ml of 7.52 × 107.
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RNA Isolation and qPCR
RNA from the lobus medianus pulmonis dextri was isolated 

using Maxwell® RSC simplyRNA Tissue Kit (Promega) in combi-
nation with a ball mill and reverse transcribed into cDNA using 
GoScriptTM Reverse Transcription System (Promega). Real-Time-
PCR was performed using C1000 Touch Thermal Cycler (Bio-

Rad). Primers were designed and assigned to their respective 
probes using the Roche Universal ProbeLibrary Assay Design 
Centre (http://www.universalprobelibrary.com/), with the excep-
tion of PolyU [20] and Nsp12 [21]. Cq values were normalized by 
using delta-delta Ct method to β-actin as housekeeper. Virus genes 
in Figure 1b were further normalized to day 2 values and averaged. 
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Fig. 1. Immune activation by BV OM-85 reduced virus burden and 
lung apoptosis. a Schematic overview of treatment and infection 
scheme. b To measure viral burden, total lung tissue was analysed 
for the 2 viral mRNAs PolyU and Nsp12 at days 2, 4, and 10 post-
infection as indicated in Methods. Values represent individual av-
erages at each time point and condition with individual values and 
an average ± SD given in the panel (n = 10). c Lung tissue was 
stained at days 2, 4, and 10 post-infection for the MCoV protein 
Nsp9 (yellow staining). Scale bar: 400 μm. d Viral distribution was 
evaluated by counting infected alveoli by a blinded investigator at 
days 2, 4, and 10. Values represent total infected alveoli per slide 
with individual values and an average ± SD given in the panel (n = 
10). e Cell apoptosis at days 2, 4, and 10 was determined by staining 
for DNA nicks using TUNEL staining and automatically analysed 
for TUNEL-positive nuclei using CellProfiler (157,232 cells on av-

erage). Identified TUNEL-positive areas are marked with arrows in 
the upper panels while their overlays are displayed in the lower 
panels. Scale bar: 50 μm. f Values represent percent cells positive for 
TUNEL staining per slide with individual values and an average ± 
SD given in the panel (n = 10). g As a second apoptosis marker, 
cleaved caspase 3 staining was used at days 2, 4, and 10. Cells posi-
tive for cleaved caspase 3 are indicated by white arrows. Scale bar: 
50 μm. h Analysis of cleaved caspase 3 positive cells at days 2, 4, and 
10 were performed on whole tissue section using CellProfiler 
(116,248 cells on average). Values represent cleaved caspase 3 pos-
itive cells as a percentage of total lung cells with individual values 
and an average ± standard deviation given in the panel (n = 10). 
Infected control: MCoV infected and mannitol control; infected 
treated: MCoV-infected and BV OM-85 treatment. BV, Broncho-
Vaxom; MCoV, murine coronavirus; SD, standard deviation.



Salzmann et al.J Innate Immun 2022;14:293–305296
DOI: 10.1159/000519699

Naïve

Infected control

Infected treated

20

10

0

–10

–20

–30

–40 –20 0 20 40

PCA 1 (57.6%)

PC
A 

2 
(1

1.
3%

)

a

0

0

5

10

20 40

Value

Co
un

t

60

Color key
and histogram

b

0

50

100

150

200

Log2FC infected control/Naïve

–l
og

10
p

1,758 genes
(7.85 %)

1,021 genes
(4.56 %)

M-CoV
genes

–15 –10 –5 0 5 10 15

0

5

10

15

20

25

Log2FC infected treated/infected control

–l
og

10
p

235 genes
(1.22 %)

364 genes
(1.88 %)

M-CoV
genes

–6 –4 –2 0 2 4 6

c
Infected control versus Naïve

0 10 20 30

Rank in ordered dataset

40 50

0
1

–1

2

0.1
0.2
0.3
0.4
0.5
0.6

0

0.7

Ra
nk

ed
 li

st
 m

et
ric

(S
ig

na
l2

N
oi

se
)

En
ric

hm
en

t s
co

re
 (E

S)

Enrichment plot: Go_response_to_virus

Infected control (positively correlated)

Naïve (negatively correlated)

Zero cross at 17317

d
1.8 1.9 2.0

Go_response_to_interferon_gamma
Go_condensed_chromosome

Go_negative_regulation_of_cytokine_production
Go_type_I_interferon_production

Go_negative_regulation_of_viral_life_cycle
Go_positive_regulation_of_cytokine_production

Go_dna_dependent_dna_replication
Go_mitotic_sister_chromatid_segregation
Go_negative_regulation_of_viral_process

Go_dna_replication
Go_regulation_of_response_to_biotic_stimulus

Go_nuclear_chromosome_segregation
Go_chromosome_centromeric_region

Go_sister_chromatid_segregation
Go_response_to_type_I_interferon

Go_chromosome_segregation
Go_regulation_of_innate_immune_response

Go_chromosomal_region
Go_defense_response_to_virus

Go_response_to_virus

NES

Infected control versus Naïve: TOP 20

e Naïve Infected
control

Infected
treated

ORF1ab

ORF2a

HE

Spike

putORF4

ORF5a

Envelope

Membrane
Nucleocapsid

(internal) 0

500

1,000

1,500

2,000

f

Infected control versus infected treated

In
na

te
 im

m
un

e 
ce

lls
In

fla
m

m
at

io
n

1.4 1.5 1.6 1.7 1.8

Wp_lung_fibrosis

Go_regulation_of_inflammatory_response

Wp_cytokines_and_inflammatory_response

Go_acute_inflammatory_response

Go_positive_regulation_of_inflammatory_response

Hallmark_inflammatory_response

Go_mononuclear_cell_migration

Go_regulation_of_mononuclear_cell_migration

Go_macrophage_activation

Go_monocyte_chemotaxis

Wp_sars_coronavirus_and_innate_immunity

Go_regulation_of_leukocyte_migration

Kegg_antigen_processing_and_presentation

Go_positive_regulation_of_leukocyte_migration

Go_regulation_of_innate_immune_response

NESg

Infected control versus infected treated

0 10 20 30

Rank in ordered dataset

40 50

0

1.0
1.5

0.5

–1.0
–0.5

2.0

0.1
0.2
0.3
0.4
0.5
0.6

0

Ra
nk

ed
 li

st
 m

et
ric

(S
ig

na
l2

N
oi

se
)

En
ric

hm
en

t s
co

re
 (E

S)

Enrichment plot:
Go_regulation_of_innate_immune_response

Infected control (positively correlated)

Infected treated (negatively correlated)

Zero cross at 15004

0 10 20 30

Rank in ordered dataset

40 50

0

1.0
1.5

0.5

–1.0
–0.5

2.0

0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8

0

Ra
nk

ed
 li

st
 m

et
ric

(S
ig

na
l2

N
oi

se
)

En
ric

hm
en

t s
co

re
 (E

S)

Enrichment plot:
KEGG_antigen_processing_and_presentation

Infected control (positively correlated)

Infected treated (negatively correlated)

Zero cross at 15004

h

Infected
control

Infected
treated

0

2

4

6

8

10

12

IF
N

α4
 m

RN
A

IFNα

0.0018

Infected
control

Infected
treated

IF
N

β1
 m

RN
A

0

10

20

30

40
IFNβ

0.0012

Infected
control

Infected
treated

IF
N

γ 
m

RN
A

0

5

10

15

20

25

30

35
IFNγ

0.0078

Infected
control

Infected
treated

0

5

10

15

20

IF
IT

1 
m

RN
A

IFIT1

0.0018

i

Enrichment profile
Hits
Ranking metric scores

2
(For legend see next page.)



Trained Macrophages Protect from Virus 
Infection

297J Innate Immun 2022;14:293–305
DOI: 10.1159/000519699

In Figure 2 and Figure 3c, values were normalized to naive average 
value (n = 6; data not shown). Primer sequences are given in online 
supplementary Table 1 (for all online suppl. material, see www.
karger.com/doi/10.1159/000519699).

Histology
Freshly isolated left lung (pulmo sinister) were fixed with 4% 

formaldehyde, embedded in paraffin, and cut in 5-μm-thick sec-
tions. TUNEL stain (Promega) was performed according to manu-
facturer’s protocol. For eosin and haematoxylin staining, deparaf-
finised, rehydrated slides were stained for 4 min with haematoxy-
lin (Morphisto), rinsed for 4 min with tap water, stained for 30 s 
with eosin Y (Sigma-Aldrich), and finished by dehydration with 
ethanol and xylol. For immunofluorescence, lungs were deparaf-
finised and rehydrated; target retrieval was performed using Dako 
target retrieval solution. Sections were blocked with 2% bovine se-
rum albumin, 0.5% fish gelatin, and 0.3% Tween-20 for 90 min, 
followed by blocking with mouse-on-mouse IgG blocking solution 
(Thermo Fisher), if anti-Nsp9 was used. Primary antibodies were 
Nsp9 (2C6.H1; Thermo Fisher), cleaved caspase 3 (5A1E; Cell Sig-
naling), CD68 (FA-11; Bio-Rad), and CD11c (N418; BioLegend). 
Primary antibodies were incubated overnight at 4°C and corre-
sponding secondary antibodies for 2 h at room temperature. All 
images were scanned on an automated tissue FACS microscopy 
stage on an Observer Z1 microscope at ×20 magnification (NA 
0.5). Automated analysis was performed with CellProfiler [22].

RNA Sequencing and Data Analysis
Sequencing libraries were prepared at the Core Facility Genomics, 

Medical University of Vienna using the NEBNext Poly(A) mRNA 
Magnetic Isolation Module and the NEBNext Ultra II Directional 
RNA Library Prep Kit for Illumina (both New England Biolabs) ac-
cording to manufacturer’s protocols. Libraries were QC-checked on 
a Bioanalyzer 2100 using a high-sensitivity DNA kit (Agilent) for cor-
rect insert size and quantified using Qubit dsDNA HS Assay (Thermo 
Fisher). Pooled libraries were sequenced on a NextSeq500 instrument 
(Illumina) in 1 × 75 bp single-end sequencing mode. Approximately 
22 million reads were generated per sample. Reads in FASTQ format 
were aligned to the mouse reference genome version GRCm38 sup-
plemented with the viral genome NC_048217.1 with Gencode mV23 

annotations supplemented with virus genome annotations using 
STAR aligner [23] version 2.6.1a in 2-pass mode. Reads per gene were 
counted by STAR, and differential gene expression was calculated us-
ing DESeq2 [24] version 1.22.2. TPMs were generated by RSEM [25]. 
Gene set enrichment was calculated using GSEA [26, 27] version 
4.1.0, and the Molecular Signatures Databases hallmark gene sets, 
canonical pathways (BIOCARTA, KEGG, PID, REACTOME, and 
WikiPathways), and Gene Ontology (GO) gene sets [27–29].

Flow Cytometry
The lobus cranialis pulmonis dextri and caudalis dextri were cut 

into small pieces and incubated with 2 mg/mL collagenase IV and 
50 U/mL DNase I in HBSS at 37  ° C on a shaking plate. After 1 h, 
digested tissue was meshed through a 70-μm cell strainer, washed 
with PBS, and erythrocytes were lysed with 150 mM NH4Cl, 10 mM 
KHCO3, and 0.1 mM Na2EDTA for 5 min. Washed cells were stained 
with antibodies from BioLegend against CD45 (30-F11, 1:50), CD64 
(X54-5/7.1, 1:50), and SiglecF (CD170) (S17007L, 1:50) for 15 min 
and measured with an Attune NxT flow cytometer (Thermo Fisher) 
and data analysed with Attune NxT Software v3.1.2. For intracel-
lular FACS, washed cells were stained with CD45, CD64, and Si-
glecF for 15 min and prepared with Intracellular Staining Permea-
bilization Wash Buffer (BioLegend) according to manufacturer’s 
protocols. Cells were stained with anti-interferon regulatory factor 
antibody (D5E4, 1:50, Cell Signaling) for 20 min.

Adoptive Cell Transfer
Whole lungs of 12 mice were cut into small pieces and digested 

for 1 h at 37°C with 2 mg/mL collagenase IV and 50 U/mL DNase I 
in HBSS at 37°C on a shaking plate. After meshing through a 70-μm 
cell strainer, cells were pooled, counted, adjusted to 108 cells/mL in 
EasySep Buffer (Stemcell Technologies), and processed by a positive 
selection kit with magnetic bead release (17655, Stemcell Technolo-
gies) according to manufacturer’s protocol, with 2 μg/mL biotinyl-
ated CD14 antibody (Clone Sa14-2, BioLegend), 100 μL/mL Positive 
Selection Cocktail, and 100 μL/mL Release RapidSpheres.

Statistics
Data were analysed using GraphPad 8.0. Normality was tested us-

ing Anderson-Darling or, if samples size was smaller than 8, the Kol-

Fig. 2. RNA sequencing analysis of total lung tissue at day 4 after 
virus infection with or without treatment. a Plot of the first 2 di-
mensions of a PCA, based on regularized log2-transformed count 
data.  b  Plot of Euclidian distance between groups with dendro-
gram. Dark blue: samples expected to cluster together. Light blue: 
samples expected to be more distant from each other. c Volcano 
plots showing differentially expressed genes of infected control ver-
sus naive (upper plot) and infected treated versus infected control 
(lower plot) lungs. Y-axis displays the negative log10-transformed 
adjusted p value, and x-axis shows log2-fold changes. Red dots rep-
resent 2-fold upregulated and blue dots 2-fold downregulated 
genes. Threshold for significance was -log10p > 1.3. MCoV genes 
are highlighted in yellow. d GSEA enrichment plot of GO term “Re-
sponse to Virus” for infected control versus naive lungs. e Top 20 
of all GO terms of GSEA analysis of infected control versus naive 
lungs. GO terms were ranked according to NES. Highlighted GO 
terms include viral responses, type 1 IFN signalling, and innate im-

munity. f Heatmap of MCoV genes from naive lungs, infected con-
trol lungs, and infected treated lungs, generated using average of 
TPMs. g Selected gene sets of GSEA analysis of infected control 
versus infected treated lungs, as described in Methods. Gene sets 
were ranked according to NES.  h GSEA enrichment plot of GO 
term “Regulation of Innate Immune Response” and KEGG path-
way “Antigen Processing and Presentation” infected control versus 
infected treated lungs. i IFN α, IFNβ, IFNγ, and IFIT1 mRNA levels 
in lung tissue from animals with or without BV OM-85 treatment 
before virus infection. Mean ± SD; n = 9. Naive: uninfected, un-
treated mice; infected control: MCoV-infected and mannitol con-
trol; infected treated: MCoV-infected and BV OM-85 treatment. 
BV, Broncho-Vaxom; MCoV, murine coronavirus; PCA, principal 
component analysis; IFNs, interferons; IFIT1, interferon-induced 
protein with tetratricopeptide repeats 1; GO, gene ontology; GSEA, 
Gene Set Enrichment Analysis; NES, normalized enrichment score; 
SD, standard deviation.
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mogorov-Smirnov test. Data with Gaussian distribution were 
checked for statistical significance using Student’s t test, data without 
Gaussian distribution were analysed using the Mann-Whitney U test.

Results

To understand if a BV OM-85 trained immune system 
is beneficial during an MCoV infection, mice were pre-
treated with BV OM-85 on 10 consecutive days before 
viral infection and analysed 2, 4, and 10 days after intra-
nasal MCoV infection (Fig. 1a). Two viral markers, Nsp12 
and PolyU, were determined in the lung using qPCR to 
measure viral load. Our results demonstrated that mice 
with a trained immune system displayed a massive virus 
reduction at day 4, which was retained at day 10 (com-
bined score Figure 1b, separate values are given in online 
suppl. Fig. 1a). Immunofluorescence staining of lung tis-
sue for the MCoV protein Nsp9 showed fewer viral foci 2 
days after infection in treated animals. After 4 days, the 
viral staining was dispersed similarly in both groups, 
which was then resolved to foci at day 10 with treated 
animals having fewer viral foci than the control group 
(Fig. 1c and d, total lung images are given in online suppl. 
Fig. 1b–e). We did not observe adverse effects in lung pa-
thology in treated mice indicating that the preactivation 
of the immune system did not magnify pathological pro-
cesses induced by the virus infection (online suppl. Fig. 
1f, g). Virus infections are accompanied by apoptosis of 
the host cells [30]. Treated animals displayed reduced 
apoptotic burden in lung tissue at days 4 and 10 com-
pared to the control group (Fig. 1e, f). In addition, treated 
animals had a significant reduction in cleaved caspase-3 
positive cells 10 days after virus infection (Fig. 1g, h).

BV OM-85 treatment led to enhanced viral clearance 
and reduced apoptotic burden in the lung. To identify 
changes in the lung tissue of infected BV OM-85-treated 
versus infected control animals, we performed RNA se-
quencing on samples of naive lungs, MCoV-infected con-
trol lungs, and lung tissue of mice with MCoV infection 
and training with BV OM-85. Samples of infected lungs 
for both treated and untreated mice were taken at day 4 
as we observed strong reduction of viral load and lung tis-
sue protection in the treated group. Upon principal com-
ponent analysis, we found that experimental groups 
formed defined clusters within each other so that the vari-
ability between samples of a group was smaller than be-
tween groups (Fig. 2a). Clustering visualized as a heatmap 
of Euclidean distances supported the notion that BV OM-
85 pretreatment (infected treated) led to lungs that can be 

characterized as an intermediate stage between naive and 
infected control lungs (Fig. 2b). Overall, MCoV virus in-
fection led to a significant upregulation of 1,758 genes 
and a downregulation of 1,021 genes when comparing 
infected control lung tissue to naive tissue (Fig. 2c). The 
strongest differentially expressed features are MCoV 
transcripts. In general, GO term analysis of differentially 
expressed genes confirmed the immune response to-
wards viral infection (Fig. 2d). The regulation of innate 
immune response was a central readout (Fig. 2e, online 
suppl. Fig. 2a). We could clearly distinguish virus re-
sponse, innate immunity, and inflammation-related 
pathways during MCoV infection (online suppl. Fig. 2b). 
The difference between infected control and infected BV 
OM-85-treated lung tissue was smaller with a total of 599 
differentially expressed genes (Fig. 2c). The strongest re-
duction of expression in samples with BV OM-85 treat-
ment was observed in virus genes which can also be seen 
in an enrichment plot (Fig. 2f). When analysing the top 
20 changed pathways using GO analysis by comparing 
infected control mice with BV OM-85-treated infected 
mice, we found signatures for the aforementioned innate 
immune response together with changes in type I IFN re-
sponse (online suppl. Fig. 2c, d). Analysis for pathways 
specifically linked to innate immune cells and inflamma-
tion revealed strong changes in infected control versus 
infected, BV OM-85-treated animals (Fig. 2g,h). As IFN 
signalling is crucial during a viral infection, we confirmed 
the changes in IFN pathway-related genes using qPCR 
and the 2 type I IFNs, IFNα and IFNβ, the type II IFN 
IFNγ, and interferon-induced protein with tetratricopep-
tide repeats 1 (IFIT1) (Fig. 2i). Our data therefore support 
our previous observation of reduced viral stress starting 
at day 4 in BV OM-85-treated animals.

RNA sequencing data indicated differences in innate 
immune response, including antigen processing and pre-
sentation, and macrophage activation between treated 
and untreated mice. Therefore, we determined differenc-
es in lung macrophages at baseline and during the course 
of the virus infection to understand changes in macro-
phage function. The lung macrophage homeostatic pop-
ulation can be distinguished into 2 main cell populations: 
alveolar macrophages with embryonic origin and inter-
stitial macrophages deriving from circulating monocytes 
[31, 32]. Alveolar macrophages were not changed with 
treatment and were reduced gradually during infection, 
as expected (Fig. 3a). However, we observed an increase 
in interstitial macrophages after BV OM-85 treatment 
and before virus infection which was still retained 2 days 
after virus infection (Fig.  3b). In addition, BV OM-85 
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treatment led to a phenotypical change with increased 
mRNA levels of genes related to antigen presentation al-
ready at baseline (Fig. 3c). Similarly, CD68+ lung macro-
phages of BV OM-85-treated mice showed enhanced lev-
els of CD11c compared to macrophages of naive lungs 
(Fig. 3d). However, this baseline activation was not asso-
ciated with a changed baseline inflammatory profile or a 
different course of inflammation as determined by mRNA 
levels of IL-6 and TNF-α (online suppl. Fig. 3a, b). We 
further evaluated the baseline activation state of endothe-
lial cells and their activation profile during MCoV infec-
tion. We did not observe differences in VCAM and ICAM 
mRNA and soluble ICAM protein in circulation at any 
time point (online suppl. Fig. 3c–e).

Oral treatment of mice with BV OM-85 leads to a 
modulation of the immune system of the lung. To deter-
mine if these modulations are organ-specific or can be 
observed in circulation or spleen, we analysed monocytes 
and spleen macrophages before virus infection and dur-
ing the course of MCoV infection. We found no differ-
ence in monocyte amounts in the circulation or in mac-
rophages in the spleen at baseline (Fig.  4a) or during 
MCoV infection (Fig.  4b–d), regardless of BV OM-85 
treatment therefore indicating a lung-specific accumula-
tion of interstitial macrophages induced by BV OM-85 
pretreatment.

To test whether increased accumulation of lung mac-
rophages is already sufficient to reduce MCoV infection, 
we isolated monocytes and macrophages by CD14+ mag-
netic bead selection from lung tissue from naive lungs 
and adoptively transferred them into recipient mice (2 
donor animals for each recipient animal, Fig. 5a). Mice 
were then infected with MCoV and samples were anal-
ysed 4 days later. Similar to BV OM-85 treatment, mice 
receiving a macrophage cell transfer showed 53.91% re-
duced lung viral burden compared to saline treated mice 
(Fig. 5b). In addition, the reduced viral burden was also 
accompanied by a reduction in IFN pathway-related 
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Fig. 4. Changes in monocytes and macrophages with BV OM-85 
treatment at baseline and during coronavirus infection. Levels of 
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genes (Fig.  5c), indicating a faster IFN signalling and 
thereby faster viral resolution.

Our data indicate that pretreatment with BV OM-85 
enhanced the initial response towards the virus infection 
and led to faster clearance of MCoV probably via the in-
duction of type I IFN. Therefore, we determined baseline 
values and values of IFN pathway activation at days 1 and 
2 after infection. BV OM-85 treatment did not increase 
baseline IFNα levels but we found a strong and significant 
induction of IFNα at day 1 in BV OM-85-treated animals 
(Fig. 6a). IFNβ was significantly induced in treated ani-
mals at day 2 (Fig. 6b). Similar to IFNα, we found a strong 
induction of IFIT1 with BV OM-85 pretreatment that was 
still in effect at day 2 after virus infection as compared to 
the control group (Fig. 6c). Finally, we checked if the IFN 

response element retinoic acid-inducible gene 1 (RIG-1), 
an intracellular receptor to identify RNA viruses, was also 
altered with BV OM-85 treatment. Again we observed no 
baseline differences but a significant increase at day 1 in 
comparison to the control group (Fig.  6d). Our results 
indicate a strong upregulation of type I IFN responses at 
day 1 after BV OM-85 treatment. On a cellular level, we 
found that especially CD45+CD64+ macrophages and 
CD45- non-leukocytes showed significantly more inter-
feron-regulatory factor 1 protein at day 1 in BV OM-
85-treated animals than control animals as identified by 
flow cytometry (Fig. 6e).

Finally, to test if the faster induction of IFN and its 
downstream targets is the main mode of action in BV-
treated lung tissue viral defence, we used a blocking anti-
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Fig. 5. Adoptive transfer of macrophages protects lung tissue from 
virus infection.  a  Schematic representation of the adoptive cell 
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body to IFNAR1 (anti-IFNAR1) to inhibit early IFN sig-
nalling. The antibody was applied together with the virus 
infection in a single dose in BV OM-85 pre-treated ani-
mals (Fig. 7a) and lung tissue was analysed at day 4 after 
viral infection. Virus load was significantly increased in 
animals receiving anti-IFNAR1 treatment (Fig. 7b). Sim-
ilar to our previous results, animals receiving anti-IF-
NAR1 after BV OM-85 also displayed a later activation of 
IFN-related pathways over animals receiving BV OM-85 
treatment prior to virus infection only (Fig. 7c). Of note, 
viral burden and IFN pathway activation was comparable 
in the BV OM-85 anti-IFNAR1-treated animals and con-
trol infected animals (respective data from Fig. 1, 2, 7 vi-
sually combined in online suppl. Fig. 4).

Discussion/Conclusion

The innate immune system is a first line of defence 
during infection. We were able to demonstrate that train-
ing of the immune system using the bacterial extract BV 
OM-85 is beneficial during a virus infection by increasing 
macrophage counts within the lung. This macrophage in-
crease allowed a faster activation of the IFN system. As a 
result, pretreatment was associated with reduced lung cell 
apoptosis. We therefore suggest that an enhanced innate 
immune system is able to speed up the virus clearance and 
reduce lung damage.

Macrophages during viral infection act like a double-
edged sword providing early activation of phagocytosis 
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Fig. 7. Early interferon inhibition during MCoV infection after BV 
OM-85 treatment. a Schematic representation of the IFNAR1 in-
hibition experimental setup. b Viral burden in total lung tissue of 
mice with BV OM-85 pretreatment and saline or IFNAR1 block-
ade were analysed for MCoV viral burden at day 4 as indicated in 
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and IFN responses but when consistently activated can 
induce tissue damage via NLRP3-dependent activation 
of IL-1β [33]. BV treatment was shown to prime innate 
immune cells, keeping them in a preactivated state [34]. 
In addition, macrophage infection seems to be a crucial 
strategy of immune system evasion of coronaviruses in 
both mice and humans [35]. Our data demonstrate that 
BV OM-85 is capable of enhancing lung macrophage 
function. Previous reports suggested additional altera-
tions of innate immune cells within the spleen [5]; how-
ever, we suggest that the direct effects in the lung might 
be crucial for the enhanced viral clearance in contrast 
to the modulation of the spleen, which might be more 
important for activation of the adaptive immune sys-
tem. Upon immune cell activation, we found increased 
expression of antigen presentation-associated proteins 
and activated macrophages within the lung after preac-
tivation but before virus infection. However, transplan-
tation of naive macrophages suggested that the overall 
number is more essential than an additional preactiva-
tion. We therefore conclude that the increased presence 
of macrophages before a viral infection is beneficial to 
combat the virus resulting in advanced viral clearance. 
Furthermore, even though BV leads to preactivated 
macrophages, we did not detect adverse effects or a pro-
inflammatory environment, suggesting the require-
ment for a second trigger for full macrophage activa-
tion.

To prove the importance of increased macrophage 
numbers in the lung as beneficial to combat a viral infec-
tion, we isolated CD14+ cells from virus-naive mice and 
transferred them into naive recipients. Indeed, transfer of 
macrophages led to enhanced viral clearance and thus a 
significant reduction of IFNα, IFNβ, and IFIT1 in lung 
tissue at day 4 after virus infection. We therefore suggest 
that the presence of these macrophages, similar as the 
ones pharmacologically enhanced with BV OM-85, al-
ready boosts the initial immune system barrier allowing 
a faster recovery.

To verify the crucial role of increased and faster type I 
IFN response caused by the increased number of macro-
phages in the lung tissue, we applied a blocking antibody 
to IFNAR1, the receptor for both IFNα and IFNβ. After 
BV treatment, the antibody was applied together with the 
infection to inhibit the initial IFN type I response and to 
monitor immune system recovery. Indeed, after inhibit-
ing IFNAR1, we found an increased viral load compared 
to BV-treated control animals. Of note, the viral load in 
anti-IFNAR1 treated animals at day 4 was comparable to 
the viral load in untreated mice. Similarly to untreated 

mice at day 4, anti-IFNAR1 treated animals displayed an 
upregulation of IFN pathway genes compared to BV-
treated animals.

We therefore conclude that BV leads to an increase in 
the macrophage population in the lung resulting in an 
enhanced and faster activation of IFN and its downstream 
targets allowing for a faster viral clearance together with 
reduced tissue damage. We used a mouse MCoV model 
that has similarities with human COVID-19 [36, 37]. It is 
therefore tempting to speculate that similar mechanism 
could be beneficial during the SARS-CoV-2 pandemic. 
Overall, oral training of the immune system using BV 
OM-85 is beneficial during a viral infection due to en-
hancing lung macrophages.
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