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Abstract

Membrane glycoprotein is the most abundant protein of severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), but its role in coronavirus
disease 2019 (COVID-19) has not been fully characterized. Mice intranasally inoculated with membrane glycoprotein substantially increased the interleukin
(IL)-6, a hallmark of the cytokine storm, in bronchoalveolar lavage fluid (BALF), compared to mice inoculated with green fluorescent protein (GFP). The high
level of IL-6 induced by membrane glycoprotein was significantly diminished in phosphodiesterase 4 (PDE4B) knockout mice, demonstrating the essential
role of PDE4B in IL-6 signaling. Mycelium fermentation of Lactobacillus rhamnosus (L. rhamnosus) EH8 strain yielded butyric acid, which can down-regulate
the PDE4B expression and IL-6 secretion in macrophages. Feeding mice with mycelia increased the relative abundance of commensal L. rhamnosus. Two-
week supplementation of mice with L. rhamnosus plus mycelia considerably decreased membrane glycoprotein-induced PDE4B expression and IL-6 secretion.
The probiotic activity of L. rhamnosus plus mycelia against membrane glycoprotein was abolished in mice treated with GLPG-0974, an antagonist of free
fatty acid receptor 2 (Ffar2). Activation of Ffar2 in the gut-lung axis for down-regulation of the PDE4B-IL-6 signalling may provide targets for development

of modalities including probiotics for treatment of the cytokine storm in COVID-19.
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1. Introduction

Critical pneumonia in patients with coronavirus disease 2019
(COVID-19) can be associated with elevated inflammatory cy-
tokines, a phenomenon known as a cytokine storm or macrophage
activation syndrome (MAS) [1]. The hyper-induction of cytokines
aggravated the auto-exaggerating inflammatory cascade, followed
by multiple organ failure and lymphocytopenia, leading to dys-
regulated immunity [2]. In severe COVID-19 cases, the storm of
interleukin-6 (IL)-6 can enhance the massive release of various
inflammatory cytokines [3]. It has been documented that severe
acute respiratory syndrome coronavirus (SARS-CoV) directly trig-
gered IL-6 induction in human epithelial cells by binding to nu-
clear factor kappa-light-chain (NF-«B) of activated B cells and up-
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regulated gene expression of IL-6 [4]. Recent reports demonstrated
that administration of phosphodiesterase 4 (PDE4) inhibitors, such
as roflumilast with a higher affinity to PDE4B than PDE4A, C and
D [5], acting on cyclic adenosine monophosphate (cAMP) pathway,
represented a potential and effective therapy for COVID-19. Espe-
cially, PDE4 hydrolyzed cAMP to AMP by blocking cAMP hydrolysis,
resulting in accumulating intracellular cAMP to positively regulate
cytokine releases in macrophages [6].

Although there are many designated modalities such as cor-
ticosteroids, anti-viral or anti-malarial drugs to clinically control
SARS-CoV-2, no evidence to date for the fully effective treatments
to cure or alleviate the cytokine storm in COVID-19 patients [7].
While the number of COVID-19 positive cases is rapidly surg-
ing, the vaccine development has faced many challenges includ-
ing the antigenic selection and drift, adverse effect, manufacture,
and global distribution [8]. Therefore, an alternative approach may
provide a great assistance in controlling the emergence of COVID-
19 pandemic. The use of probiotic may propose a valuable solu-
tion against SARS-CoV-2 by generation of beneficial molecules to
hinder the viral spread and suppress the massive inflammatory
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responses [9]. Since the discovery of the gut-lung axis, evidence
have revealed the advantages of probiotic bacteria to pulmonary
health by delivering the fermentation metabolites to the lung via
the bloodstream [10,11]. Short-chain fatty acids (SCFAs) such as bu-
tyric acid produced by gut probiotic can bind to free fatty acid
receptors (Ffar) to dampen inflammation responses [12,13]. Lac-
tobacillus rhamnosus (L. rhamnosus), a Gram-positive bacterium, is
a commensal intestinal bacterial strain in mice and human [14].
Several studies have provided evidence for the protective role of
lactic acid-producing bacteria in the defense against infections of
viruses, including Ebola virus and cytomegalovirus [15]. Lactobacil-
lus paracasei and Lactobacillus plantarum attenuated the secretion
of pro-inflammatory IL-6 and IL-8 cytokines [16]. L. rhamnosus GG
GR-1, and 4B15 strains substantially inhibited the release of tumor
necrosis factor-alpha (TNF-«¢) in mouse macrophages [17,18]. More-
over, feeding mice with Lactobacillus mucosae or fermentum down-
regulated IL-6 and TNF-« in both acute and chronic inflammation
[19].

In this study, we induced the fermentation of L. rhamnosus by
the powder of mycelia, the vegetative part with high content of
carbohydrates of a fungus [20], as a prebiotic. Our results demon-
strated for the first time that the secretion of IL-6 and expression
of PDE4B induced by SARS-CoV-2 membrane glycoprotein in the
lung were considerably reduced when mice fed with L. rhamnosus
plus fungal mycelia.

2. Materials and Methods
2.1. Ethics statement

Experiments of using Institute of Cancer Research (ICR) and PDE4B knockout
mice [21] housed in an animal facility at National Central University (NCU) were
conducted in accordance with a protocol (NCU-106-016, 19 December 2017) ap-
proved by the Institutional Animal Care and Use Committee (IACUC). ICR mice (fe-
male, 8-9 weeks old) were purchased from the National Laboratory Animal Center
Taipei, Taiwan. Five mice per group were used in each experiment. Mice were sac-
rificed by CO, sedation in an encased chamber. The strain of L. rhamnosus EH8
stored in a Microbiome Bank in Professor Chun-Ming Huang’s laboratory was orig-
inally isolated from human fecal samples according to a protocol (No. 19-013-B1,
22 May 2019) approved by the Institutional Review Board (IRB) at Landseed Inter-
national Hospital, Taiwan. The sequenced nucleotides (Fig. S1) of 16S rRNA gene of
L. rhamnosus EH8 shared 99.23% identity to those of L. rhamnosus 5681 (Genebank
accession: MT463591.1).

2.2. Cloning, expression and purification of SARS-CoV-2 membrane glycoprotein

A plasmid carrying a gene encoding membrane glycoprotein (YP_009724393.1)
of SARS-CoV-2 (Genebank accession: NC_045512.2) was transformed into Escherichia
coli (E. coli) BL21 competent cells (Yeastern Biotech Co., Ltd, Taiwan). Transforma-
tion of a plasmid encoding green fluorescent protein (GFP) into E. coli BL21 served
as a control. The E. coli BL21 Luria-Bertani (LB) broth (1 L) (Becton, Dickinson and
Company, Franklin Lakes, NJ, USA) supplemented with 50 pg/mL kanamycin was
cultivated to an optical density (OD)sgonm = 0.6. Proteins in E. coli BL21 were ex-
pressed by addition of 1 mM isopropyl B-D-thiogalactopyranoside (IPTG) at 20°C for
4 h, purified by a ProBond™ Purification System (Invitrogen, Carlsbad, CA, USA) and
visualized in 10% sodium dodecyl! sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE) gels stained by Coomassie Brilliant Blue R-250.

2.3. Detection of IL-6 in BALF

Recombinant proteins (100 pg) including SARS-CoV-2 membrane glycoprotein
or GFP in phosphate buffered saline (PBS) (60 uL) were intranasally inoculated
to mice. A small incision was made to insert a cannula into trachea. Bronchoalveo-
lar lavage fluid (BALF) was collected by lavaging the lungs 3 times with 1 mL PBS 6
h after protein inoculation. The enzyme-linked immunosorbent assay (ELISA) using
a Quantikine mouse IL-6 set (R&D Systems, Minneapolis, MN, USA) was carried out
to quantified the level of IL-6 which was normalized to the concentration of total
proteins in lung lavage.

2.4. Real-time polymerase chain reaction (RT PCR)

After intranasal inoculation of recombinant membrane glycoprotein or GFP, lung
of ICR mice was homogenized in T-PER™ Tissue Protein Extraction Reagent (Ther-

moFisher Scientific, Waltham, MA, USA) supplemented with an ethylenediaminete-
traacetic acid (EDTA)-free protease inhibitor cocktail (Sigma-Aldrich, St. Louis, MO,
USA). RNA (1 ng) was converted into cDNA using an iScript cDNA Synthesis kit (Bio-
Rad, Hercules, CA, USA). Primers were designed using the Primer-Blast tool from the
National Center for Biotechnology Information (NCBI). The reaction of using cDNA
(50 ng/uL) as a template was set for 40 cycles as follows: 95°C for 10 min fol-
lowed by 95°C for 15 s, 60°C for 60 s, and 72°C for 30 s. A whole reaction was
completed with 3 biological replicates, and each sample consisted of 3 technical
replicates. The gene expression of GAPDH was used for normalization. The rela-
tive expression levels were analysed using the cycle threshold (2-22Ct) method.
Primers for PDE4B and glyceraldehyde-3-phosphate dehydrogenase (GAPDH) were
5'GAACAAATG GGGCCTTAACA 3’ and reverse 5 TTGTCCAGGAGGAGAACACC 3'; for-
ward 5 TGTGTCCGTCGTGGATCTGA 3’ and reverse 5 GATGCCTGCTTCACCACCTT 3/,
respectively.

2.5. Mycelium preparation

The inner portion of the basidiomata of P. pulmonarius, an oyster mushroom,
was excised by a flamed scalpel blade under sterile conditions and placed onto on
malt extract agar medium (MEA) (Scharlab, Barcelona, Spain) (Fig. S2A). Seven-day-
old mycelium grown in the malt yeast peptone (MYP) broth [7 g/L malt extract
(Scharlab), 1 g/L peptone (Amresco, Solon, Cleveland, USA) and 0.5 g/L yeast extract
(ACE Biolabs, Amsterdam, Netherlands)] was harvested and homogenized with tis-
sue grinders (Kimble Chase, Vineland, NJ, USA). The mycelium powder (Fig. S2B)
was stored at 4°C.

2.6. Mycelium fermentation of L. rhamnosus EH8

L. rhamnosus [107 colony-forming unit (CFU) per mL, CFU/mL] was incubated
in Lactobacilli MRS broth (55.15 g/L) (HiMedia Laboratories, Mumbai, India) in the
absence or presence of 2% mycelium powder at 37°C for 24 h. MRS broth plus 2%
mycelium powder without bacteria were incubated as a control. Phenol red [0.001%
(w/v) (pH 7.4), Sigma-Aldrich] in MRS broth served as an indicator of fermentation,
converting from red to orange-yellow when fermentation occurred. A colour change
was detected by OD at 562 nm.

2.7. Quantification of L. rhamnosus

ICR mice were fed with 200 pl PBS or 2% mycelium powder in PBS daily.
Two weeks after feeding, fecal was collected and dissolved 1:10 in 50 mM EDTA
containing 5 mg lysozyme (Sigma-Aldrich). After centrifugation at 14,000 g for
2 min, DNA in the pellet was extracted by using a heat lysis protocol as de-
scribed [22]. A StepOnePlus Real-time PCR System (ThermoFisher Scientific) us-
ing Power SYBR Green and PCR Master Mix (ThermoFisher Scientific) was used
to quantify the abundance of L. rhamnosus in mouse feces. The reaction condi-
tions of RT PCR was described above. Primers for L. rhamnosus detection were for-
ward 5 CGCCCTTAACAGCAGTCTTC 3’ and reverse 5 GCCCTCCGTATGCTTAAACC 3'.
Five mice per group were used in each experiment.

2.8. Cell culture

J774 macrophage cell lines (10° cells/well) were cultured in Dulbecco’s
Modified Eagle Medium (DMEM, ThermoFisher Scientific), 1% antibiotic (penicillin-
streptomycin; 10,000 U/mL) (ThermoFisher Scientific), 25 mM Hepes and 10% fetal
bovine serum (FBS) in 12-well cell culture plates (ThermoFisher Scientific). Cells
were treated with 100 pM butyric acid or distilled H,O (control) for 10 min before
addition of 50 pg recombinant membrane glycoprotein at 37°C, 5% CO, for 12 h.
In some experiments, cells were treated with 50 ug recombinant GFP or membrane
glycoprotein. Three wells for each treatment were conducted. After centrifugation
at 4,000 g for 5 min, the level of IL-6 in supernatants was quantified by ELISA. Cell
pellets were extracted with a RNA mini kit (Ambion, Carlsbad, CA, USA). The gene
expression of the PDE4B was quantified by RT PCR.

2.9. Detection of butyric acid by high performance liquid chromatography (HPLC)

L. rhamnosus EH8 (107 CFU/mL) was cultured in MRS broth in the presence or
absence of 2% mycelium powder at 37°C for 24 h. Culture media were then col-
lected and filtered through a 0.22 um microfiltration membrane to remove bacte-
ria and insoluble particles. Samples were added with the concentrated HCI (100 uL)
and extracted for 20 min by gently rolling using 5 ml diethyl ether. After centrifuga-
tion at 3,500 rpm for 5 min, the supernatant was transferred to a Pyrex extraction
tube before NaOH (500 uL of 1 mM) was added. The aqueous phase was moved
to an autosampler vial and the concentrated HCl (100 pL) was added. The analy-
sis of butyric acid in culture media was conducted using an Agilent 1200 series
HPLC system with a ZORBAX Eclipse XDB-C18 column (4.6 x 250 mm, 5 um). The
mobile phase composed of 20 mmol/L NaH,PO,4 solution (pH 2.2) and acetonitrile.
The detector was set at 210 nm. The concentration of butyric acid was quantified
according to a calibration curve of a butyric acid analytical standard.
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Fig. 1. Requirement of PDE4B for SARS-CoV-2 membrane glycoprotein-induced IL-6 in in the lung. (A) Recombinant SARS-CoV-2 membrane glycoprotein or GFP
(100 pg/60uL PBS per mouse) was inoculated into the nasal cavities of ICR mice for 6 h. The level of IL-6 in BALF was measured by ELISA. (B) The relative expression of
PDE4B mRNA in lung of SARS-CoV-2 membrane glycoprotein- or GFP-inoculated mice was detected by RT PCR. (C) The level of IL-6 in BALF was quantified in PDE4B knockout
mice 6 h after intranasal inoculation of recombinant SARS-CoV-2 membrane glycoprotein or GFP. Data are the mean 4 SD of experiments performed in triplicate. *p < 0.05.
**p < 0.01. ns = non-significant (two-tailed t-test). Five mice per group were used in each experiment.

2.10. Inhibition of Ffar2

ICR mice (5 mice per group) were fed with L. rhamnosus EH8 (107 CFU) along
with or without 2% mycelium powder at an interval of three days for 2 weeks.
For Ffar2 inhibition, 200 uL of GLPG-0974 (5 uM), a Ffar2 antagonist, (Tocris Bio-
science, Bristol, UK) was orally administrated every day for 3 days 10 min before
mice were fed with L. rhamnosus EH8 in the presence or absence of mycelium pow-
der. GLPG-0974 was dissolved in 5% DMSO (Sigma-Aldrich) in saline. Dimethyl sul-
foxide (DMSO, 5% in saline) was used as a vehicle control for GLPG-0974. After two-
week feeding of L. rhamnosus with or without mycelium powder, mice were nasally
inoculated recombinant membrane glycoprotein (100 pg) for 6 h. The level of IL-6
in BALF was measured by ELISA.

2.11. Statistical analysis

GraphPad Prism® software was utilized for data analysis by unpaired t-test.
The statistical significance was considered as: P-values of <0.05 (*), <0.01 (**), and
<0.001 (***). The mean =+ standard deviation (SD) was calculated from results ob-
tained from at least three independent experiments.

3. Results

3.1. PDE4B is essential for induction of IL-6 by SARS-CoV-2
membrane glycoprotein

IL-6 is a chief component of excessive cytokines released by ac-
tivated macrophages observed in severe COVID-19 patients [2,3].
The membrane glycoprotein (YP_009724393.1) of SARS-CoV-2 that
caused COVID-19 was cloned into E. coli BL21 competent cells to
obtain recombinant proteins. To examine the effect of SARS-CoV-2
membrane glycoprotein on the IL-6 production, we intranasally in-
oculated recombinant SARS-CoV-2 membrane glycoprotein or con-
trol GFP into ICR mice for 6 h. The level of IL-6 in BALF was

detected by ELISA. As shown in Fig. 1A, the level (51.74 + 1.96
pg/mg) of IL-6 in the mice inoculated with membrane glycopro-
tein was significantly higher than that (39.79 + 1.60 pg/mg) in
the mice inoculated with GFP. It has been shown that inhibition
of PDE4 decreased the release of IL-6 in the lung [23]. The mRNA
expression of PDE4B normalized with that of GAPDH in the lung
was examined by RT PCR after inoculation of recombinant proteins.
Relative to GFP, inoculation of SARS-CoV-2 membrane glycopro-
tein induced an approximately 2-fold increase in the mRNA expres-
sion of PDE4B (Fig. 1B). Furthermore, the increase in IL-6 secretion
was completely suppressed when SARS-CoV-2 membrane glyco-
protein was intranasally inoculated into the PDE4B knockout mice
(Fig. 1C), suggesting that PDE4B plays an essential role in SARS-
CoV-2 membrane glycoprotein-induced IL-6 secretion in the lung.

3.2. Mycelium fermentation of L. rhamnosus EH8 mitigates
SARS-CoV-2 membrane glycoprotein-induced IL-6

Many natural extracts as prebiotics, containing high content
of polysaccharides, can withstand digestion and absorption in the
small intestine and can be selectively fermented by probiotic gut
bacteria [24]. Mycelia, which are rich in polysaccharides, were iso-
lated from Pleurotus pulmonarius (P. pulmonarius) [25]. To examine
the prebiotic property of fungal mycelia, the L. rhamnosus EH8 [107
CFU], a commensal bacterial strain isolated from human faeces,
was incubated in phenol red-containing Lactobacilli MRS broth in
the presence of 2% mycelium powder under anaerobic conditions
for 24 h. The incubation of mycelium powder alone or L. rham-
nosus EH8 alone in MRS broth served as controls. The MRS broth
incubating L. rhamnosus EH8 in the presence of mycelium pow-
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Fig. 2. Enhancement of L. rhamnosus abundance in the gut by mycelia and reduction of IL-6 in the lung by feeding mice with mycelia or L. rhamnosus EH8 plus mycelia. (A) L.
rhamnosus EH8 (L.r) (107 CFU/mL) was incubated in MRS broth containing phenol red with or without 2% fungal mycelia (FM) for 24 h. Mycelium fermentation of L. rhamnosus
EH8 was indicated by the colour change of phenol red to orange-yellow and a ODsg, reduction. (B) ICR mice were fed with 2% fungal mycelia in PBS or the same volume of
PBS. The levels of IL-6 in BALF were measured by ELISA. (C) The abundance of L. rhamnosus in facal samples analyzed by RT PCR after feeding with fungal mycelia or PBS. (D)
The levels of IL-6 in BALF were quantified in ICR mice fed with L. rhamnosus EH8 in the presence (L.r+FM) or absence (L.r) of 2% fungal mycelia. Data are the mean =+ SD of
three independent experiments. **p < 0.01. ***p < 0.001 (two-tailed t-test). Five mice per group were used in each experiment.

der, neither mycelium powder alone nor L. rhamnosus EH8 alone,
turned orange-yellow and had ODsg, reduction after incubation for
24 h, demonstrating the mycelium fermentation of L. rhamnosus
EH8 (Fig. 2A).

Nasal inoculation of SARS-CoV-2 membrane glycoprotein into
mice elevated IL-6 in the lung (Fig. 1A). To investigate the effect of
mycelium powder on SARS-CoV-2 membrane glycoprotein-induced
IL-6, mice were fed with mycelium powder or PBS every day for
2 weeks before intranasal inoculation of membrane glycoprotein
for 6 h. As shown in Fig. 2B, feeding mice with mycelium powder,
but not PBS, significantly diminished the SARS-CoV-2 membrane
glycoprotein-induced IL-6 in BALF. L. rhamnosus can be detected
in the murine gut microbiota [26]. To investigate if feeding mice
with mycelium powder altered the abundance of L. rhamnosus in
the gastrointestinal tract, the number of L. rhamnosus in mouse
faeces collected 2 weeks after feeding was detected by RT PCR.
Data in Fig. 2C demonstrated that the feeding mycelium powder
resulted in an approximately 2-fold increase in the abundance of
L. thamnosus. Results in Fig. 2A-C suggested that mycelium pow-
der may promote L. rhamnosus fermentation to reduce SARS-CoV-
2 membrane glycoprotein-induced IL-6. We next fed mice with L.
rhamnosus EH8 in the presence or absence of mycelium powder

every day for 2 weeks. Feeding mice with L. rhamnosus EH8 plus
mycelium powder markedly lowered the SARS-CoV-2 membrane
glycoprotein-induced IL-6 in BALF compared to mice fed with L.
rhamnosus EHS8 alone (Fig. 2D).

3.3. Butyric acid was produced by mycelium fermentation of L.
rhamnosus EH8 and reduced IL-6 secretion and PDE4B expression in
macrophages

Since the anti-inflammatory property of butyric acid has been
demonstrated [27], we measured the amounts of butyric acid in
media of mycelium fermentation of L. rhamnosus EH8 by HPLC. The
different concentrations (0-100 mM) of butyric acid were subjected
to HPLC to establish a quantitative standard curve. Approximately
10 and 20 mM butyric acid were detected in the culture media
of L. rhamnosus EH8 in the absence or presence of 2% mycelium
powder (Fig. 3A), respectively, illustrating the prebiotic property
of mycelium powder for L. rhamnosus EH8. In Fig. 1B, we demon-
strated the up-regulation of PDE4B mRNA expression in the lung
by SARS-CoV-2 membrane glycoprotein. Since, from four PDE4 iso-
forms, PDE4B is the only one expressed in macrophages [28], we
cultured the J774 macrophages, a murine cell line that was widely
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respectively. Results are the mean & SD obtained from three separate experiments. *p < 0.05. **p < 0.01 (two-tailed t-test).

used for studying of respiratory infection [29], to examine the ef-
fect of butyric acid on the PDE4 mRNA expression and IL-6 secre-
tion. As shown in Fig. 3C, D, treatment of J774 macrophages with
butyric acid, but H,O significantly reduced SARS-CoV-2 membrane
glycoprotein-induced PDE4B mRNA expression and IL-6 secretion.

3.4. Ffar2 mediates the effect of mycelium fermentation of L.
rhamnosus EH8 on reduction of PDE4B and IL-6

Ffar2 has high affinity for butyric acid and is expressed by var-
ious cells including macrophages and epithelial cells in nasal cav-
ities and lung [30]. To assess the engagement of Ffar2 on the ef-
fect of mycelium fermentation of L. rhamnosus EH8, GLPG-0974 in
DMSO was given to mice to antagonize the Ffar2 before feeding
mice with mycelium fermentation of L. rhamnosus EH8. Mice given
DMSO served as a control. Two weeks after feeding mice with L.
rhamnosus EH8 plus mycelium powder every day, mice were in-
tranasally inoculated with SARS-CoV-2 membrane glycoprotein for
6 h. Compared to PDE4B mRNA expression in mice given DMSO
control, mice given GLPG-0974 resulted in a substantial increase
in the PDE4B expression in the lung (Fig. 4A). Similarly, treatment
with GLPG-0974 significantly raised the level (8.44 + 0.82 pg/mg)
of IL-6 in BALF compared to IL-6 content (1.00 + 0.25 pg/mg)
in mice treated with control (Fig. 4B). Cumutatively, these data
demonstrate that mycelium fermentation of L. rhamnosus EHS8 re-
quired Ffar2 to weaken the aggravation of PDE4B mRNA expression
and IL-6 secretion induced by SARS-CoV-2 membrane glycoprotein.

4. Discussion

The envelopes of coronaviruses, a group of positive-strand RNA
viruses, contain three main proteins: the spike protein, membrane
glycoprotein, and envelope protein. a non-glycosylated protein
[31]. The RNA is packaged by the nucleocapsid protein into a
helical nucleocapsid. SARS-CoV-2 enters host cells via binding
of the spike protein to angiotensin-converting enzyme 2 (ACE2).
The binding of spike protein to ACE2 can induce hyper-activation
of NF-«B pathway, leading to the induction of a variety of pro-
inflammatory cytokines, including IL-6, TNF-¢, and chemokines
[32]. Literature has revealed that nucleocapsid protein of SARS
coronavirus HB can bind directly to the NF-«B recognition el-
ements on the IL-6 promoter and regulate IL-6 expression [4].
It has been documented that SARS-CoV-2 membrane glycoprotein
impeded the production of anti-viral type I and III interferon (IFN)
cytokines by targeting the signalling mediated by retinoic acid-
inducible gene I (RIG-I) and melanoma differentiation-associated
gene 5 (MDA-5)[33]. The SARS-CoV-2 membrane glycoprotein inter-
acted with the complex of RIG-I, mitochondrial antiviral signaling
(MAVS), and TANK-binding kinase 1 (TBK1), blocking the phosph-
orylation, nuclear translocation, and activation of phosphorylated
interferon regulatory factor 3 (IRF3), a transcription factor which
can be translocated to the nucleus and activate genes encoding IFN
[34] Although several coronavirus proteins may directly or indi-
rectly regulate the IL-6 production, the relationship between
SARS-CoV-2 membrane glycoprotein and the secretion of IL-6 has
not elucidated. Results in Fig. 1 demonstrated that SARS-CoV-2
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Fig. 4. Suppression of the action of L. rhamnosus EH8 plus mycelium to reduce the IL-6 and PDE4B by Ffar2 inhibition. ICR mice were given GLPG-0974, a Ffar2 antagonist, or
its DMSO solvent as a control by gastric gavage every day for 3 days, then subsequently fed with L. rhamnosus EH8 plus fungal mycelium every day. Two weeks after feeding,
mice were intranasally inoculated with SARS-CoV-2 membrane glycoprotein (100 nug/60uL PBS per mouse). The mRNA expression of PDE4B (A) and levels of IL-6 (B) in BALF

were detected by RT PCR and ELISA, respectively. Data are the mean + SD of experiments performed in triplicate. ***p < 0.001 (two-tailed t-test).

membrane glycoprotein can up-regulate the mRNA expression of
PDE4B in vivo, one of four PDE4 isoforms expressed in macro-
phages[28]. Although many cells including macrophages and end-
othelial cells [35]in the respiratory system can produce IL-6,
we demonstrated that SARS-CoV-2 membrane glycoprotein can in-
crease the mRNA expression of PDE4B and trigger release of IL-6
from ]J774 macrophage cells (Fig. S3). Furthermore, the PDE4B is
necessary for the secretion of IL-6 induced by membrane glycopro-
tein, since there is no difference in IL-6 content in PDE4B knockout
mice intranasally inoculated with recombinant membrane glyco-
protein or GFP. The result indicated that SARS-CoV-2 membrane
glycoprotein may activate PDE4B to induce IL-6 secretion. Regu-
lation of cAMP signalling by PDE4 to modulate the inflammatory
responses in airway cells has been illustrated [36]. PDE4 inhibitor
roflumilast has been approved as anti-inflammatory therapy [37].
Our results support the previous concept of using PDE4 inhibitors
as potential drugs to target the cytokine storm in COVID-19 [6].
Although the clinical cut-off value for IL-6 as a biomarker for
cytokine storm has not yet been determined, it has been reported
that an IL-6 threshold greater than 80 pg/mL in sera carried
prognostic value to predict respiratory failure COVID-19[38]. An
IL-6 level above 100 pg/mL in sera of COVID-19 patients was found
to correlate with mortality[39]. Although the process of collecting
BALF dilutes the specimen, it is still unknown what real level of
IL-6 in the lung can trigger a local cytokine storm. After normal-
ization to the concentration of total proteins in lung lavage, the
levels of IL-6 ranging from approximately 40 to 400 pg/mg in
BALF of mice inoculated with SARS-CoV-2 membrane glycoprotein
for 6 h were detected (Figs. 1-4). The fact of varying amounts of
IL-6 in BALF were detected may be due to the differences in the
molecules that were intranasally inoculated into mice. Cytokine
storm can cause multiple-organ failure in COVID-19 infections[40].
Although inoculation with membrane glycoprotein for 6 h led to
23.1% higher level of IL-6 in BALF when compared to inoculation
with GFP (Fig. 1A), cell death (55+ 6%) in the lung inoculated with

monarius mycelium extracts exhibited the anti-inflammatory effect
by blocking TNF-«-induced NF-«B nuclear translocation [42]. In
addition, ACE inhibitory proteins have been identified in mycelium
of P. pulmonarius [43]. Although glucose and galactose are promi-
nent polysaccharides in fungal mycelium [44], it is not determined
which carbon-rich molecules in P. pulmonarius mycelium act as
prebiotics to induce the fermentation of L. rhamnosus EHS. Feed-
ing mice with mycelium powders increased the relative abundance
of L. rhamnosus in fecal samples (Fig. 2C). Augmentation of L. rham-
nosus in mouse gut may explain why feeding mice with mycelium
can suppress an elevation of IL-6 induced by SARS-CoV-2 mem-
brane glycoprotein (Fig. 2B). Future studies will include the quan-
tification of SCFAs in the gut after feeding mice with mycelium
powders.

Studies are ongoing to test the notion of using probiotics
to flatten the curve of COVID-2019 pandemic [45]. It has been
reported that 3-60-day supplementation of probiotic L rhamnosus
GG lowered the incidence of the respiratory tract infections of
viruses by 2- to 3-fold compared to the placebo [46]. Inhibi-
tion of Ffar2 by GLPG-0974 dramatically blocked the action of
L. rhamnosus EH8 plus mycelium to reduce SARS-CoV-2 mem-
brane glycoprotein-induced PDE4B mRNA expression and IL-6
secretion (Fig. 4), demonstrating the essential role of Ffar2 in the
probiotic activity of L. rhamnosus EH8 against the virulence of
SARS-CoV-2 membrane glycoprotein. GLPG-0974 can be quickly
absorbed with peak plasma concentrations reached between 2
and 4 h after oral administration in humans [47], indicating
that oral administration of GLPG-0974 can effectively inhibit the
Ffar2 in intestinal epithelium [48] and alveolar macrophages [49].
A knockout of Ffar2 which abundantly expressed on intestinal
cells in mice exacerbated the colitis and intestinal inflammation
[50]. Treatment with probiotic bacteria can upsurge the abundance
of beneficial microbes and the levels of SCFAs including butyric
acid, while down-regulating the production of pro-inflammatory
IL-6 cytokine in aging mice [51]. Results from recent studies have

membrane glycoprotein was considerably higher than that (164 3%)

demonstrated that sodium butyrate can suppress ACE2 expression

in the lung inoculated with GFP (Fig. S4). The result indicated that

in gut epithelial cells, alleviating the gastrointestinal inflammation

elevation of IL-6 may correlate with massive cell death and organ
dysfunction.

The understanding of host-microbe cross-talk along the gut-
lung axis highlights the significant role of SCFAs in shaping and
promoting both innate and adaptive immunity in bone marrow
to resolve airway inflammation [41]. Our results in Fig. 3 demon-
strated that more than 20 mM butyric acid can be produced by
the mycelium fermentation of L. rhamnosus EHS8. Glucans in P. pul-

associated with COVID-19[52]. Cytokine storm in COVID-19 is
triggered by the release of IL-6 by alveolar macrophages [53].
Mycelium fermentation of L. rhamnosus EH8 yielded substantial
amounts of butyric acid (Fig. 2A, B), which can lower both PDE4B
mRNA expression and IL-6 secretion in J774 macrophage cell lines
(Fig. 2C, D). Thus, it is worth investigating whether activation of
Ffar2 on alveolar macrophages by butyric acid or its derivatives
can efficiently inhibit the SARS-CoV-2 membrane glycoprotein-
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induced IL-6 secretion. Inhibition of PDE4 increased intracellular
cAMP and suppressed the release of pro-inflammatory cytokines
[54]. We thus envision that PDE4B-mediated cAMP signalling
in alveolar macrophages modulated the SARS-CoV-2 membrane
glycoprotein-induced IL-6 secretion. The activation of signalling
pathway of Ffar2, a G protein-coupled receptor (GPCR), to down-
regulate the PDE4B is not yet characterized. However, it has been
documented that members of the PDE4 family can interact with
GPCRs- via f-arrestin proteins, which function as scaffolds to
localize PDE4s to ligand-activated GPCRs [55].

Overall, although further research is needed to clarify how
Ffar2 on alveolar macrophages can regulate the PDE4B-mediated
cAMP signalling to calm the cytokine storm in COVID-19, our
data demonstrated for the first time that PDE4B is an es-
sential molecule that contributes to the SARS-CoV-2 membrane
glycoprotein-induced IL-6 secretion. Mycelium fermentation of
probiotic L. rhamnosus EH8 mediated Ffar2 to counteract the SARS-
CoV-2 membrane glycoprotein, which elevated the PDE4B mRNA
expression and IL-6 secretion in the lung.
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