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Exosome-like nanoparticles from Mulberry
bark prevent DSS-induced colitis via the

AhR/COPSS8 pathway
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Abstract

Bark protects the tree against environmental insults. Here, we
analyzed whether this defensive strategy could be utilized to
broadly enhance protection against colitis. As a proof of concept,
we show that exosome-like nanoparticles (MBELNs) derived from
edible mulberry bark confer protection against colitis in a mouse
model by promoting heat shock protein family A (Hsp70) member
8 (HSPA8)-mediated activation of the AhR signaling pathway. Acti-
vation of this pathway in intestinal epithelial cells leads to the
induction of COP9 Constitutive Photomorphogenic Homolog
Subunit 8 (COPS8). Utilizing a gut epithelium-specific knockout of
COPS8, we demonstrate that COPS8 acts downstream of the AhR
pathway and is required for the protective effect of MBELNs by
inducing an array of anti-microbial peptides. Our results indicate
that MBELNs represent an undescribed mode of inter-kingdom
communication in the mammalian intestine through an AhR-
COPS8-mediated anti-inflammatory pathway. These data suggest
that inflammatory pathways in a microbiota-enriched intestinal
environment are regulated by COPS8 and that edible plant-derived
ELNs may hold the potential as new agents for the prevention and
treatment of gut-related inflammatory disease.
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Introduction

Developing a variety of avenues to deal with or to adapt to stresses
such as changing environment, climate, lifestyle, or social structure
is central to maintaining human health. Deficiency in or loss of
strategies to deal with new or previous unmet changes or stresses
can result in disease. For plants to remain healthy, they must
develop more comprehensive strategies to deal with a higher fre-
quency of changes and a more diversified variety of stresses in order
to survive. Plant bark is considered an accumulation of several dif-
ferent outer layers of a woody plant and constitutes 10-20% of the
weight of most woody plants (Loub et al, 1975; Vane et al, 2006)
that protects the plant against numerous insults coming from desic-
cation, agents causing disease, and extreme temperatures. Whether
these features can be utilized for improving human healthy has not
been studied in detail.

Recently, we (Mu et al, 2014) and others (Xiao et al, 2018) have
identified exosome-like nanoparticles (ELNs) from tissues of edible
plants. ELNs are naturally released, and they are taken up by host
cells and subsequently communicate with ELN recipient cells, which
is a biological hallmark of mammalian cell-derived exosomes.
Unlike animal exosomes which are difficult to produce in large
quantities, ELNs can easily be isolated and purified in large quanti-
ties. Therefore, in this study, we sought to identify the therapeutic
factor(s) in ELNs, which may provide ELN recipient cells a strategy
to deal with stress analogous to plant cells.

Mulberry, a deciduous plant from the genus Morus (family Mora-
ceae) that includes several species (most commonly Morus
notabillis, Morus alba, and Morus rubra) is grown for several benefi-
cial roles including fruit production, leaf production for silkworm
feeding (Sanchez, 1999), its clinical efficacy in glucose metabolism
(Asai et al, 2011), against untreated type 2 diabetes (Nakamura
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et al, 2011), and mild dyslipidemia (Aramwit et al, 2013), to yield
bark for paper production and because of its multiple usage in tradi-
tional medicines (Asano et al, 1994; Kim et al, 1999; Chan et al,
2016). We selected the plant Morus notabillis for this study because
of its widespread presence, therapeutic application, and the avail-
ability of the complete genome sequence (He et al, 2013).

The aryl hydrocarbon receptor (AhR)-mediated signaling path-
way plays a role in response to stress and a number of chemicals iso-
lated from plants (Rothhammer & Quintana, 2019). There are a
number of natural ligands from plant sources that have been shown
to be effective in neurological disease, inhibiting tumor growth, low-
ering cholesterol, and having positive effects in other chronic ill-
nesses (Hirano et al, 1995; Diplock et al, 1998; Datla et al, 2001;
Kurowska & Manthey, 2004). These AhR agonists exert their func-
tion by AhR-mediated CYP1A1 activation, downregulation of nuclear
factor kappa B (NF-kB)-mediated inflammatory signaling, and acti-
vation of inflammatory molecules (Singh et al, 2007; Sarkar et al,
2008; Choi et al, 2010; Potapovich et al, 2011). Whether edible plant
bark-derived factors have an effect on AhR signaling is not known.
Further, the molecular mediators and mechanisms governing the
association between molecules from plants and the AhR signaling
pathway in mammalian cells in general are still elusive.

The purpose of this study was to determine whether edible plant
bark-derived ELNs could be utilized to protect against colitis in a
mouse model that results in numerous insults to the gut microbiome
and the resulting metabolites. We thus tested whether a plant defen-
sive strategy could be used to enhance protection against colitis in a
mammalian model. We used mulberry bark-derived exosome-like
nanoparticles (MBELNSs) as a proof of concept to study the effect of
MBELNSs on gut epithelial AhR-mediated signaling in mice. MBELN-
fed mice showed enhanced mucus barrier function. Moreover, we
found that MBELN-derived HSPAS is required for MBELN-mediated
induction of the expression of AhR as well as activation of AhR. Fur-
ther, activation of the AhR signaling pathway leads to induction of
the expression of COP9/COPS8. The role of induced COPS8 was fur-
ther demonstrated using intestinal specific COPS8 knockout (KO)
mice, showing that MBELN-mediated protection of mice from dex-
tran sulfate sodium (DSS)-induced colitis was abolished in COPS8
KO mice. Mechanistically, we show that MBELN treatment results
in deneddylation of cullin 1 (CUL1). The COP9 signalosome inhibits
the E3 ubiquitin ligase activity of Cullin-RING ubiquitin ligases
(CRLs) by promoting the cleavage of neural precursor cell expressed
developmentally downregulated protein 8 (NEDD8)-CUL1 conju-
gates (also conceptualized as deneddylation) (Lyapina et al, 2001).
Our findings thus link plant communication with the mammalian
kingdom via plant-derived exosome-like nanoparticle-mediated reg-
ulation of CUL1 deneddylation and the mammalian proteasome deg-
radation machinery.

Results

MBELNSs enhance the expression and activate the aryl
hydrocarbon receptor (AhR)-mediated pathway

We isolated exosome-like nanoparticles from mulberry bark
(MBELNSs) by differential centrifugation (Appendix Fig S1A). The
sucrose-purified MBELNs had an average diameter of
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151.3 + 45.4 nm (Appendix Fig S1B and C) and showed exosome-
like characteristics based on a bilayer structure and size revealed by
electron microscopy (Appendix Fig S1D). Like other liposomes, the
presence of a number of explicit lipid molecules (Appendix Fig S1E
and F) and proteins (Appendix Fig S1G and Dataset EV1) was dem-
onstrated by mass spectrometry (MS) analysis. The presence of
RNA was confirmed by agarose gel electrophoresis with and without
digestion by RNase. Isolated RNA was further analyzed using mRNA
sequencing that confirmed the presence of several peculiar RNAs
with critical roles in metabolic and anti-pathogenicity as well
(Appendix Fig S1H and I and Dataset EV2).

To evaluate the potential efficacy and use of MBELNS as an agent
to improve gut healthiness, the toxicity and tropism were evaluated.
MBELNSs were orally administered to C57BL/6J mice (once daily for
15 days) at two different doses (2 x 10° and 1 x 10'© MBELNs/
100 pl/dose/mouse/day) and mice rested for the next 15 days (no
treatment) and were then humanely sacrificed on day 30. Mice
showed no adverse effects including no significant changes in body
weight (Appendix Fig S2A), skin rash, or abnormal fecal discharge
during MBELN administration or follow-up. However, at the dose of
1 x 10'° MBELNs/mouse, mice had a slightly reduced body weight
that was not significant; this group of mice did not show any other
adverse changes. Mice did not show any abnormal effects regarding
morphology of internal organs, gut tissue microscopic structure,
blood cholesterol, triglycerides, or liver enzyme alanine transami-
nase (ALT), while liver enzyme aspartate transaminase (AST) was
lower in the MBELN group, but still in a normal range
(Appendix Fig S2B-D). The in vivo bio-distribution and trafficking
of DiR-labeled MBELNs after oral administration was evaluated in
mice using an Odyssey imaging system. Three hours (h) after a sin-
gle oral administration of DiR-labeled MBELNs (10 x 10° particles/
mouse), DiR fluorescent signals were predominantly detected in the
duodenum-ileum of the small intestine, colon, and cecum. A small
fraction of fluorescent signal was also observed in spleen, liver,
lung, kidney, heart, and blood. The presence and intensity of the
imaging signal indicated that DiR-labeled MBELNs were detectable
up to 6 h after a single dose in blood, heart, liver, lung, kidney, and
brain, while in the small intestine and colon tissue, it was detectable
up to 12 h later. The signal was reduced over time and was not
detectable at 24 h (Appendix Fig S2E and F). Confocal microscopy
analysis demonstrated that 3 h after orally administering MBELNSs,
it was predominantly taken up by gut epithelial cells, Paneth cells
(yellow arrow), and colon tissue. Additionally, in the spleen and
liver, the MBELNs were predominantly present in F4/80" macro-
phages (Appendix Fig S2G).

Next, the effect of MBELNs on the genes expressed in colon tis-
sue was further determined. MBELNs were orally administered to
wild-type C57BL/6J mice for seven days and the expression of genes
was profiled using cDNA array analysis. The results suggested that
MBELN treatment has an effect on the genes expressed in colon tis-
sue (Fig 1A). We noticed that the expression of AhR was increased
due to MBELN treatment. Our recent work indicated that edible
plant-derived exosomes regulate AhR-mediated signaling pathways
in the intestinal epithelium (Teng et al, 2018). AhR is an important
ligand-activated receptor molecule responding to endogenous or
exogenous ligands, including plant-derived ligands, and plays a sig-
nificant role in the host defense mechanism (Moura-Alves et al,
2014, 2019). To determine whether MBELNs can activate the AhR-
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mediated pathway, mouse Hepal.l cells, stably harboring an AhR
responsive luciferase reporter construct, were incubated with vehi-
cle, 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD; 1 nM) as a positive
control, or increasing concentrations of MBELNs (2.5 x 10°,
5 x 10°, 7.5 x 10%, 10 x 10° particles/ml). Exposure to MBELNs
resulted in a dose-dependent increase in luciferase expression. A sig-
nificant 2-fold induction over vehicle treatment was observed at the
lowest concentration of 2.5 x 10° particles/ml and a maximal 27-
fold expression increase at 10 x 10° particles/ml. The data indicate
that MBELNs are a more potent activator of the AhR pathway than
the prototypical AhR agonist TCDD (Fig 1B). Intestinal epithelial
cells are one of the major cell types targeted by MBELNs. Therefore,
we further explored whether MBELNs affect activation of the AhR-
mediated pathway in intestinal epithelial cells. C57BL/6 murine
colon MC38 cells and human colon Caco2 cells were exposed to
vehicle or MBELNSs for 3 h. First, we found that MBELN treatment
(5 x 10° particles/ml) increases levels of phosphorylated-AhR as
well as total AhR in both mouse MC38 cells and human intestinal
epithelial Caco2 cells (Fig 1C and Appendix Fig S2H). The induction
of AhR expression was further demonstrated in colon epithelial tis-
sue of C57BL/6J mice following 3 h of a single dose of oral adminis-
tration of MBELNs (10 x 10° particles/mouse) (Fig 1D). Induction
of AhR target genes, including Cytochrome P450, family 1, subfam-
ily A, polypeptide 1 (CYP1A1I), and Indoleamine 2,3-dioxygenase
(IDO1), and corresponding proteins, was also observed in MBELN-
treated MC38 cells, Caco2 cells and in C57BL/6J mouse colon epi-
thelial tissue in vivo (Appendix Fig S2I and J).

Diet can alter the composition of gut microbiota. Analysis of
MBELN-related alterations in microbial community composition fol-
lowing a 7-day treatment at a family level showed an increase in
bacterial species richness in the feces (Fig 1E). Beta diversity analy-
sis demonstrated significant dissimilarities between microbiota
populations (Fig 1F). MBELN treatment enhanced the bacterial com-
munities of Firmicutes (Dehalobacteriaceae, Lachnospiraceae,
Ruminococcaceae, Erysipelotrichaceae, and Mogibacteriaceae),
Porphyromonadaceae, Prevotellaceae, Rikenellaceae, Paraprevotel-
laceae from Bacteroidetes, Proteobacteria (Pseudomonadaceae,
Desulfovibrionaceae), and Verrucomicrobia (Verrucomicrobiaceae),
while it reduced the community richness for Actinobacteria (Cory-
nebacterium), Bacteroidetes (Bacteroidaceae, S24.7 and Odoribac-
teraceae), Firmicutes (Lactobacillaceae, Turicibacteraceae, and
Clostridiaceae), Proteobacteria (Alcaligenaceae and Helicobactera-
ceae) and Tenericutes (Mycoplasmataceae) (Appendix Fig S3A).
Next, we tested whether MBELNs could inhibit species-specific
growth of bacteria. We found that MBELNs had species-specific
growth inhibitory effects on virulent Listeria (L.) monocytogenes-
EGD (Lis-EGD), while they did not affect the growth of Escherichia
coli (E. coli), Porphyromonas gingivalis (PG), Streptococcus gordonii
(SG), and non-virulent Listeria monocytogenes (Lis) (Appendix Fig
S3B and C). We also noticed that MBELNs were able to inhibit the
expression of bacterial mRNAs (Appendix Fig S3D; Dataset EV3)
that are crucial for the pathogenesis of virulence and growth (Chat-
terjee et al, 2006; Toledo-Arana et al, 2009; Hamon et al, 2012).
Next, we determined whether the protein complexes formed by a
virulent strain of L. monocytogenes-EGD with MBELNSs are different
from the non-virulent strain of L. monocytogenes. We identified a
unique protein profile of virulent L. monocytogenes-EGD that inter-
acted with biotin-labeled MBELNs when compared to non-virulent
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L. monocytogenes (Appendix Fig S3E and F; Dataset EV4). The inter-
acting proteins may contribute to the efficiency in uptake of virulent
versus non-virulent strains (12.6 vs. 30.8% in non-virulent vs. viru-
lent L. monocytogenes; Appendix Fig S3G). The phenotypes, includ-
ing AhR activation and bacterial species-specific growth inhibition,
were reproduced with MBELNs from different lots of mulberry bark
harvested at different time points (summer, fall, winter, and spring).
In addition, there was no difference on AhR induction in MC38 cells,
suggesting that the therapeutic factors from MBELNs are not
affected by seasonal variation or another factor (Fig EV1A).

To further determine whether the data generated above can be
translated to a mammalian setting under physiological conditions
for the prevention of gut-related disease, we tested our central
hypothesis as to whether ELNs from an edible plant (Mulberry;
Morus notabillis) can be utilized for enhancing intestinal barrier
function, which would play a critical role in the prevention of
inflammatory bowel disease (Antoni et al, 2014; Lechuga & Ivanov,
2017). To assess the influence of MBELNs on DSS-induced colitis
development, mice were orally administered MBELNs (10 x 10° par-
ticles/dose/day/mouse) for 7 days in addition to 2% DSS in the
drinking water (Fig 1G). Mice treated with MBELNs showed
reduced colitis severity, in particular a reduction in loss of body
weight, colon shortening, and inflammatory severity (Fig 1H-J).
MBELN treatment in conjunction with DSS administration resulted
in attenuated crypt damage, reduction of the infiltration of inflam-
matory cells (Fig 1K and L), and reduction in the levels of inflam-
matory cytokines interleukin (IL)-6 and IL-1B (Fig 1M).

MBELNs induce the expression of specific genes via the
AhR pathway

AhR is a ligand-activated transcription factor that integrates environ-
mental, dietary, microbial, and metabolic cues to control complex
transcriptional programs in a ligand-specific, cell type-specific, and
context-specific manner. AhR interacting intracellular proteins in
MC38 cells were investigated while being treated with MBELNs and
compared to cells treated with TCDD and PBS as controls. Interac-
tion between AhR and MBELN-induced proteins in the AhR complex
was identified by co-immunoprecipitation using an AhR antibody
followed by MS (Fig 2A). Interestingly, the MBELN-treated group
had several proteins interacting with AhR specially involved in
proteasome degradation and ubiquitin pathways (Fig 2A). COPS8
was selected for further investigation, as COPS8 plays a crucial role
in the COP9 signalosome complex and is important for the crosstalk
with proteasome-mediated pathways (Schwechheimer et al, 2001;
Perazzo et al, 2003). To confirm the MS data, in a reciprocal immu-
noprecipitation assay using a COPS8 antibody, we demonstrated
that MBELN treatment recruited more AhR into the COPS8 complex
(Fig 2B). Furthermore, MBELN treatment also increased COPS8 at
the protein and mRNA levels in ileum crypts and colon epithelial
cells (Figs 2C and EV1B-D).

Degradation of AhR via the ubiquitin—proteasome pathway takes
place upon AhR ligand stimulation (Ma & Baldwin, 2000) as a feed-
back mechanism for maintaining AhR homeostasis. We tested the
stability of AhR upon MBELN stimulation. Interestingly, in contrast
to the results generated using TCDD stimulation, MBELN treatment
resulted in an increase of AhR expression. MC38 cells treated with
proteasome inhibitor MG132 showed attenuated MBELN-mediated
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Figure 1. MBELNs activate AhR signaling.

EMBO reports

A Mice were orally administered with mulberry bark-derived exosome-like nanoparticles (MBELNs) (10 x 10° particles/100 pl/mouse) or phosphate-buffered saline
(PBS) for 7 days. Heat map showing influence of MBELNs on colonic gene expression from three biological replicates.

B In vitro assessment of MBELN-dependent induction of aryl hydrocarbon receptor (AhR) promoter using HEPAL.1 cells (contain AhR responsive luciferase reporter
construct). Data are mean + SEM from three biological replicates. **P < 0.01, ***P < 0.001 using one-way ANOVA.

C  Representative images showing expression of pAhR in MC38 cells and Caco2 cells treated with MBELNs from three biological replicates. Scale bar 20 um.

D  Western blot (top) and graphical representation of fold changes (bottom) for AhR in MC38 cells, Caco2 cells, and colon epithelial cells after treatment with MBELNS.
Data are mean + SEM of three biological replicates. *P < 0.05 using Student’s t-test.

E Fecal microbiota were analyzed following administration of MBELNs (10 x 10° particle/100 pl/dose/day/mouse) for 7 days to C57BL/6 mice. Alpha diversity
(Shannon index) was calculated at the family level and is displayed as a bar-and-whiskers plot for each individual combination of control and MBELN treatment.
The center line represents the median and the box encloses the 1% and 3™ quartiles (“hinges”). The upper and lower whiskers represent the furthermost points from
the respective hinges, which are no more than 1.5 interquartile ranges from the hinge. The individual points are overlaid. Data are presented from five mice or

biological replicates.

F Beta diversity analysis, biplots samples (points), and bacterial taxa at family level (axes) are simultaneously projected on the two-dimensional canonical axes (CA1

and CA2). Data are presented from five mice or biological replicates.

G Pictorial representation of dextran sulfate sodium (DSS; 2%)-induced colitis development in mice.
H  Graph showing loss of weight following DSS-induced colitis with and without MBELN treatment. Data are mean + SEM of seven biological replicates, **P < 0.01

using Mann-Whitney test.

| Representative image showing changes in colon morphology and length following DSS-induced colitis with concurrent treatment with MBELNSs.

J Column graph showing changes in colon length. Data are mean 4 SEM from seven biological replicates, **P < 0.01 using one-way ANOVA.

K, L Hematoxylin and eosin (HE) staining to show histological changes in colon tissue (left) and a graph showing severity score (right) based on histological data. Scale
bar 200 pum. Data are mean + SEM of seven biological replicates, **P < 0.01 using Student’s t-test.

M Enzyme-linked immunosorbent assay (ELISA) for interleukin (IL)-6 and IL-1p from colon tissue. Data are mean =+ SEM from seven biological replicates, **P < 0.01

using one-way ANOVA.

Source data are available online for this figure.

induction of cytoplasmic AhR, AhR translocation, and COPS8
expression (Fig 2D). These results suggest that the pathway causing
MBELN-mediated activation of AhR and subsequently inducing
expression of COPS8 is promoted by the proteasome degradation
pathway. Data further indicate that MBELNs enhanced the expres-
sion of COPS8 protein in contrast to the fact that the prototypical
AhR agonist, TCDD, decreased the expression of COPS8 protein
(Fig 2E). MS analysis further suggests that MG132 treatment altered
the composition of the AhR complex of MC38 cells treated with
MBELNSs (Fig 2F). The presence of COPS8 and cullin 1 was con-
firmed by co-immunoprecipitation using AhR pulldown (Fig EV1E).
To examine the effect of MBELNs on the proteosome pathway
through COPS8-CUL1 (neddylation and deneddylation), CUL1 was
examined, as CUL1 is known to be involved in the maintenance of
F-box stability and dynamic SCF (Skpl-CUL1-F-box protein) assem-
bly and is collectively controlled by the activity of the COP9 signalo-
some (Lyapina et al, 2001). The deneddylation of CUL1 increased
following treatment with MBELNs which is in agreement with
the fact that COP9 has deneddylation activity (Fig 2G) (Lyapina
et al, 2001).

To test whether AhR is an upstream factor to regulate the expres-
sion of COPS8, KO for ARR in MC38 cells was accomplished using
CRISPR/CAS9 and confirmed by Western blot (Fig EV1F). AhR KO
inhibited the MBELN-mediated COPS8 expression at the protein and
transcriptional level when compared to wild-type cells (Figs 2H and
EV1G), while COPS8 KO did not affect MBELN-dependent AhR
induction (Fig 2I), which demonstrates MBELNs mediate induction
of COPS8 through AhR.

Deletion of COPS8 in intestinal epithelial cells leads to higher
susceptibility to DSS-induced intestinal inflammation

Next, the significance of the induction of COP9/COPS8 was further
investigated. Although COP9 regulates the cell cycle and

© 2022 The Authors

proliferation (Yang et al, 2002), it is not known whether COPS8
plays a role in regulating gut barrier function. To address the in vivo
role of COPS8, we generated mice expressing Villin-Cre and COPSS-
lox alleles (COPS8™™) to KO COPSS in intestinal epithelial cells (IEC)
(COPS84EC). To verify the cell-type specificity of COPS8 KO, we
performed immunofluorescent staining (IF) for COPS8 along the
anterior—posterior axis of the mouse small and large intestine. In
control COPS8™™ intestine, COPSS is expressed in both intestinal
epithelial cells and interstitial cells (Fig EV2A). In COPS8“™EC intes-
tine, however, the majority of the crypt/villus units are negative for
COPS8, while all the interstitial cells remain positive for COPS8
(Fig EV2A). The efficiency of COPS8 deletion in isolated IECs was
confirmed by Western blotting (Fig EV2B). Additionally, we exam-
ined COPS8 protein levels in other organs and found no changes in
liver, kidney, and lung of COPS8“™C mice when compared to the
controls (Fig EV2B). These results show that the deletion of COPS8
is specific to IECs. COPS8 deletion or knockdown has been reported
to cause instability of other COPS subunits (Menon et al, 2007; Lei
et al, 2011; Su et al, 2011; Liu et al, 2013). We found COPSS,
COPS6, and COPS7 protein amounts were also decreased to various
degrees (Fig EV2C), indicating the essential role of COPS8 for COP9
complex integrity in IECs. The best-known function of the COP9
complex is the regulation of cullin-Ring-E3 ubiquitin ligase activity
through deneddylation (Su et al, 2011). Consistent with the loss-of-
function mutants of individual COPS subunits, COPS8-deficient IECs
displayed a marked increase of neddylated cullins (Fig EV2C), indi-
cating that the cullin deneddylation activity was compromised (Wei
& Deng, 2003). In addition, COPS84™EC mice displayed a significant
reduction in body weight (Fig EV2D) and small intestinal length,
while colon length remained the same (Fig EV2E).

Histological analysis revealed a sharp reduction of Paneth cells
throughout the length of the small intestine (Figs 3A and EV3A).
Paneth cell granules store lysozyme, which were barely detectable
in COPS8“™ crypts (Figs 3B and EV3B). Electron microscopy (EM)
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Figure 2. MBELN treatment leads to inducing the expression of COPS8 via the AhR signaling pathway.

A Mass spectrometry (MS) analysis of aryl hydrocarbon receptor (AhR) pulldown protein from mulberry bark-derived exosome-like nanoparticles (MBELNs) and 2,3,7,8-
tetrachlorodibenzo-p-dioxin (TCDD)-treated MC38 cell lysate. Data from three technical replicates are shown.

B Co-immunoprecipitation of COP9/COP9 Constitutive Photomorphogenic Homolog Subunit 8 (COPS8) bound AhR from MC38 cell lysate treated with MBELNs. Data
are mean + SEM from three biological replicates, **P < 0.01 using Student’s t-test.

C  Western blot analysis showing expression of COPS8 in mice ileum crypts. Data are mean £ SEM of three biological replicates, **P < 0.01 using Student’s t-test.

D  Representative images showing effect of MBELNs with and without TCDD (1 nm)/ carbobenzoxy-Leu-Leu-leucinal (MG132; 20 uM) on co-expression of AhR and
COPS8 using immunofluorescence. Scale bar 10 um, images are from three biological replicates.

E  Western blot showing MBELNs, TCDD, and MG132 effect on co-expression of AhR and COPSS8. The data represent as mean £ SEM from three biological replicates

**p < 0.01, ***P < 0.001 using one-way ANOVA.

F Heat map showing MS analysis of AhR pulldown protein from MC38 cells treated with MBELNs in combination with proteasome inhibitor, MG132. Data are

represented from three technical replicates.

G Expression of Cullin 1 (CUL1) and neddylated CUL1 (N-CUL1) following MBELN treatment using Western blot. Data are mean + SEM from three biological

replicates. **P < 0.01 using Student’s t-test.

H, 1 Western blot showing expression of COPS8 in wild-type (Wild) and AhR-KO MC38 cells and expression of AhR in wild and COPS8-KO MC38 cells. MC38 cells were KO

using CRISPR/ CAS9 KO plasmid transfection.

Data information: Data represent mean + SEM from three biological replicates, **P < 0.01, NS—non-significant, using one-way ANOVA.

Source data are available online for this figure.

showed the presence of degenerating organelle membranes and the
loss of granules in Paneth cells of COPS8*"“C mice (Black arrows in
Fig 3C). Although numerous secretory granules are apically located
and secreted into the cryptic lumen of COPS8Y" mice, complete
absence of secretory granules was observed in the lumen of COPSS8-
4]EC mice (Blue arrows in Figs 3C and EVSC). EM analysis also
revealed microvilli were abundant in the inner surfaces of cryptic
lumina in COPS8™™ mice, but markedly reduced in COPS8“™EC mice
(yellow arrows in Fig EV3C). These data indicate that COPS8 quan-
titatively regulates the secretory granules. EM revealed a contracted
endoplasmic reticulum (ER) in COPS8AEC goblet cells (white arrow
in Fig 3C). The number of alcian blue® goblet cells was mildly
reduced in duodenum and jejunum (Fig 3D) but not in ileum
(Fig EV3D). Though the number of entero-endocrine cells remained
unaffected, chromogranin A" (ChgA") staining revealed a clear
mislocalization of ChgA™ cells (Figs 3E and EV3E). Paneth cells are
one of the major cell types that release lysozyme and anti-microbial
peptides (AMPs) that play a protective in IBD (Ayabe et al, 2000;
Wehkamp et al, 2005; Salzman et al, 2010). To test whether COPS8
deficiency triggers dysbiosis via a defect in the production of AMPs,
global gene expression profiles were examined in crypt IECs using
the Clariom S sDNA array. We analyzed mRNA panels of AMPs
produced in COPS8"™C and COPS8™" mice. Consistent with the
marked reduction of Paneth cells, the expression of defensins was
barely detectable and the expression of lysozyme was also dramati-
cally reduced in IECs of distal ileum of COPS84EC mice (Fig 3F).
Real-time quantitative reverse transcription polymerase chain reac-
tion (qRT-PCR) confirmed that the expressions of AMPs (viz.
Defensin Alpha (Defa)-1, Defa-21, Defa-bl, Defa-rsl, and Angio-
poietin (Ang)-4) were reduced significantly in ileum and colon
(Fig 3G and H).

Susceptibility to intestinal inflammation is often associated with
alterations in commensal bacterial populations (Alenghat et al,
2013; Peterson & Artis, 2014). Using real-time PCR with 16S rRNA
primers targeting the dominant bacterial populations in the mouse
intestinal tract (Salzman et al, 2002), we compared the relative
abundance of individual bacterial groups in distal ileum and colon
of COPS8™EC mice and their single-housed controls. These included
members of the gram-positive Firmicutes phylum (Eubacteriumrec-
tale, Lactobacillus, and Segmented Filamentous Bacteria (SFB)
groups) and the gram-negative Bacteroidetes phylum (Bacteroides

© 2022 The Authors

and Mouse Intestinal Bacteroides (MIB) groups). Surprisingly,
although the relative number of gram-negative Bacteroides and MIB
and gram-positive Eubacteriumrectale and Lactobacillus remained
similar, there was a dramatic increase of SFB (Fig 4A). Increase of
the mucus-associated bacteria plays a role in gut inflammation
(Matsuoka & Kanai, 2015). The altered composition of bacterial spe-
cies as a result of KO of COPS8 in gut epithelial cells may be due to
their different spatial distribution, luminal vs. anchoring the apical
surface of epithelia (Vaishnava et al, 2008, 2011). We quantitatively
analyzed bacteria in the mucus versus lumen using real-time PCR.
Although the luminal bacterial loads did not show a significant dif-
ference, the bacteria recovered from the intestinal surface showed a
consistent higher trend in COPS8*"EC mice as compared to COPS8"/"
mice (Fig 4B). Indeed, transmission EM also revealed a thicker net-
work of bacteria in the distal ileum of COPS8*"“ mice comparing to
that of COPS8™" mice (Fig 4C). These results suggest that KO of
COPS8 in gut epithelial cells leads to more bacteria accessing the gut
mucus, and more dense mucus-associated bacteria due to KO of
COPS8 is in accordance with the observed reduction of expression
of genes encoding for AMPs secreted by Paneth cells.

To assess the significance of IEC-intrinsic COPS8 expression in
the context of intestinal damage and inflammation, a DSS-induced
mouse colitis model was used. After the administration of DSS (2%)
for 7 days, COPS8™C mice showed significantly increased mortality
and severe weight loss compared to COPS8"" mice (Fig 4D and E).
Histological examination of COPS84C large intestine revealed
severe inflammation with massive cellular infiltration into the
mucosa, and loss of crypts and surface epithelium, particularly in
the cecum (Fig 4F), which is in sharp contrast to the minimally
affected large intestine of COPS8™" mice. The severity of the colitis
in COPS8“™C mice is also reflected by the markedly increased colitis
score and the shortened length of the colon (Fig 4G). Consistent
with increased inflammation, ELISA of the COPS8™E colon showed
significantly increased secretion of the pro-inflammatory cytokines
IL-1B and IL-6 compared to control mice (Fig 4H). There were sig-
nificantly more CD11b'Ly6G" neutrophils in the colon of COPS84™EC
mice (Fig 4I). Correlated to severe inflammation, a higher Treg fre-
quency was observed in colonic lamina propria (cLP) of COPS8AEC
mice than that of control mice (Fig 4J). The ratio of Th1 cells com-
pared toTh17 cells, as indicated by the respective production of
interferon gamma (IFN-y) and IL-17 in CD4" T cells, was very low
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Figure 3. Deletion of COP9/COP9 constitutive photomorphogenic homolog subunit 8 (COPS8) in IECs leads to the loss of the Paneth cell lineage in distal ileum

crypts.

A Representative hematoxylin and eosin (HE) staining of ileum. Paneth cells with typical eosinophilic granules (black arrows) on HE-stained sections at the base of
crypts in Villin-Cre and COPS8-lox alleles expressing (COPS8ﬂ/ﬂ), but not COPS8 knockout (KO) (COPS8“'E) epithelium. Scale bar 50 um, n = 7 biological replicate

per genotype.

B The granule protein, lysozyme, was examined by immunofluorescence (Red) and counted in the ileum of COPS8™ and COPS84'EC mice (scale bar 100 pm).
The column graph represents number of lysozyme™ cells presented as mean 4 SEM from seven biological replicates. **P < 0.01 using Student’s t-test.

C  Transmission electron microscopy (TEM) of crypts of COPS8™ and cops

84EC mice. The base of the crypt in COPS.

84" mice is occupied by poorly differentiated

columnar epithelial cells that lack secretory granules, rudimentary electron-dense granules (black arrows), granules in the lumen (blue arrows) and have a
contracted endoplasmic reticulum (ER) (white arrows). Scale bar 5 um, data are from seven biological replicates per genotype.

D Goblet cells were stained by Alcian blue and counted in COPS8™" and COPS84/C epithelia of duodenum and jejunum (scale bar 200 pm). The column graph
represents number of Alcian blue” cells presented as mean + SEM from seven biological replicates. *P < 0.05 using Student’s t-test.

E The marker for enteroendocrine cells (between two dashed line), chromogranin, was detected by immunofluorescence and counted in the ileum of COPS8™ and
COPS8Y'E¢ mice (scale bar 100 pm). The column graph represents number of chromogranin A" cells per crypt-villus presented as mean + SEM from seven

biological replicates. *P < 0.05 using Student’s t-test.

F RNA sequencing-based measurements of transcripts comprising antimicrobial peptides (AMPs)-related genes in crypts isolated from COPS8™ and COPS84/EC mice.

Representative data from three biological replicates per genotype.

G, H Real-time quantitative reverse transcription polymerase chain reaction (PCR) (QRT-PCR) analysis of the expression of genes encoding AMPs in the ileum (G) and
colon (H) in cOPS8™M and COPS8A'E mice. Error bars indicate the mean = SD from three biological replicates. *P < 0.05, **P < 0.01, ***P < 0.001 using Student’s

t-test.

in COPS8*™“ mice (Fig 4J). Moreover, histological analysis of the
distal ileum demonstrated a notably larger area with the loss of
crypts and increased cellularity in the lamina propria (Fig EV4A and
B). The increased susceptibility to ileitis in the absence of COPS8 in
IECs was further supported by increased production of pro-
inflammatory cytokines IL-1f, IL-6, and tumor necrosis factor-o
(TNF-o) (Fig EV4C), by elevated infiltration of the lamina propria
with neutrophils (Fig EV4D) and an increased Th1/Th17 cell ratio
(Fig EV4E). These data suggested that COPS8*“ mice were more
susceptible than coprs8™™ mice to intestinal inflammation, which is
accompanied by reduced AMP secretion by Paneth cells.

Induced intestinal inflammation is accompanied by altered fecal
gut microbiota composition in COPS8*'¢ mice

Paneth cells are a primary source for releasing AMPs and preventing
dysbiosis (Peterson & Artis, 2014). COPS8 KO leads to Paneth cell
dysfunction. A 16S rRNA gene-based microbiota sequencing analy-
sis showed that the fecal microbiota derived from COPS8*EC mice
clustered apart from the COPS8"" control (Fig 5A). The microbial
composition was strikingly different between COPS8™" and COPSS-
AIEC mice and significantly altered in COPS8*™“ mice (Fig 5B). Out
of 11,160 operational taxonomic units, the top 30 genera were dif-
ferentially represented in feces between COPS8™" and COPS84EC
mice (Fig 5C). Intriguingly, metagenomic analysis of gut microbiota
revealed that the abundance of Bacteriodetesis was similar in
coprss™m and corS8“™C mice. However, COPS8 deficiency led to a
high abundance of Gram™ bacteria related to Proteobacteria and a
to lower abundance of Gram'” bacteria related to Firmicutes in
feces (Fig 5C). Notably, linear discriminant analysis effect size
(LEfSe) analysis identified Beta-Proteobacteria mostly from Gram'™
Proteobacteria as specific for the microbiota in COPS8*EC mice
(Fig 5C), whereas levels of Clostridiales related to Gram™ Clostridia
were relatively higher in COPS8™" mice (Fig 5D).

To determine whether bacterial dysbiosis plays a causal role in
the exacerbated intestinal inflammation in COPS84EC mice, we
performed fecal transfer experiments with COPS84£€ and cOPS8™"
mice to study alterations in inflammation. COPS8Y" mice that
received microbiota from COPS8EC mice showed more intestinal

© 2022 The Authors

inflammation when compared to mice only receiving COPS8™"
microbiota, as indicated by a higher histological score (Fig 5E). To
test whether microbiota directly affects intestinal inflammation in
COPS8™EC mice, mice were treated with antibiotics. Antibiotic treat-
ment led to a large decrease in both inflammation scores and rectal
prolapse in the colon of COPS8*™“ mice (Fig SF and G). Strikingly,
antibiotics suppressed both immune cell infiltration (Fig 5SH) and
pro-inflammatory cytokine production (Fig 5I) in the ileum of
COPS8“™€ mice. These data indicate that the more severe intestinal
inflammation in COPS8“™“ mice is likely due to dysbiosis of gut
microbiota-induced intestinal inflammation.

Deletion of IEC COPS8 does not lead to protection of COPS8 KO
mice treated with MBELNs against DSS-induced intestinal
inflammation

To further test whether COPS8 plays a role in MBELN-mediated pro-
tection of mice against DSS-induced colitis, we treated coprsgn
mice and COPS8YE mice with 2% DSS with and without MBELN's
for seven consecutive days to induce colitis. In COPS8"" mice, treat-
ment with MBELNs prevented weight loss, shortening of the colon,
and inflammation upon DSS induction of colitis. However, in
COPS8“™ mice treated with MBELNS, none of these beneficial effects
were evident (Fig 6A-E). COPS8™" mice treated with MBELNs
showed enhanced expression of AMPs, whereas there was no induc-
tion of AMPs in the colon of COPS8 mice (Fig 6F). Collectively,
the results suggest that COPS8 is essential for MBELN-mediated
induction of AMPs and prevents DSS-induced colitis. Western blot
analysis showed that tight junction proteins ZO-1 (Zonula
occludens-1 ZO-1) that play an important role in maintaining gut
barrier function are upregulated in the small intestine epithelium of
MBELN-treated COPS8""" mice, while there was no evidence of
upregulation in COPS8* mice (Fig 6G). This result also is in agree-
ment with the data generated using serum FITC-dextran assessment
(Fig 6H), suggesting that gut epithelial COPS8 induced by MBELNs
plays a role in enhancing gut barrier function. Analysis of ZO-1 pro-
tein expression in COPS8Y" and COPS8* mice colon tissue demon-
strated that COPS8* mice showed lower but not significantly
different ZO-1 expression compared to COPS8™" mice, while DSS-
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Figure 4. COP9/COP9 Constitutive Photomorphogenic Homolog Subunit 8 (COPS8) deficiency increases susceptibility to DSS-induced colitis.

A Real-time quantitative reverse transcription polymerase chain reaction (PCR) (QRT—PCR) analysis of the differential abundance of selected bacterial taxa in stool
samples of ileum and colon of Villin-Cre and COPS8-lox alleles expressing (COPS8™) and COPS8 knockout (KO) (COPS84'ES) mice. Error bars indicate the mean =+ SD
from three biological replicates per genotype. **P < 0.01, NS—non-significant using Student’s t-test.

B gRT-PCR analysis of the abundance of luminal and mucosal bacteria in ileum (top) and cecum (bottom) of COPS8™ and cOPS8*'EC mice. Error bars indicate the
mean =+ SD from three biological replicates per genotype. *P < 0.05, NS—non-significant using Student’s t-test.

C  Scanning electron microscopy of ileum of COPS8™ and copsg*'

mice. Scale bar 50 um, representative data from three biological replicates per genotype.

D-| Mice were treated by 2% dextran sodium sulfate (DSS) in drinking water for 7 days. (D) Survival curves of COPS8™ and COPS8'EC mice during DSS-induced
colitis. Difference in survival was determined with Kaplan—Meier analysis, **P < 0.01. Representative data from 20 biological replicates per genotype. (E) Changes
in body weight are presented as percent of initial weight was determined using Mann—Whitney test, *P < 0.05. Representative data from 20 biological replicates
per genotype. (F) Representative hematoxylin and eosin (HE)-stained sections of colon and cecum from copss™ and coPS8*'E€ mice after DSS-induced colitis
(day 9). Scale bar 100 pum, representative data from five biological replicates per genotype. (G) Histopathologically scored sections of distal colon; cecum and
colon length were analyzed from cops8™ and coPS8*"E€ mice after DSS-indcued colitis (day 7). Data are represented as mean + SEM from five biological
replicates per genotype. **P < 0.01 using Student’s t-test. (H) Cytokine levels (interleukin (IL)-1B, IL-6, and tumor necrosis factor-o. (TNF-o)) in the colon collected
on day 7 in colitis induced COPS8™" and COPS84"C mice. Data are represented as mean = SEM from five biological replicates per genotype. *P < 0.05, **P < 0.01,
NS—non-significant using Student’s t-test. (I) The frequency of CD11b+Ly6C+ and CD11b+Ly6G+ cells in colonic lamina propria (cLP) of copss™™ and or
COPS84"E® mice with DSS-induced colitis. The column graph represents percentage of Ly6C™ and Ly6G™ cells, presented as mean + SEM from three biological
replicates per genotype. *P < 0.05, NS—non-significant using Student’s t-test. (J) Representative FACS plots and percentage of intracellular staining of Forkhead
box protein P3 (FOXP3), Interferon gamma (IFN-y) and IL-17A in CD3"CD4" T cells from colonic lamina propria of corssif or COPS84"C mice with DSS-induced
colitis. The column graph represents percentage of Treg" and ratio of Th1/Th17 cells, represented as mean + SEM from three biological replicates per genotype.

*P < 0.05 using Student’s t-test.

induced gut injury significantly reduced ZO-1 expression in
COPS8E mice compared to COPS8™" mice. Similarly, gut perme-
ability increased in COPS8 mice following DSS-induced injury.
This suggests that COPS8*“ mice are more vulnerable to DSS-
induced gut injury. MBELN treatment resulted in inhibition of
expression of NF-kB and IKK-p in the colon of COPS8"" mice; how-
ever, COPS8 KO attenuated MBELN-mediated reduction of NF-«B
and IKK-f expression (Figs 61 and J, and EV4F). Collectively, the
cumulative inhibitory effect of MBELNs on gut inflammation via
COPS8-mediated release of AMP and inhibition of the inflammatory
pathway could play a pivotal role in the prevention of colitis.

MBELN-derived protein HSPAS8 binds to and subsequently
activates AhR

To further investigate the factors from MBELNSs responsible for the
activation of AhR, we screened proteins, lipids, and RNA extracted
from MBELNSs. Treatment with MBELN-derived protein extracts led
to the activation of AhR (Figs 7A and EVSA and B). Upon treating
with different MBELN protein fractions based on molecular weight,
we found that proteins ranging from 50 to 100 kDa were responsible
for its activity (Figs 7B and EVS5C). Surface Plasmon resonance
(SPR) analysis indicated that proteins derived from MBELNSs bind to
His-tagged recombinant human AhR (His-hAhR) captured on an
NTA chip, demonstrating that AhR directly binds to MBELN-derived
proteins (Fig 7C).

The MBELN-derived protein fraction binding to recombinant
hAhR on the NTA chip was eluted and analyzed using MS to charac-
terize the proteins contained in MBELNs that bind to AhR. MS anal-
ysis revealed that there are several proteins (Dataset EV5) present in
the fraction that binds to AhR. Based on a homology analysis with
human HSP90aal, an AhR binding protein that provides stability to
AhR (Rothhammer & Quintana, 2019), MBELN-derived heat shock
protein family A (Hsp70) member 8 (HSPA8) had the highest simi-
larity (71.2%) to human HSP90aal (Appendix Fig S4A). Subse-
quently, we performed docking analyses for AhR with HSPA8 and
AhR with HSP90 which demonstrated that HSPA8 has a higher bind-
ing affinity than homologous protein HSP90, with HSPA8 having a

© 2022 The Authors

docking score of —336.21 when compared to HSP90 with a docking
score of —282.25. Collectively, this analysis demonstrated HSPAS8
could be an AhR activating ligand and could be one of the contribu-
tors to AhR activation (Fig 7C). As full gene and protein sequences
of HSPAS8 were available, we computationally analyzed the docking
of HSPA8 to AhR. Docking analysis demonstrated that HSPAS8
derived from MBELNs has a stronger binding affinity compared to
endogenous human HSPA8 (Fig 7D). The amino acid sequence of
MBELN-derived HSPA8 is 35% identical to human HSPAS8
(Appendix Fig S4B).

To confirm our result that MBELN-HSPAS8 binds to AhR and
induces its activity, we cloned His-, MBP-, and FLAG-tagged mul-
berry HSPAS8 gene into E. coli and expressed a His-MBP-FLAG-
tagged mulberry HSPAS protein (~106.75 kDa) (Fig EV5D). The SPR
experiment demonstrated that purified MBELN-HSPAS8 (TEV prote-
ase cleaved and purified to eliminate His and MBP tagging) binds to
AhR (Fig 7F). The binding of MBELN-HSPA8 to AhR was confirmed
by treating MC38 cells with FLAG-tagged MBELN-HSPAS8 for 3h and
then staining the cells with anti-FLAG and anti-pAhR (Fig EVSE).
MC38 cells treated with purified HSPA8 confirmed the inducible
effect of MBELN-HSPA8 on AhR and its target genes at a similar
level as with MBELNs (Figs 7E and EVSF). Collectively, we showed
that MBELN-derived HSPA8 binds to and subsequently activates
AhR. To further determine whether HSPAS8 plays a role in MBELN-
mediated deneddylation of CUL1 via the AhR pathway, MC38 cells
with and without AhR KO were treated with HSPAS8 packed in lipo-
somes made from the total lipids extracted from MBELNs or mouse
Hsp70 as a control. The Western blot analysis indicates that cells
treated with liposome-containing mulberry HSPA8 show deneddyla-
tion of CUL1, while those treated with liposomes-containing mouse
Hsp70 as a control did not (Fig EVSG).

Discussion

In this study, as proof of concept, edible mulberry plant bark-
derived exosome-like nanoparticles were used to demonstrate bene-
ficial effects on the mammalian intestinal tract. Four lines of
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Figure5. COP9/COP9 Constitutive Photomorphogenic Homolog Subunit 8 (COPS8) deficiency modifies gut microbiota composition and bacterial diversity that

contributes to intestinal inflammation.

A Principal components analysis of 165 rRNA gene-sequencing analysis of gut microbes obtained from Villin-Cre and COPS8-lox alleles expressing (COPS8™f) and COPS8
knockout (KO) (COPS8“¥) mice. PC1 and PC2 explain the 64.47 and 27.95% variation, respectively. Representative data from five biological replicates per genotype.

B Heatmap of differentially represented bacterial species in feces between COPS8™ and COPS8“/EC mice. The top 30 genera that are shared by all of the samples
shown. The scale was the percentage composition (log2) based on the 16S rRNA gene sequences analyzed using the Greengene database (gg_otus2013). The
hierarchical clustering based on Spearman rank correlation (average linkage method) was performed using Gene Cluster 3.0 and images generated on Java Treeview.

Representative data from five biological replicates per genotype.

C The relative abundance of bacteria phylum in the feces of corss and cOPS8'E mice. Representative data from five biological replicates per genotype.

D LEfSe analysis was applied to identify high-dimensional biomarkers that discriminate between feces from copPS8™ and COPS:

biological replicates per genotype.

84'EC mice. Representative data from five

E Histologic severity scores of cors8™ mice and COPS8*'E after fecal transplantation. Data represents the histological score of mice analyzed on day 160. Data are
represented as mean + SEM from seven biological replicates per genotype. **P < 0.01 using one-way ANOVA.
F Inflammation scores in the colon of 5-month-old COPS8™ and COPS84'€ mice. Data are represented as mean + SEM from seven biological replicates per genotype.

**Pp < 0.01, NS—non-significant using one-way ANOVA.

G Percentage of rectal prolapse of 5-month-old mice cops8™f and COPS8*'€, Data are represented as mean + SEM from seven biological replicates per genotype.

**p < 0.01, NS—non-significant using one-way ANOVA.

H Flow cytometric analysis of CD45+ infiltrating immune cells in the lamina propria of the ileum. Data are represented as mean + SEM from three biological replicates

per genotype. **P < 0.01, NS—non-significant using one-way ANOVA.

| Real-time quantitative reverse transcription polymerase chain reaction (QRT-PCR) analysis of the expression of genes encoding inflammatory cytokines in the ileum.
corss™M and COPS84EC mice were either untreated (phosphate-buffered saline (PBS)) or treated with the antibiotic cocktail (Abx) for 3 months. Data are mean ==
SEM from three biological replicates. **P < 0.01, NS—non-significant using one-way ANOVA.

experimentation demonstrated the critical roles of MBELNs in AhR/
COPS8-mediated intestinal epithelial cell protection in a DSS-
induced mouse colitis model. First, the expression as well as activa-
tion of AhR is MBELN-HSPAS8 specific, as HSPA8 cannot be replaced
with mouse HSP70. Further, we show that MBELN-HSPAS is only
35% identical to human HSP70 and it is thus unlikely that human
HSP70 has the same biological function as MBELNS, although data
published by others indicate that host-derived HSP70 is constitu-
tively highly expressed in intestinal epithelial cells (Musch et al,
1999; Yang et al, 2002; Kojima et al, 2003; Petrof et al, 2004). Sec-
ond, our data indicated that HSPAS8 is incorporated into mulberry
bark-derived exosomes for targeted delivery to intestinal epithelial
cells. Third, impacting on the AhR pathway, MBELNs selectively
activate COP9/COPS8 in intestinal epithelial cells. This was further
supported by the observation that AhR KO abolished COPS8 induc-
tion. Fourth, induced COP9/COPS8 is essential for MBELN-mediated
prevention of DSS-induced mouse colitis via the induction of an
array of AMPs. Based on the data presented in this study, we pro-
pose a model in which MBELNs prevent mouse colitis via AhR/
COP9/COPS8-mediated induction of AMPs. Binding of MBELN-
HSPAS8 to AhR is required for activation of AhR signaling, and the
activity of proteasome degradation pathway cross-talking with
COP9/COPS8 regulates the homeostasis of MBELN-mediated AhR
signaling.

The finding that mulberry bark, that is, MBELN-derived heat
shock protein HSPA8 binding to AhR leads to the induction of
COPS8 and the promotion of dennydylation of CUL1 opens up a
new avenue for studying the role of plant heat shock proteins in reg-
ulating mammalian protein stability. It is well known that Hsp70-
containing molecular chaperone machines are one of the major con-
tributors to prevent stress-induced protein misfolding, restoring the
normal function of aggregated proteins or promoting the degrada-
tion of misfolded and aggregated proteins by the proteasome (Wong
& Cuervo, 2010; Chen et al, 2011; Hipp et al, 2014; Balchin et al,
2016) if the aggregated proteins cannot be functionally restored.
Defects in any of these mechanisms can cause severe proteotoxicity,
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which in turn can lead to cancer and neurodegenerative disorders
(Balch et al, 2008; Chen et al, 2011; Hipp et al, 2014; Schmidt &
Finley, 2014; Labbadia & Morimoto, 2015). It is conceivable that
many other identified and unidentified factors including HSP70 are
involved in these complicated mechanisms. Our findings provide a
rationale for further studying whether HSPAS treatment can prevent
certain diseases as described above via regulating the COP9/AhR/
proteasome axis.

The COP9 signalosome (COP9) is highly conserved in all eukary-
otes, from fungi to humans (Lingaraju et al, 2014). It is composed
of eight canonical subunits named COPS1 through COPS8, according
to their descending molecular weights (Kwok et al, 1998). Depletion
of any of the subunits impairs Cullin deneddylation, demonstrating
that the deneddylase activity of COP9 requires the formation of the
COP9 holocomplex by the eight subunits. The deneddylase activity
of COP9 resides in COPS5, but COPS5 exerts Cullin deneddylation
activity only when it is situated in the fully assembled COP9 holo-
complex consisting of all eight subunits, which is why the loss of
any of the eight COPS subunits abolishes Cullin deneddylation (Wei
& Deng, 2003). In this study, we have shown that cullin-1 deneddy-
lation is increased as a result of MBELNs treatment. MBELNs acti-
vate the AhR pathway which induces the expression of COPSS8, and
KO of COPS8 leads to decreasing cullin-1 deneddylation. However,
we cannot exclude the possibility of MBELNSs regulating the cullin-1
deneddylation activity of COP9 holocomplex also via other COPS
subunits.

AMPs have key roles in plant defense via their microbicidal
activity. COP9 interacts with AMP in plant cells (Hind et al, 2011;
Damon et al, 2012). COPS is required for proper plant development
and has a profound effect on plant defense responses. Silencing of
genes for COPS subunits in tomato plants resulted in a mild mor-
phological phenotype and reduced expression of wound-responsive
genes in response to mechanical wounding, attack by Manduca
sexta larvae, and Prosystemin over-expression (Hind et al, 2011;
Damon et al, 2012). Whether mammalian COP9 plays a role in regu-
lating production of antimicrobial peptides is not known.
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Figure 6. Intestinal epithelial COPS8 is required for MBELN-mediated protection against mouse colitis.

A Graph showing loss of weight following oral dextran sodium sulfate (DSS) (2%) treatment with and without mulberry bark-derived exosome-like nanoparticles
(MBELNS) for 7 days (10 x 10° particles/dose/day/mouse) once daily for 7 days in Villin-Cre and COP9/COP9 constitutive photomorphogenic homolog subunit 8
(COPS8)-lox alleles expressing (COPSSﬂ/ﬂ) and COPS8 knockout (KO) (COPS8“'E) mice. Changes in body weight are presented as percent of initial weight determined
using Mann-Whitney test, *P < 0.05, **P < 0.01, NS—non-significant. Representative data from seven biological replicates per genotype.

B Representative image showing changes in colon morphology and length following DSS-induced colitis with concurrent treatment with MBELNS copss™ and
COPS84"E“ mice. Representative data from seven biological replicates per genotype.

C Column graph showing changes in colon length. Data are mean + SEM from seven biological replicates. **P < 0.01, NS—non-significant using one-way ANOVA.

D, E Hematoxylin and eosin staining (HE) to show histological changes (D) and graph showing severity scores based on histological data (E). Scale bar 200 pm, column
graph represents colon severity score, presented as mean & SEM from three biological replicates per genotype. *P < 0.05, NS—non-significant using Student’s

t-test.

F Expression of anti-microbial peptide (AMPs) in the colon of corss™ and cops8*"€ mice while being treated with MBELNs by oral administration. Data are mean
+ SEM from three biological replicates per group. *P < 0.05, **P < 0.01, NS—non-significant using one-way ANOVA. (G) Protein expression tight junction protein
Zonula occludens-1 (ZO-1) using Western blotting in colonic intestine epithelial cells. Data are mean + SEM from three biological replicates per group. *P < 0.05,

**Pp < 0.01, NS—non-significant using one-way ANOVA.

H Measurement of serum fluorescein isothiocyanate (FITC)-dextran to evaluate the permeability of the intestines. Data are mean + SEM from five biological

replicates per group. *P < 0.05, **P < 0.01 using one-way ANOVA.

I,]  Transcriptional expression of nuclear factor kappa B (NF-kB) (I) and inhibitor of nuclear factor kappa-f3 kinase (IKK-B) (J) mRNA using real-time quantitative reverse
transcription polymerase chain reaction (QRT-PCR) in colonic epithelial cells upon treatment with MBELNSs in addition to DSS. Data are mean + SEM from three
biological replicates per group. **P < 0.01, NS—non-significant using one-way ANOVA.

Source data are available online for this figure.

Paneth cells are specialized intestinal epithelial cells that are
located at the base of small intestinal crypts and play a vital role in
preserving gut epithelium homeostasis. The dense granules pro-
duced by Paneth cells contain an abundance of antimicrobial pep-
tides and immunomodulating proteins that function to regulate the
composition of the intestinal flora. Paneth cells act as a safeguard
from bacterial translocation across the epithelium and constitute the
niche for intestinal stem cells in the small intestine by providing
multiple niche signals. Recently, Paneth cells have become the focal
point of investigations defining the mechanisms underlying
epithelium-microbiome interactions, the pathogenesis of chronic
gut mucosal inflammation and bacterial infection (Bevins &
Salzman, 2011; Farin et al, 2014; Lueschow & McElroy, 2020; Yu
et al, 2020). In this study, we found that knockout of intestinal
epithelial-specific COP9/COPS8 causes a sharp reduction of Paneth
cells, suggesting that COPS8 is essential for the survival of Paneth
cells. Since COP9/COPS8 has multiple functions including regulating
cell proliferation, apoptosis, and differentiation, this finding opens a
new avenue for further studying COP9 holocomplex-mediated
molecular pathways that contribute to regulation of Paneth cell biol-
ogy in general, and moreover, how MBELNs mediate the AhR sig-
naling pathway to promote the expression of Paneth COPSS8 is
warranted.

Any conclusion related to the role of HSPA8 in the context of
MBELNs must be cautiously drawn. We cannot exclude other
MBELN factors that may work with HSPAS to regulate the intracellu-
lar fate of MBELNSs. In general, the intracellular fate of MBELNS after
internalization may follow the typical endosomal pathway, from
early endosomes as sorting compartments to acidic vesicles, that is,
late endosomes and MVBs, which fuse with lysosomes, eventually
undergoing degradation. However, ELN cargoes likely bypass degra-
dation, as various studies have demonstrated ELN-mediated func-
tional changes in recipient cells. The function of several potential
intracellular sites could be temporarily altered due to MBELN inter-
nalization. For instance, the endoplasmic reticulum (ER), which is a
nucleation site for translation, could be a route for lysosomal escape
enabling cargo release, as ER scanning can occur after ELN sorting
into the endosomal trafficking circuit. This would be a route of
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choice for MBELNS to release their cargoes in the ER for rapid trans-
lation and mediation of altered gene expression. ELNs could also be
able to use pathways similar to viruses to avoid lysosomal degrada-
tion. Other possible routes that allow ELNs to escape lysosomal deg-
radation include redirection of ELN cargoes from the endosomal
pathway to the trans-Golgi network through retrograde trafficking.
ELNs can also be redirected back to the plasma membrane of early
endosomes via recycling the endosomes. Hence, MBELN cargoes
besides HSPAS could play a role in bypassing direct lysosomal deg-
radation to fulfill HSPA8-mediated activation of the AhR signaling
pathway. Here, we show that HSPAS8 can activate the AhR signaling
pathway, which occurs after MBELNs escape the degradation of
HSPAS8. This finding provides a foundation for further studies
regarding whether other MBELN-derived factors work together with
HSPAS8 and contribute to the escape mechanism.

Our finding that COP9/COPS8 regulates the induction of an array
of AMPs will have broad preventive and therapeutic applications.
Bacterial drug resistance leads to serious health problems world-
wide due to the long-term use and abuse of traditional antibiotics,
leading to drug-resistant bacteria. AMPs are essential components of
the immune defenses of multicellular organisms and are widely dis-
tributed throughout the animal and plant kingdoms (Zasloff, 2002).
AMPs have been demonstrated to have their own advantages over
traditional antibiotics with a broad spectrum of anti-microbial activi-
ties including anti-bacterial, anti-fungal, anti-viral, and anti-cancer
activities, and even overcoming bacterial drug resistance (Zhang &
Gallo, 2016). Our findings demonstrate that oral administration of
MBELNS leads to the induction of an array of AMPs and the AhR/
COP9/COPS8 pathways opens a way to a range of clinical applica-
tions that could protect against a broad array of inflammatory sig-
nals, infection-causing agents, such as bacteria, fungi, parasites and
viruses and also exhibits immunomodulatory activity.

Our findings also demonstrate that MBELNSs selectively interact
with L. monocytogenes-EGD-derived proteins compared to non-
virulent L. monocytogenes. This set of MS data provides a founda-
tion to further determine which pathogenic L. monocytogenes pro-
tein(s) is/are targeted by MBELNs to inhibit L. monocytogenes
growth.
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Figure 7. MBELN-derived HSPA8 protein binds to hAhR and activates AhR.

A

B

C

D

E
F

Western blots showing expression of AhR in MC38 cells induced by different fractions (protein, lipid, and RNA) derived from mulberry bark-derived exosome-like
nanoparticles (MBELNs). Data shown are from three biological replicates.

The effect of different size protein fractions of mulberry bark-derived exosome-like nanoparticles (MBELNSs) on the expression of aryl hydrocarbon receptor (AhR)
demonstrated in Western blots. Data shown are from three biological replicates.

Surface Plasmon resonance (SPR) experiment showing MBELN-derived protein binding to recombinant human His-AhR (hAhR) and mass spectrometry (MS) analysis
of proteins binding to hAhR on a SPR chip. Data shown are from three biological replicates.

Computational analysis showing docking of Heat Shock Protein Family A (Hsp70) Member 8 (HSPA8; represented in red color) to hAhR (represented in blue color).
Data shown are from three biological replicates.

MC38 cells treated with MBELN-HSPA8 showing activation of AhR by Western blot. Data shown are from three biological replicates.

SPR experiment showing recombinant HSPA8 protein interaction with recombinant hAhR on a SPR chip. Data shown are from three biological replicates.

Source data are available online for this figure.

Materials and Methods

Isolation and purification of exosome-like nanoparticles from the
mulberry bark, leaf, and fruit

Bark, that is, the tissues outside the vascular cambium, from mul-
berry stems were manually removed using a chisel, washed with
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running water, and soak into phosphate-buffered saline (PBS). The
bark was cut into small pieces followed by electronic blending at
high speed for 5 min. The large particulates were filtered out using
a strainer which resulted in a slurry. The slurry from the bark was
differentially centrifuged to obtain ELNs from bark (MBELNSs) as
mentioned earlier (Wang et al, 2013). In brief, the slurry was seri-
ally centrifuged at 1,000 g for 10 min, 3,000 g for 20 min, and
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10,000 g for 40 min to remove large particulates. The supernatant
was then centrifuged at 150,000 g for 2 h. The pellet was resus-
pended in sterile PBS. The purification of ELNs was performed using
a sucrose density gradient (8, 30, 45, and 60% sucrose in 20 mM
Tris—Cl, pH 7.2) followed by centrifugation at 150,000 g for 2 h at
4°C. The band between the 30 and 45% layers was collected. To
confirm the bilayer structure of the ELNs, they were imaged and
analyzed using electron microscopy (Zeiss EM 900). ELN size distri-
bution and concentration were determined using a NanoSight
NS300 (Malvern Instrument).

MBELN lipid analysis

Lipid was isolated from resuspended MBELNs using the
chloroform-methanol method (Wang et al, 2013). One volume of
resuspended MBELNs was mixed with three volumes of chloroform:
methanol (2:1 v/v) by manual shaking until the MBELNs were dis-
persed in the solvent. Additionally, one volume of chloroform was
added and mixed. Finally, one volume of water was added, mixed,
centrifuged at 2,000 g for 10 min at room temperature and the bot-
tom layer carefully collected. Lipids were dried on a heating block
under nitrogen gas. Lipids were analyzed by thin-layer chromatogra-
phy using HPTLC-plates (silica gel 60 with concentrating zone,
20 cm x 10 cm; Merck) with a mobile phase of chloroform: metha-
nol: H,O (65:25:4) and detected under an iodine vapor. To charac-
terize the lipid composition, the lipid samples were analyzed using
a triple quadrupole mass spectrometer (Applied Biosystems Q-
TRAP, Applied Biosystems, Foster City, CA) at the Lipidomics
Research Center, Kansas State University (Manhattan, KS) as
described earlier (Wang et al, 2013). The data are presented as
nmol/mg dry weight of total lipid.

MBELN protein analysis

The MBELN pellet was mixed with lysis buffer (100 mM Tris—Cl
(pH 6.8), 4% (w/v) sodium dodecyl sulfate (SDS); 200 mM dithio-
threitol (DTT)) containing protease inhibitors at 4°C and vortexed
for 15 s and kept on ice for 15 min. The mixture was centrifuged at
12,000 g for 15 min at 4°C. The supernatant was discarded, and the
pellet was retained, stored at —80°C for further downstream proces-
sing. For SDS-PAGE analysis, 40 pg of sample were mixed with
Laemmli sample buffer, boiled for 5 min, and loaded on 10% SDS-
PAGE gel. The gels were stained with Coomassie blue.

Bacterial culture, treatment, and MBELN uptake by
bacterial cells

Listeria (L.) monocytogenes (non-virulent), L. monocytogenes-EGD
(virulent strain), and Streptococcus (S) gordonii were cultured in
Brain-Heart Infusion (BHI) broth containing 0.5% yeast extract,
Escherichia coli was cultured in LB Media (Luria-Bertani) broth,
and Porphyromonas (P) gingivalis 33277 was cultured in tryptic soy
broth supplemented with yeast extract (1 mg/ml), hemin (5 pg/ml)
and menadione (1 pg/ml). Both strains of L. monocytogenes were
cultured in an aerobic chamber while S. gordonii and P. gingivalis
were cultured in anaerobic chamber at 37°C.

MBELNs were labeled with PKH26 Red Fluorescent Cell Linker
Kit (SIGMA) as per the manufacturer’s instructions. L.
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monocytogenes and L. monocytogenes-EGD bacteria were incubated
with PKH26 labeled MBELNs (1 x 10° particles/ml) for 3 h at 37°C
and cells were harvested by centrifugation at 5,000 g for 15 min at
4°C. The uptake of MBELNs by L. monocytogenes and L.
monocytogenes-EGD was determined by flow cytometry (BDFACS-
Canto™, Becton Dickinson).

Listeria proteomic analysis

Protein from L. monocytogenes and L. monocytogenes-EGD was iso-
lated by suspending bacterial cells in lysis buffer (2% SDS, 100 mM
DTT, 20 mM Tris—HCI, pH 8.8) followed by sonication at 200 W.
Protein lysate was isolated after centrifugation at 12,000 g for
20 min at 4°C. MBELNs were labeled with biotin using an EZ-Link™
Sulfo-NHS-Biotinylation Kit according to the manufacturer’s proto-
col (Thermo Fisher Scientific). The biotinylated MBELNSs were incu-
bated with bacterial protein lysate overnight at 4°C on a rotary
shaker. Then, the MBELN-biotin-protein lysate mixture was incu-
bated with streptavidin magnetic beads for 1 h at 4°C. Biotin-bound
magnetic beads were washed and cleaned thrice with lysis buffer to
remove unbounded protein. Streptavidin magnetic beads were re-
suspended in fresh lysis buffer (2% SDS, 100 mM DTT, 20 mM
Tris—HCIl pH-8.8) at 95°C for 20 min. Eluted proteins were run on a
PAGE gel and analyzed by MS.

mRNA Seq

RNA was extracted from purified MBELNs using a Qiagen RNeasy
Plant mini kit (Qiagen, 74904) and from bacteria using a Rneasy
Mini Kit (Qiagen, 74104). An RNA-Seq library was prepared using a
QiaSEQ RNA library kit per the manufacturer’s instructions. The
mRNA-seq sequencing was performed on an Illumina instrument
using high output NextSeq sequencing kits (FC-404-2005).

MBELN uptake by bacterial cells

MBELNs were labeled with PKH26 Red Fluorescent Cell Linker
Kit (SIGMA) as per the manufacturer’s instructions. L. monocyto-
genes and L. monocytogenes-EGD bacteria were incubated with
PKH26 labeled MBELNs (1 x 10° particles/ml) for 3 h at 37°C and
cells were harvested by centrifugation at 5,000 g for 15 min at
4°C. The uptake of MBELNs by L. monocytogenes and L.
monocytogenes-EGD was determined by flow cytometry (BDFACS-
Canto™, Becton Dickinson).

Animals

All animal procedures were approved by the University of Louisville
Institutional Animal Care and Use Committee. All the mice were
housed in a pathogen-free facility on a 12-h light/dark cycle, unless
otherwise specified. C57BL/6J were obtained from Jackson Labora-
tories. The COPS8-floxed mouse model (COPS8™*/1°%) was origi-
nally created as described previously (Menon et al, 2007). To delete
COPS8 in IECs, Villin-Cre"/COPS8™*/°* mice (termed COPS8™)
were generated by crossing COPS87°*/1°% mice with Villin-Cre trans-
genic mice. The Villin-Cre mice were in a C57BL/6 background. Lit-
termate Villin-Cre- / COPS8™°¥1°% mjce (termed COPS8"™) were
obtained and used as controls.
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Animals and treatments

All animal procedures were approved by the University of Louisville
Institutional Animal Care and Use Committee. All the mice were
housed in a pathogen-free facility on a 12-h light/dark cycle.

The mouse model of colitis was chemically induced in age-
matched (8-12 weeks) mice using 2% (w/v) dextran sulfate sodium
salt (DSS; molecular weight: 36-50 kDa; MP Biomedicals) in the
drinking water for 7 days. Water was changed every third day. The
MBELN group mice were administered MBELNs orally (10 x 10°
particles/100 pl/ mouse) once every day in addition to DSS in the
drinking water. Mice were sacrificed on day 7 and tissue samples
were snap-frozen and stored at —80°C for downstream processing.
Mice were checked for body weight, stool softness, diarrhea, and
blood in stools on a daily basis. A disease severity score was calcu-
lated as described previously (La et al, 1997). For the survival
assay, mice were followed up to 12 days.

At the endpoint of the DSS-induced colitis experiment, intestinal
permeability was evaluated by oral administration of FITC-dextran
(44 mg/100 g body weight). After 4 h, mice were anesthetized by
isoflurane inhalation and 1 ml blood was collected by cardiac punc-
ture then the mice were sacrificed. Serum was collected by centrifu-
gation, diluted with an equal volume, and 100 pl diluted serum in
duplicates was used to determine the concentration of FITC in
serum by fluorometry spectrophotometer with an excitation of
485 nm and an emission wavelength of 528 nm.

In vivo trafficking of MBELNs

In vivo trafficking of MBELNs was demonstrated using DiR-labeled
MBELNSs. The Dir-labeled MBELNs were orally administered as a
single dose of 10 x 10° particle/100 ul/mouse. Mice were examined
in vivo at 3, 6, 12, and 24 h after administration. The mice were
humanly sacrificed at designated times and organs were excised for
ex vivo imaging of respective organs using an Odyssey CLx (LI-COR
Biosciences) imaging system.

To confirm the localization of MBELNs at the cellular level in dif-
ferent organs, mice were orally gavaged with 10 x 10° PKH26
labeled MBELNs and were sacrificed 3 h later. All of the internal
organs were excised and fixed overnight in periodate-lysine parafor-
maldehyde (PLP), transferred to a 30% sucrose solution for 6 h,
and frozen in OCT at —80°C. Tissue samples were cut at 5 pm thick-
ness and immuno-stained with appropriate primary antibodies
(1:200). Primary antibodies were detected by Alexa Fluor 488- and
594-conjugated goat anti-mouse, anti-rabbit IgG (1:600, Invitrogen).
Sections were counterstained with 4,6-diamidino-2-phenylindole
(DAPI), and images were captured on a Nikon confocal microscope
equipped with a digital image analysis system (Nikon).

Cell culture and treatment

Cell lines used in this study were the mouse colon cancer MC38 cell
line and the human Caco2 colon cancer cell line that were originally
obtained from ATCC and maintained in Dulbecco’s modified Eagle’s
medium (DMEM) supplemented with 10% fetal bovine serum (FBS)
and 100 U/ml penicillin/streptomycin. The Hepal.l, mouse hepa-
toma cell line harboring the stably integrated pAhRDtkLuc3 reporter
gene construct was cultured in o-modified essential media (Sigma)
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supplemented with 10% FBS. All cells were grown in a humidified
atmosphere of 5% CO, at 37°C. In vitro cells were treated with
MBELNSs at a concentration of 5 x 10° particles/ml for 3 h unless
otherwise stated.

AhR KO in MC38 cells

MC38 cells (2 x 10° cells/well) in a six-well plate were transfected
with AhR CRISPR/Cas9 KO Plasmid (sc-419054, Santa Cruz Biotech-
nology Inc. Dallas, TX, USA) using Lipofectamine™ 3000 Transfec-
tion Reagent (Invitrogen, L3000001). Following 72 h of transfection,
cells were confirmed as eGFP positive cells by confocal fluorescence
microscopy (Nikon). The eGFP-positive cells were sorted and cul-
tured in complete DMEM supplemented with 10% FBS and 100 U/
ml penicillin/streptomycin. AhR knockout was confirmed by West-
ern blot analysis.

Immunocytochemistry and immunohistochemistry

For immunocytochemistry MC38 and Caco2 cells (6 x 10* cells/
well) were grown on four-chamber slides and cultured for 24 h at
37°C. Upon 70-80% cell confluency, chambers had spent media
replaced with fresh complete media and treated with MBELNs
(5 x 10° particles/ml) for 6 h in a 5% CO, incubator at 37°C. Cells
were then fixed with 2% paraformaldehyde in PBS for 20 min at
room temperature, followed by permeabilization using 0.2% Triton
X-100 for 15 min.

For tissue immunofluorescence analysis, tissue was excised and
fixed in periodate-lysine paraformaldehyde (PLP) and frozen in OCT
at —80°C. Tissue samples were cut at 5 um thickness, immuno-
stained, and the slides incubated with designated primary antibody
(AhR (Invitrogen), Phospho-AhR (Invitrogen), COPS8 (Abcam),
Mucin-2 (MUC2, Abcam), Lysozyme C (Abcam), and F4/80 (Santa-
cruz)) overnight at 4°C in a humidified chamber. Tissues were
washed and stained with anti-mouse/rabbit fluorescein
isothiocyanate-Alexa Fluor 488/594 secondary antibody and DAPI
for confocal microscope examination.

For histology, tissue specimens were fixed in 10% formalin,
dehydrated, and then embedded in paraffin. Tissue samples were
cut at 5 um thicknesses and stained with hematoxylin and eosin.
Histologic grades and inflammation were assessed with a modified
scoring system (Read et al, 2000). Each sample was graded semi-
quantitatively from 0 to 3 for the four following criteria: degree of
goblet cell depletion and epithelial hyperplasia; leukocyte infiltra-
tion in the lamina propria; area of tissue affected and the presence
of markers of severe inflammation such as crypt abscesses, submu-
cosal inflammation, and ulcers. Scores for each criterion were added
to give an overall inflammation score for each sample of 0-12.

Electron microscopy

For tissue samples, two-millimeter tissue pieces were fixed in 2.5%
glutaraldehyde in 0.1 M Sorenson’s phosphate buffer and kept at
4°C overnight or for a specific period. After several washes in 0.1 M
Sorenson’s phosphate buffer, the blocks after embedded in epoxy
resin, 300-400 nm semi-thin sections were cut with good orienta-
tion of the samples; then, 80-90 nm sections were cut on a Reichert
Ultracut E ultramicrotome. The thin sections were transferred onto
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150-mesh copper grids before staining with uranyl acetate and lead
citrate. The sections were viewed under a JEOL 1011 transmission
electron microscope with a GATAN Erlangshen CCD (charge-
coupled device) camera.

RNA extraction and PCR

Total RNA was isolated from the cells, tissue, or exosomes using a
RNeasy Mini Kit (Qiagen, 74104) according to the manufacturer’s
instructions. cDNA was synthesized from RNA (1pg) and reverse-
transcribed using SuperScript III reverse transcriptase and oligo dT
primers (Invitrogen). For quantitation of genes of interest, cDNA
samples were amplified in a CFX96 Realtime System (Bio-Rad) using
SYBR Green Master Mix (Invitrogen) and specific primers
(Appendix Table S1) according to the manufacturer’s instructions.
Fold changes in mRNA expression between treatments and controls
were determined by the 8CT method. Results for each sample were
normalized to the concentration of GAPDH mRNA measured in the
same samples and expressed as fold increase over control/baseline
levels, which are set at a value of 1. Differences between groups
were determined using a two-sided Student’s t-test and one-way
ANOVA. Error bars on plots represent = SEM, unless otherwise
noted.

16S rDNA sequencing

Mice were sacrificed and feces were collected from both small intes-
tine and colon. A small sample of feces was snap-frozen and stored
at —80°C. Total genomic DNA was isolated using a QlAamp DNA
Microbiome Kit (Qiagen, 19091) as per the manufacturer’s instruc-
tions. 15 ng of DNA was used as template to amplify 16S rRNA gene
using High Fidelity PCR system kit (Roche). The v3-v4 regions of
16S ribosomal RNA gene were amplified using primer 319F
(ACTCCTACGGGAGGCAGCAG) and 806R (GGACTACHVGGGT
WTCTAAT) (1 pM). The primers were anchored with adaptor
(adopter A: 5 CCATCTCATCCCTGCGTGTCTCCGACTCAG 3’ and
adopter B: 5 CCTATCCCCTGTGTGCCTTGGCAGTCTCAG 3’) and
Multiplex Identifiers (MIDs; 10 bp long). The following PCR proto-
col was used for amplifying fragments: 95°C for 3 min, followed by
27 cycles of 95°C for 15 s, 58°C for 15 s, 72°C for 15 s, and a final
extension at 72°C for 5 min. PCR products were pooled and purified
on a 1% TAE ultrapure agarose gel using purification columns
(Qiagen) for the generation of Illumina libraries. The amplicon
sequence was conducted using the 454 Jr. Sequencing platform. The
16S rRNA gene sequences were analyzed using QIIME platform
scripts (www.qiime.org). The sequences were verified at randomly
selected 1,500 sequences/sample and downstream analysis was
performed. The microbial classification was performed using the
GreenGenes reference data base (gg_otus-13_8) and QIIME tools.
The sequences reference picked into Operational Taxonomic Units
(OTUs) by clustering 97 % sequence similarity (uclust) and classified
at various taxonomic ranks (phylum, order, class, family, genus,
and species). The beta diversity principle co-ordinate plots were
generated using phylogenetic metrics of UniFrac distances (Lozu-
pone & Knight, 2005). The phylogenetic analysis was performed
using Figtree with default parameter. The evolutional tree and per-
centage for each bacterial species were virtualized by Interactive
Tree of Life (iTOL) software.
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Immunoblotting

Cells and tissue samples were snap-frozen and stored at —80°C for
later downstream processing. Samples were thawed on ice and pro-
teins were extracted using a modified radioimmunoprecipitation
assay (RIPA) buffer (Sigma) in the presence of protease and phos-
phatase inhibitors (Roche). Protein was separated using 10% SDS-
PAGE and transferred to a nitrocellulose membrane. The nitrocellu-
lose membrane was blocked with 5% non-fat milk and incubated
overnight at 4°C with primary antibodies, 1:1,000 dilution in PBST
(COPS8-Abcam; COPS5- BIOMOL, COPS6-Santa Cruz, COPS7-Santa
Cruz, a-tubulin-Santa Cruz, B-actin-Santa Cruz, AhR-Invitrogen, ZO-
1-Invitrogen, CYPlal- Invitrogen, IDO-1-Proteintech, CULI-
Epitomics, and CUL3-Epitomics) (Appendix Table S2) followed by
incubation with goat anti-mouse/rabbit secondary antibodies conju-
gated to Alexa Fluor® 790 (Invitrogen) for 1 h at room temperature.
The bands were visualized using an Odyssey Imager (LiCor Inc).

For co-immunoprecipitation, the MC38 cells were treated with
the respective agent or vehicle for 3 h at 37°C. The cells were
washed with cold PBS three times and lysed in TNE buffer (Tris—HCI
10 mM pH 7.8, NaCl 0.15 M, Nonidet P-40 1%, EDTA 1 mM and
protease inhibitor cocktail complete (Millipore Sigma)). The lysate
was centrifuged at 12,000 g for 15 min at 4°C and the supernatant
was collected. The supernatant was mixed with AhR antibody (Invi-
trogen; 1 nug/100 pg protein lysate) and incubated for 2 h at 4°C.
100 pl of Protein A agarose beads were washed three times with
TNE buffer and added to the lysate-antibody mixture, incubated for
1 h at 4°C on a rotary shaker. The lysate mixture was washed three
times with TNE buffer. The protein was eluted using 2X sample
buffer for Western blotting, and MS analysis proteins were eluted
using 0.1 M glycine-pH 2.7 and neutralized by 0.1 M Tris-pH 8.

ELISA

The quantity of IL-17A, IL-6, TNF-a, IL-10, IL-1b, and IFN-y
(eBioscience) (Appendix Table S2) was determined in culture
supernatants, serum, and tissue using ELISA kits according to the
manufacturer’s instructions. The sensitivity of the assay was
< 20 pg/ml.

Microarray analysis

Total RNA from colon tissue and crypts was isolated using the
RNeasy Mini Kit (Qiagen, Hilden, Germany) according to the manu-
facturer’s protocol (n = 3 RNA samples per genotype). For microar-
ray whole transcript expression analysis, 100 ng of total RNA was
amplified and labeled following the GeneChip® WT PLUS Reagent
kit protocol from Affymetrix (Thermo Fisher, Waltham, MA),
followed by hybridization to Affymetrix Mouse ClariomTM § arrays.
RNA samples were submitted to Invitrogen/Thermo Fisher Scientific
Affymetrix facility, Santa Carla, CA, USA, for analysis. Transcrip-
tome Analysis Console (TAC) 4.0 from Thermo Fisher Scientific was
used to analyze the data.

Surface plasmon resonance (SPR)

SPR experiments were conducted on an OpenSPR (NicoyaLife) as
described earlier (Sundaram et al, 2019). The experiment was
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conducted using a NTA sensor chip (NicoyaLife). Tests were run at
a flow rate of 20 ul/min using HBS running buffer (20 mM HEPES,
150 mM NaCl, pH 7.4). Purified His-Tag hAhR protein was first cap-
tured on a NTA sensor chip subsequently rinsed thoroughly with
running buffer to remove unattached proteins. After a stable signal
was obtained, MBELN total cell lysates (5 pg/ml of protein) were
run over the immobilized His-tag hAhR. After 5 min of interaction
time, the bound proteins were eluted using a 200 mM imidazole
solution. The eluted protein was characterized by MS proteomic
analysis. The sensograms were analyzed using TraceDrawer kinetic
analysis software.

Sequence alignment and docking analysis

Protein sequence alignment was done using online webtool
(https://www.expasy.org/). Docking of proteins (human AhR and
Mulberry HSPAS8) was performed using ROSIE Rosetta Online Server
(https://rosie.graylab.jhu.edu/docking2) (Lyskov & Gray, 2008;
Chaudhury et al, 2011). The output pdb files were analyzed using
UCSF Chimera windows software (https://www.cgl.ucsf.edu/
chimera/).

Cloning and expression

The PAS-A and PAS-B domain of the human AhR gene (121-
400 bp) from Caco2 cells and Mulberry HSPAS8 full-length gene
from mulberry bark cloned into pET28-MBP-His-TEV-FLAG vector
and protein was expressed into a bacterial expression system.
Briefly, a ¢cDNA library was prepared from Caco2 cells and mul-
berry bark mRNA using SuperScript III reverse transcriptase (Invi-
trogen) and oligo dT primers (Eurofins Genomics). The gene insert
of the human AhR gene and Mulberry HSPA8 was amplified using
primer (Appendix Table S1). The assembly of gene insert and vec-
tor DNA (2:1; insert: vector) was done using NEBuilder® HiFi
DNA Assembly Master Mix as per the manufacturer’s instructions.
The assembled vector with gene insert was transformed into com-
petent DH5a (NEB), plated on a LB agar-kanamycin plate (50 mg/
1) and incubated overnight at 37°C. Positive colonies were con-
firmed by colony PCR and Sanger sequencing. Plasmid DNA was
extracted using a plasmid extraction kit (QIAprep Spin Miniprep
Kit; 27106) and transformed into BL21 (DE3). Protein expression
was induced by isopropyl B-D-1-thiogalactopyranoside (IPTG;
1 mM) when an OD 0.8 at 600 nm wavelength was achieved and
then incubated overnight at 18°C. Cells were harvested and pro-
tein was extracted and purified using Ni-NTA beads (Qiagen) as
per the manufacturer’s instructions and protein was confirmed on
SDS-PAGE and following dialysis, stored at —80°C in storage
buffer (50 mM Tris-HCl, 150 mM NaCl, 1 mM DTT, 10% glycerol,
pH 7.6).

Reagents, antibodies, and flow cytometry

For analysis of surface markers, cells were stained in PBS containing
2% (wt/vol) BSA. Intracellular staining of the transcription factors
Foxp3 was performed using the Foxp3 Fix/Perm Buffer Set
(eBioscience). For detection of intracellular cytokines, cells were
first stimulated for 4 h with 50 ng/ml PMA and 1 pg/ml ionomycin
in the presence of Brefeldin A (5 pg/ml; all obtained from Sigma),
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followed by staining for surface markers. Cells were then fixed and
permeabilized using the Foxp3 Fix/Perm Buffer Set (eBioscience)
and stained for intracellular cytokines. The following antibodies
were used at a dilution of 1/200-1/600: PerCP-CyS5.5, PE-, FITC-, or
APC-labeled anti-IL-17A (TC11-18H10.1), APC- or PE-Cy7-labeled
anti-IFN-y (XMG1.2), PE-labeled anti-Foxp3 (FJK-16s, eBioscience),
PE-, FITC-, or APC-labeled anti-CD11b (M1/70), PE-, FITC-, or APC-
labeled anti-CD4 (RM4-5), PE-Cy7-labeled anti-CD3 (145-2C11), PE-
anti-Gr-1 (RB6-8C5), PE-, or FITC-labeled anti-mouse Ly6G (1AS8).
All antibodies were obtained from Biolegend unless otherwise noted
(Appendix Table S2). Flow cytometry data were acquired on
BDFACSCanto™ (Becton Dickinson) and analyzed using FlowJo
software (Treestar).

Plasma lipid and liver enzyme analysis

Peripheral blood (200 pl) was collected in sodium citrate vials by
retro-orbital bleeding under anesthesia. Blood plasma was extracted
after centrifugation at 1,500 g for 15 min. Level of blood plasma
lipids (cholesterol, triglycerides) and liver enzyme (alanine transam-
inase, aspartate transaminase) was analyzed from 100 pl of blood
plasma using a Piccolo® Lipid Panel and analyzed using the Piccolo
Xpress analyzer.

Statistical analysis

All the data are shown as mean + SEM for three or more biological
replicates, and all the statistical analyses were performed using
GraphPad Prism 7. A t-test was used to compare the means of two
groups and one-way analysis of variance test to compare multiple
experimental groups. The significance is showed as P < 0.05%,
P <0.01**, and P < 0.001*** were considered to be statistically
significant.

Data availability

The gene expression microarray dataset generated in this study is
available in following database:

® Gene Expression Omnibus GSE185349: https://www.ncbi.nlm.
nih.gov/geo/query/acc.cgi?acc = GSE185349

® Gene Expression Omnibus GSE185351: https://www.ncbi.nlm.
nih.gov/geo/query/acc.cgi?acc = GSE185351

Expanded View for this article is available online.
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