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Clostridioides difficile toxin A-mediated Caco-2
cell barrier damage was attenuated by insect-
derived fractions and corresponded to increased
gene transcription of cell junctional and
proliferation proteins¥
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Pathogenesis of C. difficile in the intestine is associated with the secretion of toxins which can damage
the intestinal epithelial layer and result in diseases such as diarrhoea. Treatment for C. difficile infections
consists of antibiotics which, however, have non-specific microbiocidal effects and may cause intestinal
dysbiosis which results in subsequent health issues. Therefore, alternative treatments to C. difficile infec-
tions are required. We investigated whether different black soldier fly- and mealworm-derived fractions,
after applying the INFOGEST digestion protocol, could counteract C. difficile toxin A-mediated barrier
damage of small intestinal Caco-2 cells. Treatment and pre-treatment with insect-derived fractions sig-
nificantly (p < 0.05) mitigated the decrease of the transepithelial electrical resistance (TEER) of Caco-2
cells induced by C. difficile toxin A. In relation to these effects, RNA sequencing data showed an increased
transcription of cell junctional and proliferation protein genes in Caco-2 cells. Furthermore, the transcrip-
tion of genes regulating immune signalling was also increased. To identify whether this resulted in
immune activation we used a Caco-2/THP-1 co-culture model where the cells were only separated by a

Received 3rd March 2021, permeable membrane. However, the insect-derived fractions did not change the basolateral secreted
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IL-8 levels in this model. To conclude, our findings suggest that black soldier fly- and mealworm-derived
fractions can attenuate C. difficile induced intestinal barrier disruption and they might be promising tools
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1. Introduction

Our intestinal homeostasis is dependent on interactions
between host defensive mechanisms and commensals." This
host defence mechanism is composed of various layers and
includes the mucus, epithelium and local immune system.>
The epithelial layer is composed of secretory Paneth, goblet
and enteroendocrine cells, antigen sampling microfold cells
(M cells) and mainly absorptive enterocytes. Intestinal epi-
thelial cells provide a physical and biochemical barrier to sep-
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to reduce the symptoms of C. difficile infections.

arate luminal microbiota from immune cells in the lamina
propria. Whilst doing so, the luminal content is screened by
enterocytes through receptor recognition® and M cells that are
specialised in transporting the luminal content for immune
monitoring. This is necessary as the intestinal lumen is prone
to enteral pathogenic entry.

Some commensals contain pathogenic features, especially
when overgrown. Clostridioides is such a genus that contains
many opportunistic species including Clostridioides (C.)
difficile.*” C. difficile is a Gram-positive, obligate anaerobic and
spore forming bacterium.®’” In homeostasis, C. difficile natu-
rally resides at a low frequency in the human intestinal tract.
Upon dysbiosis of the microbiome, C. difficile frequencies can
increase dramatically and induce intestinal diseases such as
diarrhoea and intestinal necrotic enteritis.® These pathologies
are a direct result of the secretion of toxins during sporulation
and facilitate dissemination of the spores.

C. difficile produces two main virulent toxins called toxin A
and toxin B and these two toxins exhibit enterotoxicity and
cytotoxicity, respectively.’ Toxin A and toxin B contain RHO

This journal is © The Royal Society of Chemistry 2021
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and RAC glucosyl transferase domains at the amino terminus
allowing them to inactivate host RHO and RAC GTPases in the
cytosol through glycosylation.® This disrupts the continuous
(re)formation of the cytoskeleton and leads to the dis-
association of tight junctions between the epithelial cells,
resulting in an increased permeability of the intestinal epi-
thelial barrier. The increased intestinal epithelial permeability
results in exposure of intestinal microbiota and microbiota-
associated molecular patterns to intestinal immune -cells,
which exacerbates intestinal symptoms with inflammation and
contributes to many intestinal diseases such as inflammatory
bowel disease.'® Even though some antibiotics such as cepha-
mycin have been demonstrated to be effective for the treat-
ment of recurrent C. difficile infections, the strong microbial
inhibitive effect consequently induces dysbiosis of gut micro-
biota, resulting in adverse health effects."* Therefore, alterna-
tives to treat C. difficile infections are needed.

In animal studies, insects have been demonstrated to
promote the proliferation of intestinal epithelial cells and
prevent C. difficile-mediated mucosal damage.'* The under-
lying mechanism is attributed to the presence of anti-
microbial peptides (AMPs) (i.e. defensins and cecropins) and
fatty acids (i.e. lauric acid) that can aid in controlling the
growth of pathogenic bacteria, including C. difficile'> and
Streptococcus mitis."> Moreover, insects contain fibres such as
chitin that could be fermented by intestinal microbiota,
leading to the production of SCFAs such as butyrate which
support the proliferation of intestinal epithelial cells.*

In this study, we explored the C. difficile toxin A counterac-
tive potency of four different insect-derived fractions with
varying contents of AMPs, fatty acids and polysaccharides that
were in vitro digested to mimic the intestinal bioactivity.
Support of the barrier integrity of small intestinal human epi-
thelial cells and the potential mechanism were investigated
using black soldier fly larvae protein meal, mealworm larvae
powder, chitin rich black soldier fly larvae protein meal, and
black soldier fly cocoon meal.

2. Materials & methods

2.1 Nutritional composition of insect-derived fractions

Black soldier fly larvae protein meal (BP), mealworm larvae
powder (MP), black soldier fly cocoon meal (BC) and chitin
rich black soldier fly larvae protein meal (BchP) were provided
by Protix (Dongen, The Netherlands). Detailed production pro-
cesses and nutritional compositions of these insect-derived
products have been described in a previous study."® Briefly, BP
contains 56% protein, 10% chitin and 15% fat; BC contains
63% protein, 20% chitin and 7% fat; BchP contains 50%
protein, 15% chitin and 18% fat; and MP contains 56%
protein, 8% chitin and 29% fat.

2.2 Invitro digestion

In vitro digestion was performed according to the consensus
INFOGEST standardized protocol with a minor modification.®
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The enzyme concentration in the consensus INFOGEST proto-
col was decreased 10-fold to support the cell viability upon
exposure to the digests without affecting the hydrolysis level.
The in vitro digestion involved the exposure of insect-derived
fractions to three successive digestive processes: oral, gastric
and intestinal, each containing a dilution component with
specific fluids. Simulated salivary fluid (SSF) was prepared by
mixing 3.7 mM KH,PO, (Merck, Darmstadt, Germany),
15.1 mM KCI (Merck), 13.6 mM NaHCO; (Merck), 0.15 mM
MgCl,(H,0)s (BOOM, Meppel, The Netherlands) and 0.06 mM
(NH,4),CO; (Sigma-Aldrich, Zwijndrecht, The Netherlands) in 1
L of MilliQ (Biopak® polisher; Merck). Simulated gastric fluid
(SGF) was prepared by dissolving 6.9 mM KCl, 0.9 mM
KH,PO,4, 25 mM NaHCO;, 47.2 mM NaCl (Sigma-Aldrich),
0.1 mM MgCl,(H,0)s and 0.5 mM (NH,),CO; in 1L of MilliQ,
Finally, simulated intestinal fluid (SIF) was prepared by dissol-
ving 6.8 mM KCl, 0.8 mM KH,PO,, 123.4 mM NaCl and
0.33 mM MgCl,(H,0)s in 1 L of MilliQ. The oral digestive
phase involved the fractionation of insects using an IKA mill
(model A11 B, IKA-Werke GmbH and Co. KG, Staufen,
Germany) to mimic the chewing process, dilution of insect
samples by mixing 1 gram of fractioned insect samples or
MilliQ (empty digest control) with 9 grams of MilliQ water.
Subsequently, 10 grams of insect suspension was mixed with
8 ml of SSF, 50 pl of 0.3 M CaCl, (Sigma-Aldrich) and 1.95 ml
of MilliQ reaching a total volume of 20 ml and the mixture was
transferred to a thermal water jacket vessel to maintain a temp-
erature of 37 °C through circulating water to complete the oral
digestive phase. For the gastric digestive phase, 16 ml of SGF,
0.6 ml of pepsin (Sigma-Aldrich) solution (200 units per ml)
and 10 pl of 0.3 M CaCl, were added to the bottle. The pH of
the total fluid was adjusted to 3 using 1 M HCI (Sigma-Aldrich)
after which the total volume of the mixture was adjusted to
40 ml and incubated for 2 h at 37 °C. Next for the small intesti-
nal digestive phase 27 ml of SIF, 4.02 ml of 199 mM bile
extracts (Sigma-Aldrich), 80 pl of 0.3 M CacCl, and 5 ml of pan-
creatin solution (10 units per ml) (Sigma-Aldrich) were added.
The pH value was adjusted to 7 using 1 M NaOH (Sigma-
Aldrich) after which the total volume was adjusted to 80 ml,
reaching a final insect fraction concentration of 12.5 mg ml™%,
and incubated for 2 h at 37 °C. The samples were continuously
stirred at level 3 (on a scale from 1 to 8) during all steps of
digestion and the pH of the total fluid was monitored and
maintained at 3 for the gastric digestion phase or 7 for the
small intestinal digestion phase using a pH-stat titration
apparatus (model 888 Titrando, Metrohm AG, Switzerland).
Immediately after in vitro digestion, digests of the control
(empty digest (ED)) BP, BC, BchP and MP were aliquoted and
stored at —80 °C.

2.3 Caco-2 cell culture and treatment

Caco-2 cells (American Type Culture Collection, Rockville,
USA) were seeded on the apical side of the transwell inserts of
33.6 mm?, 0.4 pm pore size and 1 x 10% pores per cm” (Greiner
Bio-one, Frickenhausen, Germany). The Caco-2 cells were
added at a concentration of 3.375 x 10* cells to 150 pl of
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DMEM (Gibco, Bleiswijk, The Netherlands), and 700 pl of
basolateral medium containing 4.5 ¢ 17" bp-glucose,
t-glutamine, 25 mM HEPES and supplemented with 10% heat
inactivated fetal bovine serum (FBS; Hyclone PerBio, Etten-
Leur, The Netherlands) and cultured at 37 °C with 5% CO,.
The cells were incubated for 21 days to allow differentiation
into small intestinal-like epithelial cells. Both the apical and
basolateral media were replaced three times per week and one
day before exposure to the samples. Before addition to differ-
entiated Caco-2 cells, the digests of all samples were diluted 4
times with medium (yielding a final concentration of 3.125 mg
ml™"). This constitutes the minimal required dilution to
prevent digestive enzymes from affecting the Caco-2 cell viabi-
lity (data not shown). FITC-dextran 4 kDa (FD4, Sigma-Aldrich)
was added to the apical compartment of the differentiated
Caco-2 cells at a concentration of 250 pg ml™" and transloca-
tion to the basolateral compartment was measured using a
spectrophotometer at 490 nm excitation and 525 nm emission
wavelengths (model Infinite 200 PRO, TECAN, Giessen, The
Netherlands). The differentiated Caco-2 cells were exposed to
0.25 pg ml™" Clostridioides difficile toxin A (List Lab, Campbell,
CA, USA) and/or 3.125 mg ml™" insect-derived fraction. The
integrity of the Caco-2 monolayer was measured by transe-
pithelial electrical resistance (TEER) using a MilliCell-ERS
(Millipore, Amsterdam-Zuidoost, The Netherlands) apparatus
before and after the addition of toxin A or any of the stimuli.
The TEER value was normalised to the medium control and
the starting time point of individual transwells.

2.3 RNA extraction and sequencing

RNA isolation was performed as described previously.'”
Briefly, Caco-2 cells were lysed with 0.2 ml of TRIzol®
(Invitrogen, Bleiswijk, The Netherlands) after 3 h of exposure
to medium, ED, BPD, MPD, BCD or BchPD and RNA was iso-
lated using a RNeasy mini kit (Qiagen, Germantown, MD,
USA) according to the manufacturer’s protocol. The isolated
RNA was sent to Baseclear B.V. (Leiden, The Netherlands) for
RNA sequencing. The c¢DNA library was sequenced on the
NovaSeq 6000 system (Illumina, San Diego, CA, USA) to
produce 150 bp paired-end reads. The raw paired-ends FASTQ
files were trimmed and converted using the bcl2fastq2
Conversion Software (version 2.18, Illumina). In this step, the
raw data were filtered to remove adapter and low-quality
sequences and only reads with an average Q-score >30 were
imported to the CLC Genomics Workbench (Microbial
Genomics toolbox version 20.0, Qiagen) for further analysis.
The paired-end reads were mapped to Homo sapiens HG38
reference genome (v99) to generate counts of genes and tran-
script hits as RPKM (reads per kilobase of exon model per
million mapped reads) and TPM (transcripts per million). The
counts were normalized by TMM (Trimmed Mean of M values)
normalization according to the method of Robinson.'® The
normalized counts in the treated and control samples were
subjected to differential expression analysis which was deter-
mined using a negative binomial Generalized Linear Model."?
Differentially expressed genes with an absolute p value <0.05,
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an expression value >10.0 and a fold change >1 were uploaded
into Ingenuity Pathway Analysis (IPA, Qiagen, Hilden,
Germany) to perform gene and pathway analysis.

2.4 Gene transcription and pathway analysis

Ingenuity Pathway Analysis (IPA, Qiagen, Hilden, Germany)
was used to perform core analysis to analyse the significantly
activated (—log;o(p-value) > 1.3) canonical pathway in Caco-2
cells after exposure to insect-derived fractions when compared
to that of the empty digest. For analysis, the limitations were
set to “Human” in the “Species” category, and “Caco-2 cells”
in the category of “Tissue & Cell lines”.

2.5 THP-1 cell culture

The human monocytic leukaemia cell line (THP-1; American
Type Culture Collection, Rockville, MD, USA) was cultured in
RPMI 1640 medium (Lonza, Basel, Switzerland) containing
10% FBS (Hyclone PerBio) and 1% penicillin/streptomycin
(Invitrogen) at 37 °C under a 5% CO, atmosphere. THP-1 cells
were passaged every 3 days at a concentration of 0.25 x 10°
ml™" in 20 ml of medium in a T75 culture flask (Corning®,
Amsterdam, The Netherlands). To differentiate THP-1 cells
into macrophages, THP-1 cells were seeded into a 24-well plate
(Greiner Bio-one) at a concentration of 1 x 10° cells per ml in
0.5 ml of RPMI medium and exposed to 100 ng ml~* phorbol
12-myristate 13-acetate (PMA; Sigma-Aldrich) for 3 days.
Following extensive washing to remove residual PMA, the cells
were rested for 72 h before subsequent stimulations.

2.6 Caco-2 and THP-1 co-cultured model

In the co-culture model, Caco-2 cells were cultured on the
apical side of the membrane in transwell inserts and
THP-1 macrophages were cultured on the basolateral side of
the membrane (ESI, Fig. 1t). Transwells containing Caco-2
cells that were differentiated for 20 days were placed upside
down in a container with sufficient surface area to contain up
to 12 transwell inserts and sufficient volume to ensure the
Caco-2 cells, now inverted, remained in continuous contact
with DMEM containing additional 1% penicillin/streptomycin
as described before as part of the generated M-cells.>® Of note,
inverting the transwells is done in such a way that no air
pocket is trapped with the Caco-2 cells. A silicon ring was
attached to the transwells to create a compartment on the
basolateral side of the membrane. In this compartment,
0.5 ml of THP-1 macrophages, harvested after 72 h of rest, at a
concentration of 0.4 x 10° cells per ml were seeded onto the
transwell membrane and cultured O/N at 37 °C under a 5%
CO, atmosphere to support cell adhesion. On the next day, the
silicon ring was removed and the co-culture system was placed
into a new 24-well plate with 150 pl and 700 pl of fresh DMEM
medium in the apical and basolateral compartments, respect-
ively, followed by a 2 h recovery period at 37 °C under a 5%
CO, atmosphere (ESI, Fig. 1t). Typically, 60% of the macro-
phages remain attached to the basolateral side of the mem-
brane (data not shown). After recovery, the medium in the
apical compartment was removed and replaced by 4x diluted

This journal is © The Royal Society of Chemistry 2021
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digests of insect-derived fractions (3.125 mg ml™") or fresh
medium (control) and incubated at 37 °C under a 5% CO,
atmosphere for 24 h. The integrity of the monolayer was
measured by TEER before and 24 h after the addition of
stimuli. After 24 h of exposure, the basolateral medium was
collected and stored at —80 °C.

2.7 Measurement of IL-8 secretion

In the collected supernatants the secretion of IL-8 was
measured using an IL-8 ELISA kit (BioLegend, Koblenz,
Germany) according to the manufacturer’s instructions.

2.8 Statistical analysis

Data are presented as mean or mean + SD and statistically sig-
nificant differences between parameters were analysed by one-
way ANOVA (GraphPad Prism 8, La Jolla, CA, USA).

3. Results

3.1 Digested insect-derived fractions did not affect the
barrier integrity of small intestinal-like Caco-2 cells

Caco-2 cells, mimicking small intestinal epithelial cells, were
exposed to digested insect-derived fractions including black
soldier fly larvae protein meal digest (BPD), mealworm larvae
powder digest (MPD), black soldier fly cocoon meal digest
(BCD) and chitin rich black soldier fly larvae protein meal
digest (BchPD). The insect-derived fractions were digested
according to the consensus INFOGEST protocol, with the adap-
tation that the enzyme levels were reduced by a factor of 10.
This did not result in a reduced protein hydrolysis following a
full digest (i.e. 120 minutes of intestinal digestion) (data not

120

-
-
o

-
-
2

100

95

TEER relative to medium control (%)
=9
o
o

01 3 6 24
Incubation (h)

< ED & BPD =+ MPD ¥ BCD < BchPD

View Article Online

Paper

shown). All applications of insect-derived fractions followed
this digestion protocol.

The changes in the barrier integrity of small intestinal-like
Caco-2 cells were monitored by TEER analysis during a period
of 24 h (Fig. 1A) and by determining the basolateral FD4 trans-
location over a period of 24 h (Fig. 1B). Neither the empty
digest (ED), containing solely the enzymes added during diges-
tion, nor any of the insect-derived fractions induced significant
changes in TEER or FD4 translocation levels when compared
to the medium control.

3.2 Insect-derived fractions mitigated toxin A-induced Caco-2
cell barrier disruption

Having established that the insect-derived fractions did not
reduce the barrier integrity, we investigated whether they can
counteract the harmful effects of C. difficile-derived toxins on
the intestinal epithelium. To this end, we applied toxin A to
the small intestinal-like Caco-2 cells, which is known to
disrupt the barrier integrity.>* Although C. difficile produces
both toxin A and toxin B, small intestinal-like Caco-2 cells were
demonstrated to be only sensitive to toxin A.>* Indeed, toxin A
significantly reduced the TEER values to approximately 50%
after 3 hours, which reached approximately 75% after 24 hours
of exposure (Fig. 2).

Next, the differentiated Caco-2 cells were simultaneously
exposed to toxin A and medium (no treatment) or insect-
derived fractions or empty digest control (Fig. 2). The addition
of ED or BCD did not alter the TEER values of Caco-2 cells
when compared to exposure to toxin A alone. In contrast, the
addition of BPD, MPD or BchPD to the toxin A challenged
Caco-2 cells led to a significant (p < 0.05) increase in the TEER
values. After 3 hours of incubation the impact of toxin A on
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Fig. 1 Effect of insect-derived fractions on barrier integrity of small intestinal-like Caco-2 cells. Caco-2 cells were differentiated into small intesti-
nal-like cells and exposed to ED, BPD, MPD, BCD and BchPD at a concentration of 3.125 mg ml™t (4x times the dilution of digests) for a period of
24 h. The barrier integrity was evaluated by measuring TEER directly before and 1, 3, 6 and 24 h after the addition of the digests (A). FD4 transloca-
tion was measured by determining the accumulated fluorescent signal in the basolateral compartment by spectroscopy (B). Both analyses were rep-
resented in percentages relative to medium (set as 100%). Line charts and bar charts show the mean of 3 independent experiments + SD. Statistical
analysis was performed by one-way ANOVA and no significant differences were observed. ED: empty digest; BPD: digest of black soldier fly larvae
protein meal; MPD: digest of mealworm larvae powder; BCD: digest of black soldier fly cocoon meal; BchPD: digest of chitin rich black soldier fly
larvae protein meal; and FD4: FITC-Dextran 4 kDa.
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Insect-derived fractions reduced the Caco-2 cell barrier damaging effect of C. difficile-derived toxin A. Caco-2 cells were differentiated into

small intestinal-like cells and exposed to toxin A in the presence of medium (no treatment), ED, BPD, MPD, BCD or BchPD. TEER was measured over
time and represented in percentages relative to the medium control (set at 100%) before the addition of digests or toxin (t = 0). Line charts show the
mean of 3 independent experiments + SD; statistical analysis was performed by one-way ANOVA with *: p < 0.05; **: p < 0.01, ***: p < 0.001; ED:
empty digest; BPD: digest of black soldier fly larvae protein meal; MPD: digest of mealworm larvae powder; BCD: digest of black soldier fly cocoon

meal; and BchPD: digest of chitin rich black soldier fly larvae protein meal.

TEER was reduced by 27.1%, 18.2% or 21.5% through the
addition of BPD, MPD or BchPD, respectively. After 6 hours of
incubation BPC, MPD or BchPD continued to reduce the
impact of toxin A by 9.2%, 7.1% or 8.1%, respectively.

3.3 Insect-derived fractions demonstrated a preventive effect
towards toxin A-mediated Caco-2 cell barrier disruption

To study whether the pre-treatment of Caco-2 cells with insect-
derived fractions could also limit the impact of toxin A on the
Caco-2 monolayer, we exposed the Caco-2 cells to ED, BPD, MPD,
BCD and BchPD for a period of 3 h prior to the addition of toxin
A (Fig. 3). Before the addition of toxin A, the digests were
removed through aspiration. As shown in Fig. 1, none of the pre-
treatments altered the TEER values during the 3 hours before the
addition of toxin A. In this preventive setting, again BPD, MPD or
BchPD demonstrated significantly (p < 0.05) increased TEER
values when compared to the medium treatment of toxin A. ED
and BCD again did not counteract the impact of toxin A. In
addition to pre-treatment, the effects of the insect-derived frac-

9252 | Food Funct., 2021, 12, 9248-9260

tions were also tested in a curative setting. When added 2 h post
the addition of toxin A, neither the medium nor any of the insect-
derived fractions significantly mitigated the toxin A mediated
Caco-2 cell barrier disruption (ESI, Fig. 27).

3.4 Insect-derived fractions induced significant changes in
gene transcription of Caco-2 cells

To investigate the mechanism by which the insect-derived frac-
tions counteract the toxin A-induced Caco-2 cell barrier
damage, the transcriptional changes of Caco-2 cells following
stimulation with the fractions were investigated. RNA was
extracted from the cells treated for 3 h with ED, BPD, MPD,
BCD or BchPD and analysed via RNA sequencing to provide a
transcriptional overview. Gene expression was investigated as a
fold change compared to the ED treated Caco-2 cells. The most
significant (p < 0.001) changes in gene expression when com-
pared to ED were observed following BchPD stimulation (i.e.
229) and for the least amount of genes following BCD stimu-
lation (i.e. 78) (Fig. 4A). Among all the genes that were signifi-

This journal is © The Royal Society of Chemistry 2021


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d1fo00673h

Open Access Article. Published on 09 July 2021. Downloaded on 7/23/2025 3:58:07 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

View Article Online

Food & Function Paper
= 125
100 —-—
75 n 75- 2
o
—
50- |
g 251 254
c
8 125 125
S 1001 100+
=
D 75 % 751 O
E w) (W)
-lg 50+ 501
(]
>
= 251 25] i . i i ;
- R
| 8
oz 125
H Treatment:
= 1001
@ -8~ Digests pre-treatment
754 =r
9 B No pre-treatment
50
251

R N P

Fig. 3 Pre-treatment with insect-derived fractions reduced the Caco-2 cell barrier damaging effect of C. difficile-derived toxin A. Caco-2 cells
were differentiated into small intestinal-like cells and exposed to medium (no treatment), ED, BPD, MPD, BCD or BchPD for 3 h prior to the toxin A
challenge. Before the addition of toxin A, the digests were removed. TEER was measured at the beginning (-3 h), immediately after toxin A exposure
and at 1, 3, 6, and 24 h. Analysis was represented in percentages relative to medium at t = —3 h (set as 100%). Line charts showed the mean of 3 inde-
pendent experiments + SD; statistical analysis was performed by one-way ANOVA with **: p < 0.01, ***: p < 0.001; ED: empty digest; BPD: digest of
black soldier fly larvae protein meal; MPD: digest of mealworm larvae powder; BCD: digest of black soldier fly cocoon meal; and BchPD: digest of

chitin rich black soldier fly larvae protein meal.

cantly increased or decreased in transcription by the individ-
ual stimuli, the expression of one gene was downregulated and
the expression of 34 genes was upregulated by BPD, MPD, BCD
and BchPD (data not shown). Of note, the transcription of
138 genes was altered by both BPD and BchPD, reflecting the
homogeneity between these two samples (Fig. 4B). Genes
whose transcription was commonly or stimulation-specifically
activated are listed in ESI, Table 1.}

3.5 Processes to support barrier integrity appeared to be
stimulated by treatment of Caco-2 cells with insect-derived
fractions

Genes coding for proteins involved in forming and maintain-
ing the Caco-2 monolayer barrier integrity were investigated
for changes in transcription following stimulation with the
insect-derived fractions. Genes related to tight junctions, non-
classical junctions (ie. immunoglobulin superfamily cell
adhesion molecules and tetraspanin-enriched microdomains),

This journal is © The Royal Society of Chemistry 2021

desmosomes and focal adhesions®* with significant (p < 0.05)
changes in expression when compared to ED are listed in
Table 1. In general, all insect-derived fractions demonstrated
increased transcription of junction-related genes when com-
pared to ED. Of note, only claudin-1 was found to be signifi-
cantly (p < 0.05) increased in ED when compared with the
medium control among all the epithelial cell junction-related
genes (data not shown). Next, all genes that were significantly
(p < 0.05) changed in transcription following the Caco-2 cell
treatment with ED, BPD, MPD, BCD or BchPD were integrated
and analysed by ingenuity pathway analysis (IPA). Analysis of
the activated or inhibited canonical pathways (Fig. 5A) showed
that only BPD and BchPD were predicted with high signifi-
cance ((—logio(p-value) > 1.3) to activate the pathways related
to barrier function. Both BPD and BchPD were predicted to
activate the “signalling pathways of Sertoli cell-Sertoli cell
junction” and “regulation of epithelial mesenchymal tran-
sition (EMT)” in Caco-2 cells, with BPD shown to be more

Food Funct., 2021,12, 9248-9260 | 9253
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Fig. 4 Transcriptional changes in small intestinal-like Caco-2 cells after exposure to BPD, BchPD, MPD or BCD. Caco-2 cells were differentiated
into small intestinal-like cells and exposed for 3 h to ED, BPD, MPD, BCD or BchPD. Gene transcriptional changes of Caco-2 cells were analysed by
RNA sequencing. The number of significantly (p < 0.001) up- and down-regulated genes when compared with ED were indicated with a bar chart
(A) and the number of genes whose transcription was significantly altered that were shared between BPD, BchPD, MPD and/or BCD were indicated
with a Venn diagram (B). Stacked bars and the Venn diagram show the mean of 3 independent experiments. BPD: digest of black soldier fly larvae
protein meal; BchPD: digest of chitin rich black soldier fly larvae protein meal; MPD: digest of mealworm larvae powder; and BCD: digest of black

soldier fly cocoon meal.

Table 1 Transcriptional changes in barrier function-related genes fol-
lowing Caco-2 cell exposure to the insect-derived fractions

Gene

acronym Gene name BPD MPD BCD BchPD

CEACAM1 CEA cell adhesion 1.20 125 N.D N.D
molecule 1

CLDN1 Claudin 1 1.56 125 N.D 1.36

CLDN2 Claudin 2 N.D 138 N.D N.D

CLDN4 Claudin 4 1.55 129 N.D 1.48

CLDN7 Claudin 7 N.D N.D -1.28 -1.30

CLDND1 Claudin domain 1.56 1.31 1.38 1.69
containing 1

CXADR CXADR Ig-like cell 1.37 N.D 1.27 1.57
adhesion molecule

DSG2 Desmoglein 2 121 N.D N.D N.D

EPCAM Epithelial cell adhesion N.D 130 N.D 135
molecule

ITGA6 Integrin subunit alpha 6 1.30 129 N.D 1.40

ITGAV Integrin subunitalphaV.  N.D N.D N.D 1.30

OCLN Occludin 1.28 1.34 1.27 1.31

PVR PVR cell adhesion N.D -1.40 -1.39 -1.32
molecule

TJP3 Tight junction protein 3 N.D N.D -1.34 N.D

TSPAN12 Tetraspanin 12 1.33 1.47 1.28 1.46

TSPAN13 Tetraspanin 13 1.28 131 N.D 1.38

Caco-2 cells were differentiated into small intestinal-like cells and
exposed for 3 h to ED, BPD, MPD, BCD or BchPD after which gene
transcription was analysed using RNA sequencing. Genes related to
epithelial cell junctions were listed with fold changes following
exposure to BPD, MPD, BCD or BchPD when compared to ED. BPD:
digest of black soldier fly larvae protein meal; MPD: digest of
mealworm larvae powder; BCD: digest of black soldier fly cocoon
meal; BchPD: digest of chitin rich black soldier fly larvae protein meal;
and N. D: not detected.

active in the regulation of these pathways when compared to
BchPD. Neither MPD nor BCD activated pathways related to
barrier function, indicating that genes with a significantly

9254 | Food Funct, 2021, 12, 9248-9260

altered transcription level insufficiency overlapped with genes
involved in the barrier function-related pathways.

In a similar fashion, ingenuity pathway analysis was per-
formed to identify the activation of pathways related to cell pro-
liferation, as this also represents a manner through which barrier
integrity can be supported. The significantly (—log;o(p-value) >
1.3) activated canonical pathways and genes in Caco-2 cells that
are related to cell proliferation following the exposure to ED, BPD,
MPD, BCD or BchPD were analysed (Fig. 5B and ESI Table 27).
This revealed that BPD was predicted to activate the “integrin-
linked kinase (ILK) signalling” pathway and BchPD was predicted
to activate the “p21-activated kinase (PAK) signalling”, “cell cycle
control of chromosomal replication”, “aldosterone signalling in
epithelial cells”, “ErbB2-ErbB3 signalling” and “extracellular
signal-regulated kinases/mitogen-activated protein kinase (ERK/
MAPK) signalling” pathways in Caco-2 cells. Neither the MPD nor
BCD activated pathway related to cell proliferation.

3.6 Effect of insect-derived fractions on immune function-
related gene expression and pathway analysis

Genes coding for proteins that are related to the immune
response of Caco-2 cells were studied for transcriptional
changes following the exposure to the insect-derived fractions.
Genes that were significantly (p < 0.05) changed in expression
when compared with ED and involved in immune signalling
pathways, including chemokines and cytokines, cytokine
receptors, and transcription factors that regulate inflammatory
or anti-inflammatory responses, are listed in Table 2. In
general, the expressions of most of these genes were increased
after exposure to BPD, MPD or BchPD when compared with
ED. Of note, expression of the listed genes was not signifi-
cantly (p < 0.05) changed following ED exposure when com-
pared with medium control (data not shown).

This journal is © The Royal Society of Chemistry 2021
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Fig. 5 Caco-2 cell pathways related to epithelial junctions and cell proliferation were predicted to be activated by the insect-derived fractions.
Caco-2 cells were differentiated into small intestinal-like cells and exposed for 3 h to ED, BPD, MPD, BCD or BchPD after which gene transcription
was analysed using RNA sequencing. Genes that were significantly (p < 0.05) changed in transcription profiles were imported into IPA for canonical
pathway analysis. Significantly (—logio(p-value) > 1.3; red dashed line) altered barrier function-related pathways (A) or cell proliferation-related path-
ways (B) when compared with ED were listed. BCD: digest of black soldier fly cocoon meal; BchPD: digest of chitin rich black soldier fly larvae
protein meal; MPD: digest of mealworm larvae powder; BPD: digest of black soldier fly larvae protein meal; and N.D: not detected.

Analysis of significantly (—log;o(p-value) > 1.3) activated or
inhibited canonical pathways related to immune responses
revealed that BPD was predicted to activate cytokine signalling
pathways “IL-2-, IL-6- and IL-17 signalling” and the chemokine
signalling pathway “chemokine signalling” and BchPD was
predicted to activate the chemokine signalling pathway “C-X-
C chemokine receptor type 4 (CXCR4) signalling” and the tran-
scription factor signalling pathway “nuclear factor activated
T-cell (NFAT) signalling” (Fig. 6). Similar to the barrier func-
tion- and cell proliferation-related pathways, neither the MPD
nor BCD activated pathway related to the immune function.

3.7 Testing the immunomodulatory effects of insect-derived
fractions on a co-culture of Caco-2 cells and
THP-1 macrophages

To further characterize the Caco-2 cell immune signalling, a
transwell model was employed in which Caco-2 cells were co-
cultured with THP-1 macrophages. THP-1 macrophages were

This journal is © The Royal Society of Chemistry 2021

adhered to the basolateral side of the membrane of small
intestinal-like Caco-2 cells. As a result, the Caco-2 cells and
THP-1 macrophages were physically separated only by a porous
membrane, potentially allowing direct cell-cell contact. The
model was stimulated with apical addition of medium, ED,
BPD, MPD, BCD or BchPD and analysed for the basolateral
presence of IL-8 (Fig. 7). The results revealed that neither ED
exposure nor exposure to any of the insect-derived fractions
induced significant changes in the basolateral IL-8 concen-
tration of the co-cultured Caco-2 cells and THP-1 macrophages
when compared with the medium control.

4. Discussion

Pathogenesis of C. difficile is associated with enterotoxin
secretion®” and for many years, studies towards mitigating
these effects have mainly focused on the large intestine as
C. difficile colonization was initially thought to occur only in

Food Funct., 2021,12, 9248-9260 | 9255
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Table 2 Transcriptional changes in immune function-related genes following Caco-2 cell exposure to the insect-derived fractions

Gene acronym Gene name BPD MPD BCD BchPD
CCL20 C-C motif chemokine ligand 20 3.11 2.04 2.96 5.62
IL17RB interleukin 17 receptor B -1.36 —1.46 N.D N.D
IL22RA1 interleukin 22 receptor subunit alpha 1 N.D -1.44 -1.35 —1.44
IL6ST interleukin 6 signal transducer 1.28 N.D 1.42 1.35
MYD88 MYD88 innate immune signal transduction adaptor 1.26 1.26 N.D N.D
NFKBIA NFKB inhibitor alpha 1.62 N.D 1.40 2.02
TAB2 TGF-beta activated kinase 1 (MAP3K7) binding protein 2 1.31 1.28 1.29 1.29
TNFRSF1A TNF receptor superfamily member 1A 1.75 1.78 N.D 1.68
TNFRSF21 TNF receptor superfamily member 21 1.61 1.70 N.D 1.73
TRAF7 TNF receptor associated factor 7 N.D -1.36 N.D N.D

Caco-2 cells were differentiated into small intestinal-like cells and exposed for 3 h to ED, BPD, MPD, BCD or BchPD after which gene
transcription was analysed using RNA sequencing. Genes related to immunity were listed with fold changes following exposure to BPD, MPD,
BCD or BchPD when compared to ED. BPD: digest of black soldier fly larvae protein meal; MPD: digest of mealworm larvae powder; BCD: digest
of black soldier fly cocoon meal; BchPD: digest of chitin rich black soldier fly larvae protein meal; and N. D: not detected.
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Fig. 6 Caco-2 cell pathways related to the immune response that were predicted to be activated by the insect-derived fractions. Caco-2 cells were
differentiated into small intestinal-like cells and exposed for 3 h to ED, BPD, MPD, BCD or BchPD after which gene transcription was analysed using
RNA sequencing. Genes that were significantly (p < 0.05) changed in transcription profiles were imported into IPA for canonical pathway analysis.
Significantly (—logjo(p-value) > 1.3; red dashed line) altered immune function-related pathways when compared with ED were listed. BCD: digest of
black soldier fly cocoon meal; MPD: digest of mealworm larvae powder; BchPD: digest of chitin rich black soldier fly larvae protein meal; BPD:

digest of black soldier fly larvae protein meal; and N.D: not detected.

the colon.>® However, C. difficile infection was also demon-
strated in the small intestine.?* Here, in vitro models mimick-
ing the small intestinal enterocytes were used to investigate
whether insect-derived fractions can mitigate the barrier integ-
rity reducing effect of C. difficile toxin A and to explore the
underlying mechanisms. We tested four different insect-
derived fractions, including black soldier fly larvae protein
meal (BP), mealworm larvae powder (MP), chitin rich black
soldier fly larvae protein meal (BchP) and black soldier fly
cocoon meal (BC), after digestion according to the INFOGEST
consensus protocol with lowered enzyme concentrations.'®

9256 | Food Funct,, 2021,12, 9248-9260

We have found that our insect-derived fractions did not
impede the integrity of small intestinal-like Caco-2 cells
(Fig. 1). Moreover, BPD, BchPD and MPD significantly attenu-
ated the damage of the Caco-2 cell barrier integrity induced by
C. difficile toxin A (Fig. 2). Such an effect might result from the
insect-derived fractions which either change the Caco-2 cell
activity or interact with toxin A and prevent Caco-2 cell damage
as they contain a matrix of protein hydrolysates, fibres and
fatty acids. To differentiate between both possibilities, we per-
formed an assay in a preventive setting (Fig. 3). We found that
BPD, BchPD and MPD reduced the detrimental effects of toxin

This journal is © The Royal Society of Chemistry 2021
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Fig. 7 Exposure of the Caco-2/THP-1 macrophage co-culture model
to the insect-derived fractions did not alter the basolateral IL-8 levels.
Caco-2 cells were differentiated into small intestinal-like cells in trans-
wells to which THP-1 macrophages were adhered on the other side of
the membrane. The co-culture model was exposed to medium, ED,
BPD, MPD, BCD and BchPD for 24 h after which the basolateral IL-8
levels (pg ml™) were measured. The bar charts show the mean of 3
independent experiments + SD. Statistical analysis was performed by
one-way ANOVA and no significant differences were found. ED: empty
digest; BPD: digest of black soldier fly larvae protein meal; MPD: digest
of mealworm larvae powder; BCD: digest of black soldier fly cocoon
meal; and BchPD: digest of chitin rich black soldier fly larvae protein
meal.

A on the Caco-2 cell barrier integrity (Fig. 3), indicating that
the insect-derived fractions alter the Caco-2 activity and
thereby improve protection against subsequent toxin A activity.
The intestinal epithelial barrier integrity is critically controlled
by tightly connected junctional complexes including tight
junctions, adhesion junctions, gap junctions, desmosomes
and tetraspanin-enriched microdomain proteins.*”
Maintenance of these junctions is associated with various sig-
nalling molecules such as protein kinase C, mitogen-activated
protein kinase and Rho GTPases, which are targeted and ren-
dered ineffective by post-translational modification by
C. difficile toxins.>*® Junctions are highly dynamic structures
that are consistently shaped by both external (i.e. food com-
pounds) and internal (i.e. secreted hormones and peptides by
enteroendocrine cells) factors.”>>° To investigate the mecha-
nisms by which the insect-derived fractions support the Caco-2
cell barrier, RNA sequencing was performed to map the tran-
scriptome. This revealed that at the single gene level and the
canonical pathway level, BPD, BchPD and MPD supported
junctional complexes. In particular, CEACAM1, CLDN1, DSG2,
OCLN, TJP3 and TSPAN12, involved in various junctional com-
plexes, and the Sertoli cell-Sertoli cell junction canonical
pathway were significantly upregulated and predicted to be
activated, respectively, after Caco-2 cell exposure to BPD,
BchPD or MPD (Table 1 and Fig. 5A). Lower levels of the tight
junction protein 3 (TJP3) and claudin 1 and 2 (CLDN1, 2) were
actually found in C. difficile toxin A-challenged Caco-2 cells
using proteomics.”” This indicates that BPD, BchPD and MPD
might directly counteract the toxin activity. Furthermore, a

This journal is © The Royal Society of Chemistry 2021
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murine study reported a significantly decreased transcription
of SLC20A1 in the cecum after exposure to C. difficile toxin A.*®
As SLC20A1 (solute carrier family 20 member 1) encodes a
transmembrane protein that can regulate cell proliferation,>
its reduced detection might not be surprising given the apop-
tosis-inducing activity of C. difficile toxin A.>° Another study
demonstrated that an anti-microbial peptide, CopA3, isolated
from the Korean dung beetle, prevented C. difficile mediated
intestinal inflammation by enhancing the proliferation of
colonic epithelial cells through reducing the expression of
p21CPYWatL "5 cyclin-dependent kinase inhibitor that triggers
cell cycle arrest and apoptosis, in colonic epithelial cells.*™*
Transcriptional analysis of Caco-2 cells demonstrated that
BPD, BchPD, MPD and BCD significantly enhanced the tran-
scriptional expression of SLC20A1 (ESI, Table 21) and were pre-
dicted to activate various proliferation pathways after exposure
to BPD or BchPD (Fig. 5B). In summary, our data reveal that
Caco-2 cell treatment with BPD, BchPD or MPD increases the
transcription of genes that support junctional complexes and
cell proliferation, which might directly counteract the mecha-
nisms through which C. difficile toxin A exerts its intestinal
barrier integrity reducing activities.

The barrier function of intestinal epithelial cells is closely
linked with intestinal immune homeostasis.> A breakdown of
intestinal immune homeostasis can lead to increased invasion
of luminal microbial pathogens and microbiota-associated
molecular patterns, resulting in inflammation and tissue
damage. Intestinal epithelial cells developed defensive strat-
egies, including immunomodulatory capabilities, to limit
damage and promote effective barrier function.® Their immu-
nomodulatory capabilities are closely linked to the receptors
expressed on both apical and basolateral sides. In particular,
they can express the microbial pattern-recognition receptors
including toll-like receptors (TLRs) (i.e. TLR2) and C-type
lectin receptor (CLRs) (i.e. Dectin-1) on their membrane which
allow intestinal epithelial cells to respond to their luminal
environment®”* and produce signalling molecules such as
IL-1f or TGF-p to instruct lamina propria residing immune
cells.>®®> To investigate the immunomodulatory effects of
insect-derived fractions on Caco-2 cells, we studied the tran-
scriptional changes of immune signalling genes of Caco-2
cells following exposure. Transcription of immune signalling
genes, including CCL20, MYD88 and NFKBIA, was signifi-
cantly increased upon exposure of Caco-2 cells to BPD, BchPD,
MPD or BCD (Table 2). Moreover, the cytokine pathways of
IL-2-, IL-6- and IL-12 signalling and the chemokine pathways
were activated after exposure of Caco-2 cells to BPD and
CXCR4 signalling and NFAT signalling pathways were activated
after exposure to BchPD (Fig. 6). In general, these transcrip-
tional changes are related to proinflammatory responses.*®>”

In contrast, insect-derived components have demonstrated
anti-inflammatory intestinal activities. CopA3, in addition to
supporting proliferation, also significantly reduced LPS
induced IL-6 and TNF-a production by murine macrophages
through inactivating the transcription factors STAT1 and
STAT5.*® Another anti-microbial peptide apidaecin, isolated
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from honeybees, inhibited LPS induced IL-6 and TNF-a pro-
duction by human primary macrophages.*® Chitin, however,
has also been extensively reported for its immune supportive
effects.*” These conflicting findings in pro- and anti-inflamma-
tory effects might be related to obvious differences, as we
tested a homeostatic system and applied a matrix of bioactive
compounds, where these studies focused on individual com-
ponents in an inflammatory system. The tested insect-derived
fractions also demonstrated a strong anti-microbial, and
specifically an anti-C. perfringens, activity,"” which is in agree-
ment with the immune activating properties as observed here.
To determine the cumulative activity of the insect-derived frac-
tions, in vivo testing is required.

To limit animal trials, in vitro complex cell system develop-
ment has gained a lot of attention.”* In line with this, we
employed a Caco-2 cell and THP-1 macrophage co-culture
model in which intracellular signalling is not limited by
spatial separation or dilution. None of the insect-derived frac-
tions significantly changed the basolateral IL-8 levels in the co-
culture model when compared to ED (Fig. 7). This suggests
that the observed immunomodulatory signalling in Caco-2
cells did not result in THP-1 macrophage inflammation.
However, analysing the impact of the insect-derived fractions
in a physiological inflammatory setting in this model, similar
to the CopA3 and apidaecin studies, would provide additional
insights.

Taken together, the results of the in vitro studies on Caco-2
cells indicated that black soldier fly protein and mealworm
powder effectively mitigate C. difficile toxin A-mediated
damage in small intestinal-like Caco-2 cells, which might
relieve the symptoms of C. difficile infections. The underlying
mechanisms appear to be associated with the ability to
enhance the transcription of cell junctional and proliferation
genes in Caco-2 cells. Due to the generic nature of these
mechanisms, these insect-derived fractions might therefore
also mitigate barrier damage by other bacterial toxins or
pathogens when permanently included in the diet.
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