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Enterocytes, fibroblasts and myeloid cells synergize
in anti-bacterial and anti-viral pathways with 1L22
as the central cytokine

Jean Paul ten Klooster® "™ Marianne Bol-Schoenmakers?, Kitty van Summeren!, Arno L. W. van Vliet3,
Cornelis A. M. de Haan3, Frank J. M. van Kuppeveld® 3, Saertje Verkoeijen' & Raymond Pieters'2

IL22 is an important cytokine involved in the intestinal defense mechanisms against micro-
biome. By using ileum-derived organoids, we show that the expression of anti-microbial
peptides (AMPs) and anti-viral peptides (AVPs) can be induced by IL22. In addition, we
identified a bacterial and a viral route, both leading to I1L22 production by T cells, but via
different pathways. Bacterial products, such as LPS, induce enterocyte-secreted SAAT, which
triggers the secretion of IL6 in fibroblasts, and subsequently IL22 in T cells. This [L22
induction can then be enhanced by macrophage-derived TNFa in two ways: by enhancing the
responsiveness of T cells to IL6 and by increasing the expression of IL6 by fibroblasts. Viral
infections of intestinal cells induce IFNP1 and subsequently IL7. IFNB1 can induce the
expression of IL6 in fibroblasts and the combined activity of IL6 and IL7 can then induce IL22
expression in T cells. We also show that [L22 reduces the expression of viral entry receptors
(e.g. ACE2, TMPRSS2, DPP4, CD46 and TNFRSF14), increases the expression of anti-viral
proteins (e.g. RSAD2, ACOS, ISG20 and Mx1) and, consequently, reduces the viral infection of
neighboring cells. Overall, our data indicates that IL22 contributes to the innate responses
against both bacteria and viruses.
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opportunity, cause local damage and invade the mucus

layer and the underlying tissues!. Antibacterial peptides,
such as Reg3p and Reg3y, produced by Paneth cells in the small
intestine, ensure that the inner intestinal mucus layer contains
little to no bacteria?. The importance of the C-type lectin Reg3y
in this process has been demonstrated by Hooper et al., who show
that Reg3y knockout mice suffer from a high influx of bacteria in
the intestinal mucus layer?. In addition, lack of Reg3y expression
in human subjects is highly associated with Inflammatory Bowel
Disease (IBD)1:34,

The expression of Reg3y can be enhanced by IL22, a cytokine
that can be secreted by neutrophils, Th22, Th17, ILC3, or y8
T cells, but the regulation of IL22 expression and secretion in
these different cell types is not entirely clear>8. There is data
suggesting that the cytokines IL23, IL6, TNFa, and IL1a/B and
Serum Amyloid A3 (SAA3) are involved in the induction of IL22
in T cells of different origin®-8. These cytokines can be induced in
myeloid cells, such as macrophages and dendritic cells (DC) by
LPS?, a potent activator of the TLR4 pathway!?. The combination

T he intestine contains many bacteria which, when given the
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Fig. 1 Reg3p and Reg3y expression in ileum-derived organoids is
dependent on LPS-activated RAW264.7 macrophages or JAWSII
dendritic cells and EL4 T cells. a RAW264.7 cells and JAWSII cells
stimulated with LPS (1ug/ml) for 24 h and subsequently, supernatants
were first incubated with EL4 T cells for 24 h and then added to organoids
or they were added to organoids directly. Reg3y mMRNA was determined by
QPCR and normalized to untreated organoids. b JAWSII cells stimulated
with either LPS, Pam2, or Pam3 (1pg/ml) for 24 h and subsequently,
supernatants were first incubated with EL4 T cells for 24 h and then added
to organoids. Reg3 and Reg3y mRNA was determined by QPCR and
normalized to untreated organoids. All experiments were performed in
triplicate with a minimum of three independent experiments. Data are
shown as mean # SD. For statistical analyses, Log2 transformed data were
used in Welch and Brown-Forsythe tests followed by Dunnett’s T3 multiple
comparisons test. *P < 0.05 was considered to indicate statistical
significance.

of IL6, IL1p, and TNFa can induce the expression of IL22 in adult
peripheral blood cells when combined with anti-CD3/anti-
CD28>%, SAA3 can induce IL22 expression in bone marrow-
derived neutrophils” and in in vitro-differentiated Th17 cells!!.

In addition to bacteria, the gut is also home to a diverse
population of viruses. Most of these viruses are bacteriophages,
which target bacteria and thus affect the bacterial composition in
the intestine!2. Besides bacteriophages, the gut also hosts viruses
that target eukaryotes, such as Hepeviridae, Polydnaviridae,
Tymoviridae, and Virgaviridae families, which have also been
associated with the pathogenesis of IBD!3-13,

Our data demonstrates a previously unrecognized pathway of
bacterial and viral induced IL22 production by intestinal T cells.
By using co-cultures of 2D and 3D intestinal organoids, fibro-
blasts, macrophages, DC and T lymphocytes, we show that IL6
and TNFa synergize in stimulating the production of IL22 in
T cells when stimulated with bacterial products, such as LPS,
Pam2, and Pam3. In addition, we show that viral infections of
intestinal organoids induce IFNPI that, via subsequent autocrine
stimulation, induces IL7 expression in enterocytes. Moreover, the
secreted IFNB1 can induce the expression of IL6 in fibroblasts and
the combined secretion of IL6 and IL7 can also induce the
expression of IL22 in T cells, and thus reduce the expression of
viral entry receptors (e.g., ACE2, TMPRSS2, DPP4, TNFRSF14,
and CD46) and enhance the expression of anti-viral genes (e.g.,
RSAD2, ISG20, and AOS).

Results

A DC/macrophage-T cell axis is required for LPS-induced
expression of Reg3f and Reg3y in ileum-derived organoids.
Recently, it has been suggested that Paneth cells can be directly
stimulated by LPS to produce Reg3y?. However, these experi-
ments were performed in vivo and could not exclude the role of
immune cells, which are very likely to be involved in this
process>”>11. To test whether LPS directly induces expression of
Reg3y in Paneth cells or requires the mediation of immune cells,
we stimulated the dendritic JAWSII cells and macrophage
RAW?264.7 cells with LPS and used the supernatants of these cells
to either stimulate EL4 T cells or ileum-derived organoids.
Organoids were then analyzed for Reg3f and Reg3y mRNA
expression (Fig. la). We observed that the expression of these
genes in organoids was not stimulated directly by LPS, but rather
by supernatants of EL4 cells pre-exposed to the supernatant of
LPS-activated JAWSII or RAW264.7 cells (Fig. 1a). This suggests
that the activated DCs or macrophages produce a soluble factor
that activates EL4 T cells to produce another factor, that, subse-
quently, can activate Paneth cells to produce Reg3f3 or Reg3y.

Multiple bacterial products induce Reg3p and Reg3y expres-
sion in Paneth cells. LPS is the most studied bacterial product
with respect to its effect on Reg3 and Reg3y expression by
Paneth cells. However, there are many other bacterial products
which can activate dendritic cells or macrophages!® and possibly
stimulate Paneth cells to produce Reg3f and Reg3y through DC
and T cell activation. To test this, we stimulated EL4 T cells with
supernatant derived from Pam2 and Pam3-stimulated JAWSII
cells and subsequently stimulated organoids with these
EL4 supernatants. Indeed, we observed that mRNA expression of
Reg3f3 and Reg3y was also induced by Pam2 and Pam3, although
not as efficiently as by LPS (Fig. 1b). This suggests that the
induction of the Reg3 genes is mediated via a general DC acti-
vation pathway and is not restricted to LPS.

IL22 and IFNy induce the expression of Reg3f and Reg3y in
Paneth cells. The fact that the supernatant of activated EL4 cells
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Fig. 2 Reg3y expression in intestinal organoids is induced by T cell-derived IL22 or IFNy. a Cytokine receptor mRNA expression in duodenum, jejunum
and ileum-derived organoids. b Reg3y mRNA expression in ileum-derived organoids after 24 h exposure to cytokines (10 ng/ml). ¢ IL22-induced and IFNy-
induced mRNA expression of Reg3y in ileum-derived organoids. d IL22- and IFNy-induced mRNA expression of Reg3y in duodenum-derived or jejunum-
derived organoids. e ELISA for IL22 on supernatants from EL4 T cells with prior exposure to supernatants from LPS-stimulated RAW264.7 or JAWSII cells.
f ELISA for IL22 on supernatants from EL4, LEP, or DO11 T cells which were exposed to supernatants from LPS-stimulated RAW264.7 cells (RLs) for 48 h.
g Reg3y mRNA expression in ileum-derived organoids after exposure of EL4-derived supernatants with prior exposure to LPS-treated RAW264.7 cell
supernatant (REL) in the presence or absence of blocking antibodies for IL22 or IFNy. All experiments were performed in triplicate with a minimum of three
independent experiments. Data are shown as mean + SD. For statistical analyses (a-c, e, and g), Log2 transformed data were used in Welch and
Brown-Forsythe tests followed by Dunnett's T3 multiple comparisons test. For comparison in d and f, we performed an unpaired t-test (two-tailed) with
Welch's correction on Log2 transformed data.*P < 0.05 was considered to indicate statistical significance.

can stimulate Reg3f3 and Reg3y expression in organoids, indicates
that a soluble factor is involved, most likely a cytokine. To test
which cytokine(s) can activate Paneth cells, we performed a
microarray on ileum-derived organoids and noticed that these
organoids express only a small subset of cytokine receptors
(Fig. 2a and Fig. S1). To test which of these receptors can even-
tually lead to Reg38 and Reg3y expression, we stimulated ileum-
derived organoids with the recombinant cytokines IL4, IL13,
IL15, IL17, IL22, IFNw, IEN, IFNy, and TNFa. These experi-
ments revealed that of these cytokines only IL22 and IFNy induce
the expression of Reg3 and Reg3y (Fig. 2b) in a concentration-

dependent manner (Fig. 2c) and that this is also true for duo-
denum- and jejunum-derived organoids (Fig. 2d).

Next, we performed an ELISA for IL22 and IFNYy to determine
which of these two cytokines were produced in EL4 cells after
exposure to LPS-treated JAWS II or RAW264.7 supernatants and
observed that while IL22 is produced (Fig. 2e), IFNy is not
produced by EL4 cells (Fig. S2). Similarly, two other T cell lines,
DO11 and LEP, also produced IL22 (Fig. 2f) but no IFNy (Fig. S2)
after exposure to LPS-treated RAW264.7 supernatants. Of note,
these T cells can all produce IFNy when the TCR is activated by
using anti-CD3 (Fig. S2). To confirm that IL22 is indeed the
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soluble factor that mediates the induction of Reg3y in organoids,
we treated organoids with EL4-derived supernatant, with prior
RAW264.7-LPS supernatant exposure, in the absence or presence
of blocking antibodies for IL22 and IFNy (Fig. 2g) and their
receptors (Fig. S3). Indeed, blocking IL22 signaling resulted in a
lower expression of Reg3y (Fig. 2g), confirming that IL22
mediates the induction of Reg3y in intestinal organoids by LPS-
activated myeloid cells and T cells.

Intestinal epithelial lymphocytes produce both IL22 and IFNy
after exposure to LPS-stimulated dendritic cell-derived super-
natants. To confirm that our in vitro systems reflects the in vivo
situation, we isolated intestinal epithelial lymphocytes (IELs)
from a C57BL/6 mouse and exposed these cells to supernatant
from LPS-activated bone marrow-derived DCs. IELs were cul-
tured in the absence of other activating factors, such as anti-CD3
or IL7. We determined 1122 and Ifny expression by QPCR
(Fig. 3a) and ELISA (Fig. 3b). Indeed, these primary cells also
produced IL22 after exposure to the DC-LPS supernatant, similar
to the EL4 cells. However, we also observed a significant induc-
tion of IFNy in these cells (Fig. 3a, b). Subsequently, organoids
were exposed to IEL supernatants for 24 h in the absence or
presence of blocking antibodies for IL22 and IFNy and we ana-
lyzed for Reg3f, Reg3y, and Cd74 mRNA expression by QPCR
(Fig. 3c). The expression of the IFNy-target gene Cd74 was
included to test for IFNy activity (Fig. 3c). Similar to the EL4
experiments in Figs. 1 and 2, we observed that blocking IL22 was
sufficient to inhibit the induction of the Reg3 genes (Fig. 3c),
whereas blocking IFNy enhanced the expression of Reg3$ and
Reg3y, suggesting that IFNy rather inhibits IL22-induced
expression of these Reg3 genes. This was confirmed by compar-
ing the expression of Reg3y in organoids treated with recombi-
nant IL22 or a mixture of IL22 and IFNy for 24h (Fig. 3d),
showing that the presence of IFNy clearly results in lower Reg3y
induction by IL22.

IL6/TNFa or IL6/IL7 induce expression of IL22 in EL4 T cells.
Research by others demonstrates that the cytokines I1L23, IL6,
TNFa, and IL1a/B may be involved in the induction of IL22 in
T cells>”11. To test the involvement of these cytokines in our
in vitro system, we analyzed our previously published microarray
dataset on RAW264.7 cells which were stimulated with LPS!7 and
observed the expression of multiple cytokines, including 1123, Il6,
Tnfa, and Illa/B (Fig. 4a). Next, we exposed EL4 cells to these
cytokines and included recombinant cytokines that were also
upregulated in RAW264.7 cells after LPS treatment, and tested
the secretion of IL22 using HEK-Blue IL22-reporter cells
(Fig. 4b). In these experiments, IL9 was included as a positive
control for IL22 induction!8. We observed that IL6 induced
IL22 secretion in EL4 cells at a concentration of 50 ng/ml (Fig. 4b)
and obviously less efficient at 10 ng/ml (Fig. 4c). When this less
efficient concentration of IL6 was combined with other cytokines,
we observed that IL1P, IL7, or TNFa synergized with IL6 to
induce IL22 secretion in EL4 cells (Fig. 4c, d). Using capturing
antibodies for IL1p, IL6, IL7, IL9, IL23, and TNFa, only those
against IL6, TNFa and, to lesser extent, IL1P, were able to reduce
IL22 secretion by EL4 T cells stimulated with supernatants from
RAW264.7-LPS (Fig. 4e). Enhanced IL22 secretion induced by
the combination of IL6 and TNFa was also observed in freshly
isolated IELs that were stimulated for 48 h with IL6 and TNFa
(Fig. 4f). This suggests that IL6 and TNFa synergize to induce
IL22 secretion.

Fibroblasts enhance the LPS-macrophage-induced induction of
IL22 in EL4 cells by increasing IL6 expression. In the intestine,

macrophages and DCs present a well-known source of IL6°.
However, fibroblasts are also known for their ability to produce
IL6%0. Therefore, we determined the role of fibroblasts in the
production of IL22 by T cells. To this end, we tested different co-
culture combinations of NIH3T3 fibroblasts, RAW264.7 macro-
phages and EL4 T cells and analyzed the IL22 secretion after 24 h
of LPS treatment (Fig. 5a). We observed a strong IL22 production
when NIH3T3, RAW264.7 and EL4 were combined in cultures
that were incubated with LPS (Fig. 5a). This response was much
higher than observed in LPS-treated co-cultures of RAW264.7
and EL4 without fibroblasts (Fig. 5a), even when cell concentra-
tion of RAW264.7 and EL4 co-cultures were increased ten times
(Fig. 5a).

Appreciating the importance of IL6 and TNFa in the induction
of IL22, we tested whether the increased IL22 response of these
co-cultures was due to an increased IL6 or TNFa secretion. By
performing an ELISA on supernatants of co-cultures of
RAW?264.7 and NIH3T3 cells (Fig. 5b, c), we found that the
production of TNFa was not altered when comparing co-cultures
to single cultures (Fig. 5c). However, IL6 secretion was greatly
enhanced in the co-cultures after LPS stimulation (Fig. 5b). The
induction of IL6 in RAW264.7 cells is dependent on NFkB1®. By
using a RAW264.7 NFkB-reporter in the co-cultures with
fibroblast, we demonstrated that the NFxB-activity in
RAW?264.7 cells did not change after LPS stimulation when
compared to RAW264.7 single cultures (Fig. 5d), suggesting that
the increased IL6 was produced by the fibroblasts.

To further test if TNFa can induce IL6 in fibroblasts, we
stimulated NIH3T3 cells with RAW264.7-LPS supernatant (RLs)
with or without a capturing antibody for TNFa and determined
the IL6 secretion by ELISA (Fig. 5e). We observed that the
induction of IL6 by RAW264.7-LPS supernatant was inhibited by
blocking TNFa. Moreover, the addition of TNFa to NIH3T3
fibroblasts induced mRNA expression of II6, but also of Ill«
(Fig. 5f). In addition, IL1a treatment also induced IL6 expression
in NIH3T3 cells (Fig. 5g). The TNFa-induced expression of IL6
after 2 days was inhibited by a blocking antibody for ILla,
suggesting that the induction of IL6 by TNFa in fibroblasts after
2 days is partially regulated by the induction of ILla by TNFa
(Fig. 5g). Overall, this means that both IL1a and TNFa co-induce
IL6 secretion in fibroblasts, and that TNFa-mediated ILla
autocrine stimulation enhances the TNFa-induced expression of
IL6 in fibroblasts.

LPS-induced expression of SAA3 in organoids stimulates
IL22 secretion in EL4 cells through ILla expression in
RAW264.7 macrophages and IL6 expression in NIH3T3
fibroblasts. Bacterial components such as LPS, Pam2 and Pam3
can activate TLR4 signaling in various cell types, and can induce a
strong pro-inflammatory response in macrophages and dendritic
cells®. However, intestinal enterocytes are constantly exposed to
these bacterial compounds, whereas the intestine is not constantly
highly inflamed, suggesting that intestinal epithelial cells (IECs)
do not produce high levels of pro-inflammatory cytokines or
might express anti-inflammatory cytokines, which could inhibit
the inflammatory activity of intestinal myeloid cells. To test
which genes are activated in intestinal enterocytes in response to
LPS, we seeded ileum-derived organoids either in Matrigel (3D)
or on collagen I-coated 48 wells plates (2D)2! and allowed them
to grow for 2 days. The different culture systems, 2D vs. 3D, allow
us to discriminate between crypt structures (3D), enriched in
stem cells and Paneth cells, and more differentiated villi-like
cultures (2D)?, containing high amounts of enterocytes and
endocrine cells. Subsequently, we stimulated these cultures with
LPS, Pam2, or Pam3 for 24 h. From these cultures we isolated
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Fig. 3 Reg3y expression in intestinal organoids is induced by IEL-derived IL22 or IFNy. a //22 and Ifny mRNA expression in intestinal epithelial
lymphocytes, freshly isolated from mouse small intestine, and stimulated with supernatants form LPS-treated bone marrow-derived dendritic cells.

b Protein secretion by intestinal epithelial lymphocytes, freshly isolated from mouse small intestine, and stimulated with supernatants form LPS-treated
bone marrow-derived dendritic cells. € Reg3p, Reg3y, and Cd74 mRNA expression in ileum-derived organoids after 24 h exposure to supernatants from IEL
cells with prior exposure to supernatants from LPS-stimulated BMDCs in the presence or absence of blocking antibodies for IL22 or IFNy. d Reg3y mRNA
expression in ileum-derived organoids after 24 h exposure to IL22 alone or IL22 combined with IFNy (5 ng/ml). All experiments were performed in
triplicate with a minimum of three independent experiments. All data are shown as mean + SD. For statistical analyses, Log2 transformed data were used in
Welch and Brown-Forsythe tests followed by Dunnett's T3 multiple comparisons test. *P < 0.05 was considered to indicate statistical significance. **P <

0.05 compared to stimulated samples.

RNA to perform microarray analyses. Data analysis on genes
involved in inflammatory pathways, revealed that Tnfsf13/April,
Saa3, and Tnfo were upregulated after LPS stimulation of orga-
noids cultured in 2D (Fig. 6a). We also found that stimulation of
2D cultures with the bacterial compound Pam3 increased the
expression of Saa3 to similar levels as LPS (Fig. 6b). The 2D
cultures are highly enriched in enterocytes® and indeed, using the
human enterocyte cell line HT29, we confirmed that LPS induces
the expression of Saal, the human homolog of mouse Saa3
(Fig. 6¢).

SAA3 can activate NFkB signaling?? and therefore, we set out
to identify the effect of SAA3 on 116, Illa, and Tnfa production in
RAW?264.7 macrophages (Fig. 6e) and II6 and Illa production
in NIH3T3 fibroblasts (Fig. 6f, g) and observed an increase in /1«
in RAW264.7 cells and an increase of Il1« and 116 in NIH3T?3 cells
(Fig. 6e-g). This suggests that SAA3 can induce IL6 expression in
fibroblasts directly or indirectly through macrophage ILla
secretion.

Based on our observation that IL6 can induce the expression of
IL22 in EL4 T cells, we would expect that SAA3/1 can induce
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Fig. 4 IL22 secretion and expression in EL4 T cells is induced by IL6 and enhanced by either IL7 or TNFa and/or IL1p. a Cytokine mRNA expression in
LPS-stimulated RAW264.7 cells. b IL22 reporter-activity of supernatants from EL4 T cells stimulated with indicated cytokines at concentrations of 50 ng/
ml. ¢ IL22 reporter-activity of supernatants from EL4 T cells stimulated with IL6 combined with indicated cytokines at concentrations of 10 ng/ml. d 1L22
reporter-activity of supernatants from EL4 T cells stimulated with IL6 (10 ng/ml) combined with either IL1p (10 ng/ml) or IL7 (5 ng/ml) and TNFa (with
indicated concentrations). e IL22 expression in EL4 T cells after 48 h exposure to supernatants from LPS-stimulated RAW264.7 cells (RLs) in the presence
or absence of indicated blocking antibodies. f IL22 reporter-activity of supernatants from freshly isolated IEL cells stimulated with either IL6 or TNFa, or IL6
and TNFa combined (10 ng/ml), or stimulated with supernatant from LPS-stimulated RAW264.7 cells. All experiments were performed in triplicate with a
minimum of three independent experiments. All data are shown as mean + SD. For statistical analyses, Log2 transformed data were used in Welch and
Brown-Forsythe tests followed by Dunnett's T3 multiple comparisons test. *P < 0.05 was considered to indicate statistical significance. **P < 0.05.

compared to RLs stimulated samples.

IL22 in EL4 T cells mediated by myeloid cells and fibroblasts. We
tested this, by exposing EL4 T cells to the supernatants of
untreated and hSAA1-treated RAW264.7 cells, NIH3T3 cells and
RAW?264.7/NTH3T3 co-cultures and determined the secretion of
IL22 (Fig. 6h). In agreement with IL6 being present in 3T3
cultures after hSAAl1 or ILla exposure, we only found
IL22 secretion in EL4 cells that were exposed to supernatants
from fibroblasts or fibroblast/macrophage co-cultures stimulated
with hSAA1 (Fig. 6h), which could be blocked by an inhibitory

anti-IL6 antibody (Fig. 61). This indicates that EL4 T cells cannot
be directly activated by SAA3 and require IL6 from fibroblasts to
induce IL22 expression.

Viral-induced IL7 from IECs enhances IL6-mediated produc-
tion of IL22. In Fig. 4 we show that IL7 can enhance IL6-
mediated IL22 secretion by EL4 T cells and next, we tested
whether there is a direct concentration-response relationship
between IL-7 and IL-6-induced IL-22 production (Fig. 7a). While
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Fig. 5 Fibroblasts enhance the macrophage-induced IL22 expression in EL4 T cells by enhanced IL6 and IL1x expression. a [L22 reporter-activity of
supernatants from indicated co-cultures of RAW264.7, NIH3T3, and EL4 cells stimulated with LPS (1 pg/ml) for 48 h. b IL6 ELISA on supernatants from
indicated cultures of RAW264.7 and/or NIH3T3, stimulated with LPS (1 pg/ml) for 48 h. ¢ TNFa ELISA on supernatants from indicated cultures of

RAW264.7 and/or NIH3T3, stimulated with LPS (1 pg/ml) for 48 h. d NFxB reporter-activity of the RAW264.7 cells of indicated cultures of RAW264.7
and/or NIH3T3, stimulated with LPS (0.1 or 1 pg/ml) for 48 h. e IL6 ELISA on supernatants from co-cultures of RAW264.7 and NIH3T3, stimulated with
LPS (1 pg/ml) for 48 h in the presence or absence of TNFa blocking antibody. f Cytokine mRNA expression in NIH3T3 after LPS (1 pg/ml) exposure for
24h. g IL6 ELISA on supernatants from NIH3T3, stimulated with indicated cytokines (10 ng/ml) or blocking antibody for 24 or 48 h. All experiments were
performed in triplicate with a minimum of three independent experiments. All data are shown as mean = SD. For statistical analyses (a, d and g), Log2
transformed data were used in Welch and Brown-Forsythe tests followed by Dunnett's T3 multiple comparisons test. For comparison in b, ¢, e and f, we
performed an unpaired t-test (two-tailed) with Welch's correction on Log2 transformed data for untreated versus LPS or TNFa treatment for each cell
combination. *P < 0.05 was considered to indicate statistical significance. **P < 0.05 compared to LPS-stimulated samples (e) or to day 1 vs. day 2 (g).

we could not detect IL7 in macrophages, fibroblasts or T cells IFNBI is known to be induced in intestinal cells by viruses9,

(Fig. S4), others have described that IL7 can be secreted by
enterocytes and goblet cells?>-2°. To confirm these observations,
we tested if IL7 is produced in ileum-derived organoids in
response to any of the cytokines IL1B, IL17A, IL22, IFNw, IFN{,
IFNYy, or TNFa. Of these cytokines only IL22 (Fig. 7b) and IFNf1,
in a concentration-dependent manner (Fig. 7b, c), increased the
expression of II7 mRNA. Moreover, quantification of IL7
immunostainings of 2D organoid cultures treated with IL22 and
IFNB1 (Fig. 7d) showed that IL7 protein expression increases
(Fig. 7e) in concordance with the observed increase of IL7 mRNA
after IL22 or IFNPI exposure.
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which suggests that the induction of IL7 by IFNPI is part of a
viral route for IL22 induction. Expression analyses of the
published data set GSE149312%7 shows that the infection of
human intestinal organoids with SARS-CoV-2 can indeed induce
the expression of II7 (Fig. 7f).

We found that IL7 can induce the expression of IL22 in EL4
T cells, however, IL6 co-exposure was still required for this
(Fig. 4). Therefore, we tested if IFNP1 can also induce the
expression of IL6 in either organoids, RAW264.7 macrophages,
NIH3T3 fibroblasts or EL4 T cells. We observed an induction of
Il6 in NIH3TS3 fibroblasts after IFNB1 exposure (Fig. 7g), but not
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Fig. 6 LPS-induced SAA3 from IEC induces IL22 in EL4 T cells through macrophage-derived IL1x and fibroblast-derived IL6 and IL1x. a mRNA

expression in LPS-stimulated 3D or 2D ileum-derived organoids of cytokine/chemokine selected genes (fold Increase). b Saa3 mRNA expression in 3D or
2D ileum-derived organoids, stimulated with either LPS, Pam2, or Pam3 (1 ug/ml). ¢ hSaal and hSaa2 mRNA expression in HT29 cells stimulated with LPS
(1 pg/ml) for 24 h. d llla, Tnfe, and ll6 MRNA expression in RAW264.7 cells after 24 h exposure to hSAAT (10 ng/ml). e I6 mRNA expression in NIH3T3
fibroblasts after 24 h exposure to hSAA1 (10 ng/ml). f llla mRNA expression in NIH3T3 fibroblasts after 24 h exposure to hSAAT (10 ng/ml). g IL22
reporter-activity of supernatants from EL4 cells exposed to supernatants of indicated cultures of RAW264.7 (Rs) and NIH3T3 (3T3s) cells stimulated with
hSAA1 (10 ng/ml) for 48 h. h IL22 reporter-activity of supernatants from EL4 cells exposed to supernatants of NIH3T3 cells stimulated with hSAA1 (10 ng/
ml) in the presence or absence of anti-IL6 blocking antibody. All experiments were performed in triplicate with a minimum of three independent
experiments. All data are shown as mean + SD. For statistical analyses (a, b, e, g, and h), Log2 transformed data were used in Welch and Brown-Forsythe
tests followed by Dunnett's T3 multiple comparisons test. For comparison in ¢, d and f, we performed an unpaired t-test (two-tailed) with Welch's
correction on Log2 transformed data.*P < 0.05 was considered to indicate statistical significance. **P < 0.05 compared to SAAT-stimulated samples (h).

in the other cell types (Fig. S5). Together, our data indicate that
intestinal viral infections induce IL22 expression in T cells via
IFNP1-mediated IL7 production by epithelial cells and IL6
production in fibroblasts.

Because of the observed involvement of IL22 in antiviral
pathways, we analyzed the expression of genes which are
involved in viral infections and clearance (Table S1) and found
that IL22 inhibits the expression of several viral entry receptors,
such as Ace2 (SARS-Cov-1 and 2), Tmprss2 (SARS-Cov-1
and 2), Dpp4 (MERS), Tnfrsf14 (HSV), and Cd46 (MV), while
increasing the expression of antiviral proteins such as Rsad2,
Apobecl and 3, Irf9, Mxl, Isg20, and AoS (Fig. 7h). These
findings suggest that IL22 modulates genes involved in viral
entry and replication.

To test whether IL22 can indeed modulate viral infections, we
used a GFP-expressing recombinant mouse hepatitis coronavirus
(MHV-GFP)282%, 2D mouse Ileum organoids were either
untreated or treated for 1 day with IL22 (5 ng/ml) prior to viral
infections with MHV-GFP. After 24 and 48 h, cells were fixed and
stained for F-actin and nuclei (Fig. 7i) and the number of GFP-
positive cells was determined (Fig. 7j). We observed a reduced
number of MHV-positive cells 2 days of post MHV-GFP
infection when organoids were exposed to IL22, indicating
that IL22 can indeed reduce viral replication. Moreover, in
IL22-treated organoids we observed mostly single MHV-GFP
expressing cells, whereas in the untreated organoids most MHV-
GFP-positive cells were clustered (Fig. 7i), suggesting that
IL22 suppresses the infection of neighboring cells.
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Discussion

In this paper, we show for the first time that different immune
cascades, providing crosstalk between enterocytes, macrophages,
dendritic cells, fibroblasts, and T cells, are involved in the
induction of IL22 in response to bacterial or viral infections
(Fig. 8). Firstly, we show that the bacterial products LPS and
Pam3 can induce the expression of SAAI in enterocytes which

can then induce the expression of ILla in macrophages and
fibroblasts. Furthermore, both SAAl and ILla can induce
IL6 secretion from fibroblasts, which is required for
IL22 secretion by T cells (Fig. 8). Secondly, LPS, Pam2, or Pam3
can directly induce the expression of TNFa, IL1a, IL1B, and IL6
in sampling dendritic cells or after damage of the intestinal epi-
thelial layer!®, resulting in 1122 secretion in T cells (Fig. 8). In this
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Fig. 7 Virus-mediated expression of IFNf1 induces IL22 via IL7 and IL6 produced by IEC and fibroblasts, respectively. a IL22 reporter-activity of
supernatants from EL4 cells stimulated with IL7 (indicated concentrations) and IL6 (10 ng/ml) for 48 h. b II7 mRNA expression in 3D ileum-derived
organoids, stimulated with indicated cytokines (10 ng/ml) for 24 h. ¢ II7 mRNA expression in 3D mouse organoids after IFNp1 exposure for 24 h with
indicated concentrations. d Immunostaining for IL7 (green), F-actin (magenta), or Nuclei (blue) in 2D ileum-derived organoids stimulated with IFNp1
(20 ng/ml) or IL22 (2 ng/ml) for 24 h. Bars indicate 10 pm. e IL7 protein expression in 2D mouse organoids after IFNf1 exposure for 24 h with indicated
concentrations. f /I7 mRNA expression in 3D human intestinal organoids, either differentiated (DIF) or undifferentiated (EXP), exposed to SARS-COV-2 for
60 h (GSE149312). g Il6 and Ifit2 mRNA expression in NIH3T3 fibroblasts stimulated with 20 ng/ml IFNB1 for 24 h. h Microarray analysis of 2D and 3D
mouse lleum-derived organoids stimulated with [L22 (5 ng/ml) for 24 h. Gene expressions are indicated as Fold Increase (IL22/untr) in Log2 values.

i MHV-GFP (green) expression, 2 days after infection, in 2D mouse ileum-derived organoids untreated or treated with 1L22 (5 ng/ml), F-actin (magenta),
or nuclei (blue). Bars indicate 10 pm. j Quantification of MHV-GFP positive cells in untreated and IL22 (5 ng/ml) treated 2D mouse ileum-derived
organoids after 1 and 2 days of infection. All experiments were performed in triplicate with a minimum of three independent experiments. All data are
shown as mean + SD. For statistical analyses (a-c and e), Log2 transformed data were used in Welch and Brown-Forsythe tests followed by Dunnett's T3
multiple comparisons test. For comparison in f, g, and j, we performed an unpaired t-test (two-tailed) with Welch's correction on Log2 transformed data.
*P < 0.05 was considered to indicate statistical significance.
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Fig. 8 Model for bacterial and viral induced expression of IL22. Bacterial-derived products, such as LPS and Pam3, can induce SAA1 (humans) or SAA3
(mouse), which can trigger dendritic cells or macrophages to produce IL1a and in turn, IL1x can induce the expression of IL6 in fibroblasts. In addition, SAAT
can also induce the expression of IL6 in fibroblasts in the absence of macrophages of dendritic cells. The secreted IL6 can then induce the expression of
IL22 in T cells and this expression can be enhanced by IL7, which can be secreted by IEC. Moreover, the secretion of IL7 by IEC, can be enhanced by 1L22,
resulting in a positive feedback loop for IL22 induction and eventually giving higher expression of Reg3p and Reg3y. Alternatively, LPS can directly activate
sampling DCs and macrophages or activate these cells after intestinal damage, resulting in a strong immune response with high induction of IL6, IL1a, IL1B,
TNFa, and subsequent IL22 induction, in which case TNFa enhances the IL6-induced IL22 production by T cells. A viral pathway involving IFNB1 can also
induce 1L22 via IL7 produced by IEC and fibroblast- secreted IL6, after which anti-viral proteins (AVPs) can be induced by 1L22.

pathway, IL22 secretion is greatly enhanced by positive feedback able to induce the expression of these AMPs. Remarkably, we also
in two ways: TNFa increases the expression of IL6 in fibroblasts found that IFNy can inhibit the IL22-mediated upregulation of
plus it enhances IL22 secretion by T cells in the presence of IL6.  Reg3f and Reg3y. These findings emphasize the importance of the
Thirdly, we provide evidence that virus-induced expression of specific cellular source of IL22, which in some conditions will be
IFNB1 in intestinal cells leads to the expression of IL7 in enter-  neutrophils, being strict IL22 producers’, and in other conditions
ocytes and IL6 in fibroblasts, resulting in IL22 secretion in T cells, intraepithelial T cells, producing IL22 and IFNy simultaneously
and subsequent activation of antiviral pathways in IECs. (Fig. 3).

The two bacterial pathways leading to IL22 expression might To our knowledge, the effect of IL7 on IL6-induced
reflect a basal versus an acute infection with SAA1 as a starting IL22 secretion has not been described before, although most
point for basal bacterial defense. By comparing germ-free mice studies on Th17, Th22, or ILC3 cells are performed in the pre-
and normal mice it has been elegantly shown that SAA3 (the sence of IL7, because of the growth-enhancing effect of IL7 on
mouse orthologue of human SAA1) is induced in the presence of  these T cells’-8. By using EL4 T cells, which do not require IL7 for
gut microbiota’), suggesting that SAA3 can indeed drive basal growth, we could now discriminate between the IL7-induced T
IL22 expression through a pathway involving dendritic cells, cell growth and IL7-enhanced IL22 secretion. We also show that
macrophages, fibroblasts, and T cells. Recently, it has also been IL7 expression in enterocytes can be enhanced by IL22, sug-
shown that SAA3 can induce IL22 in neutrophils’ or enhance gesting a positive feedback loop between IL22 and IL7. A recent
IL6-induced TL22 secretion in Th17 cells’!, suggesting multiple study showed that a subset of IBD patients, which were not
routes through which mSAA3 or hSAAl can enhance the responsive to anti-TNFa treatment, had a higher IL7 pathway
expression of intestinal IL22 and AMPs. activity reflected by higher IL7 or IL7R expression®®. This sug-

IL22 has been shown to induce Reg3p and Reg3y in intestinal ~ gests that IL7 can indeed replace the function of TNFa with
cells in multiple studies®-3, and here we found that IFNy is also  respect to IL22 production in the intestine. This, combined with
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our observation that viruses can induce IL7 through IFN1,
might also indicate that viral infections can affect the severity of
IBD. Indeed metagenomic analyses of subjects with IBD reveal an
interplay between intestinal viruses and bacterial®1°.

Although IL22 is well-known for its role in bacterial defense,
there is limited and conflicting data on the importance and reg-
ulation of IL22 in intestinal viral defense. For instance, influenza
infection in mice is not enhanced in the presence of IL22-
blocking antibodies?’, whereas IL22BP —/— mice show enhanced
clearance of HIN1 virus38. In addition, MCMYV replication in
mice was enhanced when mice were treated with blocking anti-
bodies for 11.223%. 1122 can also protect against rotavirus infec-
tions as illustrated in vivo and in vitro by using either IL22 —/—
mice, IL22 neutralizing antibodies and recombinant 11.2240-42,
Moreover, IL22 has also been implicated in direct inhibition of
respiratory syncytial virus (RSV) autophagy*? and dengue virus
replication*’. Consequently, a consensus is beginning to emerge
that IL22 may exert antiviral control during infection. Indeed, our
microarray analyses show increased expression of antiviral genes,
such as Rsad2, Ifitl, 2, and 3 after IL22 exposure (Fig. 7h). We
also observed reduced expression of the receptors Ace2, Tmprss2,
Dpp4, Tnfrsfl4, Aqpl, and Cd46 (Fig. 7h), which are involved in
the entry of SARS-CoV and SARS-CoV-24%46, MERS#7, HSV*8,
Dengue®® and MV>0 respectively, indicating that IL22 can
potentially inhibit viral entry. Indeed, infections of 2D mouse
Ileum organoids with the mouse corona virus (MHV) could be
reduced with an IL22 pretreatment (Fig. 7i, j). Especially the
spreading of infections to neighboring cells appears to be blocked
by IL22 (Fig. 7i).

Treatment of organoids with IL22 increases the expression of
the fucosyltransferase 2 gene Fut2 (Fig. 7h) and in vivo treatment
of mice with IL22 also results in higher fucosylation of enter-
ocytes, most likely in a FUT2-dependent manner®1>2, FUT2 can
change the sugar moieties of extracellular surface proteins such as
mucins®>>* or histo-blood group antigen (HBGA)>>, which can
either increase or decrease the entry of a specific virus®>, thereby
changing the susceptibility to viral infections. Overall, viruses can
induce the expression of IL22 through an IFNP1-IL7-IL6-axis
and successively, IL22 can help defend against viral infection on
different levels by regulating 1) viral degradation, 2) viral entry,
and 3) viral sensitivity through sugar modifications of extra-
cellular proteins.

Collectively, here we provide fundamental knowledge that
could help in designing selective strategies to improve innate
intestinal defense processes preventing bacterial and viral infec-
tions and subsequent chronic inflammatory diseases, such as IBD.

Methods

Cell culture. For all cultured cells, we used DMEM F12 + Glutamax medium
(Gibco; 31331-028) supplemented with 10% Fetal Calf Serum (Gibco; 10082-147)
or 5% for EL4 and RAW264.7 cells, 1% Pen/Strep (Gibco; 15070-063) and 1 mM
sodium pyruvate (Gibco; 11360-039). JAWSII (ATCC® CRL-11904™) cells were
grown in the presence of GMCSF (Peprotech; 315-03) 5 ng/ml and split 1:5 every
7 days. EL4 (ATCC® TIB-39™), RAW264.7 (ATCC® TIB-71"), JAWSII (ATCC®
CRL-11904) and LR7°° cells were split 1:30 every 3-4 days. NIH3T3 (ATCC® CRL-
1658™) were split 1:10 every 3-4 days by scraping with a cell-scraper (Merck
CLS3010-100EA).

MHV-Srec GFP production. Construction of MHV-2aGFPSRec, which contains
an eGFP expression cassette between the 2a and the S genes at the position of the
HE pseudogene, was described previously232. Briefly, LR7 cells were cultured in
T75 bottles until a confluency of 80%. Subsequently, 100 pl of MHV-GFP
recombinant virus suspension was added and incubated for 24 h. The next day,
medium was collected and centrifuged for 5 min at 1200 rpm to remove LR7 cells.
The virus containing medium was aliquoted and stored at —80°C.

Organoid isolation and culturing
Crypt isolation. A female mouse C57/BL6, 6 months of age was sacrificed using
carbondioxide. The intestine was removed and the ileum isolated. Villi were

removed from the ileum by scraping with a scalpel and the tissue was cut into small
pieces, transferred to a tube with ice-cold PBS and washed three times with PBS
(spun down at 335 x g for 5 min between every wash step). A Polter-Elvehjem tube
was then used to fragment the tissue and the cell suspension was transferred to a
tube with ice-cold PBS, washed three times with PBS and subsequently filtered
through a 100 pm filter. The now isolated crypts were spun down at 335 x g for
5 min at room temperature and supernatant was removed. The crypts were
resuspended in Matrigel (Corning; 356231), and drops of 25 pl suspension were
added to each well (Corning Costar). The plates were then incubated for 15 min at
37 °C until the droplets had solidified. One milliliter of organoid culture medium
supplemented with 10% FCS, 10 pM Y27632 (Selleckchem; S1049), CHIR 4,3 uM,
(Sigma; SML 1046) and 2-Propylpentanoic acid (Sigma; P6273; 1:8000). After

3 days of incubation at 37 °C and 5% CO,, medium was replaced by normal culture
medium: DMEM/F12 medium containing GlutaMAX supplement, 1 mM sodium
pyruvate, MEM Non-Essential Amino Acids, 100U/ml Penicillin-Streptomycin, R-
spondin 1 (homebrew), WNT (homebrew), and the BMP4 inhibitor DMH1 0.5 ug/
ml (Sigma; D8946) to stimulate organoid formation. These organoids were pas-
saged once a week in a 1:4 ratio.

For the secretion assays, stainings and QPCR analysis, the organoids were
plated according to our 2-dimensional method. Twenty-four wells plates were
coated with a thin layer of 3 pug/ml rat tail Collagen I (IBIDI GmbH; 50201). After
solidification of the Collagen I coating, a suspension of organoids in medium
supplemented with 10% FCS, 10 uM Y27632 (Selleckchem; $1049), CHIR 4,3 uM,
(Sigma; SML 1046) and 2-Propylpentanoic acid (Sigma; P6273; 1:8000) was added
to each well. The organoids were grown for 2 days at 37 °C and 5% CO,. The use of
mouse intestine was approved by the local committee for care and use of laboratory
animals at Utrecht University. Only surplus mice were used for this study.

Murine bone marrow-derived dendritic cells and intraepithelial lymphocytes.
Bone marrow-derived dendritic cells (DC) were isolated from C57BL/6 mice
(female 6 months) and cultured in presence of GM-CSF for 6 days according to the
methods described in Lutz et al.>”. Medium was refreshed after 3 days. DCs were
collected and stimulated with 10 ng/ml LPS (Sigma) for 24 h in a 12-wells plate
(Greiner-bio-one, 1 x 10° cells/well). Supernatant was collected and stored at
—80 °C until use.

Small intestine of female C57BL/6 mice (7-10 weeks old) was removed and
flushed with phosphate buffered saline (PBS, Biowhittaker) to remove luminal
contents. After removing fat tissue and Peyer’s patches, the intestines were cut open
longitudinally and the epithelial layer was scraped off. Tissue was collected in
RPMI (supplemented with 10% FCS and 1% penicillin/streptomycin) containing
1 mM dithiothreitol (DTT) and incubated for 40 min with gentle rotation. Tissue
fragments were washed once, vortexed to obtain single cells and run through a
nylon wool column to remove excess epithelial cells and non-T immune cells. The
eluates were washed once and a density gradient centrifugation was performed
using 40/80% percoll (GE Healthcare, Bio-sciences AB, Sweden). The cell layer at
the 40/80% interface was harvested. These freshly isolated IEL were stimulated with
BMDC LPS supernatant in a density of 1 x 10° cells/well in a 96-wells round
bottom plate (Greiner). Culture supernatant was harvested after 24 h and used to
stimulate intestinal organoids. The use of mouse intestine was approved by the
local committee for care and use of laboratory animals at Utrecht University. Only
surplus mice were used for this study.

Cell stimulation. JAWSII and RAW264.7 cells (50,000 cells per well) were seeded
in the presence of E. coli-derived B4 LPS (Sigma; L4391) 0.2 ug/ml for 18 h and
supernatant was collected the next day. Subsequently, EL4 cells were seeded in the
presence of LPS, JAWSII supernatant or cytokines (Peprotech) as indicated and
incubated for 18 h before cytokine and QPCR analysis.

NIH3T3 fibroblast were seeded in 12-wells plates, 300,000 cells/well/3 ml and
allowed to adhere for 24 h. Next, when indicated, we added 50,000 RAW264.7 cells
and/or 50,000 EL4 cells. Subsequent stimulations were performed for indicated
time points and concentrations.

Recombinant mSAA3 was produced in HEK293T cells and purified by Ni-
beads. Stimulations with hSAA1 (Peprotech 300-53) were performed in the
presence of Polymyxin B (Merck 1547007-200MG), which sequesters potential LPS
contamination. Recombinant mIL22BP (RnDsystems 2376-BP-025).

Blocking antibodies that were used are: anti-mIL6 (Peprotech 500-P56), anti-
mlIL22 (Peprotech 500-P223), anti-mTNFp (Peprotech 500-P64), anti-mIL9
(Peprotech 500-P59), anti-mIL7 (Peprotech 500-P57), anti-mIFNy (Peprotech 500-
P119), anti-mIFNyR1 (RnDsystems MAB10262), anti-IFNyR2 (RnDsystems
MAB773), and anti-mILla (Peprotech 500-P51).

RNA isolation and real-time PCR quantification. Briefly, RNA from each sample
was isolated (Zymo Research; R1055) and 200 ng of RNA was used for cDNA
synthesis by reverse transcription (Bio Rad; 170-8891). Real-time PCR reactions
included 5 pl of diluted RT product (1:6 dilution), 10 ul FAST SYBR Green buffer
(Applied Biosysyems; 4385614), 4.8 ul H,O and 0.5 uM forward and 0.5 uM reverse
primer. Reactions were incubated in an Applied Biosystems 7500 Fast Real-Time
PCR system in 96-well plates. The primers used are described in Table S2. All
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QPCR gene expression data was first normalized to reference gene Hprt, subse-
quently plotted relative to control.

Microarray. One hundred nanogram of RNA was used for Whole Transcript
cDNA synthesis (Affymetrix, inc., Santa Clara, USA). Hybridization, washing and
scanning of Affymetrix GeneChip Mouse Gene 1.1 ST arrays was carried out
according to standard Affymetrix protocols. All arrays of the small intestine were
hybridized in one experiment. Arrays were normalized using the Robust Multi-
array Average method®®>°. Probe sets were assigned to unique gene identifiers, in
this case Entrez IDs. The probes on the Mouse Gene 1.1 ST arrays represent 21,213
Entrez IDs. Array data were analyzed using an in-house, on-line system®.

IL22, IL6, TNFa, and INFy ELISA. Supernatants of exposed cells were collected
and diluted 1:1 in ELISA dilution buffer according to manufacturer’s protocol
(R&D; DY582, DY206-05, and DY485). Briefly, plates were coated with capture
antibody for 18 h, blocked for 1 h, washed 3x and exposed for 2 h to 100 pl diluted
supernatant from exposed cells. Then plates were washed 3x and detection anti-
body was added for another 2 h after which the plates were washed again for 3x
and streptavidin-HRP was added for 30 min. Plates were washed again and HRP
substrate (Sigma; T4444) was added for 10-30 min after which the reaction was
stopped by adding 50 pl of 1 M H,SO,. Colorimetric determination was performed
in an ELISA plate reader at 450 nm wavelength.

Immunofluorescent staining. Cultured organoids were fixed with 4% for-
maldehyde for 15 min and permeabilized with 0.5% Triton-X100 for 5 min and
subsequently washed twice with PBS. These organoids were incubated with either
anti-IL7 antibody (Peprotech; 500-P57) for 2 h at 37 °C. Alexa Fluor 488 goat anti-
rabbit (Life Technologies) and Alexa Fluor 488 donkey anti-mouse (Life Tech-
nologies) were used as secondary antibodies. Actin and nuclei were stained using
Rhodamine Phalloidin (Life Technologies) and Hoechst 33342 (Sigma-Aldrich;
14533), respectively. Images were acquired on a Olympus IX71 fluorescence
microscope using CellSens software (Olympus Corporation).

Statistics and reproducibility. All data is shown as mean + SD. For multiple
conditions, measurements were analyzed on Log2 transformed data by a Welch
and Brown-Forsythe test followed by Dunnett’s T3 multiple comparisons test,

P <0.05 was considered to indicate statistical significance. For comparison of two
groups, we performed an unpaired t-test (two-tailed) with Welch’s correction on
Log2 transformed data. All experiments were performed in triplicate and all
experiments were executed at least three times, except for the array data, which
were performed only once in triplicate.

Reporting summary. Further information on research design is available in the Nature
Research Reporting Summary linked to this article.

Data availability

The authors declare that the data supporting the findings of this study are available
within the article, the Supplementary Data 1-7, Supplementary Figs. S1-4, and
Supplementary Tables 1 and 2, or are available on reasonable request. The microarray
data discussed in this publication have been deposited in the Gene Expression Omnibus
database GSE171798.

Received: 20 August 2020; Accepted: 3 May 2021;
Published online: 27 May 2021

References

1. Blyth, G. A. D., Connors, L., Fodor, C. & Cobo, E. R. The network of colonic
host defense peptides as an innate immune defense against enteropathogenic
bacteria. Front. Immunol. 11, 965 (2020).

2. Vaishnava, S. et al. The antibacterial lectin Reglllgamma promotes the spatial
segregation of microbiota and host in the intestine. Science 334, 255-258
(2011).

3. Gunasekera, D. C. et al. The development of colitis in I110(—/—) mice is
dependent on IL-22. Mucosal Immunol. 13, 493-506 (2020).

4. Sugimoto, K. et al. IL-22 ameliorates intestinal inflammation in a mouse
model of ulcerative colitis. J. Clin. Investig. 118, 534-544 (2008).

5. Duhen, T, Geiger, R, Jarrossay, D., Lanzavecchia, A. & Sallusto, F. Production
of interleukin 22 but not interleukin 17 by a subset of human skin-homing
memory T cells. Nat. Immunol. 10, 857-863 (2009).

6. Miyazaki, Y. et al. Th22 cells promote osteoclast differentiation via production
of IL-22 in rheumatoid arthritis. Front. Immunol. 9, 2901 (2018).

7. Zhang, G. et al. Elevated expression of serum amyloid A3 protects colon
epithelium against acute injury through TLR2-dependent induction of

10.

11.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

neutrophil IL-22 expression in a mouse model of colitis. Front. Immunol. 9,
1503 (2018).

Powell, N. et al. Interleukin 6 increases production of cytokines by colonic
innate lymphoid cells in mice and patients with chronic intestinal
inflammation. Gastroenterology 149, 456-467 (2015).

Rossol, M. et al. LPS-induced cytokine production in human monocytes and
macrophages. Crit. Rev. Immunol. 31, 379-446 (2011).

Poltorak, A. et al. Defective LPS signaling in C3H/HeJ and C57BL/10ScCr
mice: mutations in Tlr4 gene. Science 282, 2085-2088 (1998).

Tang, M. S. et al. Integrated analysis of biopsies from inflammatory bowel
disease patients identifies SAA1 as a link between mucosal microbes with
TH17 and TH22 Cells. Inflamm. Bowel Dis. 23, 1544-1554 (2017).

Norman, J. M. et al. Disease-specific alterations in the enteric virome in
inflammatory bowel disease. Cell 160, 447-460 (2015).

Lopes, S. et al. Looking into enteric virome in patients with IBD: defining
guilty or innocence? Inflamm. Bowel Dis. 23, 1278-1284 (2017).

Wang, W. et al. Metagenomic analysis of microbiome in colon tissue from
subjects with inflammatory bowel diseases reveals interplay of viruses and
bacteria. Inflamm. Bowel Dis. 21, 1419-1427 (2015).

Ungaro, F. et al. Metagenomic analysis of intestinal mucosa revealed a specific
eukaryotic gut virome signature in early-diagnosed inflammatory bowel
disease. Gut Microbes 10, 149-158 (2019).

Hemmi, H. & Akira, S. TLR signalling and the function of dendritic cells.
Chem. Immunol. Allergy 86, 120-135 (2005).

Poland, M. et al. Docosahexaenoyl serotonin, an endogenously formed n-3
fatty acid-serotonin conjugate has anti-inflammatory properties by
attenuating IL-23-IL-17 signaling in macrophages. Biochim. Biophys. Acta
1861, 2020-2028 (2016).

Dumoutier, L., Louahed, J. & Renauld, J. C. Cloning and characterization of
IL-10-related T cell-derived inducible factor (IL-TIF), a novel cytokine
structurally related to IL-10 and inducible by IL-9. J. Immunol. 164,
1814-1819 (2000).

Wallace, K. L., Zheng, L. B., Kanazawa, Y. & Shih, D. Q. Immunopathology of
inflammatory bowel disease. World J. Gastroenterol. 20, 6-21 (2014).

Rees, W. D,, Sly, L. M. & Steiner, T. S. How do immune and mesenchymal
cells influence the intestinal epithelial cell compartment in inflammatory
bowel disease? Let’s crosstalk about it! J. Leukoc. Biol. 108, 309-321
(2020).

van der Wielen, N. et al. The noncaloric sweetener rebaudioside A stimulates
glucagon-like peptide 1 release and increases enteroendocrine cell numbers in
2-dimensional mouse organoids derived from different locations of the
Intestine. . Nutr. 146, 2429-2435 (2016).

Sodin-Semrl], S. et al. Opposing regulation of interleukin-8 and NF-kappaB
responses by lipoxin A4 and serum amyloid A via the common lipoxin A
receptor. Int. J. Immunopathol. Pharmacol. 17, 145-156 (2004).
Mazzucchelli, R. I et al. Visualization and identification of IL-7 producing
cells in reporter mice. PLoS ONE 4, €7637 (2009).

Repass, J. F. et al. IL7-hCD25 and IL7-Cre BAC transgenic mouse lines: new
tools for analysis of IL-7 expressing cells. Genesis 47, 281-287 (2009).
Shalapour, S. et al. Commensal microflora and interferon-gamma promote
steady-state interleukin-7 production in vivo. Eur. J. Immunol. 40, 2391-2400
(2010).

Lin, J. D. et al. Distinct roles of type I and type III interferons in intestinal
immunity to homologous and heterologous rotavirus infections. PLoS Pathog.
12, 1005600 (2016).

Lamers, M. M. et al. SARS-CoV-2 productively infects human gut enterocytes.
Science 369, 50-54 (2020).

Burkard, C. et al. ATP1Al-mediated Src signaling inhibits coronavirus entry
into host cells. J. Virol. 89, 4434-4448 (2015).

de Haan, C. A. et al. Murine coronavirus with an extended host range uses
heparan sulfate as an entry receptor. J. Virol. 79, 14451-14456 (2005).
Reigstad, C. S., Lunden, G. O., Felin, J. & Backhed, F. Regulation of serum
amyloid A3 (SAA3) in mouse colonic epithelium and adipose tissue by the
intestinal microbiota. PLoS ONE 4, e5842 (2009).

Sano, T. et al. An IL-23R/IL-22 circuit regulates epithelial serum amyloid A to
promote local effector Th17 responses. Cell 163, 381-393 (2015).

Ito, T. et al. IL-22 induces Reg3gamma and inhibits allergic inflammation
in house dust mite-induced asthma models. J. Exp. Med. 214, 3037-3050
(2017).

Rendon, J. L., Li, X, Akhtar, S. & Choudhry, M. A. Interleukin-22 modulates
gut epithelial and immune barrier functions following acute alcohol exposure
and burn injury. Shock 39, 11-18 (2013).

Kinnebrew, M. A. et al. Interleukin 23 production by intestinal CD103(+)
CD11b(+) dendritic cells in response to bacterial flagellin enhances mucosal
innate immune defense. Immunity 36, 276-287 (2012).

Murano, T. et al. Hesl promotes the IL-22-mediated antimicrobial response
by enhancing STAT3-dependent transcription in human intestinal epithelial
cells. Biochem. Biophys. Res. Commun. 443, 840-846 (2014).

12 COMMUNICATIONS BIOLOGY | (2021)4:631| https://doi.org/10.1038/s42003-021-02176-0 | www.nature.com/commsbio


www.nature.com/commsbio

COMMUNICATIONS BIOLOGY | https://doi.org/10.1038/s42003-021-02176-0

ARTICLE

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

Belarif, L. et al. IL-7 receptor influences anti-TNF responsiveness and T cell
gut homing in inflammatory bowel disease. J. Clin. Investig. 129, 1910-1925
(2019).

Guo, H. & Topham, D. J. Interleukin-22 (IL-22) production by pulmonary
natural killer cells and the potential role of IL-22 during primary influenza
virus infection. J. Virol. 84, 7750-7759 (2010).

Hebert, K. D. et al. Targeting the IL-22/IL-22BP axis enhances tight junctions
and reduces inflammation during influenza infection. Mucosal Immunol. 13,
64-74 (2020).

Stacey, M. A. et al. Neutrophils recruited by IL-22 in peripheral tissues
function as TRAIL-dependent antiviral effectors against MCMV. Cell Host
Microbe 15, 471-483 (2014).

Hernandez, P. P. et al. Interferon-lambda and interleukin 22 act synergistically
for the induction of interferon-stimulated genes and control of rotavirus
infection. Nat. Immunol. 16, 698-707 (2015).

Zhang, B. et al. Viral infection. Prevention and cure of rotavirus infection via
TLR5/NLRC4-mediated production of IL-22 and IL-18. Science 346, 861-865
(2014).

Xue, M. et al. IL-22 suppresses the infection of porcine enteric coronaviruses
and rotavirus by activating STAT3 signal pathway. Antivir. Res. 142, 68-75
(2017).

Das, S. S. T. et al. Interleukin-22 inhibits respiratory syncytial virus production
by blocking virus-mediated subversion of cellular autophagy. iScience 23,
101256 (2020).

Guabiraba, R. et al. IL-22 modulates IL-17A production and controls
inflammation and tissue damage in experimental dengue infection. Eur. J.
Immunol. 43, 1529-1544 (2013).

Li, W. et al. Angiotensin-converting enzyme 2 is a functional receptor for the
SARS coronavirus. Nature 426, 450-454 (2003).

Hoffmann, M. et al. SARS-CoV-2 cell entry depends on ACE2 and TMPRSS2
and is blocked by a clinically proven protease inhibitor. Cell 181, 271-280
€278 (2020).

Mou, H. et al. The receptor binding domain of the new Middle East respiratory
syndrome coronavirus maps to a 231-residue region in the spike protein that
efficiently elicits neutralizing antibodies. J. Virol. 87, 9379-9383 (2013).
Montgomery, R. I, Warner, M. S., Lum, B. J. & Spear, P. G. Herpes simplex
virus-1 entry into cells mediated by a novel member of the TNF/NGF receptor
family. Cell 87, 427-436 (1996).

Li, Y., Kakinami, C,, Li, Q., Yang, B. & Li, H. Human apolipoprotein A-I is
associated with dengue virus and enhances virus infection through SR-BI.
PLoS ONE 8, €70390 (2013).

Naniche, D. et al. Human membrane cofactor protein (CD46) acts as a cellular
receptor for measles virus. J. Virol. 67, 6025-6032 (1993).

Pickard, J. M. et al. Rapid fucosylation of intestinal epithelium sustains host-
commensal symbiosis in sickness. Nature 514, 638-641 (2014).

Goto, Y. et al. Innate lymphoid cells regulate intestinal epithelial cell
glycosylation. Science 345, 1254009 (2014).

Emery, N., Lo-Guidice, J. M., Lafitte, J. J., Lhermitte, M. & Roussel, P. The
fucosylation and secretion of mucins synthesized in human bronchial cells
vary according to growth conditions. Glycobiology 7, 95-101 (1997).

Hurd, E. A., Holmen, J. M., Hansson, G. C. & Domino, S. E. Gastrointestinal
mucins of Fut2-null mice lack terminal fucosylation without affecting
colonization by Candida albicans. Glycobiology 15, 1002-1007 (2005).

Haga, K. et al. Genetic manipulation of human intestinal enteroids
demonstrates the necessity of a functional fucosyltransferase 2 Gene for
secretor-dependent human norovirus infection. mBio https://doi.org/10.1128/
mBi0.00251-20 (2020).

56. Bosch, B. J., de Haan, C. A. & Rottier, P. J. Coronavirus spike glycoprotein,
extended at the carboxy terminus with green fluorescent protein, is assembly
competent. J. Virol. 78, 7369-7378 (2004).

57. Lutz, M. B. et al. An advanced culture method for generating large quantities
of highly pure dendritic cells from mouse bone marrow. J. Immunol. Methods
223, 77-92 (1999).

58. Bolstad, B. M., Collin, F., Simpson, K. M., Irizarry, R. A. & Speed, T. P.
Experimental design and low-level analysis of microarray data. Int. Rev.
Neurobiol. 60, 25-58 (2004).

59. Irizarry, R. A. et al. Summaries of affymetrix GeneChip probe level data.
Nucleic Acids Res. 31, el5 (2003).

60. Lin, K. et al. MADMAX—management and analysis database for multiple
~omics experiments. J. Integr. Bioinform. 8, 160 (2011).

Acknowledgements
The work has been partly funded by Dutch funding NWO-SIA via RAAK PRO project
2014-1-88PRO entitled 2RealGuts.

Author contributions

J.P.T.K. designed, performed, and analyzed the data and wrote the paper. M.B.S. per-
formed IEL and DC isolations from mice. K.S. provided technical support and S.V. and
R.P. coordinated the project. F.K. coordinated the work on viral infections that were
performed by A.vV. and C.dH. provided us with the MHV-GFP. All authors reviewed
and approved the final version of the manuscript.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information The online version contains supplementary material
available at https://doi.org/10.1038/s42003-021-02176-0.

Correspondence and requests for materials should be addressed to J.P.t.K.

Reprints and permission information is available at http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
BY

Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2021

COMMUNICATIONS BIOLOGY | (2021)4:631| https://doi.org/10.1038/s42003-021-02176-0 | www.nature.com/commsbio 13


https://doi.org/10.1128/mBio.00251-20
https://doi.org/10.1128/mBio.00251-20
https://doi.org/10.1038/s42003-021-02176-0
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
www.nature.com/commsbio
www.nature.com/commsbio

	Enterocytes, fibroblasts and myeloid cells synergize in anti-bacterial and anti-viral pathways with IL22 as the central cytokine
	Results
	A DC/macrophage-T cell axis is required for LPS-induced expression of Reg3β and Reg3γ in ileum-derived organoids
	Multiple bacterial products induce Reg3β and Reg3γ expression in Paneth cells
	IL22 and IFNγ induce the expression of Reg3β and Reg3γ in Paneth cells
	Intestinal epithelial lymphocytes produce both IL22 and IFNγ after exposure to LPS-stimulated dendritic cell-derived supernatants
	IL6/TNFα or IL6/IL7 induce expression of IL22 in EL4 T�cells
	Fibroblasts enhance the LPS-macrophage-induced induction of IL22 in EL4 cells by increasing IL6 expression
	LPS-induced expression of SAA3 in organoids stimulates IL22�secretion in EL4 cells through IL1α expression in RAW264.7 macrophages and IL6 expression in NIH3T3 fibroblasts
	Viral-induced IL7 from IECs enhances IL6-mediated production of IL22

	Discussion
	Methods
	Cell culture
	MHV-Srec GFP production
	Organoid isolation and culturing
	Crypt isolation
	Murine bone marrow-derived dendritic cells and intraepithelial lymphocytes
	Cell stimulation
	RNA isolation and real-time PCR quantification
	Microarray
	IL22, IL6, TNFα, and INFy ELISA
	Immunofluorescent staining
	Statistics and reproducibility

	Reporting summary
	Data availability
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




