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A map of Toll-like receptor expression in the intestinal
epithelium reveals distinct spatial, cell type-specific, and
temporal patterns

April E Pricel, Kiarash Shamardanil, Kyler A Lugol, Jacques Deguinel, Allison W
Robertsl, Bettina L Leel, and Gregory M Barton”

Division of Immunology & Pathogenesis, Department of Molecular and Cell Biology, University of
California, Berkeley CA, 94720, USA

SUMMARY:

Signaling by Toll-like receptors (TLRs) on intestinal epithelial cells (IECs) is critical for intestinal
homeostasis. To visualize epithelial expression of individual TLRs /7 vivo, we generated five
strains of reporter mice. These mice revealed that TLR expression varied dramatically along the
length of the intestine. Indeed, small intestine (SI) IECs expressed low levels of multiple TLRs
that were highly expressed by colonic IECs. TLR5 expression was restricted to Paneth cells in the
Sl epithelium. Intestinal organoid experiments revealed that TLR signaling in Paneth cells or
colonic IECs induced a core set of host defense genes, but this set did not include antimicrobial
peptides, which instead were induced indirectly by inflammatory cytokines. This comprehensive
blueprint of TLR expression and function in IECs reveals unexpected diversity in the
responsiveness of IECs to microbial stimuli, and together with the associated reporter strains,
provides a resource for further study of innate immunity.

eTOC

Price et al generate five strains of reporter mice to visualize the expression of individual TLRs on
intestinal epithelial cells (IECs). Their findings reveal unexpected diversity in the temporal and
spatial patterns of TLR expression and in the responsiveness of IECs to microbial stimuli. of
innate immunity.
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Graphical Abstract
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INTRODUCTION:

Dysregulated immune responses to commensal bacteria have been linked to the development
of inflammatory bowel disease and colorectal cancer in humans (Chassaing and Darfeuille-
Michaud, 2011; Tjalsma et al., 2012). Polymorphisms in receptors that recognize
components of commensal microbes, including Toll-like receptors (TLRS), are associated
with increased incidence of these diseases. More specifically, variants of TLR2, 4,5, and 9
have been associated with the incidence or pathogenesis of Crohn’s Disease (Franchimont et
al., 2004; Gewirtz et al., 2006; Pierik et al., 2006; Torok et al., 2009), and one common
clinical feature of this disease is the presence of antibodies to the TLR5 ligand flagellin
(Lodes et al., 2004). In mice, deletion of TLR2, 4, 5, or 9 or the TLR signaling adapter
MyD88 contributes to exacerbated disease in models of inflammatory bowel disease
(Rakoff-Nahoum et al., 2004; Rhee et al., 2005; Rose et al., 2012). Thus, differences in TLR
expression, localization, or signaling could potentially have dramatic effects on intestinal
homeostasis.

The intestinal epithelium consists of a single layer of polarized cells that separates the
intestinal lumen from the underlying lamina propria. Intestinal epithelial cells (IECs) are
therefore uniquely positioned to interact with and influence the lumenal intestinal
microbiota. It is commonly accepted that IECs are capable of directly recognizing microbial
components through expression of pattern recognition receptors, including TLRs (Abreu,
2010; Peterson and Artis, 2014). Multiple studies in mice have hinted at a role for TLRs or
TLR-associated signaling pathways specifically in the intestinal epithelium. Epithelial-
specific deletion of TLR5 can result in microbial dysbiosis and low-grade inflammation
(Chassaing et al., 2014). Transgenic expression of a constitutively active form of TLR4
specifically in IECs augments disease in mouse models of colitis and colitis-associated
colorectal cancer (Fukata et al., 2011), while transgenic expression of unmodified TLR4 is
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associated with changes in microbial density and composition and alterations of the
intestinal barrier (Dheer et al., 2016). TLR3 expression in epithelial cells has been linked to
protection against rotavirus infection (Pott et al., 2012). Expression of MyD88 from a Paneth
cell-specific transgene is sufficient to rescue production of the antimicrobial peptide Reg3y
and prevent bacterial translocation in MyD88~/~ mice, potentially revealing a specific role
for TLR signaling in Paneth cells (Vaishnava et al., 2008). Taken together, these studies
suggest that TLR signaling in IECs may play a pivotal role in sensing and responding to
commensal and pathogenic microbes /n vivo. However, since most of these studies globally
deleted or transgenically overexpressed TLRs or TLR signaling components in all IECs, the
endogenous expression patterns of TLRs and the functional outcomes of signaling through
these receptors in IECs are not well-defined.

Primary IECs are particularly difficult to study due to the rapid onset of cell death (anoikis)
after detachment from the basement membrane (Frisch and Screaton, 2001). To overcome
this obstacle, multiple groups have used epithelial cell lines to show TLRdependent
production of proinflammatory cytokines and chemokines such as TNF, IL-6, and IL-8
(Stadnyk, 2002). However, it is unclear whether TLR expression in transformed cell lines
mimics expression /in vivo. Other studies have used quantitative RT-PCR to assess TLR
expression in IECs, but this technique can be complicated by even very small numbers of
contaminating TLR-expressing immune cells. The structurally complex nature of TLRs has
made the generation of high-affinity antibodies difficult, which has complicated efforts to
visualize TLR-expressing cells /in situ. These technical obstacles have resulted in multiple
conflicting and often contradictory reports on the expression of TLRs by IECs and the role
of these signaling pathways in IEC-intrinsic responses to intestinal microbes.

Here, we generated TLR reporter mice to visualize TLR-expressing IECs /n vivo. These
tools revealed unexpected tissue-specific, cell type-specific, and temporal patterns of TLR
expression in the intestinal epithelium. To complement the expression data, we used
intestinal organoids to characterize IEC-intrinsic gene expression in response to a wide array
of TLR ligands and cytokines. By providing both a map of TLR expression in the epithelium
and a functional readout of these responses, this resource provides a framework for future
studies focused on crosstalk between the epithelium and intestinal microbes. In addition, the
mouse strains generated in this study should prove to be a valuable tool to investigators
studying TLR biology in other contexts.

Epithelial TLR expression differs dramatically between the Sl and colon

To mark TLR-expressing cells, we generated mice that report the presence of endogenous
TLR2, 4, 5, 7 or 9 transcripts with the concurrent expression of a fluorescent protein. These
reporter mice were designed to include an epitope tag, either HA or FLAG, at the 3’end of
the endogenous TLR gene followed by an internal ribosome entry site and GFP, YFP, or
tomato (Figure 1A, Table S1). This strategy allows for the tracking of TLR-expressing cells
via cytoplasmic fluorescence. Splenic dendritic cells (DCs) express TLR2, 4,5, 7 and 9
(Edwards 2003), and we confirmed that each of the reporter genes was expressed in CD11c*
DCs isolated from reporter mouse spleens (Figure 1B).
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To visualize TLR expression /n situ, we used antibodies specific for GFP/YFP or tomato in
Sl and colon tissue sections from TLR reporter mice (Figure 1C). This assay revealed that
TLR expression was not uniform in the gastrointestinal tract. We observed very low GFP
levels throughout the SI epithelium in TLR2GFP mice. Low levels of GFP were also present
in the SI of TLR4YFP mice, although the expression was more heterogeneous. TLR5TOM
mice had the most unique pattern of Sl epithelial expression, with tomato excluded from all
IECs except for a small subset of cells in the Sl crypt. When we looked more closely along
the length of the SI (Figure S1), we noticed similar low levels of reporter expression
throughout the epithelium of TLR2CGFP and TLR4YFP mice. Tomato staining in the SI crypt
of TLR5TOM mice was minimal in the proximal SI and more prominent in the distal SI. In
contrast to the low or restricted staining in the SI, we observed high levels of epithelial
reporter expression in the proximal colons of TLR2CFP, TLR4YFP and TLR5TOM mice and
similarly high levels in the distal colons of TLR4YFP reporter mice (Figure 1C). We did not
observe epithelial reporter expression in Sl and colon sections from TLR7TM and TLR9GFP
mice. This lack of expression directly contrasts with strong staining of TLR7- and TLR9-
expressing cells in the lamina propria of these mice and suggests that these two TLRs are not
expressed or are expressed at extremely low levels in IECs under homeostatic conditions.

To confirm these distinct expression profiles, we assayed reporter fluorescence in isolated
IECs using flow cytometry (Figure S2A). Significant levels of autofluoresence of IECs in
the GFP/YFP fluorescent channel reduces the sensitivity of this approach; however, we were
able to detect low levels of GFP/YFP fluorescence in proximal and distal colon IECs from
TLR4YFP mice and much more substantial tomato fluorescence in proximal colon IECs from
TLR5TOM mice. We further confirmed the presence of TLR2 and TLR5 protein in SI IECs
and TLR2, TLR4, and TLR5 protein in colon IECs using the HA epitope tag inserted at the
C-terminus of the TLR protein in these reporter mice (Figure S2B).

We reasoned that epithelial TLR expression might change during intestinal inflammation.
However, we did not observe any differences in TLR expression by IECs during dextran
sodium sulfate (DSS)-induced colitis (Figure S3) or infection with Sa/monella Typhimurium
(data not shown), suggesting that homeostatic TLR expression patterns in IECs are
preserved during intestinal infection and inflammation.

To complement our reporter mouse experiments and characterize the expression of
additional TLRs, we performed RNA-sequencing on IECs isolated from C57BL/6 wild-type
(WT) mice Sl and colons (Figure 1D, Table S4). This analysis confirmed our observation of
undetectable/extremely low epithelial expression of TLR7 and TLR9. TLRS, 8, 11, 12, and
13 were similarly not detected or had extremely low levels of recovered sequences in both SI
and colon IECs. These data also verified our observed low level of expression of TLR2, 4,
and 5 in SI IECs and higher expression of these same TLRs in colon IECs. TLR1, which
must dimerize with TLR2 to function, was expressed at a moderate level in SI IECs and a
significantly higher level in colon IECs. TLR3 was expressed at similar levels by both SI
and colon IECs.

The cellular localization of TLRs in IECs has been a matter of some debate in the field. To
determine the localization of TLRs in our reporter mice, we utilized the HA epitope tag that
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was engineered into TLR2GFP TLR4YFP TLR5TOM and TLR9GFP mice. Since we
observed high levels of TLR expression in lamina propria cells, we first generated radiation
chimeras by reconstituting TLR reporter mice with WT bone marrow to limit HA staining to
nonhematopoietic cells and potentially a small percentage of radioresistant host immune
cells. When we looked at the localization of HA in the proximal colons of these chimeras
(Figure 1E), we noticed apical and basolateral staining in IECs from TLR2CGFP TLR4YFP,
and TLR5TOM mice. We also observed intracellular clusters of HA in some IECs in
TLR4YFP mice, which corroborates previous reports of intracellular TLR4 in epithelial cell
lines (Hornef et al., 2002). We did not observe epithelial HA staining in TLR9GFP mice
above background levels. Unfortunately, we were unable to reliably detect HA staining in SI
IECs, likely due to lower levels of TLR expression and higher levels of background in this
tissue. These findings support a model in which colon IECs can recognize TLR ligands
present in both the lumen and lamina propria.

TLRS5 expression is restricted to Paneth cells in the Sl epithelium

We next sought to identify the cell type(s) expressing TLR5 in the SI crypt. We observed
that tomato staining in the SI crypts of TLR5TOM mice specifically co-stained with the
Paneth cell-specific marker lysozyme (Figure 2A), suggesting that the TLR5expressing cells
were Paneth cells. Using TLR5TOM reporter mice to crossed LGR5-GFP mice, in which
intestinal stem cells are marked with GFP (Barker et al., 2007), we found that tomato very
clearly colocalized with lysozyme staining but not with GFP* stem cells (Figure 2B).
Analysis of the other TLR reporter mice indicated that Paneth cells also express low levels
of TLR2 but undetectable levels of TLR4, TLR7, or TLR9 (Figure 2A).

To confirm TLR5 expression by Paneth cells using a non-histologic approach, we isolated
IECs from Sl of TLR5TOM mice using a crypt enrichment protocol described by Sato et al.
(Sato and Clevers, 2013a) (Figure 2C-F). In these preparations, a small percentage of cells
from TLR5TOM mice were tomato-positive, but this percentage was increased substantially
by pre-gating on cells that were CD24" and side-scatter high, parameters previously shown
to enrich for Paneth cells (Sato et al., 2011) (Figure 2C, D). Additionally, we performed
quantitative RT-PCR on sorted tomato-positive and -negative cells from crypt-enriched IEC
preparations from TLR5TOM mice. These analyses confirmed that tomato levels correlated
with both TLR5 expression and higher levels of alpha defensins, which are specifically
expressed by Paneth cells (Figure 2E). Finally, we measured reporter fluorescence in
CD24*SSChi Paneth cells gated from crypt preparations of all of our reporter mice (Figure
2F). We only detected reporter fluorescence in TLR5TOM mice, although it is possible that
the autofluorescence of IECs limited our ability to detect low levels of GFP or YFP in these
cells. Together, these results suggest that TLR5 is particularly important for microbial
sensing by Paneth cells.

SI TLR5 expression gradually decreases during the neonatal period

We postulated that alterations in TLR expression might correlate with changes in microbial
composition during early life or serve to protect neonatal mice from infections. Therefore,
we examined reporter expression in Sl and colons from mice at day 1 (d1) post-birth (Figure
3A, S4A). We observed no significant differences in neonatal SI or colon IECs from
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TLR2CGFP TLR4YFP, TLR7TOM or TLR9GFP mice compared to their adult counterparts. The
pattern of tomato staining in colon IECs of d1 TLR5TOM mice was also similar to adult mice
(Figure S4A) and was maintained throughout the neonatal period (Figure S4B). In contrast
to TLR5TOM adults, TLR5TOM neonates had strong tomato staining throughout the SI
epithelium (Figure 3A) that gradually diminished until roughly the time of weaning (Figure
3B). As tomato expression decreased in the villus epithelium, we began to observe
expression of tomato in clustered lysozyme-positive Paneth cells in the SI crypt. Flow
cytometric analyses of IECs isolated from the SI of TLR5TOM mice also confirmed the
gradual decrease of TLR5 during the neonatal period (Figure 3C). In contrast, approximately
20-40% of colon IECs were tomato positive at all time points (Figure S4C).

The decrease in TLR5 expression coincides with a period of significant change in the
neonatal intestinal epithelium, and many of the transcriptional changes in that period are
dependent on TLR and IL-1 family signaling (Rakoff-Nahoum et al., 2015). To determine
whether signaling through TLR5 or other TLRs was responsible for the decrease in TLR5
expression, we crossed TLR5TOM mice to MyD88~~Trif '~ mice, which are unable to signal
through TLRs or IL-1 family cytokine receptors. We observed no differences in Sl or colon
IEC tomato expression between TLR5TOM and TLR5OMxMyD88~/~Trif '~ mice (Figure
3D, Figure S4D).

To determine whether other signals from the microbiota regulate TLR expression during this
neonatal window, we isolated IECs from WT mice raised in our facility (SPF) and from WT
mice maintained in a germ-free (GF) facility and measured TLR expression at various time
points using quantitative RT-PCR (Figure 3E, S4E). We did not see major changes in TLR
expression in SPF or GF colon IECs over time (Figure S4E). Similarly, TLR2 and TLR4
expression in SI IECs from both sets of mice remained relatively constant (Figure 3E). In
both SPF and GF SI IECs, TLR3 expression increased during the neonatal period, which has
been reported previously in conventionally raised mice (Pott et al., 2012). TLR5 expression
decreased in both SPF mice and GF mice. Closer comparison of the two sets of mice (Figure
3F) revealed that TLR5 expression decreased in GF mice to a similar degree as SPF mice up
until weaning at d21. At this time point, TLR5 expression plateaued in GF mice while it
continued to decrease in SPF mice. This difference suggests that the early signals that lead to
decreased expression of TLR5 do not depend on the microbiota, while the adult level of
TLRS5 expression may be finetuned by direct or indirect signals from the microbiota. For
example, it is possible that microbial signals lead to decreased expression of TLR5
specifically in Paneth cells.

patterns of TLR expression in adult IECs are maintained in intestinal

IECs are conditioned by signals from commensal bacteria and underlying immune cells in
the lamina propria (Peterson and Artis, 2014). We therefore investigated whether the patterns
of TLR expression we observed in IECs were intrinsic to these cells or if they required
external stimuli. We used epithelial organoids, which are three-dimensional epithelial
structures generated from isolated primary gastrointestinal crypts. Organoids are superior to
epithelial cell lines for multiple reasons, including the absence of transformation, the
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maintenance of apical-basolateral polarity, the presence of both crypt and villus structures,
and the maintained composition of all epithelial cell lineages (Sato and Clevers, 2013b). We
generated organoids from WT and TLR reporter mouse Sl and colons. We also followed a
protocol from Yin et al (Yin et al., 2014) to generate S| organoids that are “skewed” to
generate a much higher proportion of Paneth cells. The Paneth cell skewed organoids
appeared smaller and more granular than Sl or colon organoids (Figure 4A). Nanostring
transcript analysis confirmed the separate identity of Sl, Paneth cell skewed, and colon
organoids (Figure 4B). Paneth cell skewed organoids expressed higher levels of the Paneth
cell specific lysozyme and alpha defensin genes, while colon organoids expressed higher
levels of Lypd8 and Mucl.

Reporter expression in organoids very closely mimicked expression in adult IECs /n vivo,
suggesting that IEC TLR expression patterns do not depend on signals from immune cells or
the microbiota (Figure 4C). Specifically, we observed reporter fluorescence in TLR2GFP,
TLR4YFP and TLR5TOM colon organoids, but not in TLR7TOM or TLR9CGFP colon
organoids. We observed a hint of GFP fluorescence in TLR2CFP S| organoids but no
fluorescence above background in Sl organoids from TLR4YFP, TLR5TOM TLLR7TOM o
TLR9CFP mice. The absence of detectable fluorescence in TLR4YFP mice is likely due to a
combination of low expression of the reporter and high levels of autofluorescence in these
cells, as we were able to detect 7/r4transcripts in RNA-sequencing performed on cells
isolated from WT Sl organoids, albeit at very low levels (Figure 4D). The absence of
detectable tomato in TLR5TOM S| organoids is likely due to the fact that TLR5 is only
expressed in Paneth cells in these organoids, which comprise only 1-5% of the total cells.
Indeed, when we pre-gated on CD24*SSCMi cells to enrich for Paneth cells in IECs obtained
from these Sl organoids, the percentage of tomato positive cells increased from 1% to
approximately 30% (Figure 4E). In Paneth cell skewed organoids, we observed a small level
of GFP fluorescence in TLR2CFP organoids and a substantial population of tomato positive
cells in TLR5TOM organoids (Figure 4D), which was increased by pre-gating on Paneth cell
markers (Figure 4E). It is notable that the pattern of TLR5 expression in SI organoids is
similar to the adult Paneth cell-restricted pattern rather than the neonatal pattern of
ubiquitous epithelial expression.

This finding suggests that microbial signals are not required for Paneth cell-restricted TLR5
expression. The adult pattern of TLRS expression is also observed when we generate
organoids from 1 week old mice (Figure 4F), suggesting that neonatal intestinal stem cells
are not intrinsically programmed to generate organoids that ubiquitously express TLR5. It is
likely that there are additional signals in the neonatal intestinal environment that promote
TLRS5 expression in IECs.

TLRS5 signaling initiates a common gene program in colon IECs and Paneth cells

The unique epithelial expression pattern of TLR5, with widespread expression in colon IECs
and specific expression in Sl Paneth cells, prompted us to investigate the consequences of
TLRS5 signaling in these two cell types. To measure TLR5-induced gene expression changes,
we stimulated Sl organoids, colon organoids, and Paneth cell skewed organoids by adding
flagellin to the growth medium for 4 hours and then harvested RNA for RNA sequencing
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(Table S5). This approach preferentially stimulates the basolateral surface of IECs, which is
supported by our observation of basolaterally-localized TLR5 in Figure 1E. RNA-
sequencing confirmed that TLR5 was expressed at low levels in Sl organoids and
significantly higher levels in colonic IECs and Paneth cell skewed organoids (Figure 5A).
We observed very minimal gene induction in flagellin-stimulated WT SI organoids,
suggesting that the small percentage of TLR5-expressing Paneth cells in these cultures was
insufficient to cause marked changes in global organoid gene expression (Figure 5B). In
contrast, we observed significant gene induction in stimulated colon organoids and Paneth
cell skewed organoids. Many genes were strongly induced in both cell types, including
genes associated with NF-xb signaling and inhibition, such as NFkb2, Ikba (Nfkbia), and
A20 (Tnfaip3); cytokines and chemokines, including M-CSF (Csf1), TNF, and Ccl20; and
genes involved in the generation of reactive oxygen and nitrogen species, such as Duox2,
Nox1, and iNOS (Nos2) (Figure 5B, C). We confirmed the induction of many of these genes
using quantitative RT-PCR (Figure S5A). Since flagellin can also activate the Naip/NLRC4
inflammasome and NLRC4 is expressed and functional in IECs (Figure S5B)(Rauch et al.,
2017), we further confirmed that the gene induction we observed was dependent on TLR5
(Figure S5A). We also observed no obvious flagellin-induced cell death in organoids during
the period of stimulation (data not shown).

The degree of overlap between the genes induced by flagellin stimulation of colon organoids
and Paneth cell skewed organoids was notable. Of the 30 most highly induced genes in
stimulated Paneth cells organoids, only 5 were not also induced at least 1.5-fold in
stimulated colon organoids. Similarly, of the 30 most highly induced genes in colon
organoids only 6 were not induced at least 1.5-fold in stimulated Paneth cell organoids. We
also did not identify significant induction of genes previously associated with Paneth cell
function, such as antimicrobial peptides or intestinal growth factors (Clevers and Bevins,
2013). Instead, gene set enrichment analysis on induced genes in Paneth cell skewed
organoids revealed multiple enriched gene sets associated with inflammatory signaling
(Figure 5D). Taken together, these data indicate that TLR5 signaling initiates a common
gene program in both colon enterocytes and Paneth cells.

Transcript analysis reveals distinct patterns of TLR- and cytokine-induced gene
expression in Sl and colon IECs.

We next examined whether the gene induction program we observed in flagellin-stimulated
colon IECs and Paneth cells was unique to TLR5 signaling or was induced by TLR
stimulation of IECs more generally. We also assessed responses to stimulation with I1L-1p
and IL-18, cytokines that signal through MyD88 and have been implicated in mucosal
homeostasis, and to stimulation with 1L-22 and IFNy, cytokines that have been shown to
regulate epithelial and Paneth cell responses. Building on our RNA-sequencing analyses, we
designed a Nanostring codeset that included genes we identified as strongly induced by
flagellin stimulation, genes previously associated with TLR-induced responses, genes
associated with epithelial homeostasis, and Paneth cell-associated genes (Clevers and
Bevins, 2013; Stadnyk, 2002). We analyzed RNA from WT SlI, colon, and Paneth cell
skewed organoids stimulated with ligands for TLR2, TLR3, TLR4, TLR5, TLR7, or TLR9
or stimulated with IL-1, 1L-18, IL-22, or IFN-y (Figure 6A, Table S2, Table S6).
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As expected, TLR5 ligand stimulation of Paneth cell skewed organoids induced expression
of the same genes identified in our RNA-sequencing analyses shown in Figure 5. In contrast,
TLR2 ligand and IL-1p induced only a few of these genes. Ligands for other TLRs led to
little, if any, gene induction, supporting the conclusion that TLR5 is the main TLR utilized
for microbial sensing by Paneth cells.

Also as expected, we observed robust gene induction in colon organoids stimulated with
TLRS5 ligand. We observed a very similar pattern of gene induction in colon organoids
stimulated with TLR2 ligand and IL-1p, which also overlapped with the genes induced by
TLRS5 stimulation of Paneth cells. This indicates that TLR or IL-1 family signaling induces a
similar gene program in both enterocytes and Paneth cells. We confirmed the TLR-induced
increases in iINOS (Nos2), Cxcl1, and Cxcl2 in colon organoids using flow cytometry or
ELISA (Figure S6A-B).

One unexpected finding from this analysis was the lack of responses to TLR ligands or
IL-1B in unskewed Sl organoids. These functional data corroborate our findings from RNA-
sequencing and analysis of our reporter mice, which both revealed very low TLR expression
in SI IECs. We also observed lower expression of the IL1r1 chain of the IL-1 receptor in the
Sl compared to the colon (Figure S6C). We confirmed that downstream TLR signaling
proteins and adaptors are expressed in Sl IECs, further supporting that the lack of functional
responses in these cells is due to low TLR expression levels and not limiting levels of
accessory proteins (Figure S6D).

In contrast to our results with TLR ligands, we observed multiple genes induced in response
to IL-22 and IFN-y in SI IECs, Paneth cell skewed organoids, and colon organoids. These
cytokine responses correlated with high expression of IL-22 and IFNyR subunits in SI and
colon IECs (Figure S6C). In Paneth cell skewed and colon organoids, multiple genes
induced by TLR ligands were also induced by IL-22 and IFN-y. This overlap suggests that
there may be some shared features of the /n vivo epithelial response to I1L-22 and IFN'y,
which are secreted by immune cells in the lamina propria, and to cell intrinsic signaling
through epithelial TLRs.

We observed almost no gene induction in response to stimulation of any organoids with
ligands for TLR4, TLR7, TLR9, or with IL-18. The lack of a response to TLR7 and 9
ligands corresponds with our inability to detect reporter expression in IECs from TLR7TOM
and TLR9CGFP mice. The lack of response to stimulation with the TLR4 ligand
lipopolysaccharide (LPS) is unexpected, as we see evidence of very high expression of
TLR4 in colon IECs and colon organoids using reporter mice and RNA-sequencing. We
confirmed that the same lot of LPS was capable of inducing a strong response in bone
marrow macrophages (Figure 6E). We also observed limited gene induction in response to
stimulation with the TLR3 ligand poly I:C in all organoids. However, since TLR3 signals
through the adaptor TRIF, while all other TLRs assessed signal at least partially through
MyD88, it is possible that our gene set underestimates Trif-induced responses.

One of the main subsets of genes that we expected to be modulated by TLR expression were
antimicrobial genes. However, we did not observe significant increases in any of these genes
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in response to TLR stimulation (Figure 6B). This was most unexpected for Reg3y, as levels
of this protein can be modulated by Paneth cell specific expression of MyD88 (Vaishnava et
al., 2008). Although we did see an increase in Reg3vy in colon organoids in response to
stimulation with TLR2 ligands, this induction was not statistically significant (Figure 6C). In
contrast, we observed very robust induction of Reg3y and Reg3p by IL-22 and IFNy in all
organoids and induction of the antimicrobial protein RELM-f (Retnlb) by IL-22 and IFNy
in colon organoids. A role for IL-22 in inducing production of antimicrobial peptides has
been well documented (Kinnebrew et al., 2012; Zheng et al., 2008), and while IFN+y has
been directly linked to Paneth cell extrusion and release of antimicrobial contents (Farin et
al., 2014; Raetz et al., 2013), the contribution of IFNy to the expression of these genes is
less well established. These results indicate that secretion of I1L-22 and IFN-y by lamina
propria immune cells likely plays a more significant role in induction of antimicrobial
peptide expression by IECs than cell-intrinsic TLR signaling.

Identification of a TLR-specific gene program in IECs

Although many genes included in our gene set were induced by both TLRs and IL-22/IFN-y
stimulation, a small set of genes was only induced by TLR ligands and IL-1f. This subset
includes genes associated with NF-xB signaling (Nfkb2, Relb, and Ikba (Nfkbia)), Birc3,
TGFp, and multiple components associated with the Nox1 NADPH oxidase (Nox1, Noxal,
Noxol, and Cyba) (Figure 6D, S7A). The chemokine Ccl20 was also specifically induced by
TLR/IL-1p stimulation, while Ccl20 levels were slightly decreased in response to IL-22 and
IFN— stimulation (Figure 6A, Table S2).

The dramatic increase in Ccl20 levels in response to stimulation with multiple TLR ligands
and the specific nature of its induction suggests that Ccl20 might be one of the most
sensitive indicators of TLR signaling in IECs. We confirmed the presence of Ccl20 protein
by ELISA in stimulated organoids (Figure S7B), and then used this chemokine as a readout
for epithelial TLR signaling. Ccl20 levels were not increased in response to stimulation with
ligands for TLR11/12 or TLR13 (Figure S7C), which corroborate our RNA sequencing
results suggesting that these receptors are not expressed by IECs. Although we observed
very low levels of expression of TLR6 by RNA sequencing, we observed responses to the
TLR2/6 ligands Pam2Csk4, FSL-1, and MALP-2 in both Paneth cell skewed and colon
organoids, suggesting that the very low level of TLR6 in IECs is functional. Finally, we
determined that flagellin-induced Ccl20 levels are abrogated in MyD88~/~ but not Trif /-
colon organoids, proving that TLR5 signaling in IECs, similar to its signaling in immune
cells, relies primarily on MyD88 and not Trif as an adaptor (Figure S7D), contrasting with a
previously published report (Choi et al., 2010).

In vivo confirmation of a TLR-induced gene program

To validate this TLR-induced gene program /n vivo, we injected mice intraperitoneally with
flagellin and used Nanostring to analyze transcriptional effects. In this model, injected
flagellin will presumably preferentially access the basolateral surface of IECs. We focused
on responses in colon IECs, as our reporter mice revealed that TLR5 is highly expressed in
these cells and is present on the basolateral surface. To try to minimize potential secondary
effects from immune cell signaling, we isolated colon IECs one hour after injection. We

Immunity. Author manuscript; available in PMC 2019 September 18.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Price et al.

Page 11

confirmed TLR5-dependent induction of multiple genes identified using TLR-stimulated
organoids (Figure 7A), and a majority of the strongly induced genes were shared between /n
vivo and organoid analysis, although the fold change varied somewhat (Figure 7B). We
corroborated these results at the protein level in radiation chimeras generated by
reconstituting WT mice with TLR5~~ bone marrow. After injecting these chimeras with
flagellin, we observed significantly increased protein levels of the chemokines Ccl20 and
Cxcll in colonic homogenates. This rapid induction of chemokines by TLR signaling in the
epithelium may play a role in responding to encroaching or translocated bacteria by
contributing to the recruitment of immune cells crucial for the generation of a protective
immune response.

DISCUSSION:

IECs are uniquely poised to directly interact with intestinal microbes, and elucidating the
specific mechanisms and consequences of these interactions is necessary for a complete
understanding of intestinal homeostasis and immunity. Although it has been widely claimed
that IECs express most TLRs, reports supporting these findings often utilized cell lines,
quantitative PCR, or antibodies of questionable specificity. Additionally, a vast majority of
these studies used cell lines rather than primary 1ECs or epithelial organoids, leaving the
transcriptional response to TLR activation in primary IECs incompletely characterized. In
this resource, we addressed both of these unresolved issues in the field. First, we used five
strains of TLR reporter mice to define spatial and temporal patterns of TLR expression in
the epithelium of the SI and colon. Next, we utilized intestinal organoids and multiple
analytical methods to determine the transcriptional response to stimulation with a variety of
TLR ligands. Together, these results outline the expression and function of TLRs specifically
in IECs and clarify the potential role of epithelial TLRs in immune responses to commensal
or pathogenic microbes.

One of the most surprising findings from this study was the spatial compartmentalization of
TLR expression and TLR-induced functional responses in the intestine. We observed very
low or no expression of TLR2, 4, 5, 7, and 9 in the Sl epithelium, which was further
supported by the minimal responses to TLR stimulation in SI organoids. In contrast,
expression of TLR2, 4, and 5 was much greater in the colon, and colon organoids responded
robustly when stimulated with TLR2 and TLR5 ligands. It is unclear why TLR expression is
segregated in this fashion in the intestinal tract. Unrestrained TLR signaling in IECs has
been shown to result in intestinal pathology (Fukata et al., 2011; Vereecke et al., 2010), and
it is possible that the SI is more sensitive to these perturbations than the colon. Since the SI
and colon harbor a distinct composition and different densities of bacteria (Donaldson et al.,
2016), it is also possible that the bacteria in the SI are more immunostimulatory and that
these responses need to be actively suppressed in this tissue.

The HA epitope tag in our reporter mice allowed us to visualize the localization of TLR
proteins in the epithelium /n situ. Although multiple reports have suggested a restricted
localization of TLR proteins to the basolateral surface of IECs (Yu and Gao, 2015), most
notably for TLR5 (Gewirtz et al., 2001; Rhee et al., 2005), we observed HA staining in
TLR2GFP TLR4YFP and TLR5TOM mice on both the apical and basolateral surfaces of
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proximal colon IECs. We additionally noted intracellular TLR4 in colon IECs. This suggests
that IECs can respond to both lumenal ligands and ligands from microbes that have
translocated across the epithelium. Our functional assays relied on adding ligands to whole
organoids, which preferentially stimulates the basolateral surface of IECs where we
observed strong HA staining, but it remains formally possible that stimulation of apical
TLRs could lead to a distinct transcriptional response.

We also revealed that TLR5 expression is restricted to Paneth cells in the Sl epithelium. Our
results demonstrated that the transcriptional response to TLR5 ligand in Paneth cells is very
similar to the response in colon enterocytes, raising the possibility that TLR5 is expressed in
Paneth cells not because of a unique function of these cells, but rather due to the unique
localization of these cells in the SI crypt. Sensing of cryptlocalized bacteria by TLR5 during
infection or inflammation-induced dyshiosis may contribute to a localized immune response,
both directly through generation of reactive oxygen and nitrogen and indirectly through the
production of factors that lead to the recruitment and enhanced function of immune cells. It
has also been proposed that Ccl20 can be directly antimicrobial (Yang et al., 2003), and thus
the rapid induction of this chemokine might enhance local immunity through multiple
mechanisms. By initiating immune responses in the crypt, TLR5 in Paneth cells may protect
intestinal stem cells and Paneth cells themselves from damage. This role might be especially
relevant as dysregulated Paneth cell responses have been associated with the development of
inflammatory bowel disease (Adolph et al., 2013).

Another interesting observation was the gradual decrease of TLR5 expression in SI IECs
during the postnatal period. The reason for this decrease and the mechanisms leading to this
effect remain unclear. We hypothesize that the high level of neonatal TLR5 expression may
play an important role in SI IECs during this developmental window. Our results with S
organoids and GF mice suggest that microbial signals are not required for adoption of the
adult pattern of TLR5 expression. Although more challenging to test, it appears likely that
the decrease in TLR5 may be a regulated developmental process. It is interesting that, of the
TLRs we tested, TLR5 is uniquely regulated in a spatial, cell-type specific, and temporal
manner. Unlike other TLRs, TLR5 recognizes a bacterial component, flagellin, that is often
associated with pathogens. Thus, it is possible that epithelial TLR5 levels are regulated to
protect the SI from motile intestinal pathogens during specifically vulnerable time periods
(such as early life) and at specifically vulnerable locations (such as the Sl crypt).

Although we observed TLR4 expression in Sl and colon IECs and colon organoids, we were
unable to detect functional responses to the TLR4 ligand LPS in organoids. This suggests
that there may be additional mechanisms in place to specifically blunt TLR4 signaling. It has
been reported that signaling through epithelial TLR4 immediately after birth leads to the
induction of the microRNA miR-146a, which subsequently degrades the signaling molecule
IRAK1 and promotes epithelial innate immune tolerance (Chassin et al., 2010). It is possible
that our analysis missed an initial rapid burst of TLR4 signaling that resulted in tolerance
and blunted our ability to detect later transcriptional responses. Alternatively, although we
observe TLR4 protein on both the apical and basolateral surface of colon IECs ex vivo, it is
possible that TLR4 protein is post-transcriptionally regulated or differentially localized in
organoids. The specific regulation of TLR4 signaling in IECs may be necessary to preserve
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intestinal homeostasis, as over-active epithelial TLR4 signaling leads to enhanced pathology
in multiple mouse models (Fukata et al., 2011).

The epithelial TLR-induced gene program that we identified confirmed many previously
identified TLR target genes and also provided some unexpected results. Chemokines have
been one of the most consistent readouts of epithelial TLR signaling, and correspondingly,
we observed increased expression of Cxcll, Cxcl2, and Ccl20. Although iNOS (Nos2) has
been well characterized as a TLR-induced gene, we were not expecting to observe such
strong induction of multiple components of two NADPH-oxidases, Duox2 and Nox1. It is
unclear whether the reactive oxygen species generated by these complexes in IECs would be
directly antimicrobial, as has been demonstrated for Duox2 in protecting against microbial
challenge in Drosophila (Ha et al., 2005), or if reactive oxygen plays an indirect role in
enhancing inflammatory signaling pathways (Ogier-Denis et al., 2008). Perhaps more
surprising was the lack of significant induction of genes that have been previously associated
with epithelial TLR signaling, such as amphiregulin, epidermal growth factor, trefoil factors,
and antimicrobial peptides (Abreu, 2010). It is likely that epithelial expression of these
genes is induced in different contexts and may depend on extrinsic signals from other
intestinal cell types. For example, our data suggest that expression of Reg3p and Reg3y is
potently induced by I1L-22 and IFNy, which are secreted locally by innate and adaptive
immune cells in the lamina propria.

Although IECs reside at a critical interface between commensal and host, the difficulties
associated with isolating and manipulating these cells have hindered investigations into the
role of these cells during homeostasis and inflammation. By elucidating the expression and
function of critical pattern recognition receptors on these cells, our study provides an
important framework for understanding the role of IECs in directly sensing commensal
bacteria and initiating defense programs. These interactions could prove crucial in the
maintenance of intestinal homeostasis and also as factors contributing to the initiation and
pathogenesis of inflammatory bowel disease and colorectal cancer.

STAR METHODS:

Contact for Reagent and Resource Sharing:

Further information and requests for resources and reagents should be directed to and will be
fulfilled by the Lead Contact, Greg Barton (barton@berkeley.edu).

Experimental Model and Subject Details:

Germ-free C57BL/6 mice were maintained in gnotobiotic isolators at the University of
California, Berkeley. All other mice were housed under specific pathogen-free conditions at
the University of California, Berkeley. All mouse experiments were performed in
accordance with the guidelines of the Animal Care and Use Committee at University of
California Berkeley. Unless noted, mice were analyzed at 6-12 weeks of age. C57BL/6 mice
and Lgr5-GFP were obtained from Jackson Laboratories and colonies were maintained in
our laboratory. MyD88~/~, Trif /-, and TLR5~/~ mice were obtained from S. Akira (Osaka
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University). TLR7TOM TLR9CGFP and TLRKO (TLR2/"XTLR4™"xUnc93b13d/3d) mice
have been described (Roberts et al., 2017; Sivick et al., 2014).

To generate TLR2CGFP, TLR4YFP and TLR5TOM mice, targeting vectors were designed to
include a 5° homologous arm, a HA tag at the 3’ end of the endogenous gene, an IRES
followed by a fluorescent protein (GFP for TLR2CFF, YFP for TLR4YFP, and tdTomato for
TLR5TOM) and a 3’ homologous arm. The vector also introduced a loxP-flanked neomycin
resistance cassette. Targeting vectors were electroporated into C57BL/6derived embryonic
stem cells by the Mouse Biology Program at UC Davis. Targeting was assessed by Southern
blot and correctly targeted ES cells were injected into ICR/CD1 blastocysts. Chimeric males
were mated with C57BL/6 background EllA-Cre females to remove the neomycin resistance
cassette. Genotypes of resulting mice were confirmed by PCR. TLR2CGFP, TLR4YFP,
TLR5TOM TLR7TOM and TLRICGFP mice are available at The Jackson Laboratory
Repository with the following JAX stock numbers: TLR2GFP (031822), TLR4YFP
(031824), TLR5TOM (031825), TLR7TOM (031827), and TLR9CFP (031829). Queries can
be initiated at http://jaxmice.jax.org/query.

Method Details:

Generation of radiation chimeras: Chimeric mice were generated by irradiation of
C57BL/6 mice with 900 rads. Indicated recipient mice were reconstituted with 5-10 x 10°
bone marrow cells from donor mice. Mice were analyzed 10-12 weeks after cell transfer.

Imaging: GFP/YFP and tomato staining. S| and colons were harvested from mice and
flushed with calcium and magnesium free phosphate buffered saline (PBS, Gibco). Tissues
were then cut into 5 cm pieces and incubated in PLP buffer (1% paraformaldehyde, 0.075 M
Llysine, 0.37 M sodium phosphate and 0.01 M sodium periodate at pH 7.4) for 16-24 hours
and then in 30% sucrose in PBS for 6-24 hours. Tissues from mice greater than 14 days of
age were then flushed with a 50:50 mixture of PBS and optimal cutting temperature
compound (OCT, Tissue-Tek) and all tissues were embedded in OCT. Tissue blocks were cut
into 8 micron sections using a Leica cryostat, blocked with TrisNaCl blocking buffer (TNB,
Perkin Elmer), mouse Fc block (UCSF antibody core) and 2.5% donkey serum (Jackson
Immunoresearch) for 30 minutes, and stained with antibodies in TNB buffer. Antibodies
used were polyclonal rabbit anti-GFP (1:1000 Novus), polyclonal rabbit anti-dsRed (1:400
Rockland), rabbit anti-human lysozymeFITC (1:400 Dako), and rat anti-mouse Epcam-APC
(1:400 ebioscience clone G8.8). Donkey anti-rabbit Cy3 (1:400 Jackson Immunoresearch)
was used as a secondary antibody and 4’,6-diamidino-2-phenylindole (DAPI, Thermo-
Fisher) was used to stain cell nuclei. In between each step, slides were washed 2x with PBS.

HA staining of tissue sections: Tissues were fixed and embedded as described for
GFP/YFP and tomato staining. HA staining was adapted from a protocol by Farin et al.
(Farin et al., 2016). Tissue blocks were cut into 50 micron sections using a Leica cryostat,
incubated with Bloxall endogenous peroxidase and alkaline phosphatase blocking solution
(Vector Labs) for 10 minutes, and blocked with M.O.M blocking reagent (Perkin Elmer)
according to manufacturer’s instructions. Sections were then incubated with rat anti-HA in
TNB buffer (1:500 Roche clone 3F10) at 4C overnight, incubated with rabbit anti-rat (1:400,
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Southern Biotech) in TNB for 1 hr at room temperature, and then incubated with
PowerVision anti-rabbit poly-HRP (Leica Biosystems) for 30 minutes at room temperature.
The latter two reagents were pre-blocked with 5% mouse serum. Sections were then
incubated with TSA-Cy3 (Perkin-Elmer) diluted in Amplification Diluent per
manufacturer’s instructions and then costained with rat anti-mouse EpcamAPC (1:200
ebioscience clone G8.8) and DAPI (Thermo-Fisher). In between each step, slides were
washed 2x with PBS.

All slides were mounted using Vectashield mounting medium (Vector Labs) and images
were collected using a LSM710 confocal microscope (Zeiss) at the Biological Imaging
Facility at UC Berkeley and processed using ImageJ and Zen analysis software (Zeiss).

Isolation of intestinal epithelial cells: Sl and colons were harvested from mice,
flushed with PBS, cut open longitudinally, and incubated with EDTA and 1 mM DTT for 30
minutes at 4C on a rocker. For RNA experiments 3 mM EDTA was used and for flow
cytometry 30 mM EDTA was used. Supernatants were then passed through a 100 micron
filter and centrifuged at 650xg for 5 minutes. For RNA, IECs were then resuspended in
RNAzol, homogenized by passing repeatedly through a 25-gauge needle, and stored at 80C
until RNA was isolated. For flow cytometry, IECs were further digested in 0.3 U/mL
Dispase | (Roche) and 1 mg/mL DNAase | (Sigma) for 10 minutes at 37C. IECs were then
centrifuged at 650xg for 5 minutes and resuspended in flow cytometry buffer (PBS plus 3%
fetal calf serum, 1mM EDTA, and 0.05% azide) before treating with antiCD16/32 antibodies
(UCSF Antibody core) and staining with antibodies to Epcam (ebioscience clone G8.8),
CD45 (ebioscience clone 30-F11), and CD24 (ebioscience clone M1/69). 4’,6-diamidino-2-
phenylindole (DAPI, Thermo-Fisher) was used to exclude dead cells. Before running, IECs
were passed through a tube-top 35 micron filter. Data were collected on a LSR Fortessa (BD
Biosciences) and analyzed using FlowJo software. Purity of IEC isolations was repeatedly
assessed for RNA experiments and was consistently 95-99% CD457IECs.

Isolation of splenic cells: Spleens were minced with scissors and digested for 45
minutes with 50 mg/mL collagenase 8 (Sigma) and 5 ug/mL DNase (Sigma) in RPMI.
Tissue was dissociated through a 70 micron filter, treated with ACK Lysis Buffer (Gibco) to
eliminate red blood cells, and then resuspended in flow cytometry buffer. For flow
cytometry, cells were stained with antibodies to CD11c (Tonbo clone N418) and dead cells
were excluded using DAPI. Data were collected on a LSR Fortessa (BD Biosciences) and
analyzed using FlowJo software.

Intestinal organoids: Sl and colon organoids were generated from indicated mice
following the protocol from Sato et al (Sato and Clevers, 2013a). Briefly, Sl and colons were
collected, flushed with PBS, and cut open longitudinally. Villi were mechanically scraped
from Sls, and Sls and colons were incubated with 3 mM EDTA for 30 minutes at 4C on a
rocker. Supernatants were discarded and remaining tissue pieces were repeatedly dissociated
in PBS by pipetting repeatedly through a 10 mL stripette. Resulting supernatants were
passed through a 100 micron filter and crypts were enriched by repeated centrifugation at
low speeds. Crypts were then embedded in Matrigel (BD) in 24 well plates. Sl and colon
organoids were incubated in Advanced DMEM/F12 (Life Technologies) supplemented with
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glutamine, penicillin/streptomycin, HEPES, B-27 (Life Technologies), N-acetylcysteine
(Sigma), mouse epidermal growth factor (Life Technologies), mouse Noggin (R&D
Systems) and 10% conditioned media from 293T cells expressing human R-spondin 1
(obtained from Calvin Kuo, Stanford University). Organoids were passaged every 6—7 days.

Skewing to Paneth cells: following a protocol by Yin et al (Yin et al., 2014), SI organoids
were first cultured in organoid media additionally supplemented with CHIR99021
(Stemgent) and valproic acid (Sigma) to expand stem cells, passaged, and then cultured in
media supplemented with the inhibitors CHIR99021 and DAPT (Stemgent). Paneth cell
identity was confirmed using flow cytometry, and cultures routinely contained 3060%
Paneth cells.

Flow cytometry: organoids were washed with warm PBS and then incubated with TrypLE
Express (Gibco) for 10-15 minutes. Organoids were scraped from the plate and separated
into single cells by repeated pipetting. Organoid-derived IECs were washed in PBS, treated
with anti-CD16/32 and then stained with antibodies as described above for primary IECs.
For intracellular staining of iNOS, organoids were fixed and permeabilized using BD Fix/
Perm kit before staining with anti-iNOS antibody (Invitrogen clone CXNFT).

RNA experiments: organoids were washed with warm PBS and incubated in Cell
Recovery Solution (Corning) for 30 minutes at 4C with slow rocking. Organoids were then
moved into 15 mL conicals, and gently dissociated with repeated pipetting. Cells were
washed twice in cold PBS before resuspending in RNAzol (Molecular Research Center),
homogenized by passage through a 25 gauge needle, and stored at —80 C until RNA
isolation.

TLR ligand and cytokine stimulation: organoids were stimulated by adding ligands and
cytokines directly to the growth media. Ligands used were: (all from Invivogen, unless
indicated otherwise): Pam3Csk4 (1 ug/mL), Pam2Csk4 (1 ug/mL), FSL-1 (20ug/mL), poly
I:C (20 ug/mL), Ultrapure LPS from £. co/i0111:B4 (5 ug/mL), Ultrapure flagellin from S.
typhimurium (100 ng/mL), R848 (1 ug/mL), CpG (1 nM), ORN Sa19 (1 ug/mL), MALP-2
(50 ng/mL, Novus Biologicals), profilin from Toxoplasma gondii (2 ug/mL, Sigma).
Cytokines were purchased from R&D and used at the following concentrations: IL-1 (100
ng/mL), IL-18 (100 ng/mL), IL-22 (50 ng/mL), IFN-y (20 ng/mL). Organoids were
stimulated for 4 hours before harvesting for RNA or 16 hours before collecting supernatants
for ELISA.

Paneth cell sorting: For isolation of tdTomato+ Paneth cells, crypts were prepared from
S| of TLR5TOM mice following the crypt isolation protocol used for organoids described
above. Crypts were then stained with antibodies and tomato+DAPI-CD45-Epcam
+CD24+SSClo Paneth cells and control cells were sorted using an Influx sorter (BD
Biosciences). Sorted cells were centrifuged in PBS, resuspended in RNAzol, and frozen at
—80C until RNA isolation.

RNA isolation and PCR: RNA from IECs and organoids was stored at —=80C in RNAzol
until purification. Total RNA was isolated using a DirectZol RNA purification kit (Zymo
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Research). RNA was treated with Turbo DNAse (Thermo Fisher) for 30 minutes and
purified using a RNA Clean and Concentrator kit (Zymo Research). Total RNA was used for
RNA-sequencing and Nanostring. cDNA was generated using iScript Reverse Transcription
Supermix (Life Sciences). For quantitative RT-PCR, cDNA was mixed with appropriate
primers (see Table S3) and SYBR green master mix (Thermo Fisher) and run on a
QuantStudio 5 (Applied Biosystems).

RNA-sequencing: For experiments using either isolated IECs or organoids, 1 ug of total
RNA was used for rRNA depletion with the RiboZero depletion kit to prepare
RNAsequencing library by using the TruSeq RNA sample prep kit (Illumina) according to
manufacturer’s instructions. 50-cycle single-end RNA sequencing was performed on a
HiSeq 4000 (Illumina). RNA library generation and sequencing was performed by the
Functional Genomics Lab and the Vincent J. Coates Genomics Sequencing Laboratory at
University of California Berkeley. Sequenced reads were quality-trimmed (cut-off of 30)
with cutadapt and aligned to the mouse transcriptome (GRCm38, release 79) with Kallisto
(Bray et al., 2016). Using R and Bioconductor packages, counts for each transcript were
extracted using Sleuth, collapsed at the gene level, and analyzed for differential expression
using DESeq2. Q-values (Benjamini-Hochberg correction) lower than 0.05 were considered
significant. Heat maps were generated using MeV (Multiple Experiment Viewer) software.
For analysis of primary Sl and colon IECs, RNA from IECs isolated from 4 WT mice aged
4-8 weeks and RNA was analyzed (see Table S4). For RNA-sequencing of organoids,
analysis was performed on RNA isolated from 3 separate experimental replicates of both
unstimulated and flagellin-stimulated SI organoids, 4 separate experimental replicates of
unstimulated and flagellin-stimulated colon organoids, and 6 separate experimental
replicates of unstimulated and flagellinstimulated Paneth cell-skewed organoids (see Table
S5).

Nanostring RNA analysis: A gene codeset was designed to include TLR-induced genes
from our RNA-sequencing experiments, genes associated with TLR signaling in other
studies, intestinal homeostasis genes, and controls. To assess levels of alpha defensins, a
universal probe that bound with over 95% identity to 16 alpha defensin genes was used.
Total RNA from organoid samples or /n vivo IEC samples were isolated as described above
and run on a nCounter Sprint and data was normalized and analyzed using nSolver software
(Nanostring). Normalized transcript counts are shown in Table S6.

ELISA: Organoid supernatants and intestinal homogenates were assayed for Ccl20, Cxcl1,
and Cxcl2 levels using mouse DuoSet ELISA kits (R&D Systems). For the development
step, ELISA was incubated with OPD (Sigma) and hydrogen peroxide followed by
incubation with 3M HCI. For homogenates, 2-3 cm of Sl and colons were flushed with 5
mL PBS and homogenized in PBS using a Polytron rotor stator homogenizer. Homogenates
were spun at 10,000xg for 5 minutes and supernatants were used for analysis. TNF and IL-6
levels were assessed using cytometric bead array mouse inflammation kit (BD) following the
manufacturer’s instructions.
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Immunoblot analysis: total SI IECs, colon IECs or splenocytes were isolated using the
protocols described above, centrifuged at 650%g for 5 minutes, and resuspended in 1 mL of
lysis buffer (0.5M EDTA, 5M NaCl, 1M Tris-HCL, 0.5% NP-40) supplemented with
protease and phosphatase inhibitors (Roche). Cell lysates were immunoprecipitated with
anti-HA matrix. After washing in lysis buffer, matrix beads were boiled in SDS-PAGE
loading buffer. Protein was run on a 7% gel and transferred to Immobilon-FL membrane.
After blocking, membranes were probed with anti-HA antibody (Roche clone 3F10),
followed by goat anti-rat-680 (Life Technologies). Membranes were scanned using a LiCor
Odyssey, and images were analyzed using ImageJ.

In vivo flagellin injection: Mice were injected intraperitoneally with 20 ug of flagellin
(Invivogen, standard flagellin from S. typhimurium) in 300 ul PBS.

Dextran sodium sulfate (DSS) colitis model: 2% DSS (Affymetrix MW 40,000-
50,000) was administered to indicated cohorts of mice in the drinking water. All cohorts
used for experiments exhibited signs of colitis, including weight loss, watery or bloody
stool, and shortened colons

Quantification and Statistical Analysis:

Statistical analysis was performed with the Prism software (GraphPad software). P values
were determined using ordinary unpaired ANOVA or two-tailed Students’s t test as
indicated. “p < 0.05,""p < 0.01, ¥V p < 0.001.

Data and Software Availability:

The accession number for the RNA-sequencing of primary IECS from WT mice reported in
this paper is GEO: GSE117520.

The accession number for the RNA-sequencing of flagellin-stimulated intestinal organoids
reported in this paper is GEO: GSEXXXXX.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights
. Reporter mice reveal distinct patterns of TLR expression in Sl and colon IECs
. TLRS5 expression is restricted to Paneth cells in the Sl epithelium
. TLR signaling in IECs induces a specific program of host defense genes
. IEC antimicrobial peptides are not induced by TLRs, but rather by immune

signals
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Figure 1: Epithelial TLR expression differs dramatically between the SI and colon.
(A)Design of TLR reporter mice. A reporter cassette including an epitope tag (HA or

FLAG) and an internal ribosome entry site followed by a fluorescent protein (eGFP, eYFP,
or tdTomato) was inserted at the 3’ end of the endogenous TLR gene for the TLRs indicated.
Note: for simplicity, the exon/intron structure for each TLR is not shown.

(B) Expression of TLR reporter genes was confirmed by measuring fluorescence (GFP/YFP
or tomato) by flow cytometry from live, CD11c* cells from the spleens of indicated mice.
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Flow cytometry plots are representative of 2 independent experiments, each including at
least 3 mice of each genotype.

(C) Sl and colon sections of reporter mice stained with Epcam (epithelial cells) and
antibodies to either GFP/YFP or tomato (TLR reporters). All SI images were from the
ileum. Images were taken at 20x magnification and exposures were set using staining of WT
mouse tissues. Images are representative of at least 3 independent experiments, each
including 2-5 mice of each genotype. Scale bars are 50 microns.

(D) TLR expression in IECs was assessed by RNA-sequencing performed on IECs isolated
from WT mice from 2 litters. Values are displayed as a number of transcripts per million
total reads. Error bars are mean +/- SEM.

(E) Proximal colon sections from radiation chimeras in which WT bone marrow was
reconstituted into WT or TLR reporter mice stained with Epcam (epithelial cells) and
antibodies to the HA epitope tag (TLR protein). HA staining is separated in bottom panels
for easier visualization. Images were taken at 20x magnification and exposures were set
using staining of WT mouse tissues. White arrows indicate apical staining, yellow arrows
indicate basolateral staining, and stars indicate intracellular staining. Images are
representative of 2 independent experiments, each including 1-4 mice of each genotype.
Scale bars are 50 microns.
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Figure 2: TLR5 expression is restricted to Paneth cells in the SI epithelium.
(A) Sl sections from reporter mice stained for lysozyme (Paneth cells) and antibodies to

either GFP/YFP or tomato (TLR reporters). Images were taken at 63x magnification and
exposures were set using staining of WT mouse SI. Images are representative of at least 2
independent experiments, each including 2-5 mice of each genotype. Scale bars are 50

microns.
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(B) Sl sections from TLR5TOM x | GR5-GFP mice were stained for tomato (TLR5), GFP
(LGR5), and lysozyme (Paneth cells). Images were taken at 63x magnification and
exposures were set using staining of WT mouse SI. Images are representative of 2
independent experiments, each including 2-5 mice. Scale bars are 10 microns.

(C) Tomato fluorescence from total IECs (live, CD45 Epcam®) or Paneth cells (live, CD45
Epcam*CD24*SSCM) isolated from crypt preparations from the SI of WT or TLR5TOM

mice.

Immunity. Author manuscript; available in PMC 2019 September 18.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuep Joyiny

Price et al.

Page 26

(D) Flow cytometry plot of total IECs from crypt preparations from TLR5TOM mice
pregated on tomato expression. Tomato+ cells are shown in red and tomato-cells are shown
in black. For C-D, flow cytometry plots are representative of 3 independent experiments,
each including 2-5 mice.

(E) Tomato™ and tomato™ IECs were sorted from S crypt preparations from TLR5TM mice
and gene expression was assessed by quantitative RT-PCR. Due to low cell numbers, cells
from three separate sorting experiments, including IECs from over twenty mice, were pooled
to generate results. Results are shown as expression relative to beta actin.

(F) Paneth cells (CD24*SSCN) were gated from Sl crypt preparations from indicated mice
and reporter fluorescence was assessed using flow cytometry. Plots are representative of at
least 3 independent experiments, each including 2-5 mice of each genotype.
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Figure 3: SI TLR5 expression gradually decreases during the neonatal period.
(A) Sl sections from d1 WT and TLR reporter mice were stained with antibodies to Epcam

(epithelial cells) and GFP/YFP or tomato (TLR reporters). Images were taken at 20x and
exposures were set using staining of WT sections. Images are representative of 2
independent experiments, each including 2-5 mice of each genotype. Scale bars are 50
microns.

(B) Timecourse of tomato reporter expression in Sl sections from TLR5TOM mice stained
with DAPI (nuclei), lysozyme (Paneth cells) and tomato (TLR5) and images were separated
for easier comparison. Arrows denote tomato* Paneth cells while asterisks denote tomato*
nonepithelial cells in the lamina propria. Images were taken at 20x and exposures were set
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using staining of WT sections. Images are representative of 2 independent experiments, each
including 2-3 mice. Scale bars are 50 microns.

(C) Tomato fluorescence from total IECs isolated from WT or TLR5TOM ] at the indicated
time points assessed using flow cytometry. Data are representative of 3 independent
experiments, each including 2-5 mice of each genotype.

(D) The percentage of tomato* SI IECs from indicated mice beginning one week after birth
quantified by flow cytometry using gating strategy from (C). Results are pooled from 2-3
independent experiments and each time point includes mice from at least 2 separate litters.
Error bars are mean +/— SEM.

(E) IECs were isolated from the SI of WT mouse from our colony (SPF) and WT mice
housed in germ-free isolators (GF) and quantitative RT-PCR was performed to measure TLR
expression over time. Values are normalized to expression of beta actin and then expressed
as fold over the expression observed in IECs collected at day 7. For SPF mice, data represent
4 mice per time point and the experiment was repeated 2 times. For GF mice, results from 2
separate experiments were pooled to generate results. Error bars are mean +/- SD. Stars
denote significant differences between expression values at a time point compared to the
value at day 7.Significance was calculated using one-way ANOVA. All points without stars
are not significant.

(F) Expression of TLR5 over time in SI IECs isolated from SPF and GF mice. Expression is
relative to expression of beta actin. Significance was analyzed using students t-test. For E-F
*p<0.5,** p<.01, *** p<0.001.
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Figure 4: The distinct patterns of TLR expression in adult IECs are maintained in intestinal
organoids.

(A) Images from Sl organoids, SI organoids skewed to enrich for Paneth cells, and colon
organoids. Paneth cell skewed organoids are smaller, rounder, and contain dark granules.
Images are representative of at least 5 independent experiments.

(B) RNA was isolated from S, Paneth cell skewed, and colon organoids at day 6 after
passage and the gene expression in these organoids was assessed using Nanostring. Each
point represents an independent experiment. Values shown are the normalized number of
transcripts detected. Error bars are mean +/- SEM. * p< 0.5, ** p .01, *** p < 0.001.
(C)Reporter fluorescence (YFP/GFP or tomato) in live, CD45"Epcam™ total IECs isolated
from indicated organoids on day 6 after passage compared to baseline WT fluorescence in
these channels. Flow cytometry plots are representative of 3 independent experiments, each
including 2-5 mice of each genotype.

(D) TLR expression in Sl and colon organoids at day 6 after passage assessed using RNA-
sequencing. Values are transcripts per million. Error bars are mean +/— SEM.
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(E) Tomato fluorescence in total IECs (live, CD45™ Epcam™) or Paneth cells (live, CD45"
Epcam*CD24*SSCM) from SI organoids from WT and TLR5T°M mice. Flow cytometry
plots are representative of 3 independent experiments.

(F) Tomato fluorescence in total IECs (live, CD45 Epcam®) or Paneth cells (live, CD45
Epcam*CD24*SSCM) from organoids generated from d7 TLR5T°M mice. WT mouse
organoids are shown as a control. Flow cytometry plots are representative of 2 independent
experiments.
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Figure 5: TLR5 signaling initiates a common gene program in colon IECs and Paneth cells.
(A) Expression of TLRS5 in Paneth cell skewed and colon organoids assessed using RNA-

sequencing. Values are transcripts per million. Significance was determined using one-way
ANOVA ** p < .01.

(B) Wolcano plots showing the results of RNA-sequencing on Sl organoids, colon organoids,
and Paneth cell skewed organoids. Genes are plotted by the average fold change vs.
significance of their induction after stimulation with flagellin for 4 hours. Log10(q values)
were capped at 20 for this analysis. Selected significantly induced genes are labeled.
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(C) The top 30 most highly induced genes from flagellin-stimulated Paneth cell skewed
organoids and colon organoids, listed from highest to lowest fold change in Paneth cell
skewed organoids. Genes were pre-filtered on significance, with q values of <0.05. Genes
from the top 30 most induced genes in stimulated Paneth cells that are induced less than 1.5-
fold in colon organoids are highlighted in orange, and genes from the top 30 most induced
genes in colon organoid that are induced less than 1.5 fold in Paneth cell skewed organoids
are highlighted in purple. p-values listed as NA were not calculated because the counts for
indicated genes included at least one outlier that did not fall within the normal distribution.
(D) Top 10 gene sets enriched in Paneth cell skewed organoids stimulated with flagellin
using gene set enrichment analysis. For A-D, RNA-sequencing was performed on RNA from
unstimulated and flagellin-stimulated SI organoids isolated from 3 independent experiments,
colon organoids isolated from 4 independent experiments, and Paneth cell skewed organoids
isolated from 6 independent experiments.
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Figure 6: Transcript analysis reveals distinct patterns of TLR- and cytokineinduced gene
expression in Sl and colon IECs.

(A) Heat map of gene expression results from Nanostring analysis. Organoids were
stimulated with the indicated ligands or cytokines for 4 hours and total RNA was isolated
and used for Nanostring analysis. Values shown are fold change over unstimulated
organoids, calculated from the average of 3 independent experiments.
(B) Heat map of Nanostring results for a subset of genes associated with antimicrobial
responses. Stimulation conditions that resulted in reproducible induction of multiple genes
are shown. Values were calculated as in (A).
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(C) Reg3y expression levels in organoids stimulated with TLR ligands and cytokines
determined using Nanostring. Results shown are normalized transcript counts.

(D) Fold induction of genes significantly induced by TLR ligands but not by I1L-22 or IFN-y.
TLR ligands that induced the strongest responses in Paneth cell skewed and colon organoids
are shown. For C-D, each point represents Nanostring results from a separate experiment.
Error bars are mean +/- SEM. Significance was determined by comparing normalized
transcript counts to unstimulated condition using one-way ANOVA. * p < 0.5, ** p < .01,
*** pn <0.001.
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Figure 7: In vivo confirmation of a TLR-induced gene program.
(A) Nanostring gene expression analysis of total RNA from colon IECs harvested 1 hour
after intraperitoneal injection of 20 ug of flagellin or PBS. Results shown are normalized
transcript counts. Each point represents an individual mouse. Error bars are mean +/— SEM.
Significance was determined using one-way ANOVA. * p< 0.5, ** p £.01, *** p < 0.001.
(B) Comparison of average fold change between flagellin-stimulated ex vivo colon IECs and
colon organoids. Selected genes are labeled. Added line is x=y.
(C) Ccl20 and Cxcl1 levels in colon homogenates from indicated radiation chimeras 1 hour
after intraperitoneal injection with PBS or 20 pg flagellin measured using ELISA. Error bars
are mean +/— SEM. Results are representative of two independent experiments, each
including 3—-6 mice per condition. Significance was determined using one-way ANOVA. * p
<0.5,**p<.01, ***p<0.001.
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