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Abstract:

Observations that intestinal microbes can beneficially impact host physiology have prompted
investigations into the therapeutic usage of such microbes in a range of diseases. For example, the human
intestinal microbe Limosilactobacillus reuteri strains ATCC PTA 6475 and DSM 17938 are being
considered for use for intestinal ailments including colic, infection, and inflammation as well as non-
intestinal ailments including osteoporosis, wound healing, and autism spectrum disorder. While many of
their beneficial properties are attributed to suppressing inflammatory responses in the gut, we postulated
that L. reuteri may also regulate hormones of the gastrointestinal tract to affect physiology within and
outside of the gut. To determine if L. reuteri secreted factors impact the secretion of enteric hormones, we
treated an engineered jejunal organoid line, NGN3-HIO, which can be induced to be enriched in
enteroendocrine cells, with L. reuteri 6475 or 17938 conditioned medium and performed transcriptomics.
Our data suggest that these L. reuteri strains affect the transcription of many gut hormones, including
vasopressin and luteinizing hormone subunit beta, which have not been previously recognized as being
produced in the gut epithelium. Moreover, we find that these hormones appear to be produced in
enterocytes, in contrast to canonical gut hormones which are produced in enteroendocrine cells. Finally,
we show that L. reuteri conditioned media promotes the secretion of several enteric hormones including
serotonin, GIP, PY'Y, vasopressin, and luteinizing hormone subunit beta. These results support L. reuteri
affecting host physiology through intestinal hormone secretion, thereby expanding our understanding of
the mechanistic actions of this microbe.

Key words: enteroendocrine; enterocyte, hormone, small intestine, Lactobacillus, vasopressin, luteinizing
hormone, GIP, PYY, adipolin, kisspeptin.
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50  Introduction

51  The use of commensal microbes in the treatment of disease has the potential to herald in a new era of

52 microbial-based therapeutics. The human associated Limosilactobacillus reuteri is one such microbe

53  considered for development as a therapeutic: it has been shown to improve symptoms of infant colic',

54  osteoporosis’, and inflammatory diseases® ¢, and is being considered for its role in alleviating asocial

55  behavior associated with autism spectrum disorder’"'. How L. reuteri mediates these effects is not fully
56  understood. Moreover, several different L. reuteri strains are currently in use, highlighting the importance
57  of studying strain variation in understanding therapeutic efficacy.

58

59  Two of the commonly employed strains that are currently marketed as probiotics are L. reuteri ATCC

60  PTA 6475 and L. reuteri DSM 17938. While both were originally derived from human breast milk, these
61  strains are phylogenetically and functionally distinct. L. reuteri 6475, belongs to L. reuteri clade 11, while
62 L. reuteri 17938 (derived from strain ATCC 55730'%) belongs to L. reuteri clade VI". L. reuteri 17938
63 (or its parent L. reuteri 55730) has been demonstrated to reduce infant colic', assist in feeding tolerance in
64  preterm infants'*, improve intestinal motility in preterm'* and term infants'’, and improve cytokine ratios
65  in children with apoptotic dermatitis'®. L reuteri 6475 has been shown to have potential in relieving

66  inflammatory conditions through TNF suppression, which may be linked to its capacity to reduce

67  osteoporosis™'’ . L. reuteri 6475 has also been demonstrated efficacious in promoting wound

68  healing’**, restoring normal social behavior in mouse models of autism’*'" (which L. reuteri 17938 has
69  been shown unable to do so in mice), and improving male reproductive health in mice?*. These two strains
70 are similar in their ability to produce the antimicrobial reuterin and the vitamins pseudo B12 and B9

71  (folate)”” and to produce proteins for host mucus adherence®. L. reuteri 6475 can also produce histamine
72 while L. reuteri 17938 cannot'. This histamine production is implied in L. reuteri 6475s suppression of
73 the inflammatory signal tumor necrosis factor (TNF)?". L. reuteri 17938 has also been demonstrated to
74 liberate adenosine from AMP, which may be involved in its function to reduce autoimmunity in Treg

75  deficiency disorders by enhancing CD73"CD8T cells®.

76

77  While many of L. reuteri’s functions are thought to be due to interactions with immune cells, L. reuteri
78  itself or its secreted products has the capacity to influence host physiology through a wide range of cell
79  types. Particularly in the small intestine, where the mucus layer is thin, L. reuteri may have ample

80  opportunities to interact with the host epithelial cells. Given, the diverse roles of L. reuteri in gut motility,
81  oninflammatory processes, and on the gut-brain axis led us to consider whether some of L. reuteri’s

82  interactions with the host are mediated through enteroendocrine cells.

83

84  Enteroendocrine cells are secretory cells in the intestine specialized for the secretion of hormones.

85  Enteroendocrine cells sense nutrients like sugars, peptides, and fatty acids in the intestinal lumen through
86  G-protein coupled receptors and utilize ion (sodium, hydrogen, calcium) transporters to bring nutrients
87 into the cell®. On apical entry or basolateral exit from enteroendocrine cells, these nutrients can trigger
88  hormone receptors and lead to the release of hormones from the apical or basolateral side of the cell®'.

89  Enteroendocrine cells also respond to microbial stimulus through toll-like receptors to release cytokines
90  and subsequently affect inflammatory responses®’. As well, released gut hormones can directly and

91  indirectly influence pro- and anti-inflammatory immune cell populations through a variety of

92  mechanisms®. Finally, enteroendocrine cells and a few specific hormones are associated with the

93 integrity of the intestinal barrier™.

94

95  Enteroendocrine cells, however, comprise ~1% of gut epithelial cells, thereby making study of these cells
96  difficult in vivo and in non-transformed tissue lines. To overcome this limitation, we recently developed a
97  human enteroendocrine-enriched jejunal organoid line*”. Through induction of the developmental

98  regulator of enteroendocrine cells, NGN3, we can increase the number of enteroendocrine cells to ~40%

99  in this adult cell stem derived human jejunal organoid line at the expense of enterocytes™’.
100
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101  Here, we utilized these NGN3 human intestinal organoids (HIOs) to characterize how L. reuteri secreted
102 products impact enteroendocrine cells. By performing RNA-Seq on uninduced organoids and induced,
103 enteroendocrine-enriched organoids, we observe that L. reuteri affects the transcription of genes involved
104  in hormone secretion, nutrient sensing, cell adhesion, mucus production, immune/stress response, and cell
105  fate. Among the impacted hormones are enterocyte-derived hormones, not previously characterized in the
106  intestinal epithelium. For several of the impacted hormones, we additionally demonstrate that L. reuteri
107  promotes the secretion of these hormones from HIOs or from ex vivo human intestinal tissue. In general,
108  we observe similar effects of L. reuteri strains 6475 and 17938 on epithelial cells but with L. reuteri 6475
109  having a greater magnitude of effect on transcription. These results suggest specific mechanisms by

110 which L. reuteri mediates its beneficial effects with a magnified look at how L. reuteri interacts with

111  enteric hormones.

112

113

114  Methods

115

116  Preparation of bacterial conditioned media

117 L. reuteri strains ATCC PTA 6475 and DSM 17938 were provided by BioGaia (Sweden). A single

118  colony of L. reuteri 6475 or 17938 from an MRS agar plate was inoculated into 10 mL of MRS broth and
119  incubated in a tightly closed conical tube in a 37°C water bath or incubator. After 15 hours of incubation,
120 the L. reuteri culture was diluted to an ODgoo of 0.1 into 25 to 40 mL of pre-warmed LDM4° and placed
121  into a 37°C water bath to incubate until reaching an ODggo of 0.5-0.6. Next, cells were pelleted by

122 centrifugation and the resulting supernatant was transferred to a new conical tube. The pH of the

123 supernatant was measured by applying 2 uL of the supernatant onto pH paper (range 6.0 — 8.0,

124 Fisherbrand, Pittsburgh, PA, USA) and adjusted to 7.0 using 10 M sodium hydroxide solution.

125  Neutralized conditioned media and LDM4 media control were filter sterilized (0.22um PVDF membrane,
126  Steriflip, EMD Millipore, Burlington, MA), aliquoted, frozen at -80°C overnight, and then lyophilized.
127  Lyophilized conditioned media were stored at -20°C until use.

128

129  Propagation of organoids and organoid media

130  J2 NGN3 organoids were propagated in 3D in CMGF+ media®’ + 10 umol Y-27632 Rock inhibitor + 200
131 pg/ml geneticin as previously described”. NGN3-HIOs were then seeded onto 24-well transwells and
132 differentiated in the presence of differentiation media®* with (induced) or without (uninduced) 1 pg/ml
133 doxycycline.

134

135  Transwell assay

136  For use on organoids, lyophilized conditioned media were resuspended in an equal volume of organoid
137  differentiation media. The existing differentiation media on the apical side of the transwells were

138  removed and replaced with 100 pL differentiation media supplemented with lyophilized conditioned

139  media or media control. Transwells were incubated for 3 hours at 37°C with 5% CO.. Following, apical
140  and basolateral supernatants were removed and stored at -20°C in a 96 well plate to be used later in a

141  hormone secretion assay. The transwell membrane was removed from the support surface and placed in
142 TRIzol solution (Invitrogen, Waltham, MA, USA). Following a chloroform extraction, the aqueous phase
143 containing total RNA was immediately extracted using a Qiagen RNeasy kit (Qiagen, Germantown, MD,

144  USA).
145
146  RNA-Seq

147  Paired-end Illumina sequencing libraries were prepared by Novogene (Sacramento, CA, USA). Briefly,
148  total RNA was enriched for Eukaryote mRNA. mRNA was fragmented to an average insert size of 250 to
149 300 bp, and cDNA was prepared using the standard NEB library construction method. The library was
150 150 bp paired-end sequenced on a NovaSeq 6000. Basecalling was performed using CASAVA v1.8*,


https://doi.org/10.1101/2024.08.30.610555
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.08.30.610555; this version posted August 31, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY 4.0 International license.

151  Reads were filtered as follows: reads containing adaptors were removed, reads with more than 10% N
152  reads were removed, and reads where > 50% of the bases have Qscore <= 5 were removed.

153

154 Sequenced reads were aligned to the human genome hg19 using Star (v2.5)*° using the Maximal

155  Mappable Prefix for junction reads and with mismatch = 2. Read counts per gene were tabulated with
156  HTSeq v0.6.1°%. The gene count table provided by Novogene was further processed using a pipeline

157  derived from iDEP version 0.82°". Genes were filtered to keep those with at least 1 count per million in 5
158  samples, thereby retaining 15,369 genes.

159

160  For multidimensional scaling, rlog transformed data were visualized using a t-distribution to estimate the
161  hypothetical spread of the data. The contribution of induction and L. reuteri treatment to the variation in
162  data were modeled using a permutational multivariate analysis of variance (PERMANOVA) of the form:
163  Euclidean distance matrix ~ induction + treatment + induction * treatment using the adnois function in
164  vegan (v2.5-5)**.

165

166  For correlation analyses, rlog-transformed values were used. Lowly expressed genes belonging to the
167  bottom quartile were removed. Correlations among samples were computed using a Pearson correlation.
168  Correlations were visualized using the ComplexHeatmap package (v2.3.1)*, with rows and columns
169  clustered by a Euclidean distance metric and using complete linkage clustering for both. Within and

170  between sample distances were plotted using the ggboxplot function in ggpubr (v0.2.4)*. Significance
171  among distances was calculated by a t-test with a multiple testing correction using Holm’s method*'.
172  Difference between means (circle size) and adjusted p-values (circle color) were visualized as a

173 correlogram using ComplexHeatmap package (v2.3.1)*.

174

175  For identification of differentially expressed genes, gene counts were modeled as genecount ~ treatment-
176  induction + organoid_batch in DESeq2* V1.22.2 using a Wald test with p values corrected using the
177  Benjamini-Hochberg procedure™ with an FDR cutoff of 0.1 and a fold change cutoff of 2. DESeq?2

178  models the underlying variation using a negative binomial distribution. LDM4 (media alone) and

179  uninduced (not enteroendocrine enriched) were used as reference levels.

180

181  Functional analyses

182  Ensembl IDs release 95 were converted to Ensembl IDs release 98 before analyzing for statistical

183  enrichment of gene functions using the Ensembl ID converter**. Annotations for PANTHER GO-Slim
184  Biological Process, PANTHER GO-Slim Molecular Function, PANTHER GO-Slim Cellular Component,
185  PANTHER Protein Class, Panther Pathways, and Reactome®*, were performed in PANTHER®, using a
186  binomial test, and a false discovery cutoff of 0.05. Genes belonging to enriched (not depleted) functional
187  categories defined by PANTHER*” were searched in GeneCards* and annotated into one of the following
188  broad groups: Cell fate/growth, Hormone secretion, Immune response, Membrane component, Mucus,
189  Nutrient metabolism/response, Signaling, or Metal/stress response. Enrichments of these groups within
190  Kmeans determined clusters (see below for heatmap visualization) were determined using a

191  hypergeometric distribution, and all p-values across groups and clusters were corrected en masse using
192 the Benjamini-Hochberg® method, whereby FDR values less than 0.1 were considered significant.

193

194 Data visualization

195  For multidimensional scaling, clustering, and heatmap visualization, read counts were transformed using
196  the rlog function from DESeq2 V1.22.2*. For displaying the gene expression data as a heatmap, the rlog
197  transformed data were batch corrected using the removeBatchEffect command in the limma package®
198  and the data were centered and scaled using the scale function in base R*. Heatmaps were visualized
199  using the ComplexHeatmap package®, with rows (genes) clustered with the Pearson distance metric and
200  columns (samples) clustered with the Euclidean distance metric, using complete linkage clustering for
201  both. The number of clusters to group the displayed genes was determined using the Kmeans function in
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202  base R*, with visualization of the total sum of squares as an elbow plot and average silhouettes in a

203  silhouette plot. The number of clusters to group the samples (columns) was selected solely for enhancing
204  visualization. For barplots of individual gene expression values, read counts were transformed using the
205  GeTMM method’' and converted to counts per million using calcNormFactors and cpm commands in
206  edgeR*’. Displayed log, fold changes were derived from DESeq2 modeled data. In this method, the log
207  fold changes are shrunken to prevent overestimation of fold changes for genes with low counts and/or
208  high dispersion. Enterocyte and enteroendocrine cell markers were referenced from Haber and

209  colleagues™.

210

211 Gene annotations

212 Annotations for select hormone-related genes were taken from GeneCards*® (www.genecards.org) and
213 from the literature: AGT***, ARHGEF25>°, CCK’", GAST*"**®!, GHRL and GHRLOS®**, GIP®,

2 14 MLN57’60, prﬁ5—67, NPY68’69, SST70—72, DRD173, NRG474—76’ NTSR160’77, TAC368’78’79, AVPSO—SS,

215  CIQTNF12%#7 LHB®*® NTS77 OXT*8839091 SCTR PAQRS”, P2RY 1Y, RARB®. Annotations
216  for select immune and stress response genes were taken from GeneCards* (www.genecards.org).

217

218  Human tissue

219  Human intestinal tissue was acquired from the organ donation group LifeGift within the Texas Medical
220  Center. All organ donors were adults not presenting with any known gastrointestinal disease, surgery, or
221 trauma. Individuals positive for hepatitis B or C, HIV, or COVID were excluded. Tissue was delivered to
222 lab within ~4 hours of the patient initiating organ harvest and within ~1 hour of harvest of the

223 gastrointestinal tract.

224

225  Hormone secretion

226  To measure secreted hormones from the treated organoids, supernatants from the apical (or basolateral,
227  where noted) side of the transwells were assessed using the Luminex MILLIPLEX Human Metabolic
228  Hormone kit (EMD Millipore, USA) or using a serotonin ELISA (SER39-K01, Eagle Biosciences, USA).
229  For measuring hormones secreted from whole human tissue, approximately 2 cm by 2 to 3 cm pieces of
230  human tissue were incubated in 5 mLs of L. reuteri conditioned media or media control in 6 well plates
231  for 3 hours at 5% CO,. AVP was measured with the Arg8-Vasopressin ELISA kit (ADI-900-017A, Enzo,
232 USA), LHB with the Luteinizing Hormone (hLH) ELISA Assay kit (HLH31-K01, Eagle Biosciences,
233 USA), adipolin with the Human CTRP12 ELISA kit (SK00392-06, Aviscera Bioscience, USA), and

234 kisspeptin with the Human Kisspeptin ELISA kit (ab288589, Abcam, USA). For organoids, statistical
235  significance was determined using a one-way ANOVA followed by a Dunnett’s test with the LDM4

236  treatment used as the control. For human tissue, data were modeled with linear mixed models with the
237  human patient included as a random variable using the Imer function of the Ime4”® package with REML =
238  FALSE and the control optimizer = “bobyga”. Following, statistical significance was determined using
239  the emmeans function’” with a Benjamini-Hochberg multiple testing correction.

240

241  Single cell RNA-Sequencing analysis

242  Single cell RNA-Sequencing (scRNA-Seq) analysis of the Human Gut Atlas

243 (https://www.gutcellatlas.org/, adult epithelium, jejunum) was performed as previously described™.

244 Briefly, scRNA-Seq data from the adult jejunum were analyzed using the Seurat package in R (v 5.0.3).
245  After data normalization, data clustering, and UMAP generation, genes of interest were plotted using the
246  FeaturePlot function.

247

248  Immunofluorescence

249  Adipolin was visualized on human jejunal tissue from organ donors as previously described® using the
250  antibody (NBP1-90700, Novus Biologicals) diluted to between 1:20 to 1:50 and detected with Rhodamine
251 Red™-X (AB 2338028, Jackson ImmunoResearch) diluted to 1:200. An E-caderin conjugated antibody
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252 (1:50, 560062, BD Pharmingen) and DAPI (1:10, NucBlue™ Fixed Cell Stain ReadyProbes™ reagent,
253  R37606, Invitrogen) were applied simultaneously with Rhodamine Red™-X.

254

255  Data availability

256  RNA-Seq reads are available at NCBI GEO at https://www.ncbi.nlm.nih.gov/geo/ accession number
257  GSE138350 and GSE268681. Scripts for plots and data are available at

258  https://github.com/sdirienzi/Lreuteri HIORNASeq. An interactive ShinyApp displaying the RNASeq
259  data can be found here: https://sdirienzi.shinyapps.io/LreuHIORNASeq/.

260

261  Results

262

263  NGN3-HIOs facilitate study of L. reuteri’s interactions with the enteroendocrine system

264  To determine how L. reuteri strains 6475 and 17938 affect the intestinal epithelium, we designed an
265  RNA-Seq experiment using human intestinal organoids (HIOs) treated with pH neutralized conditioned
266  media produced by these strains in log phase (Figure 1A). The media thereby represent any products
267  released by the L. reuteri strains into their growth media. The specific HIOs we utilized originated from
268  adult jejunal stem cells and have been engineered for the inducible expression of the transcription factor
269  NGN3. NGN3 induction results in HIOs enriched in enteroendocrine cells with a decrease in the relative
270  abundance of enterocytes®>. With this NGN3-HIO line we can measure the effects of the L. reuteri strains
271  oninduced NGN3-HIOs enriched in enteroendocrine cells and on uninduced NGN3-HIOs largely

272  comprised of enterocytes.

273

274  We tested L. reuteri 6475 on uninduced NGN3-HIOs (~90% enterocytes, <2% enteroendocrine cells)*
275  and L. reuteri 6475 and 17938 on enteroendocrine-enriched (induced) NGN3-HIOs (~50% enterocytes,
276  ~40% enteroendocrine cells)*?. L. reuteri 17938 was not tested on uninduced HIOs. RNA-Seq of the
277  organoids produced an average of 16.1 million reads per library (Table 1, Supplemental Table 1). To
278  confirm that induced NGN3-HIOs were enriched in enteroendocrine cells and depleted in enterocytes
279  compared to uninduced NGN3-HIOs, we checked the expression level of known enterocyte and

280  enteroendocrine cell markers® (Figures S1 and S2). The expression levels of genes followed the expected
281  patterns with enterocyte markers being downregulated and enteroendocrine markers increasing with
282  NGNS3 induction (Figures S1 and S2).

283
Number of | Total
Number of | replicate number Average
HIO type Treatment | HIO HIOs of RNA- g
. er . read count
experiments | within an Seq
experiment | libraries
Uninduced LDM4 2 3 6 | 18968834.33
. L. reuteri
Uninduced 6475 2 3 6 | 15465905.00
Enteroendocrine-
. LDM4 2 3 6| 15972039.33
enriched
Enteroendocrine- | L. reuteri
enriched 6475 2 3 6| 14287207.00
Enteroendocrine- | L. reuteri
enriched 17938 2 3 6| 15720129.33
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284  Table 1: Summary of RNA-Seq libraries. Read counts shown are post filtering and alignment to the
285  human genome (See Methods). See Supplemental Table 1 for further details.

286

287  To globally assess whether the HIOs were impacted by the L. reuteri conditioned media, we performed an
288  unsupervised analysis using dimensionality reduction with multidimensional scaling (MDS) produced
289  from a Euclidean distance matrix of the gene expression data. As expected, the MDS plot illustrated that
290  the data could be separated in dimension 1 by whether the HIOs were induced for NGN3 expression or
291  not, indicating NGN3 induction was likely the greatest contributor to the variation in global gene

292  expression (Figure 1B). To quantify the contribution of induction as well as the contributions of L.

293 reuteri treatments and biological replication, we performed a PERMANOVA on the Euclidean distance
294  matrix. Our PERMANOVA model reported that NGN3 induction explains 70.8% of the variation

295  (pseudo-F =120.763, p = 0.001), biological replication 9.2% of the variation (15.685, p=0.001), L.

296  reuteri treatment 4.4% of the variation (pseudo-F = 3.768; p = 0.011), and that the interaction of treatment
297  and induction was not significant (1.5% of the variation; pseudo-F = 2.578; p = 0.082). Similar results
298  were obtained using the Jaccard similarity index. These results indicated that most of the variation in data
299  resulted from NGN3 induction, and that the addition of L. reuteri 6475 or 17938 had a relatively smaller
300  but still significant effect on HIO gene expression.

301

302  To gain further insight into the variation in gene expression in our data, we investigated gene expression
303  correlations among pairwise comparisons of samples. We observed that induced HIOs treated with either
304 L. reuteri strain were significantly less correlated from L. reuteri 6475 vs media control on uninduced
305  HIOs (Supplemental Figure 3A, Supplemental Figure 3B). We also observed that the correlations

306  between induced HIOs treated with L. reuteri 6475 vs their media controls compared to those treated with
307 L. reuteri 17938 vs their media controls were similar (p=0.09), although the mean correlation for induced
308  HIOs treated with L. reuteri 6475 vs their media controls was lower (Supplemental Figure 3A, B).

309  Together, these results further support that both L. reuteri strains had a significant effect on HIO gene
310  expression when the HIOs were induced and suggest that the L. reuteri strains similarly affected gene
311  expression.

312

313 L. reuteri strains 6475 and 17938 impact the expression of hormone, nutrient, mucus, metal/stress
314  response, and immune-related genes in native and/or enteroendocrine-enriched HIOs.

315  We next sought to determine the genes impacted by L. reuteri strains 6475 and 17938 in the induced and
316  uninduced NGN3 HIOs. We identified differentially expressed genes (DEGs) between these two strains
317  and across the induction state of the HIOs. Specifically, we compared the effect of L. reuteri 6475 in the
318  uninduced and induced states compared to their media controls and L. reuteri 17938 in the induced state
319  to its media control. We find a similar number of genes impacted by L. reuteri 6475 in induced and

320  uninduced HIOs, but fewer DEGs by L. reuteri 17938 in induced HIOs (Table 2, Supplemental Table
321  2). While at first glance, this may suggest L. reuteri 6475 affects HIO differently than 17938, only 12
322  genes were differentially expressed between L. reuteri 6475 and 17938 in induced HIOs (Table 2;

323 Supplemental Figure 3C). On investigating the gene expression data, we observed that L. reuteri 17938
324 largely affects gene expression in the same direction as 6475, but that the fold change in gene expression
325  for 17938 failed to pass our significance thresholds. These results reinforce the results of our correlation
326  analysis (Supplemental Figure 3) suggesting that though L. reuteri 6475 had a more potent effect on
327  transcriptional change in our induced HIOs in this experimental setup, the two strains had largely similar
328  effects on gene transcription.

329
Comparison Up-regulated | Down-regulated
U6475-ULDM4 359 148
16475-ILDM4 307 189
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117938-ILDM4 66 33

16475-117938 1 >l
332 Table 2: Summary of genes differentially regulated between L. reuteri strains 6475 and 17938 in
333  induced and uninduced HIOs. Groups are labeled as “U” for uninduced, “I” for induced, “6475” for
334  treatment with L. reuteri 6475 conditioned medium, 17938 for treatment with L. reuteri 17938

335  conditioned medium, and “LDM4” for treatment with bacterial growth medium.

336

337  To determine how these transcriptional changes might functionally affect the HIOs, we looked for

338  functional enrichments in the DEGs. Using the PANTHER classification system*” and the Reactome

339  annotated pathways**, we identified enriched functional annotations within the sets of DEGs. Broadly
340  across all datasets, the L. reuteri DEGs were enriched in functions regarding response to the environment.
341 These functions included those for nutrient, stress, metal, and immune response, cell fate/growth,

342  membrane components, and signal transduction (Figure 1C & Supplemental Table 3). As anticipated,
343 the induced HIOs treated with either L. reuteri strain were also enriched in genes for hormone secretion
344  (Figure 1C & Supplemental Table 3). The induced cells treated with L. reuteri 6475 were additionally
345  enriched for genes relating to mucus.

346

347  To further investigate and understand the DEGs and their regulation, we annotated these genes within the
348  functional groups and looked for similar expression patterns and functions (Supplemental Table 3). We
349  were able to group the genes into 8 groups using Kmeans clustering (Supplemental Figure 4). These
350  clusters represent genes with similar transcriptional responses to induction and the presence of L. reuteri
351  and therefore may share similar regulatory mechanisms. For instance, genes within a cluster may share a
352  transcription factor or be localized within the same cell type. As cell types within the small intestine have
353  partially non-overlapping functions’®, this scenario would promote clusters being enriched in one or two
354  closely related functions.

355

356 Indeed, we observed this to be the case (Table 3): clusters were either enriched in one or two related

357  functions or were not enriched in any function. Clusters 1 and 5 were enriched in genes involved in

358  hormone secretion; cluster 2 in cell adhesion; cluster 3 in stress/immune response; cluster 6 in nutrient
359  response; and clusters 7 and 8 in mucus genes. Therefore, the clusters generated by our heatmap are

360  consistent with gene clusters of related functionalities, perhaps from genes expressed in the same or

361  similar cell type.

362

Cluster | US475- | 16475- |117938- | 16475- |ILDM4-|  Cell | (e | Hormone | | Nutrient | o tress!
ULMD4|ILDM4 [ ILDM4 | U6475 |ULDM4| adhesion secretion response response

|- + + + 0454 0793 0.004%| NA|  0542| 0.001% 1

o - - - + + 0.064*| 0879 0879 0231 0542 0542|0454
3|+ + + + + NA|  o0s2|  o04sa| wNa 082| 0879| 0.021%

) - NA|  0.106 NA|  NA|  osa2| 0399  0.655

s| o+ + + - - NA| o0s42| oo64r|  NA| 0283 NA| 0454

6| - - - NA| 0454  0769| NA| 0.037 NA| 0399

7 - - - - 0231| o04sa4| 0879|0064+ | 0879| 0542|0542

8 - NA| 0283 0769 0.086* NA| 0772|0399

363  Table 3: Functional enrichments within clusters of similarly expressed DEGs. Clusters are listed as in
364  Supplemental Figure 4. Columns U6475-ULDM4 through ILDM4-ULDM4 summarize whether genes
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365  within that cluster are predominantly up (+) or down (-) regulated for the given comparison. FDR

366  corrected significance values for functional groups: *, q<0.1, **, q<0.01, *** q<0.001.

367

368 L. reuteri impacts on immune and stress response

369  To see if our data are consistent with known functions of L. reuteri on the intestinal epithelium, we first
370  investigated the immune and stress response DEGs. We observed many immune-related genes were

371  downregulated and a few metal and stress response genes were upregulated by L. reuteri 6475

372  (Supplemental Figure SA). Tumor necrosis factor (TNF), which L. reuteri 6475 has been previously
373  observed to downregulate'” and suppress’, was not expressed in our HIOs; however, TNFSF15, which is
374  induced by TNF and activates NF-kappaB’’, was decreased in induced HIOs treated with L. reuteri 6475.
375  Consistent with L. reuteri 6475 mediated suppression of NF-kappaB and inflammatory responses'’,

376  several chemokines were downregulated by L. reuteri 6475: 1L-8 (CXCL8), CCL2 (MCP-1), CXCL2,
377  CX3CL1, and CXCL3. Secreted MCP-1, we observe, was also repressed by both L. reuteri strains only
378  oninduced NGN3-HIOs (Supplemental Figure 5B), suggesting a role of enteroendocrine cells in

379  downregulating inflammatory responses. TLR4 which senses stimuli and upregulates inflammatory

380  responses'” was also downregulated by L. reuteri 6475. L. reuteri 6475 additionally upregulated

381 interleukin 18 binding protein (IL18BP), which is an inhibitor of the proinflammatory IL-18'"'. Defensin-
382 6, interferon epsilon, several metallothionein genes, and aquaporin-1 and -7, which respond to

383  environment changes, were upregulated by L. reuteri 6475. These data are consistent with reports of L.
384  reuteri 6475 having anti-inflammatory, immune modulatory, and stress response effects on the gut

385  epithelium. L. reuteri 17938 had a less pronounced effect on immune and stress response genes. None of
386  the chemokine or aquaporin genes were significantly impacted and only about half of the metallothioneins
387  were differentially regulated in response to L. reuteri 17938. As mentioned previously, these results

388  largely appear to be the result of L. reuteri 17938 impacting gene expression in the same direction but not
389  the same magnitude as 6475 in our experiment.

390

391 L. reuteri affects the transcription and secretion of enteroendocrine cell hormones

392  We next focused on clusters 1 and 5 for their enrichment of hormone genes (Figure 2). Cluster 1 appears
393  as we would expect for canonical gut hormones derived from enteroendocrine cells: the genes in cluster 1
394  increased in expression with NGN3 induction. These genes included those for the hormones

395  angiotensinogen (AGT), cholecystokinin (CCK), gastrin (GAST), ghrelin (GHRL and GHRLOS), gastric
396 inhibitory polypeptide aka glucose dependent insulinotropic polypeptide (GIP), motilin (MLN),

397  neuropeptide W (NPW), neuropeptide Y (NPY), and somatostatin (SST). With the exception AGT, all
398  genes were significantly upregulated by L. reuteri 6475. Only GHRL and GHRLOS were significantly
399  upregulated by L. reuteri 17938.

400

401  To determine if some of these gene expression differences might lead to differences in hormone secretion,
402  we tested the organoid supernatant that had been collected following the application of L. reuteri 6475
403  and 17938 conditioned media to uninduced and induced NGN3-HIOs. The harvested supernatants coming
404  off the organoids were run on a Luminex panel consisting of metabolic-related hormones (see Methods)
405  (Figure 3A). From this panel, we were able to obtain measurable values of amylin, C-peptide, ghrelin,
406  GIP (total), pancreatic polypeptide (PP), and peptide YY (PYY) (Figure 3B-G). For amylin and PYY,
407  both L. reuteri strains significantly increased secretion of these hormones from induced NGN3-HIOs
408  (Figure 3B, G). The secretion of GIP was enhanced significantly (at p<0.05) by L. reuteri 17938 and C-
409  peptide secretion was significantly promoted by L. reuteri 6475; although for both hormones, the other L.
410  reuteri strain promoted secretion at p<0.1 (Figure 3C, E). PYY, who secretion was promoted, was not
411  transcriptionally upregulated by either L. reuteri strain. PP (PPY), amylin (I4PP), and insulin (INS) gene
412 counts were below the limit of detection in the RNA-Seq data.

413

414  Interestingly, no genes related to serotonin-metabolism or transporters (TPHI, TPH2, DDC, SLC18A1,
415  SERT) were altered by either L. reuteri strain. Nevertheless, we observed that L. reuteri 6475 and 17938
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416  promote serotonin secretion (Figure 3H). Collectively, these data indicate that L. reuteri regulates

417  numerous gut hormones; however, L. reuteri may upregulate either or both the expression and secretion
418  of intestinal hormones.

419

420 L. reuteri affects the transcription and secretion of enterocytic hormones

421  While the genes in cluster 1 were upregulated by NGN3 induction, those in cluster 5 were downregulated
422 by NGN3 induction (Figure 2). The genes downregulated were for hormones vasopressin (AVP), adipolin
423  (C1QTNF12), luteinizing hormone subunit B (LHB), neurotensin (NTS), and oxytocin (OXT).

424 Neuregulin-4 (NRG4) and tachykinin-3 (TAC3) were unaffected by induction. All these hormone genes
425  were significantly upregulated by L. reuteri 6475, while only LHB and OXT were significantly

426  upregulated by L. reuteri 17938. Interestingly among these hormones, only neurotensin is well

427  established to be produced by the gut epithelium. In mice, neurotensin is observed within villus proximal
428  enteroendocrine L-cells '**!'*® and is thought to be produced in L cells only after they have migrated away
429  from crypts and are exposed to increasing levels of BMP4 signaling'®.

430

431  Recently we reported that oxytocin is produced by enterocytes in the small intestinal epithelium and its
432 secretion is promoted by L. reuteri>>. To determine if any of these hormones are also produced by

433  enterocytes, we analyzed the adult jejunum single-cell RNA-Seq (scRNA-Seq) data within the Gut Cell
434 Atlas'®. While chromogranin A (CHGA) transcription clustered with enteroendocrine cells, transcription
435  of AVP, LHB, and CIQTNF12 (adipolin) clustered similarly to that for sucrose isomatase (S7), a marker
436  of enterocytes (Figure 4A-F). Furthermore, we were able to confirm that C/QTNF12 (adipolin) is

437  produced in enterocytes in the human jejunum (Figure 4G).

438

439  Next we checked if L. reuteri is able to induce the secretion of any of these hormones from whole

440  intestinal tissue as it does for oxytocin®. L. reuteri was able to induce the release of vasopressin and LHB
441  but not adipolin from the human jejunum (Figure 4H-J). Given that AVP and LHB transcription are

442  enriched in epithelial cells in adult gut tissue'™ (p = 4.1e-3 for AVP in epithelium across the entire adult
443  intestine, p = 0 for just jejunum; p = 1.0e-5 for LHB in epithelium across the entire adult intestine, p =
444  0.014 for just jejunum, hypergeometric distribution), the released vasopressin and LHB may originate
445  from the epithelium rather than other regions of the intestinal tissue.

446

447  1Inlooking at the functions of the hormones in cluster 5, these hormones have roles in sexual function and
448  behavior, whereas those in cluster 1 have functions mostly in feeding behavior and cardiovascular

449  function. We also noticed that kisspeptin (KISS1), a hormone characterized in the brain with roles in

450  gonad development'®, though not differentially regulated by L. reuteri, was expressed in the NGN3-HIOs
451  and downregulated by induction. Like the other hormones in cluster 5, KISS1 appears to be produced in
452  enterocytes (Supplemental Figure 6A). We looked to see if L. reuteri could induce its secretion and
453  found no evidence of L. reuteri mediates release of KISS1 (Supplemental Figure 6B).

454

455  Discussion

456 L. reuteri has been characterized as a beneficial microbe capable of affecting multiple aspects of host
457  physiology within and beyond the gut. These effects are likely to involve host-microbe interactions that
458  initiate at the intestinal epithelial layer. To begin to understand those interactions, here we used an

459  organoid model enhanced in its number of enteroendocrine cells to specifically study interactions between
460 L. reuteri and intestinal hormones. While, microbes have been identified that promote the release or

461  expression of hormones or neuropeptides including GLP-1'%"1% PYY!0"1% ‘serotonin'*®'%12,

462  testosterone’®, and oxytocin®, our study here focused on the effect of a single microbe on intestinal

463  hormones using a human intestinal organoid model system. Our results indicate that multiple intestinal
464  hormones are regulated by L. reuteri (Table 4); and moreover, these data point towards there being novel
465  hormones derived from enterocytes in the gut. Specifically, while luteinizing hormone subunit beta was
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466  previously observed in the stomach and duodenum'", kisspeptin, adipolin, and vasopressin have not been
467  described as intestinal epithelial hormones.
468
469
Proposed or
established
hormone cell
Hormone type Expression Secretion
Amylin Enteroendocrine ND + (this work)
C-peptide Enteroendocrine ND + (this work)
CCK Enteroendocrine | + (this work) ND
Gastrin Enteroendocrine | * (this work) ND
. + (this work) NS (this
Ghrelin Enteroendocrine work)
GIP Enteroendocrine | + (this work) | + (this work)
Luteinizing + (this work) + (this
hormone, beta Enterocyte work)*
subunit
Motilin Enteroendocrine | + (this work) ND
Neurotensin Enteroendocrine | * (this work) ND
NPW Enteroendocrine | + (this work) ND
NPY Enteroendocrine | + (this work) ND
Oxytocin Enterocyte + (this work) 433
. NS (this :
J’_
PYY Enteroendocrine work) (this work)
. Enteroendocrine NS (this 433
Secretin work)
. NS (this :
: +
Serotonin Enteroendocrine work) (this work)
Somatostatin | Enteroendocrine | * (this work) ND
+ (this work) + (this
Vasopressin Enterocyte work)*
470  Table 4: Summary of L. reuteri's effects on gut hormones

471  +,upregulated; -, downregulated; ND, not determined; NS, not significant; *not confirmed if secretion

472  occurs from epithelial cells

473

474  While we found several well-known intestinal hormones are not regulated by L. reuteri (including GLP-1
475  and pancreatic peptide (PP), we observed that L. reuteri largely transcriptionally upregulates gut

476  hormones. We also found that a smaller set of gut hormones is secreted by L. reuteri. This study was
477  particularly focused on the effect of L. reuteri on hormones of the small intestine, where we postulate L.
478  reuteri may act therapeutically in humans. Hence, these data broadly suggest that L. reuteri can

479  potentially act beneficially via regulation of intestinal hormones. Moreover, our study considered not just
480  asingle probiotic strain of L. reuteri but two different commercially used strains. Interestingly, our study

481  failed to observe major differences between the two strains: L. reuteri 17938 appeared to transcriptionally
482  affect HIOs enriched in enteroendocrine cells very similarly to L. reuteri 6475, albeit with a lower
483  magnitude. Furthermore, the select hormones whose secretion we tested were similarly induced by both
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484  strains. An unknown experimental condition could be responsible for L. reuteri 17938’s lower effect on
485  the HIO transcripts.

486

487  Recently, several new enteric hormones have been described. In addition to the discovery of oxytocin in
488  the intestinal epithelium, famsin''*, GDF15'", and cholesin''® have been discovered. A survey of these
489  peptide hormones in the Gut Cell Atlas'® suggests that, in addition to the previously described FGF19,
490  guanylin, and uroguanylin®', these hormones are made in enterocytes rather than enteroendocrine cells.
491  The recognition that enterocytes can produce hormones has opened questions regarding the production of
492  these hormones. Enteroendocrine cell-derived hormones are produced from prohormones that are cleaved
493 to the active hormone by prohormone convertases some of which are exclusively produced in

494  enteroendocrine cells''” and are subsequently secreted from vesicles stored in axon-like structures within
495  the cell''® on stimulation. Hence, are these enterocytic hormones only processed by convertases that are
496  made in enterocytes? Are the hormones stored in vesicles like in enteroendocrine cells? And how and to
497  where are these vesicles released?

498

499  The function of these novel enterocytic hormones is additionally waiting to be determined. Interestingly,
500  non-intestinal sources of oxytocin, vasopressin, kisspeptin, and luteinizing hormone have roles in

501  regulating sexual function, and several also function in regulating eating or digestion. Famsin'',

502  GDF15"%, and cholesin''® have been characterized with roles related to metabolism and energy

503  regulation. Given the known links between metabolic state and sexual function''?, potentially then,

504  intestinal sources of oxytocin, vasopressin, kisspeptin, and luteinizing hormone serve to link metabolic
505  state to sexual function.

506

507  We also observed that adipolin is produced in the small intestinal epithelial layer. Adipolin has been

508  observed as present in the small intestinal epithelium presented by the Human Protein Atlas

509  (https://www.proteinatlas.org/ENSG00000184163-C1QTNF12/tissue/small+intestine)'?’. In adipose

510 tissue, adipolin was characterized as an adipokine that improves glucose tolerance and insulin response
511  and reduces macrophages and proinflammatory immune responses®. In the intestine, it may have similar
512 immune and metabolic functions.

513

514  Previously we determined that the hormone secretin is involved in L. reuteri’s release of oxytocin®.

515  However, what L. reuteri makes to promote secretin’s release is currently unknown. Presently, a variety
516  of different microbial metabolites or structures have been shown to promote the release of or are

517  associated with the release of intestinal hormones. These include short chain fatty acids'?''*, branched
518  and aromatic amino acids'>, indoles'**, secondary bile acids'*’, and microvesicles''>. Whether any of
519  these molecules or others produced by L. reuteri are involved in the hormones affected here remains to be
520  determined.

521

522 A few limitations of our study design should be mentioned. First, the media conditions of the organoids
523  have been observed to reduce inflammatory responses'*’. Second, the organoids only represent the

524  epithelial layer so interactions between L. reuteri and the host that depend on immune cells, enteric

525  neurons, or products of the lamina propria or circulation cannot be captured by this assay. Third, the assay
526  was performed using cell-free supernatants with a three-hour exposure. Hence, host responses that require
527  intact structural components of L. reuteri or a different length of exposure are also not represented in this
528  assay. Fourth, the secretion assays were not designed to capture whether L. reuteri suppresses the

529  secretion of hormones, and similarly the transcriptomic data only considers L. reuteri’s effect relative to
530  bacterial growth media. Further follow-up studies will be needed to determine if L. reuteri is able to

531  promote secretion of these hormones under more physiologically relevant conditions.
532
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In conclusion, this work demonstrates that L. reuteri regulates several canonical and novel hormones of
the intestinal epithelial layer. These results open exciting investigations regarding how L. reuteri may
influence a wide range of aspects of systemic physiology.
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Figure 1. Induced and uninduced NGN3-HIOs differentially respond to L. reuteri treatment. A) Overview
of RNA-Seq experiment. First, L. reuteri conditioned media was prepared by growing L. reuteri 6475 and
17938 in LDM4 to mid-log phase. The bacterial cells were spun out, the resulting conditioned media
brought to neutral pH, and then filtered through a 0.22 um filter. The conditioned media were then
lyophilized and resuspended in HIO differentiation media. These treatments were then placed into
uninduced or induced NGN3-HIOs in transwells for three hours. Third, the organoid cells were harvested,
and isolated RNA was sent for RNA-Seq. Created with BioRender.com. B) Principal coordinate analysis
of transcriptomic data from NGN3-HIOs induced or not induced and treated with L. reuteri 6475, 17938,
or LDM4 media control. Ellipses for illustration purposes are modeled from the data following a t-
distribution. C) Enriched functional categories of differentially expressed genes in L. reuteri treatments
over media alone. U6475 is L. reuteri 6475 vs media control in uninduced NGN3-HIOs. 16475 is L.
reuteri 6475 vs media control in induced NGN3-HIOs. 117938 is L. reuteri 17938 vs media control in
induced NGN3-HIOs. Some functional groups are listed as belonging to two categories (see Supplemental
Table 3 for further details).
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Enterocyte markers
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Supplemental Figure S1. Expression levels of enterocyte cell markers (ALPI, APOA1, APOA4, FABPI,
CREB3L3, LCT, MTTP, LPARI, MAF, HNF4G, RXRA, ZBTB7B) in uninduced and induced NGN3-HIOs.
Libraries are labeled “U” for uninduced, “I” for induced” and “A” and “B” for the first and second
batches of NGN3-HIOs. Expression levels shown are counts per million GeTMM transformed read
counts. Significance of expression levels between the uninduced and induced libraries was calculated
using a two-sample, two-sided, Mann-Whitney test. *, p<0.05, **, p<0.005, ***, p<0.0005.
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Supplemental Figure 2

Enteroendocrine markers
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Supplemental Figure S2. Expression levels of enteroendocrine cell precursor markers (NVEUROGS3,
NEURODI1, SOX4) and cell markers (CHGA, CHGB, PYY, TPHI, SCT, GPBARI, GPT119, CCK,
LRR(C26) in uninduced and induced NGN3-HIOs. Libraries are labeled “U” for uninduced, “I” for
induced” and “A” and “B” for the first and second batches of NGN3-HIOs. Expression levels shown are
counts per million GeTMM transformed read counts. Significance of expression levels between the
uninduced and induced libraries was calculated using a two-sample, two-sided, Mann-Whitney test. *,
p<0.05, **, p<0.005, *** p<0.0005.
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Supplemental Figure S3. Similarity and differences among NGN3-HIO transcriptomes. A) Boxplots of
Pearson correlation values within and between transcriptomes. B) Correlogram of mean differences
(circle size) and adjusted p-values (circle fill) between comparisons shown in A. Samples are listed,
whereby “U” refers to uninduced NGN3-HIOs, “T” for induced NGN3-HIOs, “LDM4” for media only
treatment, “6475” for L. reuteri 6475 treatment, “17938” for L. reuteri 17938 treatment, “A” or “B” refers
to the biological replicate, and “1”, “2”, or “3” refers to the technical replicate within each biological
replicate. C) Genes differentially regulated between L. reuteri 6475 and 17938 on induced NGN3-HIOs.
The graph shows the log, fold change expression of the gene for the indicated comparison. The bars are
colored using the logjo scaled mean GeTMM counts to illustrate how abundantly expressed the gene is.
Transparent overlays are used on genes not differentially expressed for the given comparison.
Comparisons shown: U6475-ULDM4, L. reuteri 6475 on uninduced HIOs compared to LDM4 media
control; 16475-1ILDM4, L. reuteri 6475 on induced HIOs compared to LDM4 media control; 117938-
ILDM4, L. reuteri 17938 on induced HIOs compared to LDM4 media control; 16475-117938 L. reuteri
6475 compared to L. reuteri 17938 on induced HIOs; ILDM4-ULDM4, LDM4 media control on induced
versus uninduced HIOs; 16475-U6475, L. reuteri 6475 on induced versus uninduced HIOs. For each,
positive fold changes indicate genes upregulated by the condition listed first.


https://doi.org/10.1101/2024.08.30.610555
http://creativecommons.org/licenses/by/4.0/

55
56

57
58
59
60
61
62
63
64
65

bioRxiv preprint doi: https://doi.org/10.1101/2024.08.30.610555; this version posted August 31, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY 4.0 International license.

Supplemental Figure 4
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Supplemental Figure S4. Cluster analysis of DEGs belonging to functionally enriched groups. The
heatmap shows gene expression values as rlog counts that were scaled and centered. Samples (the
columns) along the bottom of the heatmap are labeled as “U” for uninduced NGN3-HIOs, “I” for induced
NGN3-HIOs, “LDM4” for media only treatment, “6475” for L. reuteri 6475 treatment, “17938” for L.
reuteri 17938 treatment, “A” or “B” for the biological replicate, and “1”, “2”, or “3” for the technical
replicate within each biological replicate. Samples are annotated above the heatmap as shown in the
legend. Genes (rows) were arranged by K-means clustering and annotated into groups as shown in the
legend. For each sample comparison (e.g. U6475-ULDM4), if the gene was down or upregulated (e.g.
higher in U6475 than ULDM4), a color is given as shown in the legend.
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Supplemental Figure S5. L. reuteri regulates immune, metal, and stress response. A) Immune, metal,
and stress genes differentially regulated by L. reuteri. The genes are annotated with their function,
whether they are secreted, a receptor, or intercellular, and what cluster they belong to relative to
Supplemental Figure S4. The graph shows the log, fold change expression of the gene for the indicated
comparison. The bars are colored using the logio scaled mean GeTMM counts to illustrate how
abundantly expressed the gene is. Transparent overlays are used on genes not differentially expressed for
the given comparison. Comparisons shown: U6475-ULDM4, L. reuteri 6475 on uninduced HIOs


https://doi.org/10.1101/2024.08.30.610555
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.08.30.610555; this version posted August 31, 2024. The copyright holder for this preprint

(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made

74
75
76
77
78
79
80
81

available under aCC-BY 4.0 International license.

compared to LDM4 media control; 16475-1LDM4, L. reuteri 6475 on induced HIOs compared to LDM4
media control; [17938-ILDM4, L. reuteri 17938 on induced HIOs compared to LDM4 media control;
16475-117938 L. reuteri 6475 compared to L. reuteri 17938 on induced HIOs; ILDM4-ULDM4, LDM4
media control on induced versus uninduced HIOs; 16475-U6475, L. reuteri 6475 on induced versus
uninduced HIOs. For each, positive fold changes indicate genes upregulated by the condition listed first.
B) MCP-1 protein levels measured by Luminex on uninduced (U) or induced (I) HIOs treated with L.
reuteri 6475 or 17938.
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Figure 2: Hormone genes differentially expressed by L. reuteri. DEGs annotated as having hormonal
function are shown. The genes are annotated with their function, whether they are secreted, a receptor, or
intercellular, and what cluster they belong to as in Supplemental Figure S4. The graph shows the log, fold
change expression of the gene for the indicated comparison. The bars are colored using the logo scaled
mean GeTMM counts to illustrate how abundantly expressed the gene is. Transparent overlays are used
on genes not differentially expressed for the given comparison. Comparisons shown: U6475-ULDM4, L.
reuteri 6475 on uninduced HIOs compared to LDM4 media control; 16475-1LDM4, L. reuteri 6475 on
induced HIOs compared to LDM4 media control; 117938-1LDM4, L. reuteri 17938 on induced HIOs
compared to LDM4 media control; 16475-117938 L. reuteri 6475 compared to L. reuteri 17938 on
induced HIOs; ILDM4-ULDM4, LDM4 media control on induced versus uninduced HIOs; 16475-U6475,
L. reuteri 6475 on induced versus uninduced HIOs. For each, positive fold changes indicate genes
upregulated by the condition listed first.
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97  Figure 3. L. reuteri promotes the secretion of known enteroendocrine-derived intestinal hormones. A) 1)
98  In order to measure the release of intestinal hormones from human intestinal organoids (HIO), L. reuteri
99  conditioned media is generated from mid-log phase cultures of L. reuteri. These cultures are pH
100  neutralized and rendered cell-free. 2) L. reuteri conditioned media is then placed onto NGN3-HIOs plated
101  on transwells that are differentiated but not induced for NGN3 or induced for NGN3. 3) Following an
102 incubation on the HIOs, the supernatant is collected and secreted hormones are measured by ELISA or
103 Luminex assay. Created with BioRender.com. Secreted amylin (B), C-peptide (C), ghrelin (D), GIP (E),
104 PP (F), and PYY (G) measured from uninduced and induced NGN3-HIOs in response to L. reuteri 6475
105  or 17983 conditioned media. Hormones in B-G were measured on the apical side only of the transwell. In
106  B-G, batches A and B from the RNASeq experiment were pooled so each point on the plot is the result
107  from two organoid batches pooled together. H) Serotonin released from the apical or basolateral side (as
108  indicated) from uninduced and induced NGN3-HIOs in response to L. reuteri 6475 or 17983 conditioned
109  media. In H, shape denotes independent batches of organoids. Only p-values <0.1 are shown with p<0.05
110  being considered significant. Significance was determined with a Dunnett’s Test.
111
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113 Figure 4: L. reuteri promotes the secretion of enterocytic hormones. A) Gut Cell Atlas annotated UMAP
114 of the adult jejunum (adapted from Danhof et al 2023), highlighting the enteroendocrine marker CHGA
115  (B), the enterocyte marker ST (C), vasopressin (4VP, D), luteinizing hormone subunit beta (LHB, E), and
116  adipolin (CIQTNF12, F). G) Adipolin visualized in human jejunal tissue. Scale bar represents 50 pm.
117  Secretion of H) vasopressin and I luteinizing hormone subunit beta and J) the lack of secretion of
118  adipolin from whole human jejunal tissue using the method shown in Figure 3A except with ex vivo
119  human jejunal intestinal tissue. Shape represents unique human intestinal donors. Significance was

120  determined using a linear mixed model with p <0.05 considered as significant.
121
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Supplemental Figure 6
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123 Supplemental Figure S6: KISS1 may be produced in the intestinal epithelium. A) UMAP of KISS1

124 using the Gut Cell Atlas adult jejunum data. B) Lack of secretion of kisspeptin in response to bacterial
125  media control (LDM4) and L. reuteri 6475 conditioned media from ex vivo human jejunal intestinal

126  tissue. Shape represents unique human intestinal donors. Significance was determined using a linear

127  mixed model with p<0.05 considered as significant.

128

129

130  Supplemental Tables available in Excel document

131

132 Supplemental Table 1: Sequencing reads per library. Number of sequencing reads for each sample after
133 filtering and aligning to the reference human genome (see Methods).

134

135  Supplemental Table 2: Genes differentially regulated between L. reuteri strains 6475 and 17938 in

136  induced and uninduced HIEs. Libraries are labeled “U” for uninduced, “I”” for induced” and “A” and “B”
137  for the first and second batches of organoids. For each comparison column, e.g. U6475-ULDM, “0”

138  means no difference, “-1”” means ULDM has higher expression values than U6475, “1” means U6475 has
139  higher expression values than ULDM. Expression levels shown are computed using the rlog. Output from
140  DESeq2 (base mean (average of count values post normalization for size factors), log2 fold change, log2
141  fold change standard error, test statistic from a Wald test, p-value, and adjusted p-value using the

142  Benjamini-Hochberg procedure) for each comparison are given.

143

144 Supplemental Table 3: Enriched functional groups in L. reuteri over media alone DEGs. Annotations
145  were taken from the indicated annotation group as annotated by the PANTHER classification system and
146  Reactome annotated pathways. Groupings were manually assigned with the intention of generalizing the
147  types of functional groups among the data. Enriched refers to whether the functional group is enriched in
148  the set of DEGs or depleted. DEG Up-regulated (+) or Down-regulated (-) displays if the genes within the
149  functional group were up or down-regulated by the respective L. reuteri strain compared to the media
150  alone control.

151

152 Supplemental Table 4: Functional DEGs in L. reuteri over media alone annotations. DEGs belonging to
153  afunctional group are annotated at three levels, upper, middle, and final, with increasing levels of

154 resolution. As well, the DEGs are classified by a subtype giving information about their cellular location.
155  DEG up- or downregulation information, gene information, and output from DESeq?2 are given as in

156  Supplemental Table 2. GeTMM transformed read counts are given as well.

157
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