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Abstract

The gut microbiome participates in numerous physiologic functions and communicates intimately
with the host immune system. Antimicrobial peptides are critical components of intestinal innate
immunity. We report a prominent role for antimicrobials secreted by pancreatic acinari in shaping
the gut microbiome that is essential for intestinal innate immunity, barrier function, and survival.
Deletion of the CaZ* channel Orail in pancreatic acini of adult mice resulted in 60-70% mortality
within three weeks. Despite robust activation of the intestinal innate immune response, mice
lacking acinar Orail exhibited intestinal bacterial outgrowth and dysbiosis, ultimately causing
systemic translocation, inflammation, and death. While digestive enzyme supplementation was
ineffective, treatments constraining bacterial outgrowth (purified liquid diet, broad-spectrum
antibiotics), rescued survival, feeding, and weight gain. Pancreatic levels of cathelicidin-related
antimicrobial peptide (CRAMP) were reduced, and supplement of synthetic CRAMP prevented
intestinal disease. These findings reveal a critical role for antimicrobial pancreatic secretion in gut
innate immunity.
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While gut innate immunity is thought to be primarily maintained by intestinal epithelial cells,
Ahuja et al. show that secretion of antimicrobials from pancreatic acinar cells regulates gut
microbiota composition and innate immunity. Blocking acinar cell exocytosis in mice leads to gut
dysbiosis, inflammation, systemic bacterial translocation and ultimately death.
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Introduction

The intestinal microbiome plays important roles in multiple physiological processes
(Albenberg and Wu, 2014); dysbiosis is associated with infection and chronic inflammatory
disorders (Salzman and Bevins, 2013). The intestine secretes antimicrobials; these directly
shape the microbiome (Hooper, 2015) and recruit immune cells to further control the
microbiota (Biragyn et al., 2002). Paneth and other intestinal cells secrete most antibacterial
peptides (Clevers and Bevins, 2013), but other organs also secrete antibacterials into the
intestine. Prominent among them is the pancreas, which in humans secretes 1-1.5 liters/day
of juice into the intestine (Lee et al., 2012). The importance and role of pancreatic secretion
in gut microbiota homeostasis is unknown.

The exocrine pancreas secretes digestive enzymes by exocytosis (Messenger et al., 2014).
The pancreas also secretes antimicrobial proteins that consist about 10% of the proteins in
the pancreatic juice (Medveczky et al., 2009). Exocytosis is stimulated primarily by
receptor-evoked cytoplasmic Ca?* ([Ca2*])) increase. The Ca?* signal entails repeated cycles
of Ca?* release from the ER followed by activation of store operated Ca2* influx channels
(SOCs) and pump-mediated Ca2* extrusion to generate [Ca2*], oscillations (Cao et al.,
2015). SOCs-mediated Ca2* influx sustains the Ca2* oscillations by refilling the ER. The
primary components of the SOCs are the ER Ca2* sensor STIM1 and the pore forming
Orail (Hogan, 2015). Orail inhibitors are suggested as a promising approach to treat
pancreatitis (Wen et al., 2015), a disease with no available treatment. However, considering
the role of Orail in all Ca2*-dependent cell functions, (Lacruz and Feske, 2015), such
inhibition may be unsafe.
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While evaluating the role of Orail in acinar cell function and survival, we discovered a
prominent role of Orail and acinar cell exocytosis in shaping the microbiome that is
essential for gut innate immunity. Deletion of Orail in pancreatic acinar cells of adult mice
maintained on solid diet resulted in high mortality as a result of severe intestinal bacterial
outgrowth with dysbiosis. Remarkably, death occurred in spite of an intact and fully
activated intestinal innate immune response. Gut dysbiosis and survival was due to absent
antimicrobial secretion by acinar cells and could be reversed by supplementing the gut with
CRAMP peptide, and other measures that prevented bacterial overgrowth.

Deletion of pancreatic acinar cells Orail results in death

The exocrine pancreas secretes digestive enzymes and a host of bacteriostatic peptides into
the pancreatic juice that flows into the upper intestine. The role of pancreatic secretion in
controlling the gut microbiota and barrier function has not been examined. Since pancreatic
secretion is mediated by changes in [Ca2*]; we addressed this question by generating a
mouse model with targeted and inducible deletion of the store-operated Ca2* channel (SOC)
Orail. Supplementary figure la—b(Figure Sla, b) shows the strategy for generating the
Orail™f mice. Tamoxifen inducible Cre (CreER) controlled by the Elastase promoter was
used to specifically delete Orail in pancreatic acinar cells (Ji et al., 2008). Figures S1c—g
show specific deletion of Orail in pancreatic acini, while expression in multiple other
tissues, the pancreatic duct, and blood vessels remains unaltered. Deletion of Orail did not
affect polarity of the acinar structure, as indicated by normal expression of ZO1, IP3
receptors (Figure S1h—k) and actin at the terminal web and granules at the apical pole
stained with Rab27 and amylase (Figure S2).

Figure 1a shows that deletion of Orail in pancreatic acini of adult mice resulted in the death
of 65% of mice on standard solid diet (SD) within three weeks. The mortality was
unexpected since it was not seen in mice with embryonic T-cell Orail deletion (Hogan et al.,
2010), mice with germline deletion of Orail by gene trap (Davis et al., 2015), or mice with
conventional germline deletion of Orail (Gwack et al., 2008) that are partially rescued by
outbreeding and delayed weaning. To test if deletion of Orail resulted in death from
pancreatic insufficiency, digestive enzyme supplements were given in solid food or drinking
water. Neither rescued the mice (Fig. 1b).

Necropsy of mice with Orail™" in pancreatic acini (henceforth referred to as Orail™~ mice)
and their Orai1f/ littermates revealed that Orai1~'~ mice on SD were lean with reduced
ingesta and had a high prevalence of gastrointestinal inflammation and systemic bacterial
infection (supplementary table 1). We hypothesized that the Orail™~ mice might be dying
from gastrointestinal inflammation. Since human patients with gastrointestinal inflammation
are treated with liquid diet (Sarbagili-Shabat et al., 2015), we maintained the Orail™~ mice
on a purified liquid diet (PLD). PLD had identical caloric, protein, lipid, carbohydrate, and
fiber content to the standard SD but was derived from different dietary sources, including
differences in the concentrations of specific amino acids (i.e. glutamate), carbohydrates (i.e.
disaccharides), fatty acids (i.e. saturated, monounsaturated), and micronutrients (i.e. iron).
Figure 1a shows that PLD completely rescued the Orail~~ mice. Rescue by PLD further
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supports the notion that impaired digestive enzyme secretion is not the cause of Orail™~
mouse death.

The lack of ingesta and visceral fat suggested that the Orail™~ mice do not eat normally, so
their dietary intake was monitored. Application of Tamoxifen by gavage reduced eating by
Orai1f/fl and Orai1~~ mice (Figures 1c and 1d) for 2-3 days, but Orai1~/~ mice on SD
continued to consume less food (Figure 1c). This was not due to inhibition of feeding
control: levels of the satiety hormones PYY, Leptin, Insulin, and Glucagon were all
significantly reduced in Orail™~ mice (Figure S3), indicating hunger. While pancreatic
damage may have contributed to insulin and glucagon reduction, it would not have affected
PYY and leptin levels. In addition, Orai1l™~ mice on PLD resumed food consumption
similar to Orailf/fl mice with a one-day delay (Figure 1d). We followed the body weight of
eight surviving Orai1™~ mice on SD for 18 weeks. Figure 1e shows that these mice had very
modest and slow weight gain. By contrast, Orai1l™~ mice on PLD gained weight normally
for the first 7 weeks, and then showed a significant but modest reduction (Figure 1f).

Deletion of Orail inhibits Ca2* signaling, protein synthesis and exocytosis

Rescue of the Orail™~ mice by PLD allowed us to determine the roles of Orail in Ca?*
signaling, digestive enzyme synthesis and exocytosis. Figures 2a—f show that deletion of
Orail reduced Ca2" release by about 50% and Ca?* influx by about 80%. The reduction of
Ca?* release was due to reduced ER Ca2* content, as evident from the reduced Ca?* release
by the SERCA inhibitor cyclopiazonic acid (CPA). Further, Figures 2d, e, g show that
deletion of Orail reduced the frequency of Ca%* oscillations evoked by 2 pM CCK.

Figure S2a shows that secretory granules remained clustered at the apical pole of Orail™~
acinar cells. Measuring enzyme activity to obtain quantitative evaluation of digestive
enzyme levels shows no marked difference in the level of the granule markers VAMPS8 and
Syntaxin 3 (Figure 2f), and Figure S2 shows similar staining of the granule marker Rab27 in
Orai1ffl and Orai1~~ acinar cells, suggesting that deletion of Orail does not reduce the
number of granules. However, lipase (Figure 2i), amylase (Figure 2j), and trypsin (Figure
2k) showed >50% reduction in hydrolytic activity. Moreover, the initial burst and sustained
exocytosis were reduced by 80% in the Orail™~ mice tested 10-112 days after deletion of
Orail (Figure 2l). Hence, after accounting for the reduced total activity, exocytosis by the
Orail™~ pancreas is reduced by close to 90%. Fecal chymotrypsin level is a measure of
pancreatic insufficiency /n vivo (Lerch et al., 2010), was markedly reduced in feces of
Orail™~ mice maintained on either SD or PLD.

Deletion of Orail causes modest pancreatic damage

Although acinar polarity and tight junctions were not affected by deletion of Orail (Figures
S1, S2), permeability of acinar tight junctions was damaged as indicated by mislocalization
of the tight junction Na* channel claudin-2 (Weber et al., 2015). Figures S4a—c show that
Claudin-2 was absent from 60% of Orai1 ™~ acini, and that expression was diffuse when
present. As a control, Claudin-2 expression in the Orail™~ pancreatic duct was normal. Yet,
analysis of edema spaces by H&E staining (Kim et al., 2009) (Figure S4d), staining for fat
deposits and collagen (Lerch and Gorelick, 2013) (Figures S4d, and S4e) and measurement
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of serum amylase (Figure S4g) and serum lipase (Figure S4h) revealed only modest
pancreatic damage. Pancreatic damage can cause local and systemic inflammation (Lerch
and Gorelick, 2013). We found mild leukocyte infiltration, predominantly of neutrophils, in
the pancreas of Orail™~ mice on SD (Figure S4i). Pancreatic MPO was also elevated
(Figure 3a), in accordance with neutrophilic infiltration. By contrast, multiple serum
inflammatory mediators were elevated in Orail™~ mice on SD, but not Orai1™~ mice on
PLD (Figures 3b—g). This was out of proportion to the mild pancreatic damage seen in
Orail™~ mice.

Deletion of Orail causes intestinal bacterial overgrowth and systemic infection

The gastrointestinal inflammation and bacterial infection noted in the pathological analysis
led us to measure the intestinal bacterial burden in Orail™~ mice.16S rRNA sequencing in
Figure 4a showed increased cecal bacterial load in Orai1™~ mice on SD. Further, Figures
4b—d and S5a show abundant colonization of the duodenum, jejunum and the colonic
mucosa of Orai1 ™'~ mice on SD, but not on PLD, with both gram negative and positive
bacteria. These bacteria were adherent to the mucosa, which was washed of non-adherent
bacteria prior to fixation. Finally, scoring of duodena histological images (Figure 4e—g)
revealed intestinal inflammation in the Orail™~ mice on SD that was significantly reduced
in mice fed PLD (Figure 4h). Notably, intestinal permeability was markedly increased in the
Orail™~ mice (Figure 4l), and the spleen, liver and the pancreas were infected with bacteria
(Figure 4i-k), demonstrating bacterial translocation from the gut.

To investigate the protective mechanism of feeding Orail~~ mice PLD, we measured the
levels of fecal short chain free fatty acids (SCFAs). SCFAs are anti-inflammatory
metabolites produced by gut bacteria, that also promote epithelial integrity (Thorburn et al.,
2014). Figure 3h—k shows that Orai1f/fl mice on PLD had increased concentrations of the
SCFAs fecal acetate, propionate, and butyrate. Orail™~ mice on PLD showed a similar
trend, although it did reach statistical significance. Increased intestinal SCFAs in mice
maintained on PLD may therefore partly explain the rescue of Orail™~ mice by PLD. Of
note, Orai1™~ mice on SD had high concentrations of all fecal SCFAs (Figure 3h—k).
However, this is likely because these mice had bacterial overgrowth, which itself increases
SCFA (Ou et al., 2013) and is a confounding factor not seen in the other groups.

Gut innate immunity is intact in Orail™~ mice

Intestinal bacterial outgrowth raised the question of whether intestinal innate immunity is
functional in Orai1~'~ mice. Paneth cells are the primary secretors of intestinal antibacterials
(Clevers and Bevins, 2013). Other intestinal epithelial cells secrete lectins like Reglll-y,
which promote the spatial segregation of microbiota and host cell surface in the intestine
(\Vaishnava et al., 2011). Figure 5a shows normal distribution and appearance of Paneth cells
in the Orai1f/f intestine. Interestingly, deletion of Orail causes Paneth cell hyperplasia that
is more prominent in mice on SD (Figure 5a—c, e—g). In addition, the granules in Paneth
cells of Orail™'~ mice appear larger than the granules in Paneth cells of Orai1f/fl mice, with
most dramatic size differences in mice maintained on SD (insets in Figure 5a—c). Similar
Paneth cell hyperplasia is observed in colitis (Puiman et al., 2011). Paneth cells store and
secrete the bacterial lytic lysozyme that has a prominent role in intestinal innate immunity
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(Hooper, 2015). Figures 5e-h show higher number of Paneth cells with lysozyme and higher
level of lysozyme in Paneth cells from Orai1 ™~ mice. Staining for Regllly reveals much
higher levels in the intestines of Orai1 ™~ mice on SD (Figure 5i-l). Intestinal defensins and
lectins recruit and activate immune cells like CD3+ T cells and 1gA-producing B cells. The
number of CD3+ cells is higher in the intestine of Orai1™~ mice fed SD (Figure 5m-p), as is
the amount of intestinal IgA (Figure 5g-t). Bacterial burden (Figure 4b), Regllly and 1gA
levels (Figure 5) in the intestine of Orail™~ mice on PLD are significantly lower than that in
Orai1ff mice on SD. This may relate to differences in nutrient/fiber source that are known
to affect intestinal immunity and microbiota (Ooi et al., 2014). Finally, the antibacterial
activity of duodenal secretion is unaffected by deletion of pancreatic Orail, indicating that
Paneth cell antimicrobial peptides remain functional (Figure 5u). Together, the results in
Figure 5 show that the intestinal epithelial innate immune response is intact and potently
activated in Orail™~ mice on SD.

A contributor to increased bacterial burden can be slow food transit time in the GI (Tursi,
2001). This was not the case with the Orai1 ™~ mice. Transit time of solid food was only
slightly slower in mice maintained on SD (Figure S5b). Interestingly, transit time of liquid
food was faster in Orai1 ™~ mice maintained on SD (Figure S5c), perhaps reflecting
inflammation-related hypermotility, a phenomenon observed in patients with gastrointestinal
infection (Navaneethan and Giannella, 2011).

Markedly impaired pancreatic antimicrobial activity is responsible for death in Orail™~

mice

We hypothesized that the pancreatic antimicrobials are the missing component that is needed
to control the microbiome. If so, then pancreas with Orail~~ acini should have reduced
antibacterial secretion. The cathelicidin-related peptide CRAMP is a major antimicrobial
secreted by the pancreas. Figure 6a shows that total level of CRAMP is highly reduced in
Orail™~ pancreatic acini. To evaluate antimicrobial secretion, isolated pancreatic acini were
stimulated for 30 min with 100 pM CCK. The secreted exudates were collected,
concentrated and tested for their effect on E. coli growth. Figure 6¢ shows that exudate
secreted by Orai1f/fl pancreatic acini dose-dependently inhibited bacterial growth. By
contrast, exudate secreted by Orail™~ pancreatic acini of mice maintained on SD or PLD
failed to prevent bacterial growth.

Interestingly, food consumption (Figure S5f) and survival (Figure 6e) of Orail™~ mice on
SD were rescued by treating the mice with broad-spectrum antibiotics prior to deletion of
Orail to eradicate the gut bacteria (Figure 6d). To provide direct and strong evidence that the
lack of antibacterials is the cause of the inflammation and death, we tested the effect of
providing the gut with CRAMP peptide LL-37 that retains full antibacterial activity
(Xhindoli et al., 2016). Most notably, Figure 6f shows that gavage with CRAMP LL-37, but
not of scrambled 37-residue peptide, was sufficient to rescue the Orail™~ mice on SD. As a
final test, we performed microbiome transfer by gavaging Orai1/fl and Orai1 ™~ mice on
PLD with cecal bacteria from Orai1 ™~ mice on SD. Figure 6g shows that transplant of cecal
bacteria from Orail~~ mice on SD to Orai1~/~ mice on PLD resulted in death. As controls,
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survival was intact in Orai1~'~ mice on PLD transplanted with cecal material from Orai1fl/fl
mice and Orailf/fl mice transplanted with cecal material from Orai1 ™~ mice on SD.

Lack of pancreatic antimicrobials disrupts the gut microbiome homeostasis

The results in Figure 6 indicate that reduced antibacterial activity indeed caused intestinal
bacterial overgrowth, and that bacterial outgrowth is the cause of death in Orail™~ mice on
SD. We therefore compared the microbiome in Orail™/fl mice with Orai1~~ mice
maintained on SD and PLD. We performed principal coordinate analysis (PCoA) based on
unifrac phylogenetic distances, to probe the degree of similarity between the four different
groups of intestinal microbiota. As seen in Figure 7a, the microbiome of Orail™~ mice
maintained on SD was significantly different from those of the other groups. This is evident
as a significant shift along principal component 2. Remarkably, PLD shifts the microbiota of
Orail™~ mice towards that of Orail”f mice. The effect of diet and genotype on unifrac
distances is statistically significant for both diet and genotype alone, as well as the
interaction between the two (p < 0.05 for all cases).

We next compared the 5 most abundant phyla in each group of mice to probe for shifts in
composition that might explain the differences between the microbiota of Orail™~ mice
maintained on SD and the other groups (Figure 7b). Strikingly, the Orail™~ mice maintained
on SD had a 2-fold higher abundance of proteobacteria than all other groups examined
(p<2e-16, Fisher’s exact t-test). Proteobacteria are considered pathogenic species that
promote intestinal inflammation (Shin et al., 2015), indicating profound dysbiosis in the
Orail™~ mice maintained on SD. In order to identify the specific bacterial operational
taxonomical units (OTUs) contributing to the shifting microbial pattern, we performed
differential expression analysis. The results in Figure 7c indicate profound differences
between the Orai1~/~ and Orai1f/f mice, with enrichment in the Orai1 ™~ samples for
inflammation-associated strains. We found 10 OTUs with significantly (FDR-corrected
p<0.05) higher expression in the Orail™~ mice maintained on SD, and 8 OTUs with
significantly higher expression in the Orai1f/fl mice. Several inflammation-associated
strains, including Succinivibrionaceae species, Enterobacter species, and Prevotella species
(Loh and Blaut, 2012), were increased in Orail™~ mice (Figure 7d—f). Maintaining mice on
a PLD shifted abundance of OTUs towards levels seen in Orai1f/fl mice. Taken together,
these results lead us to conclude that acute pancreatic deletion of Orail~~ causes pathologic
alterations in microbiome composition and diversity that drive intestinal inflammation and
ultimately lead to bacterial translocation, systemic inflammation, and death.

Discussion

The central findings of the present work are that pancreatic acinar cell secretion plays a
crucial role in controlling the microbiome and gut innate immunity, and that disrupting this
pancreatic function leads to gut inflammation and death. The general belief is that gut innate
immunity is maitained primarily by intestinal cells, in particular Paneth cells, which secrete
antimicrobials with the capacity to recruit and activate immune cells. However,
compromised intestinal cell immunity does not appear to be a major contributor to the
altered microbiome of Orail™~ mice, which exhibited Paneth cell hyperplasia, secretion of
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intestinal-derived antimicrobials, and activation of intestinal immune cells (Figure 5).
Instead, pancreatic synthesis and secretion of antimicrobials was markedly inhibited (Figure
6).

Pancreatic secretion maintains mucosal barrier integrity through maintenance of intestinal
integrity and control of the microbiome. Pancreatic antibacterial secretion controls bacterial
outgrowth, favors beneficial species, and limits pathogenic species (Figures 7). Bacterial
overgrowth and dysbiosis led to intestinal inflammation, which likely resulted in systemic
infection. Pancreatic secretion also maintains barrier integrity: increased intestinal
permeability is observed in acute pancreatitis and other pancreatic diseases (Leal-Lopes et
al., 2015). This may underlie the increased intestinal permeability in Orail™~ mice.
However, increased intestinal permeability is not sufficient to cause systemic inflammation
and death, as the Orai1™~ mice on liquid diet did not develop these manifestations unless
they were transplanted with pathogenic microbiota (Figures 6, 7). Future studies using
proteomic analysis combined with targeted deletion of specific pancreatic antimicrobials
may identify the key effectors of pancreatic-mediated intestinal immunity.

Pancreatic secretion is largely [Ca%*]mediated, and Ca2* influx through Orail is central to
receptor-evoked Ca2* signaling (Figure 2). Deletion of Orail markedly reduced Ca%* influx,
frequency of Ca2* oscillations, and digestive enzyme exocytosis. Reduction in digestive
enzyme content was unexpected (Figure 2i—k, m), as secretory granules appeared normal
(Figures 2h and S2b). This may be the result of reduced ER Ca2* content in Orail™" cells
(Figure 2), since ER Ca?* is required for protein synthesis (Sans et al., 2002). However,
reduced digestive enzymes did not cause death in Orail™~ mice maintained on solid diet,
since the mice were rescued by purified nonelemental liquid diet, by antibiotic sterilization,
and by CRAMP gavage (Figure 6e, f), but not by digestive enzyme supplementation (Figure
1a, b).

The human pancreas secretes 1-1.5 liters/day of juice into the intestine that contains
antimicrobials and digestive enzymes. However, digestive enzymes do not have antibacterial
activity (Rubinstein et al., 1985) and digestive enzyme supplementation could not rescue the
mice (Fig. 1b). Because deletion of Orail inhibits synthesis and secretion of antimicrobials
(Figure 6a—c), our findings also indicate that pancreatic antibacterial secretion is stimulated
by GPCR-evoked Ca?* signaling that requires Orail-mediated Ca2* influx. Moreover, the
present findings emphasize the importance of diet in modulating the microbiome. Effects of
diet on the microbiome is well established and liquid diets are used as first-line therapy in
Crohn’s disease (Day and Burgess, 2013). The advantages of the liquid diet are reduced
allergenic load, anti-inflammatory action, and restoration of intestinal barrier (Ruemmele et
al., 2014). We confirmed these findings by showing that liquid diet increases the fecal levels
of SCFAs that are associated with reduced inflammation. The present findings suggest that
an additional major benefit of the liquid diet is prevention of bacterial outgrowth and
dysbiosis, which may enhance mucosal defense and therefore ameliorate the disease.
Because liquid and solid diets are derived from different sources, they contain different
concentrations of specific nutrients and micronutrients. This could underlie the alterations in
SCFA content and contribute to to the rescue of Orail™~ mice by liquid diet.
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Orail function is essential for development and function of T cells and has a key role in
immunity and inflammation (Shaw et al., 2013). Patients with ORAI1 mutations have a high
rate of gastrointestinal infection and diarrhea, which may in part reflect decreased
production of pancreatic antimicrobials (McCarl et al., 2009). Although fatal spontaneous
colitis has not been described in mice with germline deletion of Orail, these mice have
deleterious phenotypes with high perinatal lethality requiring specialized housing
conditions, which could mask the development of gastrointestinal morbidity (Gwack et al.,
2008; Vig et al., 2008). Inhibitors of Orail are being developed to control several Ca2*-
dependent diseases and inflammatory diseases, including several forms of acute pancreatitis
(Wen et al., 2015). Our findings call for caution in the use of such inhibitors. In the case of
acute pancreatitis, partial protection is achieved by inhibition of TRPC3, another receptor-
activated Ca2* influx channel (Hong et al., 2011; Kim et al., 2009). A more suitable
approach may be the combined use of partial inhibition of Orail and of TRPC channels to
treat inflammatory diseases, while maintaining the patient on liquid diet and monitoring for
acute intestinal inflammation.

Our findings should have implications for exocrine pancreas-associated diseases. They
suggest that pancreatic diseases associated with damage to acinar cells may be associated
with dysbiosis of the intestinal microbiome. Indeed, high intestinal bacterial burden has been
reported in cystic fibrosis patients with pancreatic insufficiency (Fridge et al., 2007) and in
patients with severe acute pancreatitis (Tan et al., 2015). Our findings may also be relevant
to patients undergoing pancreatectomy. Up to 80% of patients who undergo total
pancreatectomy experience profound malnutrition, diarrhea, and steatorrhea (Shahbazov et
al., 2016), which is not significantly affected by pancreatic enzyme replacement. Indeed,
many patients many require specific enteral diets (Zakaria et al., 2016). The etiology of these
symptoms in pancreatectomy patients is unclear; the present findings suggest that these
features may be driven by intestinal dysbiosis secondary to absent antimicrobials.

The role of Orail and more broadly of pancreatic secretion in maintaining the microbiome
may open novel avenues for the therapeutic development. Patients with pancreatitis can
develop severe infection-related morbidity (Zerem, 2014); mortality often correlates with
severity of pancreatitis, although the mechanism has been as yet unclear. Bacterial
translocation secondary to intestinal inflammation may represent an important aspect of
pancreatitis-related morbidity and should be explored further. Indeed, the use of
antimicrobial peptides to alter intestinal microbiome composition may represent a novel
therapeutic route for pancreatic disease-related morbidity and mortality.

Orail knockout mice

Orailff mice (see extended methods) were bred with Tamoxifen inducible elastase
promoter driven Cre transgenic mice (Ji et al., 2008). Orail/fl were bred with
Orai1f*/fl=/Cre and Orai1/fl/Cre and were used to generate mice with Orail deleted in
pancreatic acinar cells. Orailf/f littermates were used as WT controls. Orai1f/fl/Cre mice
were injected or gavaged with 5mg/40g BW Tamoxifen in sunflower oil for 5 consecutive
days. All the mice were on C57/BL6J background. Mice were always fed from the same
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batch of diet, and Orai1f/f mice were cohoused with Orail™~ mice and housed in the same
facility.

Liguid and Solid Diets

The mice were fed AIN-76 purified liquid diet (PLD) or the white round pelleted solid food
(SD) from Bioserv (SD: FO076, SD for pancreatic enzyme replacement: FO761, LPD:
F1268SP). Feeding started 48 hrs prior to induction of Cre and continued until mouse
euthanasia or spontaneous death. LPD suspended in water was administered in graduated
glass tubes in steel holders. SD was administered in graduated glass tubes and holders from
Bioserv. Graduated glass tubes were used to calculate food intake.

Treatment with CRAMP and scrambled peptides

For CRAMP peptide LL-37 and the scrambled peptide (Sun et al., 2015) gavage, Orail ™~
mice on SD were gavaged with 100ug in 200ul of PBS, 6 days before start of TX, 4 hours
prior to the first two TX applications, on days 6, 7, 13 and 14 after start of TX. The mice
were euthanized at day 21 and cecal contents were collected.

Cecal gavage

Orail™~ mice fed CLD were treated with Neomycin (1g/L), Valinomycin (0.5g/L) and
Primaxin (0.5g/L) in drinking water for 2 weeks. Cecal contents from donor mice were
collected aseptically and diluted in 100pl of sterile PBS and kept at at —80°C. Thawed
samples were diluted 1:50 in sterile PBS and 150 pl were inoculate to Orail™~ mice on PLD
by gavage (Ellekilde et al., 2014).

Pancreatic and intestinal antibacterial secretion

Disperesed pancreatric acini were stimulated with 100pM CCK for 30 min at 37°C. The
supernatants were collected by centrifugation at 1000xg for 5 min, supplemented with
protease inhibitors cocktail tablet (Roche) and concentrated to 100 pl using 4K filters from
Millipore. Finely minced duodena in solution A were stimulated with 100uM carbachol for
45 min at 37°C. The supernatants were collected and concentrated as above. Anti-bacterial
activity was evaluated against £. co/i DH10B (Life Technologies) grown in LB broth to OD
0.2-0.3.

SCFA analysis

Fecal pellets were homogenized in 400 uL 30 mM HClI, isotopically-labeled acetate (0.125
mM), butyrate (0.125mM), and hexanoate (0.0125mM). 250 uL of Methy!l tert-butyl ether
(MTBE) was added, and the mixture was vortexed twice for 10 sec. Samples were
centrifuged for 1 min and MTBE was transfered to auto-sampler vials. 10 ul of MTBE from
each sample were pooled for quality control. Calibration standards were prepared along with
the samples. GC-MS analysis was performed on an Agilent 69890N GC-5973 MS detector
with the parameters given in extended methods. Data were processed using Mass Hunter
Quantitative analysis version B.07.00. SCFAs were normalized to the nearest isotope labeled
internal standard and quantitated using 2 replicated injections of 5 standards with accuracy
better than 80% for each standard.
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Analysis of cecal microbiome

Cecal contents were collected aseptically 5 days after the last TX gavage, before death of
mice on SD. The Gl tract was isolated by grabbing the colon with forceps, pulling out the Gl
tract, cutting and laying it on a surgical table lined with clean towels. The fecal material in
the cecum was squeezed into a 2mL cryovial, snap frozen in liquid N5, and stored at —80°C.
DNA was extracted from thawed samples with QiaAMP Fast DNA Stool Mini kit (Qiagen)
to analyze bacterial load and for microbiome analysis at UC Davis Host-Microbe Systems
Biology Core by 16S gene variable regions. Sequences were processed by QIIME analysis
pipeline for taxonomic classification and alpha and beta diversity.

Phylogenetic analyses of sequencing data

Read count data were exported as BIOM tables and analyzed and visualized using the
‘phyloseq’ package (version 1.14) distributed as part of the Bioconductor (version 2.30)
(Huber et al., 2015) repository for the R statistical programming language (R version 3.2.2).
Of the 33 samples sequenced, four were identified to be outliers based on the ROBPCA
algorithm (Hubert et al., 2005) and were excluded from further analysis. For principal
coordinates analysis, a minimum read count of 10 was applied before coordinate
transformations, and statistical significance was calculated using adonis function in the
‘vegan‘ package (version 2.4-1). Top OTU abundances were computed as the sum of read
counts across replicate animal samples in each condition.

Differential expression analysis of OTUs

After application of a filtering step, the raw counts were prepared for differential expression
testing. The count data were analyzed for differential expression due to genotype in the SD
condition using the DESeq?2 package (version 1.12.4) (Love et al., 2014) where statistical
significance was calculated based on the Wald test using the Benjamini-Hochberg correction
for multiple comparisons.

Detailed methods for all procedures are described in the supplementary information

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights
Orail controls pancreatic acinar cell antimicrobial secretion
Deletion of acinar Orail in adult mice results in intestinal dysbiosis
Dysbiosis causes systemic bacteremia and death

Pancreatic antibacterial secretion is vital for the gut innate immunity
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Figure 1. Deletion of pancreatic acinar cells Orail results in death
In all experiments, the number of mice in each experiment and condition are given in

brackets and p values are listed next to the points.
(a) Mice carrying the pancreatic Cre, Orai1f/fl and Orai1~~ mice were maintained on solid
or liquid diets and survival determined. TX, tamoxifen
(b) Orai1 ™'~ mice maintained on solid (SD) or liquid (LD) diets were supplemented with
digestive enzymes in the SD (red) or drinking water (purple).
(c) Consumption of solid food by Orai1f/fl and Orai1~~ mice.
(d) Consumption of liquid food by Orai1f/fl and Orai1~~ mice. * denotes p<0.05 or better.
(e) Body weight of Orai1/fl and of surviving Orai1 ™'~ mice maintained on solid diet.

(f) Body weight of Orai1/fl and Orai1~~ mice maintained on liquid diet. * denotes p<0.05
or better.
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Figure 2. Effect of deletion of Orail on ca* signaling, enzymes content and exocytosis
All experiments are with Orai1f/fl mice maintained on solid diet (controls) and Orail~~

mice maintained on liquid diet for 10 days after last gavage with Tamoxifen,
(a) Ca?* signaling evoked by carbachol stimulation in Orai1f/fl (black trace)

except in (m).
and Orail™~

(red trace) acinar cells in Ca2* containing medium. Where indicated the cells were exposed

to 0 and 5 mM external Ca2* to assay Ca2* influx.

(b, ¢) Acinar cells in Ca2*-free solution were stimulated with 100 pM carbachol (b) or 25
UM CPA (c) to assay Ca2* release from stores and then exposed to 5 mM external Ca2* to

determine store-operated Ca2* influx. Traces in (a—c) are means.e.m of the
obtained from 4 mice of each line. Each acinus comprised of 5-10 cells.

number of acini

(d, e) Orai1f/fl (d) and Orai1~~ acinar cells (e) were stimulated with 2 pM CCK8 to evaluate

receptor-stimulated Ca2* oscillations.

(f) Summary of Ca?* release and influx. Here and in (g, i, k) the p values are listed in the

columns.

(9) Summary of Ca2* oscillation frequency recorded in 64 Orailf/fl and 80 Orai1~~ acinar

cells.

(h) Protein levels of the granule markers syntaxin 3 and VAMPS, and of actin. The columns

show the average staining intensity relative to actin and is plotted as mean+s

.em.

(i—k) Activity of total lipase (i, 6 mice), amylase (j, 9 mice) and trypsin (k, 3 mice) in

Orai1f (black) and Orail™~ acinar cells (red).
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(I) Time course of exocytosis stimulated by 100 pM CCKS8 in acini obtained from age-
matched Orailf/fl and Orai1l ™~ mice 10 (blue, circles), 30 (red, triangles) and 112 (green,
squares) days after deletion of Orail.

(m) Chymotrypsin in feces of Orail™/fl mice (black) and Orai1 ™~ mice maintained on solid
(red) and liquid diets (blue) for 10 days after final Tamoxifen gavage.
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Figure 3. Inflammatory mediators and inflammatory in orai1ff and Orai1 ™~ mice the
pancreas

(a) MPO was measured in extracts prepared from the pancreas of Orailf/fl (black) and
Orai1 ™~ mice (red).

(b—-g) Serum from Orai1f/fl (black), Orai1~'~ mice maintained on solid (red) and liquid diets
(blue) was used to measure MPO (b), TNFa (c), IL2 (d), IL4 (e), IL6 (f), and IL12 (g). The
number of mice is indicated in the column and the p values relative to the level in Orai1f/fl
are listed above the columns.

(h—k) Fecal SCFAs were analyzed in Orai1f/fl maintained on solid (black) or liquid diet
(green) and Orail™~ mice maintained on liquid diet. Shown are the total level of SCFAs (h)
and the levels of acetate (i), propionate (j) and butyrate (k).
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Figure 4. Bacterial burden and intestinal inflammation in Orai1l™" mice
(a) Cecal bacterial 16S rRNA was measured in Orai1/fl mice and Orail ™~ mice maintained

on liquid (LD) or solid diets (SD).

(b—d) Duodenal (b), Jejunal (c) and colonic (d) sections obtained from Orail™~ mice
maintained on liquid (upper images) or solid diets (lower images) were stained for adherent
gram negative (blue) and positive (red) bacteria. Averages are given in Figure Sba.

(e=h) Example images of H&E stained duodenal section from Orai1f/fl () and Orai1 -
mice maintained on LD (f) or SD diets (g). Inflammatory foci are marked by black arrows
and collapsed villi are marked with turquoise arrows. (h) Shows the summary of
inflammatory score for the three conditions.

(i—k) Bacterial infection of the spleen (i), liver (j) and pancreas (k).

(1) Intestinal permeability of the indicated mice.
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Figure 5. Analysis of intestinal innate immunity in orailffl and Orai1™~ mice
(a—d) Phloxine B/tartrazine staining of intestinal sections obtained from Orai1f/fl (a) and

Orail™~ mice maintained on liquid (b) or solid diet (c). (d) Shows the average number of
Paneth cells/field analyzed in the indicated number of fields obtained from 3 mice in each
line.

(e-h) Intestinal sections from 3 Orai1f/fl 3 Orai1~~ mice on liquid diet and 4 Orail™~ mice
on solid diet were stained for lysozyme (green) and counterstained for DAPI (blug). (h)
Shows the average lysozyme fluorescence in the indicated number of fields.

(i-l) Intestinal section from the indicated mice as in (e-h) were stained for Regllly (green)
and counterstained for DAPI (blue). () Shows the average Regllly fluorescence.

(m-p) Intestinal section from the indicated mice as in (e-h) were stained for CD3 T cells
(green) and counterstained for DAPI (blue). (p) Shows the average number of T cells/field
analyzed in the indicated number of fields.

(g-t) Intestinal section from the indicated mice as in (e—h) were stained for IgA (green) and
counterstained for DAPI (blue). (t) Shows the average IgA fluorescence in the indicated
number of fields.

(u) Secreted duodenal antibacterial killing activity of Orai1f/fl (red) and Orai1~~ mice
maintained on liquid (green) or solid diet (blue). Results are meanzs.e.m of extracts
obtained from 3 mice in each line. Deletion of pancreatic acinar Orail did not inhibit
intestinal antibacterial secretion and killing.
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Figure 6. Pancreatic bacterial killing role in the gut microbiome
(a, b) Pancreatic extracts from Orai1f/fl and Orai1l~~ mice maintained on liquid or solid

diets were analyzed for total CRAMP. Shown are sample blots and the average from the
indicated number of mice is given in the columns.

(c) Secreted antibacterial killing activity by Orai1/fl and Orail ™~ acinar cells stimulated
with 100 pM CCKa8 is tested as inhibition of E. coli growth. The results are meants.e.m of
extracts obtained from 3 mice in each line.

(d) Cecal 16S rRNA extracted from the indicated number of mice that were treated with
CRAMP or scrambled peptides or antibiotics and maintained on LD or SD was measured by
gPCR. Results are expressed as means.e.m.

(e) Survival of mice untreated or treated with wide-spectrum antibiotics for one week before
and during the experiment provided in drinking water. TX, tamoxifen

(f) Survival of Orai1™~ SD mice after gavage at the time indicated by the blue arrows with
100 pg CRAMP peptide dissolved in 200 pl PBS. Control mice were gavaged with
scrambled peptide.

(g) Microbiome transplant was accomplished by gavaging Orai1f/fl (blue) and Orai1 ™~ mice
maintained on liquid diet (red) with cecal bacteria from Orai1 ™~ mice maintained on solid
diet. As an additional control, Orai1™~ mice maintained on liquid diet were gavaged with
cecal bacteria from Orai1/fl mice (green).
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Figure 7. Analysis of the microbiome in orai1ff and Orai1 ™~ mice
(a) PCoA analysis in Orai1f/fl mice maintained on solid diet (black), Orai1f/fl mice

maintained on liquid diet (green), Orail™~ mice maintained on solid diet (red) and Orail ™/~
mice maintained on liquid diet (blue). Increased distance between data points represents less
similarity between overall taxonomic profiles

(b) The 5 most abundant phyla from each group of mice are shown. Proteobacteria are
significantly enriched in the Orail~'~ mice on solid diet relative to the other groups.

(c) OTUs with differential expression between Orail ™~ mice and Orai1f/f mice are shown.
Asterisks denote OTUs with FDR-corrected p <0.05. Red denotes pathogenic strains.

(d-f) Differences in mean count for several pathogenic OTUs with FDR-corrected p<0.05
are shown between the four groups of mice.
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