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Summary: 15 

Recruitment of neutrophils into the gut epithelium is a cardinal feature of intestinal inflammation in 16 

response to enteric infections. Previous work using the model pathogen Salmonella Typhimurium (S. 17 

Tm) established that invasion of intestinal epithelial cells by S.Tm leads to recruitment of neutrophils 18 

into the gut lumen, where they can reduce pathogen loads transiently. Notably, a fraction of the pathogen 19 

population can survive this defense, re-grow to high density, and continue triggering enteropathy. 20 

However, the functions of intraluminal neutrophils in the defense against enteric pathogens and their 21 

effects on preventing or aggravating epithelial damage are still not fully understood. Here, we address 22 

this question via neutrophil depletion in different mouse models of Salmonella colitis, which differ in 23 

their degree of enteropathy. In an antibiotic pre-treated mouse model, neutrophil depletion by an anti-24 

Ly6G antibody exacerbated epithelial damage. This could be linked to compromised neutrophil-25 

mediated elimination and reduced physical blocking of the gut-luminal S.Tm population such that the 26 

pathogen density remained high near the epithelial surface throughout the infection. The removal of 27 

luminal S. Tm by gentamicin, an antibiotic restricted to the gut lumen, reversed the effect of neutrophil 28 

depletion on epithelial cell loss. Strikingly, when using germ-free mice and an S. Tm ssaV mutant 29 

capable of epithelium invasion, but attenuated for survival and growth within host tissues, neutrophil 30 

depletion caused exacerbated immune activation of the gut mucosa and a complete destruction of the 31 

epithelial barrier. Together, our data indicate that intraluminal neutrophils are central for maintaining 32 

epithelial barrier integrity during acute Salmonella-induced gut inflammation, by limiting the sustained 33 

pathogen assault on the epithelium in a critical window of the infection.  34 

 35 

Highlights: 36 

o After the first wave of mucosal invasion (day 1 p.i.), S. Tm maintains the assault from the lumen, 37 

triggering the continued expulsion of epithelial cells in antibiotic pre-treated mice.  38 

o Neutrophil recruitment into the gut lumen is essential to limit this continued Salmonella attack 39 

on the epithelium.  40 

o In antibiotic pre-treated SPF mice, neutrophil depletion exacerbates S. Tm invasion, causing 41 

excessive epithelial cell loss, which compromises epithelial barrier integrity at later time points 42 

(day 2-3 p.i.). 43 

o In germ-free mice, neutrophil depletion exacerbates epithelial responses and epithelial barrier 44 

destruction even more strongly than in streptomycin pre-treated SPF mice. 45 

o Gentamicin treatment and ssaV mutant infections indicate that neutrophils prevent epithelial 46 

damage by eliminating and physically blocking gut-luminal pathogens.  47 
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Introduction: 48 

Polymorphonuclear leukocytes (PMN), also called neutrophils, are the most abundant immune cell type 49 

in circulation and considered as an early line of defense against many infections, including those caused 50 

by enteropathogenic bacteria. Neutrophil recruitment into and across the gut epithelium is a hallmark of 51 

infectious (e.g., pathogen-induced) and non-infectious (e.g., inflammatory bowel disease) colitis [1-6]. 52 

They provide a powerful defense during enteric infections using a myriad of effector mechanisms (i.e., 53 

reactive oxygen/nitrate species (ROS/RNS), antimicrobial peptides (MPO/NE), and neutrophil 54 

extracellular traps (NETs) [7, 8]. While being indispensable in the defense against microbes, neutrophils 55 

are also often associated with tissue damage during gut inflammation [5]. Therefore, the degree of 56 

protective versus tissue damaging effects of neutrophils is highly context dependent and is not fully 57 

understood for all natural infections and infection models traditionally used in the field.  58 

Intestinal inflammation caused by enteric pathogens such as Non-typhoidal Salmonella enterica 59 

serovars (NTS), including serovar Typhimurium (S.Tm) has been extensively studied in recent years. 60 

Murine models of S.Tm gut inflammation such as the Streptomycin pre-treatment model provide an 61 

excellent basis to study the stages of gut inflammation during Salmonella infection [9, 10]. To elicit 62 

disease in streptomycin pre-treated mice, S.Tm invades intestinal epithelial cells using its type-three 63 

secretion systems (TTSS)-1 and -2 [2]. Invasion of the epithelial cells results in activation of the NLRC4 64 

inflammasome. This results in two major outcomes: i) expulsion of infected epithelial cells into the gut 65 

lumen and ii) recruitment of innate immune cells including neutrophils via secretion of IL-18 and other 66 

immune mediators (Müller et al., 2016; Sellin et al., 2014). Studies in this model suggest that neutrophils 67 

may have stage-specific functions during the acute infection. In the first 18h after an oral dose of S.Tm, 68 

neutrophils appear not to be involved in defense against Salmonella [11]. However, follow-up research 69 

using the same model showed that Gr-1+ cells (neutrophils and monocytes) impose a strong bottleneck, 70 

reducing the gut luminal S.Tm population to as little as 15’000 S.Tm cells by 48-72h p.i. [12]). 71 

Interestingly, the pathogen population can grow back by 96h p.i. (to approx. 109 CFU / g feces). 72 

However, it remains unclear if these high pathogen densities in the gut lumen may represent an important 73 

continued driver of enteropathy at that stage of the infection as well. Similarly, due to their stage-specific 74 

effects, it remains unclear whether the recruitment of neutrophils is beneficial or rather a detriment for 75 

gut mucosal integrity during acute Salmonella infection.  76 

Infected epithelial cells are expelled during enteric diseases to prevent the subsequent 77 

transmigration of the pathogens into the underlying tissue (lamina propria; LP) and the systemic organs 78 

[13-17]. Moreover, the expulsion may limit the amounts of inflammasome-dependent cytokines like IL-79 

18 which are released into the lamina propria. The resulting immune responses lead to temporary 80 

shortening of the intestinal crypts and require the rapid division of crypt stem cells to retain barrier 81 

integrity (crypt hyperplasia; [10, 15, 18]). A failure to replace the expelled epithelial cells, as reported 82 

in germ-free mice infected with wild type S. Tm [18], can lead to shortened crypt structures and can be 83 
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detrimental to epithelial barrier integrity. Similarly, excessive assault on epithelial cells and increased 84 

pathogen tissue loads due to the lack of one or more of the mucosal defenses can also drive pathological 85 

cell loss and destruction of the epithelium. This was shown in the examples of NAIP/NLRC4 or 86 

GSDMD (downstream of NLRC4 inflammasome; executer of pyroptotic cell death [19]) deficiency, 87 

where failure to initiate timely epithelial immune responses resulted in increased pathogen loads and 88 

disruption of the epithelium at later stages of the infection [20, 21]. These reports highlight the 89 

importance of a balanced and timely mucosal immune response to maintain epithelium integrity during 90 

enteric infections. However, as wild type S. Tm colonizes the gut lumen, the gut epithelium and the 91 

lamina propria, it remained unclear which of these pathogen populations would be targeted by the 92 

neutrophil defense and how this affects the epithelial barrier. We hypothesized that neutrophils might 93 

provide an additional layer of defense in the gut lumen and alleviating the burden on the gut epithelium 94 

during severe stages of acute Salmonella infection. 95 

Here we used a comprehensive approach to assess the function of intraluminal neutrophils 96 

during Salmonella-induced gut inflammation. Utilization of mouse models with varying severity of 97 

S.Tm-induced colitis allowed us to highlight the stages of gut inflammation where neutrophils exert a 98 

crucial epithelium-protective function in the infected gut. 99 

Results: 100 

Neutrophils slow down the progression of cecal tissue infection by day 3 of S.Tm infection  101 

We previously showed that Gr-1+ cells (neutrophils and monocytes) contribute to the control of 102 

the gut-luminal pathogen population in the streptomycin mouse model for acute Salmonella gut 103 

infection. This defence eliminates ≈99.999% of the gut luminal S.Tm population by day 2 p.i. [12]. 104 

Interestingly, the luminal pathogen population can grow back up to ≈109 CFU / g stool by days 3-4 p.i. 105 

However, it remained unclear whether the tissue-lodged or the re-growing luminal pathogen population 106 

contribute to the enteropathy at this “mature” stage of the infection. Similarly, the role of intraluminal 107 

vs tissue-lodged neutrophils during this stage of Salmonella gut infection was still an enigma. Here, we 108 

addressed these topics and specifically focused on the consequences of neutrophil depletion on the 109 

epithelial barrier, which has previously been shown to respond to S.Tm onslaught by a sensitive 110 

epithelial cell expulsion response [13, 15, 21, 22]. To explore this, we orally infected streptomycin 111 

pretreated C57BL/6 mice with 5x107 CFU of wild-type S.Tm (SL1344) for 3 days. To detect possible 112 

bottlenecks on the luminal pathogen population, we included seven wild-type isogenic tagged S. Tm 113 

strains in the inoculum (WITS; [23, 24]) at a ratio of 1:1000 (tagged: untagged). This ratio of tagged 114 

versus untagged wild-type strains will result in the random loss of abundance in one or more of the 115 

tagged strains if the gut-luminal S.Tm population undergoes a transient bottleneck. Importantly, the 116 

resulting unequal tag-distribution will be maintained within the luminal S.Tm population, even after the 117 

population has re-grown to carrying capacity at day 3 p.i.. Therefore, qPCR analysis of the tag 118 

abundances allows us to quantitatively assess gut luminal bottlenecks in the streptomycin pre-treatment 119 
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mouse model [12]. To assess the role of neutrophils specifically, we treated mice with a neutrophil-120 

depleting antibody directed against Ly6G (α-Ly6G; cl. 1A8; via intraperitoneal injection (I.P.); see 121 

details in Materials & Methods). This method reduces the number of neutrophils recruited to the gut 122 

tissue during Salmonella infection (Fig. 1A;  [11]). In control experiments, we infected the mice with 123 

the same protocol but treated them with PBS only. In line with our previous studies, neutrophil depletion 124 

did not change the pathogen densities in the feces or systemic nor did it cause a bottleneck on the gut 125 

luminal S.Tm population (both groups; evenness score: ~1) during the first stage of the acute disease 126 

(first 2 days p.i.; Fig. S1A-D; [12]). At a later stage (day 3 p.i.), on the contrary, 24 out of 77 WITS 127 

were lost in the control (evenness score: ~0.46; Fig. 1B-C), while neutrophil-depleted mice retained a 128 

much higher fraction of all tags (only 3 out of 49 WITS were lost with an evenness score: ~0.92; Fig. 129 

1B-C), confirming the role of neutrophils in this previously observed bottleneck effect. This was similar 130 

to our previous observations with the Gr-1-based depletion (anti-Gr-1 antibody; both monocytes and 131 

neutrophils depleted). Furthermore, the luminal pathogen densities in the cecal content were 132 

significantly higher in mice with neutrophil depletion compared to the control mice both at day 2 and at 133 

3 p.i. (Fig. S1E) as we also showed before [12]. In conclusion, these data reproduced the role of 134 

neutrophils in inflicting a transient bottleneck on the gut luminal S. Tm population and provided us with 135 

materials to assess the effects of the neutrophil depletion on the enteropathy, which had not been 136 

assessed in the earlier work. 137 

To assess the degree of enteropathy at later stages, we focused on the cecal tissue (main site of 138 

invasion in streptomycin pretreated model [10]). Strikingly, fluorescence microscopy of cecal tissue at 139 

day 2 p.i. revealed massive epithelial shedding in mice with neutrophil depletion, while the control mice 140 

showed only a few epithelial cell expulsion events. (Fig. 1D-E). The mice with neutrophil depletion had 141 

on average 5-fold more expelled cells in the cecum lumen and showed disrupted crypt structure, whereas 142 

the control mice featured the typical infection-associated crypt hyperplasia. (Fig. 1D-E). Of note, at this 143 

stage, epithelial cells often dislodged from the mucosa in the form of large cell aggregates, which is 144 

different from the typical NAIP/NLRC4-driven epithelial cell expulsion that we and others described 145 

before, where single infected cells are selectively extruded by their neighbours [13, 21, 22]. However, 146 

the underlying causes remained unclear. 147 

We reasoned that in the absence of neutrophils, epithelial cells might be subject to more S.Tm 148 

invasion events as the gut luminal pathogen loads remained higher than in the non-depleted controls 149 

during the bottleneck-phase of the infection (i.e. day 2 p.i.). This might result in higher net pathogen 150 

invasion into the gut tissue. To test this, we quantified the pathogen loads in the cecal tissue using the 151 

gentamicin protection assay. Indeed, the number of S.Tm per cecal tissue was elevated in neutrophil-152 

depleted mice in comparison to the control mice at day 3 p.i. (Fig. 1F). The elevated tissue invasion 153 

frequency was also reflected in spleen and liver (Fig. S1F). However, pathogen loads in the mLN did 154 

not differ significantly between the depleted mice and the controls (Fig. S1F). The reasons for this 155 

remain unclear, but this observation could be linked to the balance between pathogen migration into the 156 
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mLN, the pathogen growth in that organ and the antimicrobial defense mounted dynamically to control 157 

pathogen growth at that site [23]. Taken together, these observations suggest that in the absence of 158 

neutrophil defense, the gut mucosa experiences higher S.Tm loads at ~2-3 days of infection, coupled to 159 

excessive and uncontrolled shedding of intestinal epithelial cells into the lumen.  160 

 161 

Neutrophils provide a physical barrier against S.Tm invading from the gut lumen 162 

It was shown that following an acute Toxoplasma gondii gastrointestinal infection of mice, 163 

neutrophils can form intraluminal casts that contain commensal outgrowth and prevent spread of 164 

pathobionts to the systemic organs [25]. Besides, neutrophils have been shown to interact with luminal 165 

S.Tm closely during the early stages (at 20h p.i.) of our streptomycin mouse model [1]. Therefore, we 166 

speculated that neutrophils might not only be killing luminal pathogens, but also may form a physical 167 

barrier to reduce S.Tm access to the epithelial surface, thereby restricting further pathogen invasion 168 

events. Fluorescence microscopy of cecal tissue at day 1 and 3 p.i. revealed that intraluminal neutrophils 169 

and luminal S.Tm were in close contact in streptomycin pretreated mice (Fig. 2A). At day 1 p.i., 170 

neutrophils were present in the gut lumen in aggregates of various sizes (ca. 2 cells to 50 cells). We 171 

asked whether there was a correlation between the size of the neutrophil aggregates in the lumen and 172 

the number of S. Tm cells interacting with the epithelium at this time point (Fig. 2B). To quantify this, 173 

we calculated the median number of neutrophils per 63-X field of view and compared the number of 174 

S.Tm cells interacting with the epithelium in two scenarios, that is in fields of view with >15 neutrophils 175 

vs fields of view with ≤15 neutrophils. Strikingly, the number of S.Tm cells in close association with 176 

the epithelium was significantly higher in the scenario where there were only a few (≤15) neutrophils in 177 

the area in comparison to the scenario with >15 neutrophils (Fig. 2B). Of further note, we observed that 178 

the number of neutrophils in the gut lumen was significantly higher at day 3 p.i. compared to day 1 p.i. 179 

(Fig. 2C). At day 3 p.i., neutrophils assembled into dense structures in front of the epithelium 180 

reminiscent of the intraluminal casts reported in other contexts [25]. In accordance with this, the average 181 

numbers of epithelium-associated pathogen cells were significantly lower at day 3 p.i. compared to day 182 

1 p.i. (Fig. 2D). Altogether, our findings suggest that in response to S.Tm infection neutrophils are 183 

recruited to the gut lumen where they both kill S.Tm, resulting in a population bottleneck, and at the 184 

same time generate a physical barrier against Salmonella cells building up from day 1 p.i. onwards in 185 

the streptomycin pre-treated mouse model.  186 

Neutrophils release extracellular traps (NETs) into the gut lumen in response to acute 187 

Salmonella infection 188 

Next, we investigated the nature of the neutrophil barrier(s) against pathogen attack. Neutrophils 189 

are equipped with an arsenal of anti-microbial effector mechanisms including phagocytosis, release of 190 

reactive oxygen/ nitrogen species (ROS/RNS), granules filled with antimicrobial agents, and can in 191 

addition release neutrophil extracellular traps (NETs; [7, 8, 26]). NETs are networks of extracellular 192 
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host-DNA decorated with antimicrobial peptides. They are released in response to several stimuli and 193 

can kill or immobilize the pathogens in the extracellular space [27]. We speculated that the release of 194 

NETs into the gut lumen could provide one mechanism by which neutrophils limit further S.Tm invasion 195 

into the cecum epithelium. Since their discovery two decades ago [26] as a powerful and unorthodox 196 

immune defense mechanism, NETs have been implicated not only in the defense against many 197 

extracellular pathogens [27]), but also in tissue damage and autoinflammatory diseases [5, 28, 29]. We 198 

reasoned that NETs-entrapped S.Tm cells might not only be immobilized, but might also be efficiently 199 

removed with the fecal flow. NETs are generated during a programmed cell death known as ‘NETosis’, 200 

which is initiated by peptidyl arginine deiminase-4 (PAD4, aka Padi4), promoting the formation of 201 

citrullinated histone 3 (cit-His3). A previous study showed that PAD4 is necessary for an efficient 202 

neutrophil response to the enteric pathogen Citrobacter rodentium [30]. Therefore, cit-His3 can be used 203 

as a marker for NETs. Our microscopy analysis of intraluminal neutrophil aggregates at day 3 p.i. indeed 204 

revealed that parts of these aggregates contained DNA with citrullinated histones (Fig. 3A). 205 

Interestingly, these cit-His3+ regions showed an overlap with regions where S.Tm cells were densely 206 

localized in the lumen. These results suggest that intraluminal neutrophils can undergo NETosis during 207 

acute Salmonella infection to kill/immobilize the pathogen and reduce further attacks onto the 208 

epithelium. 209 

Next, we set out to test if NETosis could be blocked in the gut lumen of our mouse model. For 210 

this purpose, we used the PAD4 inhibitor, GSK484, shown to effectively reduce the formation of NETs 211 

by mouse and human neutrophils [31, 32]. Here we asked if PAD4 inhibition could prevent the observed 212 

bottleneck of the luminal S. Tm population (Fig. 1B-C). We infected mice as described in Fig. 1 using 213 

a mixture of untagged and tagged S. Tm (1:1000), treated them with the PAD4 inhibitor GSK484 (Fig. 214 

3B; see details in Materials & Methods), and compared the results to the control mice from Fig. 1. 215 

Inhibition of PAD4 did, however, only result in a weak non- significant trend in the size of the gut lumen 216 

bottleneck (Fig. 3B-D; evenness score: ~0.67 vs 0.46, p=0.44). Moreover, the pathogen densities in the 217 

feces and systemic organs did not change (Fig. S2A-B). Microscopy images of the infected cecum 218 

revealed that neutrophil aggregates in the gut lumen still contained detectable cit-His3+ DNA also in 219 

mice treated with the inhibitor (Fig. 3A). It should be noted that strategies to pharmacologically prevent 220 

NETosis are still under investigation [33], and it seems clear that our approach incompletely prevented 221 

neutrophil NETosis in the gut lumen of our in vivo-infection model. Nevertheless, our results show that 222 

intraluminal neutrophils are closely interacting with Salmonella during the acute infection, and that these 223 

neutrophils are positive for the NETosis marker cit-His3. This suggests that the release of NETs into the 224 

gut lumen occurs and might contribute to defense during S.Tm infection. 225 

Intraluminal neutrophils limit continuous insults to the epithelium and prevent massive 226 

epithelial cell loss  227 

Our approaches so far suggested a correlation between neutrophil depletion and exacerbated 228 

epithelium response to the insult. However, they remained insufficient to establish that the protection of 229 
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the epithelial barrier is attributable to intraluminal neutrophils. This can partly be explained by the 230 

limitations of our experimental infection model. Wild-type (wt) S.Tm utilizes TTSS-1 and -2 (encoded 231 

on Salmonella Pathogenicity Islands (SPI)-1 and -2, respectively) to trigger gut disease [2]. In our mouse 232 

model, SPI-2 enables long-term survival of the pathogen at systemic sites and therefore causes a typhoid-233 

like disease at later stages (which becomes very prominent after days 3-4 p.i.). At this stage of infection, 234 

other arms of the innate immune system, including neutrophils, are active in the tissue underlying the 235 

epithelial layer (e.g., the lamina propria and submucosa) [2]. Therefore, the dramatic epithelial cell 236 

shedding we observed in neutrophil-depleted mice could be related to diminished defenses and 237 

uncontrolled pathogen growth in deeper tissues. In this case, neutrophil activity in the gut tissue might 238 

be more critical for preventing epithelial damage than neutrophils in the gut lumen. To specifically study 239 

the consequences of lack of intraluminal neutrophils on epithelial responses to S.Tm at mature stages of 240 

infection, we infected antibiotic pretreated mice with a SPI-2 mutant (S.Tm ssaV; S. TmssaV). This mutant 241 

strain is still able to trigger SPI-1 -dependent gut inflammation and the enteropathy is about as 242 

pronounced as for wt S. Tm infections, at least during the first 2 days p.i. [2]. However, in contrast to 243 

wt S.Tm, the S.TmssaV infection does not progress into a typhoid like disease at later stages [2]. With this 244 

new model, we were able to minimize a possible contribution to epithelial cell expulsion or disruptive 245 

shedding by pathogen cells residing in deeper tissues. In contrast to our previous model (Fig. 1A), we 246 

pre-treated C57BL/6 mice with ampicillin, instead of streptomycin, which ensures more robust infection 247 

kinetics in S. TmssaV infections (unpublished data and [34]). The mice were infected with 5x107 CFU of 248 

S. TmssaV for 3 days (experimental scheme; Fig. 4A). 249 

To probe the significance of intraluminal neutrophils, we compared the effects of neutrophil 250 

depletion to a scenario where we removed the luminal pathogen population after day 1 p.i.. The latter 251 

was achieved by supplementing the drinking water with gentamicin, an antibiotic which acts locally in 252 

the gut lumen but does not cross the epithelium (experimental scheme; Fig. 4A). We reasoned that if the 253 

exacerbated epithelial response (observed in Fig. 1D-E) is caused by continuous high-level pathogen 254 

invasion from the luminal side, the gentamicin treatment should alleviate this outcome. First, we 255 

validated that our approach specifically removed the luminal pathogen population, while leaving tissue-256 

lodged pathogen populations intact. At day 3 p.i., S. TmssaV was undetectable in the cecal content in all 257 

groups undergoing gentamicin treatment while the pathogen densities stayed high in feces and cecal 258 

content throughout the experiment in groups without gentamicin (Fig. 4B and S3A). On the other hand, 259 

removal of the luminal pathogen population by gentamicin did not affect the pathogen loads in the cecal 260 

tissue and the systemic organs at day 3 p.i. in none of the groups infected with S. TmssaV (Fig. 4C and 261 

S3B, open symbols). This provided an ideal set-up to test the role of intraluminal neutrophils. Second, 262 

we assessed if the absence of the luminal pathogen population influenced the enteric disease kinetics. 263 

Strikingly, concentrations of Lipocalin-2 (a general marker for gut inflammation) were significantly 264 

reduced at day 3 p.i. in the groups treated with gentamicin in the drinking water (both control and 265 

neutrophil depletion with gentamicin treatment; Fig. 4D). This suggested that the pathogen population 266 
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in the gut lumen significantly contributes to the maintenance of gut inflammation. Finally, we explored 267 

the effect of neutrophil depletion on epithelial integrity. To this end, we compared the number of 268 

expelled epithelial cells in control vs neutrophil depleted mice in the absence or presence of gentamicin 269 

treatment. In the group without gentamicin treatment, neutrophil depletion caused a significant elevation 270 

of expelled epithelial cells compared to the PBS control, as we observed in Fig. 1D (Fig. 4E-F). 271 

Similarly, the epithelial cells again appeared to dislodge from the mucosa in an uncontrolled manner 272 

and in big aggregates in neutrophil-depleted animals (Fig. 4E). In stark contrast, neutrophil depletion 273 

did not lead to an elevated frequency of epithelial cell expulsion in the group receiving gentamicin 274 

treatment (Fig. 4E-F). In fact, the gentamicin treatment reduced the numbers of expelled epithelial cells 275 

in the lumen down to baseline at 3 days p.i. (compare open symbols to black filled symbols in Fig. 4F). 276 

This effect was observed in mice both with and without neutrophil depletion. Upon gentamicin 277 

treatment, the epithelium ultrastructure also recovered, as judged by clearly defined and organized crypt 278 

structures. These findings reveal that epithelial invasion events from the lumen at mature stages of 279 

S.TmssaV infection continue to fuel epithelial cell expulsion, and that intraluminal neutrophils provide a 280 

crucial barrier to reduce the frequency of these events so that epithelial barrier integrity can be retained.  281 

The lack of intraluminal neutrophil defense is detrimental for the epithelium in mice lacking a 282 

resident gut microbiota  283 

Previous studies highlighted microbiota mediated colonization resistance, mucus secretion by 284 

goblet cells, antimicrobial peptides secretion, epithelial NAIP/NLRC4 inflammasome, and neutrophil 285 

infiltration into the gut lumen as potentially complementary factors protecting the epithelium from 286 

pathogen attack. How these various protective systems are integrated with each other remains poorly 287 

understood, but it appears conceivable that defects in any of them will result in a heavier reliance on the 288 

others, e.g. a more prominent dependence on the luminal neutrophil defense predicted in animals lacking 289 

another protection factor. One good example of such a scenario would be the absence of resident 290 

microbiota, which has been shown to exacerbate S.Tm-induced colitis in mice [18] 291 

 To test this hypothesis, we infected germ-free mice with 5x107 CFU of S. TmssaV and compared 292 

neutrophil-depleted mice to control mice (Fig. 5A). Since germ-free mice lack resident microbiota, they 293 

are more susceptible to Salmonella infection (i.e., one of the defense layers is already missing; 294 

colonization resistance by the microbiota [35]). Importantly, the epithelial regeneration which is critical 295 

for maintaining epithelial integrity during an acute S.Tm infection is also delayed in germ free mice 296 

[18]. These features allowed us to scrutinize the role of intraluminal neutrophils even more readily than 297 

in antibiotic pretreated mice associated with a conventional microbiota. In germ-free mice, S. TmssaV 298 

colonized the gut to the carrying capacity in both groups and S.TmssaV was shed at very high numbers 299 

until day 3 p.i. (~109 CFU / g feces; Fig. 5B). Moreover, neutrophil depletion did not significantly affect 300 

the systemic spread of the pathogen (Fig. 5C). However, mRNA expression analysis of cecal tissue 301 

revealed a striking difference between depleted and non-depleted mice. Many genes encoding pro-302 

.CC-BY 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted February 24, 2023. ; https://doi.org/10.1101/2023.02.23.529832doi: bioRxiv preprint 

https://doi.org/10.1101/2023.02.23.529832
http://creativecommons.org/licenses/by/4.0/


10 
 

inflammatory cytokines and chemokines associated with the acute Salmonella infection were induced 303 

to higher levels in the cecum of neutrophil-depleted mice compared to the controls (Fig. 5D). This 304 

supported our hypothesis that the absence of intraluminal neutrophils leads to an overstimulation of the 305 

mucosal immune defense.  306 

Next, we asked whether this hyper-activation of the mucosal immune responses is detrimental 307 

to the epithelial barrier. To test this, we first analysed the mRNA expression levels of matrix-308 

metalloproteinases (Mmp-8 and -9) associated with inflammation-linked tissue remodelling [36]. 309 

Indeed, the neutrophil-depleted group showed an elevated mRNA expression of these genes (Fig. 5D). 310 

Second, we analysed the epithelial barrier integrity and the epithelial regeneration responses in these 311 

mice. Strikingly, fluorescence microscopy of cecal tissue at day 2 and 3 p.i. revealed that neutrophil 312 

depletion caused a severe loss of epithelial cells and formation of gaps in the barrier (Fig. 5E-F). The 313 

number of epithelial cells per crypt was also dramatically reduced and organized crypt structures were 314 

entirely lost in some mice (Fig. 5E-F). To test if this loss of epithelial barrier was associated with a 315 

reduced capacity of the epithelial cells to divide, we analysed the fraction of Ki67+ cells. Indeed, 316 

actively dividing cells were nearly absent in neutrophil-depleted groups while the active division and 317 

crypt hyperplasia was apparent in the control mice infected with S. TmssaV (Fig. 5G and S4A). In control 318 

mice, more than 90% of the epithelial cells of a crypt were positive for Ki67. Therefore, the lack of gut 319 

microbiota appears to lead to an overwhelming attack on the epithelium during S. TmssaV infection, which 320 

is counteracted by neutrophils. Taken together, these results suggest that in the presence of intraluminal 321 

neutrophils, epithelial integrity can be maintained by rapid epithelial proliferation even in germ-free 322 

mice, while the depletion of neutrophils is detrimental to the epithelial barrier integrity.  323 

Discussion:  324 

Since neutrophils are central players exerting diverse effector functions during the initial 325 

immune response to infections, a full understanding of neutrophil functions in the course of diverse 326 

infectious diseases is crucial. In the case of Salmonella gut infection, the role of neutrophils has not been 327 

fully elucidated. Here we tackled this question and carefully analysed the consequences of neutrophil 328 

depletion (with α-Ly6G) during the infection with S.Tm in different variants of the mouse model for 329 

Salmonella gut infection. Our findings revealed that intraluminal neutrophils provide a barrier in front 330 

of the epithelium during a critical stage of the infection and that neutrophil function is essential for 331 

preventing excessive epithelial cell loss, maintaining epithelial regeneration at a rate that preserves 332 

barrier integrity, and thus avoiding epithelium disruption (Fig. S5A-B).  333 

In this report, we present an epithelium-protective role of neutrophils in three different variants 334 

of the mouse infection model for acute Salmonellosis (Fig. 1,4,5). The streptomycin pre-treated mouse 335 

model is often used to study acute Salmonella infection. It employs wt S.Tm (i.e., intact SPI-1 and SPI-336 

2) that elicits enteropathy and is further characterized by the successive development of a typhoid-like 337 

disease, which can overwhelm Nramp-1-negative mouse strains at later time points (beyond days 5-6 338 
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p.i.). This parallel systemic infection makes it harder to study the role of immune effector mechanisms 339 

that are mounted after the early NAIP/NLRC4-dependent epithelial cell expulsion response [21]. Here, 340 

by combining ampicillin pretreatment and germ-free models with a SPI-2 mutant (which fails to grow 341 

to high levels at systemic sites), we could resolve the defenses protecting against luminal pathogen 342 

insults after day 1 p.i.. Because the mutant pathogen was defective in its ability to grow at systemic sites, 343 

we could focus on the luminal events, providing us with vital information regarding the neutrophils` 344 

function in the gut lumen. Furthermore, this model revealed that the immune response to the pathogen 345 

is highly regulated (i.e., rapid reduction of Lipocalin-2 secretion upon antibiotic treatment; Fig. 4D-E). 346 

We believe that, although we use a mutant strain in a murine model, these findings may generalize to 347 

Salmonella gut infections in the wild, which rarely result in detectable systemic infection [37].  348 

Our findings highlight the multi-layered nature of the mucosal defence against enteric S.Tm 349 

infection. In our work, the degree of epithelial damage was different depending on the type of infection 350 

model applied. These differences were particularly striking when comparing the ampicillin pre-treated 351 

mice in Fig. 4 with germ-free mice studied in Fig. 5. During infection of ampicillin pre-treated 352 

conventional mice with S. TmssaV, neutrophil depletion caused excessive epithelial cell loss, but the 353 

crypts stayed intact without any larger gaps in the epithelium. In contrast, neutrophil-depleted germ-free 354 

mice developed pronounced epithelial damage and essentially a full collapse of crypt ultrastructure. This 355 

highlights the importance of resident microbiota in complementing the here described intraluminal 356 

neutrophil defense. Presumably, this is attributable to sub-acute stimulation of innate immune responses 357 

by molecular patterns derived from the resident microbiota [38]. Such sub-acute stimulation might 358 

enhance the regenerative capacity of the gut epithelium and thereby prevent pronounced epithelium 359 

disruption even if neutrophils are depleted. Therefore, the effects of antibiotic-mediated depletion of the 360 

gut microbiota should be studied in more detail to gain a deeper understanding of the role of continued 361 

sub-acute stimulation of mucosal defences by the microbiota or their loss during antibiotic treatment. 362 

Several alternative mouse models which permit S.Tm gut infections in the face of a pre-existing 363 

microbiota, such as low-complexity microbiota-bearing OligoMM12 mice or transient diet shift models, 364 

have been proposed recently [39, 40]. We hypothesize that studying the host immune responses to 365 

Salmonella infection in models with milder microbiota perturbation can provide us with important new 366 

insights regarding microbiota – innate immune defense integration. 367 

Neutrophil extracellular traps (NETs) are proposed as a potent effector mechanism deployed by 368 

neutrophils to kill bacteria [26]. In the past two decades, several reports highlighted that NETs (that is 369 

host DNA decorated with antimicrobial agents) are not only a potent antimicrobial mechanism, but that 370 

NETs can also cause tissue damage and elicit autoimmunity in many diseases [27]. These reports 371 

challenged the idea that NETs are a highly specific anti-infective defense mechanism, as there are only 372 

few cases where NET release occurs without negative side-effects. Our observations suggest that the 373 

intestinal lumen may be a unique site for deploying NETs as a specific anti-infective defense, without 374 
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risking NET-mediated tissue damage or autoimmunity. Our results show that aggregates of neutrophils 375 

in the gut lumen are positive for one of the NETosis markers, citrullinated histone 3. Although our 376 

approach to demonstrate a functional role of NETosis in the defense against enteric S.Tm infection only 377 

showed a weak trend, our results still draw an interesting image: intraluminal neutrophils may release 378 

NETs to physically trap and possibly kill enteric pathogens. Due to their accumulation on the luminal 379 

surface of the intestinal mucosa, this defence would be directed specifically against motile S.Tm cells 380 

[41, 42] that are in the process of swimming towards the epithelium. Moreover, it is tempting to 381 

speculate that the entrapped S.Tm cells could then be transported and excreted with the fecal flow. 382 

Further research is required to demonstrate if indeed NETs function as a “death-plus-disposal” trap for 383 

Salmonella. Nevertheless, our study does substantiate that neutrophils form large intraluminal 384 

aggregates that physically and/or biochemically shields the epithelium for sustained pathogen attack. 385 

These findings support and extend earlier work on how neutrophils can confine pathobiont expansion 386 

by intraluminal casts following a primary infection [25]. 387 

In summary, we have presented evidence for the protective role of intraluminal neutrophils 388 

during key stages of acute Salmonella infection in mice, by providing a protective barrier against luminal 389 

pathogen attack and hence giving the epithelium time to recover through crypt cell proliferation. Of 390 

note, our findings are limited to the murine models described in this study, and further research will be 391 

needed to assess if intraluminal neutrophils function in a similar fashion in other relevant scenarios and 392 

hosts. Our findings provide a basis for future research to disentangle the molecular mechanism(s) by 393 

which neutrophils exert this protective role, and to explore if these observations can be broadly applied 394 

across the diversity of enteroinvasive infections. 395 
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Figure S1
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Figure S3
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Figure S4

 DAPI Ki-67 EpCam Actin 

Lu. Lu.

Day 3 p.i.

Control 
(PBS)

Neutrophil Depletion
 (α-Ly6G)

A

LP
LP

Ep.

Ep.

.CC-BY 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted February 24, 2023. ; https://doi.org/10.1101/2023.02.23.529832doi: bioRxiv preprint 

https://doi.org/10.1101/2023.02.23.529832
http://creativecommons.org/licenses/by/4.0/


Figure S5
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Figure captions:  410 

Fig.1 Consequences of neutrophil depletion with α -Ly6G on luminal pathogen loads and epithelial 411 

cell expulsion 412 

A) Scheme summarizing the experimental setup of Panels B-F. Streptomycin pre-treated C57BL/6 mice 413 

were infected orally with 5x107 CFU of wt S.Tm (SL1344) for 3 days. One group (control) treated with 414 

the vector (PBS; black symbols) and the second group with α-Ly6G (orange symbols) intraperitoneally 415 

(I.P.). B) Relative ranks of the tagged S.Tm strain abundances in feces at day 3 p.i.. C) Evenness score 416 

at day 3 p.i. D) Representative micrographs of cecal tissue sections, stained for epithelial marker EpCam 417 

and Salmonella LPS. Lu. = Lumen. White arrows point at expelled epithelial cells. Scale bar=50 µm. E) 418 

Microscopy-based quantification of IECs per 63x field of view (i.e., cells/high power field; hpf). Each 419 

data point is the average of 5 fields of view (FOV) per section. F) S.Tm pathogen loads in cecal tissue 420 

(CFU / g). Lines or Upper ends of the bars indicate the median. Dotted lines indicate the detection limit. 421 

Panels B-C) Pooled from 2 independent experiments for each group: control (n=11 mice) and neutrophil 422 

depletion (n=7 mice). Panels D-F) Pooled from 3 independent experiments for each group: control (n=8 423 

mice) and neutrophil depletion (n=9 mice). Two-tailed Mann Whitney-U tests were used to compare 424 

two groups in each panel. p≥0.05 not significant (ns), p<0.05 (*), p<0.01 (**).  425 

 426 

Fig.2 Microscopy analysis of the time course of neutrophil infiltration into the gut lumen (day 1 427 

& 3 p.i.) 428 

A) Representative micrographs of cecal tissue sections from mice infected with S.Tm, taken at day 1 429 

and 3 p.i., stained for neutrophil marker Ly6B.2 and Salmonella LPS. Lu.=Lumen. Ep.=Epithelium. 430 

White arrows indicate S.Tm associated with the epithelium. Scale bar=50 µm. B-D) Microscopy-based 431 

quantification of B) S.Tm associated with the epithelium at day 1 p.i.. (total 24 FOVs from 6 mice; filled 432 

symbols; neutrophils per field≤15 vs empty symbols; neutrophils per field>15). C) neutrophils per 63x 433 

field of view (each data point is the average of 5 FOVs per section of the same mouse). D) average 434 

number of S.Tm associated with the epithelium. Upper ends of the bars indicate the median. Dotted lines 435 

indicate the detection limit. Panels C-D) Pooled from 3 independent experiments for each group: day 1 436 

p.i. (n= 6 mice) and day 3 p.i. (n=9 mice). Two-tailed Mann Whitney-U tests were used to compare two 437 

groups in each panel. p≥0.05 not significant (ns), p<0.01 (**), p<0.001 (***).  438 

 439 

Fig.3 Microscopy analysis of intraluminal NETs at day 3 p.i.  440 

A) Representative micrographs of cecal tissue sections from mice infected with S.Tm, taken at 3 days 441 

p.i., stained for NET marker cit-His3 and Salmonella LPS. Lu. = Lumen. Ep. = Epithelium. Yellow 442 

arrows indicate S.Tm associated with the NET marker cit-His3. White dotted lines indicate the epithelial 443 

barrier. Scale bar=50 µm. B) Experimental scheme of Panels C-D. Streptomycin pre-treated C57BL/6 444 

mice were infected orally with 5x107 CFU of wt S.Tm for 3 days. One group (control from Fig. 1B-C) 445 

.CC-BY 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted February 24, 2023. ; https://doi.org/10.1101/2023.02.23.529832doi: bioRxiv preprint 

https://doi.org/10.1101/2023.02.23.529832
http://creativecommons.org/licenses/by/4.0/


14 
 

treated with the vector (PBS; black symbols) and the second group with PAD4 inhibitor (GSK484; 446 

purple symbols) intraperitoneally (I.P.). C) Relative ranks of the tagged S.Tm strain abundances in feces 447 

at day 3 p.i.. D) Evenness score at day 3 p.i.. Upper ends of the bars indicate the median. Panels C-D) 448 

Pooled from 2 independent experiments for each group: control (n= 11 mice) and PAD4 inhibition (n=5 449 

mice). Two-tailed Mann Whitney-U tests were used to compare two groups in each panel. p≥0.05 not 450 

significant (ns).  451 

 452 

Fig.4 Investigation of the role of intraluminal neutrophils in a mouse model with reduced systemic 453 

disease  454 

A) Experimental scheme of Panels B-F. Ampicillin pretreated C57BL/6 mice were infected orally with 455 

5x107 CFU of S. TmssaV for 3 days. Mice were divided into four groups: 1) Control (I.P. PBS; black 456 

filled symbols) without gentamicin, 2) Neutrophil depletion (I.P. α-Ly6G; orange filled symbols) 457 

without gentamicin, 3) Control (I.P. PBS; black empty symbols) with gentamicin in drinking water 458 

starting from day 1 p.i., and 4) Neutrophil depletion (I.P. α-Ly6G; orange empty symbols) with 459 

gentamicin in drinking water starting from day 1 p.i. Total S. TmssaV pathogen loads B) in cecal content, 460 

C) in the cecal tissue at day 3 p.i. in each group. D) Quantification of gut inflammation by Lipocalin-2 461 

levels in cecal content. E) Representative micrographs of cecal tissue sections, stained for epithelial 462 

marker EpCam and Salmonella LPS. Lu.=Lumen. EP.=Epithelium. White arrows point at expelled 463 

epithelial cells. Scale bar=50 µm. F) Microscopy-based quantification of luminal IECs per 63x field of 464 

view (i.e., cells/high power field; hpf). Each data point is the average of 5 fields of view (FOV) per 465 

section. Upper ends of the bars indicate the median. Panels B-F) Pooled from total 4 independent 466 

experiments; at least 2 for each group: Group-1 (n=12 mice), group-2 (n=9 mice), group-3 (n=6 mice), 467 

group-4 (n=6 mice). Two-tailed Mann Whitney-U tests were used to compare two indicated groups in 468 

each panel. p≥0.05 not significant (ns), p<0.05 (*), p<0.001 (***).  469 

 470 

Fig.5 Consequences of neutrophil depletion on epithelial health during S. TmssaV infection of germ-471 

free mice 472 

A) Experimental scheme of Panels B-G. C57BL/6 germ-free mice were infected orally with 5x107 CFU 473 

of S. TmssaV for 2 or 3 days (mice were euthanized at either day according to the health status of the 474 

neutrophil-depleted mice) . Mice were divided into 2 groups: 1) Control (I.P. PBS; black filled symbols), 475 

2) Neutrophil depletion (I.P. α-Ly6G; orange filled symbols). Total S. TmssaV pathogen loads B) in feces, 476 

C) in mLN and spleen (pooled data from day 2 and 3 p.i.) in each group. D) Quantification of mRNA 477 

expression levels in the cecal tissue by qRT-PCR, for genes involved in immune response to acute 478 

Salmonella infection and genes involved in tissue remodelling. Results are represented relative to β-479 

actin mRNA levels. E) Representative micrographs of cecal tissue sections, stained for epithelial marker 480 

EpCam and Salmonella LPS. Lu.=Lumen. EP.=Epithelium. Yellow arrows point at regions with gaps 481 

in the epithelial barrier. Scale bar=50 µm. Microscopy-based quantification of F) IECs per 63x field of 482 
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view and G) Ki67+ cells per 63x field of view (i.e., cells/high power field; hpf). Each data point is the 483 

average of 5 fields of view (FOV) per section. Upper ends of the bars indicate the median. Data pooled 484 

from total 5 independent experiments. Data reported in Panel B-G is pooled from mice euthanized at 485 

day 2,3 and 4 p.i. as results were indistinguishable after day 2 p.i.. Panel C: control (n=5 from day 2 486 

and n=4 from day 3), neutrophil depletion (n=5 from day 2 and n=5 from day 3). Panel D: control (n=2 487 

from day 2, n=4 from day 3, and n=2 from day 4), neutrophil depletion (n=2 from day 2 and n=5 from 488 

day 3). Panel F-G: control (n=2 from day 2, n=2 from day 3, and n=2 from day 4), neutrophil depletion 489 

(n=2 from day 2 and n=3 from day 3). Two-tailed Mann Whitney-U tests were used to compare two 490 

indicated groups in each panel. p≥0.05 not significant (ns), p<0.05 (*), p<0.01 (**).  491 

 492 

Supplementary Figure captions:  493 

Fig.S1 Consequences of neutrophil depletion with α -Ly6G on luminal pathogen loads, systemic 494 

spread, and epithelial cell expulsion (related to Fig. 1) 495 

A) Streptomycin pre-treated C57BL/6 mice were infected orally with 5x107 CFU of wild-type S. Tm 496 

(SL1344) for 3 days. One group (control) was treated with the vector (PBS; black symbols) and the 497 

second group with α-Ly6G (orange symbols) intraperitoneally (I.P.). S.Tm pathogen loads A) in feces 498 

until day 3 p.i. (CFU / g) and B) in systemic organs at day 2 p.i. (CFU / organ). C) Relative ranks of the 499 

tagged S.Tm strain abundances in feces at day 1 p.i.. D) Evenness score at day 1 p.i. E-F) S.Tm pathogen 500 

loads E) in the cecal content at day 2 and 3 p.i. (CFU / g) and F) in systemic organs (mLN, spleen, and 501 

liver) at day 3 p.i. (CFU / organ). Lines or Upper ends of the bars indicate the median. Dotted lines 502 

indicate the detection limit. Panel A) Pooled from 9 independent experiments for each group: number 503 

of mice each day differs as experiments terminated at day 1, 2 or 3 p.i., but n=at least 14 at each day. 504 

Panel B) Pooled from 4 independent experiments for each group: number of mice for each organ differs, 505 

but n=at least 6 for each organ. Panel C-D) Pooled from 2 independent experiments for each group: 506 

control (n=11 mice) and neutrophil depletion (n=7 mice). Panel E) Pooled from at least 3 independent 507 

experiments for each group: number of mice for each day differs, but n=at least 8 for each day. Panel 508 

F) Pooled from at least 5 independent experiments for each group: number of mice for each organ 509 

differs, but n=at least 14 for each organ. Two-tailed Mann Whitney-U tests were used to compare two 510 

groups in each panel. P≥0.05 not significant (ns), p<0.05 (*), p<0.01 (**), p>0.0001 (****).  511 

 512 

Fig.S2 Consequences of PAD4 inhibition on luminal pathogen loads and systemic spread (related 513 

to Fig. 3) 514 

A) Streptomycin pre-treated C57BL/6 mice were infected orally with 5x107 CFU of wild-type S. Tm for 515 

3 days. One group (control from Fig. S1A and F) treated with the vector (PBS; black symbols) and the 516 

second group with PAD4 inhibitor (GSK484; purple symbols) intraperitoneally (I.P.). S.Tm pathogen 517 

loads A) in feces until day 3 p.i. (CFU / g) and B) in systemic organs at day 3 p.i. (CFU ( organ). Upper 518 

ends of the bars indicate the median. Panels A-B) Pooled from 2 independent experiments for each 519 
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group: control (n= 11 mice) and PAD4 inhibition (n=5 mice). Two-tailed Mann Whitney-U tests were 520 

used to compare two groups in each panel. p≥0.05 not significant (ns).  521 

 522 

Fig.S3 Analysis of fecal and systemic pathogen loads in a mouse model with reduced systemic 523 

disease (related to Fig. 4)  524 

Total S. TmssaV pathogen loads A) in feces at day 1-3, B) in systemic organs (mLN and spleen) at day 3 525 

p.i. in each group. Upper ends of the bars indicate the median. Panels A-B) Pooled from total 4 526 

independent experiments; at least 2 for each group: Group-1 (n=12 mice), group-2 (n=9 mice), group-3 527 

(n=6 mice), group-4 (n=6 mice). Two-tailed Mann Whitney-U tests were used to compare two indicated 528 

groups in each panel. p≥0.05 not significant (ns), p<0.05 (*), p<0.01 (**), p<0.001 (***).  529 

 530 

Fig.S4 Microscopy analysis of cecal tissue in terms of its regeneration capacity (related to Fig. 5) 531 

A) Representative micrographs of cecal tissue sections, stained for epithelial marker EpCam and cell 532 

division marker Ki67. LPS. Lu.=Lumen. EP.=Epithelium. White arrows point at regions with gaps in 533 

the epithelial barrier. Scale bar=50 µm.  534 

 535 

Fig.S5 Proposed working model explaining the sequence of infection events in the presence and 536 

absence of intraluminal neutrophils 537 

A) Presence of intraluminal neutrophil defense. Stage 1: Salmonella invasion of the epithelium is sensed 538 

by the NAIP/NLRC4 inflammasome in epithelial cells, resulting the expulsion of infected cells into the 539 

gut lumen. This leads to shortening of the crypts. At the same time, inflammasome signalling promotes 540 

recruitment of immune cells, including neutrophils, into the lamina propria. Stage 2: Neutrophils swarm 541 

into the gut lumen where they attack the invading pathogen cells and form aggregates consisting of 542 

neutrophils, NETs, and Salmonella. Stage 3: This barrier formed by neutrophils block further Salmonella 543 

attacks on the epithelium temporarily, which allows epithelial cells enough time to divide and re-544 

establish the barrier. B) Absence of intraluminal neutrophil defense. Stage 1: Salmonella invasion of the 545 

epithelium is sensed by the NAIP/NLRC4 inflammasome in epithelial cells, resulting the expulsion of 546 

infected cells into the gut lumen. This leads to shortening of the crypts. No neutrophils are recruited. 547 

Stage 2: This leaves the epithelium exposed to further Salmonella attacks as the luminal population is 548 

not faced with a neutrophil counterattack. As a result, the pathogen cells continue to assault the 549 

epithelium. Epithelial cells continue to expel in response to these attacks, eventually leading to 550 

uncontrolled epithelial cell loss. Stage 3: Massive and continuous shedding result in extremely short 551 

crypts and gap formation. The epithelial barrier is breached. Underlying tissue is in direct contact with 552 

the gut luminal content.  553 

 554 

  555 
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Materials and Methods: 556 

Bacterial strains used in this study 557 

In all experiments, Salmonella Typhimurium SL1344 (S.Tm;SB300; SmR) or the indicated ssaV mutant 558 

version (S.TmssaV; M2730; AmpR) were used. [43, 44]. WITS-tags were introduced into S. Tm and into 559 

by P22 phage transduction and subsequent selection on kanamycin. The presence of the correct WITS-560 

tag was confirmed by PCR using tag-specific primers [12, 45]. For in vivo mouse infections, bacteria 561 

were grown in lysogeny broth (LB) media containing the appropriate antibiotics (50 µg/ml streptomycin 562 

(AppliChem); 15 µg/ml chloramphenicol (AppliChem); 50 µg/ml kanamycin (AppliChem); 100 µg/ml 563 

ampicillin (AppliChem)) at 37°C for 12h and sub-cultured in 1:20 LB without antibiotics for 4h. Cells 564 

were washed and re-suspended in cold PBS (BioConcept).  565 

 566 

Mouse infections 567 

 C57BL/6 mice with different microbiota complexity (germ-free and specific pathogen free 568 

(SPF)) were kept in individually ventilated cages of the ETH Zürich mouse facility (EPIC and RCHCI). 569 

Infection experiments in antibiotic pre-treated mice were done according to the previously-described 570 

Streptomycin mouse model for S.Tm oral infection [10]. Shortly, the mice were pre-treated with 25mg 571 

of streptomycin by oral gavage 24h prior to infection and infected on day 0 by oral gavage with an 572 

inoculum of 5x107 CFU S.Tm. Infections in Fig. 4 followed the same protocol but a pretreatment instead 573 

with 20mg of ampicillin and S.TmssaV oral infection. Germ-free mice infections were done similarly but 574 

without any pretreatment. Experiments were performed with 8–12-week-old male or female mice. The 575 

sample-size was not pre-determined, and mice were randomly assigned to groups. All animal 576 

experiments were approved by the Kantonales Veterinäramt Zürich (licences 193/2016 and 158/2019).     577 

 Mice were monitored daily, and organs were harvest at the indicted time points. Feces were 578 

collected at the indicated time points and where necessary, cecal tissue and mLN were harvested at the 579 

end of the infection. For cecal tissue plating, the gentamicin protection assay was used in which the 580 

tissue is treated with gentamicin to clear extracellular bacteria. Cecal tissue was cut longitudinally, 581 

washed rapidly in PBS (3x), incubated for 45-75min in PBS/400µg/ml gentamicin Sigma-Aldrich) at 582 

RT, and washed extensively (3x 30s) in PBS before plating. For plating, the samples were homogenized 583 

with a steel ball in a tissue lyser (Qiagen) for 2 minutes at 25Hz frequency (cecal tissue 3 minutes at 584 

30Hz). The homogenized samples were diluted in PBS, plated on MacConkey (Oxoid) plates 585 

supplemented with the relevant antibiotic(s), and placed at 37°C overnight. Colonies were counted the 586 

next day and represented as to CFU / g content. Normalized competitive index (C.I.) was calculated as 587 

the ratio of the wild type over the mutant in the feces and normalized to the initial ratio in the inoculum.  588 

For in vivo depletion of neutrophils, anti-Ly6G (BioXCell, 1A8) was injected intraperitoneally 589 

at each day starting at pretreatment (In Fig.1 500µg/mouse, in Fig. 4 and 5 250 µg/mouse). For PADK4 590 

inhibition experiments, the inhibitor GSK484 (500µg/mouse; in 10% DMSO; Cayman Chemical) was 591 

injected intraperitoneal daily starting at pretreatment. 592 

qRT-PCR  593 

Cecal tissue sections were snap-frozen in RNAlater solution (Thermo Fisher Scientific) after extensive 594 

washing of the content in PBS and stored in -80°C until further analysis. Total RNA was extracted using 595 

RNeasy Mini Kit (Qiagen) according to manufacturer's instructions and converted to cDNAs employing 596 

RT2 HT First Strand cDNA Kit (Qiagen). qPCR was performed with FastStart Universal SYBR Green 597 

Master reagents (Roche) and Ct values were recorded by QuantStudio 7 Flex FStepOne Plus Cycler. 598 

Primers were designed using the NCBI primer-designing tool (see Table 1) or ordered as validated 599 

primers from Qiagen. The mRNA expression levels were plotted as relative gene expression to β-actin 600 

(2-ΔCt)) and comparisons are specified in the figure caption.  601 
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 602 

Table 1. Primer Sequences used for real time qRT-PCR 603 

Gene Name  Primer Sequence (5`→3`) 

β-actin (mouse) 

 

F 

R 

AGAGGGAAATCGTGCGTGAC 

CAATAGTGATGACCTGGCCGT 

Cxcl1 (mouse) 

 

F 

R 

CCGCTCGCTTCTCTGTGC 

CTCTGGATGTTCTTGAGGTGAATC 

Cxcl2 (mouse) 

 

F 

R 

CGCCCAGACAGAAGTCATAG 

TCCTCCTTTCCAGGTCAGTTA 

Il12a(mouse) 

 

F 

R 

TGTGGGAGAAGCAGACCCTTA 

GGGTGCTGAAGGCGTGAA 

Adgre1 (mouse) 

 

F 

R 

CTTTGGCTATGGGCTTCCAGTC   

GCAAGGAGGACAGAGTTTATCGTG 

Il1β (mouse) 

 

F 

R 

GCAACTGTTCCTGAACTCAACT 

ATCTTTTGGGGTCCGTCAACT 

Il6 (mouse) 

 

F 

R 

CCTCTGGTCTTCTGGAGTACC 

ACTCCTTCTGTGACTCCAGC 

Il1a (mouse) 

 

F 

R 

Qiagen 

Tnfa (mouse) 

 

F 

R 

ATGAGCACAGAAAGCATGA 

AGTAGACAGAAGAGCGTGGT 

Mmp8 (mouse) 

 

F 

R 

Qiagen 

Mmp9 (mouse) 

 

F 

R 

Qiagen 

 604 

Lipocalin-2 ELISA  605 

Lipocalin-2 ELISA (R&D Systems) was performed to determine gut inflammation from fecal samples 606 

according to the manufacturer’s instructions. Fecal pellets were suspended in sterile PBS (BioConcept), 607 

diluted 1:20, 1:400 or undiluted, and the concentrations were determined by curve fitting using Four-608 

Parametric Logistic Regression. 609 

 610 

Immunofluorescence 611 

Cecal tissue sections from mice were carefully dissected, fixed with 4% paraformaldehyde, saturated in 612 

20% sucrose/PBS, and snap-frozen in Optimal Cutting Temperature compound (OCT, Tissue-Tek). 613 

Samples were stored in -80°C freezer until further analysis. Samples to be stained were cut in 10µm 614 

cross-sections and mounted on glass slides (Superfrost++, Thermo Scientific). For staining, cryosections 615 

on the glass slides were air-dried, rehydrated with PBS and permeabilized using a 0.5% TritonX-616 

100/PBS solution. Sections were blocked using 10% Normal Goat Serum (NGS)/PBS before staining 617 

with primary and secondary antibodies. The following antibodies and dilutions were used for the 618 

staining of different samples: 1:200 EpCam/CD326 (clone G8.8, Biolegend), 1:200 α-S.Tm LPS (O-619 

antigen group B factor 4-5, Difco), 1:200 α-Ki67 (ab15580, Abcam Biochemicals), or 1:200 α-Ly6B.2 620 

clone 7/4, BioRad) in combination with the respective secondary antibodies, i.e α-rabbit-AlexaFluor488 621 

(Abcam Biochemicals), α-rat-Cy3 (Jackson), fluorescent probes, i.e. CruzFluor488-conjugated 622 

Phalloidin (Santa Cruz Biotechnology), AlexaFluor647-conjugated Phalloidin (Molecular Probes), 623 

and/or DAPI (Sigma Aldrich). Stained sections were then covered with a glass slip using Mowiol (VWR 624 

International AG) and kept in dark at room temperature (RT) over night. For confocal microscopy 625 
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imaging, a Zeiss Axiovert 200m microscope with 10-100x objectives or a spinning disc confocal lased 626 

unit (Visitron) with 10-100x objectives were used. Images were processed or analyzed with Visiview 627 

(Visitron) and/or ImageJ. Manual quantification was done blindly on two different sections (3 to 5 628 

regions per section) from the same mouse according to the indicated parameters. The number of 629 

neutrophils per 63X field of view were counted on epithelium where half of the field included the lumen 630 

close to the epithelium to include freshly transmigrated neutrophils. Average crypt sizes were 631 

determined by counting the number of EpCAM positive cells per one crypt structure. Epithelial gaps 632 

were defined as the mucosal regions were where content of the lumen was in direct contact with the 633 

lamina propria. The epithelium associated S.Tm cells were counted by scanning the area in 5-10 µm 634 

close proximity to epithelium on the luminal side.  635 

 636 

Statistical analysis 637 

Whenever applicable, the two-tailed Mann Whitney-U test was used to assess statistical significance 638 

as indicated in the figure legends. GraphPad Prism 8 for Windows was used for statistical testing. 639 

Evenness indices were calculated as previously described [12]. 640 

  641 
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