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SUMMARY
Salmonella Typhimurium (S.Tm) utilizes the chemotaxis receptor Tsr to exploit gut inflammation. However,
the characteristics of this exploitation and the mechanism(s) employed by the pathogen to circumvent anti-
microbial effects of inflammation are poorly defined. Here, using different naturally occurring S.Tm strains
(SL1344 and 14028) and competitive infection experiments, we demonstrate that type-three secretion system
(T3SS)-2 virulence is indispensable for the beneficial effects of Tsr-directed chemotaxis. The removal of the
14028-specific prophage Gifsy3, encoding virulence effectors, results in the loss of the Tsr-mediated
fitness advantage in that strain. Surprisingly, without T3SS-2 effector secretion, chemotaxis toward the
gut epithelium using Tsr becomes disadvantageous for either strain. Our findings reveal that luminal neutro-
phils recruited as a result of NLRC4 inflammasome activation locally counteract S.Tm cells exploiting the
byproducts of the host immune response. This work highlights a mechanism by which S.Tm exploitation
of gut inflammation for colonization relies on the coordinated effects of chemotaxis and T3SS activities.
INTRODUCTION

Several enteric pathogens, including Salmonella enterica sero-

var Typhimurium (or Salmonella Typhimurium; hereafter S.Tm),

trigger gut inflammation to modify the gut environment and

create an advantageous niche for themselves in the host’s intes-

tine.1–4 Notably, the inflamed gut features both inflammation-

dependent nutrients, which can fuel pathogen growth, as well

as antimicrobial activities. The pathogen’s strategy allows it to

efficiently compete with the resident microbiota.1–4 To engage

with the gut tissue and reap the benefits of gut inflammation,

pathogens like S.Tm utilize receptor-mediated chemotaxis to

direct themselves toward microhabitats enriched in nutrients

generated as a result of host immune responses.5,6 However,

the most favorable gut-luminal microhabitats are often con-

structed near the epithelium,7 which is also where the strongest

immune defenses can be found. In response to S.Tm tissue inva-

sion, the host NLRC4 inflammasome in epithelial cells initiates a

series of responses that result in the expulsion of infected epithe-

lial cells, secretion of immune mediators, recruitment of natural

killer cells and neutrophils into the lamina propria, and neutrophil
This is an open access article und
trans-migration into the gut lumen.8–13 These strong immune re-

sponses can block pathogen access to the gut epithelium and

kill nearby pathogen cells.12–14 It is still not well understood

how S.Tm can benefit from the consequences of gut inflamma-

tion without suffering too greatly from its antimicrobial effects.

S.Tm utilizes its type-three secretion systems (T3SS) 1 and 2

(encoded on Salmonella pathogenicity islands [SPI] 1 and 2,

respectively) to invade the intestinal epithelium, trigger gut

inflammation, colonize the deeper gut tissue, and further

enhance enteropathy.15 S.Tm can secrete diverse cocktails of

effectors into host cells using both T3SS-1 and -2 to manipulate

host cell physiology.16–18 Many SPI-1 effectors injected by

T3SS-1 facilitate the invasion of epithelial cells,17 while SPI-2 ef-

fectors injected by T3SS-2 are generally thought to promote

growth and survival of the pathogen in the host’s tissue (i.e., lam-

ina propria, where myeloid cells often reside).18–22 In some

cases, effectors for either T3SS-1 or T3SS-2 can be encoded

on prophages. The acquisition of phage-carried virulence factors

is often strain specific and contributes to the high diversity be-

tween different S.Tm strains.23–25 For example, genes encoding

for different S.Tm E3 ubiquitin ligases (e.g., SlrP or SspH1) that
Cell Reports 43, 113925, March 26, 2024 ª 2024 The Author(s). 1
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are used by the pathogen to manipulate the host physiology dur-

ing invasion were shown to be differentially present across S.Tm

strains.26–30 Even though direct experimental evidence is lacking

for most cases, it is thought that the horizontal acquisition of

these factors contributes to the host range of different S.Tm

strains.

The S.Tm chemotaxis receptor Tsr is one of the best-charac-

terized receptors, and it is involved in chemotaxis toward host-

derived nitrate (also termed ‘‘energy taxis’’),6,31 which is elevated

during gut inflammation.7,32 Notably, the Tsr receptor is also

implicated in E. coli chemotaxis toward nitrate in the inflamed

gut.7,33 Previous work using S.Tm ATCC14028 and a murine

typhoid model showed that Tsr-mediated energy taxis in the

ileum is dependent on the constitutive basal expression of

Nos2 in epithelial cells and phagocytes in this region.31 Similar

studies in antibiotic-pre-treated mouse models identified that

S.Tm Tsr is crucial for pathogen cells to reach the epithelium

and initiate systemic infections.6,7 Competitive infection experi-

ments revealed that the tsr mutants grow less efficiently than

wild-type (WT) counterparts and that Tsr-mediated chemotaxis

toward the gut epithelium is an important strategy for S.Tm strain

ATCC14028 to flourish during inflammation.6,7 Strikingly, howev-

er, experimental evolution studies at the same time showed that

Salmonella populations (of strain SL1344) in the gut accumulate

loss-of-function mutations in several genes, including tsr.34,35

Similarly, tsrmutations appear to be selected for in some natural

endemic S.Tm strains.36 Moreover, recent bioinformatics anal-

ysis of more than 100,000 Salmonella genomes identified the

tsr locus as one of the most frequently mutated genetic regions

in natural isolates.37 The high prevalence of tsr mutations sug-

gests that some poorly defined niches select for tsr mutants.

However, no direct evidence has been presented so far.

Overall, these findings from experimental evolution34,35 and

genome-based studies36,37 seem at odds with the well-estab-

lished beneficial role6,7 of Tsr-mediated chemotaxis during gut

inflammation. Therefore, it remains unclear which circumstances

select for WT or mutant tsr alleles. Here, we applied a systematic

approach to address this open question using different S.Tm

strains and competitive infection experiments in a series of im-

mune-proficient and -deficient mouse models.

RESULTS

In S.Tm 14028, the fitness benefit associated with tsr in
the inflamed gut depends on the virulence factors
encoded by the prophage Gifsy3
Previous studies assessing the selection for or against tsr-dis-

ruptingmutations were performed in differentSalmonella strains.

While experiments in which tsr conferred a fitness advan-

tage6,7,31 were conducted using the common strain S.Tm

ATCC14028 (isolated from chicken38; denoted here as 14028),

experimental evolution work34 employed another common

strain, S.Tm SL1344 (a laboratory-derived strain generated by

introducing a histidine auxotrophy into the strain S.Tm 4/74,

which had been isolated from cattle39,40; denoted here as

SL1344). To investigate if genomic differences between these

two strains could explain the fitness advantage or disadvantage

associated with the Tsr chemotaxis receptor, we performed
2 Cell Reports 43, 113925, March 26, 2024
infection experiments using 14028 and SL1344. We created

isogenic tsr-deficient mutants for each strain (14028 Dtsr and

SL1344 Dtsr, respectively). To test the fitness of these mutants

against their WT counterparts, we performed competitive infec-

tions in the well-established streptomycin-pre-treated mouse

model.41 We orally infected streptomycin-pre-treated C57BL/6

mice with a 1:1 mixture of tsr-deficient and tsr-proficient 14028

(14028 Dtsr vs. 14028 WT) or SL1344 (SL1344 Dtsr vs. SL1344

WT) for 3 or 4 days (53 107 colony-forming units [CFUs] in total,

by gavage; experimental scheme in Figure 1A). In the 14028

background, tsr-deficient Salmonella cells showed attenuated

gut-luminal colonization compared to the WT starting from day

2 post-infection (p.i.) (competitive index [C.I.] < 0.01 at day 4

p.i.; Figures 1B and S1A) as reported before.7 In contrast, the

tsr mutant of SL1344 featured WT levels of gut-luminal growth

during the entire course of the infection (Figures 1B and S1A).

Similarly, we observed an attenuation of tsr-deficient 14028 in

the mesenteric lymph node (mLN), while SL1344 Dtsr colonized

the mLN equally well as the isogenic WT strain (Figures 1C and

S1B). Comparable levels of gut inflammation (assessed by the

general marker Lipocalin-242 in feces) were observed in both

strain backgrounds, suggesting that other factors might be

responsible for the observed differences between the two strains

(Figure 1D).

Next, we aimed to determine why tsr mutations attenuate

14028 but not SL1344. We compared the genomes of these

two strains, focusing on prophages, as they often contribute to

S.Tm strain diversity.23,36 Gifsy3 is an interesting candidate, as

this phage is present in 14028, but not in SL1344, and contains

a gene for a T3SS effector protein implicated in viru-

lence26,27,43–45 (Figure 1E). To test if the differential presence of

the prophageGifsy3 enables a fitness advantage to tsr-proficient

cells in the 14028 background, we created a deletion mutant

lacking the entire prophage (denoted as 14028 DGifsy3) and a

tsr-deficient counterpart of this strain (14028 DGifsy3Dtsr). We

repeated the competitive infection experiment as in Figure 1B

with these two strains (14028 DGifsy3Dtsr vs. 14028 DGifsy3).

In this experiment, we limited the infection to 3 days, as 3 days

sufficed to observe Tsr-linked fitness benefits in 14028 (Fig-

ure 1B). Strikingly, in the absence of Gifsy3, the tsr mutant

colonized the gut lumen (ca. 109 CFU/g feces; at the carrying ca-

pacity) equally well as the isogenic tsr-proficient strain (C.I. z1

for 14028 DGifsy3Dtsr vs. 14028 DGifsy3; Figures 1F and S1C).

This was in stark contrast to the pronounced attenuation of the

tsr-deficient cells in the WT 14028 background (14028 WT;

data combined from Figure 1 days 1–3 and the new experiment;

C.I. < 0.05 at day 3 p.i.; Figures 1F and S1C). Furthermore, in the

14028 DGifsy3 background, the tsr-proficient strain colonized

the mLN or the cecal tissue equally well as the tsr mutant

(Figures 1G and S1D–S1F). Altogether, these data suggest that

the fitness advantage associated with Tsr in 14028 is strongly

dependent on the prophage Gifsy3.

Then, we asked if some virulence factor(s) encoded on Gifsy3

could enable the fitness advantage reaped via Tsr. Previous

work already revealed that one of the effector proteins encoded

on Gifsy3, SspH1, is involved in Salmonella virulence.27,28,30,46,47

Therefore, we created tsr-deficient and -proficient strain pairs in

a 14028 background lacking sspH1 (14028 DsspH1Dtsr vs.
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Figure 1. Dependency of the Tsr-mediated fitness advantage on the strain background of S.Tm

(A) Experimental approach.

(B–D) Streptomycin-pre-treated C57BL/6mice infected orally with a 1:1mixture of 14028Dtsr:14028WT (blue squares) or SL1344Dtsr:SL1344WT (green circles)

for 4 days (5 3 107 CFUs total). The C.I. calculated as the ratio of tsr deficient/tsr proficient, determined by selective plating, normalized to the inoculum.

(B and C) The C.I.s (B) in feces and (C) in mLN.

(D) Fecal Lipocalin-2 concentrations as a measure of gut inflammation. Dotted line: detection limit.

(E) Representation of the differentially present prophages in both strains.

(F and G) Three day competitive infection with 14028 Dtsr:14028 WT (1:1; blue squares; combined data from B and C), 14028 DGifsy3Dtsr:14028 DGifsy3 (1:1;

brown squares), or 14028 DsspH1Dtsr:14028 DsspH1 (1:1; purple squares). The C.I.s (F) in feces and (G) in mLN. Lines: median. Dotted lines: C.I. of 1.

(H) Fecal Lipocalin-2 concentrations. Dotted line: detection limit.

(legend continued on next page)
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14028 DsspH1) and performed competitive infections as

described in Figures 1A and 1B. Similar to the 14028 DGifsy3

background, the attenuation associated with Tsr deficiency

was absent in the 14028 DsspH1 background (Figures 1E, 1F,

and S1C–S1E). Both strains reached equally high pathogen den-

sities in the feces at day 1 p.i. and were also recovered at equal

densities in the feces at day 3 p.i. (C.I.z1; Figures 1F and S1C).

Similarly, 14028 DsspH1Dtsr colonized the mLN and the cecal

tissue equally well as 14028 DsspH1 (Figures 1G and S1D–

S1E). Therefore, the sspH1 deletion phenocopies the deletion

of the entire Gifsy3 prophage region. Notably, the deletion of

Gifsy3 or sspH1 did not influence the general ability of these

strains to trigger gut inflammation, as Lipocalin-2 levels were

comparable to 14028 WT background (Figure 1H).

Taken together, our results demonstrate that in the inflamed

gut, the Tsr chemotaxis receptor confers a fitness advantage

only in the strain background of 14028 and that this advantage

is dependent on the virulence factors encoded by the prophage

Gifsy3. While this explains a strain-specific fitness advantage of

Tsr chemotaxis, it still does not explain why the loss of Tsr seems

to be beneficial in some cases.

Tsr-mediated chemotaxis is detrimental for S.Tm if the
pathogen cannot secrete T3SS-2 effectors
We thus set out to investigate the characteristics of selection for

tsrmutants observed in a percentage of natural isolates36,37 and

experimental evolution work.34,35 As shown in Figure 1, while the

beneficial role of tsr was abolished in 14028 DGifsy3 and not

detectable in SL1344 (naturally lacking Gifsy3) (i.e., C.I. z1),

we did not observe a selection for tsr mutants (i.e., mutant vs.

WT C.I. > 1). This suggested that additional factors, not picked

up by our current setup, are at play, leading to counterselection

against tsr. Notably, the previous experiments highlighting the

loss-of-function mutations in tsr were conducted using a mutant

SL1344 strain that lacks the ability to secrete virulence effectors

via T3SS-2 (i.e., SL1344 DssaV; gene encoding a structural

component of the needle protein).34 Thus, we hypothesized

that T3SS-2 virulence might be necessary to support pathogen

survival in the niche, to which S.Tm is guided by Tsr chemotaxis.

To test this, we constructed tsr-proficient and -deficient

strains in the SL1344 background lacking the T3SS-2 apparatus

and performed competitive infections for 4 days in antibiotic-

pre-treated mice (SL1344 DssaVDtsr vs. SL1344 DssaV;

Figures 2A–2C, empty black circles). We compared these results

to the WT SL1344 background (SL1344 WT; re-plotted from Fig-

ure 1, filled green circles). Indeed, tsr-proficient cells were

strongly selected against in mice infected with SL1344 DssaV,

while tsr-deficient and -proficient cells had equal densities in

the feces of mice infected with SL1344 WT (Figures 2A and

S2A; C.I.z300 vs.z1 at day 4 p.i., respectively). Similar results

were observed in the mLNs of these mice (Figures 2B and S2B).

Of note, mice infected with the SL1344 DssaV strain mixture also

showed signs of robust gut inflammation (i.e., [Lipocalin-

2] > 1,000 ng/g feces), suggesting that the selection occurs in
(B and C) 4 independent experiments; 2 for each group; 14028 (n = 6mice) and SL1

DGifsy3, and 1 for 14028 DsspH1 (2 different cohorts). 14028 (n = 11mice), 14028

U tests to compare two groups in each image. Not significant (ns) p R 0.05, **p
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the inflamed gut (Figure 2C). Thus, we conclude that selection

for tsr mutants observed in the SL1344 background34 is linked

to a non-functional T3SS-2.

We asked if the beneficial effects of Tsr chemotaxis (only

observed in 14028 WT background) could be the combined ef-

fect of T3SS-2 virulence and the effectors encoded on Gifsy3.

We reasoned that if the fitness advantage of tsr-proficient cells

is abolished in the 14028 DssaV background, then this would

suggest that T3SS-2 functionality has a general role in enabling

chemotaxis-dependent pathogen survival or growth in the in-

flamed gut. To test this, we created additional mutants in a

14028 background lacking the ability to secrete effectors

through T3SS-2, and we performed competitive infection exper-

iments in antibiotic-pre-treated mice for 4 days (14028

DssaVDtsr vs. 14028 DssaV). We compared C.I.s to those ob-

tained in the 14028 WT background (re-plotted from

Figures 1B and 1C for reference, filled blue squares). When the

T3SS-2 needle was non-functional (i.e., 14028 DssaV), the tsr-

proficient strain no longer had a fitness advantage over the tsr-

deficient mutant strain (Figure 2D). Strikingly, opposite to the

competitive advantage in the 14028 WT background, tsr-profi-

cient cells were outcompeted by tsr-deficient cells in the

14028 DssaV background (Figures 2D and S2A). In fact, losing

the ability to secrete effectors through T3SS-2 had a >10,000-

fold effect on the gut colonization of tsr-proficient cells

compared to the isogenic tsr-deficient counterparts during acute

gut infection (C.I. of tsr-deficient/tsr-proficient cells <0.01 in WT

14028 vs. >90 in 14028 DssaV background). Furthermore, tsr-

proficient cells colonized the mLNs less efficiently in 14028

DssaV background than they did in the 14028 WT background

(C.I. > 3 vs. C.I. < 0.01; Figures 2E and S2B). Notably, the

competitive advantage of tsr-deficient cells over tsr-proficient

cells in 14028 DssaV background was comparable to the one

in the SL1344 DssaV background (compare empty black

squares from Figure 2D to empty black circles from Figure 2A;

C.I. z330 vs. z100 at day 4 p.i.). Similarly, mice infected with

the 14028 DssaV strain mixture also still showed signs of robust

gut inflammation (Figure 2F; [Lipocalin-2] > 1,000 ng/g feces). To

assess how Tsr affects fitness beyond day 4 and if this is depen-

dent on the T3SS-2 apparatus, we utilized anothermousemodel.

We performed competitive infections in streptomycin-pre-

treated 129SvEvmice, which can survive the orogastric infection

for longer periods thanks to a functional Nramp1 protein,48 and

checked Tsr fitness in the background of 14028 and 14028

DssaV for 14 days. The day 7 data indicated that Tsr affects

14028 fitness beyond day 4 (Figure S2C). However, we cannot

confidently interpret the phenotypes beyond day 7, as natural

mutants in hilD (and other genes) are known to be selected

and dominate the luminal Salmonella population, thus modifying

its capacity to sustain gut inflammation by day 10 p.i. in that

model.34,35 Anyhow, while the tsr+ cells continued to show a

fitness advantage (up to 10,000-fold) in 14028 WT infected

mice, they continued to suffer from reduced fitness in 14028

DssaV infected mice (Figure S2C).
344 (n = 9mice). (F andG) 6 independent experiments; 4 for 14028, 2 for 14028

DGifsy3 (n = 9mice), and 14028 DsspH1 (n = 5mice). Two-tailed MannWhitney

< 0.01, and ***p < 0.001.
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Figure 2. Effect of T3SS-2 deficiency on the fitness advantage associated with Tsr

Competitive infections in streptomycin- or ampicillin-pre-treated C57BL/6 mice with SL1344 DssaVDtsr:SL1344 DssaV (empty black circles; compared to data

from Figure 1B) or 14028 DssaVDtsr:14028 DssaV (empty black squares; compared to data from Figure 1B). The C.I.s (A and D) in feces and (B and E) in mLN for

indicated strain combinations. Lines: median. Dotted lines: C.I. of 1. (C and F) Fecal Lipocalin-2 concentrations. Dotted line: detection limit. (A) 4 independent

experiments; 2 for SL1344 (n = 9 mice; from Figure 1B), 2 for SL1344 DssaV (n = 6; 3 mice streptomycin pre-treated, 3 mice ampicillin pre-treated; results were

indistinguishable between treatments). (D) 5 independent experiments; 2 for 14028 (n = 6mice; from Figure 1B), 3 for 14028DssaV (n = 8; 2mice streptomycin pre-

treated, 6 mice ampicillin pre-treated; results were indistinguishable between treatments). Two-tailed Mann Whitney U tests to compare two groups in each

image. ns p R 0.05, **p < 0.01, and ***p < 0.001.
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Collectively, our findings suggest that T3SS-2 virulence is

essential forS.Tm to survive in the niche towhich they are guided

by Tsr chemotaxis. This colonization advantage appears to

hinge on strain-specific virulence effector(s).

T3SS-2 virulence is required to alleviate the
antimicrobial effect of gut inflammation on chemotaxing
pathogen cells
Previously, it was shown that S.Tm gut-tissue invasion activates

the NLRC4 inflammasome in intestinal epithelial cells and that

this results in expulsion of the infected cells and recruitment of

neutrophils into the gut tissue and the gut lumen.8–11,49,50 This

immune response results in the death of host cells and the

release of reactive oxygen and nitrate species, all of which can

serve the pathogen as carbon sources or terminal electron ac-

ceptors.6,32 However, such induced immune responses could

also be detrimental to the pathogen cells.12–14 This raises the

question of how Salmonella can benefit from gut inflammation

while also avoiding the potentially detrimental effects of the

host immune response. Based on our previous results, we hy-

pothesized that T3SS-2 virulence is essential for the gut-luminal

pathogen population to block the antimicrobial effects of host
immune cells, which would otherwise kill tsr-proficient cells un-

dergoing chemotaxis into desirable niche(s).

To test this hypothesis, we performed series of follow-up ex-

periments in the SL1344 strain background. We chose to

continue with this strain background because we already had

access to a large collection of site-directed mutants. Moreover,

our results from Figure 2 showed that when the T3SS-2 appa-

ratus is non-functional, both strains behave similarly in terms of

Tsr-mediated chemotaxis during acute Salmonella infection in

mice. To this end, we altered the experimental setup slightly

and infected the antibiotic-pre-treated mice with an inoculum

mixture consisting of three strains instead of two. We added

the first strain in excess (SL1344 DssaV; 20-fold higher abun-

dance; total of 53 107 CFUs; experimental scheme in Figure 3A)

as a ‘‘conditioning’’ strain, which is capable of invading tissue

and inducing an inflammatory response, while we competed

tsr-deficient and -proficient cells in a 1:1 ratio in the relevant

backgrounds. We used SL1344 DinvGDssaV (avirulent; this

mutant can perform receptor-mediated chemotaxis but cannot

efficiently trigger gut-tissue invasion or inflammation due to

lack of SPI-1- and SPI-2-dependent virulence15) or SL1344

DssaVDcheY (this mutant cannot perform receptor-mediated
Cell Reports 43, 113925, March 26, 2024 5
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Figure 3. Characterization of the fitness defect associated with Tsr expression in SL1344 DssaV background

(A) Experimental setup in (B)–(F). Competitive infection in streptomycin-pre-treated C57BL/6 with group 1: SL1344 DssaV:SL1344 DinvGDssaVDtsr:SL1344

DinvGDssaV (20:1:1; empty black circles); group 2: SL1344 DinvGDssaVDtsr:SL1344 DinvGDssaV (1:1; empty blue circles); and group 3: SL1344 DssaV:SL1344

DssaVDcheYDtsr:SL1344 DssaVDcheY (20:1:1; empty brown circles); in each group, a total 5 3 107 CFUs. The C.I. is calculated between the two minor strains

and normalized to the inoculum.

(B) Fecal Lipocalin-2 concentrations. Dotted line: detection limit.

(C) Quantification of mRNA expression levels in the cecal mucosa by RT-qPCR. Results are presented relative to b-actin mRNA levels.

(D) Representative micrographs of cecal tissue sections at day 4 p.i., stained for neutrophil marker Ly6B.2 and Salmonella lipopolysaccharide (LPS). Blue color:

nuclei staining. Lu., lumen; Ep., epithelium. White arrows: S.Tm associated with neutrophils in the lumen. Scale bar: 50 mm.

(E and F) The C.I. in feces (group 1 re-plotted). 9 independent experiments; 3 for each group; group 1 (n = 11 mice), group 2 (n = 8 mice), and group 3 (n = 8 mice).

Two-tailed Mann Whitney U tests to compare two groups. ns p R 0.05, *p <0.05, **p < 0.01, and ****p < 0.0001.
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chemotaxis5) background strains. In total, we had three groups:

the group 1 inoculum consisted of SL1344 DssaV (conditioning

strain), SL1344 DinvGDssaVDtsr, and SL1344 DinvGDssaV

(20:1:1, respectively); the group 2 inoculum consisted of
6 Cell Reports 43, 113925, March 26, 2024
SL1344 DinvGDssaVDtsr and SL1344 DinvGDssaV (1:1, respec-

tively); and the group 3 inoculum consisted of SL1344 DssaV,

SL1344 DcheYDssaVDtsr, and SL1344 DcheYDssaV (20:1:1,

respectively). This approach ensured that the additional
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Figure 4. The role of Nlrc4 inflammasome and associated neutrophil recruitment in fitness disadvantage of tsr-proficient cells

(A) Experimental setup in (B)–(G).

(B and C) Competitive infections in streptomycin-pre-treated Nlrc4+/� (empty black circles) and Nlrc4�/� (empty pink circles) mice with SL1344

DssaVDtsr:SL1344DssaV (1:1). (B) The C.I. in feces. (C) Representativemicrographs of cecal tissue sections at day 4 p.i., stained for neutrophil marker Ly6B.2 and

Salmonella LPS. Blue color: nuclei staining. Lu., lumen; Ep., epithelium. White arrows: S.Tm associated with neutrophils in the lumen. Scale bar: 50 mm.

(D–G) Competitive infections in streptomycin-pre-treated C56BL/6 mice with (D and E) SL1344 DssaVDtsr:SL1344 DssaV (1:1; control: empty black circles;

neutrophil depleted: empty orange circles) and (F and G) SL1344Dtsr:SL1344WT (1:1; control: green circles; re-plotted from Figure 1B, neutrophil depleted: filled

(legend continued on next page)
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mutations we introduced did not influence the gut inflammation

kinetics since the conditioning strain is 20-fold higher in abun-

dance, which is sufficient to shape the inflammatory milieu in

the gut.5,51

First, we tested if tsr-proficient cells have a fitness defect in the

inflamed gut. Therefore, we compared the group 1 infection

setup to the group 2 infection setup (see scheme in Figure 3A).

To assess the induction of inflammation, we measured concen-

tration of Lipocalin-2 (a broad marker for gut inflammation42) in

the feces and analyzed the mRNA expression of pro-inflamma-

tory cytokines and chemokines in the cecal tissue. The mice in-

fected with the SL1344 DssaV-conditioned strain mixture

showed significantly higher fecal Lipoclain-2 levels than the

mice infected without this conditioning strain (Figure 3B). Simi-

larly, mRNA levels of cytokine and chemokines involved in im-

mune responses to acute Salmonella infection were elevated in

mice infected with the SL1344 DssaV-conditioned mixture (Fig-

ure 3C). In addition, immunofluorescence microscopy analysis

of infected cecal tissue sections revealed the typical signs10,15

of enteropathy inmice infected with the SL1344DssaV, including

expulsion of infected epithelial cells into the gut lumen and

neutrophil infiltration (Figure 3D). Notably, in these mice, we

observed that the pathogen cells were in close contact with

the epithelium and with neutrophils in the gut lumen. In contrast,

we observed neither epithelial cell expulsion nor neutrophil infil-

tration in mice infected only with the SL1344 DinvG DssaV (no

conditioning; blue circles; Figures 3B and 3C), and the pathogen

cells were mostly located in the gut lumen far away from the

epithelium (Figure 3D). Strikingly, in the SL1344 DssaV-condi-

tioned gut, avirulent S.Tm tsr mutant cells outnumbered the

Tsr-proficient avirulent S.Tm cells in feces at day 4 p.i.

(Figures 3E and S3A; C.I.z100), while the tsr-deficient and -pro-

ficient populations remained at a 1:1 ratio in the feces of mice in-

fected without the conditioning strain (Figures 3E and S3B,

empty blue circles; C.I.z1). In fact, in the SL1344 DssaV-condi-

tioned gut, tsr-deficient cells reached the carrying capacity and

caught up with the conditioning strain by day 4 p.i. (ca. 109

CFU/g feces; Figure S3A). Of further note, without the condition-

ing strain, total Salmonella loads were in general higher at day 1

p.i. and declined by day 4 p.i. (Figure S3B). This was likely attrib-

utable to the lack of gut inflammation, which favors microbiota

regrowth that can exclude pathogen cells from the gut.1 These

data suggest that in the absence of functional T3SS-2, tsr+ cells

are attenuated compared to the tsr deletionmutant. This effect of

T3SS-2 virulence appears to act globally on the total gut-luminal

S.Tm population.

Second, we tested if the fitness defect of tsr-proficient cells

during gut inflammation was indeed a chemotaxis-related phe-

nomenon. Therefore, we compared the group 1 to the group 3

infection (see scheme in Figure 3A). In the latter group, tsr-defi-

cient and -proficient cells of the SL1344 DssaVDcheY back-

ground reached equal levels in the inflamed gut lumen, while
orange circles). (D and F) The C.I. in feces. Dotted lines: C.I. of 1. (E and G) Fec

group). Dotted line: detection limit.

(B) 3 independent experiments for each group;Nlrc4+/� (n = 12mice) andNlrc4�/�

6 PBS control; 3 isotype control) and neutrophil depleted (n = 10 mice). (F) 2 in

Figure 1B) and neutrophil depletion (n = 6 mice). Two-tailed Mann Whitney U tes
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tsr-proficient cells were outcompeted by the tsr-deficient cells

when compared in the SL1344DinvGDssaV background, as indi-

cated by feces plating (Figures 3F and S3C; C.I. >100 vs. z1,

respectively, at day 4 p.i.). Thus, we conclude that the fitness

advantage of Dtsr cells over tsr+ cells in the SL1344 DssaV-

conditioned gut hinges on chemotaxis.

Taken together, these findings suggest that T3SS-2 virulence

acts globally (in trans) to counteract the detrimental effects of

host immune responses so that the pathogen can benefit from

Tsr chemotaxis and efficiently exploit the inflamed gut.

NLRC4 inflammasome and luminal neutrophils impose
the selection against tsr-proficient cells in the gut lumen
Next, we investigated which host factors contribute to the fitness

loss of tsr-proficient cells. We and others previously showed that

the early immune response to oral Salmonella infection in mice is

mainly controlled by the epithelial NLRC4 inflammasome.8,10 The

recognition of the pathogen (and its virulence factors) by this de-

fense system leads to a robust immune response in which in-

fected epithelial cells are expelled8,10,11,49 and luminal pathogen

cells are decimatedbyneutrophils.12,13 Therefore,wenext tested

if these immune responses might select against pathogen cells

performing Tsr chemotaxis but lacking T3SS-2 virulence (Fig-

ure 4A). To test this hypothesis, we performed competitive infec-

tions in the SL1344 DssaV background in Nlrc4 knockout (KO)

(Nlrc4�/�) mice and heterozygous littermate controls (Nlrc4+/�).
In control mice with a functional NLRC4 inflammasome, we

observed a similar selection against tsr-proficient cells as in Fig-

ure 2, while this selection was dramatically reduced in Nlrc4�/�

mice (day 4 p.i.; Figures 4B and S4A). Microscopy analysis of

cecal tissue samples fromNlrc4+/�mice showed typical features

of epithelial cell expulsion and neutrophil infiltration into the gut

lumen at day 4 p.i. (Figure 4C), as we observed before in Fig-

ure 3D, and these intraluminal neutrophils seemed to form large

aggregates around S.Tm cells. On the contrary, in Nlrc4�/�

mice, we did not observe any such aggregates, and neutrophils

and S.Tm cells were not in close contact (Figure 4C).

Activation of the NLRC4 inflammasome initiates a robust im-

mune response characterized by the secretion of pro-inflamma-

tory cytokines interleukin-1b (IL-1b) and IL-18 that results in

massive immune cell influx into the gut lumen.9 Neutrophils

that are recruited by this response impose a strong bottleneck

on the pathogen population in the gut lumen during acute Salmo-

nella infection, and neutrophil depletion by an a-Ly6G antibody

significantly reduces this effect.12,13 Thus, we next tested if neu-

trophils select against pathogen cells performing Tsr chemotaxis

and if T3SS-2 virulence can counteract this. For this purpose, we

infected control and neutrophil-depleted mice with 1:1 mixtures

of SL1344 DssaVDtsr vs. SL1344 DssaV or SL1344 Dtsr vs.

SL1344 WT and compared the C.I.s (tsr deficient/tsr proficient).

In the SL1344 DssaV background, tsr-proficient cells had a

100-fold fitness disadvantage compared to the tsr-deficient cells
al Lipocalin-2 concentrations (control data re-plotted from Figure 2C for each

(n = 9mice). (D) 3 independent experiments for each group; control (n = 9mice;

dependent experiments for each group; control (n = 6 mice; re-plotted from

ts to compare two groups. ns p R 0.05 and *p < 0.05.
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Figure 5. The role of gut microbiota in fitness

disadvantage of tsr-proficient cells

(A) Experimental setup.

(B and C) Competitive infections in germ-free

Nlrc4+/+ (empty black circles) and Nlrc4�/� (empty

pink circles) mice or in germ-free C57BL/6 mice

(control: empty black circles; neutrophil depleted:

empty orange circles) with SL1344 DssaV:SL1344

DinvGDssaVDtsr:SL1344 DinvGDssaV (20:1:1). (B

and C) The C.I. in feces. Lines: median. Dotted lines:

C.I. of 1. (B) 2 independent experiments; 2 for

Nlrc4+/+ (n = 8 mice) and 1 for Nlrc4�/� (n = 5 mice).

(C) 3 independent experiments for each group;

control (n = 6 mice) and neutrophil depleted (n = 7

mice). Two-tailed Mann Whitney U tests to compare

two groups. ns p R 0.05 and **p < 0.01.
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by day 4 p.i. in control mice, while this disadvantage was essen-

tially abolished in neutrophil-depleted mice (Figure 4D;

C.I.z100 vs.z10 at day 4 p.i., respectively), despite the robust

inflammation triggered also in these mice (Figure 4E). By

contrast, in the SL1344 WT background, the C.I.s for tsr-profi-

cient vs. tsr-deficient S.Tm were indistinguishable between the

control mice and the neutrophil-depleted group (Figure 4F;

C.I. z1 vs. z1 at day 4 p.i., respectively). Of note, a robust

gut inflammation was again detectable also in neutrophil-

depleted mice (Figure 4G). Thus, we conclude that immune re-

sponses controlled by the NLRC4 inflammasome and intralumi-

nal neutrophils impose the detrimental effects of Tsr chemotaxis

and that these detrimental effects are alleviated by T3SS-2

virulence.

Neutrophil-inflicted fitness loss of tsr-proficient cells is
also observed in germ-free mice
Lastly, we investigated the role of the resident microbiota in

shaping the selective landscape for Tsr-mediated chemotaxis.

We and others have previously shown that the resident micro-

biota of the host can influence gut inflammation kinetics, the se-

lection for certain mutants35 and impact the type of metabolites

secreted into the lumen during gut inflammation.13,52–55 There-

fore, we asked if the signal leading to Tsr-mediated chemotaxis

ofSalmonella cells in the gut lumen is host derived or if it might be

produced or modulated by the microbiota. To test this, we per-

formed competitive infection experiments (as in Figure 3A) in

Nlrc4-/- and neutrophil-depleted germ-free mice. The inoculum

consisted of SL1344 DssaV (conditioning strain) and a pair of

test strains (SL1344 DinvGDssaVDtsr and SL1344 DinvGDssaV;

20:1:1, respectively; Figure 5A; 2 day infection instead of

4 days, as germ-free mice are more susceptible to infection).

First, we checked whether we could observe a fitness-defect

associated with the Tsr chemotaxis in these mice. We found

that the tsr-proficient test strain was attenuated in the feces

compared to the tsr-deficient counterpart already by day 2 p.i.

(Figure 5B; C.I. > 80). This suggests that Tsr-mediated chemo-
taxis and the associated fitness effects

are occurring also in the absence of the

gut microbiota. Second, we tested if the

NLRC4 inflammasome was required for
the observed fitness defect of the tsr-proficient strain. Similar

to our results from Figure 4A, in germ-free Nlrc4�/� mice, the

competitive disadvantage of tsr-proficient cells was greatly

reduced in comparison to WT germ-free mice (Figures 5B and

S5A, black circles vs. pink circles; median C.I.s of 78 vs. 7,

respectively). Finally, we tested if neutrophils are critical for se-

lecting against tsr-proficient S.Tm cells also in germ-free

mice. To test this, we infected WT germ-free mice and depleted

neutrophils as before. In the control mice, the pathogen

cells carrying a functional Tsr receptor suffered from a z20-

fold reduction in their fecal loads in comparison to the tsr

mutant cells. In contrast, in the neutrophil-depleted mice, both

tsr-proficient and -deficient populations grew almost equally

well (Figures 5C and S5B, black circles vs. orange circles;

C.I. z30 vs. z2.2, respectively). Therefore, these data indicate

that the fitness defect associated with the Tsr-mediated chemo-

taxis in the absence of T3SS-2 is attributable to intraluminal neu-

trophils also in germ-free mice.

DISCUSSION

Previously, Tsr-dependent chemotaxis of Salmonella toward the

epithelium was shown to be crucial for the pathogen to bloom in

the inflamed gut,6,7,31 while other studies reported that inflam-

mation poses a significant danger to pathogen cells (particularly

close to the epithelium).12–14 This suggests the existence of a

context-dependent fitness benefit for Tsr-mediated chemotaxis.

Here, we present a systematic approach, which identified the

host and the pathogen factors shaping the gut-luminal niche

that selects for or against Tsr-mediated chemotaxis during acute

Salmonella infection. Our findings imply that exploiting the ener-

getically rich microhabitat (constructed around the gut epithe-

lium) by S.Tm during gut inflammation is heavily dependent on

subtle features of the intestinal immune response and the pres-

ence of additional virulence factors: namely, the T3SS-2machin-

ery, the T3SS-2 effectors, and, in particular, the effector protein

SspH1, which is naturally encoded by the Gifsy3 prophage of
Cell Reports 43, 113925, March 26, 2024 9
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ATCC14028 (Figure 1). S.Tm strains like SL1344, which are

missing one or more of these virulence factors, are not able to

benefit from Tsr-mediated chemotaxis. More strikingly, in the

absence of T3SS-2 machinery, the niche targeted via Tsr is in

fact detrimental for the pathogen‘s fitness (i.e., SL1344 and

ATCC14028 alike) in the inflamed gut, as the tsr-proficient cells

cannot survive the neutrophil attack (Figures 2, 3, 4, and 5).

These findings help to resolve apparently conflicting reports in

the literature and provide a clear example of how interplay within

the pathogen’s virulence factor repertoire is decisive to reap a

fitness benefit in the gut.

Our results reveal that the fitness advantage conferred by the

Tsr chemotaxis receptor in the inflamed gut is intimately con-

nected to carrying a functional T3SS-2. In the murine gut,

S.Tm strains lacking this apparatus suffer from a severe fitness

loss when engaging in Tsr chemotaxis. T3SS-2 of S.Tm is clas-

sically associated with intracellular growth and systemic spread

and is therefore implicated in the formation of tissue reservoirs

during long-term infection.19–21 It is predicted that S.Tm has

evolved as a pathogen through sequential acquisition of SPI-1

and SPI-2 via horizontal gene transfer from an E. coli-like

ancestor.56,57 While evolution of SPI-1-mediated virulence

does make sense considering the direct fitness advantage

conferred by gut inflammation,1 the rationale for SPI-2-mediated

virulence in terms of supporting colonization of the inflamed gut

has not beenwell understood. Here, we suggest onemechanism

by which T3SS-2 directly contributes to the fitness of the path-

ogen in the gut lumen during acute infection. Thus, these results

extend our understanding of the evolution and the maintenance

of SPI-2-encoded virulence. Strikingly, in our mouse infection

experiments with 14028, Tsr only provided a fitness advantage

in strains that harbored a prophage-encoded T3SS effector,

SspH1. This suggests that beyond acquisition of central patho-

genicity islands to generally promote fitness and survival from

the immune response in the gut, accessory virulence factors

may have later been acquired in strain-specific manners.58–60 It

is tempting to speculate that such modulatory effectors

may define the strain’s host range and allow adaptations to the

precisemakeup of local nutritional niches and the innate immune

responses protecting the gut. Similarly, these findings may

provide an explanation for why tsr mutations are selected in

some natural situations.36,37 Such selection for tsr mutations

might, for example, occur in hosts that develop pronounced

gut inflammation and that feature a configuration of the inflam-

masome-mediatedmucosal defense, which cannot be efficiently

controlled by the cocktail of T3SS effectors expressed by the in-

fecting Salmonella strain. It is tempting to speculate that the

stark variation in inflammasome-related genes of different hosts

and their spectrum of sensitivity to different bacterial ligands

might be a driving force that selects for ever-new Salmonella

clones that have acquired new (and better matched) combina-

tions of T3SS effectors to optimally control the antimicrobial ef-

fects of host gut inflammation. Thereby, horizontal transfer of

new T3SS effectors might provide an important contribution to

the adaptation of Salmonella spp. to their broad range of

different hosts.

The exact mechanism by which T3SS-2 effectors interact with

host immune defenses to turn Tsr-mediated chemotaxis toward
10 Cell Reports 43, 113925, March 26, 2024
a hostile environment into a fitness advantage remains to be fully

investigated. Our data add to the evidence that the microhabitat

constructed near the epithelium contains intraluminal neutro-

phils that can use a myriad of strategies to kill or immobilize

extracellular pathogens (e.g., phagocytosis, release of reactive

oxygen/nitrate species, and release of neutrophil extracellular

traps.61,62 Equipped with such an arsenal of defense mecha-

nisms, neutrophils can transiently eliminate up to 99.9999% of

the gut-luminal S.Tm population during acute gut infection,

imposing a tight bottleneck.12,13 Interestingly, a small portion

of the S.Tm cells can survive this attack and grow back to very

high population densities.12,13 However, it remained unclear

how S.Tm can re-bloom in the gut lumen after such a strong

bottleneck. It is possible that SPI-2/T3SS-2-mediated virulence

might provide a ‘‘survival shelter’’ during the neutrophil-medi-

ated bottleneck. Notably, a previous report showed that S.Tm

can indeed reside transiently inside luminal neutrophils.63

Thus, it is plausible to speculate that ‘‘hiding inside the enemy’’

can be one way to avoid complete killing by neutrophils

and that the surviving pathogen cells can then exploit the post-

bottleneck gut lumen via Tsr-mediated chemotaxis. Alterna-

tively, the effects mediated by T3SS-2 could contribute to

conditioning the gut lumen. In theory, T3SS-2 may also promote

survival within intestinal epithelial cells with subsequent path-

ogen re-entry into the gut lumen. However, our conditioning ex-

periments in Figure 3 argue that the Tsr-dependent fitness is in-

dependent of the pathogen’s capacity to invade or grow

efficiently within host cells. Therefore, the T3SS-2-mediated

conditioning of a gut-luminal niche appears more likely. This in-

fluence may occur on a global scale by modifying the quality or

quantity of mucosal inflammation, or at fine spatial scales,

such as through the manipulation of specific host cells. In this

context, the modulation of the immune response by these effec-

tors could prove advantageous for all luminal Enterobacteri-

aceae members. Previous reports have already illuminated

mechanisms through which effectors, secreted via T3SS-264 or

homologs in Shigella flexneri,65,66 can interact with host inflam-

masome proteins such as NLRP3, NLRC4, or the pore-forming

gasdermins, thereby subverting host immune responses.

Furthermore, T3SS-2 effectors have the capacity to enhance

the intracellular survival of S.Tm in epithelial cells, which was

shown to enhance the luminal expansion and the chronic fecal

shedding of the pathogen,67 and the tissue infection may also

affect the gut-luminal milieu. Additional research will be impera-

tive to unravel the relevant host-manipulation mechanisms of

T3SS-2 and the specific functions of its effectors in exploiting

mucosal immune defenses.

A recent report highlighted the ability of commensal E. coli to

invade the niche created by Salmonella-induced gut inflamma-

tion through Tsr-mediated chemotaxis.7 In this report, E. coli

cells were able to utilize the host-derived nitrate more efficiently

than Salmonella and thereby reduce the pathogen‘s ability to

colonize the gut. Of note, S.Tm ATCC14028 (14028) was used

in that study, which carries the Gifsy3 prophage. Interestingly,

in that study, commensal E. coli could exploit the same niche,

constructed by the Salmonella virulence factors, using Tsr

chemotaxis. This raises the question of how E. coli could benefit

from this microhabitat despite detrimental effects of the gut
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inflammation. It could thus be that the effect of Salmonella

T3SS-2 on the host acts globally by modulating the relevant

gut-luminal niche and thereby benefits neighboring cells that

can perform chemotaxis toward the gut epitheliumwithout being

killed. This would further hint at the existence of mechanisms

used by some bystander microbiota members to exploit gut

inflammation. We propose that characterization of such mecha-

nism(s) used by the resident microbiota to outcompete Salmo-

nella under the pressure of gut inflammation might open the

way to develop therapeutics to prevent gut colonization by

enteric pathogens.

Many other enteric pathogens such as C. rodentium, E. coli,

V. cholerae, and C. difficile trigger gut inflammation and exploit

the energetically rich niche created upon host responses to the

insult.1–4,68 Studies so far have mainly explored the metabolic

strategies used by these pathogens to gain specific advantages

over other members of the gut microbiota during gut inflamma-

tion. However, as we showed in the present study onSalmonella,

this environment can be deadly not only for the microbiota but

also for the pathogen itself, unless it expresses specific

‘‘enabling’’ virulence factors (e.g., T3SS-2, SspH1). We propose

that the described metabolic adaptations of other enteric patho-

gens might also prove to be coupled to such specific virulence

features, and therefore further studies might reveal similar

strategies.

Limitations of the study
It is important to note that most of the work (including ours)

on the role of Tsr-mediated chemotaxis in the inflamed gut

has been conducted in antibiotic-pre-treated mouse models.

One pitfall of these models is that they bypass the initial

ecosystem invasion. This speeds up pathogen growth in the

gut lumen and accelerates and exacerbates the intensity of

the immune response to acute Salmonella infection in these

models. Therefore, the gut inflammation and its potentially

detrimental effects on the microbiota and Tsr-dependent

pathogen fitness may differ from most common natural infec-

tions, where a resident gut microbiota slows down the

mucosal infection dynamics. To address this limitation, we

recommend further evaluation of the role of Tsr and exploita-

tion strategies in alternative model systems with milder micro-

biota perturbations, such as the recently established transient

diet-shift model,69 or alternative model systems that establish

an inflammatory environment through methods like injection

of lipopolysaccharide or other chemical substances.69,70

Consequently, it is essential to recognize that our findings

are specific to the strains and model systems described in

this study. Further research will be necessary to determine

the relevance of T3SS-2 and Tsr roles in other extant Salmo-

nella strains.

Second, in this study, we focus on T3SS-2 apparatus mutants

and an ATCC14028 mutant lacking sspH1. Therefore, we can

only speculate about possible roles of other T3SS-2 effector pro-

teins and if their expressionmight bemodulated in sspH1 or ssaV

mutant strain backgrounds. A systematic analysis of the role of

the different T3SS-2 effector proteins in controlling the benefits

reaped by Tsr-dependent chemotaxis will be an interesting topic

for future work.
Third, our conclusions from Figure 1 regarding the role of the

14028-specific prophage Gifsy3 and related effectors are based

solely on the deletion of this section from the strain, demon-

strating a correlation with the disappearance of the competitive

advantage of the tsr+ strain in the inflamed gut. However, our at-

tempts to complement the entire region (prophage and the asso-

ciated effectors) or to construct a complementation plasmid for

sspH1 have so far remained unsuccessful. Thus, we currently

lack the evidence necessary to claim that this prophage and

the T3SS effector(s) it harbors have a general effect on Tsr-

related exploitation of gut inflammation. In particular, the

absence of SspH1 in SL1344 raises questions about its role in

counterselecting tsr in this strain background. While our study

highlights the effect of deleting the genomic region from

14028, we acknowledge the need for additional experiments to

ascertain whether the introduction of SspH1 into SL1344 res-

cues the counterselection of tsr. This proposed experiment

would provide crucial insights into the specific role of SspH1 in

the observed differences between SL1344 and 14028 strains.

In light of these limitations, we emphasize the importance of

further investigations to test the broader impact of Gifsy3 in pro-

moting chemotaxis-related exploitation of gut inflammation

across various S. Tm strains. Our study serves as a starting

point, and we recommend future experiments to explore the

generalizability of these findings.

Lastly, our assessment of gut inflammation relied mostly on

measuring Lipocalin-2 concentration in fecal samples through

ELISA in most of the figures. It is crucial to acknowledge that

this protein can be secreted by both neutrophils and epithelial

cells within the intestine. Therefore, while it serves as a valuable

marker for broadly assessing the state of gut inflammation, also

during intermittent time points of an ongoing infection, it alone

may not be adequate to discern intricate changes in inflamma-

tion that might be most relevant for the selective features that

promote or interfere with Tsr-dependent fitness.
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KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

a-S.Tm LPS Difco RRID: AB_2884995

a-mouse-Ly6B.2 (7/4) BioRad Cat# MCA771G; AB_322950

a-rabbit-AlexaFluor488 Abcam Biochemicals RRID: AB_2630356

a-rat-Cy3 Jackson RRID:AB_2338251

AlexaFluor647-conjugated Phalloidin Santa Cruz Biotechnology Cat# sc-363797

a-mouse-Ly6G (1A8) BioXcell Cat# BE0075-1; RRID: AB_1107721

Bacterial and virus strains

Bacterial strains see Table S1 N/A

Critical commercial assays

PhusionTM Plus DNA Polymerase ThermoFisher Scientific F630L

QIAquick PCR Purification Kit Qiagen 28104

Mouse Lipocalin-2/NGAL DuoSet ELISA R&D Systems DY1857

Deposited data

Raw data used in the manuscript This manuscript doi.org/10.3929/ethz-b-000661105

Experimental models: Organisms/strains

Mouse: 129SvEv SPF Max von Pettenkofer-Institute, Munich, Germany N/A

Mouse: C57BL/6 SPF Jackson Laboratories; bred at EPIC mouse

facility of ETH Zurich, Switzerland

RRID:IMSRJAX:000664

Mouse: C57BL/6 Germ-free Jackson Laboratories; bred at EPIC mouse

facility of ETH Zurich, Switzerland

C57BL/6J GF

Mouse: NLRC4 KO C57BL/6 Germ-free Clean Mouse Facility of University of Bern, Bern,

Switzerland

N/A

Oligonucleotides

For stain preparation See Table S2 N/A

For qPCR See Table S4 N/A

Recombinant DNA

Plasmids See Table S3 N/A

Software and algorithms
RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Wolf-

Dietrich Hardt (hardt@micro.biol.ethz.ch).

Materials availability
Mouse lines used in this study can be obtained from Jackson laboratories. Gnotobiotic and genetically modified mice are available

upon request. Newly generated bacterial strains are available upon request. All unique/stable reagents generated in this study are

available from the lead contact with a completed materials transfer agreement.

Data and code availability
d All data reported in this paper will be shared by the lead contact upon request and deposited as raw data in the ETH Research

Collection (an open-access source) with the following accession number: https://doi.org/10.3929/ethz-b-000661105

d This paper does not report original code.

d Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

Graphpad Prism Version 9.0 for Windows GraphPad Software, La Jolla California USA Home - GraphPad
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EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Bacterial strains and growth conditions
In all experiments, Salmonella Typhimurium S.Tm SL134440 or S.Tm ATCC14028,71 along with specified mutant variations (as out-

lined in key resources table), were utilized. The creation of gene deletionmutants or the incorporation of antibiotic resistancemarkers

involved employing the l red system, following the methodology detailed in Datsenko andWanner.72 Briefly, an antibiotic resistance

cassette was introduced to replace the gene of interest using primers with approximately 40bp of the gene flanking regions and 20bp

of the desired antibiotic resistance cassette (key resources table). The details of the protocol are explained in the Method Details. To

address potential mutations caused by lambda-red induction and mutant preparation, P-2273 lysates were made of the original

mutant strains and used to subsequently transduce the mutation into the ancestral strain. The resultant genetic constructs were

then transferred into the corresponding host strains via P22 HT105/1 int-201 phage transduction.73 If necessary, antibiotic resistance

modules were eliminated using the pCP20-encoded heat-inducible FLP recombinase.72 For mouse infection experiments, bacteria

were cultured in lysogeny broth (LB) supplemented with appropriate antibiotics antibiotics (50 mg/mL streptomycin (AppliChem);

15 mg/mL chloramphenicol (AppliChem); 50 mg/mL kanamycin (AppliChem); 100 mg/mL ampicillin (AppliChem)) at 37�C for 12 h

and sub-cultured in a 1:20 LB dilution without antibiotics for 4 h. The cells were subsequently washed and suspended in cold

PBS (BioConcept).

Mouse lines
The experiments were conducted using 8–12-week-old male or female mice. The sample size was not predetermined, and the mice

were randomly allocated to different groups. Wild type mice were descendants of C57BL/6 (breeders originally obtained from Jack-

son laboratories) or 129SvEv(breeders originally obtained fromMax von Pettenkofer-Institute, Munich, Germany), which have a stan-

dard complexmicrobiota (specific pathogen-free; SPF) and bred in controlled environments within individually ventilated cages at the

EPIC and RCHCI mouse facilities of ETH Zurich in Switzerland. Germ-free C57BL/6 mice were raised in flexible film isolators,

ensuring stringent measures to prevent microbial contamination at the EPIC mouse facility of ETH Zurich. Besides, the following

genetically modified mouse lines were used: Nlrc4�/� (B6.C2-Nlrc4tm1Vmd,74 Nlrc4�/� GF). Nlrc4�/� GF mice were derived germ

free in the Clean Mouse Facility of University of Bern and kept in flexible film isolators at the ETH Z€urich mouse facility upon transfer.

All studies were performed in accordance with ethical and legal requirements and were reviewed and approved by the Kantonales

Veterinäramt Z€urich under the licenses ZH193/2016, ZH158/2019, ZH108/2022, and ZH109/2022. 75,76

METHOD DETAILS

Construction of mutant bacterial strains
Fresh gene knockout strains were generated utilizing the lambda-red single-step protocol.72 In this approach, the gene of interest is

replaced with an antibiotic resistance cassette. Initially, primers with approximately 40 base pairs representing the gene’s flanking

regions and an additional 20 base pairs for the desired antibiotic resistance cassette were developed (as listed in the Key Resources

Table). Subsequently, DNA constructs were created using plasmids pKD3 and pKD4 for chloramphenicol and kanamycin, respec-

tively, to implement the antibiotic resistance cassette flanked by the gene’s regions. These constructs were generated using Phusion

high-fidelity DNA polymerase, and the resulting PCR product was purified using the Qiagen DNA purification kit. For the preparation

of highly concentrated competent cells, a strain containing the pKD46 plasmid, carrying the lambda-red phage and an ampicillin

resistance cassette, was cultivated for 3 h at 30�C in 50mL LB-ampicillin supplemented with 10mM Arabinose (Sigma-Aldrich).

This induced the phage-derived genes encoded on pKD46, with the plasmid being lost at 37�C. The cells were washed, concentrated

via a series of centrifugation and resuspension steps in ice-cold H2O, and then transformed with 5mL of the purified PCR product

through electroporation at 1.8kV for 5ms. Following this, the cells were allowed to recover in warm LB for 1.5 h at 37�C and were

then plated on LB plates containing the corresponding antibiotic to identify colonies featuring the desired gene knockout. Due to

the potential risk of lambda-red induction and mutant preparation causing mutations elsewhere in the genome, P-22 lysates were

generated from the original mutant strains and subsequently utilized to transfer the mutation into the ancestral strain.

Mouse infection experiments
Mice were pretreated with single dose of ampicillin (20 mg/mouse) or streptomycin (25 mg/mouse) 1 day before the infection and

infected by oral gavage on the day 0 with the relevant S.Tm strain(s) as described in each figure. Germ-free mice infections were

done similarly but without any antibiotic pretreatment.

For all infection experiments, the inocula were prepared as outlined. Overnight cultures of S.Tm in LB with streptomycin were sub-

cultured for 4 h (1:20 dilution) in LB without antibiotics. Subsequently, the strains were washed with PBS, and mice received an oral

gavage of approximately 53 107 CFU S.Tm. In competitive infection experiments, respective strains were separately prepared (sub-

cultured and washed) and combined before oral gavage, based on the specified ratios in the figure legends. Feces were collected in

pre-weighed tubes with 1mL PBS and homogenized with a steel ball for 2 min at 25 Hz. Daily monitoring of infected mice for their

health status was conducted as described in the relevant license. Organswere harvested at the designated time points in each figure.

For cecal tissue plating, the gentamicin protection assay was utilized to clear extracellular bacteria. The cecal tissue was
16 Cell Reports 43, 113925, March 26, 2024
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longitudinally cut, rapidly washed in PBS (3x), incubated for 45–75 min in PBS/400 mg/ml gentamicin (Sigma-Aldrich) at room tem-

perature, and extensively washed (3 3 30s) in PBS before plating. The samples were homogenized using a tissue lyser (Qiagen) for

2 min at 25Hz frequency (cecal tissue for 3 min at 30Hz). These homogenized samples were diluted in PBS, plated on MacConkey

(Oxoid) plates supplemented with the relevant antibiotic(s), and incubated at 37�C overnight. The following day, colonies were

counted and represented as CFU/g content. The competitive index (C.I.) was calculated as the ratio of the mutant over wild type

in the feces or organs, normalized to the initial ratio in the inoculum.

For in vivo depletion of neutrophils, anti-Ly6G (BioXCell, 1A8) was injected intraperitoneally at each day starting at a day before the

start of the infection (250 mg/mouse).

Immunofluorescence analysis
Cecal tissue sections obtained from euthanized mice were fixed in 4% paraformaldehyde for 4 h at room temperature before being

submerged in 20% sucrose/PBS solution, embedded in Optimal Cutting Temperature compound (OCT, Tissue-Tek), and snap-

frozen using a liquid nitrogen solution. The samples were then stored at�80�C until further analysis. Following this, 10 mmcross-sec-

tions were prepared and mounted on glass slides (Superfrost++, Thermo Scientific). The slides containing the cryosections were air-

dried at RT for a minimum of 12 h, rehydrated with PBS, and permeabilized using a 0.5% Triton X-100/PBS solution. For blocking, to

ensure effective staining, the sections were initially treated with a 10% Normal Goat Serum (NGS)/PBS solution before applying pri-

mary and secondary antibodies. The antibodies used for staining included a-S.Tm LPS (O-antigen group B factor 4–5, Difco) at a

1:200 dilution, or a-Ly6B.2 clone 7/4 (BioRad) also at 1:200, in combination with suitable secondary antibodies (a-rabbit-Alexa-

Fluor488 from Abcam Biochemicals, a-rat-Cy3 from Jackson) and fluorescent probes, such as CruzFluor488-conjugated Phalloidin

(Santa Cruz Biotechnology), AlexaFluor647-conjugated Phalloidin (Molecular Probes), and/or DAPI (Sigma Aldrich). Once stained,

the sections were covered with a glass slip using Mowiol (VWR International AG) and kept in the dark at RT overnight. For imaging,

a Zeiss Axiovert 200mmicroscope equipped with 10-100x objectives or a spinning disc confocal lased unit (Visitron) with similar ob-

jectives were utilized. The obtained images were processed and analyzed using Visiview (Visitron) and/or ImageJ.

qRT-PCR
Cecal tissue samples from infected or control animals were gathered and snap-frozen in RNAlater solution (Thermo Fisher Scientific)

after thorough PBSwashing to eliminate the luminal content. The samples were preserved at�80�Cuntil subjected to qRT-PCR anal-

ysis. For this, total RNA was extracted using the RNeasy Mini Kit (Qiagen) and then converted to cDNAs utilizing the RT2 HT First

Strand cDNA Kit (Qiagen) following the manufacturer’s protocol. Subsequently, qPCR was executed employing FastStart Universal

SYBR Green Master reagents (Roche), and Ct values were captured using the QuantStudio 7 Flex FStepOne Plus Cycler. Primer

design was facilitated by the NCBI primer-designing tool (Key Resources Table). The mRNA expression levels were depicted relative

to the b-actin housekeeping gene (2�DCt)), with specific comparisons outlined in the figure captions.

Lipocalin-2 ELISA
The Lipocalin-2 ELISA (R & D Systems) was conducted on fecal samples following the manufacturer’s guidelines. Fecal pellets were

suspended in PBS, with dilutions of 1:20, 1:400, or left undiluted, and concentrations were determined using Four-Parametric Logis-

tic Regression curve fitting.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analysis
Where applicable, the two-tailed Mann Whitney-U test or Wilcoxon matched-pairs signed rank test was used to assess statistical

significance as indicated in the figure legends. GraphPad Prism 9 for Windows was used for statistical testing. p values of p R

0.05 not significant (ns), p < 0.05 (*), p < 0.01 (**), p < 0.001 (***), and p < 0.0001 (****).
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