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Klebsiella pneumoniae through down-regulation
of tryptophan-IPA-IL22 axis
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Xiangsong Ma," and Xiuyu Xu'-¢*

SUMMARY

Hypervirulent Klebsiella pneumoniae (hvKp) is a significant causative agent of invasive hepatic abscess
syndrome in Asia, presenting substantial clinical challenges due to its intricate pathogenesis. This study
revealed the crucial role of the gut microbiota in fortifying the host’s defense against hvKp infection by
enhancing interleukin-22 (IL-22), probably through regulating downstream antimicrobial peptides such
as Reg3p. In antibiotic-treated mice, we observed that gut microbiota disruption impaired the transforma-
tion of tryptophan to indole, a key ligand for the aryl hydrocarbon receptor (AhR), consequently affecting
the regulatory functions of IL-22. Our experimental findings revealed that administering rIL-22 or indole
propionic acid notably diminished the translocation of hvKp from the intestine to the liver. This research
not only underscores the pivotal role of the gut microbiome in modulating tryptophan metabolism and the
IL-22 pathway but also highlights its critical function in preventing hviKp migration from the colon to the
liver.

INTRODUCTION

In the mid-1980s, investigators in Taiwan first identified a distinctive syndrome of monomicrobial Klebsiella pneumoniae (K. pneumoniae, Kp)
pyogenic liver abscess (KLA), predominantly in diabetic individuals." Subsequently, community-acquired K. pneumoniae liver abscess has
become an important health problem in parts of Asia, accounting for 80% of all pyogenic liver abscess cases.”” This invasive infection often
escalates to metastatic complications such as meningitis and endophthalmitis, significantly increasing mortality rates. Patients with KLA alone
have a mortality rate of approximately 10%"; among those with metastatic meningitis, this rate increases to 30%-40%.>° Some studies have
indicated high intestinal colonization rates of hypervirulent Klebsiella pneumoniae (hvKp), a subtype of Kp, in the healthy Asian population.’
This hypervirulent strain is characterized by its iron uptake capabilities, mediated by the aerobactin and salmochelin proteins encoded by the
iuc and iro genes, respectively, and its hypermucoid phenotype caused by overexpressed capsule genes (rmpA and rmpA2). There is a
notable genetic similarity between hvKp strains found in liver abscesses and those in the intestines.® "'’ This connection was further supported
by a mouse model-based study in which oral administration of hvKp led to liver abscesses,'' suggesting an intestinal origin for KLA.
Clinical research has shown that a history of prior antibiotic use is an independent risk factor for KLA,'? highlighting the possible connec-
tion between antibiotic-induced intestinal flora disruption and KLA development. These antibiotics disrupt the equilibrium of the gut micro-
biota, potentially affecting the expression of vital host immune factors, one of which is interleukin-22 (IL-22)."* IL-22 is a cytokine predomi-
nantly expressed in the gut by RORyt + type 3 innate lymphocytes (ILC3s). IL-22 expression relies on the activation of the aryl
hydrocarbon receptor (AhR) by indole.'* Recent research has established a connection between intestinal dysbiosis and KLA.'® In our previous
research, we noted elevated levels of IL-22 in patients with KLA. Given these findings, IL-22 is potentially a critical factor in KLA development.
In elderly mice, a decrease in intestinal macrophage numbers leads to reduced secretion of growth arrest-specific 6 (Gasé), facilitating the
invasion of K. pneumoniae into the intestinal epithelium and its subsequent translocation to the liver. This mechanism may explain the higher
incidence of K. pneumoniae infections in older individuals.'® However, the mechanism by which prior antibiotic use contributes to KLA re-
mains incompletely understood. In our study, we utilized a mouse model of liver abscess induced by oral gavage of hvKp to explore the
impact of antibiotic exposure on the intestinal immune response to Klebsiella pneumoniae and its impact on susceptibility to KLA. Our find-
ings show that antibiotic-induced intestinal dysbiosis decreases indole derivative levels, reducing IL-22 levels. Reg3B, a C-type lectin
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Figure 1. Antibiotic use disrupts the intestinal microbiota composition in noninfected mice

(A) Experimental scheme for (B-G). The mice were randomly divided into antibiotic (ABX) and control (CON) groups (n = 10). Mice in the ABX group were
administered antibiotic suspensions via gavage for 7 consecutive days, while those in the CON group received an equal volume of PBS via gavage for 7
consecutive days. Fecal samples were collected from the mice on the 9th day.

(B) The rarefaction curve illustrates adequate sequencing depth, with the x axis representing the number of reads sampled and the y axis showing the Sobs index
at the amplicon sequence variant (ASV) level.

(C and D) Alpha diversity comparison using Chao (C) and Shannon (D) indices at the ASV level between ABX and CON mice, revealing significant differences
(p = 0.00003653 and p = 0.0008743, Wilcoxon rank-sum test).

(E) Principal coordinate analysis (PCoA) based on Bray-Curtis dissimilarity at the ASV level (p = 0.001, ANOSIM).

(F) Distinct microbiota compositions between ABX and CON mice according to phylum-level community bar plot analysis.

(G) Heatmap of genera in ABX and CON mice. Heatmap of the genera in the top 30 in terms of total abundance at the classification level (n = 10). The color of the
spots in the right panel represents the mean relative abundance in each sample (the colors blue, white, and red represent low abundance, intermediate
abundance, and high abundance, respectively). The x axis and y axis are the sample and species clustering trees, respectively.

antimicrobial protein (AMP) found predominantly in the small intestine and regulated by IL-22, is known for its bactericidal effects on gram-
positive and gram-negative bacteria.'’'® The weakened bactericidal activity of Reg3B may results in the significant accumulation of hvKp on
the intestinal epithelial surface, promoting its translocation through the epithelial defense barrier into the liver, thereby causing hvKp liver
abscesses.

RESULTS
Antibiotic use disrupts the intestinal microbiota composition in noninfected mice

We evaluated the impact of antibiotic treatment on the intestinal microbiota using 16S rRNA gene sequencing analysis of the intestinal micro-
biota in noninfected ABX (antibiotic-treated) and CON (control) mice (Figure 1A). The rarefaction curve demonstrated adequate sequencing
depth (Figure 1B). The significant differences in the Chao1 and Shannon indices indicated that the community richness and community di-
versity in noninfected ABX mice were lower than those in noninfected CON mice (Figures 1C and 1D). The principal coordinate analysis
(PCoA) results demonstrated significant differences between the two groups, indicating substantial variation in their microbial community
composition (Figure 1E). Significant variations in the microbiota composition at both the phylum and genus levels are shown in Figures 1F
and 1G, respectively. According to the aforementioned data, the dominant phyla of both the noninfected CON and ABX groups were Bac-
teroidetes (54.67% vs. 2.63%), Firmicutes (36.74% vs. 5.28%), and Proteobacteria (0.24% vs. 90.86%). Unlike in the noninfected CON group, in
the noninfected ABX group, only Proteobacteria were enriched, and the other phyla were markedly reduced, with a significant reduction in the
Bacteroidetes phylum. An abundance of the phylum Bacteroidetes has been reported to be associated with the production of commensal
colonization factors, which are sufficient to cf. protection against colonization and infection by K. pneumoniae.'? At the genus level, the
genera Acinetobacter, Pseudomonas, Stenotrophomonas, Klebsiella, and Staphylococcus were significantly enriched in the noninfected
ABX group. The most abundant genera in the noninfected CON group were Muribaculaceae, Lactobacillus, Prevotellaceae_UCG-001,
and Bacteroides. In conclusion, our findings demonstrate profound alterations in the intestinal microbiota composition following antibiotic
treatment in noninfected mice, characterized by a substantial reduction in microbial diversity and a shift in microbial dominance. The afore-
mentioned results indicate that the intestinal microecological balance of the mice was successfully disrupted by oral antibiotic treatment.

Depletion of the intestinal microbiota impairs host defenses against Klebsiella pneumoniae liver abscess

Broad-spectrum antibiotics were used to deplete the gut flora in mice. Subsequently, a liver abscess model was induced via hvKp gavage to
clarify the effect of antibiotic use on liver abscesses in mice infected with hvKp (Figure 2A). Forty-eight hours after infection with hvKp, all ABX
group mouse livers developed obvious abscesses visible to the naked eye (Figure 2B). The antibiotic-treated group (ABX + hvKp group) ex-
hibited greater mortality rates than the PBS + hvKp group after infection with hvKp (Figure 2C). At 48 h postinfection, visually, the colon in the
ABX + hvKp group was noticeably swollen and inflamed compared to that in the PBS + hvKp group (Figure S1). The ABX+ hvKp group dis-
played macroscopically distinct liver abscesses, and liver cell necrosis, microabscess formation, and altered liver cell structures were observed
by H&E staining. Additional H&E staining revealed a thinner colonic wall, increased inflammatory cell infiltration, irregular villi, and a marked
reduction or absence of crypts and goblet cells (Figure 2D). These results highlighted the enhanced colonic pathology in the ABX group after
hvKp infection. Moreover, an increased bacterial burden within the colon and liver of the ABX group indicated a diminished capacity to elim-
inate pathogens (Figure 2E), and fluorescence in situ hybridization (FISH) staining results (Figure 2F) likewise showed more hvKp colonization
in the colon of ABX mice than in the colon of PBS + hvKp group mice. The results indicate that antibiotic-induced depletion of the intestinal
microbiota significantly impairs the host's defense against bacterial invasion, leading to increased susceptibility and severity of Klebsiella
pneumoniae liver abscesses in mice.

Antibiotic use attenuated the protective effect of IL-22 on hvKp-induced liver abscesses

The underlying mechanism by which depletion of the gut microbiota by antibiotics significantly increases susceptibility to hvKp infection was
subsequently investigated, and the role of IL-22, a cytokine primarily acting on epithelial cells in the intestines, skin, and respiratory tract, was
explored. Both the gPCR and ELISA results confirmed that hvKp infection induced an increase in IL-22 in mice without antibiotic treatment, but
this increase was suppressed in ABX mice (Figures 3A and 3B). Furthermore, we compared the serum IL-22 levels between liver abscess
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Figure 2. Depletion of the intestinal microbiota impairs host defense against Klebsiella pneumoniae liver abscess

(A) Treatment scheme used to analyze differences in the susceptibility of hvKp to antibiotics. Six- to eight-week-old mice were randomly divided into the following
four groups—the CON group (PBS + PBS), PBS + hvKp group, ABX + PBS group and ABX + hvKp group—and were gavaged with antibiotics or PBS for 7 days
prior to the oral inoculation of hvKp or PBS. The mice were euthanized at 24, 48 and 72 h post-infection, and their colons and livers were harvested.

(B) The appearance of the liver in the CON (left) and ABX + hvkp (right) groups. Randomly selected images are shown for each group.

(C) Effect of antibiotics on the survival of mice infected with hvKp. Survival was monitored daily for 10 consecutive days (n = 10).

(D) H&E-stained images of liver tissue sections (top) and proximal colon cross-sections (bottom) from each group of mice. Randomly selected images are shown
for each group. Scale bar: 200 um.

(E) Bacterial counts in the colon and liver were determined at different points in time after hvKp infection in the PBS + hvKp and ABX + hvKp groups. Whole colon
(left) and liver (right) tissues from each mouse were homogenized in 1 mL of PBS, and 20 plL of each homogenate was then plated onto blood agar plates and
incubated at 37°C overnight. The number of colony forming units (CFUs) was determined the next day. Each dot represents the value from an individual mouse
(n=6).

(F) Colon sections were taken from PBS or ABX mice at 48 h after infection with hvKp and stained with a K. pneumoniae probe (red) and DAPI (blue). Scale bar:
100 pm.

Throughout, the data are presented as the mean + SEM. NS: not significant, *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001.

patients and healthy controls. Individuals with liver abscesses exhibited higher IL-22 levels than their healthy counterparts (Figure 3C). Inter-
estingly, IL-22 levels did not significantly increase in patients with liver abscesses of other bacterial origins, which likely stemmed from primary
hepatobiliary disorders rather than intestinal infections. Furthermore, a retrospective study of clinical specimens revealed that IL-22 levels
were lower in patients with KLA who had a history of antibiotic use than in those without a history of antibiotic use (Figure 3D). This distinction
underscores the protective role of IL-22 specifically in hvKp infection scenarios. We also investigated whether IL-10 and IL-17, which belong to
the IL-10 family along with IL-22, play roles in antibiotic-induced bacterial invasion of the gut (Figures 3A and 3B). The results showed that IL-17
and IL-10 did not significantly affect hvKp infection in mice. Plasma IL-6 levels in ABX mice infected with hvKp were greater than those in con-
trol mice (Figure 3E). We also examined the mRNA expression levels of molecules downstream of IL-22, such as Cldn2 (claudin 2), Ocln (oc-
cludin), and Reg3@ (regenerating islet-derived 3 beta), as well as ZO1(zona occludens 1) and Tff3 (trefoil factor 3), which play protective roles in
the intestine (Figure 52).”°~% Considering the trend of Reg3p expression in this study and its antimicrobial properties against gram-negative
bacteria,'” which may play a protective role in hvKp infection, we conducted further protein analysis of Reg3p. Both the gPCR and western
blotting results showed that Reg3B expression increases during hvKp infection. However, this increase was not detected in ABX mice
(Figures 3F-3H). Based on the gPCR results of occludin and claudin-2, immunofluorescence staining was performed to examine the expres-
sion levels of them in the colon group (Figure S3). In conclusion, our results highlight the diminished protective effect of IL-22 in KLA due to
antibiotic use. This effect of IL-22 may be mediated through the regulation of Reg38.

Fecal microbiota transplantation alleviates hvKp liver abscess in antibiotic-treated mice

To delineate the influence of the gut microbiota, we replenished the gut microbiota in ABX mice by administering fecal suspensions from
healthy C57BL/6 mice (Figure 4A). Forty-eight hours after hvKp gavage, mice that underwent fecal microbiota transplantation (FMT) displayed
significantly lower bacterial loads in both colonic and hepatic tissues than those observed in ABX-treated mice (Figure 4B). These results
showed that hvKp infection in mice was attenuated after FMT compared to that in the ABX group. The H&E staining results of liver and colon
sections from the mice showed the same trends (Figure 4C). Plasma IL-22 levels were elevated in FMT mice, albeit below control levels, and
IL-6 levels were decreased (Figures 4D and 4E). Additionally, the upregulation of Reg3B expression in FMT mice was revealed by western
blotting (Figures 4F and 4G). These results collectively suggest that FMT effectively reduces the severity of hvKp liver abscesses in mice
treated with antibiotics, demonstrating its potential as a therapeutic intervention.

Recombinant IL-22 administration provided protection against hvKp in ABX mice

To counteract the reduction in intestinal IL-22 expression in ABX mice, recombinant IL-22 (rIL-22, 0.5 pg) was administered 4 h after hvKp infec-
tion (Figure 5A). Compared with untreated ABX mice, mice receiving rlL-22 treatment exhibited improved 10-day survival rates and signifi-
cantly lower hvKp bacterial loads in both liver and colon tissues (Figures 5B and 5C). Compared with those in ABX mice, histological analyses
revealed decreased mucosal erosion, crypt destruction, and inflammatory cell infiltration in rlL-22 mice (Figure 5D). IL-6 was not restored after
rIL-22 supplementation, and this increase might be related to immune activation in response to hvKp infection (Figure 5E). Importantly, Reg3
mRNA and protein levels in the colon of rIL-22-treated mice were notably lower than those in the ABX group (Figures 5F=5H). These results
confirm the pivotal role of rlL-22 supplementation in alleviating hvKp infection in antibiotic-treated mice, suggesting its therapeutic potential
in such infection scenarios.

Disruption of tryptophan metabolism in antibiotic-treated mice affects susceptibility to KLA

Our results suggest that the gut microbiota in ABX mice influences susceptibility to hvKp-induced liver abscess by altering IL-22 production.
This effect may stem from the influence of the microbiota on tryptophan metabolism within the gastrointestinal tract. Tryptophan is metab-
olized into indole derivatives such as indole-3-acetic acid (IAA) by gut bacteria or into kynurenine (Kyn) by host cells via indoleamine 2,3-di-
oxygenase. Indole derivatives are AhR ligands known to promote local IL-22 production. We performed tryptophan metabolism analyses on
mouse (noninfected ABX [antibiotic-treated] and CON [control] mice) and clinical case specimens (liver abscess patients [KLA] and healthy
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Figure 3. Antibiotic use attenuated the protective effect of IL-22 on hvKp-induced liver abscesses

(A) mRNA expression levels of 11-22 (n = 6), II-10 (n = 4-5), and [I-17a (n = 6) in the colons of PBS and ABX mice at 24 h post infection with hvKp or control solvent
(PBS).

(B) Plasma was obtained by blood sampling from the eyeballs of mice 48 h after infection. Plasma concentrations of IL-22 (n = 5), IL-10 (n = 4), and IL-17A (n = 6) in
the four groups determined by ELISA.

(C) Serum IL-22 concentrations in clinical specimens from healthy individuals (n = 50), KLA patients (n = 41), and NKLA patients (non-K pneumoniae liver abscess,
n = 20).

(D) Comparison of serum IL-22 levels in KLA patients with (n = 8) and without (n = 33) a history of antibiotic use.

(E) Plasma was obtained by blood sampling from the eyeballs of mice 48 h after infection. Plasma IL-6 concentrations in four groups of mice measured by ELISA
(n=6).

(F) mRNA expression levels of Reg3@ in the colon of mice at 24 h post infection (n = 4).

(G) Western blot analysis showing Reg3 protein expression in the colons of different groups at 48 h post infection (n = 3).

(H) The relative densitometric intensities of Reg3p were determined and then normalized to those of B-actin (n = 3).

Throughout, the data are presented as the mean + SEM. NS: not significant, *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001.

controls [healthy]). Tryptophan metabolism assays revealed that IAA and indole propionic acid (IPA) constitute significant components of tryp-
tophan metabolism (Figures 6A and 6B). ABX mice exhibited impaired IAA production and low IPA levels, likely due to an underdeveloped
gutimmune system (Figure 6C), similar to clinical patient specimens (Figure 6D). These results collectively indicate disrupted tryptophan (Trp)
metabolism as a key factor in the increased susceptibility to KLA in antibiotic-treated mice and patients.

Indole propionic acid therapy reduces the KLA burden in antibiotic-treated mice

Significant differences in IPA compared to those in the control group were observed in both our clinical specimens and mouse models (Fig-
ure 7A). Despite the minimal IAA differences observed in clinical specimens between the disease and control groups (Figure 7A), considering
the therapeutic effects of IAA in other disease models, we supplemented our ABX mouse KLA model with either IAA or IPA at 20 mg/kg/day
(Figure 7C). IPA administration markedly improved IL-22 expression deficits in ABX mice (Figure 7D). Administration of IPA to ABX mice signif-
icantly reduced hvKp bacterial loads in the colon and liver tissues (Figure 7E). However, IAA plays no role in this process (Figures 7D and 7E).
These findings suggest that antibiotics disrupt the intestinal flora, leading to decreased colonic IL-22 expression by altering tryptophan meta-
bolism. This disruption contributes to increased susceptibility to KLA in ABX mice by impairing IL-22 signaling pathways.

DISCUSSION

Clinical research has shown that a history of antibiotic exposure is an independent risk factor for KLA,'? with further evidence connecting gut
dysbiosis to this disease.’” However, the exact mechanisms by which antibiotics promote the development of KLA are not fully understood.
Our research reveals the pathogenesis of KLA and highlights the role of metabolic pathways, particularly the reduction in IPA following anti-
biotic use, in affecting host immunity. This reduction leads to lower levels of IL-22, which may impair the bactericidal function of Reg3p and
compromises the intestinal barrier. This process facilitates the migration of hvKp from the intestinal tract to the liver and promotes abscess
formation. Our study sheds light on the host immune response mechanisms underlying KLA, providing a basis for innovative treatments, such
as probiotics expressing recombinant IL-22, and advancing immunotherapy approaches.

Previous research has shown that antibiotics disrupt the balance of the gut microbiota and thereby interfere with the normal expression of
host immune factors, particularly IL-22, which plays a critical role in the antimicrobial defense of the intestinal epithelium.?**> Our prior clinical
observations also revealed an increase in IL-22 levels among KLA patients. Building on these insights, our study explored the role of IL-22 in
the pathogenesis of antibiotic-associated KLA and aimed to elucidate its critical impact on disease progression. We found that ABX mice had
areduced ability to eliminate K. pneumoniae, and hvKp infection induced an increase in IL-22, which was inhibited in ABX mice. Supplemen-
tation with IL-22 alleviated hvKp infection in ABX mice. The specific alteration in IL-22 levels, as opposed to IL-17A and IL-10, suggested that
the gut microbiota predominantly modulates the immune response to hvKp through IL-22. This is possibly because K. pneumoniae can
bypass IL-17A defenses by encapsulation for effective colonization.'” However, rlL-22 supplementation did not reduce IL-6 levels, probably
because of the strong systemic response to hvKp infection. This response might overshadow the effects of IL-22, or there could be a syner-
gistic interaction between IL-22 and IL-6.7° Intriguingly, the serum IL-22 levels in patients with liver abscesses caused by pathogens other than
hvKp did not significantly deviate from those in healthy controls, likely reflecting the varied etiologies of liver abscesses. Liver abscesses
caused by other pathogens are usually secondary to the breakdown of the hepatobiliary system barrier caused by primary hepatobiliary dis-
eases’’*? because there is less damage to the intestinal barrier involved, which may not trigger the same IL-22-mediated immune response.
Moreover, our study also revealed a notable difference in IL-22 levels between KLA patients with and without a history of antibiotic use (within
the last 30 days), as shown in Figure 3D. This finding implies that the history of antibiotic use plays a crucial role in modulating the host's de-
fense mechanisms against KLA by influencing IL-22 levels.

The microbiome is a key regulator of IL-22 activity via the synthesis of L-Trp-derived AhR ligands.”**”~*? Qur results revealed a marked
reduction in L-tryptophan (L-Trp)-derived metabolites, especially IPA, in the feces of both KLA patients and ABX mice. Moreover, supple-
menting IPA in the ABX mouse model substantiated its therapeutic potential. However, the role of IAA in hvKp liver abscess remains ambig-
uous, potentially because we did not find a suitable experimental concentration or duration of drug administration. According to our micro-
biome sequencing results, the number of Bacteroides and the abundance of Lactobacillus were significantly reduced in ABX mice. Studies
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Figure 4. Fecal microbiota transplantation alleviates hvKp liver abscess in antibiotic-treated mice

(A) Treatment scheme used to analyze fecal microbiota transplantation (FMT) differences in susceptibility to hvKp. Mice were randomly divided into three groups:
CON, ABX, and FMT. Before fecal transplantation, mice in the ABX and FMT groups were gavaged with antibiotics for 7 days, while PBS was used as a control for
mice in the CON group. Mice in the FMT group were gavaged with fecal suspensions, and mice in the ABX and CON groups were gavaged with PBS for 3 days.
Finally, 3 groups of mice were gavaged with 1.5 x 108 CFU of hvKp. At 48 h post infection, the mice were euthanized, and the colon and liver were harvested.
(B) Bacterial counts in the colon and liver were determined 48 h after hvKp infection. Whole colon (left) and liver (right) tissues from each mouse were
homogenized in 1 mL of PBS, and 20 pL of each homogenate was plated onto blood agar plates and incubated at 37°C overnight. The numbers of CFUs
were determined the next day. Each dot represents the value from an individual mouse (n = 6).

(C) H&E-stained images of liver tissue sections (top) and proximal colon cross-sections (bottom) from control (left), ABX (middle), and FMT (right) mice at 48 h post
infection. Randomly selected images are shown for each group. Scale bar: 200 pm.

(D) Plasma was obtained by blood sampling from the eyeballs of mice 48 h after infection. Plasma concentrations of IL-22 in the CON (n = 5), ABX (n = 5), and FMT
(n = 10) groups were measured by ELISA.

(E) Plasma concentrations of IL-6 in each group at 48 h post infection were measured by ELISA (n = é).

(F) Detection of Reg3p by western blotting. Colon tissues were collected, homogenized, and analyzed using an anti-Reg3B antibody (n = 3).

(G) The relative densitometric intensities of Reg3B were determined and then normalized to those of B-actin (n = 3).

Throughout, the data are presented as the mean + SEM. NS: not significant, *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001.

have shown that Lactobacillus species metabolize Trp into indole-3-aldehydes, promoting AhR-dependent IL-22 expression.”* Furthermore,
Bacteroidetes play a crucial role in defending against K. pneumoniae colonization and transmission.'” In addition, an increased presence of
Acinetobacter and Pseudomonas was noted in ABX mice. The phenomenon of cross-protection and cross-feeding between Klebsiella pneu-
moniae and Acinetobacter baumannii is instrumental in facilitating their coexistence.>> Moreover, the biomass of Klebsiella pneumoniae
within biofilms cocultured with Pseudomonas was significantly greater than that in mono-culture biofilms, suggesting the possibility of meta-
bolic cooperation within mixed-species biofilms.*" Different bacterial enzymes are responsible for the production of certain indole derivatives
in the process of tryptophan catabolism.?® These previous studies imply a necessity for an in-depth investigation into the precise modalities
through which the intestinal microbiota engages in dialogue with the host immune apparatus. In particular, future research should identify
which bacterial species produce specific AhR ligands, such as IPA, providing molecular insights and identifying new therapeutic targets
for KLA.

The gut is a primary site of antimicrobial defense, with intestinal epithelial cells secreting various AMPs, including B-defensins, regenerat-
ing proteins, and $100 proteins.'”"* In human anatomy, the primary producers of AMPs are specialized Paneth cells, which are predominantly
located in the small intestine and are less abundant in the proximal colon; IL-22 plays a pivotal role in the development of Paneth cells and
expression of AMPs.*+* Studies suggest that Reg3p binds to lipopolysaccharide (LPS), killing gram-negative bacteria.*”*° The human gutis a
reservoir for hypervirulent K. pneumoniae,”*'~** particularly in the Chinese population,”” with hvKp carriage being a risk factor for invasive
infections and liver abscesses.'%*>** However, most research on K. pneumoniae pathogenic mechanisms has focused on virulence,”’ = over-
looking the defense of intestinal AMPs against hvKp. Our study revealed the potential protective role of Reg3p, which is regulated by IL-22, in
KLA pathogenesis. Claudin-2, a prototypic pore-forming claudin, forms actively gated channels that are selective for water and small cat-
ions.”""*? |L-22 stimulation leads to the upregulation of epithelial claudin-2 expression and can thereby elicit water efflux, diarrhea, and path-
ogen clearance in the intestine.”® Additionally, occludin, which is crucial for tight junction integrity in epithelial and endothelial cells, plays a
pivotal role in maintaining barrier functions.” In our KLA model, an unexpected increase in claudin-2 expression was observed in the intes-
tines of ABX mice despite a decrease in IL-22, suggesting that severe infections in ABX mice may drive this increase, boosting intestinal
permeability and facilitating pathogen elimination. Furthermore, research indicates that IL-1, IL-6, IL-13, and tumor necrosis factor (TNF)
also potentially elevate claudin-2 expression.”**°~% Notably, occludin expression was reduced in ABX mice, indicating enhanced vulnerability
of the colonic epithelium to infection, with a more significant decrease in the ABX group than that observed in the control group, highlighting
the impact of infection severity on tight junction proteins.

In conclusion, our study underscores the pivotal influence of antibiotic-induced intestinal dysbiosis on the host immune response toward
hvKp using a mouse model of liver abscess induced by oral gavage of hvKp. Our findings revealed that such dysbiosis curtails the production
of indole derivatives, specifically IPA, and diminishes IL-22 levels. In addition, the down-regulation of Reg3B was also involved. The cascade
effect of IPA-IL-22 may significantly reduce the expression of Reg3p, an essential antimicrobial peptide, thereby potentially facilitating the
proliferation of hvKp. The ensuing disruption of the intestinal barrier permits hvKp to translocate to the liver, consequently increasing suscep-
tibility to KLA. This finding underscores the importance of understanding the interplay between antibiotic use, intestinal microbiota, and im-
mune responses in the pathogenesis of KLA.

Limitations of the study

Our investigation, while contributing valuable insights, has certain limitations, particularly in microbiota transplantation experiments, where
the transplanted group showed better therapeutic effects than healthy mice. Such observations suggest a complex interplay of factors, poten-
tially involving competitive exclusion or a fortified immune response post FMT in resisting hvKp infection. Further exploration is needed to
pinpoint the specific cellular entities involved in indole-mediated modulation of IL-22 and the regulatory dynamics between IL-22 and Reg3
within the context of KLA. Several literatures have confirmed the role of Reg3p as a downstream molecule of IL-22 in combating Gram-nega-
tive bacteria. Based on our experimental findings, the down-regulation of Reg3B can be observed during hvKp infection in ABX mice.
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Figure 5. Recombinant IL-22 administration provided protection against hvKp in ABX mice

(A) Treatment scheme used to analyze the effect of rlL-22 on susceptibility to hvKp. Six- to eight-week-old mice were gavaged with antibiotics for 7 days prior to
oral inoculation of hvKp. Four hours after infection, the mice were injected intraperitoneally with 0.5 pg of rIL-22 (rIL-22 group) or an equal amount of PBS (CON
group). Mice were euthanized 24 and 48 h after infection, and the colon and liver were harvested.

(B) Effect of rIL-22 on the survival of mice infected with hvKp. Survival rates were monitored daily for 10 consecutive days (n = 10).

(C) Bacterial counts in the colons and livers were determined 48 h after hvKp infection. Whole colon (left) and liver (right) tissues from each mouse were
homogenized in 1 mL of PBS, and 20 pL of each homogenate was plated onto blood agar plates and incubated at 37°C overnight. The numbers of CFUs
were determined the next day. Each dot represents the value from an individual mouse (n = 6).

(D) H&E-stained images of liver tissue sections (top) and proximal colon cross-sections (bottom) from CON (left) and ABX + rIL-22 group (right) mice at 48 h post
infection. Randomly selected images are shown for each group. Scale bar: 200 pm.

(E) Plasma was obtained by blood sampling from the eyeballs of mice 48 h after infection. Plasma concentrations of IL-6 at 48 h post infection were measured by
ELISA (n = 8-9).

(F) mRNA expression levels of Reg3p in the colons of the indicated mice at 24 h after infection (n = 4-5).

(G) Western blot analysis showing Reg3 protein expression in the colons of different groups at 48 h post infection (n = 3).

(H) The relative densitometric intensities of Reg3p were determined and then normalized to those of B-actin (n = 3).

Throughout, the data are presented as the mean + SEM. NS: not significant, *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001.

Therefore, we suppose the downstream effects of IL-22 is due to Reg3B. However, more evidences from Reg3B depletion and supplemen-
tation model are needed to define the protective role of Reg3B dependent on IL-22 in hvKp-induced liver abscess.

RESOURCE AVAILABILITY
Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Xiuyu Xu (xuxiuyu85@126.com).

Materials availability

There are restrictions to the availability of the hypervirulent Klebsiella pneumoniae (hvKp) strain due to our use of clinical specimens isolated from patients.

Data and code availability

e Data have been deposited at Figshare and are publicly available as of the date of publication.

® The strain genomic data, metabolomic datasets and mouse gut microbiota 16S rRNA datasets generated during the current study will be available in the
public repository. Accession numbers are listed in the key resources table.

® This paper does not report original code.

e Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.
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Figure 6. Tryptophan metabolism in ABX mice significantly deviated from that in control mice

(A) Cluster analysis plot: comparative expression patterns of intestinal tryptophan metabolites in the ABX group versus the CON group (n = 10).

(B) Cluster analysis plot: expression patterns of tryptophan metabolites in clinical specimens. Comparison between KLA (n = 14) and healthy individuals (n = 10),
showing divergent metabolite profiles.

(C) Histogram of the relative abundance of mouse intestinal tryptophan metabolites in the ABX and CON groups (n = 10).

(D) Histogram of relative abundance: Analysis of tryptophan metabolites in clinical specimens from KLA (n = 14) and healthy individuals (n = 10).
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Figure 7. Indole propionic acid therapy reduces KLA burden in antibiotic-treated mice

(A) IAA Concentrations: Comparative analysis of IAA levels in feces from CON and ABX mice (left, n = 10) and clinical samples from healthy controls (n = 10) and
KLA patients (right, n = 14).

(B) IPA concentrations: Comparative analysis of IPA levels in feces from CON and ABX mice (left, n = 10) and clinical samples from healthy controls and KLA
patients (right, n = 14).

(C) Experimental scheme for (C-E). Mice were randomly divided into four groups (n = 6 in each group): CON, ABX, and indole groups. The ABX mice were treated
with a 7-day continuous gavage of antibiotic suspension. Four hours after daily antibiotic gavage, the indole groups began receiving IPA/IAA treatment at 20 mg/
kg/day through gavage. The control group was gavaged with an equal volume of solvent. After 7 days, all groups were gavaged with 1.5 x 108 CFU of hvKp. At
48 h post-infection, the mice were euthanized, and blood, liver tissue, and colon tissue samples were collected for analysis.

(D) Plasma was obtained by blood sampling from the eyeballs of mice 48 h after infection. Plasma concentrations of IL-22 in the four groups were measured by
ELISA (n = 5).

(E) Bacterial counts in the colons (left) and livers (right) were determined 48 h after infection. Colon and liver tissues were homogenized in PBS, and the
homogenates were plated onto blood agar plates and incubated overnight. The numbers of CFUs were determined the next day. Each dot represents the
value from an individual mouse (n = 6).

Throughout, the data are presented as the mean + SEM. NS: not significant, *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001.
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EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Bacterial strain

The hypervirulent Klebsiella pneumoniae (hvKp) strain used in this study was isolated from liver drainage fluid from a liver abscess patient at
the First Affiliated Hospital of Chongging Medical University. The capsular serotype of the strain was first identified by amplifying the wzi gene
using the primers wzi_for2 (GTGCCGCGAGCGCTTTCTATCTTGGTATTCC) and wzi_rev (GAGAGCCACTGGTTCCAGAATTTGACCGC) and
subsequent sequencing. Two microliters of the extracted DNA was used as the template for PCR. The 50-pL PCR mixture contained 20 mM
Tris-HCI (pH 8.4), 50 mM KCl, 1.5 mM MgCl, 0.2 uM of each primer, 100 uM of each deoxynucleoside triphosphate, and 0.17 pL of Taq po-
lymerase. After denaturation at 94°C for 2 minutes, 30 cycles were performed (94°C for 30 seconds, 55°C for 40 seconds, and 72°C for 30
seconds), followed by a final elongation step at 72°C for 5 minutes. The amplification products were then sequenced, and the sequences
were compared against the capsular typing database (https://bigsdb.Pasteur.fr/klebsiella/), verifying that the strain was serotype K1 (Figure S4
and Data S1). Whole-genome sequencing was conducted to further characterize the strain, revealing that the capsular type of the strain is K1,
which is typically associated with hypervirulent K. pneumoniae (Kp). The genome sequence analysis confirmed the hypervirulent nature of the
strain (iroB+, rmpA+, iutA+, iucA+, iucB+, iucC+, iucD+).”’ The presence of the aerobactin coding genes iucA+, iucB+, iucC+, iucD+, and
iutA+ is typically associated with high-virulence plasmids. The strain information, including genomic data, has been deposited in the NCBI
database: JBDOIS000000000, ensuring its availability and accessibility for further research and verification within the scientific community.

Animals

The experimental animals used in this study were healthy male WT C57BL/6J mice, aged 6-8 weeks, purchased from Beijing Spfbiotech Co.,
Ltd. The mice were housed in a standard SPF-grade animal facility at Chongqging Medical University. All animal experiments described in this
study were reviewed and approved by the Animal Ethics Committee of Chongqing Medical University.

Antibiotics disrupt the gut microbiota in mice

Six- to eight-week-old male C57BL/6 mice weighing 18-20 grams were randomly divided into groups to ensure similar body weights for
various treatments. For the antibiotic-induced gut microbiota dysbiosis procedure, the mice were divided into CON (control: PBS gavage)
and ABX (antibiotics: broad-spectrum antibiotic gavage) groups. The antibiotic mixture included vancomycin (10 mg/mL, t1/2: 4-11 hours),
neomycin sulfate (20 mg/mL, t1/2: 2 to 3 hours), metronidazole (20 mg/mL, t1/2: 8 hours), and ampicillin (20 mg/mL, t1/2: 1 hour), each dis-
solved in PBS. Approximately 200 pL of the mixture was administered via gavage daily for 7 days. Forty-eight hours after the final adminis-
tration of antibiotics via oral gavage, antibiotics were administered via subsequent procedures. Given the half-life of the antibiotics, a period
of 48 hours is sufficient to for complete metabolization, preventing interference with subsequent experiments. Mouse feces were collected 48
hours after the last antibiotic gavage.

Procedure for generating hypervirulent Kp-infected mice

Mice were fasted overnight prior to the day of infection. Subgroups received 200 pL of 1.5 x 10® CFUs of hvKp; 3.0 x 108 CFUs of hvKp
were used in the survival experiments. Gavage was performed using a 12-gauge gavage needle, with the control groups receiving sterile
1 X PBS. Post infection, the mice were fasted for an additional 6 hours before they resumed feeding. At 24 or 48 hours post hvKp infection,
the mice were weighed and anesthetized with sodium pentobarbital, and blood was collected via eyeball removal into 1.5 mL EP tubes
with anticoagulant. Then, the mice were euthanized by cervical dislocation. The livers and colons were quickly removed. For bacterial load
experiments, tissues were rinsed with PBS and kept in 1.5 mL EP tubes on ice. For protein and RNA experiments, tissues were frozen in
liquid nitrogen for 30 minutes and stored at -80°C. For HE/FISH staining, tissues were stored in 4% paraformaldehyde or FISH preservation
solution.

Fecal microbiota transplantation experiment

For the fecal preparation and transplantation procedure, experimental mice were randomly divided into three groups: CON (control), ABX
(antibiotic-treated), and FMT (fecal microbiota transplantation). Mice in the ABX and FMT groups received antibiotics via oral gavage for
7 days, while those in the CON group received an equivalent volume of PBS. Forty-eight hours after the last antibiotic administration, the
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mice in the FMT group underwent a three-day FMT, whereas those in the ABX and CON groups received PBS. Fecal pellets were collected
from ten healthy male mice, homogenized in sterile PBS (50 mg feces/mL), and centrifuged at 100 X g for 5 minutes at 4°C to obtain the su-
pernatant for transplantation. Each mouse in the FMT group was inoculated with 200 pL of fecal suspension daily for three days via gavage,
while mice in the CON and ABX groups received an equivalent volume of PBS. Forty-eight hours after the final FMT, the three groups under-
went the same infection procedure as before.

riL-22 treatment

For rlL-22 treatment, the mice were divided into ABX + rIL-22 and CON groups. Both groups underwent antibiotic-induced gut microbiota
dysbiosis and hvKp infection. Six hours postinfection, the ABX + rlL-22 group received intraperitoneal injections of 0.5 ug of rlL-22 dissolved in
PBS, while the control group received PBS injections. It is critical to avoid puncturing any organ during hvKp injection.

Indole treatment

For indole treatment, the mice were divided into ABX (antibiotics + control solvent), IAA (antibiotics + 3-indole acetic acid), IPA (antibiotics +
3-indole acetic acid), and CON (PBS + solvent) groups. Indoles (3-indole acetic acid, 3-indole propionic acid) were dissolved in NaOH and
adjusted to pH 7 with HCl, and the concentration was set to 2 mg/mL. Four hours after daily antibiotic gavage, 200 pL of 3-indole acetic
acid or 3-indole propionic acid solution was administered via gavage to the IAA or IPA group, respectively, following the same gavage pro-
cedure: the control group received an equivalent volume of solvent. Forty-eight hours after the final antibiotic gavage, the four groups un-
derwent the same hvKp infection procedure as before.

Human samples

Healthy control participants (n = 50) and patients with Klebsiella pneumoniae liver abscess (n = 41) and liver abscess caused by other path-
ogens (n = 20) were enrolled. The inclusion criteria were as follows: patients newly diagnosed with pyogenic liver abscess at the First Affiliated
Hospital of Chongging Medical University between November 2021 and July 2023 who had undergone liver puncture and had a positive mi-
crobial culture result after admission. All patients with malignant liver tumors, cholangitis, bile duct stones, or hepatocellular carcinoma
initially presenting as pyogenic liver abscess were excluded. Additionally, patients with a history of pyogenic liver abscess and those with
negative culture results were excluded. The Ethics Committee of the First Affiliated Hospital of Chongqing Medical University approved
all study participants. Fecal samples were collected from all participants using sterile fecal collectors, immediately labeled, homogenized
with a sterile stick, and then stored at —80°C. Patient serum samples were collected from the Department of Laboratory Medicine at the First
Affiliated Hospital of Chongging Medical University.

Ethics approval and consent to participate

All animal experiments complied with the guidelines provided by the Institutional Animal Care and Use Committee of Chongging Medical
University, Chongqging, China. The Committee on the Ethics of Animal Experiments at Chongging Medical University approved this study
(permit number: IACUC-CQMU-2024-0053). All participants in the study received approval from the Ethics Committee of the First Affiliated
Hospital of Chongging Medical University (permit number: K-2023-299).

METHOD DETAILS

Sample DNA extraction, lllumina MiSeq sequencing and microbial diversity and statistical analysis

Mouse feces were collected 48 hours after the last antibiotic gavage. The genomic DNA of the mouse fecal microbial community was ex-
tracted using the PF Mag-Bind Stool DNA Kit (Omega Biotek, Georgia, USA) according to the manufacturer’s instructions. The integrity of
the extracted DNA was assessed via 1% agarose gel electrophoresis, and the DNA concentration and purity were measured with a
NanoDrop 2000 spectrophotometer (Thermo Scientific, USA).

The V3-V4 region of the 16S rRNA gene was amplified using the forward primer 338F (5'-ACTCCTACGGGAGGCAGCAG-3') and reverse
primer 806R (5'-GGACTACHVGGGTWTCTAAT-3'), both of which contain barcode sequences. The PCR conditions were as follows: initial
denaturation at 95°C for 3 minutes, followed by 27 cycles of 95°C for 30 seconds, 55°C for 30 seconds, and 72°C for 30 seconds, with a final
extension at 72°C for 10 minutes. Each sample was amplified in triplicate using a 20 pL PCR system, which included 4 plL of 5 x TransStart
FastPfu buffer, 2 pL of 2.5 mM dNTPs, 0.8 uL of each primer (5 uM), 0.4 L of TransStart FastPfu DNA Polymerase, and 10 ng of template
DNA. PCR products were extracted from 2% agarose gels, purified, and quantified using a Quantus™ Fluorometer (Promega, USA).

The purified amplicons were pooled in equimolar amounts and sequenced on an lllumina PE300/PE250 platform (lllumina, San Diego,
USA) at Majorbio Bio-Pharm Technology Co., Ltd. (Shanghai, China) following standard protocols. The sequences were demultiplexed, qual-
ity filtered using fastp (0.19.6), and merged with FLASH (v1.2.11). High-quality sequences were denoised using the DADA2 plugin in QIIME 2
(version 2020.2) to generate amplicon sequence variants (ASVs). Sequences were rarefied to 20,000 per sample to minimize sequencing depth
effects, ensuring an average Good's coverage of 97.90%. Taxonomic assignment of ASVs was performed using the naive Bayes classifier in
QIIME 2 with the SILVA 16S rRNA database (v138).

Alpha diversity indices, including the Chao and Shannon indices, were calculated using mothur (version 1.30.2), and differences between
groups were analyzed using the Wilcoxon rank-sum test. Beta diversity and community structure were examined via principal coordinate
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analysis (PCoA) based on the Bray—Curtis distance, and statistical significance was assessed using PERMANOVA. Differential abundance
analysis was conducted using LEfSe to identify significantly different bacterial taxa between groups (LDA > 2, p < 0.05).

Determination of liver and colon bacterial load

Liver and colon tissues were obtained from mice 48 hours after hvKp infection. Whole tissues were rinsed twice with sterile PBS, placed into a
sterilized homogenizer with T mL of PBS, ground until no residue remained, and transferred to a 1.5 mL EP tube kept on ice. Three 1.5 mL EP
tubes were prepared, labeled (1-3), and filled with 0.9 mL of PBS each. First, 0.1 mL of the original tissue homogenate was added to the first
tube (tube 1) and mixed thoroughly, followed by serial 10-fold dilutions into the second (tube 2) and third (tube 3) tubes. From these dilutions,
20 pL samples of the 10-fold, 100-fold, and 1000-fold dilutions were inoculated onto blood agar plates. The plates were incubated upright for
30 minutes, inverted and incubated at 37°C for 16 hours for colony counting. Accurate identification and quantification of hvKp were ensured
through colony morphology observation, string tests and MALDI-TOF MS. The dilution factors for liver bacterial load determination included
the original solution and 10-fold and 100-fold diluted solutions, while colon bacterial load determination included 10-fold, 100-fold, and
1000-fold diluted solutions, according to the preliminary experimental findings.

Quantitative PCR analysis

Colon tissues were obtained from mice 24 hours after hvKp infection. Total RNA was extracted from mouse colon tissue using RNAiso Plus
following the manufacturer’s protocol. Total RNA was reverse transcribed into cDNA according to the instructions of the reverse transcription
kit. Target gene expression levels were quantified using a Bio-Rad CFX96 Real-Time system with SYBR Premix Ex Tag. The primer pairs used in
the study are listed in Table S1. PCR primers were synthesized by Sangon (Shanghai, China).

Cytokine analysis

Following anesthesia, the eyeballs were removed from the mice, and blood was collected into 1.5 mL Eppendorf tubes pretreated with anti-
coagulant. Subsequently, the blood was centrifuged to separate the plasma. Plasma IL-22, IL17A, IL-10, and IL-6 levels were measured using
commercial kits (ELISA MAX Deluxe, Biolegend). All steps were performed strictly following the manufacturer’s protocol.

H&E staining and immunofluorescence

Liver and colon tissues were obtained from mice 48 hours after hvKp infection. The tissues were perfused with paraformaldehyde, fixed over-
night by immersion in paraformaldehyde, embedded in paraffin, and cut into 5 um sections. For H&E staining, the sections were first depar-
affinized, rehydrated, and stained with hematoxylin and eosin. The tissue section slides were subsequently redehydrated and cleared in
xylene. The sections were then mounted using neutral gum and viewed under a light microscope. The tissue section slides were also stained
with Anti-Claudin 2 Antibody and Occludin (E6B4R) Rabbit mAb, followed by incubation with a secondary antibody, and incubated with DAPI
to stain nuclear. From each experimental group, three mice were randomly selected, and one tissue section per mouse was processed.
Randomly selected images are shown for each group.

FISH of mouse colon tissue

Colon tissues were obtained from mice 48 hours after hvKp infection. Mouse colon tissues were fixed in FISH fixative for more than 12 hours,
followed by dehydration through an ethanol gradient and paraffin embedding. Sections were deparaffinized and treated with proteinase K
(20 pg/ml) at 37°C for 5 minutes. After rinsing with distilled water and PBS, the sections were prehybridized before applying a hybridization
solution containing a Klebsiella pneumoniae probe (5'-CCT ACA CAC CAG CGT GCC-3) at a concentration of 1.5 uM. Hybridization was
performed overnight at 40°C. Post hybridization washes were followed by blocking with BSA. Nuclear counterstaining was performed with
DAPI. The sections were observed and imaged using a Nikon upright fluorescence microscope with the following settings: a UV excitation
wavelength of 330-380 nm with emission at 420 nm for blue fluorescence and a Cy3 excitation wavelength of 510-560 nm with emission at
590 nm for red fluorescence. Scale bar = 100 pm. From each experimental group, three mice were randomly selected, and one tissue section
per mouse was processed.

Western blot analysis

Colon tissues were obtained from mice 48 hours after hvKp infection. The tissues were generated using RIPA buffer containing PMSF, and the
proteins were separated on 12.5% SDS-PAGE gels, electrotransferred to PVDF membranes and subjected to western blotting. The primary
antibodies used for western blotting were Rabbit Anti-beta-Actin Monoclonal Antibody (Cell Signaling Technology, Cat # 5125) and REG3B
Polyclonal Antibody (Thermofisher, Cat #PA5-47700). Protein bands were visualized utilizing HRP-conjugated secondary antibodies coupled
with enhanced chemiluminescence (ECL) detection. The band intensities were analyzed using ImageJ software.

Tryptophan metabolite analysis

Mouse feces were collected 48 hours after the last antibiotic gavage. The 33 standards in the tryptophan pathway were accurately weighed
and dissolved in 50% methanol to prepare standard solutions, which were then combined and diluted to create mixed standard solutions of
varying concentrations. For metabolite extraction, 25 mg of mouse fecal sample was homogenized in 10 ulL of an internal standard (Trp-D5,
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4000 ng/mL) and 190 pL of extraction solution (methanol: water = 4:1) at —10°C using a high-throughput tissue crusher, followed by sonication
at 5°C. After centrifugation, the supernatant was analyzed using a Nexera Series LC-40 system coupled with a QTRAP® 6500+ mass spec-
trometer. Metabolites were separated on an ACQUITY UPLC® HSS T3 column (2.1 X 150 mm, 1.8 um) at 40°C with a gradient mobile phase
of water containing 0.1% formic acid (solvent A) and acetonitrile containing 0.1% formic acid (solvent B) over 18 minutes. Quality control sam-
ples were injected every 10 samples to ensure analytical stability. The data were processed with Sciex OS software.

QUANTIFICATION AND STATISTICAL ANALYSIS

Two-tailed unpaired Student’s t test with or without Welch's correction was used to assess the differences between two groups depending on
the homogeneity of variance. One-way ANOVA or Welch’s ANOVA was used to assess the differences in means between groups when the
variances were homogeneous or not. The data are presented as the means + SEMs of 3 independent experiments. Survival analysis over time
following infection was conducted using the Kaplan—Meier method supplemented by log-rank tests. All the statistical procedures were per-
formed using GraphPad Prism software version 8.0. The significance levels were defined as: * p < 0.05, ** p < 0.01, *** p < 0.001, and ****
p < 0.0001.
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