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Differential mucosal tropism
and dissemination of classical
and hypervirulent Klebsiella pneumoniae infection

Teck-Hui Teo,1,* Nurul N. Ayuni,2 Michelle Yin,1 Jun Hao Liew,1,2 Jason Q. Chen,1 Natalia Kurepina,3

Ravisankar Rajarethinam,4 Barry N. Kreiswirth,3,6 Liang Chen,3,6 and Pablo Bifani1,2,5,6,7,*

SUMMARY

Klebsiella pneumoniae (Kp) infection is an important healthcare concern. The ST258 classical (c)Kp strain is
dominant in hospital-acquired infections in North America and Europe, while ST23 hypervirulent (hv)Kp
prevails in community-acquired infections in Asia. This study aimed to develop symptomaticmucosal infec-
tion models in mice that mirror natural infections in humans to gain a deeper understanding of Kpmucosal
pathogenesis. We showed that cKp replicates in the nasal cavity instead of the lungs, and this early infec-
tion event is crucial for the establishment of chronic colonization in the cecum and colon. In contrast, hvKp
replicates directly in the lungs to lethal bacterial load, and early infection of esophagus supported down-
stream transient colonization in the ileum and cecum. Here, we have developed an in vivo model that
illuminates how differences in Kp tropism are responsible for virulence and disease phenotype in cKp
and hvKp, providing the basis for further mechanistic study.

INTRODUCTION

Antimicrobial resistance (AMR) infections pose a significant global threat, with profound economic and public health consequences. Econom-

ically, the World Bank Group estimates that AMR could reduce GDP between 1.1% and 3.8%,1 highlighting the magnitude of the economic

burden. However, the most alarming concern is the public health impact. A recent report estimated that 4.95 million deaths were associated

with AMR infections in 2019 alone, with Escherichia coli, Staphylococcus aureus, and Klebsiella pneumoniae (Kp) being the top mortality-

causing pathogens.2 Among them, Kp is responsible for the highest proportion of carbapenem-resistant infections, accounting for �80%

in the USA3 and �40% in Asia.4 Unfortunately, available antibiotics are often ineffective against these infections, making Kp a critical priority

bacterium in urgent need of new treatment, as classified by the World Health Organization (WHO).

Kp is a non-motile gram-negative bacteriumbelonging to the family of Enterobacteriaceae. It has been classified into classical (c) or hyper-

virulent (hv) subtype based on their pathotypes. The term ‘‘hypervirulent’’ was first introduced in the 1980s after an outbreak of liver abscess

and complicated septic endophthalmitis in Taiwan caused by Kp.5 However, our current understanding of the disease shows that classical and

hypervirulent classifications extend beyond differences in the reported clinical phenotypes. They are also associated with specific geograph-

ical distribution, clonal group (CG) preference, antimicrobial resistance, and expression of virulence factors.6 Specifically, cKp is endemic

worldwide and is typically multidrug resistant and associated with hospital acquired infections (HAI). Among the HAI, cKp belonging to clonal

group 258 (CG258) is the most prevalent globally, whereby sequence type (ST) 258 and ST512 are predominant in North America and

Europe3,7,8 and ST11 is predominant in China and Taiwan.9,10 However, other parts of Asia with nationwide molecular epidemiology studies

reported a highly varied STs among the cKp HAI without a clear predominant ST.11–13

On the other hand, hvKp is a significant concern in Asia, where community-acquired infections (CAIs) caused by hvKp are common. The

endemicity of hvKp is currently limited to Asian countries,14–16 with prevalent clones being CG23 (ST23, ST26, ST57, and ST163),17–22 CG65

(ST65 and ST375), and CG86 (ST86).8,22,23 Until now, most hvKp infection are drug-susceptible.24 ST23 is the most predominant with a prev-

alence rate of 30%–85% among hvKp cases.17–22,25 Importantly, sporadic cases of ST23 Kp have begun to emerge in different parts of Europe

and North America,26–33 highlighting the possibility of an expanding endemicity.
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The current state of Kp research has shown a bias toward cKp, with a greater emphasis placed on the AMR nature of this strain type from a

public health perspective. This is because most hvKp remains treatable with existing antibiotics.24 However, there are growing concerns

regarding the convergence of AMR and hypervirulence in Kp, which is mediated by virulence or resistance gene horizontal transfer.11,34–36

This presents a significant risk of outbreaks with AMR hvKp that are both pathologically aggressive and difficult to treat.

Despite the increasing prevalence of Kp, the mechanism of pathogenesis remains elusive for both cKp and hvKp. Our study aims to eluci-

datemechanismof Kp tropismandpathogenesis that differentiate cKp and hvKp at themucosal interface.Wepostulate that the hostmucosal

surface is a critical entry point of the pathogen and likely determinant of diseases progression. Better understanding of the onset of infection

and pathogenicity will allow for better prediction of disease progression and outcome. Specifically, Kp commonly induced pneumonia and

urinary tract infection, both of which are associated with themucosal system. In addition, Kp has been shown to colonize the nasopharynx and

gastrointestinal tract of asymptomatic carriers,37–40 and the development of clinical disease has shown to be linked to colonization.41 How-

ever, the sequence of events that leads to the establishment of infection or progression to complications in different mucosal membranes

remain poorly defined. Existing studies have mainly focused on genetic profiling of bacterial virulence factors and have not adequately ad-

dressed this gap. Currently, there are no standard animal models of Kp infection that accurately mimic the clinical disease. Additionally, there

are no models of gastrointestinal colonization that display detectable cKp without prior antibiotic treatment or artificial pre-treatment with

sodium bicarbonate.42 Therefore, there is an urgent need for an in vivo system that can accurately model Kp infection in mucosal membranes

that provides the complexity of host-pathogen interactions.

In this study, we hypothesize that cKp and hvKp present distinct mucosal tropisms, which may determine their differential propensities to

induce disease complications or establish chronic colonization. To investigate this, we selected themost prevalent ST258 in the USA and ST23

in Asia as the representative cKp and hvKp clones and established pathogenic ST258 and ST23 mucosal infection models that do not require

antibiotic pre-treatment or invasive inoculation method. We used these models to define bacterial tropism, dissemination, and lung pathol-

ogy. This will provide insight into the differences in mucosal pathogenesis of cKp and hvKp, which play a crucial role in disease pathogenicity

and may explain the distinction in clinical manifestations observed between these two dominant Kp clonal groups.

RESULTS

Early nasal cavity tropism hastens establishment of pathogenic respiratory tract by Kp

Early clinical surveillance reports have showed that Kp could colonize nasopharyngeal region,37,39,40 suggesting a possible role of the nasal

cavity as an entry point or Kp reservoir in humans. However, most animal studies with Kp only focused on the lungs,42 while the upper res-

piratory tracts are largely neglected. To define the role of the nasal cavity in infection, we optimized the standard intranasal and intratracheal

infection. We first used trypan blue inoculation as a means to measure inoculum delivery into the airways and lungs. Both intranasal and intra-

tracheal inoculations delivered similar amount of inoculum into the lungs (Figure S1A), but intranasal inoculation delivered a greater amount

of inoculumdirectly into the nasal cavity and nasopharynx opening at the point of inoculation (Figure S1B). This provides a basis for attributing

a role to the nasal cavity by comparing infection outcomes between these two methods.

We next established pathogenic respiratory tract infections of cKp and hvKp using both the intranasal and intratracheal inoculation

methods. We focused our study models on ST258 and ST23 for cKp and hvKp, respectively, because ST258 is the dominant Kp for HAIs in

the USA and Europe,3,7,8 while ST23 is the dominant CAIs Kp in Asia.17–22 Using a representative ST258 cKp from the USA (Kp1085; 6 3

107 CFU inoculum), we profiled the kinetics of Kp load in the lung and nasal flush, mortality, and weight loss as disease readouts (Figure 1A).

In the intranasally infected mice, a higher initial Kp load in the nasal cavity at 6h is associated with a higher bacterial load in the lungs during

later phase of the infection at 24h and 72h (Figure 1A). In the intratracheally infectedmice, the nasal bacterial load rapidly increased to similar

peak levels as intranasal infection by 12h. A closer examination showed that cKp bacterial load during acute infection remains fairly stable in

the nasal cavity but rapidly wanes within the lungs in both methods of infection (Figures 1A–1C and 1D). No mortality was observed by intra-

nasal or intratracheal cKp infection and mice displayed similar degree of weight loss in the first 7 days post-infection (Figure 1A).

To establish similar respiratory tract hvKp infectionmodels with a representative ST23 hvKp isolate from Singapore (KpEC0675), we had to

reduce infection dosage to 13 103 CFU to avoid acute lethality. Higher dosage from 13 104 CFU led to mortality by two days post-infection,

which was too rapid for meaningful analysis (data not shown). A similar set-up based on pathogenicity but not infection dose for comparative

study has been used in Wong et al.43 where hvKp dosage was adjusted to be 2-Logs lower than cKp. In intranasally infected mice, the higher

initial nasal hvKp from 6h post-infection hastened disease development as demonstrated by a higher lung Kp load at 6h and 12h, andmargin-

ally earlier mortality at day 3–4 as compared to intratracheally infected mice (Figure 1B). In the hvKp intratracheally infected mice, rapid bac-

terial replication occurs in the nasal cavity and peaks at similar levels by 24h as intranasally infected mice (Figure 1B). Unlike cKp where bac-

terial load wane as infection progress to 72h, hvKp load in the nasal flush was stably maintained throughout the follow-up period (Figures 1A

and 1B). Importantly, regardless of the inoculation methods, hvKp could replicate exponentially in the lungs from 12h onwards to a lethal

bacterial load of >107 CFU/mg tissue by 48h post-infection, leading to severe sign of illness such as weight loss, weakness, ruffled fur, convul-

sion, and eventual mortality (Figure 1B).

With the establishment of airway infection models using these two representative isolates, unless the use of other isolates is explicitly

stated, all downstream cKp and hvKp infections will refer to ST258-Kp1085 and ST23-KpEC0675 isolates given at 6 3 107 CFU and 1 3 103

CFU, respectively.

To quantitatively assess the differences in the trend of bacterial replication and tropism between cKp and hvKp, we expressed the Kp load

in the nasal flush and lungs as a ratio of the initial bacterial inoculum (Figures 1C and 1D). As expected, cKp displayed a waning bacterial
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replication in both nasal flush and lungs as infection progresses. A greater proportion of bacteria were found in the nasal cavity (Figures 1C

and 1D). By contrast, bacterial replication in both the nasal flush and lungs increases as hvKp infection progressed, and a greater proportion of

the bacteria were distributed in the lungs (Figures 1C and 1D). The same trend was observed for both methods of inoculation (Figures 1C

and 1D).

Figure 1. Differential classical and hypervirulent Kp tropism in the nasal cavity and lungs

(A) Kinetics of Kp load in the nasal flush and lungs, mortality and body weight changes in mice infected with ST258-Kp1085 (6 3 107 CFU) intranasally or

intratracheally (n R 5 per group).

(B) Kinetics of Kp load in the nasal flush and lungs, mortality and body weight changes in mice infected with ST23-KpEC0675 (1 3 103 CFU) intranasally or

intratracheally (n R 5 per group). Data points in 72h are less than 5 due to mortality prior to harvest. Ratio of Kp load in the nasal flush and lungs relative to

the initial inoculum in mice infected (C) intranasally or (D) intratracheally with ST258 or ST23 (n R 5 per group). Body weight kinetics were presented as

mean G SD and analyzed by Kruskal-Wallis with Dunn’s multiple comparison test (PBS vs. Intranasal represented by *p < 0.05 and **p < 0.01; PBS vs.

intratracheal represented by +p < 0.05). Mortality data were analyzed with Log rank (Mantel-Cox) test (*p < 0.05; ***p < 0.001). All paired wise comparisons

were analyzed by Mann-Whitney 2-tailed analysis (*p < 0.05; ***p < 0.001). Each point in the dot plot corresponds to data from 1 mouse. Data shown in each

panel are pooled from at least 3 independent experiments.
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Taken together, the nasal cavity appears to facilitate the initial infection of both cKp and hvKp. However, cKp displayed a greater tropism

for the nasal cavity over the lungs, while hvKp showed a greater tropism for the lungs over the nasal cavity.

cKp and hvKp induce distinct histopathology in the lungs

To understand how the differential tropism of cKp and hvKp within the respiratory tract influenced the nature of the lung pathology, we per-

formed histopathological assessment of mice lungs using H&E staining on day two post-infection. We selected 48h samples from intranasally

ST258-infected mice because infection and bacterial load in the lungs were consistent (Figure 1A). In contrast, intratracheal infection was

selected for ST23 because a 20%–40% mortality was observed in the intranasal group at harvest time point, while all intratracheal infected

mice survived. Selecting intranasal ST23-infected mice at this time point skews the data toward the less severe mice in the group.

In the cKp infected lungs, we observed neutrophils infiltration into pulmonary parenchyma of the alveolar sac and alveolar septum, causing

degeneration of neutrophils and cellular debris. Similar inflammatory phenotypes are also present at the perivascular and peribronchiolar

area. (Figure S2). This type of suppurative inflammation is often accompanied with the presence of macrophages, fibrin deposition, and rarely

with intra alveolar hemorrhages. Despite such widespread pulmonary inflammation, surprisingly, bacilli were absent within the lung, suggest-

ing other possible host mediated pathology that requires further investigation (Figure 2A-IHC; Figure S2). Periphery of lung parenchyma is

mostly unaffected.

Conversely, lesions inducedby hvKP inmice lungs were confined to the lung periphery and displays severe damage. The damaged regions

are associatedwith the presence of bacilli, necrotizing bronchopneumonia, and hemorrhages (Figure 2). Widening of perivascular area, which

constricts pulmonary blood vessel, was observed and accompanied by compression of the adjacent alveoli in hvKp infected mice lungs (Fig-

ure S2). However, when the entire lung section is considered, the overall score of inflammation at bronchoalveolar and perivascular regions is

lower in this group as compared to cKp treated mice (Figure 2B).

Figure 2. Differential Kp tropism and pathology in the lungs of cKp and hvKp infected mice

(A) Representative H&E and immunohistochemistry (IHC) images of PBS (n = 3), ST258 (n = 6), and ST23 (n = 5) infectedmice at 48hpi. Pulmonary parenchyma and

mediastinum regions are indicated with blue and yellow box respectively at low magnification. Representative IHC images of pulmonary parenchyma and

mediastinum were taken at high magnification and Kp staining is identified as brown rod-shaped cells. ‘‘Red arrow’’: Infiltration of neutrophils into alveolar

sac and bronchioles, ‘‘Black arrow’’: necrotizing bronchopneumonia, *: region of massive bacterial spread into the mediastinal area, ‘‘N’’: necrosis, ‘‘E’’:

edema, ‘‘H’’: perivascular hemorrhages and ‘‘S’’: steatites.

(B) Histological scoring of differentiating lung phenotypes of ST258 (n = 6) and ST23 (n = 5) infected mice at 48hpi. Data were analyzed by Mann-Whitney 2-tailed

analysis (*p < 0.05). Mice that displayed detectable Kp in the lung parenchyma or mediastinal adipose tissues were highlighted with dotted red box. ST258

infection was induced with Kp1085 (6 3 107CFU) intranasally. ST23 infection was done with KpEC0675 (1 3 103CFU) intratracheally.
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Interestingly, adjoining mediastinal region to these necrotizing foci in hvKp-infected mice displays inflammation of adipose tissue, stea-

tites, along with bacterial infiltration (Figure 2A). This suggests that tissue necrosis at the periphery of the lung parenchyma could facilitate the

spread of hvKp into the mediastinal region. Subsequently, the hvKP replicates to high bacterial loads within the mediastinal region that was

profiled in the isolated lungs at day two post-infection (Figure 1B). In contrast, cKp infectedmice displayed healthymediastinal adipose tissue

with the complete absence of bacilli (Figure 2A).

Lungs and nasal cavity tropism in different ST258 cKp and ST23 hvKP

Next, we tested if the tropism in the lungs and nasal cavity is reproduced in other Kp isolates within ST258 and ST23. For cKp, in addition to the

reference cKp1085, we selected five more USA isolates within ST258 (Kp1050, Kp1085, Kp1055, Kp1054, and Kp1064) belonging to K-locus

(KL) 107, 23, and 106, respectively (Table S1). For hvKp, in addition to the reference KpEC0675, we selected 2 additional Singapore ST23-KL1

isolates (KpSGH10 and KpNUH27) (Table S1). WGS analysis revealed that the three ST23 hvKp strains carry virulence genes encoding yersi-

niabactin, colibactin, aerobactin, and salmochelin. KpEC0675, SGH10, and KpNUH27 all harbor wild-type mucoid phenotype regulator gene

rmpA, rmpC, and mucoid phenotype synthesis gene rmpD. In addition, the three hvKp also harbor a truncated rmpA2 gene. In contrast,

only two cKp ST258 strains (Kp1050 and Kp1085) carry genes encoding yersiniabactin and colibactin, but they were negative for all the other

virulence genes detected in the hvKp ST23 strains (Figure 3A; Table S1). The ST258 strains and the ST23 strain KpEC0675 also harbor carba-

penemase gene blaKPC (�2 or �3) (Table S1).

Phylogenetic analysis of the five ST258 against a collection of completely sequenced ST258 strains in GenBank RefSeq database showed

that the five ST258 strains belong to three different genetic clusters. Phylogenetic analysis also revealed that the three ST23 strains belonged

to a large cluster (corresponding to CG23-1 in a previous study44) but weren’t directly related. Core SNP analysis indicated the three hvKp

strains differed by an average 314 core SNPs (range 213–369).

To show that the genotypic differences in themucoid regulator translate into phenotypic differences, we performed a sedimentation assay

to determine themucoviscosity of the capsule45 (Figures 4A and 4B). In this assay, the degree of mucoviscosity corresponds to the quantity of

bacteria that fails to pellet with the sedimentation spin.45 Expectedly, all the hypervirulent ST23 Kp displayed a greater degree of mucovis-

cosity than classical ST258 Kp (Figures 4A and 4B).

We next proceed to characterize these different ST258 and ST23 Kp by in vivo infection. Since a more consistent infection outcome is

obtained by intranasal infection (Figure 1), these different isolates were tested by intranasal infection. As expected, all cKp isolates of

ST258 displayed a higher tropism for the nasal cavity than the lungs at day 2 post-infection (Figure 4C). While the bacterial load in the

nasal flush was similar across the different ST258 cKp, higher lung Kp load (�10x) were seen in cKp in KL106 cKp as compared to KL23

and KL107 ST258 cKp (Figure 4C). All ST258 cKp infected mice were relatively healthy based on behavioral observation at the point of

harvest. In contrast, all ST23 hvKp infected mice at day two post-infection displayed pronounced weakness at the point of harvest. Impor-

tantly, the Kp load in the nasal cavity of the ST23 isolates was similar to the ST258 isolates but bacterial dissemination in the respiratory

tract skewed toward the lungs and not the nasal cavity (Figure 4D). KpNUH27 is associated with a lower lung bacterial load with no impact

on the nasal bacterial load (Figure 4C). A closer examination of the WGS in the 3 ST23 suggested that this waned phenotype in KpNUH27

could be associated with a ISKpn74 (IS5 family) insertion at 564 bp upstream of O-antigen synthesis wb gene cluster (Figure 3A; Table S1).

Overall, these data showed that the differential tropism into the nasal cavity and lungs was reproducible across the different ST258 and

ST23 isolates.

cKp and hvKp display differential gut colonization profiles

We next profiled whether pathogenic airway infection with either cKp or hvKp leads to gut colonization. Specifically, gut colonization by Kp

has been shown to be associated with hospital acquired infections,41,46 hence the in vivomodeling of gut colonization could provide impor-

tant information on the spread of Kp, particularly in a nosocomial environment.

To understand the kinetics of the bacterial load in the gut, fecal Kp were monitored. Similar to reports of silent chronic colonization of

humans with cKp,47 detectable fecal bacterial load was seen in the cKp infected mice for as long as 70 days (Figure 5A), where experiments

were terminated. No signs of illness were identified by physical examination from one-week post-infection onwards. Strikingly, intranasal

infection with cKp induced a higher level of late stage fecal Kp load (from day 21 onwards) compared to intratracheal infection, and this is

associated with a higher cumulative Kp burden in the GI tract (stomach to colon) at 72h post-infection (Figure 5A). A higher proportion of

successful chronic gut colonization was also observed in intranasal cKp infected mice (100%) compared to intratracheal infected mice

(60%) at day 70 of the follow-up (Figure 5A; Figure S3). No bacteria were detected in the nasal flush or lungs of all cKp infected mice at

day 70 (Figure S3). Conversely, airway hvKp infection induced high levels of acute Kp load (day 2) in the feces (Figure 5B). However, in the

small proportion of mice (10–20%) that survived the infection, their fecal Kp load was rapidly resolved by day 7 post-infection (Figure 5B).

Similar fecal Kp and GI tract Kp profile was seen in intranasal and intratracheal hvKp infected mice.

To understand if there are differences in the tropismalong the different parts of theGI tract for cKp and hvKp, we profiled the bacterial load

in the stomach, duodenum, jejunum, ileum, cecum, and colon (Figures 5C and 5D; Figure S3; S4). In all cKp infectedmice,most of the bacteria

colonize the cecum during both acute (Figures 5C and 5D) and chronic (Figure S3) phase of the disease. Concordant with the fecal Kp load

(Figure 5A), intranasally infected cKpmice also displayed higher cecumbacterial load than intratracheally infectedmice at 12h, 72h and day 70

post-infection (Figure 5D; Figure S3). No bacteria was detected in the lungs or the nasal flush of all cKp infectedmice at day 70 post-infection

(Figure S3), suggesting that the gut but not the respiratory tract provides the niche for chronic cKp colonization.
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In hvKp infected mice, a higher proportion of bacteria colonizes the small intestine at the ileum by 48h post-infection with an exponential

increase in gut bacterial load (Figures 5B–5D). Similar Kp load in the different parts of the GI tract was seen for intranasal and intratracheal

hvKp infection from 6h–72h post-infection (Figure 5D; Figure S4B). However, the relative proportion of Kp along the GI tract in the intranasal

hvKp infected mice shifted from the ileum to the cecum at 72h post-infection (Figure 5C).

Taken together, a high initial inoculum of cKp infection in the nasal cavity by the intranasal route promoted a higher chronic bacterial load in

the gut that primarily resides in the cecum. In hvKp infection, the method of airway infection does not influence the gut colonization or gut bac-

terial load. Unlike cKp, higher ileum tropism for hvKp is observed and gut colonization is transient when mice recover from the lung infection.

Intranasal infection successfully reproduces gut colonization profile with different ST258 cKp and ST23 hvKP without antibiotic

pre-treatment.

To demonstrate that the colonization of the gut by cKp and hvKp is not limited to a single isolate of ST258 and ST23, we profiled the cecum

Kp load at day 2 post-infection using the same list of different ST258 cKp and ST23 hvKp tested in Figures 3 and 4. Expectedly, intranasal

infection induced colonization of Kp in the cecum for both cKp and hvKp without the need of antibiotic pre-treatment (Figure S5). Within

the ST258, KL106 Kp induced at higher bacterial load (�10x) than KL23 and KL107 in the cecum (Figure S5A). Interestingly, the diminished

Figure 3. Genomic analysis of different Kp in ST258 and ST23

(A) Diagram representation of virulence genes of different Kp used in this study. ST23: KpEC0675, KPSGH10, KPNUH27, and ST258: Kp1050, KP1054, Kp1055,

Kp1064, and Kp1085. The grayscale highlights represent capsule regulated by rmpADC and rmpA2 genotypes. Siderophore genotype was indicated in the

bacterial diagram. An extra ISKpn74 insertion at 654bp upstream of O-antigen synthesis wb gene cluster in NUH27 is highlighted by IS_pro wb.

(B) Core snp phylogenetic analysis of Kp used in this study against completely closed genomes in the NCBI RefSeq database (accessed on 3/15/2023). The color

bar denotes the countries of the isolates. Purple nodes indicate the strains used in this study.
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lung KpNUH27 load is also associated with a lower cecum bacterial load (�10x) in the ST23 infected mice (Figure S5B). Similar to the cecum

data from our reference ST258 and ST23 isolates (Figure 5D), except for KpNUH27, the other hvKp infectedmice display a cecumKp load that

is �10–100x higher than cKp infected mice (Figure S5).

Early transient nasal cavity infection establishes cKp colonization in the gut

We next tested whether airway infection is essential, or a straightforward fecal-oral route is sufficient to establish gut colonization by Kp. Pre-

vious reports suggested that oral cavity infection supports establishment of Kp colonization,48 as such, we devised three modes of oral

Figure 4. Kp distribution in the respiratory tract predicts hypervirulence

Mucoviscosity assay of the different Kp from (A) ST258 and (B) ST23. All bacteria were adjusted to OD1 prior to sedimentation spin. OD600 reading of the

supernatant post-sedimentation is a measure of mucoviscosity. Data were presented as mean + SD. Data from 4 biological replicates were presented.

(C) Kp load in the nasal cavity and lungs of mice infected intranasally with different classical cKp belonging to ST258 from KL23, KL106 and KL107.

(D) Kp load in the nasal cavity and lungs of mice infected intranasally with different classical hvKp belonging to ST23 in KL1. Bacterial load in the nasal cavity is

expressed as a ratio to the lungs as a measurement of Kp distribution in the upper respiratory tract. Data shown in (C) and (D) were pooled from 2 independent

experiments and each data point correspond to 1 mosue. Data were analyzed by Kruskal-Wallis test with Dunn’s multiple comparison (*p < 0.05; **p < 0.01) All

classical and hypervirulent Kp infection was performed at 6 3 107 CFU and 1 3 103 CFU respectively.
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Figure 5. Gut dissemination in airway infected Klebsiella pneumoniae mouse models

Kinetics of fecal and gastrointestinal tract (GI) Kp load in intranasally or intratracheally (A) ST258-Kp1085 and (B) ST23-KpEC0675 infectedmice (nR 5 per group).

‘‘+’’ represent mice that died from infection before feces collection. The % of animal in the group that displayed fecal bacterial load above detection limit is

indicated in the graph. Detection limit for fecal bacterial load is 100 CFUs in each collection prior to normalization by weight. Samples that fall below the

detection limit are plotted on the x axis. GI tract Kp load is the cumulative bacterial load in stomach, duodenum, jejunum, ileum, cecum, and colon.

(C) Distribution of Kp load along different parts of theGI tract (Stomach to colon) in intranasally or intratracheally infectedmice at 6, 12, 24, 48, and 72 hpi (n = 5 per

time-point).

(D) Ileum, cecum, and colon Kp load in intranasally or intratracheally infectedmice at 6, 12, 24, 48, and 72 hpi. All paired wise comparisons were analyzed byMann-

Whitney 2-tailed analysis (*p < 0.05; **p < 0.01). Each data point from the dot plots is collected from 1 mouse.
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infection that introduce the inoculum at different entry point of the upper GI tract (Figure S6). Specifically, standard gavage delivers inoculum

just above the stomach, and short needle gavage delivers inoculum at the midpoint of the esophagus, while oral dispense delivers the inoc-

ulum to the mouth that will come into contact with the nasopharynx opening that connects to the nasal cavity (Figure S6).

Interestingly, only oral dispense but not the other twomethods established gut colonization of cKp. Specifically, only oral dispense of cKp

led to early weight loss in mice from day two post-infection, whereby recovery was observed by day 10 post-infection (Figure 6A). In addition,

40% of these mice had low dose of fecal Kp load at day two post-infection that peaked on day seven post-infection, with 80% displaying

detectable fecal Kp (Figure 6B). Both standard gavage and short needle gavage failed to establish cKp colonization (Figures 6A and 6B).

Further examination of the nasal cavity, lungs, esophagus (upper GI tract) and cecum of the mice infected with cKp by oral dispense showed

that transient peak of nasal Kp at day two post-infection preceded the detection of Kp in the cecum and feces (Figures 6B–6D). In addition,

when present, the bacterial load in the nasal flush was�10–100x higher than the cecum Kp load (Figures 6C and 6D). Unlike intranasal infec-

tion, a longer time is required to establish gut colonization in oral dispense mice and the established colonization existed at lower bacterial

load based on cecum Kp quantification (Figures 5D and 6C). No bacteria were detected in the lungs, while only one out five mice displayed

low levels of Kp in the esophagus at day two post-infection (Figures 6C and 6D). These observations suggest that faecal-oral ingestion of cKp

first infects the nasopharynx opening to spread into the nasal cavity, and this transient upper airway infection is essential for eventual dissem-

ination of cKp into the gut.

Figure 6. Gut colonization through oral dispense of classical Kp is preceded by infection of the nasal cavity and not the lung

(A) Body weight kinetics and (B) fecal Kp load in mice infected with ST258-Kp1085 (63 107 CFU) by standard oral gavage, short needle gavage and oral dispense

(nR 5 per group). Body weight kinetics were presented as meanG SD. Standard gavage group was assigned as controls and respective groups were compared

against the controls using Kruskal-Wallis test with Dunn’s multiple comparison (*p < 0.05). Kp load in the (C) cecum, esophagus and (D) nasal flush, lungs of mice

infected with ST258-Kp1085 by oral dispense (n R 5 per group). Fraction of positive bacterial detection is given above the data points for all oral dispense

infection in the different organs and fecal samples. Each point in the dot plot corresponds to data from 1 mouse.
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hvKp utilizes esophagus infection to establish downstream intestinal colonization

We next performed the same type of oral infection methods using hvKp using similar dose (1 3 103 CFU) as the airway infection methods.

Except for 1 mouse from the short needle gavage group that showed detectable Kp in the feces at day 7 post-infection, Kp colonization

was not established in the rest of the mice (Figure S7).

We hypothesize that gut colonization in airway infected mice occurs through high bacterial load of Kp that enters the gut by mucociliary

clearance from the airway as suggested by the exponential increase of lung Kp (Figure 1B) that preceded bacterial load increase in the gut

(Figure 5B). To show that a higher bacterial load of infection dose could establish hvKp colonization through the different oral ingestion

routes, we increased the infection dosage to 2 x 106 CFU. Surprisingly, hvKp colonization in the gut was best established in the short needle

gavage but not the other two methods with this increased infection dosage (Figure 7A). Specifically, lethal hvKp infection was established in

100% of short needle gavage mice with high fecal Kp load at day two post-infection (Figure 7A). Interestingly, standard gavage that delivers

the bacteria into the stomach failed to establish gut colonization and fecal Kp was not detected in the mice across the different time-points

(Figure 7A). Oral dispense only gave intermediate phenotype where gut infection was established in 60% of the mice with 40%mortality (Fig-

ure 7A). This outcome suggested that esophagus infection at the point of inoculation in short needle gavage setting could have supported

establishment of downstream gut colonization.

To further define the role of esophagus in hvKp infection, we measured the Kp load in the esophagus of mice infected with hvKp via three

different infectionmethods that consistently inducedgut colonization, namely shortneedlegavage (Figure 7A), intranasal, and intratracheal infec-

tion (Figure 5B). Similar to intranasal or intratracheal infection (Figure 5C; Figure S4), short needlegavageof hvKp induceda highKp load in theGI

tract at day two post-infection that reside in the cecum and ileum (Figure S8). A resolution from gut bacterial load was observed at day four post-

infection, whereby only two out of fivemice displayed Kp load in the cecumand colon that was above detection limit (Figure S8). Importantly, we

coulddetect ahighKp load in theesophagusofshortneedlegavagemiceatday twopost-infectionwithsimilarKp load resolutionatday fourpost-

infection (Figure 7B). Interestingly, Kpwas also recovered from the nasal flush ofmice infectedwith hvKp through short needle gavage at day two

post-infection (Figure 7C). In addition, inmice infectedwith hvKp via intranasal or intratracheal routes, thedetection ofKp in the esophagus at 12h

post-infection (Figure 7D) preceded the detection of Kp in other parts of theGI tract at 24h post-infection (Figure 5D; Figure S4). Taken together,

the data support the notion that early esophagus infection is crucial in establishing downstream intestinal colonization with hvKp.

DISCUSSION

The colonization and invasion of mucosal surfaces served as a crucial reservoir and the point of entry for pathogenic Kp infection.38,46 Many

studies have approached the understanding of infection pathogenesis from the bacterial perspective. Crucial Kp virulence factors such as

capsule, lipopolysaccharide, siderophore, and pili (Riwu K.H.P. et al.49) have been identified. However, themechanism of interaction between

Figure 7. Early esophagus infection by hypervirulent Kp induce high bacterial load of gastrointestinal bacterial load and mortality

(A) Body weight kinetics, mortality and kinetics of fecal Kp load inmice infected with ST23-KpEC0675 (23 106 CFU) by standard oral gavage, short needle gavage

and oral dispense (n R 5 per group). Data of body weight kinetics were presented as mean G SD. Standard gavage group was assigned as controls and

respective groups were compared against the controls using Kruskal-Wallis test with Dunn’s multiple comparison (Standard gavage vs. short needle gavage:

*p < 0.05). Mortality data were analyzed with Log rank (Mantel-Cox) test (**p < 0.01). Kp load in the (B) esophagus and (C) nasal flush of mice infected with

ST23-KpEC0675 (2 3 106 CFU) by short needle gavage (n R 4 per group) at day 2 and day 4 post-infection.

(D) Kp load in the esophagus of mice infected intranasally or intratracheally with ST23-KpEC0675 (13 103 CFU). Paired wise comparisons were analyzed byMann-

Whitney 2-tailed analysis (*p < 0.05). Each point in the dot plot corresponds to data from 1 mouse.
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Kp and the host mucosal surface through these different virulence factors remains largely unknown. Infectionmodels that can incorporate the

complexity of the mucosal compositions, which include microbiota, mucus, and mucosal immunity will bolster the study of Kp colonization

and infection.

In vivomice infection models are excellent system that can capture the complexity of the mucosal tissue. However, two factors should be

adequately addressed when applying them in Kp pathogenesis studies. Firstly, there are currently no standard predictive animal models for

Kp infection. Many models relied on infection conditions that poorly reflect natural infections, such as antibiotic or chemical pre-treatment,

invasive inoculation routes or unrealistically high infection dose (>108 CFU), to establish pathogenic infection in mice.42 In addition, mice are

more susceptible to symptomatic hvKp than cKp infection, leading to a bias of in vivo virulence studies being conducted with hvKp. The out-

comes and observations from these studies may not be directly applicable to cKp. Secondly, the clinically dominant Kp clones of interest are

distinct geographically and their independent evolution makes phenotypic comparison of clinical studies across regions complex.

In this study, we tackled these two issues by conducing comparative in vivo infectionby developingmurinemodels of cKp and hvKp that do

not require antibiotic pre-treatment and that mimic the natural route of infection through the different mucosal membranes of the respiratory

tract and GI tract. An emphasis was placed on the bacterial tropism in the different mucosal membranes, which remains poorly elucidated in

patients due to the absence of clinical biopsy or postmortem reports.

Our study revealed highly differential mucosal tropism between cKp and hvKp infections. In cKp infection, the early infection of the nasal

cavity and nasopharynx is critical for establishing downstream lung and gut infection in the absence of antibiotic pre-treatment. Within the

respiratory tract, a higher proportion of the bacterial load resided and replicated within the nasal cavity, while cKp load rapidly waned in the

lungs early in the infection. Such cKp tropism induces a uniform and widespread bronchoalveolar inflammation and bronchopneumonia

throughout the lung. Within the GI tract, cKp primarily resided within the cecum and colon but not the small intestine. A greater amount

(5–10x) of bacterial load can be seen in the cecum as compared to the colon for both acute and chronic time points. Similar GI tropism in

the cecum was reported in an occult ST258 Kp colonization model.50 Importantly, infection routes that bypass the nasopharynx opening

or nasal cavity fail to induce gut colonization. Once colonization is established, they persist chronically and asymptomatically. Interestingly,

this gut colonization by cKp in the mouse mirrors observation from longitudinal Kp cohorts where lineage-matched Kp can be isolated from

rectal swab or feces across various timepoints.41,51,52 Together, these led to the postulation that cKpmay undergo in vivo ‘‘adaptation’’ during

early infection events in the nasal cavity. This enables the cKp to displace existing commensal and establish itself within a niche of the lower

intestinal tract at a low dose to avoid inducing protective host responses, thus allowing chronic fecal shedding that supports its infection cycle.

Further experimental work will be required to validate or dismiss this postulate.

The first hint of the importance of nasal cavity in cKp pathogenesis was shown clinically, where colonization rate of the nasopharynx was

reported to be 3–15%.40,53–55 More recently, a surveillance study conducted in an ICU showed that nasal Kp can be recovered from patients

who acquired fresh colonization in the ICU, while rectal Kp was only recovered from patients with Kp colonization prior to ICU admission.51

Complementing the role of nasopharyngeal sites in Kp colonization, gastrointestinal colonization was also demonstrated clinically to be a

substantial source of hospital-acquired cKp infection.41,46 Specifically, a greater proportion of hospital-acquired Kp infection occurs within

patients that are Kp colonizedprior to hospitalization andGorrie et al. showed that�49%of such infection could be traced back to the lineage

of the colonizing Kp.41,46

In hvKp infection, the upper respiratory tract played a lesser role in disease pathogenesis. Unlike cKp, hvKp can replicate efficiently within the

lungs, leading to necrotizing foci in the lung periphery that allow the bacteria to spread into the adipose tissue of the mediastinal region. Sur-

prisingly, the fatty area in the lung mediastinal supported a larger hvKp burden than the parenchyma region of the lungs. Consistent with this

observation, other studies have shown that high adipose tissue is a predictor of mortality in clinical Kp infection56 and diet-induced obesity im-

pairs host defense against Kp infection inmice.57 In the GI tract, a higher proportion of the bacterial were able to reside within the small intestine

ileum, suggesting a different niche from cKp.Gut colonization was usually transient despite the higher initial bacterial load (10–100x), suggesting

that this high initial bacterial load induce protective host responses that led to clearance. Importantly, in vivo adaptation that supports estab-

lishment of gut colonization can occur through the esophagus. The concept that the upper GI tract helps to establish hvKp infection in the

gut was first proposed in Young et al., in 2020.48 They compared ‘‘oral feeding’’ with standard gavage and highlighted the importance of

oral cavity in supporting hvKp gut colonization. This ‘‘oral feeding’’ inoculation is similar to oral dispense method used in our study, where

the inoculum comes in contact with the nasopharynx opening. This could lead to airway infection and confounded experimental conclusion.

Our study refined the different oral inoculation methods and provided the precision to define the role of esophagus in the gut infection path-

ogenesis of hvKp through a ‘‘short feeding needle’’ gavagemethodology. Currently, themolecularmechanismonhowearly esophagus or upper

airway infection overcome colonization resistance in the gut remains unknown.We postulate that the contact between bacteria and host cells in

these regions could trigger virulence factors regulations that enable these downstream events.

While cKp and hvKp utilize different mucosal tissues to establish downstream gut colonization, an ‘‘adaptation’’ event occurs in the early

infection. Different virulence mechanisms exist within different Kp strains that determine the host-pathogen interplay. One possibility is that

Kp interactions with the mucosal tissues can trigger bacterial gene expression involved in the survival or pathogenicity of the strain. Similar

mechanisms of virulence variation, regulated by different triggers, have been demonstrated in a wide range of bacteria, including Salmonella

enteric, Bacillus subtilis, Clostridia, Listeria monocytogenes, Acinetobacter baumannii, and Pseudomonas aeruginosa (Desai S.K. et al.58). To

the best of our knowledge, this in vivo adaptive mechanism has not yet to be described for Kp pathogenesis.

The knowledge generated in this study has implications beyond the understanding of mucosal pathogenesis and can be applied to

emerging disciplines related to controlling AMR Kp infections. One such area is the study of microbiome-Kp interactions to enable
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application of colonization resistance and decolonization of Kp in the host. The importance of nasal cavity infection as the earliest

event required for the establishment of cKp colonization suggests that microbiome diversity in the nasal flush of patients that can

block this event should be profiled. Importantly, the absence of antibiotic pre-treatment and chronic colonization of AMR cKp models

developed in this study provide a suitable platform for the conduct of microbiome-Kp interaction in the gut. Another area that has

gained much momentum is the therapeutic use of bacteriophages in Kp therapy59 as AMR cKp exhausts antibiotic treatment options.

One major concern of such therapy is the occurrence of phage-resistant bacteria that comes with a fitness cost.60 As such, we hypoth-

esize that the gut could be permissive to the expansion and persistence of phage-resistant Kp due to their immune-suppressed na-

ture. Kp models established in this study allow the killing efficacy testing of phage in the lungs and phage-mutant study in the GI tract

in vivo.

Together, this study highlights the differential mucosal pathogenesis of dominant cKp and hvKp strains in USA and Asia. Importantly, the

methodology and characterization of Kp mucosal infection in this study provide a foundation for mechanistic virulence factors identification

and inform novel infection intervention strategies against cKp and hvKp infections.

Limitations of the study

There are several limitations and important questions that are left unanswered by the design of this study. Firstly, while the bacterial tropism

provides the sequence of infection in the mucosal surfaces, the precise mechanism, virulence factors, and host responses that mediate this

process are yet to be determined. Secondly, we have focused only on the most pre-dominant cKp (ST258) and hvKp (ST23) for this study.

Future studies on other cKp and hvKp should be performed.
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STAR+METHODS

KEY RESOURCES TABLE

RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Pablo Bifani

(Pablo_bifani@IDLabs.a-star.edu.sg).

Materials availability

This study did not generate new unique reagents. There is restriction to the availability of the Klebsiella clinical isolates used in this study

because they were provided to the research team underMTA or Research collaboration agreement (RCA) that restrict distribution of the bac-

teria, but we can guide you to the proper contact.

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Anti-Klebsiella pneumoniae polyclonal antibody ThermoFisher Scientific AB_559816

DISCOVERY OmniMap anti-Rb HRP Roche Cat# 760-4311

ChromoMap DAB kit Roche Cat# 760-159

Bacterial and virus strains

Classical Klebiella pneumoniae strain 1085 (ST258) SAMN27308114 Kp1085

Classical Klebiella pneumoniae strain 1050 (ST258) SAMN06218025 Kp1050

Classical Klebiella pneumoniae strain 1055 (ST258) SAMN06218036 Kp1055

Classical Klebiella pneumoniae strain 1054 (ST258) SAMN06218040 Kp1054

Classical Klebiella pneumoniae strain 1064 (ST258) SAMN06218124 Kp1064

Hypervirulent Klebiella pneumoniae strain 0675 (ST23) SAMN38717950 KpEC0675

Hypervirulent Klebiella pneumoniae strain SGH10 (ST23) SAMN06112188 KpSGH10

Hypervirulent Klebiella pneumoniae strain NUH27 (ST23) SAMN38717951 KpNUH27

Chemicals, peptides, and recombinant proteins

Carbenicillin disodium salt Sigma-Aldrich C1389

LB Broth Miller 1st Base BIO-4000-1kg

LB Agar Miller 1st Base BIO-4010-1kg

Deposited data

WGS data of KpEC0675 was newly generated in this

study and deposited into NCBI GeneBank database

Accession: SAMN38717950 KpEC0675

WGS data of KpNUH27 was newly generated in this

study and deposited into NCBI GeneBank database

Accession: SAMN38717951 KpNUH27

Experimental models: Organisms/strains

C57BL/6J The Jackson Laboratory Stock No: 000664

Software and algorithms

Prism 9 GraphPad Version 9.4.1

Kleborate software https://github.com/tseemann/snippy V 4.6.0

Snippy

AMRFinderPlus V 3.11.4

Blast V 2.13
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Data and code availability

WGS data of ST258, which include Kp1085 (Accession: SAMN27308114), Kp1050 (Accession: SAMN06218025), Kp1055 (Accession:

SAMN06218036), Kp1054 (Accesion: SAMN06218040) and Kp1064 (Accession: SAMN06218124) used in this study is part of the cohorts

collected in 2 different study by Satlin et al.61,62 WGS data of KpSGH10 (Accession: SAMN06112188) is extracted from AKLASS cohort as

part of the study by Lee et al.25 WGS data of KpEC0675 (Accession: SAMN38717950) and KpNUH27 (Accession: SAMN38717951) have

been deposited in NCBI GeneBank database and are publicly available as of the date of publication. Biosample numbers are listed in the

key resources table.

This paper does not report original code.

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

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mice

Male and female C57BL/6J mice (aged 6 - 10 weeks) in wild-type background were used. All mice were bred and housed under spe-

cific pathogen-free conditions in the Biological Resource Centre, Agency for Science, Technology and Research, Singapore. Animals

are assigned to control or experimental groups randomly. All experiments and procedures were approved by the Institutional Animal

Care and Use Committee (IACUC: 191491) of the Agency for Science, Technology and Research, Singapore, in accordance with

the guidelines of the Agri-Food and Veterinary Authority and the National Advisory Committee for Laboratory Animal Research of

Singapore.

Pathogens strains

The clinical isolates of classical ST258 Kp used in this study include Kp1085 (K-locus 107), Kp1050 (K-locus 107), Kp1054 (KL106), Kp2064

(KL106) and Kp1055 (K-locus 23). These isolates were collected from multicentre epidemiological surveillance studies of bacteraemia

due to Carbapenem-Resistant Enterobacteriaceae (CRE) in the New York and New Jersey hospitals. All classical Kp used in this study are

multi-drug resistant (MDR) and carbapenem resistant isolates.

The clinical isolates of hvKp includes KpEC0675 (K-locus 1), KpSGH10 (K-locus 1) and KpNUH27 (K-locus 1). All hvKp are Asian isolates

isolated in the hospitals of Singapore. KpEC0675 and KpSGH10 were isolated in Singapore General Hospital (SGH). KpNUH27 was isolated

in National University Hospital (NUH). Both KpSGH10 and KpNUH27 is collected as part of a multicentre trial, Antibiotics for Klebsiella liver

abscess study (AKLASS).63

METHOD DETAILS

Molecular characterization of Kp isolates

The hypervirulence associated genes, including yersiniabactin (ybt), colibactin (clb), salmochelin (iro), salmochelin (iro), aerobactin (iuc), hyper-

mucoidy (rmpADC, rmpA2) loci, were initially determined using Kleborate v2.3.2,34 followed by confirmation using blastn analysis. Antimicor-

ibal resistance genes were mined using AMRFinderPlus v3.11.464 and Kleborate v2.3.2. Klebsiella capsular type (K locus typing) was conduct-

ed using Kaptive v2.0.6.65 Phylogenetic and core SNP analysis was conducted using a previously described method.3 Detailed genomic

characteristics of the isolates used in this study can be found in Table S1.

Quantification of bacterial load

All quantification of bacterial load in infection stock or tissues from infected animals were done by bacterial spotting method. Spe-

cifically, bacterial suspension was 10x serial diluted (10-1 to 10-10) using LB broth. 10ml of the bacteria from the respective dilution

were then spotted onto a LB agar plate with selection antibiotics (100mg/ml of carbenicillin). The spot was allowed to dry before

transferring into a 37�C incubator overnight. Dilutions that display spots count between 5 – 30 will be used for determination of

bacterial load in CFU/ml.

Production of in vivo infection stock of bacteria

Bacteria were streakedonto LB agar with selection antibiotics (100mg/ml of carbenicillin). A single colonywas selected for expansion in 10ml of

LB broth with selection antibiotics (100mg/ml of carbenicillin) in overnight culture at 37�C. All 10ml of overnight culture was transferred into

300ml of LB broth and incubated at 37�C with shaking (250rpm) until harvest at�OD6001. Harvested bacteria were span down at 10,000G for

10min and the pellets were pooled and washed in 50ml of sterile PBS. Resultant bacteria are span down again at 10,000G for 10min and re-

suspended into a final volume of 3-5ml of sterile 12.5% glycerol/PBS. These bacteria were aliquoted (100ml each) into cryotubes and kept

frozen in -80�C. A single tube of frozen aliquot was thawed for determination of bacterial concentration by serial dilution and spotting

onto LB agar plate. All stocks are frozen down at a a load of >109 CFUs/ml

ll
OPEN ACCESS

iScience 27, 108875, February 16, 2024 17

iScience
Article



Preparation of in vivo infection stocks

Just before infection, add PBS into the frozen aliquot to make a concentration of 109 CFU/ml. Perform 10x serial dilution with PBS to achieve

the concentration required for the different method of infection.

Mucoviscosity assay

Mucoviscosity assay was adapted from Palacios et al.45 Briefly, overnight cultures were adjusted to OD-1. 5ml of the bacteria at OD-1 is span

down at 1,000g for 5min and supernatant is collected from the top for OD600 reading. The degree of mucoviscosity is measured as the bac-

teria that fails to spin down by the sedimentation spin.

Intranasal infection

A non-invasive intranasal procedure that sufficiently deliver inoculum into the lungs at the point of inoculation (Figure S1) was optimized for

this study. All intranasal infections for classical and hypervirulent KP were performed at 6x107 CFUs and 1x103 CFUs per mouse respectively.

Specifically, mice were first sedated in 1-3% isoflurane for 3-5min. Subsequently, the mouse was lay flat with the back on the surface and the

nostril facing up. Use 1 finger to block the mouth, then dispense 30ml of bacteria suspension in parts above the nostril. The natural breathing

rhythmwill allow uptake of the inoculum. Keep themouth blocked to allow deeper uptake of inoculum into the lungs until mice show first sign

of waking up. Allow mice to be fully awake before repeating process to inoculate a total volume of 60ml.

Intratracheal infection

A non-invasive intratracheal inoculation through the mouth of the mice that make use of the natural breathing was adapted. This method

delivers most of the inoculum into the lungs with a small proportion entering the GI tract (Figure S1). All intratracheal infections for classical

and hypervirulent Kp were performed at 6x107 CFUs and 1x103 CFUs per mouse respectively. For this procedure to work, mice must first be

sufficiently sedated in 1-3% isoflurane that will allow them to stay asleep for 1-2min to complete the procedure. Once sedated, place themice

in the prone position of the surface, then prop up the head and chest into�90o position from the surface. Pinch the nose to ensure complete

breathing through the mouth. Use a pipette tip to open the mouth and dispense 20ml of inoculum above the tongue towards the back of the

throat. Allow the mice to breathe in the inoculum naturally. Keep holding the mice with pinched nose for �40 breath to ensure sufficiently

deep uptake of inoculum into the lungs.

Oral infection methods

3 different modes of oral infections, standard oral gavage, short needle gavage and oral dispense was employed in this study to simulate

different pathogen entry point during oral infection (Figure S5). Standard gavage was performed with 1.5 inches 20G feeding needle. This

is the standard feeding needle length recommended for adult mice that are >20G.59 Mice were restrained by scuffing and 100ml of inoculum

was dispensed at the entry point just above the stomach. Short needle gavage was performedwith 1-inch 20G feeding needle. Similarly, mice

were restrained and 200ml of inoculum was dispensed with the oesophagus as the entry point. Oral dispense was performed on mice that are

mildly sedated with 1-3% isoflurane and 20ml of inoculum was dispensed just on top of the tongue. The concentrations of the bacterial inoc-

ulum were adjusted accordingly to give the same final CFU count for the different methods.

Quantification of faecal Kp load

On designated days, approximately 2 fresh faecal pellets were collected from each mouse for Kp quantification. Faecal pellets were weighed

and transferred into 2ml homogenization tube with 1mm beads (Precelly, Bertin) containing 1ml of selection medium (LB+100mg/ml of carbe-

nicillin). Subsequently, faecal pellets were homogenized at a setting of 6,800 rpm x 3 cycles, 20s delay using a homogenizer (Precelly Evolution,

Bertin). The resultant mixture was span down at 400G for 5min to pellet faecal particulates. 100ml of supernatant that contains the bacterial was

aspirated for 10x serial dilution in selectionmedium (LB+100mg/ml of carbenicillin) and bacterial load quantification was determined by spotting

of serial diluted products onto LBAgar (with 100mg/ml of carbenicillin). All bacterial load data was normalized to the weight of the faecal pellets.

Control experiments has been done to demonstrate that natural flora in the faecal pellets do not grow in the selection agar (data not shown).

Quantification of Kp load in mouse organs

Bacterial quantification in the lungs, oesophagus, stomach, duodenum, jejunum, ileum, cecum and colon tissues were performed according

to the following protocol. At varying time-points, mice were sacrificed by CO2 gassing. Immediately post-sacrifice, 400-700ml of blood was

aspirated by cardiac puncture to reduce amount of blood in the organs. Subsequently, except of oesophagus, the rest of the tissues were

excised and placed into 2ml homogenization tube with 1mm beads (Precelly, Bertin) containing 1ml of selection medium (LB+100mg/ml

of carbenicillin). Oesophagus was placed into a 2ml homogenization tube with 0.5ml of selection medium. All tissues were homogenized

with a setting of 7,200 rpm, 30s x 3 cycles, 15s delay, 4�C using a homogenizer (Precelly Evolution, Bertin). The resultant mixture was span

down at 400G for 5min to pellet tissue particulates. 100ml of supernatant that contains the bacterial was aspirated for 10x serial dilution in

selection medium (LB+100mg/ml of carbenicillin) and bacterial load quantification was determined by spotting of serial diluted products

onto LB Agar (with 100mg/ml of carbenicillin). All bacterial load data was normalized to the weight of the organ. Control experiments has

been done to demonstrate that natural flora in the tissues do not grow on the selection agar (data not shown).
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Quantification of Kp load in nasal flush

The quantification of the bacterial load in the nasal flush was performed as a measurement of Kp load in the nasal cavity. At varying time-

points, mice were sacrificed by CO2 gassing. The jaws of the mice were removed to reveal the nasopharynx opening (Figure S5A). 1ml of

EDTA (50mm)/PBS was used to flush the nasal cavity with a 19G needle and collections was made at the nose opening. Collected flush liquid

were span down at 10,000G to pellet bacteria and resuspended in 100ml of selection medium (LB+100mg/ml of carbenicillin) for downstream

10x serial dilution and bacterial quantification by spotting.

Histology of lungs tissues

Mice were euthanized by perfusionwith PBS post anaesthesia. Each lung was inflatedwith�1ml of 10% neutral buffered formalin, then placed

into 25ml of 10% neutral buffered formalin for fixation (24 – 48hrs). Subsequently, paraffin wax block was made for 5 mm-thick sectioning fol-

lowed by hematoxylin and eosin (H&E) staining as previously described.66 Histopathological examination was carried out in a blinded fashion

based on the presence of the following parameters in the lungs: congestion, haemorrhage (interstitial, intra alveolar/perivascular), bronchio-

loalveolar inflammation, perivascular cuffing/peribronchiolar inflammation, alveolar thickening, vascular thrombosis, alveolar oedema, peri-

vascular oedema, vasculitis, alveolar wall necrosis, alveolar emphysema, steatites of mediastinal adipose tissue, pleuritis, presence of bacteria

in parenchyma and lung periphery. Severity of grading were assigned on the following scale: 1 - minimal; 2 - mild; 3 - moderate, 4 – marked &

5 – severe. Mock (PBS) infected mice were used as negative controls. Detailed histopathological scoring of each mouse can be found in

Table S2.

Immunohistochemistry (IHC) and image analysis

Immunohistochemical staining of Klebsiella in mice lungs was performed. Briefly, unstained sections of lung tissues were baked, dewaxed,

and rehydrated before the epitope was retrieved for detection of Klebsiella antigen using pH9 (CC1) solution (950-224, Roche) in Ventana

Discovery Ultra System (Roche, Ventana Medical system, USA). Then, rabbit polyclonal a-Klebsiella antibody (1:2000 dilution; Thermofisher

Scientific; PA1-7226) was added to the tissues for 60 minutes. This was followed with addition of DISCOVERY OmniMap anti-Rb HRP

(760-4311, Roche) for 16 minutes and by ChromoMap DAB kit (760-159, Roche) for 8 minutes. Finally, the tissues were counter stained

with hematoxylin stain (760-2208, Roche).

QUANTIFICATION AND STATISTICAL ANALYSIS

All graphs with bacterial load were presented in Log10 scale. As a result, data were presented as ‘‘CFUs+1’’ and data with CFUs below detec-

tion limit is assigned a value of ‘‘1’’ and appears on the axis of the graphs. All faecal and organ bacterial load were normalised to the weight of

the organ and this measurement reflects the bacterial density.

Statistical analyses were performed according to nonparametric distribution of the data using Prism 9 (GraphPad Software). All pair-wise

comparison was performed using Mann’s Whitney 2 tailed analysis. All analysis that are 3 groups and above were performed using Kruskal-

Wallis test with Dunn’s multiple comparisons. All mortality analysis was performed using Log-rank (Mantel-Cox) test. P values <0.05 were

considered statistically significant.
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