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Host defense against the
infection of Klebsiella
pneumoniae:. New strategy
to kill the bacterium in the
era of antibiotics?
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Klebsiella pneumoniae (K. pneumoniae) is a typical gram-negative iatrogenic
bacterium that often causes bacteremia, pneumonia and urinary tract infection
particularly among those with low immunity. Although antibiotics is the
cornerstone of anti-infections, the clinical efficacy of B-lactamase and
carbapenems drugs has been weakened due to the emergence of drug-
resistant K. pneumoniae. Recent studies have demonstrated that host
defense plays a critical role in killing K. pneumoniae. Here, we summarize
our current understanding of host immunity mechanisms against K.
pneumoniae, including mechanical barrier, innate immune cells, cellular
immunity and humoral immunity, providing a theoretical basis and the new
strategy for the clinical treatment of K. pneumoniae through improving
host immunity.
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1 Introduction

Klebsiella pneumoniae, a common gram-negative facultative anaerobic bacterium,
widely exists not only in the natural soil and water but also in human and animal
respiratory tract and intestinal tract (Paczosa and Mecsas, 2016). According to the 20-
year-Antimicrobial Surveillance Program (from 1997 to 2016), K. pneumoniae (7.7%)
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ranks the third place in the most common pathogens, which is
the leading cause of bloodstream infection (Diekema et al,
2019). It is easy to colonize on the surface of the human
gastrointestinal and respiratory mucosa and cause pneumonia,
urinary tract infections (UTIs), bacteremia and liver abscess in
clinic (Paczosa and Mecsas, 2016; Choby et al., 2020). Elders,
newborns and tumor patients with low immunity are generally
susceptible to Klebsiella (Chew et al., 2017).

Klebsiella has several subspecies, including K. pneumoniae
subsp. pneumoniae, K. ozaenae subsp. ozaenae and K.
rhinoscleromatis. K. pneumoniae causes more than 95% of the
common clinical cases of Klebsiella infection. K. pneumoniae
strains are usually classified as classical, hypervirulent K.
pneumoniae (hvKp) and multidrug resistant (MDR). Classical
K. pneumoniae is composed of opportunistic strains often
associated with hospital infection. Highly pathogenic strains,
including hvKp are considered community-acquired bacteria
that infect people of all ages, including healthy people (Wang
et al,, 2020). hvKp is a variant of K. pneumoniae, which is more
virulent than classical K. pneumoniae. hvKp is generally resistant
to the third- and fourth-generation cephalosporins and has a
stronger metastatic ability. The most common metastatic sites
are the eyes, lung and central nervous system, which have
become the focus of clinical microbial research (Paczosa and
Mecsas, 2016; Russo and Marr, 2019). Furthermore, K.
pneumoniae is also known for its antibiotic-resistant genes,
which can spread to other gram-negative bacteria. Indeed,
many antibiotic-resistance genes commonly detected in
multidrug-resistant organisms were first described in K.
pneumoniae (Holt et al., 2015). Among the isolates of K.
pneumoniae reported in the European Centre for Disease
Prevention and Control, more than one-third of K.
pneumoniae are resistant to one or more antimicrobial agents,
including fluoroquinolones, the third-generation cephalosporins
and aminoglycosides (Bengoechea and Sa Pessoa, 2019). The
invasiveness of K. pneumoniae depends on its capsule,
lipopolysaccharide (LPS), fimbriae and siderophores
(Rodriguez-Medina et al, 2019). With the prevalence of hvKp
and MDR, whether human will find an effective way against K.
pneumoniae remains a mystery. Here, we focus on the relevant
immune mechanism against K. pneumoniae to provide new
clues for the clinical treatment of K. pneumoniae infection.

2 Innate Immune responses to
K. pneumoniae

K. pneumoniae infection can be thought of as the outcome of
interactions between K. pneumoniae and the host, including
innate immunity and adaptive immunity. Innate immunity is
the first line against K. pneumoniae infection, involving various
barriers, innate immune cells and molecules.
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2.1 The function of barriers

2.1.1 Respiratory barriers

K. pneumoniae is one of the most common floras causing
hospital-acquired infections and lower respiratory tract
infections in the intensive care units (Saharman et al., 2020).
When K. pneumoniae invades host, the mechanical barrier
provides the immediate protection. As the interface between
the host and K. pneumoniae, the respiratory tract and its
epithelial cells play an active role as a mechanical barrier.
Adult microbiota activates the defense of upper respiratory
tract through interleukin (IL)-17A, while K. pneumoniae could
overcome this obstacle to establish colonization through
encapsulation (Sequeira et al,, 2020). The adhesion factors
with various physiological functions are present in cell wall
and other structures of K. pneumoniae (Na et al., 2014). The
colonization of K. pneumoniae could damage small airway
epithelial cells and increase the level of tumor necrosis factor
(TNF)-o. in lung, and the upregulation of TNF-o could
significantly exacerbate epithelial cell injury (Xu and Xu, 2005).

Additionally, the mucus ciliary layer of respiratory tract can
adhere to or remove the bacteria or other particles entering the
respiratory tract, while changes in the thickness, properties and
cilia clearance of mucus influence the dismissal of K.
pneumoniae by respiratory tract. Lung infection with K.
pneumoniae could lead to massive infiltration of inflammatory
cells, resulting in a progressive decrease in local defenses (Zheng
et al., 2014). The outer membrane protein A of Klebsiella
pneumoniae (KPOmpA) affects the expression of adhesion
molecules and the secretion of cytokine in bronchial epithelial
cells (BECs). It has been proved that KPOmpA can bind tightly
to human BEC cell line BEAS-2B and primary cultures of BECs,
activating the nuclear factor kappa B (NF-kB) signal pathway,
thus stimulating the host defense. In addition, BECs exert
internalized clearance of K. pneumoniae that invades the
respiratory tract (Pichavant et al., 2003).

Therefore, mucus and ciliated epithelial cells in the
respiratory system can effectively hinder the invasion of
Klebsiella and eliminate it in multiple ways. However, the
infection of Klebsiella could trigger an inflammatory response
in the respiratory tract, leading to the accumulation of
inflammatory cells, which can disrupt the mechanical barrier
of the ciliary layer of respiratory tract and disturb the host
defense (Figure 1).

2.1.2 Urinary barriers

Catheter-associated urinary tract infections (CAUTISs) is one
of the most common nosocomial infections and complications
of indwelling catheters (Maunders et al., 2022). K. pneumoniae is
prone to UTIs through catheters, accounting for 2-6% of
hospital UTTs (Li et al., 2014; Maunders et al., 2022). However,
the mechanical force created by the flow of urine can remove
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FIGURE 1

The main role of respiratory barriers against K. pneumoniae. K. pneumoniae can be eliminated by BECs and the mucus cilia layer of the
respiratory tract. KPOmpA from K. pneumoniae binds tightly to BECs, thereby activating NF-«B signal pathway to participate in the host defense.
However, K. pneumoniae and its products cause airway inflammation and weaken airway defense.

pathogens normally, which acts as an essential barrier for the
colonization of bacteria. Furthermore, the pH value of urine is a
critical factor in the colonization and proliferation of pathogenic
bacteria in the urinary tract, and the alteration of pH value may
play an important role in the treatment and prevention of
Klebsiella on UTIs (Yang et al, 2014; Wasfi et al., 2020).
Meanwhile, the bladder smooth muscle activity could
significantly increase the positive rate of Klebsiella in urine,
which allows for flushing Klebsiella in vivo (Burnett et al., 2021).
It is known that K. pneumoniae may adhere to the host cell
surface with the help of various adhesion factors such as the K.
pneumoniae MrkD adhesin, colonizing the host and causing
infections (Jagnow and Clegg, 2003; Li et al., 2009). Fortunately
mechanical forces such as urine activity, bladder contraction,

inhibition of proliferation

and the alteration of pH value in urine are capable of weakening
the colonization of K. pneumoniae (Figure 2).

2.1.3 Digestive barriers

Studies have shown that the main anti-Klebsiella effect of
digestive system comes from gut microbiota. The gut microbiota
consists of diverse bacterial communities that perform various
functions and influence the host’s overall health, including
nutrient metabolism, immune system regulation and natural
defense against infection (Al Bander et al., 2020). During the K.
pneumoniae infection, there is a complex interaction between
the host and gut microbiota.

Researches have shown that in the early stage of K.
pneumoniae infection, the richness and composition of gut
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The main role of urinary barrier against K. pneumoniae. The mechanical force generated by the flow of urine removes K. pneumoniae from the
urinary tract, which is also an important physical barrier to reduce bacterial colonization. Moreover, the reduction of urinary pH inhibits the

proliferation of K. pneumoniae in the urinary tract.
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microbiota changes, especially the numbers of Lactobacillus
reuteri and Bifidobacterium pseudolongum decrease
significantly (Wu et al,, 2020; Wolft et al., 2021). Among the
gut microbiota, Bacteroidetes can strengthen the intestinal
immune barrier through IL-36 and macrophages to prevent
the colonization and transmission of K. pneumoniae (Sequeira
et al., 2020).

Short-chain fatty acids (SCFA), fermentation products of
intestinal flora, including acetic acid, butyric acid and propionic
acid, play a pivotal role in resisting the colonization and
inflammation of K. pneumoniae. Vornhagen et al. observed that
SCFA could directly inhibit bacterial growth through intracellular
acidification in a dose-dependent manner. SCFA also reduces
epithelial oxygenation and stimulate the expression of
antimicrobial peptides in the gut microbiota, thus weakening
pathogen colonization. Further, SCFA affects intestinal
homeostasis to induce gut microbiota to produce metabolites,
thereby decreasing the fitness of K. pneumoniae lacking functional
plasmid encoding tellurite TeO3-2-resistance (Ter) operons in the
intestinal tract (Vornhagen et al, 2021). Another research also
showed that the G protein-coupled receptor 43 (GPR43)
combined with acetate could upregulate the activity of
neutrophils and alveolar macrophages, which reduce the
number of bacteria in the airway in the early stage of infection,
and promote inflammation regression to reduce lung injury in the
late stage of infection. These results indicate that GPR43 plays a
significant role in the “gut-lung axis” as a sensor of the host gut
microbiota activity. Increasing SCFA will probably be a new way
to promote inflammation resolution in clinical practice (Galvio
et al, 2018). Aside from that, butyrate and tryptophan
decomposition metabolites are able to enhance gut integrity and
stimulate innate lymphoid cells group 3 (ILC3) to produce IL-22.
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—

FIGURE 3

Bacteria GFOWthl Intestinal Epithelial Cells

10.3389/fcimb.2022.1050396

Gut microbiota also could reduce intestinal permeability and
increase the epithelial defense mechanism to form a mucosal
barrier. Therefore, they maintain the stability of the intestinal
environment (Shi et al., 2017). In the case of liver abscess induced
by K. pneumoniae, relevant studies have discovered that antibiotic
treatment before K. pneumoniae infection weakens the protective
effect of intestinal flora in mice. Surprisingly, after fecal
transplantation, the concentrations of chemokine (C-X-C motif)
ligand 1 protein (CXCL1), TNF-o, monocyte chemoattractant
protein-1 (MCP-1), IL-1B, IL-6 and IL-17 in mice serum were
recovered and liver injury was alleviated (Zheng et al., 2021).

In a word, gut microbiota and its metabolites is essential in
K. pneumoniae colonization and inflammatory response
(Figure 3). Administration of exogenous SCFA could be
sufficient to reduce fitness of K. pneumoniae. However,
whether other substances also have impacts and how these
microorganisms and metabolites interact with the host
remains need to be further explored.

2.2 The function of innate immune cells

2.2.1 Dendritic cells

Dendritic cells (DCs) of the lung are situated in close
proximity to alveolar epithelium and resident alveolar
macrophages, playing a specific role as antigen-presenting cells
(APCs) (Von Wulffen et al., 2007). There are several subtypes of
DCs. Plasmacytoid DCs (pDCs) can produce interferon (IFN)-ou
and sense the damaged skin to heal wounds. CD103" DCs,
CD11b™ DCs and monocyte-derived DCs (MoDCs) can act as
migratory DCs to promote the activation of naive CD4" and
CD8" T cells in lymph nodes (Hackstein et al., 2012; Plantinga
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The main role of digestive barrier against K. pneumoniae. The gut microbiota and their metabolites can reduce the colonization and transmission of
K. pneumoniae and inhibit inflammation by regulating the activity of immune cells and inflammatory factors.
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et al., 2013). Hackstein et al. discovered a rapid increase of
activated CD103" DC, CD11b* DC and MoDC within 48 h post
infection of K. pneumoniae. The K. pneumoniae-infected
animals showed that in respiratory DC subpopulations there
were elevated IFN-o in pDC, elevated IFN-vy, IL-4 and IL-13 in
CD103" DC and IL-19 and IL-12p35 in CD11b" DC subsets in
comparison to CD11c¢" MHC-class 11" cells indicating distinct
functional roles. CD103" DC and CDI11b" DC subsets
represented the most potent naive CD4" T helper cell
activators in the infection model of K. pneumoniae (Hackstein
et al,, 2013) (Figure 4). Therefore, the novel insight into the
activation of respiratory DC subsets during K. pneumonia
infection is provided.

2.2.2 Macrophages

Pulmonary macrophages are derived from monocytes,
which mainly stimulate other immune cells acting as APCs
and secreting immune molecules. The latest experiments
showed that capsular polysaccharide (CPS) derived from
carbapenem-resistant K. pneumoniae KN2 serotype can
stimulate J774A.1 mouse macrophage to release TNF-o and
IL-6 in vitro. The CPS also exerts an immune response through
TLR4 in human embryonic kidney-293 (HEK-293) cells (Lee
et al., 2022). Melissa and Kovach observed that the clearance rate
of K. pneumoniae in IL-36y-deficient mice was decreased and the
mortality of the mouse was increased, which confirmed that IL-
367 is related to the anti-Klebsiella effect. Further, it is proved
that pulmonary macrophages secreted IL-36y in a non-Golgi-
dependent manner, playing a critical role in innate mucosal
immunity of lung (Kovach et al., 2016; Kovach et al.,, 2017). The

10.3389/fcimb.2022.1050396

chemokine-mediated transportation of mononuclear phagocytes
also is essential in the defense against bacterial pneumonia. In
the K. pneumoniae-infected mouse model, the deletion of
chemotactic cytokines receptor 2 (CCR2) could reduce all the
monocyte phagocyte subsets and change the phenotype of
pulmonary macrophages, reducing the amount of M1
macrophages and TNF in lung (Chen et al, 2013). Myeloid
but not neutrophil-specific hypoxia-inducible factor (HIF)-1a-
deficient mice increased bacterial loads in the lungs and distant
organs after infection of K. pneumoniae as compared to control
mice, pointing to a role of HIF-lo. in macrophages. What’s
more, alveolar and lung interstitial macrophages from myeloid-
specific HIF-1lo-deficient mice produced a lower level of
immunity, suggesting the importance of HIF-1ot expressed in
lung macrophages in protective innate immunity during
pneumonia caused by K. pneumoniae (Otto et al., 2021).

Collectively, the researches above indicate that pulmonary
macrophage is essential in innate immunity by secreting
cytokine such as IL-36, TNF-o and IL-6 after K. pneumoniae
infection, while CCR2 and HIF-1a play an auxiliary role in the
anti-K. pneumoniae activity of macrophages (Figure 4). These
discoveries provide new ideas for the clinical treatment of
pneumonia caused by Klebsiella infection.

2.2.3 Neutrophils

Neutrophils are the first line against a variety of infectious
pathogens. Neutrophils could kill pathogens by phagocytosis
and neutrophil extracellular traps (NETs). NETs is one of the
primary defensive mechanisms of neutrophils against
carbapenemase resistant hypervirulent K. pneumoniae (CR-
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The main role of innate immune cells against K. pneumoniae. Neutrophils produce NETSs to eliminate K. pneumoniae directly. Meanwhile, CD103"DCs,
CD11b" and MODCs promote the activation of naive T cells. CCR2 and HIF-1a activate macrophages to secrete cytokines such as TNF-o, IL-6 and IL-

36y to eradicate the bacterium.
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hvKp). Through the scanning electron microscope test, Jin et al.
found that the NETSs in type 2 diabetes patients had lost its
smooth and regular shape, which may lead to the defection of
congenital immune response for the patients against CR-hvKp.
The study confirmed the direct killing effect of NET's to CR-hvKp
(Jin et al, 2020). More recently researchers compared the
concentration of cytokines in regular diet group of mice and
high-fat diet group infected with K. pneumoniae, discovering
that the concentrations of IL-1f, IL-6, IL-17, IFN- 7, CXCL2 and
TNF-o were much lower in the high-fat diet group, meanwhile,
the number of neutrophils was reduced, and the functions
including the phagocytosis, killing ability and production of
the reactive oxygen intermediates (ROI) were impaired
significantly, which proved the critical role of neutrophils in
anti-K. pneumoniae effect (Mancuso et al., 2022).

Further studies found that the expression of CXCLS5 in IL-
17-deficient epithelium decreased, while intranasal injection of
recombinant CXCL5 in mice could restore neutrophils’
recruitment and bacterial clearance (Chen et al., 2016). It was
also discovered that the number of neutrophils decreased and
the production of leukotriene B, (LTB,), reactive oxygen species
(ROS) and reactive nitrogen species (RNS) decreased in
CXCL1-/- mice infected with K. pneumoniae (Batra et al,
2012). Meanwhile, subsequent experiments on depleted
neutrophils showed that neutrophils were the main source of
LTB, in the lungs after infection (Batra et al., 2012). The above
researches reveal the important role of CXCLI in the expression
of ROS and RNS produced by neutrophils, the regulation of host
immunity to K. pneumoniae infection, and the curative effect of
LTB, on the recruitment of neutrophils. In addition, more
studies have shown that IL-33 can enhance host defense
during bacterial pneumonia through the combined function of
neutrophils and inflammatory monocytes (Ramirez-Moral
et al., 2021).

10.3389/fcimb.2022.1050396

Evidences in vitro and in vivo above indicate that neutrophils
play an anti-K. pneumonia’s role mainly through NETs and
secreting corresponding molecules such as LTB,, ROS and RNS
(Figure 4). What’s more, the administration of CXCL5 and LTB,
can restore the activity of neutrophils, providing a new direction
for the clinical treatment of K. pneumoniae.

2.2.4 Innate Lymphoid Cells

All T lymphocytes including Ty17 and yOT subsets
participating in innate immunity derive from common
lymphoid progenitor in bone marrow, differentiate and mature
in thymus. Y817 cell is a subset of Y3T cells which produce large
quantities of IL-17A in the presence of IL-23 and IL-1f. Y317 cell
expresses the type I IL-4R. And IL-4 signaling increases STAT6
phosphorylation in y3T cells. Whereas IL-4 inhibits the
production of IL-17A by 817 cell. K. pneumoniae infection of
STAT6 knockout mice shows a higher amount of Y317 cell
compared to that of wild-type mice, demonstrating that STAT6
signaling negatively regulates Y317 cell that play a front-line role
in mucosal immunity against K. pneumoniae (Bloodworth et al.,
2016). Recently, Mackel et al. evaluated the role of T cells in
protection against classical K. pneumoniae reinfection and
demonstrated that mice lacking T cells were unable to
establish a protective response. However, mice individually
deficient in either of the major T cell subsets, ¥ or of
(classical T cells), effectively mounted a protective response,
indicating either subset alone was sufficient to mediate
protection against the reinfection of K. pneumoniae (Mackel
et al,, 2022) (Figure 5). The researches above demonstrate the
imperative contribution of innate T cells to protective immunity
against classical K. pneumoniae and will guide further inquiries
into host effector responses required to control K.
pneumoniae infection.
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The main role of innate lymphoid cells against K. pneumoniae. NK cells and its subsets mainly eliminate K. pneumoniae indirectly by producing
cytokines. y817 cells facilitate the eradication of K. pneumoniae by secreting IL17A, which can be suppressed by high level of IL-4
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Nature killer (NK) cells, which belong to innate lymphoid
cells (ILCs), are found to recognize and eliminate “altered self” as
cytotoxic lymphocytes, which also take part as the source of early
inflammatory cytokines in the innate immune system (Pallmer
and Oxenius, 2016; Myers and Miller, 2021). After activation,
they secrete perforin and TNF to kill “allosome” substances
nonspecifically. It was found that after infection with K.
pneumoniae, the survival rate of IL-227" mouse was lowered
while the survival rate of Rag2”" mouse had no significant
changes compared with wild-type mouse. Simultaneously,
Rag2”Tl2rg”" mice failed to produce IL-22. NK cells and T
cells may produce IL-22 and have conventional host defense
against K. pneumoniae, which were confirmed with Rag2™
Il2rg”™ C57BL/6 mice (Xu et al., 2014). Type I IEN receptor
(Ifnar) 1-deficient mice infected with K. pneumoniae failed to
activate NK cells to produce IFN-y, which caused the weakening
of NK cell killing effect. Meanwhile, exogenous IFN-y can
recover the level of IFN-y in Ifnar1™" (Ifnar1"™"V**).CD11c“",
Ifnar1™"-LysM®™ and Ifnar1™"-MRP8“™ mice on C57BL/6
background (Ivin et al, 2017). These data identify NK cell-
intrinsic type I IFN signaling as essential driver of K.
pneumoniae clearance, and reveal a specific target for future
therapeutic exploitations (Figure 5).

2.3 The function of innate immune
molecules

2.3.1TLRs

Innate immunity depends on signals produced by pattern
recognition receptors (PRRs). Toll-like receptors (TLRs) is the
earliest PRRs, which can recognize pathogen-associated molecular
patterns (PAMPs) or damage-associated molecular patterns
(DAMPs) in microorganisms (O'neill et al., 2013). When the
ligand binds to TLRs, myeloid differentiation factor88 (MyD88)
and Toll/IL-1R (TIR) domain-containing adaptor protein
(TIRAP) are recruited into the TLR complex to activate MAPK
and NF-xB signal pathways to produce cytokines and
chemokines. This cascade reaction is called MyD88-dependent
pathway. In the lung against K. pneumoniae TIRAP is a critical
mediator of antibacterial defense (Jeyaseelan et al., 2006). Besides,
the activation of TLRs also recruits other adapter proteins, such as
TIR domain-containing adaptor-inducing IFN-B (TRIF) and
TRIF-related adaptor molecule (TRAM). This pathway activates
NF-xB and type I IFN, which is called TRIF-dependent pathway.
Both TRIF-dependent and MyD88-dependent signaling
contributes to host defense against pulmonary Klebsiella
infection (Cai et al,, 2009). The TLR-mediated innate immune
responses control bacterial growth at the infection site, thus
minimizing bacterial transmission. Currently, 12 TLRs from
mice and 10 TLRs from human have been identified (Baral
et al., 2014).
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Among TLRs, TLR2 and TLR4 play important roles in K.
pneumoniae infection. TLR2 transmits signal mainly by forming
heterodimers with TLR1 or TLR6 to resist external pathogens.
Meanwhile, TLR4 could induce host defense against gram-
negative bacterial pulmonary infection by sensing bacterial
LPS (Baral et al., 2014). Compared with wild type (WT) mice,
Jeon et al. found that the survival time of TLR4 knock-out (KO)
and TLR2/4 double KO (DKO) mice infected with 5x10*> CFU K.
pneumoniae was significantly shortened. The mRNA levels of
TNF-o, MCP-1 and inducible nitric oxide synthase (iNOS) in
TLR2/4 DKO mice were substantially lower than those in the
WT group, indicating that TLR2 and TLR4 play a synergistic
role in innate immune response during K. pneumoniae infection
(Jeon et al., 2017).

Meanwhile, by analyzing the gene expression profiles in the
lung of C57BL/6 mice (resistant to bacterial transmission), 129/
SV] mice (susceptible), C3H/HeJ mice (susceptible and TLR4
signal deficient) and their respective control strains C3H/HeN
mice (moderately resistant), it was found that the most
significant number of TLR4-dependent induced genes were
expressed in C57BL/6 and C3H/HeN mice after infection with
K. pneumoniae. These genes include cytokines and chemokine
genes needed for neutrophil activation or recruitment, growth
factor receptors, MyD88 and adhesion molecules. The results
indicated that in the early stage of infection, the TLR4 signal
controlled the expression of most genes in lung to cope with
gram-negative bacterial infection (Schurr et al., 2005).

At the same time a variety of TLRs expressed on DCs, such
as TLRY, can trigger the cascade signal response of
proinflammatory cytokines, leading to the production of TNF-
o, IL-12 and other proinflammatory cytokines in large quantities
to resist the invasion of K. pneumoniae (Bhan et al., 2007; Von
Wulffen et al., 2007). Interestingly, though the initiation of most
TLRs depends on MyD88, Adam et al. discovered that the
inflammatory response induced by K. pneumoniae does not
depend on MyD88 in lung epithelial cells and platelets (De
Stoppelaar et al., 2015; Anas et al., 2017).

Collectively, TLR2 and TLR4 signaling could improve the
levels of TNF-0, MCP-1, iNOS and other proinflammatory
cytokines to indirectly eliminate the bacteria during the early
stage of K. pneumoniae infection (Figure 6).

2.3.2 NLRs

Nucleotide-binding oligomerization domain (NOD)-like
receptors (NLRs) are classical pattern recognition receptors
highly expressed in first-reactive cells such as neutrophils,
macrophages and DC cells. They can regulate various signal
pathways, including MyD88 and TLRs containing adaptor
molecular 1-dependent pathways. Besides these regulatory
effects, some NLRs also are assembled into polymer protein
complexes called inflammasome (Ravi Kumar et al., 2018;
Ghimire et al., 2020).
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The main role of immune molecules against K. pneumoniae. pDCs secrete NLRP12 participating NF-kB and MAPK signal pathways to regulate
the inflammation caused by K. pneumoniae. While TLR2, TLR4 and TLR9 promote the production of TNF-o and IL-12. Macrophage-derived
NLRC4 induces the production of IL-1 and IL-17A in lung, activating NF-kB and MAPK signal pathways to upregulate the production of
chemokine, TNF-a, ICAM-1 and VCAM-1, which can recruit neutrophils. Meanwhile, NLRP12-IL-17A-CXCL1 axis, CCL2 and CCL7 recruit

neutrophils, y3T cells and NK cells to eliminate K. pneumoniae.

Nucleotide-binding oligomerization domain, leucine- rich
repeat and pyrin domain-containing (NLRP) is one category of
NLRs. Studies have shown that NLRP6 and NLRP12 can act as a
negative regulator of the NF-xB and mitogen-activated protein
kinase (MAPK) signal pathways to attenuate intestinal
inflammation during the infection of K. pneumoniae (Ghimire
et al, 2020). NLRP6 and the adaptor protein, apoptosis-
associated speck-like protein (ASC) -mediated inflammasome
activation are thought to shape the composition of the
commensal gut microbiota, controlling the gut microbiota and
the immune response to systemic and intestinal infections
(Elinav et al, 2011). However, the finding was challenged by
later research (Mamantopoulos et al., 2017). It is meaningful that
during the infection of K. pneumoniae, NLRP6 gene-deficient
mice show the low levels of neutrophil recruitment, CXC
chemokine and granulocyte factor (Cai et al., 2021).

Furthermore, bone marrow-derived DCs (BMDCs) lacking
NLRP12 could induce the production of TNF-o. and IL-6 (Allen
et al,, 2013; Tuladhar and Kanneganti, 2020). It was found that
intratracheal injection of IL-17A™ CD4 T cells or CXCL1"*
macrophages could prolong the survival of Nirp12” mice and
recruit neutrophils to eliminate K. pneumoniae. It was revealed
that the NLRP12-IL-17A-CXCLI axis in vivo could play a vital
role in removing extracellular bacteria by recruiting neutrophils
(Cai et al, 2016). And another study found that IL-17 can
upregulate the expression of CCR2 ligands CCL2 and CCL7,
promoting the recruitment of neutrophils and enhancing the
anti-bacterial activity in C57BL/6 mice (Xiong et al., 2015).
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NLRC4, another inflammasome, is also essential for the
clearance of K. pneumoniae and neutrophil-mediated lung
inflammation (Xiong et al., 2015; Xiong et al., 2016).
Macrophage-derived NLRC4 can induce the production of IL-
1 and IL-17A from NK cells and YT cells in lung, activating NE-
kB and MAPK signal pathways to regulate the production of
neutrophil chemokine, TNF-0., the expression of intercellular
cell adhesion molecule-1 (ICAM-1) and vascular cell adhesion
molecule-1 (VCAM-1) in lung homogenates, which could
recruit neutrophils and hinder the colonization of K.
pneumoniae (Cai et al., 2012).

These evidences revealed that NLRP6 and NLRP12 could act
as negative regulators of NF-kB and MAPK signal pathways to
deregulate the inflammation caused by K. pneumoniae.
Meanwhile, NLRs prevent the colonization of K. pneumoniae
by recruiting neutrophils (Figure 6).

3 Adaptive Immune Response to
K. pneumoniae

It is known that innate immunity and adaptive immunity are
equally crucial in resisting pathogen invasion, the adaptive
immune response is slower and more specific. Another
prominent feature for adaptive immunity is the production of
immunologic memory which is activated rapidly during
reinfection, resulting in protective response (Bonilla and
Oettgen, 2010; Opoku-Temeng et al., 2022). Adaptive
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immunity includes T cell-mediated cellular response and B cell-
mediated humoral response (Bonilla and Oettgen, 2010).

3.1 T Cell-mediated Immune Response

As K. pneumoniae is a typical extracellular bacterium, the
effect of cellular immunity on K. pneumoniae is relatively limited
(Opoku-Temeng et al., 2022). Lee et al. found that T-helper (Ty)
lymphocytes played a prominent role in the defense of K.
pneumoniae through secreting cytokines such as IL-17 and
IFN-y (Lee et al., 2015). It was found that resident memory T
cells (Trym) also played an anti-Klebsiella role through lung
mucosal immunity. Vesely et al. discovered that the lung long-
lived CD4 Tgy cells derived from Tyl7 cells could rapidly
release IFN-y or release IL-4 later to better control infections
of CR-hvKp or contribute to the pathology associated with the
hypersensitivity (Amezcua Vesely et al,, 2019). Meanwhile, the
newly studied vaccine can drive lung Try cells to provide
immunity against Klebsiella via fibroblast IL-17R signaling
(Iwanaga et al., 2021).

3.2 Humoral Immune Response

It is different from cellular immunity, humoral immunity
exerts an enormous function in host defense against K.
pneumoniae infection. Banerjee et al. had isolated cross-
reactive anti-CPS antibodies poly-immunoglobulin G (poly-
IgG) from the plasma of patients infected with carbapenem-
resistant K. pneumoniae (CR-Kp) strain sequence type 258
(ST258), which indicated poly-IgG could promote the
phagocytic function to different serotype CR-Kp strains. Still,
the protective efficacy was reversed when CPS-specific
antibodies (Abs) were depleted (Banerjee et al., 2021). Diago
et al. isolated K1-CPS-specific IgG Abs and found that in mouse
liver, monoclonal antibodies (mAbs) 4C5 and 19A10 reduced
the transmission of CR-hvKp with in vivo microscope (Diago-
Navarro et al, 2017). Subsequently, two anti-CPS IgG mAbs
17H12 and 8F12 were obtained by Diago et al. from the mouse
infection model. The two mAbs can promote extracellular
processes to kill CR-Kp, including the enhancement of biofilm
inhibition, the deposition of complement and NETs, reducing
bacterial transmission to organs (Diago-Navarro et al., 2018).
Motley and his fellows also isolated two anti-CPS mAbs, murine
IgG3 (mIgG3) and murine IgG1 (mIgGl), revealing that mIgG3
had better complement-mediated serum bactericidal activity
than mIgGl, and promoting neutrophil-mediated killing at a
concentration below mIgGl through enzyme-linked
immunosorbent assay and flow cytometry. In contrast, mIgG1
had better activity in enhancing the phagocytosis of
macrophages (Motley et al., 2020).
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Kobayashi et al. tested CPS-specific rabbit Abs and found
that CPS2-specific Abs can promote phagocytosis and the
pernicious effect of human neutrophils to ST258 (Kobayashi
et al., 2018). Observing the interaction of African green monkey
complement and antibodies with hyper mucoviscosity (HMV)
or non-HMV K. pneumoniae, the results demonstrate that
interaction of cellular and humoral immune elements plays a
role in the in vitro killing of K. pneumoniae, particularly HMV
isolates. However, low levels of IgG2 titers may lead to a
diminished sterilization effect (Soto et al., 2016). The increased
prevalence of K. pneumoniae LPS O2 serotype strains in all
significant drug resistance groups correlates with a paucity of
anti-O2 antibodies in human B cell repertoires. It has been
identified that human mAbs to O antigen, including a rare anti-
02 specific antibody, is highly protective in mouse infection
models, even against heavily encapsulated strains (Pennini
et al., 2017).

Furthermore, an isolated antibody B39 targeting conserved
epitope binds to K. pneumoniae LPS O1 and O1/O2 antigens
could promote the conditioning phagocytosis of human
macrophages and the clearance of macrophage-associated
bacteria when evaluating them by high-volume image (Berry
et al., 2022). At the same time, Lee. et al. found that K.
pneumoniae EV vaccination conferred protection against K.
pneumoniae infection by inducing EV-reactive Abs and IFN-y"*
T-cell responses. It indicates that K. pneumoniae EV vaccination
depends on both humoral and cellular immunity (Lee et al,
2015). Similarly, stable artificial bacterial bionic vesicles (BBVs)
were successfully induced and efficiently taken up by DCs to
stimulate DCs’ maturation. Therefore, as a K. pneumoniae
vaccine, BBVs could induce bacterial-specific humoral and
cellular immune responses to reduce lung inflammation and
its bacterial load (Li et al., 2021).

Collectively, these studies strongly suggest the critical role of
humoral immunity, which is underestimated in clinical
applications in terms of antibiotic therapy. Due to the
protective potential of anti-CPS, K. pneumoniae CPS is a
popular target for immune prevention and/or treatment, and
the O antigen of LPS and EVs are also viable targets (Figure 7).
In addition, antibody-based clinical treatment strategies may
have the capacity to address antibiotic-refractory bacteria in
the future.

4 Discussion and conclusion

Over the past decade, K. pneumoniae has emerged as a
significant clinical and public health threat due to the increasing
prevalence of healthcare-associated infections caused by
multidrug-resistant strains that produce extended-spectrum f3-
lactamases and/or carbapenemases. Here, the immune
mechanisms associated with the resistance to K. pneumoniae,
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The main role of humoral immune response against K. pneumoniae. Multiple antibodies can act on different antigenic epitopes of K. pneumoniae,
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including innate immunity, cellular immunity and humoral
immunity have been reviewed (Table 1). The mechanical
barriers play a preliminary role in anti-colonization, while
humoral immunity antibodies can recognize different antigenic
epitopes of K. pneumoniae to promote the elimination of the
pathogen. At the same time, multiple immune cells are activated
and able to secrete relevant immune factors to aggregate and
destroy the infected cells when the organism is infected with
Klebsiella, demonstrating the diversity and effectiveness of
immunity. On the other hand, the immune evasion and
pathogenicity of K. pneumoniae also reflect the vital role of
immunity against K. pneumoniae. The current treatments of
hvKp infection are controlling infection source and aggressive
antibiotic therapy. However, due to the diminished effectiveness
of conventional clinical treatment against antibiotic-resistant
and highly pathogenic strains (Choby et al., 2020b), improving
individuals’ immunity against K. pneumoniae infection may
become a new direction for clinical therapy in the future. For
the aim above, some measures, for example, regulating the gut
microbiota, increasing SCFA, supplying specific antibody and so
on, should be taken.

It is put forward that the clearance and weakening of K.
pneumoniae colonization by host mechanical barrier can be
exploited by increasing the expression of mucin5b gene in
respiratory mucus, maintaining normal renal urinary function
and avoiding dysbiosis of the intestinal flora (Roy et al., 2014). It
is confirmed that an essential aspect of Klebsiella infection
biology is the thwarting of TLR-dependent activation of host
defense responses controlled by NF-kB and MAPKSs (Jeyaseelan
et al., 2006; Cai et al., 2009; Regueiro et al., 2011; Frank et al.,
2013; Ravi Kumar et al., 2018). We hypothesize that Klebsiella
may target the cells responsible for producing immune cytokines
and blockade the signaling pathways required for the production
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of the cytokines. Immune cells including DCs, macrophages and
neutrophils are all capable of secreting cytokines and regulating
inflammatory signal pathways. Therefore, enhancing
inflammatory signaling pathways such as NF-kB and MAPKs
by selectively inhibiting or enhancing the secretory function of
immune cells is a direction of the future research (Deets and
Vance, 2021). Further, drug development and clinical trials on
antibodies that can effectively bind the antigenic epitopes of K.
pneumoniae is also a powerful anti-infection tool (Motley
et al., 2020).

When it comes to the host defense, anti-K. pneumoniae
vaccines have to be mentioned. Anti-K. prneumoniae vaccine
based on surface-exposed bacterial antigens is a promising
alternative. CPS of K. pneumoniae has long been regarded as a
vital virulence factor that promotes resistance to phagocytosis
and serum bactericidal activity. Thus, CPS has been targeted
previously for the development of therapeutics and vaccines
(Opoku-Temeng et al., 2019). However, the high variability in
capsular serotypes limits vaccine coverage, and glycoconjugate
vaccines are manufactured using intricate chemical
methodologies to covalently attach purified polysaccharides to
carrier proteins, which is widely considered technically
challenging (Feldman et al, 2019). Joy et al. developed a
preclinical model of pneumonia in mice and found that non-
capsular antigens may also elicit protective immunity
(Twentyman et al., 2020). As a vital virulence factor, Outer
Membrane Vesicles (OMV) could induce specific adaptive
immune responses while displaying intrinsic adjuvant
properties. However, the side effects of the OMV vaccine, the
complexity of OMV composition, and the multiple antigens in
variable concentrations hinder the mass production of OMV
vaccines (Martora et al,, 2019). In addition, the protective
efficacy of ribosome-based vaccine formulations is
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TABLE 1 Studies on the mechanism of host defense against K. pneumoniae (Kp) infection.

Innate Barriers respiratory

immune barriers

response

urinary
barriers

digestive
barriers

Innate dendritic
immune cells

cells macrophages

neutrophils

Innate
lymphoid
cells

Immune TRIF
molecules

MyD88

TLRs

NLRs

Mechanism of host defense against Kp

Mechanism

respiratory epithelial cells
IL-17A

Mechanical force of urine flow
Urine pH|]

Mechanical force of bladder
contraction

IL-36, macrophages
SCFA

Combined SCFA with GPR43

Mucosal barrier
Intestinal flora

pDCs, CD103'DC, MoDCs?

Release TNF-o and IL-6
IL-36y

CCR2
HIF-1ot

NETs

IL-1B, IL-6, IL-17, IFN-y, CXCL2
and TNF-o/f

CXCL5 and LTB,

STATS6 signal
NK cells

recruited into the TLR complex to
activates NF-xB and type I IFN

recruited into the TLR complex to
activate MAPK and NF-kB signal
pathways
TLR4 senses bacterial LPS
TLR2 and TLR4 improve the levels of
TNF-0, MCP-1 and iNOS

TLRO triggers the
proinflammatory cascade signal

NLRP6 and NLRP12 can act as a
negative regulator of the NF-xB and
MAPK pathways
NLRP12-IL-17A-CXCL1 axis
IL-17 upregulate the expression
of CCL2 and CCL7

NLRP12 reduce the production of
TNF-o and IL-6
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Influence

Internalize and eliminate

Activate the defense of upper
respiratory tract

Prevent the colonization of Kp
on urethra

Affect the colonization and
proliferation of bacteria

Conducive to Kp removal

Prevent the colonization and
transmission of bacteria

Prevent the growth and
colonization of bacteria

Reduce the number of Kp and
control the inflammatory
response

Inhibit inflammation
Reduce liver injury

Stimulate CD4" and CD8"
naive T cells

Promote inflammation

Promote innate mucosal
immunity in lung
Increase macrophages and TNF

Auxiliary the production of
TNF

Kill CR-hvKP directly
Enhance ability to swallow and
kill Kp

Restore the activity of
neutrophils

IL-17A}
Generate IFN-y and clear Kp

Recruit neutrophils, activate
MAPKs

control bacterial growth at the
infection site, thus minimizing
bacterial transmission

Against gram-negative bacteria

indirectly eliminate Kp

Stimulate the production of
TNF-o and IL-12

attenuate the intestinal
inflammation

Recruit neutrophils

Recruit neutrophils

Attenuate the inflammation
caused by Kp
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Reference

(Xu and Xu, 2005)
(Sequeira et al., 2020)

(Maunders et al., 2022)

(Yang et al,, 2014; Wasfi et al.,, 2020)

(Burnett et al., 2021)

(Sequeira et al., 2020)

(Vornhagen et al., 2021)

(Galvio et al., 2018)

(Shi et al., 2017)

(Zheng et al,, 2021)

(Hackstein et al., 2013)

(Lee et al., 2022)

(Kovach et al., 2016; Kovach et al., 2017)

(Chen et al., 2013)
(Otto et al., 2021)

(Jin et al., 2020)
(Mancuso et al., 2022)

(Batra et al., 2012; Chen et al., 2016)

(Bloodworth et al., 2016)

(Ivin et al., 2017)

(Cai et al.,, 2009);

(Jeyaseelan et al., 2006; Cai et al., 2009)

(Baral et al., 2014)

(Schurr et al., 2005; Jeon et al., 2017)

(Bhan et al., 2007; Von Wulffen et al., 2007)

(Ghimire et al., 2020)

(Cai et al., 2016)

(Xiong et al., 2015; Xiong et al., 2016)

(Allen et al., 2013; Tuladhar and Kanneganti, 2020)

(Continued)
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TABLE 1 Continued

Mechanism of host defense against Kp

Mechanism

NLRC4 induce the production of IL-
1B and IL-17A, activating MAPK and
NF-B signaling pathways

Adaptive  Cell- Th lymphocytes secrete IL-17 and
immune  mediated IFN-y
response  immune CD4 Tpy cells

response

lung Ty cells via fibroblast IL-17R
signaling

Humoral MAbs CPS antigen

immune

response

O antigen of LPS

Vesicle antigen

controversial since many include surface protein
contaminations, which may be significant contributors to the
protective responses (Pregliasco et al., 2009). Remarkably
recombinant outer membrane proteins (OMPs) are promising
vaccine candidates against K. pneumoniae, alone or combined
with other antigens. When administered as a carrier in
combination with respiratory syncytial virus subgroup A
(RSV-A), OMP could induce IgA, IgGl, and IgG2a
production, which provided the protection against K.
pneumoniae infection (Libon et al., 2002). Moreover, the O
antigen on LPS is a highly immunogenic molecule and an
essential virulence factor for K. pneumoniae. However, the
high toxicity of LPS is the main limiting factor related to this
type of vaccine. Thus, a delicate balance between
immunogenicity and toxicity must be considered (Clarke et al.,
2020). Although there are no vaccines available against K.
pneumoniae infection in clinic, it is a great pleasure that K.
pneumoniae vaccines are feasible and a promising strategy to
prevent infections and reduce the antimicrobial resistance
burden worldwide.

In summary, there is still a considerable gap in our
understanding of the pathogenesis of K. pneumoniae.
However, in-depth knowledge of the host-immune mechanism
will facilitate understanding its pathogenesis and provide new
ideas for future diagnosis and treatment of K. pneumoniae
infection in the era of antibiotics.
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