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: Klebsiella pneumoniae is a worldwide spread pathogen

responsible for a broad spectrum of clinical syndromes.
Since 1980s, a single pathogen-induced pyogenic liver
abscess has been noticed to be predominantly mediated by
the primary infection of K. pneumoniae. Despite the
clinical significance of K. pneumoniae liver abscess (KLA)
has been established, our knowledge regarding the molecular
basis of how this bacterium causes an infection in the
liver 1s rather restricted. Based on comparative genomic
analyses, two distinguishable and conserved genetic loci
T6SS (I) and (III) were identified harboring genes encoding
for putative T6SS core components in sequenced K.
pneumoniae genomes. Mutants that had in?frame deletion on
T6SS (I) genes significantly lost virulence in mice and
cytotoxicity to cells. Therefore, we aim in this project to
explore the molecular basis regarding the mechanism by
which K. pneumoniae

T6SS (I) causes cytotoxicity and how T6SS (I) expression is
regulated. Our results demonstrated that K. pneumoniae CG43
firmly associated with erythrocytes during its development
of liver abscesses in the murine model and this association
was required for its virulence. Knock-out of essential
genes in T6SS (I) significantly attenuated the ability of
CG43 to establish systemic infections in the murine model.
In vitro experiments also demonstrated the involvement of
T6SS (I) in the interaction between CG43 and erythrocytes.



Through T6SS (I)-dependent contact, K. pneumoniae CG43
induced hemolysis of erythrocytes. We are now analyzing the
regulatory circuit of T6SS (I).

# < B 423 ¢ Klebsiella pneumoniae, T6SS, cytotoxicity



Background and significance

Klebsiella pneumoniae is a Gram-negative enterobacterium ubiquitous in
nature. As behaving like a saprophyte resided in nasopharyngeal and intestinal
mucosa of humans, K. pneumoniae frequently involves in a wide range of clinical
illnesses, such as pneumonia, urinary tract infections, suppurative infections,
bacteremia, meningitis, and sometimes life-threatening septicemia. Without
immediate treatments, infections caused by this bacterium have a significantly
high rate of mortality (1). During 1990s, K. pneumoniae has been noticed as the
primary pathogen responsible for community-acquired pyogenic liver abscess in
Taiwan (2). Despite K. pneumoniae-caused liver abscess (KLA) was considered a
disease of regional distribution; it has now been continually reported from other
countries in Southeast Asian, including Korea, Singapore, Japan, and Thailand,
and is an emerging infectious disease in the United States and worldwide (3-10).
Distinct from Escherichia coli-associated liver abscess, KLA is generically
cryptogenic without underlying hepatobiliary disorders and is frequently
complicated in up to 20% of cases with septic metastatic lesions to other organs
(2, 11-14). Of the metastatic infections of KLA, meningitis and endophthalmitis
are most devastating that may lead to neurological sequelae, such as hearing loss,
vision loss, and cognitive delay, and cause a high mortality rate even with the use
of antibiotics therapy (2). By virtue of its primary and invasive nature, KLA
represents one of the most severe K. pneumoniae infections (6, 15-17). In 1990s,
a cytotoxin was identified from clinical strains of K. oxytoca isolated from
patients with antibiotic-associated hemorrhagic colitis. This cytotoxin was
demonstrated to cause cell death in cultured Hep2, Vero, CHO-K1, and HeLa cell
lines and also in an isolated intestinal-loop model (18-21). Human infections with
K. pneumoniae share many characteristics with those with K. oxytoca. Severe
tissue damages in lungs, soft tissues, and liver are common symptoms observed
in patients with K pneumoniae infections. The understanding of molecular events
regarding how K. pneumoniae cause tissue damage may provide insights into its
pathogenesis.

Based on our preliminary results, among 35 KLA strains tested, K.
pneumoniae 1158 constantly showed 30-60% cytotoxicity to cells. To further
understand why this strain was so cytotoxic to eukaryotic cells, we started
collaborating with Dr. Chen Ying-Tsong (Institute of Genomics and Bioinformatics,
Natl. Chung-Hsing Univ.). By using 454 GS Junior (Roche), Dr. Chen’s team
completed the whole genome sequence of K. pneumoniae 1158. Based on

comparative genome analysis, several genomic loci were identified with a



potential to have a role in related to bacterial cytotoxic activities. On this list gene
clusters responsible for type IV secretion system (T6SS) were noted. In
Gram-negative bacteria, protein secretion is a complex process that is carried out
by proteinaceous machineries, known as protein secretion systems, in a
controlled and efficient manner. At least six types of protein secretion system
(T1SS-T6SS) have been identified. Among these, T6SS is the most recently
characterized secretion system (22, 23). As analogous to the T3SS and T4SS, T6SS
appears to constitute needle-like structures that span the bacterial cell wall and
have the potential to translocate bacterial effector proteins directly into the
target eukaryotic or bacterial cell. T6SS is widely distributed that has been
predicted in > 25% of all sequenced Gram-negative bacteria.

Encoded within large gene clusters on bacterial chromosomes, the core
T6SS machinery consists of 13 essential components. The T6SS-core essential
and conserved genes are now named tssA-tssM. A molecular machinery
extending from the bacterial cytoplasm, across the inner membrane, periplasm
and outer membrane, and ultimately into a target cell was formed by the 13
T6SS-core components. Current structural models of T6SS indicate that the
apparatus is composed of at least two complexes, a dynamic bacteriophage-like
structure and a cell-envelope-spanning membrane-associated assembly. T6SS is a
contractile injection system and driven by a mechanism similar to that of tailed
bacteriophage (24). Secretion of effector proteins by T6SSs is in a one-step
manner, independent of the Sec or Tat export machineries, and no secretion
signals have yet been identified. Hcp (TssD) and VgrG (Tssl) are extracellular
components of T6SS that form a needle-like injection device resembling the tail
of bacteriophage. Hcp forms hexameric rings stacking into a tube-like structure,
which has an outer diameter of 90 A and a central channel with a width of 40 A. A
trimer of VgrG sits at the distal tip of the Hcp tube, together forming a tail
spike-like device to puncture target membranes (25, 26). VipA (TssB) and VipB
(TssC) form tubular complexes similar to viral tail sheath proteins and have a
role to eject Hcp-VgrG upon contraction. The syringe-like T6SS machinery is
positioned and anchored to the bacterial cell envelope, to couple the energy from
VipA/VipB contraction to transport cargos across the inner and outer

membranes of Gram-negative bacteria.

Numerous reports implicate T6SS in virulence and/or interaction with host
cells in multiple bacterial species, ranging from plat pathogens, animal pathogens,
to human pathogens, such as V. cholerae, Burkholderia spp. and P. aeruginosa (27).

More recently, T6SS has been found to have anti-bacterial activity in P. aeruginosa



and V. cholerae (28, 29). Now, based on its function, T6SS can be separated into
four categories: (1) bacterial cell targeting, (2) eukaryotic cell targeting, (3)
bacterial and eukaryotic cell targeting, and (4) other (such as conjugation, gene
regulation, and cellular adhesion). Some of T6SS-bearing bacteria have multiple,
distinct T6SSs, up to six in Yersinia pestis and B. pseudomallei (30-32). As
predicted by P. F. Sarris et al. in 2011 (33), three distinguishable and conserved
genetic loci, named T6SS locus |, II, and III, were identified harboring genes
encoding for putative T6SS core components and effectors in sequenced K.
pneumoniae genomes. K. pneumoniae 1158 has T6SS (I) and T6SS (1I1) in its
genome. T6SS (I) contains all of the 13 T6SS-core genes which are organized in 2
segments, the vgrG gene cluster and the icmF gene cluster. To determine the role
of T6SS in the physiology and virulence of K. pneumoniae, in-frame deletion
mutants for hcp (now named as tssD), clpV (tssH), vgrG (tssl), and icmF (tssM) of
T6SS (I) were generated. Our previous study found that the loss of tssM (icmF)
significantly attenuated K. pneumoniae virulence in mice and cytotoxicity to
erythrocytes. We therefore aim in this project to explore the molecular basis
regarding the mechanism by which K. pneumoniae T6SS (I) causes cytotoxicity
and how T6SS (I) expression is regulated.

Specific aims

1 Determine whether K. pneumoniae T6SS (I)-mediated hemolysis requires
intimate bacteria-RBC membrane contact.

2 Determine whether K. pneumoniae T6SS (I) contributes to the insertion of
translocation pores into the RBC membrane.

3 Examine whether T6SS (I)-mediated association with erythrocytes

contributes to systemic K. pneumoniae infections in mice.



Results and discussion

1. Association of K. pneumoniae with erythrocytes. K. pneumoniae was
never considered a hemolytic bacterium by using a conventional test with
sheep erythrocytes. However, about three years ago, through the

collaboration with Dr. Han-Chen Ho (Department of Anatomy, Tzu-Chi

University, Hualien), we observed a significant amount of K. pneumoniae
tightly associated with erythrocytes which were distributed inside the liver
of K. pneumoniae-infected mice (Fig. 1A and B). This phenomenon suggested

that the interaction with erythrocytes might assist the systemic
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Figure 1. Association of K. pneumoniae with erythrocytes. K. pneumoniae CG43S was orally inoculated into 8-

wk-old male BALB/c mice. At 72 hours post-inoculation, liver was retrieved and fixed for TEM analysis.

Representative images are shown in (A) and (B). Each of the 35 K. pneumoniae KLA strains was respectively

incubated with horse erythrocytes for 6 hours (C). Absorbance values detected at 420nm were normalized with

the value of total lysis of erythrocytes and presented in average percentage + SEM (D). Red line stands for 50%

of hemolysis.




dissemination of K. pneumoniae. In the bloodstream highway, erythrocytes
probably serve as a free rider for the tightly-associated K. pneumoniae, and
the subsequent lysis of some erythrocytes releases nutrients and iron, which
nursing the in vivo proliferation of K. pneumoniae. To test this hypothesis, we
examined the interaction of K. pneumoniae CG43S with erythrocytes isolated
from various mammal species and human volunteers with different blood
types. Preliminary results indicated that K. pneumoniae CG43S exhibited a
significant in vitro hemolytic activity when interacted with O-type human
blood and also with horse erythrocytes. We therefore investigated the
hemolytic activity to horse erythrocytes for a total of 35 clinical strains
isolated from cases of K. pneumoniae liver abscess (KLA). As shown in Fig.
1C and 1D, most of the KLA strains caused lysis for more than 50% of
erythrocytes except four super-mucoid strains (1087, 1129, 1137, and
1403).

Type VI secretion system locus 1 (T6SS_I) was required for the K.
pneumoniae CG43 hemolytic activity. T6SS is originally described for
Vibrio cholerae and Pseudomonas aeruginosa in 2006 (22, 23). As analogous
to the T3SS and T4SS, T6SS is composed of needle-like structures that span
the bacterial cell wall and protrude from the cell surface. T6SS is widely
distributed that has been predicted in > 25% of all sequenced Gram-negative
bacteria. Encoded within large gene clusters on bacterial chromosomes, the
core T6SS nanomachinery consists of 13 essential components. Some of
T6SS-bearing bacteria have multiple, distinct T6SSs, up to six in Yersinia
pestis and Burkholderia pseudomallei (30-32). As predicted by P. F. Sarris et
al. in 2011 (33), three distinguishable and conserved genetic loci, named
T6SS locus |, 11, and 111, were identified harboring genes encoding for
putative T6SS core components and effectors in sequenced K. pneumoniae
genomes. Similar to K. pneumoniae NTUH-K2044, K. pneumoniae CG43 lost
the locus II. Only T6SS_I and T6SS (III) were found in its genome. As shown
in Fig. 2A, the T6SS-core genes which are organized in 2 segments, the icmF
gene cluster (icmF/impG/impH/sciN/impF), and the vgrG gene cluster
(vgrG/clpV/hcp/ompA/dotU/imp]/impC/impB). Increasing evidence
indicates roles of T6SS in bacterial virulence and/or host cell interaction.
Thereby, T6SSs can functionally be classified into two types: the
anti-eukaryotic T6SS and the anti-bacterial T6SS. Among the K. pneumoniae
T6SS_I-core components, Hcp (Hemolysin co-regulated protein) and VgrG
(valine-glycine repeat protein G) are the main extracellular components
forming a needle-like injection device closely resembling the bacteriophage



tail. ClpV and IcmF are ATPase in the cytoplasm that energizes the action of
T6SS. Therefore, in-frame deletion mutants for hcp (now named as tssD),
clpV (tssH), vgrG (tssI), and icmF (tssM) of T6SS_I were generated (Fig. 2A)
for the determination of whether T6SS_I was required for the K. pneumoniae
hemolytic activity. After 6-h incubation, the hemolytic activity of the T6SS_I
mutants, AtssM1, AtssD, AtssDM1, and AtssDHI, were significantly
attenuated when compared with that of the wild type strain (Fig. 2B and C).
Time dependency was also noted for the K. pneumoniae caused hemolysis
(Fig. 2D). The result suggested that the integrity of T6SS_I structure was
required for the K. pneumoniae cytotoxic activity toward red blood cells.
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sciN impG iemF vgrG clpV hep dotU imp) vipA vipB
(tssF) (tssM) (tssl) (tssH)  (tssD) (tssL){tssK) (tssB)(tssC)
[ | | | AtssD
| I | AtsO-H
o — ] Atssm
C ——— - ) AtssDm

(B) (C)

Hemolysis %

(D)

1 2 increase is indicated with “b” (Student’s t test; two-tailed; P<0.05). (D)
L

10 Figure 2. Requirement of T655 (1) for the K. pneumoniae hemolytic activity.
(A) Schematic representation of T6SS locus | predicted in the genome of K.
80 pneumoniae CG43. Arrowsindicate the transcription direction. Gene-specific
B deletion mutants for T655 | genes are shown in below. The region deleted in
o
g 60 the genome of K. pneumonice is shown as a blank rectangle. (8) Each of the
© T6SS (1) mutants was respectively incubated with horse erythrocytes for 6
E 40 hours. (€) Absorbance values detected at 420nm were normalized with the
I
wvalue of total lysis of erythrocytes and presented in average percentage =
0 SEM. In comparison with the wild type strain, a significant decreasein
ﬂ D hemolysis by a particular mutant is indicated with “a”, whereas a significant
1 2 4 6 1 2 4 6 4 6 1 2 4 6
I 1 1 1 1 ]
I 1 I 1 1

{ } Hemolytic activity determined at 1, 2, 4, and 6 hour incubation with horse
WT AtssM1 Agalu AgalU-tssM1 erythrocytes.

Hours post-incubation



Requirement of T6SS_I for K. pneumoniae virulence. Groups of BALB/c
mice were intraperitoneally inoculated with 104 CFU of wild type strain or
with the same inoculum of a particular T6SS_I mutant, including AtssD (hcp
deletion mutant), AtssM1 (icmF1 deletion mutant), AtssD-M1 (hcp and
icmF1 double deletion mutant), and AtssDHI (hcp, vgrG, and clpV triple
deletion mutant). Survival of the infected mice was monitored for two weeks.
The majority of mice which were infected with AtssM1, AtssD-M1, or
AtssDHI, survived the experimental period (purple-, brown-, and
green-colored lines shown in Fig. 3A), which was significantly higher than
the survival of wild type-infected mice (black-colored, Fig. 3A). All of the
AtssD-infected mice died at day 6 (red-colored line, Fig. 3A). The attenuation
on virulence was not related to growth defects, given the in vitro growth
capacity for all the mutants were comparable to that of the wild type strain.
This result suggested requirement of tssM1, tssH, and tssl for K. pneumoniae
virulence. In contrast to tssM1, tssM3, the icmF gene in T6SS locus III was
dispensable for K. pneumoniae virulence. To further determine the role of
T6SS_I in the pathogenesis of K. pneumoniae, AtssM was selected for

subsequent studies. The colonization and dissemination ability of K.
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pneumoniae to extra-intestinal organs was also affected by the loss of tssM1.
As shown in Fig. 3B, at 2 days after an oral inoculation of 108 CFU of AtssM1
or wild type strain, a decrease of 1xlogio in the average bacterial loads of
small intestines was profound in the AtssM1-infected group as compared to
that of wild type-infected mice. When the wild type-infected mice had a
bacterial burden approaching 103-4 CFU in the liver and spleen, AtssM1 was
undetectable at these extra-intestinal organs for most of the mice infected.
The virulence attenuation of AtssM was more profound in mice with
diabetes (DM mice; Fig. 3C). Besides, the number of Kupffer cells activated
upon the hepatic infection of K. pneumoniae was significantly reduced by the
loss of tssM1. These results suggested an involvement of T6SS_I in several
stages of K. pneumoniae pathogenesis, including the development of
systemic infection, extraintestinal dissemination, and inflammatory

activation.

Expression of K. pneumoniae T6SS_I was activated upon contact with
erythrocytes but impeded by capsular polysaccharides (CPS). Many
bacterial pathogens employ protein secretion systems to facilitate their
survival in hosts. The expression of T6SS genes have been demonstrated to
be mostly induced in vivo. To analyze the expression of K. pneumoniae T6SS_I
genes, polyclonal anti-serum against the HCP protein, which is the major
component of T6SS needle structure, was generated. The expression of HCP
was hardly detected in conventional LB cultures (Fig. 4A) except for the K.
pneumoniae lysates which were collected after 6h-incubation with
erythrocytes. As shown in Fig. 4B, a significant amount of HCP was present
in the wild type K. pneumoniae, AgalU, AtssM3, and AgalU-AtssM3, but absent
in AtssM1, AtssD, and AgalU-AtssM1. In addition, when the direct contact
with erythrocytes was blocked with transwell membrane inserts, the degree
of hemolysis was decreased to the background level (Fig. 4C), suggesting
that the T6SS_I-mediated hemolysis was contact-dependent. Because the
T6SS structure is predicted as an inverted bacteriophage, the distance
between bacterial surface and erythrocyte membrane is probably a
determinant for this needle-like structure to deliver effectors into cells to
cause hemolysis. If so, the thickness of capsule may become a negative factor
for the K. pneumoniae hemolytic activity. As shown in Fig. 2C, the loss of galU,
which impairs the synthesis of CPS and lipopolysaccharides, elevated the
degree of T6SS_[-mediated hemolysis from 58% to 77%. This result
suggested that capsule of K. pneumoniae CG43S impeded T6SS_I-mediated
hemolysis. The interference of capsule on hemolysis might explain the result



shown in Fig. 1C that some clinical strains with a super-mucoid capsule
exhibited lower hemolytic activity than others.
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pneumoniae which were grown in LB medium, supplemented with FeCl, or ZnCl, (A), or were incubated with erythrocytes for 6 hours (B), and were subjected to Western
blot analysis with HCP- or OmpA-specific antisera. (C) The hemolytic activity of wild type or a particular mutant of K. pneumoniae was determined at 6-h incubation with or

without the Transwell inserts. In comparison with its parental strain, a significant decrease in hemolysis is indicated with “a” or “b” (Student’s t test; two-tailed; P<0.05)
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