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ABSTRACT

Klebsiella pneumoniae ST258 is a globally distributed multi-drug resistant pathogen responsible for
severe invasive infections. In this study, the different virulence potential of K. pneumoniae ST258
isolates in endotoxin susceptible versus resistant animal models was shown. Furthermore, ST258
clinical isolates were found highly sensitive to the bactericidal effect of naive animal and human
serum. These observations imply that LPS, released from the rapidly lysed bacteria, may contribute
to the high mortality associated with ST258 bacteremia cases.

A humanized version (mAb A1102) of a previously described murine mAb specific for the
conserved LPS O-antigen, was tested for endotoxin neutralization. A1102 was able to neutralize
TLR-4 activation by ST258-derived LPS in vitro with an efficacy exceeding that of polymyxin B by 3
orders of magnitude. Passive immunization with A1102 afforded a significant level of protection in a
galactosamine-sensitized mouse model of endotoxemia, induced by ST258-derived LPS, or upon
challenge with live bacteria. Efficacy was retained using an aglycosylated IgG, as well as upon
complement depletion, suggesting that Fc-independent endotoxin neutralization may be the main
protective mechanism in this model, in spite of the complement-dependent bactericidal and
opsonic activities additionally observed for A1102 in vitro. Furthermore, rabbits that are naturally
highly susceptible to endotoxin, were also significantly protected by low doses of A1102 when
challenged with an ST258 strain.

Given this unique mode of action and the high protective efficacy of this mAb, passive
immunization, as prophylactic or adjunct therapeutic approach for the treatment of infections
caused by ST258 isolates should be considered.
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Introduction . . . : .
nosocomial setting are restricted to patients with under-

Klebsiella pneumoniae ST258 is a multi-drug resistant nos-
ocomial clone that has spread world-wide and is currently
endemic in many countries.’ With the emergence of
strains resistant to last resort antibiotics,”* treatment
options have become very limited. Alternative therapeutic
approaches,” such as monoclonal antibodies,”® are needed,
as the pipeline of novel antibiotics is dry.

Factors contributing to the success of the widely dis-
seminated ST258 clone have not yet been fully eluci-
dated. Several studies have shown the absence of known
Klebsiella virulence traits and limited in vivo virulence of
ST258 isolates.” ! Accordingly, K. pneumoniae ST258
infections in the community are rare, and even in a

lying risk factors.'>'> Therefore, the high mortality rate
associated with ST258 infections may primarily originate
from impaired efficacy of host defense mechanisms and
antimicrobial therapy, rather than the intrinsic virulence
potential of this pathogen.

Immunization approaches against Klebsiella were
explored decades ago'®'® and have been revisited
recently, given the urgent need for alternative therapeutic
options to antibiotics. With most protein antigens being
masked by bulky capsular polysaccharides and smooth
LPS, these surface carbohydrate structures themselves
prevail as putative antibody targets. Unfortunately, car-
bohydrates are not ideal antigens and moreover, show
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extensive variability that makes a broad spectrum immu-
nization approach very challenging.

The genetic evolution of K. pneumoniage ST258 was
recently elucidated.'”° It was shown that ST258 represents a
hybrid clone that has emerged by the genetic rearrangement
of ST11- and ST422-like strains. A subsequent smaller rear-
rangement incorporating the capsular (cps) locus has gener-
ated 2 clades within the ST258 clone, each expressing a
different capsular polysaccharide. Moreover, extensive varia-
tion within the cps locus was shown among ST258 strains by
several studies™*"** suggesting the existence of additional cap-
sular variants and unencapsulated strains.

Interestingly, the locus encoding the LPS O-anti-
gen, which is located adjacent to the capsular locus,
has remained essentially identical in both clades. In
our previous work, we described that most ST258
strains expressed the same LPS O-antigen, a modified
D-galactan-I structure that was termed D-galactan-III
(gal-1IT).>* Conservation of this antigen implies a
potential role in fitness/pathogenesis, and at the same
time offers a good candidate for immunization. We
previously showed that monoclonal antibodies
(mAbs) raised against gal-IIT were able to bind to the
surface of both clades of K. pneumoniae ST258, cor-
roborating accessibility of this antigen through differ-
ent capsular polysaccharides.”> In this study we
assessed the potential of a humanized anti-gal-III
mAb to provide protection against ST258 isolates in
different animal models, and propose a unique mode
of action for protection.

Methods
Bacteria and growth conditions

Klebsiella pneumoniae strains used in this study are listed
in Table S1. ST258 isolates were kindly provided by C.
Mammina (Italy)24’25 S. Opal (USA), M. Assous (Israel)?®
and M. Gniadkowski (Poland).?” K. pneumoniae O1:K2
strain was obtained from ATCC (43816), and E. coli
strains 536 and MG1655 originated from the laboratory
of J. Hacker (Germany). Bacteria were inoculated rou-
tinely from chromID™ CARBA SMART plates (Bio-
Mérieux) into Luria-Bertani (LB) broth to ensure
carriage of the KPC encoding plasmid. For CFU enumer-
ation, bacteria were grown on Trypcase Soy Agar plates
(BioMérieux).

Antibody expression and purification

For the A1102 mADb generation, A1102 heavy chain (HC)
of human IgGl1 isotype (G1m1,17) and light chain (LC)
of human kappa isotype (Km3) were cloned into the

pTT5 vector (Biotechnology Research Institute, National
Research Council of Canada (NRC-BRI), Quebec,
Canada). The F(ab’)2 of A1102 was generated by cloning
the sequence encoding amino acids 1-236 of A1102
heavy chain sequence into the pTT5 vector. Aglycosy-
lated A1102 was generated by introducing a N297Q
mutation into CH2 domain of the HC of A1102 by site-
directed mutagenesis using the QuickChange II XL Site-
Directed Mutagenesis Kit (Agilent Technologies). The F
(ab”)2 construct and LC (for A1102 F(ab’)2), or the full
length HC with N297Q mutation and LC (for A1102
N297Q mAb) were co-transfected at a ratio of 1:1 into
CHO-3E7 cells (NRC-BRI) using PEI MAX transfection
reagent (Polysciences, Eppelheim, Germany) and grown
in FreeStyle CHO expression medium (Life Technolo-
gies). Cell culture supernatants were harvested 8 d post-
transfection.

A1102 and A1102 N297Q mutant mAbs expressed in
CHO cells were purified from culture supernatants by
Protein A affinity chromatography using HiTrap MabSe-
lect SuRe™ resin(GE Healthcare). A1102 F(ab’)2 was
purified using CaptureSelect IgG-CH1 Affinity chroma-
tography (Life Technologies) followed by preparative
size-exclusion chromatography on the Superdex 200 (GE
Healthcare) to separate the A1102 F(ab’)2 from the
A1102 Fab dissociation product.

Affinity and cross-reactivity measurements

Binding to the biotinylated galactan-III antigen was mea-
sured by biolayer interferometry (BLI) using a fortéBIO
Octet Red instrument (Pall Life Sciences). The antigen
(0.1 ng/ml) was immobilized on the streptavidin (SA)
sensor (fortéBIO, Pall Life Sciences) to give sensor load-
ings of 0.025, 0.05 and 0.1 nm. For monovalent binding
affinity, the Fab fragment of mAb A1102 was used. The
association of the Fab fragment (6.25 - 200 nM) to the
immobilized antigen was monitored for 600 s in solution
(PBS, pH 7.2 containing 1% BSA), at 30 °C. The sensors
were then immersed in the same buffer for 600 s, to
monitor the dissociation of the antibody. The kinetic
rate constants (k,, and kg for the monovalent interac-
tion) were determined by fitting each progress curve,
corresponding to different Fab concentrations for the
same sensor loading, to a 1:1 binding model (fortéBIO
Analysis Software version 9.0). The dissociation constant
for the monovalent interaction (Ky) was calculated as
kofilkon. The dissociation equilibrium constants were also
determined by steady-state analysis based on calculated
equilibrium response values (fortéBIO Analysis Software
version 9.0). To determine the strength of the avid bind-
ing interaction, the IgG (2 - 133 nM) was used instead of
the Fab, in a set-up as described for the Fab fragment,



and data were analyzed as described above, except that in
this case, the apparent macroscopic dissociation con-
stants determined (K values) represent avidity
constants.

Cross-reactivity to another Klebsiella O-antigen (O1)
was measured in a similar set-up to that described above
for affinity measurements, immobilizing biotinylated O1
on SA sensors and monitoring the binding of IgG
(66.7 nM) in solution (PBS, pH 7.2, containing 1% BSA)
for 600 s. To determine cross-reactivity to unrelated LPS
(E. coli O55), the antibody (full length IgG) was immobi-
lized on anti-human capture (AHC) sensors and the
association of LPS (30 pg/ml) in solution (PBS, pH 7.2,
containing 0.1% BSA) was monitored for 600 s.

Macrophage uptake assay using RAW264.7 cells

The bacterial uptake assay was performed as described
previously with minor modifications.”® Briefly, RAW
264.7 cells were cultured in DMEM supplemented with
Penicillin/Streptomycin and 10% fetal bovine serum.
Cells were seeded at 7.5 x 10* cells per well in a 96-well
plate the day before the assay. Strain Kp31, sensitive to
100 pg/ml gentamicin was selected for the assay. Bacte-
ria were pre-opsonized with 2.5 ug/ml of the respective
antibody in the presence of 5% active or heat-inactivated
naive rabbit serum (PreClinics) for 15 minutes on ice.
Macrophages were washed with PBS and infected at a
multiplicity of infection (MOI) of 1, with 50 ul of the
pre-opsonized bacterial mixture in antibiotic-free
DMEM. After 30 minutes incubation at 37°C with gentle
agitation, gentamicin was added to a final concentration
of 100 pg/ml and the plate was further incubated for
30 min to completely eliminate extracellular bacteria. At
1 h post infection, cells were washed twice with PBS and
lysed in 0.1% Triton X-100 in PBS for 5 minutes. Lysates
were diluted in PBS and plated on TSA plates (bio-
Meérieux) for bacterial enumeration.

LPS neutralization assay

Purified LPS or culture supernatants of mid-log cultures
of selected ST258 strains grown in LB, were tested for
human TLR4 activation using HEK Blue cells (Invivo-
Gen) in the presence of antibodies, or antibody frag-
ments, or polymyxin B according to the manufacturer’s
instructions. Briefly, filter sterilized culture supernatants
or 1-4 ng/mL of purified LPS (LPS extraction kit, Intron)
were mixed with different concentrations of the antibod-
ies or polymyxin B and incubated in a 96-well plate for
30 min at room temperature. Afterwards, 5 x 10*
hTLR4 HEK Blue cells were added to the reaction and
the mixtures were incubated overnight at 37°C and 5%
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CO,. Absorbance at ODg3, was measured and the neu-
tralization capacity was expressed as %-inhibition of
secreted alkaline phosphatase (SEAP) induction using
the formula: %-inhibition = 100 - [100 x SEAP (mAb)
/SEAP (LPS only control)].

Serum bactericidal assay

Serum samples originating from Blutzentrale Linz
(Austria) were freshly collected from volunteers and kept
as individual samples frozen at —80°C. Alternatively, indi-
vidual and pooled normal human serum (NHS) samples
were obtained from US Biologicals. Naive sera were col-
lected from 6-8 week old, female BALB/cJRj mice (Janv-
ier, France), Wistar RjHan:WTI rats (Janvier, France) as
well as Crl:LKBL (NZW) rabbits (PreClinics, Germany),
housed under specific pathogen-free conditions.

Heat-inactivation of complement was performed at
56°C for 45 min. Where indicated, adsorption of serum
was performed in 3 cycles by re-suspending a pellet of
3 x 10° CFU mid-log phase bacteria per ml of serum.
Adsorbed serum was filter sterilized and kept frozen in
aliquots at —80°C for subsequent serum bactericidal
assays. Aliquots were thawed on ice only once and used
on the same day. In the serum survival assay, 3-5 x 10’
CFU of mid-log phase bacteria were incubated at 37°C
in 75% serum (10, 25, and 50% serum was additionally
used in pilot studies) and plated at 1 h and 2 h time-
points. The recovered CFUs were correlated with the
inoculum size also determined by plating.

Serum bactericidal activity mediated by antibodies
was evaluated in the presence of 50% adsorbed human
or rabbit serum as described previously.*’

Animal experiments

Mouse experiments were performed according to
Austrian Law (BGBL. I Nr. 114/2012, approved by
MADS5S, Vienna). In all experiments, female 6-8 week old
BALB/cJRj mice were used (Janvier). Protective efficacy
of monoclonal antibodies was assessed by intraperitoneal
injection of serially diluted (100 pg to 0.78 pg/mouse)
mAbs formulated in PBS, 24 hours before challenge.
Control groups received an isotype-matched (human
IgGl) irrelevant control mAb at the highest dose
(100 pg). Challenge was performed intravenously (i.v.)
with 100 ul of bacterial suspension. Bacteria were grown
to mid-log phase (ODggo of ~0.5) in LB broth, washed
with PBS and diluted to the target inoculum size. In the
endotoxemia model, mice received 20 mg of D-galactos-
amine (GalN) intraperitoneally, while at the same time
being challenged with either extracted, purified LPS
(16 ng) or live bacteria (1.5-5 x 10* CFU) injected
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intravenously. In all cases, survival was monitored daily
for up to 2 weeks.

For the depletion of complement, mice were treated
(i.p.) with 1 U of cobra venom factor (Quidel, USA) one
day before infection. This dose was confirmed in pilot
studies to effectively inhibit complement pathways as
assessed by an ELISA-based commercial kit (WIESLAB
Complement system screen, Euro Diagnostica).

Blood and organ loads were determined by plating
serially diluted heparinized blood samples or homoge-
nized organ samples obtained at the indicated time-
points. Triplicates were plated onto selective agar plates
in all instances.

Rat and rabbit models were performed at Fidelta Ltd
(Zagreb, Croatia) according to institutional approval. Rat
models were performed in 9-week-old female Sprague
Dawley rats (Crl:SD, Charles River, France). Rabbit stud-
ies used groups of 4 male Crl:KBL (NZW) rabbits

(Charles River, France) immunized i.v. with log diluted
doses of mAb A1102 or an irrelevant control mAb. The
next day, animals were challenged iv. with a minimal
lethal dose of ST258 strain Kp151. Infected animals were
monitored every 3 h for the first day, and then daily for
up to 7 d. Statistical analyses were performed with the
LogRank (Mantel-Cox) test using GraphPad Prism 5.04
Software. Differences were considered statistically signifi-
cant when p < 0.05.

Results

ST258 strains are susceptible to normal human
serum

A collection of clinical ST258 strains isolated in different
geographical regions were tested for survival in normal
human serum (NHS) samples obtained from different
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Figure 1. Bactericidal activity of different serum samples toward a panel of clinical ST258 isolates. 3-5 x 10° CFU of the indicated ST258
isolates were incubated at 37 °Cin 75 % serum samples of different origin as indicated on the individual panels. Aliquots were plated
after incubation for 1 h and 2 h respectively and the recovered CFUs were correlated with the inoculum. The detection limit was 0.1%

of inoculum. NHS: normal human serum.



donors (Fig. 1 upper panels). All 18 ST258 clinical iso-
lates tested showed high susceptibility to serum killing
resulting in recovery of none or very few colonies follow-
ing 2 h incubation in 75% serum. Two of the isolates
(Kp30 and Kp150), were slightly less susceptible at 1 h,
but were still serum sensitive based on the 2 h time-
point. A similar susceptibility pattern was observed in
individual 75% NHS samples obtained from a commer-
cial source (Fig. 1 middle panels). Notably, when a com-
mercial NHS pool was used, only 7 of the 18 tested
isolates were fully sensitive, while the others survived to
approximately 50 to 100% relative to the initial inocu-
lum, with one strain (Kp150) even multiplying. Human
complement is known to be unstable under certain han-
dling conditions, therefore we measured the activity of
the classical, alternative, and lectin complement path-
ways of all 6 human serum samples (5 individual sera
and one pool) used in our bacterial survival assays. We
confirmed that unlike the 5 individual serum samples,
the pooled commercial sample had low complement
activity (Fig. S1). To corroborate the survival differences
observed at lower complement concentrations, selected
K. pneumoniae ST258 strains representing the most and
least susceptible isolates, were tested for survival at dif-
ferent (10-75%) serum concentrations (Fig. S2). As posi-
tive and negative controls, the serum resistant K.
pneumoniae O1:K2 and the uropathogenic E. coli strain
536 as well as the serum susceptible rough E. coli strain
MG1655 (K-12), were tested parallel. Both serum resis-
tant control strains grew in the 2 human sera we used for
these experiments, at all concentrations (including 75%).
In contrast, the E. coli K-12 strain was rapidly killed even
in 10% sera. Strain Kpl151, representing the majority of
ST258 isolates based on its high susceptibility to 75%
human serum, behaved comparably to the rough E. coli
strain. The less susceptible ST258 strain, Kp150, was also
clearly more susceptible than the serum resistant patho-
gens investigated. Still, the minor difference in suscepti-
bility observed between Kp150 and Kp151 in 75% serum
(Fig. 1) increased upon dilution of serum samples
(Fig. S2).

Survival of ST258 isolates was also investigated in sera
obtained from different laboratory animal species most
often used for models of bacterial infection (Fig. 1 lower
panels). While ST258 isolates were sensitive to serum
obtained from rabbits and rats, all strains survived (and
most of them even multiplied) in mouse serum.

ST258 strains exhibit low virulence in animal models

Serial dilutions of 2 ST258 strains - Kp150 (clade 1), the
least serum-sensitive strain, and Kp151 (clade 2), repre-
sentative for most of the strains with high sensitivity to
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75% human serum, were used to infect mice, rats and
rabbits intravenously. In mice, a challenge dose as high
as 10* CFU/animal (~5 x 10° CFU/kg) did not elicit
lethality irrespective of the clade type. In good agreement
with this finding, the blood counts of both Klebsiella
strains dropped by 3-4 logs within 30 min after i.v. infu-
sion followed by a slower decrease over the next 2 d
(Fig. S3A). The low level of bacteremia detected 48 h
post-infection was due to spread from solid organs
(spleen, kidney) (Fig S3B). Importantly, no advantage of
the somewhat better survival of Kp151 in human serum
was apparent in vivo either in terms of blood counts or
in organ loads (Fig. S3).

Similarly to mice, no deaths occurred in rats with
challenge doses up to 3 x 10’ CFU/animal (~1.5 x 10"
CFU/kg). In contrast, a 3 x 10° CFU/kg dose was found
to be 100 % lethal in rabbits (Table S2).

Based on these data we speculated that the higher vir-
ulence of ST258 strains in rabbits may be the conse-
quence of their higher sensitivity to endotoxin compared
with mice or rats.’® To corroborate that endotoxemia
induced by bacterial lysis contributes significantly to
lethality in endotoxin sensitive animal models, we used a
GalN mouse model, a proven model of endotoxemia.>
In GalN-sensitized mice, the minimal lethal dose was
between 1.5-5 x10* CFU/mouse (~7.5 x 10° to 5 x10°
CFU/kg) with all ST258 strains tested (Table S2). This
represents at least a 1000-fold decrease in the minimal
lethal dose in GalN-sensitized vs. non-sensitized, natu-
rally resistant mice.

Generation and characterization of a humanized
anti-gal-lll mAb

Discovery of murine mAbs targeting gal-III was
described previously.”> The murine mAbs were human-
ized by CDR grafting and the mAb with the highest
affinity binding to purified gal-IIT antigen, A1102
(human IgG1 isotype produced in CHO cells), a deriva-
tive of murine mAb 5A4,%* was used in this study.

The monovalent binding affinity of mAb A1102 for
the galactan-III O-antigen was determined by measuring
the affinity of its Fab fragment for the biotinylated anti-
gen by BLIL An association rate constant of 1 x 10°
M~'s!, a dissociation rate constant of 5.4 x 107> s~
(Figure S4, Table 1), and a calculated dissociation equi-
librium constant of 57 nM were determined. These val-
ues are in good agreement with that obtained from the
steady-state equilibrium measurement (55 nM). It is
known that the density of the O-antigen on the surface
of Klebsiella is relatively high, so it is likely that the anti-
gen is presented in an avid state on the cell surface, and
especially so in LPS micelles. Therefore it was also of



1208 V. SZIJARTO ET AL,

Table 1. Equilibrium and kinetic rate constants for the binding of mAb A1102 to the biotinylated D-galactan-lll antigen, determined
with either the Fab fragment or the IgG in Forte-Bio in PBS, pH 7.2, containing 1% BSA at 30 °C.

Monovalent binding (Fab)

Fab (nM) Ky (M) kon (M™Ts™T) kot (s71) Steady-state Ky (M) Sensor loading

6.25 — 200 (57 +16) x 1078 (1.0£03) x 10° (54409 x 1073 (554+04) x 1078 0.05, 0.1 nm

Avid state binding (IgG)

IgG (nM) Ky (M) kon M7 Ts7T) kot s71) Response (nm) Sensor loading(nm)

66.7 4.22E-10 1.57E4-05 6.62E-05 0.6681 0.025 nm
3.20E-10 1.40E405 4.49E-05 1.2718 0.05 nm
1.73E-10 9.79E+-04 1.70E-05 3.168 0.1 nm

333 2.18E-10 2.06E4-05 4.49E-05 0.5749 0.025 nm
1.66E-10 1.86E+05 3.09E-05 1.0688 0.05 nm
431E-11 1.15E+05 4,98E-06 2.658 0.1 nm

interest to determine the strength of the avid interaction
between the IgG and the polysaccharide molecules. This
was performed by BLI in a ForteBio instrument, at vari-
ous sensor loadings and IgG concentrations (Table 1).
The macroscopic dissociation constants (K4 values)
determined were 2 or more orders of magnitude lower
(i.e. in the sub-nanomolar range, with relatively constant
values for the same mADb concentration for the 2 lower
loadings) than those for the monomeric interaction, due
to a proportional increase in the dissociation rate con-
stant. A similar effect of the avid interaction (i.e., 100-
fold higher affinity in avid vs. monovalent state) was
determined for other anti-carbohydrate mAbs, e.g. for
the high affinity anti-Chlamydia LPS mAb, S 5.23°!
although the absolute affinity was ~10-fold lower than
that of mAb A1102.

BLI measurements using Klebsiella pneumoniae O1 or
E. coli O55 LPS antigens confirmed the absence of cross-
reactivity to different mannan or unrelated carbohydrate
structures (data not shown).

Endotoxin neutralizing activity of mAb A1102

A1102 was tested for endotoxin neutralization potency in
vitro. Signaling by LPS was measured in a HEK cell-
based TLR4-dependent colorimetric assay. LPS was
extracted from ST258 clade 1 (Kp150), ST258 clade 2
(Kp151) or non-ST258 (PCM-27) K. pneumoniae strains
expressing gal-III. Using a broad range of LPS concentra-
tions, we determined that 1 to 4 ng/ml LPS resulted in
maximal signal induction and this concentration range
was subsequently used for measuring neutralization
potency of A1102 (data not shown). A1102 neutralized
LPS samples from all 3 strains in a dose-dependent man-
ner with half-maximal effect (ICs,) at concentrations
between 0.7-2.7 nM (Fig. 2A). The potency of A1102
exceeded that of polymyxin B (an antibiotic with known
endotoxin neutralization potency used as a comparator
molecule) by approximately 3 orders of magnitude.

To confirm efficient neutralization of naturally shed
LPS molecules, culture supernatants from a large panel
of ST258 isolates were also tested (Fig. 2B). Dose depen-
dent inhibition of TLR-4 signaling by A1102 was con-
firmed with all but one strain, Kp149, which had been
shown to exhibit a rough (i.e, devoid of O-antigen)
phenotype.”

Neutralization potency of the antibody was
retained when using an aglycosylated mAb (N279Q),
as well as F(ab’)2 fragments, however, was lost with
Fab fragments (Fig. 2C).

Protective efficacy of gal-lll specific mAb in vivo

The in vivo endotoxin neutralizing efficacy of mAb
A1102 was assessed in a lethal model of murine endotox-
emia. GalN-sensitized mice, challenged with LPS
extracted from strain Kp151, were significantly protected
upon prior immunization with A1102 (Fig. 3A). The
protection appeared to be dose-dependent and specific,
as a control IgG with irrelevant specificity given at the
highest dose was not efficacious.

Furthermore, we performed similar mAb efficacy
studies in the murine GalN model using live ST258 chal-
lenge strains with different serum susceptibility patterns
(see Fig. 1) and clade types. Again, GalN-sensitized mice
receiving an isotype matched irrelevant mAb rapidly suc-
cumbed to infections induced by any of the ST258
strains, while significant protection was observed by pas-
sively immunizing animals with A1102 at a dose range
between 3 to 100 ug/animal (0.15 to 5 mg/kg) (p <
0.001; Log-rank test) (Fig. 3B).

Rabbits represent a host species that is comparable
to humans with respect to serum bactericidal activity
toward ST258 strains, as well as having high intrinsic
sensitivity to endotoxin. Therefore, we tested the pro-
phylactic efficacy of different doses of mAb A1102 in
a rabbit bacteremia model. Control animals immu-
nized with an isotype-matched control mAb
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Figure 2. Endotoxin neutralization by a gal-lll specific mAb in vitro. Endotoxin signaling through TLR4 was measured in a cell-based col-
orimetric assay in the presence of mAb A1102. (A) using purified LPS extracted from 3 isolates expressing gal-lll (KP150, KP151, PCM-
27). A1102 mADb (red curves), isotype matched control mAb (black curves), or polymyxin B (PMB, blue curves) were used at the indicated
concentrations. (B) using shed LPS in supernatants of mid-log phase cultures of ST258 isolates as well as strain PCM-27. (C) Neutralizing
potency of A1102 compared with its fragments as well as an aglycosylated (N297Q) version.
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Figure 3. Protection in murine endotoxemia models. Protective efficacy of mAb A1102 was investigated in the GalN-sensitized murine
model of endotoxemia. Groups of 5 mice were passively immunized prophylactically (i.p.) with serial dilutions of A1102 (100 ug to
0.78 pg/mouse doses) or an isotype-matched control antibody (100 pg/mouse). Mice were rendered susceptible to endotoxin by
receiving an i.p. injection of GaIN 24 h later and at the same time were challenged i.v. with either purified LPS, extracted from a repre-
sentative ST258 strain, Kp151 (16 ng/mouse) (panel A), or with a minimal lethal dose (1.5-5 x 10* CFU/mouse) of ST258 strains (panel
B). Survival was monitored daily for up to 10 d. Graphs represent the combined results from 2 independent experiments for each chal-
lenge, with a total group size of 10, except for mice receiving the 0.78 g dose in live challenges (panel B), which was only included in
one of the repeats (n = 5).
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Figure 4. Protection in a rabbit model of bacteremia. Groups of 4
rabbits were immunized i.v. with the indicated doses of A1102 or
an isotype-matched irrelevant control mAb. Next day, the animals
were challenged i.v. with a lethal dose (5 x 10° CFU/kg) of ST258
strain Kp151. Infected animals were monitored every 3 h for the
first day and then daily for 7 d. The graph represents combined
data from 2 independent experiments (n = 8 per group in total)
with similar outcome.

succumbed to infection within 2 d post-infection,
while mAb A1102 afforded a significant level of pro-
tection at all doses tested ranging from 2 ug/kg to
2000 pg/kg (Fig. 4).

The gal-lil specific mAb displays bactericidal activity
against K. pneumoniae ST258 isolates

ST258 strains were highly sensitive to killing by human
and rabbit sera. Therefore, a modified bactericidal assay
was set-up using a lower percentage and adsorbed (with
the respective bacterial strains) sera to investigate
whether killing of K. pneumoniae ST258 strains can be
enhanced in the presence of the gal-III specific antibody.
We found that the A1102 mAb increased the serum bac-
tericidal activity of both adsorbed human and rabbit
sera, achieving bacterial clearance at earlier time points

compared with control sera containing isotype control
antibody (Fig. 5).

Opsonization of K. pneumoniae ST258 by the gal-lii
specific mAb

Opsonophagocytotic uptake of a gentamicin-sensitive
ST258 strain by a murine macrophage cell line
(RAW264.7 cells) was investigated at MOI 1 in the
presence of 5% rabbit serum as complement source.
Following a 30 min incubation, extracellular bacteria
were killed by gentamicin, while intracellular bacteria
were enumerated following cell lysis and plating.
Baseline uptake of bacteria was determined in the
presence of an isotype-matched control antibody.
Bacterial uptake was significantly increased upon
incubation in the presence of mAb A1102 (Fig. 6).
Importantly, heat-inactivation of complement resulted
in baseline uptake level, corroborating the need for
both the specific mAb and complement for efficient
opsonization.

Mode of action studies in vivo

Since multiple possible modes of action for A1102
were observed in vitro (see above), we aimed to dis-
sect the Fc-dependent vs. —independent (presumably
endotoxin neutralization) activities to the protective
efficacy observed in the murine model. Efficacy of
Al1102 in cobra venom factor (CVF)-treated (i.e.,
complement depleted) mice was fully comparable
with that observed in untreated mice (Fig. 7A).
Additionally, we tested protection of a genetically
engineered aglycosylated mutant derivative of A1102
that loses Clg-binding and is therefore unable to
activate complement. As depicted on Fig. 7B, the
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Figure 5. Antibody dependent bactericidal activity in human and rabbit sera. ST258 strains (A: Kp32 or B: Kp151) were incubated with
50 % adsorbed human (A) or rabbit (B) serum for up to 60 min in the presence of either A1102 mAb or an irrelevant isotype control
mAb at the respective optimal antibody concentrations (A: 0.6 rg/ml; B: 2.5 pg/ml). CFUs were determined after incubation for 0, 15,
30, and 60 min. Graphs show the average survival relative to the initial inoculum +/— range from 2 individual experiments.
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Figure 6. Opsonophagocytotic uptake induced by mAb A1102.
RAW264.7 cells were incubated for 30 min at MOl = 1 in the
presence of mAb pre-opsonized bacteria and 5% active or heat-
inactivated rabbit serum. After the uptake period, gentamicin
was added at 100 pg/mL to kill extracellular bacteria. Cells were
further incubated for 30 min, and uptake was measured follow-
ing lysis of cells and plating of surviving intracellular bacteria.
Each bar shows the average uptake +/— SEM from 4 individual
experiments. Statistical comparison was performed using the
Mann-Whitney test.

efficacy of A1102 was unaffected by aglycosylation.
Moreover, the presence of A1102 did not influence
the in vivo kinetics of ST258 in the blood or organs
of mice (Fig. S3A).

These data support that the Fc-mediated activities
of this mAb are dispensable for protective efficacy in
this model.

Discussion

Therapeutic monoclonal antibodies are widely used in
oncology and clinical immunology, and have only
recently been re-considered for use against infectious
diseases.”® The increasing interest in alternative anti-
bacterial approaches is mainly a consequence of the low
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efficacy of currently available antimicrobials and the dry
pipeline of novel antibiotics. Carbapenem resistant
Enterobacteriaceae (CRE) are classified by the CDC as
highest threat level microorganisms (Antibiotic resis-
tance threats in the United States, 2013, www.cdc.org).
The worldwide spread of CRE is, at least partly attribut-
able to successful clonal lineages, most typically exempli-
fied by K. pneumoniae clonal group 258. This lineage is
endemic in many regions worldwide including the USA
and many European countries.’>*

The bacterial factors (besides drug resistance) contrib-
uting to the successful spread of this lineage have not
been fully elucidated. High susceptibility of ST258 iso-
lates to complement-mediated killing in normal human
serum has previously been reported by several
groups.'®** A recent report, however, indicated hetero-
geneity in the serum sensitivity pattern of an ST258 col-
lection.” For the design of effective anti-bacterial
antibodies, it is essential to understand the behavior of
the targeted bacterium in the human host, as well as in
animal models. Therefore, we initially aimed to clarify
the apparent contradiction in the literature. A panel of
18 ST258 isolates, collected from different continents,
was tested with different human serum samples as well
as in mouse, rat and rabbit (i.e., species used in animal
models reported in this study) sera. It became evident
that all tested K. pneumoniae strains exhibited sensitivity
to high concentrations of human serum samples that
retained complement activity. In contrast, at lower serum
concentrations or by using serum samples with compro-
mised complement activity (a commercial serum pool),
ST258 isolates showed various survival levels. These dif-
ferences were not attributable to specific IgG or IgM
titers in the serum samples (data not shown) and there-
fore imply intrinsic differences among ST258 isolates.
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Figure 7. Complement independent protection by A1102. (A) Protective efficacy of A1102 was compared in cobra venom factor-treated
(complement depleted) vs mock-treated mice. Groups of 5 mice each received 1 U of CVF (or buffer control) i.p. 30 h before challenge,
followed by the indicated doses of A1102 (i.p., 6 h later). Challenge by Kp151 was performed intravenously 24 h after passive immuniza-
tion with simultaneous GalN sensitization. (B) Efficacy of A1102 compared with its N297Q (aglycosylated) version. Groups of 5 mice were
immunized with the indicated amount of antibodies. Challenge by Kp151 was performed intravenously 24 h after passive immunization
with mAbs at the time of GalN sensitization. Lethality was monitored daily for 10 d.
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The different sensitivities were unrelated to the clade
(i.e., CPS) type and warrant further investigation. Impor-
tantly, the in vivo survival of isolates representative for
the most and least susceptible strains was not different in
mice. Consequently, unless a higher prevalence of ST258
infections in patients with complement deficiency is
shown, the observation of different phenotypes at low
complement activity is expected to have little clinical
relevance.

Similarly, high serum-sensitivity of all ST258 strains
was found in freshly prepared naive rat and rabbit
serum, while mouse serum exhibited limited bactericidal
activity in vitro. This latter observation is in good corre-
lation with previous findings by several groups indicating
low complement activity of mouse sera,”>*® suggesting
spontaneous inactivation of some mouse complement
factor(s).

In the light of the rapid bacterial lysis in human
serum, the high prevalence and mortality of K. pneumo-
niae ST258 bacteremia cases are surprising. Serum sensi-
tivity patterns of these isolates imply that antibiotic
therapy may provide limited added benefit against the
bacteria in the bloodstream and likely acts through elimi-
nation of the primary infectious loci (i.e., in solid
organs). In accordance with this, no significant influence
of early appropriate antibiotic treatment on in-hospital
mortality due to CRKP infections was found.” On the
other hand, infections accompanied by bacteremia were
shown to be associated with significantly higher mortal-
ity rates than non-bacteremic cases.” Not surprisingly,
when considering bacteremia cases only, septic shock
was found to be by far the most significant independent
risk factor for mortality in this and other studies.”” > We
propose that rapid complement mediated lysis in the cir-
culation may result in the release of elevated amounts of
endotoxin that contribute to the development of septic
shock and consequently higher mortality.

In this study, we have characterized a humanized
mAb (A1102) targeting the conserved LPS O-antigen,
i.e, D-galactan-III of ST258 strains that we described
recently.”” Although this mAb does not bind directly to
Lipid A, which is the endotoxin portion of LPS, it exhib-
ited potent endotoxin neutralizing activity, measured in
an in vitro assay that detects TLR4 signaling. This neu-
tralization potency was found to be superior to that of
polymyxin B, a small cyclic peptide antibiotic that binds
directly to Lipid A. The in vitro LPS neutralizing activity
was corroborated by in vivo protection studies in a GalN
sensitized murine model of endotoxemia. We showed
efficacy of A1102 against challenge with extracted LPS
molecules as well as with whole bacteria. While extracted
LPS validated the specificity of the model for endotoxin,
whole bacterial cells served as a more natural source of

liberated LPS, mimicking the in vivo scenario more
closely. We confirmed that the protection against live
bacterial challenge in this model required neither Fc-
mediated functions nor active complement. Additionally,
the mAb did not influence the in vivo kinetics of bacteria
corroborating that the LPS-neutralizing activity may be
the sole protective mechanism. Additionally, in rabbits
that are intrinsically sensitive to the LPS endotoxin, this
mAD afforded significant levels of protection at very low
doses (2 ug/kg) in a stringent bacteremia model.

The monoclonal antibody approach aiming for endo-
toxin neutralization and ultimately reduction of sepsis-
related pathogenesis and mortality, has been considered
previously with great expectations. However, so far all
endotoxin-neutralizing antibodies have failed in the
clinic.*® These failures can be attributed to the low affin-
ity of these mAbs, their poly-reactivity when tested
against irrelevant antigens, their IgM isotype or that they
were non-human antibodies that specifically targeted the
Lipid A or the core oligosaccharide portion of LPS. In
contrast, the mAb described in this study is a humanized
IgG molecule with high affinity for the O-antigen part of
LPS. The affinity determined for A1102 is one of the
highest measured for an anti-carbohydrate antibody,
determined by similar methods,*" and similar to that
reported for the anti-E. coli LPS core mAb WNI1 222-5
(32 nM)** whose complex with the polysaccharide
involves extensive interactions (7 sugar moieties and 13
H-bonds)*’. While Lipid A is not expected to be accessi-
ble to antibodies neither on live bacterial cells nor in
released forms (buried in micelles), O-antigens are highly
exposed.

On the other hand, given the variable nature of O-
antigens in Enterobacteriaceae, the specificity of gal-
III mAbs are restricted to K. pneumoniae ST258
strains®® and approx. 15% of other Klebsiella strains
(unpublished) that express this particular O-antigen.
Nevertheless, given the high medical need, such pre-
cision, narrow spectrum antimicrobials may be con-
sidered for future development. Furthermore, in
comparison to broad-spectrum antibiotics, anti-bacte-
rial monoclonal antibodies have several practical
advantages, including lack of adverse effects on the
microbiota and lack of intrinsic toxicity.

K. pneumoniae is an opportunistic pathogen typi-
cally infecting high-risk patients that are immuno-
compromised/suppressed and/or have underlying
comorbidities. In the absence of relevant clinical data,
we cannot rule out that ST258 has a higher preva-
lence in patients with compromised complement
activities. Investigation of matched pairs of serum
and bacterium isolates from bacteremia cases is in
progress to verify this possibility. In theory, in these



patients, ST258 strains may survive in the blood-
stream and therefore mAbs with bactericidal effector
function would be desirable. This study shows that
besides the LPS neutralizing activity, gal-III specific
mAbs are able to enhance the killing of ST258 iso-
lates in serum samples as well as to mediate opsono-
phagocytic uptake. Which of these modes of action is
the most relevant in a clinical setting will need to be
addressed by future translational studies.

The high cost of monoclonal antibody therapies com-
pared with antibiotics has up until now been one of the
limiting factors in their development as antibacterial
agents. However, given the high potency of the mAb
described in this study it is likely that very low doses will
be required in the clinic, which could translate to a low
cost therapy that could be used for a broad pre-emptive
approach in ST258 colonized individuals, and during
hospital outbreaks, to prevent the development of severe
infections.
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