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ABSTRACT

The increasing global occurrence of recalcitrant multi-drug resistant Klebsiella pneumoniae infections
warrants the investigation of alternative therapy options, such as the use of monoclonal antibodies
(mAbs). We used a target-agnostic phage display approach to K. pneumoniae bacteria lacking bulky,
highly variable surface polysaccharides in order to isolate antibodies targeting conserved epitopes among
clinically relevant strains. One antibody population contained a high proportion of unique carbohydrate
binders, and biolayer interferometry revealed these antibodies bound to lipopolysaccharide (LPS).
Antibodies that bound to O1 and 01/02 LPS were identified. Antibodies were found to promote
opsonophagocytic killing by human monocyte-derived macrophages and clearance of macrophage-
associated bacteria when assessed using high-content imaging. One antibody, B39, was found to protect
mice in a lethal model of K. pneumoniae pneumonia against both O1 and O2 strains when dosed
therapeutically. High-content imaging, western blotting and fluorescence-activated cell sorting were
used to determine binding to a collection of clinical K. pneumoniae O1 and O2 strains. The data suggests
B39 binds to D-galactan-I and D-galactan-Il of the LPS of O1 and O2 strains. Thus, we have discovered an
mAb with novel binding and functional activity properties that is a promising candidate for development
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as a novel biotherapeutic for the treatment and prevention of K. pneumoniae infections.

Introduction

Klebsiella pneumoniae is a Gram-negative, encapsulated, rod-
shaped bacterium within the Enterobacteriaceae family that
was first identified as a causative agent of pneumonia by Carl
Friedlander in 1882." K. pneumoniae is found ubiquitously in
nature, including in soil, surface water and sewage, and is also
found in the healthcare environment on surfaces and on med-
ical devices.”>® Additionally, K. pneumoniae is a commensal
organism in mammals, colonizing the gastrointestinal tract
and nasopharynx in a benign manner.” From these sites,
K. pneumoniae can disseminate to other tissues and cause
severe infections of the urinary tract, lung, bloodstream and
wound sites.” K. pneumoniae exists as both an opportunistic
pathogen, causing infections in immunocompromised indivi-
duals in a nosocomial setting (classical K. pneumoniae), and as
a virulent pathogen capable of causing community-acquired
infections in otherwise healthy individuals (hypervirulent
K. pneumoniae).

The increasing occurrence of antimicrobial resistance
among classical K. pneumoniae isolates, and the more recent
emergence of resistance among hypervirulent isolates,” has
made K. pneumoniae infections particularly challenging to
treat. The production of extended spectrum p-lactamases
(ESBLs) and K. pneumoniae carbapenemases (KPCs) is

particularly concerning, effectively disarming medical profes-
sionals of last-resort drugs. Clonal group (CG) 258, comprising
sequence type (ST) 258, ST11 and ST512, and the recently
expanding CG307, account for the vast majority of multi-
drug resistant (MDR) K. pneumoniae isolates worldwide,
whilst hypervirulent K. pneumoniae infections are dominated
by ST23 clones.”® A systematic review of K. pneumoniae
infection mortality rates reported from 1999 to 2015 concluded
that the mortality rate for carbapenem-susceptible K. pneumo-
niae infections was around 21%, whilst carbapenem-resistant
infections were associated with a 42% mortality rate.” There is
therefore an urgent need for the development of novel anti-
microbial therapies for the treatment of MDR K. pneumoniae
infections.

Monoclonal antibody (mAb) therapy offers an alternative to
classical antimicrobials. Antimicrobial antibodies usually work
in one of the two ways: firstly, by binding to and neutralizing
bacterial virulence mechanisms including toxins, type III secre-
tion systems, iron acquisition and adhesion; and secondly, by
binding to bacteria and subsequently promoting the activation
of the complement system and/or the recruitment of phagocy-
tic cells mediated by Fc receptors.'” In recent years, many
antibody-discovery efforts have been directed against MDR
bacteria. For example, a target-agnostic phage display
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campaign against Pseudomonas aeruginosa isolated single-
chain variable fragments (scFv) toward Psl, a conserved extra-
cellular polysaccharide involved with biofilm formation and
cell attachment.'" An scFv from this campaign is one compo-
nent of the bispecific gremubamab,'? for which Phase 2 clinical
trials were completed in 2020.

Antibody-discovery campaigns targeting K. pneumoniae
have also been described. Most were performed in a target-
directed manner toward surface polysaccharides including
lipopolysaccharide (LPS)'*™"> and capsular polysaccharide
(CPS),'*'® but a target-agnostic approach that included
whole K. pneumoniae bacteria has also been used, and this
led to mAbs targeting the major type III fimbrial subunit
MrkA." There remains an unmet and urgent need for the
development of novel therapeutics for the prevention and
treatment of K. pneumoniae infections. In this study, we
aimed to use a target-agnostic approach to isolate therapeutic
antibodies against K. pneumoniae.

Results

Target-agnostic phage display campaign against K.
pneumoniae 43816 wild type and defined CPS and LPS
mutants

We used an scFv phage display library to screen live
K. pneumoniae with the ultimate aim of identifying high-affinity
mAbs specific for surface antigens. A key characteristic of K.
pneumoniae is its prominent CPS, and we hypothesized that CPS
could present two major challenges during phage display: firstly,
due to the abundance of CPS on the bacterial surface, we antici-
pated that a phage display campaign targeting wild-type (WT) K.
pneumoniae could yield an antibody population dominated by
CPS binders; and secondly, we hypothesized that CPS could
mask surface antigens during phage display. Therefore, in our
phage display campaign, we used both a WT strain, K. pneumoniae
43816, and a CPS-deficient strain, K. pneumoniae 43816 AcpsB. In
addition, to enrich for surface antigens that could potentially be
masked by O-antigen, a CPS and O-antigen double mutant, K.
pneumoniae 43816 AcpsBwaalL, was also used.

Three rounds of enrichment were performed, and in some
cases, the target strain was changed between rounds for example,
performing two rounds of enrichment against K. pneumoniae
43816 AcpsBwaaL and a third round against K. pneumoniae
43816. In most cases, the third and final round of selection was
performed against K. pneumoniae 43816, the most pathogenically
relevant strain. After three rounds of enrichment, 11 antibody
populations were generated. A summary of the selections per-
formed and an overview of the discovery campaign is shown in
Figure 1.

For each round three antibody population, 44 antibodies in
scFv format were tested for binding to K. pneumoniae
43816 WT by phage ELISA to estimate the proportion of
each population that bound to encapsulated bacteria. The 44
scFvs were also sequenced to estimate the Vi and Vi sequence
diversity of each population. Lastly, the scFvs were tested for
binding to bovine serum albumin (BSA) and E. coli by phage
ELISA to determine the proportion of nonspecific binders in
each population. Antibody populations with a low proportion

of specific binders, a high proportion of nonspecific binders or
a low complementarity-determining region 3 (CDR3) diversity
(%) were eliminated at this stage, and eight antibody popula-
tions were selected for further characterization (Figure Sla).

A total of 88 scFv from the 8 antibody populations were next
screened in a protein vs carbohydrate phage ELISA, using whole-
cell lysates and proteinase K-digested whole-cell lysates. Of the 704
antibodies screened, 25 scFv with unique Vy and Vi CDR3 loop
amino acid sequence were found to bind to carbohydrate antigens,
and 21 of these originated from a single round three antibody
population (Figure S1b). This population was enriched using
K. pneumoniae 43816 AcpsB in the first and second rounds of
selection and K. pneumoniae 43816 in the third round, suggesting
that these antibodies bound to carbohydrate antigens not found in
CPS that are accessible in encapsulated bacteria. The two major
surface polysaccharides of K. pneumoniae are CPS and LPS, as
such we hypothesized that these antibodies could bind to carbo-
hydrate antigens found in the LPS. Targeting the O-antigen of the
LPS has previously been shown to provide protection in vivo.'**°
Therefore, these 21 antibodies were converted to the dimeric scFv-
Fc format for further characterization. At this stage, antibodies
were assigned names. Antibodies binding to protein antigens were
also isolated (data not shown).

In vitro characterization of carbohydrate-targeting scFv

To explore whether the antibodies bound to LPS, scFv-Fc were
tested for binding to LPS purified from the O1 strain
K. pneumoniae 43816 AcpsB. O1 O-antigen is composed of
a polymer of D-galactan-I that is capped at the distal end with D-
galactan-II. Since D-galactan-I is also the main component of O2
O-antigen, we also tested the scFv-Fc for binding to LPS purified
from an O2 strain, K. pneumoniae 8570 AcpsB. All 21 scFv-Fc
bound to O1 LPS by biolayer interferometry (BLI), exemplified by
B02 and B09 (Figure 2a). Additionally, B14 and B39 bound to both
01 and O2 LPS (Figure 2a). No binding to LPS purified from O4
or O5 strains was observed (Figure S2), suggesting binding was
specific to galactan-rich O-antigen polymers. B02, B09, B14 and
B39 were converted to human IgGl1 for further characterization.
mAb characteristics are summarized in Table S1.

The mAbs were tested for binding to fixed whole
K. pneumoniae 43816 and K. pneumoniae 43816 AcpsB by high-
content imaging (HCI) using immunofluorescence confocal
microscopy to explore the surface accessibility of the antigens.
All four mAbs bound with high intensity to K. pneumoniae
43816 AcpsB, which has an exposed O-antigen (Figure 2b). B02,
B09 and B14 all showed a 50-80% reduction in binding to K.
pneumoniae 43816, indicating some shielding of the O-antigen by
CPS (Figure 2c). Contrastingly, B39 bound with roughly equal
intensity to both strains (Figure 2b and c), suggesting that CPS
does not interfere with B39-antigen binding.

The mAbs were tested in an opsonophagocytic killing (OPK)
assay using human monocyte-derived macrophages (MDMs).
Due to the anti-phagocytic nature of CPS, both K. pneumoniae
43816 and K. pneumoniae 43816 AcpsB strains were tested sepa-
rately in this assay. These strains were genetically engineered to
contain a plasmid encoding the luxABCDE operon, allowing
a luminescence read-out as a measure of bacterial viability.">'*"?
In line with previous reports,'>* no activity against encapsulated
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Figure 1. Overview of the antibody discovery campaign. a) Flow diagram showing phage display selection campaign. The bacterial strain used at each round of selection
is shown. WT (wild type) = K. pneumoniae 43816, M (mutant) = K. pneumoniae 43816 AcpsB, DM (double mutant) = K. pneumoniae 43816 AcpsBwaal. b) Flow diagram
summarizing the antibody discovery campaign. The number of antibodies triaged at each stage is indicated.

bacteria was observed (Figure S3), but all four mAbs were capable
of inducing the opsonization of K. pneumoniae 43816 AcpsB,
promoting 90-95% killing by macrophages (Figure 3a). B39 was
the most potent mAb in this assay, with a half maximal effective
concentration (ECsq) of 21 pM, which was ~ 10-fold lower than
that of B02, B09 and B14 (Figure 3c). To understand more about
how this activity was mediated, the OPK assay was repeated,
except the addition of baby rabbit serum, serving as a source of
complement, was omitted. We found little effect of complement
on the OPK activity of the mAbs (Figure 3b and c).

OPK activity was further explored using fluorescence
microscopy, in which all four mAbs promoted macrophage-
associated clearance of K. pneumoniae 43816 AcpsB
(Figure 4a). B02, B09 and B39 led to a 6-fold reduction in the
macrophage-associated K. pneumoniae intensity, whereas B14
led to a more modest 3-fold reduction in signal (Figure 4b).

In vivo characterization of B39

Due to the potency of B39 in an OPK assay and the surface
accessibility of the B39 target antigen, we aimed to test the
efficacy of B39 in vivo. K. pneumoniae is the cause of severe
pneumonia, therefore we used an acutely lethal murine model of
pneumonia, which has a narrow window for successful thera-
peutic treatment.”® As B39 was found to bind to both O1 and O2
K. pneumoniae LPS, it was tested in both O1 and O2 challenge
models. The treatment of MDR isolates in the clinic is

increasingly challenging, therefore we aimed to determine the
effectiveness of B39 in vivo using two MDR isolates. We selected
K. pneumoniae 1131115 (O1; SHV-1(b), CTX-M-15, IMP-4
positive), an O1 strain from the globally problematic clonal
group ST25,” and K. pneumoniae 961842 (02; SHV-12(e), TEM-
OSBL(u), CTX-M-65, KPC-2 positive), an O2 ST258 strain.
C57BL/6 WT mice were challenged with bacteria at an estimated
dose of 6.0 x 107 (O1 model) and 2.0 x 10° (02 model) cfu/
mouse, 1 hour prior to administering B39 at various concentra-
tions (as indicated in Figure 5). Actual inoculum size was deter-
mined post-infection by plating serial dilutions. The results from
three independent challenges per strain are shown in Figure 5.

B39 at 1mpk (milligrams per kilograms) promoted 75-
87.5% survival of mice challenged with the O1 strain after
168 hours (Figure 5a—c). This result was significant in compar-
ison to the isotype control in both the second and third model
(P =.002 and P = .019, respectively) (Figure 5b and c), but not
the first (Figure 5a). This could be due to the smaller inoculum
size in the first challenge leading to a less severe infection,
thereby enhancing survival of the mice. At a higher dose of
15 mpk, in two challenge models, B39 promoted 100% survival
after 168 hours (Figure 5a and b) (P < 0.005).

In the O2 pneumonia challenge model, significant variation
in B39 protectivity was observed between challenges 1 and 3
and challenge 2 (Figure 5d-f). B39 at 1 mpk promoted 62.5%
survival in challenges 1 and 3 (P < 0.05), compared to just 25%
survival in challenge 2. This coincided with a larger inoculum
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Figure 2. In vitro characterization of carbohydrate binding antibodies. a) Binding of scFv-Fc to LPS purified from K. pneumoniae 43816 AcpsB (01, red) and K. pneumoniae
8570 AcpsB (02, blue) strains using BLI. Association and dissociation steps were performed for 180 seconds. b) and c) Binding of IgGs to K. pneumoniae 43816 and K.
pneumoniae 43816 AcpsB. Fixed bacteria were treated with IgGs, then stained with nuclear stain DAPI (blue) and AF647 anti-human IgG (red). At high intensity, IgG
binding signal appears white. Images were acquired using an Opera Phenix system (PerkinElmer) at 63x magnification and analyzed in Columbus (PerkinElmer).
b. Representative images of IgGs binding to K. pneumoniae 43816 and K. pneumoniae 43816 AcpsB. Scale bar represents 10 pm. ¢ IgG binding intensity was calculated by

dividing AF647 intensity sum by DAPI area.

used in challenge 2. We noted that this did not affect the
survival of the group treated with the isotype control, suggest-
ing the larger inoculum size affected the ability of B39 to clear
the infection as opposed to increasing the lethality of the
infection in all groups.

Binding of B39 to a panel of O1 and 02 strains

Several sub-serotypes exist within the O1 and O2 serotypes
(Figure S4). Of marked importance are sub-serotypes that
harbor the gmIABC locus, which encodes the conversion of D-
galactan-I to D-galactan-111,>' and which has been shown to be
widely distributed among ST258 isolates,” leading to the pro-
posal of D-galactan-III as an attractive therapeutic target.*>*’
To investigate the potential scope of use of B39, we investigated
whether B39 could bind to clinically relevant sub-serotypes

within the O1 and O2 serotypes, namely O1 gmIABC™ (O17),
O1 gmlABC" (O1%), 02 gmlABC™ (027), and O2 gmIABC"
(02%). The O-antigen structures of these serotypes are shown
in Figure 6a.

First, binding of B39 by HCI using fluorescence confocal
microscopy was investigated. Uniform, high-intensity binding
to bacterial cells was observed in O1” and O1" strains as
demonstrated by binding to K. pneumoniae 43816 and K.
pneumoniae 1131115 (Figure 6b). Binding was observed to
the O27 strain K. pneumoniae 845912, but binding appeared
less intense than that observed in the O1 strains. Against the
02" strain K. pneumoniae 961842, weak binding was only
observed in a few bacteria per field, and most bacteria were
not stained with B39. Quantification of mAb binding intensity
revealed high-intensity binding to Ol1+ and O2- strains and
low intensity to the O27 strain (Figure 6c). The binding
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Figure 3. OPK of K. pneumoniae by macrophages in the presence of carbohydrate binding antibodies, measured by release of luciferase. a) Killing of K. pneumoniae
43816 AcpsB lux by primary human macrophages in the presence of IgGs. Bacteria, IgGs and complement were added to plates containing macrophages and incubated
for 5 hours. Luminescence was measured using an Envision multilabel plate reader (PerkinEImer). Control = negative isotype control. Killing by test IgG or control IgG
was calculated as a percentage of wells containing no IgG using the following calculation: (IgG treatment/no IgG)*100. Error bars represent 1 SD. N = 3 individual
macrophage donors. b) Killing of K. pneumoniae 43816 AcpsB lux by primary human macrophages in the presence of IgGs, with (red) and without (blue) complement. c)

ECs values for IgG treatment in the presence and absence of complement.

intensity to the O2" strain was negligible in this analysis. We
also calculated the percentage of the bacterial population that
was positive for B39 binding. Greater than 98% of O1” and O1*
bacteria were positive for binding, compared to 23% of 02~
bacteria and 0.4% O2" bacteria (Figure 6d).

B39 was further tested for binding to proteinase-K-digested
bacterial whole-cell lysates isolated from the same strains used
in the previous HCI experiment (Figure 6e). Against the O1~
strain, binding of B39 was detected throughout the SDS-PAGE
LPS profile, whereas only binding to the high molecular weight
portion was observed in the O1" strain. This binding pattern
was also seen in the O2 strains, but the binding intensity
appeared reduced in comparison to the O1 strains.

We next used fluorescence-activated cell sorting (FACS) to
assess binding of B39 to K. pneumoniae Ol and O2 strains
selected from a collection of 96 globally representative hospital
isolates (Table S2). The 96 isolates were serotyped by FACS.
A total of 29 O1 strains and 15 O2 strains were identified,
representing 46% of the isolate panel (Figure S5). The genomes
of the O1 and O2 strains were analyzed through the Kaptive web
interface using the K. pneumoniae species complex LPS (O)
locus database to identify the presence of gmIABC genes.** 16/
29 (55%) O1 strains and 8/15 (53%) O2 strains contained the

gmlIABC locus (Figure S6), which is within 10-15% of previous
reports.”"** Additionally, one O1 and one O2 strain contained
gmlIAC genes only. B39 was tested for binding to three strains
from each group (O17, 017, 027, and O27) by FACS (Figure 7).
The ST and capsule (wzi) type for these strains is shown in Table
S3. A number of globally problematic STs were tested,” as high-
lighted in Table S3. Additionally, an anti-O1 mAb (Figure 7a)
and anti-O2 mAb (Figure 7b) were tested for comparison.

A greater than 95% positive shift for B39 was observed for
all O1” and O17 strains, a result that was consistent with the
anti-O1 mAb binding (Figure 7a). Only a small shift for the
anti-O2 mAb was observed in these strains. Against the O2
strains, an 89-99% positive shift for the anti-O2 mAb was
observed irrespective of the presence or absence of gmIABC
genes. Contrastingly, in the O2 group, a positive shift for B39
ranging from 55.7% to 96.5% was observed, but in the 02"
group, a positive shift for B39 was only observed for one strain,
and this shift was small (8.64%) (Figure 7b). In both O2 groups,
as expected, no positive shift for the anti-O1 mAb was observed
(Figure 7a). B39 binding by FACS is summarized in Figure 7c.

B39 was further tested for binding to two pairs of strains
using FACS: K. pneumoniae 1131115 and the isogenic mutant
K. pneumoniae 1131115 wbbYZ™, and K. pneumoniae 961842
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Dunn’s correction for multiple comparisons test was used; Kruskal-Wallis statistic: 10.63. ns = not significant. clgG = negative isotype control.
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and the isogenic mutant K. pneumoniae 961842 wbbYZ"
(Figure 8). The wbbYZ locus encodes D-galactan-II, the O1
subunit that caps the O2 subunit, therefore deletion of these
genes converts an O1 strain to O2, whilst incorporation of the
genes converts an O2 strain to Ol. Deletion of the wbbZY
genes in K. pneumoniae 1131115 conferred a loss in binding
of B39 in all but a small population (1.87%) of bacterial cells.
Correspondingly, incorporation of the wbbYZ genes in the O2
strain led to a 92.4% positive shift for B39. It should be noted
that the O1 and O2 isogenic strains were all gmIABC".

Discussion

As the effectiveness of antibiotics continues to decline with the
rise in antimicrobial resistance, there is an urgent need for
alternative antimicrobial therapy options to treat MDR
K. pneumoniae infections. In this work, we report the target-
agnostic discovery of B39, a mAb that binds to the O-antigen of
O1 and O2 K. pneumoniae. B39 was shown to promote the
uptake and clearance of bacteria by primary human macro-
phages. B39 displayed novel in vivo activity in a lethal murine
model of pneumonia, conferring therapeutic protection against
both O1 and O2 K. pneumoniae strains. To the best of our
knowledge, this activity represents the greatest LPS serotype
coverage of a therapeutic mAb in the literature to date. O1 and
02 serotypes represent 45% of K. pneumoniae isolates, with
this proportion rising to 73% among carbapenem-resistant
isolates,'* highlighting the wide potential scope of the devel-
opment of B39 for use in the clinic to treat K. pneumoniae
infections.

It should also be noted that the strains used in the in vivo
challenges were both MDR strains from globally dominant
clonal groups, highlighting the potential to use B39 against
MDR infections. B39 could therefore be of use in situations
where antibiotic treatment fails, or alternatively, as an adjunc-
tive therapy alongside last-resort antibiotics. Indeed, synergy

between anti-bacterial mAbs and antibiotics has been observed
in preclinical models.'>'* Given the high levels of nephrotoxi-
city of last-resort drugs such as colistin, adjunctive therapies
that could permit lower dosage of traditional antibiotics would
be welcomed in the clinic.

B39 was shown to bind K. pneumoniae 871498, an ST23 strain
with a type 1 capsule. ST23 is the dominant ST among hyper-
virulent K. pneumoniae isolates,” highlighting the potential to use
B39 as a treatment for infections caused by hypervirulent
K. pneumoniae. This is of particular importance due to the recent
emergence of MDR hypervirulent K. pneumoniae isolates.”

B39 was shown to mediate OPK by primary human macro-
phages. We observed that OPK activity was retained in the
absence of complement, which could suggest that Fc-receptor
recognition and subsequent complement-independent phago-
cytosis is important for B39 activity. Given that CPS can
mediate resistance to complement-dependant opsonization,*
this hypothesis is strengthened by the fact that B39 was active
in vivo against two encapsulated strains. However, further
work to explore Fc-receptor engagement and the role of com-
plement in vivo is needed to confirm this. LPS-neutralization
should also be explored using an endotoxemia model.

Anti-K. pneumoniae O-antigen mAbs cross-reactive to
gut commensal bacteria have been reported, mediated by
binding to mannose-based repeating units found in K.
pneumoniae O3 and O5 O-antigens.”® As yet, there have
been no reports of cross-species reactivity observed in
mAbs targeting the galactan-rich O-antigens of Ol and
02 strains. However, before the therapeutic or prophylactic
use of B39 or derivatives can be considered, cross-species
reactivity will need to be explored to assess any possible
effects on the microbiota in different organs and locations
in the body using a panel of commensal bacteria.

Efforts were also made to identify the target epitope of B39.
Given that B39 bound to both O1 and O2 LPS, we hypothe-
sized that B39 bound to the shared O1/02 galactan repeat unit,
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Figure 7. Characterization of binding to K. pneumoniae O1 and 02 strains with/without the gm/ABC locus by FACS. a) Binding of B39 (blue) and an anti-O1 IgG (black) by
FACS. b) Binding of B39 (blue) and an anti-02 IgG (black) by FACS. The % positive-shift in binding for each antibody is labeled by color. The numbers in the top-center of
each box are the K. pneumoniae strain name. ¢) Summary of binding to K. pneumoniae 01 (blue) and 02 (magenta) strains by FACS. 01~ = K. pneumoniae O1 gmIABC ~;

01* = K. pneumoniae 01 gmIABC *; 02~ = K. pneumoniae 02 gmIABC ;02 * =

D-galactan-I. However, FACS using isogenic mutants revealed
that deletion of wbbYZ genes encoding D-galactan-II led to
nearly 100% loss in positive shift for B39. Similarly, comple-
mentation of an O2 strain with wbbYZ led to a greater than
90% positive shift for B39. These data strongly suggests that
B39 binds to D-galactan-II. However, we also reported BLI,
HCI, western blotting, FACS, and in vivo data that all suggest
some level of binding to some O2 strains. Since O2 strains lack
wbbYZ genes, binding of B39 to D-galactan-II alone could not
explain this data.

There was considerable variation in B39 binding to O2
strains, which correlated with gmIABC genotype. Negligible
binding of B39 to the O2" strain was observed by HCI, whereas
comparatively high binding to the O2~ strain was observed.
A similar trend was seen when analyzed by FACS using a larger
panel of strains. Given that the gmlABC locus encodes the
conversion of D-galactan-I to D-galactan-III, these data sug-
gest that B39 binds to D-galactan-I, and not D-galactan-IIL
Further to this, FACS revealed that one of the three O2" strains
showed a small (8.64%) positive shift for B39. It has been
reported that in O27 strains, 90% of D-galactan-I is converted

K. pneumoniae 02 gmIABC *.

to D-galactan-III,>' so it is possible that this small positive shift
represents binding to the unconverted D-galactan-I. However,
given that this positive shift was only observed in one strain,
the finding could also suggest that between O2" strains, varia-
bility in the conversion of D-galactan-I to D-galactan-III exists.
Another possible explanation for differences in binding by HCI
and FACS could be differences in the expression of shielding
CPS; indeed, wzi typing revealed 11 unique CPS types in the
panel of 12 strains. However, it is noted that consistent binding
of both B39 and the anti-O1 mAb to all 6 Ol strains was
observed; likewise, binding of the anti-O2 mAbD to all 6 O2
strains was also consistent. This consistent binding, despite
differing wzi type, suggests that CPS type alone is unlikely to
account for the variability in B39 binding observed within the
02" and 02~ groups.

Taken together, the data presented here suggests that B39
exhibits dual binding to D-galactan-I and D-galactan-II but
does not bind to D-galactan-III. Given that the O1/02 isogenic
strains were both gmIABC", both the loss of binding observed
by deletion of wbbYZ in the O1 strain and the lack of binding
to the O2 strain is therefore expected.
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Figure 8. Characterization of binding of B39 to K. pneumoniae 01/02 isogenic mutants by FACS. Binding of B39 to K. pneumoniae 1131115 (01), K. pneumoniae 961842
(02), and the isogenic mutants K. pneumoniae 1131115 wbbYZ - (01 wbbYZ -) and K. pneumoniae 961842 wbbYZ * (02 wbbYZ *). The % positive-shift in binding for each

strain is labeled.

This dual binding is further supported by western blot ana-
lysis. Previous work has shown that mAbs targeting D-galactan-
IT only bind to high molecular weight O1 LPS, whilst binding of
D-galactan-I mAbs is detected throughout the LPS size range.”’”
B39 appears to bind to an antigen throughout the O1~ LPS,
which would suggest binding to D-galactan-I. In addition, B39
binding to O1* LPS, in which D-galactan-I is largely absent, was
only detected at high molecular weight, suggesting binding to
D-galactan-II. This was echoed in the O2+ and O2- strains.

The in vivo activity of B39 against K. pneumoniae 961842,
an O2" strain, conflicts with the in vitro binding data, which
could suggest that conversion of D-galactan-I — D-galactan-
III may depend on environmental factors that differ between
in vivo and in vitro conditions. Nonetheless, the high preva-
lence of the gmIABC locus in ST258 clones suggests the expres-
sion of D-galactan-IIT is important in a nosocomial setting.
This work highlights the need for a wider phenotypical analysis
of the O-antigens from a large collection of K. pneumoniae O1
and O2 strains. Moreover, given the discrepancies we observed
here between in vitro binding data and in vivo mAb activity,
future work should aim to explore the expression of D-galactan
-Tand D-galactan-1II in vivo in different tissues, under different
in vitro conditions, and in the environment.

In summary, we report the discovery of a mAb with novel
binding and functional activity properties that is a promising
candidate for development as a novel biotherapeutic for the
treatment and prevention of K. pneumoniae infections.

Materials and methods
Bacterial strains and media

All bacteria were stored at —80°C as 25% glycerol stocks and
cultured in Tryptone/Yeast extract (TY) broth. K. pneumoniae
strains were purchased from the American Type Culture
Collection (ATCC), National Collection of Type Cultures
(NCTC) or International Health Management Associates
(IHMA). A complete list of strains used in this study is
shown in Table S4. K. pneumoniae cultures were grown over-
night at 37°C with 280 revolutions per minute (rpm) shaking,
then diluted to an optical density (OD) gponm 0f 1.0 (~1 X 10°
colony forming units (cfu)/ml) for use in phage display. The
Escherichia coli strain TG1 was grown at 37°C with 300 rpm
shaking to an ODggonm of 0.5 for use as the phagemid recipient
in phage display. Where appropriate, antibiotics were used at
the following concentrations: ampicillin (100 yg/ml), kanamy-
cin (50 pug/ml) and gentamicin (10 yg/ml). Where necessary,
broth was supplemented with 2% glucose to suppress recom-
binant scFv expression in E. coli.

Phage display on whole K. pneumoniae bacteria

Two naive human scFv libraries were combined and used in
this work.”®* Whole cell selections were performed as
described previously,'” using live K. pneumoniae 43816
(WT), K. pneumoniae AcpsB (mutant) and K. pneumoniae
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AcpsBwaal (double mutant). For each selection, 1 x 10° cfu
K. pneumoniae and 5 x 10" phage particles were blocked in
phosphate-buffered saline (PBS) supplemented with 3% nonfat
dried milk and co-incubated. Unbound phage were removed
by washing, and bound phage were eluted and used to infect
mid-log phase E. coli TGI1 cells for phage amplification in
subsequent rounds of selection. scFv sequences were obtained
by performing a colony PCR using primers to amplify the
variable region, and sequences were analyzed using Blaze, an
AstraZeneca in-house sequence analysis platform. Following
three rounds of enrichment, scFv were assessed for binding to
K. pneumoniae 43816 by phage ELISA. To identify nonspecific
binding, scFv were tested for binding to BSA and E. coli TG1 by
phage ELISA.

Antibody engineering

For scFv-Fc conversion, scFv sequences were ligated into a
vector containing the antibody Fc and expressed in G22
Chinese hamster ovary (CHO) cells in 3 ml expression cultures.
For IgG conversion, Vi and Vi DNA sequences were cloned
into human IgGl and human Lambda expression vectors,
respectively. IgG were expressed in CHO cells in 20 ml expres-
sion cultures. scFv-Fc and IgG were purified by protein A
affinity chromatography using AKTA systems.

Biolayer interferometry

Binding of scFv-Fc to various ligands was tested by BLI using
the Octet RED384 system (Forte-Bio). The following ligands
were used: Ol, 02, O4, and O5 LPS, purified from
K. pneumoniae 43816 AcpsB, 8570 AcpsB, 9135 K~ and
9181 K7, respectively (10 pg/ml). Ligands and scFv-Fc were
diluted in Octet buffer (PBS supplemented with 0.1% BSA
(Sigma) and 0.05% Tween). scFv-Fc at a concentration of
100 nM were captured on anti-human Fc biosensors for 2 min-
utes. Coated biosensors were then incubated with the ligand for
3 minutes, followed by a dissociation step in which biosensors
were incubated in Octet buffer for 3 minutes. A reference lane
was also included, in which the capture well contained only
Octet buffer and no scFv-Fc. For the analysis, the reference
mean was subtracted from the data.

Opsonophagocytic killing assay

Luminescent K. pneumoniae 43816 and K. pneumoniae 43816
AcpsB expressing a plasmid containing the luxABCDE operon
have been described previously.'*'® Briefly, log-phase cultures
were diluted to approximately 3.0 x 10> cells/ml in OPK buffer
(RPMI 1640 medium without phenol red (Gibco) + 1% BSA
(Sigma)). Baby rabbit serum (Cedarlane), as a source of com-
plement, was diluted 1 in 10 in OPK buffer and incubated with
K. pneumoniae for 1 hour to clear the complement of any
preexisting antibodies against K. pneumoniae. Test antibodies
were serially diluted in OPK buffer at 4x the test concentration.
Human MDMs at 3.0 x 10* cells/well in 96-well white, clear
bottom microplates (Corning) were suspended in 25 yl OPK
buffer. 25 ul each of antibodies, bacteria, and complement were
added to the 96-well plate containing macrophages, plates were

sealed with Breathe-Easy sealing membranes (Merck) and
incubated at 37°C for 5 hours with 5% CO,. Total lumines-
cence units were read using an Envision multilabel plate reader
(PerkinElmer). OPK activity of test IgG and isotype control
IgG was calculated as a percentage of wells containing no IgG
using the following calculation: (IgG treatment/no IgG)*100.
In subsequent experiments, the OPK assay was performed
without the addition of complement.

High-content imaging

For HCI binding characterization studies, ~5.0 x 10°
K. pneumoniae bacteria were added to wells of a 96-well
CellCarrier Ultra microplate (PerkinElmer) and incubated at
37°C for 2 hours. Bacteria were fixed in 4% paraformaldehyde
(PFA) for 10 minutes, then treated with primary antibodies at
1 pg/ml for one hour. Bacteria were stained with 4',6-
diamidino-2-phenylindole (DAPI) (2 pg/ml) and AF647 anti-
human IgG (Invitrogen #A-21445) (1 ug/ml). Images were
acquired using an Opera Phenix system (PerkinElmer) at 63
x magnification or an Opera system (PerkinElmer) at 60
x magnification.

For HCI OPK studies, MDMs were seeded in tissue-culture
treated 96-well optical-bottom plates (Nunc), and assays were
prepared as described for the OPK assay, in the absence of
complement. After 7 hours, cells were fixed in 4% PFA, then
washed three times in PBS and stained with cell mask orange
(1/25,000) (Invitrogen), Hoechst (1/10,000) (Thermo
Scientific) and 0.3% Triton, prepared in HBSS supplemented
with 5% donkey serum (Jackson Laboratory). Cells were
washed three times in PBS and stained with rabbit polyclonal
anti-K. pneumoniae 43816 antibody for 30 minutes, then
washed once with PBS and stained with AF488 anti-rabbit
IgG (Afhinipure #111-545-003) for 30 minutes, before a final
three washes in PBS. 15 fields per well were acquired using an
Opera (PerkinElmer) at 20x magnification.

HCI analysis

HCI analysis was performed in Columbus (PerkinElmer). For
quantification of mAb binding to K. pneumoniae 43816 and K.
pneumoniae 43816 AcpsB, the total AF647 intensity per well
was calculated using a cutoff of mean >5000 to eliminate
nonspecific background signal. This was normalized to the
density of bacteria per well by dividing the AF647 signal by
DAPI area (px®). For quantification of mAb binding to K.
pneumoniae O1 and O2 strains = gmIABC, the same analysis
pipeline was used, and a cutoff of mean >50 was used to
eliminate background. For quantification of the proportion of
bacteria that were positive for binding, the AF647 area sum
(px®) was divided by DAPI area sum (px?). To eliminate back-
ground, a cutoff of mean >50 was used. For quantification of
macrophage-associated K. pneumoniae spot intensity in the
high-content OPK assay, the macrophage cytoplasm image
area was first defined using cell mask orange (CMO) signal.
K. pneumoniae spots within the macrophage cytoplasm image
area were then defined using AF488 signal, and the total AF488
intensity sum was calculated, excluding spots with a mean
AF488 intensity <5 to eliminate nonspecific background signal.



Murine model of pneumonia

C57BL/6 mice were procured from Jackson Laboratory and
maintained in a pathogen-free facility. All animal experi-
ments were conducted in accordance with the AstraZeneca
Institutional Animal Care and Use Committee protocol and
guidance. To prepare bacteria for infection, K. pneumoniae
strains (1131115 or 961842) were grown overnight on TY
agar. Bacterial scrapes were diluted in saline to the required
concentration just prior to infection. To determine the
inoculation titer, serial dilutions were plated onto TY agar
plates. Mice were anesthetized with isoflurane, then
50 yl inoculum was administered intranasally; test and
isotype control mAbs were administered intravascularly
1 hour post challenge (p.c.). Mouse survival was monitored
daily for up to 7 days.

Klebsiella isolate sequencing and analysis

Clinical isolates were obtained from the International
Health Management Associates (IHMA) as part of
a collection from an international antibiotic resistance sur-
veillance program. Basic demographic data (age, sex, hospi-
tal location, sample type, and length of stay) were provided
for each isolate by the IHMA using a unique study number
that was delinked from any patient identification. DNA was
purified from bacterial cultures via bead beating followed
by extraction using a PureLink Genomic DNA Mini Kit
(ThermoFisher). Sequencing libraries were prepared by
mechanical shearing of DNA (Covaris) followed by
a NEBNext Ultra DNA Library Prep Kit for Illumina
(New England BioLabs). Libraries were then run on an
Ilumina HiSeq, 2x150bp configuration. Sequence data was
quality-trimmed, de-novo assembled and annotated using
BugBuilder,’® and multilocus sequence typing (MLST) was
performed using SRST2.>' In some cases, where whole
genome sequences were unavailable, housekeeping genes
used for MLST were PCR-amplified using methods
described previously,”> with primers listed in Table S5,
and then analyzed via the BIGSdb online server (http://
bigsdb.pasteur.fr/klebsiella/klebsiella.html).

SDS-PAGE and immunoblotting

Whole-cell lysates were prepared as described previously’
with some modifications. Briefly, 1 ml ODgponm cells were
pelleted by centrifugation at 21,100 xg, the supernatant was
removed, and the bacterial pellet was re-suspended in 100 pl
tris-glycine SDS sample buffer (Invitrogen) and lysed for
10 minutes at 95°C prior to proteinase K (Sigma) digestion.
Samples were separated on Novex 12% tris-glycine gels
(Invitrogen), then transferred onto nitrocellulose membranes
using an iBlot device (Invitrogen). Membranes were blocked
with Odyssey blocking bufter (Licor) and then probed with B39
at 10 pug/ml; binding was detected using IRDye 680RD Goat
anti-Human IgG (Licor #926-68078) and visualized using the
Odyssey CLx imaging system (Licor).

MABS (&) €2006123-11

Flow cytometry

For flow cytometry experiments, all K. pneumoniae strains
were cultured in TY broth. 1 pl overnight K. pneumoniae
cultures were added to 200 pl FACS buffer (PBS + 3% fetal
bovine serum, 0.1% Tween) and collected by centrifugation at
21,100 xg. This wash step was repeated once, then bacteria were
incubated with shaking at 4°C for 1 hour in round-bottom
plates with B39, anti-O1 mAbD or anti-O2 mAb diluted to 5 ug/
ml in FACS buffer. Bacteria were washed twice in FACS buffer,
then stained with AF647 goat anti-human IgG (Invitrogen #A-
21445) diluted 1/200 at 4°C for 30 minutes, followed by a final
two washes. Bacterial cells were analyzed using a Symphony A5
system (BD Biosciences) and data was analyzed using the
FlowJo program.

Ethics statement

For use in OPK assays, human peripheral blood mononuclear
cells were isolated from leukocyte cones. Cones were supplied
by NHS Blood and Transplant Service (UK) as anonymized
samples from consenting donors. All animal studies were per-
formed under the guidance and protocol approval of the
AstraZeneca Institutional Animal Care and Use Committee.
Additional oversight was also provided by Office of Research
Protections, US Army Medical Research and Material
Command, Animal Care and Use Review Office.

Statistical analysis

All statistical analyses were performed in GraphPad Prism,
version 8. For in vivo murine pneumonia models, survival
data were plotted as Kaplan Meier curves and analyzed with
the logrank Mantel-Cox test; animals treated with B39 were
compared with animals treated with RS347, the human isotype
control antibody. P-values were corrected for multiple com-
parisons using the Benjamini-Hochberg method* with a false
discovery rate of 5%. P values of less than 0.05 were considered
statistically significant.
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