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Abstract

Klebsiella pneumoniae presents as two circulating pathotypes: classical K. pneumoniae
(cKp) and hypervirulent K. pneumoniae (hvKp). Classical isolates are considered urgent
threats due to their antibiotic resistance profiles, while hvKp isolates have historically been
antibiotic susceptible. Recently, however, increased rates of antibiotic resistance have been
observed in both hvKp and cKp, further underscoring the need for preventive and effective
immunotherapies. Two distinct surface polysaccharides have gained traction as vaccine
candidates against K. pneumoniae: capsular polysaccharide and the O-antigen of lipopoly-
saccharide. While both targets have practical advantages and disadvantages, it remains
unclear which of these antigens included in a vaccine would provide superior protection
against matched K. pneumoniae strains. Here, we report the production of two bioconjugate
vaccines, one targeting the K2 capsular serotype and the other targeting the O1 O-antigen.
Using murine models, we investigated whether these vaccines induced specific antibody
responses that recognize K2:01 K. pneumoniae strains. While each vaccine was immuno-
genic in mice, both cKp and hvKp strains exhibited decreased O-antibody binding in the
presence of capsule. Further, O1 antibodies demonstrated decreased killing in serum bacte-
ricidal assays with encapsulated strains, suggesting that the presence of K. pneumoniae
capsule blocks O1-antibody binding and function. Finally, the K2 vaccine outperformed the
O1 vaccine against both cKp and hvKp in two different murine infection models. These data
suggest that capsule-based vaccines may be superior to O-antigen vaccines for targeting
hvKp and some cKp strains, due to capsule blocking the O-antigen.
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Author summary

Currently there are no licensed vaccines targeting K. pneumoniae, but several are in devel-
opment. Two prominent K. pneumoniae surface polysaccharides (capsule and O-antigen)
represent attractive vaccine targets; however, the relative efficacy of these potential vac-
cines against K. pneumoniae strains has not been directly compared. To inform future
vaccine development, we evaluate two bioconjugate vaccines (targeting either capsule or
O-antigen) demonstrating that each are immunogenic in murine models. However, we
find that K. pneumoniae capsule largely inhibits recognition by antibodies raised against
O-antigen. Further, we demonstrate that a capsule-based vaccine outperforms an O-anti-
gen vaccine against both cKp and hvKp in murine models of pneumonia and bacteremia,
suggesting that capsule-based vaccines offer superior protection from some K. pneumo-
niae infections.

Introduction

Klebsiella pneumoniae is an encapsulated, Gram-negative, opportunistic pathogen that causes
an array of human infections. It has recently been recognized as the most common contribu-
tory pathogen in deaths from infectious causes in children under 5 years of age [1]. Two dis-
tinct pathotypes of K. pneumoniae are currently circulating globally: classical K. pneumoniae
(cKp) and hypervirulent K. pneumoniae (hvKp) [2]. cKp is known for causing healthcare-asso-
ciated infection and is notorious for the capacity to express a variety of antibiotic resistance
determinants such as extended-spectrum beta-lactamases (ESBLs) or K. pneumoniae carbape-
nemases (KPCs) [3-5]. In contrast, hvKp typically manifests as community-acquired infection
in otherwise healthy hosts. Historically, hvKp strains were sensitive to most antibiotics; how-
ever, genetic exchanges between hvKp and cKp have recently produced hvKp isolates resistant
to most, if not all, antibiotics [6,7].

Antibiotic-sparing therapies are desperately needed to prevent and combat K. pneumoniae
infections, but there is not currently a licensed vaccine targeting K. pneumoniae. Several recent
studies have proposed putative vaccine candidates, most notably polysaccharides such as cap-
sule or O-antigen, for inclusion into polysaccharide-protein conjugate vaccines [8-10]. O-anti-
gen remains a leading candidate for incorporation into a vaccine, and at least one tetravalent
O-antigen-based bioconjugate vaccine is currently in Phase I trials [11]. However, given the
lack of head-to-head studies, the most effective K. pneumoniae polysaccharide antigen has yet
to be definitively identified.

Capsular polysaccharide is a critical K. pneumoniae virulence factor whose structure can
vary significantly among strains. Of note, hvKp isolates typically produce extremely high levels
of capsular polysaccharide on their surfaces and often exhibit a hypermucoviscous appearance
[12]. This exuberant production of capsule is directly linked to impairment of complement-
mediated killing [13] and phagocytosis [14]. Over 100 distinct capsule serotypes have been
described for K. pneumoniae to date [15,16]. However, one serotype of note, the K2 capsular
type, is associated with the majority of hvKp infections as well as ~8% of cKp infections
[12,17].

The other major surface polysaccharide of K. pneumoniae, O-antigen, is incorporated into
the terminus of lipopolysaccharide (LPS) which consists of the lipid A molecule, a core saccha-
ride, and the terminal repeating O-antigen polysaccharide [18]. O-antigen is characterized
into different serogroups based on distinct structures and antigenic properties. In contrast to
the capsular polysaccharide, K. pneumoniae has only eleven characterized LPS serogroups,
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with over 80% of all isolates expressing just four serogroups [17,19,20]. The O1 O-antigen ser-
ogroup in particular is expressed by ~30-40% of K. pneumoniae strains [21].

Little is known about relative exposure or direct interactions between the capsular and O-
antigen polysaccharides on the bacterial cell surface. However, one investigation demonstrated
that O1-specific antibodies had differential effects on surface properties of K. pneumoniae
depending on whether the capsular type was K1 or K2, [22] suggesting that the structure of
capsular polysaccharide could affect interaction with O-antigen antibodies. Additional studies
have shown that monoclonal antibodies to galactan II (a component of the O1 O-antigen)
were able to bind O1 K. pneumoniae strains lacking capsule but did not bind, or bound signifi-
cantly less, to strains expressing K2, K7, or K21 capsules [23]. Together, these studies suggest
possible interactions between capsule, O-antigen, and their respective targeting antibodies,
with important implications for vaccine efficacy.

Here we investigated the relative efficacy of K. pneumoniae polysaccharide-protein conjugate
vaccines to determine which polysaccharide is a superior vaccine target. We developed glyco-
conjugate vaccines targeting the K2 capsule and O1 O-antigen using bioconjugation, an enzy-
matic approach to generating polysaccharide-protein conjugates in vivo using E. coli as a host
[24]. Here, we present our newly designed glycoengineering approach used in constructing
these vaccines and demonstrate that while both vaccines produce robust serotype-specific anti-
body responses, the K2 vaccine outperforms the O-antigen vaccine in multiple murine models
of K. pneumoniae infection. ELISA and serum bactericidal data indicate that K. pneumoniae
capsule itself impairs both the binding and function of O-antigen antibodies. These data will
inform future vaccine formulations to target the urgent global threat of K. pneumoniae.

Results
Heterologous expression of K2 and O1 polysaccharides in E. coli

The production of polysaccharide-protein conjugates via bioconjugation requires glycoengi-
neered E. coli to express a lipid-linked polysaccharide precursor that is specific to the pathogen
of interest. This polysaccharide is then enzymatically transferred by an oligosaccharyltransfer-
ase (termed an OTase or conjugating enzyme) to proteins engineered to contain a sequon (an
amino acid sequence recognized specifically by the OTase).

To heterologously express the K2 capsular polysaccharide in glycoengineered E. coli K-12
derivatives [25], we previously reported that co-expression of the K. pneumoniae RmpA tran-
scriptional activator was required for K2 capsule expression when the K2 gene cluster (wcuF-
ugd) was expressed as a single locus (Fig 1A) [8]. Here, the requirement for RmpA co-expres-
sion was overcome by cloning the K2 gene cluster in discrete sections from wcuF through wzx
and wca/ through ugd into two separate IPTG-inducible expression vectors (Fig 1B). This clon-
ing strategy removed two open reading frames located in the K2 gene cluster that encode for a
hypothetical protein and putative acetyltransferase, as previous nuclear magnetic resonance
(NMR) analysis of the K2 capsule from both K. pneumoniae ATCC 43816 and E. coli express-
ing the K2 polysaccharide did not show acetylation of the K2 repeat unit [8]. As a reminder,
heterologous expression of polysaccharides in glycoengineered E. coli proceeds via a Wzy-
dependent or ABC transporter pathway, both of which assemble the polysaccharide as an
undecaprenyl-pyrophosphate precursor, which can then be transferred to the LPS core oligo-
saccharide by the WaalL ligase [26]. Silver staining and western blot analyses (using historic
antisera derived from mice immunized with our previous K2-EPA bioconjugate) [8] of LPS
extracted from E. coli expressing the decoupled K2 locus were performed. We observed sub-
stantially more K2 polysaccharide from expression of the decoupled K2 locus compared to the
K2 gene cluster expressed from a single locus, with or without rmpA expression (Fig 1C).
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Fig 1. Decoupling the K2 gene cluster over two expression vectors obviates the requirement of RmpA for K2 polysaccharide expression in E. coli. A)
The K2 gene cluster from wcuF to ugd was previously cloned as a single locus into the expression vector pPBBRIMCS2. The asterisk indicates a putative gene
designation of wbb] for the open reading frame immediately upstream of wca/. (B) A new cloning strategy separated the K2 cluster over two expression
vectors and simultaneously removed two open reading frames encoding for a hypothetical protein and the putative acetyltransferase (wbb]). (C) Silver
staining and western blot analysis of K2-containing LPS extracted from glycoengineered E. coli expressing the K2 locus as a single locus (with and without
RmpA) or the K2 locus separated over two expression vectors.

https://doi.org/10.1371/journal.ppat.1011367.g001

Importantly, the K2 polysaccharide produced by E. coli containing the decoupled K2 gene
cluster was identical by NMR to the published structure of the native K2 capsular polysaccha-
ride [8] (S1 Fig).

The K. pneumoniae Olvl O-antigen consists of two types of polysaccharides: an O1 poly-
mer containing the disaccharide repeat unit [—3)-B-D-Galp-(1—3)-a-D-Galp-(1—] (D-
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galactan II), attached at the non-reducing terminus of a pre-assembled O2a O-antigen polymer
with the disaccharide repeat unit [—3)-B-D-Galf-(1—3)-o-D-Galp-(1—] (D-galactan I)
[20,27]. Like all K. pneumoniae O-antigens, O1 is linked to undecaprenyl-pyrophosphate via a
single N-acetylglucosamine (GlcNAc) monosaccharide at the polymer reducing end [28].
Expression of five genes, across two separate genomic loci, is sufficient to produce the K. pneu-
moniae O1 O-antigen in E. coli [27]: wzm, wbbM, glf, wbbO (located in one locus) and wbbY in
the other. We cloned the wbbY gene into pACT3 (pACT3-wbbY) and the remaining four
genes into pPBBRIMCS2 (pBBRIMCS-02a) under IPTG-inducible promoters, then expressed
these in E. coli. To validate the structure of the glycoengineered O1 polysaccharide produced
by E. coli, we extracted the O1-containing lipopolysaccharide and analyzed it by NMR to deter-
mine the structure and linkage. As shown in the overlap of the "H-">C HSQC spectra of the K.
pneumoniae O1 and D-galactan I found in S2 Fig, the O1 polysaccharide extracted from gly-
coengineered E. coli matched the published structure of the native O1 polysaccharide [27].

K2- and O1-bioconjugate vaccine production and characterization

Previously, we demonstrated that a genetically inactivated mutant (AE553) of exotoxin A from
Pseudomonas aeruginosa (EPA) served as an immunogenic carrier protein for the PglS biocon-
jugation system [8] and also described variants of EPA that contain the PglS sequon at various
locations in the EPA coding sequence [24,29]. For the present work, we integrated two
23-amino acid sequons from the native PglS substrate ComP between EPA residues A489/
R490 and E548/G549 (Fig 2A). Prior studies showed that these internal sequons were readily
glycosylated by PglS [29]. To produce O1-EPA and K2-EPA bioconjugates, we paired the plas-
mids for expressing the O1 polysaccharide or the K2 polysaccharide with a plasmid expressing
the EPA protein (modified with two sequons) and the PglS OTase in CLM24 or SDB1 E. coli
strains [30], respectively. Bioconjugates were purified from periplasmic extracts using immobi-
lized metal affinity, anion-exchange, and size-exclusion chromatography. Western blotting of
the resulting purified glycoproteins revealed little or no contamination with unglycosylated
EPA (Fig 2B and 2D). The purified O1-EPA bioconjugates reacted with a previously developed
mouse monoclonal antibody specific to O1 polysaccharide [20] (Fig 2C). Neither antiserum or
monoclonal antibodies specific to the K2 polysaccharide alone are commercially available, and
therefore K2 western blots were unable to be performed.

Intact protein mass spectrometry was used to further characterize the purified O1-EPA and
K2-EPA bioconjugates (Fig 2E-2F). The covalent attachment of glycans containing different
numbers of repeating K2 or O1 units is readily observable in the MS1 spectrum of the biocon-
jugates, enabling relative polysaccharide to protein ratios to be characterized. Typically, bio-
conjugates exhibit a gaussian-like distribution of repeating sugar units, with the mean number
of repeat units varying between polysaccharides. Intact MS1 spectrum of the O1-EPA (Fig 1E)
displayed a glycoprofile with major peaks separated by ~324 amu, the theoretical mass of the
constituent O1 disaccharide repeating unit. Both galactan I (O2a portion) and galactan II (the
Ol-specific addition at the non-reducing terminus) consist of repeating galactose disaccharide
units and therefore have equal mass, 324 amu. Using a calculated mass of 71,509 amu for EPA
and accounting for the priming GIcNAc monosaccharide at the reducing end, we estimate that
most of the O1 glycans attached to EPA contain between 20 to 28 O1 repeating units (calcu-
lated as a mass of both the O2a portion and the O1 portion) corresponding to peaks with mas-
ses 84,348 amu to 89,535 amu. Intact MS1 spectrum of K2-EPA (Fig 2F) also revealed a
gaussian-like glycoform profile with major peaks separated by ~662 amu, equal to the calcu-
lated mass of the K2 tetrasaccharide repeat unit. We estimated that most K2 glycans contained
between 10 to 16 repeat units corresponding to peaks with masses 78,278 amu to 82,255 amu.
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Fig 2. Characterization of K. pneumoniae O1-EPA and K2-EPA bioconjugates. A) Diagram of genes encoding EPA
and PgIS (colored arrows) on the pEXT20-derived expression plasmid. EPA was engineered to contain two internal
sequons (orange blocks). Gene expression is driven from an IPTG-inducible promoter (black arrow) with a
downstream rrnB T2 terminator (black hairpin). (B) Western blot of purified EPA and K. pneumoniae bioconjugates,
anti-EPA channel. (C) Western blot, anti-O1 channel. (D) Merged channels from panels B and C. (E) MS1 spectrum of
intact, purified O1-EPA bioconjugate. A diagram of the O1 repeat unit is inset in the top right of the panel. (F) MS1
spectrum of intact, purified K2-EPA bioconjugate. A diagram of the K2 repeat unit is inset in the top right of the panel.

https://doi.org/10.1371/journal.ppat.1011367.9002

Using the ion intensities and areas under each curve as well as the observed masses of each gly-
coform (carrier protein mass + polysaccharide mass), we calculated the contribution of the
polysaccharide portion to each glycoform’s total ion intensity. Using this method, polysaccha-
ride-to-protein ratios were found to be 0.256 and 0.144 for the O1-EPA and K2-EPA bioconju-
gates, respectively.

Capsule of hvKp inhibits binding of O-antigen IgG

To begin comparing responses to capsule and O-antigen bioconjugate vaccines, we immu-
nized BALB/c mice in three groups: control immunization (unglycosylated EPA protein),
K2-EPA bioconjugate, or O1-EPA bioconjugate. The K2-EPA and O1-EPA bioconjugate vac-
cines were each formulated to contain 1 ug of polysaccharide. All vaccines were formulated
with Alhydrogel (2% aluminum hydroxide gel) as an adjuvant at a 1:9 ratio. Mice were immu-
nized on days 0, 14, and 28. Serum samples were collected prior to each immunization and on
day 42 and were used to determine levels of polysaccharide-specific IgG via ELISA on plates
coated with K. pneumoniae 43816, a K2:01 isolate. The 43816 strain has been extensively used
as a model strain for studying hvKp virulence in murine infections [8].

In mice immunized with the K2-EPA bioconjugate, we observed robust levels of K2-specific
IgG that significantly (p<0.0001) increased over the course of immunization, compared to
pre-immune sera (Fig 3A). As expected, we observed no significant 43816-specific IgG
response in control EPA-immunized mice. Interestingly, we detected no significant IgG bind-
ing to 43816 by the sera of O1-EPA-vaccinated mice. As some hvKp are known to be hypermu-
coviscous, we hypothesized that capsule may be blocking the O-antigen. To test this
hypothesis, or alternatively, to determine if O1-EPA failed to induce O1-specific antibodies,
we derived a capsule-deficient mutant from the parent 43816 strain using a modified Red
recombinase method [31]. The 43816Acps mutant lacks the entire K2 capsular locus, rendering
it less mucoviscous and unable to produce capsule as demonstrated by uronic acid quantifica-
tion (S3 Fig). Using the sera from vaccinated mice described above, ELISAs using plates coated
with 43816Acps now demonstrated robust IgG binding by the sera of O1-EPA-immunized
mice that increased over the course of immunization (Fig 3B). As expected, we did not observe
any specific IgG recognizing 43816Acps from the sera of EPA- or K2-EPA-immunized mice.
Importantly, repeating the ELISA using a mutant unable to synthesize the O1 antigen
(43816AwecA) as the coating agent did not demonstrate any binding by sera from O1-EPA
immunized mice (Fig 3C). To confirm the presence of the expected polysaccharide antigens in
each of the mutants and the specificity of the immune sera, western blots were performed on
whole-cell lysates of 43816, 43816Acps, and 43816AwecA probing with K2-EPA mouse sera
(Fig 3D) or O1-EPA mouse sera (Fig 3E). Corroborating the ELISA results, we observed strong
K2-EPA seroreactivity to 43816 and 43816AwecA, as well as strong O1-EPA seroreactivity to
43816 and 43816Acps. Taken together, these data indicate that the O1-EPA bioconjugate elic-
ited robust O1-specific IgG responses, but that O1-specific IgG was unable to bind to 43816
due to K2 capsule blocking O1-specific IgGs from binding their antigenic target.
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https://doi.org/10.1371/journal.ppat.1011367.9003

Capsule of cKp impairs binding of O-antigen IgG

To determine if the phenomenon of capsule shielding of O-antigen was specific to the more
heavily encapsulated hvKp strains, we investigated antisera binding to a cKp isolate with the
same capsule and O-antigen types (K2:01). KR174 is a cKp that was isolated from the lower
respiratory tract of a patient with cKp pneumonia and encodes an ESBL [32]. It produces less
capsule and displays decreased hypermucoviscosity relative to hvKp 43816 (S3 Fig). We per-
formed ELISA with the sera described above, using plates coated with cKp KR174. As
expected, sera from K2-EPA-immunized mice exhibited a robust IgG response that signifi-
cantly (p<0.0001) increased over the course of immunization, while no reactivity was observed
in sera from the EPA-immunized group (Fig 4A). Interestingly, sera from mice immunized
with the O1-EPA exhibited minor IgG responses to KR174 that appeared over the course of
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Fig 4. Detection of IgG generated by O1-bioconjugate and K2-bioconjugate vaccines. Carrier protein (EPA), O1 or K2-specific IgG kinetics over the course
of the immunization series as measured by ELISA against whole bacteria of strains (A) KR174, (B) KR174Acps, or (C) KR174AwecA. Western blot analyses
probing for (D) K2 glycan using pooled day 42 sera from K2-vaccinated mice or (E) O1 glycan using pooled day 42 sera from O1-vaccinated mice. Statistical
analyses were performed via Mann-Whitney U test. **** p<0.0001. Error bars represent standard deviation.

https://doi.org/10.1371/journal.ppat.1011367.9g004

immunization (Fig 4A); however, these levels were significantly lower than those observed
with K2-EPA sera (p<0.0001). As before, to test if capsule could be blocking O-antigen in this
classical strain of K. pneumoniae, we deleted the capsular locus in KR174 and tested IgG binding.
Indeed, we observed no significant IgG in the sera of mice vaccinated with EPA or K2-EPA when
ELISA was performed using KR174Acps as the coating agent (Fig 4B); however, almost 10-fold
higher O1-EPA IgG concentrations were detected by ELISA against KR174Acps when compared
to wild-type KR174. Repeating the ELISA using KR174AwecA as the coating agent resulted in the
loss of detectable IgG in sera of O1-EPA immunized mice (Fig 4C). Western blots revealed that
K2-EPA sera reacted strongly against whole-cell lysates of KR174 and KR174AwecA, but not
KR174Acps (Fig 4D), and that O1-EPA sera strongly reacted against whole-cell lysates of KR174
and KR174Acps, but not KR174AwecA (Fig 4E). These data suggest that, as in hvKp, capsule in
this cKp strain is largely blocking O-antigen recognition by O1-specific antibodies.
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Capsule inhibits O1-specific antibody function

As differences in anti-K2 and anti-O1 antibody binding were observed by ELISA, we next
sought to determine if these antisera demonstrated functional differences against K. pneumo-
niae. Serum bactericidal assays (SBAs) with wild-type strains 43816 or KR174, and their iso-
genic mutants, were used to quantify the ability of vaccine-elicited antibodies to evoke
complement-mediated killing (Fig 5). Importantly, we first tested these strains in the absence
of serum and/or complement to rule out bacterial death via either alone. We did not observe
killing, but instead observed bacterial growth in heat inactivated mouse serum alone, comple-
ment alone, or heat inactivated complement alone (S4 Fig). We observed very robust and sig-
nificant (p<0.0001) killing (~75%) of 43816 by K2-EPA-derived antibodies, with no
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Fig 5. Serum bactericidal assays with bioconjugate-vaccinated mouse sera. Serum bactericidal activities of day 42 sera from mice immunized with EPA
carrier protein, O1-EPA, or K2-EPA bioconjugates were measured against (A) 43816, (B) 43816/Acps, (C) 43816 AwecA, (D) KR174, (E) KR174Acps, or (F)
KR174AwecA. Each data point represents a single mouse. Statistical analyses were performed via Mann-Whitney U tests in comparison to EPA survival, unless
otherwise indicated. *** p<0.001; **** p<0.0001; ns, not significant. Error bars represent standard deviation.

https://doi.org/10.1371/journal.ppat.1011367.9005
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significant killing from antibodies generated by control EPA vaccination (Fig 5A). Surpris-
ingly, O1-EPA-derived antibodies mediated modest (~25%) bactericidal activity, but was sig-
nificantly (p<0.0001) less killing compared to K2-EPA sera (Fig 5A). To determine if capsule
was inhibiting more robust killing by anti-O1 antibodies, we repeated the SBAs utilizing
43816Acps. As expected, we observed no significant killing mediated by EPA sera or anti-K2
sera (Fig 5B). Loss of capsule, however, resulted in greater O1 mediated killing (~55%) of
43816Acps (Fig 5B) compared to that observed in 43816. Further, in SBAs using 43816AwecA
(Fig 5C) we observed a loss of bacterial killing mediated by O1-EPA sera, re-confirming the
O1 antigen specificity and functionality of these O1 antibodies.

We next performed SBAs with KR174 to determine if these immune sera would perform
similarly against a classical isolate of K. pneumoniae. As expected, we observed no significant
killing by control EPA-immunized sera but robust (~75%) killing with anti-K2 sera (Fig 5D).
As with 43816, we observed modest (~20%) killing of KR174 mediated by anti-O1 antisera,
significantly (p<0.0001) less than with anti-K2 antisera (Fig 5D). Using KR174Acps, we
detected greater bacterial killing mediated by the anti-O1 antisera (~55%) compared to that
observed in KR174, and none with the anti-K2 antisera (Fig 5E). Finally, O1-EPA antisera did
not enhance complement-mediated killing of KR174AwecA, demonstrating their specificity
for the O1 O-antigen (Fig 5F). Together these data support a model in which capsule is indeed
blocking O-antigen to varying degrees in both hvKp and cKp strains, resulting in diminished
binding and function of O-antigen-specific antibodies, and that antibodies targeting the cap-
sule exert superior binding and killing of both cKp and hvKp.

K2-bioconjugate vaccine provides superior protection against hvKp
pneumonia

Little is known about correlates of protective immunity to either classical or hypervirulent K.
pneumoniae infections. Therefore, to determine if capsule or O-antigen-based bioconjugate
vaccines confer protection from pneumonia, we evaluated their efficacy in a murine pulmo-
nary challenge model using either hvKp 43816 or cKp KR174 at inocula close to their LDy, val-
ues. 43816 has an LDy in this model of ~1,500 colony-forming units (CFU) [8,33] and we
observed separately that KR174 doses of ~10° CFU in BALB/c mice killed the vast majority of
mice. Three groups of mice were immunized with the carrier protein alone (EPA), K2-EPA, or
O1-EPA bioconjugate vaccines. Mice were immunized on days 0, 14, and 28, then challenged
on day 42 with a lethal dose of either 43816 or KR174 via oropharyngeal aspiration and moni-
tored for survival and weight loss for two weeks (Fig 6A). Among K2-EPA immunized mice,
90% survived 43816 pulmonary infection compared to just 15% of EPA-immunized mice and
5% of O1-EPA-immunized mice (p<0.0001) (Fig 6B). Meanwhile, upon challenge with the
cKp strain KR174, both O1-EPA and K2-EPA vaccinated mice showed more modest but sig-
nificant protection relative to control mice (Fig 6C). Specifically, while 90% of EPA-immu-
nized mice succumbed to infection with KR174, we observed 25% protection in O1-EPA
immunized mice (p = 0.0208) and 35% protection in K2-EPA immunized mice (p = 0.0008).
There was no significant difference in protection between O1-EPA and K2-EPA immunized
mice (p = 0.2164; Fig 6C).

K2-bioconjugate vaccine is superior in a K. pneumoniae bacteremia model

To ensure that our vaccine efficacy findings were not specific to a pulmonary challenge model,
we employed an additional murine model of bacteremia and dissemination. Groups of BALB/
¢ mice were immunized with the same regimen as described above (Fig 7A). Infection was ini-
tiated via intraperitoneal injection, which results in universal bacteremia (S5 Fig). As the lethal
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Fig 6. Survival of bioconjugate-vaccinated mice after lethal pulmonary challenge with hvKp or cKp. (A) Mice were vaccinated with either the carrier
protein alone (EPA) or the O1-EPA or K2-EPA bioconjugates on days 0,14, and 28, followed by oropharyngeally aspirated with K. pneumoniae 43816 or KR174
and monitored for survival for 14 days. (B) Mice were infected with ~1500 CFU for 43816 or (C) ~10° CFU for KR174. Each group contains n = 20 mice
combined over two independent experiments. Statistical analyses were performed via log-rank (Mantel-Cox) tests comparing against EPA group, unless
otherwise indicated. **** p<0.0001; ***p<0.001; * p<0.05; ns, not significant. Biorender.com used for creation of panel A.

https://doi.org/10.1371/journal.ppat.1011367.9006

i.p. dose with these strains was unknown, we determined optimal doses for our model to be
~2,000 CFU for 43816 and ~10°® CFU for KR174; trial doses using these inocula resulted in
almost complete mortality of mice. Mice immunized with EPA alone or the O1-EPA bioconju-
gate experienced 100% mortality when challenged i.p. with 43816; in contrast, 100% of mice
immunized with K2-EPA survived (p<0.0001) (Fig 7B).

As was seen in the pneumonia model, experiments with cKp strain KR174 yielded lower
survival overall (Fig 7C). The K2-EPA bioconjugate did demonstrate modest, statistically sig-
nificant protection compared to EPA-immunized mice (p = 0.0435) and O1-EPA-immunized
mice (p = 0.0377). Together, these data support the use of a matched, capsule-based bioconju-
gate vaccine over an O-antigen-based vaccine to protect mice from bacteremia with cKp or
hvKp.

Discussion

K. pneumoniae is a versatile bacterium that causes many human infections including pneumo-
nia, urinary tract infection and sepsis. Treatment of this pathogen has become increasingly
more difficult as antibiotic resistance continues to rise. K. pneumoniae is the most prevalent of
the carbapenem-resistant Enterobacterales (CRE) [34], and the Center for Disease Control has
designated CRE one of five urgent-level threats in the United States. In fact, K. pneumoniae is
now the most common cause of nosocomial pneumonia [35]. Even more alarming is the
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Fig 7. Survival of bioconjugate-vaccinated mice after lethal bacteremia challenge with hvKp or cKp. (A) Mice were vaccinated with either the carrier
protein alone (EPA) or the O1-EPA or K2-EPA bioconjugates on days 0, 14, and 28, followed by intraperitoneal injection with K. pneumoniae 43816 or KR174
and monitored for survival for 14 days. Mice were infected with (B) ~2000 CFU of 43816 or (C) ~10% CFU of KR174. Each group contains n = 20 mice
combined over two independent experiments. Statistical analyses were performed via log-rank (Mantel-Cox) tests comparing against EPA group, unless
otherwise indicated. **** p<0.0001; * p<0.05; ns, not significant. Biorender.com used for creation of panel A.

https://doi.org/10.1371/journal.ppat.1011367.9007

emergence of hvKp strains resistant to most or all antibiotics [6]. Continuing with this theme,
it was recently determined that K. pneumoniae is now the most common contributory patho-
gen to death in children under five-years-old with infectious causes in low- and middle-
income countries [1].

Vaccines have the potential to prevent K. pneumoniae infections in geographically bur-
dened locations and highly susceptible populations. The two prominent surface polysaccha-
rides of K. pneumoniae, capsule and O-antigen, serve as the most attractive candidates for
vaccine inclusion. While capsule may be the most prominently exposed and important viru-
lence factor, the ability to theoretically target a larger proportion of K. pneumoniae clinical iso-
lates with fewer included O-antigens is appealing. However, to our knowledge, the relative
efficacy of matched O and K vaccines has not been studied head-to-head. This is especially
important as questions about shielding of O-antigen or interactions between capsule and O-
antigen have been raised previously [22,23,36]. Importantly, these past studies hint at similar
results that we demonstrate here: that O1 antibodies bound less to encapsulated strains, had
increased killing in non-encapsulated strains, and K2 capsule blocked antibody binding more
than other capsule types [23].

Here we produced and characterized two bioconjugate vaccines, one targeting the K2 cap-
sule type and the other the O1 O-antigen of K. pneumoniae. We demonstrated that while both
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vaccines produce robust and functional antibody responses, capsule in both cKp and hvKp
largely blocks the binding and functionality of O-antigen antibodies. Further, only the K2 vac-
cine exerted significant protection in murine pulmonary and bacteremia challenge models
against hvKp; furthermore, K2 vaccine elicited greater protection in cKp bacteremia (and
trended similarly in the pneumonia model) than did the O1 vaccine. Putting these results in
context, vaccines based solely on O-antigen may be less effective against many circulating
strains, while an ideal multivalent K. pneumoniae vaccine may require a combination of cap-
sule antigens with or without additional O-antigen targets. For example, capsule types such as
K1 and K2 [12,37] highly prevalent among hvKp isolates, and KL106 and KL107 [16,38,39]
highly prevalent in antibiotic-resistant clonal groups, would be attractive capsular types to test
in combination with common O1 and 02, O3, and O5 antigens in a multivalent vaccine [21].

The novel bioconjugation technology used to produce the present K. pneumoniae vaccine
candidates boasts several benefits. First, glycoconjugate vaccines traditionally are manufac-
tured using chemical conjugation [40] which is a multi-step, complex, labor-intensive, and
expensive production method [41]. Bioconjugation, on the other hand, relies on an oligosac-
charyltransferase to transfer the polysaccharide of interest to a carrier protein all within the
periplasm of a bacterial expression system [24]. The bioconjugate vaccines used in this work
were produced with the conjugating enzyme PglS, which has the unique ability to transfer vir-
tually any polysaccharide, including those containing glucose as the reducing end sugar, to
engineered carrier proteins [24,42]. This is especially important as over 50% of all K. pneumo-
niae capsular serotypes contain glucose at their reducing ends, including K1 and K2 [15]. Sec-
ond, we have improved upon the previously published K2 vaccine [8] by shortening the
glycosylation site (sequon) that PglS recognizes. This newly identified sequon can be placed
internally in the carrier protein (as published here) allowing for bona fide glycosylation of the
EPA carrier protein. This internal sequon improves upon the bioconjugate characteristics,
such as protein stability over time and protection from in vivo proteolysis which will be critical
for scale-up and production [29]. Finally, bioconjugation is advantageous over traditional
methods as it allows for quick adaptation to circulating strains or even strain pressure that
might emerge over time following introduction of the vaccine itself. As bioconjugation relies
upon plasmids within a glycoengineered expression system, there is intrinsic capacity to rap-
idly generate new vaccine constructs through a simple plasmid switch.

In these studies, we immunized groups of five-week-old BALB/c female mice with either
the carrier protein alone (EPA), the K2-bioconjugate, or the O1-bioconjugate. Utilizing ELI-
SAs against whole bacteria, we demonstrated that in hvKp the capsule entirely blocked the
binding of any O1 specific antibodies; however, loss of capsule in hvKp revealed robust levels
of O1 IgG. Low levels of O-antigen antibodies were able to be detected via ELISA when the
cKp isolate was used as the coating agent, but like the hvKp strain, when capsule was removed
the level of O1 antibodies binding the target significantly increased. Further, we determined
through serum bactericidal assays that both the K2 and O1 antibodies were functional and
able to induce complement-mediated killing of K. pneumoniae. K. pneumoniae is known to be
resistant to complement-mediated killing and capsule likely contributes to this inherent serum
resistance [43]. However, coating of encapsulated bacteria by vaccine-induced antibodies is a
means of inducing complement-mediated killing by the classical pathway [44]. Corroborating
the ELISA data, SBAs revealed that when capsule was removed, the functionality of O1 anti-
bodies greatly increases (from ~20% killing with capsule present to ~55% killing in non-encap-
sulated mutants). Together, all these data support a model in which capsule is inhibiting O-
antigen antibody recognition in both cKp and hvKp. Furthermore, this work is one of the first
published using vaccine-induced antibodies in SBA assays against K. pneumoniae. This is a sig-
nificant contribution to the field, as K. pneumoniae currently lacks standardized functionality
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assays that correlate with protective immunity. Such assays are well established for other path-
ogens such as Streptococcus pneumoniae [45] and are imperative for testing future immu-
notherapeutics. We aim to continue development of standardized K. pneumoniae functional
assays and determine their correlation with protective immunity.

Beyond demonstrating the production and functionality of K2- and O1-specific IgG
through vaccination, we also explored the protectiveness of these two bioconjugates. We tested
protection not only using two strains of K. pneumoniae (one cKp and one hvKp) but also using
two infection models: pneumonia and bacteremia. As we had shown that a prior-generation
K2 bioconjugate vaccine was effective in preventing death from K2 pneumonia [8], this work
extends our findings to bacteremia. We observed profound protection attributable to the
newer K2 bioconjugate in both pneumonia (90% protection) and bacteremia (100% protec-
tion) models against a hvKp isolate. Remarkably, the challenge inocula were over 10-fold the
established LDs, for this pathogen. In both models, however, the O1 bioconjugate failed to
protect mice, suggesting this antigen would be a poor choice for targeting hvKp strains. When
mice received pulmonary challenge with a very high inoculum of cKp (10° CFU), we observed
modest but significant protection from either the K2 or O1 vaccine. Notably, while not statisti-
cally significant, the K2-immunized mice had slightly higher survival. In contrast, only the K2
vaccine conferred significant protection in the cKp bacteremia model. These results suggest
that a matched capsule vaccine is preferable for protection against this cKp isolate over an O-
antigen vaccine.

Past studies have inferred better efficacy of O-antigen glycoconjugate vaccines than we
observe here. A previous glycoconjugate vaccine composed of four K. pneumoniae O-antigen
serogroups (O1, 02, O3 and O5) was developed [9]. In their study, the authors demonstrated
this vaccine was immunogenic, and passive transfer of vaccine-induced antibodies into mice
was protective from systemic K. pneumoniae infection [9]. However, this study differs from
our study in key ways that preclude direct comparison. The vaccine-induced antibodies were
generated in New Zealand White rabbits and then passively transferred to mice. Furthermore,
rabbits were immunized with a four-dose regimen, and with five times the polysaccharide con-
centration per dose (5 ug) and Freund’s adjuvant (rather than alum), compared to the three-
dose regimen employed in this study. Additionally, the inoculation dose for that study (~10*
CFU) was four orders of magnitude lower than our cKp challenge dose. Finally, it is possible
our cKp strain KR174 produces more capsule than the strain used in the other study, poten-
tially revealing greater capsule blocking in our experiments. It may be that O-antigen based
vaccines are more appropriate for targeting some cKp strains, as increased capsule in hvKp
clearly inhibited protection. It remains to be further elucidated if capsule exerts varying
degrees of inhibition across a range of cKp strains.

This work provides insight into possible capsule blocking of O-antigen, but it raises several
questions that warrant further study. First, we examined single representative K2:01 cKp and
hvKp isolates. Certainly, to gain a deeper understanding of vaccine efficacy and to generalize
these findings further would require challenge studies with numerous matched clinical isolates
of both pathotypes. Second, there has been some suggestion from previous works that K2 may
block O-antigen more effectively than other capsular polysaccharide structures [22,23] there-
fore, different combinations of K and O types may yield different comparative efficacy results.
Third, O-antigen subtypes have recently been described that are structurally and antigenically
distinct from each other. For example, O1 O-antigen is comprised of at least two subtypes:
O1vl and O1v2 [20]. Distinct vaccine candidates need to be developed against both structures
to determine efficacy and potential cross-protection. Fourth, our murine models of cKp pneu-
monia and bacteremia both involved very high doses of KR174, and both vaccines elicited only
modest protection in these models. We believe the death of these animals is most likely caused
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by rapid endotoxic shock due to the large challenge inocula; therefore, even an extremely
potent vaccine may only modestly protect these mice. A superior system may be an immuno-
compromised murine model to allow for vaccine testing that better mimics the cKp patient
population and requires a lower inoculum dose. Further, as capsule is required for lung viru-
lence [46,47] it is not feasible to do a challenge study to test vaccine efficacy with the capsule
mutants in lieu of a lower inoculum or immunocompromised model. Fifth, we have recently
shown that some cKp infections may not rely solely on antibody responses to fight infection,
which could offer an additional explanation for the survival differences we observed in hvKp
and cKp survival models [48]. Finally, the means by which the presence of capsule renders O-
antibodies less effective is not mechanistically defined here. Additional studies are needed to
specify how capsule blocks O-antibody binding and/or function, including possible effects of
altering capsule quantity and structure and potential direct interactions between capsule and
O-antigen.

The increasing rates of infection and antibiotic resistance among K. pneumoniae represent
a serious threat to global health. As such, it is important to define a vaccination strategy to
combat this pathogen. Our work here demonstrates that both K- and O-type bioconjugate vac-
cines are immunogenic and produce functional antibodies, but O-antigen antibodies were less
functional in the presence of K2 capsule. Protection from matched capsule-based vaccines
may be superior to that of O-conjugate vaccines for a variety of strains, especially hypervirulent
strains. Here, we present data supporting the hypothesis of capsule interfering with O-antigen
antibody recognition. These data should be corroborated and generalized to additional combi-
nations of K. pneumoniae strains, and must be considered when developing a multivalent, effi-
cacious vaccine to target this troublesome pathogen.

Materials and methods
Ethics statement

All murine studies complied with ethical regulations for animal testing and research. Experi-
ments were carried out at Washington University School of Medicine in St. Louis according to
the institutional guidelines and received approval from the Institutional Animal Care and Use
Committee at Washington University in St. Louis (AWA #D16-00245), which is fully accred-
ited by the Association for Assessment and Accreditation of Laboratory Animal Care. The pro-
tocol number is 20-0185.

Bacterial strains, plasmids, and growth conditions

Strains and plasmids used in this work are listed in Table 1. K. pneumoniae strains and mutants
were used for all challenge experiments, ELISAs, and serum bactericidal assays. ATCC 43816
was previously identified as a capsule type K2 and O-antigen type O1vl strain [49]. The pul-
monary clinical isolate KR174 was determined to be capsule type K2 and O-antigen type Olvl
by whole genome sequencing (SeqCenter) and Pathogenwatch [50]. Primers and oligos used
for assembly of DNA constructs in this study are listed in S1 Table. Plasmid pVNM245
expressing the EPA protein containing two sequons and PglS was assembled from a precursor
vector pVNM167 expressing EPA with a single sequon and the PgIS,pp; gene downstream on
a pEXT20 plasmid backbone [51]. pVNM245 was generated from pVNM167 by separate PCR
reactions to amplify products with terminal homology regions: (i) the vector backbone with
PglS and EPA with one iGT, (ii) the second iGT for integration between E548 and G549, and
(iii) the C-terminus of EPA downstream of the iGT. The DNA fragments were assembled
using NEBuilder HiFi DNA Assembly kit (New England Biolabs) and the plasmid was trans-
formed into E. coli Stellar (Takara Bio) cells and plated on selective Luria-Bertani (LB) agar
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Table 1. Strains and plasmids used in this study.

Strains and Plasmids
Strains

K. pneumoniae ATCC
43816

K. pneumoniae KR174

43816 Acps

43816 AwecA
KR174Acps
KR174AwecA

E. coli Stellar Cells

E. coli SDB1
E. coli CLM24
Plasmids
pVNM245

pACT3_rmpA

pBBRIMCS2_wcuF-
ugdK2

pBBRIMCS3-wcuF—wzx

pWKS130-wcaJ—ugd
pBBRIMCS-02a
pACT3-wbbY

pCRISPR-wecA

Description

Hypervirulent K2:01 isolate [49]

Classical K2:01 lower respiratory BAL isolate from a 54-year-old female; encodes an
ESBL [32]

43816 lacking entire capsule locus wcaJ through wzi

43816 lacking wecA gene required for O-antigen synthesis
KR174 lacking entire capsule locus wca] through wzi
KR174 lacking wecA gene required for O-antigen synthesis

Takara cloning strain. Genotype: F-, endA1, supE44, thi-1, recAl, relAl, gyrA96, phoA,
D80d lacZA M15, A (lacZYA—argF) U169, A(mrr—hsdRMS—mcrBC), AmcrA, A-

W3110, Awaal AwecA [30]
W3110, AwaalL [30]

Expresses EPA-iGTx2 and A. baylyi ADP1 PglS from an IPTG-inducible promoter,
Amp®
Expresses the rmpA gene from the virulence plasmid of NTUH K2044 [8]

Expresses the K. pneumoniae 52.145 K2 cluster from wcuF through ugd from an IPTG-
inducible promoter, Kan® [8]

Expresses the K. pneumoniae ATCC 43816 K2 cluster from wcuF through wzx from an
IPTG-inducible promoter, Tet®

Expresses the K. pneumoniae ATCC 43816 K2 cluster from wcaJ through ugd from an
IPTG-inducible promoter, Kan®

Expresses the K. pneumoniae NTUH K2044 O2a O-antigen genes wzm, wbbM, glf, and
wbbO genes from an IPTG-inducible promoter, Kan®

Expresses the K. pneumoniae NTUH K2044 wbbY gene from an IPTG-inducible
promoter, Cm®

CRISPR plasmid targeting the ATCC 43816 wecA gene

ESBL: extended spectrum beta-lactamase; BAL: bronchoalveolar lavage

https://doi.org/10.1371/journal.ppat.1011367.t001

with 100 pg/mL ampicillin. Select resulting colonies were grown in LB with ampicillin over-

night, plasmids extracted using a GeneJet Plasmid Purification Kit (Thermo Scientific), and
constructs sequence-verified using Sanger sequencing (Genewiz).

Construction of K2 and O1 polysaccharide expression plasmids

The K. pneumoniae K2 capsule cluster from ATCC 43816 was cloned in two separate sections
using In-Fusion Snap Assembly (Takara Bio USA). The genes from wcuF through wzx were
cloned into PCR-linearized pBBRIMCS3 [52] and the genes from wca] through ugd were
cloned into KpnI-digested pWKS130 [53]. The genes required for producing K. pneumoniae
O1 O-antigen [27] in E. coli were cloned into two separate expression vectors. The wzm,
wbbM, glf, wbbO, and wbbY genes were amplified from K. pneumoniae NTUH K2044 genomic
DNA with complementary 20-30 bp overhangs for Gibson assembly with PCR-linearized
pBBRIMCS?2 [52] for wzm-wbbO or Xbal restriction-digested pACT3 [51] for wbbY.

Production of bioconjugates in E. coli

To produce O1 bioconjugates, the pPBBRIMCS2-O2a and pACT3-wbbY plasmids were electro-
porated into CLM24 E. coli [30] harboring pVNM245. K2 bioconjugates were produced by
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electroporating K2 expression vectors into SDB1 E. coli [30] hosting pVNM245. The cells were
outgrown for 1 h at 37°C and then plated on LB agar with appropriate antibiotics (100 ug/mL
ampicillin, 20 pg/mL kanamycin, and/or 20 ug/mL chloramphenicol). The following day, 8-10
resulting colonies were inoculated into LB, incubated overnight at 30°C, and next morning
subcultured into 2 L flasks with 1 L Terrific Broth (TB) media. Cells were cultured while shak-
ing for 3-4 h to reach ODg( of 0.4-0.5, then induced with 0.1 mM isopropyl B-D-1-thiogalac-
topyranoside (IPTG) and grown overnight. Cells producing O1 and K2 bioconjugates were
grown at 25°C and 30°C after induction, respectively. After 24 h total growth, cells were har-
vested and prepared for protein purification.

Periplasmic extraction and purification of EPA, EPA-O1 and EPA-K2

Unglycosylated carrier protein and bioconjugates were purified from E. coli periplasmic
extracts. E. coli frozen cell pellets were thawed in 0.9% NaCl saline solution and centrifuged at
6,000 x ¢ for 20 min. Each washed pellet was resuspended in hyperosmotic buffer containing
200 mM Tris-HCI pH 8.5, 100 mM EDTA, and 25% w/v sucrose and gently rolled for 45 min
at 4°C. Cells were centrifuged at 10,000 x g for 20 min and the recovered pellet was suspended
in hypoosmotic buffer containing 20 mM Tris-HCI pH 8.5 and gently rolled for 45 min at 4°C.
The periplasmic extract was recovered by spinning the suspension at 18,000 x g for 30 min.
The resulting supernatant was filtered through a 0.45-pm PES membrane and loaded onto
pre-equilibrated Nickel NTA Agarose Beads (Goldbio). The beads were washed with equilibra-
tion/wash buffer containing 20 mM Tris-HCI pH 8, 500 mM NaCl, and 10 mM imidazole. The
protein was then eluted in the same buffer containing 300 mM imidazole and buffer-
exchanged into 20 mM Tris-HCI pH 8 using a 50-kDa cutoft PES centrifugal concentrator
(Pierce). The protein was loaded onto a SourceQ 15Q 4.6/100 PE anion-exchange column
using an Akta pure 25L FPLC instrument (GE Healthcare). For all conjugates, Buffer A con-
tained 20 mM Tris-HCl pH 8.0 and Buffer B contained 20 mM Tris-HCl pH 8.0 and 1 M
NaCl. The proteins were eluted using a step gradient running at a constant 2 mL/min.
O1-EPA was eluted using a step gradient from 0-5-7.5-20% B with 8 column volumes per
step. O1-EPA eluted in the 5 and 7.5% fractions. Unglycosylated EPA and K2-EPA were puri-
fied from separate purifications using the same 10-15-20-25% B step gradient with 8 column
volumes per step. K2-EPA eluted in the 20 and 25% B fractions and unglycosylated in the 10
and 15% B fractions. The pooled fractions from anion-exchange were concentrated and loaded
on an S200 Increase 10/300 GL size-exclusion column in 1X PBS buffer running at a constant
flow rate of 0.75 mL/min. The purified final protein concentration was determined using a
Pierce BCA Protein Assay Kit.

Nuclear magnetic resonance (NMR) spectroscopy

K2 and O1 polysaccharides heterologously expressed in E. coli were extracted by heating
whole-cell bacteria in 2% acetic acid at 105°C for 1.5 h. Insoluble material was removed by cen-
trifugation, and the supernatant (containing K2 or O1 polysaccharide) was isolated on Sepha-
dex G50 column, subsequently purified on Hitrap Q (acidic) column, polished on a Hitrap S
column to remove trace protein background (for the O1 polysaccharide) or desalted on a
Sephadex G15 column (for the K2 polysaccharide). Polysaccharides were dried and analyzed
by NMR. NMR experiments were carried out on a Bruker AVANCE III 600 MHz ("H) spec-
trometer with 5 mm Z-gradient probe with acetone internal reference (2.23 ppm for 'H and
31.45 ppm for °C) using standard pulse sequences cosygpprqf (gCOSY), mlevphpr (TOCSY,
mixing time 120 ms), roesyphpr (ROESY, mixing time 500 ms), hsqcedetgp (HSQC),
hsqcetgpml (HSQC-TOCSY, 80 ms TOCSY delay) and hmbcgplpndqf (HMBC, 100 ms long
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range transfer delay). Resolution was kept <3 Hz/pt in F2 in proton-proton correlations and
<5 Hz/pt in F2 of H-C correlations. The spectra were processed and analyzed using the Bruker
Topspin 2.1 program. Monosaccharides were identified by COSY, TOCSY, and NOESY cross
peak patterns and >C NMR chemical shifts. Connections between monosaccharides were
determined from transglycosidic NOE and HMBC correlations.

Mass spectrometry

Intact mass analysis was performed on a Xevo G2-XS QTof Quadrupole Time-of-Flight Mass
Spectrometer coupled to an ACQUITY UPLC H-class system (Waters) using a Jupiter 300 C5
column (2mm*50mm, Phenomenex). Protein samples were resuspended in 2% acetonitrile,
0.1% trifluoroacetic acid and loaded/separated on the C5 column at a flow rate of 0.25 mL/
min. 2 ug of each bioconjugate (K2-EPA and O1-EPA) was desalted on column for 2 min with
Buffer A (2% acetonitrile 0.1% formic acid) before being separated by altering the percentage
of Buffer B (80% acetonitrile, 0.1% formic acid) from 0% to 100% over 10 min. The column
was then held at 100% Buffer B for 0.5 min before being equilibrated for 1 min with Buffer A,
for a total run time of 13.5 min. Samples were infused into the Xevo G2-XS QTof Quadrupole
Time-of-Flight Mass Spectrometer using electrospray ionization (ESI) and MS1 mass spectra
acquired with a mass range of 400-2000m/z at 1 Hz. Scans across the apex of the elution peaks
were summed then peak lists exported. Deconvolution of proteoforms within K2-EPA and
O1-EPA were undertaken using UniDec [54].

Construction of K. pneumoniae mutant strains

A modified Red recombinase protocol was utilized to construct the Acps mutants (lacking the
cps operon from wzi to weaJ) using pKD46s [31]. Linear regions of DNA were amplified from
pKD4 using primers listed in S1 Table, resulting in the region of interest being replaced with a
kanamycin cassette. All mutants were confirmed by sequencing of amplicons generated via
PCR using check primers. AwecA mutants were constructed using a modified CRISPR method
[55]. The zeocin resistance cassette of pUC19_CRISPR_DpmrA was replaced with a tetracy-
cline resistance gene, and the pmrA gRNA and homology arms were swapped for those target-
ing wecA. Deletion mutants lacking wecA were identified by PCR and confirmed by
sequencing.

Glucuronic acid quantification

Quantification of capsule was performed using glucuronic acid assays, as previously described
[56]. Briefly, bacteria were grown overnight in LB broth at 37°C under static growth condi-
tions. Cultures were pelleted and resuspended in 1x PBS to an ODgg of 1.0. A total of 500 pL
of normalized culture was mixed with 100 uL of 1% Zwittergent 3-14 (Sigma) in triplicate in
100 mM citric acid and incubated at 50°C for 20 min. After centrifugation, supernatants from
samples were precipitated with cold ethanol at 4°C for 20 min. Upon precipitation, samples
were recentrifuged and the pellets were dissolved in 200 pL sterile water and 1200 pL of 12.5
mM tetraborate in concentrated H,SO,. Samples were vortexed, boiled at 95°C for 5 min, and
mixed with 20 uL of 0.15% 3-hydroxydiphenol (Sigma) in 0.5% NaOH. Absorbance was mea-
sured at 520 nm using a microplate reader (Bio-Tek). The uronic acid concentration of each
sample was determined using a standard curve of glucuronic acid (Sigma). The limit of detec-
tion (LOD) was previously defined [57] and reported here. Significance was determined using
Mann-Whitney nonparametric tests with p<0.05. All graphs and statistics were generated
using GraphPad Prism version 9.
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Centrifugation assay

Levels of hypermucoviscosity were determined as previously described [31]. Bacteria were cul-
tured standing overnight in LB media at 37°C. Cultures were pelleted and resuspended in PBS
to an ODgg of 1.0. One mL of normalized culture was centrifuged at 500 x g for 5 min, and
ODgyqo of the resulting supernatant was measured. Final readings were normalized to the start-
ing ODgqo value. Significance was determined using Mann-Whitney nonparametric tests with
p<0.05. All graphs and statistics were generated using GraphPad Prism version 9.

Murine vaccination

All murine immunizations complied with ethical regulations for animal testing and research.
Five-week-old female BALB/c mice (Jackson Laboratories) were subcutaneously injected with
100 pL of a vaccine formulation on days 0, 14, and 28. The vaccination groups were as follows:
EPA carrier protein alone, K2-EPA and O1-EPA. All vaccines were formulated with Aldydro-
gel 2% aluminum hydroxide gel (InvivoGen) at a 1:9 ratio (50 pL vaccine to 5.5 pL adjuvant in
44.5 pL sterile PBS). All vaccination groups received 1 ug of vaccine based on total polysaccha-
ride content. The total polysaccharide content was measure using a modified anthrone-sulfuric
assay [58]. Sera were collected on days 0, 14, 28, and 42 prior to immunizations or challenge.
Mice were challenged with either hvKp or cKp on day 42 (described below).

Enzyme-linked immunosorbent assays

Briefly, 96 well plates (BRAND immunoGrade microplates) were coated overnight with ~10°
CFU/100 pL of the specified K. pneumoniae strain in sodium carbonate buffer. All strains and
growth conditions are described above. After coating, wells were blocked with 1% BSA in ster-
ile PBS and washed with 0.05% PBS-Tween-20 (PBS-T); all subsequent washes were the same.
Sera from immunized mice were diluted 1:100 and added to wells in triplicate for 1 h at room
temperature. After washing, HRP-conjugated anti-mouse IgG (GE Lifesciences, 1:5000 dilu-
tion in PBS-T) was added to wells for 1 h at room temperature. Plates were washed, developed
using 3,3’,5,5-tetramethyl benzidine (TMB) substrate (Biolegend), and stopped with 2 N
H,SO,. Absorbance was determined at 450 nm using a microplate reader (Bio-Tek). Total IgG
concentration was determined using an IgG standard curve. Standard wells were coated with
diluted mouse IgG in sodium carbonate buffer and treated the same as sample wells thereafter.
All wells were normalized to blank wells coated and treated the same as sample wells without
receiving primary mouse sera. All significance was calculated using actual experimental values
although some small amplitude negative values were plotted as zero in order to be graphically
visualized. Significance was determined using Mann-Whitney nonparametric tests with
p<0.05. All graphs and statistics were generated using GraphPad Prism version 9.

Western blots

ODggo-normalized whole-cell lysates of wild-type strains (43816 and KR174) and subsequent
mutants (Acps and AwecA) were separated on 7.5% Mini-PROTEAN precast polyacrylamide
gels (Biorad). Samples were transferred to nitrocellulose membranes (Bio-Rad) and blocked
with LI-COR Intercept blocking buffer for 45 min. Membranes were incubated with primary
antibody for 30 min, washed three times with TBS 0.1% v/v Tween-20 (TBST), incubated with
secondary antibody for 30 min, washed three times with TBST, and visualized using an Odys-
sey Infrared Imaging System (LI-COR Biosciences). Primary antibodies were pooled day 42
mouse sera from mice immunized with either K2-EPA bioconjugate or O1-EPA bioconjugate
used at 1:1000 concentration. Secondary antibody was LI-COR IRDye 680RD goat anti-mouse
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(925-68070) used at 1:10,000 dilution. For western blots of purified proteins, 0.75 pg protein
was loaded per lane and prepared as above. Primary antibodies used at 1:1,000 dilution were
commercial rabbit anti-EPA antibodies (Millipore-Sigma), and O1 antibodies [20] were a gen-
erous gift from Prof. Chris Whitfield (University of Guelph). Secondary antibodies for purified
proteins were LI-COR IRDye 680RD goat anti-mouse (925-68070) and Licor 800CW goat
anti-rabbit (925-32211) both at 1:10,000 dilution. For western blots of LPS, 15 uL of the LPS
mini-prep was separated on a 4-20% TGX gel (Bio-Rad) and prepared as above. Primary anti-
body was day 42 mouse sera from mice immunized with the K2-EPA bioconjugate used at
1:1,000 dilution. The secondary antibody for LPS western blotting was LI-COR IRDye 680RD
goat anti-mouse (925-68070) at 1:10,000 dilution.

LPS mini-prep extraction and silver staining

LPS was extracted as previously described [59]. Briefly, LPS was extracted using a hot phenol
method from 2.0 OD units of glycoengineered E. coli. LPS was resuspended in 50 uL of
Laemmli buffer. A 15 pL aliquot of LPS was separated on a 15% sodium dodecasulfate (SDS)
polyacrylamide gel. Silver staining of SDS gels was performed as previously described [60].

Serum bactericidal assays

Serum bactericidal assays for K. pneumoniae were adapted from methods previously described
[61]. K. pneumoniae isolates and derived mutants were grown under static conditions in LB
broth for 16 hours at 37°C. Cultures were centrifuged at 8000 x g for 10 min and resulting pel-
lets were resuspended in sterile PBS to an ODgy, ~1.0. Cultures were diluted 1:80,000 in sterile
PBS. The assay mixture was prepared in a 96-well U-bottom microtiter plate (TPP) by combin-
ing 70 uL of diluted bacteria and 20 pL of diluted heat-inactivated mouse serum. Day 42 sera
from mice immunized with EPA, K2-EPA, or O1-EPA bioconjugates were heat inactivated at
56°C for 30 min. After incubation at 37°C with shaking for 1 h, 10 pL of baby rabbit comple-
ment (Pel-Freez Biologicals) was added to wells at a final concentration of 10% and incubated
for an additional 1 h at 37°C with shaking. Control wells were treated the same as samples
except for receiving diluted, heat-inactivated, pre-immune mouse serum. After the final incu-
bation, samples were serially titrated in sterile PBS and plated in pentaplicate. Colonies were
counted after 16-h incubation at room temperature. SBA titers were reported as percent sur-
vival compared to control. Statistical analyses were performed using Mann-Whitney test with
p<0.05. Serum and complement-independent control experiments were performed similarly
without specific assay components or with inactivated components. Groups were: diluted bac-
teria in PBS; diluted bacteria with heat inactivated mouse serum; diluted bacteria with baby
rabbit complement; diluted bacteria with heat-inactivated baby rabbit complement. Inactiva-
tion of serum and complement controls was achieved by heating at 56°C for 30 min. Samples
were shaken at 37°C for 2 h, serially titrated in sterile PBS and plated in pentaplicate. Colonies
were counted after 16-h incubation at room temperature. Samples were normalized to percent
input determined as the final bacteria count divided by the starting bacteria count multiplied
by 100. All graphs and statistics were generated using GraphPad Prism version 9.

Murine challenge experiments

For the pneumonia model, groups of vaccinated mice were anesthetized with isoflurane and
inoculated with bacterial suspension via oropharyngeal aspiration as previously described
[8,62]. For the bacteremia model, isolates were administered via intraperitoneal injection.
Strain 43816 was grown statically in LB broth for 16 h at 37°C. Cultures were centrifuged at
8000 x g for 10 min, and pellets were resuspended in sterile PBS to an ODgg ~1.0. Cultures
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were diluted 1:80,000 in sterile PBS to obtain the desired final concentration. Challenge doses
of 43816 were ~1500 CFU in 50 pL for aspiration and ~2000 CFU in 50 pL for bacteremia,
respectively. KR174 was grown statically in LB broth for 16 h at 37°C. Cultures were centri-
fuged at 8000 x g for 10 min, and pellets were resuspended in sterile PBS to an ODgg, ~2.0 (for
aspiration inoculum) or ~1.0 (for bacteremia inoculum). Challenge doses of KR174 were ~10°
CFU in 50 L for aspiration and ~10* CFU in 50 uL for bacteremia, respectively. Mouse sur-
vival and weight were monitored daily for two weeks. Each experiment was performed in
duplicate with n = 10 mice per group. Pairwise survival differences were determined by the
Log-rank (Mantel-Cox) test. All graphs and statistics were generated using GraphPad Prism
version 9.

Blood titers

To quantify bacteremia, female BALB/c mice (5 mice per group) were injected i.p. with 50 pL
of either 43816 or KR174, as described above. 24 hours after injection, mice were euthanized
and blood samples were taken via cardiac puncture. Samples were serially titrated in sterile
PBS and plated in pentaplicate. Colonies were counted after 16-h incubation at room
temperature.

Supporting information

S1 Fig. Two-dimensional NMR analysis of K2 polysaccharide extracted from E. coli
expressing the decoupled K2 gene cluster. (A) 'H-">C HSQC spectrum of the extracted K2
polysaccharide. Orange hash indicates cut water peak. (B) NMR data for the K2 polysaccharide
(D,0, 25°C, 600 MHz). The data show the expected peaks based on the known K2 structure
[8].

(TIF)

$2 Fig. Two-dimensional NMR spectroscopy of the O1 polysaccharide heterologously
expressed in E. coli. Overlap of the "H-">C HSQC spectra of Klebsiella O1, galactan II constit-
uent (blue-cyan), and galactan I constituent (red-pink), polysaccharide portions, which is con-
sistent with the known O1 structure [27].

(TIF)

S3 Fig. Classical and hypervirulent K. pneumoniae capsule and hypermucoviscosity pheno-
types. (A) Capsule quantification using a glucuronic acid assay comparing hvKp 43816), cKp
KR174, and their respective capsule (cps) and O antigen (wecA) knockouts. The dotted line
represents the limit of detection for uronic acid. (B) Hypermucoviscosity quantification via
low-speed centrifugation assay. Statistical analyses were performed via Mann-Whitney U test.
% p<0.0001; ns, not significant.

(TIF)

$4 Fig. Serum and complement-independent controls for serum bactericidal assay. Bacte-
rial strains were incubated in either PBS, heat-inactivated mouse serum, baby rabbit comple-
ment (BRC), or heat-inactivated BRC for 2 h at 37°C with shaking prior to plating and
enumeration. Counts were determined as percent input relative to the original starting count
of each bacterial strain prior to incubation.

(TIF)

S5 Fig. Bacteremia resulting from intraperitoneal challenge with 43816 or KR174. BALB/c
mice were infected with 2000 CFU 43816 or 10° CFU KR174 in 50 pL via intraperitoneal injec-
tion, and blood was collected for culture after 24 h. The dotted line represents the limit of
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detection.
(TIF)

S1 Table. Primers and oligos used in this study.
(DOCX)
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