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ABSTRACT Klebsiella pneumoniae produces a thick capsule layer composed of extracellular
polysaccharides protecting the bacterial cells from clearance by innate host immunity
during infection. Here we characterize the interactions of a structurally diverse set of
host defense peptides with K. pneumoniae extracellular polysaccharides. Remarkably,
we found that all host defense peptides were active against a diverse set of K. pneumoniae
strains, including hypermucoviscous strains with extensive capsule production, and aggre-
gated with extracted capsule. Interestingly, the polyproline peptide bac7 (1-35), was the
most potent antimicrobial and induced the most capsule aggregation. In addition to cap-
sule aggregation, we found that bac7 (1-35) could also disrupt pre-formed hypermucovis-
cous K. pneumoniae biofilm. Further analysis using scanning electron microscopy revealed
the biofilm matrix of a hypermucoviscous strain is removed by bac7 (1-35) exposing asso-
ciated bacterial cells. This is the first description of a host defense peptide interacting
with capsular and biofilm extracellular polysaccharides to expose cells from a K. pneumo-
niae biofilm matrix and suggests that features of polyproline peptides may be uniquely
suited for extracellular polysaccharide interactions.

IMPORTANCE Klebsiella pneumoniae bacterial infections are a major threat to human
health as mortality rates are steadily on the rise. A defining characteristic of K. pneumoniae
is the robust polysaccharide capsule that aids in resistance to the human immune system.
We have previously discovered that a synthetic peptide could aggregate with capsule poly-
saccharides and disrupt the capsule of K. pneumoniae. Here we describe that host defense
peptides also aggregate with capsule produced from hypermucoviscous K. pneumoniae,
revealing this mechanism is shared by natural peptides. We found the polyproline pep-
tide bac7 (1-35) had the greatest antimicrobial activity and caused the most capsule
aggregation. Interestingly, bac7 (1-35) also removed the biofilm matrix of hypermucovis-
cous K. pneumoniae exposing the associated bacterial cells. This is the first description
of a polyproline peptide interacting with capsular and biofilm polysaccharides to expose
cells from a K. pneumoniae biofilm matrix.
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K lebsiella pneumoniae infections have become increasingly fatal in recent years because
of the spread of multidrug resistance (1–7). This species is defined by a robust extracel-

lular polysaccharide capsule that aids in bacterial resistance toward host immune clearance
(1). Recently, hypermucoviscous strains with an increased abundance of capsule have been
causing community-acquired invasive infections resulting in liver abscesses (8, 9). In addition,
the thick extracellular biofilm matrix created by K. pneumoniae resists penetration by thera-
peutics, exacerbating the problematic infections caused by these strains (10). These factors
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have contributed to the increased mortality of hypermucoviscous K. pneumoniae infections
(11, 12).

We recently described the evolution of a short synthetic alpha helical peptide to
obtain antimicrobial activity toward capsulated K. pneumoniae (13). We found that the
active peptide bound to capsule polysaccharides, causing peptide:capsule aggregates
and disruption of the robust capsule layer of a hypermucoviscous K. pneumoniae strain.
These findings revealed peptide binding of extracellular polysaccharides could be a mecha-
nism that peptides use to act against invasive K. pneumoniae infections rather than a route to
their inactivation.

Here we describe the investigation of a structurally diverse set of host defense peptides
and their interactions with the extracellular polysaccharides of K. pneumoniae. We found
that active host defense peptides aggregate with bacterial capsule polysaccharides like
the synthetic sequence we previously developed. Interestingly, we found that biofilm from
hypermucoviscous strains was susceptible to disruption by the polyproline peptide bac7
(1-35) (1, 2). Scanning electron microscopy of K. pneumoniae NTUH K2044 biofilms revealed
that treatment with bac7 (1-35) disrupted the associated matrix material, exposing the bio-
film associated bacterial cells.

RESULTS
Host defense peptides are active against hypermucovisous strains. We previously

described the evolution of an inactive synthetic alpha helical peptide to acquire antimicrobial
activity against K. pneumoniae (13). The robust capsule of hypermucoviscous strains has been
shown to increase the virulence and resistance to antimicrobial peptides (4, 14, 15). However,
we found our synthetic peptide had similar activity toward hypermucoviscous and nonhyper-
mucovisous K. pneumoniae. To determine if a similar effect occurred with naturally occurring
sequences, we tested the activity of a set of host defense peptides against a panel of K. pneu-
moniae strains with varying capsule type.

We chose four host defense peptides with different secondary structures and host
origins (Table 1) and identified the MICs of each peptide toward strains with different capsule
serotypes. We tested two hypermucoviscous strains with increased capsule (NTUH K2044 and
ATCC 43816), two classical nonhypermucoviscous K. pneumoniae strains (ATCC 700603 and
ATCC13883), and a capsule transposon mutant wza::180T30 next to its K. pneumoniae MKP103
parental strain (Table 2) (16). Previous studies suggested that increased capsule production
would lead to increased antimicrobial peptide resistance (1, 2, 6, 14). However, this was not
observed when we tested the antimicrobial activity of these peptides. We found indolicidin
was similarly active, against the K1 hypermucoviscous strain NTUH K2044, the K2 hypermu-
coviscous strain 43816, and the nonhypermucoviscous type strain ATCC 13883 (Table 2).
Interestingly, indolicidin had no activity toward the K. pneumoniae MKP103 parent or cap-
sule mutant at the concentrations tested. The human cathelicidin alpha helical peptide ll-37
showed decreased antimicrobial activity toward the K1 capsule serotype hypermucoviscous
strain NTUH K2044 (30 mM) compared to the nonhypermucoviscous strains (,14 mM) but
was most active toward the hypermucoviscous strain K2 capsule serotype strain ATCC 43816
(2 mM). The more active peptides, beta sheet protegrin-1 and polyproline bac7 (1-35), dis-
played potent activity toward all strains tested with MICs of,6mM and,0.25mM, respec-
tively. Overall, we saw that the hypermucoviscous phenotype did not increase resistance
to these peptides. Specifically, protegrin-1 had the same MIC (1.4 mM) for both hypermu-
coviscous strains (K1 and K2) and the nonhypermucoviscous K3 and K6 strains. In addition,

TABLE 1 Host defense peptidesa

Peptide Sequence MW (g/mol) Structure Charge Origin pI # AA
Indolicidin ILPWKWPWWPWRR - NH2 1906.28 Extended 14 Bovine 14 13
LL-37 LLGDFFRKSKEKIGKEFKRIVQRIKDFLRNLVPRTES 4492.34 Alpha helix 16 Human 11.6 37
Bac7 (1-35) RRIRPRPPRLPRPRPRPLPFPRPGPRPIPRPLPFP-NH2 4206.16 Polyproline 111 Bovine 14 35
Protegrin-1 RGGRLCYCRRRFCVCVGR - NH2 (disulfide bridge:6 - 15 and 8 - 13) 2003.48 Beta sheet 16 Porcine 11.0 17
aMW, molecular weight; #AA, amino acids; pI, isolelectric point.
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bac7 (1-35) had an MIC of 0.06 mM toward the hypermucoviscous strains (K1 and K2) but
variable activity toward K3 (0.03 mM) and K6 (0.12 mM) nonhypermucoviscous strains.
Collectively, the spectrum of activity for these host defense peptides tested indicate that
the activity is driven more by the peptide than the capsule.

Active peptides aggregate with capsule and decrease peptide secondary structure.
In our previous study we showed that our active synthetic peptide aggregated with K.
pneumoniae capsule, while our inactive peptide did not. Furthermore, our active synthetic
peptide lost secondary structure in the presence of capsule, while our inactive peptide
gained structure (13). Increase in secondary structure in the presence of extracellular poly-
saccharides has been described for host defense peptides previously (2, 10). Considering
these observations, we sought to determine if the host defense peptides investigated here
interact with extracted capsule and how this effected their secondary structures. Since all
host defense peptides were active toward the hypermucoviscous strains (Table 2), and
increased capsule production provides hypermucoviscous strains resistance to the host
immune system, we investigated aggregation and peptide structure with capsule extracted
from K. pneumoniae NTUH K2044 (K1 serotype) (Fig. 1).

We found that all host defense peptides aggregated with capsule polysaccharides
(Fig. 1A). Interestingly, the most active peptide, bac7 (1-35), did not produce a white dense pel-
let like the other peptides but a translucent pellet that was easier to resuspend. Analyzing
these aggregates on an SDS page gel and quantifying the polysaccharide within the aggre-
gates using a uronic acid analysis revealed that the aggregates had similar amount of capsule
polysaccharide, except for bac7 (1-35), where there was a significant increase in polysaccharide
within the aggregate (Fig. 1B–1D). To understand the effects of peptide treatment on the
structure of capsule polysaccharide, we added bac7 (1-35) to our purified polysaccharide with-
out centrifugation and examined the capsule polysaccharide structure with and without pep-
tide using scanning electron microscopy (Fig. 1E–1H). With the addition of 100 mM peptide
(Fig. 1F and H), the purified polysaccharide appeared thinned compared to the untreated
polysaccharide (Fig. 1E and 1G). We then assessed how the peptide structures change follow-
ing capsule interaction using circular dichroism and found the host defense peptides lost sec-
ondary structure with addition of capsule to varying degrees (Fig. 2). Specifically, the peptides
lost their respective minima spectra present in buffer alone. We conclude that active peptides
can aggregate hypermucoviscous K. pneumoniae capsule and appear to thin the complex
polysaccharide structure. These polysaccharide interactions are associated with loss of peptide
structure.

K. pneumoniae biofilm increases resistance toward host defense peptides. In
addition to capsular structure, extracellular polysaccharides are also major components
of the biofilm matrix (17). Biofilm matrix associated polysaccharides aid in surface attach-
ment, protect from opsonic phagocytosis, and decrease the penetration of antimicrobials

TABLE 2MICs and 50%minimal biofilm eradication concentrations (MBEC50) of host defense peptides toward K. pneumoniae strains

mg mL21/mM Hypermucoviscous Nonhypermucoviscous Hypomucoviscous
NTUH-K2044
(K1 capsule)

ATCC 43816
(K2 capsule)

ATCC 13883
(K3 capsule)

ATCC 700603
(K6 capsule)

MKP103
(K107 capsule)

MKP103
wzamutant

Indolicidin
MIC 32/18 16/8 32/18 16/9 .128/>67 .128/>67
MBEC50 .64/>33 .64/>33 .64/>33 .64/>33 .64/>33 .64/>33

LL-37
MIC 128/30 8/2 32/7 16/4 64/14 32/7
MBEC50 .64/>15 .64/>15 .64/>15 .64/>15 .64/>15 .64/>15

Bac7 (1-35)
MIC 0.25/0.06 0.25/0.06 0.125/0.03 0.5/0.12 1/0.24 0.5/0.12
MBEC50 8/2 8/2 .64/>15 16/4 4/1 16/4

Protegrin-1
MIC 0.5/1.4 0.5/1.4 0.5/1.4 0.5/1.4 2/5.6 1/2.8
MBEC50 32/16 8/4 .64/>30 .64/>30 4/2 32/16
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(17, 18). Although hypermucoviscous strains are typically susceptible to common antibiotics,
biofilm formation can increase resistance in these strains up to 1,000 times more than plank-
tonic state (18). Therefore, we wanted to test if the polysaccharide aggregation ability of the
host defense peptides would allow for disruption of preformed K. pneumoniae biofilms.

We first tested the biofilm formation of the strains used in this study (Fig. 3). The
hypermucoviscous strain K. pneumoniae NTUH K2044 produced themost biofilm, and the cap-
sule mutant wza::180T30 produced the least, indicating a positive influence of polysaccharides
in biofilm formation. We then tested the host defense peptides from 64 mg mL21 to 1 mg
mL21 using 2-fold dilutions for the ability to eradicate a preformed biofilm from each of the K.
pneumoniae strains (Fig. 4). Interestingly, we found that the hypermucoviscous strains, includ-
ing K. pneumoniae NTUH K2044 (K1 capsule serotype), which formed the greatest amount

FIG 1 Host defense peptides aggregate with extracted capsule polysaccharides. The figure shows the
exogenous capsule aggregation with host defense peptides. Purified K. pneumoniae NTUH K2044
capsule polysaccharide (200 mg mL21) was assessed alone (control) or with 100 mM each peptide and
centrifuged to identify aggregation pellets (A). The control and aggregates were analyzed on a 4–
12% Bis-Tris gel alongside a NTUH K2044 capsule extract added at 200 mg mL21 (CPS) and stained
with Alcian blue to visualize polysaccharides (Fig. 1B). C shows the OD490 of the aggregates using uronic
acid analysis to show relative amounts of polysaccharide in each aggregate. This analysis revealed bac7
(1-35) had significantly more polysaccharide than the control and all other peptide aggregates with
adjusted P values of ,0.0001 and #0.0004, respectively. D is the graphed band densities from the SDS
page gel using ImageJ software showing bac7 (1-35) aggregate band is significantly denser compared to
the aggregates from other peptides with adjusted P values of 0.0002, ,0.0001, and ,0.0001 for ll-37,
indolicidin, and protegrin-1, respectively. C and D were graphed with error displayed as 6SEM and
statistical significance determined using an ordinary one-way ANOVA with Tukey’s multiple comparison
analysis to identify the corrected P values. The effect of the peptide interaction on capsule structure was
analyzed using scanning electron microscopy to image 200 mg mL21 of purified polysaccharide alone (E
and G) or with the addition of 100 mM bac7 (1-35) (F and H).
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of biofilm (Fig. 3), were more susceptible to host defense peptide biofilm eradication than
nonhypermucoviscous strains (Fig. 4). Specifically, bac7 (1-35) and protegrin-1 displayed
greater eradication of a preformed biofilm of strains with hypermucoviscous K1 and K2
capsule serotypes (NTUH K2044 and ATCC 43826) (Fig. 4A and B), than biofilms formed by
nonhypermucoviscous strains with K3 and K6 capsule serotypes (ATCC 13883 and ATCC
700603) (Fig. 4C and 4D). Furthermore, the MKP103 wza capsule mutant had less biofilm
formation but was less sensitive to biofilm eradication by the host defense peptides than
the parental strain (ST258; K107 capsule serotype) (Fig. 3; Fig. 4E and F) (19).

Our analysis revealed more peptide was needed to eradicate a preformed biofilm than
was necessary to inhibit bacterial growth in a planktonic state for all strains tested. Our results
show the peptides did not completely eradicate the preformed biofilms within the concentra-
tions tested. This could be due to the peptide solubility in this environment because in some
instances, higher concentrations of the peptides resulted in less eradication. Therefore, we
used the percent recovery data to calculate the 50% minimal biofilm eradication concentra-
tions (MBEC50) for peptides that eradicated preformed biofilms by 50% within the concentra-
tions tested (Table 2). LL-37 and indolicidin displayed the least biofilm eradication ability and
although they did partially disrupt biofilms, we were unable to calculate MBEC50 values from
the concentrations tested. Protegrin-1 hadMBEC50s of 16mM and 4mM respectively for hyper-
mucoviscous biofilms formed by K. pneumoniae NTUH K2044 and ATCC 43816 (Table 2). Bac7
(1-35) eradicated the biofilms of hypermucovisous strains more efficiently than any other host
defense peptide with MBEC50s of 2 mM (Table 2). Overall, Bac7 (1-35) proved to be the most
effective at eradicating biofilm of the strains tested, and remarkably performed best against
hypermucoviscous strains, including K. pneumoniaeNTUH K2044, which produced the greatest
amount of biofilm.

FIG 2 Aggregation of capsule is associated with loss of peptide structure. The figure shows the molar ellipticity CD spectra of host defense peptides
(100 mM) with and without 200 mg mL21 capsule extract. The spectral changes are shown for ll-37 (A), bac7 (1-35) (B), indolicidin (C), and protegrin-1 (D).
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Bac7 (1-35) alters hypermucoviscous biofilm formation. Our results show that
bac7 (1-35) can weaken the biofilm created by hypermucoviscous K. pneumoniae NTUH
K2044 more than biofilms from strains that produce less capsule polysaccharide. To investi-
gate this observation, we used scanning electron microscopy (SEM) to visualize the biofilm
structure of strains with different amounts of capsule polysaccharide and determine the
impact of bac7 (1-35) on the structure of the biofilm matrices. The biofilms from hypermuco-
viscous NTUH K2044, nonhypermucoviscous strain MKP103, and the MKP103 capsule mu-
tant were visualized with and without the addition of bac7 (1-35).

The eradication assays described above (Fig. 4) grew biofilm on polyvinyl 96-well
plates. For SEM studies, biofilms were grown on ACLAR film, which is commonly used for
this type of analysis. In both cases, biofilms were grown overnight. The growth medium was
then replaced1/- bac7 (1-35), and biofilms were incubated for another 24 h to observe bac
7 (1-35) effects. Our results in Fig. 4 showed that at 64 mM bac7 (1-35) reduced biofilm but
did not completely eliminate it. We chose to use this concentration of bac7 (1-35) to ensure
changes in biofilm structure could be observed. To confirm this concentration did not fully
eliminate all bacteria, we assessed the viability of the biofilm associated K. pneumoniae cells
grown on the ACLAR film after bac7 (1-35) (Fig. 5). Without treatment, the biofilm of hyper-
mucoviscous K. pneumoniae NTUH K2044 contained a greater number of cells than the
other strains tested. After treatment, the biofilms from all strains showed similar numbers of
viable bacteria demonstrating bac7 (1-35) did not eliminate the population. Interestingly, the
K. pneumoniae NTUH K2044 biofilm associated cells were more susceptible to bac7 (1-35)
treatment compared to the other two strains (Fig. 5A). The increased sensitivity of K. pneumo-
niae NTUH K2044 biofilm to bac7 (1-35) was also observed in our biofilm eradication assay
(Fig. 4). We then assessed the bacteria dispersed in the media used to grow the biofilms on
ACLAR film. Following bac7 (1-35) treatment, all strains showed similar viability of dispersed
bacteria and did not vary greatly from pretreatment. (Fig. 5B). Interestingly, we did find the dis-
persed bacteria from K. pneumoniae NTUH K2044 biofilm displayed a loss of the mucoid phe-
notype characteristic for this strain following treatment with bac7 (1-35) (Fig. 5C) (20, 21).
These results indicate that our biofilms grown for SEM analysis display similar characteristics as
biofilms grown for our eradication assays and that all biofilms and dispersed populations con-
tain viable cells at the bac7 (1-35) concentration used.

We used ruthenium red dye with tannic acid to preserve the polysaccharide component
of the biofilm matrix and allow high resolution imaging (22, 23). Unlike other microscopic
techniques, this approach can preserve the delicate polysaccharide component of the matrix
we wish to observe. Visualizing the biofilms of all strains using SEM, we found that without
treatment the biofilm of hypermucoviscous K. pneumoniae NTUH K2044 (Fig. 6A and B) had

FIG 3 Biofilm formation using crystal violet staining. Biofilm formation abilities of K. pneumoniae NTUH
K2044 (K1 serotype), 43816 (K2 serotype), ATCC 700603 (K6 serotype), and ATCC 13833 (K3 serotype),
transposon parental strain MKP103, and the capsule mutant wza::180T30 (wza). The OD540 values were
corrected for background staining by subtracting the staining of wells with no bacteria. Error between
replicates (n = 6) is shown as 6SEM. K. pneumoniae NTUH was found to have significantly formed more
biofilm than all other strains with adjusted P values of ,0.0001 for all strains calculated using an
ordinary one-way ANOVA with Tukey’s multiple comparisons correction.
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a greater density than the classical nonhypermucoviscous K. pneumoniae MKP103 (Fig. 6E
and F) and the capsule mutant (Fig. 6I and J). Following bac7 (1-35) treatment, the biofilm of
hypermucoviscous K. pneumoniae NTUH K2044 decreased in density and height (Fig. 6C and
D) to appear structurally like what we observed with the capsule mutant (Fig. 6I–L). Similarly,
following bac7 (1-35) treatment, the biofilm of classical nonhypermucoviscous K. pneumo-
niae MKP103 appears like the biofilm of its isogenic wza capsule mutant (Fig. 6G and H).
These images suggest that bac7 (1-35) is damaging the biofilm matrix encasing hypermuco-
visous K. pneumoniae NTUH K2044 and the classical K. pneumoniaeMKP103, but not the mu-
tant lacking capsular polysaccharides.

The dispersed hypermucoviscous biofilm cells are exposed following bac7 (1-35)
treatment. Dispersed cells from a biofilm influence the virulence of an infection and
retain the matrix of the biofilm from which they emerged (24, 25). Given their importance in
infection, we choose to observe the dispersed cell population from the biofilms grown for
SEM and determine the effects of treatment with bac7 (1-35). Prior to processing the

FIG 4 K. pneumoniae biofilm increases the resistance toward the host defense peptides. The figures below show the percent recovery of biofilm recovered
following treatment with increasing concentrations (0 mg mL21 – 64 mg mL21) of host defense peptides for all strains in our K. pneumoniae panel. A and B
show the hypermucovisous strains biofilm recovery while C and D show biofilm recovery from nonhypermucoviscous strains. E is the parental MKP103
strain, and F shows biofilm recovery of capsule mutant.
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biofilms for SEM, the media was removed from each K. pneumoniae strain biofilm, and we
dried a sample of the medium on a glass coverslip.

Under these conditions, SEM visualization revealed that hypermucoviscous K. pneumo-
niae NTUH K2044 dispersed cells have a large amount of matrix material (Fig. 7A and B)
when compared to the other two strains (Fig. 7E, F, I, and J). Bac7 (1-35) treatment appeared
to dehydrate the NTUH K2004 matrix (Fig. 7C), and increased magnification revealed individ-
ual cells (white arrows) were exposed (Fig. 7D). The effect of bac7 (1-35) was not as profound
against the classical nonhypermucoviscous K. pneumoniae MKP103. In fact, we could not
identify a change in the matrix of dispersed MKP103 cells following bac7 (1-35) treatment
(Fig. 7G and H). The matrix surrounding the capsule mutant cells did appear slightly reduced
(Fig. 7K and L), and exposed bacteria appeared rounded after bac7 (1-35) treatment, com-
pared to their rod shape before treatment (Fig. 7J).

DISCUSSION

K. pneumoniae hypermucoviscous strains have emerged in recent years causing
infections in healthy individuals and leading to pyogenic liver abscesses (4, 8, 9, 12, 26). Here
we reveal that host defense peptides have antimicrobial activity toward hypermucovisous K.
pneumoniae and aggregate with extracted capsule polysaccharides. Although all peptides
tested did aggregate with capsule polysaccharides, polyproline peptide bac7 (1-35) aggregates
had significantly more capsule than the other host defense peptides. This may be attributed
to the increased cationic nature of this peptide compared to the other host defense peptides
tested, as aggregate solubility has been shown to be dependent on the cationic nature of the
peptide when interacting with anionic polysaccharides (27).

Extracellular polysaccharides are not only important for capsule structure but are a major
component of biofilm (28). Our study revealed that hypermucoviscous strain biofilms were
susceptible to disruption by host defense peptides, with bac7 (1-35) displaying the best bio-
film eradication abilities (Fig. 4, Table 2). We also found that the parental strain MKP103 pro-
duced a more robust biofilm but was more susceptible to bac7 (1-35) eradication than its
capsule mutant. In addition, using SEM we observed that biofilm treatment with bac7 (1-35)
had a greater effect on biofilms from strains that produce greater amount of matrix material,

FIG 5 Bac7 (1-35) decreases the biofilm cell viability and mucoid phenotype of hypermucoviscous K.
pneumoniae cells. The figure shows the enumeration of the cells contained within the biofilm formed
on ACLAR by hypermucoviscous K. pneumoniae NTUH K2044, classical nonhypermucoviscous K.
pneumoniae MKP103, and its wza capsule mutant (A) along with the dispersed population found
within the media the biofilm was grown in (B). (C) shows the mucoviscosity of the media from all
strains with and without bac7 (1-35) treatment. Error between replicates (n = 3) is shown as 6SEM.

Peptides Expose Klebsiella pneumoniae in Biofilm Microbiology Spectrum

March/April 2022 Volume 10 Issue 2 10.1128/spectrum.02027-21 8

https://journals.asm.org/journal/spectrum
https://doi.org/10.1128/spectrum.02027-21


decreasing the volume of the biofilm (Fig. 6). This was similar to what was observed by
Benincasa et al., that found treatment of K. pneumoniae biofilms with 64 mM bac7 (1-35)
resulted in a reduction in biofilm height and in increase in roughness (29). Collectively,
these findings suggest that bac7 (1-35) may have an ability to interact with both capsular
polysaccharides and polysaccharides that compose the biofilm matrix.

Dispersed cells from K. pneumoniae biofilms are distinct from planktonically growing cells
(30), and have an important role in the virulence of this species (24). Furthermore, capsule
upregulation in mature biofilms may indicate an important role in capsule for dispersed cells
(17). Therefore, we wanted to observe the phenotypic variations of the biofilm dispersed
cells that accompany bac7 (1-35) treatment. Viewing the dispersed cells from the biofilm
media using SEM, we found hypermucoviscous K. pneumoniae NTUH K2044 individual cells
are more exposed following bac 7 (1-35) treatment (Fig. 7D).

Taken together, we have found that host defense peptides do aggregate with the
capsule of hypermucoviscous K. pneumoniae. Importantly, bac7 (1-35) can disrupt the
biofilm matrix barrier that impedes antimicrobial therapies and the host immune sys-
tem. Targeting the polysaccharides of the biofilm matrix could increase the susceptibil-
ity of hypermucoviscous K. pneumoniae infections that have become problematic in
recent years. Investigating interactions between bac7 (1-35) and biofilm polysaccha-
rides and increasing our understanding of the increased susceptibility of hypermuco-
viscous strains will be a future focus for our lab.

MATERIALS ANDMETHODS
Bacterial strains and growth conditions. All bacterial strains used in this study are listed in Table 3.

The parental strain MKP103 and transposon mutant deficient in capsule were acquired from the Manoil
lab at the University of Washington (16). All bacterial strains were grown overnight in lysogeny broth
(LB) at 37°C with shaking at 225 rpm.

Peptides. The host defense peptides ll-37, indolicidin, and protegrin-1 were ordered from Anaspec
(https://www.anaspec.com). The bac7 (1-35) peptide was ordered from Novopro (https://www.novoprolabs
.com). All peptides were resuspended in ultrapurified water at 10 mg mL21 and stored at220°C.

FIG 6 Bac7 (1-35) alters K. pneumoniae biofilm formation. The figures show SEM imaging of biofilms from hypermucoviscous K. pneumoniae NTUH K2044,
classical nonhypermucoviscous K. pneumoniae MKP103, and its wza capsule mutant. Images in A, E, and I are the biofilms of the respective species
untreated at low magnification (500�), and the images in Fig. C, G, and K are biofilms of the respective species treated with 64 mM bac7 (1-35) at low
magnification (500�). The untreated biofilms (B, F, and J) and treated biofilms (D, H, and L) were imaged using higher magnification (B, D, F, and H at
6,000� or 6kx; J and L at 4kx) to visualize the detailed structures of the biofilms.
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Antibacterial assays. All minimal inhibitory assays were performed using the broth dilution method
in 96-well plates with the peptides tested in triplicate by serial diluting in 0.2% BSA 0.01% acetic acid so-
lution (31). Bacteria were synchronized to mid-log phase and standardized to a final OD600 of 0.001 in
Mueller-Hinton broth to yield ;5 � 105 CFU mL21. The assay incubated for 20 h at 37°C before deter-
mining MICs. MICs were determined when no visible growth was present in all three replicates.

Capsule extraction, purification, and quantification. Following overnight incubation of K. pneu-
moniae NTUH K2044 in LB broth at 37°C with shaking, 500 mL was centrifuged for 15 min at 10,000 rpm
and 4°C. The polysaccharide capsule was extracted using the hot phenol method (2). Briefly, the pellet was
washed once with water and resuspended in 50 mL water, and 500 mL was aliquoted into microcentrifuge
tubes. The suspensions were incubated for 2 min at 68°C, 500mL of phenol was added, and the samples were
incubated for 30 min at 68°C. Following incubation, 500 mL of chloroform was added and the suspension was
centrifuged at 14,000 rpm for 5 min to separate and remove the aqueous layer. To precipitate the polysaccha-
rides from the suspension, 3 volumes of ethanol were added, and the sample placed at 220°C overnight. The
precipitated polysaccharides were recovered by centrifuging at 14,000 rpm for 30 min, and the ethanol subse-
quently removed. Following extraction, the polysaccharides were resuspended in 500 mL water and dialyzed
against water overnight using a 100 Dalton dialysis membrane. Following dialysis, the samples were dried
using an Eppendorf Vacufuge plus and resuspended at 10 mg mL21 in 0.8% NaCl/0.05% NaN3/0.1 M Tris HCl
(pH 7). The solution was then treated with 50 mg mL21 of DNase II typeV and RNase A for 18 h at 37°C. This
was followed by protein digestion using 50 mg mL21 of Proteinase K and incubating for 1 h at 55°C followed
by 24-h incubation at room temperature. The polysaccharides were then precipitated using 5 volumes of
methanol with 1% vol/vol of saturated sodium acetate and incubation at 220°C overnight. Finally, the sample
was resuspended in water and LPS was removed using a Beckmann Coulter ultracentrifuge at 105,000 � g for
20 h at 4°C and repeating this step twice. The polysaccharide extract was quantified using the uronic acid

FIG 7 The dispersed biofilm cells are exposed with bac7 (1-35) treatment. The figures show SEM imaging of the dispersed cells from hypermucoviscous K.
pneumoniae NTUH K2044, classical nonhypermucoviscous K. pneumoniae MKP103, and its wza capsule mutant biofilms. Images in A, E, and I are the
dispersed cells of the respective species untreated at low magnification (500�), and the images in C, G, and K are biofilms of the respective species treated
with 64 mM bac7 (1-35) at low magnification (500�). The untreated dispersed cells (B, F, and J) and treated dispersed cells (D, H, and L) were imaged using
higher magnification (B and D at 6 kx; F, H, J, and L at 8kx) to visualize the detail of the dispersed cells and the associated matrix. White arrows on D
indicate cells exposed following peptide treatment.

TABLE 3 Bacterial strains used in this study

K. pneumoniae Characteristic Isolation Reference
NTUH K2044 K1 capsule serotype Liver abscess 38
ATCC 43816 K2 capsule serotype pneumonia strain 39
MKP103 ST258; K107 NIH clinical outbreak 16, 19
MKP103wza::180T30 Capsule deficient Transposon mutant 16
ATCC 13883 Type strain; K3 40
ATCC 700603 Clinical strain; K6 Urine 41
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method (32). Briefly, 200mL of the polysaccharide extract was added to glass test tubes, followed by the addi-
tion of 200mL 5% phenol and 1 mL of 93% sulfuric acid. The solution was mixed by swirling and incubated at
room temperature for 10 min before measuring the OD490 and comparing to a standard curve to quantify.

Circular dichroism. The circular dichroism performed in this study was performed using the Jasco-
815 CD spectrometer at the Targeted Therapeutic Drug Discovery & Development Program Core at UT Austin.
The peptides (100mM) were diluted in 10 mM potassium phosphate buffer with and without 200mg mL21 of
extracted capsule polysaccharides to analyze a 200mL volume using a 0.1-cm path-length quartz cuvette. The
CD spectra were collected using far-UV spectra (190–260 nm) with background corrected using 10 mM potas-
sium phosphate buffer with or without added capsule. Molar ellipticity was calculated as described (33, 34).
Specifically, the resulting spectra were measured ellipticity (mdeg) and converted to molar ellipticity using the
formula u = (peptide MW/n)*(mdeg)/(10*C*L), where n is number of amino acids in the peptide, C is the con-
centration of the peptide in mg mL21, and L is the path length of the quartz cuvette.

Aggregation assays. The host defense peptides were added at 100 mM to extracted capsule
(200 mg mL21) in a phosphate buffer, vortexed, and immediately centrifuged at 14,000 rpm for 15 min. The
pellets were washed 2 times with ultrapurified water, and resuspended in 200mL ultrapurified water for quan-
tification using the uronic acid method as described above or 20 mL ultrapurified water for SDS page analysis.
Before SDS page analysis, the resuspended aggregates were boiled for 10 min at 100°C with SDS page loading
dye and run on a 4–15% bis-tris SDS page gel. The controls used in SDS page analysis included (i) the no pep-
tide control tube (CPS) sample that was treated along with the pellets to show if capsule would aggregate and
retain in the tubes without peptides (Fig. 1A); and (ii) the control lane to the gel that had purified 200 mg
mL21 (control) to reveal how our purified capsule extract looked like on the SDS page gel (Fig. 1B). The gel was
washed 6 times with ultrapurified water, stained with alcian blue for 60 min, and detained overnight with 60%
20 mM solidum acetate (pH 4.75), 40% ethanol (35). The aggregation, uronic acid, and SDS page analyses were
performed in triplicate with one representative gel shown (Fig. 1B). ImageJ software was used to determine
band density of the triplicate gels with the resulting values graphed with error presented as6SEM.

Biofilm eradication assays. Overnight cultures of K. pneumoniae strains were diluted to an OD600 of
0.5 (9.75 � 109) in biofilm media (tryptic soy broth, 3% NaCl, and 0.5% Glucose) and grown at 37°C without
shaking for 24 h. The biofilm media recipe we used includes increased sodium and glucose, components
described to increase in vitro formation of biofilms for K. pneumoniae (36). When assessing biofilm formation
abilities and peptide eradication potential, we grew the biofilms in Corning polyvinyl chloride (PVC) 96-well
round-bottom plates. The plate contained media-only wells with no bacteria that were treated with the same
crystal violet staining procedure to account for the crystal violet background staining of the wells. For the bio-
film eradication assays, the medium was removed from the preformed biofilm and Mueller-Hinton broth was
added with the host defense peptide dilutions. Once the medium containing the peptides was carefully added
to the biofilm, the plates were incubated at 37°C without shaking for 24 h. The biofilm was washed 3 times
with phosphate-buffered saline and stained with 0.1% crystal violet for 10 min, then washed 3 more times
before drying overnight. The stain was solubilized with 30% acetic acid and transferred to a polystyrene 96-
well plate, and the optical density at 540 nm was assessed using a Spectramax Plate Reader. All biofilm testing
was performed using biological triplicates. The data were graphed as optical density values for Fig. 3 with the
background staining of wells subtracted and error presented as 6SEM. For Fig. 4, the data were presented as
percent recovery using the no-treatment wells as 100% recovery with error presented as6SEM.

Mucoviscosity assay. The biofilm media was assessed for mucoviscosity as previously described (20,
21).The media from triplicate ACLAR grown biofilms from each strain were removed and placed in a
1.5 mL microcentrifuge tube. Optical density at 600 nm was obtained before and after centrifugation at
1,000 � g for 5 min. The OD600 values obtained after centrifugation were normalized to the starting
OD600 for K. pneumoniae NTUH K2044 untreated before centrifugation. The resulting values were graphed with
error reported as6SEM.

Microscopy imaging. Overnight cultures of K. pneumoniae NTUH K2044, MKP103, and MKP103wza::180T30
were diluted to an OD600 of 0.5 in biofilm media (9.75 � 109 CFU mL21), and 2 mL was added to a 35 � 10 mm
petri dish containing the ACLAR (Ted Pella Inc.) film and incubated without shaking at 37°C for 24 h. ACLAR is
transparent, chemically inert material that is stable for use in scanning electron microscopy (37). After developing
a biofilm on ACLAR film in a petri dish, we replaced the media with either Mueller-Hinton broth (MHB) with no
treatment or MHB with 64 mM Bac7 (1-35) and allowed the biofilms to incubate at 37°C for 24 h. All biofilms
were grown with n = 4 to allow for enumeration in triplicate and SEM imaging. The ACLAR film was washed with
phosphate-buffered saline (PBS), placed in a 50 mL conical tube with 2 mL PBS, and vortexed to detach the bio-
film. To enumerate the biofilm and dispersed cells, the suspended biofilm was serial diluted using 10-fold dilu-
tions alongside the media containing the dispersed cells, plated in technical duplicate on LB agar, and grown
overnight at 37°C. For SEM analysis, the dispersed cells were concentrated by plating 50mL of culture on a glass
coverslip, drying, and treating it with the same procedure as the biofilm samples as explained below. ACLAR disks
with biofilm and glass coverslips with dispersed cells were fixed overnight in 4% glutaraldehyde and 2% parafor-
maldehyde with 0.15% Ruthenium Red (RR) and 1% tannic acid in 0.2 M Na Cacodylate buffer, pH 7.4. Fixed cells
were gently washed in 0.15% Ruthenium red in buffer, then stained with 1% osmium tetroxide with 0.15% RR in
buffer for approximately 2 h. The samples were washed gently with water, then dehydrated through graded alco-
hols, transferred to 1:1 absolute ethanol in hexamethyldisilazane (HDMS) for 10 min, then 5 min in HDMS, and air
dried for 30 min. Samples were sputter coated with 7 nm platinum:palladium (Pt:Pd) and imaged in a Zeiss Supra
SEM at 5 kV accelerating voltage.
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