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Characterization of mAbs against Klebsiella pneumoniae 
type 3 fimbriae isolated in a target-independent phage 
display campaign
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ABSTRACT We used phage display, antibody engineering, and high-throughput assays 
to identify antibody-accessible targets of Klebsiella pneumoniae. We report the discovery 
of monoclonal antibodies (mAbs) binding to type 3 fimbrial proteins, including MrkA. 
We found that anti-MrkA mAbs were cross-reactive to a diverse panel of K. pneumo­
niae clinical isolates, representing different O-serotypes. mAbs binding to MrkA have 
previously been described and have been shown to provide prophylactic protection, 
although only modest protection when dosed therapeutically in vivo in a murine lung 
infection model. Here, we used a combination of binding and opsonophagocytic killing 
studies using a high-content imaging platform to provide a possible explanation for 
the modest therapeutic efficacy in vivo reported in that model. Our work shows that 
expression of K. pneumoniae type 3 fimbriae in in vitro culture is not homogenous within 
a bacterial population. Instead, sub-populations of bacteria that do, and do not, express 
type 3 fimbriae exist. In a high-content opsonophagocytic killing assay, we showed 
that MrkA-targeting antibodies initially promote killing by macrophages; however, over 
time, this effect is diminished. We hypothesize the reason for this is that bacteria not 
expressing MrkA can evade opsonophagocytosis. Our data support the fact that MrkA is 
a conserved, immunodominant protein that is antibody accessible on the surface of K. 
pneumoniae and suggest that additional studies should evaluate the potential of using 
anti-MrkA antibodies in different stages of K. pneumoniae infection (different sites in 
the body) as well as against K. pneumoniae biofilms in the body during infection and 
associated with medical devices.

IMPORTANCE There is an unmet, urgent need for the development of novel antimicro­
bial therapies for the treatment of Klebsiella pneumoniae infections. We describe the 
use of phage display, antibody engineering, and high-throughput assays to identify 
antibody-accessible targets of K. pneumoniae. We discovered monoclonal antibodies 
(mAbs) binding to the type 3 fimbrial protein MrkA. The anti-MrkA mAbs were found to 
be highly cross-reactive, binding to all K. pneumoniae strains tested from a diverse panel 
of clinical isolates, and were active in an opsonophagocytic killing assay at pM concentra­
tions. MrkA is important for biofilm formation; thus, our data support further exploration 
of the use of anti-MrkA antibodies for preventing and/or controlling K. pneumoniae in 
biofilms and during infection.

KEYWORDS Klebsiella pneumoniae, scFv, monoclonal antibody, MrkA, type 3 fimbriae

K lebsiella pneumoniae is the leading cause of multi-drug-resistant infections and a 
significant global health problem (1). K. pneumoniae is found ubiquitously in nature 

and is also found in the healthcare environment on surfaces and on medical devices (2, 
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3). K. pneumoniae is a commensal organism in mammals, colonizing the gastrointestinal 
tract and nasopharynx in a benign manner, but can disseminate to other tissues and 
cause severe infections of the urinary tract, lung, bloodstream, and wound sites (2, 4). 
In developing countries, it is the most common cause of neonatal sepsis, accounting for 
16%–28% of cases (5). Mortality rates for K. pneumoniae neonatal sepsis are high (66.6%) 
in comparison to neonatal sepsis caused by other bacteria (21.5%) (6). The dissemination 
of extended spectrum β-lactamases and K. pneumoniae carbapenemases is concerning 
(7). The mortality rate for carbapenem-susceptible K. pneumoniae infections is ~21%, and 
for carbapenem-resistant infections, it is 41% (8). For more information, many excellent 
publications describe the epidemiology of K. pneumoniae (9–15).

Increasing antimicrobial resistance (AMR) has made K. pneumoniae infections 
challenging to treat. The dissemination of untreatable K. pneumoniae infection spreading 
through hospital-acquired infections, as well as in communities, is a real threat. With 
some strains now resistant to all classes of antimicrobials recommended to treat the 
infection, coupled with the current lack of a protective vaccine, K. pneumoniae has been 
included on the WHO list of “high-priority pathogens” for which new therapeutics are 
urgently needed (1, 4, 16, 17).

Monoclonal antibodies (mAbs) offer an alternative to classical antimicrobials and 
are the fastest growing class of therapeutics (18). Antimicrobial antibodies usually 
work by either binding to and neutralizing bacterial virulence mechanisms, or by 
binding to bacteria and subsequently promoting the activation of the complement 
system and/or the recruitment of phagocytic cells by Fc receptors (19); however, 
antimicrobial antibodies with direct bactericidal activity have also been reported (20, 21). 
Several antibacterial mAbs targeting K. pneumoniae, Staphylococcus aureus, Pseudomonas 
aeruginosa, and other ESKAPE pathogens are currently in clinical or pre-clinical trials 
(22–26).

One approach for the generation of therapeutic mAbs utilizes diverse combinatorial 
libraries of antibody heavy and light chain variable domains (VH and VL), using phage 
display technology in vitro (27). These single-chain variable fragments (scFvs) have a 
single antigen-binding site, comprising fusing VH and VL through a flexible polypeptide 
linker (28). Antibody discovery campaigns targeting K. pneumoniae have been descri­
bed, for example, target-directed approaches toward surface polysaccharides such as 
lipopolysaccharide (LPS) and capsular polysaccharide (CPS) (29–35). There are more 
than 80 different K. pneumoniae capsule serotypes for which no single type predomi­
nates, making vaccines and interventions against CPS difficult (1). There are only eight 
recognized K. pneumoniae O serotypes of which four (O1, O2a, O3, and O5) account for 
most human infections globally, with O1 being dominant in human disease (16, 36–40). 
A recent, large, unselected, 10-year sequencing-based serotype analysis of K. pneumo­
niae-associated bloodstream infections and available global sequences strongly supports 
the development of effective O-antigen-targeted approaches to reduce morbidity, 
mortality, bloodstream infections, and AMR associated with K. pneumoniae (16). Several 
mAbs targeting O-antigen of the LPS have been reported spanning O1, O2, O3, and O5 
serotypes (29, 30, 41, 42).

Recently, we, and others, have reported target-independent phage display 
approaches using whole K. pneumoniae bacteria. One study utilized wild-type (WT) K. 
pneumoniae 43816 and a CPS/O-antigen-deficient double-mutant K. pneumoniae 43816 
ΔcpsBwaaL, and identified mAbs targeting the major type 3 fimbrial (T3F) subunit MrkA 
(43). The mAbs were isolated after three rounds of phage display selections and were 
shown to promote opsonophagocytic killing (OPK) activity and reduce lung burden in a 
murine model of pneumonia.

Another target-independent screen reported recently was an independent study 
utilizing K. pneumoniae 43816, a CPS-deficient mutant (K. pneumoniae 43816 Δcps), and 
a CPS/O-antigen-deficient double mutant (as used in the study highlighted above). We 
recently reported on one mAb, named B39, that exhibited dual binding to both O1 and 
O2 K. pneumoniae strains (41). The mAb promoted potent OPK activity and protected 
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mice when dosed therapeutically in lethal models of O1 and O2 pneumonia (41). Yet, 
even with the limited number of O serotypes, a cocktail of serotype-specific mAbs may 
be required for broad strain coverage and protection, or rapid accurate diagnosis may be 
required prior to administration, or targeting additional antigens may be necessary (26, 
40, 43).

Target-independent screening has been used successfully in antibody discovery (23, 
41, 43) and is not reliant upon target-dependent hypotheses, which may or may not 
result in the desired functional effect. Instead, large antibody repertoires can be isolated 
against a diverse cell-surface-accessible target landscape and then assessed for the 
desired functional activity. This approach is focused on function and has the possibility 
of discovering novel biology as well as molecular targets. In our previous study (41), we 
reported on carbohydrate-targeting mAbs. However, within our phage display campaign, 
mAbs targeting proteinaceous epitopes were also found. We hypothesized that protein 
targets may be highly conserved and might offer broad strain coverage and protection. 
Therefore, this study aimed to explore the protein-targeting mAb repertoires generated 
previously to isolate broadly reactive mAbs targeting K. pneumoniae surface proteins.

RESULTS

Primary phage display campaign

As described previously (41), we utilized an scFv phage library to screen live K. pneu­
moniae with the original aim of isolating therapeutic mAbs to treat K. pneumoniae 
infections. The K. pneumoniae bacterial cell surface is covered in a layer of polysacchar­
ide comprising CPS, a thick layer of densely packed fibers comprising complex acidic 
polysaccharides and uronic acids (44), and O-antigen, comprising repeating carbohy­
drate subunits that extend from the outer core region of the LPS. We hypothesized that 
these prominent K. pneumoniae surface antigens could hinder the phage display process 
by acting as a sink for scFvs or by shielding surface antigens during phage display. 
Therefore, in our phage display campaign, we utilized a wild-type strain (K. pneumoniae 
43816), a mutant deficient in CPS (K. pneumoniae 43816 ΔcpsB), and a mutant lacking 
CPS and O-antigen surface expression (K. pneumoniae 43816 ΔcpsBwaaL). The extensive 
phage display campaign was described previously (41); an overview is summarized in 
Fig. 1a.

Anti-K. pneumoniae antibodies were enriched over three rounds of selection for 
each of the three bacterial strains. Additional selections were also performed in which 
the target strain was changed between rounds, for example, performing two rounds 
of enrichment against K. pneumoniae 43816 ΔcpsBwaaL and a third round against K. 
pneumoniae 43816. Forty-four antibodies per round 3 population were sequenced to 
determine the VH and VL diversity and tested for binding to K. pneumoniae 43816 WT 
and bovine serum albumin (BSA) by phage ELISA to determine specific and non-specific 
binders. Poor quality round 3 populations that exhibited a low proportion of specific 
binders, a high proportion of non-specific binders, and/or a low complementarity-deter­
mining region 3 diversity (%) were eliminated at this stage.

Target exploration

To understand the target landscape of our antibody populations, 88 antibodies per 
population were screened in a protein vs carbohydrate phage ELISA. Most of the 
antibody populations were dominated by protein binders, while carbohydrate-targeting 
scFvs were generally rare (Fig. 1b). The exception to this was an antibody population 
that was enriched using K. pneumoniae 43816 ΔcpsB in the first and second rounds of 
selection and K. pneumoniae 43816 in the third round. mAbs originating from this output 
have been characterized and were shown to bind to the O-antigen of the LPS (41).

With the aim of identifying mAbs with broad specificity to K. pneumoniae proteina­
ceous antigens, we interrogated the remaining mAbs that bound to proteins. Analysis 
of VH and VL sequences of the protein-targeting antibodies revealed several highly 
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dominant mAbs, including B07 that was represented 237 times across six of the eight 
outputs tested, and B36 that was represented 52 times across five outputs (Fig. 1c). 
We next performed a phage ELISA using a panel of representative K. pneumoniae 
strains to screen protein-targeting scFvs for cross-reactivity. Using a maximum likelihood 
phylogenetic tree and information on O-antigen serotype, the following 6 representative 
strains were selected from a panel of 31 clinical isolates for cross-reactivity assays: 
K. pneumoniae 8554 (O2), K. pneumoniae 9178 (O3), K. pneumoniae 985048 (O4), K. 
pneumoniae 9181 (O5), K. pneumoniae 9187 (O7), and K. pneumoniae 11357 (O12) (Fig. 
S1). The parent strain K. pneumoniae 43816 (O1) was also included in the panel. Several 
scFvs were identified that bound to all seven strains by phage ELISA (Fig. 2), suggesting 
that scFv targeting conserved proteinaceous antigens had been enriched for in the 
phage display campaign. The top 20 were converted to the bivalent scFv-Fc format for 
further target identification and characterization.

In a previous mAb discovery campaign targeting K. pneumoniae 43816, both a phage 
display and hybridoma approach resulted in mAbs binding to the type 3 fimbrial subunit 
MrkA (43). Therefore, we tested mAbs at 5 µg/mL for binding to recombinant MrkA by 
ELISA. Seven of the protein-targeting mAbs were found to bind recombinant MrkA (Fig. 
3). Of the mAbs that bound to MrkA by ELISA, B12, B28, and B36 exhibited high levels of 
binding (>0.6 OD450nm), while B07, B17, B18, and B22 displayed lower levels of binding 

FIG 1 Overview of the antibody discovery campaign. (a) Flow diagram shows the K. pneumoniae strains used in each round of the phage display selection 

campaign. Dashed lines indicate the origin of the input library. (b) The proportion of protein, carbohydrate, unknown, and non-binders is shown for each round 3 

population tested. (c) The copy number (out of 88) of the highly prevalent mAbs B07 and B36 is shown for each round 3 population.
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(around 0.2 OD450nm). We postulated that the different levels of binding could be due to 
differing target epitopes which could result in differing functional characteristics. As such 
we decided to select one mAb from each binding level group for further characterization. 
Due to the clonal dominance exhibited by B07, a medium binder, and B36, a high 
binder, in the phage display campaign, these scFvs were converted to IgG for further 
investigation.

Functional characterization of mAbs-targeting MrkA

We performed an OPK assay using human monocyte-derived macrophages (MDMs) to 
identify mAbs with potential therapeutic activity. Due to the anti-phagocytic nature of 
CPS, both K. pneumoniae 43816 and K. pneumoniae 43816 ΔcpsB strains were tested. 
We utilized strains harboring a plasmid containing the luxABCDE operon, allowing a 
luminescence-based readout (29, 30, 43). We compared the MrkA-targeting mAbs to a 
positive control IgG that binds to the K. pneumoniae O-antigen and exhibits potent OPK 
activity which we described previously (41). At concentrations of 66.67 pM or higher, 
both B07 and B36 promoted a 45% reduction in luciferase signal compared to the 
isotype control, indicating a reduction in the total number of bacteria per well. At the 
lowest concentration tested, both mAbs promoted around 20% killing (Fig. 4a). In line 
with previous reports, no activity was observed against encapsulated bacteria (41, 43, 45) 
(Fig. S2).

Next, we visualized macrophage-associated bacteria following opsonophagocytosis 
over a 7-hour time course using high-content imaging (HCI). At 5 hours, treatment 
with MrkA-targeting mAbs promoted a 30% reduction in macrophage-associated K. 
pneumoniae 43816 ΔcpsB spot intensity in comparison to the negative control mAb (Fig. 
4c), a result in line with the luminescence-based OPK assay. However, at 7 hours, while 
enhanced clearance of K. pneumoniae by the O-antigen targeting positive control mAb 

FIG 2 Cross-reactivity of protein-targeting scFv. Each bar represents a unique scFv, and colors represent binding to each K. pneumoniae strain. Only the top 20 

unique scFvs are shown. Strains used and their O-type are listed. Binding data represent fold-change over an isotype control.
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was retained, activity was lost with treatment by the MrkA-targeting mAbs (Fig. 4b and 
d).

High-content imaging of MrkA-targeting mAbs binding to K. pneumoniae

In the opsonophagocytosis assays, MrkA-targeting mAbs had some effect at enhancing 
killing and macrophage clearance; however, in both assays, the mAbs were less active 
than the O-antigen targeting positive control. To explore this observation, we next 
examined antibody binding to K. pneumoniae 43816 using HCI. Confocal images revealed 
punctate staining of appendages on the bacteria, and in line with previously published 
work (41) (Fig. 5a and b). A heterogenous bacterial population was observed: some 
bacteria were highly decorated with MrkA, some were partially decorated, and in others, 
MrkA decoration was absent (Fig. 5a). We next quantified the percentage of the bacterial 
population positive for anti-MrkA binding using an anti-human Alexa Fluorophore (AF) 
647-labeled detection mAb. We observed that when probed with MrkA-targeting mAbs, 
around 70% of bacteria were positive for AF647 binding, compared to 80% for the 
positive control mAb, which binds to O-antigen (Fig. 5c). Significant variation between 
replicates was observed with the anti-MrkA mAbs (Fig. 5a and b), and this variation was 
absent in the positive control mAb.

With the same panel of clinical isolates used in the cross-reactivity phage ELISA, 
we explored binding by HCI. It was noted that in some strains, nearly all the bacte­
rial population was heavily decorated in fimbriae, while in others, sub-populations of 
decorated/non-decorated bacteria existed (Fig. 6). We observed that clinical isolates were 
more decorated in fimbriae than the 43816 “laboratory” strain.

DISCUSSION

In this study, we report the discovery and characterization of mAbs-targeting MrkA, 
the type 3 fimbrial subunit found in K. pneumoniae, and other Enterobacteriacea. These 
mAbs were isolated in an extensive phage display campaign against live bacteria lacking 

FIG 3 Binding of scFv-Fc to recombinant MrkA by ELISA. Error bars represent 1 SD. N = negative control scFv-Fc. P-values from a one-way ANOVA are shown 

above.
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bulky surface polysaccharides. HCI was used to investigate binding of the anti-MrkA 
mAbs, revealing heterogeneity in the surface expression of T3F.

In devising the phage display campaign, we anticipated that abundant surface 
polysaccharides including CPS and LPS could interfere with the phage display process, as 
such we utilized an acapsular mutant and an acapsular/LPS-deficient mutant alongside 
the WT. However, we were surprised to find that carbohydrate-targeting mAbs were 
rare in the antibody populations, even in outputs that enriched for WT bacteria at all 
three rounds of selection. Carbohydrate-targeting mAbs have been shown to have a 1 
× 103–1 × 105-fold lower affinity than protein- or peptide-binding antibodies (46). The 
lower affinity of anti-carbohydrate mAbs is compensated for by their expression as the 
decavalent format IgM and subsequent class switching toward the IgG2 class which 
can self-associate via antibody constant regions to form a multivalent system (40). This 
strategy of multivalency allows for the recognition of densely displayed antigens such 
as the carbohydrates found on bacterial cell surfaces. In contrast to the high valency of 
the IgM and IgG2 formats, during phage display, the M13 bacteriophage can display a 
maximum five copies of scFv per phage particle; however, a typical phage particle will 
only display one copy of the scFv. It is possible that one copy does not provide sufficient 
valency/avidity required for the scFv-carbohydrate complex, which could explain why 
fewer carbohydrate-targeting scFvs were isolated.

Using HCI, under the conditions tested, we observed some bacteria completely 
lacking fimbriae, while others were heavily decorated in T3F. This could be consistent 
with the fact that heterogenous expression of virulence factors is an important survival 

FIG 4 Opsonophagocytic killing of K. pneumoniae 43816 ΔcpsB by macrophages in the presence of MrkA-targeting mAbs. (a) K. pneumoniae 43816 ΔcpsB lux 

bacteria, mAbs, and complement were added to plates containing macrophages and incubated for 5 hours. Luminescence was measured using an Envision 

multilabel plate reader (PerkinElmer). pIgG, O-antigen-binding mAb (green); nIgG, negative isotype control (gray). Killing by test mAbs or control mAb was 

calculated as a percentage of wells containing no mAb using the following calculation: (mAb treatment/no mAb) × 100. Error bars represent 1 SD. N = 3 

individual macrophage donors. For (b), (c), and (d), fixed and permeabilized macrophages were treated with rabbit polyclonal anti-K. pneumoniae 43816 and 

stained with the nuclear stain Hoechst (blue), macrophage stain cell mask orange (orange), and AF488 anti-rabbit IgG (green). Images from 15 fields were 

acquired using an Operetta system at 20× magnification. Scale bar represents 50 µm. (b) Quantification of AF488 intensity sum of K. pneumoniae spots in the 

macrophage cytoplasmic region. (c) Reduction in K. pneumoniae spot intensity at 5 hours compared to the control mAb. (d) Representative images of bacterial 

clearance after a 7-hour incubation. Note: This experiment was performed alongside testing mAbs reported in a previous publication by Berry et al. (41); the 

control images and data shown in this figure correspond to Nip223 (nIgG) and B39 (pIgG) in Berry et al. (41).
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tactic for bacteria to adapt to changing environments within the host. For example, type I 
fimbriae expression in Escherichia coli (47) is well characterized and is known to be phase 
variable. It should also be noted that T3F decoration was observed in bacteria grown 
in TY broth, a media in which fimbrial expression may not be advantageous or needed, 
which may further account for the heterogenous expression of T3F.

Similarly, K. pneumoniae is known to modulate the production of CPS (48). It is 
possible that T3F on a bacterium highly expressing CPS may be shielded, thereby 

FIG 5 Binding of MrkA-targeting mAbs to K. pneumoniae 43816 WT by HCI. (a) and (b) Representative images of B07 binding to bacteria. Due to variation 

observed between replicates, two replicates are shown where the proportion of the bacterial population with MrkA staining was lower (a) or higher (b). Labeled 

arrows indicate bacteria heavily decorated in MrkA (***), bacteria with some decoration (**), and bacteria with no decoration (*). Scale bar represents 10 µm. 

(c) Proportion of bacteria expressing MrkA when probed with B07, B36, or control mAbs. AF647-positive bacteria (%) represent the percentage of bacteria with 

a shell region AF647 intensity >3,000 divided by the total number of bacteria. pIgG, O-antigen-binding mAb; nIgG, negative isotype control. Fixed bacteria were 

treated with mAbs at 1 µg/mL and then stained with 4′,6-diamidino-2-phenylindole (blue) and AF647 anti-human IgG (red). Images were acquired using the 

Opera Phenix system (PerkinElmer) at 63× magnification and analyzed in Columbus (PerkinElmer).
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reducing the ability of anti-MrkA mAbs to bind and could explain the observed 
heterogenous T3F expression. Future work should aim to study mrkA expression in 
bacteria grown under different conditions as well as in bacteria taken directly from a lung 
infection.

Treatment with anti-MrkA antibodies promoted 45% killing in a luminescence-based 
readout of OPK activity, which is in line with the activity seen in previous reports of 
anti-MrkA mAbs (43). When HCI was used to measure macrophage-associated bacteria, 
the anti-MrkA mAbs promoted a 30% reduction in K. pneumoniae spot intensity at 
the same timepoint. In comparison, the anti-LPS mAb promoted 95% killing and an 
80% reduction in K. pneumoniae spot intensity. Interestingly, at the 7-hour timepoint, 
the anti-MrkA mAbs were no longer promoting a reduction in K. pneumoniae spot 
intensity. The heterogeneity of T3F expression observed within the bacterial population 
could account for both the reduced efficacy of anti-MrkA mAbs compared to anti-LPS 
mAbs and the change in efficacy from 5 to 7 hours. It is possible that the reduction 
in macrophage-associated K. pneumoniae is due to the clearance of bacteria with T3F 

FIG 6 B07 binding to seven strains of K. pneumoniae by HCI. Fixed bacteria were treated with B07 (1 µg/mL) and then stained with 4′,6-diamidino-2-phenylin­

dole (blue) + AF647 anti-Human IgG (red). Images were acquired using the Opera Phenix system (PerkinElmer) at 63× magnification and analyzed in Columbus 

(PerkinElmer). Scale bar represents 10 µm.
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surface expression and that the remaining bacterial population then proliferated, leading 
to the increase in K. pneumoniae spot intensity seen at 7 hours; future work should aim to 
explore this further.

It is intriguing that antibodies targeting MrkA have been identified in two inde­
pendent campaigns (40, 41, 43) that utilized different approaches for lead generation 
(hybridoma and phage display were both used previously, and phage display was 
used here). Anti-MrkA mAbs identified previously showed potent in vivo protection in 
a prophylactic murine model, but when dosed therapeutically, protection was modest 
and only at a high dosing regimen (40). Our study has identified heterogeneity in MrkA 
expression within the bacterial population and a difference between strains, with clinical 
isolates seemingly expressing more MrkA (i.e., T3F) than lab-adapted strains. Therefore, 
we hypothesize that the reduced therapeutic efficacy reported could be due to the 
heterogeneity in MrkA expression as well as the strain tested. We contend that future 
work should aim to explore the potential for MrkA-targeting mAbs to prevent/clear 
infection using a panel of isolates (i.e., with the potential for different MrkA expression) as 
well as explore different models of infection (e.g., GI, bladder, and systemic).

MrkA is reported to be involved in biofilm formation, particularly on abiotic surfa­
ces, including catheters, urogenital adhesion, and establishment of infection (26, 43). 
MrkA is an attractive antibody therapeutic target due to (i) its general accessibility as 
an extracellular target, (ii) its high degree of sequence conservation among different 
isolates (K. pneumoniae and K. oxytoca exhibit 95% amino acid sequence identity) and 
MrkA among Enterobacteriaceae (including Salmonella, E. coli, Shigella, and Citrobacter) 
is >90%, except for Enterobacter cloacae, which is divergent, (iii) anti-MrkA mAbs prevent 
K. pneumoniae association with lung epithelial cells and significantly block biofilm 
formation on abiotic surfaces, and (iv) anti-MrkA antibodies possess protective activities 
in vivo (26, 43). While further experiments are required, it is possible that targeting MrkA 
may be an effective strategy to reduce urinary tract infections (UTI) and catheter-associ­
ated UTI, caused by K. pneumoniae and other bacterial species expressing MrkA.

In summary, in this study, we have explored existing target-independent screening 
outputs and identified and characterized anti-MrkA mAbs that were found to be highly 
cross-reactive, binding to all K. pneumoniae strains tested from a diverse panel of clinical 
isolates, representing different O-serotypes, and were active in an OPK assay at pM 
concentrations. The T3F protein MrkA is important for biofilm formation; thus, our data 
support further exploration of the use of anti-MrkA antibodies for preventing and/or 
controlling K. pneumoniae in biofilms and possibly certain stages of the infection process.

MATERIALS AND METHODS

Bacterial strains and media

Bacteria used in this work were stored as 25% glycerol stocks at −80°C and cultured in 
tryptone/yeast extract broth. K. pneumoniae strains were purchased from the American 
Type Culture Collection, National Collection of Type Cultures, or International Health 
Management Associates. Strains used in this study are shown in Table S1. K. pneumoniae 
cultures were grown overnight at 37°C with 280 revolutions per minute (rpm) shaking. 
For use as the phagemid recipient in phage display, E. coli strain TG1 was grown at 37°C 
with 300 rpm shaking to an OD600nm of 0.5. Broth was supplemented with ampicillin 
(100 µg/mL), kanamycin (50 µg/mL), and 2% (wt/vol) glucose, when necessary.

Phage display on whole K. pneumoniae bacteria

Whole cell selections using live K. pneumoniae 43816 (WT), K. pneumoniae ∆cpsB 
(mutant), and K. pneumoniae ∆cpsBwaaL (double mutant) were performed as described 
previously (41). Briefly, 1 × 109 cfu K. pneumoniae and 5 × 1010 phage particles from two 
combined naïve human scFv libraries (49, 50) were blocked in phosphate-buffered saline 
(PBS) supplemented with 3% non-fat dried milk and co-incubated. Unbound phage were 
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removed by washing, and bound phage were eluted and used to infect mid-log phase 
E. coli TG1 cells for subsequent phage amplification. scFv sequences were analyzed to 
determine output diversity. Following three rounds of enrichment, scFvs were assessed 
for specific and non-specific binding to K. pneumoniae 43816, BSA, and E. coli TG1 by 
phage ELISA.

Antibody engineering

Antibody engineering was performed as described previously (50). Briefly, scFvs were 
converted to scFv-Fc by ligating scFv sequences into a pOE-Fc vector containing the 
antibody Fc and expressed in 3 mL cultures of G22 Chinese hamster ovary (CHO) cells. 
scFvs were converted to IgG by cloning VH and VL DNA sequences into human IgG1 
and human Lambda expression vectors, pEU 1.21 and pEU 4.4, respectively. IgG were 
expressed in 20 mL cultures of CHO cells for 6 days at 34°C. Purification of scFv-Fc and IgG 
was via protein A affinity chromatography using ÄKTA systems.

Maximum likelihood phylogenetic tree construction

A maximum likelihood phylogenetic tree of a panel of 31 K. pneumoniae strains 
was constructed using multi-locus sequence typing (MLST) of housekeeping genes. 
MLST genes were extracted from the whole-genome fasta files using MLST-check (51). 
The genes were manually aligned, and maximum likelihood phylogenetic trees were 
estimated from the data using FastTree under the generalized time-reversible model 
of sequence evolution (52, 53). Support for individual nodes was estimated using 
Shimodaira-Hasegawa tests on the three alternate topologies around that split (54). 
Strong support for different topologies between the MLST genes indicates the presence 
of recombination. The genes phoE and pgi gave strong support for different phylogenetic 
groupings compared to the other MLST genes, so these were eliminated from further 
analysis. The remaining genes were concatenated together and tested for recombination 
events using small sample Akaike Information Criterion single breakpoint analysis (55). 
One recombination breakpoint was detected at base 1841; therefore, the concatenated 
alignment was ended at this point. The single breakpoint detection analysis was re-run, 
and no recombination was detected using small sample Akaike Information Criterion. 
The final phylogenetic tree was produced on this concatenated, recombination-free 
alignment using FastTree (53).

Enzyme-linked immunosorbent assay

Whole-bacteria ELISA was performed as described previously (56). Briefly, plates were 
coated overnight at 4°C with 5 × 107 cfu/well K. pneumoniae 43816 and then washed 
three times in PBS. scFv-expressing phage cultures and plates were blocked with 3% 
milk for 1 hour prior to a 1-hour co-incubation. Plates were washed three times with PBS 
supplemented with 0.1% Tween 20 (PBS-T), and then anti-M13 horseradish peroxidase 
(HRP) conjugate was added for 1 hour. Following three washes with PBS-T, binding 
was visualized with 5′ tetramethylbenzidine substrate (ThermoScientific), and the color 
change reaction was stopped with 0.5N H2SO4. Absorbance at 450 nm was measured 
using a plate reader (Envision).

For the protein vs carbohydrate phage ELISA, scFvs were tested for binding to K. 
pneumoniae 43816 bacteria, K. pneumoniae 43816 ΔcpsBwaaL bacteria, K. pneumoniae 
43816 lysate, and K. pneumoniae 43816 proteinase-K-digested lysate. Bacterial lysates 
were prepared with B-PER bacterial protein extraction reagent (ThermoScientific). For 
protein degradation, lysates were treated with proteinase-K (Roche) at 55°C for 1 hour 
and then incubated at 70°C for 10 minutes to inactivate proteinase-K. Lysates were 
diluted 1 in 10 prior to coating overnight at 4°C. scFvs that bound to both lysates 
were assigned as carbohydrate binders, while scFvs that only bound non-digested lysate 
were assigned as protein binders. scFvs that did not bind to either lysate but bound 
to whole bacteria were assigned as “unknown.” For the ELISA using recombinant MrkA, 
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mAbs at 1 µg/mL were tested for binding to MrkA at 1 µg/mL. Recombinant MrkA 
was expressed in E. coli using the mrkA-coding sequence from the reference strain K. 
pneumoniae MG78578, the production of which is as described previously (43). Plates 
were coated overnight at 4°C. Binding was detected with Goat anti-Human IgG (Fc 
specific) HRP conjugate (Invitrogen). For all ELISAs, Nunc maxisorp 96-well plates were 
used (BioLegend).

Opsonophagocytic killing assay

OPK assays were performed as described previously (41). Briefly, log-phase cultures of 
luminescent K. pneumoniae were diluted to approximately 3.0 × 105 cfu/mL in OPK 
buffer [RPMI 1640 medium without phenol red (Gibco) + 1% BSA (Sigma)]. Baby rabbit 
serum (Cedarlane) was diluted 1 in 10 in OPK buffer and incubated with K. pneumo­
niae for 1 hour to clear pre-existing antibodies. Test antibodies were serially diluted in 
OPK buffer. Bacteria, complement, and antibodies were added to 96-well white, clear 
bottom microplates (Corning) containing human monocyte-derived macrophages at 
3.0 × 104 cells/well. Plates were sealed with Breathe-Easy sealing membranes (Merck) 
and incubated at 37°C for 5 hours with 5% CO2. An Envision multilabel plate reader 
(Envision) was used to read total luminescence units, and OPK activity was calculated as 
a percentage of wells containing no IgG. Note: OPK assays were performed alongside 
testing mAbs reported in a previous publication by Berry et al. (41); the control images 
and data shown in Fig. 4 correspond to Nip223 (nIgG) and B39 (pIgG) in Berry et al. (41).

High-content imaging

For HCI intracellular clearance studies, MDMs were seeded at 3.0 × 104 cells/well in 
tissue-culture-treated 96-well optical bottom plates (Nunc). Assays were prepared as 
described for the OPK assay, in the absence of complement. At each timepoint, cells 
were fixed in 4% paraformaldehyde (PFA), then washed three times with PBS, and stained 
with cell mask orange (CMO; 1/25,000) (Invitrogen), Hoechst (1/10,000) (ThermoScien­
tific), and 0.3% Triton, prepared in HBSS supplemented with 5% donkey serum (Jack­
son Laboratory). Cells were then washed three times in PBS and stained with rabbit 
polyclonal anti-K. pneumoniae 43816 antibody for 30 minutes. Following one wash in 
PBS, cells were stained with AF488 anti-rabbit IgG (Affinipure #111–545-003) for 30 
minutes, before a final three washes in PBS. An Opera system (PerkinElmer) was used to 
image 15 fields per well at 20× magnification. For HCI binding characterization studies, 
5.0 × 105 K. pneumoniae bacteria were added to wells of a 96-well CellCarrier Ultra 
microplate (PerkinElmer) and incubated for 2 hours at 37°C. After fixing with 4% PFA 
for 10 minutes, bacteria were treated for 1 hour with primary antibodies at 1 µg/mL 
[a variety of concentrations were tested, and 1 µg/mL was found to be optimal (Fig. 
S3)]. Bacteria were then stained with 4′,6-diamidino-2-phenylindole (DAPI) (2 µg/mL) 
and AF647 anti-human IgG (Invitrogen #A-21445) (1 µg/mL). An Opera Phenix system 
(PerkinElmer) was used for image acquisition at 63× magnification.

HCI analysis

HCI analysis was performed in Columbus (PerkinElmer). For quantification of MDM-asso­
ciated K. pneumoniae spot intensity, the macrophage cytoplasm image area was first 
defined using CMO signal. K. pneumoniae spots within the macrophage cytoplasm image 
area were then defined using AF488 signal, and the total AF488 intensity sum was 
calculated, excluding spots with a mean AF488 intensity <5 to eliminate non-specific 
background signal. For quantification of the proportion of bacteria that were positive for 
binding, the number of bacteria with a shell region AF647 intensity >3,000 was divided 
by the total number of bacteria. For quantification of mAb binding to K. pneumoniae 
43816, the total AF647 intensity per well was calculated using a cutoff of mean >3,000 to 
eliminate non-specific background signal. This signal was normalized to the density of 
bacteria per well by dividing the AF647 signal by DAPI area (px2).
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Statistical analysis

All statistical analyses were performed in GraphPad Prism, version 8.
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