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Abstract:

As antimicrobial resistance increases, urinary tract infections (UTIs) are expected to pose
an increased burden in morbidity and expense on the healthcare system, increasing the need for
alternative antibiotic-sparing treatments. Most UTIs are caused by uropathogenic Escherichia
coli (UPEC), while Klebsiella pneumoniae causes a significant portion of non-UPEC UTIs. Both
bacteria express type 1 pili tipped with the mannose-binding FimH adhesin critical for UTI
pathogenesis. We generated and biochemically characterized 33 murine monoclonal antibodies
(mAbs) to FimH. Two mAbs protected mice from E. coli UTI. Mechanistically, we show that
this protection is Fc-independent and mediated by the ability of these mAbs to sterically block
FimH function. Our data reveals that FimH mAbs hold promise as an antibiotic-sparing
treatment strategy.
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Main Text:
Introduction

Urinary tract infections (UTIs) affect over 400 million individuals worldwide yearly (Z, 2),
leading to $2.8 billion in healthcare and productivity-related costs annually in the US alone (3).
Around 25% of individuals will suffer from recurrent UTIs which severely impairs their quality
of life (4). Further, 27% of all sepsis cases can be traced to urinary origin (5). This is aggravated
by the increased prevalence of multidrug-resistant uropathogens (6), such as uropathogenic
Escherichia coli (UPEC), responsible for 70-90% of UTIs, and Klebsiella pneumoniae, one of
the most prevalent non-UPEC uropathogens (7-9). UTIs represent the fourth leading cause of
death attributed to or associated with antibiotic resistance (/0). Thus, developing antibiotic-
sparing strategies to prevent UTIs caused by these difficult-to-treat uropathogens is crucial. One
promising approach for new antibacterial treatments is to neutralize key extracellular adhesins to
prevent bacterial colonization and invasion into tissue and biofilm formation.

UPEC and K. pneumoniae express chaperone-usher pathway (CUP) type 1 pili that are tipped
with the mannose-binding FimH adhesin essential in i) bladder colonization, ii) ascension to
cause pyelonephritis, iii) invasion into terminally differentiated umbrella cells of the bladder, iv)
the formation of intracellular biofilms in luminal bladder cells, and v) causing an epigenetic
imprint in the bladder that predisposes to recurrent UTI (//—18). FimH is a two-domain protein
with an N-terminal lectin domain containing a deep binding pocket that recognizes mannose with
stereochemical specificity (/9) and a C-terminal pilin domain linking the adhesin to the pilus. At
the tip of the assembled type 1 pilus, FimH exists in a conformational equilibrium between a
high-affinity relaxed state and a low-affinity tense state controlled by structural interactions
between the FimH lectin and pilin domains (20). In the high-affinity relaxed state, the FimH
lectin domain is highly mobile with respect to the pilin domain. In contrast, in the low-affinity
tense state, the pilin domain constrains the lectin domain and allosterically deforms the mannose-
binding pocket. UPEC FimH occupies both tense and relaxed conformations whereas the
equilibrium in the highly invariant and conserved K. pneumoniae FimH is primarily shifted
towards the tense low-binding conformation, explaining its poor mannose binding properties
despite an identical mannose binding site (27).

A vaccine against UPEC FimCH has revealed an 73% reduction in recurrent UTIs caused by
UPEC or Klebsiella spp. in a phase 1A/1B clinical trial, showing potential to prevent the two
most common UTI pathogens with a FimH targeted therapeutic (22, 23). The effectiveness of
FimH vaccination is associated with antibody responses that inhibit FimH binding (24, 25). Here,
we characterized monoclonal antibodies (mAb) from mice immunized with E. coli and K.
pneumoniae FimH lectin domains and discovered cross-reactive antibodies that bind to four
distinct FimH structural epitopes (Class 1-4), which block FimH binding in vitro. Using cryo-
EM, we discovered that the mAbs are selectively bound to the epitopes displayed in the high-
affinity relaxed conformation of FimH. Using binding studies and mouse UTI models, we
identified Class 1 mAbs that blocked FimH binding to mannose through steric interference
leading to protection against UPEC in mouse UTI models. From structure to an antibiotic
alternative therapeutic, these results guide future optimization of FimH mAbs and vaccination
strategies to treat E. coli and K. pneumoniae UTIs, two of the most prominent uropathogens with
increasing antibiotic resistance.

Results
FimH;p mAbs can cross-react with E. coli and K. pneumoniae FimH
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Female C57BL/6J mice were immunized with the lectin domain truncates of FimH (FimHyp)
from either E. coli (UTI89) or K. pneumoniae (TOP52). Heavy chain V-D-J and light chain V-J
fragments from sorted plasmablasts isolated from draining lymph nodes were cloned into human
IgG expression vectors to create chimeric murine/human mAbs as previously described (26). In
total, 33 clonally distinct mAbs were generated from E. coli (8 mAbs) and K. pneumoniae (25
mAbs) that bound the respective FimHyp (referred to as Ec or Kp mAbs respectively). The
FimHi p structures of E. coli and K. pneumoniae are highly homologous (RMSD = 0.420) with
an 86% amino acid sequence identity, including an identical binding pocket (Fig. 1A-B, S1). By
ELISA, most mAbs bound to their respective FimHrp antigen with half-maximal effective
binding concentrations (ECso) ranging from 8 to 50 ng/mL, while some bound more weakly with
ECso values from 50 to 751 ng/mL (Figure 1D). Half (4 of 8) of the Ec mAbs also reacted with
K. pneumoniae FimHrp and 80% (20 of 25) of Kp mAbs reacted with E. coli FimHyrp. Further,
eight mAbs (2 Ec and 6 Kp mAbs) that reacted with both FimH antigens also bound with high-
affinity to a third structurally similar (RMSD = 0.699 to Ec FimH) E. coli adhesin, FmIH lectin
domain (FmlHLp), an adhesin that binds to exposed galactose residues on bladder tissue during
chronic cystitis infections (27) (Fig. 1C-D, S1).

FimH;p mAbs bind diverse epitopes

To determine the structural regions of FimHrp that were recognized by each mAb, we generated
a mutant library consisting of 45 surface-exposed mutations to bulky charged residues across the
lectin domain of full-length E. coli FimH. Binding of the mAbs to the stable mutant FimH
proteins was determined by ELISA, which revealed four binding site classes (Fig. 1E, structural
regions of FimH are defined in Fig. S1 and Table S1). Class 1 mAbs (4 Ec and 13 Kp mAbs),
bind with high affinity to both E. coli and K. pneumoniae FimHrp and FmIHyp. Class 1 mAbs
were unable to bind E. coli FimH Class 1 epitope residue mutants V27D, N152K, and V155D
located in the insertion and swing loops, and in the part of the linker between the pilin and
receptor binding domains, suggesting they bind to the base of the lectin domain. Class 2 mAbs
(4 Kp mAbs) bound to E. coli and K. pneumoniae FimHzp, but did not react with FmlHyp,
consistent with the sequence differences between E. coli FimHip and E. coli FmlHp (Fig. S1).
Class 2 mAbs shared the inability to bind to the Class 2 epitope residue mutants N23K and
T40K in E. coli FimH suggesting that they bind to the side of the FimHrp body between the base
of the binding clamp loop and basal swing loop. A majority of Class 3 mAbs (2 Ec mAbs and 3
Kp mAbs), bound to both E. coli and K. pneumoniae FimHyp, but not to FmlHrp. Class 3 mAbs
were unable to bind to Class 3 epitope residue mutants S62K, Y64D, V67D, ES9K, K121D,
V128D, V145D, and V155D in E. coli FimH, suggesting that they bind below the binding pocket
to the opposite lateral side of the FimHrp body from the Class 2 epitope, covering regions on [3-
sheet B below the clamp loop and peripheral alpha-helix. Class 4 mAbs (2 Ec mAbs) were only
able to bind E. coli FimHyp, and not to K. pneumoniae FimHip or E. coli FmlHp and were
unable to bind to Class 4 epitope residue mutants Y55D, S80K, R92D, and K101D in E. coli
FimH, suggesting that they bound at the base of binding loop two and backside of FimHrp. Five
Kp mAbs were not mapped as they did not bind E. co/i FimH. Thus, immunization of E. coli and
K. pneumoniae FimHLp antigens generated mAbs bound to four unique surfaces (Class 1-4
epitopes) on E. coli FimH. Below, mAb nomenclature denotes the epitope class recognized by
the mAb after the Ec or Kp designation. Kp FimHLp mAbs whose epitopes could not be
determined are left unnumbered.

Structural basis of FimH mADb recognition
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The structural basis of Class 1-3 mAbs binding to FimHrp was determined by cryo-electron
microscopy (cryo-EM) of FimCH complexed with fragment antigen-binding regions (Fabs) of
Kpl 2H04, Ecl F7, Kp2 2C07, and Ec3 B7 (Fig. 2 and S2-4). In each case, the observed
interaction between FimHip and Fabs confirmed and extended the epitope mapping described
above. The structural basis of Kpl 2H04 Fab and Ecl F7 Fab binding to Class 1 epitope of
FimH revealed that they both interacted with the FimHrp swing loop and linker regions (Class 1
epitope residues A24 to N29 and N151 to T158) and coordinated multiple aromatic residues
around FimHyp Class 1 residue P26 (Fig. 2A-C, F, and G). However, Kpl 2H04 and Ecl F7
Fabs bound to the E. coli FimHLyp at differing angles. Ecl F7 Fab was rotated ~20 degrees
relative to Kpl 2H04 Fab bound to FimHip (Fig. 2C and S4). The structure of the Class 2 Kp2
2C07 Fab - FimHLp complex revealed strong binding to the Class 2 epitope residues Y21 to A27
and N151 to D153 (Fig. 2D and H). Class 3 Ec3 B7 Fab bound to -sheet B of E. coli FimH
including Class 3 residue Y64 (Fig. 21 and F), which has been identified as a “toggle switch”
between tense and relaxed FimH conformation, with the residue undergoing a major solvent-
accessible surface area change in the conformational transition (28). This binding mode suggests
a role of our Class 3 mAbs specifically binding and stabilizing the relaxed FimH conformation,
as mutagenesis of Class 3 residue Y64 abolished Class 3 mAb binding in the epitope mapping
(Fig. 1). Altogether, the high-resolution cryo-EM structures identified critical FimH interactions
of the mAb epitope classes.

FimH;p mAbs bind preferentially to the relaxed conformation

When FimH is incorporated at the tip of type 1 pili, the receptor binding domain samples a
conformational equilibrium between low-affinity tense and high-affinity relaxed conformations
(Fig. S1). The identified mAb binding epitopes of FimHLp, particularly Class 1-3, are in regions
that vary extensively between tense and relaxed conformational states (29)(Fig S1, Table S1).
Thus, we investigated whether the conformational dynamics influence the epitopes recognized
by Class 1-4 mAbs by measuring binding to FimH-tipped piliated E. coli bacteria using ELISA.
Class 1 mAbs displayed the highest reactivity, while Class 2-4 mAbs displayed greatly
diminished reactivity to FimH tipped type 1 pili of E. coli (Fig. 3A). Thus, we tested Class 1-4
mAbs against E. coli expressing conformational FimH variants. A majority of mAbs from
Classes 1-4 had increased binding to the relax-shifted A27V/V163A E. coli FimH mutant tipping
type 1 pili and very weak binding to the tense-shifted A62S E. coli FimH mutant, despite similar
levels of type 1 pili expression as measured by western blot (Fig. 3B, Fig. S5). To investigate
binding of the highest affinity Class 1-2 mAbs to FimH in a tip-like state, we used Bio-Layer
Interferometry (BLI) to measure binding to recombinant FimH. We prepared “tip-like”
recombinant full-length FimH by incubating E. col/i FimCH with the N-terminal extension (Nte)
peptide of FimG resulting in a donor strand exchange reaction where the FimG Nte displaces the
FimC chaperone to produce E. coli FimGnH complex that samples dynamic conformations like
that of FimH tipping type 1 pili (20). Class 1-2 mAbs had varied binding affinity to E. coli
FimGuicH, with Kon rates lower than binding to E. coli FimHyp (Kon rates between 2x10* to 1x10°
M-!s') (Fig. 3C, 3D, S6-7). This finding indicated that Class 1-2 mAbs had a binding preference
for the relaxed FimH conformation likely due to FimHrp being the immunizing antigen.

FimH;p mAbs inhibit FimH mannosylated protein binding

The structural analysis showed mAbs recognizing epitopes near the mannose binding pocket
suggesting mAbs may interfere with FimH binding. Thus, FimHrp mAbs were tested for their
ability to block E. coli and K. pneumoniae FimHLp binding to highly mannosylated glycoprotein
bovine submaxillary mucin (BSM). At a 5:1 molar ratio of mAb to FimHyp, assays measuring
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mAbs that inhibit binding to BSM in ELISA assays ranged from no inhibition to 85% inhibition
compared to untreated control (Figure 4A). Only eight mAbs (representing epitope Classes 1-3)
inhibited both FimHyp proteins at greater than 50% at a 5:1 molar ratio. We selected mAbs from
Classes 1-3 from both E. coli and K. pneumoniae antigens with the highest inhibition to FimHrp
and the strongest binding to FimH tipping type 1 pili on the surface of bacteria to test for the
ability to inhibit mannose-dependent E. coli bacterial hemagglutination of guinea pig
erythrocytes. When present in high concentrations (17 uM), we found all mAbs tested can inhibit
hemagglutination with more potency than a-D-mannopyranoside. However, the FimH mAbs
displayed greatly variable inhibition potency with 50% inhibition concentration ranging from
700 nM to above 17 uM (Fig. 4B). We selected Kpl 2H04 to further test for ability to block
FimHLp binding to mouse bladder tissue, as Kpl 2H04 had high inhibition in the FimH BSM
ELISA and E. coli hemagglutination. At a 10:1 molar ratio of mAb to FimHp protein, Ec
FimHip and Kp FimHrp mixed with control IgG bound strongly to the bladder epithelial cells.
However, Kpl 2H04 mAb treatment completely blocked Ec FimHrp and Kp FimHip binding to
mouse bladder tissue (Fig. 4C).

FimH;p mAbs protect against UTI

To determine the ability of the mAbs to prevent UTI, we screened eight mAbs in a prophylactic
model. We chose Class 1-3 mAbs Ec1 F7, Kpl 2H04, Kpl 1A02, Kpl 2E02, Kp1 1B03, Kpl
2E08 mAbs, Kp2 2C07, and Ec3 B7 mAb for these assays since they bind with high-affinity to
tip-like FimH, inhibit bacterial E. co/i FimH binding, and represent three epitope classes from E.
coli and K. pneumoniae FimH antigens. Each mAb was administered via intraperitoneal injection
at 0.5 mg per mouse 24 hours before infection with E. coli UTI89. Bladder and kidney titers
were enumerated 24 hours post-infection (Fig. 5SA). There was no detectable IgG in urine before
infection (24 hours after IP injection of mAbs) but mAbs were detected in the bladder
approximately 3 to 6 hours after infection, consistent with bladder damage being necessary for
antibodies to reach the urine as previously suggested (Fig. S8) (30). Three of the mAbs from
epitope Class 1, (Ecl F7, Kpl 2H04, and Kp1 1A02), resulted in significantly decreased bladder
titers (~1 log; P<0.05) and two Class 1 mAbs (Ecl F7 and Kp1 2H04) also significantly
decreased kidney titers (~0.5 log; P<0.05) (Fig. 5B and 5C). The effect of prophylactic
administration of Kp1 2H04, one of the strongest inhibitors of bladder titers at 24 hpi, on
formation of intracellular bacterial communities (IBCs) at 6 hpi was assessed. Kpl 2H04
significantly decreased the amount of bladder IBCs compared to the control IgG at 6 hpi (Fig.
5D-F).

To test if immune system signaling functions associated with the fragment crystallizable (Fc)
region of mAbs were needed for protection, we created a LALAPG Fc variant of Kp1 2H04
(2HO4LaLAPG) Which inhibits the ability of the mAb to bind Fc receptors or fix complement (37).
2HO04LaLapc had a comparable binding affinity to FimHrp as 2H04 when assayed by ELISA (Fig.
S9). When tested in the prophylactic model, 2H04arapc inhibited UTI89 infection to the same
degree as Kp1 2H04 in the bladder and kidney (Fig. 5G and Fig. SH), suggesting that Kpl 2H04
prevents infection primarily by directly inhibiting FimH rather than through Fc receptor
functions. To further test this, we repeated the prophylactic model but monitored the infection
over 14 days. Kpl 2H04 treated mice resulted in lower urine and bladder titers over the 14 days.
Still, this difference did not increase over time despite detectable amounts of mAb in the serum
and bladder homogenates up to 14 days post-infection (Fig. S10) suggesting that the primary
mechanism of the mAb is blocking initial FimH attachment to the bladder epithelium.

Discussion
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Carbapenem-resistant Enterobacteriaceae (CRE) and extended-spectrum beta-lactamase (ESBL)
producing Enterobacteriaceae are listed as urgent and serious threats by the Centers for Diseases
Control and Prevention (CDC) as they are resistant to numerous antibiotics needed to treat
common infections, including UTIs (32, 33). New antibiotic-sparing strategies are needed to
treat these and other Enterobacteriaceae infections. mAbs have been exceptional drugs in
treating cancer and viral infections (34-38) but few mAb therapies have been notably developed
for treating or preventing bacterial infections. Here, we generated mAbs to neutralize FimH, the
critical adhesin used by UPEC and K. pneumoniae to mediate UTI pathogenesis. We: i)
generated mAbs that define four classes of anti-FimH mAbs that bind to distinct FimH epitopes;
ii) identified cross-reactive mAbs with high affinity to E. coli and K. pneumoniae FimH; and iii)
characterized the most potent FimH blocking antibodies in a structural and functional analysis.
When we tested these mAbs in vivo, we found significant quantities of antibody could be
detected in the urine of mice after (but not prior to) infection, suggesting that mAbs penetrate the
urinary tract in the context of infection. Two Class 1 Kp and Ec mAbs (Kp1 2H04 and Ec1 F7)
significantly reduced bacterial titers in the bladder and kidneys when administered before UPEC
infection in a robust mouse model of UTI through direct inhibition of FimH function. This is in
contrast to previous studies suggesting that mAbs to the relaxed FimH conformation may
stabilize a high-affinity conformation thereby increasing affinity to the bladder (39, 40). These
data suggest that some mAbs, which bind outside the binding pocket to a high-affinity relaxed-
conformation by our structural analysis, inhibit FimH binding through steric hindrance
preventing access to the binding pocket.

In the bladder, FimH binds uroplakin Ia, which forms an oligomeric complex with other
uroplakin proteins in a dense crystalline lipid superstructure burying the mannose glycan deep in
the complex (47). The structure of uroplakin plaques requires FimH to reach into a tight spatial
pocket to bind mannose which may be sterically hindered by the binding of mAbs (Fig. S11).
However, this proposed mechanism does not preclude the additional possibility of stabilizing the
high-affinity conformation as shifting the conformational equilibrium towards the high-affinity
state via mutations can also result in virulence attenuation (20, 42, 43). Bacteria with low-affinity
tense-shifted FimH alleles may be able to evade vaccination or mAb therapy targeting the
relaxed FimH conformation; however, bacteria with tense-shifted FimH alleles are attenuated in
infection due to decreased ability to bind to the bladder epithelium (21, 42, 43). Nevertheless, the
highly variable ability of antibodies to bind to tense or relaxed states of FimH suggests that the
conformational equilibrium may provide an advantage in vivo by helping UPEC avoid antibodies
that effectively bind to only one of the two states. Notably, we did not identify a mAb that
directly binds to the FimH mannose-binding pocket, suggesting that vaccination of FimH in the
relaxed state may function by providing antibodies that sterically inhibit FimH rather than
directly blocking the mannose-binding pocket. Future studies are needed to determine the
antigenicity of a tense state FimH and if tense state-specific anti-FimH mAbs are effective at
protecting from UTL.

Our results show that FimH-inhibiting mAbs have promising antibiotic-sparing therapeutic
potential to treat both UPEC and K. pneumoniae UTlIs, lay the groundwork for identifying FimH
mAbs with increased efficacy, and provide a roadmap to leverage mAbs to inhibit other bacterial
uropathogenic CUP adhesins. While there have been few mAbs developed to treat bacterial
infection, mAbs directed at treating UTI could offer unique advantages over antibiotics since
they both avoid selection of antibiotic resistance and would have a sustained period of
effectiveness. These mAbs may be deployed effectively in patients with highly recurrent UTI,
who are often administered prophylactic antibiotics, or in hospital settings with high-risk UTI
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patients, such as patient populations requiring catheterization, in which UPEC and K.
pneumoniae can repeatedly colonize catheters over many months (44).
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Fig. 1. FimH mAbs bind to four distinct epitope classes. Structures of (A) E. coli FimHip
(PDB 1KLF), (B) K. pneumoniae FimHLp (PDB 9AT9), and (C) E. coli FmlHLp (PDB 6AOW).
Residue differences from E. coli FimHyp are highlighted in red. (D) ELISA ECso values for each
mADb to the listed protein. White cells with no values indicate ECso values were above the range
measured in the assay. (E) Epitope mapping of mAbs (top labels) to a panel of FimH mutants
(right labels). Binding classes were determined by shared residues that abrogated mAb binding
which are highlighted in purple on the surface of E. coli FimHLrp (above) (PDB 1KLF) and the
table (below).
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D
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F G

Fig. 2. Structural basis of FimH mAb protection. (A-E) Cryo-EM density maps of Fabs bound
to FimHrp. (A) Kpl 2H04 (teal), (B) Ecl F7 (cyan), (C) Kpl 2H04 and Ec1 F7 maps
5 superimposed on each other, (D) Kp2 2C07 (sand), and (E) Ec3 B7 (dark green) bound to

FimHLp (salmon). (F-I) The binding epitopes of the Fabs on FimHrp colored by the same color
scheme as panels A-E. Density map overlaid on model residue interactions of (J) Kpl 2H04
(cyan) with FimH P26 and (K) Ec3 B7 (dark green) with FimH Y64. mAb heavy chain residues
are labeled “HC” and light chain residues are labeled “LC”.
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Fig. 3. mAbs bind the relaxed conformation of FimH. (A) FimH mAb binding to UTI89
bacteria and (B) UTI89 overexpressing conformationally shifted FimH variants (n=3, error bars
represent SEM). (C) Representative binding curves of Kpl 2H04, Ec1 F7, and Kp2 2C07 Fab
binding FimHrp and FimGnreH. Results are from kinetic measurements of dilution series of one
experiment. (D) Observed BLI binding kinetics to Ec FimGnteH and Ec FimHrp. N.D. means
not determined due to the off rate being below the detection limit.
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Fig. 4. Relaxed-preferred mAbs can inhibit FimH binding. (A) Inhibition of FimHrp binding
to BSM at a 5:1 molar ratio of mAb to protein (n>3). (B) Inhibition of UTI89 guinea pig
erythrocyte hemagglutination (n>2). (C) mAb inhibition of FimHyp binding to C3H/HeN mouse
bladders. mAb was pre-incubated with FimHip at a 10:1 molar ratio. Sections were stained with
DNA dye Hoechst (blue), Ec or Kp FimHip (red) and antibody to uroplakin III (green). n=4-5
bladder sections with n=2 technical replicates.
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Fig. 5. FimH mAbs protect from E. coli UTI. (A) 6-7 week old C3H/HeN mice were
pretreated with 0.5 mg of mAb 24 h before infection with UTI89. (B) 24 hpi bladder and (C)
kidney titers (For 1B03 and 2E08 n=5 with 1 independent replicate, for B7 n=8 with 1
independent replicate, for 2C07 n=10 with 2 independent replicates, for control IgG, F7, 2H04,
1A02, 2E02 n=13-33 with three independent replicates). (D) IBC counts at 6 hpi (n=16 for
control IgG, n=14 for Kp1 2H04 with two independent replicates). Representative 5x
magnification images of IBCs (green) in splayed mouse bladders for (E) control IgG and (F)
Kpl 2HO04 treatments. Scale bar represents 200 um. 24 hpi bladder (G) and kidney titers (H)
from the prophylactic model testing control IgG, 2H04, and 2H04LaLarc (n=21 for control group,
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n=20 for 2H04, and n=19 for 2H04LaLaprc With three independent replicates). For D, a Mann-
Whitney U test was used to evaluate statistical significance. For B, C, G, and H statistical
comparisons were made using Kruskal-Wallis test (nonparametric ANOVA) with Dunn’s
comparisons to the control group correcting for multiple comparisons. * P<0.05, **P<0.01, ***
P<0.0001., ****P<0.00001.
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