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Monoclonal antibodies targeting the FimH adhesin
protect against uropathogenic E. coli UTI
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As antimicrobial resistance increases, urinary tract infections (UTls) are expected to pose an increased burden
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in morbidity and expense on the health care system, increasing the need for alternative antibiotic-sparing
treatments. Most UTIs are caused by uropathogenic Escherichia coli (UPEC), whereas Klebsiella pneumoniae
causes a large 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 monoclo-
nal antibodies (mAbs) to FimH. Three 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 by
recognizing a high-affinity FimH conformation. Our data reveal that FimH mAbs hold promise as an antibiotic-

sparing treatment strategy.

INTRODUCTION

Urinary tract infections (UTIs) affect over 400 million individuals
worldwide yearly (I, 2), leading to $2.8 billion in health care 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). Furthermore, 27% of all sepsis cases
can be traced to urinary origin (5). This is aggravated by the in-
creased prevalence of multidrug-resistant uropathogens (6), such
as uropathogenic Escherichia coli (UPEC), responsible for 70 to
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 (10).
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 extra-
cellular 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 umbrel-
la 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 (11-18). FimH is a two-
domain protein with an N-terminal lectin domain containing a
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deep binding pocket that recognizes mannose with stereochemical
specificity (19) 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 de-
forms 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 toward the tense low-binding conformation, explaining its
poor mannose-binding properties despite an identical mannose-
binding site (21).

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 com-
mon UTI pathogens with a FimH targeted therapeutic (22, 23). The
effectiveness of FimH vaccination is associated with antibody re-
sponses that inhibit FimH binding (24, 25). Here, we characterized
monoclonal antibodies (mAbs) from mice immunized with E. coli
and K. pneumoniae FimH lectin domains and found cross-reactive
antibodies that bind to four distinct FimH structural epitopes
(Classes 1 to 4), which block FimH binding in vitro. Using cryo-
electron microscopy (cryo-EM), we found that the mAbs are selec-
tively bound to the epitopes displayed in the high-affinity relaxed
conformation of FimH. Using binding studies and mouse UTI mod-
els, we identified Class 1 mAbs that blocked FimH binding to man-
nose 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.
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RESULTS

FimH_p mAbs can cross-react with E. coli and

K. pneumoniae FimH

Female C57BL/6] mice were immunized with the lectin domain trun-
cates of FimH (FimH) p) 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)
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that bound the respective FimHj, (referred to as Ec and Kp mAbs,
respectively). The FimH p structures of E. coli and K. pneumoniae are
highly homologous [root mean square deviation (RMSD) = 0.420]
with an 86% amino acid sequence identity, including an identical
binding pocket (Fig. 1, A and B, and fig. S1). By enzyme-linked im-
munosorbent assay (ELISA), most mAbs bound to their respective
FimHj p antigen with half-maximal effective binding concentrations
(ECsp) ranging from 8 to 50 ng/ml, whereas some bound more weak-
ly with ECs values from 50 to 751 ng/ml (Fig. 1D). Half (4 of 8) of the
Ec mAbs also reacted with K. pneumoniae FimH|p, and 80% (20 of
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Fig. 1. FimH mAbs bind to four distinct epitope classes. Structures of (A) E. coli FimH.p (PDB 1KLF), (B) K. pneumoniae FimH.p (PDB 9AT9), and (C) E. coli FmIH,p (PDB
6A0W). Residue differences from E. coli FimHyp are highlighted in red. (D) ELISA ECsq values for each mAb to the listed protein. White cells with no values indicate ECsg
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 in the table (bottom). Epitope residues representing a majority of mAbs within an epit-
ope class are colored in purple on the surface of E. coli FimHyp (top) (PDB 1KLF). Black arrows on structures indicate the binding pocket.
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25) of Kp mAbs reacted with E. coli FimHjp. Furthermore, eight
mADbs (two Ec and six Kp mAbs) that reacted with both FimH anti-
gens also bound with high affinity to a third structurally similar
(RMSD = 0.699 to Ec FimH) E. coli adhesin, FmlH lectin domain
(FmlH;p), an adhesin that binds to exposed galactose residues on
bladder tissue during chronic cystitis infections (27) (Fig. 1, C and D,
and fig. S1).

FimH_p mAbs bind diverse epitopes

To determine the structural regions of FimH; p that were recognized
by each mADb, we generated a mutant library consisting of 44 surface-
exposed mutations to bulky charged residues across the lectin do-
main 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 de-
fined 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 FimH| p
and FmlIHj p. 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 that they bind to
the base of the lectin domain. Class 2 mAbs (four Kp mAbs) bound
to E. coli and K. pneumoniae FimHj p but did not react with FmlIHj p,
consistent with the sequence differences between E. coli FimHj p and
E. coli FmlHjp (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 FimH|p body between
the base of the binding clamp loop and basal swing loop. A majority
of Class 3 mAbs (two Ec mAbs and three Kp mAbs) bound to both
E. coli and K. pneumoniae FimH;| p but not to FmlH p. Class 3 mAbs
were unable to bind to Class 3 epitope residue mutants S62K, Y64D,
V67D, E89K, K121D, V128D, V145D, and V155D in E. coli FimH,
suggesting that they bind below the binding pocket to the opposite
lateral side of the FimH;p body from the Class 2 epitope, covering
regions on P sheet B below the clamp loop and peripheral o helix.
Class 4 mAbs (two Ec mAbs) were only able to bind E. coli FimHj
and not to K. pneumoniae FimH;p or E. coli FmlH;p and were un-
able 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 FimHjp. Five Kp mAbs were not
mapped as they did not bind E. coli FimH. Thus, immunization of
E. coli and K. pneumoniae FimH] p antigens generated mAbs bound
to four unique surfaces (Class 1 to 4 epitopes) on E. coli FimH. Below,
mAb nomenclature denotes the epitope class recognized by the mAb
after the Ec or Kp designation. Kp FimH;p mAbs whose epitopes
could not be determined are left unnumbered.

Structural basis of FimH mAb recognition

The structural basis of Class 1 to 3 mAbs binding to FimHj, was de-
termined by cryo-EM of FimCH complexed with fragment antigen-
binding regions (Fabs) of Kp1 2H04, Ecl F7, Kp2 2C07, and Ec3 B7
(Fig. 2 and figs. S2 to S4). In each case, we identified density corre-
sponding to the Fab-FimH; p complex; however, because of the inter-
domain flexibility of FimH in the relaxed state, we were unable to
detect the density of the FimH pilin domain and FimC chaperone.
The observed interaction between FimH;p and Fabs confirmed and
extended the epitope mapping described above. The structural basis
of Kp1 2H04 Fab and Ec1 F7 Fab binding to Class 1 epitope of FimH
revealed that they both interacted with the FimH;p swing loop and
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linker regions (Class 1 epitope residues A24 to N29 and N151 to
T158) and coordinated multiple aromatic residues around FimHjp
Class 1 residue P26 (Fig. 2, A to C, E, G, and J, and fig. S4). However,
Kpl 2H04 and Ecl F7 Fabs bound to the E. coli FimHj p at differing
angles. Ecl F7 Fab was rotated ~20° relative to Kp1 2H04 Fab bound
to FimH; p (Fig. 2C and fig. S4). The structure of the Class 2 Kp2 2C07
Fab-FimH; p complex revealed strong binding to the Class 2 epitope
residues Y21 to A27 and N151 to D153 (Fig. 2, D and H). Class 3 Ec3
B7 Fab bound to p sheet B of E. coli FimH including Class 3 residue
Y64 (Fig. 2, I and K), which has been identified as a “toggle switch”
between tense and relaxed FimH conformation, with the residue un-
dergoing a major solvent-accessible surface area change in the confor-
mational 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
mAD binding in the epitope mapping (Fig. 1E). Together, the high-
resolution cryo-EM structures identified critical FimH interactions of
the mAD 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 FimHyp, particularly Classes 1
to 3, are in regions that vary extensively between tense and relaxed
conformational states (29) (fig. S1 and table S1). Thus, we investi-
gated whether the conformational dynamics influence the epitopes
recognized by Class 1 to 4 mAbs by measuring binding to FimH-
tipped piliated E. coli bacteria using ELISA. Class 1 mAbs displayed
the highest reactivity, whereas Class 2 to 4 mAbs displayed greatly
diminished reactivity to FimH tipped type 1 pili of E. coli (Fig. 3A).
Thus, we tested Class 1 to 4 mAbs against E. coli expressing confor-
mational FimH variants. A majority of mAbs from Classes 1 to 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 ex-
pression as measured by Western blot (Fig. 3B and fig. S5). To inves-
tigate binding of the highest affinity Class 1 and 2 mAbs to FimH in
a tip-like state, we used biolayer interferometry (BLI) to measure
binding to recombinant FimH. We prepared “tip-like” recombinant
full-length FimH by incubating E. coli FimCH with the N-terminal
extension (Nte) peptide of FimG resulting in a donor strand ex-
change reaction where the FimG Nte displaces the FimC chaper-
one to produce E. coli FimGpH complex that samples dynamic
conformations like that of FimH tipping type 1 pili (20). Class 1 and
2 mAbs had varied binding affinity to E. coli FimGyH, with koy
rates lower than binding to E. coli FimH (ko rates between 2 X 10*
to1x10° M Ls™h (Fig. 3, C and D, and figs. S6 and S7). This find-
ing indicated that Class 1 and 2 mAbs had a binding preference for
the relaxed FimH conformation likely due to FimHjp being the im-
munizing antigen. Allosteric lectin-pilin domain interactions are
necessary for formation of the tense conformation (20). Thus, the
FimHj p truncate, which lacks a pilin domain, is primarily in the
relaxed conformation.

FimH_p mAbs inhibit FimH mannosylated protein binding
The structural analysis showed mAbs recognizing epitopes near the
mannose-binding pocket, suggesting that mAbs may interfere with
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Fig. 2. Structural basis of FimH mAb protection. (A to E) Cryo-EM density maps of Fabs bound to FimHyp. (A) Kp1 2HO04 (teal), (B) Ec1 F7 (cyan), (C) Kp1 2H04 and Ec1 F7
maps superimposed on each other, (D) Kp2 2C07 (sand), and (E) Ec3 B7 (dark green) bound to FimHyp (salmon). (F to I) Binding epitopes of the Fabs on FimH\p colored by
the same color scheme as (A) to (E). Density map overlaid on model residue interactions of (J) Kp1 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"" Black arrows on structures indicate the FimH mannose-binding pocket.
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Fig. 3. mAbs bind the relaxed conformation of FimH. FimH mAb binding to (A) UTI89 bacteria and (B) UTI89 overexpressing conformationally shifted FimH variants
(n = 3; error bars represent SEM). (C) Representative binding curves of Kp1 2H04, Ec1 F7, and Kp2 2C07 Fab binding FimH,p and FimGyreH. Results are from kinetic mea-
surements of dilution series of one experiment. (D) Observed BLI binding kinetics to Ec FimGyreH and Ec FimHp. N.D. means not determined due to the off rate being

below the detection limit.

FimH binding. Thus, FimH;p mAbs were tested for their ability to
block E. coli and K. pneumoniae FimHpp binding to highly manno-
sylated glycoprotein bovine submaxillary mucin (BSM). At a 5:1
molar ratio of mAb to FimHj p, assays measuring mAbs that inhibit
binding to BSM in ELISAs ranged from no inhibition to 85% inhibi-
tion compared to untreated control (Fig. 4A). Only eight mAbs
(representing epitope Classes 1 to 3) inhibited both FimHp pro-
teins at greater than 50% at a 5:1 molar ratio. We selected mAbs
from Classes 1 to 3 from both E. coli and K. pneumoniae antigens
with the highest inhibition to FimHjp 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 hemagglutina-
tion of guinea pig erythrocytes. When present in high concentrations
(17 pM), we found that all mAbs tested can inhibit hemagglutina-
tion with more potency than a-p-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 Kp1 2H04 to further test for ability to block

Lopatto et al., Sci. Adv. 11, eadw0698 (2025) 20 June 2025

FimH;p 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 FimHyp protein, Ec FimH;p and
Kp FimH;p mixed with control IgG bound strongly to the bladder
epithelial cells. However, Kpl 2H04 mAb treatment completely
blocked Ec FimHjp and Kp FimHj p binding to mouse bladder tis-
sue (Fig. 4, C and D).

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 to 3 mAbs Ec1
F7, Kpl 2H04, Kpl 1A02, Kpl 2E02, Kpl 1B03, Kpl 2E08 mAbs,
Kp2 2C07, and Ec3 B7 mAb for these assays because they bind with
high-affinity to tip-like FimH, inhibit bacterial E. coli FimH binding,
and represent three epitope classes from E. coli and K. pneumoniae
FimH antigens. Each mAb was administered via intraperitoneal injec-
tion at 0.5 mg per mouse 24 hours before infection with E. coli UTI89.
Bladder and kidney titers were enumerated 24 hours postinfection
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Fig. 4. Relaxed-preferred mAbs can inhibit FimH binding. (A) Inhibition of FimHp 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). Kp1 2H04 mAb inhibition of (C) Ec FimH,p and (D) Kp FimHp binding to C3H/HeN mouse bladders. mAb was preincu-
bated with FimHp at a 10:1 molar ratio. Sections were stained with DNA dye Hoechst (blue), Ec or Kp FimHp (red), and antibody to uroplakin Il (green). n =4 to 5 bladder

sections with n = 2 technical replicates.

(hpi) (Fig. 5A). There was no detectable IgG in urine before infec-
tion (24 hours after intraperitoneal injection of mAbs), but mAbs
were detected in the bladder ~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, Kp1 2H04, and Kp1 1A02), resulted in sig-
nificantly decreased bladder titers (~1 log; P < 0.05) and two Class 1
mAbs (Ecl F7 and Kpl 2H04) also significantly decreased kidney
titers (~0.5 log; P < 0.05) (Fig. 5, B and C). The effect of prophylactic
administration of Kpl 2H04, one of the strongest inhibitors of blad-
der titers at 24 hpi, on formation of intracellular bacterial communi-
ties (IBCs) at 6 hpi was assessed. Kpl 2H04 significantly decreased

Lopatto et al., Sci. Adv. 11, eadw0698 (2025) 20 June 2025

the amount of bladder IBCs compared to the control IgG at 6 hpi
(Fig. 5, D to F).

To test whether immune system signaling functions associated with
the fragment crystallizable (Fc) region of mAbs were needed for pro-
tection, we created a LALAPG Fc variant of Kpl 2H04 (2H04 A1apG);
which inhibits the ability of the mAb to bind Fc receptors or fix com-
plement (31). 2H04, o1apG had a comparable binding affinity to Fim-
Hip as 2H04 when assayed by ELISA (fig. S9). When tested in the
prophylactic model, 2H04; zpapg inhibited UTI89 infection to the
same degree as Kp1 2H04 in the bladder and kidney (Fig. 5, G and H),
suggesting that Kp1 2H04 prevents infection primarily by directly in-
hibiting FimH rather than through Fc receptor functions. To further
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Fig. 5. FimH mAbs protect from E. coli UTI. (A) Six- to 7-week-old C3H/HeN mice were pretreated with 0.5 mg of mAb 24 hours before infection with UTI89. ip, intraperitoneal.
(B) 24 hpi bladder and (C) kidney titers (for Kp1 1B03 and Kp1 2E08, n = 5 with one independent replicate; for Ec3 B7, n = 8 with one independent replicate; for Kp2 2C07,n =10
with two independent replicates; and for control IgG, Ec1 F7, Kp1 2H04, Kp1 1A02, and Kp1 2E02, n = 13 to 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) Kp1 2H04 treatments. Scale bars, 200 pm. 24 hpi bladder (G) and kidney titers (H) from the prophylactic model testing control IgG, Kp1 2H04, and Kp1 2H04 A apc (n = 21 for
control group, n = 20 for Kp1 2H04, and n = 19 for Kp1 2H04, a apc With three independent replicates). For (D), the bar graph represents the median with error bars of 95%
confidence interval and a Mann-Whitney U test was used to evaluate statistical significance. For (B), (C), (G), and (H), bar graphs represent geometric means with error bars of SD
and statistical comparisons were made using the Kruskal-Wallis test [nonparametric analysis of variance (ANOVA)] with Dunn’s comparisons to the control group correcting for
multiple comparisons. n.s., not significant; *P < 0.05; **P < 0.01; ****P < 0.00001. The schematic in (A) was created in BioRender. E.D.B.L. (2025), https://BioRender.com/a40t157.
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test this, we repeated the prophylactic model but monitored the in-
fection over 14 days. Kp1l 2H04 treated mice resulted in lower urine
and bladder titers over the 14 days. Still, this difference did not in-
crease over time despite detectable amounts of mAb in the serum
and bladder homogenates up to 14 days postinfection; however,
this infection model may lack the resolution necessary to distinguish
these titer differences as a portion of mice can naturally resolve infec-
tion in 2 weeks (fig. S10). These results suggest that the primary
mechanism of the mAb is blocking initial FimH attachment to the
bladder epithelium.

DISCUSSION

Carbapenem-resistant Enterobacteriaceae (CRE) and extended-
spectrum beta-lactamase (ESBL) producing Enterobacteriaceae are
listed as urgent and serious threats by the US Centers for Disease
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 exception-
al 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 anti-
bodies in a structural and functional analysis. When we tested these
mAbs in vivo, we found that 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 (Kpl 2H04 and Ecl 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 con-
trast 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.

FimH mAbs were tested in a prophylactic administration model
to represent a probable clinical use of efficacious mAb administra-
tion. One population where prophylactic administration of FimH
mAbs may be particularly advantageous is patients who are highly
susceptible to UTIs, such as patients with a history of recurrent
UTIs and catheterized patients. This represents a large patient popu-
lation as between 20 and 30% of all women who get an initial UTI
will suffer from a recurrent UTI and catheter-associated urinary
tract infections account for up to 40% of all hospital-acquired infec-
tions (41-44). In the murine challenge model used in this study, the
bladder was directly inoculated with a large amount of UPEC [10°
colony-forming units (CFUs)] and preadministration of the mAbs
resulted in an ~1.5 log (>95%) decrease in bladder colonization. In
the context of patients, UTIs are likely seeded from much less bacte-
ria, suggesting that protection from FimH mAbs in clinical popula-
tions may be more efficacious. Our results suggested that the mAbs
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inhibit FimH binding leading to protection as protection was Fc
independent. After initial FimH-mediated attachment to the blad-
der epithelium, UPEC and K. pneumoniae invade the bladder cells
and form persistent IBCs, which are difficult to treat (45). Although
these communities can flux out of the cell and use FimH to invade
neighboring cells, UPEC and K. pneumoniae use many other viru-
lence factors involved in IBC formation and infection persistence
(27, 46-48). Thus, whereas FimH mAbs prevented IBC formation
and were detectable in the bladder for 2 weeks, treatment of estab-
lished UTI with FimH mAbs may prove more difficult.

In the bladder, FimH binds uroplakin Ia, which forms an oligo-
meric complex with other uroplakin proteins in a dense crystalline
lipid superstructure burying the mannose glycan deep in the com-
plex (49). The structure of uroplakin plaques requires FimH to reach
into a tight spatial pocket to bind mannose. One speculative model
for binding inhibition in the bladder is steric hindrance by the bind-
ing of mAbs preventing FimH from reaching the mannose on uro-
plakin (fig. S11). In addition, this steric hindrance model may apply
to FimH binding of BSM and erythrocytes in our assays, which can
be heavily glycosylated and, for BSM, are prone to dense aggrega-
tion; however, the atomic modeling of FimH binding to these sub-
strates is less well known. This proposed mechanism does not
preclude the additional possibility of stabilizing the high-affinity
conformation as shifting the conformational equilibrium toward the
high-affinity state via mutations can also result in virulence attenua-
tion (20, 50, 51). Although we did not observe a shift to higher affin-
ity in in vitro binding assays, we cannot rule out that allosteric
effects on the FimH conformational equilibrium from the mAbs
may contribute to protection. Bacteria with low-affinity tense-
shifted FimH alleles may be able to evade vaccination or mAb ther-
apy 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, 50, 51). Nev-
ertheless, 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
whether tense state-specific anti-FimH mAbs are effective at pro-
tecting from UTL

Our results show that FimH-inhibiting mAbs have promising
antibiotic-sparing therapeutic potential to treat both UPEC and
K. pneumoniae UTIs, lay the groundwork for identifying FimH
mAbs with increased efficacy, and provide a roadmap to leverage
mAbs to inhibit other bacterial uropathogenic CUP adhesins. Al-
though there have been few mAbs developed to treat bacterial
infection, mAbs directed at treating UTI could offer unique advan-
tages over antibiotics because they both avoid selection of antibi-
otic 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 antibi-
otics, or in hospital settings with patients with high-risk UTIL, such
as patient populations requiring catheterization, in which UPEC
and K. pneumoniae can repeatedly colonize catheters over many
months (52).

80of13

G202 ‘€z 8unr uo 610°80us 105" MMM//:SANY LWOoJ) pepeojumod



SCIENCE ADVANCES | RESEARCH ARTICLE

MATERIALS AND METHODS

Protein generation, purification, and bacterial strains
FimCH, FimHjp, and FmlH lectin domain truncated proteins were
purified as previously described (21, 27, 50, 53). Bacterial strains used
for this study, including those used in protein expression, are listed in
table S2. Briefly, proteins were expressed and isolated from crude
periplasmic preparations using affinity chromatography. In vitro
donor strand exchange using the FimGnrg peptide was performed
and purified as previously published (20). FimHjp, labeled with the
EZ-Link NHS-PEG4 Biotinylation Kit (Thermo Fisher Scientific,
catalog no. A39259) or Alexa Fluor 647 with NHS Ester conjugation
(Invitrogen, catalog no. A20006) was generated according to the
manufacturer’s instructions. Surface topology diagram of FimH was
generated using PDBsum (54).

Mouse immunization for mAb generation

All procedures involving animals were performed in accordance with
the guidelines of the Institutional Animal Care and Use Committee
(IACUC) of Washington University in Saint Louis. Female 6- to
7-week-old C57BL/6] mice (the Jackson Laboratory, catalog no. 000664,
RRID:IMSR_JAX:000664) were immunized intramuscularly with
30 pg of E. coli FimHyp or 25 pg of K. pneumoniae FimHyp emulsi-
fied with AddaVax (InvivoGen; catalog no. ac-adx-10). Four weeks
later, mice were boosted with a second dose of FimH;p emulsified
with AddaVax. One control mouse received phosphate-buffered sa-
line (PBS) emulsified with AddaVax according to the same schedule.
Draining iliac and inguinal lymph nodes were harvested 5 days after
the boost for plasmablast sorting.

Cell sorting for mAb generation

Staining for sorting was performed using fresh lymph node single-cell
suspensions in PBS supplemented with 2% fetal bovine serum (FBS)
and 1 mM EDTA (P2). Cells were stained for 30 min on ice with
CD138-BV421 (281-2, 1:200), CD4-PerCP (GK1.5, 1:100), CD19-PE
(6D5, 1:200), B220-PE-D594 (RA3-6B2, 1:200), CD38-PE-Cy7 (90,
1:200), Fas-APC (SA367HS8, 1:400), IgD-APC-Cy7 (11-26¢.2a, 1:100),
and Zombie Aqua (all BioLegend) diluted in P2. Cells were washed
twice, and single plasmablasts (B220lo CD138+ IgDlo CD19+ CD4—
live singlet lymphocytes) were sorted using a FACSAria II into 96-well
plates containing 2 pl of lysis buffer (Clontech, catalog no. 420301)
supplemented with RNase inhibitor (1 U/pl; NEB, catalog no. M0314L)
and immediately frozen on dry ice.

mAb and Fab generation

Antibodies were cloned as previously described (26, 55). In brief, VH,
V¥, and VA genes were amplified by reverse transcription polymerase
chain reaction (RT-PCR) and nested PCR from singly sorted plasma-
blasts using cocktails of primers specific for IgG, IgM/A, Igk, and Igh
using first-round and nested primer sets (26, 55-57) (table S3) and
then sequenced. Clonally related cells were identified by the same
length and composition of IGHV, IGH]J, and heavy chain CDR3
and shared somatic hypermutation at the nucleotide level. To gener-
ate recombinant antibodies, heavy chain V-D-J and light chain V-]
fragments were PCR amplified from first-round PCR products with
mouse variable gene forward primers and joining gene reverse prim-
ers having 5’ extensions for cloning by Gibson assembly as previ-
ously described (58) (table S3) and were cloned into pABVec6W
antibody expression vectors (59) in frame with either human IgG,
IgK, or IgL constant domain. Sequences for variable heavy and light
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chain variable regions of these mAbs are listed in table S6. Plasmids
were cotransfected at a 1:2 heavy chain-to-light chain ratio into
Expi293F cells (RRID:CVCL_D615) using the Expifectamine 293
Expression Kit (Thermo Fisher Scientific; catalog no. A14525), and
antibodies were purified with protein A agarose (Goldbio, catalog no.
P-400-50). For monovalent Fab generation, the VH segment of se-
lected antibodies was cloned into a Fab expression vector with a
thrombin cleavage site preceding a 6xHis tag by GenScript. Fab and
light chain plasmids were cotransfected into Expi293F cells for ex-
pression and purified with HisPur Ni-NTA resin (Thermo Fisher
Scientific, catalog no. 88222). For controls in experiments, IgG mAb
2B04, specific for SARS-CoV-2 (severe acute respiratory syndrome
coronavirus 2) receptor binding domain (55), was used.

Enzyme-linked immunosorbent assays

To generate ELISA binding curves to FimH;p and FmlH; p adhesin
truncates, plates were first coated with the antigen (0.1 pg/ml) over-
night. Plates were washed once with PBS supplemented with Tween
20 (PBS-T; 0.05%) and blocked for 2 hours with PBS-T with 10%
FBS. mAbs were serially diluted starting at 30 pg/ml and added to the
plate to bind for 1 hour. Plates were washed 3x in PBS-T. mAb bind-
ing was detected with anti-human IgG (Jackson ImmunoResearch,
1:2500 dilution, catalog no. 109-035-088, RRID:AB_233758) for
1 hour before washing three times in PBS-T and developed with O-
phenylenediamine dihydrochloride in citrate buffer (Sigma-Aldrich).
Reactions were quenched with 1 M HCI, and absorbance was read
at 490 nm. Results reported are representative of three or more
biological replicates.

To measure inhibition of FimHj p binding, plates were coated with
BSM (10 pg/ml) overnight. Plates were blocked for 2 hours with 1x
PBS with 1% bovine serum albumin (BSA). FimH;p (2.5 pg/ml) was
mixed with a serial curve of mAbD (to ensure dose-dependent inhibi-
tion) for 1 hour. FimH; p mAb mixtures were then added to the plate
to let bind for 1 hour at room temperature. Plates were washed three
times with PBS-T and incubated with anti-streptavidin-horseradish
peroxidase (HRP) (BD Pharmagen, catalog no. 554066) for 1 hour
before washing three times with PBS-T and development with 3,3/,
5,5" tetramethylbenzidine (TMB) substrate (BD Pharmagen, catalog
no. 555214). Reactions were quenched with 1 M H,SO4, and absor-
bance at 450 nm was recorded. Results reported are average of three
or more biological replicates.

For measurements of the reactivity of mAbs to bacteria, bacteria
were grown statically 2x24 (grown for 24 hours and subcultured
1:1000 for another 24 hours of growth period) in LB and normalized
to ODggo (optical density at 600 nm) = 1.0 in 1x PBS. Bacteria (100 pl)
were added to the plate, spun down for 5 min at 3000 rcf, and allowed
to bind for 1 hour. The supernatant was decanted and formalin (10%)
was added to the wells to fix bacteria for 10 min. Plates were washed
3x in PBS-T and then assayed and developed with the same protocol
as the ELISA binding curves to adhesin truncates. Results reported
are average of three or more biological replicates.

To measure levels of humanized IgG (mAbs) in serum, urines,
and bladder homogenates, plates were coated with diluted 1:100 se-
rum, 1:10 mouse urine, or 1:2 bladder homogenates along with a
standard curve of hIgG isotype overnight at 4°C. Plates were then
blocked for 2 hours at room temperature with 1x PBS with 1%
BSA. Then, plates were washed three times with PBS-T. To measure
hlgG levels, plates were then incubated with 1:10,000 dilution of
goat anti-human IgG H&L (HRP) preabsorbed IgG (Abcam, catalog
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no. ab97175, RRID:AB_10680841) for 1 hour at room temperature.
For plate development, TMB substrate reagent was added and incu-
bated for ~5 min at room temperature. Reactions were quenched
with 3 M HCI, and absorbance at 450 nm was recorded. Results
reported are average of three or more biological replicates.

Generation of FimH surface mutants

Surface FimH (J96) mutants were generated via one-step muta-
genesis (60) using a pPBAD33.1 vector plasmid encoding for FimH
(J96 strain) template, Pfu Ultra HF polymerase (Agilent, catalog no.
NC9666083), and the primers listed in table S5. After PCR amplifi-
cation, reactions were digested with Dpnl (NEB Biolabs, catalog no.
R0O176S) to remove the original template from the reaction prod-
ucts. PCR products were transformed into E. coli DH5a for ligation.
Plasmids confirmed by Sanger sequencing were then transformed
into the E. coli C600 Afim expression strain.

Epitope mapping

Epitope mapping of FimH mAbs to E. coli FimCp;H was per-
formed using a modified ELISA technique. The E. coli strain C600
Afim, carrying pBAD33 plasmids encoding FimH mutants and a
ptrc99a plasmid encoding FimC;s, were grown in LB to an OD of
0.6 to 0.8 and then induced with 0.1 mM IPTG (isopropyl-f-p-
thiogalactopyranoside) and 0.05% arabinose for 1 hour. Cells were
harvested, and periplasm extracts containing FimCy;H variants were
obtained (53). FimCp;H periplasmic extracts were titrated using
anti-FimH sera to normalize the amount of FimH. Normalized
FimCy;H periplasm was used to coat plates for 1 hour at room
temperature. Plates were blocked for 2 hours with 1x PBS with 1% BSA,
and mAbs [0.1 pg/ml, except if low-binding mAb 2A02 (1 pug/ml)
was used] were allowed to bind for 1 hour. Plates were washed in
1x PBS-T before detection with anti-human IgG (Jackson Immu-
noResearch, 1:1000 dilution) and developed with TMB substrate
(BD Pharmagen) and H,SO; as outlined above. mAb binding to each
FimCp;H mutant was normalized to wild-type (WT) FimCy;H
binding. Variants that decreased binding below 17% of WT binding
and clustered together on the structure of FimH;p (three or more
residues) were considered an epitope. The 17% cutoff was chosen as
this gave distinct structural cluster groupings and larger cutofs re-
sulted in more nonclustered mutant hits on the FimH;p structure.
Epitope mapping was repeated three independent times. Mapping data
were visualized and clustered (one-minus Pearson correlation) in
Morpheus (https://software.broadinstitute.org/morpheus).

Western blotting

Western blotting to detect FimA in bacterial lysates was performed
as previously published (21). Bacteria grown 2x24 statically was nor-
malized to ODgyo = 1.0 and were acid treated with HCl and boiled to
disrupt FimA DSE interactions. To measure FimA, rabbit antitype 1
pili (1:2000) was used. A secondary antibody of goat anti-rabbit-HRP
(1:10,000, KPL, catalog no. 5220-0336, RRID:AB_2857917) was used
to detect followed by development with SuperSignal West Femto
Maximum Sensitivity Substrate (Thermo Fisher Scientific, catalog no.
34579). Images were obtained on a Bio-Rad ChemiDoc system. A
colorimetric image (to view the protein size ladder) was overlaid on
the chemiluminescent image (detection signal) to mark the approxi-
mate size of the band in the figure reported in this study, which is
representative of three independent biological replicates.
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BLI studies

Kinetic binding studies were performed on an Octet Red instrument
(ForteBio). Avi-tag biotinylated Fabs were loaded up to 2.5 nm onto
Streptavidin sensor tips (Sartorius) that were preequilibrated in Hepes-
buffered saline with 0.05% Tween 20 and 1% BSA (kinetic buffer A).
Diluted antigens (Ec FimHp and Ec FimGyH) were monitored
for 200 s of association and 600 s of dissociation in kinetic buffer
A. Loaded sensor tips dipping in kinetic buffer A were used as refer-
ence sensors. Reference-subtracted kinetic traces were used to calcu-
late kinetic rate constants (kon and kog) and equilibrium dissociation
rate constant (Kp) using a Langmuir 1:1 binding model. Resulting
binding traces and fits were plotted with GraphPad Prism v10.

Hemagglutination inhibition assay

E. coli guinea pig erythrocyte hemagglutination inhibition assays
were performed as previously described (61). Briefly, mAbs were
serially diluted in microtiter plates, and 25 pl of bacterial suspension
(serially diluted from ODggo = 10.0 in 1x PBS) was added to each well.
After incubation for 10 min at room temperature, 25 pl (ODg49 = 2.0)
of guinea pig erythrocytes in 1x PBS was added for a final volume of
50 pl. The plates were incubated at 4°C overnight. For each mAb con-
centration, the hemagglutinin (HA) titer was defined as the greatest
dilution of bacteria that caused hemagglutination.

Cryo-EM data collection and analysis

Fab and FimCH protein were mixed at a ratio of 1.2:1 and dialyzed
into 20 mM Hepes (pH 7.5) with 50 mM NaCl. Complexes were flash
frozen on EM grids in liquid ethane using an FEI Vitrobot (Thermo
Fisher Scientific) and imaged on Titan Krios (2H04 complex) or
Glacios (F7, B7, and 2C07 complexes) microscopes using a Falcon
4 electron detector (Thermo Fisher Scientific). Movies were pro-
cessed in Cryosparc v4.4.1 (62, 63), and particles were picked using
Topaz (64). Densities were postprocessed using DeepEMhancer (64)
for model building. The collection parameters and workflow are de-
scribed in more detail in fig. S3. Initial Fab models were built using
homology models in SwissModel (65). The FimH|p model was gen-
erated by trimming and threading the UTI89 FimH sequence on
Protein Data Bank (PDB) 1KLE Rough models were initially docked
in ChimeraX (66) before multiple rounds of real-space refinement in
Phenix v1.20.1 (67) with manual editing in COOT v0.9.6 (68). Re-
finement statistics are shown in table S4.

Immunofluorescence studies

Seven- to 8-week-old female C3H/HeN mice (Envigo) bladders were
fixed in formalin, embedded in paraffin, and sectioned. Tissue sections
were heat deparaffinized and rehydrated in xylene, followed by step-
wise hydration in 100% ethanol, 90% ethanol, 75% ethanol, and
50% ethanol to 30% ethanol (each step having a 5-min incubation
in fresh solution). Slides were rinsed in 1x PBS followed by block-
ing solution (1x PBS with 5% FBS). Primary mouse antibody to uro-
plakin IIla (Thermo Fisher Scientific, 1:50, catalog no. 6901088,
RRID:AB_2904126) was allowed to bind overnight at 4°C. Slides were
washed in 1x PBS, and a secondary anti-mouse Alexa Fluor 488 anti-
body (Invitrogen, 1:1000, catalog no. A21202, RRID:AB_141607) was
allowed to bind for 2 hours and then washed again. FimHjp-Alexa
Fluor 647 (588 nM) was mixed with mAb (6 pM) for 20 min at room
temperature in 1x PBS. FimH;p mADb mixtures were applied to the
section along with Hoechst DNA dye (8 pM) for 20 min at room

100f 13

G202 ‘€z 8unr uo 610°80us 105" MMM//:SANY LWOoJ) pepeojumod


https://software.broadinstitute.org/morpheus

SCIENCE ADVANCES | RESEARCH ARTICLE

temperature. The slides were washed again in 1x PBS and allowed
to dry. ProLong Gold Antifade Mountant (Invitrogen, catalog no.
P36930) was added, and slides were imaged using the confocal func-
tion of a Zeiss Cell Observer Spinning Disk Confocal Microscope with
a 10x air objective lens.

Splayed bladders were analyzed with a Zeiss Axio Observer D1 in-
verted fluorescence microscope equipped with an X-Cite120 mini LED
light source (Excelitis Technologies) and 4',6-diamidino-2-phenylindole
(DAPI), green fluorescent protein (GFP), DsRed, and Cy5 filter sets.
EC Plan-Neofluar [numerical aperture (NA) 0.075] 2.5X and EC
Plan-Neofluar (NA 0.15) 5X objectives (Zeiss), an Axiocam 503
color camera (Zeiss), and ZEN 2 (blue version) software were used
for image acquisition.

Mouse infection experiments

For acute and 2-week infection models, 7- to 8-week-old female
C3H/HeN mice (Envigo, catalo§ no. 040, RRID:IMSR_ENV:HSD-
040) were infected with 2 X 10> CFUs of UTI89 as previously de-
scribed (69). Intraperitoneal injections of mAb were given in 1x
PBS buffer 24 hours before infection. Urines were taken by clean
catch at specified time points. For obtaining serum, three to four
mice per treatment group were bled at specific time points during
the length of the experiment via a submental bleeding method. At
the conclusion of the experimental time points, mice were hu-
manely euthanized and bladder and kidney organs were homoge-
nized and tittered. For screening mAbs in the prophylactic infection
model with UTI89, if a phenotype was observed after one repli-
cate, the experiment was repeated an additional one to two times.
Sample sizes were informed from previous mouse studies (70, 71).
All studies were approved and performed in accordance with the
guidelines set by the Committee for Animal Studies at Washington
University School of Medicine under IACUC protocols 21-0341 and
21-0394 (IACUC Protocol Approval Animal Welfare Assurance
no. D16-00245).
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