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ABSTRACT Escherichia coli is one of the most frequent human pathogens, increasingly
exhibits antimicrobial resistance, and has complex interactions with the host immune
system. E. coli exposure or infection can result in the generation of antibodies specific for
outer membrane protein A (OmpA), a multifunctional porin. We identified four OmpA-
specific naturally occurring antibodies from healthy human donor B cells and assessed
their interactions with E. coli and OmpA. These antibodies are highly specific for OmpA,
exhibiting no cross-reactivity to a strain lacking ompA and retaining binding to both labo-
ratory and clinical isolates of E. coli in enzyme-linked immunosorbent assay (ELISA) and im-
munofluorescence assays. One monoclonal antibody (Mab), designated ECOL-11, is specific
for the extracellular N-terminal porin domain of OmpA and induces growth phase-specific
bacterial aggregation. This aggregation is not induced by the fragment antigen binding
(Fab) form of the MAb, suggesting the importance of bivalency for this aggregating activity.
ECOL-11 decreases adhesion and phagocytosis of E. coli by RAW 264.7 macrophage-like
cells, possibly by inhibiting the adhesion functions of OmpA. Despite this in vitro phenotype,
organ E. coli burdens were not altered by antibody prophylaxis in a murine model of
lethal E. coli septic shock. Our findings support the importance of OmpA at the host-patho-
gen interface and begin to explore the implications and utility of E. coli-specific antibodies
in human hosts.
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E scherichia coli is a versatile Gram-negative bacterial organism that can be a human
enteric commensal, a widely used laboratory reagent, and in some settings a dangerous

human pathogen. The latter of these is especially concerning because pathogenic E. coli fre-
quently exhibits antimicrobial resistance (AMR), even to the most advanced antibiotics in
clinical use. Carbapenem-resistant or extended-spectrum beta lactamase (ESBL)-producing
E. coli causes over 200,000 infections and more than 10,000 deaths annually in the United
States (1). These infections lead to extensive morbidity, mortality, and more than 1 billion USD
of excess health care costs annually (2). Treating E. coli infections and stopping the spread of
AMR bacteria require a multipronged approach involving public health containment, clinical
care improvement, and novel therapeutic strategies.

The utility of monoclonal antibodies (MAbs) as an antibacterial strategy has only recently
begun to be systematically evaluated, and yet, numerous groups have espoused the promise
of this class of therapeutics (3–7). Although interest in antibacterial MAbs has recently
increased, several MAbs have been tested in clinical trials with various degrees of suc-
cess, including MEDI4983 (8), 514G3 (9), and AR301 (10) against Staphylococcus aureus
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and MEDI3902 (11, 12) against Pseudomonas aeruginosa. MAbs to E. coli have not been
evaluated extensively, although previous work identified an outer membrane porin,
likely outer membrane protein A (OmpA), as a dominant antibody target following E. coli
infection (13–17). More recently, a murine MAb, 49.4-15, was identified that is specific for
E. coli OmpA (18). Multiple studies of OmpA protein variants as vaccine candidates have also
demonstrated the development of OmpA-specific humoral immunity in immunized animals,
although the usefulness of OmpA as a vaccine may be limited by the high level of conserva-
tion of ompA across commensal bacteria (19–22). It is evident that antibodies to E. coli are
induced in humans after infection, and the murine antibody studies suggest these human
antibodies may impact the virulence or pathogenesis of E. coli infection by targeting OmpA.

In this study, we identified and evaluated naturally occurring human MAbs that specifically
bind to OmpA. We investigated the binding of these antibodies to protein and intact bacteria
under various growth conditions and determined functional properties of MAb-OmpA binding
upon E. coli pathogenesis. We assessed the characteristics of this MAb against K-12 MG1655
and the well-characterized urinary tract isolate UTI89. Urinary tract infections represent a large
burden of disease caused by E. coli, and OmpA has been reported previously as important for
E. coli uropathogenesis (23, 24). This work provides a foundation for experiments to obtain a
better understanding of the interaction of E. coli outer membrane proteins and the human
immune system.

RESULTS
Isolation of human MAbs that bind to OmpA. Peripheral blood samples were col-

lected after written informed consent was obtained from healthy laboratory personnel work-
ing in microbiology research laboratories. Peripheral blood mononuclear cells (PBMCs) were
isolated by gradient fractionation and used to make human B cell hybridoma cell lines
secreting naturally occurring MAbs that bound to E. coli outer membrane fractions by ELISA.
Most MAbs were found to be of the IgG1 isotype, and the antibody variable gene sequences
were obtained and used to produce recombinant IgG1 proteins. If the native isotype was
not IgG1, we recombinantly produced and tested both the native isotype IgG as secreted by
the hybridoma cell line and the IgG that was isotype switched to IgG1. We also produced
recombinant LALA-PG Fc region-variant IgG proteins (which do not bind to mouse nor
human FcgR [25]), fragment antigen binding (Fab) variants (which only contain a single bind-
ing site instead of the paired binding arms of IgG MAbs), and rSTAU-228 IgG1 (a negative-
control antibody specific for Staphylococcus aureus IsdA [26]). To determine the antigen
specificity of these MAbs, they were assessed for binding to bacterial lysates of several
strains of E. coli, including strains in which the genes encoding the most common outer
membrane proteins (ompA, ompC, ompF, and lamB) were inactivated (27). Four MAbs bound
to BL21(DE3) wild type (WT) but not to BL21(DE3) DompA, indicating specificity for the gene
product OmpA (Fig. 1A). Furthermore, when we tested binding to a recombinant partial
OmpA protein that includes only the C-terminal periplasmic domain, three MAbs (rECOL-2,
rECOL-3, and rECOL-4) bound, but one (rECOL-11) did not. This result suggests that three of
four MAbs are specific for the C-terminal periplasmic domain of OmpA (OmpACTerm) and
that one of four MAbs is specific for the N-terminal porin domain (OmpANTerm). All MAbs
retain binding to lysates from both the laboratory strain E. coli K-12 and the clinical isolate E.
coli UTI89 (Fig. 1A). This degree of conserved binding is not surprising, as OmpA is generally
highly conserved in sequence. Most E. coli strains exhibit .90% OmpA identity, and the
three strains we tested differ only at three amino acid positions (Fig. 1B).

OmpANTerm MAb ECOL-11 binds whole E. coli. Having demonstrated the binding
of four MAbs to OmpA in bacterial lysates, we next sought to examine the capacity of these
MAbs to bind intact whole E. coli. Using bacteria cultured to mid-exponential phase or late sta-
tionary phase, we performed immunofluorescence imaging using human MAbs. OmpACTerm

MAbs, such as rECOL-4, did not stain E. coli of any growth phase. However, the OmpANTerm

MAb rECOL-11 stained exponential-phase K-12 E. coli (Fig. 2A) and strongly stained stationary-
phase K-12 E. coli (Fig. 2B). Binding to uropathogenic isolate UTI89 was also evident, but the
level of binding was inconsistent (Fig. 2C). To evaluate potential causes of differential binding,
we assessed the expression of OmpA across multiple time points. mRNA transcripts for OmpA
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FIG 1 rECOL MAbs bind to the conserved outer membrane protein (OmpA). (A) Enzyme-linked immunosorbent assays (ELISA) of recombinant monoclonal
antibody binding to E. coli lysate [BL21(DE3), K-12, and UTI89] or recombinant protein (rOmpACTerm). Points represent arithmetic mean, error bars represent
standard deviation, curves indicate four-parameter variable slope logistic analysis, and data are representative of three independent experiments performed
in quadruplicate. (B) Clustal Omega alignment of OmpA from the strains tested by ELISA, namely, an engineered E. coli (BL21), a laboratory or commensal
strain (K-12 MG1655), and a clinical uropathogenic strain (UTI89), shows 99% identity (black, conserved; white, variable). Orange indicates the N-terminal
porin domain with secondary structure above mapped from PDB 1BXW using ESPript 3; green indicates the C-terminal periplasmic domain with secondary
structure below mapped from PDB 2MQE.
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were assessed by reverse transcriptase quantitative PCR (RT-qPCR) and found to be more
abundant in exponential-phase E. coli than in stationary-phase E. coli, consistent with previ-
ously reported differential ompA mRNA stability during growth (Fig. 3A) (28). OmpA protein
levels were assessed at multiple time points during growth by immunoblot. While slight dif-
ferences were noted between stationary-phase E. coli and exponential-phase E. coli, these
differences were small, and OmpA levels in both K-12 (Fig. 3B) and UTI89 (Fig. 3C) E. coli
were relatively consistent across all time points. We observed two bands stained by rECOL-4
IgG1, and based upon relative molecular weight and previously reported studies of OmpA,
we predict the 37-kDa band is consistent with full-length OmpA and the 25-kDa band is
consistent with a partially denatured protein or isolated C-terminal domain. Neither ompA
mRNA nor OmpA protein levels explained the minimal binding of ECOL-11 to intact UTI89
by immunofluorescence. Previous literature has reported that polysaccharide capsules may
impair the binding of antibodies to bacteria, such as Acinetobacter baumannii (29), and the K1
capsule of UTI89 has been found to be an important virulence factor (30, 31). We performed

FIG 2 Immunofluorescence staining of exponential (A) or stationary-phase K-12 E. coli (B) or stationary-phase
UTI89 E. coli (C) with Hoechst (blue), recombinant MAb, and mouse anti-human IgG Alexa Fluor 647
(magenta). Image locations were randomly selected from slides, gathered with identical image and laser
settings using a 100� oil objective, and processed with identical look-up tables. Red scale bars are 5 mm.
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Maneval’s capsule staining of K-12 and UTI89 E. coli to determine whether greater capsule
production might explain the decreased binding of ECOL-11 to UTI89. Our data show that
UTI89 exhibits a thicker capsular polysaccharide layer than E. coli K-12 (Fig. 3D and E), and
we hypothesize that this finding explains the differential ECOL-11 binding observed by
immunofluorescence.

Bivalent IgG aggregates stationary-phase E. coli. Murine MAbs to E. coli have been
demonstrated previously to induce aggregation or clumping of E. coli (32). We incubated IgG1
or fragment antigen binding (Fab) forms of MAbs with exponential- or stationary-phase K-12
or UTI89 E. coli and imaged bacterial pellet morphology after allowing the bacteria to settle.
Aggregation, or cross-linking, of bacteria prevents the cells from settling. The images shown in
Fig. 4A reveal that rECOL-11 IgG1 causes stationary-phase K-12 E. coli to aggregate, but the
rECOL-11 Fab does not, indicating that bivalency is essential for aggregation to occur. rECOL-
11 IgG1 does not cause aggregation of UTI89 E. coli, likely due to decreased MAb binding to
this strain as described in Fig. 2. Furthermore, when bacteria are imaged immediately after the
addition of antibody, rECOL-11 IgG1 causes the formation of visible clumps that are absent in
bacteria treated with rECOL-4 IgG1 or other OmpACTerm-specific MAbs (Fig. 4B and 4C). This ob-
servation shows that aggregation depends upon the accessibility of the antigen on the bacte-
rial surface and could be used as an assay to quickly assess antibodies for binding to clinical
isolates in an antigen-independent screen.

FIG 3 Neither ompA mRNA transcript levels nor OmpA protein expression levels explain binding
differences between K-12 and UTI89 E. coli, but UTI89 produces more capsule. (A) Transcript-level
expression of ompA by RT-qPCR normalized to 16S housekeeping gene expression relative to exponential-
phase K-12 E. coli. RT-qPCR was analyzed by one-way ANOVA. Error bars show standard deviation. Data are
representative of two independent experiments. Protein level expression of OmpA by immunoblot to K-12
(B) or UTI89 (C) E. coli. Two bands representing two forms of OmpA are observed; based upon molecular
weight, they are predicted to be two forms of OmpA. Data are representative of three independent
experiments. (D) Maneval’s capsule staining of K-12 or UTI89. Background is counterstained with Congo red,
and cells are stained with Maneval’s solution. Images were taken with a 100� objective, the primary image
scale bar is 20 mm, and the inset scale bar is 2 mm. (E) The zone of stain exclusion by capsule was
measured from eight cells in three independent replicates. Data were pooled, each data point represents
one cell, data were analyzed by Mann-Whitney U test, and error bars show standard deviation.

Human Antibodies to E. coli OmpA Cause Aggregation Infection and Immunity

June 2022 Volume 90 Issue 6 10.1128/iai.00176-22 5

https://journals.asm.org/journal/iai
https://doi.org/10.1128/iai.00176-22


MAb treatment of E. coli alters macrophage phagocytosis in vitro. Aggregation
has been associated with increased opsonophagocytosis (33). We used a temperature-de-
pendent model with RAW264.7 macrophage-like cells to test opsonophagocytosis in vitro.
Opsonized K-12 E. coliwas incubated with cells at 4°C to allow adhesion but prevent phagocy-
tosis or at 37°C to allow adhesion and phagocytosis. Cells were then rinsed, lysed, and plated
to count adhered or phagocytosed bacteria. Opsonization of E. coli with rECOL-11 expressed
in the format of an IgG1, IgG3, IgG1-LALA-PG Fc variant, or Fab resulted in decreased adhesion
to and phagocytosis by RAW 264.7 cells (Fig. 5). Interestingly, this decrease persisted despite
eliminating Fcg receptor (FcgR) interactions with a LALA-PG variant IgG and persisted despite
eliminating aggregatory activity with a Fab. To explain this phenotype, we propose that under
the tested conditions, OmpA is an important adhesion factor and rECOL-11 binding inhibits
this adhesion. This finding is consistent with prior work indicating that OmpA is important for
adhesion or entry to eukaryotic cells (18, 23, 34). This interaction complicates an in vitro assess-
ment of opsonophagocytosis.

MAb treatment does not reduce bacterial burdens in vivo. To better understand
the interactions of OmpA MAbs, E. coli, and the mammalian immune system, we adapted a
systemic infection model of E. coli in mice. Mice were pretreated with MAb and inoculated
with UTI89 E. coli, and then organ bacterial burdens were enumerated at 24 h postinocula-
tion. If the disease was allowed to progress, mice reached terminal endpoints due to septic
shock at around 36 h postinoculation. When pretreated with 10 mg of MAb per kg of body
weight, organ bacterial burdens at 24 h postinoculation did not differ significantly between
treatments using any of the OmpA-specific MAbs compared with a control antibody (the
similarly prepared human IgG rSTAU-228, directed to a Staphylococcus aureus protein [26])
(Fig. 6A). Increasing the dose of MAb to 25 mg of MAb per kg of body weight also did not
have an impact upon bacterial burdens in this stringent model of E. coli disease (Fig. 6B).
Thus, we concluded that despite altering phagocytosis, MAb treatment was not sufficient to
alter acutely lethal systemic E. coli disease in mice.

FIG 4 Aggregation of exponential or stationary-phase K-12 E. coli by IgG1 or Fab. (A) Aggregation
was imaged on a Cellular Technology Limited (CTL) Immunospot device to visualize bacterial pellets.
Aggregation of bacteria prevents the formation of a denser pellet. (B) Aggregation of stationary-
phase K-12 E. coli by brightfield microscopy. (C) Number of clumps (five or more bacteria in direct
contact) per 100� objective field from brightfield microscopy (n = 8 random images per condition)
were analyzed by Mann-Whitney U test. Data are representative of two independent experiments,
and error bars show standard deviation.
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DISCUSSION

E. coli, particularly multi-drug resistant strains, is a common human pathogen that can be
challenging to prevent or treat. While a variety of factors contribute to these difficulties, one
reason is the lack of the development of new antibacterial strategies, and another reason is
the minimal progress toward identifying promising vaccine candidates. One possible antigen
that might serve as a target of protective immunity is OmpA, a multifunctional virulence factor
found almost universally in pathogenic E. coli strains and exhibiting remarkable conservation
across widely divergent strains. OmpA is composed of an N-terminal porin domain that resides
within the bacterial outer membrane joined by a trypsin-digestible region to a C-terminal do-
main that is found in the periplasmic space (35–37). Although OmpA has been studied previ-
ously as a vaccine candidate and found to elicit some degree of immunity, little has been
done to study the functions and mechanisms of OmpA-specific immunity in humans. In this
study, we sought to isolate and study naturally occurring antibodies obtained from healthy
human donors and identified four OmpA-targeting MAbs. Most interestingly, one of these
MAbs, ECOL-11, was specific for the N-terminal porin domain of OmpA, a region of the protein
that is essential for a variety of OmpA-dependent effector functions (34, 38, 39). Manipulating
the interactions of OmpA with host immune effectors provides insight into host-pathogen
relationships and may prove to be a potent strategy to combat E. coli pathogenesis.

The utility of this strategy has already been demonstrated by using cyclic peptides to in-
hibit OmpA (40). We took a similar approach to assess the ability of naturally occurring MAbs
binding to OmpA to alter E. coli biology. It is important to note that the MAbs we evaluated
came from healthy laboratory workers with no specific history of E. coli infection, and yet, we
were still able to isolate OmpA-specific, affinity-matured, class-switched antibodies. This find-
ing may be due to the ubiquity of E. coli as a commensal organism in the intestine or could
be a result of prior infection with E. coli that was not reported by the donors upon sample col-
lection. We assessed the impact of these MAbs upon a subset of antigen-agnostic and
OmpA-specific possible effector functions. Aggregation, which we observed with rECOL-11
treatment of E. coli, is an antigen-agnostic MAb function that has been reported sporadically
after exposing bacteria to an antibody (32). Aggregation has various effects upon interactions
between bacteria and host phagocytes. It may impede phagocytosis due to large aggregate
size or irregular shape, or it may enhance phagocytosis due to increased complement fixation

FIG 5 rECOL-11 opsonization alters K-12 E. coli adhesion to and phagocytosis by RAW264.7 macrophage-
like cells. Adhesion is the bacterial count after coincubating opsonized bacteria and RAW 264.7 cells at
4°C, and phagocytosis is the bacterial count after coincubating at 37°C. Data representative of three
independent experiments were analyzed in comparison to rSTAU-228 IgG1 by one-way ANOVA. Comparisons
where P values of ,0.01 are shown, and error bars show standard deviation.
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(41, 42). Coupling this complex effect with the known role of OmpA as an adhesin and
the interactions of MAb with Fc receptors suggests that assessing phagocytosis in vitro is
challenging. We observed decreased adhesion to and decreased phagocytosis of rECOL-
11-treated E. coli by RAW 264.7 macrophage-like cells. This phenotype persists with a LALA-
PG Fc variant IgG, suggesting it is independent of FcgR interactions, and with Fab, indicating
it is not a result of aggregation as the Fab does not induce aggregate formation. Although
we have not directly shown that ECOL-11 blocks the adhesin activity of OmpA, by eliminating
other possible causes, our data support this model as the best explanation of this observed
phenotype.

Regardless of the underlying cause, when tested for effects upon bacterial burdens in a le-
thal model of E. coli septic shock, these MAbs did not alter organ bacterial counts. Our study
design euthanized mice well before they began to exhibit significant signs of disease and was
not designed to assess survival. The statistical power of our experiments was limited by sto-
chastic anesthesia-related mortality that reduced the sample size of some groups; however, it
is unlikely we missed a significant phenotype in this severe infection model. The systemic
model of E. coli septic shock that we used is highly stringent and may detect only extreme
phenotypes. Other research has demonstrated the functional utility of MAbs to E. coli in highly
nuanced in vivomodels of microbiome interactions (32). Overall, our in vivo data did not show
reduced bacterial burdens in MAb-prophylaxed septic mice. However, further evaluation of

FIG 6 In vivo assessment of MAb prophylaxis in a lethal systemic model of E. coli disease. (A and B) Six- to 8-week-old female BALB/cJ mice
were pretreated with 10 mg/kg (A) or 25 mg/kg (B) MAb, then inoculated with ;6.5 � 106 CFU of UTI89 E. coli, and monitored for 24 h before
euthanasia and enumeration of organ bacterial burdens. Limit of detection (LoD) was 200 CFU/mL. All groups began with 5 mice, and mice that
did not recover from anesthesia were excluded and account for any groups with ,5 data points. Data were compared to control MAb (rSTAU-228)
by Kruskal-Wallis testing with Dunn’s correction for multiple comparisons. No conditions exhibited statistically significant differences. Error bars show
standard deviation.
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these MAbs using additional E. coli strains, greater numbers of replicates, milder disease mod-
els, or microbiome interaction models such as competitive intestinal infections are likely neces-
sary to fully understand the interactions of antibodies with E. coliwithin a mammalian host.

In addition to the antibody-mediated effector functions we analyzed, OmpA has been
implicated in many different aspects of E. coli biology and pathogenesis, including cell adhe-
sion, immunomodulation, membrane stability, bacteriophage binding, and biofilm forma-
tion (34, 43–48). The extracellular loops of OmpA have been implicated directly in meningeal
invasion of E. coli by association with GlcNAcb1-4GlcNAc on endothelial cells (34, 44). OmpA
also triggers dendritic cell activation in intestinal cell coculture and is responsible for binding
to polarized intestinal epithelial cells (46). Taken together, these studies support the further
exploration of OmpA as a potent immunogen and potential therapeutic target. Importantly,
although E. coli is frequently a pathogen, it is even more commonly a commensal (49–51).
In this work, we assessed some of the roles MAbs may have during pathogenesis, but the
roles that human MAbs exhibit in E. coli commensalism remain largely unknown. The data
presented here indicate that antibodies naturally arise in humans against OmpA and differ-
ent clones bind to multiple antigenic sites on the surface of OmpA. Furthermore, MAbs that
bind extracellular portions of outer membrane proteins may have effects that impact host-
pathogen interactions, such as aggregation or altering phagocytosis, that are worth studying
as tools to understand membrane protein biology and may yet be found to have impacts
upon E. coli pathogenesis or commensalism.

Our work has also recapitulated some of the challenges of understanding membrane
protein biology and antibody interactions with bacteria. We noted growth phase-dependent
and strain-dependent differences in antibody binding to E. coli. We found minor differences
in OmpA expression between growth phases that could explain variable binding during
growth. Strain-dependent binding differences are critically important to understand in the
context of vaccination and therapeutic strategy development. Our antibodies bound identi-
cally to protein isolated from disparate E. coli strains, such as UTI89 and K-12, but exhibited
significantly less binding to UTI89 E. coli by immunofluorescence. OmpA was expressed in
UTI89 to similar levels as that in K-12, so we concluded that additional factors must be con-
tributing to this strain-dependent difference. We observed an increased capsule thickness of
UTI89, which could explain this differential binding between clinical and laboratory isolates,
or it may be due to different lipopolysaccharide structures, as has been reported previously
for an antibody targeting E. coli BamA (52, 53). Elucidating the biological processes that
explain sequence-independent strain-to-strain MAb binding variability will be valuable fol-
low-up studies. rECOL-11 may provide a critical tool to enable an increased understanding
of the mechanisms for strain-dependent binding of antibacterial MAbs that will guide future
vaccine and therapeutic development.

MATERIALS ANDMETHODS
Human subjects. Peripheral venous blood was collected at Vanderbilt University Medical Center

(VUMC) with informed written consent from healthy individuals with exposure to Gram-negative patho-
gens through laboratory work but no known history of infection with E. coli. Heparinized peripheral
blood was processed to isolate peripheral blood mononuclear cells (PMBCs) using SepMate-50 tubes
(Stemcell Technologies; 85450), and PBMCs were cryopreserved and stored in the vapor phase of liquid
nitrogen until used. The studies were approved by the VUMC Institutional Review Board.

Generation of human MAbs. Human PBMCs were thawed and transformed with Epstein-Barr virus;
plated in 384-well plates in the presence of CpG (59-C-phosphate-G-39) DNA, Chk2 inhibitor, and cyclosporine
as described previously (54); and expanded into 96-well plates containing a feeder layer of irradiated human
PBMCs from an unrelated donor. Then supernatants were screened by ELISA for binding to E. coli outer mem-
brane proteins. Cells from reactive wells were electrofused with HMMA2.5 myeloma cells to generate oligoclo-
nal hybridoma cell lines. These cell lines were cultured, stained with propidium iodide, and single-cell sorted
using fluorescence-activated cell sorting with an SH800S cytometer (Sony Biotechnology). Monoclonal hybrid-
omas were cultured, and the MAb IgG protein was purified from cell supernatants with MabSelect or Protein G
affinity columns (GE Healthcare; 11003493) using fast protein liquid chromatography (FPLC) on an ÄKTA pure
chromatography system (GE Healthcare). RNA was extracted from monoclonal hybridoma cells, and the anti-
body transcript was sequenced using 59 rapid amplification of cDNA ends and cloned into a monocistronic
expression vector by Twist Biosciences. Antibodies were expressed by transfection of these constructs into
ExpiCHO cells and purified from supernatants using affinity chromatography as above for hybridoma MAbs. All
data presented were generated using recombinant MAb proteins.
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Bacterial strains. E. coli strains BL21(DE3), BL21(DE3) DA, and BL21(DE3) DABCF were gifts from Jack
Leo (Addgene; 102256 and 102270) (27). Strain UTI89 was a gift from Maria Hadjifrangiskou, MicroVU,
and the VUMC Center for Personalized Microbiology. All wild-type bacterial strains were grown for 14 to
16 h on Miller LB agar (LBA) plates or in Miller LB broth at 37°C. Mutant bacterial strains were cultured
for 24 h at 30°C in the same medium. Bacterial lysates were prepared using bacterial protein extraction
reagent (BPER) with DNase and lysozyme (Thermo Fisher Scientific; 78248).

E. coli outer membrane protein isolation. Outer membranes from E. coli were purified using previ-
ously described techniques (55, 56). Briefly, 1 L of cell pellets was lysed in buffer containing lysozyme
and EDTA followed by buffer with magnesium, RNase/DNase, and EDTA-free protease inhibitor and ho-
mogenized using a Microfluidics LM20 instrument. Unlysed cells were removed by centrifugation fol-
lowed by ultracentrifugation at 100,000 � g to pellet inner and outer membranes. Inner membranes
were solubilized with 1% N-lauroylsarcosine (Millipore Sigma; L9150) and 10% glycerol, and afterward,
outer membranes were pelleted at 100,000 � g before being solubilized in b-octyl glucoside (Anatrace;
O311) or Fos-choline-12 (Anatrace; F308S). Membrane separation was verified with SDS-PAGE.

Enzyme linked immunosorbent assay (ELISA). ELISA plates (Thermo Fisher Scientific; 3455 or
265203) were coated with 1 to 10 mg/mL E. coli outer membrane proteins or crude lysate in carbonate buffer
and then blocked with nonfat milk (Bio-Rad; 1706404). Antigens were probed with cell supernatants or purified
MAb followed by horseradish peroxidase (HRP)-conjugated secondary antibodies, developed with 3,39,5,59-tet-
ramethylbenzidine (Thermo Fisher Scientific; 34029), and read at a 450-nm absorbance on a Biotek Synergy H1
or Powerwave HT microplate reader.

Multiple sequence alignment. OmpA amino acid sequences were extracted from or translated
from deposited genomes (BL21, GenBank accession no. ACT29660.1; K-12, NP_415477.1; UTI89, ABE06507.1).
Sequences were aligned using Clustal Omega (57). Multiple sequence alignment graphics were developed
using ESPript 3.0 (58) and PDB 1BXW for the N-terminal porin domain (35) and PDB 2MQE for the C-terminal
periplasmic domain (36).

Immunofluorescence. Bacterial cultures were grown overnight or subcultured and then rinsed with
phosphate-buffered saline (PBS) and normalized to an optical density at 600 nm (OD600) of 1.0. Cells
were stained with Hoechst 33342 (Thermo Fisher Scientific; 62249) at 5 mL/mL for 2 min, and excess was
removed with a PBS wash. Bacteria then were incubated with MAb for 30 min, rinsed, and then incu-
bated with mouse anti-human IgG Alexa Fluor 647 (SouthernBiotech; 9040-31) for 30 min. Stained bacte-
ria were dried overnight on a number 1.5 cover glass, then fixed to glass slides with Prolong Gold
Antifade (Thermo Fisher Scientific; P36930), imaged on a Nikon structured illumination microscope with
an Andor iXon Ultra DU-897 EMCCD monochrome camera, and reconstructed in NIS-Elements.

Reverse transcriptase quantitative PCR. Bacterial RNA was extracted in triplicate from exponential
or stationary-phase E. coli cultured in LB using lysing matrix B tubes (MP; 6911100) and RNeasy kits
(Qiagen; 74104). Carryover DNA was removed by DNase digestion (Thermo Fisher; AM1907), and 1 mg of
RNA was used to synthesize cDNA (Bio-Rad; 1708891). Synthesized cDNA was diluted in nuclease-free
water, and qPCR was performed on a Bio-Rad CFX96 instrument using SYBR green chemistry (Bio-Rad;
1708882) and primers as shown in Table 1. Target gene expression was normalized to 16S housekeeping
gene expression by using the threshold cycle (DDCT) method.

Western blot. Overnight or subcultured bacteria were rinsed with PBS, and pellets were lysed with
BPER 1 DNase 1 lysozyme. Protein content was measured using the bicinchoninic acid assay, and 2 mg of
lysate was prepared with NuPAGE sample buffer and reducing agent and then heated at 70°C for 10 min
before loading on 4% to 12% Bis-Tris protein gels. SDS-PAGE was run in morpholinepropanesulfonic acid
(MOPS) buffer for 60 min at a constant 200 V. Gels were transferred to polyvinylidene fluoride (PVDF), then
stained for total protein with Revert 700 stain (Li-Cor; 926-11015), and imaged with a Li-Cor Odyssey CLx sys-
tem. Membranes were then blocked with Intercept blocker (Li-Cor; 924-70001) and probed with rECOL-4 IgG1
followed by IRDye800CW goat anti-human IgG (Li-Cor; 926-32232), and then membranes were imaged again.

Capsule staining. A 10- to 20-mL volume of bacterial culture was added to 20 mL of 1% Congo red
aqueous solution on a glass slide and allowed to air dry. The slide was then flooded with Maneval’s solu-
tion (acid fuchsin, ferric chloride, acetic acid, and phenol) for 5 min and then gently rinsed with distilled
water. Slides were air-dried and then imaged with an Olympus brightfield microscope and camera. Four
randomly selected regions of each slide were photographed, and the capsule thicknesses of eight indi-
vidual bacteria were measured for each replicate and condition.

Aggregation assays. Overnight or subcultured bacteria were rinsed with and resuspended in PBS to
a OD600 of 1.0, and then 50 mL was transferred to U-bottom 96-well plates. MAb or Fab was added to each
well and gently mixed before the plates were allowed to sit at room temperature for 16 to 24 h. Plates were
then imaged on an ImmunoSpot plate reader (Cellular Technology Limited). Alternatively, 15mL of rinsed bac-
teria was applied to glass slides, treated with MAb for 15 to 30 min, protected with a cover glass, and imaged
with an Olympus brightfield microscope and camera. Eight randomly selected regions of each slide were pho-
tographed, and aggregated clumps of bacteria were counted.

TABLE 1 RT-qPCR primers used in this study

Primer target Primer sequence Source
ompA CTGGGTGGTATGGTATG This publication
ompA TAGCGATTTCAGGAGTG This publication
16S TGATCATGGCTCAGATT This publication
16S CAGTTTCCCAGACATTAC This publication
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Adhesion assays. RAW 264.7 cells were maintained in Dulbecco’s modified Eagle medium (DMEM)
with 10% heat-inactivated fetal bovine serum and 10 mM sodium pyruvate at low passages (,15 passages).
Cells were cultured in 24-well plates until confluent. Overnight or subcultured bacteria were rinsed with PBS,
resuspended to an OD600 of ;0.150 (;1.0 � 108 CFU/mL), and opsonized with MAb for 60 min. Cell culture
medium was refreshed with medium as above except with ultra-low IgG heat-inactivated fetal bovine serum
(Thermo Fisher; 16250078), and 50 mL of opsonized bacteria was added and incubated for 15 min at either
37°C to measure adhesion and phagocytosis or 4°C to measure adhesion but prevent phagocytosis. Cell layers
were rinsed four times with PBS to remove nonadhered bacteria and then lysed with 0.25% sodium deoxycho-
late in PBS supplemented with Benzonase nuclease (Millipore Sigma; 71205-3). Cell lysates were serially diluted
and plated on LB agar to enable counting of CFU.

Mouse experiments. All animal studies were approved by and performed according to the guide-
lines of the VUMC Institutional Animal Care and Use Committee. A mouse septic model of E. coli disease was
developed. After a 16- to 18-h overnight culture, E. coli UTI89 was subcultured 1:100 and grown to mid-expo-
nential phase for 3 h at 37°C and 225 rpm before being pelleted and rinsed with PBS. Bacteria were normalized
in PBS using OD600 to approximately 5.0 � 107 CFU (CFU)/mL and stored on ice until inoculation. Female, 6- to
8-week-old, BALB/cJ mice (The Jackson Laboratory; 000651) were weighed, and filter-sterilized MAb in PBS was
administered intraperitoneally 90 min prior to inoculation at 10 mg/kg or 25 mg/kg. After treatment, mice
were anesthetized by intraperitoneal injection of avertin (;400 mg/kg) and then inoculated retro-orbitally
with ;5.0 � 106 CFU of E. coli UTI89. Mice were monitored for 24 h and then euthanized by CO2 inhalation.
Blood was collected by cardiac puncture, and organs were collected by dissection in a sterile environment.
Organs were homogenized in sterile PBS using a bead beater and then homogenates were serially diluted and
spot plated in technical duplicates on LBA plates for the enumeration of CFUs.
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