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Shiga toxin-producing Escherichia coli O157:H7 is a virulent strain causing severe
gastrointestinal infection, hemolytic uremic syndrome and death. To date there are no
specific therapies to reduce progression of disease. Here we investigated the effect of
pooled immunoglobulins (IgG) on the course of disease in a mouse model of intragastric E.
coliO157:H7 inoculation. Intraperitoneal administration of murine IgG on day 3, or both on
day 3 and 6, post-inoculation improved survival and decreased intestinal and renal
pathology. When given on both day 3 and 6 post-inoculation IgG treatment also
improved kidney function in infected mice. Murine and human commercially available
IgG preparations bound to proteins in culture filtrates from E. coli O157:H7. Bound
proteins were extracted frommembranes and peptide sequences were identified by mass
spectrometry. The findings showed that murine and human IgG bound to E. coli
extracellular serine protease P (EspP) in the culture filtrate, via the IgG Fc domain.
These results were confirmed using purified recombinant EspP and comparing culture
filtrates from the wild-type E. coli O157:H7 strain to a deletion mutant lacking espP.
Culture filtrates from wild-type E. coli O157:H7 exhibited enzymatic activity, specifically
associated with the presence of EspP and demonstrated as pepsin cleavage, which was
reduced in the presence of murine and human IgG. EspP is a virulence factor previously
shown to promote colonic cell injury and the uptake of Shiga toxin by intestinal cells. The
results presented here suggest that IgG binds to EspP, blocks its enzymatic activity, and
protects the host from E. coli O157:H7 infection, even when given post-inoculation.
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INTRODUCTION

Enterohemorrhagic Escherichia coli (EHEC) is a human pathogen, transmitted via contaminated
food and water causing diarrhea and hemorrhagic colitis. It is the main cause of hemolytic uremic
syndrome (HUS) (1). EHEC is a non-invasive bacterium (2) that exerts its effects by the release of
virulence factors such as Shiga toxin (3, 4). The most common clinical isolate is E. coli O157:H7 (5).
Upon ingestion, EHEC is transported to the large intestine where it colonizes the gut by intimate
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attachment to intestinal epithelial cells, leading to formation of
attaching and effacing (A/E) lesions mediated by a type III
secretion system (T3SS), intimin, translocated intimin receptor
and E. coli secreted proteins (6, 7).

Release of E. coli secreted proteins by the bacteria is
essential for formation of A/E lesions in the host cells (8).
However, even T3SS-negative strains can induce diarrhea (9).
Diarrheagenic E. coli secrete serine proteases by means of a type
V secretion system, the Serine Protease Autotransporter of
Enterobacteriaceae (SPATEs) protein family (10). These
proteases function as enterotoxins thereby causing diarrhea
(11). One such protease in EHEC is extracellular serine
protease P (EspP) shown to be important for adherence to
bovine intestinal cells (12) and ion transport in human
colonoid cells, that could suggest a role in the development of
watery diarrhea (11). The presence of EspP was associated with
highly pathogenic EHEC strains (13). EspP cleaves coagulation
factor V (14) and complement C3, C3b and C5 (15) showing that
it could impact host proteins important for coagulation and
complement activation.

To this date there are no effective treatments for EHEC
infection. Antibodies that target specific virulence factors could
be an attractive option, such as antibodies against Shiga toxin
(16), or components of the T3SS (17), that are under
development (18). Immunoglobulin Y (from egg yolk) anti-E.
coli O157 was shown to inhibit growth of E. coli O157:H7 (19).
Earlier studies investigated the effect of pooled immunoglobulin
G (IgG) in patients with EHEC infections. Antibodies against
Shiga toxin 1 were detected in IgG preparations (20), but
clinically relevant bacterial isolates usually release Shiga toxin
2. Treatment of pediatric patients with EHEC-associated
diarrhea with bovine colostrum concentrate (containing high
levels of IgG) reduced the stool frequency (21). Administration
of intravenous IgG to HUS patients exhibited equivocal results
with a protective effect in one study (22) and no effect in another
(23), which could be due to the timing of administration after the
development of HUS.

In this study an established mouse model of intragastric E. coli
O157:H7 infection (24) was used to study the effect of IgG on the
course of disease. In vitro studies were conducted to assess the
interaction between murine or human IgG preparations and E.
coli O157:H7 proteins which led us to the finding that IgG binds
specifically to EspP via its Fc domain, and neutralizes protease
activity. IgG binding to EHEC EspP could explain the protective
effect on the course of infection.
MATERIAL AND METHODS

Murine and Human Immunoglobulin
Purification and Isotyping
Mouse IgG was purified from two separate batches of mouse sera
(Sigma-Aldrich, Steinheim, Germany) using protein G sepharose
(GE Healthcare, Uppsala, Sweden) and eluted with glycine buffer
(0.1M, pH 2.5) followed by neutralization with TRIS-HCl (1M,
pH 9). The immunoglobulin fraction was dialyzed against PBS
Frontiers in Immunology | www.frontiersin.org 2
overnight at 4°C, filtered (0.2 mm, Pall Corp., Ann Arbor, MI)
and the amount of IgG was measured using a NanoDrop
spectrophotometer (ND-1000, Saveen & Werner, Limhamn,
Sweden). To isotype the immunoglobulin fraction, Pierce
Rapid ELISA isotyping kit (Thermo Fisher Scientific, Waltham,
MA) was used according to the manufacturer’s instructions. The
sample consisted of more than 80% IgG kappa with IgG2b as the
most abundant isotype.

Human IgG was used from a preparation of Privigen CLS
Behring, Marburg, Germany (Lot: P100113155). The purity of
Privigen is 98% consisting of IgG1 69%, IgG2 26%, IgG3 3% and
IgG4 2% and a maximal amount of IgA 25 µg/mL according to
the manufacturer.

Fab and Fc fragments were generated frommouse and human
IgG using Pierce Fab preparation kit (Thermo Fisher Scientific)
containing papain, according to the manufacturer’s instructions.

Mice
Female and male BALB/c mice aged 8-12 weeks were bred and
used for experiments at the Center for Comparative Medicine,
Medical Faculty, Lund University. All animal experiments were
approved (approval numbers M13-14 and M76-15) by the
animal ethics committee of Lund University in accordance to
the guidelines of the Swedish National Board of Agriculture and
the EU directive for the protection of animals used in science.

Bacterial Strains
The Escherichia coli O157:H7 strain (86-24) isolated from the
Walla Walla outbreak in 1986 (25) was kindly provided by A.D.
O’Brien (Department of Microbiology and Immunology,
Uniformed Services University of the Health Sciences,
Bethesda, MD). This wild-type strain was previously
characterized (4) and a streptomycin-resistant (StrR) derivate
was used (24). In addition, a previously described EspP deletion
mutant, 86-24 DespP StrR (26), was used in certain experiments.

Infection Protocol
BALB/c mice were treated with streptomycin 5 g/L in tap water
from one day before inoculation and throughout the length of
the experiment. Prior to inoculation, the mice were fasted for
16 h, for food but not water. Mice were anesthetized with
isoflurane and inoculated intragastrically with 100 ml of E. coli
O157:H7 (86-24 StrR, wild-type) bacterial suspension in 20%
sucrose and 10% NaHCO3 at a final concentration of 109 colony
forming units/ml or vehicle alone as previously described (24)
via a soft polyethylene catheter (Clay Adams, Parsippany, NJ).
After inoculation food was reintroduced ad libitum.

Mice were monitored for 14 days with weight being recorded
daily from one day before bacterial inoculation. Feces was
collected on days 1, 3, 5 and 8 and serially diluted in PBS
before plating on Luria Bertani (LB)-agar plates supplemented
with streptomycin (50 mg/mL). Colonies were confirmed to be E.
coli O157:H7 using an E. coli O157:H7 latex kit (Oxoid,
Basingstoke). Mice were monitored for symptoms such as
decreased activity, hunched posture, tremors, stillness and/or
weight loss of ≥ 20%. Upon development of one of these
February 2022 | Volume 13 | Article 807959
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symptoms, mice were sacrificed, while unaffected mice were
sacrificed at the end of the experiment.

Intraperitoneal Injection of Mouse IgG
BALB/c mice (infected intragastrically with E. coli O157:H7 or
given vehicle alone) were injected intraperitoneally (i.p.) with
protein G purified mouse IgG (1 mg/mouse in 1 ml PBS, or 1 ml
PBS alone) on day 3, or on day 6, or on both day 3 and 6 post-
inoculation with E. coli O157:H7.

Blood Collection and Measurement of
Blood Urea Nitrogen
Blood was collected in EDTA (0.1 M, Merck, Darmstadt,
Germany) at the end of the experiment under anesthesia
(Isoflurane, Forene Abbott, Wiesbaden, Germany) via heart
puncture. Blood was centrifuged at 1500 x g for 15 min and
13000 x g for 3 min at room temperature (RT) and stored at -80°
C for up to 4 months until assayed. Plasma samples were used to
measure blood urea nitrogen using QuantiChrom Urea assay kit
(BioAssay systems, Hayward, CA) according to the
manufacturer’s instructions.

Histopathological Analysis
Intestines and kidneys were removed after sacrifice when mice
developed symptoms or, if unaffected, at the end of the experiment
(day 14). The tissues were fixed in paraformaldehyde (4%, Histolab,
Gothenburg, Sweden), embedded in paraffin, sectioned (3 µm) and
stained with hematoxylin and eosin. All sections were coded and
analyzed in a blinded manner. Images were obtained using Nikon
TiEclipse microscope equipped with Nikon color camera (Nikon
Instruments Inc., Tokyo, Japan) and analyzed with NIS elements
AR software v.5.11.01. Sections of the entire colon and kidney were
analyzed for pathology, specifically inflammatory infiltrates and
goblet cell depletion in the colons and tubular epithelial
desquamation in the kidneys. Pathology in intestines and kidneys
was graded as: 0: not observed, 1: mild, 2: moderate and 3: severe.

Bacterial Culture Filtrates
E. coli O157:H7 strains 86-24 wild-type StrR and 86-24 DespP
StrR were cultured in LB broth for 24 h at 37°C. The bacterial
suspension was centrifuged at 1500 x g for 10 min, the
supernatant was transferred to a new tube, centrifuged at
13000 x g for 3 min at RT, filtered (0.2 mm) and stored at
-80°C until used. The culture filtrate was used for detection of
IgG binding to E. coli O157:H7 proteins and for assay of EspP
enzymatic activity.

Detection of IgG Binding to Escherichia
coli O157:H7 Proteins and
Lipopolysaccharide by Enzyme-Linked
Immunosorbent Assay
IgG binding to E. coli O157:H7 proteins and lipopolysaccharide
was detected by enzyme-linked immunosorbent assay. To detect
IgG binding to E. coli O157:H7 proteins, E. coli O157:H7
culture filtrates (concentration 10, 5, 2.5 and 1.25%), Shiga
toxin 2 (1 mg/mL, Phoenix Lab, Tufts Medical Center, Boston,
MA) or O157LPS (1 mg/mL, a gift from R. Johnson, Public
Frontiers in Immunology | www.frontiersin.org 3
Health Agency, Guelph, ON, Canada), diluted in PBS (pH 7.4)
were coated on a white 96-well Maxisorp plate (Nunc, Roskilde,
Denmark) overnight at 4°C. The plate was washed three times
with PBS-Tween (Medicago, Uppsala, Sweden) and blocked with
1% bovine serum albumin (BSA) (Sigma-Aldrich) in PBS. For
antibody binding to E. coli O157:H7 proteins, purified mouse or
human IgG (described above, 1 mg/mL diluted in 1% BSA) or 1%
BSA (negative control), were added to the plate and incubated for
1h at RT. The plate was washed as above and incubated for 1 h at
RT with goat anti-mouse IgG HRP (1:1000, Dako, Glostrup,
Denmark) or rabbit anti-human IgG HRP (1:1000, Dako). The
plate was washed as above and IgG binding was detected using
Super signal ELISA pico chemiluminescent substrate (Thermo
Fisher Scientific) and measured using Glomax Discovery system
(Promega, Madison, WI).

Detection of IgG Binding to Escherichia
coli O157:H7 Proteins by Immunoblotting
E. coli O157:H7 culture filtrates from strains 86-24 wild-type
StrR and 86-24 DespP StrR were concentrated 30x using
Amicon® centrifugal filter 10 kDa cutoff (Sigma-Aldrich). The
concentrate (10 ml diluted 1:2 in sample buffer) or purified EspP
(2 µg) (11) were run unreduced on a 4-20% TGX gel (Bio-Rad)
and transferred to a polyvinylidene difluoride (PVDF)
membrane (Bio-Rad). The membrane was blocked with 1x
casein (Vector Laboratories, Burlingame, CA) overnight at 4°C,
followed by incubation with mouse IgG or human IgG (1 mg/mL)
or the corresponding Fab or Fc fragments (also at 1 mg/mL) for
1 h at RT. The membrane was washed three times with PBS-
Tween, incubated with goat anti-mouse IgG HRP (1:1000) or
rabbit anti-human IgG HRP (1:1000) for 1 h at RT and bound
proteins were visual ized using ECL Plus (Thermo
Fisher Scientific).

Isolation of IgG-Binding E. coli
O157:H7 Proteins
PVDF membranes containing E. coli O157:H7 proteins were cut
into segments based on the molecular weight of the different
bands detected by mouse or human IgG. The proteins were
eluted from the membrane using 1% Triton X-100/20%
acetonitrile in 50 mM Tris-HCl (all from Sigma-Aldrich), pH
9.0, as previously described (27). To remove the detergent from
the samples HiPPR detergent removal spin columns (Thermo
Fisher Scientific) were used according to the manufacturer’s
instructions. To confirm that proteins were purified, eluted
samples were run on gels as described above and stained using
Pierce silver stain kit (Thermo Fisher Scientific) according to the
manufacturer’s instructions or transferred to a PVDF membrane
and incubated with mouse or human IgG as described above.

Mass Spectrometry Sample Preparation
Membrane eluted proteins were reduced with 10 mM
dithiothreitol for 30 min at 56°C and alkylated with 20 mM
iodoacetamide for 30 min at RT in the dark. The samples were
precipitated overnight at -80°C using ethanol 99.5%. Precipitated
samples were centrifuged at 14000 x g for 15 min at 4°C, the
pellet was dissolved in 25mM ammonium bicarbonate and
February 2022 | Volume 13 | Article 807959
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digested to peptides using trypsin (Sigma-Aldrich) for 18 h at 37°
C. The reaction was stopped using 5 ml of 10% trifluoroacetic
acid (Sigma-Aldrich), desalted using Ultra Microspin C18
columns (Nest Group, Southborough, MA) and dried using a
SpeedVac. The dried peptides were dissolved in 25 µl of 2%
acetonitrile, 0.1% trifluoroacetic acid (Sigma-Aldrich) and the
concentration was measured using a DS-11 FX spectrophotometer
(DENovix Inc, Wilmington, DE).

Mass Spectrometry Acquisition
Liquid chromatography-mass spectrometry (LC-MS/MS)
detection was performed to identify proteins or peptides from
E. coliO157:H7 culture filtrates that interacted with IgG. LC-MS/
MS detection was performed on a Tribrid mass spectrometer
Fusion equipped with a Nanospray Flex ion source and coupled
with an EASY-nLC 1000 ultrahigh pressure l iquid
chromatography (UHPLC) pump (Thermo Fisher Scientific).
Peptides (prepared as described above, 1 µg) were injected into
the LC-MS/MS. Following this the peptides were concentrated
on an Acclaim PepMap 100 C18 precolumn (75 mm x 2 cm,
Thermo Fisher Scientific) and then separated on an Acclaim
PepMap RSLC column (75 mm x 25 cm, C18, 2 mm, 100 Å,
nanoViper) at 40°C and a flow rate of 300 nL/min. Solvent A
(0.1% formic acid in water) and solvent B (0.1% formic acid in
acetonitrile) were used to create a nonlinear gradient to elute the
peptides. For the gradient, the percentage of solvent B was
maintained at 3% for 3 min, increased to 25% for 60 min, to
60% for 10 min and to 90% for 2 min after which it was kept at
90% for another 8 min to wash the column.

Orbitrap Fusion was operated in the positive data-dependent
acquisition (DDA) mode. The separated peptides were ionized via
stainless steel Nano-bore emitter (OD 150 µm, ID 30 µm) with a
spray voltageof 2 kVand the capillary temperaturewas set at 275°C.
Full MS survey scans from m/z 350-1350 with a resolution of
120,000 were performed in the Orbitrap detector. The automatic
gain control (AGC) targetwas set to4×105with an injection timeof
50ms. Themost intense ions (up to 20) with charge states 2-5 from
the full scan MS were selected for fragmentation in the Orbitrap.
The precursors in the second analyzer were isolated with a
quadrupole mass filter set to a width of 1.2 m/z. Precursors were
fragmented by high-energy collision dissociation (HCD) at a
normalized collision energy (NCE) of 30%. The resolution was
fixed at 30,000 and for the MS/MS scans, the values for the AGC
target and injection time were 5 × 104 and 54 ms, respectively. The
durationof dynamic exclusionwas set to 45s and themass tolerance
window was 10 ppm.

Mass Spectrometry Analysis
The list of detected peptides/proteins was sorted based on size,
number of peptides detected and peptide score, matching amino
acid sequences to detect a protein, from which the peptides are
derived, with higher certainty. Proteins with a lower molecular
size, compared to the detected proteins in immunoblots, as well
as all detected proteins with only one detected peptide were
excluded. The list of proteins was ranked based on peptide score
and analyzed for identification of redundancy in the
different samples.
Frontiers in Immunology | www.frontiersin.org 4
EspP Enzymatic Activity
EspP has been previously shown to cleave pepsin (28). E. coli
O157:H7 culture filtrates from strains 86-24 wild-type StrR and
86-24 DespP StrR were concentrated 100x using Amicon®

centrifugal filter 50 kDa cutoff (Sigma-Aldrich). Supernatants
(5 µl) were preincubated with or without mouse IgG (5 µg),
human IgG (100 µg) or as a control the serine protease inhibitor
phenylmethylsulfonyl fluoride (PMSF) (1x, G-Biosciences, St
Louis, MO) for 10 min at RT. Pepsin was added (6 µg, from pig
gastric mucosa, Roche, Mannheim, Germany) and the samples
(final volume 10 µl) were incubated for 16 h at 37°C. After
incubation one microliter unreduced sample was loaded onto a
4-20% TGX gel (Bio-Rad), transferred to a PVDF (Bio-Rad)
membrane, and blocked using 1x casein as described above. The
membrane was incubated with polyclonal goat IgG anti-pepsin
(1:5000, Abcam, Cambridge, UK) for 1 h at RT, washed with PBS-
Tween, incubated with rabbit anti-goat IgG HRP (1:1000, Dako)
and visualized using ECL Plus (Thermo Fisher Scientific).

Statistics
Differences between two groups were analyzed by the two-tailed
Mann-Whitney U-test and when comparing more than two
groups the Kruskal-Wallis test followed by Dunn’s procedure
was performed. Kaplan-Meier survival curves were analyzed
using the log-rank test. All statistical analyses were performed
using Prism 9 version 9.1.1 (GraphPad, La Jolla, CA) and P ≤
0.05 was considered significant.
RESULTS

Mouse IgG Protected Mice From E. coli
O157:H7-Induced Disease
Mice were inoculated orally with E. coli O157:H7 and treated
intraperitoneally with IgG on day 3 and/or day 6 or left untreated
for 14 days and sacrificed upon development of symptoms or at
the end of the experiment. Infected and untreated mice started to
develop symptoms on day 5 and by day 14 only 1/9 (11%)
survived. Mice treated with IgG on days 3 and 6 started to
develop symptoms on day 6 and by day 14, 8/10 of the mice
survived, Figure 1A. A significant difference in survival was found
between mice infected with E. coli O157:H7 and treated with IgG
on day 3 and 6 compared to infected and untreated mice, P<0.01.
Likewise, mice infected with E. coli O157:H7 and treated with IgG
on day 3 post-inoculation exhibited 80% survival (4/5 mice),
compared to infected and untreated mice, P<0.01. There was no
significant difference in survival between mice infected with E. coli
O157:H7 and treated with IgG on day 6 post-inoculation (40%
survival, 2/5) compared to infected and untreated mice.

Mice infected with E. coli O157:H7 and IgG-treated or
untreated were monitored for weight loss as shown in
Figure 1B. Infected and untreated mice started to lose weight
on day 5 and continuously lost weight until 8/9 mice were
sacrificed by day 11. In contrast, mice infected and IgG-treated
twice on day 3 and 6 demonstrated stable weight throughout the
entire experiment whereas mice infected and IgG-treated once,
February 2022 | Volume 13 | Article 807959
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on day 3 or day 6, demonstrated weight loss. Unexpectedly, mice
in the group that was infected and IgG-treated on day 3 did not
gain back their original weight (from before fasting) which was
not observed for the other groups.

Fecal colony forming units were measured in infected mice on
days 1, 3, 5 and 8, Figure 1C. A difference in colony forming
units was observed on day 8 between infected and untreated mice
(4/9 mice survived until this day) compared to mice infected and
IgG-treated on day 3 (5/5 mice survived on day 8), P< 0.05. On
day 8 there was no difference in colonization between the
infected and untreated group and the other groups (IgG-
treated twice on day 3 and day 6 in which 9/10 survived, as
well as IgG-treated on day 6 in which 2/5 mice survived). The
results suggest that IgG treatment had a marginal effect
on colonization.

Pathological Findings in IgG-Treated or
Untreated Mice Infected With
E. coli O157:H7
Intestines were scored in blinded fashion for the degree of
intestinal inflammatory infiltrates and goblet cell depletion and
kidneys for renal tubular epithelial desquamation. Pathological
findings in mice infected with E. coli O157:H7 or uninfected,
treated with IgG or untreated, are summarized in Table 1 and
presented in Figure 2. A higher pathological score was only
obtained in infected and untreated mice (Figure 2A showing
intestine and Figure 2B showing kidney) as well as in infected
Frontiers in Immunology | www.frontiersin.org 5
and IgG-treated on day 6 but not in infected and IgG-treated on
day 3 and 6 (Figure 2C intestine and Figure 2D kidney), infected
and IgG-treated on day 3 (not shown) and uninfected controls
(Figure 2E intestine and Figure 2F kidney). Statistical
comparisons are presented in Table 1 showing that E. coli
O157:H7-infected and untreated mice have more profound
intestinal pathology compared to infected and IgG-treated on
day 3 and 6. The latter group of mice exhibited less intestinal
infiltrates and less goblet cell depletion. Mice that were IgG-
treated on day 3 also had less goblet cell depletion. Similarly in
the kidney, E. coli O157:H7-infected and untreated mice
displayed more severe tubular pathology compared to mice
treated with IgG on day 3 and 6 or only on day 3.

Blood Urea Nitrogen in E. coli O157:H7
Infected Mice
Blood urea nitrogen (BUN) was analyzed as a measure of kidney
function in plasma taken when the mice developed symptoms or
at the end of the experiment. High BUN was detected in mice
that developed symptoms. A difference in BUN levels was
observed between mice infected with E. coli O157:H7 and
untreated compared to infected and treated with IgG on day 3
and 6, Figure 3. When comparing mice infected and IgG-treated
once, on day 3 or day 6, BUN did not differ compared with mice
infected with E. coli O157:H7 and left untreated. BUN increases
upon kidney injury as well as during dehydration. As mice in the
group that was infected and IgG-treated on day 3 exhibited
TABLE 1 | Intestinal and renal pathology in E. coli O157:H7-infected mice or uninfected mice.

Tissue Mouse groups

EHEC + IgG day 3 and 6
n=10

EHEC + IgG day 3
n=5

EHEC + IgG day 6
n=5

EHEC
n=9

Controls
n=10

Intestine
Inflammatory infiltratesa 1b (0 - 2)* 1 (0 - 2) n.s. 2 (0 - 2) n.s. 2 (1 - 3) 0 (0 - 1)****
Goblet cell depletion 0 (0 - 1)** 0 (0 - 1)* 0 (0 - 1)* 1 (0 - 3) 0 (0)****
Kidney
Tubular epithelial desquamation 0 (0 - 1)** 0 (0 - 2)* 2 (1 - 3) n.s. 2 (1 - 3) 0 (0)****
February 2022
 | Volume 13 | Art
aResults assessed in blinded fashion are depicted as median and (range).
b0: not observed; 1: mild; 2: moderate; 3: severe. Statistical comparisons were performed using Dunn’s procedure and comparing each group with the “EHEC” group, i.e. E. coli O157:H7
infected and not IgG treated. *P <0.05, **P < 0.01, ****P < 0.0001, n.s, not significant.
A B C

FIGURE 1 | Murine IgG given on day 3 or day 3 and 6 protected mice from E. coli O157:H7-induced disease. (A) Survival in mice infected with E. coli O157:H7
(EHEC) and treated with IgG on day 3 and 6 (n=10, blue line), day 3 (n=5, red line), day 6 (n=5, green line), untreated (n=9, purple line) and uninfected controls
treated with IgG (n=3, yellow line) and without IgG (n=8, black line). (B) Weight changes in infected and uninfected mice, starting 1 day before inoculation, at the start
of fasting, until day 14 post-inoculation, when the experiment ended. (C) Bacterial colony forming units in feces of EHEC infected mice on days 1, 3, 5 and 8. Results
are presented as medians.
icle 807959
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weight loss, but did not show an increase in BUN, this could
suggest that the BUN increase in the infected and untreated
group, or the infected and IgG-treated on day 6, was mostly due
to renal injury.

Taken together, the data show that mice infected with E. coli
O157:H7 were well colonized, developed weight loss, clinical
signs of disease, renal failure (BUN increase) as well as intestinal
and renal pathology. IgG treatment on day 3 post-inoculation
decreased intestinal colonization, improved survival and
decreased intestinal and renal pathology. IgG treatment of
infected mice on days 3 and 6 improved survival, decreased
intestinal and renal pathology and protected renal function
during E. coli O157:H7 infection. IgG treatment on day 6 post-
inoculation did not have a protective effect.
Mouse and Human IgG Bound to E. coli
O157:H7 Proteins
The following experiments were designed to investigate if
proteins/peptides released from E. coli O157:H7 bound to IgG.
Frontiers in Immunology | www.frontiersin.org 6
Mouse IgG bound to E. coli O157:H7 proteins in the bacterial
culture filtrate in a dose-dependent manner (Figure 4A). Similar
findings were demonstrated using commercially available human
IgG Privigen (Figure 4B). Mouse and human IgG did not bind to
purified Shiga toxin 2 or O157LPS (Supplementary Figure 1).

Further experimentation was carried out to investigate which
proteins IgG bound to by immunoblotting. Mouse or human IgG
bound to several proteins in the E. coli O157:H7 culture filtrate as
depicted in Figure 5A. The protein bands that were detected using
mouse IgG were also detected using human IgG (see arrows in
Figure 5A). Six protein bands were detected with both mouse and
human IgGatmolecularmasses of approximately 100, 60, 37, 30, 20
and 12 kDa. Using human IgG, an additional band was detected at
approximately 55kDa. Similarly, when Fab and Fc fragments from
mouse IgG were used to detect E. coli O157:H7 proteins, the Fc
fragment bound to bacterial proteins showing the same pattern as
full-length IgG, Figure 5B.
Isolation of IgG-Binding
E. coli O157:H7 Proteins
The proteins extracted from the different membrane segments
corresponding to the seven different bands visualized by
immunoblotting (Figure 5A) were placed on a gradient gel
and detected by silver staining, Figure 5C. Binding of mouse
and human IgG to the isolated protein bands confirmed that the
correct proteins were extracted, Figures 5D, E, respectively.
FIGURE 3 | Blood urea nitrogen levels in E. coli O157:H7-infected mice.
Blood urea nitrogen measured in plasma from E. coli O157:H7 (EHEC)
infected and uninfected mice. Two mice in the infected and IgG-treated day 3
and 6 group developed symptoms and these are the two in this group with
high BUN values. Data presented as median and individual values
representing individual mice. *P < 0.05.
FIGURE 2 | Histopathology in E. coli O157:H7-infected mice. Pathological
changes were found in untreated E. coli O157:H7-infected mice. (A) Intestinal
inflammatory infiltrates (white arrow) and mucus-depleted goblet cells (white
arrowhead) in a mouse sacrificed on day 10 after inoculation in the infected
and untreated group (corresponding to pathological score 2 for inflammatory
infiltrates and pathological score 3 for mucus-depleted goblet cells). (B) Renal
tubular desquamation (black arrow) in a mouse sacrificed on day 10 after
inoculation in the infected and untreated group (corresponding to pathological
score 3). (C) Normal intestinal histology in infected and IgG treated mouse on
day 3 sacrificed on day 14 (corresponding to pathological score 0).
(D) Normal renal histology in infected and IgG treated mouse on day 3 and 6
sacrificed on day 14 (corresponding to pathological score 0). (E) Normal
intestinal histology in a control mouse sacrificed on day 14 (corresponding to
pathological score 0). (F) Normal renal histology in a control mouse sacrificed
on day 14 (corresponding to pathological score 0). Scale bar 100 mm.
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Identification of E. coli O157:H7 Proteins
That Bound to Mouse and Human IgG
Extracted proteins, corresponding to the different protein
band sizes binding to mouse or human IgG were analyzed
by mass spectrometry. The proteins were identified based on
specific criteria such as size, number of peptides, peptide score
Frontiers in Immunology | www.frontiersin.org 7
and were analyzed for distinct peptide sequences from the
same protein that could be identified in more than one
specimen. Proteins in segments four and five were analyzed
for duplicates because similar bands were found in the
extracts. Nine proteins were found in segments four and five
and some of these were also identified in the other specimens
A B

FIGURE 4 | IgG binding to E. coli O157:H7. The binding of IgG to E. coli O157:H7 culture filtrate was analyzed by ELISA. (A) Mouse IgG exhibited dose-dependent
binding to E. coli O157:H7 culture filtrate. (B) Human IgG showed dose-dependent binding to E. coli O157:H7 culture filtrate. The bar represents the median. **P < 0.01,
***P < 0.001, ****P < 0.0001.
A B

D EC

FIGURE 5 | Mouse and human IgG bind specific E. coli O157:H7 proteins. E. coli O157:H7 proteins in culture filtrate were blotted onto membranes for detection of
IgG binding. (A) E. coli O157:H7 proteins incubated with mouse IgG and human IgG. The blot detected with mouse IgG shows six bands and the blot detected with
human IgG shows seven bands (arrows). Both lanes were run on the same gel. (B) E. coli O157:H7 proteins detected with mouse Fab, Fc and whole IgG showing
that the binding to E. coli O157:H7 proteins is mediated via the Fc fragment. All lanes were run on the same gel and visualized by immunoblotting. (C) Silver stained
gel of eluted proteins corresponding to the seven E. coli O157:H7 proteins detected with mouse and human IgG in panel (A). (D) Immunoblot of eluted proteins
[according to panel (C)] detected with mouse IgG. (E) Immunoblot of eluted proteins [according to panel (C)] detected with human IgG. A faint band in lane 3 was
not seen in (D). MW, molecular weight.
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as summarized in Table 2. EspP and translation elongation
factor Tu (EF-Tu) were found in five segments each. EspP is
known to be involved in bacterial virulence (14) and patients
with EHEC infection mount an antibody response to EspP
(28) whereas EF-Tu functions primarily intracellularly with
certain membrane-associated secondary functions (29). EspP
was identified as a possible target for IgG binding and
studied further.
Mouse and Human IgG Bound to
Purified EspP
Purified EspP was used to exhibit binding to both mouse and
human IgG (Figure 6). Binding was mediated by the Fc domain,
Figure 6A showing binding to mouse IgG and Figure 6B
showing binding to human IgG. Purified EspP is expected to
Frontiers in Immunology | www.frontiersin.org 8
be visualized at 104 kDa (28). Unfortunately, we do not have a
specific anti-EspP antibody. Bands were detected at 104 kDa as
well as at 37, 30 and 12 kDa by both mouse and human IgG and
their Fc domains.
Binding of Mouse IgG to Culture Filtrates
of Wild-Type Versus DespP E. coli O157:H7
Culture filtrates from wild-type and DespP E. coli O157:H7 were
loaded onto a membrane alongside purified EspP as a control. A
band at 104 kDa was detected with mouse IgG in the culture
filtrate from the wild-type strain, but not in the culture filtrate
from the DespP strain (Figure 6C). The lower bands (100, 37, 30
and 12 kDa) in Figures 6A–C most probably represent IgG
binding to unrelated proteins as they are even visualized in the
sample containing DespP E. coli O157:H7.
A B C

FIGURE 6 | Mouse IgG and human IgG bind to EspP. Purified EspP loaded on to a membrane was analyzed for IgG binding. (A) Mouse whole IgG and the Fc
fragment, but not the Fab fragment, bound to EspP. All lanes were run on the same gel. (B) Human whole IgG and the Fc fragment, but not the Fab fragment,
bound to EspP. All lanes were run on the same gel. (C) Detection of EspP in culture filtrate from wild-type E. coli O157:H7 but not in the DespP strain run alongside
purified EspP bound to mouse IgG. Full-length EspP detected at 104 kDa with mouse or human IgG, marked with a black arrowhead. Bands detected at different
molecular weights than the full-length EspP marked with an open arrowhead representing proteins other than EspP that bind IgG.
TABLE 2 | Proteins that bound IgG assayed by mass spectrometry.

Extracted proteinsa kDa 1b 2b 3c 4b 5b 6b 7b

EspP 104 + + + + +
Chaperone protein DnaK 69 + + + +
Translation elongation factor thermo unstable 43 + + + + +
NAD-dependent glyceraldehyde-3-phosphate dehydrogenase 35 + +
L-asparaginase 36 + +
Transaldolase 35 + +
Galactose/methyl galactoside ABC transporter, substrate-binding protein
MglB

35 + +

Outer membrane protein A precursor 38 + + + +
Outer membrane beta-barrel assembly protein BamC 36 + +
February
 2022 | Vol
ume 13 | A
rticle 8079
EspP, Extracellular serine protease P.
aExtracted proteins from E. coli O157:H7 culture filtrates bound to IgG and cut out from a membrane. Seven bands were identified corresponding to columns 1-7 (Figure 5C). Proteins are
shown if peptide sequences from the same protein were identified in more than one column.
bExtracted proteins from E. coli O157:H7 culture filtrates detected with both mouse and human IgG.
cExtracted proteins from E. coli O157:H7 culture filtrates detected with only human IgG.
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Mouse and Human IgG Inhibit
EspP-Mediated Pepsin Cleavage
Culture filtrates from wild-type and DespP E. coli O157:H7 were
incubated with pepsin for 16 h and the samples were transferred
to a membrane. Pepsin was cleaved by EspP in wild-type culture
filtrates demonstrated as a cleavage product at approximately 20
kDa. Cleavage of pepsin was not detected in DespP culture
filtrates (Figure 7, a weak band at the location shown by the
open-headed arrow is also present in the absence of bacterial
culture filtrate). The EspP activity in wild-type E. coli O157:H7
culture filtrate was partially inhibited by mouse IgG (Figure 7A)
and human IgG (Figure 7B) compared to PMSF, the positive
control used for complete inhibition.
DISCUSSION

EHEC-associated HUS is a life-threatening condition for which
there currently is no effective treatment. Here we used a mouse
model of E. coli O157:H7 infection and show that IgG
treatment improved survival, decreased intestinal and renal
pathology and protected renal function. Importantly, treatment
was given after inoculation, which would resemble the clinical
setting in which the patient presents when infection has become
symptomatic. Mouse IgG as well as commercially available
human IgG were shown to bind to EspP and neutralize its
catalytic activity. EspP is a very potent serine protease secreted
by EHEC strains that exhibits enzymatic activity on both
bacterial and host proteins and has been shown to be an
important EHEC virulence factor (14). The results show that
murine and human IgG bind to EspP affecting its activity and
protect the intestine and kidney during E. coli O157:H7
infection, ultimately improving host survival.

EspP subtype alpha is specifically associated with E. coli
O157:H7 and found in highly virulent strains (13, 14, 30). This
Frontiers in Immunology | www.frontiersin.org 9
protease plays an important role in the adherence of E. coli
O157:H7 to bovine and human intestinal cells (12, 31) as well as
in biofilm formation (31). Monomers of EspP were shown to
assemble into oligomers thereby contributing to adherence,
biofilm formation and HeLa cell injury (32). Exposure of
colonoid cultures to EspP induced brush border damage (33),
cell shedding and loss of cellular structure as well as cell death
(34). A cytotoxic effect of EspP was even shown using Vero cells
(35). Furthermore, EspP elicited ion transport in rat jejunal
tissue (36) and human colonoid monolayers (11) indicating a
role in the induction of diarrhea. EspP induced actin
remodeling in human intestinal epithelial cells leading to
Shiga toxin uptake by macropinocytosis (37). These studies
indicate that EspP plays a major role in intestinal injury and
Shiga toxin uptake during E. coli O157:H7 infection. This can
explain how treatment with IgG, that binds to EspP, could
decrease intestinal cell injury in vivo, and protect mice from the
devastating consequences of E. coli O157:H7 infection, namely
renal failure and death.

Not all the above-mentioned effects of EspP are associated
with its catalytic activity. The cytotoxic activity is enzymatic but
its effects on ion transport in colonoid cells are independent of
enzymatic activity (11). EspP was also shown to have a catalytic
effect on bacterial T3SS effectors, EspA, EspB and EspD, thereby
regulating effector translocation into host intestinal cells (26). It
was further shown to inactivate EHEC hemolysin abolishing its
hemolytic activity (38). It has been proposed that EspP could
thereby regulate bacterial virulence (38).

In addition to its enzymatic effects on bacterial proteins, EspP
can cleave host proteins involved in coagulation and
complement activation. It cleaved coagulation factor V,
involved in thrombin generation. Cleavage of factor V could
promote bleeding, such as during hemorrhagic colitis (28).
Furthermore, EspP interacted directly with coagulation factors
XII, VIII, VII, and prothrombin, decreasing their activity, which
could also decrease clotting (39). Moreover, EspP was shown to
A B

FIGURE 7 | Mouse and human IgG inhibit EspP-mediated pepsin cleavage. Pepsin incubated alone or with wild-type or DespP E. coli O157:H7 culture filtrates was
loaded onto a membrane for detection of pepsin cleavage. Supernatant pre-incubated with mouse IgG (A) or human IgG (B) partially inhibited EspP activity. Full-
length pepsin was detected at approximately 40kDa, marked with a black arrowhead, and the cleavage product was detected at approximately 20kDa marked with
an open arrowhead. WT, culture filtrate from the wild-type E. coli O157:H7 strain; DespP, culture filtrate from the EspP mutant; IgG, immunoglobulin G; PMSF,
phenylmethylsulfonyl fluoride.
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cleave and inactivate complement factors C3/C3b and C5 (15),
and by impairing the complement response to the infectious
agent could promote bacterial pathogenesis. Thus, EspP seems to
be crucial for bacterial virulence and an impaired host response.
EspP also cleaves pepsin, an enzymatic activity utilized in the
current study to demonstrate the inhibitory effect of IgG, and it
recognizes a variety of amino acid sequences in its different
substrates (40). Importantly, in order for EspP to exert an effect
on coagulation and complement it would need to gain access to
the systemic circulation. Patients with EHEC infection mounted
an IgG response to EspP (28) suggesting that EspP could reach
the circulation.

The intraperitoneal IgG treatment given in the current study
would bind to EspP locally in the intestine, thereby interacting
with EspP where it is secreted. We hypothesize that IgG is
transported into the intestinal lumen across the epithelial cell
mucosal barrier as IgG has been previously shown to undergo
receptor-mediated transcytosis in epithelial cell mucosal barriers
(41). Intraperitoneal administration of IgG on day 3 decreased E.
coli O157:H7 colonization. This is in line with the effect of
colostrum, that is rich in IgG and has been shown to affect
intestinal attachment and colonization of E. coli O157:H7 in
mice (42). In our model we used streptomycin to affect the
intestinal microflora and effectively colonize the intestine with E.
coli O157:H7 (24). Streptomycin would be expected to have an
impact on the intestinal mucosa and we cannot rule out that it
affected colonization during IgG treatment.

E. coli O157:H7-infected mice are prone to develop
symptoms and/or lose weight during disease development, as
shown in the group of mice inoculated with E. coli O157:H7
and left untreated, in which 8/9 developed symptoms. An
indication for euthanasia in this model is the development of
symptoms and/or weight loss of ≥ 20%. In the group of mice
that were IgG-treated on day 3 and 6, only 2/10 developed
symptoms and these mice did not lose weight. However, a
certain degree of weight loss was observed in the group of mice
that was IgG-treated on day 3. This weight loss was not deemed
significant (did not reach 20%) and 4/5 mice were protected
from the development of symptoms. Thus, even treatment on
day 3 alone had a protective effect.

As EspP most probably reaches the circulation, even
intravenous IgG treatment could be effective during EHEC
infection, albeit possibly not as protective in the intestine. It is
of importance to give the treatment early in the course of
infection. Treatment on day 3 or day 3 and 6 post-inoculation
with E. coli O157:H7 was effective in promoting mouse survival
and protecting mice from intestinal and renal injury, whereas
treatment on day 6 was not protective. In human infection this
would suggest that IgG treatment should be investigated for
treatment before the development of fulminant HUS and could
be used during outbreaks of virulent EHEC strains.

Human IgG used in the present investigation was commercially
available Privigen. Batches of purified IgG are pooled from multiple
blood donors. Most of these donors have most probably not been
infected with EHEC, or enteropathogenic E. coli (EPEC) that secrete
a serine protease termed EspC, with homology to EspP (43). The
Frontiers in Immunology | www.frontiersin.org 10
binding of pooled human IgG to EspP was mediated by the Fc
fragment. Proteins of bacterial or human origin can bind the Fc
fragment of IgG, and this property is utilized for antibody
purification, for example, using protein G (44). In the intestinal
and bronchial mucosa Fc-binding protein Fcgbp effectively transfers
IgG across themucosal layer (45). As this is Fc, and not Fab, binding
it would not entail recognition of a specific antigen. This also
explains why IgG from laboratory bred mouse sera could bind to
EspP by the Fc domain.

The IgG preparation used herein is available clinically for
other indications. We suggest that commercially available IgG be
evaluated in patients with EHEC infection. The finding that
bovine colostrum containing high levels of IgG, administered
orally, reduced diarrhea in patients with EHEC infection (21)
supports the finding that IgG could have a protective effect if
given early in the course of infection. Similar findings were
demonstrated in mice given IgG-enriched bovine colostrum
orally (42). Future investigations should address which route of
administration is most effective, oral or intravenous, and if IgG is
effective during human EHEC infection.
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