IO IeA @ ORIGINAL ARTICLE

Logarithmic phase Escherichia coli K1 efficiently avoids serum
killing by promoting C4bp-mediated C3b and C4b degradation
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Introduction

Summary

Meningitis caused by Escherichia coli K1 is a serious illness in neonates
with neurological sequelae in up to 50% of survivors. A high degree of
bacteremia is required for E. coli K1 to cross the blood-brain barrier,
which suggests that the bacterium must evade the host defence mecha-
nisms and survive in the bloodstream. We previously showed that outer
membrane protein A (OmpA) of E. coli binds C4b-binding protein
(C4bp), an inhibitor of complement activation via the classical pathway.
Nevertheless, the exact mechanism by which E. coli K1 survives in serum
remains elusive. Here, we demonstrate that log phase (LP) OmpA™ E. coli
K1 avoids serum bactericidal activity more effectively than postexponen-
tial phase bacteria. OmpA™ E. coli cannot survive in serum grown to
either phase. The increased serum resistance of LP OmpA™ E. coli is the
result of increased binding of C4bp, with a concomitant decrease in the
deposition of C3b and the downstream complement proteins responsible
for the formation of the membrane attack complex. C4bp bound to E. coli
K1 acts as a cofactor to factor I in the cleavage of both C3b and C4b,
which shuts down the ensuing complement cascade. Accordingly, a pep-
tide corresponding to the complement control protein domain 3 of C4bp
sequence, was able to compete with C4bp binding to OmpA and cause
increased deposition of C3b. Thus, binding of C4bp appears to be respon-
sible for survival of E. coli K1 in human serum.

Keywords: C4b-binding protein; complement; Escherichia coli K1; menin-
gitis; outer membrane protein A

some extent, the mechanism of E. coli serum resistance is
still poorly understood. Interestingly, despite the presence

Escherichia coli K1 is the leading cause of neonatal menin-
gitis with mortality rates of the infected neonates as high
as 40% and over half of the survivors suffering permanent
neurological sequelae.'™ Strains of E. coli K1 usually
invade the blood of infants from the nasopharynx or gas-
trointestinal tract and then multiply in the blood to reach
a certain threshold level of bacteremia before crossing the
blood-brain barrier.” To survive in the blood, E. coli must
avoid the host’s innate defence mechanisms such as the
complement system and opsono-phagocytosis. Although,
neonates are considered to be immunocompromised to

of various serotypes of E. coli, only a small number of
strains expressing K and O antigens are responsible for the
majority of infections, with K1 and K5 being the predom-
inantly found capsular antigens.* Previous studies have
demonstrated that increased production of K1 capsule
dramatically influences the complement activation, opson-
ization and virulence of E. coli K1.> However, Weiser and
Gotschlich found that outer membrane protein A (OmpA)
is necessary for serum survival as well, although the mech-
anism explaining this phenomenon is not defined.® Other
investigators have noted that only certain combinations of

Abbreviations: C3b, activated form of C3; C4bp, C4b-binding protein; FH, factor H; FI, factor I; iC3b, inactivated C3b;
LP, logarithmic phase; MAC, membrane attack complex; NHS, normal human serum; OmpA, outer membrane protein A;
PEP, post exponential phase; RCA, regulator of complement activation.
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O-antigen with K-antigen are found repeatedly in E. coli
K1 infections, which suggests that these bacterial surface
structures act in association to evade the host’s defence
arsenal. Therefore, a consensus seems to be emerging that
several mechanisms mediate serum resistance of Gram-
negative pathogens such as E. coli K1.

The complement system is an important component of
innate immunity in the host. Complement (C3) activation
can proceed via three enzymatic cascades, the classical,
the alternative, and the mannose-binding lectin (MBL)
pathways.” The classical complement pathway is initiated
by the binding of Clq to the Fc portion of antibody—anti-
gen complexes on the bacterial surface, while the alternat-
ive and lectin pathways are activated by cell surface
components of bacteria. Activation of any of these three
pathways leads to the opsonization of the target with the
complement component C3b. Formation of C3b by a set
of programmed enzymatic reactions proceeds to the
assembly of a membrane attack complex (MAC) and bac-
teriolysis. In addition, the complement receptors present
on phagocytes bind C3b and iC3b molecules on the bac-
teria to induce phagocytosis. However, it is not clear
which of the three complement pathways play a major
role in host defence against E. coli K1.

Several pathogenic bacteria have the capacity to avoid
serum bactericidal activity by binding to serum inhibitors
of the activated complement proteins C3b and C4b. Fac-
tor H (FH) is a host serum regulator of complement acti-
vation (RCA) and inhibits C3 activation in the alternative
pathway. FH acts as a cofactor for factor I (FI) mediated
cleavage of C3b leading to its inactivation and accelerates
decay of alternative pathway C3-convertase (C3Bb, an
enzymatic complex generating C3b) by displacing C3Bb.
Neisseria gonorrhoeae has been shown to capture FH via
bacterial sialic acid, which consequently decreased the
deposition of C3b on the surface.® Similarly, streptococci,
e.g. Streptococcus pyogenes Mse,” S. pyogenes M18'" and
S. agalactiae Type 1,'"'> have been shown to bind FH
and FH-like proteins via surface proteins and to decrease
the amount of C3 deposition on the bacterial surface.

C4b-binding protein (C4bp) is the predominant serum
inhibitor of C3b activation via the classical pathway.
C4bp is a cofactor in FI-mediated cleavage of C4b to C4d
and increases the dissociation of the classical pathway C3
convertase.” We showed previously that complement con-
trol protein (CCP) domain 3 (CCP3) of the a-chain of
C4bp binds specifically to OmpA of E. coli K1 and that
this interaction may play an important role in protection
against serum killing."> Our present study shows strong
evidence that OmpA™* E. coli grown to logarithmic phases
(LP) bind greater amounts of C4bp and accordingly sur-
vive more efficiently in serum than those grown to post-
exponential phase (PEP). Also, the E. coli-bound C4bp
exhibits FI cofactor activity, which leads to the degrada-
tion of C3b and C4b, thus regulating the activation of the
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classical complement pathway. We further demonstrate
that such an interaction could be blocked by synthetic
peptides directed to the CCP3 domain of C4bp a-chain.

Materials and methods

Bacterial strains, culture conditions and chemicals

All strains used in this study were derived from a cerebro-
spinal fluid clinical isolate of E. coli K1 strain RS218 (sero-
type O18:K1:H7) as described previously.'* E44 is a
spontaneous rifampin-resistant mutant of RS218. A mutant
lacking the entire ompA gene (E91) was generated from
strain E44 in two steps.'” First, a tetracycline-resistance
marker was mobilized from DME 558, which contains the
marker neo-ompA, by P1 transduction to E. coli K12 strain
BRE51 in which the ompA gene had been deleted. Then, a
P1 lysate was used to transduce E. coli K1 strain E44. The
tetracycline-resistant colonies were screened for lack of
OmpA expression by Western blot analysis to identify
mutant E91. Bacteria were grown in brain heart infusion
broth (Difco, Detroit, MI) with appropriate antibiotics at
the following concentrations: rifampin 100 pg/ml (E44);
tetracycline 12-5 pg/ml (E91). Normal adult human serum
(NHS) was prepared from blood obtained from healthy
individuals with the approval of the Clinical Committee on
Investigation of CHLA, pooled, divided into aliquots, stored
at 70°, and used for experiments within 1 week. The NHS
used in these studies was free of any antibody reactive to E.
coli K1 as assessed by colony blot analysis. However, these
strains did bind non-specific immunoglobulin G (IgG) as
examined by immunofluorescence experiments using anti-
human IgG coupled to fluorescein isothiocyanate (FITC).
For some experiments, NHS was incubated either at 56° for
30 min to yield heat-inactivated serum or at 50° for 30 min
to inactivate alternative complement pathway.

Antibodies and reagents

Antibodies to Clq, C3, C5, C9, FH, C4bp, C4b, C3b and FI
were obtained from Calbiochem (San Diego, CA). Purified
C3b, C4b and factor I proteins, polyclonal anti-C4 and
monoclonal anti-C4d antibodies were obtained from Qui-
del Corp. (San Diego, CA). C8-deficient serum, antibodies
to human IgG and IgM labelled with FITC, and all other
chemicals were purchased from Sigma Chemical Co. (St
Louis, MO). Purification of C4bp and FH were performed
as described previously.'® Monoclonal antibodies to SfaS,
a subunit of S-fimbria, were generously provided by
Dr Hacker, University of Wurzburg, Germany.

C4bp peptides

Peptide sequences that represent fragments of CCP3 of
C4bp were synthesized as described previously'® and used
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in the inhibition assays. The sequences of the peptides are
as follows: CCP3-2: 141-EENFYAYGF-149 and CCP3-4:
156-DPRSFSLLGH-165. The bacteria were treated with
each peptide (50 pm) for 1 hr on ice before incubating
with serum. The peptides were present in the medium
throughout the experiment.

Dot-blot analysis of C3b deposition on E. coli

Equal numbers of bacteria were treated with various con-
centrations of either CCP2 or CCP4 peptide for 30 min
on ice and then incubated with 40% NHS for varying
periods at 37°. The bacteria were washed and an equal
number of bacteria was loaded onto nitrocellulose. The
number of bacteria loaded from each sample was enumer-
ated by plating the dilutions on blood agar. The nitrocel-
lulose was then blocked with 5% bovine serum albumin
in phosphate-buffered saline (PBS) for 1 hr followed by
incubation with anti-C3 or anti-S-fimbria antibody for
1 hr at room temperature. The blot was washed three
times with PBS and then incubated with peroxidase-
conjugated secondary antibody. The blot was exposed to
an X-ray film and the image was captured by scanning.
The densities of the dots were quantified using IMAGE]
software (National Institutes of Health). The densities of
the dots were normalized to the densities of the dots with
anti-S-fimbria antibody and graphed.

Flow cytometry analysis

We used flow cytometry to determine the binding or
deposition of complement proteins Clq, C3b, C5b and
C9 on the surface of E. coli in NHS. OmpA* and
OmpA™ E. coli K1 strains were grown for 6-8 hr to log
phase (LP) or overnight (postexponential phase, PEP) in
medium containing appropriate antibiotics. The cells
were centrifuged and washed twice with Hanks’ balanced
salt solution (HBSS) at room temperature. The bacteria
were re-suspended in HBSS and adjusted to 1 x 10°
cells/ml at ODgg. The bacterial suspension (100 pl) was
incubated with NHS or C8-deficient serum (final con-
centration of 40%) for varying periods at 37°. The sus-
pension was centrifuged at 12 000 g for 5 min and the
pellet was re-suspended in PBS. To determine the bound
components of the complement cascade, the bacteria
were incubated with antibodies against Clg, C3, C5 and
C9 (as a marker for the MAC) at room temperature for
30 min followed by three washings with PBS. The bac-
terial pellets were then incubated with FITC-conjugated
secondary antibodies for 30 min at room temperature,
washed and re-suspended in PBS. Flow cytometry analy-
sis was carried out on a Becton-Dickinson Flow analyser
at the University of Southern California, using CeLL
QuEsT software and approximately 10 000 gated events
were recorded.
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Serum bactericidal assays and Western blotting

Susceptibility of E. coli strains to complement-mediated
killing was carried out using non-immune NHS or
C8-deficient serum at a final concentration of 40%. The
bacteria (10° cells) were suspended in HBSS or PBS along
with serum and incubated at 37° for various time-points.
The bacteria were then plated on blood agar in dilutions
for quantitative determination. Serum bactericidal assays
were also carried out using gelatin Veronal buffer (GVB)
with either calcium and magnesium or EGTA. Routinely
heat-inactivated NHS (56° for 30 min) was included as a
control. In separate experiments, the E. coli strains were
incubated with C4bp peptides on ice for 1 hr prior to the
addition of NHS. The effect of these peptides on bacteri-
cidal survival was examined by the colony count method.
For Western blot analyses, 10° colony-forming units
(CFU) of OmpA™ E. coli were incubated with NHS for
varying periods as indicated at 37° and the bacteria were
pelleted by centrifugation and re-suspended in PBS. The
total number of bacteria in the samples was estimated
using ODg readings during the final wash with PBS. In
addition, a portion of the suspension was used to deter-
mine the bacterial count by plating the dilutions on the
blood agar. A known number of bacteria in PBS were
then dissolved in Laemmli buffer containing B-mercapto-
ethanol, boiled, separated by 10% sodium dodecyl sul-
phate—polyacrylamide gel electrophoresis (SDS-PAGE),
and transferred to nitrocellulose. The nitrocellulose mem-
branes were blocked with 5% non-fat milk and then ana-
lysed by immunoblotting with antibodies to complement
proteins.

C3b/C4b degradation assays

To examine cofactor activity of bacteria-bound C4bp,
either OmpA"* or OmpA™ E. coli (10° bacteria) were incu-
bated with 200 nm purified C4bp for the indicated peri-
ods at 37° the unbound C4bp was removed by
centrifugation and the bacteria were washed with PBS
three times. The bacteria coated with C4bp were incuba-
ted with either 500 nm C3b or 250 nm C4b and 60 nMm of
FI in PBS (final volume of the reaction was 250 pl). The
samples were incubated for 1 hr at 37° and then centri-
fuged to remove the bacterial pellet. An aliquot (25 pl) of
the supernatant was separated by SDS-PAGE, transferred
to nitrocellulose, and then subjected to Western blotting
with polyclonal anti-C3 antibody that recognizes all frag-
ments of C3b. In some experiments, the bacteria were
incubated with C8-deficient serum for varying periods.
The bacteria were centrifuged, washed and treated with
100 mM hydroxylamine to release the bound C3b/iC3b
fragments, boiled in the presence of SDS-PAGE buffer
containing PB-mercaptoethanol and separated by SDS-
PAGE followed by immunoblotting with anti-C3
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antibody. In addition, monoclonal anti-C4d antibody
(Quidel Corp.), recognizing the alpha subunit and its
product C4d, was used in the analysis of supernatants
from C4b degradation assay.

K1 capsular polysaccharide determination

Cells were prepared as described by Vermeulen and col-
leagues® while colorimetric assay was performed according
to Warren'’. Briefly, 10'" bacteria (as estimated by
ODyggo) were harvested and washed once in PBS, pelleted
and resuspended in 5 ml cold PBS for sonication. Twenty
microlitres was removed for quantitative estimation of
the bacteria and the remaining suspension was sonicated
continuously at 50% power for 4 min on ice. Following
sonication, 200 pl was mixed with 0-1 ml of the periodate
solution (0-2 M in 9 M phosphoric acid). The tubes were
shaken and allowed to stand at room temperature for
20 min. Then, 1 ml of sodium arsenite solution (10% in
solution of 0-5M sodium sulphate 0-1 N H,SO,) was
added and shaken until the yellow-brown colour dis-
appeared followed by the addition of 3 ml of thiobar-
bituric acid (0-6% in 0-5 M sodium sulphate). The tubes
were shaken and heated vigorously in a boiling water bath
for 15 min. Of this solution, 1 ml is transferred to
another tube, which contains 1 ml of cyclohexanone. The
tube was shaken twice and then centrifuged for 3 min at
1000 g The clear upper red-coloured cyclohexanone phase
was collected and the absorbance was measured at
549 nm. The molecular extinction coefficient used was
57 000. The amount of N-acetylneuraminic acid present
in a given sample is determined from the following equa-
tion: 'V X ODsy0/57 = 4-3 X ODs40/57 = 0-075 X ODsy0,
where V is the final volume of the test solution.

Results

Activation of complement system by LP OmpA™*
E. coli

C3 of the complement system can be activated by bacter-
ial surface components and such activation occurs via the
classical, lectin and alternative pathways. Our previous
studies have shown that despite similar binding of Clg, a
strong activator of the classical pathway, from NHS to
both OmpA™ and OmpA~ E. coli, the survival of OmpA*
E. coli in NHS was significantly greater than that of
OmpA~ E. coli.'> We subsequently identified that OmpA”*
E. coli binds C4bp, a regulator of complement activation
via the classical pathway, indicating a prominent role of
the classical pathway in killing E. coli K1. However, the
contribution of the alternative pathway in serum killing
of E. coli K1 was not assessed. Therefore, we examined
the survival of both OmpA* and OmpA~ E. coli under
conditions in which either classical or alternative pathway
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Figure 1. Survival of Escherichia coli K1 strains in adult human sera.
OmpA* (a) and OmpA~ (b) E. coli Kl strains grown overnight
(postexponential) were subjected to serum bactericidal assays using
adult human sera either untreated (NHS), heat-inactivated (HI-
NHS), EGTA-treated (EGTA + NHS), incubated at 50° for 30 min,
or preincubated with anti-Clq antibody. (¢) In separate experiments,
the bacteria were subjected to serum bactericidal assays using
C8-deficient serum at a final concentration of 40%. The results are
presented as means of at least three individual experiments and are
expressed as relative survival with the survival of E. coli at 0 min
being taken as 100%.

components were inactivated. More than 80% of OmpA™
E. coli survived for up to 15 min in NHS (40%) and
declined significantly to ~30% after 1 hr of incubation
(Fig. 1a). On the contrary, when the bacteria were incu-
bated in heat-inactivated NHS they were not killed at any
time point, indicating that intact complement is pivotal
for serum bactericidal activity. Organisms incubated in
NHS treated with EGTA, which inactivates both the clas-
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sical and lectin pathways, had only 20% decrease in survi-
val at 1 hr post-incubation. In addition, treatment of
NHS with an anti-Clq antibody (polyclonal, monospecific
to Clq) significantly inhibited serum bactericidal activity.
In agreement with previous studies,'® pretreatment of
NHS with anti-Clq antibody significantly prevented the
binding of Clq to the bacteria as assessed by flow cytom-
etry (data not shown). NHS, heated to 50°, which selec-
tively inactivates the alternative pathway, showed very
little difference on the OmpA™ E. coli serum susceptibility
as compared to untreated serum, yet again suggesting that
the classical pathway is the major complement pathway
that kills the majority of OmpA* E. coli. On the other
hand, OmpA™ E. coli was susceptible to NHS when either
the classical complement pathway or alternative pathway
was inactivated suggesting that the OmpA" and the
OmpA™ strains had different patterns of survival (Fig. 1b).
OmpA™ E. coli survived only in heat-inactivated serum,
suggesting that both classical and alternative complement
pathways contribute to the killing of OmpA™ E. coli. This
stands in sharp contrast with the observation that mainly
the classical pathway is responsible for the bactericidal
activity against OmpA* E. coli. We also performed the
survival assays in C8-deficient serum that precludes for-
mation of the terminal membrane attack complex and
lysis. Both the strains in their LP and PEP showed min-
imal killing even after 60 min incubation in C8-deficient
serum as compared to normal NHS (Fig. 1c).

It has been demonstrated that growing conditions affect
the surface structures in several bacterial pathogens.’
Therefore, we speculated that OmpA" E. coli were killed
during the first hour of incubation in serum, possibly
because they were grown overnight (PEP). To examine
this possibility, we compared the logarithmic phase (LP)
and PEP phase of both the strains of E. coli by subjecting
them to serum bactericidal assays under similar condi-
tions. As shown in Fig. 2(a), LP OmpA" E. coli continued
to survive in serum without any signs of bactericidal sus-
ceptibility, suggesting that the LP OmpA™ E. coli are more
resistant to serum bactericidal activity when compared to
PEP bacteria. In contrast, OmpA™ E. coli in LP and PEP
did not survive.

Furthermore, to determine the influence of the amount
of serum on E. coli K1 susceptibility, bacteria were incu-
bated with various concentrations of NHS up to 60 min.
As shown in Fig. 2(b) and 20% and 40% serum concen-
trations had no effect on LP OmpA" E. coli survival,
whereas a slight increase in serum susceptibility was
observed at 60% and 80% serum concentrations. Longer
periods of incubation with NHS did not enhance serum
bactericidal activity (data not shown). PEP OmpA"
E. coli, on the other hand, survived well in 20% NHS
when compared to concentrations beyond 40% in which
60-70% of bacteria were killed (Fig. 2¢). In contrast, nei-
ther LP nor PEP OmpA™ E. coli could survive in any given
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Figure 2. Survival of LP and PEP OmpA™ Escherichia coli K1 in var-
ious NHS concentrations. Serum bactericidal assays were performed
on the bacteria grown to LP and PEP using NHS at a final concen-
tration of 40% (a). Furthermore, OmpA™* E. coli grown to LP and
PEP were subjected to serum bactericidal activity with various serum
concentrations for the indicated periods (b,c). The results are presen-
ted as means of at least three individual experiments and are
expressed as relative survival with the survival of E. coli at 0 min set
as 100%.

concentration of NHS (not shown, but similar to Fig. 1b).
In addition, neither of the bacteria was killed in C8-defici-
ent serum even at 80% concentration (data not shown).
These results suggest that LP OmpA™ E. coli resist serum
bactericidal activity more efficiently when compared to
PEP bacteria even at very high concentrations of serum.
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Comparison of K1 capsular polysaccharide production
and C4bp binding by LP and PEP E. coli

Vermeulen et al. found that E. coli grown to LP produces
large amounts of K1 capsular polysaccharide that confer
serum resistance on E. coli K1.” Therefore, we examined
whether increased survival of LP OmpA™ E. coli K1 is the
result of the presence of greater quantities of K1 capsule,
when compared to LP OmpA™ E. coli. The amount of K1
capsular polysaccharide on these bacteria was determined
using a colorimetric assay.'”

In the previous studies, the highest amount of capsule
was observed on bacteria grown to a density of 10°/ml in
brain heart infusion broth. However, we were only able
to perform the assay with detectable quantities of K1 cap-
sule grown to a density of 10’/ml. As shown in Fig. 3(a),
LP E. coli, both OmpA™ and OmpA~ contained twice the
amount of K1 capsular polysaccharide when compared to
PEP bacteria, indicating that greater survival of OmpA*
E. coli when compared to OmpA~ E. coli was not the
result of the presence of more K1 capsular polysaccharide.
We also determined K1 capsular polysaccharide content
in the media of both phases of bacteria. The media of
PEP bacteria contained ~10 times more K1 capsular
polysaccharide when compared to the content present in
the media of LP bacteria, suggesting that the PEP E. coli
K1 kept growing new K1 capsule while shedding it into
the medium (data not shown). Since our studies have
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shown that OmpA expression confers serum resistance,
we examined the quantity of OmpA expressed in these
bacteria by Western blot analysis of outer membrane pro-
teins using an anti-OmpA antibody. Interestingly, the
results showed no significant difference in the quantities
of OmpA between LP and PEP OmpA* E. coli (Fig. 3b).
As expected, OmpA™ E. coli did not show significant reac-
tivity with the antibody.

Since the antibody against C4bp (Calbiochem) could
not be used for flow cytometry analysis, Western blot
analysis was carried out to examine the binding of C4bp
to LP and PEP OmpA* E. coli. LP bacteria bound signifi-
cantly greater amounts of C4bp after 10 min incubation
with NHS, as compared to PEP E. coli (Fig. 3c). Interest-
ingly, the amount of C4bp bound to OmpA" E. coli
decreased by approximately 50% at 60 min postincuba-
tion. In contrast, OmpA™ E. coli bound negligible quanti-
ties of C4bp, which is in agreement with our previous
data."® The differences in the binding of C4bp to LP and
PEP OmpA" E. coli are not the result of unequal loading
of the bacteria as equal numbers of CFU were loaded in
each lane after enumerating the colonies by plating the
dilutions on the blood agar. Similar experiments were
also carried out to examine the binding of the inhibitor
of the alternative pathway, FH, to the surface of the bac-
teria and demonstrated that both LP and PEP OmpA*
E. coli bound to similar amounts of FH (Fig. 3d). How-
ever, the binding of FH is unable to protect the OmpA~

(c)
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Figure 3. Assessment of K1 capsule and OmpA production, and the binding of C4bp and FH to LP OmpA* Escherichia coli. (a) Both OmpA”*

and OmpA™ E. coli grown to LP and PEP were used for estimation of K1 capsule as described in the Materials and methods section. Data repre-
sent at least three separate experiments and are expressed as pg of K1 capsule + SD per 107 CFU. (b) Equal numbers of bacteria were suspended
in SDS sample buffer containing f-mercaptoethanol and subjected to electrophoresis followed by Western blotting with an anti-OmpA antibody.
Purified OmpA was included as a positive control. (c) and (d) Both LP and PEP OmpA* E. coli were incubated with 40% NHS for varying peri-
ods, the bacteria were collected by centrifugation, washed, dissolved in SDS buffer, and subjected to PAGE. After transferring the proteins to
nitrocellulose, the blots were developed with anti-C4bp antibody (c¢) and anti-FH antibody (d). Purified C4bp and FH were loaded as positive

controls on the gel.
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E. coli from serum killing, whereas increased binding of
C4bp to OmpA™ E. coli is able to increase the survival of
the bacteria in NHS.

LP OmpA* E. coli inhibits the deposition
of complement cascade beyond C3

Having demonstrated that C4bp binds to OmpA*
E. coli,"”” we wished to identify the mechanism of serum
resistance by E. coli K1. Flow cytometry was employed
using antibodies against Clq, C3 (recognizes deposited
C3b), C5 (recognizes deposited C5b), and C9 to verify
any differences in the amounts of specific proteins of the
complement cascade deposited on E. coli during the bac-
tericidal reaction after incubation with 40% NHS. Cells
were scored positive for complement binding if they were
more fluorescent than cells treated without the primary
antibody. Forward and side scatter analysis suggested cell
membrane distortion upon serum exposure, however, this
did not differ between OmpA* and OmpA~ E. coli. As
shown in Fig. 4(a), OmpA" E. coli and OmpA~ E. coli
grown to LP bound equivalent amounts of Clq on their
surface by 15 min postincubation. Interestingly, the
deposition of Clq on LP OmpA™ E. coli continued to
increase up to 60 min, whereas Clq deposition on LP
OmpA™ E. coli stayed constant even at 60 min of incuba-
tion. The deposition of C3b on LP OmpA™ E. coli was
almost twice that of LP ompA™ E. coli up to 15 min post-
incubation (Fig. 4b). This difference seemed to increase
further as the time was increased to 60 min. In contrast,
the deposition of C5b and C9 was significantly greater on
LP OmpA~ E. coli when compared to LP OmpA™ E. coli
(Fig. 4c,d). Interestingly, the depositions of Clg, C5b,
and C9 on PEP OmpA™ and OmpA™ E. coli were similar
at all time-points. The deposition of C3b on PEP OmpA*
E. coli was significantly lower than on OmpA™ E. coli up
to 10 min postincubation and increased by 60 min,
although the binding was ~20% lower. These data indi-
cate that LP OmpA* E. coli resist serum killing more effi-
ciently by inhibiting the deposition of C3b products and
downstream complement proteins on its surface when
compared to PEP OmpA" E. coli or the same bacteria
lacking OmpA and grown to any phase. We also com-
pared the deposition of C3b and C5b using C8-deficient
sera to eliminate potential problems arising from the fact
that some bacteria will be lysed in normal serum. The
deposition of both C3b and C5b were similar on PEP
OmpA" E. colii and LP and PEP OmpA~ E. coli
(Fig. 4e,f). In agreement with the results of NHS, LP
OmpA™ E. coli significantly inhibited the deposition of
both C3b and C5b.

Although both PEP OmpA™ and OmpA™ E. coli showed
similar binding of Clq by flow cytometry analysis, LP
OmpA™ E. coli bound significantly lower amounts of Clq
when compared to LP OmpA~ E. coli. Neisseria
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gonorrhoeae, which binds IgG in addition to C4bp, also
regulates the levels of IgM binding to the surface to avoid
complement activation.'” Therefore, the binding of anti-
bodies (IgG and IgM) present in non-immune sera to LP
bacteria was examined by flow cytometry analysis. Even
non-immune sera contain natural IgM antibodies that
recognize bacterial lipid antigens and apparently there is
a pool of cross-reacting IgG antibodies. As shown in
Fig. 4(g), LP OmpA™ E. coli bound 50% less IgG as com-
pared to LP OmpA™ E. coli at all time points. The binding
of 1gG was also 50% greater to PEP OmpA" E. coli when
compared to LP OmpA* E. coli until 5 min postincuba-
tion with the difference in binding disappearing by
60 min. In contrast, the binding of IgM is only slightly
greater to OmpA™ E. coli compared to that of IgM bound
to OmpA™ E. coli in both growth phases. Extended incu-
bation did not change the amount of IgM bound to the
bacteria (data not shown), suggesting that OmpA™ E. coli,
in addition to C4bp binding, may also influence the bind-
ing of IgG to bacterial surface, and that both factors may
contribute to the final outcome, which is the decreased
bacterial killing.

C4bp bound to E. coli K1 exhibits cofactor activity
against C3b and C4b

C4bp regulates the classical pathway activity by serving as
a cofactor in the inactivation of C4b in the presence of
FI, and yields the fragments C4d and C4c.” The anti-C4d
antibody recognizing both the intact o-chain of C4b and
its cleaved product C4d was used to analyse the cofactor
activity of C4bp bound to the cells. Briefly, OmpA*
E. coli grown to LP and PEP were incubated with pure
C4bp, unbound C4bp was removed and then pure C4b
and Factor I were added. Incubation proceeded for the
indicated periods, followed by washing and pelleting
down of the bacteria. Western blotting of the proteins in
the supernatant with anti-C4d antibodies showed a band
of ~45 000 MW, indicating that LP OmpA™* E. coli incu-
bated with pure C4bp cleaved C4b more efficiently as
compared to PEP OmpA" E. coli (Fig. 5a). In contrast,
the LP OmpA™ E. coli showed no such cleavage of added
C4b up to 60 min incubation (only 10 min data-point is
shown). Densitometric analysis of bands corresponding to
C4d and normalization to equal numbers of bacteria loa-
ded in each lane indicated that LP OmpA™ E. coli gener-
ated two or three times more C4d than PEP OmpA*
E. coli (Fig. 5b).

To assess the ability of the bound C4bp as a cofactor in
the cleavage of C3b, both LP and PEP OmpA* E. coli
were incubated with purified C4bp, washed, centrifuged
and the bacterial pellet was further incubated with C3b
and FI for the indicated periods. The bacteria were centri-
fuged, washed and an aliquot of the supernatant (20 pl)
was then subjected to Western blotting with anti-C3
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deviation from four different experiments.

antibody. As shown in Fig. 6(a), LP OmpA" E. coli avoid lysis of the bacteria) for varying periods and the

enhanced the cleavage of C3b (presence of 43 000-46 000 bound C3b fragments were released with hydroxylamine.
MW degradation product) when compared to other bac- Analysis of C3b fragments by Western blotting with anti-
teria. No cleavage was observed in the absence of FI, indi- C3 antibody showed that the generation of iC3b on
cating that the bacteria by themselves could not cause the OmpA" E. coli was less when compared to PEP OmpA*
degradation of C3b. Interestingly, OmpA~ E. coli also E. coli (Fig. 6b). However, the amount of C3b bound to
showed some effect on the cleavage of C3b in both LP OmpA* E. coli was notably lower than the C3b on
growth phases, which could be the result of the cofactor the surface of PEP OmpA™ E. coli. These results suggest
activity of C4bp bound to these bacteria in minute quan- that C4bp bound to E. coli K1 acts as a cofactor to FI to
tities as we showed previously."” In addition, OmpA* and inactivate both C3b and C4b; thus it may further provide
OmpA™ E. coli were treated with C8-deficient serum (to protection against opsono-phagocytosis.
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Figure 5. Degradation of C4b by C4bp bound to OmpA™ Escheri-
chia coli. (a) Either OmpA" or OmpA™ E. coli grown to LP and PEP
were incubated with NHS or purified C4bp for various periods at
37°. The bacteria were then collected by centrifugation, washed, and
incubated with C4b and FI for 1 hr at 37°. The bacteria were then
pelleted and a portion (30 ul) of the supernatant was dissolved in
SDS buffer, and subjected to immunoblotting with anti-C4d anti-
body (recognizes ai-chain of C4b and C4d). The experiments were
carried out at least three times with similar results. (b) The bands of
C4d on the blot were scanned, the intensities of the bands were nor-
malized to number of bacteria loaded, and plotted on graphs.

Peptide that represents the C4bp binding region
to OmpA enhances C3b deposition

Our previous studies have shown that the binding of
C4bp to OmpA was significantly blocked by incubating
the bacteria with a peptide that represents the region of
C4bp involved in the binding of OmpA."> Therefore, we
used this peptide to examine whether blocking of C4bp
binding to OmpA increases serum bactericidal activity
against LP OmpA™ E. coli. The bacteria were incubated
with the peptide, designated as CCP3-4 for 1 hr on ice
prior to adding the NHS. Another peptide, CCP3-2,
derived from the same domain of C4bp but unable to
block the interaction, was used as a control. As shown in
Fig. 7(a), treating the bacteria with CCP3-4 increased the
susceptibility of LP bacteria to NHS bactericidal activity
by up to 50% when compared to either untreated or trea-
ted with CCP3-2 peptide. Further increase in the peptide
concentration did not result in increased killing of the
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Figure 6. C4bp bound to OmpA™ Escherichia coli exhibits cofactor
activity to FI in cleavage of C3b. (a) Either OmpA* or OmpA~
E. coli grown to LP and PEP were incubated with purified C4bp for
30 min at 37°. The bacteria were then collected by centrifugation,
washed, and incubated with C3b, and FI for 1 hr at 37°. The bacteria
were then pelleted and a portion of the supernatant was dissolved in
SDS buffer, and subjected to immunoblotting with anti-C3 antibody
(which recognizes o- and B-chains and the cleavage products). The
experiments were carried out at least twice with similar results.
(b) In separate experiments, LP and PEP OmpA™ E. coli were incu-
bated with 40% C8-deficient serum for various periods, centrifuged,
washed, the bacterial pellets were treated with hydroxylamine and
mixed with SDS sample buffer containing B-mercaptoethanol. The
proteins were then subjected to Western blotting with anti-C3 anti-
body, the bands on the blot were scanned and their intensities were
normalized to total bacteria added and plotted on graphs.

bacteria. The bacteria were also analysed by flow cyto-
metry for C3b and C5b deposition at various time-points
(Fig. 7b). The deposition of both C3b and C5b on LP
OmpA" E. coli surface was enhanced by 20-30% in the
presence of CCP3-4 peptide, whereas the same bacteria
pretreated with CCP3-2 did not show such increased
deposition.

In addition, for quantitative determination of C3b
deposition on the bacteria treated with the peptides, dot
blot assays were performed. As shown in Fig. 7(c), the
deposition of C3b on LP OmpA" E. coli increased gradu-
ally with increased concentration of CCP3-4, whereas
CCP3-2 showed no effect on the deposition. At a concen-
tration of 12 pg, CCP3-4 peptide treatment increased the
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Figure 7. CCP3-4 peptide treatment of LP OmpA™ Escherichia coli
increases the deposition of C3b and the serum sensitivity of the bac-
teria. (a) LP OmpA™ E. coli were incubated with either a control
peptide (CCP3-2) or a blocking peptide (CCP3-4) for 1 hr on ice
and then subjected to serum bactericidal activity. The data represent
means * standard deviation from at least three separate experiments.
(b) In separate experiments the bacteria treated with CCP3-4 or
CCP3-2 were incubated with 40% NHS for various periods, centri-
fuged to collect the bacteria, washed and subjected to flow cytometry
analysis using anti-C3 and anti-C5 antibodies. The bacteria incuba-
ted without primary antibody were used as a negative control. The
data represent means of percentage of positive cells in the positive
gate + SD from three different experiments. (c¢) LP OmpA* E. coli
were treated with or without peptides as described in (a) and equal
numbers of bacteria were adsorbed onto a nitrocellulose filter. After
drying, dot blot analysis was carried out using either anti-C3 or
anti-S-fimbria antibody. The blots were exposed on an X-ray film,
the film was scanned, the densities of the dots were determined, and
plotted on graphs. The experiments were performed at least three
times and the data represent mean + SD.
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deposition of C3b by 50%, suggesting that the inhibition
of C4bp binding by CCP3-4 peptide enhances the C3b
deposition, probably for subsequent killing of the bac-
teria. Furthermore, LP OmpA" E. coli, which was pre-
incubated with CCP3-4 followed by NHS, revealed no
significant cleavage of C4b to C4d in contrast to CCP3-2-
treated bacteria (data not shown). These results suggest
that increased killing of CCP3-4-treated LP OmpA*
E. coli is the result of increased deposition of C3b and
other downstream complement proteins.

Discussion

Many pathogenic micro-organisms avoid host defence
mechanisms and successfully survive in the host. Since
the complement system is the first line of defence and a
major arm of innate immunity, microbes have evolved
strategies to regulate complement at various steps of the
cascade. Escherichia coli K1, a causal agent of meningitis
in neonates that primarily disseminates into the central
nervous system by haematogenous spread, must avoid
serum bactericidal activity to survive and establish infec-
tion.” Numerous factors seem to affect the resistance of
a given micro-organism including the presence of outer
membrane proteins such as M proteins,” O-antigens of
LPS such as O7 and O18, and sialic acid-containing cap-
sules.**” In addition, there are now several lines of evi-
dence indicating that cooperation takes place between
these surface-bound elements. For example, it has been
noted for several decades that of all the possible combi-
nations of O and K antigens available, O18:K1 is pre-
dominant in pathogenic E. coli K1 strains that cause
neonatal meningitis.”° Our recent studies showed that
E. coli binds to C4bp via OmpA, thereby potentially
manipulating the classical pathway of complement and
avoiding killing by serum. In addition, these studies
showed that although FH purified from serum binds to
both OmpA* and OmpA~ E. coli it does not effect the
OmpA™ E. coli survival in serum, further substantiating
the role of C4bp in protecting E. coli K1 from serum
bactericidal activity.

In the present study, we demonstrate that OmpA*
E. coli grown to LP resist serum bactericidal activity more
efficiently than the same bacteria grown to PEP and
OmpA™ E. coli grown to both phases. The survival effi-
ciency of LP OmpA" E. coli is the result of its ability to
decrease and delay C3b deposition and subsequent MAC
formation and lysis. Vermeulen et al. have previously
shown that growth conditions affect the production of
the capsules of bacteria.” In agreement with this observa-
tion, we have also found that LP E. coli produces more
K1 capsular polysaccharide as compared to the PEP bac-
teria. However, the survival of LP OmpA™ E. coli did not
improve despite increased capsule production, indicating
that OmpA but not the capsule is the major factor
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contributing to the serum resistance of E. coli KI.
Although the expression of OmpA in LP and PEP
OmpA™ E. coli is similar, C4bp binding was more signifi-
cant to log phase (LP) bacteria. It is possible that the
presence of more K1 capsular polysaccharide in LP
OmpA™ E. coli stabilizes the highly mobile external loops
of OmpA, which may lead to better interaction with
C4bp. Alternatively, O-antigens, which are known to be
regulated by growth conditions, may also be responsible
for increased binding of C4bp and this possibility remains
to be examined.

Interestingly, LP OmpA™ E. coli bound at least 50% less
of IgG when compared to PEP bacteria, which correlated
well with higher binding of Clq to PEP OmpA" E. coli
early in incubation. In contrast, the binding of IgM to LP
OmpA”™ E. coli was only 10% lower than that of PEP bac-
teria. This initial regulation of antibody binding may be
one of the factors responsible for unimpeded survival of
LP OmpA™ E. coli when compared to PEP E. coli. During
this period, the bound C4bp aids cleavage of C4b and
C3b and regulates the complement cascade, which pro-
vides additional protection against serum bactericidal
activity. A number of pathogens known to date to bind
C4bp are, Neisseria gonorrhoeae, group A streptococcus,
Bordetella pertussis, Moraxella catarrhalis and Candida alb-

icans. !9

=23 In all the above cases bound C4bp serves as
the FI cofactor. In the case of streptococci, binding of
C4bp has been shown to be the major mechanism for
serum resistance.>?® Of note, C4bp bound to FHA of
B. pertussis does not seem to significantly protect from
bactericidal activity of serum.**

Several bacteria survive complement attack by avoid-
ing alternative complement pathway activation. It is
known that sialic acid enhances the binding of FH to
any cell surface, which promotes inactivation of C3b by
FL”7 Sialic acid, present as a terminal sugar on the
lipo-oligosaccharides of N. gonorrhoeae, may be respon-
sible for the binding of FH, which leads to the depos-
ition of lower amounts of C3b and iC3b on the
bacterial surface to decrease complement attack. In
other cases, such as S. pneumoniae, there are specific
membrane proteins capturing FH.***° Some pathogens,
such as Streptococcus pyogenes, bind both C4bp and FH,
which provides protection from all complement path-
ways. We do not know yet what surface component of
E coli K1 binds FH, but we presented conclusive evi-
dence that the binding of FH does not contribute to
serum survival of the bacteria. In addition, the OmpA~
E. coli did not survive in the presence of EGTA, which
entirely blocks the classical pathway. Therefore, the
bound FH does not protect OmpA™ E. coli from bacte-
ricidal activity even in the presence of alternative path-
way alone. At this point it is not clear why the
alternative pathway does not deposit more C3b on the
surface of OmpA* E. coli, when compared to OmpA~
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E. coli. One possible explanation is that the amount of
C3b deposited on E. coli by the classical pathway is
below the threshold levels required to activate the alter-
native pathway. The resistance to serum killing of hae-
mophilus and streptococcus may be similar to that of
E. coli, as some these strains bind FH but this does not
seem to account for serum resistance.*>”°

By preventing activation of the complement cascade
beyond C4b because of the binding of C4bp, OmpA pro-
tects the bacterium from the effects of complement activa-
tion such as opsonization by C3b and iC3b, and from
direct killing of bacteria by lysis because of MAC forma-
tion. Although antibody opsonization may be very effect-
ive for promoting phagocytosis, our previous studies have
shown that the sole presence of antibody is not sufficient
for killing of the bacteria by phagocytes.”’ These studies
have also revealed that OmpA binds directly to phagocytes
in the presence of serum, suggesting that the binding site
for C4bp on OmpA could be different from the binding
site for the receptor on phagocytes. Entry of E. coli into
macrophages by mechanism(s) other than that of OmpA-
mediated bacteria renders the bacteria susceptible for kill-
ing, indicating that targeting OmpA may be a valuable
approach for increasing serum bactericidal activity as well
as phagocytic activity. An interesting finding of this study
was the decrease in associated complement components in
the presence of a peptide that corresponds to the C4bp-
binding region for OmpA. We have previously shown the
CCP3-4 is a potent inhibitor of C4bp-binding to E. coli
and also enhances killing of bacteria by serum, suggesting
that CCP3-4 blocked the C4bp-mediated inactivation of
complement. Inhibition of C4b cleavage by OmpA™ E. coli
pretreated with CCP3-4 and the increased deposition of
C3b confirm this concept. Therefore targeting this region
on C4bp could be a valuable therapeutic approach to
increase the serum bactericidal activity.

In summary, our studies show that LP E. coli K1 is
more resistant to complement attack than that of PEP
E. coli. This is because of the binding of greater amounts
of C4bp to the LP OmpA™ E. coli, which exhibits cofactor
activity to FI and thereby inactivates C3b and C4b. As a
result of the deposition of low quantities of C3b and C4b,
the bacteria reduce the amplification of the complement
cascade. Growth of E. coli K1 during initial periods in the
blood may reflect LP growth conditions and may be
required for successful dissemination into the central ner-
vous system. Neutralization of this resistance would prove
useful in the prevention and/or treatment of neonatal
meningitis.
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