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Summary

Escherichia coli K1 and Group B Streptococcus (GBS) are the most common bacteria that cause
meningitis during the neonatal period. Complement, the first line of defence in the host, acts on these
bacteria to opsonize with various components of complement for subsequent presentation to
phagocytes. To counteract these opsonization effects, E. coli and GBS bind to the complement
regulators C4 binding protein and Factor H, respectively. Nonetheless, the deposition of complement
components on these two bacteria from neonatal serum and their effect on the host cell interaction
is unclear. Here we demonstrated that the deposition of complement proteins from adult serum
prevented the invasion of E. coli into human brain microvascular endothelial cells, whereas the
invasion of GBS was enhanced. In contrast, treatment with cord serum had no effect on the invasion
of both these bacteria. We also examined the effect of the deposited complement proteins on
phagocytosis using THP-1 cells and THP-1 cells differentiated into macrophages. Escherichia coli
treated with adult serum neither attached nor entered these cells, whereas GBS was phagocytosed
and survived efficiently. We further demonstrate that the inhibitory effect of complement proteins
is the result of the bound complement inhibitors C4b-binding protein, in the case of E. coli, and Factor
H, in the case of GBS. Taken together, these results suggest that E. coli and GBS utilize contrasting
mechanisms of complement-mediated interactions with their target cells for successful establishment
of disease.
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Introduction

Escherichia coli K1 (E. coli) and Group B Streptococcus Type 111 (GBS) are the most common
Gram-negative and Gram-positive bacteria, respectively, that cause meningitis in neonates.
Despite advances in antimicrobial therapy and supportive care, the mortality and morbidity
rates associated with this disease have not changed over the last three decades. This poor
outcome is because of our inability to develop new modes of prevention and is primarily the
result of inadequate knowledge of the pathogenesis and pathophysiology of neonatal
meningitis. These bacteria infect neonates either by vertical transmission (transplacental) or
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horizontal transmission (nosocomial infections); they survive and multiply to reach a high
degree of bacteraemia, which is subsequently required for the traversal across the blood-brain
barrier. Although it is hypothesized that the lack of protective antibodies against the bacteria
and the immature immune system of infants are major risk factors for the incidence of
meningitis, it is unclear how the bacteria survive in the neonatal blood to reach the high degree
of bacteremia.

To survive in the host, bacteria have to first overcome the complement system, the first-line
of defence against invading pathogens. The complement system has three pathways of
activation, the classical, alternative and lectin pathways; all three pathways result in C3
activation and merge into a common pathway that results in the formation of the membrane
attack complex (MAC), or C5b-9.1-5 The classical pathway is primarily activated through the
binding of C1q to antibody—antigen complexes. The lectin pathway is initiated when the
mannose-binding lectin binds to certain carbohydrate residues on bacteria or viruses, and the
alternative pathway is initiated when spontaneously activated C3 binds to activating surfaces
such as those of certain bacteria or viruses. However, several bacteria have devised strategies
to capture complement inhibitors and so inactivate the complement.6‘8 Earlier studies from
our laboratory demonstrated that the outer membrane protein A (OmpA) of E. coli K1 binds
C4b-binding protein (C4BP), the major inhibitor of the classical pathway, and inactivates both
C3b and C4b to avoid serum bactericidal activity.g*10 On the other hand, the binding of Factor
H (FH), an inhibitor of the alternative pathway of complement, had little effect on the survival
of E. coli. Notably, E. coli enters and survives in the absence or presence of antibody
opsonization in macrophages; 11 however, it is not clear whether deposited complement
contributes to increased phagocytosis and/or survival. While GBS are known to be resistant to
the MAC, opsonization of GBS with the complement fragments C3b and iC3b promotes
efficient phagocytosis and killing of bacteria. In the absence of type Il capsular specific
antibody in neonates, GBS opsonophagocytosis occurs via the lectin pathway of complement.
12-15 |t has been hypothesized that GBS survives phagocytosis by binding to FH via the sialic
acid residues present on its surface and by inactivating bound complement.16 In support of
this, recent studies have shown that FH binds to GBS; however, its role in resisting phagocytosis
is not clearly known (manuscript in preparation). Thus, these two bacteria utilize contrasting
mechanisms for survival in serum. Since these bacteria are prevalent pathogens in the neonatal
population, especially in low-birth-weight infants, and complement activation is the primary
line of innate defence, we studied the relative quantities and deposition of complement proteins
on these bacteria using whole cord blood and serum in comparison with adult blood and serum.
The effect of serum complement deposition on the phagocytosis and interaction with human
brain microvascular endothelial cells (HBMEC) was also evaluated to obtain insights into
whether bound complement enhances the virulence of these strains.

Materials and methods

Bacterial strains and growth conditions

OmpA* E. coli K1 was a rifampin-resistant mutant of E. coli K1 strain RS 218 (serotype
018:K1:H7) and was isolated from the cerebrospinal fluid of a neonate with meningitis. It
invades HBMEC in a cell culture model.17 OmpA™ E. coli K1 was a non-invasive derivative
of the OmpA™ E. coli K1, in which the ompA gene was disrupted and expressed no OmpA.
18,19 OmpA™ E. coli K1 was cultured in brain—heart infusion broth with 12.5 ug/ml rifampicin
while OmpA™ E. coli K1 was cultured in 12.5 pg/ml rifampicin and 12.5 pg/ml tetracycline.
GBS type Il strain COH-1 (wt-GBS) is a tetracycline-resistant clinical isolate from an infected
patient and is highly encapsulated.2 The acapsular GBS (acap-GBS) was a transposon mutant
of wt-GBS and does not produce a calpsule.21 Both wt-GBS and acap-GBS were a kind gift
from Prof. Craig Rubens at the Children’s Hospital and Regional Medical Center, Seattle, WA.
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All the bacteria were grown overnight in appropriate broth containing respective antibiotics
and were washed three times in phosphate-buffered saline (PBS) by centrifugation before being
used in experiments.

Antibodies and other reagents

The purification of human FH and C4BP-PS (C4BP in high-affinity complex with Protein S)
from serum, and recombinant C4BP-a chain (essentially the same as C4BP-PS but devoid of
protein S) were described previously. 22,23 Polyclonal antibodies to C1q, C3, C5, C9, C4BP
and FH were obtained from Calbiochem (San Diego, CA). Secondary antibodies, raised in
rabbit and goat, coupled to horseradish peroxidase (HRP) were obtained from Bio-Rad
(Hercules, CA) and Calbiochem, respectively.

Serum and blood survival studies

Adult and cord blood was collected in citrate buffer according to the policies of the Children’s
Hospital Los Angeles. To obtain serum, 10 ml blood was replenished with 120 pl 100 mM
CaCl, and allowed to stand at room temperature for 1 hr followed b% overnight at 4°. The
serum bactericidal assays were performed as described previously.l Briefly, the bacterial
suspensions [104 — 10g colony-forming units (CFU)] were incubated with freshly prepared
serum diluted to 40% in gelatin—veronal buffer with calcium (Sigma, St Louis, MO). Aliquots
of 10 pl were removed at various times, serially diluted in PBS and then the dilutions were
plated on sheep blood agar. The plates were incubated at 37° overnight and the colonies were
counted. Heat-inactivated serum was obtained by incubating serum in a water bath for 30 min
at56°. To perform bactericidal assays using whole blood, 120 pl 100 mM CacCls, in the presence
of heparin (2 U/ml) or hirudin (10 U/ml) was added to 10 ml citrated blood and aliquots of
blood were incubated with bacteria for varying periods. The experiments were repeated at least
five times in triplicates.

Analysis of deposited complement proteins on E. coli and GBS by flow cytometry

Briefly, 108 cells were incubated in 50 ul adult serum (AS) or cord serum (CS) for the indicated
periods. The bacteria were washed three times with PBS and then the sample was split into
five parts. Each part was incubated with one antibody against C3, C5, C9, FH, or C4BP (1 :
1000 dilution) for 30 min on ice. The bacterial pellets were then incubated with the respective
fluorescein isothiocyanate- conjugated secondary antibodies (1 : 500 dilution) for 30 min at
room temperature, washed and resuspended in PBS. Flow cytometry was carried out on a
Becton-Dickinson Flow analyser (University of Southern California FACS core facility;
Becton-Dickinson, San Jose, CA) using CELL QUEST software and approximately 10 000
gated events were recorded.

Determination of FH and C4BP levels in serum samples by enzyme-linked immunosorbent
assay (ELISA)

Various concentrations of serum (1 : 500, 1 : 1000, and 1 : 2000 dilutions in PBS) were
incubated in a 96-well ELISA plate either overnight at 4° or for 2 hr at room temperature.
Purified FH or C4BP were used to generate standard curves. The plate was washed with PBS
and incubated for 1 hr with 1% bovine serum albumin (BSA) in PBS. Subsequently, the plate
was incubated with anti- FH or anti-C4BP antibodies (1 : 5000 dilution in 1% BSA) for 1 hr
at room temperature, washed, and incubated with respective secondary antibodies coupled to
HRP (1 : 15 000 dilution) for 1 hr. After washing the plate with PBS three times, the colour
was developed with TMB Microwell peroxidase substrate (KPL, Gaithersburg, MD) and read
at 450 nm on an ELISA reader (Molecular Devices Corp., Sunnyvale, CA).
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Binding analysis of FH and C4BP from AS or CS to GBS and E. coli

To study differences in binding of FH and C4BP from AS and CS by GBS and E. coli, the
bacteria (108 CFU) were incubated with adult or cord serum (40 pl in 250 ul reaction volume).
The bacteria were washed in PBS three times by centrifugation, boiled in sodium dodecyl
sulphate—polyacrylamide gel electrophoresis (SDS-PAGE) sample buffer, and equal volumes
of the supernatants were separated by SDS-PAGE. The resolved proteins were then transferred
to nitrocellulose membranes, stained briefly with Ponceu and scanned; the various bands were
analysed by densitometry to determine the equality of protein loading. The blots were then
incubated with specific human anti-FH or anti-C4BP antibodies (1 : 2000 dilution) and
subsequently with specific HRP-conjugated secondary antibodies (1 : 10 000 dilution). The
blots were further developed using chemiluminescence. Purified FH and recombinant C4BP-
a were loaded on the gels as controls.

Bacterial invasion assays

To check for a differential effect of opsonization on invasion, GBS and E. coli were incubated
in either AS or CS and then tested for their capabilities for invading HBMEC. Briefly, HBMEC
were cultured to 90-95% confluence, washed three times with RPMI-1640 and then incubated
with GBS or E. coli. Invasion assays were performed by a modification of the method of Tang
etall’ Approximately 107 bacteria were incubated with 40% serum, either heat-inactivated
or normal, for 15 min, washed, and then added to confluent HBMEC monolayers at a
multiplicity of infection (MOI) of 1 : 100 (cell : bacteria ratio) in 500 ul experimental medium
containing M199/Ham F12 (1 : 1 volume/volume) with 5% heat-inactivated fetal bovine serum,
2 mM L-glutamine and 1 mM sodium pyruvate. The plates were incubated for 90 min at 37°
in 5% CO,. The monolayers were washed and incubated in the experimental medium
containing gentamycin (100 pug/ml) for 1 hr to Kill extracellular bacteria. The monolayers were
washed once again and lysed with 0.5% Triton X-100 in saline. The internalized bacteria
released into Triton X-100 were then diluted in PBS and enumerated on blood agar plates. To
determine total cell-associated bacteria in the case of HBMEC, the gentamycin step was
omitted in the above described experiments and performed simultaneously. Similar assays were
performed using THP-1 (a human monocytic cell line) and THP-1 differentiated into
macrophages with 20 uM phorbol 12-myristate 13-acetate, which are designated as THP-DM.

Statistical analysis

Comparison between groups was performed using paired Student’s t-test for statistical analysis.
P-values lower than 0.05 were considered significant.

Results

Survival of E. coli and GBS in human adult and cord serum

Previous studies from our laboratory demonstrated that OmpA™ E. coli could efficiently
mediate resistance to bactericidal activity of adult human serum.10 However, it is not clear
whether newborn serum is able to kill these bacteria. Hence, we analysed the survival of
OmpA* E. coli (E44) in CS and compared it to survival in AS by incubating 108 CFU/mI of
the bacteria in 40% serum for various time-points. Bacteria treated with heat-inactivated serum
were used as a control. The number of surviving bacteria was assessed by plating different
dilutions on sheep blood agar plates. OmpA™ E. coli (E91), which is sensitive to AS, was used
as a negative control. We observed that there was an ~40% decrease in the number of
OmpA* E. coli surviving within 1 hr of incubation in AS while OmpA™ E. coli were readily
killed (Fig. 1a,b). However, both OmpA* and OmpA™ E. coli survived in CS and multiplied
to approximately 120% at 1 hr postincubation. GBS are known to be resistant to lysis by serum
because of the presence of a well-developed capsule and so we also included an acap-GBS in
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these studies. In agreement with this concept, wt-GBS survived efficiently in AS, whereas the
acap-GBS showed a decrease of approximately 40% after 1 hr when incubated in AS (Fig.
1c,d). Both strains of GBS survived and multiplied in CS. Heat-inactivated serum is inefficient
in killing either E. coli K1 or GBS strains even after 4 hr of incubation (data not shown).

In addition, the serum survival assays were also performed using lower inocula of bacteria to
examine the effectiveness of serum killing. The data suggested that OmpA* E. coli was killed
at 10% and 10° CFU/ml in AS while it survived and multiplied at a dose of 10° (Fig. 1a).
However, OmpA* E. coli survived in CS even at an inoculum size of 10° CFU/ml,
demonstrating a 10-fold difference in survival between AS and CS (Fig. 1b). OmpA™ E. coli,
on the other hand, did not survive in AS even at 108 CFU/ml but survived in CS at inocula of
10° and 108 CFU/mlI (Fig. 1b). Regardless, OmpA* E. coli at an inoculum of 104 CFU/ml was
susceptible to killing in CS between 2 and 4 hr incubation, suggesting that at a higher bacterial
load the complement components might be completely exhausted in CS more quickly when
compared to AS. Similar results were also obtained with GBS (Fig. 1c,d). Both OmpA* E.
coli and wt-GBS had multiplied significantly by 4 hr postinoculation.

Analysis of E. coli and GBS survival in human cord or adult blood

We next assessed the survival of the wild-type and mutant strains of E. coli and GBS in adult
blood (AB) and cord blood (CB) to examine the comparative bactericidal potential of whole
blood. Since heparin is known to affect complement, it may influence the results. Low
concentrations (up to 2 U/ml) of heparin slightly enhance, whereas high concentrations (20 U/
ml) inhibit, complement activation. ¢™<° In contrast, hirudin or its analogue lepirudin have
no effect on the complement activation. Therefore, we used 2 U/ml heparin or 10 U/ml hirudin
in the whole blood assays — concentrations that are sufficient to avoid clotting of the blood for
up to 5 hr at 37°. Under the conditions employed in our experiments, both heparintreated and
hirudin-treated blood showed similar bactericidal activities on E. coli K1 and GBS within a 5—
10% standard error. Therefore, we presented the results obtained from heparin. Similar to the
data obtained for sera, OmpA* E. coli was readily killed at inocula of 104 and 10° CFU/ml in
AB, whereas at higher inocula, up to 70% of the bacteria survived, after which they multiplied
to 130% by 4 hr postincubation (Fig. 2a). In contrast, both 10° and 10 CFU/ml inocula survived
up to 50% in CB and multiplied at later time-points. Interestingly, the inoculum of 104 CFU/
ml was readily Kkilled even in CB. However, all the inoculum sizes of OmpA™ E. coli were
killed in both AB and CB, except the 108 CFU/mI inoculum, which showed 60% survival in
CB at 1 hr postinoculation (Fig. 2b). Since AS killed the bacteria at a similar level to AB, we
assumed that phagocytosis may not play a significant role in killing or clearing the bacteria.
However, it is possible that OmpA* E. coli hide in phagocytes to avoid complement attack, as
was demonstrated previously. 11 with respect to GBS survival in blood, wt-GBS survived in
both CB and AB at an inoculum size 0f108 CFU/ml (Fig 2c). On the other hand, AB was capable
of completely killing the acap-GBS at all inoculum sizes (Fig 2d) while the acap-GBS survived
in CB at 10% CFU/m, indicating that phagocytosis of the bacteria was less efficient in CB than
AB.

Analysis of deposition of complement components on bacteria by flow cytometry

Since the killing of E. coli has been partially attributed to complement in AS, the survival of
the highly serum-susceptible OmpA™ E. coli in CS suggested that the complement system of
CS was unable to kill the bacteria. This could be the result of inefficiency of complement to
deposit terminal MAC to induce bacteriolysis. We decided to first quantitatively analyse the
deposition of complement components C3b and C9 on OmpA™* and OmpA™ E. coli after
incubating the bacteria in serum. Both components are critical to the formation of MAC, which
is responsible for bacterial lysis. Bacteria were analysed by flow cytometry after incubation in
serum, as described earlier using specific antibodies to C3 (recognizes also C3b) and C9.
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Bacteria incubated with neither serum nor antibodies were chosen as controls. Bacteria were
scored positive for complement binding if they were more fluorescent than those treated
without the primary antibody. Forward-scatter and side-scatter analysis suggested cell
membrane distortion upon serum exposure; however, this did not differ between OmpA* and
OmpA™ E. coli. Percentages of cells in the population of the positive gate were plotted on a
graph. Flow cytometry analysis showed that C3b deposition on OmpA™ E. coli from adult
serum reached a maximum value (mean shift in frequency) of 70% within 5 min, whereas it
was slower and reached similar values in 15 min in the case of OmpA* E. coli (Fig 3a). In
contrast, C3b deposited on both OmpA* and OmpA™ E. coli incubated with CS revealed lower
quantities up to 10 min. However, the deposition levels were similar between AS and CS by
30 min postincubation. Approximately 70-80% of C9 was detected on OmpA™ E. coli within
15 min, while the amount of C9 formed on OmpA™ E. coli was approximately 40%.
Interestingly, both the strains demonstrated only 10% deposition of C9 when opsonized in CS
(Fig 3c). These results suggest that CS is less efficient at activating complement when
compared to AS.

As mentioned earlier, GBS is resistant to complement killing because of the presence of a
capsule. However, it was shown earlier that streptococci ozpsonized with complement
components mediate phagocytosis for subsequent killing. 6-29 Therefore, we examined the
deposition of C3b and C9 on GBS also. The C3b deposition on wt-GBS was comparatively
lower than that of acap-GBS when incubated in AS. Approximately 30% C3b was observed
on the wt-GBS at 10 min, compared to ~75% on acap- GBS, which did not increase with time
(Fig. 3b). Of note, the deposition of C3b on wt-GBS incubated with CS was similar to that of
AS, suggesting that capsule indeed inhibits the deposition of complement. Acap-GBS
incubated with CS, however, showed similar levels of C3b deposition as that incubated in AS,
indicating that C3 component of complement is not deficient in CS. The C9 deposition on both
wt-GBS and acap-GBS incubated in AS and CS reached only 5-10% even 30 min
postincubation (Fig. 3d).

Determination of FH and C4BP concentrations in AS and CS; and their binding to E. coli and

GBS

Several studies have previousl¥ demonstrated the presence of low levels of C9 in cord serum
compared to adult serum.30-3 Therefore, it is possible that the low amounts of C9 deposited
on both E. coli as well as GBS when incubated in CS compared to AS are the result of lack of
C9in CS. On par with reported values, estimation of C9 levels in the serum samples used in
the study revealed that several CS samples contain approximately 10% of adult C9 levels (data
not shown). Given the fact that E. coli and GBS bind C4BP and FH respectively to subsequently
evade complement attack, the concentrations of these two proteins were also determined by
ELISA. As shown in Fig. 4a, FH levels ranged from 700 to 825 ug/ml in AS samples whereas
CS samples were only 15-40% of AS levels. On the other hand, C4BP concentrations in most
of the CS samples were less than 20% of adult levels (20-100 ug/ml in CS versus 350-450
ug/ml in AS). These results suggest that despite the presence of significantly lower levels of
FH and C4BP in some CS samples, the bacteria still survive efficiently and this is the result of
the lack of terminal complement component C9.

Next, we examined the binding of FH or C4BP to E. coli and GBS after incubating with CS
or AS. Equal numbers of bacteria incubated with either AS or CS for 1 hr were washed and
boiled in SDS-PAGE buffer. The supernatants were resolved on SDS—polyacrylamide gels
and then immunoblotted with antibodies against either FH or C4BP. The data revealed that
OmpA* E. coli bound significantly greater quantities of C4BP when incubated in AS but not
in CS (Fig. 4b). In contrast, OmpA™ E. coli, GBS or acap-GBS did not bind C4BP from either
AS or CS. Similarly, both wt-GBS and acap-GBS were observed to bind much higher levels
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of FH when incubated in AS than CS. The binding of FH to GBS strains was significantly
greater from AS when compared to E. coli. No binding of FH from CS was observed with
either of the strains (Fig. 4b). Other proteins that reacted with anti-FH antibody also bound
both strains and could be variants of FH, such as FHL-1. These results suggest that the
acquisition of either FH or C4BP by these bacteria was significantly lower in CS compared to
AS.

Effect of AS or CS incubation on the invasion of HBMEC by E. coli and GBS

Deposition of complement proteins on bacteria often aids their adherence to host cells for
successful colonization. For example, acquisition of FH/FHL-1 by group A streptococci might
enhance the binding of the bacteria to host cells and increase the rate of invasion in host cells
and similar was observed for C4BP and Candida albicans.33:34 Both E. coli and GBS bound
higher levels of FH and C4BP from AS compared to CS, we examined whether differential
opsonization of the bacteria with these complement regulators had any effect on the invasion
of the E. coli and GBS into HBMEC, which are the target cells for both these bacteria while
crossing the blood-brain barrier in neonatal meningitis. Both E. coli and GBS (107 CFU) were
incubated for 15 min in 40% AS or CS at 37°, washed and then added to confluent HBMEC
monolayers. Both binding and invasion assays were performed as described earlier.10 In these
experiments, the percentage invasion was calculated based on the inoculum size of the bacteria
after treatment with either AS or CS. As shown in Fig. 5a, OmpA* E. coli treated with CS
invaded HBMEC with similar success to that of control cells to which 5% heat-inactivated
newborn calf serum had been added. In contrast, treatment of OmpA* E. coli with AS
significantly inhibited both binding and invasion, suggesting that some component in AS was
inhibiting these processes. OmpA™ E. coli treated with either CS or AS showed no invasion
into HBMEC although the binding levels were similar to those of OmpA* E. coli. Incubation
of OmpA* E. coli with heat-inactivated serum showed similar binding or invasion of the
bacteria as in controls, suggesting that complement components might be responsible for the
inhibitory effect. Our previous studies demonstrated that OmpA* E. coli binds C4BP in greater
quantities than OmpA™ E. coli, indicating that C4BP might be preventing OmpA interaction
with the HBMEC receptor. To examine this, OmpA™ E. coli were incubated with purified
C4BP-PS (most C4BP in blood is complexed with Protein S) or FH for 15 min at room
temperature, washed, and then added to HBMEC monolayers. In addition, to rule out the role
of Protein S (PS), recombinant C4BP-a chain (rC4BP) was also included in these experiments.
The results indicated that OmpA* E. coli-bound C4BP-PS or rC4BP prevented the entry of the
bacteria into HBMEC by ~60%. The FH had no effect on the invasion, although the binding
was increased by ~20%.

In contrast, wt-GBS incubated with AS demonstrated an increase of approximately 40% more
invasion, while wt-GBS grown with CS did not show a significant difference from untreated
wt-GBS (Fig. 5b). Notably, acap-GBS showed approximately 10% higher invasion than wt-
GBS, either untreated or treated with AS. There was no signifi- cant increase in invasion by
acap-GBS opsonized with CS over control acap-GBS. Since it has been shown that GBS binds
to FH, we anticipated that FH might participate in enhancing the invasion of GBS. Therefore,
we treated GBS with purified FH, washed them and then incubated with HBMEC. We also
used C4BP-PS and rC4BP as controls. The wt-GBS treated with FH showed increased invasion,
whereas C4BP-PS-treated or rC4BP-treated cells revealed no significant difference in their
invasion. As seen with serum-treated bacteria, acap-GBS showed higher invasion rates treated
with FH when compared to wt-GBS. Taken together these data suggest that deposition of
complement inhibitors FH and C4BP on E. coli and GBS, respectively, affects differentially
their interaction with HBMEC.
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Effect of E. coli-bound and GBS-bound complement proteins on phagocytosis of the bacteria

in vitro

Our previous studies revealed that E. coli enters both monocytes and macrophages in the
absence of opsonization and survives intracellularly.11 However, it is not clear whether
complement proteins deposited on the bacteria contribute to binding and entry into phagocytic
cells. Therefore, OmpA* and OmpA~ E. coli were incubated with AS and CS for 15 min,
washed, and then incubated with THP-1 cells (a human monocytic cell line) for 1.5 hr at 37°.
In addition, THP-1 cells differentiated into macrophages (THP-DM) were also used for
phagocytosis assays. Our studies revealed that only 50% of OmpA* E. coli treated with AS
survived in both THP-1 and THP-DM cells when compared to the untreated bacteria (Fig. 6a).
In contrast, the bacteria treated with CS entered the cells with 125% higher frequency than
untreated OmpA™* E. coli. The OmpA™ E. coli could not survive in these cells irrespective of
the treatment. To examine whether the FH or C4BP had any effect on the phagocytosis of E.
coli, as in the case of endothelial cell invasion, OmpA* and OmpA™ E. coli were treated with
FH or C4BP-PS or rC4BP for 15 min at room temperature, washed and incubated with THP-
1 and THP-DM cells. The data revealed that C4BP-treated OmpA* E. coli had 50% lower
survival than the untreated bacteria in these cells. In contrast, FH had no effect on the survival
of OmpA* E. coli. Since THP-1 cells do not attach to the flask, the binding of untreated and
serum-treated OmpA™* E. coli was studied using only THP-DM cells and the results revealed
that binding of bacteria treated with AS, C4BP-PS or rC4BP was 50% lower compared to that
of untreated bacteria (data not shown). OmpA™ E. coli showed no significant increase in the
binding to these cells. These results suggest that C4BP might be inhibiting the interaction of
OmpA* E. coli with the receptors present on THP-1 or THP-DM cells and that C4BP-a chain
alone is sufficient to exert the inhibitory effect.

Similarly, GBS treated with CS and AS were added to THP1 and THP-DM cells and the entry
of GBS was analysed as described. The data revealed that these cells phagocytosed wt-GBS
incubated with AS with 1.4-fold higher frequency than wt-GBS treated with CS (Fig. 6b). In
contrast, the uptake of acap-GBS was significantly lower than control and acap-GBS opsonized
in AS. To examine the effect of FH and C4BP binding on phagocytosis by these cells, the
bacteria were treated with puri- fied FH, C4BP-PS or rC4BP before invasion assays. wt-GBS
incubated with FH showed 40% higher survival in both these cells compared to the bacteria
treated with C4BP-PS or rC4BP, suggesting that FH binding to wt-GBS enhances the chances
of survival in addition to the protection given by the capsule. Although acap-GBS bound greater
quantities of FH, it could not survive well in these phagocytes, probably because of lack of
capsule. The binding of acap-GBS treated with FH to THP-DM was similar to that of acap-
GBS without treatment (data not shown), suggesting that the bacteria were killed very
efficiently by macrophages.

Discussion

Infections with E. coli K1 and GBS continue to threaten the neonatal population because they
cause meningitis, a disease with a high mortality rate. The circulating bacteria must survive
and reach a high degree of bacteraemia for subsequent crossing of the blood-brain barrier,
suggesting that these bacteria withstand the host defence mechanisms. As innate and adaptive
immune responses are critical for controlling infections in humans, newborns are considered
to be immunocompromised because of their underdeveloped immune system. However, it is
not clear why only certain populations of neonates are at high risk for developing these bacterial
infections. In addition, the reasons for the requirement for a high degree of bacteraemia are
also unknown. Complement is one of the key components of the innate immune defence that
promotes phagocytosis and supports local inflammatory responses against pathogens. The
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present study was undertaken to evaluate whether the complement proteins of newborns
contribute to lower phagocytosis and/or interaction with HBMEC.

Previous studies from our laboratory demonstrated that OmpA* E. coli survive efficiently in
AS, whereas OmpA™ E. coli were killed.10 In addition, C4BP was shown to interact with
OmpA of E. coli and to mediate the degradation of C3b and C4b, leading to evasion of serum
bactericidal activity.9'10 We show here that both OmpA™* and OmpA™ E. coli survive equally
well in CS, which is attributed to the deposition of lower amounts of C9 on these bacteria
despite the presence of equal amounts of C3h. Of note, the CS killed both bacteria at an
inoculum of 104 CFU/mI but was inefficient in killing higher inocula, suggesting that overload
of bacteria could exhaust the complement. In addition, C9, which is necessary for the formation
of MAC, was present in only small quantities in several cord serum samples and this could
also contribute to the inefficiency of CS in killing the bacteria. The C9 deficiency of cord serum
is in agreement with several previous studies in which the investigators have shown that
neonatal serum is signifi- cantly deficient in C9 (260 + 50 pug/ml in adults versus < 42 ug/ml
in neonates,30). In addition, Lassiter et al.31:35 demonstrated that deficiency of C9 component
is associated with diminished deposition of C9 on E. coli and killing of the bacteria in neonatal
rats. In AB, OmpA™ E. coli could not survive at any inoculum size, whereas it survived
efficiently at 108 CFU/ml in CB. OmpA* E. coli is capable of surviving in both adult and cord
blood at inoculum sizes higher than 10* CFU/ml, indicating that the bacteria are also able to
resist phagocytosis. These results match our previous data demonstrating that OmpA™ E.

coli enter and survive in peripheral blood monocytes and macrophages.1 Itis well known that
neonatal neutrophils have functional deficiencies when compared to adult cells.36
Nonetheless, the function of monocytes and macrophages is relatively normal, indicating that
these cells might be responsible for the majority of the phagocytosis in neonates as observed
in our studies at lower bacterial inocula.

On the other hand, GBS is known to be serum-resistant because of its thick capsule. However,
Rooijakkers et al. 37 howed that the Gram-positive Staphylococcus aureus does accumulate
the MAC on the capsule. We demonstrated in this study that GBS strains are mildly affected
by the MAC, as seen by the slight decrease of survival after 15-30 min in AS, but they recover
and multiply over longer periods of incubation. Such multiplication of GBS (including the
acapsular mutant) is more pronounced in CS than in AS. This difference between adult and
cord samples might explain why newborn children are prone to severe invasive infections by
these bacteria. It has been hypothesized that type 111 capsular polysaccharide inhibits the
alternative pathway activation by preventing C3b deposition on the surface of GBs.16
Therefore, complement activation might be of major importance for the opsonization of GBS
with low amounts of capsule. In agreement with this concept, our studies also revealed
deposition of significantly greater amounts of C3b on acap-GBS compared to wt-GBS from
both AS and CS. The deposition of C9 was similar on both these strains and significantly lower
than the deposition of C9 on E. coli strains. One explanation for the reduced deposition of C9
is that the binding of FH leads to rapid degradation of the deposited C3b and thus does not
allow the deposition of downstream complement molecules in AS. However, in the case of
CS, the amounts of C9 are significantly lower than in AS and with the FH action the result is
lower deposition.

Phagocytosis of bacteria requires the interaction of specific receptors on the phagocyte surface
with bound opsonins.38 The initial events in phagocytosis are the recognition and engulfment
of bacteria by phagocytes; however, the phagocytotic capacity differs significantly between
various cells. Interestingly, our studies demonstrated that treatment of OmpA™ E. coli with CS
signifi- cantly enhances bacterial survival in THP-1 or THP-DM cells when compared with
untreated cells. In contrast, treatment with AS significantly prevented the binding to and entry
into THP-DM, suggesting that some component( s) in AS is inhibiting the interaction of
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OmpA* E. coli with these cells. Since the binding of C3b to E. coli is similar between AS and
CS, complement receptors might not be involved in the reduction of binding to and entry of
THP-DM cells. Our unpublished studies revealed that OmpA binds to Fcy receptor I,
irrespective of opsonization with either complement or antibody. The same site is also involved
in the binding to Ecgp, a gp96-like OmpA receptor on endothelial cells.39 Therefore, the
presence of lower levels of C4BP in CS allows these bacteria to interact with macrophages, to
enter and multiply so as to reach a high degree of bacteraemia. In contrast, OmpA* E.
colibound C4BP from AS prevents their entry into macrophages, thereby preventing the finding
of a niche for its own multiplication. On a par with this concept, purified C4BP-treated
OmpA* E. coli, but not FH-treated, could not bind to and enter the THP-DM cells in our assays.
A compelling observation of these studies is that the incubation of OmpA™ E. coli with AS or
purified C4BP significantly inhibited the entry of the bacteria into HBMEC. Neither CS nor
FH showed any effect on E. coli invasion of HBMEC. These observations indicate for the first
time that the lower than threshold levels of C4BP might be a risk factor for E. coli infection in
certain neonates. The GBS is known to interact with neutrophils via CR3 receptors; however,
binding of FH mifht contribute to the resistance to phagocytosis as in the case of group A
streptococci.“ol4 The GBS treated with AS entered THP-1 or THP-DM cells and survived
efficiently in them compared to control bacteria, which were treated with heat-inactivated fetal
calf serum. Treatment with CS also led to increased survival by the bacteria. Since the
deposition of C3b on GBS treated with CS is significantly greater than the C3b levels in GBS
treated with AS, the survival could be the result of GBS-bound FH activity. Our data using
purified FH confirmed that FH might be contributing to the survival of GBS in these
phagocytes.

We propose that the presence of significantly lower levels of C4BP opens up a window of
opportunity for E. coli to interact with the OmpA receptor (Ecgp) on HBMEC, allowing them
to cross the blood-brain barrier. Supporting this concept, treatment with either AS or
recombinant C4BP considerably reduced the invasion of OmpA™* E. coli into HBMEC. No
effect on the bacterial invasion of HBMEC has been observed with CS or FH. Therefore, C4ABP
binding to OmpA offers a survival advantage to E. coli in serum; however, it also presents a
disadvantage by preventing the interaction of E. coli with macrophages, which it would enter
and hide in for subsequent multiplication. In addition, C4BP binding to E. coli also prevents
the interaction of the bacteria with Ecgp on HBMEC for subsequent invasion. On the contrary,
the FH bound to GBS enhances the invasion of HBMEC, whereas treatment with C4BP did
not show any effect. Thus, binding of FH to GBS enhances the virulence by both increasing
its resistance to serum bactericidal activity and by enhancing the interaction with HBMEC.
Taken together, these data indicate that E. coli and GBS use different strategies to evade host
complement and to interact with HBMEC. In the case of E. coli, identification of C4BP binding
sites and the molecular mechanisms involved in the interaction will provide clues for
developing therapeutic strategies. In addition, establishing the C4BP levels that are protective
to E. coli infections would provide a reference point for identifying at-risk neonates. In the
case of GBS, it is not clear how FH contributes to enhanced survival in phagocytes to increase
the invasion of HBMEC. It is possible that FH interacts with specific receptors that induce
either survival or invasive mechanisms in these cells.
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Figure 1.

Effect of inoculum sizes on the bactericidal activity of cord serum (CS) and adult serum (AS).
Various inoculum sizes of OmpA™ (E44), OmpA~ Escherichia coli (E91), wild-type Group B
Streptococci (wt-GBS), or acapsular GBS (acap-GBS) ranging from 10 to 10° colony- forming
units were subjected to serum bactericidal assay for the times indicated. Aliquots of the bacteria
in serum were then serially diluted and plated on blood agar. The experiments were performed
in triplicate, at least three times with the data representing relative survival with the bacterial
survival at 0 min set as 100%. Error bars represent + SD.
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Figure 2.

Escherichia coli K1 and Group B Streptococcus (GBS) survival in cord blood (CB) and adult
blood (AB). OmpA+ E. coli (E44), OmpA- E. coli (E91), wild-type GBS (wt-GBS), or
acapsular GBS (acap-GBS) was subjected to bactericidal activity using whole blood for the
periods indicated. Aliquots of the bacteria taken at each time-point were then serially diluted
and plated on blood agar. The experiments were performed at least four times in duplicate. The
data was expressed as per cent survival considering the survival at 0 min as 100% and the error
bars represent + SD.
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Analysis of C3b and C9 deposited on bacteria incubated in serum. The amounts of C3b and
C9 deposited on OmpA™ E. coli (E44), OmpA™~ Escherichia coli (E91), wild-type Group B
Streptococci (wt-GBS), or acapsular GBS (acap-GBS) incubated in cord serum (CS) and adult
serum (AS) were analysed by flow cytometry using specific fluorescence-labelled antibodies
against C3 and C9. The percentages of cells in the population in the positive gate from at least
three experiments were taken and presented as means + SD.
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Figure 4.

Effect of the concentrations of Factor H (FH) or C4-binding protein (C4BP) in serum on their
binding to Escherichia coli and Group B Streptococcus (GBS). (a) The amounts of FH and
C4BP in various serum samples were determined by enzyme-linked immunosorbent assay.
Each point represents an individual sample. (b) OmpA* E. coli (E44), OmpA™ E. coli (E91),
wild-type GBS (wt-GBS), or acapsular GBS (acap-GBS) were incubated in 40% cord serum
(CS) or adult serum (AS) for 1 hr. The bacteria were then washed three times in phosphate-
buffered saline, boiled in sodium dodecyl sulphate—polyacrylamide gel electrophoresis (SDS—
PAGE) sample buffer, and the supernatants were separated by SDS-PAGE. Purified FH and

Immunology. Author manuscript; available in PMC 2008 September 29.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Maruvada et al.

Page 18

rC4BP-o were also loaded as controls. The proteins were transferred to nitrocellulose and
immunoblotted with antibodies to FH or C4BP.
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Figure 5.

Binding to and invasion of human brain microvascular endothelial cells (HBMEC) by
Escherichia coli and group B streptococci (GBS) incubated in adult serum (AS), cord serum
(CS), puri- fied Factor H (FH), or C4-binding protein (C4BP). (a) OmpA* E. coli (E44) or
OmpA™ E. coli (E91) and (b) wild-type GBS (wt-GBS) or acapsular GBS (acap-GBS) were
incubated in 40% cord serum (CS) or adult serum (AS), purified Factor H (FH) or C4-binding
protein (C4bp) (25 pg/ml) for 15 min, washed, and added to HBMEC monolayers at a
multiplicity of infection of 1 : 100 (cell to bacteria ratio). Binding and invasion assays were
performed as described in the Materials and methods. Heat-inactivated (HI) serum was used
as a negative control. The experiments were repeated three times in triplicate with similar
results. The data are presented as means + SD. The invasion of the bacteria treated with serum
was considered signifi- cantly enhanced or reduced when compared to untreated controls. *P
< 0.02 by two-tailed t-test; **P < 0.05.
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Figure 6.

Effect of serum, Factor H (FH) and C4-binding protein (C4BP) on the entry of Escherichia
coli and Group B Streptococcus (GBS) into THP-1 cells or THP-DM. E. coli (a) or GBS (b)
were incubated with 40% adult serum (AS) or cord serum (CS), puri- fied Factor H (FH) or
C4-binding protein (rC4BP or C4ABP-PS) (25 pg/ml) for 15 min, washed, and then further
incubated with either THP1 cell suspension or THP-DM monolayers at a multiplicity of
infection of 1 : 10. Heat-inactivated (HI) serum was also included as a negative control. After
incubation, the cells were washed and further incubated with gentamicin-containing medium
(100 mg/ml) for 1 hr to kill extracellular bacteria. Numbers of internalized bacteria were
determined by plating on blood agar and expressed as per cent invasion with respect to control
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bacteria (incubated with neither sera nor purified proteins). Experiments were conducted at
least three times and the data are presented as means + SD. The survival of the bacteria, treated
with serum or purified proteins, was considered significantly increased or decreased when
compared to untreated controls. **P < 0.05 by two-tailed t-test.
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