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Abstract
Staphylococcus aureus is a significant human pathogen that causes skin-structure, invasive, and
hospital-associated infections worldwide. The complement system is vital to innate defense
against many bacterial infections. As shown with other pathogens, mechanisms for circumventing
complement attack may include recruitment of the complement regulatory protein factor H (fH).
In the present study, we show that S. aureus binds fH in a dose-dependent and time-dependent
manner. Interestingly, this interaction does not require complement activation nor C3-fragment
presence and occurs efficiently in the absence of other serum components suggesting a mechanism
other than bridging between intermediary molecules. However, fH binding is greater when
incubated with normal human serum compared to heat-inactivated serum, which suggests that
complement activation may enhance fH binding. S. aureus-bound fH was found to inhibit the
alternative pathway through disruption of the alternative pathway C3 convertase as shown by an
increase in Bb release and a decrease in total C3-fragment deposition. Furthermore, S. aureus-
bound fH retains cofactor activity for factor-I mediated cleavage of C3b. These studies show that
the acquisition of fH to the S. aureus surface inhibits complement-mediated opsonization via
disruption of the alternative pathway convertase; thus, we report an immune-evasion mechanism
not previously described for S. aureus.
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1. Introduction
Staphylococcus aureus continues to be one of the most frequent causes of community and
hospital-associated bacterial infections, with methicillin-resistant S. aureus (MRSA)
becoming increasingly common (CDC, 2004; Rosenthal et al., 2010). S. aureus is
responsible for a multitude of superficial and invasive infections resulting in significant
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morbidity and mortality worldwide (Chang et al., 2003; Hakim et al., 2007; Haupt et al.,
2008; Nizet, 2007). As antibiotic resistance continues to rise, novel therapies for treating and
preventing S. aureus infection are essential. As such, elucidating the mechanisms by which
S. aureus interacts with and evades the host immune response provides a means to identify
novel therapeutic targets.

As a successful pathogen, S. aureus can survive and replicate within its host, and in doing
so, must subvert the host immune response. One of the primary targets of staphylococcal
immune evasion is the complement system, a vital component of the innate immune defense
against bacterial infections (Hair et al., 2008; Ricklin et al., 2009). Complement activation
results in the opsonization of the bacterial cell surface, thereby facilitating bacterial uptake
and their subsequent destruction via phagocytes (Foster, 2005). To circumvent complement-
mediated opsonization, S. aureus secretes potent molecules that directly target the
alternative pathway C3-convertase (C3bBb). These include the staphylococcal complement
inhibitor (SCIN), the staphylococcal extracellular complement-binding protein (Ecb), and
the extracellular fibrinogen-binding protein (Efb) (Chen et al., 2010; Jongerius et al., 2010;
Ricklin et al., 2009). While both Ecb and Efb prevent the formation of C3bBb by binding to
C3b (Chen et al., 2010; Jongerius et al., 2010), SCIN inactivates this convertase by fixating
C3bBb (Ricklin et al., 2009). Complement evasion by S. aureus also occurs via the
recruitment of the soluble complement regulator factor I to the bacterial surface, which has
previously been demonstrated by our lab (Cunnion et al., 2004b; Hair et al., 2010; Hair et
al., 2008).

Host cells are protected from complement attack via both membrane-associated and soluble
complement regulatory proteins. The plasma protein factor H is a 155 kDa major fluid-phase
complement regulator that disrupts the alternative pathway C3 convertase by displacing
factor Bb and also acts as a cofactor for factor I-mediated cleavage of C3b (Liszewski et al.,
2008; Zipfel et al., 2002). Factor H-like protein 1 (FHL-1) is a 42 kDa splice variant of fH,
with similar functionality to fH (Johnsson et al., 1998; Zipfel et al., 2002). These regulatory
proteins are composed of short-consensus repeats (SCRs) of which the first seven SCRs are
common to both proteins (Jozsi and Zipfel, 2008; Zipfel et al., 2002). Factor H related
protein 1 (FHR-1), the product of a different gene, is present in two forms: FHR1-α (37
kDa) and FHR1-β (43 kDa). FHR-1 contains five SCRs that are homologous to those found
in fH; however, its function is not well described (Friberg et al., 2008; Zipfel et al., 2002).
Pathogens such as Streptococcus pneumoniae, S. pyogenes, and Borrelia burgdorferi are
known to acquire fH as an immune evasion tactic to inhibit activation of the alternative
pathway of complement (Jarva et al., 2002; Jarva et al., 2003; Kenedy et al., 2009; Kraiczy
et al., 2001; Pandiripally et al., 2002; Perez-Caballero et al., 2000).

A previous study identifies the secreted S. aureus protein Sbi (Staphylococcus aureus binder
of IgG) as a fH-binding protein which binds fH via the Sbi domains III and IV; however,
this binding requires the presence of C3b or C3d, with little or no binding evident in the
absence of these molecules (Haupt et al., 2008). In the present study, we show that intact S.
aureus binds considerable amounts of fH whether in serum or in purified form irrespective
of complement activation or C3-fragment presence. We also demonstrate, for the first time,
that fH is functionally active on the S. aureus surface, disrupting the alternative pathway C3
convertase and inhibiting opsonization.

2. Materials and methods
2.1. Bacteria

S. aureus were grown to mid-logarithmic phase (OD600 0.8 – 1.5) in Columbia 2% NaCl
broth at 37ºC. Six laboratory strains (Newman, Wood, Lowenstein, Reynolds, Wright,
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Becker) and ten clinical isolates (5 MSSA, 5 MRSA) were used for initial fH-binding
studies. The clinical isolates were obtained as de-identified, discarded specimens from a
clinical microbiology laboratory (Eastern Virginia Medical School IRB 06-04-WC-0040).
Strains Reynolds, Newman, and a clinical isolate named R7 were used for additional studies,
as indicated. R7 is a community associated methicillin resistant S. aureus (CA-MRSA)
determined to be a USA300 strain by pulsed-field gel electrophoresis (data not shown).

2.2. Buffers
The following buffers were used: GVBS ++ (veronal-buffered saline [VBS] with 0.1%
gelatin, 0.15 mM CaCl2, and 1.0 mM MgCl2), GVBS (VBS with 0.1% gelatin), GVBS
EDTA (VBS with 0.1% gelatin and 0.01 M EDTA), and VBS-Ni (VBS with 1mM NiCl2).
GVBS++ buffer and VBS-Ni allow the activation of the complement system due to the
presence of cations; alternatively, EDTA chelates these cations and, therefore, inhibits the
complement cascade.

2.3. Serum
Normal human serum (NHS) was made as previously described (Cunnion et al., 2001) from
the blood of four healthy human volunteers in accordance with an Institutional Review
Board approved protocol (EVMS IRB 02-06-EX-0216). The serum was pooled, aliquoted,
and frozen at −80ºC. Heat-inactivated serum was generated by heating NHS at 56ºC for 30
minutes. Cobra-venom-factor treated serum (CVS) was produced by the addition of 20 μg of
cobra-venom factor (CompTech) to 1 mL of NHS, and heated at 37°C for 1 hour. C3-
depleted serum was purchased commercially (CompTech).

2.4. Cell-wall preparations
Cell-wall extracts were prepared as previously described (Cheung and Fischetti, 1988).
Briefly, S. aureus cells were sedimented from 20 mL cultures, washed twice with GVBS
EDTA and resuspended in 30% raffinose buffer to stabilize the bacterial protoplasts;
protease inhibitors (complete mini, Roche) and DNase were also added. Cell-wall proteins
were solubilized by incubating with 10 μg lysostaphin (Sigma) at 37°C for 1 hour, with
rotation. The protoplasts were sedimented and cell-wall proteins were recovered in the
supernatant.

2.5. fH-binding assays
S. aureus (1 × 108 organisms) were incubated with various concentrations of serum for 30
mins at 37°C to assay the binding of fH under these conditions. Additionally, the binding of
purified fH (CompTech) was assessed using 2.5 × 108 organisms that were incubated with
various amounts of fH for 1 hr at 37°C. The assays were conducted using the buffers
indicated. Following incubation with sera or pure proteins, cells were washed thoroughly
with GVBS EDTA and bound proteins were stripped using 2% SDS at 95°C for 5 mins or
extracted with 0.1M glycine (pH 2.5) for 20 mins at 37°C, as described by Friberg et al
(Friberg et al., 2008). Among a variety of methods tested, 2% SDS yielded the maximum
recovery of fH from S. aureus.

A variation of this assay involved the assessment of fH retention and release by S. aureus
strain Reynolds. Bacteria were incubated with 20% NHS in GVBS++ buffer for 30 mins at
37°C followed by washing in GVBS EDTA and subsequent resuspension in 3% BSA/PBS.
Aliquots of 1 × 108 organisms/50uL of buffer were assessed for retention and release at
various time points. Released fH from the cell surface was captured in the supernatant and
retained fH was stripped in 50 uL of 2% SDS at 95°C for 5 mins.
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2.6. Whole-cell ELISA
Binding of fH to immobilized S. aureus strains Reynolds and R7 was performed as
described by Pandiripally et al. (Pandiripally et al., 2002), with modifications. Bacteria were
washed in PBS then resuspended in carbonate buffer. Flat-bottom Immulon 2 plates
(Thermo Labsystems) were coated with 1 × 107 organisms in 50 uL of carbonate buffer and
incubated overnight at 4°C. Wells were washed to remove unbound cells with wash buffer
(PBST [phosphate buffered saline with 0.05% tween] containing 0.5% gelatin) then blocked
with wash buffer for 90 mins at 37°C. Various amounts of purified fH (in wash buffer) were
added to wells and allowed to incubate at room temperature for 1 hr. Control wells were
incubated with wash buffer only. Following the removal of unbound fH, the presence of fH
was assessed. The primary and secondary probes used were chicken anti-fH (Accurate
Chem.) and goat anti-chicken HRP (Genway Biotech, Inc.), respectively. Probes were added
in wash solution and allowed to incubate for 1 hr at room temperature with wash steps in
between incubations. Plates were developed with TMB substrate (Thermo Scientific),
stopped with 1N H2SO4, and read at 450 nm. Absorbance values were analyzed for fH
presence with values from wells not incubated with fH subtracted as background.

2.7. C3b cleavage to iC3b
Washed mid-logarithmic S. aureus were incubated with 10% heat-inactivated serum for 30
mins at 37°C in GVBS to bind serum fH, based on an assay described by Friberg et al.
(Friberg et al., 2008). Bacteria were washed 3 × with GVBS. To aliquots of 1 × 108

organisms, various combinations of factor I, C3b or C3 (1 μg each) were added and allowed
to incubate for 1 hr at 37°C. Controls included bacteria not incubated with serum, and
samples of purified fH and factor I with purified C3 or C3b and no bacteria. Purified
proteins were purchased commercially from CompTech. The bacteria were sedimented and
the supernatant was analyzed for evidence of iC3b via Western Blotting, under reducing
conditions.

2.8. Opsonization with purified complement components
C3b molecules were deposited as described by Horstmann et al. (Horstmann et al., 1985),
with modifications. Washed mid-logarithmic S. aureus Reynolds (4.0 × 109 organisms in
VBS-Ni buffer) were incubated with 50 μg C3 in 1 mL VBS-Ni to which 100 uL of fluid
phase C3bBb(Ni) enzyme was added and incubated at 20°C for 30 min. The enzyme was
preformed with 30 μg C3b, 20 μg fB, 5 μg fD incubated in 50 uL VBS-Ni for 5 min at 20°C.
The cells were washed 3 × in VBS-Ni then split evenly into two groups: one group was
incubated with 8 μg fH, the other without fH (control), for 30 min at 37°C. The cells were
sedimented then resuspended in VBS-Ni; aliquots of 5 × 108 organisms were further
incubated with 8 μg C3, 5 μg fB, 2 μg properdin and 0.2 μg fD in 125 μL VBS-Ni at 4°C for
various time points. The cells were then sedimented and shed Bb was recovered in the
supernatant. The cells were washed 3 × in GVBS EDTA then incubated in 50 μL of 25 mM
methylamine at 37°C for 1 hr to release C3 fragments bound to the cell surface via ester
linkage into the supernatant; the bacteria were removed via centrifugation (Cunnion et al.,
2004b).

2.9. ELISA
Flat-bottom Immulon 2 plates (Thermo Labsystems) were coated with 50 μL of either goat
anti C3 (10 μg/mL), goat anti fH (1:1000 dilution), or goat anti fB (1:1000 dilution) in
carbonate buffer (4°C, overnight), for C3, fH or Bb ELISA, respectively. Washed wells
were blocked with 3% BSA/PBST (2 hr, room temperature) then washed again. Samples
were added to the wells in block buffer (1 hr, room temperature). Primary and secondary
probes were as follows: chicken anti-C3 (Sigma) and goat anti-chicken HRP (Sigma) for C3
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ELISA; mouse monoclonal anti fH (Serotec Ltd., Oxford, United Kingdom) and goat anti-
mouse HRP (Sigma) for fH ELISA; mouse anti-Bb neoantigen (Quidel) and goat anti-mouse
HRP for Bb ELISA. Probes were added in block buffer and allowed to incubate for 1 hr at
room temperature with wash steps in between incubations. Plates were developed with TMB
substrate (Thermo Scientific), stopped with 1N H2SO4, and read at 450 nm. Purified C3 and
fH (CompTech) were used as standards for quantitation of protein. Absorbance values were
analyzed for Bb presence with control wells subtracted as background.

2.10. Molecules of fH per bacterium calculation
Given fH = 155 kDa = 155,000 g/mol: μg/mL fH × extraction volume (mL) = g fH; g fH ×
mol × (6.022 × 10 23 molecules/mol) / (155,000 g) = molecules of fH; (molecules of fH)/
(number of bacteria in sample) = molecules of fH per bacterium.

2.11. Statistical analysis
ELISA data were analyzed by a two-tailed paired Student’s t test. Calculated P values of ≤
0.05 were considered statistically significant.

3. Results
3.1. fH binds to S. aureus in a time- and dose-dependent manner

To examine the commonality for binding serum fH by S. aureus, six laboratory strains and
ten clinical isolates were incubated with 10% NHS, washed, and cell-wall extracts were
prepared. All strains bound serum fH, as determined via Western blotting; a representative
Western blot is shown in Fig. 1A. Reynolds and the CA-MRSA clinical isolate R7 bound
significant fH by 30 minutes by Western-blot analysis (Fig. 1B). An alternate method of
examining the binding of serum fH to S. aureus was performed by incubating R7 with 10%
NHS followed by acid elution of bound proteins. Western blotting revealed a band for fH as
well as bands that likely represent FHL-1/FHR-1β and FHR-1α (Fig 1C). To further assess
the binding of serum fH to S. aureus, various concentrations of NHS were incubated with S.
aureus Reynolds and R7 and fH binding was measured by ELISA (Fig. 1D). A positive
correlation of increasing amounts of bound fH was found for increasing NHS
concentrations.

3.2. S. aureus binds fH independent of complement activation
The secreted staphylococcal protein Sbi binds fH as determined using immobilized
recombinant Sbi constructs; however, this interaction requires the presence of either C3b or
C3d (Haupt et al., 2008). Therefore, we sought to determine the extent to which complement
activation affects the binding of fH to intact S. aureus. In heat-inactivated serum, fH bound
S. aureus strains in a positive dose-response manner demonstrating that complement
activation is not necessary for fH binding. Overall, binding of fH was reduced by 45% (P
<0.0001) and 50% (P = 0.0016) for Reynolds and R7, respectively, in heat-inactivated
serum compared with NHS suggesting that complement activation, while not required,
increases fH binding to S. aureus (Fig. 2A). Binding of fH in heat-inactivated serum was
similar for all buffers except GVBS-EDTA, suggesting that the presence of EDTA inhibits
fH binding independent of complement activation (Fig. 2B and 2C). To test for saturation of
fH binding, strain Reynolds was incubated with various concentrations of heat-inactivated
serum in PBS, as described, and bound fH was measured by ELISA. Saturation was
achieved at 60% heat-inactivated serum (Fig 2D).

To further explore fH binding in conditions where C3 is depleted, we assayed the binding of
fH to strain Reynolds and R7 with cobra-venom-factor treated serum and C3-depleted
serum. CVF-treated serum is depleted of C3, but may have some C3b/iC3b present, whereas
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C3-depleted serum lacks C3, C3b, iC3b, and C3d. As shown in Fig. 2E and 2F, Reynolds
and R7 can both bind fH from either type of sera, with an increase in binding correlating
with an increase in serum concentration. To quantitate the amount of fH bound per bacterial
cell, we converted the mean values of bound fH in 40% serum to molecules of fH per
bacterium (Fig. 2G). In these conditions, NHS deposits ≥ 2,000 molecules of fH on the S.
aureus surface. As a whole, these data show that neither complement activation nor C3/C3b/
iC3b/C3d is required for S. aureus binding of fH.

In order to evaluate whether any serum proteins are necessary for S. aureus to bind fH,
various concentrations of purified fH were incubated with S. aureus strain Reynolds. Bound
proteins were stripped in 2% SDS and examined for binding via Western blotting and
ELISA. Similar to incubation with serum fH, higher concentrations of purified fH were
associated with increased fH binding by ELISA (Fig. 3A). Binding of intact fH was
confirmed by Western blot analysis (Fig. 3B).

To further substantiate that S. aureus binds fH without additional serum components, we
employed a whole-cell assay. S. aureus strains Reynolds and R7 were adsorbed to microtiter
plates and incubated with various amounts of purified fH. The results depicted in Fig. 4
show increased fH binding correlating with increased fH concentration. These results further
support that a dose-response relationship exists for fH binding to the S. aureus surface and
that S. aureus binds fH efficiently in the absence of serum intermediary molecules.

3.3 fH retention and release by S. aureus
To further characterize the binding relationship of fH to intact S. aureus, we examined the
retention and release rates of S. aureus-bound fH by ELISA. Strain Reynolds was incubated
with 20% NHS, washed, and then incubated in 3% BSA/PBS. As shown in Fig. 5, retention
of fH decreased over time, with a mean retention of 75% fH at 10 mins which dropped to
65% retention at 60 mins. These data correlated with increasing amount of fH released into
the supernatant over time.

3.4. S. aureus-bound fH increases the release of Bb and decreases C3 fragment deposition
on the S. aureus surface

To date, the functional importance of fH recruitment to the S. aureus surface has not been
elucidated. Therefore, we sought to determine the extent to which S. aureus-bound fH
affects the alternative pathway C3-convertase by building the convertase on the bacterial
surface using purified components. Mid-log strain Reynolds were incubated with the
alternative pathway enzyme, C3bBb, and purified C3 to deposit C3b on the bacterial
surface. Washed bacteria were then incubated with C3, properdin, fB and fD for various
time points to provide conditions permissive for the formation of the alternative pathway
C3-convertase and complement amplification. Shed Bb and bound C3 fragments were
assessed via ELISA. To ascertain whether fH had an effect on released Bb or bound C3
fragments, one group of bacteria was pre-incubated with purified fH to allow fH binding
prior to the amplification step.

For the group pre-incubated with fH, Bb release increased over the first 5 minutes. Overall,
Bb release was 2-fold greater (P = 0.032) for S. aureus pre-incubated with fH compared
with control (Fig. 6A). We also analyzed the deposition of C3-fragments on the S. aureus
surface via ELISA. As shown in Fig. 6B, total C3 deposition was decreased 3-fold at 2
minutes in samples pre-incubated with fH, compared to control (P = 0.026). These data
strongly suggest that S. aureus-bound fH disrupts the alternative pathway C3 convertase, as
shown by an increase in released Bb and a marked reduction in total C3 deposition. The
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form of C3 deposited on the S. aureus surface was confirmed to be C3b by Western blot
(Fig. 6C).

3.5. Cleavage of C3b to iC3b occurs in the presence of fH and factor I (fI)
To investigate whether S. aureus-bound fH maintains its cofactor activity for fI-mediated
cleavage of C3b to iC3b, we tested three S. aureus strains: Reynolds, Newman and R7.
Bacteria were incubated with 10% heat-inactivated serum for 30 minutes at 37°C to bind
serum fH. Control samples were not incubated with serum. Bacteria were washed and either
purified C3 or purified C3b, with or without fI, was added. Purified C3 may undergo
spontaneous hydrolysis resulting in C3(H20), a C3b-like molecule that can be cleaved to
iC3b by fI in the presence of fH (Oran and Isenman, 1999). Western blotting revealed that
the generation of iC3b occurred only when bacteria were pre-incubated with serum fH and
in the presence of fI (Fig. 7). This indicates that fH bound by S. aureus retains cofactor
activity for fI cleavage of C3b. It should be noted, however, that the binding of FHL-1 and/
or FHR 1 by S. aureus, as suggested in Fig. 1C, may also contribute to the generation of
iC3b shown here, due to their presence in serum.

4. Discussion
A diverse group of pathogenic bacteria have developed strategies to circumvent host
immune defenses, with a commonality for complement evasion (Blom et al., 2009; Jarva et
al., 2002; Jarva et al., 2003; Kenedy et al., 2009; Kraiczy et al., 2001; Pandiripally et al.,
2002; Perez-Caballero et al., 2000); however, the interaction between S. aureus and
complement regulatory proteins is only beginning to be explored. We hypothesized that S.
aureus binds fH in a manner that preserves its inherent regulatory functionality thereby
providing an immune evasion mechanism for disrupting the alternative pathway C3
convertase via displacement of Bb from the bacterial surface. Resultant decreases in C3
activation and C3b binding to S. aureus inhibit opsonization along with downstream effector
functions. Although Sbi has been shown to bind fH, Sbi-bound fH occurs via the formation
of a tripartite complex with C3b or C3d, as demonstrated using immobilized recombinant
Sbi III/IV constructs (Haupt et al., 2008). Moreover, Sbi is a secreted protein and not found
in the cell-wall fraction (Burman et al., 2008). To elucidate the binding of fH to the surface
of S. aureus, we employed fH-binding assays that permit fH binding to intact S. aureus
followed by a functional analysis of S. aureus-bound fH. These assays provide a novel
insight into the physiological activities of fH on the S. aureus surface.

In the present study, we tested sixteen strains of S. aureus, six laboratory and 10 clinical
isolates, for the ability to bind fH; all of which bound serum fH suggesting that this is a
common property for S. aureus strains. Interestingly, fH bound efficiently to S. aureus in the
absence of C3/C3b/C3d or other serum proteins suggesting that S. aureus can bind fH via an
as yet undescribed mechanism. However, it remains possible that Sbi could contribute to fH
binding in the presence of complement activation, if secreted Sbi binds back to the bacterial
surface.

Curiously, fH binding in GVBS EDTA buffer with heat-inactivated serum resulted in a
marked decrease in fH binding compared to heat-inactivated serum in GVBS++. This
suggests that EDTA inhibits fH binding to S. aureus by a mechanism unrelated to
complement activation. As divalent cations are important components of bacterial cell
membranes/walls (Weidenmaier and Peschel, 2008), we speculate that the chelating agent
EDTA may affect the S. aureus surface molecule(s) to which fH binds. Although fH is not
known to have an interaction with divalent cations, it is also possible that EDTA could
affect fH.
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Our functional analyses reveal that surface-bound fH inhibits C3 activation on S. aureus by
displacing Bb, resulting in decreased binding of the complement effector C3b on the
bacterial surface. C3b has been shown to be a vital opsonin for S. aureus phagocytosis
(Cunnion et al., 2005; Cunnion et al., 2003) as well as important in the control of S. aureus
bacteremia in animal models (Cunnion et al., 2004a). To our knowledge, this is the first
report demonstrating functional activities for fH recruited to the S. aureus surface.
Additionally, S. aureus-bound fH retains its cofactor function for fI, enhancing the cleavage
of C3b.

S. aureus is known to express many immune evasion proteins, some of which inhibit the
complement system at the C3 level leading to reduced opsonization. The staphylococcal
proteins Ecb, SCIN, and Efb interfere with C3b deposition on the S. aureus surface via their
interaction with C3b (Chen et al., 2010; Jongerius et al., 2010; Ricklin et al., 2009).
However, disruption of the alternative pathway convertase by the release of Bb, shown here,
cannot be explained by the action of any of these secreted proteins. Moreover, our assays
used live bacteria such that secreted S. aureus factors could participate, thus controlling for
the action of these molecules in all experimental groups. The potent effect we report
mediated by the acquisition of fH to the staphylococcal surface is independent of previously
described host-defense-evasion strategies. Thus, the mechanism shown here where fH is
recruited to the bacterial surface leading to Bb displacement and decreased C3b deposition is
novel for S. aureus.

Our Western-blot analysis suggests that S. aureus also binds FHL-1 and/or factor H-related
proteins as seen with other pathogenic bacteria like S. pyogenes and B. burgdorferi
(Johnsson et al., 1998; Kraiczy et al., 2001). S. aureus-bound serum proteins extracted under
acidic conditions revealed a 42 kDa band, as assessed via anti-fH western blotting, which is
likely FHL-1 and/or FHR-1β. Additionally, a 37 kDa band may represent FHR-1α. Although
likely, it is unknown whether fH, FHL-1 and/or FHR-1 bind the same or different structures
on the S. aureus surface.

In conclusion, our data clearly demonstrate that S. aureus binds fH in a dose-dependent
manner requiring neither complement activation, nor C3/C3b/C3d, nor other serum
components. Moreover, S. aureus-bound fH down-regulates the alternative pathway of
complement by disrupting the alternative pathway C3-convertase by displacing Bb and
decreasing C3b deposition. Since C3b is a critical opsonin for S. aureus, this mechanism
likely contributes to S. aureus pathogenicity. Future studies will investigate the role of fH
binding to intact S. aureus in the organism’s survival and killing.
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Fig. 1.
Serum factor H binding to mid-logarithmic S. aureus. S. aureus were incubated with 10%
normal human serum in GVBS++ for the time indicated at 37°C. Cell-wall proteins were
solubilized from washed bacteria and analyzed via anti-fH Western blot: (A) Representative
Western blot showing strain Newman (296), Reynolds and the clinical isolates S10 and S6;
(B) Strain Reynolds and a clinical strain (R7). (C) R7 was incubated with 10% NHS in
GVBS for 30 mins at 37°C, washed, then bound proteins eluted with 0.1M glycine, pH 2.5.
(D) Bacteria were incubated with various concentrations of NHS in GVBS++ for 30 mins at
37°C. Bound fH was stripped from washed bacteria with 2% SDS at 95°C; fH binding was
measured via ELISA. Data represent the mean of three independent experiments ± SEM.
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Abbreviations: factor H (fH), Factor H-like protein 1 (FHL-1), Factor H related protein 1
(FHR 1).
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Fig. 2.
Serum factor H binding to S. aureus in the presence or absence of complement activation. S.
aureus were incubated with various concentrations of NHS, heat-inactivated serum (HI-
NHS), C3-depleted serum or cobra-venom factor treated serum (CVF-serum) for 30 mins at
37°C. Bound proteins were extracted with 2% SDS at 95°C for 5 mins and fH binding was
measured by ELISA. (A) NHS vs. heat-inactivated serum; heat-inactivated serum in various
buffers, (B) R7, (C) Reynolds; (D) heat-inactivated serum in PBS, Reynolds; (E) C3-
depleted serum; (F) cobra-venom factor treated human serum; (G) fH molecules/bacterium
at 40% serum per buffer type. GVBS++ buffer was used for all fH-binding assays, except
where indicated. Data points represent the mean of three independent experiments ± SEM.
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Fig. 3.
Purified fH binding to S. aureus. Bacteria were incubated with various concentrations of
purified fH for 1 hour at 37°C. Bound fH was stripped from washed bacteria with 2% SDS
at 95°C and measured by (A) ELISA or (B) Western blot. Data points represent the mean of
three independent experiments ± SEM.
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Fig. 4.
Factor H binding via whole-cell ELISA. S. aureus were adsorbed to wells of a microtitre
plate, incubated with various amounts of purified fH, and probed with chicken anti-fH
antibody. Data points represent the mean of three independent experiments ± SEM.
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Fig. 5.
Factor H retention and release by S. aureus. Bacteria were incubated with 20% NHS to bind
serum fH then washed and resuspended in 3%BSA/PBS. Samples were assessed for percent
fH retention (pellet, A) and release (supernatant, B) at various time points via fH ELISA.
Data points represent the mean of three independent experiments ± SEM.
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Fig. 6.
S. aureus- bound fH increases the release of Bb and decreases C3 fragment deposition on
the S. aureus surface. Washed mid-logarithmic S. aureus were incubated with fluid phase
C3bBb(Ni) enzyme and purified C3 at 20°C for 30 min to deposit C3b on the bacterial
surface. After washing, organisms were incubated ± fH for 30 min, and then incubated with
C3, fB, properdin and fD at 4°C for various time points. Released Bb was recovered in the
supernatant and bound C3-fragments were stripped with 25mM methylamine. (A) Bb
ELISA; (B) C3 ELISA; (C) Representative Western blot showing forms of C3 stripped from
S. aureus surface compared to purified C3, C3b and iC3b control lanes; the type of C3 chain
is indicated (α’, β). Data points represent the mean of three independent experiments ±
SEM.
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Fig. 7.
Cleavage of C3b to iC3b occurs in the presence of fH and fI. S. aureus were incubated with
10% heat-inactivated serum for 30 mins at 37°C to bind serum fH. After washing, various
combinations of fI, C3b or C3 (1 ug each) were added and allowed to incubate for 1 hr at
37°C. Controls included bacteria not incubated with serum, and samples of purified fH and
fI with purified C3 or C3b. The bacteria were sedimented and the supernatant was analyzed
for the presence of C3b and iC3b via Western blotting, under reducing conditions; the types
of C3 chains are indicated (α’, β, α’2). (A) R7; (B) Reynolds; (C) Newman. Representative
Western blots of three independent experiments.
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