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ABSTRACT In order to survive and persist in an immunocompetent human host, Borrelia burgdorferi controls the human im-
mune attack and blocks the damaging effects of the activated complement system. These Gram-negative spirochetes use CspA
(CRASP-1) and four additional immune evasion proteins to bind combinations of human plasma regulators, including factor H,
factor H-like protein 1 (FHL-1), complement factor H-related protein 1 (CFHR1), CFHR2, CFHR5, and plasminogen. As many
microbial immune evasion proteins have multiple functions, we hypothesized that CspA has additional roles in complement or
immune control. Here, we identify CspA as a terminal complement inhibitor. Borrelial CspA binds the human terminal comple-
ment components C7 and C9 and blocks assembly and membrane insertion of the terminal complement complex (TCC). CspA
inhibits TCC assembly at the level of C7, as revealed by hemolytic assays, and inhibits polymerization of C9. CspA, when ectopi-
cally expressed on the surface of serum-sensitive Borrelia garinii, blocks TCC assembly on the level of C7 and induces serum
resistance in the transformed bacteria. This CspA-mediated serum resistance and terminal complement pathway inhibition al-
low B. burgdorferi to survive in the hostile environment of human plasma.

IMPORTANCE The present study defines a new mechanism by which the pathogenic bacterium Borrelia burgdorferi controls the
terminal complement pathway of the human host to survive in human serum. The borrelial CspA binds to terminal pathway
proteins C7 and C9 and inhibits the terminal complement pathway at the step of C7 and thereby inhibits terminal complement
complex (TCC) assembly and membrane insertion. CspA blocks TCC assembly and insertion when expressed at the bacterial
surface. CspA is the first TCC inhibitor cloned and functionally characterized from a Gram-negative bacterium. This identifica-
tion of a bacterial TCC inhibitor of pathogen origin expands our knowledge of complement evasion of pathogenic bacteria and
shows that pathogenic bacteria target the terminal pathway of complement. Thus, CspA as a central microbial virulence factor
can represent an interesting biomarker and a target to develop new therapeutics and vaccines against borreliae.

Received 27 June 2013 Accepted 15 July 2013 Published 13 August 2013

Citation Hallström T, Siegel C, Mörgelin M, Kraiczy P, Skerka C, Zipfel PF. 2013. CspA from Borrelia burgdorferi inhibits the terminal complement pathway. mBio 4(4):e00481-13.
doi:10.1128/mBio.00481-13.

Editor Antonio Cassone, Istituto Superiore Di Sanita

Copyright © 2013 Hallström et al. This is an open-access article distributed under the terms of the Creative Commons Attribution-Noncommercial-ShareAlike 3.0 Unported
license, which permits unrestricted noncommercial use, distribution, and reproduction in any medium, provided the original author and source are credited.

Address correspondence to Peter F. Zipfel, peter.zipfel@hki-jena.de.

Any infectious microbe that enters the human host faces the
adverse effects and toxic reactions of the activated comple-

ment system, which is a central element of the host innate immune
response. Upon infection, invading microbes activate comple-
ment, and the activated host defense system initiates a cascade of
tightly regulated events that result in C3b surface deposition (op-
sonization), generation of the inflammatory anaphylatoxins C3a
and C5a, and formation of the cytolytic terminal complement
complex (TCC), also termed the membrane attack complex
(MAC) (1). Infectious microbes activate all three complement
pathways, i.e., the alternative, classical, and lectin pathways (1, 2),
and each pathway forms a C3 convertase. In the absence of
regulators, activation progresses, C5 convertases are formed,
and the terminal pathway is initiated. C6 and C7 bind to the newly
formed C5b and form the C5b-7 complex, which attaches to and
inserts into a target membrane. Further binding of C8 and C9
results in assembly and polymerization of C9 and in formation of
the C5b-9 complex (TCC) (3). C5b-9, when inserted into the

target membrane, changes the osmotic pressure and causes cell
lysis.

Inappropriate control of the complement network results in
cascade amplification, generation of toxic effector molecules, and
formation of inflammatory or antimicrobial mediators. Host cells
and tissues express surface-exposed complement regulators to ef-
ficiently control complement action and functions (1). Infectious
microbes are normally recognized and eliminated by complement
and the host immune system. However, pathogenic microbes sur-
vive in an immune competent host, as they express immune eva-
sion proteins that acquire and exploit host complement regulators
and consequently block complement (4).

Borrelia burgdorferi is a Gram-negative bacterium that causes
Lyme disease in Eurasia and North America (5). These spirochetes
are transmitted by ticks of the genus Ixodes (6). If the infection
progresses and if left untreated, severe and chronic symptoms de-
velop, including neuroborreliosis, carditis, and arthritis (7–9). In
order to persist in an immunocompetent host and to multiply,
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B. burgdorferi has developed sophisticated strategies to control the
human immune response. Borreliae acquire host regulators to
modulate complement attack and to disseminate into deeper tis-
sue layers (10). B. burgdorferi expresses CspA and the four addi-
tional immune evasion proteins, CspZ, ErpP, ErpC, and ErpA,
which represent a group of functionally related but structurally
heterologous proteins (10, 11).

These five borrelial proteins bind the human plasma regulators
factor H and plasminogen, but the borrelial proteins differ in
binding of factor H-like protein 1 (FHL-1) and complement fac-
tor H-related proteins (CFHRs) (12). CspA and CspZ bind factor
H and FHL-1 but not CFHR1 (13–15). In contrast, ErpP, ErpC,
and ErpA bind factor H and CFHR1 but not FHL-1 (13, 15). ErpP
and ErpA also bind the human complement proteins CFHR2 and
CFHR5 (16). CspA is highly conserved among borrelial species,
and this 25.9-kDa protein also binds collagen I, collagen III, col-
lagen IV, fibronectin, laminin, and bone morphogenic protein 2
(17, 18). CspA expression is induced during tick feeding and made
during transmission and early mammalian infection and mediates
serum resistance of B. burgdorferi (18–20).

Acquisition of soluble complement regulators by pathogenic
microbes and inhibition of C3 and C5 convertases is a common
evasion strategy and is relatively well characterized. In addition,
pathogens express and secrete proteins that bind C3 and C3 cleav-
age products and thereby inhibit C3 activation or C3 effector
functions. At present, microbial evasion of the terminal comple-
ment pathway is less understood. So far, five pathogen-encoded
TCC inhibitors are, to our knowledge, identified: (i) a CD59-like
protein from B. burgdorferi, (ii) streptococcal inhibitor of comple-
ment (SIC) from Streptococcus pyogenes, (iii) paramyosin from
Schistosoma mansoni and Trichinella spiralis, (iv) Schistosoma C
inhibitory protein type 1 (SCIP-1) from Schistosoma mansoni, and
(v) galactose-specific adhesin from Entamoeba histolytica (21–26).

Each of the five borrelial complement evasion proteins binds at
least two human complement regulators, but the borrelial pro-
teins differ in serum resistance (15, 16, 27). Therefore, we hypoth-
esized that these borrelial proteins have additional roles in im-
mune evasion and we searched for additional complement
inhibitory activities. Here, we identify CspA as a terminal comple-
ment inhibitor. CspA blocks the terminal complement pathway
by inhibiting C5b-9 assembly at the level of C7 and also by block-
ing C9 polymerization. The TCC inhibitory domain of CspA was
located in a stretch of 107 residues ranging from amino acids 109
to 215. Inhibition of the terminal pathway contributes to serum
resistance of B. burgdorferi. To our knowledge, CspA is the first
terminal pathway inhibitor of B. burgdorferi identified on the gene
level.

RESULTS
CspA inhibits the alternative complement pathway indepen-
dent of factor H acquisition. The Gram-negative bacterium
B. burgdorferi expresses immune evasion proteins that bind hu-
man complement regulators (13, 15, 16, 27). In order to define
additional roles in immune evasion, we analyzed whether CspA
and the other borrelial proteins inhibit hemolytic activity of nor-
mal human serum (NHS) using rabbit erythrocytes. CspA and
ErpP, but neither CspZ, ErpC, nor ErpA, inhibited alternative
pathway-mediated hemolysis (Fig. 1A). CspA was the most potent
inhibitor and at 10 �g/ml blocked erythrocyte lysis by 80%
(Fig. 1A). CspA displayed this inhibitory activity for serum con-

centrations ranging from 2.5 to 10% (Fig. 1B). In order to prove
that this inhibitory activity is independent of factor H binding,
CspA-mediated inhibition was assayed in factor H-depleted,
complement-active human serum (HS�Factor H). Also in this
depleted serum, CspA inhibited alternative pathway-mediated he-
molysis (Fig. 1C). This inhibitory effect of CspA was specific for
human serum and was not detected when mouse, sheep, goat,
guinea pig, or dog serum were used as the complement source
(Fig. 1D).

CspA inhibits all three complement pathways. CspA inhibits
the alternative pathway of complement in the absence of factor H.
We next asked whether CspA also inhibits the lectin and the clas-
sical pathways of complement. To this end, pathway-specific ac-
tivators and buffers were used to activate each complement path-
way using NHS, and C5b-9 deposition was followed after
incubation (28). CspA blocked complement activated by each
pathway (Fig. 2). CspA used at a concentration of 100 �g/ml
blocked the alternative pathway and the lectin pathway by 84%
and 77%, respectively (Fig. 2A and B). In addition, CspA blocked
the classical pathway, and at 100 �g/ml, C5b-9 deposition was
reduced by 34% (Fig. 2C). To confirm this inhibitory effect, CspA
was also tested in a hemolytic assay with amboceptor-coated sheep

FIG 1 CspA inhibits the alternative pathway of complement independent of
factor H. (A) CspA and ErpP, but not CspZ, ErpC, or ErpA, inhibit alternative
pathway-mediated hemolysis. The five recombinant borrelial proteins (5 to
50 �g/ml) were added to NHS, and then the mixture was applied to rabbit
erythrocytes. Following incubation, erythrocyte lysis was recorded. (B) CspA
inhibited alternative pathway-mediated hemolysis in 2.5 to 10% serum. The
CspA (10 �g/ml) inhibitory effect on alternative pathway-mediated hemolysis
of rabbit erythrocytes using NHS at concentrations ranging from 2.5 to 10%
was analyzed. (C) CspA inhibited alternative pathway-mediated hemolysis in
complement-active human serum depleted for factor H (HS�Factor H). CspA
(50 �g/ml) was added to HS�Factor H (15%), and then the mixture was
applied to sheep erythrocytes. (D) Lysis of rabbit erythrocytes in serum derived
from the indicated species, i.e., mouse, sheep, goat, guinea pig, or dog. Each
panel represents the mean values from three separate experiments, and error
bars show standard deviations (SD). *, P � 0.05; **, P � 0.01; ***, P � 0.001.
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erythrocytes. Again, the effect of CspA was dose dependent, and at
67 �g/ml, CspA inhibited hemolysis by 70% (Fig. 2D). Similarly,
CspA inhibited all three complement pathways in the Wielisa
complement activation assay (see Fig. S1 in the supplemental ma-
terial). Thus, CspA is a borrelial complement inhibitor that blocks
all three complement pathways.

CspA inhibits complement downstream of the C3 and the C5
convertases. In order to define at which step CspA blocks the
complement cascade, zymosan-activated NHS was used. First, the
effect of CspA on the C3 convertase of the alternative and classical/
lectin pathways was analyzed. CspA affected neither C3a (see
Fig. S2A and B in the supplemental material), Ba (see Fig. S2C and
D), Bb (see Fig. S2D), nor C2b (see Fig. S2E) generation. Thus,
CspA did not influence C3 convertase activity of the alternative,
classical, or lectin pathway. Furthermore, CspA lacked decay-
accelerating activity for the alternative pathway C3 convertase (see
Fig. S2F). In addition, CspA did not affect C5 convertase activity
and did not influence C5a generation (see Fig. S3).

CspA is a terminal pathway inhibitor. CspA blocked comple-
ment activation in factor H-depleted human serum but did not
influence the C3 or C5 convertase. These scenarios suggested an
effect distal of the two central enzymatic convertases on the ter-
minal pathway. To analyze a role of CspA on the terminal path-

way, first binding of terminal complement components to CspA
was assayed. C7 and C9 bound to immobilized CspA, and C5b-6,
C8, and C5b-9 bound with lower intensity (Fig. 3A). C7 bound to
immobilized CspA with an intensity similar to that of the terminal
pathway regulator vitronectin. The analyzed terminal comple-
ment proteins bound with rather low intensity to ErpC (Fig. 3A).
To demonstrate a functional activity of CspA on the terminal
pathway, next the effect of CspA on TCC-mediated lysis of sheep
erythrocytes was tested using purified terminal pathway compo-
nents. CspA combined with C7, C8, and C9 was added to C5b-6-
coated sheep erythrocytes, and erythrocyte lysis was recorded after
incubation. CspA inhibited erythrocyte lysis, and the effect was
dose dependent and at 100 �g/ml reduced lysis by 71% (Fig. 3B).
This effect was specific for CspA, as neither ErpC nor factor H, the
human C3 convertase regulator, blocked erythrocyte lysis
(Fig. 3B).

In order to assay at which level CspA interferes with C5b-9
formation, CspA was added sequentially to terminal complement
components. First, CspA was preincubated with C7, C8, and C9
and then added to C5b-6-treated erythrocytes. In this setup, CspA
(at 100 �g/ml) reduced erythrocyte lysis by 71% (Fig. 3C). When
CspA was combined with C8 and C9 and then added to C5b-7-
coated sheep erythrocytes, the inhibitory effect was lower and lysis
was reduced by 38% (Fig. 3C). In addition, CspA when combined
with C9 and then added to C5b-8-coated erythrocytes had a much
lower effect on lysis (19%) (Fig. 3C). Thus, CspA inhibits C5b-9
formation predominantly at the level of C7.

In order to define this inhibitory effect on TCC in more detail,
we analyzed whether CspA inhibits binding of C7 to the C5b-6
complex. CspA was preincubated with C7, and thereafter the mix-
ture was added to immobilized C5b-6. C7 bound to C5b-6, and C7
complexed with CspA bound with the same intensity (see Fig. S4A
in the supplemental material). Vitronectin slightly reduced bind-
ing of C7, and the C7-specific monoclonal antibody (MAb)
blocked C7 binding to immobilized C5b-6. Thus, CspA binds to
C7 but does not block attachment of C7 to the C5b-6 complex.

The CspA-C7 interaction was further characterized by analyz-
ing binding of C7 to immobilized CspA. C7 bound dose depend-
ently to immobilized CspA (see Fig. S4B). At 20 �g/ml, C7 bound
both the borrelial CspA protein and human vitronectin with sim-
ilar intensity. C7 is a heparin binding protein, and therefore the
effect of heparin on the C7-CspA interaction was followed (29).
Heparin modulated binding of C7 dose dependently and at
500 �g/ml reduced binding by 42% (see Fig. S4C). In addition,
NaCl inhibited binding of C7 to immobilized CspA and at 0.15 M
reduced binding by 60% (see Fig. S4D).

CspA binds to C9 and inhibits polymerization. CspA binds to
C7 and also to C9. C9 bound to immobilized CspA, and binding
was dose dependent (Fig. 4A). C9 is a heparin binding protein
(29), and heparin inhibited binding of C9 to CspA dose depend-
ently (Fig. 4B). Used at 500 �g/ml, heparin inhibited C9 binding
to CspA by 46%. In addition, NaCl at 0.15 M inhibited C9 binding
to CspA by 35% (Fig. 4C). C5b-9 formation results in C9 polym-
erization. To determine whether CspA inhibits C9 polymeriza-
tion, CspA was mixed with C9, and C9 polymerization was in-
duced by ZnCl2. C9 monomers (mC9) and C9 polymers (pC9),
when separated by SDS-PAGE, were directly identified by silver
staining based on their distinct mobilities. C9 polymerization was
induced by ZnCl2 (Fig. 4D, lane 1). In the presence of CspA and
ZnCl2, no C9 polymers were identified (Fig. 4D, lanes 2 and 3).

FIG 2 CspA inhibits all three complement pathways. CspA (�) or HSA (Œ)
(1 to 100 �g/ml) was added together with NHS (20%) diluted in MgEGTA
buffer (alternative pathway) (A) or NHS (1%) diluted in GVB�� buffer (lec-
tin and classical pathways) (B and C) to pathway-specific activators. Following
incubation, C5b-9 deposition was recorded using an anti-C5b-9 MAb and
HRP-conjugated rabbit anti-mouse pAb. C5b-9 deposition from NHS was set
to 100%. (D) CspA inhibits classical pathway-mediated hemolysis of
amboceptor-coated sheep erythrocytes. CspA (�), ErpC (o), or HSA (Œ)
(used at 2 to 67 �g/ml) was added to NHS (1%), and then this mixture was
combined with amboceptor-coated sheep erythrocytes. The mean values out
of three separate experiments are shown, and error bars show SD. **, P � 0.01;
***, P � 0.001.
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ErpC did not influence C9 polymerization, and both C9 mono-
mers and C9 polymers were detected (Fig. 4D, lane 4). Thus, CspA
blocks polymerization of C9.

Localization of the CspA region that mediates TCC inhibi-
tion. In order to localize the region of the CspA protein that me-
diates TCC inhibition, CspA and CspA deletion mutants were
used for binding and functional assays (Fig. 5A, left). First, the
binding region of CspA for C7 or C9 was localized. Both C7 and
C9 bound to immobilized full-length CspA26 –251 and to the
CspA26 –240, CspA26 –215, and CspA61–250 deletion mutants
(Fig. 5A). In contrast, neither C7 nor C9 bound to the CspA26 –108

deletion mutant. Thus, the major C7 and C9 binding region of
CspA was localized within amino acid residues 109 to 215. Binding
of CspA to C7 or C9 was confirmed by microscale thermophore-
sis. CspA bound to labeled C7 with an affinity of 5.1 � 0.2 �M
(Fig. 5B) and to C9 with an affinity of 3.4 � 0.1 �M (Fig. 5C). The
binding of C7 and C9 to the CspA26 –108 deletion mutant and to
bovine serum albumin (BSA) was significantly reduced compared
to binding of full-length CspA.

The various CspA deletion mutants were further analyzed for
their effect on TCC-mediated hemolysis. Full-length CspA26 –251

and the CspA26 –240, CspA26 –215, and CspA61–250 deletion mutants,
but not the CspA26 –108 deletion mutant, blocked terminal
pathway-mediated hemolysis of sheep erythrocytes, induced by

purified terminal pathway components
(Fig. 5D). Thus, the TCC inhibitory re-
gion of CspA was localized to the 107-
amino-acid-long region, i.e., 109 to 215,
which also includes the major C7 and C9
binding regions. The CspA mutants were
further tested for inhibition of C9 poly-
merization. Similar to full-length CspA
(Fig. 5E, lanes 2 and 3), the CspA26 –240

(Fig. 5E, lanes 4 and 5), CspA26 –215

(Fig. 5E, lanes 6 and 7), and CspA61–250

(Fig. 5E, lanes 10 and 11) deletion mu-
tants, but not the CspA26 –108 deletion
mutant (Fig. 5E, lanes 8 and 9), inhibited
C9 polymerization.

C7 and C9 bind simultaneously to
CspA. C7 and C9 bind within the same
107-amino-acid-long region of CspA.
Therefore, we asked if the two human ter-
minal pathway components bind to the
same overlapping region and compete for
binding or if they bind to separate sites
and therefore bind simultaneously to
CspA. C7 in the presence of constant
amounts of C9 (10 �g/ml) bound dose
dependently to CspA and did not influ-
ence C9 binding (see Fig. S5A in the sup-
plemental material). Similarly, C9 bound
dose dependently to CspA and did not
significantly influence C7 binding (see
Fig. S5B). This simultaneous binding sug-
gests that C7 and C9 have distinct binding
sites in the 107-amino-acid-long region
of CspA.

C7/C9 and factor H attach to differ-
ent regions in CspA. As C7, C9, and fac-

tor H bind to CspA, we asked if these proteins bind simultaneously
to CspA or compete for binding. C7 bound dose dependently to
immobilized CspA and did not affect factor H binding (see
Fig. S5C). Factor H, when used at increasing concentrations,
slightly reduced C7 binding to CspA, and when used at 5 �g/ml,
factor H reduced C7 binding only by 17% (see Fig. S5D). As C9
binds to CspA, simultaneous binding of C9 and factor H was an-
alyzed next. C9, when used at increasing concentrations, slightly
reduced factor H binding (11%) to CspA (see Fig. S5E). Similarly,
in a reverse setting, factor H slightly reduced C9 binding to CspA
(see Fig. S5F). Factor H used at 5 �g/ml reduced C9 binding by
23%. Thus, both C7 and C9 bind independently and do not com-
pete with factor H and also bind independently and most likely to
different regions of the CspA protein.

CspA inhibits C5b-9/TCC in fluid phase and contributes to
borrelial survival. CspA inhibits TCC-mediated lysis of eryth-
rocytes. Next, we asked whether CspA added in fluid phase
contributes to borrelial survival by inhibiting the terminal
complement pathway. To this end, CspA was first added to
NHS. Following incubation of serum-sensitive Borrelia garinii
G1 in this CspA-supplemented serum, surface deposition of C6
and C5b-9 was assayed by confocal microscopy. In the presence
of CspA, C6 and low levels of C5b-9 were detected on the
bacterial surface (Fig. 6A, top panels). When bacteria that do

FIG 3 CspA is a terminal complement pathway inhibitor. (A) Terminal complement components C7
and C9 bind to immobilized CspA. C5b-6, C7, C8, C9, and C5b-9 (each at 5 �g/ml) were added, and
binding to immobilized CspA (5 �g/ml) was analyzed. Bound components were identified with specific
antisera followed by HRP-conjugated anti-goat antibody. (B) CspA blocks terminal pathway-mediated
hemolysis of sheep erythrocytes using purified TCC components. CspA (�) (2 to 200 �g/ml) was
combined with C7, C8, and C9, and thereafter the mixture was added to C5b-6-coated sheep erythro-
cytes. Following incubation, hemolysis was recorded. Lysis of sheep erythrocytes in the presence of
C5b-9 was set to 100%. Similarly, ErpC (o), factor H (Œ), and the terminal pathway inhibitor vitro-
nectin (�) were analyzed for their effect on terminal pathway-mediated hemolysis. (C) CspA inhibits
the terminal complement pathway at the level of C7. CspA (used at 50 and 100 �g/ml) was added
together with C7, C8, and C9, and this mixture was added to C5b-6-coated sheep erythrocytes. Follow-
ing incubation, hemolysis was recorded (first set of columns, C7-C9). ErpC (dark gray columns),
vitronectin (gray columns), or factor H (white columns) was used at the indicated concentrations.
Similarly, CspA was added to C8 and C9, and then the mixture was combined with C5b-7-coated
erythrocytes (second set of columns, C8-C9), and CspA added to C9 was then applied to C5b-8-coated
erythrocytes (third set of columns, C9). The mean values from three separate experiments are shown,
and error bars correspond to SD. *, P � 0.05; **, P � 0.01; ***, P � 0.001.
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not express CspA were challenged with NHS, C6 and C5b-9
were deposited on the bacterial surface (Fig. 6B, top panels). In
addition, the effect of CspA for survival of serum-sensitive
B. garinii G1 was followed using a standard growth inhibition
assay. When serum-sensitive B. garinii G1 was cultivated in
CspA-supplemented NHS, bacteria remained viable over the
whole time period of 7 days (Fig. 6C). In contrast, spirochetes
challenged with complement-active NHS did not survive
(Fig. 6C). Those bacteria lacked metabolic activity, as evi-
denced by constant absorbance over the whole experimental
period of seven days. Furthermore, CspA, when added to NHS,
also blocked complement-mediated killing of the serum-
sensitive, Gram-negative bacterium Pseudomonas aeruginosa
strain SG137 (Fig. 6D to F). This inhibitory effect was specific
for CspA, as the borrelial protein ErpC and also human serum
albumin (HSA) did not affect the serum-damaging activity of
complement. CspA inhibited complement in NHS when the
alternative pathway was activated (Fig. 6D) or when all three
complement pathways were active (Fig. 6E). Sbi, a Staphylo-

FIG 4 CspA binds to C9 and inhibits C9 polymerization. (A) C9 binds to
immobilized CspA, and the effect is dose dependent. Binding of C9 (0.01 to
20 �g/ml) to immobilized CspA (5 �g/ml) was assayed by ELISA, and bound
C9 was detected with polyclonal C9 antiserum followed by HRP-conjugated
anti-goat antibody. (B) Heparin affects the CspA-C9 interaction. The effect of
heparin (1 to 500 �g/ml) on binding of C9 (5 �g/ml) to immobilized CspA
(5 �g/ml) was assayed. (C) NaCl inhibits the CspA-C9 interaction. The effect
of NaCl (0.1 to 1 M) on binding of C9 (5 �g/ml) to immobilized CspA (5 �g/
ml) was assayed. The mean values from three separate experiments are shown,
and error bars show SD. *, P � 0.05; **, P � 0.01; ***, P � 0.001. (D) CspA
inhibits polymerization of C9. ZnCl2 induced C9 polymerization, and after
incubation the samples were separated by SDS-PAGE. Following silver stain-
ing, C9 polymers and C9 monomers were identified by their mobility. C9
polymerizes in the presence of ZnCl2 (lane 1). CspA (2.5 and 5 �g) blocks
polymer formation (lanes 2 and 3). The borrelial immune evasion protein
ErpC (5 �g) (lane 4) does not influence C9 polymerization. In the absence of
ZnCl2, C9 does not form polymers (lane 5). The data shown are representative
of three independent experiments.

FIG 5 Localization of the TCC inhibitory region in CspA. (A) Full-length
CspA26 –251 and four deletion mutants were expressed in Escherichia coli
and purified. The numbers refer to amino acid residues that are included in
each construct (left). Black indicates the C7/C9 binding region, and gray
indicates the factor H binding region of CspA (left). Binding of C7 (5 �g/
ml) (middle) or C9 (5 �g/ml) (right) to immobilized CspA deletion mu-
tants was assayed by ELISA. Bound C7 was detected with polyclonal C7
antiserum, and bound C9 was detected with polyclonal C9 antiserum fol-
lowed by HRP-conjugated anti-goat antibody. (B and C) C7 binds to CspA
with an affinity of 5.1 � 0.2 �M and C9 with an affinity of 3.4 � 0.1 �M.
Binding of CspA, CspA26 –108, or BSA (0.005 to 160 �M) to NT-647-labeled
C7 (12.5 nM) or C9 (12.5 nM) was evaluated in fluid phase by microscale
thermophoresis. Thermophoresis was recorded at 80% LED power and
80% MST power for 30 s in a Monilith NT.115 instrument. The relative
fluorescence in the thermophoresis phase of the experiment has been
plotted against the concentration of CspA. (D) Localization of the region
within CspA that mediates TCC inhibition. Full-length CspA26 –251 and the
four deletion mutants were combined with C7, C8, and C9, and thereafter
the mixture was added to C5b-6-coated sheep erythrocytes. Lysis of sheep
erythrocytes in the presence of C5b-9 was set to 100%. The mean values
from three separate experiments are shown, and error bars show SD.
***, P � 0.001. (E) The amino acid residues 109 to 251 of CspA are relevant
for inhibition of C9 polymerization. ZnCl2 induced C9 polymerization,
and after incubation the samples were separated by SDS-PAGE; following
silver staining, C9 polymers (pC9) and C9 monomers (mC9) were identi-
fied by their mobility. C9 polymerizes in the presence of ZnCl2 (lane 1).
CspA26 –251, CspA26 –240, CspA26 –215 (lanes 2 to 7), and CspA61–251 (lanes 10
and 11) (2.5 and 5 �g) block polymer formation. CspA26 –108 (lanes 8 and 9)
does not influence C9 polymerization. The data shown are representative
of three independent experiments.
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coccus aureus complement inhibitor, also blocked the
complement-mediated damaging effects, resulting in survival
of P. aeruginosa (Fig. 6D and E) (30). Similarly, heat-

inactivated NHS (hiNHS) lacked such bactericidal activity.
To provide additional proof that the TCC inhibitory effect of
CspA is independent of the protective effect of factor H,
CspA-mediated inhibition was assayed in factor H-depleted,
complement-active human serum (HS�Factor H), and survival
of P. aeruginosa was evaluated. CspA inhibited alternative
pathway-mediated killing of P. aeruginosa in the absence of
factor H, and the effect was dose dependent (Fig. 6F). Thus,
CspA inhibits TCC action of complement independent of fac-
tor H acquisition and in consequence protects B. garinii and
also P. aeruginosa from complement-mediated killing.

CspA ectopically expressed on the surface of serum-sensitive
B. garinii contributes to serum resistance and blocks C5b-9 de-
position at the level of C7. CspA is a borrelial surface protein (15,
18). To demonstrate a protective role of CspA directly on the
bacterial surface, CspA was ectopically expressed on the surface of
the serum-sensitive B. garinii strain G1. B. garinii G1 was trans-
formed with either the plasmid pCspA harboring the cspA gene or
with the shuttle plasmid pKFSS1 that lacks the cspA insert. Trans-
formation of the plasmid was confirmed by PCR amplification of
the cspA gene and the streptomycin resistance aadA gene. Both the
cspA and the aaaA genes were detected in the transformed B. gari-
nii-CspA spirochetes (see Fig. S6A, lane 4, in the supplemental
material) but not in the B. garinii G1 strain transformed with a
vector without the cspA insert (see Fig. S6A, lane 3). The vector-
specific aadA gene was detected in the B. garinii G1 transformants
containing the vector with or without cspA (see Fig. S6A, lanes 3 to
5). To confirm surface expression of CspA in the transformed
B. garinii (B. garinii-CspA) strain, intact spirochetes were treated
with the protease proteinase K or trypsin. Surface-exposed pro-
teins, but neither periplasmic nor intracellular proteins, are sus-
ceptible to protease treatment. CspA was susceptible to proteinase
K digestion (see Fig. S6B, top, lane 2). The outer membrane of the
spirochetes remained intact, and FlaB, a component of the
periplasmic flagella (31), was not degraded (see Fig. S6B, bottom).
Thus, CspA is expressed at the surface of transformed B. garinii-
CspA spirochetes.

Following NHS challenge of transformed B. garinii-CspA spi-
rochetes and also mock-transformed B. garinii, surface deposition
of C3 and individual terminal pathway components was analyzed.
The CspA-expressing bacteria had C3 and C6 deposited onto their
surface, but neither deposition of C7, C8, C9, nor C5b-9 was de-
tected (Fig. 7A). In contrast, B. garinii had C3 and all analyzed
TCC components deposited on its surface (Fig. 7B). To confirm
that CspA by inhibiting C5b-9 contributes to bacterial survival,
B. garinii-CspA spirochetes were challenged with NHS. Bacterial
survival was assessed by monitoring the metabolic activity. CspA-
expressing spirochetes survived in complement-active NHS, re-
mained viable, and retained their metabolic activity over the
whole time period (Fig. 7C). The growth rate of the CspA-
expressing B. garinii was comparable to that of wild-type B. burg-
dorferi B31, which expresses endogenous CspA on the surface (see
Fig. S7 in the supplemental material). As expected, B. garinii trans-
formed with the empty shuttle vector (B. garinii) and thus lacking
CspA on the surface did not survive this serum challenge, as evi-
denced by constant absorbance (Fig. 7D). Thus, CspA expressed
on the surface of borreliae confers serum resistance and blocks
C5b-9/TCC deposition at the level of C7.

FIG 6 CspA inhibits complement in fluid phase independent of factor H. (A)
CspA (200 �g/ml) when added to NHS (25%) (CspA-NHS) inhibited C5b-9
deposition on the surface of the serum-sensitive B. garinii strain G1. C6 or
C5b-9 surface deposition was evaluated by confocal microscopy using specific
antibodies followed by Alexa 488-conjugated antibodies. DAPI was used to
visualize intact spirochetes. (B) B. garinii was challenged with NHS, and C6
and C5b-9 deposition on the surface was evaluated. (C) CspA-NHS blocked
complement (�) and resulted in survival of the serum-sensitive B. garinii.
Bacterial growth was determined by measuring the ratio of absorbance at 562
versus 630 nm. B. garinii was cultivated in NHS (50%) (�) or hiNHS (50%)
(o). (D and E) CspA, when added to NHS, blocked the alternative pathway or
all complement pathways. CspA (�) (2.5 to 25 �g/ml), ErpC (o) (2.5 to
25 �g/ml), HSA (Œ) (2.5 to 25 �g/ml), and Sbi (�) (10 �g/ml) were added to
NHS (20%) diluted in MgEGTA (alternative pathway) or GVB�� (all path-
ways) buffer, and this mixture was used to challenge P. aeruginosa strain
SG137. (F) CspA, when added to factor H-depleted, complement-active hu-
man serum (HS�Factor H), blocked alternative pathway-mediated killing of
P. aeruginosa. CspA (�) (5 to 100 �g/ml) or HSA (Œ) (5 to 100 �g/ml) was
added to HS�Factor H (20%) diluted in MgEGTA buffer, and this mixture was
used to challenge P. aeruginosa strain SG137. After incubation, bacteria were
plated on NB agar plates, and the number (CFU) of surviving bacteria was
determined. CFU at time point 0 was set to 100%. The mean values from three
separate experiments are shown, and error bars show SD. *, P � 0.05; **, P �
0.01; ***, P � 0.001.
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DISCUSSION

Here, we identify CspA of B. burgdorferi as an inhibitor of the
terminal complement pathway. CspA is a multifunctional borre-
lial immune evasion protein that binds several human plasma
proteins, including the complement regulators factor H, FHL-1,
and plasminogen (17, 18, 32, 33). CspA binds to human TCC
proteins, in particular to C7 and C9, and thereby blocks human
C5b-9 complex assembly and formation. This inhibitory effect on
the TCC is independent of factor H, as CspA blocks C5b-9 com-
plex formation in factor H-depleted human serum, and the inhib-
itory effect was also detected in hemolytic assays with purified
terminal pathway components. Thus, this blockade is indepen-
dent of enzymatic complement action. CspA inhibits all three
complement pathways, i.e., the alternative, the lectin, and the clas-

sical pathway. CspA expressed at the borrelial surface blocked
C5b-9 complex assembly and formation at the level of C7.

CspA blocks C5b-9 assembly on the borrelial surface and also
in solution. Thereby, CspA enhances survival of serum-sensitive
B. garinii and, due to the blocking action in fluid phase, also in-
creases survival of the Gram-negative bacterium P. aeruginosa.
CspA blocks the terminal pathway of complement. The effect ap-
pears to be a general feature for Gram-negative bacteria, as CspA
protected B. burgdorferi, B. garinii, and also P. aeruginosa from
TCC-mediated lysis. This inhibitory effect is independent of fac-
tor H acquisition, and CspA mediates this antibactericidal activity
in factor H-depleted, complement-active serum. CspA, when ec-
topically expressed on the surface of the serum-sensitive B. garinii
strain G1, inhibited C5b-9 complex formation at the level of C7. In
the presence of CspA, terminal complex assembly proceeds to the
level of C6, as C6 is deposited at the surface when bacteria were
challenged with NHS supplemented with CspA and when CspA is
expressed at the surface of borreliae. In the presence of CspA,
neither C7, C8, nor C9 was deposited on the bacterial surface. In
consequence, CspA blocked C5b-9 complex formation and in ad-
dition polymerization of C9. Thus, CspA protects the bacterium
from the damaging effects of the terminal pathway.

CspA binds to terminal pathway components, in particular to
C7 and C9. In the C7 protein, the CspA binding site and the at-
tachment site to C5b-6 are distinct, as CspA attached to C7 did not
block binding of C7 to C5b-6. CspA binds C7 and C9 with com-
parable affinity, i.e., 5.1 � 0.2 �M for C7 and 3.4 � 0.1 �M for C9.
The binding site for both C7 and C9 was localized within the same
region of CspA, i.e., amino acid residues 109 to 215. However, the
two human plasma proteins bind simultaneously to CspA and do
not compete for binding. The TCC inhibitory region of CspA,
which spans from amino acids 109 to 215, includes the attachment
sites for C7 and C9, inhibits hemolysis of sheep erythrocytes upon
challenge with purified terminal pathway components, and also
inhibits C9 polymerization. This TCC inhibitory region of CspA is
distinct from the factor H binding region, which is located within
the C-terminal amino acid residues 241 to 251 (18). Thus, borre-
lial CspA inhibits complement action in two separate ways and
influences two major steps in the complement cascade. As re-
ported here, CspA blocks TCC action by binding C7 and C9 and as
described earlier by binding the inhibitors factor H and FHL-1,
which block the C3 convertase (15, 34).

For soluble C5b-9, additional functions are proposed, includ-
ing promotion and modulation of inflammation, release of
chemokines, and expression of adhesion molecules (35, 36).
Whether the borrelial CspA also influences these additional effec-
tor functions of soluble C5b-9 needs to be determined in future
assays.

CspA, the new 25.9-kDa borrelial terminal pathway inhibitor,
and the previously described borrelial CD59-like protein may rep-
resent different proteins. The CD59-like protein is contained in
membrane extracts of the serum-resistant B. burgdorferi strains
Alcaide, Tir, and B31 and inhibited TCC-mediated lysis of guinea
pig erythrocytes (25). CspA has an apparent molecular mass of
25.9 kDa, compared to 80 kDa for the CD59-like protein (25). In
addition, CspA lacks reactivity with a MAb specific for CD59 (see
Fig. S8 in the supplemental material). In contrast, the CD59-like
protein was identified by a CD59-specific antiserum but was never
recombinantly expressed. Based on the size and reactivity with the

FIG 7 CspA expressed on the surface of B. garinii inhibits deposition of
terminal pathway components and confers serum resistance. (A) CspA ectop-
ically expressed on the surface of serum-sensitive B. garinii inhibited deposi-
tion of the terminal complement components. B. garinii transfected with a
CspA-expressing vector (B. garinii-CspA) was challenged with NHS (25%),
and following incubation, deposition of the indicated complement compo-
nent was followed by immunofluorescence microscopy. DAPI (blue) was used
for visualization of intact spirochetes. (B) B. garinii G1 transformed with the
shuttle vector (B. garinii) lacking the CspA coding sequence (B. garinii) was
treated as described above. (C and D) CspA ectopically expressed on the sur-
face of B. garinii neutralized the toxic effector functions of the activated com-
plement. The B. garinii-CspA strain or B. garinii was challenged with NHS
(50%) (�) or hiNHS (50%) (o). Following incubation over 7 days at 33°,
bacterial growth was monitored by measuring the ratio of culture medium
absorbance at 562 versus 630 nm daily. The mean values from three separate
experiments performed in triplicate are shown, and the error bars show SD.
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antibodies, CspA and CD59-like protein are most likely different
proteins.

At present, a limited number of pathogen-encoded terminal
pathway inhibitors are identified. In addition to the two borrelial
TCC inhibitors CspA (this study) and CD59-like protein, four
other TCC inhibitors are known, i.e., streptococcal inhibitor of
complement (SIC) from S. pyogenes, paramyosin from S. mansoni
and T. spiralis, schistosome C inhibitory protein type 1 (SCIP-1)
of S. mansoni, and the galactose-specific adhesin from E. histo-
lytica (21–24, 26). Paramyosin and galactose-specific adhesin and
the borrelial CD59-like protein, but not CspA, react with CD59-
specific antibodies (21, 22, 25).

Taken together, CspA is a surface-exposed immune evasion
protein of B. burgdorferi that blocks the action of the terminal
complement pathway. CspA blocks C5b-9 assembly and TCC ef-
fector functions and thus protects borrelia from the effects of the
human terminal complement attack. CspA is a multifunctional
immune evasion protein that controls human complement at
multiple levels. The present study defines how the pathogenic bac-
terium B. burgdorferi controls the terminal complement pathway
of the human host and adds a new level of complement control in
microbial complement and immune evasion. The identification of
this complement evasion strategy of B. burgdorferi, the character-
ization of the CspA as a borrelial TCC inhibitor, and the elucida-
tion of the mechanism of how the bacterial pathogen interferes
with the human complement add a new aspect to the complex
immune interplay of the bacterial pathogen and the human host.
CspA is the first TCC inhibitor cloned and functionally character-
ized from a Gram-negative bacterium. This identification of this
borrelial TCC inhibitor expands our knowledge of complement
evasion of pathogenic bacteria and shows that B. burgdorferi tar-
gets also the terminal pathway of complement. Thus, CspA as a
central microbial virulence factor can represent an interesting bio-
marker and a target to develop new therapeutics and vaccines
against borreliae.

MATERIALS AND METHODS
Bacterial strains and culture conditions. B. burgdorferi B31, B. burgdor-
feri LW2, and B. garinii transformants G1/pKFSS1 (B. garinii) and B.
garinii-CspA were grown at 33°C for 2 to 4 days to mid-exponential phase
(1 � 107 to 5 � 107 spirochetes/ml) in modified Barbour-Stoenner-Kelly
(BSK) medium or BSK medium supplemented with 20 �g/ml streptomy-
cin (15). P. aeruginosa strain SG137 was routinely cultured in enriched
nutrient broth (Serva, Amstetten, Austria) at 37°C to an optical density at
600 nm (OD600) of �1.0.

Generation and purification of recombinant proteins and construc-
tion of shuttle vectors. Construction and expression of plasmids harbor-
ing the cspA, cspZ, erpP, erpC, and erpA genes encoding CspA, CspZ, ErpP,
ErpC, and ErpA, respectively, and purification of the proteins were de-
scribed (13, 18, 37, 38). Cloning and expression of the CspA deletion

mutants were performed as previously described (18, 39). For generation
of the CspA deletion mutants, specific primers (Table 1) were used, and
the inserts were recloned into the pQE-30 Xa vector (Qiagen). CspA was
ectopically expressed on the surface of the serum-sensitive B. garinii strain
G1 (40). Briefly, the cspA gene with its flanking regulatory regions was
amplified from B. burgdorferi LW2 by PCR using primers with restriction
sites BamHI and HindIII (Table 1). The sequence of the cspA gene of
B. burgdorferi LW2 is identical to the cspA homolog of B. burgdorferi B31.
B. garinii G1 was transformed with either the plasmid pCspA harboring
the cspA gene or with the shuttle plasmid pKFSS1 that lacks the cspA insert,
and transformants were selected as previously described (40). Cloning
and protein expression of Staphylococcus aureus binder of IgG (Sbi) of
S. aureus was performed as previously described (30, 41).

Hemolytic assays. Normal human serum (NHS) was preincubated
with recombinant proteins for 15 min at 37°C. Hemolytic assays were
used to analyze the alternative pathway (rabbit erythrocytes), the classical
pathway (amboceptor-coated sheep erythrocytes), alternative pathway in
factor H-depleted serum (HS�Factor H) (sheep erythrocytes), or the ter-
minal pathway (sheep erythrocytes). Erythrocytes (2 � 108 cells/ml) were
incubated with 2.5 to 10% NHS (alternative pathway), 15% HS�Factor H
(alternative pathway), or 1% NHS (classical pathway) with or without (5
to 50 �g/ml) CspA, CspZ, ErpP, ErpC and ErpA, or the CspA deletion
mutants (10 �g/ml) in MgEGTA buffer (20 mM HEPES, 144 mM NaCl,
7 mM MgCl2, and 10 mM EGTA, pH 7.4) (alternative pathway) or CspA
(2 to 67 �g/ml), ErpC (2 to 67 �g/ml), or HSA (2 to 67 �g/ml) in gelatin
Veronal buffer (GVB��) (Complement Technology) (classical path-
way) for 30 min at 37°C. The terminal pathway was analyzed by using
sheep erythrocytes (5 � 108 cells/ml) preincubated with C5b-6 (1.5 �g/
ml) for 10 min at room temperature (RT) in GVB�� buffer. C7 (1 �g/
ml), C8 (0.4 �g/ml), and C9 (1 �g/ml) were preincubated with CspA
(used at concentrations of 2.0 to 200 �g/ml), CspA deletion mutants
(25 �g/ml), ErpC, vitronectin, or factor H for 5 min at RT. Alternatively,
C8 and C9 or C9 alone was preincubated for 5 min at RT with 50 to
100 �g/ml CspA, ErpC, vitronectin, and factor H before incubation with
the C5b-7- or C5b-8-coated erythrocytes, respectively. After 30 min at
37°C, cells were centrifuged, and lysed erythrocytes were determined by
measuring the release of hemoglobin at 414 nm. The effect of CspA on
different animal sera (Innovative Research) was assayed using 30% animal
serum, i.e., mouse, sheep, goat, guinea pig, and dog serum, and 10 �g/ml
CspA.

Complement activation assays. The activity of CspA on each comple-
ment pathway was analyzed by enzyme-linked immunosorbent assay
(ELISA). The alternative, lectin, or classical pathway was activated sepa-
rately by lipopolysaccharide (LPS) (10 �g/ml) (alternative pathway),
mannan (100 �g/ml) (lectin pathway), or IgM (2 �g/ml) (classical path-
way), and C5b-9 deposition was assayed (28). The positive control (NHS)
was set to 100%. For inhibition, CspA (1 to 100 �g/ml) and HSA (1 to
100 �g/ml) were preincubated with 20% NHS (alternative pathway) or
1% NHS (classical/lectin pathways) for 15 min at 37°C and thereafter
added to the wells.

ELISA. Microtiter plates (F96 Maxisorb, Nunc-Immuno module)
were coated with CspA (5 �g/ml), CspA deletion mutants (5 �g/ml),
ErpC (5 �g/ml), vitronectin (5 �g/ml), or gelatin (5 �g/ml) overnight at

TABLE 1 Oligonucleotides used in this study

Primer Sequence (5=–3=)a Used in this work

CspA BamHI GCTAAAACTTCTCTTTTTTTTAGGATCCCAACCCAAATCC Cloning in pKFSS1
CspA HindIII GAAAGAAAAAAAATAAGCTTTTGCACTTGATATTTTTAAAAAG Cloning in pKFSS1
pGEX-CspA75 CGGATCTGGTTCCGCGTGGATCCGCACCTTTTAGC Recloning in pQE-30 Xa
BbCspA 175(�) ACCCAAAATTTTGAAGATAAATCTGGATCCCTTAGCACTTCTGATGAA Recloning in pQE-30 Xa
pGEX(�) CCGGGAGCTGCATGTGTCAGAGG Recloning in pQE-30 Xa
a Nucleotides underlined indicate the appropriate restriction sites for cloning of the PCR-amplified cspA gene of B. burgdorferi LW2 into the shuttle vector pKFSS1 or recloning of
truncated CspA genes encoding diverse CspA deletion mutants into the pQE-30 Xa expression vector (see Materials and Methods).
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4°C. The plates were washed four times with phosphate-buffered saline
(PBS) containing 0.1% Tween 20 (PBS-Tw) and blocked for 1 h with
blocking buffer I (Applichem). After being washed, the plates were incu-
bated for 1 h at RT with C5b-6 (5 �g/ml), C7 (0.01 to 40 �g/ml), C8
(5 �g/ml), C9 (0.01 to 40 �g/ml), or C5b-9 (5 �g/ml). Thereafter, the
wells were washed, and bound proteins were detected with anti-C5, anti-
C7, anti-C8, or anti-C9 antibody (all goat anti-human polyclonal anti-
bodies [pAbs] from Complement Technology) and horseradish peroxi-
dase (HRP)-conjugated donkey anti-goat pAbs (DakoCytomation). The
reaction was developed with 1,2-phenylenediamine dihydrochloride
(OPD; DakoCytomation), and the absorbance was measured at 492 nm.
In the competition assays, the effect of heparin (1 to 500 �g/ml) or NaCl
(0.1 to 1 M) on C7 (10 �g/ml) and C9 (10 �g/ml) binding to immobilized
CspA was assayed.

Microscale thermophoresis. The CspA interaction with C7 and C9
was analyzed by microscale thermophoresis (MST) (42, 43). CspA,
CspA26 –108, or BSA used at the indicated concentrations was combined
with human C7 (10.8 �M) or C9 (15.15 �M), which were both labeled
with NT-647 using the protein labeling kit RED-NHS (NanoTemper
Technologies). CspA, CspA26 –108, or BSA used at 0.005 to 160 �M was
added to NT-647-labeled C7 (12.5 nM), and CspA, CspA26 –108, or BSA
used at 0.006 to 50 �M was added to C9 (12.5 nM). Samples were diluted
in MST buffer (50 mM Tris-HCl [pH 7.6], 150 mM NaCl, 10 mM MgCl2,
and 0.05% Tween 20). Thermophoresis was measured at 80% LED power
and 80% MST power for 30 s in a Monilith NT.115 instrument (Nano-
Temper Technologies GmbH). All measurements were performed at RT
using hydrophilic capillaries.

C9 polymerization assay. The effect of CspA on Zn2�-induced C9
polymerization was assayed (26). CspA (2.5 to 5 �g), CspA deletion mu-
tants (2.5 to 5 �g), or ErpC (5 �g) was preincubated with 3 �g C9 at 37°C
in 20 mM Tris-HCl (pH 7.2). After 40 min of incubation, 50 �M ZnCl2 in
20 mM Tris-HCl (pH 7.2) was added for 2 h at 37°C. The samples were
subjected to an 8 to 16% SDS-PAGE gradient gel (Bio-Rad, Hercules, CA),
and C9 polymerization was determined by silver staining.

Deposition of terminal complement proteins. Deposition of acti-
vated complement components on the surface of the borreliae was ana-
lyzed by immunofluorescence microscopy (16). Deposited C3, C6, C7,
C8, C9, or C5b-9 were detected with anti-C3 pAb (Calbiochem), anti-
human C6 pAb, anti-human C7 pAb, anti-human C8 pAb, anti-human
C9 pAb, or mouse anti-human C5b-9 MAb (Quidel, San Diego, CA)
followed by Alexa 488-conjugated anti-goat antibody or Alexa 488-
conjugated anti-mouse antibody (Molecular Probes). 4=,6-Diamidino-2-
phenylindole (DAPI) was used to visualize intact spirochetes. In the inhi-
bition experiments, CspA (200 �g/ml) was preincubated with 25% NHS
for 15 min at 37°C, followed by incubation with B. garinii strain G1.

Serum resistance. Survival of the CspA-expressing B. garinii (B. gari-
nii-CspA) strain and B. garinii transfected with an empty plasmid (B. gari-
nii) in NHS was assessed by a growth inhibition assay as previously de-
scribed (40). Briefly, highly motile spirochetes (1.25 � 107 cells) diluted in
BSK medium containing 240 �g/ml phenol red were incubated with 50%
NHS or 50% hiNHS in microtiter plates for 7 days at 33°C. During bac-
terial growth, the medium acidifies and the pH indicator dye turns from
red to yellow. Bacterial growth was monitored by measuring the ratio of
culture medium absorbance at 562 versus 630 nm daily. In the inhibition
experiments, CspA (200 �g/ml) was preincubated with 50% NHS for
15 min at 37°C, followed by incubation with B. garinii strain G1. In addi-
tion, the complement inhibitory effect of CspA was analyzed in a serum
resistance assay using a serum-sensitive P. aeruginosa strain (SG137).
NHS (20%) was preincubated with CspA (2.5 to 25 �g/ml), ErpC (2.5 to
25 �g/ml), HSA (2.5 to 25 �g/ml), or Sbi (10 �g/ml) for 15 min at 37°C,
followed by incubation with the P. aeruginosa strain SG137 (104 CFU)
diluted in Mg-EGTA buffer (alternative pathway) or GVB�� buffer (all
pathways) at 37°C. CspA or HSA used at different concentrations (0 to
100 �g/ml) was added to factor H-depleted, complement-active human
serum (HS�Factor H) (20%), and the mixture was then added to

P. aeruginosa strain SG137 (104 CFU) resuspended in MgEGTA buffer and
incubated for 20 min at 37°C. After 0, 20, or 60 min, 10-�l aliquots were
removed and spread onto NB plates, and after 18 h of incubation at 37°C,
CFU were determined.

Statistical analysis. Statistics were analyzed by Student’s t test for
paired data; P values of �0.05 were considered to be statistically signifi-
cant.
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