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Abstract

The complement system is an ancient arm of the innate immune system that plays important roles
in pathogen recognition and elimination. Upon activation by microbes, complement opsonizes
bacterial surfaces, recruits professional phagocytes, and causes bacteriolysis. Borreliella species
are spirochetal bacteria that are transmitted to vertebrate hosts via infected /xodesticks and are the
etiologic agent of Lyme disease. Pathogens that traffic in blood and other body fluids, like
Borreliella, have evolved means to evade complement. Lyme disease spirochetes interfere with
complement by producing a small arsenal of outer surface lipoproteins that bind host complement
components and manipulate their native activities. Here we review the current landscape of
complement evasion by Lyme disease spirochetes and provide an update on recent discoveries.
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Lyme disease

Lyme disease is a significant public health burden and remains the most prevalent
vectorborne illness in the United States with diagnosed cases estimated between 224,000 to
444,000 per year (1-3). Worldwide, Lyme disease is caused by Borreliella spirochete
infections, including B. burgdorferi, B. afzelii, and B. garinii, as well as other Borreliella
species (4, 5). Lyme disease spirochetes are transmitted to humans by the bite of infected
ticks of the /xodes genus. During the infectious process, Borreliella spirochetes disseminate
to distant organs including joints, heart, and the central nervous system (6-8). If left
untreated, Lyme borreliosis causes a wide range of symptoms with early stages of infection
characterized by general malaise, fever, fatigue, and aches in joints, along with 70 to 80
percent of patients presenting with an erythema migrans rash. Early infection is localized
near the site of the tick-bite and quickly disseminates throughout the infected host, where it
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can colonize deeper tissues (9). Following dissemination, and in the absence of treatment,
additional symptoms of Lyme disease can include neurological sequelae and carditis (6). In
some instances, arthritis with severe joint pain can ensue that is difficult to treat. Lyme
disease spirochetes can persist in immunocompetent hosts and, given their extracellular
nature, must possess mechanisms to evade host immunity including the complement system.

The complement system

The complement system serves as a first-line-of-defense against invading microorganisms
(10, 11). Among the many proteins that comprise the complement system are pattern
recognition molecules (e.g. C1q, mannose-binding lectin (MBL), ficolins, collectins), serine
proteases (e.g. C1r, C1s, factor B, factor D, etc.), circulating precursor components (e.g. C3,
C4, C5, etc.) and endogenous regulator proteins (discussed below). Complement is activated
through three canonical pathways known as the classical pathway (CP), lectin pathway
(LP), and alternative pathway (AP). Binding of surfaces by complement pattern
recognition molecules initiate complement activation by the CP and LP, whereas the AP is
continuously activated at low levels. Regardless of the triggering event, all pathways
coalesce at the central molecule of the cascade, complement component C3. C3 is converted
to C3a and C3b by enzymatic protein complexes known as C3 convertases (i.e. C4b2b and
C3bBb) releasing C3a into the milieu and resulting in covalent attachment of C3b to the
activating surface. At high C3b surface densities, C3 convertases bind additional C3b
molecules and switch substrate specificities to become C5 convertases (i.e. C3bBbC3b and
C4b2bC3b). Cleavage of C5 releases the powerful anaphylatoxin C5a while C5b interacts
with complement components C6, C7, C8, and C9 to form a lytic pore structure known as
the membrane attack complex (MAC) (i.e. C5b-9). The activation of complement is tightly
controlled by proteins known as regulators of complement activation (RCAs) which
protect host tissues from inappropriate complement targeting (12). Notable RCAs include
C1 esterase inhibitor, factor H (FH), C4b-binding protein (C4ABP), decay accelerating
factor, CD59, membrane cofactor protein, and complement receptor 1.

Complement activation by Lyme disease spirochetes

Lyme disease spirochetes encounter complement during the tick bloodmeal, throughout
hematogenous dissemination, and within host tissues distant from the site of the tick bite. If
a spirochete is unable to evade detection by one of the three complement pathways, initiating
serine proteases begin converting zymogen complement proteins into activated protein
fragments resulting in several synergistic host defense mechanisms that include: i)
opsonization (C1q, C3b, C4b); ii) phagocyte recruitment (C3a, C5a); iii) priming of the
adaptive immune system (C1q, C3b, C4b, C3a, C5a); and iv) bacteriolysis (MAC/C5b-9)
(Key Figure; Figure 1). Because serum-mediated bacteriolysis is a byproduct of MAC
formation, the relative resistance of Lyme disease spirochetes to killing by serum has been
used to assess the ability of various Borreliella species to block complement activation (13,
14). An emerging theme is that Borreliella species, as well as strains within a given species,
may vary widely in their susceptibility to direct killing by human complement, and more
generally, complement resistance by Lyme disease spirochetes varies across different
vertebrate hosts. While it is worth noting that certain Borreliella strains do not follow their
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species-level categorization, B. burgdorferiand B. afzelii are generally characterized as
serum resistant, whereas B. garinifis characterized as more susceptible to killing by human
serum.

Mechanisms of complement evasion by Lyme disease spirochetes

The ability of Borreliella species (and strains therein) to resist serum-mediated killing
suggests they possess underlying complement evasion mechanisms. Lyme disease
spirochetes produce a robust complement evasion repertoire in the form of outer surface
lipoproteins that harbor specific anti-complement activities. To date, nearly a dozen such
proteins have been identified (Figure 1 and Table 1). The activity of each of these proteins
fall into two general classifications: i) those that recruit functional host RCAs to the
spirochete surface resulting in downregulation of complement and ii) borrelial outer surface
proteins that bind directly to a specific complement protein and interfere with its native
function. The temporal and spatial regulation of gene expression and relative roles of
borrelial complement evasion proteins in experimental Lyme borreliosis are the subject of
several excellent reviews (15-23). Here, we will focus on the distinct nature of each of these
proteins including their three-dimensional structures, their molecular interactions with host
proteins, and recent studies related to their functions in complement evasion.

Recruitment of RCAs to the Lyme disease spirochete surface

Previously, a B. burgdorferi, B. garinii, and B. afzelii surface protein that binds C4BP,
termed p43, was identified, as was a B. burgdorferi CD59-like protein; however, the borrelial
genes encoding these proteins are not known (24, 25). The predominant RCA that is
recognized by Lyme disease spirochetes is the major negative regulator of the AP, known as
FH (26-29). FH is a 155 kDa glycoprotein composed of twenty sequentially arranged
complement control protein (CCP) domains (28). FH acts by binding to C3b and competing
with factor B for proconvertase formation (i.e. C3bB), as well as by stimulating the
nonreversible release of the Bb fragment in previously formed C3bBb convertases (i.e.
decay accelerating activity). FH also acts as a cofactor for the factor-I mediated degradation
of C3b. Lyme disease spirochetes produce three different types of FH-binding proteins that
are collectively known as complement regulator-acquiring surface proteins (CRASPS).
Among the CRASPs are CspA (also known as CRASP-1, BBA68, or FHBP), CspZ (also
known as CRASP-2 or BBH06) and three paralogs of the OspEF-related protein (Erp)
family, ErpA (also known as OspE, CRASP-5, or BBP38, among others), ErpC (CRASP-4),
and ErpP (CRASP-3). Hereafter these proteins will be referred to by CspA, CspZ, ErpA,
ErpC, and ErpP, respectively (see (17, 23) for a comprehensive review of Borreliella FH-
binding protein nomenclature).

CspA is a ~25 kDa surface-localized lipoprotein encoded on the linear plasmid Ip54 (30,
31). The loss of B. burgdorferi cspA renders borrelial cells sensitive to human serum (31,
32). Furthermore, heterologous surface production of B. burgdorferi CspA protects a
previously serum sensitive B. garinii strain from complement-mediated killing (33). CspA
interacts with human FH with high-affinity, exhibiting an equilibrium dissociation constant
(Kp) of 28 nM (31). Correlating to the relative serum sensitivity of each genospecies,
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homologs of CspA in B. afzelii retain high-affinity binding of human FH, whereas B. garinii
homologs do not (34). Crystal structures of CspA have revealed a novel helical fold whereby
intermolecular contacts from the C-terminal alpha-helix mediate formation of a CspA
homodimer (Figure 2) (35, 36). Importantly, disruption of the CspA dimer by mutagenesis
causes complete loss of FH-binding activity (37). Among the eleven members of the
paralogous gene family known as Pfam54, only CspA is capable of binding to FH (38). It
has been hypothesized that differences in the amino acid sequences at the C-termini of non-
CspA Pfam54 proteins prevents formation of ‘CspA-like’ homodimers and therefore
abrogates FH-binding activity (37, 39). In support of this idea, a recent crystal structure of
the Pfam54 member BBAG9 revealed that, although the CspA-like helical fold is conserved,
BBA69 — which does not bind FH — lacks an extended C-terminal helix and thereby forms
only monomers (40).

CspZ is a second outer surface lipoprotein produced by Lyme disease spirochetes that
functionally recruits human FH to the bacterial surface. CspZ is a ~23kDa protein encoded
by the cspZ gene located on the linear plasmid Ip28-3 of B. burgdorferistrain B31 (41, 42).
CspZ shares no significant sequence homology to CspA nor to other genes within the B.
burgdorferi genome. Like cspA, heterologous expression of csp.Z can protect serum sensitive
spirochetal strains (42). The three-dimensional structure of CspZ is characterized by a single
domain alphahelical protein (Figure 2) (43). Unlike CspA, CspZ is predicted to bind FH
with a monomeric binding site (43).

A third type of FH-binding protein from Lyme disease spirochetes are a group of three
related proteins known as ErpA, ErpC, and ErpP. Surface plasmon resonance (SPR)
experiments showed that while B. burgdorferi ErpA bound strongly to human FH, ErpP
bound weakly and ErpC not at all (44). Recently, high resolution three-dimensional
structures of each protein have become available including a co-crystal structure of ErpA
from B. burgdorferistrain N40 in a ternary complex with FH and C3dg (Figure 2) (45-47).
These structures, along with the unbound structures of ErpP and ErpC, implicate a loop
insertion within ErpC that may prevent it from binding to human FH (45, 47). Unlike CspA
and CspZ, when ErpA, ErpP, or ErpC are produced heterologously in a serum sensitive B.
garinif strain they fail to protect the spirochetes from human complement (48, 49). However,
overexpression of ErpA protected a serum sensitive B. burgdorferi cspA mutant from human
serum (50). These results have called into question whether the FH-binding activities of
these proteins are of greater potential relevance to the FHrelated proteins (FHRs) and/or FH-
like proteins (FHLs) that are discussed below.

The AP regulatory activities of FH arise from two primary C3b-binding sites involving FH-
CCPs 1-4 and FH-CCPs 19-20 (26, 29, 51). However, to act on surface-bound C3b, soluble
FH attaches to host cells via two independent sialic acid binding sites located on FH-CCP7
and FH-CCP20 (52). Like host cells, Borreliellamust recruit FH to the cell surface in a
functionally active form. To mimic the physiological orientation of active FH on bacterial
cells, it has been proposed that microbes target FH at common sites overlapping the FH/
sialic acid binding sites (53). Indeed, Lyme disease spirochetes have adopted this strategy, as
CspA and CspZ have both been shown to bind native FH primarily via a site on CCP7, while
ErpA binds FH preferentially at FH-CCP20 (30, 47, 54). Furthermore, the ErpA binding site
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on FH-CCP20 overlaps the known FH-CCP20 sialic acid binding site as judged by the co-
crystal structures of ErpA/FH(CCP 19-20)/C3dg and sialic acid/FH(CCP 19-20)/C3d (47,
55).

While many microbes are known to produce FH-binding proteins (56, 57), it is interesting
that Lyme disease spirochetes retain an apparently functionally overlapping set. One
potential explanation are differences in temporal production as has been shown for CspA
and CspZ (16, 58-61). This suggests that the production of CspA and CspZ are important at
unique stages of the enzootic cycle. Another possibility, which is not mutually exclusive,
may be related to differences in how each CRASP protein interacts with other members of
the FH protein family called FHL and FHR proteins. Human FH is part of a larger family of
proteins that include FH molecules of various sizes and differing functions (62). For
example, FHL-1 is an alternative splice variant of FH that consists of FH CCP1-7 and,
although it has different cell surface specificity than FH, it retains the decay accelerating
activity and co-factor activity of the full-length molecule (62). Furthermore, FHL-1 has been
proposed to be the main complement regulatory protein over FH on certain host cell types
(62). Consistent with domain mapping on FH (i.e. CCP7), CspA and CspZ bind to FHL-1
whereas ErpA, ErpP, or ErpC do not. Instead, the Erp proteins have been shown to bind to
the FHR proteins FHR-2, FHR-3, and FHR-5, which each contain domains highly
homologous to FH-CCP19-20 (49). While the interaction of CspA and CspZ with FHL-1
would be expected to contribute to complement evasion, the role of FHR binding by ErpA,
ErpP, or ErpC is less clear. This is because, although the function of FHRs in complement
regulation is an area of active research, there are several lines of evidence supporting their
role in regulating the activities of FH and FHL-1 rather than regulating complement
activation directly (62). Furthermore, complement-independent roles for some FHR proteins
have also been described (63).

Direct inhibition of complement by Borreliella outer surface proteins

While the borrelial proteins discussed above rely on commandeering the native function of
endogenous complement regulators, Lyme disease spirochetes also produce outer surface
proteins that bind directly to complement proteins and inhibit their function. These include
three proteins that block downstream MAC formation (BGA66, BGA71, and CspA) and two
proteins that block the upstream initiation steps of complement (OspC and BBK32).

In addition to binding FH, CspA can directly block MAC formation in a FH-independent
manner (64). The mechanism for this activity arises from the ability of CspA to bind directly
to C7 and C9 with moderate affinities (Kp's = 5.1 and 3.4 uM, respectively) and inhibit C9
polymerization (64). This study also showed that C7 and C9 do not bind to the same site as
FH on CspA nor do the CspA binding sites for C7 and C9 overlap (64). More recently, work
in a neurotropic genospecies of Lyme disease spirochetes called B. bavariensis identified the
surface proteins BGA66 and BGA71 that directly bind to C7, C8, and C9 and prevent MAC
formation (65). Like CspA, both of these proteins are members of the Pfam54 family, but
unlike CspA they each fail to interact with human FH. Surprisingly, the crystal structure of
BGAT71 revealed a novel homodimer structure mediated by a disulfide bridge between
BGA71 monomers (Figure 2) (40). As the dimerization of CspA is critical for FH-binding,
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the distinction in the oligomeric structures between CspA and BGA71 provides a plausible
explanation for their difference in FH binding. This structure also provides a potential basis
for the conserved nature of the MAC inhibitory activities between CspA and BGA71, due in
part to a putative common C7-binding site (40).

By directly targeting C5b-9/MAC, and thus blocking the complement cascade at distal steps,
CspA, BGAG66, and BGAT71 all act in a pathway-independent manner. B. burgdorferi also
express at least two pathway-specific inhibitors that block the far upstream complement
initiation steps. Caine et. al showed that OspC binds directly to C4b and prevents the
formation CP/LP proconvertases (i.e. C4bC2) by preventing C2 binding (66). Interestingly,
OspC selectively inhibits CP/LP activation using a mechanism similar to extracellular
adherence protein (EAP) from Staphylococcus aureus and complement interfering protein
(CIP) from group B Streptococcus (67, 68). Lyme disease spirochetes produce a second,
albeit exclusive, CP inhibitor in the form of the lipoprotein BBK32. SPR assays showed that
the C-terminal region of BBK32 (i.e. BBK32-C) bound with high-affinity to the first
component of complement, C1, and inhibited its activation (69). Interestingly, BBK32-C is
highly specific for the C1r subcomponent of the C1 complex (69). The three-dimensional
structure of BBK32-C was recently solved by x-ray crystallography (Figure 2) and in the
same study the BBK32 binding site on C1r was mapped to the C1r serine protease domain
(70). When BBK32 was produced on the surface of a serum-sensitive strain of B.
burgdorferi these spirochetes became significantly more serum resistant (69). However, the
BBK32 homolog, termed BGD19, from a serum sensitive B. garinii strain, was significantly
impaired in its ability to protect serum-sensitive B. burgdorferifrom complement-mediated
lysis (70).

The role of complement evasion proteins in pathogenesis

In order to link the complement resistance function of a borrelial protein observed /n vitroto
a pathogenic outcome, one would need to establish a role of said protein to survival in
animal models of infection. One complication of several candidates discussed here are their
redundancy within the borrelial genome (highlighted below), which limits the ability to link
a complement resistant phenotype to a single genetic locus. For example, the presence of
three distinct classes of FH-binding proteins (i.e. CRASPs) further complicates the
determination of how an individual protein contributes to borrelial pathogenesis. One way to
address this conundrum is to focus on temporal conditions where a single CRASP protein is
expressed. Recently, Hart et al. demonstrated that B. burgdorferi cspA mutants could infect
Ixodes ticks but were not transmitted during a murine blood meal, suggesting that CspA is
needed at this time to protect B. burgdorferifrom complement-dependent killing (39). This
is consistent with CspA being made selectively within flat or feeding /xodes nymphs relative
to CspZ and the Erp proteins (71). The importance of the temporal nature of CRASP
production was also seen when similar B. burgdorferi cspA mutants were tested for their
infectivity potential following needle inoculation. Here, no apparent phenotype was
observed which is consistent with concurrent production of CspZ, ErpP, and ErpA (71).

Evaluation of B. burgdorferi cspZ mutants by needle inoculation showed that CspZ was not
required for murine infection, perhaps due to the compensatory function afforded by the
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presence of ErpP and ErpA (61, 71). However, incubation of borrelial cells in human blood
stimulated production of CspZ and resulted in an increased differential in bacteremia and
disseminated infection relative to the similarly treated B. burgdorferi cspZ mutant,
suggesting that increased CspZ production bolsters the pathogenicity of B. burgdorferi (72).
As such, the current temporal/spatial data suggests that CspA is needed for transmission
from infected fed ticks to mammalian hosts while CspZ contributes to vertebrate infection,
including dissemination. In contrast, the role(s) of ErpA, ErpP, or ErpC in experimental
Lyme borreliosis remain unclear.

Of the Borreliella proteins that directly block complement components (other than CspA/
MAC), only OspC and BBK32 have been evaluated for their role in borrelial pathogenesis
via experimental infection. B. burgdorferi ospC mutants are well documented in their severe
impairment to experimentally infect mice, including infectivity defects for individual site
directed mutations in ospC (73-75). A B. burgdorferi ospC mutant showed reduced survival
in blood at very early time points post-infection (i.e. 30 minutes), which is consistent with a
role for OspC in complement evasion (66). For B. burgdorferi bbk32 mutants, the phenotype
observed is complicated by the multifunctionality of BBK32. In this regard, B. burgdorferi
lacking bbk32are still infectious but are significantly attenuated (76, 77). Since BBK32
binds fibronectin and glycosoaminoglycans (GAG), the muted phenotype of the B.
burgdorferi bbk32 mutant was initially thought to be associated with compensatory
adherence since other borrelial proteins share this activity (78-81). However, the ability of
BBK32 to inhibit the CP by binding to C1r is likely to contribute to the phenotype observed
and implies that, similar to the redundant fibronectin and GAG binding observed for other
borrelial proteins, additional B. burgdorferi proteins function to inhibit the CP in the absence
of BBK32.

The redundant and multifunctional nature of Lyme disease spirochete

complement evasion proteins

Two concepts consistently arise in the study of complement evasion mechanisms employed
by Lyme disease spirochetes — specifically, redundancy and multifunctionality. Redundancy
manifests in at least three ways, i) a form of functional redundancy whereby a paralogous
gene product functions to target the same complement ligand (e.g. ErpA/ErpP/ErpC), ii)
another form of functional redundancy where distinct gene products produce proteins that
target the same intervention point or host complement pathway (e.g. CRASPs/FH or OspC/
BBK32/CP), and iii) a form of genetic redundancy whereby a gene is encoded more than
once in the Lyme disease spirochete genome (e.g. erpA (17, 82)). Multifunctionality is
related to the observation that many proteins involved in borrelial complement evasion have
more than one function within the host. As it relates to complement evasion, there are two
types of multifunctionality: i) those proteins that interact with more than one complement
ligand resulting in independent layers of complement inhibition (e.g. CspA/FH and CspA/
MAC) and ii) those proteins that also interact with non-complement ligands. The latter is
typified by BBK32 which harbors non-overlapping binding sites for glycosaminoglycans,
fibronectin, and C1r (69, 79, 80, 83). Moreover, these two types of multifunctionality can be
bridged. This is best appreciated by the reported interactions of several proteins discussed in
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this review (i.e. CspA, CspZ, ErpATVC, and OspC) with host plasminogen, which
independently functions in the targeted degradation of host complement proteins (84-87).

Concluding Remarks and Future Perspectives

Lyme disease spirochetes produce a small arsenal of outer surface lipoproteins that
specifically target and inactivate host complement (Table 1). Several proteins involved in
borrelial complement evasion such as BBK32, OspC, BGA66, and BGA71 have only
recently been described. CspA — which has been known to protect Lyme disease spirochetes
from complement attack for nearly two decades — has only recently been revealed to harbor
multiple mechanisms of complement inhibitory activity. Thus, it seems likely that the list of
Borreliella proteins that contribute to host complement evasion will continue to grow.
However, reconciling the paradox of an apparently robust and multilayered complement
evasion system with the results from numerous experimental Lyme borreliosis studies,
especially in complement deficient animals (Box 1), remains a key challenge for the future.
The observation that borrelial complement evasion involves both multifunctional and
redundant architecture presents several obstacles to addressing the role of individual
complement evasion proteins to the pathogenesis of Lyme disease. As highlighted by studies
reviewed here, progress in this area will require a mechanistic and multidisciplinary
approach. In our view this effort is warranted as further research in this area stands to greatly
improve our understanding of how important human pathogens like Lyme disease
spirochetes survive and persist in immunocompetent hosts.
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Alternative pathway (AP)

One of the three conventional activation pathways of complement. The AP is under
continuous activation by a process called tick-over whereby a labile thioester bond in fluid
phase C3 hydrolyzes to form C3(H,0) that complexes with factors B and D to generate
active AP C3 convertases.

C1

The first component of complement, C1, is a multiprotein complex composed of C1q and a
heterotrimer of the serine proteases C1r and C1s (i.e. C1qrpsy). C1 activates the CP by the
pattern recognition activity of C1q and the initiating protease activities of C1r and C1s.

Classical pathway (CP)

One of the three conventional activation pathways of complement. The CP is activated by C1
following binding of C1q to IgM or 1gG immune complexes, or nonantibody activating
ligands.
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Convertase

Multiprotein complexes of the complement system consisting of a surface-bound scaffolding
component bound to a protease. Convertases act to convert inert C3 or C5 to activated
fragments. C3 convertases take the form C3bBb and C4b2b. On surfaces with high local C3b
densities, C3 convertases bind an additional C3b molecule and switch substrate specificity
from C3 to C5.

Complement regulator-acquiring surface proteins (CRASPS)

Term collectively used to describe the distinct FH-binding proteins produced by Lyme
disease spirochetes. The group is composed of CRASP-1 (CspA), CRASP-2 (CspZ),
CRASP-3 (ErpP), CRASP-4 (ErpC), and CRASP-5 (ErpA).

Factor H (FH)

FH is the major negative regulator of the AP. FH binds to C3b and competes with factor B
for proconvertase formation and stimulates the nonreversible release of the protease Bb
fragment (i.e. decay accelerating activity). FH also serves as a cofactor for the factor-I
mediated degradation of C3b.

Lectin pathway (LP)

One of the three conventional pathways of complement. The LP is initiated by the
carbohydrate-binding pattern recognition molecules MBL, ficolins, collectin-10, and
collectin-11 which circulate in complex with the LP initiating proteases known as the
MBLassociated proteases (MASPS).

Lipoprotein
A class of proteins that are covalently anchored to bacterial membranes by N-terminal lipid
modifications.

Membrane attack complex (MAC)

A lytic pore structure formed by a multiprotein complex composed of C5h, C6, C7, C8, and
multiple copies of C9. MAC, also known as C5b-9, or the terminal pathway complete
complex, is formed following C5 cleavage by convertases. MAC formation can result in
direct lysis of cells and is the lytic component of serum.

Pfam54

The largest paralogous gene family present in the Lyme disease spirochete genome
containing up to eleven members. Several Pfam54 genes are involved in complement evasion
including CspA, BGA66 and BGAT71.

Regulators of complement activity (RCASs)
RCAs are proteins that regulate complement activation in order to protect healthy host
tissues from inappropriate complement targeting.
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Box 1.
Role of host complement in borrelial infectivity

The role of complement in protecting hosts from infections with Lyme disease
spirochetes has been investigated predominantly using mice that are genetically deficient
in one or more complement components. In this regard, complement component C3 has
been studied most extensively. Woodman et. al found that when mice deficient in C3 are
infected with B. burgdorferia significant difference in bacterial loads could only be
detected in the ears of mice two weeks post infection, whereas no significant differences
were found in other tissues or timepoints (88). Similarly, van Burgel et al. showed that C3
deficient mice infected with B. burgdorferi, B. afzelii, or B. bavariensis showed no
significant differences compared to wild-type mice with the exception of increased B.
burgdorferiload in joints (89). However, Lawrenz, et al. showed that spirochetal loads
were higher at several time points and in multiple tissues in C3 deficient mice and that
this increased bacterial burden correlated with earlier development of arthritis (90). In
line with this study, an 7n vivorole for C3 in control of B. burgdorferiwas demonstrated
in a hamster model of infection where treatment with the decomplementation reagent,
cobra venom factor, was used (91).

While C3 activation is central to the complement cascade, the role of the upstream
initiation of complement and distal reactions of complement have also been evaluated in
murine infections. Infection of B. burgdorferiin C5 deficient mice found that C5 is not
required to control murine borreliosis (92). Similarly, when key AP-associated
components FB and FH have been knocked out in mice, no significant differences in B.
burgdorferibacterial loads were detected (88). In contrast, an early protective role was
shown for MBL in mice in both needle-and tick infection models (93). However, no
differences in dissemination were observed in MBL-deficient mice relative to its parent
strain (93). The role of CP initiation in response to B. burgdorferi infection was recently
investigated using C1q deficient mice (94). Significantly increased bacterial loads were
measured at several time points post infection and in multiple tissue types. In contrast to
the studies conducted with MBL deficient mice, C1q deficient mice exhibited altered
cytokine profiles relative to wild-type controls (94). Collectively, studies involving
complement deficient mice indicate a potential role in experimental Lyme borreliosis for
the upstream initiation steps of complement, a modest role for C3, and a more limited
role for the AP and C5 activation in controlling infection by Lyme disease spirochetes.
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Outstanding Questions

Given the apparent functional redundancy of the Lyme disease complement
evasion system, are there other outer surface proteins that have unrecognized
roles in protecting Lyme disease spirochetes from complement attack?

The involvement of complement in human autoimmune and inflammatory
diseases is well established. Can detailed mechanistic knowledge of Lyme
disease complement evasion strategies lead to the development of new
complement directed therapies?

How do the collective activities of Lyme disease spirochete complement
evasion proteins contribute to vertebrate-specific host association?

How do the various complement evasion proteins produced by Lyme disease
spirochetes impact the adaptive immune response during borreliosis?”

What is the role for Lyme disease spirochete complement evasion proteins in
persistence?

What are potential reasons for the seemingly paradoxical retention of a large
complement evasion arsenal within the Lyme disease spirochete genome, and
data from complement deficient murine infection models, which suggest an
overall limited role for complement in controlling experimental Lyme
borreliosis?

Given the reported differences in binding specificities and the differential
gene expression of CspA, CspZ, and ErpA/ErpP/ErpC, what might be the
physiological role of FHL and FHR proteins in Lyme borreliosis?

How well conserved are complement evasion mechanisms across relapsing
fever Borrelid?
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Highlights
. Borreliella species encode a wide variety of surface proteins that neutralize

complement-dependent killing pathways.

. The complement evasion system of Lyme spirochetes is multipronged and
functionally overlapping.

. Recent work in the field of structural biology has revealed new insight into
the molecular basis for the diverse activities of several outer surface proteins
involved in Lyme disease-specific complement evasion.
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Figure 1. Complement Evasion by Lyme Disease Spirochetes.
To evade complement, Lyme disease spirochetes produce outer surface lipoproteins that bind

directly to complement components. These proteins either inhibit complement activity
directly or bind to host-derived regulators of complement activity (RCA) and thereby
attenuate complement activation at the spirochete surface. Several of these inhibitors block
the upstream initiation steps of the cascade including the CP-specific inhibitor BBK32,
which binds to C1r within the C1 complex and traps C1 in a zymogen state. OspC binds C4b
and interferes with the activation of both the CP and LP by preventing formation of the
CP/LP C3 proconvertase (i.e. C4bC2). Lyme disease spirochetes also produce an outer
surface protein of unknown identity termed p43 that downregulates the CP and LP by
recruiting the primary RCA of these two pathways called C4b-binding protein (C4BP).
CspA is among a group of three structurally unrelated proteins that bind the dominant
negative regulator of the AP known as factor H (FH). CspA also binds to factor H-like
protein 1 (FHL-1), a molecule of the FH family that retains complement regulatory
activities. CspZ, a second FH/FHL-1-binding protein, also downregulates the formation of
AP C3 and C5 convertases on the spirochete surface. A third type of FH-binding protein are
the paralogs ErpA/ErpP/ErpC. Among these, ErpA and ErpP bind to FH (but not to FHL-1).
Borreliella produce at least four proteins that block the formation of the MAC complex.
CspA binds C7 and C9 in a FH-independent manner and blocks C9 polymerization. Two
homologous proteins from B. bavariensis, BGA66 and BGA71 also block C9
polymerization by binding to C7, C8, and C9. Finally, an unidentified outer surface protein
is produced by Lyme disease spirochetes that exhibits similar activity to the RCA known as
CD59. PAMP: pathogen-associated molecular pattern; Ab: antibody; Ag: antigen; CL-11:
collectin-11. This figure was created using BioRender.com.
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Figure 2. Three-dimensional structures of proteins involved in Lyme disease spirochete
complement evasion.

High resolution crystal structures have been solved for many of the known Lyme disease
spirochete complement evasion proteins. Shown above are the crystal structures of unbound
OspC (PDB#: 1GGQ), BBK32 (PDB#: 6N1L), BGA71 (PDB#: 6FMH), CspA (PDB#:
1W33), CspZ (PDB#: 4CBE), ErpP (PDB#: 4BOB), and ErpC (PDB#: 4BXM). An NMR
solution structure of ErpA has also been solved (PDB#: 2M4F; BMRB#: 19001). Co-crystal
structures have also been solved for ErpA in complex with FH CCP19-20 (PDB#: 4J38; not
shown) and a ternary complex of ErpA/FH CCP19-20/C3dg (PDB#: 5NBQ). N- and C-
termini are labeled. For dimeric structures, each monomer is denoted by parentheses. Images
were prepared from the deposited Protein Data Bank structure coordinates using PyMOL
(The PyMOL Molecular Graphics System, Version 2.0 Schrodinger, LLC).
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Table 1.

Borreliella Species Lipoproteins Involved in Complement Evasion
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Protein/Factor Species Mechanism Target Gene PDB#
BBK32 burgdorferi, afzelii Direct Clr,C1 bbk32 6N1L
. . C7,C8, C9
BGAG66 bavariensis Direct (C5b-9) bga66 NA
BGAT71 bavariensis Direct C7,C8,C9 bga7l 6FMH, 6FLO
(C5b-9)

CD59-like . . -
protein burgdorferi Direct (C5b-9) unknown N/A

burgdorferi, afzelii, RCA recruitment, FH, FHL-1, C7, C9, 1W3Z, 1W33,
CspA (CRASP-1) spielmanii Direct (C5b-9) CspA/bbaGE 4BL4, 5A2U
CspZ (CRASP-2) burgdorferi RCA recruitment FH, FHL-1 cspZ/bbho6 4BGO, 4CBE
ErpA (CRASP-5) burgdorferi RCA recruitment FH FHR S THR2 | erpamtp3s/bizo | SNBQ, 4138, 2M4F
ErpC (CRASP-4) burgdorferi RCA recruitment FHR-1, FHR-2 ermpC 48';"?’3’;?/'0[)’
ErpP (CRASP-3) burgdorferi RCA recruitment FH, F'}Lﬁég HR-2, erpP/bbn38 4BOB
OspC burgdorferi Direct C4db ospC/bb_b19 1GGQ, 1F1M, 1G5Z
p43 burgdorferi RCA recruitment C4BP unknown N/A

*
N/A = Not applicable
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