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Abstract: Reservoir host associations have been observed among and within Borrelia genospecies, and
host complement-mediated killing is a major determinant in these interactions. In North America,
only a subset of Borrelia burgdorferi lineages cause the majority of disseminated infections in humans.
We hypothesize that differential resistance to human complement-mediated killing may be a major
phenotypic determinant of whether a lineage can establish systemic infection. As a corollary, we
hypothesize that borreliacidal action may differ among human subjects. To test these hypotheses, we
isolated primary B. burgdorferi clones from field-collected ticks and determined whether the killing
effects of human serum differed among those clones in vitro and/or whether these effects were
consistent among human sera. Clones associated with human invasiveness did not show higher
survival in human serum compared to noninvasive clones. These results indicate that differential
complement-mediated killing of B. burgdorferi lineages is not a determinant of invasiveness in
humans. Only one significant difference in the survivorship of individual clones incubated in different
human sera was detected, suggesting that complement-mediated killing of B. burgdorferi is usually
similar among humans. Mechanisms other than differential human complement-mediated killing of
B. burgdorferi lineages likely explain why only certain lineages cause the majority of disseminated
human infections.

Keywords: Borrelia burgdorferi; human serum; host associations; complement

1. Introduction

Host associations exist between and within genospecies of the Borrelia burgdorferi
sensu lato complex [1–5]. Differential resistance to the killing effects of host serum is a
major determinant of host associations among Borrelia genospecies [1,2,4]. The European
genospecies B. afzelii and B. garinii are considered rodent-associated and avian-associated,
respectively [2,6,7]. Particular Borrelia genospecies can survive in the presence of serum
from the taxonomic class of hosts they typically infect but not others [1,2,4,8]. The borre-
liacidal activity of host serum is due to the effects of the complement system, a component
of host innate immunity [2,9]. The complement system is a network of proteins which
clears invading pathogens by facilitating phagocytosis and directly killing cells via the
formation of a membrane attack complex [10,11]. We and others suspect that host associa-
tions among variants of an individual Borrelia species may also be due to differential serum
(complement)-mediated killing [12].

Borrelia burgdorferi sensu stricto (hereafter B. burgdorferi) is a tick-borne human pathogen
with observed host associations among its diverse lineages [5,13]. There are at least 25 differ-
ent B. burgdorferi lineages in the United States which can be distinguished by the nucleotide
sequences encoding the outer surface protein C (OspC) [5,14,15]. Experiments using labo-
ratory animals have demonstrated that some B. burgdorferi lineages have a higher fitness
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in experimentally infected animals [16–18]. Field experiments have shown that reservoir
hosts are commonly infected with unique subsets of the B. burgdorferi lineages [5,19–21].
Humans are no exception to this pattern, as the majority of human-disseminated infections
are caused by a small subset of B. burgdorferi lineages [22–25]. The B. burgdorferi lineages
characterized by ospC genotypes A, B, I, K, and N are considered human-invasive, and the
other lineages rarely disseminate in humans [19,22–26].

The observed host preferences by different B. burgdorferi lineages may be mediated by
differential resistance to host complement. This idea is supported by recent experiments
demonstrating that differential resistance to killing by host serum is a factor contribut-
ing to the fitness of different strains within B. burgdorferi in laboratory animals [12,27].
B. burgdorferi has a multifunctional and redundant set of anti-complement outer surface
proteins [2,3,9]. The anti-complement proteins can be variable among B. burgdorferi strains
and confer strain-specific survival differences in host serum [3,12,27,28]. It is expected that
B. burgdorferi lineages that efficiently infect a particular host will survive better in serum
collected from that host compared to other B. burgdorferi lineages.

In this study, we focused on the observed associations between humans and B. burgdor-
feri lineages. We determined whether human-invasive clones have higher survival proba-
bilities compared to human noninvasive clones and if these effects are consistent among
human sera. B. burgdorferi is considered to be resistant to the borreliacidal activity of human
serum [1,2,8,9,29]. However, laboratory strains within B. burgdorferi have typically been
used in similar experiments, and survival in human serum has been found to vary widely
among strains [8,30–35]. We used a set of low-passage, tick-derived B. burgdorferi clones
characterized by their ospC sequence. The B. burgdorferi cultures used in these experiments
better represent the spirochetes potentially transmitted to humans by feeding ticks.

2. Materials and Methods
2.1. B. burgdorferi ospC Clone Isolation and Characterization

B. burgdorferi clones were isolated directly from field-collected Ixodes scapularis ticks
by limiting dilution and were frozen at −80 ◦C [36,37] (File S1). The clones were geno-
typed based on their outer surface protein C (ospC) sequence using Luminex technology
(Austin, TX, USA), as previously described [38], and by Sanger sequencing. No mixed ospC
sequences were detected by either method. The clones used in this study represent two
invasive B. burgdorferi lineages (ospC genotypes A and I) and three noninvasive lineages
(ospC genotypes G, H, and M). Hereafter, they are referred to as clones-A, -I, -G, -H, or
-M. The actual invasiveness to humans of the isolated clones cannot be verified, but their
predicted invasiveness is based on previous research [19,22–25]. A growth curve was
performed for each clone prior to the serum sensitivity assay (File S1, Figure S1).

2.2. Human Serum Collection and Validation

Human blood was collected from two males and one female, hereafter referred to as PP,
CR, and LJ, respectively. This study did not meet the definition of human subject research,
and IRB approval was not required. The blood was collected in serum separator tubes,
allowed to clot at room temperature for up to 45 min and then centrifuged at 1500 RCF for
10 min to separate serum. Sera from multiple tubes from each donor were pooled, filtered
through a 0.22 um filter, and stored in 0.5 mL aliquots at −80 ◦C. Aliquots were tested for a
functional alternative complement pathway using the Total Complement Functional Screen
ELISA kit (Eagle Biosciences Inc., Amherst, NH, USA) to ensure complement activity was
retained in the collected serum. One aliquot of human serum was heat-inactivated at 56 ◦C
for 30 min before testing. Complement activity was detected in serum collected from each
donor, while complement activity was completely abolished in the heat-inactivated serum
aliquot. All blood donors were negative for anti-B. burgdorferi antibodies, as determined by
an immunoassay performed at a commercial laboratory (Labcorp., Enfield, CT, USA).
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2.3. Serum Sensitivity Assay

The sensitivity of the B. burgdorferi clones to human serum was measured as previously
described [39]. The clones were grown in BSK-H medium with 6% rabbit serum (BSK-H
complete, Sigma) at 34 ◦C to mid-logarithmic phase and diluted to 3 × 106 cells/mL in
BSK-H media without rabbit serum (BSK-H incomplete, Sigma, St. Louis, MO, USA).
Then, 400 µL of human serum was added to 400 µL of culture (yielding 50% human serum
concentration), and 200 µL of this mixture was aliquoted into triplicate wells on a 96-well
plate and incubated at 34 ◦C for 4 h. BSK-H incomplete was substituted for 50% human
serum as a positive control. Viable cells were counted by darkfield microscopy at 0 and
4 h. Viable cells were defined as those that were visibly motile and retained a characteristic
spirochete shape [39,40]. The percent survival was calculated as the number of viable cells
after 4 h divided by the number of viable cells at the 0-h time point multiplied by 100. To
determine whether killing was complement-mediated, we also tested the sensitivity of
clone-I in media supplemented with heat-inactivated (56 ◦C for 30 min) human serum from
LJ. The survival of clone-I in normal and heat-inactivated LJ serum was tested in a separate
experiment to the one testing the survival of clone-I in PP and CR sera, and the positive
control was repeated (n = 6 total replicates for positive control).

The same assay was performed using the clones mixed with 50% white-tailed deer
serum (Odocoileus virginianus) as a control to observe and validate the serum-mediated
killing of spirochetes [39]. The killing of spirochetes by white-tailed deer serum was
confirmed by passaging an aliquot of each positive control and test sample at the 4-h
time point to fresh BSK-H complete media and incubating at 34 ◦C. The subcultures
were incubated for 6–8 days and checked by darkfield microscopy for the presence of
B. burgdorferi growth [39].

Morphologically heterogenous and motile cells were also observed during the 4-h
serum sensitivity assay (File S2, Figures S2–S5). The inclusion of these cells in a separate
analysis did not change the conclusions of this study (File S2, Figure S6, Table S1).

2.4. Statistical Analysis

The percent survival values for the clones incubated in the positive control and
human serum were log-transformed and checked for the assumptions of normality and
homoscedasticity. Significant differences in the survival of the clones were detected using a
two-way ANOVA, and multiple comparisons were corrected using a Tukey’s test in Prism
version 9.0.0 (Graphpad Software LLC., San Diego, CA, USA). p-values of less than 0.05
were considered significant.

3. Results

The five clones survived in human serum (Figure 1) but were effectively killed by
white-tailed deer serum, as previously reported [39]. No viable spirochetes were observed
for any clone after a 4-h incubation in white-tailed deer serum, and no growth in subculture
was detected on days 6–8 [39]. The survival of some clones incubated in human serum was
significantly lower compared to survival in the positive control (Figure 1, Table 1). The
serum in this study retained complement activity, and clone-I had a higher survival when
incubated in heat-inactivated versus normal sera collected from LJ (Figure S7).

Differential survival among the B. burgdorferi clones was observed, but it did not
conform to expectations based on the clones’ human-invasive or -noninvasive designation.
It was expected that invasive clones-A and -I would have a significantly higher survivorship
compared to the noninvasive clones -G, -H, and -M. However, clone-A had the lowest
percent survival values, while clone-I had a survivorship similar to clones-G, -H, and-M
when incubated in human serum (Figure 1). Several pairwise comparisons indicated a
significantly lower survivorship of an invasive clone compared to a noninvasive clone
(Table 1). The overwhelming majority of these pairwise differences (n = 18) included
clone-A. None of these pairwise comparisons yielded a significantly higher survivorship of
an invasive clone compared to a noninvasive clone.



Pathogens 2023, 12, 1238 4 of 8

Pathogens 2023, 12, x FOR PEER REVIEW 4 of 9 
 

 

significantly lower survivorship of an invasive clone compared to a noninvasive clone 

(Table 1). The overwhelming majority of these pairwise differences (n = 18) included clone-

A. None of these pairwise comparisons yielded a significantly higher survivorship of an 

invasive clone compared to a noninvasive clone.  

The survivorship of individual clones incubated in human sera (PP, CR, LJ) was gen-

erally homogenous (Figure 1). The percent survival values of clones-A and -I incubated in 

different human sera were similar and ranged from 44.4–50.7% and 67.2–83.8%, respec-

tively. Clone-G had a higher level of survival in the serum from one individual (CR) com-

pared to sera from other donors. The percent survival of clone-M incubated in LJ serum 

was 86.2%, whereas only approximately 65% of clone-M spirochetes survived in sera col-

lected from PP and CR. These differences were not significant, however. Only one signif-

icant difference was noted between clone-H incubated in PP and CR sera (Figure 1, Table 

1).  

 

Figure 1. Survivorship of two human-invasive clones (clones-A and -I) and three noninvasive clones 

(clones-G, -H, and -M) in human serum. Bars represent mean values from three or six replicates, 

and error bars represent standard deviation. Significant differences determined from log-trans-

formed values using a two-way ANOVA and Tukey’s multiple comparisons test are shown in Table 

1. 

Table 1. Results of two-way ANOVA with Tukey’s multiple comparisons test to determine survival 

differences of clones incubated in human serum and the control. 

  Clone-A Clone-I Clone-G Clone-H Clone-M 
  Ctrl PP CR LJ Ctrl PP CR LJ Ctrl PP CR LJ Ctrl PP CR LJ Ctrl PP CR LJ 

clone-A 

Ctrl  ** *** *** ns ns ns ns ns ns ns ns ns ns ns ns ns ns ns ns 

PP   ns ns *** ns ns * *** ** **** * **** **** ns *** ** ns ns * 

CR    ns **** ns ** ** **** **** **** ** **** **** ns **** **** ns ns *** 

LJ     **** ns * ** **** *** **** ** **** **** ns **** *** ns ns ** 

clone-I 

Ctrl      ns ns ns ns ns ns ns ns ns ns ns ns ns ns ns 

PP       ns ns ns ns * ns * * ns ns ns ns ns ns 

CR        ns ns ns ns ns ns ns ns ns ns ns ns ns 

LJ         ns ns ns ns ns ns ns ns ns ns ns ns 

clone-G 

Ctrl          ns ns ns ns ns ns ns ns ns ns ns 

PP           ns ns ns ns ns ns ns ns ns ns 

CR            ns ns ns * ns ns * * ns 

LJ             ns ns ns ns ns ns ns ns 

Figure 1. Survivorship of two human-invasive clones (clones-A and -I) and three noninvasive clones
(clones-G, -H, and -M) in human serum. Bars represent mean values from three or six replicates, and
error bars represent standard deviation. Significant differences determined from log-transformed
values using a two-way ANOVA and Tukey’s multiple comparisons test are shown in Table 1.

Table 1. Results of two-way ANOVA with Tukey’s multiple comparisons test to determine survival
differences of clones incubated in human serum and the control.

Clone-A Clone-I Clone-G Clone-H Clone-M

Ctrl PP CR LJ Ctrl PP CR LJ Ctrl PP CR LJ Ctrl PP CR LJ Ctrl PP CR LJ

clone-A

Ctrl ** *** *** ns ns ns ns ns ns ns ns ns ns ns ns ns ns ns ns
PP ns ns *** ns ns * *** ** **** * **** **** ns *** ** ns ns *
CR ns **** ns ** ** **** **** **** ** **** **** ns **** **** ns ns ***
LJ **** ns * ** **** *** **** ** **** **** ns **** *** ns ns **

clone-I

Ctrl ns ns ns ns ns ns ns ns ns ns ns ns ns ns ns
PP ns ns ns ns * ns * * ns ns ns ns ns ns
CR ns ns ns ns ns ns ns ns ns ns ns ns ns
LJ ns ns ns ns ns ns ns ns ns ns ns ns

clone-G

Ctrl ns ns ns ns ns ns ns ns ns ns ns
PP ns ns ns ns ns ns ns ns ns ns
CR ns ns ns * ns ns * * ns
LJ ns ns ns ns ns ns ns ns

clone-H

Ctrl ns * ns ns ** ** ns
PP * ns ns * * ns
CR ns ns ns ns ns
LJ ns ns ns ns

clone-M

Ctrl ns ns ns
PP ns ns
CR ns
LJ

The percent survival values for the clones incubated in the positive control and human serum were log-
transformed, and significant differences were detected using a two-way ANOVA and Tukey’s multiple compar-
isons test. Significant differences (n = 50) out of 190 comparisons are denoted by asterisks. p-values ≤ 0.05, 0.01,
0.001, 0.0001 are denoted by *, **, ***, ****, respectively. ns—not significant; Ctrl—positive control.

The survivorship of individual clones incubated in human sera (PP, CR, LJ) was gener-
ally homogenous (Figure 1). The percent survival values of clones-A and -I incubated in
different human sera were similar and ranged from 44.4–50.7% and 67.2–83.8%, respectively.
Clone-G had a higher level of survival in the serum from one individual (CR) compared to
sera from other donors. The percent survival of clone-M incubated in LJ serum was 86.2%,
whereas only approximately 65% of clone-M spirochetes survived in sera collected from PP
and CR. These differences were not significant, however. Only one significant difference
was noted between clone-H incubated in PP and CR sera (Figure 1, Table 1).
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4. Discussion

We hypothesized that differential resistance to human complement may be a deter-
minant of differential human infectivity among B. burgdorferi lineages. Reservoir host
associations exist among Borrelia genospecies, and these associations are maintained by
differential host-serum-mediated killing [1,2,4]. The model of serum-mediated host asso-
ciations has been extended from among Borrelia species to strains within a single species,
B. burgdorferi [12,27,41]. Preference for human hosts has also been reported to differ among
certain B. burgdorferi lineages [22–25]. We tested whether B. burgdorferi lineages associated
with human-invasive and -noninvasive infections had different survival rates in media
supplemented with human serum.

These data do not support the hypothesis that the invasive B. burgdorferi lineages
are more resistant to human-complement-mediated killing compared to the lineages that
rarely disseminate in humans. Previous research has demonstrated that B. burgdorferi is
resistant to human-serum-mediated killing but that variation can occur among strains
within B. burgdorferi [1,2,29,31,34]. Our results agree, since every B. burgdorferi clone sur-
vived, and significant differences in survivorship were detected among the clones. The
observed borreliacidal activity was likely complement-mediated, but we cannot exclude
the possibility of other heat-sensitive factors. The survival differences, however, did not
correspond to whether the clones are considered invasive or noninvasive in humans as
defined by their ospC genotype. We used a single clone to represent a B. burgdorferi lineage,
but spirochetes within a B. burgdorferi lineage can have different serum-survival phenotypes
and invasiveness levels in hosts [12,21,22,27]. Determining the resistance to human serum
of several clones with the same ospC genotype may help resolve this potential concern.

We speculated that the survival of a clone in human serum may be impacted by the
specific individual from whom the serum was collected. Previous studies with similar
assays have typically used pooled human serum from many individuals, serum collected
from one donor, or do not clearly match serum-survival results with specific individuals if
there are multiple donors [8,30–34,42]. These results show that the survival of a specific
clone incubated in different human sera was similar, and only one significant difference
was detected. An expanded study using sera collected from many individuals is needed to
fully address this question.

It is unclear why our data do not show a connection between the serum resistance
of B. burgdorferi lineages and their predicted invasiveness in humans. Recent studies
have reported B. burgdorferi strain-specific survival in different host sera [12,27,41]. The
serum survival phenotype of the B. burgdorferi strains is a major factor affecting fitness in
laboratory animals [12,27]. However, the serum resistance of B. burgdorferi strains does not
always match their infectivity in hosts and is most likely due to complement-independent
mechanisms [17,27]. For example, B. burgdorferi strain cN40 had a high survivorship in
white-footed mouse (Peromyscus leucopus) serum but a low fitness in mice [27]. Wang
et al. [17] also found no significant correlation between the serum resistance of individual
B. burgdorferi strains and their capacity to cause disseminated infections in C3H/HeJ (Mus
musculus) mice, although M. musculus complement is unstable in vitro, which may have
affected these results [12,43].

Other factors besides human-complement-mediated killing are likely facilitating the
differential propensity of certain B. burgdorferi lineages to infect humans. OspC may play
a direct role, since it is polymorphic and interacts with several host molecules [15,44–48].
The differential binding affinities of the polymorphic OspC variants to their known human
ligands may enable the human-invasive lineages to develop a systemic infection more
frequently in humans. OspC is also an antiphagocytic factor, and the differential evasion
of immune cells by spirochetes expressing different OspC variants is another potential
explanation [49]. It is also possible that while the ospC gene can be used for defining
B. burgdorferi lineages, other linked genetic elements likely have a greater impact on the
invasiveness of lineages in humans [50]. Another possibility is that B. burgdorferi lineages do
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exhibit differential resistance to human-complement-mediated killing which corresponds
to invasiveness, but these differences were not detected in our in vitro assay.

We have demonstrated that B. burgdorferi clones representing canonical human-invasive
lineages are not more resistant to human-complement-mediated killing. These results also
show that human-complement-mediated borreliacidal activity does not usually differ
among individuals. Additional research is necessary to understand the determinants of
invasiveness in humans by different B. burgdorferi lineages. A more detailed understanding
of the factors shaping associations between humans and B. burgdorferi lineages may lead to
better Lyme disease management strategies.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/pathogens12101238/s1. File S1: Supplementary Materials and methods.
File S2: Observation and analysis of atypically shaped, motile cells of B. burgdorferi encountered during
the 4-h serum sensitivity assay. Figure S1: Growth curves of B. burgdorferi ospC clones. Individual data
points represent mean concentrations (n = 3 replicates), and error bars represent standard deviation.
Figure S2: Representative image of a B. burgdorferi spirochete with normal cell morphology.
Figure S3: First representative image of a B. burgdorferi cell with atypical morphology. This exam-
ple is characterized by a ring-shaped cell. Figure S4: Second representative image of a B. burgdorferi cell
with atypical cell morphology. This example is characterized by a cell with a coiled end. Figure S5: Third
representative image of a B. burgdorferi cell with atypical cell morphology. This example is characterized
by a cell with multiple coils or folds at one end. Figure S6: Survivorship of two human-invasive
clones (clones-A and -I) and three noninvasive clones (clones-G, -H, and -M) in human serum when
all motile cells are included. The percent survival values were calculated using all motile B. burgdorferi
cells, regardless of whether they exhibited typical or atypical cell morphology. Bars represent mean
values from three or six replicates, and error bars represent standard deviation. Significant differences
determined using a two-way ANOVA and Tukey’s multiple comparisons test are included in Table S1.
Figure S7: Survival of clone-I incubated in the control and in normal and heat-inactivated human serum.
Bars represent mean percent survival (n = 3 replicates), and error bars represent standard deviation.
Human serum collected from LJ. HI—heat-inactivated. Table S1: Results of two-way ANOVA with
Tukey’s multiple comparisons test to determine survival differences of clones incubated in human serum
and the control, using all motile cells. All motile cells regardless of morphology were considered viable
in this analysis. The percent survival values for the clones incubated in the positive control and human
serum were log-transformed, and significant differences were detected using a two-way ANOVA and
Tukey’s multiple comparisons test. Significant differences (n = 9) out of 190 comparisons are denoted
by asterisks. p-values ≤ 0.05, 0.01, 0.001, 0.0001 are denoted by *, **, ***, ****, respectively. NS—not
significant; Ctrl—positive control.

Author Contributions: P.P.: Conceptualization, data curation, formal analysis, investigation, method-
ology, visualization, writing—original draft. C.R.: Investigation, writing—review and editing. E.L.S.:
Formal analysis, writing—review and editing. D.B.: Conceptualization, supervision, writing—review
and editing. S.M.R.: Conceptualization, funding acquisition, supervision, writing—review and
editing. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the Laboratory of Medical Zoology at UMass Amherst.

Institutional Review Board Statement: Ethical review and approval were waived for this study due
to the limited number of human subjects. The project did not meet the definition of human subject
research under federal regulations [45 CFR 46.102(d)].

Informed Consent Statement: Informed consent was obtained from all subjects involved in the
study. Written informed consent has been obtained from the patient(s) to publish this paper.

Data Availability Statement: Data are available upon request.

Acknowledgments: We would like to thank the volunteers for donating blood that was used in these
experiments. We would also like to thank the healthcare professionals at University Health Services
(University of Massachusetts Amherst) for their assistance in blood collection.

Conflicts of Interest: The authors declare no conflict of interest.

https://www.mdpi.com/article/10.3390/pathogens12101238/s1
https://www.mdpi.com/article/10.3390/pathogens12101238/s1


Pathogens 2023, 12, 1238 7 of 8

References
1. Kraiczy, P. Travelling between Two Worlds: Complement as a Gatekeeper for an Expanded Host Range of Lyme Disease

Spirochetes. Vet. Sci. 2016, 3, 12. [CrossRef] [PubMed]
2. Lin, Y.-P.; Diuk-Wasser, M.A.; Stevenson, B.; Kraiczy, P. Complement Evasion Contributes to Lyme Borreliae–Host Associations.

Trends Parasitol. 2020, 36, 634–645. [CrossRef] [PubMed]
3. Tufts, D.M.; Hart, T.M.; Chen, G.F.; Kolokotronis, S.; Diuk-Wasser, M.A.; Lin, Y. Outer Surface Protein Polymorphisms Linked to

Host-spirochete Association in Lyme Borreliae. Mol. Microbiol. 2019, 111, 868–882. [CrossRef] [PubMed]
4. Kurtenbach, K.; De Michelis, S.; Etti, S.; Schäfer, S.M.; Sewell, H.-S.; Brade, V.; Kraiczy, P. Host Association of Borrelia burgdorferi

Sensu Lato—The Key Role of Host Complement. Trends Microbiol. 2002, 10, 74–79. [CrossRef]
5. Brisson, D.; Dykhuizen, D.E. ospC Diversity in Borrelia burgdorferi. Genetics 2004, 168, 713–722. [CrossRef]
6. Hanincová, K.; Taragelová, V.; Koci, J.; Schäfer, S.M.; Hails, R.; Ullmann, A.J.; Piesman, J.; Labuda, M.; Kurtenbach, K. Association

of Borrelia garinii and B. valaisiana with Songbirds in Slovakia. Appl. Environ. Microbiol. 2003, 69, 2825–2830. [CrossRef]
7. Hanincová, K.; Schäfer, S.M.; Etti, S.; Sewell, H.-S.; Taragelová, V.; Ziak, D.; Labuda, M.; Kurtenbach, K. Association of Borrelia

afzelii with Rodents in Europe. Parasitology 2003, 126, 11–20. [CrossRef]
8. Kurtenbach, K.; Sewell, H.-S.; Ogden, N.H.; Randolph, S.E.; Nuttall, P.A. Serum Complement Sensitivity as a Key Factor in Lyme

Disease Ecology. Infect. Immun. 1998, 66, 1248–1251. [CrossRef]
9. Skare, J.T.; Garcia, B.L. Complement Evasion by Lyme Disease Spirochetes. Trends Microbiol. 2020, 28, 889–899. [CrossRef]
10. Rus, H.; Cudrici, C.; Niculescu, F. The Role of the Complement System in Innate Immunity. IR 2005, 33, 103–112. [CrossRef]
11. Sarma, J.V.; Ward, P.A. The Complement System. Cell Tissue Res. 2011, 343, 227–235. [CrossRef] [PubMed]
12. Combs, M.; Marcinkiewicz, A.L.; Dupuis, A.P.; Davis, A.D.; Lederman, P.; Nowak, T.A.; Stout, J.L.; Strle, K.; Fingerle, V.;

Margos, G.; et al. Phylogenomic Diversity Elucidates Mechanistic Insights into Lyme Borreliae-Host Association. mSystems 2022,
7, e00488-22. [CrossRef] [PubMed]

13. Steere, A.C.; Strle, F.; Wormser, G.P.; Hu, L.T.; Branda, J.A.; Hovius, J.W.R.; Li, X.; Mead, P.S. Lyme Borreliosis. Nat. Rev. Dis.
Primers 2016, 2, 16090. [CrossRef]

14. Wang, I.-N.; Dykhuizen, D.E.; Qiu, W.; Dunn, J.J.; Bosler, E.M.; Luft, B.J. Genetic Diversity of ospC in a Local Population of Borrelia
burgdorferi Sensu Stricto. Genetics 1999, 151, 15–30. [CrossRef] [PubMed]

15. Barbour, A.G.; Travinsky, B. Evolution and Distribution of the ospC Gene, a Transferable Serotype Determinant of Borrelia
burgdorferi. mBio 2010, 1, e00153-10. [CrossRef]

16. Hanincová, K.; Ogden, N.H.; Diuk-Wasser, M.; Pappas, C.J.; Iyer, R.; Fish, D.; Schwartz, I.; Kurtenbach, K. Fitness Variation of
Borrelia burgdorferi Sensu Stricto Strains in Mice. Appl. Environ. Microbiol. 2008, 74, 153–157. [CrossRef]

17. Wang, G.; Ojaimi, C.; Wu, H.; Saksenberg, V.; Iyer, R.; Liveris, D.; McClain, S.A.; Wormser, G.P.; Schwartz, I. Disease Severity in a
Murine Model of Lyme Borreliosis Is Associated with the Genotype of the Infecting Borrelia burgdorferi Sensu Stricto Strain. J.
Infect. Dis. 2002, 186, 782–791. [CrossRef]

18. Baum, E.; Hue, F.; Barbour, A.G. Experimental Infections of the Reservoir Species Peromyscus Leucopus with Diverse Strains of
Borrelia burgdorferi, a Lyme Disease Agent. mBio 2012, 3, e00434-12. [CrossRef]

19. Vuong, H.B.; Canham, C.D.; Fonseca, D.M.; Brisson, D.; Morin, P.J.; Smouse, P.E.; Ostfeld, R.S. Occurrence and Transmission
Efficiencies of Borrelia burgdorferi ospC Types in Avian and Mammalian Wildlife. Infect. Genet. Evol. 2014, 27, 594–600. [CrossRef]

20. Mechai, S.; Margos, G.; Feil, E.J.; Barairo, N.; Lindsay, L.R.; Michel, P.; Ogden, N.H. Evidence for Host-Genotype Associations of
Borrelia burgdorferi Sensu Stricto. PLoS ONE 2016, 11, e0149345. [CrossRef]

21. Combs, M.A.; Tufts, D.M.; Adams, B.; Lin, Y.-P.; Kolokotronis, S.-O.; Diuk-Wasser, M.A. Host Adaptation Drives Genetic Diversity
in a Vector-Borne Disease System. PNAS Nexus 2023, 2, pgad234. [CrossRef] [PubMed]

22. Brisson, D.; Baxamusa, N.; Schwartz, I.; Wormser, G.P. Biodiversity of Borrelia burgdorferi Strains in Tissues of Lyme Disease
Patients. PLoS ONE 2011, 6, e22926. [CrossRef] [PubMed]

23. Seinost, G.; Dykhuizen, D.E.; Dattwyler, R.J.; Golde, W.T.; Dunn, J.J.; Wang, I.-N.; Wormser, G.P.; Schriefer, M.E.; Luft, B.J. Four
Clones of Borrelia burgdorferi Sensu Stricto Cause Invasive Infection in Humans. Infect. Immun. 1999, 67, 3518–3524. [CrossRef]
[PubMed]

24. Dykhuizen, D.E.; Brisson, D.; Sandigursky, S.; Wormser, G.P.; Nowakowski, J.; Nadelman, R.B.; Schwartz, I. The Propensity of
Different Borrelia burgdorferi Sensu Stricto Genotypes to Cause Disseminated Infections in Humans. Am. J. Trop. Med. Hyg. 2008,
78, 806–810. [CrossRef]

25. Wormser, G.P.; Brisson, D.; Liveris, D.; Hanincová, K.; Sandigursky, S.; Nowakowski, J.; Nadelman, R.B.; Ludin, S.; Schwartz, I.
Borrelia burgdorferi Genotype Predicts the Capacity for Hematogenous Dissemination during Early Lyme Disease. J. Infect. Dis.
2008, 198, 1358–1364. [CrossRef]

26. Vuong, H.B.; Chiu, G.S.; Smouse, P.E.; Fonseca, D.M.; Brisson, D.; Morin, P.J.; Ostfeld, R.S. Influences of Host Community
Characteristics on Borrelia burgdorferi Infection Prevalence in Blacklegged Ticks. PLoS ONE 2017, 12, e0167810. [CrossRef]

27. Lin, Y.P.; Tufts, D.M.; Combs, M.; Ii, A.P.D.; Marcinkiewicz, A.L.; Hirsbrunner, A.D.; Diaz, A.J.; Stout, J.L.; Blom, A.M.; Strle, K.;
et al. Cellular and Immunological Mechanisms Influence Host-Adapted Phenotypes in a Vector-Borne Microparasite. Proc. R. Soc.
B 2022, 289, 1–10. [CrossRef]

https://doi.org/10.3390/vetsci3020012
https://www.ncbi.nlm.nih.gov/pubmed/29056721
https://doi.org/10.1016/j.pt.2020.04.011
https://www.ncbi.nlm.nih.gov/pubmed/32456964
https://doi.org/10.1111/mmi.14209
https://www.ncbi.nlm.nih.gov/pubmed/30666741
https://doi.org/10.1016/S0966-842X(01)02298-3
https://doi.org/10.1534/genetics.104.028738
https://doi.org/10.1128/AEM.69.5.2825-2830.2003
https://doi.org/10.1017/S0031182002002548
https://doi.org/10.1128/IAI.66.3.1248-1251.1998
https://doi.org/10.1016/j.tim.2020.05.004
https://doi.org/10.1385/IR:33:2:103
https://doi.org/10.1007/s00441-010-1034-0
https://www.ncbi.nlm.nih.gov/pubmed/20838815
https://doi.org/10.1128/msystems.00488-22
https://www.ncbi.nlm.nih.gov/pubmed/35938719
https://doi.org/10.1038/nrdp.2016.90
https://doi.org/10.1093/genetics/151.1.15
https://www.ncbi.nlm.nih.gov/pubmed/9872945
https://doi.org/10.1128/mBio.00153-10
https://doi.org/10.1128/AEM.01567-07
https://doi.org/10.1086/343043
https://doi.org/10.1128/mBio.00434-12
https://doi.org/10.1016/j.meegid.2013.12.011
https://doi.org/10.1371/journal.pone.0149345
https://doi.org/10.1093/pnasnexus/pgad234
https://www.ncbi.nlm.nih.gov/pubmed/37559749
https://doi.org/10.1371/journal.pone.0022926
https://www.ncbi.nlm.nih.gov/pubmed/21829670
https://doi.org/10.1128/IAI.67.7.3518-3524.1999
https://www.ncbi.nlm.nih.gov/pubmed/10377134
https://doi.org/10.4269/ajtmh.2008.78.806
https://doi.org/10.1086/592279
https://doi.org/10.1371/journal.pone.0167810
https://doi.org/10.1098/rspb.2021.2087


Pathogens 2023, 12, 1238 8 of 8

28. Marcinkiewicz, A.L.; Brangulis, K.; Dupuis, A.P.; Hart, T.M.; Zamba-Campero, M.; Nowak, T.A.; Stout, J.L.; Akopjana, I.; Kazaks,
A.; Bogans, J.; et al. Structural Evolution of an Immune Evasion Determinant Shapes Pathogen Host Tropism. Proc. Natl. Acad.
Sci. USA 2023, 120, e2301549120. [CrossRef]

29. de Taeye, S.W.; Kreuk, L.; van Dam, A.P.; Hovius, J.W.; Schuijt, T.J. Complement Evasion by Borrelia burgdorferi: It Takes Three to
Tango. Trends Parasitol. 2013, 29, 119–128. [CrossRef]

30. Kuo, M.M.; Lane, R.S.; Giclas, P.C. A Comparative Study of Mammalian and Reptilian Alternative Pathway of Complement-
Mediated Killing of the Lyme Disease Spirochete (Borrelia burgdorferi). J. Parasitol. 2000, 86, 1223–1228. [CrossRef]

31. van Dam, A.P.; Oei, A.; Jaspars, R.; Fijen, C.; Wilske, B.; Spanjaard, L.; Dankert, J. Complement-Mediated Serum Sensitivity
among Spirochetes That Cause Lyme Disease. Infect. Immun. 1997, 65, 1228–1236. [CrossRef] [PubMed]

32. Bhide, M.R.; Travnicek, M.; Levkutova, M.; Curlik, J.; Revajova, V.; Levkut, M. Sensitivity of Borrelia Genospecies to Serum
Complement from Different Animals and Human: A Host–Pathogen Relationship. FEMS Immunol. Med. Microbiol. 2005, 43,
165–172. [CrossRef] [PubMed]

33. Brade, V.; Kleber, I.; Acker, G. Differences of Two Borrelia burgdorferi Strains in Complement Activation and Serum Resistance.
Immunobiology 1992, 185, 453–465. [CrossRef] [PubMed]

34. Breitner-Ruddock, S.; Würzner, R.; Schulze, J.; Brade, V. Heterogeneity in the Complement-Dependent Bacteriolysis within the
Species of Borrelia burgdorferi. Med. Microbiol. Immunol. 1997, 185, 253–260. [CrossRef]

35. Schuijt, T.J.; Hovius, J.W.R.; van Burgel, N.D.; Ramamoorthi, N.; Fikrig, E.; van Dam, A.P. The Tick Salivary Protein Salp15 Inhibits
the Killing of Serum-Sensitive Borrelia burgdorferi Sensu Lato Isolates. Infect. Immun. 2008, 76, 2888–2894. [CrossRef]

36. Rulison, E.L.; Kuczaj, I.; Pang, G.; Hickling, G.J.; Tsao, J.I.; Ginsberg, H.S. Flagging versus Dragging as Sampling Methods for
Nymphal Ixodes scapularis (Acari: Ixodidae). J. Vector Ecol. 2013, 38, 163–167. [CrossRef]

37. Oliver, J.H.; Kollars, T.M.; Chandler, F.W.; James, A.M.; Masters, E.J.; Lane, R.S.; Huey, L.O. First Isolation and Cultivation of
Borrelia burgdorferi Sensu Lato from Missouri. J. Clin. Microbiol. 1998, 36, 1–5. [CrossRef]

38. Pearson, P.; Skaltsis, O.; Luo, C.-Y.; Xu, G.; Oppler, Z.; Brisson, D.; Rich, S.M. A Borrelia burgdorferi Outer Surface Protein C (OspC)
Genotyping Method Using Luminex Technology. PLoS ONE 2022, 17, e0269266. [CrossRef]

39. Pearson, P.; Rich, C.; Feehan, M.J.R.; Ditchkoff, S.S.; Rich, S.M. White-Tailed Deer Serum Kills the Lyme Disease Spirochete,
Borrelia burgdorferi. Vector-Borne Zoonotic Dis. 2023, 23, 303–305. [CrossRef]

40. Nelson, D.R.; Rooney, S.; Miller, N.J.; Mather, T.N. Complement-Mediated Killing of Borrelia burgdorferi by Nonimmune Sera from
Sika Deer. J. Parasitol. 2000, 86, 1232–1238. [CrossRef]

41. Nowak, T.A.; Lown, L.A.; Marcinkiewicz, A.L.; Sürth, V.; Kraiczy, P.; Burke, R.; Lin, Y.-P. Outer Surface Protein E (OspE) Mediates
Borrelia burgdorferi Sensu Stricto Strain-Specific Complement Evasion in the Eastern Fence Lizard, Sceloporus Undulatus. Ticks
Tick-Borne Dis. 2023, 14, 102081. [CrossRef] [PubMed]

42. Alitalo, A.; Meri, T.; Rämö, L.; Jokiranta, T.S.; Heikkilä, T.; Seppälä, I.J.T.; Oksi, J.; Viljanen, M.; Meri, S. Complement Evasion by
Borrelia burgdorferi: Serum-Resistant Strains Promote C3b Inactivation. Infect. Immun. 2001, 69, 3685–3691. [CrossRef] [PubMed]

43. Lachmann, P.J. Preparing Serum for Functional Complement Assays. J. Immunol. Methods 2010, 352, 195–197. [CrossRef] [PubMed]
44. Lagal, V.; Portnoï, D.; Faure, G.; Postic, D.; Baranton, G. Borrelia burgdorferi Sensu Stricto Invasiveness Is Correlated with

OspC–Plasminogen Affinity. Microbes Infect. 2006, 8, 645–652. [CrossRef]
45. Önder, Ö.; Humphrey, P.T.; McOmber, B.; Korobova, F.; Francella, N.; Greenbaum, D.C.; Brisson, D. OspC Is Potent Plasminogen

Receptor on Surface of Borrelia burgdorferi. J. Biol. Chem. 2012, 287, 16860–16868. [CrossRef]
46. Bierwagen, P.; Szpotkowski, K.; Jaskolski, M.; Urbanowicz, A. Borrelia Outer Surface Protein C Is Capable of Human Fibrinogen

Binding. FEBS J. 2019, 286, 2415–2428. [CrossRef]
47. Caine, J.A.; Lin, Y.-P.; Kessler, J.R.; Sato, H.; Leong, J.M.; Coburn, J. Borrelia burgdorferi Outer Surface Protein C (OspC) Binds

Complement Component C4b and Confers Bloodstream Survival. Cell. Microbiol. 2017, 19, e12786. [CrossRef]
48. Lin, Y.-P.; Tan, X.; Caine, J.A.; Castellanos, M.; Chaconas, G.; Coburn, J.; Leong, J.M. Strain-Specific Joint Invasion and Colonization

by Lyme Disease Spirochetes Is Promoted by Outer Surface Protein C. PLoS Pathog. 2020, 16, e1008516. [CrossRef]
49. Carrasco, S.E.; Troxell, B.; Yang, Y.; Brandt, S.L.; Li, H.; Sandusky, G.E.; Condon, K.W.; Serezani, C.H.; Yang, X.F. Outer Surface

Protein OspC Is an Antiphagocytic Factor That Protects Borrelia burgdorferi from Phagocytosis by Macrophages. Infect. Immun.
2015, 83, 4848–4860. [CrossRef]

50. Mukherjee, P.G.; Liveris, D.; Hanincova, K.; Iyer, R.; Wormser, G.P.; Huang, W.; Schwartz, I. Borrelia burgdorferi Outer Surface
Protein C Is Not the Sole Determinant of Dissemination in Mammals. Infect. Immun. 2023, 91, e00456-22. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1073/pnas.2301549120
https://doi.org/10.1016/j.pt.2012.12.001
https://doi.org/10.1645/0022-3395(2000)086[1223:ACSOMA]2.0.CO;2
https://doi.org/10.1128/iai.65.4.1228-1236.1997
https://www.ncbi.nlm.nih.gov/pubmed/9119456
https://doi.org/10.1016/j.femsim.2004.07.012
https://www.ncbi.nlm.nih.gov/pubmed/15681146
https://doi.org/10.1016/S0171-2985(11)80087-2
https://www.ncbi.nlm.nih.gov/pubmed/1452216
https://doi.org/10.1007/s004300050038
https://doi.org/10.1128/IAI.00232-08
https://doi.org/10.1111/j.1948-7134.2013.12022.x
https://doi.org/10.1128/JCM.36.1.1-5.1998
https://doi.org/10.1371/journal.pone.0269266
https://doi.org/10.1089/vbz.2022.0095
https://doi.org/10.1645/0022-3395(2000)086[1232:CMKOBB]2.0.CO;2
https://doi.org/10.1016/j.ttbdis.2022.102081
https://www.ncbi.nlm.nih.gov/pubmed/36403322
https://doi.org/10.1128/IAI.69.6.3685-3691.2001
https://www.ncbi.nlm.nih.gov/pubmed/11349031
https://doi.org/10.1016/j.jim.2009.11.003
https://www.ncbi.nlm.nih.gov/pubmed/19909755
https://doi.org/10.1016/j.micinf.2005.08.017
https://doi.org/10.1074/jbc.M111.290775
https://doi.org/10.1111/febs.14810
https://doi.org/10.1111/cmi.12786
https://doi.org/10.1371/journal.ppat.1008516
https://doi.org/10.1128/IAI.01215-15
https://doi.org/10.1128/iai.00456-22

	Differential Resistance of Borrelia burgdorferi Clones to Human Serum-Mediated Killing Does Not Correspond to Their Predicted Invasiveness
	Recommended Citation

	Introduction 
	Materials and Methods 
	B. burgdorferi ospC Clone Isolation and Characterization 
	Human Serum Collection and Validation 
	Serum Sensitivity Assay 
	Statistical Analysis 

	Results 
	Discussion 
	References

