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Disrupting transmission of Borrelia burgdorferi sensu lato complex (B. burgdorferi) from infected ticks to humans is one
strategy to prevent the significant morbidity from Lyme disease. We have previously shown that an anti-OspA human
mAb, 2217, prevents transmission of B. burgdorferi from infected ticks in animal models. Maintenance of a protective
plasma concentration of a human mAb for tick season presents a significant challenge for a preexposure prophylaxis
strategy. Here, we describe the optimization of mAb 2217 by amino acid substitutions (2217LS: M428L and N434S) in the
Fc domain. The LS mutation led to a 2-fold increase in half-life in cynomolgus monkeys. In a rhesus macaque model,
2217LS protected animals from tick transmission of spirochetes at a dose of 3 mg/kg. Crystallographic analysis of Fab in
complex with OspA revealed that 2217 bound an epitope that was highly conserved among the B. burgdorferi, B. garinii,
and B. afzelii species. Unlike most vaccines that may require boosters to achieve protection, our work supports the
development of 2217LS as an effective preexposure prophylaxis in Lyme-endemic regions, with a single dose at the
beginning of tick season offering immediate protection that remains for the duration of exposure risk.
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Introduction
Lyme disease is a bacterial infection that is transmitted through 
the bite of infected Ixodes ticks. The vast majority of cases of Lyme 
disease occur during the spring, summer, or fall and are caused by 
questing ticks carrying Borrelia burgdorferi sensu lato complex (B. 
burgdorferi). Lyme disease in humans is characterized by erythema 
migrans (EM); fever; fatigue; musculoskeletal pain; and the poten-
tial for neurological, cardiac, or joint manifestations. The CDC has 
estimated that over 476,000 Americans are diagnosed with and 
treated for Lyme disease each year (1, 2). In Europe, approximately 
85,000 Lyme disease cases occur annually (3). Worldwide, 3 main 
species of B. burgdorferi sensu lato complex are associated with 
Lyme disease in humans. B. burgdorferi is the main cause of Lyme 
disease in North America; B. garinii and B. afzelii are the prevalent 
strains that cause the disease in European and Asian countries (4). 
Humans can become infected by nymphs or less commonly adult 
ticks that are infected with B. burgdorferi (5).

Transmission of B. burgdorferi from ticks to vertebrate hosts 
can be blocked in animal models by polyclonal antibodies raised 
against the bacterial outer surface protein A (OspA) as well as by 
a mAb (LA-2) directed against a specific OspA epitope (6). Based 
on the effectiveness of OspA-specific humoral immunity in ani-
mal models, human vaccines containing recombinant OspA of 
B. burgdorferi were developed for the prevention of Lyme dis-
ease. Large-scale clinical trials demonstrated the effectiveness 
of a triple-dose OspA vaccine that protected up to 92% of human 
volunteers (3). However, the vaccine was voluntarily removed 
from the market for multiple reasons, including the low risk of 
Lyme disease in many parts of the country, the need for repeated  
injections, the relatively high cost compared with antibiotic 
treatment during early infection, a middling endorsement by 
the public health community, and potential safety concerns over 
reactivity with a hypothetical arthritogenic portion of the OspA 
protein. No vaccine is currently available to prevent human Lyme 
disease, although there is a vaccine candidate in phase II clinical 
trials (7–9). Furthermore, public acceptance of a Lyme vaccine is 
uncertain, given the failure of prior efforts and prevailing skepti-
cism regarding vaccines. Thus, there is an urgent need to develop 
a novel approach for prevention of Lyme disease.

We developed a panel of anti-OspA human mAbs (HuMAbs) as 
potential prophylaxis for Lyme disease (10). In particular, HuMAb 
2217 was shown to be borreliacidal (EC50 < 1 nM) against B. burg-
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In this study, we engineered half-life extension mutations 
M428L and N434S in antibody 2217 (2217LS) and character-
ized antibody pharmacokinetics and efficacy in mice and non-
human primate models of Lyme disease. Our study demon-
strated that 2217LS had an extended half-life and was able to 
prevent the transmission of B. burgdorferi from ticks to mice 
and nonhuman primates.

Results
Engineering and efficacy characterization of 2217LS. We previously  
developed a panel of anti–OspA IgG HuMAbs that demonstrat-
ed strong efficacy against tick transmission of B. burgdorferi in 
a murine challenge model. The lead candidate, 2217, protect-
ed mice against spirochete transmission during an infected tick 
blood meal at a dose of 5 mg/kg (10). To extend the antibody 
half-life of 2217, LS (M428L and N434S) mutations were engi-
neered into the Fc domain by site-directed mutagenesis. ELISA  
and a borreliacidal assay were conducted to evaluate in vitro 
functional activities of 2217LS. The EC50 for B. burgdorferi OspA 
in ELISA was comparable between 2217 (0.47 ± 0.01 nM) and 
2217LS (0.56 ± 0.03 nM) (Figure 1A), and the EC50 for B. burg-
dorferi in the borreliacidal assay increased from 0.48 ± 0.32 nM 
for 2217 to 3.71 ± 2.81 nM for 2217LS (Figure 1B). To determine 
whether 2217LS retained in vivo efficacy despite the slightly 
reduced in vitro potency, 2217 and 2217LS were compared in a 
murine challenge model. HuMAb 2217 or 2217LS was adminis-
tered to C3H/HeJ mice challenged with B. burgdorferi–infected  

dorferi, B. afzelii, and B. garinii, the 3 main genospecies endemic 
in the United States, Europe, and Asia. When passively admin-
istered to mice prior to challenge with B. burgdorferi–infected  
Ixodes ticks, HuMAb 2217 completely prevented transmission 
after a single dose of 10 mg/kg.

One challenge to developing 2217 for Lyme disease preven-
tion is to ensure that the antibody sustains a protective plasma 
concentration for the entire tick season. Although typical human 
IgG1 antibodies have an average half-life of 21 days, advances  
in antibody modification over the last decade have dramatically 
extended antibody half-life (11). Antibody IgG half-life is deter-
mined by its interaction with the neonatal Fc receptor (FcRn), 
which binds IgG in a pH-dependent manner and protects it 
from degradation. Mutations that prolong antibody half-life 
were identified by modulating antibody Fc domain binding to 
FcRn. Specifically, the YTE (M252Y, S254T, and T256E) and LS 
(M428L and N434S) mutations demonstrated significant exten-
sion of antibody half-life in animal and human studies (12–16). 
It was recently reported that an LS-mutated antibody against 
HIV (VRC01LS) resulted in sustained serum concentration of 10 
μg/mL over 5 months after a single 5 mg/kg dose (15, 16). Thus, 
we reason that, unlike the previously approved Lyme vaccine 
(LYMERix), which required repeat boosters to achieve immuni-
ty, administration of a single dose of a half-life–extended anti-
OspA human mAb at the beginning of the tick season could 
be sufficient for protection during the period of risk in Lyme- 
endemic regions of North America.

Figure 1. Efficacy characterization of 2217LS. (A) The binding activity of 2217 (red circles) and 2217LS (blue squares) was determined by ELISA against B. 
burgdorferi outer surface protein A (OspA) using ELISA. The EC50 values were calculated and represent the concentration of mAb required for a 50% reduc-
tion in absorbance measured at 405 nm. Binding data are plotted as n = 3 independent studies. (B) The borreliacidal activity of 2217 and 2217LS was deter-
mined by incubating 2217 and 2217LS (0.4 nM to 50 nM) with B. burgdorferi spirochetes. The viability of spirochetes was quantified by luciferase detection 
and normalized against an irrelevant IgG control. The percentages of live spirochetes were plotted as n = 4 independent studies. The EC50 for B. burgdorferi 
increased from 0.48 ± 0.32 nM for 2217 to 3.71 ± 2.81 nM for 2217LS. Whiskers represent minimum and maximum. Boxes represent IQR. Line represents the 
median, and dots represent data points (n = 4 for each group). (C) The in vivo efficacy was determined by challenging mice that were administered 5 mg/
kg of either 2217 or 2217LS. The results indicated that 90% of mice (n = 10) treated with 2217LS were protected, which is comparable to the 93% of mice  
(n = 15) that were protected by 2217. Protection comparisons were conducted using 2-sided Fisher’s exact test. 
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2217LS blocks transmission of B. burgdorferi in a nonhuman 
primate model. To determine the dose required for protection, 
2217LS was tested in a recently developed nonhuman primate 
tick transmission model. This nonhuman primate model closely  
mimics the transmission, pathology, and progression of Lyme 
disease in humans (18, 19). To ensure tick containment and 
feeding, we utilized a modified LeFlap tick-containment device 
that was attached to the primates after they were injected with 
anti-OspA HuMAbs. Previous nonhuman primate studies utiliz-
ing this containment method have had 90% success rates of tick 
feeding and B. burgdorferi transmission (19). Twenty-two rhe-
sus macaques (Macaca mulatta) were divided into 5 treatment 
groups and administered either 2217LS or an irrelevant HuMAb 
by i.v. injection (Figure 3). 2217LS was administered at 90 mg/
kg (group 1; n = 4), 30 mg/kg (group 2; n = 5), 10 mg/kg (group 
3; n = 6), or 3 mg/kg (group 4; n = 4). The irrelevant HuMAb was 
administered at 10 mg/kg (group 5; n = 3). In order to determine 
the level of antibody needed for protection, serum samples were 
collected just prior to challenge (24 hours after administration). 
The antibody concentrations in the serum for each group were 
proportional to the difference in dose levels (Supplemental Fig-
ure 1, A and B). Group 1 had a Cmax of 1122 ± 209 μg/mL, group 2 
had a Cmax of 390 ± 58 μg/mL, group 3 had a Cmax of 147 ± 84 μg/
mL, and group 4 had a Cmax of 41 ± 5 μg/mL. Additional serum 
samples were collected after the 24-hour time point through 63 
days after administration, and tissue samples were collected 
weekly after the ticks were removed for 4 weeks.

All animals were screened for anti-drug antibody (ADA) 
responses by detection of nonhuman primate IgGs against 
2217LS or the irrelevant IgG. Four out of 18 of the animals had 
ADA responses. These animals were distributed among the 10, 
30, and 90 mg/kg groups, suggesting that the responses were 
not concentration dependent. Two of the animals in the irrele-
vant IgG group had similar ADA responses. Importantly, these 
responses appeared after day 7 and did not significantly affect 
2217LS serum concentration during the acute challenge period 
(Supplemental Figure 1C).

nymphs. Efficacy was determined by preventing spirochete trans-
mission between nymphs and the mouse (Supplemental Table 1; 
supplemental material available online with this article; https://
doi.org/10.1172/JCI144843DS1). The results indicated that 9 
of 10 mice (90%) treated with 5 mg/kg 2217LS were protected, 
which is comparable to 14 of 15 mice (93%) that were protected by 
2217 (P > 0.99; Figure 1C). Overall, these results indicated that the 
slight reduction of in vitro bactericidal activity observed with the 
LS mutation did not affect the in vivo protective efficacy of 2217.

LS mutation extends half-life in FcRn-transgenic mice. To assess 
the change in pharmacokinetics conferred by the LS mutations, 
2217LS was compared with 2217 in a human FcRn–transgenic 
mouse model that provides a relative comparison for half-life dif-
ferences in humans. These animals lack the endogenous mouse 
FcRn α gene and express the human FcRn α gene on 1 allele under 
control of the native FcRn promoter (17). Human FcRn–transgen-
ic mice (n = 10) received a single i.p. injection containing a col-
lection of mAbs with known human half-lives as well as 2217 or 
2217LS administered at 1 mg/kg. Serum was collected over sev-
eral days and used to determine antibody concentration (Figure 
2A). Half-life was then calculated by noncompartmental analysis 
(NCA) using Phoenix WinNonlin software. Relative to 2217, the 
LS modification extended the half-life of 2217 by 2.0 times, from 
8.0 ± 0.4 days to 16.0 ± 1.1 days (P = 0.0105).

LS mutation extends half-life in nonhuman primates. Non-
human primates represent a closer model to humans than 
FcRn-transgenic mice, allowing for more predictive half-life 
modeling. Cynomolgos monkeys were administered 2217 (n = 4) 
or 2217LS (n = 4) by i.v. injection at 10 mg/kg (Figure 2B). Serum 
was collected over the course of 86 days and assayed by ELISA 
to determinate the concentration of the antibodies in the serum. 
These concentrations were used to calculate half-lives by NCA 
using Phoenix WinNonlin software. Relative to 2217, the LS mod-
ification extended the half-life of 2217 by 2.1 times, from 15.41 ± 
7.5 days to 31.8 ± 2.5 days (P = 0.006). The 2-fold increase aligns 
with our data in FcRn mice and other nonhuman primate studies 
involving half-life extension with the LS modification (16).

Figure 2. LS mutation extends half-life of 2217 in FcRn mice and nonhuman primates. Observed 2217 (red circles) and 2217LS (blue squares) serum 
pharmacokinetic profile after a single dose of (A) 1 mg/kg in transgenic FcRn mice (n = 16 per group) and (B) 10 mg/kg in cynomolgus monkeys (n = 
4 per group). The LS mutation reduced 2217 clearance in both species, leading to an observed 2-fold increase in half-life in both species (mouse P = 
0.0105; nonhuman primate P = 0.006). Half-life comparisons were conducted using 2-sided Student’s t test. Symbols represent the means for each 
animal tested in n = 3 independent assays.
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any cultures of these animals. Therefore, we denoted these ani-
mals as negative in Table 1.

Skin biopsies were also assessed for spirochetal DNA. Aliquots 
were taken weekly from the skin biopsy cultures and analyzed by 
PCR using primers designed against the OspA gene of B. burgdor-
feri. An aliquot from an in vitro B. burgdorferi culture (1 × 107 spi-
rochetes/mL) in BSK-H medium was used as a positive control. All 
weekly aliquots of the cultures with a few exceptions came back as 
PCR negative for the OspA gene in consecutive weeks throughout 
the 6-week culture observation period. The aforementioned excep-
tions were 3 animals in the 90 mg/kg group (RA3835, RA3896, and 
RA3901). Faint positive bands were found during PCR analysis of 
1 of the 4 tissue biopsy cultures taken from each animal. However,  
these faint bands were only observed during the second week of 
cultures and were not found in any subsequent weekly analysis. 
Therefore, we denoted these animals as negative in Table 1.

Culturing spirochetes from skin biopsies has been shown to be 
highly variable, especially from primates (20). In the absence of 

All animals were challenged with 20 B. burgdorferi–infected 
nymphs. This represents a significantly greater challenge than a 
single tick, which would be more typical of a natural encounter in 
human infection. Skin biopsies were taken weekly during the first 
4 weeks after infection. Biopsies were cultured in BSK-H medium 
for 6 weeks and observed under dark-field microscopy for the pres-
ence (+) or absence (–) of spirochetes (Table 1). A positive culture 
(+) was defined as the observation of motile spirochetes in con-
secutive weeks throughout the 6-week culture observation period. 
One animal in the 2217LS 10 mg/kg group and one in the irrele-
vant IgG group yielded culture-positive skin biopsies. In each of 
these animals, live spirochetes were observed in 1 biopsy among 
the 4 biopsies taken from animals. Further, dead or nonmotile 
spirochetes were observed in the skin biopsy cultures from some 
animals, including animals G67H and J797 (10 mg/kg); RA3836, 
RA3869, and RA3875 (3 mg/kg); and G72G and J393 (control IgG) 
groups, but just within the first 2 weeks of the 6-week-long culture 
and observation period. No live spirochetes were ever observed in 

Figure 3. 2217LS blocks transmission of Borrelia burgdorferi in a nonhuman primate model. (A) Schematic of nonhuman primate tick challenge model 
showing time points for group assignment, antibody administration, challenge, sample collections, and analysis biopsy. Animals were assigned to 1 of 5 
treatment groups based on sex, weight, and ADA response. Animals were i.v. administered 90, 30, 10, or 3 mg/kg of 2217LS or 10 mg/kg of an irrelevant 
HuMAb. Animals were challenged with B. burgdorferi–infected ticks 24 hours later. Ticks were given 6 days to take a blood meal. On day 7, the ticks were 
collected. Tissue (days 7, 14, 21, and 28) and serum (days –7, 0, 1, 7, 14, 21, 28, 45, and 63) samples were collected and analyzed for pharmacokinetics and 
efficacy. Figure was created with BioRender.com.
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mals in the 3, 10, 30, and 90 mg/kg groups were protected, with no 
detectable IgG response against all tested antigens. This observa-
tion is consistent with the anti-C6 ELISA data, suggesting that all 
2217LS-treated groups resulted in 83%–100% protection.

Structure of Fab 2217 in complex with OspA. To obtain a 
detailed molecular understanding of the interaction between 
2217 and OspA, we examined the x-ray crystal structure of Fab 
2217 in complex with OspA. The Fab-OspA structure was solved 
at 3.0 Å resolution in the C2 space group and formed a 1:1 stoi-
chiometric complex (Figure 5A) with 2 Fab-OspA complexes in 
the crystallographic asymmetric unit. The 2 Fab-OspA structures 
within the crystallographic asymmetric unit were very similar to 
each other, with a root-mean-square deviation (RMSD) of 0.8 Å 
between 667 residues from each molecule upon superposition, 
indicating no major structural differences between each Fab-
OspA complex. After molecular replacement calculations were 
performed, the resulting phase information was used to calculate 
electron density maps utilized to manually insert 2217 residues 
into the model and manually build other regions of 2217 and 
OspA within the Fab 2217-OspA model. Crystallographic and 
refinement data for the Fab 2217-OspA structure demonstrated 
a refined molecular model that is consistent with the crystallo-
graphic data as well as excellent geometry (Supplemental Table 
2). Fab 2217 assumed the canonical Fab structure with 2 heavy 
chain Ig domains (VH and CH1) and 2 light Ig domains (VL and CL), 
each containing 7–9 β-strands arranged in 2 β-sheets that folded 
into a 2-layer sandwich with all 6 complementarity-determining 
regions (CDRs) (L1, L2, L3, H1, H2, and H3) on 1 face of the Fab 

an EM rash, the biopsies were taken near the papules that serve 
as evidence of the tick bite site. In a human with EM, the biopsy 
would be taken from the leading edge. The skin sample collec-
tion from primates might not reflect the dispersion of spirochetes, 
leading to negative culture results.

Seroconversion for IgG antibodies against the B. burgdorferi 
antigen C6, a synthetic peptide of the invariable region 6 of VlsE 
(variable major protein-like sequence, expressed), was measured 
by ELISA to analyze transmission as an indicator of efficacy. Only 
one animal, in the 2217LS 10 mg/kg group, showed evidence 
of transmission as measured by seroconversion to C6 antigen. 
Anti-C6 IgGs increased by 21 days after tick exposure, which 
mirrored the seroconversion of irrelevant IgG–treated animals 
(Figure 4A). All remaining animals in the 3, 10, 30, and 90 mg/
kg groups were protected, with no detectable IgG response against 
the C6 peptide (Figure 4A).

To confirm the C6 peptide ELISA result, a multiplex bead 
array assay was conducted to provide quantitative measurement 
of seroconversion to a series of antigens, including B. burgdorferi 
antigens C6 (Figure 4B), OspA (Figure 4C), outer surface protein C 
(OspC) (Figure 4D), decorin-binding protein A (DpbA) (Figure 4E), 
and oligopeptide permease A2 (OppA2) (Figure 4F). This assay has 
higher sensitivity and specificity than the enzyme immunoassay 
and the 2-tier test, which are typically used for Lyme diagnosis 
(21). The multianalyte analysis showed increases in IgG against 
OspA, DpbA, C6, OspC, and OppA2 over time (day 21 and day 63) 
in the control group animals as well as 1 animal in the 10 mg/kg 
group that showed C6 seroconversion. In contrast, all other ani-

Table 1. Detection of B. burgdorferi transmission in nonhuman primates

Treatment Animal number ObservationsA PCRA C6 ELISA Multiplex IgGB

2217LS 90 mg/kg RA3840 – – – –
RA3835 – – – –
RA3896 – – – –
RA3901 – – – –

2217LS 30 mg/kg RA3837 – – – –
RA3842 – – – –
RA3898 – – – –
RA3899 – – – –
RA3838 – – – –

2217LS 10 mg/kg G67H – – – –
J797 – – + + (C6, OspC, DbpA, OppA2)
G71F + (1/4) – – –

RA3834 – – – –
RA3893 – – – –
RA3897 – – – –

2217LS 3 mg/kg RA3836 – – – –
RA3839 – – – –
RA3869 – – – –
RA3875 – – – –

Irrelevant IgG 10 mg/kg G72G + – + + (C6, OspC, DbpA, OppA2)
J709 + (1/4) – + + (C6, OspC, DbpA, OppA2)
J393 + – + + (C6, OspC, DbpA, OppA2)

AFour tissue samples were collected over the course of 4 weeks from the tick feeding site. BMultiplex assay was conducted against C6, OspA, OspC, DbpA, 
and OppA2 antigens. A “–” denotes negative and “+” denotes positive. 
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Figure 4. 2217LS blocks transmission of Borrelia burgdorferi in a nonhuman primate model. Seroconversion for IgG antibodies against the B. burgdorferi 
antigen C6 were measured by ELISA to analyze transmissions as an indicator of efficacy (A). Only 1 animal, in the 2217LS 10 mg/kg group (red), showed 
evidence of transmission by an increase in anti-C6 IgGs by 21 days after tick exposure, which mirrored the seroconversion of irrelevant IgG–treated animals. 
All remaining animals in the 3 mg/kg (purple), 10 mg/kg (red), 30 mg/kg (yellow), and 90 mg/kg (blue) groups were protected, with no detectable IgG 
response against the C6 peptide, indicating protection levels of 100% with the exception of 83% for 10 mg/kg. Symbols represent the mean for each ani-
mal tested in n = 3 independent assays. ELISA results were confirmed by 5-antigen fluorescent bead–based assay using C6 (B), OspA (C), OspC (D), DbpA 
(E), and OppA2 (F) antigens. Data are plotted as the mean ± SD of n = 3 independent assays.
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molecule. OspA contained 1 antiparallel β-sheet composed of 20 
antiparallel β-strands (referred to as β-strands 1 to 20) connecting 
globular N- and C-terminal domains followed by a single α-helix 
(referred to as α-helix A) (Figure 5B). The OspA structure bound 
to Fab 2217 was very similar to the OspA-alone structure (Protein 
Data Bank [PDB] ID 2G8C), with an RMSD of 1.1 Å between 244 
residues within each molecule upon superposition, demonstrat-
ing no major conformational changes in OspA when bound to Fab 
2217 relative to the unbound form of OspA.

Interaction between 2217 and OspA. Altogether, the interaction 
between Fab 2217 and OspA buried a total surface area of 1440 
Å2, generating 7 hydrogen bonds and 5 salt bridges. Five of the 
7 hydrogen bonds formed between 2217 H1 residue Tyr-32 and 
OspA Asp-105, H2 residue Tyr-52 and OspA residue Glu-128, H3 
residue Arg-92 and OspA residue Glu-128, H3 residue Arg-102 
and OspA residue Lys-107, and H3 residue Tyr-103 and OspA 
residue Glu-124. The 2 hydrogen bonds formed between 2217 VL 
domain and OspA involved L2 residues Asp-50 and Ser-52 with 
Lys-87 from OspA (Figure 5C). The 4 salt bridges formed between 
2217 H2 residues Asp-55 and Asp-57 with OspA residue Lys-129, 
β-strand residue Arg-59 and OspA’s Glu-131, and residue Asp-
109 with OspA’s Lys-107. Fab 2217’s VL domain participated in 
the fifth salt bridge between L2 residue Glu-55 and Lys-107 from 

OspA (Figure 5D). Overall, the interface between Fab 2217 and 
OspA was dominated by the 2217 VH domain, which contributed 
1038 Å2 to the total buried surface area while participating in 5 of 
the 7 hydrogen bonds and 4 of the 5 salt bridges. All 6 2217 CDRs 
interacted with the central region of OspA’s elongated β-sheet; 
H1, H2, H3, and L2 contributed most to the interaction; L1 with 
L3 made minor contributions to the interface with OspA. More 
specifically, L1–L3 contacted residues 68 within the loop segment 
between β-strands 3–4; residues 75, 77, 87, 92, 100, 102, and 112 
in β-strands 4–7; and 106–107 and 109 within the loop segment 
between β-strands 6–7. L1 also associated with Lys-193 from the 
loop between β-strands 14–15 in OspA. H1–H3 made connections 
with OspA residues 100, 102, 112, 124, 126, and 132 in β-strands 
6–9 along with residues 105, 107–109, 128–132, and 152 from the 
loops between β-strands 6–7, 8–9, and 9–10, respectively. H3 also 
contacted Lys-193 within the loop between β-strands 14–15 in 
OspA (Figure 5, A and B).

Discussion
We demonstrated that 2217LS, a potent half-life–extended HuM-
Ab, was capable of protecting nonhuman primates from trans-
mission of spirochetes at a dose as low as 3 mg/kg when adminis-
tered prior to challenge with 20 B. burgdorferi–infected ticks. The 

Figure 5. Structure of OspA-2217 
complex. (A) The structure of OspA 
is colored green in complex with Fab 
2217; the Fab heavy chain (VH and CH1) is 
colored cyan; the light chain (VL and CL) 
is colored magenta; all 3 are depicted 
as ribbon diagrams. Light and heavy 
chain CDRs 1, 2, and 3 are labeled L1, L2, 
and L3 and H1, H2, and H3, respective-
ly. OspA residues that bind Fab 2217 
are colored blue, with β-strands 4–9 
labeled. (B) OspA-interacting resi-
dues with OspA drawn alone (green) 
displaying the 2217-binding residues 
colored blue and depicted as a ribbon 
diagram. Below is OspA in the exact 
same orientation as the ribbon diagram 
above drawn as a green surface; the 
blue surface area highlights the OspA 
epitope with Fab 2217. Close-up of 
representative interactions between 
OspA (green) and Fab 2217 depicting (C) 
H-bonds and (D) salt bridges. The 2217 
Fab heavy chain is colored cyan and the 
Fab 2217 light chain is colored magenta. 
All side chains are drawn as sticks and 
color coordinated to the main chain  
color with nitrogen atoms shown in 
blue and oxygen atoms in red. Hydrogen 
bonds are represented as red dashes  
in C and salt bridges are represented as 
yellow dashes in D.
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antidrug responses and human antidrug responses with the same 
antibodies (23). Additionally, by administering different doses of 
2217LS to the animals and measuring the antibody concentration 
immediately prior to tick challenge, we were able to estimate a 
range of 2217LS serum concentrations that provide complete pro-
tection from the transmission of B. burgdorferi by infected ticks to 
a primate host. The range of protective 2217LS serum concentra-
tions determined by this study needs to be combined with 2217LS 
human pharmacokinetic data to generate the model necessary 
for estimating a range of human doses that would result in serum 
concentrations above the minimum protective level for the 6- to 
8-month target window.

The rhesus model has limitations. The infectivity of spiro-
chetes delivered by ticks appears to depend on the blood meal. We 
do not have infectivity data from capillary-fed nymphs, but one 
study indicated that the ID50 for mice with spirochetes from fed 
ticks was approximately 30 organisms (24). Studies also showed 
that resting nymphs (4 weeks after molting from blood meal) pla-
teau at roughly 1 × 104 spirochetes per tick (25). However, a cap-
illary feeding method, not a blood meal, was used to infect the 
nymphs for this study. Infection was confirmed after the high-
dose delivery, but the number of infectious spirochetes at the time 
of infection was not enumerated. The untreated control animals 
served to demonstrate the infectivity of spirochetes transmitted 
from ticks, all of which were derived from the same cohort.

Additionally, compared with mice, the spirochete burden  
is very low and the size of primates makes direct detection 
immensely challenging. The ability to culture spirochetes from 
skin biopsies proved to be highly variable. In the absence of an 
EM rash, the biopsies were taken near the papules that serve as 
evidence of the tick bite site. In a human with EM, the biopsy 
would be taken from the leading edge. Without the EMs, the skin 
sample collection might not reflect the dispersion of spirochetes, 
leading to negative culture results. This is in agreement with pre-
vious studies showing the ability to assess direct infection in pri-
mates using skin biopsies is not overly reliable and needs the sup-
port of other methods, including xenodiagnoses, PCR, RT-PCR, 
and immunofluorescence of necropsy tissues (26, 27). Therefore, 
serology should be weighed more heavily than skin biopsy for 
diagnosis of breakthrough events.

Analysis of the crystal structure of Fab 2217 in complex with 
OspA revealed that 2217 recognized a conformational epitope on 
OspA relative to the 2 previously described structures of Fab 184.1 
(PDB ID 1OSP) (28) and Fab LA-2 (PDB ID 1FJ1) (29) in complex 
with OspA (Supplemental Figure 2, A and B). Fab 184.1 interacted 
principally with the N-terminal domain of OspA, a nonprotective 
epitope that is membrane tethered in the spirochete. In contrast, 
LA-2 interacted with the C-terminal domain of OspA located 
approximately 81 Å away from the membrane-tethered region, 
which makes it more accessible for protective antibody interaction. 
Fab 2217 binds the central β-sheet region of OspA, which is differ-
ent from the epitopes of both LA-2 and 184.1. Although both LA-2 
and 2217 ostensibly interact with accessible regions, 2217 binds 
to more conserved areas of OspA. We have previously shown that 
2217 is a potent antibody with cross-borreliacidal activity against 
all 3 main genospecies, including B. burgdorferi, B. afzelii, and B. 
garinii, for Lyme disease (10). The sequence similarity for OspA 

administration of a protective antibody with half-life extension 
could be an effective strategy for preexposure prophylaxis against 
Lyme disease.

The feasibility of using human mAbs for preexposure prophy-
laxis has been shown with palivizumab for preventing respiratory 
syncytial virus (RSV) infection in premature infants. In this pediat-
ric setting, a passively administered mAb is both safe and effective 
and provides immediate immunity of known titer, specificity, and 
duration. Here, we explored a similar strategy to be employed to 
prevent Lyme disease infections. Preexposure prophylaxis with 
2217LS could be administered to individuals living in or visiting 
Lyme-endemic areas. One challenge of such a strategy for Lyme 
disease prevention is to ensure that the antibody offers prolonged 
protection throughout the tick feeding season. To extend serum 
half-life of 2217, double aa substitutions (LS: M428L and N434S) 
were introduced into the Fc domain of 2217 to increase the bind-
ing affinity for the neonatal Fc receptor. This modification led to a 
2-fold increase in half-life in cynomolgus monkeys compared with 
the non-LS antibody, which is comparable to the pharmacokinet-
ics of VRC01LS, an LS-modified broadly neutralizing anti-HIV 
antibody. The VRC01 LS mutant had a 3-fold longer serum half-
life (11.8 days) than WT VRC01 (4.65 days) in nonhuman primates. 
The pharmacokinetic profile of VRC01 was determined recently 
in a phase I human study as a half-life of 71 ± 18 days over the 5–40 
mg/kg i.v. dose range (15). Linear regression analysis of 2217LS 
pharmacokinetics provided a correlation between the observed 
half-lives in FcRn-transgenic mice, in nonhuman primates, and 
the known human half-lives of LS-modified antibodies. The 
resulting human half-life projections indicated that the LS muta-
tion extended the half-life of 2217LS by 2-fold, which is consistent 
with other LS studies. Of note, our 2217 WT antibody had a longer 
half-life of 12 days compared with 4.65 days for VRC01 WT (16). 
The LS mutant resulted in a 2-fold increase of half-life of 31 days 
in nonhuman primates. Thus, the half-life of 2217 LS in humans is 
likely to be similar to or better than VRC01.

Our results established that 2217LS pharmacokinetics in pri-
mates were comparable to the pharmacokinetics of other LS HuM-
Abs in primates that also have human pharmacokinetics data. This 
similarity allowed us to generally estimate the pharmacokinetics 
we might observe in the clinic using modeling based on these 
other LS HuMAbs. Our estimates served the design of the phase I 
study, but the actual 2217LS human pharmacokinetics and immu-
nogenicity can only be determined from human studies, whether 
a single dose or multiple doses. Further, we demonstrated that the 
presence of 2217LS in the blood of the animal prevented transmis-
sion of B. burgdorferi from infected ticks to the host. The rhesus 
macaque model was chosen for the challenge studies because 
these primates recapitulate the early and disseminated phases of 
human Lyme disease, including EM and IgG and IgM responses 
(18, 22). The study was designed with an acute challenge because 
an acute challenge model reduces the potential effects that a 
nonhuman primate antihuman antibody response could have on 
antibody efficacy. These responses typically develop 2 weeks after 
administration, which was the case with 2217LS as well as the irrel-
evant human IgG antibody. Our results are consistent with other 
human antibodies tested in nonhuman primate models, and anal-
ysis has shown limited correlation between nonhuman primate 
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the risk-benefit profile of 2217LS. We are planning to address these 
important questions in our ongoing and planned clinical trials.

Methods
Antibody cloning, expression, and purification. The heavy and light 
chain genes of 2217LS were cloned into a mammalian expression 
vector. CHO-S cells (Invitrogen, R80007) were electroporated with 
the 2217LS expression vector, and transfectants were selected using 
50 μM methionine sulfoximine. Transformants were screened for 
antibody expression and the highest expressing clone (>1 g/L) was  
selected for antibody production in bioreactors. Culture superna-
tant from bioreactors was clarified using flocculation and filtration 
followed by purification using protein A followed by ion exchange 
chromatography. Antibody was formulated at 100 mg/mL in 10 
mM histidine, 200 mM trehalose, 10 mM methionine (pH 5.5) with 
0.05% Tween 80 and was determined to be more than 98% antibody  
monomer–lacking detectable endotoxin.

The heavy and light chain genes of 2217 and an irrelevant IgG iso-
type control directed against a non–B. burgdorferi target were cloned 
into mammalian expression vectors. ExpiCHO-S cells (Invitrogen, 
A29127) were transiently transfected with either expression vectors. 
Antibodies were purified from culture supernatant by fast protein 
liquid chromatography using a protein A column followed by size- 
exclusion chromatography. Purified antibody was dialyzed against 
PBS and concentrated using an Amicon YM-30 Centriprep concentra-
tor as described by the manufacturer. Purified antibody was filter ster-
ilized and protein concentration determined by spectrophotometry.

Expression and purification of OspA. The nucleic acid sequences  
of OspA from B. burgdorferi B31 (NP_045688) were cloned into a 
pET45-His vector in frame with a histidine tag. Primers were designed 
to remove the native signal sequence (aa 1–18) so that it would be 
expressed as a cytoplasmic protein with improved solubility. The 
cloned OspA construct was transformed into BL21-DE3 E. coli bacte-
ria (Invitrogen, C600003), and expression was induced with 1 mM  
isopropyl-β-D-1-thiogalactopyranoside (IPTG). Bacteria were lysed, 
and proteins were purified with Ni-NTA agarose beads (Invitrogen) 
and eluted with 250 mM imidazole (Sigma-Aldrich).

Borreliacidal assay by Bac-Titer Glo detection. Serial dilutions of 
antibodies were made in 100 μL of BSK-H medium containing 10% 
guinea pig complement (Sigma-Aldrich) in a Nunc Edge 96-well plate 
(Thermo Fisher Scientific). A total of 100 μL of B. burgdorferi B31 cul-
ture at a concentration of 5 × 106 spirochetes/mL was added to each 
well to mix with antibodies. The 96-well plate was incubated at 37°C 
for 3 days. The spirochete viability was quantified by luciferase detec-
tion with Bac-Titer Glo reagent (Promega) and read in a Victor3 mul-
tilabel counter (Applied Biosystems). Assays were performed in trip-
licate. The resulting fluorescence was plotted, and the EC50 and SD 
were calculated using GraphPad Prism v8.1.1.

FcRn-transgenic murine model. Pharmacokinetics were assessed 
using a previously described FcRn-transgenic mouse model (17). 
Hemizygous B6.Cg-Fcgrttm1Dcr Tg(FCGRT)32Dcr/DcrJ mice 
obtained from The Jackson Laboratory (stock 014565) lacking the 
endogenous mouse FcRn α gene and expressing the human FcRn α 
gene on 1 allele under control of the native FcRn promoter were used 
for this study. Mice received a single i.p. injection containing a mix-
ture of mAbs administered at 1 mg/kg per antibody. Each mixture 
was composed of the 5 mAbs (denosumab, actoxumab, bezlotoxum-

residues that interact with 2217 is approximately 91% across the 3 
main B. burgdorferi sensu lato complex genospecies (Supplemental 
Figure 2C). In fact, only one B. burgdorferi OspA residue, Glu-131, 
which contacts 2217, is not conserved in B. garinii alone where the 
equivalent residue to Glu-131 is a positively charged lysine residue. 
The introduction of a positively charged lysine residue within this 
region of OspA would seemingly diminish 2217’s interaction with 
B. garinii OspA, ultimately lowering the borreliacidal activity of 
2217 toward B. garinii. In the 2217-OspA structure, Glu-131 forms a 
salt bridge with Arg-59 in 2217’s H2 (Figure 5C). The replacement 
of Glu-131 in B. garinii’s OspA with a lysine residue would prevent 
formation of a salt bridge with Arg-59 in 2217. The lysine residue 
replacing Glu-131 in B. garinii’s OspA would likely form a differ-
ent salt bridge with the nearby Asp-57 in 2217, compensating for 
the lost salt bridge between Glu-131 and Arg-59 (Figure 5C). More 
importantly, our previous paper, in which we discuss the discov-
ery of 2217, has shown that 2217 antibodies do not overlap with 
the arthritogenic epitope (aa 165–173) on OspA that is potentially 
cross-reactive with T cells (10). The crystal structure data in the 
current work verify the epitope location.

In summary, we have developed a half-life–extended 
OspA-specific HuMAb that is capable of preventing tick trans-
mission of Borrelia infection in nonhuman primates. Preclinical 
development has been completed, and an ongoing phase I clinical 
trial has been initiated to evaluate human pharmacokinetics, safe-
ty, and tolerability. Given that a conventional vaccine may require 
multidose administration during the tick season, if the in vivo 
activity and extended half-life of 2217LS demonstrated in these 
animal studies translates well to humans, a single administra-
tion of 2217LS may provide immediate protection without age or 
patient limitations in Lyme-endemic regions for the duration of the 
tick season. Although the nonhuman primates were administered 
2217LS by i.v. infusion, our goal is to formulate 2217LS for deliv-
ery by s.c. injection, which requires much simpler infrastructure 
with less medical personnel time and cost. If successful, 2217LS 
could be administered in doctors’ offices, local pharmacies, etc., 
as needed for one-time visits to high-risk areas, analogous to stan-
dard practice for hepatitis A prevention; or once per season, anal-
ogous to influenza vaccination. Currently, s.c. administration of 
2217LS is undergoing evaluation in the phase I study. The cost of 
goods of 2217LS is likely to be less than currently licensed HuM-
Abs because of the increased scale of manufacturing necessary 
for a large, healthy population versus manufacturing for much 
smaller populations with specific diseases. As a class, HuMAbs 
have an excellent safety record, exemplified by palivizumab, indi-
cated for the prevention of serious lower respiratory tract disease 
caused by RSV in pediatric patients (30). Palivizumab is seasonally 
and repeatedly administered. The authors expect that the risk of 
immunogenicity associated with 2217LS would be low, consistent 
with currently licensed therapeutic mAbs. With the latter, small 
percentages of patients develop antidrug responses, despite most 
being repeatedly administered, many via s.c. injection. If present, 
ADAs generally have little clinically significant interference with 
the therapeutic activity of HuMAbs. Because 2217LS is targeted 
for a healthy population, it is imperative that the risk-benefit pro-
file be appropriate for its intended use. Although the class safety 
and immunogenicity are good, only human studies can determine 
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scapularis nymphs with low-passage B. burgdorferi strain B31.5A19 (19, 
31). The density of the culture used to feed the ticks was 6 × 107 to 7 
× 107 spirochetes/mL. The ticks were fed up to a maximum of 5 μL, 
resulting in approximately 325,000 spirochetes per tick.

On day 0, antibodies were i.v. administered followed by the 
placement of the tick containment system at the back of the animals. 
Briefly, the containment feeding system is based on a modified LeFlap 
maggot cage dressing that has been shown to be feasible and repro-
ducible in nonhuman primate studies (19, 27). Briefly, the system con-
sists of a dual-layer containment device with a hydrocolloid layer and 
adhesive-lined polyester layer that can hold 10–20 unfed nymphs. The 
device is structurally supported by adhesive foam cushioning. Prior 
to attaching the system to the animal, an area (approximately 25 cm 
× 20 cm) below the animal scapula was shaved. The device was then 
attached to the shaved area of the animals using adhesive foam and 
skin glue. One day later, approximately 20 B. burgdorferi–infected 
nymphs were added to the device. Waiting a day to add the nymphs 
allowed for the skin oils to return to the shaved area, which improves 
the feeding rates of the ticks. The device remained in place for 5 days 
to allow the nymphs to take a blood meal. After 6 days, the device was 
removed from the animals and the nymphs were collected.

To determine infectivity, skin biopsies from the infection site were 
taken once a week for 4 weeks after the nymphs were removed. Each 
biopsy was placed into BSK-H medium (MilliporeSigma, B8291) and 
cultured for 6 weeks. The skin biopsy cultures were observed by dark-
field microscopy for evidence of spirochetes twice per week. PCR was 
conducted on the biopsy cultures once per week for 6 weeks using 
OspA-specific PCR analysis. Cultures and PCR were scored as positive 
or negative for spirochetes. Serum was collected on days –7, 0, 1, 7, 14, 21, 
28, 45, and 63. ELISAs were conducted on the serum samples to deter-
mine B. burgdorferi seroconversion, antibody pharmacokinetics, and 
ADA responses. Animals were considered uninfected if their serum was 
negative for primate antibodies against B. burgdorferi and if PCR and  
tissue observation were negative for the presence of B. burgdorferi.

OspA-binding ELISA. Dilutions of purified HuMAbs were tested 
in ELISA for reactivity against OspA proteins. Briefly, 96-well plates 
were coated with 100 μL of 5 μg of WT OspA followed by incubation 
overnight at 4°C. The plates were blocked with 1% BSA with 0.05% 
Tween 20 in PBS. Purified antibody diluted in 1× PBS plus 0.1% Tween 
20 was added to the 96-well plates and incubated for 1 hour at room 
temperature. Plates were stained with alkaline phosphatase (AP) 
AffiniPure goat anti–human IgG (Jackson ImmunoResearch, 109-
055-098, 1:1000 dilution) for 1 hour at room temperature. AP Affin-
iPure goat anti–mouse IgG (Jackson ImmunoResearch, 115-055-003, 
1:1000 dilution) was used to detect the His tag in a separate ELISA 
to verify protein expression and coating. Plates were developed using 
p-nitrophenyl phosphate (Thermo Fisher Scientific). Absorbance at 
an OD of 405 nm was measured on an Emax precision plate reader 
(Molecular Devices) using Softmax Pro v4.3.1 LS.

ADA-binding ELISA. ADA ELISAs are designed to detect species- 
specific IgG antibodies produced against the HuMAbs. ADA ELISAs 
were conducted similar to antigen-binding ELISA with a few modifi-
cations. Briefly, 96-well plates were coated with 2 μg/mL of the target 
HuMAb diluted in PBS followed by incubation overnight at 4°C. Serum 
collected from the animals was diluted into blocking buffer and then 
added to the 96-well plates and titrated with blocking buffer. AP Affin-
iPure goat anti–mouse IgG (Jackson ImmunoResearch, 115-055-003, 

ab, RAB1, and HCV1) with known human half-life and either 2217 or 
2217LS (17). Serial bleeds were collected at 2 hours, 1 day, 7 days, 14 
days, 21 days, 29 days, and 41 days after injection. Antibody concen-
tration was determined by antigen-specific binding ELISA. Half-life 
calculations were determined using Phoenix WinNonlin (Certara). 
Consistent time points representing the β-phase half-life (7–41 days 
after injection) were analyzed by the linear trapezoidal rule using lin-
ear interpolation. Linear regression analysis provided a correlation 
between the observed in vivo FcRn-transgenic mouse half-life and the 
known human half-lives.

Mouse efficacy model. The mouse challenge model has been pre-
viously described (12). Briefly, infected ticks were prepared by placing 
Ixodes larva on B. burgdorferi strain N40–infected mice with severe 
combined immunodeficiency for a blood meal. Larvae were harvested  
and allowed to molt to the nymphal stage before use for challenge. 
Groups of 5 C3H/HeJ mice (The Jackson Laboratory, stock 00659) 
were i.p. injected with a HuMAbs at 10 mg/kg. The following day, 
mice were challenged by the placement of 6 infected tick nymphs 
behind the ear of each mouse. Three weeks after the tick placement, 
mice were euthanized, and tissue samples from an ear, the bladder, 
the heart, and a joint were harvested for culture. Tissue samples were 
monitored twice weekly for 4 weeks by dark-field microscopy for evi-
dence of growth of spirochetes. Samples were also analyzed for B. 
burgdorferi DNA using OspA-specific PCR analysis. Serum samples 
were collected on day 21 to analyze the antibody concentration and 
for serological investigation by ELISA against lysate of B. burgdorferi. 
Animals were considered uninfected if results of all 3 tests were nega-
tive. Protocols were approved by the IACUC of Tufts University.

Nonhuman primate pharmacokinetic model. To determine whether  
the Fc mutations extended antibody half-life, 8 male cynomolgus 
monkeys (Macaca fascicularis) of Chinese origin (Alpha Genesis) were 
divided into 2 treatment groups (Supplemental Table 3). Animals were 
i.v. injected with 2217 (n = 4) or 2217LS (n = 4) at 10 mg/kg. Serum 
was then collected at days 0, 8, 15, 22, 29, 43, 58, 72, and 86. Serum 
antibody concentration and ADA responses were assessed by ELISA. 
Serum concentrations were analyzed by NCA with manual selection 
of all time points (1–86 days after injection) using Phoenix WinNon-
lin (Certara). Half-lives are reported in days and hours as mean ± SD. 
Animals that developed an ADA response as defined as an absorbance 
value greater than 3 standard deviations from the day –7 mean were 
excluded. All in vitro and in vivo research experiments were repeated 
at least 2 times, unless otherwise stated within the figure legends.

Tick challenge experiment in rhesus macaques. Twenty-two rhesus 
macaques (M. mulatta) of Chinese origin (Alpha Genesis/ENVIGO) 
with an age range of 3–4 years were used in this study. Fourteen of the 
animals were females and the remaining 8 were males (Supplemental 
Table 4). One week prior to antibody injection, serum was collected 
from all animals and screened for anti-2217/anti-2217LS antibodies 
and IgG responses to B. burgdorferi. Animals were then divided into 5 
treatment groups based on equal sex ratios, weight, and pretreatment 
ADA response when applicable. All animal studies were blinded such 
that animal caretakers and investigators were blind to the allocations 
of treatments. Groups 1–4 received 2217LS administered at 90 mg/kg 
(n = 4), 30 mg/kg (n = 5), 10 mg/kg (n = 6), 3 mg/kg (n = 4); group 
5 received an irrelevant HuMAb IgG at 10 mg/kg (n = 3). Infected 
ticks were generated by the Vector Borne Diseases Core at the Tulane 
National Primate Research Center using capillary feeding of Ixodes 
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The resulting 2217 Fab was purified to homogeneity by size-exclusion 
chromatography using a Superdex 200 16/60 gel filtration column. 
After purification of Fab 2217 and OspA, each protein was mixed in a 
1:1 stoichiometry to form a stable complex, and then concentrated to a 
final concentration of 10 mg/mL for all crystallization trials.

Crystallization and data collection. Fab-OspA crystals were grown 
by sitting drop vapor diffusion at 4°C using a protein to reservoir volume 
ratio of 1:1 with total drop volumes of 0.2 μL. Crystals of the Fab-OspA 
complex were produced using a crystallization solution containing 100 
mM sodium cacodylate pH 6.5, 5% PEG 8000, and 40% methylpen-
tanediol. All crystals were flash-frozen in liquid nitrogen after a short 
soak in the appropriate crystallization buffers supplemented with 25% 
ethylene glycol. Data were collected at beamline 8.2.2 at the Advanced 
Light Source, Lawrence Berkeley National Laboratory. All data were 
indexed, merged, and scaled using HKL2000 (33), and then converted 
to structure factor amplitudes using CCP4 (34).

Structure determination and refinement. The Fab-OspA complex 
structure was solved by molecular replacement using the program 
Phaser (35). Molecular replacement calculations were performed 
using the coordinates of the IL-13 Fab (PDB ID 4HWB) as the search 
model for Fab 2217 and the OspA coordinates (PDB ID 1FJ1) as the 
search model for OspA. The resulting phase information from molec-
ular replacement was used for manual model building of the Fab-
OspA model using the graphics program COOT (36) and structural 
refinement employing the PHENIX package (37). Data collection and 
refinement statistics are listed in Supplemental Table 2. Molecular 
graphics were prepared using PyMOL (Schrodinger). The structure 
generated in this study has been deposited in the PDB (http://www.
rcsb.org/pdb/) with ID 7JWG, as described in Supplemental Table 2.

Statistics. All statistical analyses were performed using GraphPad 
Prism v8.1.1. EC50 values were determined by nonlinear regression 
using a sigmoidal dose-response fit. Protection comparisons were 
conducted using a 2-sided Fisher’s exact test. Half-life comparisons 
were conducted by using a 2-sided Student’s t test. Significance was 
determined using a P value of less than 0.05.

Study approval. These studies were carried out in strict accordance 
with the recommendations in the Guide for the Care and Use of Lab-
oratory Animals of the NIH. The FcRn-transgenic mouse protocol was 
approved by the IACUC of the University of Massachusetts Medical 
School (protocol A-2412). The mouse efficacy protocol was approved 
by the IACUC of Tufts University Sackler School of Graduate Bio-
medical Sciences (protocol B2017-36). The primate study protocols 
were approved by the IACUC of the University of Massachusetts Med-
ical School and Biomere (protocol 18-09) and the US Army Medical 
Research and Materiel Command Animal Care and Use Review Office.
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1:1000 dilution) and anti–rhesus IgG1/3 (Nonhuman Primate Reagent 
Resource, AB_2819287; 1 μg/mL) were used for antibody detection. 
ADA titers were determined by the dilution above mean negative con-
trol absorbance value plus 3 SDs.

Seroconversion ELISA. Sera from challenged animals were tested  
in ELISA for reactivity against whole-cell lysate of B. burgdorferi or 
recombinant B. burgdorferi C6 peptide (32). For whole-cell lysate, 
a log-phase culture of B. burgdorferi was pelleted and sonicated. A 
96-well plate was coated with the lysed B. burgdorferi antigen solu-
tion (1 μg/mL) and incubated overnight at 4°C. For recombinant C6 
protein, plates were coated with peptide at 0.5 μg/mL. Sera samples 
from challenged animals were diluted 1:50 in blocking buffer and 
then titrated 1:2 down a 96-well plate and incubated for 1 hour at room 
temperature. Mouse antibodies against B. burgdorferi were detected 
with AP-conjugated anti–mouse IgG secondary antibody; nonhuman 
primate antibodies were detected with mouse anti–rhesus IgG second-
ary antibody followed by AP-conjugated anti–mouse IgG secondary 
antibody. A positive antibody response was defined as an absorbance 
value greater than the mean absorbance value of the negative control 
samples plus 3 times the SD.

Multiplex assay for nonhuman primate serology. Sera from challenge 
animals were tested in a 5-antigen fluorescent bead–based assay for 
diagnosis of Lyme disease as previously described (21). Briefly, 4 B. 
burgdorferi antigens, OspA, OspC, DbpA, and OppA2, were expressed 
as GST fusion proteins, purified, and then coupled with cytometric 
beads using a Bio-Rad Bio-Plex coupling kit. The C6 peptide was syn-
thesized for amine coupling to beads. Serum samples were diluted 
1:200 in sample diluent prior to mixing with the magnetic bead cocktail. 
Following a standard incubation and washing protocol, specific binding 
was detected with goat anti–rhesus IgG (H+L) PE 6200-09 (Southern 
Biotech). Samples were read on a Bio-Plex 200 suspension array system 
and analyzed using Bio-Plex Manager v6.1 software (Bio-Rad).

Cloning, expression, and purification of OspA and Fab 2217 for struc-
tural studies. The PCR amplicon for B. burgdorferi OspA containing 
residues 18 to 273 was subcloned into the pSUMO expression vector, 
which contained an N-terminal deca-histidine and SUMO tag. All 
cloning was performed using a standard ligase-independent clon-
ing protocol. OspA was expressed in E. coli strain BL21 (DE3). The 
transformed bacteria were grown at 37°C in TB medium and induced 
at 20°C with 0.1 mM IPTG at an OD600 of 0.6 for approximately 16 
hours at 20°C. After induction, cells were harvested and resuspended 
in 20 mM HEPES pH 7.5 and 150 mM NaCl. The cell suspension was 
sonicated and centrifuged at 30,000g for 30 minutes. After centrif-
ugation, the protein-containing supernatant was purified by nickel- 
affinity and size-exclusion chromatography on an AKTAxpress sys-
tem (GE Healthcare), which consisted of a 1 mL nickel affinity column 
followed by a Superdex 200 16/60 gel filtration column. The elution 
buffer consisted of 0.5 M imidazole in binding buffer, and the gel fil-
tration buffer consisted of 20 mM HEPES pH 7.5, 150 mM NaCl, and 
20 mM imidazole. Fractions containing OspA (18–273) were pooled 
and subject to TEV protease cleavage (1:10 weight ratio) for 3 hours 
at room temperature in order to remove their respective fusion pro-
tein tags. The cleaved protein was passed over a 1 mL Ni-NTA agarose 
(QIAGEN) gravity column to remove the added TEV protease, cleaved 
residues, and uncleaved fusion protein. The 2217 IgG was subjected 
to papain digestion followed by affinity depletion of the Fc fragment 
by protein A fast protein liquid chromatography to generate 2217 Fab. 
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