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Abstract

Long-lived T-dependent B cell responses fail to develop during persistent infection of mice 

with Borrelia burgdorferi (Bb), the causative agent of Lyme disease, raising questions about the 

induction and/or functionality of anti-Bb adaptive immune responses. Yet, a lack of reagents has 

limited investigations into Bb-specific T and B cells. We attempted two approaches to track Bb-

induced CD4 T cells. First, a Bb mutant was generated with an influenza hemagglutinin peptide 

HA111–119 inserted into the Bb Arp locus. While this Bb arp::HA strain remained infectious, 

peptide-specific T cell receptor transgenic CD4 T cells in vitro, or adoptively transferred into 

Bb arp::HA infected BALB/c mice did not clonally expand above that of recipients infected 

with the parental Bb strain or a Bb mutant containing an irrelevant peptide. Some expansion, 

however, occurred in Bb arp::HA-infected BALB/c SCID mice. Second, a newly identified I-Ab 

restricted CD4 T cell epitope Arp(152–166) was used to generate Arp MHCII tetramers. Flow 

cytometry showed small numbers of Arp-specific CD4 T cells emerging in mice infected with 

Bb but not with Arp-deficient B. afzelii. While up to 30% Arp-specific CD4 T cells were 

ICOS+ PD-1+ CXCR5+ BCL6+ Tfh, their numbers declined after day 12, before germinal centers 

(GCs) are prominent. Although some Arp-specific B cells, identified using fluorochrome-labeled 

recombinant Arp proteins, had the phenotype of GC B cells, their frequencies did not correlate 

with anti-Arp serum IgG. The data suggest a failure not in the induction, but maintenance of GC 

Tfh and/or B cells to Bb.
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Introduction

Borrelia burgdorferi (Bb), a spirochete, causes Lyme disease in a variety of species, 

including humans (1), but causes persistent non-resolving infection with few if any 

disease manifestations in “reservoir species,” such as small birds and rodents (2–5). Bb 

is transmitted to humans by the bite of adult blacklegged ticks of the genus Ixodes. Infection 

of ticks with Bb requires the presence of persistently infected reservoir hosts, as there is no 

vertical transmission of Bb from adult ticks to eggs (6). A number of Bb immune evasion 

mechanisms have been identified that support the establishment of chronic infection in 

these species. Among them are dynamic expression changes of immunogenic Bb surface 

antigens, which seems to allow the spirochete to evade antibody-mediated immunity and 

establish persistent infection (7). One example is the membrane lipoprotein outer surface 

protein (Osp) C. Although it is required for infection of a vertebrate host, once infection 

occurs OspC is rapidly downregulated, explaining the rather modest anti-OspC IgG titers 

observed in C57BL/6 mice following experimental infection (8, 9). Bb engineered to 

constitutively express OspC were rapidly eliminated from infected mice (10), demonstrating 

the importance of modulating OspC expression for immune evasion.

Bb also expresses the variable outer membrane lipoprotein VlsE which, using various 

expression cassettes, alters its antigenic surface profile, allowing Bb to evade antibody-

mediated immunity (11, 12). Expression of VlsE on the surface of Bb has been proposed 

also to act as a “shield” that prevents recognition of other immunogenic surface antigens by 

the B cell response (13). Specifically, the absence of VlsE was reported to cause clearance 

of Bb in mice that were given antibodies to arthritis related protein (Arp) (13). Arp is 

a constitutively expressed outer membrane lipoprotein (14, 15). Although its function is 

unknown, its absence diminishes the infectivity of Bb spirochetes (16). Adoptive transfer 

of anti-Arp immune sera induced arthritis resolution in arthritis-susceptible strains of mice, 

but it did not induce bacterial clearance (17, 18). We previously showed that anti-Arp IgG 

responses are highly prevalent in C57BL/6 mice infected with Bb strain N40, and that 

the induction of anti-Arp IgG required the presence of CD40L and CD4 T cells (19, 20), 

thus cognate T dependent B cell activation. Despite the T-dependence of the anti-Arp IgG 

responses, antibiotic treatment rapidly reduced anti-Arp IgG serum titers to background 

levels, strongly suggesting a failure of the anti-Arp response to induce long-lived plasma 

cells (LLPC). In support of this hypothesis, we were unable to detect Arp-specific LLPC 

in the bone marrow and memory B cells (Bmem) in the spleen of Bb-infected mice for over 

3 months (21). Furthermore, we demonstrated a rapid collapse of germinal centers (GCs) 

within four weeks after Bb infection (21). Given that GCs are the structures responsible for 

the induction of LLPC and Bmem, the anti-Arp response appears functionally defunct, but 

the mechanisms underlying this defect remain to be established.

Somewhat surprisingly, early studies suggested that the complete lack of T cells has little 

effect on the course of Bb infection (22, 23), while mice deficient in B cells were unable 

to control Bb infection and thus were shown to be indispensable for Bb-specific immunity 

(24). While this has led to the widely accepted model that control of Bb is B cell- but not 

T cell-mediated, the findings raise questions about the functionality of the induced CD4 T 

cells, as well as the nature of the B cell responses that seem to require no CD4 T cell help. 
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Because there are currently no tools available with which to assess Bb-specific CD4 T cell 

and T-dependent B cell responses in mice, and only one CD4 epitope of Bb had been defined 

previously in humans (25), we developed reagents with which to interrogate CD4 T and B 

cell responses in C57BL/6 mice. Using these tools we demonstrate a significant increase of 

Arp-specific CD4 Tfh and GC B cells but their rapid disappearance during Bb infection, 

suggesting that the lack of long-lived Arp-specific immunity is not due to a failure of their 

induction, but rather due to defective GC response maintenance.

Materials and Methods

B. burgdorferi strain construction

B31–5A4 was the background strain for the genetic constructs and E. coli TOP10F′ 
was used for cloning. The arp::HA and arp::Hm mutants were constructed as previously 

described (26, 27). The 3′ 841 nucleotides of the arp gene were amplified by PCR 

using KOD polymerase (Novagen) with oligonucleotides containing the HA111–119 or 

mutated HA111–119 (Hm) sequences, arp_996R+HA+AaAg or arp_996R+Hm+AaAg, 

respectively, and arp_155F (Table 1). The region downstream of arp was amplified with 

arp_978F+AatII and arp_D1773R+AgeI (Table 1). PCR products were cloned into pCR2.1-

TOPO (Invitrogen) and confirmed by DNA-sequencing. The cloned PCR products were 

digested with AatII and AgeI and ligated together at the AatII site. The flgBp-aacC1-trpLt 
gentamicin resistant cassette containing flanking AatII sites was ligated between the fused 

arp::HA or arp::Hm DNA segment and the downstream DNA segment. The plasmids 

containing the arp::HA or arp::Hm and the aacC1 selectable marker were purified and 

linearized using AhdI before electroporating competent B31–5A4 cells. Spirochetes were 

plated in liquid BSK in 96-well plates 24 h after transformation and transformants selected 

with 40 μg/ml gentamicin. Antibiotic-resistant cells were screened for the presence of the 

HA111–119 or mutated HA111–119 (Hm) sequences by PCR using the primers arp_780F and 

aacC1_R+AatII (Table 1), and the plasmid profiles of positive transformants were evaluated 

by multiplex PCR (28).

Mice and infections

BALB/c (000651), CBySmn.Cg-Prkdcscid/J (BALB/c SCID, 001803), C57BL/6 (000664) 

and B6.Cg-Prkdcscid/SzJ (B6-SCID, 001913) mice were purchased from The Jackson 

Laboratories, and housed under specific pathogen free conditions. TS-1 mice were 

a generous gift from Andrew Caton (Wistar Institute) (29), and were crossed with 

C.129S7(B6)-Rag1tm1Mom/J (Jackson strain 003145, referred to as Rag1−/−), in order to 

generate mice in which the only lymphocytes were HA-specific CD4 T cells (Rag1−/− × 

TS1). BALB/c mice were infected intranasally with 10 pfu Influenza A/Puerto Rico/8/34 (A/

PR8), as described previously (30). For Bb infections, arp::HA, arp::Hm, strain B31–5A4, 

and strain N40 were grown in BSK II medium at 33°C under antibiotic selective conditions 

to log phase, and diluted in additional BSK II. BALB/c mice were injected intradermally 

in the intrascapular region with 5 × 105 spirochetes, and BALB/c scid mice were similarly 

injected with 2 × 105 spirochetes. To generate tissue-adapted spirochetes (19, 21), B6-SCID 

mice were injected intradermally with 1 × 105 low passage, cultured Bb N40. After at least 

14 days of infection, ear tissue from B6-SCID mice was transplanted subcutaneously in the 
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right rear hock of 8–12 weeks old recipient female C57BL/6 mice leading to their infection. 

This mode of infection ensured that the right inguinal LN was always the infection-site 

draining LN. At various times after infection mice were euthanized by overexposure to 

CO2 prior to harvesting tissues. All procedures were performed in strict accordance with 

protocols approved by the Animal Care and Use Committee of University of California, 

Davis.

Quantitative RT-PCR

Tissues from Bb infected mice were snap frozen on dry ice at the time of collection, 

then weighed. DNA extraction from tissues was performed using DNeasy Blood & Tissue 

Kit (Qiagen) according to manufacturer’s protocols. RNA was extracted from cultured 

spirochetes using Aurum total RNA mini kit (BioRad), and cDNA was generated. Previously 

published primer and probe sequences (15) were used for amplification and detection of the 

arp and flab genes, respectively: arp-663F, arp-767R, and arp-705P; flab-571F, flab-677R, 

and flab-611P (Table 1). All assays included positive and negative controls. Flab copies per 

mg tissue were calculated based on a standard curve. Relative arp expression was calculated 

compared to flab expression.

Peptide libraries

Peptides representing 20-mer fragments overlapping by 5 amino acids covering residues 

8 through 332 of the Arp sequence (NCBI reference WP_010890266.1) were generated 

by GenScript. 15-mer peptides overlapping by 5 amino acids were subsequently generated 

for regions of interest (approximately 40% of the Arp sequence). Individual lyophilized 

peptides were reconstituted according to manufacturer’s instructions, using either water, or 

water mixed with ammonium hydroxide (NH4OH), DMSO, or acetic acid (C3HCOOH). 

PBS served as a no peptide control.

ELISPOT assay

96-well ELISPOT plates were coated with anti-IFNγ (clone AN-18, eBioscience) or anti-

IL-2 (clone JES6–1A12, eBioscience) in PBS overnight, and blocked with 4% BSA as 

described previously (21). CD4 T cells from the draining LNs of 12-day Bb-infected 

mice were enriched by magnetic separation. Single cell suspensions of spleen cells from 

non-infected congenic mice were irradiated (3000 rad) and served as feeder cells. 1 × 105 

CD4 T cells and 4 × 105 irradiated splenocytes were plated in each well, resuspended 

in RPMI culture media supplemented with 10% fetal calf serum. Varying concentrations 

of recombinant protein, peptide, or heat inactivated influenza A/Puerto Rico 8/34 virus 

were added for overnight culture at 37°C in 5% CO2. Cytokine detection antibodies were 

added following lysis of the cells using water. Biotinylated anti-IFNγ (clone R4–6A2, 

eBioscience) or anti-IL-2 (clone JES6–5HA, eBioscience) and streptavidin conjugated to 

alkaline phosphatase (BD Pharmingen) was used to label secreted cytokines and spots were 

revealed using nitro-blue tetrazolium chloride (NBT)/5-bromo-4-chloro-3’-indolyphosphate 

p-toluidine salt (BCIP) substrate (Thermo Fisher). Spots were imaged and enumerated using 

an iSpot Spectrum EliSpot Reader System (Advanced Imaging Devices GmbH). Results 

were expressed as fold-change over control wells receiving PBS instead of protein or 

peptide.
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ELISA assay

ELISA assay was performed as described previously (21). Briefly, 96-well ELISA plates 

(MaxiSorp, ThermoFisher) were incubated with 2 μg/ml rArp (GenScript) in PBS overnight 

(this and all subsequent incubations were performed at room temperature). After a 1 h 

block with 1% FBS and 0.1% milk powder in PBS/0.05% Tween 20, mouse sera were 

serially diluted in PBS and incubated for 2 h. Arp-specific antibody was revealed with 

biotinylated goat anti-mouse IgG (Southern Biotech), followed by a 1 h incubation with 

streptavidin-HRP (Vector Laboratories), then 20 min incubation with substrate (10 mg/ml 

3,3′,5,5′-tetramethylbenzidine in 0.05 mM citric acid, 3% hydrogen peroxide). Reactions 

were stopped with 1 N sulfuric acid prior to measuring absorbance at 450 nm and 595 nm. 

Absorbance at 450 nm was subtracted from reference reading at 595 nm, then relative units 

of Arp-specific IgG were calculated based on a standard curve from sera pooled from Bb 

mice infected for 120 days.

Flow Cytometry

As described previously (21, 31), LNs and other tissues were dissociated between 

frosted glass slides and passed through a 70 μm nylon mesh filter to create single 

cell suspensions. If erythrocyte contamination was visible, then single cell suspensions 

were treated with ammonium chloride potassium (ACK) lysis buffer for 60 seconds 

and washed with staining media. Cell concentration was determined by hemacytometer 

count. Prior to antibody labeling, cells were treated with anti-CD16/CD32 (Fc block 

generated in-house; clone 2.4G2) and labeled with LIVE/DEAD Fixable Aqua Dead 

Cell Stain Kit (Invitrogen) for discrimination of live vs. dead cells. Cells were then 

stained with combinations of the following antibodies: CD3 (Alexa700 500A2 Invitrogen, 

PerCP-ef710 17A2 Invitrogen, FITC 2C11 in house), CD4 (Alexa700 RM4–5 Invitrogen, 

BUV395 RM4.5 BD Biosciences, APC GK1.5 Invitrogen, APC-ef780 GK1.5 Invitrogen), 

TS1 TCR (Biotin 6.5.2 in-house), CD19 (BV786 ID3 BD Biosciences, PE-CF594 ID3 

Invitrogen,BUV737 ID3 BD Biosciences), CD45R (FITC RA3–6B2 in house, APC-ef780 

RA3–6B2 Invitrogen), CD44 (BV711 IM7 Biolegend), CD11a (PE M17/4 Invitrogen, Cy7-

PE M17/4 Invitrogen), ICOS (BUV395 C398.4A BD Biosciences), PD-1 (APC-ef780 J43 

Invitrogen), CD8a (BUV737 53–6.7 BD Biosciences, AF700 53–6.7 Invitrogen), CD90.2 

(Alexa700 30-H12 Biolegend), NK1.1 (Alexa700 PK136 Invitrogen), Gr-1 (red fluor 

710 1A8 Tonbo), Ly6G (Alexa700 1A8-Ly6G BD Biosciences), F4/80 (Alexa700 BM8 

Biolegend), CD11b (Alexa700 M1/70 Invitrogen), CXCR5 (BV785 L138D7 Biolegend), 

Bcl6 (PE-CF594 K112–91 BD Biosciences), TACI (BV421 8F10 BD Biosciences), CD24 

(BV711 M1/69 BD Biosciences), CD138 (BV605 281–2 BD Biosciences), CD95 (BUV395 

Jo2 BD Biosciences), CD38 (BUV737 90/CD38 BD Biosciences) and Streptavidin (APC 

Invitrogen).

Extracellular labeling was performed on ice for 20 min. For intracellular labeling, 

cells were fixed and permeabilized with Foxp3 Transcription Factor Staining Buffer Set 

(eBioscience) following manufacturer’s instructions. Intracellular antibodies were incubated 

for 30 minutes at room temperature. Data was acquired on either a LSRFortessa or 
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FACSymphony flow cytometer (BD), and analyzed using FlowJo software. Population gates 

were determined with the help of fluorescence minus one (FMO) controls.

Protein kinase inhibitor (PKI) treatment

PKI treatment of single cell suspensions to enhance tetramer staining was performed as 

described previously (32). Briefly, a stock solution of Dasatinib (Selleck Chemical) was 

diluted to 1 mM in DMSO and stored at −20°C. LN single cell suspensions were incubated 

with a final concentration of 50 nM Dasatinib in 1X PBS at 37°C for 30 min. Cells were 

washed twice with staining media before proceeding to tetramer incubation and additional 

antibody labeling as outlined for flow cytometry.

Arthritis-related protein (Arp) “bait” generation

To identify Arp-specific B cells, we generated B-cell protein-tetramers (baits) using 

mono-biotinylated recombinant (r)Arp and fluorescently labeled streptavidin. The sequence 

Bb Arp 13–325 (GenBank accession number: AAL25643.1; https://www.ncbi.nlm.nih.gov/

protein/16550916) followed by an AviTag was cloned into the pGEX‒2T expression 

vector (Sigma-Aldrich) using restriction sites EcoRI and XhoI. The resulting expression 

construct produced rArp with an N‒terminal GST tag and a C-terminal AviTag (GST‒
ARP‒AviTag). Biotinylated rGST‒Arp‒AviTag was expressed in E. coli strain CVB101 

(Avidity) and purified by FPLC using a GST HiTrap column (GE Healthcare) following 

the manufacturer’s recommended protocols. The GST tag was retained so the biotinylated 

rArp remained soluble. After exchange into PBS, biotinylated rGST‒ARP‒AviTag was 

titrated against fluorochrome-conjugated streptavidin (Prozyme). B cell baits were made by 

incremental addition of fluorochrome conjugated streptavidin to biotinylated GST‒ARP‒
AviTag until the volumetric ratio for saturation was reached.

Tetramer labeling of CD4 T and B cells

I-Ed tetramers were loaded with HA127–137 or OmpF317–228 and conjugated to phycoerythrin 

(PE) by the NIH tetramer core. Single cell suspensions were incubated with tetramers at 

room temperature for 60 minutes, then washed with staining media before continuing to 

additional antibody staining on ice. I-Ab restricted Arp152–166 MHC II tetramers conjugated 

to PE and Brilliant Violet 421 (BV421) fluorophores were also generated by the NIH 

Tetramer Core. Following PKI treatment of LN single cell suspensions, Arp152–166 tetramers 

were incubated with cells for 60 min at room temperature, then washed with staining media 

before proceeding to Fc block and additional cell labeling. Similarly, tetrameric Arp B 

cell baits were incubated with single cell suspensions for 45 min at room temperature and 

washed with staining media prior to additional labeling as outlined under flow cytometry.

Results

A mutant Bb expressing an influenza hemagglutinin peptide fails to induce peptide 
specific CD4 T cells

We first aimed to use an existing CD4 T cell receptor (TCR) transgenic mouse to study 

antigen (Ag) specific responses to Bb infection. Such an approach has been used previously, 

including ovalbumin (OVA)-specific T cell responses in the context of infections with 
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Listeria monocytogenes (33, 34). In that study, Listeria was genetically engineered to 

express OVA, allowing measurement of OVA-specific, transgenic (OT-II) CD4 T cells 

instead of measuring responses to endogenous Listeria antigens both in vitro and in vivo 
(34). We aimed to use TS-1 TCR transgenic mice, which express an I-Ed restricted TCR 

specific for the influenza A epitope hemagglutinin (HA111–119) (29). Given that Bb changes 

its gene expression profile as it adapts to various environments (35), we chose to insert the 

HA111–119 peptide into a constitutively expressed Bb gene.

Insertion into the Bb flagellin (flaB, locus BB_RS00725), a constitutively expressed and 

essential gene for Bb structure and motility (36) resulted in non-infectious spirochetes 

with abnormal morphology (data not shown), likely due to disruption in the structure and 

function of the FlaB protein (37). We then inserted HA111–119 into the arthritis related 

protein locus (encoded by arp, locus BB_RS05695), because it is constitutively expressed 

during Bb infection but plays a lesser role in Bb survival and infectivity. Rather, deletion 

of the arp gene only led to moderate reduction, not complete ablation, of infectivity (16). 

Thus, if the genetic manipulation results in reduced Arp function, then the mutant Bb 

should still be useful. The HA111–119 nucleotide sequence as well as an E115K mutant 

HA111–119 nucleotide sequence were integrated into the arp gene, generating the arp::HA 

strain and the arp::Hm negative control strain, respectively (Fig. 1A). The arp::HA and 

arp::Hm strains retained all plasmids essential for Bb infectivity, as tested by PCR (data not 

shown). Comparison of arp expression in cultured arp::HA, arp::Hm, and the parental B31 

strain, showed an approximate 2-fold decrease in arp expression in both mutants compared 

to the parental strain (data not shown).

Transfer of graded numbers CD4 T cells from Rag1 × TS-1 mice into BALB/c recipients 

infected with influenza A/PR8 showed a cell number-dependent increase in HA-specific 

CD4 T cell numbers recovered from the mice at day 10 after infection as measured using 

double labeling with an HA111–119-tetramer and an idiotype-specific mAb for the TS-1 

TCR (Supplemental Fig. 1A) (38). Therefore, the highest cell number tested (3.4 × 105) 

was transferred in subsequent experiments to measure HA-specific responses in recipient 

BALB/c and SCID mice infected with the arp::HA Bb, arp::Hm and the B31 parental strain 

via intradermal syringe injection (Fig. 1B). The arp::HA strain failed to induce a measurable 

HA-specific CD4 T cell response in BALB/c recipients greater than that observed infected 

with the two other strains (Fig. 1C–F and Supplemental Fig. 1B). Neither did we observe 

increased frequencies or total numbers TS-1 CD4 T cells in draining (d)LN (Fig. 1C) or 

spleen (Fig. 1D), nor increased frequencies of activated CD11ahi CD44hi T cells in these 

tissues (Fig. 1E, F and Supplemental Fig. 1B). When we used T and B cell-deficient 

BALB/c SCID mice as TS-1 recipients, we noted a somewhat greater responses to arp::HA 

mutant infections compared to the controls, with increases in TS-1 T cell frequencies 

and total numbers that reached statistical significance in the spleen (Fig. 1G, H) as well 

as significant increases in activated CD11ahi CD44hi TS-1 CD4 T cells (Fig. 1I, J and 

Supplemental Fig. 1C). The increases in TS-1 activation in BALB/c SCID mice compared to 

immunocompetent BALB/c mice might be due to decreased bacterial clearance in the SCID 

recipients, and thus greater availability of the HA antigen (Supplemental Fig. 1D, E). There 

was no significant difference in bacterial burden between groups infected with the arp::HA, 

arp::Hm, and B31 parental strains, indicating that the insertion of the HA111–119 and E115K 
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epitopes into the arp locus did not appear to significantly impact infectivity (Supplemental 

Fig. 1D, E).

As the failure of arp::HA to induce a robust response from HA-specific TS-1 cells seemed 

to be due to limited antigen availability in vivo, we assessed the ability of the arp::HA strain 

to induce TS-1 responses in vitro by stimulating magnetically enriched CFSE-labeled CD4 

T cells specific for HA111–119 (Rag1−/− × TS1), or non-specific polyclonal control CD4 T 

cells (BALB/c) for 72 h with arp::HA spirochetes or arp::Hm controls (Fig. 1K, L). TS-1 

CD4 T cell proliferation was low after stimulation with the HA mutant and comparable to 

that of T cells left unstimulated or stimulated with the Hm mutant as assessed by CFSE 

dilution. In contrast, and as expected, HA-specific CD4 T cells were highly proliferative 

after stimulation with influenza A/PR/8 (Fig. 1K). There was also no proliferation observed 

following stimulation of polyclonal CD4 T cells from BALB/c mice (Fig 1L). Thus, despite 

successful insertion of the HA-peptide, the arp::HA Bb strain did not consistently stimulate 

HA-specific CD4 T cells in vivo or in vitro.

Identification of an I-Ab restricted epitope of Arp using IL-2 ELISPOT

Measurement of antigen-specific CD4 T cell responses in the context of a polyclonal T 

cell response has been facilitated through the generation of MHCII-peptide complexes 

that, when oligomerized, can label CD4 T cells for analysis by flow cytometry. Given 

the inability of the mutant Bb to induce transgenic T cell activation, we aimed next 

to develop an MHCII-restricted tetramer to study Bb-specific CD4 T cell responses 

in wild type C57BL/6 mice. We evaluated the constitutively expressed Arp protein of 

Bb N40 as a candidate target because we and others had shown previously that it is 

immunogenic and induces strong, T-dependent IgG responses after infection of C57BL/6 

mice with Bb strain N40 (17, 39). Furthermore, the use of Arp may also allow studies 

of T cell responses to other Bb strains, as comparison of the arp gene from Bb strain 

N40 (accession NC_017415.1, https://www.ncbi.nlm.nih.gov/nuccore/NC_017415.1, locus 

tag BBUN40_RS05425) using BLAST demonstrated that at least eight strains of B. 
burgdorferi, including the commonly used laboratory strain B31, carried the arp gene (Table 

2). Comparison of the Bb Arp protein sequences revealed a high degree of homology 

across all Arp sequences (>90%). Notably, strain B31 was among the five Bb strains that 

shared an identical Arp sequence with N40. In contrast, the closely related Lyme disease 

spirochetes Borrelia afzelii (accession GCF_000222835.1, https://www.ncbi.nlm.nih.gov/

assembly/GCF_000222835.1/) and Borrelia garinii (accession GCF_003814405.1, https://

www.ncbi.nlm.nih.gov/assembly/GCF_003814405.1/) lack arp (Table 2).

CD4 T cells from dLN of mice infected with Bb strain N40 were more responsive to in vitro 
stimulation with rArp protein than CD4 T cells from uninfected controls, suggesting that 

Arp-specific CD4 T cells are induced after Bb infection (Fig. 2A). Therefore, we isolated 

CD4 T cells from these LNs to screen 20-mer peptides, overlapping by 5 amino acids, 

and spanning residues 8 through 332 of Arp (NCBI accession WP_010890266.1, https://

www.ncbi.nlm.nih.gov/protein/WP_010890266.1/), for their ability to induce cytokine 

secretion. Since the CD4 T cell response to Bb is considered Th1 dominant (40–42), we 

first measured IFNγ production by ELISPOT. We included mediastinal LN CD4 T cells 
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from day 7 influenza A/PR8-infected mice, restimulated with heat-inactivated A/PR8, as a 

positive control. While the influenza controls showed strong increases in IFNγ ELISPOTs 

when compared to the negative control wells without peptides, stimulation of CD4 T cells 

from Bb-infected mice with recombinant Arp or Arp peptides resulted in at best very 

modest induction of IFNγ ELISPOTS (Fig. 2B). Similar results were obtained also when we 

isolated CD4 T cells from mice infected with Bb via syringe inoculation, as well as mice 

infected with tissue adapted spirochetes for one year (data not shown). Thus, the failure to 

measure IFNγ ELISPOTs after Arp stimulation was not due to technical difficulties with 

the IFNγ ELISPOT, the mode of infection, or the time point at which we harvested the T 

cells. Furthermore, given the proliferative response of CD4 T cells at 21 dpi (Fig. 2A) and 

the presence of activated CD4 T cells in the dLN of Bb-infected mice at 12 dpi (20, 21), our 

data suggested that Bb infection did not induce IFNγ -producing LN CD4 T cells.

Since IL-2 is secreted by CD4 T cells following TCR engagement (43), we assessed IL-2 

ELISPOT generation in these cultures and found significant IL-2 secretion (Fig. 2C) The 

drawback in using IL-2 as a readout for TCR engagement is the potential for higher 

background in ELISPOT assays, as naïve T cells can secrete IL-2 (44). To overcome this 

limitation, we calculated the fold-change of spots obtained from peptide stimulated wells 

compared to the mean number of spots seen in the PBS control wells. Using this approach, 

we found that stimulation of LN CD4 T cells with rArp consistently resulted in robust IL-2 

ELISPOT-induction compared to the control wells (Fig. 2C). Screening the Arp peptide 

library at least three times consistently resulted in strong increases in IL-2 ELISPOTs above 

background in cultures containing peptide fragments F22 and F23, and less strong induction 

in ELISPOTs from additional Arp regions (Fig. 2C).

We then conducted a similar screen using shorter 15-mer Arp peptides offset by 5 amino 

acids, spanning regions of interest from our initial screen. The highest number of IL-2 

ELISPOTs was induced by a 15-mer peptide “B11”, which shared overlapping amino acid 

sequences with peptides F22 and F23 (Fig. 2D). No other peptide induced significant and 

reproducible IL-2 ELISPOTs (Fig. 2D), suggesting the presence of at least one T cell 

epitope in this region of Arp. To more precisely determine the epitope sequence included 

in peptide B11, we screened the original B11 15-mer peptide as well as additional peptides 

generated by exchanging 1, 2 or 3 amino acid residues upstream (−1, −2 and −3), or 

downstream (+1, +2 and +3) of the original B11 sequence. T cell stimulation via B11 (+3), 

spanning Arp residues 152 to 166, resulted in the largest number of IL-2 ELISPOTs. The 

spot counts were comparable to those observed with the full length rArp, suggesting that we 

identified a major I-Ab-restricted epitope on Arp (Fig. 2E, F). As little as 5 ng of Arp152–166 

induced significant increases in IL-2 ELISPOTs compared to PBS (Fig. 2G), indicating the 

high immunogenicity of this peptide. Consistent with induction of ELISPOTs by peptides 

F22 and F23, the Arp152–166 sequence spanned these originally identified immunogenic 

regions (Fig. 2H).

Validation of the I-Ab restricted Arp Tetramer Arp152–166

Due to the low affinity of TCR interactions with soluble peptide-MHC class II (pMHCII) 

molecules, tetrameric pMHCII molecules have been developed to identify CD4 T cells 

Hammond et al. Page 9

J Immunol. Author manuscript; available in PMC 2024 September 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



expressing antigen-specific TCRs (45). MHC class II tetramers have proved invaluable 

in following CD4 T cell responses in non-TCR transgenic models of infection and 

immunization (46). Using the above identified Arp152–166 (TIDFYIEPRPISSFL) peptide, 

the NIH Tetramer Core Facility generated two MHCII (I-Ab) peptide tetramer complexes, 

one labeled with phycoerythrin (PE) and the other with Brilliant Violet 421 (BV421). 

Cell populations stained with only one tetramer likely constitute non-specific binding to 

non-peptide components of the tetramer. However, using dual staining with these tetramers, 

approximately 0.05 – 0.2% of CD4 T cells in the draining inguinal LNs of Bb infected mice 

stained with both tetramers at 14 dpi (Fig. 3A, B). To determine whether we could further 

optimize the identification of Arp-specific CD4 T cells, we treated cells with Dasatinib, 

a protein kinase inhibitor (PKI) prior to tetramer incubation. PKI treatment increases the 

number of TCR molecules retained on the cell surface, potentially increasing tetramer 

binding and staining intensity (32), in other words, enhancing the mean fluorescence 

intensity (MFI) of the tetramer-bound cells (32, 47). As expected, PKI treatment did not 

affect the number of cells that bound the Arp tetramer (Fig. 3B). It did, however, result in 

modest increases in the MFI of the PE-labeled but not the BV421-labeled tetramer (Fig. 3C). 

We therefore treated all subsequent samples with PKI prior to tetramer labeling.

We conducted several studies to confirm that the Arp tetramer identified Bb-induced 

antigen-specific CD4 T cells. First, we tested whether Bb infection increased the number 

of Arp-tetramer binding cells. For that we performed a magnetic pull-down assay first 

using PE-labeled Arp-tetramers to stain LN CD4 T cells from Bb-infected and non-infected 

controls and then using anti-PE antibodies conjugated to magnetic beads (Fig. 3D). The 

pull down resulted in an at least fifty-fold increase in the frequency of Arp-specific CD4 

T cells among total LN cells from 14 dpi with Bb, compared to frequencies measured 

prior to enrichment (2.55% ± 0.41% and 0.0492% ± 0.0066%, respectively; Fig. 3E). In 

contrast, use of LN cells from naïve mice, resulted in only a modest enrichment in the 

number of Arp-specific CD4 T cells (Fig. 3E). Presumably these cells constituted the 

Arp-specific CD4 T cells of the naïve repertoire. Their frequencies (0.0129% ± 0.0113% of 

total tetramer-enriched lymphocytes, Fig. 3E) are similar to precursor frequencies reported 

for other systems (48–50).

To ensure that infection did not lead to an increase in non-specific expansion of tetramer-

binding cells, we quantified Arp tetramer-stained CD4 T cells also in mice infected with the 

B. afzelii strain PKo, a closely related Lyme disease spirochete that lacks the arp gene (Table 

2). B. afzelii infection induced a CD4 response of similar magnitude to that induced by Bb 

in the draining LN at 14 dpi (3.3-fold increase in total number of CD4 and 3.8-fold increase, 

respectively, compared to naïve LN). Yet, the total number of Arp tetramer binding CD4 

T cells detectable in these mice was not significantly different from that of non-infected 

controls, and they also did not differ from the number of CD4 T cells that bound to 

two control tetramers of irrelevant specificity in Bb-infected LN (Fig. 3F). These data 

showed that Arp152–166 tetramer-bound CD4 T cells recognize a Bb-specific antigen and 

expand in response to infection with Arp-expressing but not Arp non-expressing spirochetes. 

A Bb-specific expansion of Arp152–166 -specific CD4 T cells was further supported by 

data showing that >80% of Arp-tetramer positive CD4 T cells were enriched for T cells 

expressing an activated (CD44hi CD11ahi) phenotype (Fig. 3G).
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Together, the data demonstrated that the I-Ab tetramer displaying Bb Arp152–166 reliably 

identified Bb-specific CD4 T cells generated during infection with Arp-expressing but not 

Arp-deficient Borrelia spirochetes. The increased numbers of Arp-specific CD4 T cells 

detectable 14 dpi compared to either uninfected mice, or mice infected with a Borrelia strain 

lacking Arp, demonstrates furthermore that the tetramer-binding Arp-specific CD4 T cells 

are induced and undergo clonal expansion in vivo in a Bb-specific manner.

Tetramer-positive CD4 T cells display modest expansion and a robust Tfh phenotype

The kinetics (Fig. 4A) and phenotype (Fig. 4B) of total and Arp-specific CD4 T cells to 

Bb N40 infection was assessed in dLN of individual mice by flow cytometry. The highest 

numbers of tetramer-binding CD4 T cells were found between 8–12 dpi, with an average 

of 8.5 × 103 ± 3.6 × 103 Arp-specific CD4 T cells per dLN (mean ± SD for 8, 9, and 

12 dpi combined, n=4 mice each timepoint). By 14 dpi that number had dropped to 1.9 × 

103 ± 6.7 × 102 (mean ± SD, n=4 mice) Fig. 4A). Even at the height of the Arp-specific 

CD4 T cell response, increases in total numbers of Arp-specific CD4 T cells were modest, 

consistent with our previous observations of a modest increase in dLN CD4 T cells, but 

in contrast to the development of a robust T-dependent anti-Arp IgG responses (8, 17, 19). 

Furthermore, the peak in Arp-specific CD4 T cell numbers seemed to precede that of GCs 

following Bb infection (Fig. 5 (8, 21)). Nonetheless, many of the Arp-specific CD4 T cells 

displayed classical markers of Tfh including ICOS, PD-1, and CXCR5, and roughly 30% 

also expressed the transcription factor of Tfh polarization, Bcl6 (Fig. 4B; (51–53)) and, 

consistent with the robust Arp-specific IgG response seen in Bb infection, they were more 

strongly enriched for Tfh compared to the other dLN CD4 T cells (Fig. 4C). Thus, although 

induced, a strong contraction of Arp-Tfh occurred around the time of, or even preceding the 

time of GC onset, around 12–15 dpi ((8, 21) and Fig. 5).

Early decline of Arp-specific GC B cells

We next quantified Arp-specific plasmablasts, plasma cells and GC B cells by generating 

tetrameric recombinant Arp “baits” labeled with PE or allophycocyanin (APC), labeling 

dLN of C57BL/6 mice infected with host-adapted spirochetes at various times after 

infection. We gated on live, CD19+, Arp-bait double-positive cells to identify Arp-specific 

B cells (Fig. 5A and Supplemental Fig. 2A). Similar to the kinetics of Arp-specific CD4 T 

cells, Arp-specific CD19+ B cells were most numerous in the dLN early in the response to 

Bb infection (at 7 and 9 dpi) and dropped sharply in number by 12 dpi (Fig. 5A). Among 

those cells, extrafollicular foci (EF) plasmablasts (PB)/ plasma cells (PC) were identified 

as CD19lo CD45Rlo TACIhi CD138+ (Supplemental Fig. 2B). Total EF responses peaked 

around 12 dpi, while the Arp-specific EF PC/PB numbers were quite variable, following a 

modest peak at 7 dpi (Fig. 5B). While the CD19lo CD45Rlo Arp-specific B cells strongly 

upregulated the cytokine receptor TACI, a sign of their differentiation towards a plasmablast 

fate, many of these cells failed to upregulate CD138 (Supplemental Fig. 2B). Among 

CD45Rhi CD19+ B cells, the frequencies of Arp-specific B cells with classical GC B cell 

phenotype (CD95+ CD24hi) emerged around day 12 – 14 dpi (Supplemental Fig. 2C, D), 

while total numbers increased earlier (Fig. 5C). Among the CD45Rhi CD95+ Arp+ B cells 

at least 50% showed the additional GC phenotype CD38lo already by day 7 (Supplemental 

Fig. 2E, F), when GC are histologically not yet present (20, 54) (Supplemental Fig. 2C, D), 
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suggesting that CD24 upregulation may provide a more useful marker for GC B cells during 

Bb infection and was thus used for quantification of total and Arp-specific GC B cells (Fig. 

5C).

As expected, Bb-infected mice had robust serum Arp-IgG levels (Fig. 5D). These levels did 

not correlate with the number of Arp+ GC B cells at 18 dpi, several days after formation of 

GCs ((21); p=0.64 Pearson’s correlation, Fig. 5E). Together these data further demonstrate 

the lack of robust Arp-specific GC B cell responses. While Arp-specific CD4 Tfh and B 

cells were induced after Bb infection, they did not seem to be maintained.

Discussion

In response to infections, B cells are known to form extrafollicular responses that result in 

the rapid differentiation of B cells to plasma cells, generating antibodies that have undergone 

little affinity maturation, as well as germinal centers (reviewed in (55)). Our previous work 

demonstrated the formation of germinal centers (GCs) in lymph nodes around 15 days 

after Bb infection in C57BL/6 mice and their rapid collapse around 2 weeks later (8, 21) 

for reasons that remain to be established. Despite the presence of these GCs for about 2 

weeks, we were unable to detect either bone marrow LLPC or Bmem, and at best transient 

affinity maturation to Arp (8, 20, 21). Thus, the data suggested that GC responses to Arp 

were either never induced, or that they were not functional. Here we developed tools with 

which we demonstrate the induction of both, GC B cells and GC CD4 Tfh with antigen 

receptor specificity to Arp. This data is significant, as it provides further evidence that CD4 

T cell and B cell responses to Bb are initiated but do not result in the establishment of 

long-lived, affinity-matured humoral immunity. The observed lack of correlation between 

the frequencies of GC Arp-specific B cells and levels of serum anti-Arp IgG further suggests 

that the antibody response to Bb is not derived from GC responses. A mainly plasmablast 

derived response would also explain the ongoing production of both IgM and IgG for 

months after Bb infection ((56) and Hastey, CJ et al, submitted). Of note, the spleen does 

not contain significant numbers of Bb-specific antibody secreting cells at any time after 

Bb infection, as we showed previously (19). Yet, even among the plasmablasts we noted 

a lack of CD138 upregulation, a surface receptor important for long-term plasmablast/cell 

survival (57), further explaining the failure of maintain Bb-specific antibody levels following 

antibiotic treatment (8).

It remains puzzling why the GCs are unable to induce Bmem and LLPC. While LLPC were 

reported to emerge only late in the GC response (58) and thus the short-lived nature of the 

GCs could have potentially impeded their development, Bmem have been shown to rapidly 

emerge from GC responses in various model systems, and may also be generated through 

extrafollicular responses (55), thus suggesting other explanations are likely responsible. We 

had shown previously that the lymph node architecture is severely affected by Bb infection 

of C57BL/6 mice, destroying the demarcation of T and B cell zones (8, 19, 54), and that 

FDCs seem to lack deposition of complement C4 (8). Whether these alterations are at the 

heart of the defective GC response remains to be established. The data provided here clearly 

demonstrate that Arp-specific T and B cells are induced, however, that neither a robust 

clonal expansion nor maintenance of these cells is seen. It is our hypothesis that this failure 
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of GC response maintenance provides a mechanism that allows for Bb persistence. The 

developed tools will be critical in identifying potential CD4 Tfh- and/or B cell-intrinsic 

functional defects in the future, as these cells can now be identified, isolated, and studied.

To study Bb-specific CD4 T cell responses we focused on Arp, a constitutively expressed 

and highly conserved Bb protein for which we identified a MHCII I-Ab restricted epitope. 

Utilizing this epitope in two differently fluorochrome-labeled MHCII-tetramers identified 

0.05–0.2% of activated polyclonal LN CD4 T cells as Arp specific at the height of the 

LN response. Many of these CD4 T cells had a phenotype consistent with that of GC Tfh, 

as we would have expected, given the robust anti-Arp IgG response in Bb-infected mice. 

Likewise, using the recombinant Arp as a bait, we were able to demonstrate a comparable 

small fraction of Arp-specific GC B cells. Thus, these tools now allow for the first-time 

studies on CD4 and B cells specific to the same Bb antigen in the polyclonal response to Bb 

infection in wild type mice.

An acknowledged limitation of the generated MHCII tetramers and antigen-baits is the small 

frequency of Arp-specific CD4 T and B cells that we were able to identify. Given the strong 

T-dependent B cell responses to Arp we and others had identified in these Bb-infected 

mice (17, 19, 20), we had expected a more robust proportion of the adaptive response to 

be directed against Arp. However, the sheer number of Bb-expressed proteins, considered 

to be in the hundreds, might explain this finding (59). We had initially tried to circumvent 

this challenge by inserting a small peptide of influenza A/PR/8 into Bb strain B31, with 

which we hoped to then see the stimulation of CD4 TCR transgenic T cells specific for 

this peptide after Bb infection. Use of such a TCR transgenic would have allowed us to 

increase the number of antigen-specific naïve T cells prior to infection via adoptive transfer, 

as successfully done with other models (33, 34). Unfortunately, even when we succeeded 

in overcoming the well-known challenge of genetically manipulating Bb without losing 

infectivity (60), we were nonetheless unsuccessful in generating a mutant that generated 

immunogenic HA-peptides able to stimulate the TCR transgenic CD4 T cells either in vivo 
in immunocompetent mice or in vitro, although arp was expressed and responses could be 

seen in SCID mice. There are several possibilities why the arp::HA strain was unable to 

induce an HA-specific T cell response in BALB/c mice. Bb expresses a large number of 

potentially antigenic lipoproteins (61, 62), inducing a complex, polyclonal immune response 

(19, 63). It is possible that the HA111–119 epitope is less immunogenic than endogenous 

Bb antigens in the context of this complex pathogen. Alternatively, processing and loading 

of the HA111–119 peptide sequence into MHC II molecules may have been affected by its 

incorporation into the Arp protein. The findings of TS-1 T cell activation in SCID mice, 

which have at least 10-fold higher Bb burden than immunocompetent BALB/c mice may 

suggest a lack of sufficient antigen availability. While this attempt proved unsuccessful, it 

is noteworthy that the arp locus was amenable to the genetic manipulation and might be 

a useful target for future attempts to express antigens by Bb. In contrast, insertion of the 

HA-peptide into the flab locus, yielded Bb with abnormal morphology that were unable to 

establish infection in C57BL/6 mice.

The reagents generated allowed us to determine that the failure to generate Arp-specific 

LLPC and Bmem after Bb infection, and the resulting rapid disappearance of protection from 
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re-infection and Arp-specific serum IgG after antibiotic treatment (8) is not due to a failure 

to induce Arp-specific GC Tfh and B cells, but an inability to maintain these responses.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Key Points

• Bb Arp(152–166) containing MHCII tetramers identify Arp-specific CD4 T 

cells

• Labeled tetramerized Arp identifies small numbers Arp-B cells after Bb 

infection

• Data indicate failure to maintain but not to induce Arp-response after 

infection
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Figure 1. Mutant B. burgdorferi expressing HA111–119 is infectious but does not stimulate 
HA-specific CD4 T cells.
(A) Schematic representation of constructs for generation of influenza hemagglutinin (HA) 

or E115K peptide (Hm) expressing mutant Bb B31. (B) Experimental design of HA-specific 

TS-1 CD4 T cell transfer to either BALB/c or BALB/c SCID recipients, followed by 

syringe inoculation with HA111–119 expressing Bb, E115K expressing Bb, or parental B31 

Bb strains. (C) Representative flow plots of TS-1+ CD4 T cells in the LN and (D) spleen 

of BALB/c recipients, 13 days post infection (dpi) with indicated Bb strains. Fluorescence 

minus one (FMO) sample was not stained with the anti-TS-1 TCR antibody. Summary data 

shown at right. (E-F) FACS analysis of percent of activated (CD44hi CD11ahi) TS-1 cells 

in (E) dLN and (F) spleen of BALB/c recipients. (G) Quantitation of TS-1+ CD4 T cells in 

the dLN and (H) spleen of BALB/c SCID recipients 13 dpi as assessed by flow cytometry. 

(I, J) FACS analysis of percent of activated (CD44hi CD11ahi) TS-1 cells in (I) dLN and 

(J) spleen of SCID mice. (K, L) Frequencies of divided (K) TS-1 CD4 T cells or (L) total 
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BALB/c CD4 T cells, cultured for 72h with irradiated splenic feeder cells and indicated 

stimuli. Cell proliferation was assessed by dilution of CFSE. Each symbol represents the 

result of one culture well, bars indicate mean, and error bars, SD. Data are representative of 

two independent experiments that produced similar results. *p < 0.05; **p < 0.01; ***p < 

0.001; ****p < 0.0001. n.s. not significant by Student’s t-test.
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Figure 2. Discovery of an immunodominant Arp epitope.
(A) Mean ± SD of frequencies divided CFSE-labeled CD4 T cells from 3 replicates of LN 

cells from Bb infected mice 21 dpi, or uninfected controls cultured for 6 days with/without 

rArp. *p < 0.05, **p < 0.01 by Student’s t-test. (B, C) CD4 T cells from Bb infected 

mice (12 dpi) were stimulated with irradiated splenic feeder cells plus Arp gene-wide 

overlapping 20-mer Arp peptides (100 μg per well), recombinant Arp (50 μg per well), 

or PBS, and analyzed for (B) IFNγ or (C) IL-2 secretion by ELISPOT. (B) Shown are 

mean numbers of IFNγ ELISPOTS, n=3/stimulus. CD4 T cells from influenza A/PR8 

infected mice (7 dpi) were stimulated with 40 HAU of inactivated virus as a positive 

control. (C) Shown are mean fold-changes in IL-2 ELISPOT compared to average of PBS 

induced IL-2 ELISPOT; arrows indicate Arp peptides with consistently strong induction of 

IL-2 production. (D) Immunogenic regions identified in (C) were further probed through 

stimulation with 15-mer Arp peptides B1–B18 and (E, F) 15-mer Arp peptides offset 
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by 1 aa residue. Controls were recombinant Arp and PBS. Mean fold-induction of IL2 

ELISPOTS over PBS control. Asterisk indicates significant induction above the mean of 

the background. (F) Representative images of ELISPOT wells. (G) Mean fold-change in 

IL-2 ELISPOTS compared to mean of PBS controls in response to graded doses of peptide 

B11(+3) peptide. (H) Alignment of selected Arp peptide sequences and Arp152–166 epitope 

to the Arp protein sequence. B-E, G, data are representative of two (B, D, E, G) or three (C) 

independent experiments.
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Figure 3. Arp tetramer detects Bb Ag-specific CD4 T cells.
(A) Representative flow cytometry plots of draining LN from 14 dpi Bb infected mice. 

LN cells from individual mice were either treated with a protein kinase inhibitor (+PKI) 

or incubated in staining media (-PKI) prior to incubation with Arp tetramer. Plots are 

pre-gated on live single lymphocytes, CD19- CD3+ CD4+. (B) Frequencies and numbers of 

Arp-specific CD4 T cells detected in draining LN of 14 dpi Bb infected mice. (C) Mean 

fluorescence intensity (MFI) of BV421- and PE-labeled Arp tetramer among CD4+ T cells. 

(D) Representative flow cytometry plots showing LN cells from 14 dpi Bb N40 infected and 

naïve control mice following enrichment by magnetic pull down of tetramer-labeled cells. 

(E) Frequency of Arp-specific CD4 T cells among enriched fractions of lymphocytes from 

14 dpi Bb infected (n=4) and naïve (n=4) mice. Data are representative of three independent 

experiments. F) Flow cytometry plots showing dual Arp-tetramer-labeling of CD4 T cells 

from the draining LN 14 dpi Bb N40-infected, B. afzelii PKo-infected, or naïve control 
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mice (n=4 mice for each condition). Staining with non-specific control tetramer stains for 

Bb N40 and naïve mice is shown below. Bottom right bar chart shows summary of results. 

(G) Overlay 5% contour plot with outliers of staining for CD44 and CD11a among total and 

Arp-specific CD3+ CD4+ T cells in the draining LN of 14 dpi Bb N40 infected mice (n=4). 

Bar chart shows mean frequencies ± SD of activated CD44hi CD11ahi cells. B, C, n=4 mice, 

paired two-tailed Student’s t-test, *p < 0.05. E) Two-tailed Student’s t-test; F) One-way 

ANOVA with Tukey’s post-hoc comparison. ***p < 0.001, ****p < 0.0001. Results in A-E 

are representative of two experiments that gave comparable results. F, Results are from one 

side-by-side comparison analysis of all three Bb strains. G, analysis is one of at least 4 

experiments showing similar results.
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Figure 4. Arp152–166 specific CD4 Tfh cells contract early after Bb infection.
(A) Representative flow cytometry plots of Arp tetramer-binding CD4 T cells from the 

dLN of mice infected with host-adapted Bb N40 at indicated dpi. “Fluorescence minus 

one” (FMO) tetramer controls at right. Bottom, summary of results (frequencies, left and 

cell counts, right). (B) Representative contour flow cytometry plots of total (top) and 

Arp-specific (bottom) CD4+ ICOS+ PD-1+ CXCR5+ Bcl6+ Tfh. (C) Summary data of 

percent Tfh, gated as shown in (B). Multiple paired t-tests, FDR=2%. N = 4 mice, each 

timepoint. (A) One-way ANOVA with Dunnet’s multiple comparisons test; significant 

difference compared to 0 dpi as indicated. (B). Multiple paired t-tests, FDR=2%. N=4 mice, 

each timepoint as indicated. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. Results 

are from one complete time course experiment. Individual time points have been repeated 0 

– 4 times.
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Figure 5. Tetrameric Arp bait identifies small numbers Arp-specific B cells.
(A) Representative flow cytometry plots of dLN of Bb-infected C57BL/6 mice at indicated 

dpi. Top right: uninfected control and “fluorescence minus one” (FMO) B cell bait controls. 

Bottom right: Individual cell counts of total CD19+ B cells (left y-axis, black) and Arp-

specific B cells (right y-axis, red), lines indicate mean/group. (B) Cell counts of total (black, 

left y-axis) and Arp-specific (red, right y-axis) extrafollicular (EF) plasmablasts (PB) and 

plasma cells (PC), defined as CD19+ CD45Rlo CD138+ TACI+. (C) Cell counts of total 

(black, left y-axis) and Arp-specific (red, right y-axis) GC B cells, defined as CD19+ 

CD45Rhi CD24hi CD95+. Results are from n =4 mice per time point of one complete time 

course experiment performed. Additional analysis of individual timepoints done 0 – 2 times 
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(D) Relative unit Arp-IgG in sera from mice before and at 18 dpi with Bb N40, assessed 

by ELISA. Each dot represents results from one mouse (n = 8/group) bar indicates mean, 

line SD. (E) Semi-log non-linear regression plot of total Arp+ GC B cells compared to 

serum Arp-IgG. Dotted line shows 95% CI. (D-E, data are pooled from two independent 

experiments, n=8 total. (D) ***p < 0.001 by two-tailed Student’s t-test.
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Table 1.

Oligonucleotides

Name Sequence

arp_155F CCAATAAAACTTCTACCTCA

arp_996R+HA+AaAg *ACCGGTTAAGACGTCTTATTTAGGAAAAATTTCAAATCTTTCAAAACTTAAACCCTTTACACTT

arp_996R+Hm+AaAg ACCGGTTAAGACGTCTTATTTAGGAAAAATTTTAAATCTTTCAAAACTTAAACCCTTTACACTT

arp_978F+AatII GACGTCAAGTGTAAAGGGTTTAAGTT

arp_D1773R+AgeI ACCGGTGGAATCCAATAACAAAGTTC

arp_780F TGATAGCAATTTCTTTACCA

arp-663F TACACACCCCATATTTGATCACATTACT

arp-767R TTGCTATCACCACCAATTTCAAGT

arp-705P TCCCGGACAAGATTCTATATCCAATACATGGG

flab-571F GCAGCTAATGTTGCAAATCTTTTC

flab-677R GCAGGTGCTGGCTGTTGA

flab-611P AAACTGCTCAGGCTGCACCGGTTC

*
Nucleotides in bold are engineered restriction sites and nucleotides in italics are the HA111–119 or E117K mutant HA111–119 sequences.
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Table 2.

Arp sequence homology

Species Strain Geography Source
OspC 
Type

Peptide 
Length

% Amino 
Acid 

Identity to 
N40

arp gene 
location

NCBI protein 
accession #

B. burgdorferi N40 New York Ixodes 
scapularis E 332 aa 100 lp28–5 WP_010890266.1

B. burgdorferi 64b New York Human B1 332 aa 100 lp28–5 WP_010890266.1

B. burgdorferi 118a New York Human J 332 aa 100 lp28–5 WP_010890266.1

B. burgdorferi 156a New York Human H2 332 aa 100 lp28–5 WP_010890266.1

B. burgdorferi B31 New York Ixodes 
scapularis A 332 aa 100 lp28–1 WP_010890266.1

B. burgdorferi PAbe Germany Human -- 332 aa 100 lp28–1 WP_010890266.1

B. burgdorferi JD1 Massachusetts Ixodes 
scapularis C1 332 aa 99.1 lp28–4 WP_014540454.1

B. burgdorferi 72a New York Human G 332 aa 92.15 lp36 WP_012665889.1

B. burgdorferi 94a New York Human U1 332 aa 91.84 lp36 WP_012672552.1

B. afzelii PKo Germany Human -- -- -- -- --

B. garinii PBr Denmark Human -- -- -- -- --
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