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Abstract

Borrelia burgdorferi (B. burgdorferi), the causative agent of Lyme disease, is transmitted by the 

bite of an infected tick. Once inoculated into the host dermis, it disseminates to various organs 

including distant skin sites, the heart, the joint and the nervous system. Most humans will develop 

an early skin manifestation called erythema migrans at the tick bite site. This can be followed by 

symptoms such as carditis, neuritis, meningitis or arthritis if not treated. A specific mouse strain, 

C3H/HeN develops arthritis with B. burgdorferi infection while another strain, C57BL/6 develops 

minimal to no arthritis. Neither strain of mice shows any skin signs of rash or inflammation. 

Factors that determine the presence of skin inflammation and the joint arthritis susceptibility in the 

host are only partially characterized. We show here that murine fibroblast-like synoviocytes (FLS) 

display trained immunity, a program in some cells that results in increased inflammatory responses 

if the cell has previously come in contact with a stimulus, and that trained immunity in FLS tested 

ex vivo correlates with Lyme arthritis susceptibility. Conversely, skin fibroblasts do not exhibit 

trained immunity which correlates with the absence of skin symptoms in these mice. Moreover, we 

demonstrate that the trained phenotype in FLS is affected by the cell environment which depends 

on the host genetic background. Future studies expanding this initial report of the role of trained 

immunity on symptoms of B. burgdorferi infection may provide insight into the pathogenesis of 

disease in murine models.
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Introduction

Infection with Borrelia burgdorferi (B. burgdorferi2), the causative agent of Lyme disease, 

results in a multi-system infection in both humans and in murine models of disease. In both 

humans and animals, the bacteria move from the skin, where they are deposited by a tick 

vector and then spread to involve sites such as the heart, the nervous system and the joints 
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(1). Manifestations of the disease are thought to be due to the immune response to the 

organism and not to toxins or tissue destroying enzymes produced by the organism itself. 

While humans develop a characteristic rash called erythema migrans at the site of 

inoculation, mice do not typically develop any skin manifestations. For both humans and 

inbred strains of mice, joint arthritis is typically the latest developing and longest lasting of 

the manifestations and can be characterized by spontaneous remission of inflammation with 

recurrence in the same or a different joint (2).

B. burgdorferi differs from most infectious agents because the organism causes longstanding 

infection without killing its host. In mice, infection is lifelong unless treated with antibiotics 

(3). In humans, the infection can last several years in the absence of treatment (4), with rare 

cases of organisms found in a skin manifestation called acrodermatitis chronica atrophicans 

(ACA3) up to 10 years later (5, 6). The longevity of the organism in the host makes it likely 

that immune cells will have repeated contacts with B. burgdorferi or its antigens. It is 

currently not well understood how repeated exposure of cells to B. burgdorferi antigens 

could affect subsequent cellular responses. However, repeated responses to other stimuli 

have been shown to result in either innate immune tolerance or trained immunity (7).

Both responses describe the long-term reprogramming of innate immune cells induced by an 

endogenous or exogeneous ligand. Memory is established, thereby allowing cells to have an 

increased (trained immunity) or decreased (tolerance) inflammatory responses following 

subsequent exposure to an antigen compared to the initial exposure. Trained immunity has 

been shown to result in upregulation of inflammatory cytokines in in other bacterial 

infections. Prior exposure to muramyl dipeptide induces inflammatory cytokines and results 

in protection against Streptococcus pneumoniae and Toxoplasma gondii; prior exposure to 

flagellin protects against subsequent S. pneumoniae infection(8, 9). It has been also 

observed in vector-borne pathogen infections such as malaria and leishmaniasis where pre-

infection with plasmodium or pretreatment with β-Glucan respectively increase the 

inflammatory response and confer some protection during subsequent parasite infections 

(10, 11). In these examples, the increased responses conferred by trained immunity occurs 

through nonspecific mechanisms involving epigenetic reprogramming of innate immune 

cells. The converse of trained immunity, innate immune tolerance, protects the host from 

tissue damage induced by excessive inflammation. It has been well studied using LPS, 

where repeated exposures confer protection against septic shock through reduction of 

cytokine induction (12, 13). Tolerance is also involved in the regulation of the immune 

response toward the microbiome, as defects in this mechanism have been associated with 

auto-inflammatory diseases such as the inflammatory bowel disease in the gut (14). A 

balance in regulation of trained immunity and innate immune tolerance allows the host to 

control the infection while simultaneously avoiding overly exuberant responses that could 

lead to host damage.

Synovial fibroblasts, also called fibroblast-like synoviocytes (FLS4) are a major cell type 

present in the joint. They are involved in the inflammation observed in B. burgdorferi 

3ACA : Acrodermatitis chronica atrophicans
4FLS: fibroblast-like synoviocytes
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infected mice as well as in human arthritis (14–16). FLS develop a persistent inflammatory 

phenotype through trained immunity following repeated exposures to inflammatory 

cytokines (17). In this study, we examine the role of FLS in the pathogenesis of Lyme 

arthritis. We found that FLS exhibit a phenotype that is consistent with trained immunity and 

that correlates with arthritis development in C3H/HeN mice. This contrasts with murine skin 

fibroblasts that show tolerance upon re-exposure to B. burgdorferi. This suggests that the 

continued presence of B. burgdorferi in the host induces trained immunity in murine FLS 

resulting in a highly inflammatory phenotype. Trained immunity may then play a role in 

explaining why arthritis is a prominent feature of infection with B. burgdorferi in mice (3).

Material and methods

Bacteria and Mice

An infectious isolate of B. burgdorferi, N40, was used. Four- to 8-wk-old female C3H/HeN, 

C57BL/6 and TLR2 ko mice were purchased from the National Cancer Institutes and 

Charles River Laboratories and co-housed at our facility until use. MyD88 ko mice were 

kindly provided to us by Dr. Pilar Alcaide (Tufts University, Boston, USA). For infection, 

mice were inoculated with one subcutaneous injection of 105 bacteria per mouse.

Cells isolation

Joint cells.—The joint cell isolation protocol was performed as previously described (15). 

Briefly, joints were extracted from euthanized mice and skin was removed. Tissues were cut 

in 2–3 mm pieces and digested with liberase™ (Roche), a cocktail of highly purified 

collagenase I, collagenase II and thermolysin. Whole cells were collected and seeded on a 

24-well plate and used right away for incubation studies.

FLS.—The FLS isolation protocol was performed as previously described (18). Briefly, 

mice were euthanized, and hip synovium were extracted. Tissues were digested with type IV 

collagenase and seeded on a flask containing DMEM + 10% FBS and antibiotics. Cells were 

passaged once they reached 80% confluency and split 1:3. Cells were used for further 

studies between passage three and five.

Fibroblasts.—The fibroblasts isolation protocol was performed as previously described 

(19). Briefly, ears and tails were collected from euthanized mice. Tissues were cut in small 

pieces and treated with an enzymatic cocktail containing collagenase D (Roche) and pronase 

(Roche). Detached cells were collected and culture in flask containing DMEM + 10% FBS 

and antibiotics. Cells were passaged once they reached 80% confluency and split 1:2. Cells 

were used for further studies between passage three and four.

Ex vivo/In vitro assays

Ex vivo.—FLS, fibroblasts or joint cells from naïve or mice infected 4–8 weeks B. 
burgdorferi were collected and used immediately (mixed joint tissue) or incubated in vitro 
beyond passage three (FLS and fibroblasts). Cells were seeded on a 12-well (FLS and 

fibroblasts) or 24-well (Joint cells) plate and fresh B. burgdorferi were added at a MOI of 10 
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for six (FLS and fibroblasts) or 24 hours (joint cells). Then supernatants (FLS, fibroblasts 

and joint cells) and cells in TRIzol (FLS and fibroblasts) were collected for further analysis.

In vitro.—FLS or fibroblasts from naïve mice were collected and incubated in vitro beyond 

passage three. Cells were seeded on a 12-well plate and fresh B. burgdorferi were added at a 

MOI of 10 for 24 hours, washed with PBS, and incubated a second time with fresh fresh B. 
burgdorferi at a MOI of 10 for six hours. Then supernatants and cells in trizol were collected 

for further analysis.

ELISA

To measure IL-6, MIP1a, CXCL1 and TNF-a secreted by FLS and fibroblasts, enzyme-

linked immunosorbent assays (ELISAs) were performed on cell supernatants as per the 

manufacturer’s instructions (R&D).

PCR/qRT-PCR

Total RNA was extracted from cells using TRIzol reagent (Invitrogen) and transcribed into 

cDNA by using Superscript VILO cDNA synthesis kit (Thermo Fisher Scientific). PCR was 

performed using Phusion polymerase. The primers used are: !8s (F- 

CATGATTAAGAGGGACGGC, R- TTCAGCTTTGCAACCATACTC), icam (F- 

AGACACAAGCAAGAAGACCACA, R- TGACCAGTAGAGAAACCCTCG), vcam (F- 

GGAGACCTGTCACTGTCAACTG, R- TCCATTTCACCACTGTGTAACC), cd248 (F- 

GCCAGCAGATGTGTGTCAA, R- GTAGGTGCCAGCCATAGGAT), Prolyl4-hydroxylase 
(F- GATTGTGGAGTTCAGTGAGCC, R- TTCATCATAGGTCCTGTTGTCTG) and cd68 
(F- GCTTCTGCTGTGGAAATGC, R- GGTAGGTTGATTGTCGTCTGC). DNA was 

loaded on an agarose gel and revealed using Chemidoc system. The qPCR was performed on 

the CFX96 instrument (Bio-Rad) with Power SYBR Green PCR Master Mix (Thermo Fisher 

Scientific). The primers used are: il-6 (F- GACTTCACAGAGGATACCAC, R- 

TATCCAGTTTGGTAGCATCC), mip1a (F- TTCTCTGTACCATGACACTCTGC, R- 

CGTGGAATCTTCCGGCTGTAG), cxcl1 (F- CTGGGATTCACCTCAAGAACATC, R- 

CAGGGTCAAGGCAAGCCTC) and tnf-a (F- ATGAGCACAGAAAGCATGATC, R- 

TACAGGCTTGTCACTCGAATT). Genes expression was normalized to the hprt gene 

expression and compared to untreated conditions using the 2^−ΔΔCt method.

Confocal microscopy

Cells were cultured in chamber slides until they reach 80% confluency. Cells were then fixed 

in 1% paraformaldehyde and permeabilized in 5% goat serum with 0.1% saponin. Cells 

were incubated with either FITC-anti-CD90.2 (1:100) or anti-CD248 (40 ug/mL), anti-

fibronectin (1:100) or anti-vimentin (1/1000) followed by Alexa-fluor-647 secondary 

antibodies (1/1000). Slides were examined using a Nikon A1R Confocal microscope and the 

63X oil objective. Images were merged using the Fiji (ImageJ) software.

BERNARD and HU Page 4

J Immunol. Author manuscript; available in PMC 2021 December 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Results

Joint cells from B. burgdorferi infected mice are hyperresponsive to repeat exposure to B. 
burgdorferi.

When infected with B. burgdorferi, C3H/HeN mice develop arthritis that peaks at around 

three weeks of infection and resolves after six to eight weeks with the development of 

antibodies and a decrease in the numbers of B. burgdorferi in tissue (3). To determine if 

prior exposure to B. burgdorferi affects cellular responses upon re-exposure, we extracted 

total joint cells from age matched C3H/HeN mice that were either uninfected or infected 

with B. burgdorferi for 4 weeks. These cells were then incubated ex vivo with B. burgdorferi 
for 24h hours before measuring pro-inflammatory cytokine expression (IL-6, TNFα, MIP1a 

and CXCL1). Cells from infected mice secreted a higher amount of all four cytokines as 

compared with cells from uninfected mice (Fig. 1A). This result suggests that prior exposure 

to B. burgdorferi alters the responsiveness of joint cells to subsequent exposures in such a 

way as to result in increased induction of inflammatory cytokines.

When we isolated and cultured total joint cells, we did not differentiate between the different 

cell types located in the joint. During steady state, approximately 20% of all cells in joints 

are leukocytes (CD45+ cells) (15). However, this proportion is higher in B. burgdorferi 
infected joints due to neutrophil and lymphocyte infiltration. As a result, the cell populations 

between naïve and infected mice might be comprised of significantly different cell types 

(20). To determine the influence of cell type on our results, we repeated the experiment 

using cells from uninfected mice or mice post-resolution of arthritis after B. burgdorferi 
infection (8 weeks after infection). At 8 weeks post-infection, the distribution of cell types in 

the joint is similar between naïve and infected mice (21). Despite this, cells from infected 

mice still secreted more cytokines following ex vivo incubation with B. burgdorferi than 

naïve cells (Fig. 1B). These data support the idea that joint resident cells develop an 

increased inflammatory phenotype upon re-exposure with B. burgdorferi, which fits with the 

concept of trained immunity. In addition, since the effect is maintained 8 weeks post 

infection in ex vivo experiments, it suggests this immune memory is fairly long lived.

Fibroblast-like synoviocytes, a joint resident cell-type, develop a trained immunity 
phenotype in B. burgdorferi-infected C3H/HeN mice while skin fibroblasts show a tolerance 
phenotype.

We next wanted to determine the specific cell type responsible for the increase in pro-

inflammatory cytokine production following B. burgdorferi re-exposure in the joint. FLS 

have been shown to have a major role in inducing inflammation in the joint following B. 
burgdorferi infection. We thus purified FLS from the hip synovium of age matched B. 
burgdorferi infected C3H/HeN mice (8 weeks of infection) and uninfected controls (Fig. 2). 

Cells were cultured for at least three passages and checked for purity by qPCR and confocal 

microscopy (Fig. S1) before incubation ex vivo with B. burgdorferi for 24 hours. 

Unpassaged cells were positive for monocyte markers by qRT-PCR, but these were lost upon 

passaging of the cells. Staining of the cells using antibodies to fibroblast markers showed 

that 100% of passaged cells expressed these markers. Passaged FLS from infected mice 

showed a higher response against B. burgdorferi than cells from naïve mice as shown by a 
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higher expression of IL-6, MIP1a, CXCL1 and TNFa at the protein (Fig. 2A) and mRNA 

level (Fig. S2A). Of note, this phenotype was maintained despite expanding the cells about 

30-fold over two weeks. This shows that the phenotype is maintained despite prolonged 

culture in vitro and may be transmitted to newly divided cells.

To determine the specificity of trained immunity in synovial fibroblasts, we tested the effect 

of repeat exposure to B. burgdorferi in skin fibroblasts. B. burgdorferi can be found in large 

numbers in the skin of infected mice with little or no inflammation. In contrast to FLS, skin 

fibroblasts extracted from C3H/HeN mice infected for 8-weeks had a lower inflammatory 

response compared to cells from naïve mice when incubated ex vivo with B. burgdorferi as 

seen by measuring IL-6, MIP1a, CXCL1 and TNFa at the protein level (Fig. 2B). The B. 
burgdorferi-induced tolerance was not observed at the mRNA level which showed similar 

levels in fibroblasts from infected and uninfected mice (Fig. S2B). This suggests that 

training against B. burgdorferi exposure and re-exposure is cell and tissue specific and likely 

linked to the composition of the inflammatory milieu in the joint tissue.

FLS from arthritis-resistant C57BL/6 mice do not develop a trained phenotype upon 
repeated B. burgdorferi exposure in vivo

We next decided to test for the phenotype using C57BL/6 mice, a mouse strain that shows 

resistance to B. burgdorferi-mediated arthritis. In contrast to C3H/HeN mice, FLS from 

infected C57BL/6 mice showed no differences between cells from uninfected or 8 weeks 

infected mice in levels of cytokines by ELISA (Fig. 3A). By measurements of mRNA 

transcripts, gene expression was even lower in infected cells than in naïve cells (Fig. 3B). 

These data shows that the FLS trained phenotype is specific to the C3H/HeN mice and 

suggests that it may participate in arthritis susceptibility observed in this strain.

Stimulation and re-stimulation of FLS in vitro reproduces trained immunity from ex vivo 
cells.

To better characterize the trained immunity observed in FLS, we studied the responses of 

cultured FLS to stimulation and re-stimulation. FLS from naïve C3H/HeN or C57BL/6 mice 

were collected, incubated with or without B. burgdorferi for 24h, washed and stimulated a 

second time with B. burgdorferi for 24h. Similar to the ex vivo model, FLS from C3H/HeN 

mice preincubated with B. burgdorferi showed increased induction of the inflammatory 

cytokines IL-6, MIP1a and CXCL1 by ELISA (Fig. 4A) and MIP1a and CXCL1 by qRT-

PCR (Fig. S3A). Of note, expression and production of one cytokine, TNFa did not match ex 
vivo results. In vitro, TNFa showed decreased rather than increased induction upon re-

exposure by both qRT-PCR and ELISA.

For FLS from C57BL/6 mice, in vitro experiments showed similar increases in cytokine 

release as the C3H/HeN cells with repeat exposures, with IL6, MIP1a and CXCL1 being 

increased and TNFa being decreased both at the protein (Fig. 4B) and mRNA level (Fig. 

S3B). This contrasts with the ex vivo results seen in C57Bl/6 mice and suggests that the 

difference between the strains of mice is not in the intrinsic ability of their FLS cells to 

develop trained immune responses and is likely due to the presence of other inflammatory 

mediators or local cell to cell communication that alters cellular behavior.
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The FLS trained phenotype does not require TLR2 nor MyD88 to be induced

Innate immunity and signaling through the toll-like receptors (TLR5) plays an important role 

in the inflammatory response to B. burgdorferi (22). TLR signaling has also been shown to 

induce epigenetic changes that alter cellular responsiveness to different stimuli (23). We 

explored if TLR2 which recognizes B. burgdorferi lipoproteins or the TLR adapter 

molecule, MyD88, are required for increased cytokine release upon repeat exposure of FLS 

to B. burgdorferi (24, 25). FLS from TLR2 and MyD88 ko mice were collected and tested 

by B. burgdorferi exposure and re-exposure. Interestingly, TLR2 knockout cells, while 

having an expected lower overall inflammatory response compared to WT, still exhibited 

increased cytokine release upon B. burgdorferi re-exposure for IL-6, MIP1a and CXCL1 

(Fig. 5A). As expected, MyD88 knockout FLS showed greatly decreased cytokine induction 

upon exposure to B. burgdorferi overall, but still showed increased cytokine expression upon 

re-exposure (Fig. 5B). Together, these data suggest that TLR2 or MyD88 signaling is not 

required for induction of FLS trained immunity and that the low amounts of inflammatory 

mediators being produced in the deficient cells was still sufficient for the induction of 

immune memory.

Discussion

The manifestations of B. burgdorferi infection vary significantly between animal species and 

by tissue types. The skin is comprised of multiple cell types able to detect B. burgdorferi, 
including resident cells such as fibroblasts (26). Skin fibroblasts have been shown to express 

many pro-inflammatory cytokines and chemokines in response to B. burgdorferi in vitro 
(27). While in humans, most patients develop an early skin rash called erythema migrans, 

that is felt to be a result of the inflammatory response to the organism, mice do not develop a 

similar rash. Of note in humans with erythema migrans, the rash typically resolves 

spontaneously over the period of weeks although the bacteria remain present for much 

longer. Bacteria remain present in mouse skin almost indefinitely, without significant 

inflammation. This contrasts with the joint where C3H/HeN mice develop a severe arthritis 

in response to B. burgdorferi infection. The joint swelling is a late manifestation following 

B. burgdorferi infection in humans as well, although its severity is highly variable and can 

range from arthralgia to highly inflamed and proliferative synovial lesion. Murine Lyme 

arthritis is characterized by an infiltration of neutrophils and lymphocytes (20). Resident 

cells, including fibroblast-like synoviocytes (FLS), also participate to the inflammatory 

response in the joint in mice (28, 29). Human FLS have also been shown to express 

cytokines, chemokines and proteases in response to B. burgdorferi (30–32). Moreover, the 

bacteria in combination with IFNγ present in arthritic joints, have been shown to initiate the 

differentiation of human FLS into a highly inflammatory phenotype, notably through the 

upregulation of a large number of genes associated with antigen presentation (16).

Here, we showed that B. burgdorferi induces a highly pro-inflammatory trained phenotype 

in murine FLS that is persistent even after initial resolution of arthritis. In contrast, skin 

fibroblasts do not exhibit this type of pro-inflammatory response and even develop reduction 

5TLR: toll-like receptor

BERNARD and HU Page 7

J Immunol. Author manuscript; available in PMC 2021 December 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



of release of certain pro-inflammatory cytokines with repeat exposure that is typical of 

innate immune tolerance. Differential cell type responses to repeated stimulations has been 

demonstrated with TNFa. TNFa exposure of macrophages results in subsequent reductions 

in cytokine responses upon re-exposure (33), while exposure of FLS results in a sensitization 

that causes increased cytokine induction upon re-exposure (17). Fibroblasts from different 

origins have also been shown to respond differently to repeated exposures to LPS (34).

Beyond differences in cell type, it is possible that the pathogen may differentially express 

antigens that influence the development of trained immunity or tolerance to benefit its own 

survival. Antigens expressed by B. burgdorferi are different in different murine tissues (35) 

and this might result in the induction of different states of innate immune memory between 

the skin and the joint. Moreover, specific antigens might not be expressed at the same level 

between tissues, since B. burgdorferi gene expression depends on many elements of its 

external environment (including but not limited to temperature, pH, availability of 

micronutrients) (36–39) and these parameters are different between the skin and deeper 

tissues (40). Indeed, the antigen concentration is a critical parameter influencing innate 

immune memory (41). For example, low doses of LPS or Pam3CSK4, TLR4 and TLR2 

ligands respectively, induce trained immunity while a higher dose induces tolerance in 

human monocytes (42). This could also potentially explain the difference seen in trained 

immunity responses of C57BL/6 FLS tested ex vivo vs in vitro as the levels of bacteria in 

C57BL/6 mice maybe lower than what is used to expose and re-expose in vitro.

In mice, specific genetic backgrounds have been linked to arthritis susceptibility. Notably, 

C3H/HeN mice develop significant and recurrent arthritis following B. burgdorferi infection 

while C57BL/6 show resistance to joint inflammation/swelling (3). Here we show that B. 
burgdorferi -induced trained immunity in FLS occurs ex vivo only in cells taken from 

infected, arthritis-susceptible mice, further suggesting it is a contributing factor promoting 

arthritis in these mice. Interestingly, the B. burgdorferi-induced training in FLS depends on 

the cell environment, which may be influenced at least partially by the host genetic 

background, rather than on the cell ability to be trained. Indeed, B. burgdorferi induce 

training in both C3H/HeN and C57BL/6 cells in vitro, but only C3H/HeN cells are trained in 
vivo. Additional factors present in C57BL/6 mice might prevent FLS from being trained in 
vivo. It may include high expression of the anti-inflammatory cytokine IL-10, which is 

higher in C57BL/6 mice than in C3H/HeN mice. IL-10 plays a role in the reduction of 

inflammation in the joint (43, 44). This anti-inflammatory cytokine induces a tolerant 

phenotype in macrophages (45–47). IL-10 present in the joint might then prevent FLS from 

developing trained immunity by downregulating inflammatory pathways and promoting 

tolerance. Alternatively, in the C3H/HeN background, the FLS training might be induced 

indirectly by B. burgdorferi through interferons. Repeated IFN-b exposure has been shown 

to induce trained immunity in embryonic fibroblasts through histone methylation (48). In 
vitro, human FLS become highly inflammatory in response to IFNg, a critical cytokine for 

synovial lesion development in human and murine hosts (16, 49). These events could train 

the cells upon re-exposure with the bacteria. In vivo, C3H/HeN mice highly express type-I 

IFN following B. burgdorferi infection and the interferon response has been linked to the 

increased inflammation observed in this genetic background as compared to C57BL/6 (15, 
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50, 51). Therefore, interferons might also be a contributing factor in the initiation of FLS 

training observed in C3H/HeN mice and leading to excessive inflammation.

Both the induction of innate immune tolerance in skin fibroblasts and trained immunity in 

joint FLS was long lasting and transmissible through several cell generations. This is 

consistent with prior studies that showed the durability of trained immunity in tendon 

fibroblasts from patients with chronic tendinopathy (52). This is thought to be mediated by 

priming effects from the initial exposure resulting in epigenetic changes that re-program the 

cells long term. It is unclear what types of changes are responsible for the phenotypes 

observed in B. burgdorferi induced training.

While the innate immune tolerance persistence observed here in skin fibroblasts correlates 

with the absence of skin symptoms in mice over time, the training persistence in FLS 

correlates with arthritis recurrence observed in the joint of C3H/HeN mice (3). It is tempting 

to speculate that the hyper-responsiveness to B. burgdorferi in the joint may help with 

clearance of the organism during early infection. B. burgdorferi have not been cultured from 

synovial fluid from human patients but have been cultured from skin up to a decade after the 

original infection in patients with ACA (53). Notably, the ability to survive in mouse skin is 

critical for B. burgdorferi to complete its lifecycle and be taken up by a feeding tick. 

Infection in the joint does not serve a known purpose for completion of the B. burgdorferi 
lifecycle in mice. In humans who have early Lyme disease and are not treated, there are 

reports of relapses of erythema migrans occurring after resolution of the initial rash (54). 

One possible explanation would be the waning of tolerance in the skin as the infection 

comes under control, but is not fully cleared by the adaptive immune system. This would, 

over time, leave naïve cells able to generate a new response to residual spirochetes. In 

patients with erythema migrans that are treated, they may contract a second episode of Lyme 

disease—most commonly marked by another erythema migrans lesion. This suggests that 

tolerance in the skin may be of limited duration in humans or that there is variability among 

patients in the tolerance response. Notably, repeat infection does not typically occur in the 

first year after the original infection (55). This is currently thought to be due to partial 

immunity from the original infection, but it is also possible that reinfection can occur during 

this period but symptoms are muted due to tolerance. As there is currently no good test for 

determining re-infection, reinfection is typically determined by clinical observation of the 

erythema migrans rash.

The role of trained immunity in human Lyme arthritis remains unknown. Antigens such as 

peptidoglycan have been found for prolonged periods in the joints of patients with Lyme 

arthritis and could serve as a persistent stimulus promoting inflammation in the setting of 

trained immunity (56). The tendency towards trained innate immunity in joints could 

provide an explanation for why post-treatment Lyme arthritis, which can persist for long 

periods after antibiotic therapy, improves with anti-inflammatory agents and for why 

similarly prolonged recurrence of inflammation does not occur at sites such as the skin that 

do not exhibit trained immunity. Studies in patients with rheumatoid arthritis have suggested 

a link between trained immunity and the induction of arthritis (57). Further studies will be 

needed to determine the presence and potential impact of trained immunity in humans with 
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Lyme arthritis and whether blocking this phenotype in cells may reduce the duration of 

symptoms in patients who continue to have arthritis even after antibiotic therapy.

Supplementary Material

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

• Cells show immunological learning to prior exposure to Borrelia burgdorferi.

• Learned responses differ by cell type and include both training and tolerance.

• Learned responses correlate with infectious symptoms observed in murine 

models.
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Fig. 1. Joint cells from B. burgdorferi infected C3H/HeN mice have a persistent inflammatory 
phenotype.
Joint from C3H/HeN mice infected or not with B. burgdorferi for four (A) or eight (B) 

weeks were extracted to collect whole cells and seeded on a plate. Fresh B. burgdorferi were 

then added to the cells at a MOI of 10 for 24 hours. Supernatants were collected and 

cytokines (IL-6, MIP1a, CXCL1 and TNF-a) expression was measured by ELISA. Bars 

represent the mean ± SEM of at least triplicates. Data are representative of two independent 

experiments conducted with three animals in each group. *P < 0.05; **P < 0.01; ***P < 

0.001.
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Fig. 2. FLS from C3H/HeN mice infected with B. burgdorferi have a trained phenotype while FBs 
are tolerized
Hip synovium and ears/tails from naïve or eight weeks B. burgdorferi-infected C3H/HeN 

mice were collected and FLS (A) and FBs (B) were extracted. Cells were culture for three to 

five passages before being seeded on a plate. B. burgdorferi were then added at a MOI of 10 

for 24 hours. Supernatants were collected and cytokines (IL-6, MIP1a, CXCL1 and TNF-a) 

expression was measured by ELISA. Bars represent the mean ± SEM of at least triplicates. 

Data are representative of at least two independent experiments conducted with three 

animals in each group. ***P < 0.001.
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Fig. 3. FLS from arthritis resistant C57BL/6 mice do not get trained during B. burgdorferi 
infection
Hip synovium from naïve or eight weeks B. burgdorferi-infected C57BL/6 mice were 

collected and FLS were extracted. Cells were culture for three to five passages before being 

seeded on a plate. B. burgdorferi were then added at a MOI of 10 for six or 24 hours. 

Supernatants and cells were collected and cytokines (IL-6, MIP1a, CXCL1 and TNF-a) 

expression was measured by ELISA (A) and qPCR (B). Bars represent the mean ± SEM of 

at least triplicates. Data are representative of two independent experiments conducted with 

three animals in each group. *P < 0.05; **P < 0.01.
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Fig. 4. FLS from C3H/HeN and C57BL/6 share the same phenotype in vitro.
Hip synovium from naïve C3H/HeN (A) or C57BL/6 (B) mice were collected and FLS were 

extracted. Cells were culture for three to five passages before being seeded on a plate. B. 
burgdorferi were then added at a MOI of 10 for 24 hours (24h). Cells were washed with PBS 

and fresh B. burgdorferi were added to the cells at a MOI of 10 for another 24 hours (24h/

24h). Supernatants were collected and cytokines (IL-6, MIP1a, CXCL1 and TNF-a) 

expression was measured by ELISA. Bars represent the mean ± SEM of at least triplicates. 

Data are representative of at least three independent experiments. *P < 0.05; ***P < 0.001.
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Fig. 5. The B. burgdorferi-induced training in FLS does not require the TLR2-MyD88 pathway.
Hip synovium from WT C57BL/6 mice, tlr2 ko mice (A) or myd88 ko (B) mice were 

collected and FLS were extracted. Cells were culture for three to five passages before being 

seeded on a plate. B. burgdorferi were then added at a MOI of 10 for 24 hours (24h). Cells 

were washed with PBS and fresh B. burgdorferi were added to the cells at a MOI of 10 for 

another 24 hours (24h/24h). Supernatants were collected and cytokines (IL-6, MIP1a, 

CXCL1 and TNF-a) expression was measured by ELISA. Bars represent the mean ± SEM of 

at least triplicates. Data are representative of two independent experiments. *P < 0.05; ***P 

< 0.001.
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