
Matrix metalloproteinase-10 is a target of T and B cell responses 
that correlate with synovial pathology in patients with antibiotic-
refractory Lyme arthritis

Jameson T. Crowleya,*, Klemen Strlea, Elise E. Drouina, Annalisa Piantaa, Sheila L. 
Arvikara, Qi Wangb, Catherine E. Costellob, and Allen C. Steerea

aCenter for Immunology and Inflammatory Diseases, Division of Rheumatology, Allergy and 
Immunology, Massachusetts General Hospital, Harvard Medical School, Boston, MA, United 
States

bCenter for Biomedical Mass Spectrometry, Boston University School of Medicine, Boston, MA, 
United States

Abstract

Infection-induced autoimmunity is thought to be a contributing factor in antibiotic-refractory 

Lyme arthritis, but studies of autoimmunity have been hindered by difficulty in identifying 

relevant auto-antigens. We developed a novel approach that begins with the identification of T cell 

epitopes in synovial tissue using tandem mass spectrometry. Herein, we identified an 

immunogenic HLA-DR-presented peptide (T cell epitope) derived from the source protein matrix 

metalloproteinase-10 (MMP-10) from the synovium of a patient with antibiotic-refractory arthritis. 

This finding provided a bridge for the identification of autoantibody responses to MMP-10, the 

“first autoimmune hit” in a subgroup of patients with erythema migrans, the initial skin lesion of 

the infection. Months later, after priming of the immune response to MMP-10 in early infection, a 

subset of patients with antibiotic-responsive or antibiotic-refractory arthritis had MMP-10 

autoantibodies, but only patients with antibiotic-refractory arthritis had both T and B cell 

responses to the protein, providing evidence for a “second autoimmune hit”. Further support for a 

biologically relevant autoimmune event was observed by the positive correlation of anti-MMP-10 

autoantibodies with distinct synovial pathology. This experience demonstrates the power of new, 

discovery-based methods to identify relevant autoimmune responses in chronic inflammatory 

forms of arthritis.
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1. Introduction

Lyme disease, a tick-transmitted infection caused by Borrelia burgdorferi, occurs in 

temperate regions on North America, Europe, and Asia [1–3]. According to estimates from 

the Centers for Disease Control and Prevention, approximately 300,000 new cases of the 

infection occur yearly in the United States, primarily in the northeastern U.S. [4,5]. The 

disease usually begins with an expanding skin lesion, erythema migrans (EM), which occurs 

at the site of the tick bite [1]. Months to several years later, untreated patients in the 

northeastern U.S. often develop Lyme arthritis (LA). Although it is no longer possible to 

study the natural history of the disease in the same patient longitudinally because of 

antibiotic therapy for early infection, many patients, who often lack signs or symptoms of 

early disease, still develop LA months to several years after the initial tick bite and exposure 

to B. burgdorferi.

In most patients, LA resolves with appropriate antibiotic therapy, called antibiotic-

responsive arthritis. However, a small percentage of patients develop persistent, proliferative 

synovitis despite 2–3 months of oral and intravenous antibiotic therapy, called antibiotic-

refractory arthritis [6]. In these patients, the synovial lesion, which shows marked synovial 

hypertrophy, vascular proliferation, infiltrating mononuclear cells, and intense expression of 

HLA-DR molecules, is similar to that seen in other forms of chronic inflammatory arthritis, 

including rheumatoid arthritis (RA) [7]. After antibiotic therapy, we treat antibiotic-

refractory LA patients with disease modifying anti-rheumatic drugs (DMARDs), the 

treatment used for other forms of chronic inflammatory arthritis [6,8].

It has been proposed that persistent infection, retained spirochetal antigens, or infection-

induced autoimmunity may play a role in antibiotic-refractory LA [9]. B. burgdorferi can 

establish persistent infections in multiple immunocompetent animal models [10–13]. In 

C3H/HeN mice, in which the goal was to assess the long-term fate of persisting non-

cultivable spirochetes, a dosage regimen of ceftriaxone for 25 days, a regimen that does not 

to mimic human treatment, was utilized to analyze this population of bacteria [14,15]. In this 

model, the mice remained infected following antibiotic treatment, and persistent, non-

cultivatable spirochetes re-emerged, as shown by PCR, histology, xenodiagnosis, and 

cytokine analysis [15]. Although patients with refractory arthritis might have persistent 

infection in a protected site, such as tendons [16], culture and PCR results for B. burgdorferi 
from synovial tissue during the post-antibiotic period have been uniformly negative [17], and 

reactivation of infection has not been observed even during treatment with 

immunosuppressive DMARDs after antibiotic therapy [6].

Regarding the retained spirochetal antigen hypothesis, animal models show that highly 

cationic outer-surface proteins of B. burgdorferi may bind to cartilage [18]. Moreover, in a 

myeloid differentiation factor 88-deficit (MyD88−/−) mouse model, which have high 

pathogen loads, B. burgdorferi antigens are retained near cartilage surfaces after antibiotic 

therapy, and patellae homogenates from these mice induce macrophages to secrete TNF-α 

[19]. However, in human LA, in which patients with antibiotic-responsive or antibiotic-

refractory arthritis have low pathogen loads [17], it is not yet clear whether retained 

spirochetal antigens may be a factor in persistent synovitis after antibiotic treatment.
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The first observation suggesting that autoimmunity may contribute to the pathogenesis of 

antibiotic-refractory LA was that specific HLA-DR alleles, such as the DRB1*0401 allele, 

were increased in frequency in these patients [20] and these DRB1 molecules bound an 

immunodominant epitope of B. burgdorferi outer-surface protein A (OspA) [21]. In an initial 

search for molecular mimicry between spirochetal and host proteins, partial sequence 

homology was found between this epitope of B. burgdorferi OspA and an epitope of human 

LFA-1 [22] or MAWD-BP [23], but these self-proteins stimulated only low-level T cell 

responses and did not induce autoantibody responses. Later, human cytokeratin-10 was 

identified as having a cross-reactive target ligand recognized by anti-OspA antibodies in a 

small group of patients with antibiotic-refractory arthritis, but T cell reactivity was not 

explored [24]. Finally, several nonprotein antigens and neural proteins have been reported to 

induce T or B cell responses in patients with neuroborreliosis [25–29] or post-Lyme disease 

syndrome [30]. However, it was unclear whether any of these human self-antigens were the 

targets of pathogenic autoantibody responses in patients with antibiotic-refractory arthritis.

In general, studies of autoimmune diseases have been hindered by difficulty in identifying 

relevant autoantigens. However, new discovery-based methods offer innovative approaches. 

Microarrays that express most human proteins or sequencing of plasmablast receptors may 

give a broad view of autoantibody specificities [31–34], but it is often difficult to assess and 

validate the pathogenic potential of these autoantibodies. We have developed a novel 

approach that combines discovery-based proteomics to identify HLA-DR-presented T cell 

epitopes in synovial tissue in individual patients, followed by translational research to 

determine T and B cell responses to implicated peptides and source proteins in many 

patients. Finally, histologic findings in synovial tissue are correlated with autoimmune 

responses to gain clues to the pathologic potential of these responses. In our experience, a 

principle advantage of starting with the identification of T cell epitopes is that this approach 

often provides a focused result leading to the identification of immunogenic T and B cell 

responses that can be correlated with disease-specific synovial pathology.

To date, we have observed specific trends in our discovery-based identification of 

autoantigens. Usually 1–3 immunogenic HLA-DR-presented self-peptides, or candidate 

autoantigens, have been identified from the 100–150 non-redundant self-peptides isolated 

from each patient. In Lyme disease, these peptides were derived from the source protein 

endothelial cell growth factor (ECGF) [35] or apolipoprotein B-100 (apoB-100) [36], from 

annexin A2 in both RA and LA [37], and from N-acetylglucosamine-6-sulfatase and filamin 

A in RA. In Lyme disease, autoantibodies to each of these self-antigens (but minimal, if any, 

T cell responses) were found in a subset of patients with EM early in the infection. Months 

later, after the initial infection and priming of the early autoantibody response, subgroups of 

patients with antibiotic-responsive or antibiotic-refractory LA had T and B cell responses to 

these autoantigens. Other authors recently confirmed the presence of ECGF autoantibodies 

in patients with EM, neuroborreliosis, or LA [38]. Although annexin A2 has been 

recognized as an autoantigen in several rheumatic diseases [39–41], the other proteins have 

not been previously described as autoantigens in any disease.

We report herein the identification of a newly recognized autoantigen in antibiotic-refractory 

LA, matrix metalloproteinase-10 (MMP-10), which serves as a target of T and B cell 
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responses, and these responses correlate with distinct pathologic findings in synovial tissue. 

Taken together with previous findings, a clearer conceptual framework is emerging of how 

autoimmunity to one or more autoantigens may develop in a substantial number of patients 

early in the infection and become pathogenic in the small percentage who develop 

antibiotic-refractory arthritis later in the illness.

2. Materials and methods

2.1. Study patients

All patients with Lyme disease met the Centers for Disease Control and Prevention criteria 

for that infection [42]. LA patients, who were seen from 1998 to 2014, were categorized as 

having antibiotic-responsive or antibiotic-refractory arthritis, as previously defined [6]. In 

these patients, serum samples and PBMC were obtained, and if available, synovial fluid and 

synovial tissue. For each patient, the first sample collected was used in this study. In patients 

with acute-phase EM, all of whom had positive cultures for B. burgdorferi from lesional 

skin, serum samples and peripheral blood mononuclear cells (PBMC) were assayed. B. 
burgdorferi OspC subtypes were determined from these cultures in a previous study [43]. 

Using a previously described definition of disease severity, EM patients were stratified into 3 

groups according to the number of symptoms [44]. Serum and synovial fluid samples were 

stored at –80 °C; PBMC and synovial tissue were stored in liquid nitrogen.

For comparison, PBMC were assayed from patients with new-onset rheumatoid arthritis 

(RA) and serum samples were analyzed from both new-onset and chronic RA patients and 

from patients with spondyloarthropathy (SpA) or systemic lupus erythematosus (SLE). All 

RA patients met the 2010 American College of Rheumatology/European League against 

Rheumatism criteria for that disease [37,45]. For healthy control subjects, serum samples 

and PBMC were collected from healthy hospital personnel who did not have a history of 

LA, and serum samples were obtained from healthy blood bank donors.

The studies conducted from 1988 to 2002 were approved by the Human Investigations 

Committee at Tufts Medical Center, and those conducted after 2002 were approved by the 

Institutional Review Board at Massachusetts General Hospital. All patients and control 

subjects gave written informed consent.

2.2. Enzyme-linked immunospot T cell assay

The detailed method for isolation and identification of in vivo HLA-DR-presented peptides 

from patients' synovial tissue was described previously [46]. For this study, all non-

redundant HLA-DR-presented peptides identified from the synovial tissue of patient LA4 

were synthesized by Mimotopes (Victoria, Australia). Individual peptides (1 μM) were first 

pooled into 41 peptide sets (3 peptides per set with the last pool containing 4 peptides) and 

tested in duplicate wells (2 × 105 cells/well) for reactivity with that patient's PBMC using a 

human IFN-γ ELISpotplus kit (Mabtech); the peptides in immunoreactive pools were then 

retested individually. The dominant response was to MMP-10 (stromelysin 2), which was 

studied in detail here. For validation of the antigenicity of MMP-10 peptides, HPLC-purified 

peptides obtained from the MGH Peptide/ Protein Core Facility were tested with samples 

from multiple case and control patients, using previously published procedures [35–37]. 
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Since they would be expected to have different HLA-DR genotypes, a computer algorithm 

TEPITOPE 2000 [47,48] was used to identify 2 additional predicted promiscuous peptides 

(those predicted to bind >20 HLA-DR molecules). A positive response was defined as >3 

standard deviations (SD) above the mean value in 12 healthy control subjects.

2.3. Enzyme-linked immunosorbent assay (ELISA) for anti-MMP-10 IgG, anti-MMP-3 IgG, or 
two-tier IgM or IgG testing for B. burgdorferi

Recombinant human MMP-10 (R&D Systems) was diluted (0.1 μg/ml) in carbonate coating 

buffer, added to Immulon 1B ELISA plates (Thermo Scientific), and incubated overnight at 

4 °C. All remaining incubations were conducted on a platform shaker set at 200 revolutions 

per minute at room temperature. The plates were incubated with a 3% bovine serum albumin 

(BSA; Equitech-Bio, Inc.) in PBS–0.05% Tween 20 (PBST) blocking buffer. Plates were 

incubated with patient serum or joint fluid samples (1:200) or the positive control anti-

MMP-10 MAb910 (1:200; R&D Systems). Following washes with PBST, horseradish 

peroxidase–conjugated goat anti-human IgG (Santa Cruz Biotechnology) or horseradish 

peroxidase–conjugated donkey anti-mouse IgG (Santa Cruz Biotechnology) was added, 

followed by TMB substrate (BD Biosciences). For interplate standardization, the positive 

control MAb910 was included on each plate. A positive antibody response was defined as 

>3 SD above the mean in 58 healthy subjects; this mean + 3 SD value characteristically 

corresponded to >0.51 OD450.

To examine specificity of the antibody response to MMP-10, serum samples were also tested 

with MMP-3 (R&D Systems), using the same methods detailed for MMP-10. Seropositivity 

responses to the B. burgdorferi were analyzed by ELISA and Western blot as previously 

described [49–51].

2.4. Multiplex assays for measurement of MMP-10 and MMP-3

The levels of MMP-10 and MMP-3 in paired serum and synovial fluid were assessed using 

bead-based multiplex assays (R&D Systems) coupled with the Luminex-200 System 

Analyzer (Luminex) following the manufacturer's instructions. Measurements were 

determined only in the subset of patients in whom serum and synovial fluid were available. 

To insure consistency, all samples were tested in the same assay.

2.5. Immunohistochemistry

To determine the expression and distribution of MMP-10 in synovial tissue, cryostat 

sections, which were available from 4 patients, were stained according to our protocol used 

previously [52]. Briefly, after blocking, the slides were immunostained with mouse 

monoclonal anti-MMP-10 MAb910 (2.5 μg/mL). For negative controls, sections were 

incubated with affinity-purified mouse isotype control antibodies (Sigma). The 

concentration of isotype controls was matched to the conditions of MAB910. After washing, 

sections were incubated with the corresponding biotinylated secondary antibody (Biogenex) 

for 20 min at room temperature, rinsed in PBS, and incubated with peroxidase-streptavidin 

(Biogenex) for 10 min. The substrate was diaminobenzidine (Biogenex), and the counter 

stain was Mayer's hematoxylin. Images of MMP-10 staining from one representative patient 

were obtained with a Nikon Eclipse ME6000 microscope using a Nikon digital camera 
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DXM1200C and processed with NISelements AR2-30 imaging software. Cells implicated in 

MMP-10 expression were assessed further by re-examining serial sections from the same 

fields of slides stained previously with vimentin to identify synovial fibroblasts or with 

CD31 to identify endothelial cells [52].

Previously, synovial tissue samples from 14 patients who underwent arthroscopic 

synovectomies for antibiotic-refractory LA were examined for histologic features and 

specific cell types [52]. Sufficient samples were available here from 13 patients for MMP-10 

correlations. Each histologic finding of the 13 patients was ranked from 1 to 13, with 13 

being the highest ranked patient and 1 being the lowest ranked patient. These histologic data 

were correlated with the ranked anti-MMP-10 absorbance values (ranked from the highest to 

the lowest absorbance value). The researchers who ranked the histologic findings and 

determined MMP-10 antibody levels were blinded to each other's findings.

2.6. Data analysis and statistics

Quantitative data with a normal distribution of values were analyzed using unpaired t-test 

with Welch's correction, whereas quantitative data with large variation in values were 

analyzed using the Mann–Whitney test, a non-parametric test. Categorical data were 

analyzed using Fisher's exact test or Chi-square test. Correlations were analyzed using 

Pearson correlation test. All analyses were performed using GraphPad Prism 6.

3. Results

3.1. Identification of HLA-DR-presented peptides (T cell epitopes) in patient LA4

In an effort to understand the spectrum of self and foreign antigens that are presented in vivo 

by HLA-DR molecules during LA, tissue obtained during therapeutic synovectomies from 

antibiotic-refractory LA patients were processed and analyzed. Patient LA4, a 38-year-old 

man with the HLA-DRB1*1101/1302 alleles, had persistent, proliferative synovitis in a knee 

after the completion of oral and IV antibiotic therapy for LA. He was strongly seropositive 

for antibody to B. burgdorferi with expansion of the response to 7 of 10 spirochetal proteins 

tested by Western blot. Sixteen months after the completion of antibiotic therapy, he 

underwent a therapeutic synovectomy. The synovial tissue had negative PCR and culture 

results for B. burgdorferi. Using tandem mass spectrometry [46], 124 non-redundant, HLA-

DR-presented self-peptide sequences were identified from this patient's synovial tissue, 

which were derived from 103 source proteins (Fig. 1). The overall approach leading to the 

identification of MMP-10 as a candidate T cell autoantigen is outlined in Fig. 1.

For initial testing, the 124 synthesized peptides were pooled in sets with 3 peptides per well, 

and peptide pools were used to stimulate patient LA4's PBMC (Fig. 1). Three peptide sets, 

consisting of 9 peptides, induced T cell responses that were >3 times background in human 

IFN-γ ELISpot assays (Fig. 2A). When the 9 peptides were retested individually using the 

patient's PBMC, 2 peptides induced a response that was >3 times background (Fig. 2B). 

However, only 1 peptide induced a marked T cell response of 58 SFU/106 PBMC (Fig. 2B). 

The peptide, 208GTNLFLVAA-HELGHS222 (the predicted HLA-DR binding sequence in 

bold), was isolated from the patient's synovial tissue and was derived from part of the highly 

conserved catalytic domain of MMP-10 [53,54]. Because patient LA4 had a marked T cell 
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response to MMP-10, we examined the immune response to this protein in large numbers of 

patients and control subjects.

3.2. T cell responses to MMP-10

Since patients and control subjects would be predicted to have many different HLA-DR 

types and because cell numbers for ELISpot assays are limited in human samples, our 

approach for the identification of T cell responses in multiple individuals involves pooling 

the initial peptide along with peptides from the same source protein that are predicted to be 

promiscuous HLA binders (>20 HLA-DR molecules) [35–37,47,48]. Therefore, in addition 

to the HLA-DR-presented MMP-10 peptide identified in the case patient, two other peptides 

were synthesized that were predicted to be promiscuous HLA-DR binders [47,48]. These 

peptides (with the predicted HLA-DR binding sequence in bold) 

included 3HLAFLVLLCLPVCSAY18, which was derived from the signal/pro-peptide 

domain of the protein, and 382PTIRKIDAAVSDK394, which was found in the hemopexin 

repeat domain [53,54]. None of the 3 T cell epitope sequences tested was found in another 

human or B. burgdorferi protein.

To assess T cell reactivity to these peptides, PMBC from 50 patients with early or late 

manifestations of Lyme disease were tested using the IFN-γ ELISpot assay. In all patients 

with EM, PBMC were obtained in the acute phase of the infection when B. burgdorferi was 

cultured from lesional skin. Although it is nearly impossible to culture B. burgdorferi from 

joints in patients with LA, PBMC in those with antibiotic-responsive arthritis were collected 

while they were still infected prior to or soon after the start of antibiotic therapy, whereas 

cells from patients with antibiotic-refractory arthritis were usually obtained at or after the 

conclusion of antibiotic therapy when few, if any, live spirochetes remained.

Of the 12 B. burgdorferi culture-positive patients with EM, 1 (8%) had a low-level, positive 

T cell response to MMP-10 that was ≥3 standard deviations (SD) above the mean value of 

12 healthy control subjects (Fig. 3). Similarly, only 1 of 18 patients with antibiotic-

responsive arthritis (6%) had low-level T cell reactivity to MMP-10. In contrast, 5 of 20 

(25%) patients with antibiotic-refractory arthritis, robust T cell responses to MMP-10 

peptides. The magnitude of the T cell responses in patients with refractory arthritis was 

significantly greater than in healthy controls (P = 0.03), and tended to be greater than in 

patients with EM (P = 0.07) or in patients with antibiotic-responsive arthritis (P = 0.09) (Fig. 

3). Similar to the values in healthy control subjects, PBMC from 10 patients with RA did not 

react with the MMP-10 peptides, and the mean T cell response of this group was not 

significantly different from that of healthy controls or EM patients. Thus, robust T cell 

reactivity with MMP-10 peptides was found only in patients with antibiotic-refractory LA. 

Full-length recombinant MMP-10 was not tested in the human IFN-γ ELISpot assay because 

the protein disrupted the read-out of the assay, as was the case with full-length ECGF [35].

3.3. B cell responses to MMP-10

Because serum samples were more readily available than PBMC, we were able to analyze B 

cell responses to MMP-10 in 297 patients with early or late manifestations of Lyme disease 

and in 208 individuals in comparison groups. Of 92 culture-positive patients with EM, 23 
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(25%) had anti-MMP-10 autoantibodies compared with none of 58 healthy control subjects 

(P < 0.0001), and the mean MMP-10 antibody level in these patients was significantly 

higher than that in healthy control subjects (P < 0.0001) (Fig. 4). Similarly, 13 of 91 patients 

(14%) with antibiotic-responsive LA had antibody responses to MMP-10, and 25 of 114 

patients (22%) with antibiotic-refractory arthritis had antibody responses to the protein that 

were significantly greater than in healthy controls (P = 0.002 and <0.0001, respectively). 

Also, the mean levels of MMP-10 antibodies were significantly higher in antibiotic-

responsive and antibiotic-refractory patient groups than in healthy controls (in both 

instances, P < 0.0001). Of 97 patients with RA, 6 (6%) also had antibody responses to 

MMP-10, but the frequency and levels of such antibodies were significantly less than that in 

patients with EM or in those with antibiotic-responsive or antibiotic-refractory arthritis. Fifty 

of the 97 RA patients had new-onset disease, and 47 had chronic RA. All 50 patients with 

new-onset disease were seen prior to therapy with DMARDs, and they had active synovitis. 

Disease activity was not assessed in the 47 patients with chronic RA. However, MMP-10 

absorbance values were similar in both RA groups, suggesting that inactive disease was not 

the explanation for negative MMP-10 antibody levels. Similarly, none of 28 patients with 

spondyloarthropathy (SpA) and none of the 25 patients with systemic lupus erythematosus 

(SLE) had MMP-10 autoantibodies, and the magnitude of the absorbance values in these 

patients was not different from that in RA patients or healthy control subjects. Thus, 

MMP-10 immunogenicity was prominent in Lyme disease, but not in other autoimmune 

rheumatic diseases.

3.4. Contributing factors to MMP-10 autoantibody responses in EM patients

Although B. burgdorferi can be cultured readily from skin biopsy samples of EM skin 

lesions, only a minority of patients have detectable antibody responses to the spirochete 

during the acute phase of the infection [49,55]. Yet, 23 of 92 EM patients (25%) had anti-

MMP-10 autoantibodies at that time, a median of 4 days after onset of the skin lesion (range 

1–21 days) (Fig. 4). In an effort to identify factors that may contribute to the development of 

auto-antibody responses in early Lyme disease, we analyzed clinical and laboratory findings 

in the 92 culture-positive EM patients, including the genotype of B. burgdorferi isolates 

cultured from the patient, the frequency of antibody reactivity to B. burgdorferi by standard 

two-tier testing [51], and the number of reported symptoms, a measure of disease severity 

[43,44]. The results were stratified according to the presence or absence of MMP-10 auto-

antibody responses.

The OspC subtype of the infecting strain of B. burgdorferi was determined in a previous 

study in 90 of the 92 patients with EM [43]. In the northeastern United States, OspC types A 

and K, which are the two most common types, each typically constitute about 30% of the 

strains identified [43,44,55,56]. OspC type A strains are associated with the greatest 

inflammatory potential [44,57] and with the most severe disease [44]. Of 68 MMP-10 

antibody-negative patients, 17 (25%) were infected with OspC type A strains and 22 (32%) 

were infected OspC type K strains, the typical distribution of these strains (Fig. 5A). In 

contrast, 10 of the 22 MMP-10 antibody-positive patients (45%) were infected with OspC 

type A strains, and only 3 (14%) were infected with OspC type K strains. These differences 

in the distribution of OspC types were of possible significance (P = 0.1, Chi-square test). 
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The other OspC types were similar in distribution between MMP-10-positive and MMP-10-

negative patients.

By standard two-tier testing (ELISA and Western blot) [51], 20 of the 92 patients (22%) had 

positive IgM antibody responses to B. burgdorferi, 4 (4%) had positive IgG responses, and 4 

(4%) had both positive IgM and IgG responses, which is typical of patients with EM during 

the acute-phase of the infection. Of the 23 patients with IgG autoantibody responses to 

MMP-10, 11 (48%) had IgM and/ or IgG antibody responses to B. burgdorferi by two-tier 

testing. In contrast, only 12 of 69 (17%) MMP-10 autoantibody-negative patients had 

antibody responses to B. burgdorferi (P = 0.006, Fisher's exact test) (Fig. 5B). Therefore, 

patients who had MMP-10 IgG autoantibodies were more likely to be seropositive (IgM or 

IgG) for B. burgdorferi.

We have previously analyzed the severity of early infection according to the number of 

symptoms associated with EM, most commonly headache, neck stiffness, fever, arthralgias, 

myalgias, malaise and fatigue; and stratified the results into 3 groups. Patients with 0–1 

symptoms were defined as having mild disease, 2–5 symptoms as moderate disease, and ≥6 

symptoms as severe disease [43,44]. Of the 23 patients with positive MMP-10 autoantibody 

responses, 15 (68%) had severe disease, whereas only 3 (14%) had moderate disease, and 5 

(23%) had mild disease (Fig. 5C). In comparison, among the 68 patients who lacked 

MMP-10 antibody responses, 26 (38%) had severe disease, 19 (28%) had moderate disease, 

and 23 (34%) had mild disease. Thus, the majority of patients with MMP-10 antibody 

responses (68%) had severe disease compared with 38% of those with negative MMP-10 

antibody responses (P = 0.03, Fisher's exact test). The duration of EM did not correlate with 

MMP-10 antibody reactivity. The median duration of the EM skin lesion prior to study entry 

and antibiotic treatment was 4 days in both MMP-10-positive and MMP-10-negative groups.

Taken together, EM patients with MMP-10 autoantibodies tended to have more frequent 

infection with the potentially more inflammatory OspC type A strains; they were more 

commonly seropositive for IgM or IgG antibody responses to B. burgdorferi, and they more 

often had severe disease. These findings indicate that multiple factors associated with early 

infection may contribute to the development of autoimmune responses observed later in the 

disease. Analysis of these same factors is difficult in LA patients because of the inability to 

culture B. burgdorferi from joints, the finding of B. burgdorferi seropositivity in all patients, 

and the usual lack of systemic symptoms. However, MMP-10 antibody titers did not 

correlate with the degree of knee swelling, the joint usually affected in antibiotic-refractory 

LA.

3.5. MMP-10 protein in serum, synovial fluid, and synovial tissue

For MMP-10 to become the target of an autoimmune response in joints, one would predict 

that the protein would be present in high concentrations in LA patients' inflamed synovial 

fluid and peripheral blood. Therefore, we measured MMP-10 protein concentrations in a 

subset of LA patients in whom concomitant serum and synovial fluid samples were available 

and in randomly selected serum samples from patients with EM, RA, or healthy controls.

Crowley et al. Page 9

J Autoimmun. Author manuscript; available in PMC 2017 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



In the serum of 10 healthy control subjects, the mean concentration of MMP-10, 986 pg/mL, 

was consistent with published data [58,59] (Fig. 6A). The mean concentration of MMP-10 

in EM patients was similar to that in healthy controls; only 1 of 10 patients (10%) had a 

level that was slightly >3 SD above the mean value in healthy controls. In comparison, 4 of 

10 patients (40%) with antibiotic-responsive arthritis and 4 of 13 patients (31%) with 

antibiotic-refractory arthritis had elevated serum levels of MMP-10, and the mean value 

(∼1413 pg/mL) in both groups was significantly higher than that in EM patients or in 

healthy control subjects (Mann–Whitney test). In RA patients, the concentration of MMP-10 

in serum was not significantly different than that in healthy controls, which is consistent 

with the fact that the 10 RA patients usually lacked antibody responses to MMP-10. Both 

antibiotic-refractory and antibiotic-responsive arthritis patients had significantly greater 

levels of MMP-10 protein in synovial fluid than in serum (P < 0.0001, Mann–Whitney test), 

and the mean levels (∼7000 pg/mL) were similar in both responsive and refractory groups 

(Fig. 6A).

To determine where MMP-10 protein was expressed in joints, synovial samples from 4 

patients were stained for MMP-10 protein. A light background of diffuse MMP-10 staining 

was observed in superficial regions of the tissue near the synovial lining layer. More intense 

staining was seen in association with apparent synovial fibroblasts, identified by antibody 

staining to vimentin, and around endothelial cells, identified by CD31 antibody staining. 

Representative images of MMP-10 staining in association with fibroblasts and endothelial 

cells are shown in Fig. 6B and C. Thus, MMP-10 protein concentrations were elevated in LA 

patients in synovial fluid and synovial tissue, providing ample substrate for processing and 

presentation of HLA-DR peptides.

3.6. Comparison of MMP-10 (stromelysin 2) and MMP-3(stromelysin 1) protein 
concentrations and immunogenicity

MMP-10 (stromelysin 2, NP_002416.1) and MMP-3 (stromelysin 1, NP_002413.1) have 

considerable sequence homology; they are 78% identical and 88% similar; and they have 

similar function and substrate specificities [53,60]. Therefore, to assess the specificity of the 

autoimmune response to MMP-10, protein concentrations and antibody levels of MMP-3 

were measured in the same patient and control groups in whom MMP-10 protein 

concentrations were determined.

The mean concentration of MMP-3 in serum from healthy control subjects was 21,000 

pg/mL, which was similar to published values [61,62], and much higher than the serum 

levels of MMP-10. In 10 patients with EM, the concentrations of MMP-3 in serum were 

similar to those in 10 healthy control subjects and in 10 patients with RA (Fig. 7). In 

contrast, 8 of 10 patients (80%) with antibiotic-responsive LA and 8 of 13 patients (62%) 

with antibiotic-refractory arthritis had serum levels of MMP-3 (mean value, ∼250,000 

pg/mL) that were >3 SD above the mean value in healthy controls. The differences between 

the values of responsive and refractory arthritis patients and those in healthy control subjects 

were statistically significant (P = 0.0007 and P = 0.0001, respectively, Mann–Whitney test) 

(Fig. 7). Moreover, both in the refractory and responsive groups, the mean levels of MMP-3 

(∼3,000,000 pg/mL) were approximately 10 times higher in synovial fluid than in serum (P 
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< 0.0001). Thus, the protein concentrations of MMP-3 (stromelysin-1) were much greater 

than those for MMP-10 (stromelysin-2) in both serum and synovial fluid.

Despite the greater amounts of MMP-3 protein, the autoimmune response was directed 

primarily against MMP-10. In a randomly selected subset of 30 patients with EM, 5 (17%) 

had antibody responses to MMP-10 compared with 1 (3%) who had reactivity with MMP-3, 

and the mean MMP-10 antibody level was higher than the mean MMP-3 antibody level (P = 

0.05) (Fig. 8). Similarly, of the 64 patients with antibiotic-refractory arthritis, 6 (9%) had 

antibody responses to MMP-10 compared with only 1 (2%) who had reactivity with MMP-3 

(P = 0.05). Moreover, the mean MMP-10 antibody level was significantly higher than the 

mean MMP-3 antibody level (P = 0.005). There was a similar trend in patients with 

antibiotic-responsive arthritis, but the differences were not statistically significant. All 

patients with MMP-3 antibody responses also had MMP-10 antibody reactivity. In contrast, 

the subset of RA patients tested here did not have either MMP-10 or MMP-3 autoantibodies. 

Thus, in patients with antibiotic-refractory LA, MMP-10 autoantibodies were significantly 

more common than autoantibody responses to MMP-3, even though the protein 

concentrations of MMP-3 were significantly higher than those of MMP-10.

3.7. Histologic findings in synovial tissue according to MMP-10 antibody responses

In a previous study [52], synovial tissue samples from 14 patients with antibiotic-refractory 

LA who underwent synovectomies were examined for histologic features and specific cell 

types. Sufficient samples were available here from 13 patients for MMP-10 correlations. 

Each finding was ranked from 1 to 13, with 13 being the highest ranked patient. Synovial 

tissue was not available in the responsive group because these patients do not undergo 

synovectomies. Among these 13 patients, none had a positive result for MMP-10 

autoantibodies that was >3 SD above the mean value in healthy controls. Nevertheless, in the 

current study, the ranks for histologic findings were correlated with anti-MMP-10 antibody 

values ranked from the highest to the lowest absorbance value.

When the ranks of MMP-10 antibody absorbances and histologic findings were analyzed, 

there were numerous significant correlations. First, the magnitude of MMP-10 

autoantibodies correlated directly with the amount of tissue staining for the B cell 

chemoattractant CXCL13 (P = 0.02) and with the number of plasma cells in the tissue (P = 

0.02), suggesting that patients with MMP-10 auto-antibody responses may have local 

antibody production to the protein in synovial tissue (Fig. 9). In addition, higher MMP-10 

antibody levels correlated with measures of cell proliferation, including greater synovial 

lining layer thickness (P = 0.02) and greater numbers of synovial fibroblasts (P = 0.01). 

Finally, there was a trend toward correlation with markers for cell activation, VCAM (P = 

0.04) and ICAM (P = 0.06). Thus, the higher the absorbance value, the greater the staining 

for CXCL13, plasma cell numbers, synovial lining layer thickness and synovial fibroblast 

proliferation. Representative examples of these histologic findings from one patient each 

with high or low MMP-10 antibody absorbance values are compared in Fig. 10.

In contrast, no relationship was observed between MMP-10 antibody levels and fibrosis, 

cellular infiltration of the sublining layer, lymphoid aggregates, obliterative vascular lesions, 

or with the numbers of T or B cells, macrophages, myeloid dendritic cells, or follicular 
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dendritic cells. Moreover, when the ranked absorbance values of autoantibodies for the 

closely related MMP-3 protein were correlated with histologic rankings, no significant 

correlations were found (Fig. S1), attesting to the specificity of the histologic correlations 

with MMP-10 antibody values.

4. Discussion

Using our previously described approach of discovery-based proteomics to identify relevant 

T cell epitopes in synovial tissue, and translational research to determine the antigenicity of 

the epitopes [35–37,46], we identified MMP-10 as a novel T cell auto-antigen in an initial 

patient with antibiotic-refractory LA. This observation provided a bridge to determine that 

peptides of MMP-10 or its source protein were targets of T and B cell responses in 

subgroups of patients with early or late manifestations of Lyme disease. Moreover, the 

magnitude of anti-MMP-10 autoantibodies was associated with distinct synovial pathology. 

Using this approach, we have now identified 4 immunogenic peptides out of 573 HLA-DR-

presented peptides (0.07%) identified from the synovial tissue of 5 patients with antibiotic-

refractory Lyme arthritis. The peptides were derived from 4 source proteins, ECGF, 

apoB-100, annexin A2, and MMP-10. Altogether, 23 patients (25%) with EM, the initial 

skin lesion of the disorder, had autoantibody responses to MMP-10 early in the illness, with 

minimal, if any, T cell responses. Of the 23 patients,12 (52%) also had reactivity with one or 

more of the other known autoantigens, but these responses were not pathogenic. Late in the 

illness, 34 of the 159 LA patients (21%) who were tested for all 4 known autoantigens had 

MMP-10 autoantibodies, and 13 of the 34 patients (38%) had reactivity with one of the other 

autoantigens. The complete number of possible auto-antigens in Lyme disease is not yet 

known, but more than 4 probably serve this function. Therefore, these percentages are likely 

to increase as more autoantigens are identified.

In this study, we identified for the first time, clinical factors associated with early MMP-10 

autoantibody responses. Such patients were more commonly infected with highly 

inflammatory OspC type A strains; they were more frequently seropositive for B. 
burgdorferi, and they more often had severe disease. In a previous study, serum samples 

from patients with EM who were infected with OspC type A strains had significantly higher 

levels of a range of cytokines and chemokines than patients infected with other strains (44). 

Thus, spirochetal and host factors that lead to marked inflammation would appear to set the 

stage for the development of autoimmune phenomena.

In addition to cytokine stimulation, B. burgdorferi induces host cells to secrete a number of 

MMPs. Chondrocyte tissue cultures have shown that B. burgdorferi stimulates the 

production of numerous MMPs, including MMP-1 [63–66], MMP-3 [63–66], MMP-13 [63], 

and MMP-19 [63], while spirochete-stimulated PMBC induce expression of MMP-9 [67,68] 

and MMP-10 [63,69]. Mouse models of infection have demonstrated that only MMP-3 and 

MMP-9 are made in response to B. burgdorferi [63], whereas in EM lesions of human 

patients only MMP-9 appears to be selectively upregulated [70]. Moreover, B. burgdorferi 
binds several host proteases, particularly plasmin [71–76]. Plasmin can activate proMMP 

forms of MMP-1, -3, -10, and 13, and this has been shown to be a relevant pathway of MMP 

activation in vivo [60,77–80]. These enzymes degrade extracellular matrix components [71–
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73,75,81,82], and presumably help the host in cellular recruitment, tissue repair [83], and in 

modulation of cytokine and chemokine activity [84]. Conversely, degradation of the 

extracellular matrix may aid spirochetes in dissemination [63,67,71,85].

We postulate that early in the infection, close interactions between certain spirochetal and 

host proteins, within the context of marked production of pro-inflammatory cytokines and 

MMPs, may lead to the development of autoantibody responses to a few specific human 

proteins. In EM skin lesions, proMMP-10 may be upregulated in response to B. burgdorferi; 
and spirochete-bound plasmin may cleave proMMP-10 into an active form. Immune 

processing of spirochete-plasmin-MMP-10 complexes or MMP-10 immune complexes may 

play a permissive role in the development of autoreactive, MMP-10-specific B cells. 

Although MMP-10 does not have sequence homology with any Borrelia-derived protein, it 

is possible that there is structural mimicry between a B cell epitope of MMP-10 and a 

spirochetal protein. Alternately, a pool of naturally occurring autoantibodies may be 

upregulated as part of the host's immune response in early infection. However, this initial 

autoantibody response, “the first autoimmune hit”, does not appear to be pathogenic.

LA usually begins months after dissemination of B. burgdorferi to joints accompanied by a 

marked immune response to the spirochete [1,7,49]. Although it has been difficult to culture 

B. burgdorferi from joints, it has sometimes been possible to determine the infecting strain 

by PCR testing of synovial fluid, primarily in patients seen before or early in the course of 

antibiotic treatment. This work has shown that most patients who develop antibiotic-

refractory arthritis had been infected with OspC type A strains [86], the strain implicated 

here in MMP-10-antibody-positive EM patients. Moreover, these antibiotic-refractory LA 

patients infected with OspC type A strains also have especially high levels of the IFN-γ-

inducible chemokines, CXCL9 and CXCL10, which are chemoattractants for CD4+ and 

CD8+ T effector cells [44,57].

As part of this expanded immune response, the highly inflammatory milieu in the joint 

includes increased expression of many MMPs [63,65,87]. In an initial study, joint fluid of 

patients with antibiotic-responsive arthritis, seen during infection, had increased expression 

of MMP-1 and MMP-3 [63,65]. In contrast, patients with antibiotic-refractory arthritis, seen 

after presumed spirochetal killing with antibiotic therapy, had a different MMP expression 

profile. They had increased levels of MMP-8 and -9, which are produced by neutrophils, the 

most abundant cell type in synovial fluid; and B. burgdorferi-infected chondrocyte cultures 

from healthy donors showed no induction of these MMPs [63,65,84]. In a previous report 

[63], as in our study, antibiotic-refractory and antibiotic-responsive patients had similarly 

high concentrations of MMP-10 in synovial fluid, and the protein was seen near the lining 

layer in association with fibroblasts and endothelial cells. Although we did find elevated 

MMP-10 protein levels in serum of RA patients, MMP-10 production has been reported in 

RA synovial tissue in association with synovial fibroblasts and with endothelial cells in areas 

of neovascularization [88], as observed in Lyme synovia. Why then is MMP-10 only 

immunogenic Lyme disease? The key difference is presumably priming of the immune 

response to MMP-10 in early Lyme disease because of close interactions between the 

spirochete and host. Later, abundant amounts of MMP-10 are available for HLA-DR 

presentation in joints, thereby contributing to a “second autoimmune hit”.
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Despite the significantly higher concentrations of MMP-3 than MMP-10 in serum and 

synovial fluid, which are similar proteins in amino acid sequence, structure and function, 

autoantibodies to MMP-3 were found in only a few antibiotic-refractory LA patients. The 

fact that this may happen with MMP-10, but rarely with the more abundant closely related 

protein, MMP-3, suggests a molecular specificity of these interactions. Presumably, epitope 

recognition in the part of MMP-10 protein that is not shared with MMP-3 (∼20% of amino 

acids) is important for B cell reactivity. However, a few patients with EM or with responsive 

or refractory arthritis, each of whom had antibody reactivity with MMP-10, also had 

elevated antibody responses to MMP-3. In these patients, we propose that the antibody 

response was initially directed against a specific MMP-10 antibody epitope, but epitope 

spreading, accompanied by CD4+ T cell help, led to reactivity with a shared portion of these 

two proteins, resulting in reactivity against MMP-3 in a few patients.

Why then does an autoantibody response to MMP-10 apparently become pathogenic in 

patients with antibiotic-refractory LA? First, compared with patients with antibiotic-

responsive arthritis, those with antibiotic-refractory arthritis have significantly higher levels 

of inflammatory cytokines in synovial fluid, including exceptionally high levels of CXCL9 

and CXCL10, the major chemoattractants of CD4+ and CD8+ T effector cells [89]. High 

levels of IFN-γ and TNF-α [57,90] lower the immunoregulatory set point of these T cells 

and can lead to immune dysregulation [89,91]. To date, increased ratio of CD4+ Teff/Treg 

cells is the only factor identified that correlates directly with the post-antibiotic duration of 

arthritis [89]. Furthermore, the significantly higher levels of pro-inflammatory cytokines can 

stimulate other cells in the joint to express MMP-10, including synovial fibroblasts and 

articular chondrocytes [88]. Thus, we postulate that the combination of excessive 

inflammation, immune dysregulation of CD4+ T cells, and recruitment and activation of 

MMP-10-specific T cells, presumably contributes to an altered immune state, “a second 

autoimmune hit”. During this stage, the IgG antibody response to the protein is changed to 

an immunoreactive state, perhaps by affinity maturation, epitope spreading, or IgG subclass 

changes. Finally, large amounts of MMP-10 protein and anti-MMP-10 antibodies in joints 

may cause immune complex formation, and increased uptake of these complexes may 

contribute further to joint inflammation and autoimmunity.

We do not think that a single autoantibody response accounts solely for this outcome. Other 

factors associated with the infection or host immune response are surely involved and 

influence the development of chronic, proliferative synovitis. However, as shown here, the 

strong positive correlations between the magnitude of MMP-10 autoantibody responses and 

distinct synovial pathology suggests that this autoantibody response may be a contributing 

factor in disease pathogenesis. Moreover, higher MMP-10 absorbance values were 

associated with apparent local antibody production, greater degrees of cell proliferation, and 

more intense expression of cell activation markers. Even though none of the 13 patients in 

whom synovial tissue was available had what we defined as a positive antibody response to 

MMP-10 (≥3 standard deviations above the mean of HC), the magnitude of the anti-

MMP-10 antibody absorbance in these patients correlated directly with specific pathologic 

findings in their synovial tissue. Thus, the percentage of patients with biologically relevant 

MMP-10 antibody responses is probably higher than that shown here by ELISA with the 

stringent cutoff of 3 standard deviations above the mean of healthy controls.

Crowley et al. Page 14

J Autoimmun. Author manuscript; available in PMC 2017 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Antibiotic-refractory LA does not persist indefinitely. In most patients, synovitis resolves 

within months to several years after antibiotic treatment, assisted by DMARDs such as 

methotrexate [6], which are thought to inhibit T cell activation and cell proliferation [92]. In 

these patients, we postulate that the innate immune “danger” signals provided by live 

spirochetes or spirochetal remnants are no longer present, and without these signals, the 

adaptive immune response to autoantigens eventually regains homeostasis, and the arthritis 

resolves.

Finally, we think that our study has two areas of importance beyond Lyme disease. There is 

a growing interest in RA in the possibility that certain infectious agents stimulate 

autoimmune responses that appear to contribute to disease pathogenesis [93–95]. Lyme 

disease is the latest example of this phenomenon. LA, which is definitely caused by an 

infectious agent, provides a unique human arthritis model to study infection-induced 

autoimmunity. In contrast with RA in which it is difficult to identify patients in the pre-

clinical, autoimmune phase of the disease, patients with EM can be readily identified, which 

allows for characterization of early immune events. Moreover, in patients with LA, one can 

compare advantageous (responsive) or disadvantageous (refractory) immune responses that 

lead to a “second autoimmune hit”. Thus, lessons learned in this Lyme disease model may 

provide clues for investigation in other forms of chronic inflammatory arthritis. Second, we 

think that our novel approach to autoantigen discovery will be valuable in other forms of 

chronic inflammatory arthritis, including RA [37], and in other immune-mediated diseases 

in which specific targets are not yet known. In our experience, when a given autoimmune T 

cell response is amplified enough to give a robust response from PBMC, it hones the search 

to an autoantigen that is likely to be a target of T and B cell responses with pathologic 

potential.
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Fig. 1. 
Screening process for identification of candidate autoantigens. The approach for 

identification of HLA-DR-presented peptides in synovial tissue. The mass spectrum of the 

most immunoreactive peptide, which was derived from MMP-10, is shown in Screen 2.
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Fig. 2. 
T cell autoreactivity with peptides isolated from synovial tissue of patient LA4. Screening of 

124 HLA-DR-presented peptides identified from the synovial tissue of one patient (LA4) for 

T cell reactivity using the patient's own PBMC, as measured with the human IFN-γ ELISpot 

assay. A. Peptides isolated from the synovial tissue of patient LA4 were synthesized and 

tested in pools with the patient's PMBC. A positive result was defined as >3× background of 

unstimulated cells (area above the gray shaded region). Stars indicate the 3 peptide pools 

that were >3× background. B. Individual peptides from the 3 positive peptide pools were 

retested with PBMC from patient LA4. A positive result was defined as >3× background of 

untreated cells (area above the gray shaded region). The star indicates the peptide with the 

greatest reactivity, which was derived from the source protein MMP-10.
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Fig. 3. 
T cell autoreactivity with MMP-10 peptides in Lyme disease patients and control subjects. 

PBMC from healthy controls (HC), rheumatoid arthritis patients (RA), and Lyme disease 

patients with erythema migrans (EM), or antibiotic-responsive or antibiotic-refractory 

arthritis were stimulated with a pool of 3 peptides, including the single MMP-10 peptide 

isolated from the synovial tissue of patient LA4 and 2 predicted promiscuous HLA-DR 

binding peptides from MMP-10. The results were measured using the human IFN-γ ELISpot 

assay. A positive result was defined as >3 SD above the mean SFU/106 cells of HC (area 

above the gray shaded region). The distribution of values is shown in the graph, and the 

number and percentage of patients with positive responses in each patient group are reported 

below the graph. The distribution of values between groups was compared using an unpaired 

t-test with Welch's correction, and the identity of groups is compared using Fisher's exact 

test.
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Fig. 4. 
Anti-MMP-10 IgG autoantibody responses in Lyme disease patients and control subjects. 

IgG anti-MMP-10 autoantibody responses in sera of healthy control (HC) subjects, and 

patients with erythema migrans (EM), antibiotic-responsive Lyme arthritis, antibiotic-

refractory Lyme arthritis, or rheumatoid arthritis (RA), 28 patients with spondyloarthropathy 

(SpA), and 25 patients with systemic lupus erythematosus, (SLE) measured by ELISA. The 

shaded gray area, which was defined as the normal range, corresponds to 3 SD above the 

mean value of healthy control subjects. The distribution of values is shown in the graph, and 

number and percentage of patients with positive responses in each group are also reported 

below the graph. The distribution of values between groups was compared using an unpaired 

t-test with Welch's correction, and the identity of groups is compared using Fisher's exact 

test.
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Fig. 5. 
Correlation of clinical factors with MMP-10 autoantibody responses in erythema migrans 

patients. Determinations of B. burgdorferi subtypes, B. burgdorferi IgM or IgG 

seropositivity, and disease severity were stratified according to the presence or absence of 

MMP-10 autoantibody responses in patients with erythema migrans (EM). A. The number 

and percentage of EM patients infected with OspC type A, OspC type K or other OspC type 

strains are stratified according to positive or negative antibody responses for MMP-10. 

Differences between groups were calculated using Chi-square test. B. Patients with positive 

or negative IgM or IgG antibody responses to B. burgdorferi were stratified according to 

MMP-10 antibody positivity. P-values comparing the frequency of MMP-10 antibody-

positive or antibody-negative patients for IgM or IgG seropositivity were calculated using 

Fisher's exact test. C. The number of symptoms was stratified according to MMP-10 positive 

or negative antibodies. P-values comparing the frequency of MMP-10 antibody-positive or 

antibody-negative patients for the range of symptoms were calculated using Fisher's exact 

test.

Crowley et al. Page 25

J Autoimmun. Author manuscript; available in PMC 2017 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 6. 
MMP-10 protein in Lyme disease patients and control groups. A. MMP-10 protein 

concentrations were measured in matched serum and synovial fluid samples in patients with 

antibiotic-responsive or antibiotic-refractory Lyme arthritis (LA), and in serum samples 

from patients with erythema migrans (EM) or rheumatoid arthritis (RA), and in healthy 

controls (HC) subjects. MMP-10 protein concentrations are shown, as measured by Luminex 

assay. The area above the shaded gray area is >3 standard deviations above the mean value 

of HC. P-values were calculated using Mann–Whitney test. (B + C) The panels in parts B 

and C are serial sections from the same area of the slides. Bars = 100 μm. B. MMP-10 

staining is observed in the synovial tissue and is associated with staining for synovial 

fibroblasts (arrows). No staining is observed in the mouse isotype control. C. MMP-10 

staining is observed in the synovial tissue and is associated with staining for endothelial 

cells. No staining is observed with the mouse isotype control.
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Fig. 7. 
MMP-3 protein concentrations in Lyme disease patients and control groups. MMP-3 protein 

concentrations were measured in matched serum and synovial fluid samples in patients with 

antibiotic-responsive or antibiotic-refractory Lyme arthritis (LA), and in serum samples 

from patients with erythema migrans (EM) or rheumatoid arthritis (RA), and in healthy 

controls (HC) subjects. MMP-3 protein concentrations are shown, as measured by Luminex 

assay. The area above the shaded gray area is >3 standard deviations above the mean value 

of HC. P-values were calculated using Mann–Whitney test.
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Fig. 8. 
IgG MMP-10 and MMP-3 autoantibodies in Lyme disease patients and control groups. 

MMP-10 and MMP-3 autoantibodies were measured in serum samples from patients with 

antibiotic-responsive or antibiotic-refractory Lyme arthritis (LA), erythema migrans (EM), 

rheumatoid arthritis (RA), and in healthy controls (HC) subjects, using an ELISA. The solid 

line corresponds to 3 standard deviations above the mean value of healthy control subjects 

for MMP-10 while the dashed line corresponds to 3 standard deviations above the mean 

value of healthy control subjects for MMP-3. The distribution of MMP-10 and MMP-3 

autoantibody values were compared for each group using unpaired t-test with Welch's 

correction, and the identity of groups were compared using Fisher's exact test.
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Fig. 9. 
Correlation between synovial tissue histologic rankings and IgG MMP-10 antibody 

rankings. Correlations between IgG anti-MMP-10 antibody absorbance rankings and 

histologic rankings for CXCL13 staining, plasma cells, lining layer thickness, fibroblast 

proliferation, VCAM, and ICAM are shown in patients with antibiotic-refractory Lyme 

arthritis (LA) who underwent synovectomies. Only significant correlations are shown. The 

correlations were determined by Pearson's correlation test.
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Fig. 10. 
Immunohistochemical staining of synovial tissue from two representative patients with 

antibiotic-refractory LA who had high or low rankings for serum MMP-10 IgG antibodies. 

The patient with the highest ranking for MMP-10 antibodies had marked staining for 

CXCL13, plasma cells, lining layer thickness, fibroblast proliferation, and expression of the 

cellular activation markers VCAM and ICAM. In contrast, the patient with the lowest 

ranking had minimal staining for these histologic findings. Brown indicates specific staining 

of the immune cells and purple is the counter stain (hematoxylin). Lining layer thickness 

was assessed by hematoxylin and eosin (H&E) stain. Bars = 100 μm. (For interpretation of 

the references to color in this figure legend, the reader is referred to the web version of this 

article.)
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