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Borrelia-specific antibody profiles and complement
deposition in joint fluid distinguish antibiotic-refractory
from -responsive Lyme arthritis

Kathryn A. Bowman,1,2,9 ChristineD.Wiggins,3,9 ElizabethDeRiso,1 Steffan Paul,4 Klemen Strle,5 JohnA. Branda,6

Allen C. Steere,7,* Douglas A. Lauffenburger,3,10,* and Galit Alter1,8,*
SUMMARY

Lyme arthritis, caused by the spirochete Borrelia burgdorferi, is the most common feature of late dissem-
inated Lyme disease in the United States. While most Lyme arthritis resolves with antibiotics, termed
‘‘antibiotic-responsive’’, some individuals develop progressive synovitis despite antibiotic therapy, called
‘‘antibiotic-refractory’’ Lyme arthritis (LA). The primary drivers behind antibiotic-refractory arthritis
remain incompletely understood. We performed a matched, cross-compartmental comparison of anti-
body profiles from blood and joint fluid of individuals with antibiotic-responsive (n = 11) or antibiotic-re-
fractory LA (n = 31). While serum antibody profiles poorly discriminated responsive from refractory
patients, a discrete profile of B.burgdorferi-specific antibodies in joint fluid discriminated antibiotic-
responsive from refractory LA. Cross-compartmental comparison of antibody glycosylation, IgA1, and
antibody-dependent complement deposition (ADCD) revealed more poorly coordinated humoral re-
sponses and increased ADCD in refractory disease. These data reveal B.burgdorferi-specific serological
markers that may support early stratification and clinical management, and point to antibody-dependent
complement activation as a key mechanism underlying persistent disease.

INTRODUCTION

Lyme disease, the most common vector-borne disease in the United States and Europe,1 is caused by tickborne spirochetes in the Borrelia

burgdorferi sensu lato complex. With greater than 450,000 cases of Lyme borreliosis estimated annually in the United States,2 Lyme disease

and its post-infectious sequelae contribute to a significant global burden of suffering, economic impact, and disability.

Lyme disease is capable ofmanifesting in a variety of sites, withmultiple possible infectious and post-infectious sequelae. In early localized

disease, patients may present with an expanding skin lesion, known as erythema migrans,3 often accompanied by flu-like systemic symptoms

including fever, malaise, fatigue, myalgias, and arthralgias. In the United States, themost common feature of late disseminated disease, Lyme

arthritis (LA), is seen in approximately 60% of untreated patients.3 LA is characterized by mono- or oligoarticular arthritis, often marked by

swelling of one or both knees. Because antibiotic treatment of early infection prevents the development of LA, this manifestation of the infec-

tion is now seen less commonly.4 It occurs primarily in individuals whose initial infection was asymptomatic, with arthritis as the presenting

symptom.

The natural history of LA is remarkable for its variable response to treatment. Current guidelines from the Infectious Diseases Society of

America recommend treatment with a 28-day course of oral antibiotics (doxycycline or amoxicillin).5 If symptoms persist, repeat treatment

with oral antibiotics or a 2–4 weeks course of intravenous (IV) ceftriaxone is recommended. For most patients, symptoms resolve following

either oral or IV antibiotic treatment; these are defined as ‘‘antibiotic-responsive’’ LA.4,6 However, a small percentage of patients have min-

imal, if any response to oral antibiotic therapy.6 In most of these minimally responsive or unresponsive patients, joint swelling improves

considerably with IV antibiotic therapy, but in some individuals, the arthritis changes after oral and IV antibiotic therapy, and massive synovial

hypertrophy develops and persists for months to several years.7,8 Those cases which fail to improve on oral and IV antibiotic therapy are
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hereafter referred to as ‘‘antibiotic-refractory’’ LA.9 Physicians treat this complication of the infection with immunosuppressive, disease-modi-

fying anti-rheumatic drugs (DMARDs) and have not seen breakthrough infection in these patients after oral and IV antibiotics, suggesting that

this complication of the illness is a post-infectious process. However, in the absence of definedbiomarkers able to predict non-responsiveness

to antibiotics as well as incompletely defined mechanisms of persistent disease, treatment and management approaches for persistent dis-

ease have been variable.

The pathogenesis of antibiotic-refractory LA is not fully understood and is suspected to involve both pathogen- and host-directed pro-

cesses. While B. burgdorferi DNA is typically detectable in synovial fluid by PCR prior to antibiotic therapy, demonstrating the organism’s

tropism for the joints, PCR results are usually negative after several weeks of antibiotic therapy, and consistently negative in synovial tissue

obtained at synovectomy.10 However, certain spirochetal remnantsmay persist in the post-infectious period. For example, an important driver

of innate immune responses may be the persistence of B. burgdorferi peptidoglycan in synovial fluid, which is especially difficult to clear, and

may remain detectable long after PCR negativity.11 Despite the possibility of persistent peptidoglycan, the persistence and progression of

synovitis in the absence of live spirochetes in the joint argues against the role of active infection as a primary driver of post-antibiotic synovitis.

Instead, it is likely that the pathogenesis of antibiotic-refractory LA is driven by persistent maladaptive immune responses, triggered initially

by joint infection.

The basic pathogenetic feature of antibiotic-refractory LA is the development of an excessive and dysregulated pro-inflammatory immune

response during the infection, characterized by exceptionally high levels of IFNg and inadequate levels of the anti-inflammatory cytokine

IL-10, which persist in the post-infectious period after oral and IV antibiotic therapy.12 The consequences of this excessive proinflammatory

response in Lyme synovia include vascular damage, autoimmune and cytotoxic processes, and fibroblast proliferation and fibrosis.7 The sy-

novial lesion in these patients is similar with that seen in other forms of chronic inflammatory arthritis, including rheumatoid arthritis, though

there is greater vascular damage in post-infectious Lyme synovia.7,13 For example, in approximately 50% of such patients, Lyme synovia show

obliterativemicrovascular lesions, in whichCD8+ T cell-mediated cytotoxicity, CD4+ T cell help, autoantibodies to vascular antigens, and com-

plement deposition may each have a pathogenic role.14 Additionally, both autoreactive and B.burgdorferi-specific humoral immune re-

sponses may be modulated by inhibitory FcgR2b, which human and animal models support as a regulator of the quality and magnitude

of the humoral immune response.15

In LA patients, robust anti-B. burgdorferi antibody responses develop to as many as 89 spirochetal proteins, many of which are outer-sur-

face lipoproteins.16 Additionally, in one study, antibody responses to B. burgdorferi sonicate, which is inclusive of both outer-surface lipopro-

teins as well as intracellular proteins, tended to be higher in patients with refractory LA than in those with antibiotic-responsive LA, but the

differences were not statistically significant.17 Anti-borrelial antibodies are predominantly T cell-dependent IgG1 and IgG3 isotypes, which

are capable of inducing opsonization and activating complement.18 However, the role of B. burgdorferi antibodies in protection or pathology

remains incompletely defined, and no diagnostic test has been developed which clearly differentiates patients with antibiotic-responsive LA

from those at risk for the development of antibiotic-refractory LA.

Emerging data point to qualitative differences in pathogen-specific antibodies, rather than simple antibody levels, as key predictors of

protection against bacterial disease progression, such as tuberculosis,19,20 as well as in protection against complex parasites, including

malaria.21 Thus, here we sought to define whether a comprehensive analysis of B. burgdorferi-specific antibody Fc-profiles, along with

one Lyme-associated auto-antigen-specific antibody Fc-profile, could classify responders or non-responders to antibiotic treatment. While

comprehensive antibody profiling in the serum was unable to discriminate between antibiotic-responsive and antibiotic-refractory individ-

uals, Lyme disease-specific humoral immune responses were significantly divergent between the blood and synovial fluid of both antibiotic

responders and non-responders. Moreover, Lyme disease-specific antibody responses differed significantly in the joint fluid across the

groups, marked by perturbed antibody Fc-glycosylation across the groups, elevated flagellin-specific responses in antibiotic responders,

and greater antibody-dependent antibody-mediated complement activation in the joints of individuals with refractory disease. Consistent

with compartmentalization of cytokine and T cell responses notedpreviously in affected joints,22,23 these data point to significant joint-specific

compartmentalization of humoral immune responses during and following B. burgdorferi infection that may point to additional mechanisms

driving refractory arthritis at the site of persistent pathogenesis.
RESULTS

Minimal univariate differences between antibiotic-responsive and antibiotic-refractory individuals

Biophysical profiling of Borrelia burgdorferi (Bb)-specific antibodies to B67 culture lysate (derived from strain B39/40), CRASP1, CRASP2,

DbpA, DbpB, Arp37, flagellin, OspA, OspB, OspC, OspE, p27, p35, p39, VlsE (all recombinant Bb proteins are based on strain B31, an

OspC type A (RST1) strain), and autoantigen-specific apolipoprotein B100 (ApoB100) was performed in matched serum and joint fluid

from 31 individuals with antibiotic-refractory LA and 11 individuals with antibiotic-responsive LA (Table 1). In patients with antibiotic-respon-

sive LA, paired joint fluid and serum samples were obtained before or during oral antibiotic therapy, whereas samples in the patients with

antibiotic-refractory LA were collected near the time of IV antibiotic therapy.

Univariate comparison of antibody isotype-specific responses across traditional Bb antigens, OspA and flagellin, in serum, showed no sig-

nificant differences between antibiotic-refractory and antibiotic-responsive individuals (Figure 1). Similarly, antibody isotype levels to the

same antigens showed limited differences in joint fluid across the groups (Figure 1). At a univariate level (Figure S1), a significantly higher level

of FcgR2A-binding Bb p35-specific antibodies was observed among responders compared to non-responders (Figure 1). Moreover, holistic

antibody profiling revealed additional differences in the overall humoral immune response across the groups (Figure 1). Notably, while each
2 iScience 27, 108804, February 16, 2024



Table 1. Clinical characteristics of antibiotic responsive and antibiotic refractory Lyme arthritis patients

Antibiotic responsive LA

N = 11

Antibiotic refractory LA

N = 31

Age, median (range), years 47 (19–70) 39.5 (12–78)

Sex, no. female: no. male 2 : 9 14 : 17

B. burgdorferi infection

Bb IgG titer median (range) 25,600(1,600-102,400) 25,600 (400-102,400)

Bb JF PCR (positive/total tested) 2/10 1/24

Inflammatory markers, median (range)

ESR 26 (8–60) 10 (2–87)

CRP 15.2 (8.1–121.6) 5.6 (0.4–105.7)

HLA-DRB1 risk allelesa

Patients with at least one high risk

DRB1 type/total tested (%)

4/10 (40%) 18/28 (64%)

Antibiotic treatment duration, median (range)

All antibiotics prior to sample, days 36 (0–160) 123 (1–602)***

# resolved with oral antibiotics (%) 4/11 (36%) N/A

# resolved with IV antibiotics (%) 7/11 (64%) N/A

IV antibiotics prior to sample, days 0 40 (0–612)***

Arthritis characteristics

Total duration arthritis, median (range), months 6.5 (3.3–12.2) 13.7 (5.1–76+)***

JF characteristics, median (range)

WBC count 10,481 (285-27,922) 12,150 (3,475-30,750)

% neutrophils 82 (7–92) 76.5 (0–98)

% lymphocytes 9.5 (0–28) 14 (0–81)

LA = Lyme arthritis,Bb= B. burgdorferi, JF = joint fluid, ESR = erythrocyte sedimentation rate, n/a = not applicable, CRP =C-reactive protein,WBC=white blood

cell.

*p < 0.1, **p < 0.05, ***p < 0.01.
aHigh risk for antibiotic refractory LA: DRB1*0101, 0401, 0402, 0404, 0405.
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individual possessed a unique Lyme-specific Fc-profile, decreased sialylation (detected by binding of sambucus nigra lectin—SNA) and gal-

actosylation (detected by binding of Ricinus communis agglutinin 1—RCA) was observed in the joint fluid of individuals with refractory infec-

tion, although these univariate differences did not rise to the level of statistical significance. Additionally, antibodies to only 8 antigens were

targeted by secretory-IgA (secIgA) detected solely in the joint fluid—including responses to DbpA, DbpB, flagellin, OspA, OspB, B67 lysate,

VlsE, and p39. Thus, consistent with previous reports, limited univariate differences were observed in the overall magnitude of Bb-specific

antibody titers, across responders and non-responders to antibiotics in the serum, but subtle differences were noted in the joint fluid Bb-spe-

cific antibody profiles across the groups.17,24
Cross-compartmental antibody signatures vary by antibiotic responsiveness

Given the observation of subtle antibody differences across the groups at a univariate level, particularly among Fc-modified Bb-specific an-

tibodies in the synovial fluid, we next sought to define whether overall compartment-specific differences existed across the groups. Thus,

focusing on the features that showed some difference in the heatmap, polar plots were generated across each antigen, representing the

mean percentile rank for each antigen-specific feature (Figures 2A—2D, S3, and S4). Strong compartment-specific effects were observed,

as expected, marked by reduced sialylation (SNA) and galactosylation (RCA) in the joint across antigens (Figures 2A—2D), as well as reduced

IgG1, IgG2, IgM (Figure S3), and FcgR binding (Figure S4) in the serum, pointing to the selective recruitment of more inflammatory antibody

profiles, notable for decreased sialylation and galactosylation, in the joint across both groups.25,26 Conversely, higher levels of IgA and secre-

tory IgA (secIgA) were observed in the joint fluid in both groups compared to the serum (Figure S3). However, complement-activating anti-

bodies, able to elicit antibody-dependent complement deposition (ADCD), were markedly discordant across the compartments and across

groups, with enhanced complement-activating antibodies in the joint fluid in individuals with refractory LA and diminished levels in the joint

fluid in individuals with responsive LA (Figures 2A—2D). Thus, these data indicate clear compartment-specific differences in Bb-specific anti-

body profiles, marked by more inflammatory antibodies (less sialic acid and galactose) in the joints of refractory infections, diminished IgA
iScience 27, 108804, February 16, 2024 3
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Figure 1. Systems serology profiling with Borrelia-specific antigens reveals patient heterogeneity

The heatmap shows the Z-scored measurements for 12 features, across 16 antigens for both refractory and responsive patients, visualized with joint fluid

measurements in the upper half of the heatmap and serum measurements in the lower half of the heatmap. Only antigens detected above background for

at least 30% of samples were included for each measurement. Statistical significance was assessed using the Mann-Whitney nonparametric test, with p values
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responses, and expanded complement activation in the joints of individuals with refractory infections, collectively pointing to the persistence

of a highly compartment-specific inflammatory response that may mark or drive pathology.

Multivariate antibody profiles in joint fluid, but not serum, can discriminate antibiotic-resistant from antibiotic-responsive

LA

Given the trend toward FcR differences across the groups in univariate analyses and distinct patterns emerging in the correlation networks, we

next aimed to determine whether a multivariate antibody Fc-profile, reflective of differences in the polyclonal pools of antibodies present in a

given individual, could distinguish the groups. Given the highly correlated nature of the humoral immune response following infection, where

B cells expand in response to multiple antigens simultaneously, we first used a least absolute shrinkage and selection operator (LASSO) reg-

ularization to conservatively down select the number of features utilized for model building to avoid statistical overfitting.27,28 These LASSO-

selected features were then used to build a partial-least squares discriminant analysis (PLS-DA) model to separate groups. When a PLS-DA

model was built with LASSO-selected serum antibody features (Figure 3A), the model could not resolve the 2 groups, suggesting that serum

antibody responses were similar between phenotypes. However, when a model was built with joint fluid features only (Figure 3B), responsive

and refractory groups separated well. The joint fluid-specific model was able to differentiate antibiotic refractory from responsive individuals

(Figure S5B), with a cross-validation accuracy of 0.84, determined with 100 rounds of 5-fold cross-validation (Figure S5A).

To gain deeper insights into the specific features that separated the groups, PLS-DAweights for the LASSO-selected featureswere plotted

(Figure 3C), highlighting that as few as 9 of the overall 167 features that were analyzed per samplewere required to discriminate between joint

fluid profiles in responsive and refractory individuals. The 9 features included 6 features that were selectively enriched in the responsive group

and 3 features that were selectively expanded in the refractory subjects. The responsive features included elevated p35-specific antibodies

able to bind to the activating opsonophagocytic FcgR2A receptor, elevated levels of galactosylated (detected by RCA binding) flagellin- and

Bb-derived Arp37-specific antibodies, sialylated (detected by SNA binding) flagellin-specific antibodies, IgG2 responses to flagellin, and

IgG3 responses to p39, pointing to a highly flagellin, p35, p39, and Arp37-specific response in individuals that respond to antibiotics.
4 iScience 27, 108804, February 16, 2024
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Figure 2. Compartment-specific responses differ across antibiotic responsiveness

The polar plots show themean percentile rank for each antigen for sambucus nigra (SNA) lectin binding, Ricinus communis agglutinin 1 (RCA) lectin binding, and

antibody-dependent complement deposition (ADCD) measurements for (A) refractory joint fluid, (B) refractory serum, (C) responsive joint fluid, and

(D) responsive serum. The antigen key indicates the corresponding antigen for each colored slice of the polar plot.
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Conversely, 3 features were enriched in individuals that were refractory to antibiotics, including elevated Bb-derived p39 and DbpA-specific

antibodies able to bind to the inhibitory FcgR2b receptor, and elevated levels of lysate (B67)-specific complement-fixing antibodies, high-

lighting a highly divergent complement fixing and inhibitory Fc-receptor binding response in the joint fluid of individuals that have persistent

arthritis despite antibiotic therapy.

Because LASSO feature selection picks a minimum set of features, that maximally represents the variation across the groups, we next

generated a LASSO feature-co-correlate network from the joint fluid (Figure 3D) to define additional antibody measurements that are highly

correlated with the LASSO-selected features and which may provide additional biological insights into disease pathobiology. Specifically,

alterations in DbpB-specific antibody glycosylation were linked to altered flagellin-specific antibody glycosylation profiles, with a specific

elevation in galactosylation (higher RCA binding) and sialylation (higher SNA binding) in responsive LA. Interestingly, multiple additional

DbpA and DbpB FcgR binding levels were associated with LASSO-selected DbpA and DbpB FcgR measurements, pointing to a unique

role of highly functional Dbp responses in Lyme pathology.

Cross-compartmental comparisons reveal differential antibody profiles in the joint in refractory and responsive disease

Given the distinct antibody responses seen across compartments, we sought to finally define whether any particular type of antibody mea-

surement could best resolve clinical outcome groups. A pan-antigen score, combining all Bb antigen-specific measurements for a given anti-

body readout (Figure 4A), was created and compared across compartments within each group. In refractory disease, all antibody subclasses

showed significantly higher pan-antigen scores in the joint fluid than in the serum, but no such differences were observed in responsive pa-

tients (Figures 4B and S6). In contrast, ADCD levels in responsive patients were broadly higher in serum as compared to joint fluid, whereas in

refractory patients, ADCD levels were higher in joint fluid than in serum, likely related to the higher ADCD levels observed for VlsE, p39, DbpA,

DbpB, and B67 lysate in refractory joint fluid (Figure 2A).

To further explore the specific features that were most distinct across the compartments in each group of subjects, a multilevel PLS-DA

model built on LASSO-selected features was used in individuals with refractory disease (Figure 5A) or responsive infection (Figure 5B). Com-

plete separation was observed across the compartments in both groups, but compartments were marked by different antibody
iScience 27, 108804, February 16, 2024 5
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Figure 3. Multivariate modeling discriminates antibiotic responsive patients in joint fluid but not serum

Partial-least squares discriminant analysis (PLS-DA) models were built using selected features on (A) serum data alone or (B) joint fluid data alone. The dot plots

show the resultant scores of each sample on latent variables 1 and 2, with ellipses representing the 95% confidence intervals of the refractory (dark blue) and

responsive (green) groups. LV labels represent X block variation captured. (A) utilized elastic net feature selection with alpha = 0.4 and lambda = 0.278 after

tuning, while (B) utilized LASSO feature selection. The choice of feature selection algorithms differed in order to force the selection of multiple features in

the serum-only model for appropriate comparison.

(C) The bar graph shows the loadings of LASSO-selected features for (B) on latent variable 1 (LV1), with bar colors indicating in which group the feature is enriched

(dark blue for refractory, green for responsive).

(D) A pairwise Spearman correlation test was performed to determine features that were correlated with the LASSO-selected features visualized in (C). Features

with correlation of coefficients >|0.85| and p < 0.01 are shown in the networks. Spearman correlation strength is represented by line color, indicated by inset

Spearman R legends. Node color indicates in which group the feature is enriched (dark blue for refractory, green for responsive).
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subpopulations. Most LASSO features were enriched in the joints of refractory subjects, including high levels of IgG2s, secretory IgA, FcgR3b

binding antibodies and ADCD-inducing antibodies, whereas only OspE-specific FcgR3b binding antibodies were enriched in the serum in

these subjects (Figure 5C). Further analysis of the co-correlates of the LASSO-selected features pointed to the accumulation of additional

antigen-specific IgG2, IgAs and complement-fixing antibodies in the joints of refractory individuals (Figure 5E). Comparably robust separation

was noted between serum and joint fluid in the responsive samples. In both refractory and responsive individuals, separation between fluids

was marked by higher levels of flagellin-specific IgG2 and Bb-lysate-specific secretory IgA in the joints (Figures 5C and 5D). However, joint

fluid in responsive subjects was additionally marked by higher levels of OspA-specific IgA and p39-specific IgG3 (Figure 5D). Conversely,

ADCD-inducing antibodies were largely observed in the serum in responsive individuals. Further co-correlates analysis pointed to a highly

correlated complement (ADCD) network across antigens in the serum, but a large and highly correlated network of FcgR3b, IgG3, and

IgA, all of which trigger neutrophil activity, as a key signature of joint fluid in the setting of responsive infection (Figure 5F). Cumulatively, these

data point to significant antibody differences across the compartments, marked by the accumulation of IgA and IgG2 in joints in both groups,

but the selective accumulation of complement-fixing antibodies in refractory joints only.

Ranking of antibody features by relative frequency highlights cross-compartmental variation

To ultimately define the particular features that resolved the groups, we evaluated the proportion of individuals in either the responsive or

refractory group that generated antibody responses that diverged across the compartments (Figure 6A). Variation was observed in the level of

antigen-specific immunity across the antigens, with highly robust targeting of the Dbps but less targeting of p27 and p35 across the antibody

readouts (Figure 6A). Only antigen-specific differences in IgG2 responses in refractory patients rose to the level of statistical significance, while

no differences were detected in responsive patients, potentially due to low sample numbers. However, ADCD, IgA, and IgG2 responses

across the responsive and refractory groups in the serum and joint fluid appeared to reveal consistent trends toward compartment-specific

differences, while fewer differences were noted in IgG1 and IgG3 responses. Interestingly, antigens that deviated in the compartments
6 iScience 27, 108804, February 16, 2024



****

−30
−20
−10

0
10
20

Joint Fluid Serumsu
m

 o
f s

ca
le

d 
lo

g1
0 

M
FI pan IgG1

****

−20

−10

0

10

Joint Fluid Serum

pan IgG2
****

−20

−10

0

10

Joint Fluid Serum

pan IgA1

ns

−30
−20
−10

0
10
20

Joint Fluid Serumsu
m

 o
f s

ca
le

d 
lo

g1
0 

M
FI pan IgG1

ns

−10

0

10

Joint Fluid Serum

pan IgG2
ns

−20

−10

0

10

Joint Fluid Serum

pan IgA1
*

−15
−10
−5

0
5

10
15

Joint Fluid Serum

pan ADCD

ns

−10

−5

0

5

Joint Fluid Serum

pan ADCD

Refractory

Responsive

A

B

Figure 4. Pan-antigen scores demonstrate that ADCD levels across antigens are discordant between fluids and phenotypes

Select pan-antigen scores are visualized as boxplots for (A) refractory and (B) responsive phenotypes. Paired serum and joint fluid samples are available for each

individual, and so significance was tested with a nonparametric Wilcoxon signed-rank test and corrected for multiple hypothesis testing via Benjamini-Hochburg,

*p < 0.05, **p < 0.01, ***p < 0.001, ns, not significant. Gray lines connect paired samples.

ll
OPEN ACCESS

iScience
Article
differed across the groups, with the immunodominant antigens (Dbps and p39) in the serum, but theOsp, B67 lysate, and flagellin antigens in

the joints, marking a disconnect in the potential antibody subpopulations and functions that may be associated with prolonged pathology.

However, to identify the antibody profiles that were differentially enriched across compartments in the 2 groups of subjects, a compart-

ment ratio was developed such that numbers <1 indicated a higher proportion of detectable response in joint fluid, and >1 indicating the

feature was disproportionately enriched in serum (Figure 6B). In general, refractory patients had lower ADCD, IgG2, and IgA ratios across

severalBb-antigens indicating a higher proportion of response in the joint fluid. Both ADCD and IgA ratios were collectively statistically signif-

icantly lower in refractory patients. Conversely, as expected, no differences in IgG1 detection were noted across the groups. Interestingly

although IgG3 varied for only a limited number of antigens and was not significant overall, the ratio of these was inverted from other sub-

classes, with a relative enrichment of Crasp1, Crasp2, and OspE-targeted IgG3 in the joint fluid of responsive individuals. These data not

only collectively point to a selective deficit in complement fixing and IgA immunity in the serum of individuals with refractory LA, providing

insights into the specific antibody profiles that may discriminate antibiotic responsiveness after Bb infection but also points to unappreciated

mechanisms that may underlie protection against Lyme disease.

DISCUSSION

LA is among the most common manifestations of Lyme disease in the US and is notable for its strikingly variable responsiveness to antibiotic

therapy, but the mechanisms driving antibiotic-refractory disease remain incompletely defined. Moreover, biomarkers for early identification

of patients who will develop persistent synovitis and potential joint damage are lacking. Thus, biomarkers to help guide both clinical man-

agement and therapeutic strategies are urgently needed.

Borrelia has evolved a wide range of mechanisms for invasion, dissemination, tissue colonization, and host immune evasion, involving dra-

matic changes ingeneexpression.29,30The resultinghost immuneresponsecancausepersistentpathology ina subsetof individuals thatdevelop

LA.12 Importantly, immunogenic protein recognitionprofiling clearly illustrates that theBb-specific humoral immune response is distinct in active

Lyme disease as compared to convalescent patients.16 Similarly, Th1 responses and IgG titers to an immunogenic Bb lipoprotein, OspA, have

been associated with greater swelling and longer duration of arthritis after antibiotic treatment, pointing to associations between antigen-spe-

cific response and severity of disease.31,32 However, whether precise antibody profiles can predict the evolution of persistent antibiotic-resistant

LA remained unclear. Thus, here, by expanding antibody profiling across a wider range of borrelial antigens, as well as profiling the humoral im-

mune response,weobservedstrikingdifferences in thepolyclonal antibodyprofilesbetween the serumand joint fluid thatdiverged in individuals

who developed refractory LA compared to those that responded to antibiotics. Strikingly, differences in IgG Fc-glycosylation, which serve as

markers of inflammatory potential and can lead to complement activation, were key predictors of differences in clinical progression.33

Individuals who developed antibiotic-refractory LA exhibited a distinct joint fluid antibody profile, characterized by the presence of inflam-

matory antibodies with decreasedBb-specific antibody sialylation and galactosylation, decreased IgA responses, and increased complement

activation in the joint fluid. Thus, despite the multiple elaborate mechanisms by which Bb subverts the complement cascade,30,34–37 the

pathogenesis appears to be related to persistent activation of the complement cascade and thus may be related to a pathogen-induced

over-activation of complement in the joint. To contextualize these findingswithin the broader immune response, a recent study demonstrated
iScience 27, 108804, February 16, 2024 7
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C5b-9 deposition on obliterated blood vessels in the synovia in refractory LA, which correlated with autoantibody responses to certain

vascular-associated autoantigens.14 CD8+ T cells with cytotoxic potential surrounded these vessels and CD4+ T cells were intermixed with

CD8+ T cells. Thus, complement activation by pathogen-associated immune complexes, while certainly not the sole contributor to persistent

LA, may be implicated in pathology.

How andwhere antigens persist, enabling the chronic formation of immune complexes, remains unclear. However, the presence of inflam-

matory complement-fixing antibodies, particularly at the site of pathology, could lead to protracted inflammation and disease. Inadequately

controlled complement activation could also drive immunopathogenesis, as seen in multiple inflammatory and autoimmune diseases,

including rheumatoid arthritis.38,39 Specifically, studies of the synovial tissue in rheumatoid arthritis have highlighted the presence of synovio-

cytes in hyperplastic areas that express C3 receptors and Fcg receptors, allowing these cells to respond rapidly to immune complexes and

trigger inflammation due to their hyper-inflammatory state.40Moreover, the observed enrichment of complement-activating antibodies in the

joint in refractory LA is consistent with previous studies of borrelial challenge in C3-deficient (C3�/�) mice revealing worsened early control of

Borrelia infection in C3 knockoutmice, but significantly less joint damageweeks after infection in the knockoutmice compared to the wildtype

animals.41 These data point to a complex role for complement, critical for early control of the pathogen, but with the need to attenuate the

inflammatory activity of the complement system to avoid prolongedpathogenesis. Thus, in the presence of the bacteria, complement evasion

machinerymay systematically block the inflammatory activity of the complement cascade. However, once the bacteria are cleared, prolonged

exposure to immune complexes may contribute to persistent activation and disease. While it is uncertain whether events at the time of path-

ogen clearance lead to the persistence of complexes in joints that triggers pathology, several complement inhibitors exist that could be

tested for a therapeutic impact on alleviating protracted symptomatology.

Changes in pathogen-specific antibody Fc-glycosylation have been noted as significant predictors of disease progression across several

infectious diseases including human immunodeficiency virus infection,42,43 tuberculosis,19 and SARS-CoV-2 infection,44–47 as well as several

non-infectious diseases.48 Loss of sialylation and galactosylation is a critical marker of inflammation and likely associated with the presence of

highly activated plasmablasts, secreting copious number of inflammatory antibodies aimed at driving rapid pathogen clearance and immune

activation to overcome the infection. In a recent report, patients with antibiotic-refractory LA had Bb IgG1 antibodies in synovial fluid with

proinflammatory glycan profiles, containing high percentages of bisecting GlcNAcs, with intermediate percentages of galactose and fucose,

and low percentages of sialic acid.25 In contrast, patients with antibiotic-responsive LA had Bb-specific IgG1 antibody glycans with less
8 iScience 27, 108804, February 16, 2024
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Figure 6. Antigen-specific IgG2, IgA1, and ADCD partitioning between compartments differs significantly across disease phenotypes

(A) Fraction of samples with non-zeromeasurements for ADCD, IgG1, IgG2, IgG3, and IgA1 for refractory (dark blue) and responsive (green) patients in the serum

(dashed line) and joint fluid (solid line) for each antigen. Significant differences in distribution of non-zero measurements between fluids as assessed by a Fisher’s

exact test are denoted as *p < 0.05, **p < 0.01, ***p < 0.001 for refractory (dark blue) and responsive (green) samples after correction for multiple hypothesis

testing via Benjamini-Hochburg.

(B) Ratio of fraction of serum samples with non-zero measurements to fraction of joint fluid samples with non-zero measurements for ADCD, IgG1, IgG2, IgG3,

and IgA1 for refractory (dark blue) and responsive (green) patients for each antigen. Significant differences in distributions of ratios between phenotypes are

assessed by a Mann-Whitney nonparametric test, then corrected for multiple hypothesis testing via Benjamini-Hochburg.
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marked pro-inflammatory profiles reflective of a controlled pro-inflammatory response. Thus, the data presented here suggest that a simple

lectin-based analysis of the pro-inflammatory status of Bb-specific antibodies in the joint could provide a rapid indication of antibiotic respon-

siveness. However, at a mechanistic level, whether these glycosylation differences evolve as a result of protracted inflammation or are
iScience 27, 108804, February 16, 2024 9
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themselves the driver of the refractory course is unclear. Similar patterns of glycosylation are observed in multiple autoimmune and infectious

diseases,48 including reduced IgG galactosylation and sialylation patterns in systemic lupus erythematosus,49,50 and aberrant galactosylation

predictive of onset and severity of rheumatoid arthritis.51–53 Moreover, pro-inflammatory glycosylation can be targeted therapeutically either

by infusion of antibodies with glycosylation lacking in the inflamedmodel,54,55 or through use of engineered antibodies or intravenous-immu-

noglobulin with specific glycosylation patterns26,56 to differentially affect the IgG effector roles of immunoglobulins. It is unclear whether path-

ogen or simply the persistence of antigen in the joint is sufficient to drive the persistent production of inflammatory antibodies. However, the

selective presence of these antibodies points to a pathogen-specific glycan profile that could be used to predict non-responsiveness.

Cross-compartmental profile differences revealed weaker discrimination between groups using serum features, but stronger discrimina-

tion of antibiotic-refractory and responsive individuals in joint fluid, pointing to a compartmentalization of pathological antibodies. Coupling

LASSO-selected features along with highly correlated features for these groups, the responsive group targeted p35, flagellin, Arp37, p39,

VlsE, and apoB100, collectively potentially representing the key targets required for the successful clearance of the pathogen and associated

antigens. Conversely, refractory infection was predicted by the evolution of p39 and DbpA-specific antibodies that bind preferentially to the

inhibitory FcgR2b receptor that may lead to less profound clearance of the bacteria. Perhaps not surprisingly, responsive joint fluid was

notable for amore significant IgM response tomultiple borrelial antigens. Interestingly, prior studies have observed a link between prolonged

arthritis and the presence of antibodies to two Bb antigens, OspA and Osp B,57 presumably because of the inflammatory potential of Bb li-

poproteins. Additional evidence of immune compartmentalization has been noted, including significantly higher levels of several cytokines in

joint fluid, particularly CXCL9 and CXCL10, in refractory compared with responsive patients. Joint fluid from refractory individuals also had

fewer CD4+ CD25+ FoxP3-positive (T regulatory) cells, with increased TNFa and interferon-g production in refractory compared with respon-

sive patients.23,58 The data presented here support this model, where the production of inflammatory, persistent complement-activating an-

tibodies, despite negative Bb PCRs in most joint fluid tested (96% refractory, 80% responsive), contributes to dysregulated inflammation and

prolonged symptomatology, in a compartment-dependent manner.

In addition to enrichment for complement deposition in the joint fluid of refractory individuals, this group was also distinguished by a se-

lective deficit in IgA immunity in the serum and a relative cross-compartmental enrichment for IgA in the joint fluid. IgA immune complexes

can bind with high affinity to FcaRI on neutrophils, resulting in excessive neutrophil activation, NETosis, degranulation, and cytokine secre-

tion.59 If persistent, IgA immune complex-mediated neutrophil activation can drive tissue damage, which has been implicated in pathology in

several inflammatory or autoimmune diseases.60,61 As the predominant cell in joint fluid, neutrophils are critical for spirochetal killing. Thus,

similar to complement, IgA-mediated neutrophil activation may represent an initially protective mechanism important for eradication of the

pathogen, which may become dysregulated in the setting of persistent immune complexes in refractory disease.

Lyme disease affects people worldwide, with different Bb strains driving varying disease presentations globally. Given the potential for

long-termmorbidity associated with this infection in those that develop post-Lyme disease symptoms, there is an urgent need for biomarkers

andmechanisms to help guide clinical care. Deep antibodyprofiling herepoints to thepresenceof compartment-specificBb antibodyprofiles

that both distinguish antibiotic-refractory LA and also point to the potential importance of reducing complement activation and attenuating

inflammatory antibody activity as strategies to attenuate persistent inflammation anddisease in the joints. Thus, additional studies are needed

to investigate the generalizability of these observations across populations, as well as their potential role as mechanistic drivers of disease.
Limitations of the study

There are several important limitations to this study. First, the interval between start of antibiotics and sample acquisition differedbetween the

refractory and responsive groups, where samples were collected at a later time in the refractory group (Table 1). Similarly, the cumulative

exposure to antibiotics differed across the groups due to differences in typical clinical indication for joint fluid aspiration. In the responsive

group, samples were collectedprior to or during oral antibiotics. In the refractory group, sampling occurred before or soon after IV antibiotics,

a time periodwhen patients were still infected or soon thereafter, which limits the ability to determine antibody characteristics in the late post-

infectious period. This difference in duration of inflammation or cumulative antibiotic exposure could lead to differences in antibody profiles.

Thus, in the future, a study capturing samples earlier in infection or dynamically over timewould be useful to define the impact of each of these

factors as biomarkers and/or drivers of disease and could be used to explore the predictive capability of factors in determining ultimate anti-

biotic response. Secondly, as a negative control, it is not possible to include joint fluid from uninflamed, uninfected individuals since they do

not have joint effusions. However, a useful comparison might be joint fluid from patients with osteoarthritis, a less inflammatory form of

arthritis. Additionally, many of the lipoproteins studied here are polymorphic among different Bb strains/genotypes, and thus the source

and strain of antigens and lysate used likely plays a role in their variable recognition by antibodies.62
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KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Mouse anti-human IgG1 Fc-PE Southern Biotech Cat# 9054-09; RRID: AB_2796628

Mouse anti-human IgG2 Fc-PE Southern Biotech Cat# 9060-09; RRID: AB_2796635

Mouse Anti-Human IgG3-Hinge PE Southern Biotech Cat# 9210-09; RRID: AB_2796701

Mouse anti-human IgG4 Fc-PE Southern Biotech Cat# 9200-09; RRID: AB_2796693

Mouse anti-human IgA1 Fc-PE Southern Biotech Cat# 9130-09; RRID: AB_2796656

Mouse anti-human IgM Fc-PE Southern Biotech Cat# 9020-09; RRID: AB_2796577

Anti-guinea pig complement C3 goat

IgG fraction, fluorescein-conjugated

MP Biomedicals Cat# MP0855385; RRID: AB_2334913

Anti-CD66b PacBlue Biolegend Cat# 305112; clone: G10F5; RRID: AB_2563294

Biological samples

Cohort of human serum and joint fluid samples Allen Steere; Massachusetts

General Hospital

N/A

Chemicals, peptides, and recombinant proteins

B67 culture lysate Provided by Allen Steere, MD;

Massachusetts General Hospital64,65
N/A

CRASP1 Rockland Cat# 000-001-C18

CRASP2 Rockland Cat# 000-001-C19

DbpA Rockland Cat# 000-001-B98

DbpB Rockland Cat# 000-001-C16

Arp37 Rockland Cat# 000-001-C09

flagellin Rockland Cat# 000-001-C14

OspA Rockland Cat# 000-001-C13

OspB Rockland Cat# 000-001-C15

OspC Rockland Cat# 000-001-C11

OspE Rockland Cat# 000-001-C10

p27 Rockland Cat# 000-001-C30

p35 Rockland Cat# 000-001-C12

p39 Rockland Cat# 000-001-C17

VlsE Rockland Cat# 000-001-C33

ApoB100 R&D Systems Cat# AF3260-SP

HA Influenza B (B/Massachusetts/03/2010)

Hemagglutinin / HA protein (His Tag)

Immunetech Cat# 40191-V08B

HA(dTM) (H1N1/A/New Caledonia/20/99)

Hemagglutinin / HA protein (His Tag)

Immunetech Cat# IT-003-001DTMp

HA(A/Hong Kong/4801/2014)(H3N2) Immunetech Cat# IT-003-00430DTMp

recombinant EBOV Soluble GP ibt bioservices Cat# 0565-001

sulfo-NHS (N-hydroxysulfosuccinimide) Thermo Fisher Scientific Cat# A39269

ethyl dimethylaminopropyl carbodiimide

hydrochloride (EDC)

Thermo Fisher Scientific Cat# A35391

Sambucus Nigra Lectin (SNA, EBL), Fluorescein Vectorlabs Cat# FL-1301-2

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

Ricinus Communis Agglutinin

I (RCA I, RCA120), Fluorescein

Vectorlabs Cat# FL-1081-5

Avi-Tagged Human Fc Receptors (Fcg2A,

Fcg2B, Fcg3A and Fcg3B)

Produced by Duke Protein

Production facility

N/A

Tetanus toxoid MassBiologics Lot# Lp1099p

sulfo-NHS-LC-LC biotin Thermo Fisher Scientific Cat# A35358

veronal buffer supplemented with 0.1% fish skin gelatin Boston Bio Products Cat# IBB-290X

Streptavidin-R-Phycoerythrin Prozyme Cat# PJ31S

Critical commercial assays

BirA biotin-protein ligase reaction kit Avidity Cat# BirA500

Deposited data

Generated code This paper Zenodo: https://doi.org/10.5281/zenodo.10257968

Experimental models: Cell lines

THP-1 human monocyte cell line ATCC Cat# TIB-202; RRID: CVCL_0006

Software and algorithms

R programming language Version 4.0.3 https://www.r-project.org/

ForeCyt software Sartorius https://www.sartorius.com/en/products/

flow-cytometry/flow-cytometry-software

Other

Fluospheres� NeutrAvidin�-Labeled Microspheres,

1.0 mm, red fluorescent (580/605), 1% solids

Invitrogen Cat# F8775

FluoSpheres� NeutrAvidin�-Labeled Microspheres,

1.0 mm, yellow-green fluorescent (505/515), 1% solids

Invitrogen Cat# F8776

Zeba Spin Desalting Column, 7 MWCO ThermoFisher Scientific Cat#: 89877

Magplex microspheres Luminex Corporation Cat#s: MC12001-01, MC12003-01, MC12004-01,

MC12005-01, MC12012-01,

MC12015-01,

MC12020-01,

MC12023-01,

MC12024-01,

MC12026-01,

MC12027-01,

MC12039-01,

MC12040-01,

MC12044-01,

MC12046-01,

MC12055-01,

MC12062-01

Low-tox guinea pig complement CedarLane Cat# CL4051
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RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Galit Alter (galit.

alter@modernatx.com).
Materials availability

This study did not generate new unique reagents.
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Data and code availability

� All data generated during this study is available upon reasonable request.
� All code generated during this study has been deposited in Zenodo and is publicly available as of the date of publication. The DOI is

listed in the key resources table.
� Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.
EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Study cohort

Serum and joint fluid samples were included from 31 patients with antibiotic-refractory and 11 with antibiotic-responsive LA (Table 1). These

patients were seen at Massachusetts General Hospital by Dr. Allen Steere between 2005 and 2018 except for 3 patients who were seen in

between 1992 and 1998 at Tufts Medical Center. The Human Investigations Committee at Massachusetts General Hospital (MGH) and Tufts

Medical Center approved the study, titled ‘‘Immunity in Lyme Disease’’, and all patients (including parents of patients ages 12-18) provided

written informed consent. All LA patients met Centers for Disease Control and Prevention criteria for Lyme disease.63 ‘‘Antibiotic-refractory’’

patients were defined as those for whomoral antibiotics alone or followed by intravenous antibiotics did not resolve their synovitis. Serum and

joint fluid were obtained at the same visit for each patient.

In the 11 patients with antibiotic-responsive LA, serum and joint fluid samples were collected before or during oral antibiotic therapy. In 10

of 31 patients with antibiotic-refractory LA, these samples were obtained a median duration of 2 weeks prior to IV antibiotic therapy, when

knees were typically very swollen. In the remaining 21 refractory patients, the samples were collected a median duration of 4 weeks after the

conclusion of IV therapy when joint fluid was still obtainable. Because the results of antibody testing were similar in the subgroups with anti-

biotic-refractory LA and to bolster group size for statistical analysis, these 2 subgroups were combined for presentation here.

In the antibiotic-responsive LA group, 2/11 patients identified as female, vs 14/31 for the antibiotic-refractory LA group. While the ratio of

female to male patients differed between groups, multivariate analysis did not identify humoral differences between sexes within the respec-

tive groups (data not shown). However, it is possible that sex differences are present but not observable at these sample sizes. Information on

ancestry, race and ethnicity, and socioeconomic status was not gathered at the time of sample acquisition and so is not discussed here.
Cell lines

THP-1 cells (ATCC, RRID:CVCL_0006, male) a human acute monocytic leukemia cell line, were grown at 37C, 5% CO2 in RPMI with 10% fetal

bovine serum, L-glutamine, penicillin/streptomycin, HEPES and beta-mercaptoethanol, and used for assays at low passage number. The

THP-1 cell line was authenticated by ATCC with STR profiling, and no mycoplasma contamination was detected.
Primary immune cells

Human neutrophils were isolated from fresh peripheral blood. Peripheral blood was collected by the MGH Blood Bank or by the Ragon Insti-

tute from healthy volunteers under protocol. All volunteers were over 18 years of age and gave signed consent. Samples were de-identified

before use. The study was approved by the MGH Institutional Review Board. Human neutrophils were maintained in R10 (RPMI with 10% fetal

bovine serum, L-glutamine, penicillin/streptomycin and HEPES) and grown at 37C, 5% CO2 for the duration of the assay.
METHOD DETAILS

Antigens

Antigens used for Luminex based assays included B67 culture lysate (derived from G39/40, kindly provided by Allen Steere, Massachusetts

General Hospital), Bb CRASP1, CRASP2, DbpA, DbpB, Arp37, flagellin, OspA, OspB, OspC, OspE, p27, p35, p39, VlsE (all from Rockland),

ApoB100 (R&D Systems), HA (Immunetech), and EBOV (ibt bioservices). All of the commercially available B.burgorferi antigens utilized

were derived from strain B31 (Strain ATCC 35210/DSM4680/CIP 102532/B31). The B67 culture lysate is a sonicate derived from strain

G39/40, a tick isolate recovered in 1983 in Guilford, Connecticut.64,65
Luminex profiling

A multiplexed Luminex assay was used to determine relative titer of antigen-specific isotypes, subclasses, Lectin-binding, FcgR binding.66,67

Antigens were covalently linked to carboxyl-modifiedMagplex Luminex beads (Luminex Corp) using Sulfo-NHS (N-hydroxysulfosuccinimide,

Thermo Fisher Scientific) and ethyl dimethylaminopropyl carbodiimide hydrochloride (EDC, Thermo Fisher Scientific). Antigen-coupled mi-

crospheres were blocked, washed, resuspended in PBS, and stored at 4�C. To form immune complexes, antigen-coupled beads were incu-

bated with appropriately diluted plasma and joint fluid (1:10 for IgG1/2/3/41:100 for all low-affinity FcgRs) overnight at 4�C, shaking at

700 rpm. The following day, plates were washedwith 0.1% BSA 0.02% Tween-20. PE-coupledmouse anti-human detection antibodies (South-

ern Biotech) were used to detect antigen-specific antibody binding. For detection of sialic acid and galactose, fluorescein-labeled plant-

based lectin detects, SNA and RCA (Vectorlabs), were added as detection reagents at a 1:100 (SNA) and 1:500 dilution (RCA). For the detec-

tion of FcR binding, Avi-Tagged FcRs (Fcg2A, Fcg2B, Fcg3A and Fcg3B; Duke Protein Production facility) were biotinylated using BirA500 kit
16 iScience 27, 108804, February 16, 2024
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(Avidity) per manufacturer’s instructions. Biotinylated FcRs were tagged with PE and added to immune complexes. Fluorescence was ac-

quired using an Intellicyt iQue, and relative antigen-specific antibody titer and FcR binding is reported asMedian Fluorescence Intensity (MFI).

Functional assays

Antibody-dependent cellular phagocytosis (ADCP), antibody-dependent neutrophil phagocytosis (ADNP), and antibody-dependent com-

plement deposition (ADCD) were performed.68–70 Antigens used for ADCP and ADNP assays were: DbpA, DbpB, p35, p39, p66, VlsE,

flagellin, and B67 culture lysate. Antigens used for ADCD assays included B67 culture lysate (kindly provided by Allen Steere, Massachusetts

General Hospital), CRASP1, CRASP2, DbpA, DbpB, Arp37, flagellin, OspA, OspB, OspC, OspE, p27, p35, p39, VlsE (all from Rockland),

ApoB100 (R&D Systems), HA (Immunetech), tetanus toxoid (MassBiologics), and EBOV (ibt bioservices). Antigen was biotinylated using

Sulfo-NHS-LC-LC biotin (Thermo) and desalted using Zeba Columns (Thermo). Yellow-green (for ADCP and ADNP) or red (for ADCD)

were incubated with biotinylated antigen for 2 hours at 37C or overnight at 4�C. Coupled beads were washed twice with 0.01% BSA in

PBS and resuspended at a concentration of 10ug/mL. To form immune complexes, antigen-coupled beads were added to 96-well plates

with an equal volume of appropriately diluted plasma and joint fluid (1:10 for ADCD, 1:20 for ADCP and ADNP) and incubated for 2 hours

at 37C. Immune complexes were washed following incubation. For ADCP, 1.25x105 THP-1 cells/mL were added to immune complexes

and incubated for 16-18 hours at 37C. Following the incubation, cells were fixed with 4% PFA. For ADNP, white blood cells were isolated

from whole blood from healthy donors using ammonium-chloride potassium lysis to lyse red blood cells. 2.5x105 cells/mL were added to

immune complexes and incubated for 1 hour at 37C. Neutrophils were stained with an anti-CD66b PacBlue (Biolegend) detection antibody

and fixedwith 4%PFA. For ADCD, lyophilized guinea pig complement (Cedarlane) was resuspended according ofmanufacturer’s recommen-

dations and diluted in gelatin veronal buffer supplemented with calcium andmagnesium (Boston BioProducts). The diluted complement was

added to immune complexes and incubated at 37C for 20minutes. C3 depositionwas detected using an anti-C3 fluorescein-conjugated goat

IgG fraction detection antibody (Mpbio).

Fluorescence for the functional assays was acquired using an iQue (Intellicyt). For phagocytosis assays, a phagocytic score was calculated

using the following formula: (percentage of bead-positive cells) x (GeoMean of MFI of bead-positive cells)/10,000. ADCD is reported as me-

dian MFI of C3 deposition.

QUANTIFICATION AND STATISTICAL ANALYSIS

Univariate analyses

All univariate plots were visualized and analyzed using R (version 4.0.3). Univariate plots show the log10 MFI values for functional assays and

Luminex assays, visualized as boxplots with median denoted. Unless otherwise noted, statistical significance between measurements was as-

sessed using the Mann-Whitney nonparametric test, with p-values then corrected for multiple hypothesis testing via Benjamini-Hochburg.

When comparing proportions, a Fisher’s exact test was utilized, with p-values corrected for multiple hypothesis testing via Benjamini-

Hochburg. Heatmaps were generated via the ‘pheatmap’ command in the package ‘pheatmap’ (v 1.0.12). Figures were edited only for

page positioning, legend color, and size in Adobe Illustrator (v2020) for clearer visualization.

Multivariate data Pre-processing

With the exception of univariate analyses, all analysis started with background correction by PBS. 2x themean raw score of 2 PBS controls was

subtracted from all measurements to control for background noise. Any negative calculated value was functionally considered to be zero. All

features weremean-centered and scaled to unit variance. MFI values for Luminex and lectin assays and the ADCD functional assay were trans-

formed into log10 values. Features with >50% zero values were removed from the dataset for multivariate analyses.

Pan-antigen analyses

Pan-antigen scores were calculated throughmean-centering and scaling all data to unit variance by antigen and then summing scaled antigen

values by sample. Univariate pan-antigen plots show the pan-antigen scores for functional assays and Luminex assays, visualized as boxplots

withmedian denoted. Statistical significance was assessedwith a nonparametricWilcoxon signed-rank test to account for paired samples and

corrected for multiple hypothesis testing via Benjamini-Hochburg.

Multivariate analyses

Multivariate analyses included lectin, Luminex, and functional antibody measurements. For unpaired classification models, partial least

squares discriminant analysis (PLSDA) was performed on the data after feature reduction via LASSO regularization and variable selection.

LASSO variable selection was performed via the LASSO feature selection algorithm, which was run 100 times on the entire dataset using

the function ‘select_lasso’ from the ‘systemsseRology’ R package (v1.1). Features selected in 80% or more of the 100 rounds were used in

the final model. Feature selection was implemented to reduce the risk of overfitting themodels due to the large number of available features.

Multilevel partial least squares discriminant analysis (mPLSDA) was performed for all classificationmodels separating joint fluid and serum

samples from the same individual. mPLSDA generates models that better account for the paired nature of samples than does standard

PLSDA.71 mPLSDA models were built using data after feature reduction via LASSO regularization and variable selection was performed.

Both PLSDA and mPLSDA models were implemented using the R ‘systemsseRology’ package (v1.1).
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PLSDA andmPLSDA classification model performances were assessed using a five-fold cross validation approach and reported cross-vali-

dation accuracy is themean of 10 rounds of 5-fold cross validation. Each round includes 100 repeats of feature selection per fold. To assess the

importance of selected features, negative control models were built both by permuting group labels and by selecting random, size-matched

features in place of true selected features. 10 rounds of cross-validation with 5 permutation and 5 random-feature trials per round (again with

100 repeats of feature selection per fold per round for the permutation trials) were performed, and exact P values were obtained from the tail

probability of the generated null distribution. For PLSDAs, negative control models were also built by assigning all samples to the larger class,

and repeating 10 rounds of 5-fold cross-validation with 100 repeats of feature selection per fold per round. For the responsive mPLSDA

model, an additional null model was built by selecting random features from a pool of features with features highly (Spearman’s R > |0.8|)

correlated with selected features removed. All multivariate analyses were visualized and analyzed using R (version 4.0.3).
Correlation networks

Correlation networks were built to reveal additional serology features significantly associated with the selected features. Serology features

significantly (P < 0.05, after a Benjamini-Hochberg correction) correlated (Spearman r >|0.7|) via Spearman correlation were selected as

co-correlates. Correlation coefficients were calculated using the ‘correlate’ function in the ‘Corrr’ package (v0.4.3), with p values corrected

using ‘p.adjust’ from the ‘stats’ package (v4.0.3). Network visualization was performed using ‘ggraph’ (v2.0.5) and ‘igraph’ (v1.2.6) packages,

with manual label and node positioning corrections made in Adobe Illustrator (v2020) for improved visualization. The gradient color of edges

represents correlation value between the features, represented as nodes. Nodes are colored according to selected status, with colored nodes

as selected features colored by group in which those features are enriched and white nodes as co-correlate features.
ROC and AUC

Receiver-operator curves (ROC) were generated using the function ‘roc’ in the ‘pROC’ package (v 1.18.0). 100 trials of 5-foldCV for eachmodel

were run and the resultant ROCs visualized. The numerical mean area-under-the-curve (AUC) is also reported on each figure.
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