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Introduction
Infection with Borrelia burgdorferi, the causative 
agent of Lyme disease (LD), has the potential to 
lead to autoimmunity through excessive inflam-
mation and dysregulation of the immune system.1 
Autoantibodies can provide unique insights into 
immune activation, in addition to characterizing 
disease phenotypes and prognosis. Through the 
use of human leukocyte antigen (HLA)-DR pre-
sented peptides, Steere et al. identified several anti-
gens and autoantibodies associated with Lyme 
arthritis, including annexin A2 (AA2).2 In that 
study, AA2 antigen and antibodies were associated 
with Lyme arthritis and post-infectious Lyme 
arthritis, though antibodies were also present in 
15% (n = 104) of patients with acute LD at the time 
of the erythema migrans (EM) rash. This suggests 
autoantibodies develop early during the course of 
infection and may have other prognostic potential.

Steere et al. hypothesized that spirochetes bind 
to the AA2 antigen early during infection, 
which then predisposes the AA2 antigen to 
phagocytosis and subsequent antibody develop-
ment.2 In that study, T-cell reactivity to AA2 
antigen, as measured by increased interferon 
secretion, was thought to be unique to Lyme 
arthritis. However, the proportion of patients 
with T-cell reactivity was also descriptively 
higher in patients with EM than in healthy con-
trols (17% versus 0%). T-cell reactivity and 
antibody development after acute LD are of 
particular interest in the setting of post-treat-
ment Lyme disease (PTLD), an infection- 
associated chronic illness of poorly understood 
etiology, and there is growing evidence  
that upregulation of interferons after early 
stages of LD may be associated with PTLD 
pathogenesis.3,4
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However, anti-AA2 antibodies have not been 
described in the setting of PTLD. In this study, 
we aimed to determine whether anti-AA2 anti-
bodies are present among patients with PTLD, 
whether they persist after antimicrobial therapy, 
and whether these antibodies are associated with 
specific clinical characteristics.

Methods
Anti-AA2 antibody levels were tested in two dif-
ferent samples of patients with LD. The first 
included adult patients with physician-diagnosed 
EM of >5 cm in diameter who were either antibi-
otic naïve or had received less than 72 h of antibi-
otics before enrollment. Patients were excluded if 
symptoms were present for more than 3 months 
or if there was a preceding history of LD or Lyme 
vaccination. This cohort included 44 patients 
with EM who were followed longitudinally at 
three time points: at the time of diagnosis with 
EM present (V1), 3 weeks later at the end of ini-
tial antibiotic treatment (V2), and 6 months after 
antibiotics (V3). Patients with EM were sampled 
such that half met an operationalized definition of 
PTLD at 6 months, based on the Infectious 
Diseases Society of America (IDSA) proposed 
definition requiring a documented episode of LD 
and post-treatment symptoms of fatigue, neuro-
cognitive complaints, and/or musculoskeletal 
pain, while half met criteria for a return to health 
(RTH).5,6 The median disease duration for this 
cohort was 6.5 days (range, 1–42 days), and 
patients were enrolled between 2008 and 2018.

Anti-AA2 antibodies were tested in a second, 
cross-sectional sample of 281 patients with 
well-characterized PTLD of heterogeneous ill-
ness duration [median 1.72 years (range, 
7.1 months–4.0 years)] and more diverse clini-
cal presentations at the time of LD onset.7 
Patients had medical-record confirmation of 
prior CDC-confirmed or probable LD and cur-
rent fatigue, musculoskeletal pain, or cognitive 
complaints that significantly impacted function.8 
Patients from this cohort were enrolled between 
2014 and 2021. In both cohorts, patients were 
excluded for comorbid, pre-Lyme conditions 
including fibromyalgia and chronic fatigue in 
addition to those with major immunosuppres-
sive, psychiatric, or autoimmune illness, history 
of illicit drug or substance abuse, or current 
pregnancy.

Anti-AA2 was also tested in a cross-sectional 
sample of 94 healthy controls. Healthy control 
participants were excluded if there was a previous 
diagnosis of autoimmune disease (e.g. antiphos-
pholipid syndrome, systemic lupus erythemato-
sus). However, not all healthy controls were 
specifically screened for a history of LD or other 
conditions that can be associated with anti-AA2 
antibodies.

Symptom burden was evaluated among Lyme 
patients by generating a total score representing 
the sum of the 36 items included in the post-
Lyme questionnaire of symptoms (PLQS).7 
Musculoskeletal and neurologic symptom subdo-
mains were generated by summing specific symp-
toms from the PLQS, and these were also 
evaluated.

Anti-AA2 ELISAs were developed, as previously 
described, using recombinant human AA2 
(Novoprotein Scientific Inc., Short Hills, NJ, 
USA).2 A positivity cutoff was determined as the 
95th percentile of healthy control values 
(⩾293.8 units). Comparisons by group were per-
formed using the χ2 test for categorical variables 
or the Wilcoxon rank sum test for continuous 
variables. Spearman’s rank correlation tests were 
used to test for associations between two continu-
ous variables.

These investigations adhered to the Declaration 
of Helsinki, and the Institutional Review Board 
of the Johns Hopkins University School of 
Medicine approved this study (NA_00011170, 
NA_00071455, IRB00035457, IRB00066509), 
and written informed consent was obtained from 
all participants prior to initiation of study-related 
activities. The reporting of this study conforms to 
the Strengthening the Reporting of Observational 
Studies in Epidemiology statement.

Results
Among all patients with EM followed longitudi-
nally, median anti-AA2 antibody levels were the 
highest at V2 immediately following treatment 
[V1: 96.29 units interquartile range: (29.73–
157.63), V2: 109.15 units (44.62–225.0), V3: 
78.89 units (24.20–127.56)]. Similarly, the pro-
portion of patients above the positivity cutoff was 
highest at V2 (V1: 15.9%, V2: 18.6%, V3: 6.8%). 
When compared to the median value from healthy 
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controls [48.22 units (3.09–97.68)], anti-AA2 
levels were significantly higher at V1 (p = 0.009) 
and V2 (p = 0.004) but not V3 (p = 0.090).

Participants in the longitudinal (median age 50 
versus 34 years, p = 0.001) and cross-sectional (47 
versus 34, p < 0.0001) cohorts were older than 
controls. There were no statistically significant 
differences by gender in the longitudinal cohort 
compared to controls; however, there were fewer 
females (41.96% versus 59.57%, p = 0.003) in the 
cross-sectional PTLD group compared to con-
trols. There were no statistically significant differ-
ences in anti-AA2 levels by age or gender at any 
time point, except a weak negative association 
with age at V1 (r = −0.334, p = 0.027). There were 
no differences in anti-AA2 levels by age or gender 
among patients with PTLD. A secondary analysis 
controlling for both age and gender in all group 
comparisons outlined below resulted in similar 
conclusions and levels of statistical significance 
(results not shown).

Among patients with EM at V1, anti-AA2 anti-
bodies were not significantly correlated with dis-
ease duration (r = 0.288, p = 0.058), or the number 
of acute, Lyme-specific symptoms (r = 0.197, 

p = 0.200). We also did not find a significant dif-
ference in anti-AA2 levels at V1 between those 
with single compared to disseminated EM 
[92.88 units (32.86–154.89) versus 100.24 units 
(26.60–246.79), p = 0.720]. There were no sig-
nificant differences in anti-AA2 antibody levels 
between patients with EM who subsequently met 
RTH and those who met PTLD criteria at any of 
the three time points (Figure 1, p > 0.358 for 
each). Although median anti-AA2 levels were 
nearly twice as high for patients who met the cri-
teria for PTLD at V3 compared to healthy con-
trols, this was not statistically significant (105.89 
versus 48.22, p = 0.091).

However, patients with PTLD in our cross-sec-
tional sample did have higher anti-AA2 levels 
[79.69 units (41.79–155.89)] compared to con-
trols (p < 0.0001). Likewise, the proportion of 
patients with PTLD above the positivity cut-off 
(10.7%) was similar to the proportion found 
among longitudinal cases at V3 (Figure 1, 9.1%) 
and approximately twice as high as the control 
proportion (5.3%). Anti-AA2 antibody levels 
were not significantly correlated with the total 
score on a measure of symptom burden 
(r = −0.071, p = 0.251), and there was no 

Figure 1. Anti-Annexin A2 antibody levels by cohort and visit over time. Also displayed is the percent above 
positivity cutoff determined by the healthy control sample.
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difference in the neurologic or musculoskeletal 
symptom subdomains. Anti-AA2 antibody levels 
were very weakly negatively correlated with illness 
duration in this more heterogeneous cohort of 
patients (r = −0.124, p = 0.038).

Discussion
Similar to previous studies, we found that anti-
AA2 antibodies are present at the time of EM 
diagnosis. However, we are the first to show the 
trajectory of antibody levels after treatment of 
EM. In our longitudinal cohort, we found that 
anti-AA2 antibodies were highest immediately 
following antimicrobial therapy and then 
decreased afterward. By 6 months, there was no 
difference in anti-AA2 antibody levels between 
EM RTH and healthy controls.

Our study is also the first to show that anti-AA2 
antibodies persist in patients with PTLD. In our 
cross-sectional group, we show that anti-AA2 
antibodies can persist for years after antimicrobial 
therapy in patients with PTLD. While not statis-
tically significant in the longitudinal cohort, anti-
AA2 levels from patients with PTLD were higher 
than controls in the cross-sectional group. The 
lack of statistical significance may be due to the 
smaller numbers in the longitudinal cohort as the 
proportion of patients with anti-AA2 antibodies 
was numerically higher than healthy controls and 
similar to what was found in the cross-sectional 
group. Anti-AA2 levels were only very weakly 
correlated with illness duration, though not with 
total symptom burden nor with the musculoskel-
etal or neurologic symptom domains on our 
PLQS questionnaire.

While there was no difference in overall symptom 
burden or the presence of specific neurologic or 
musculoskeletal symptoms based on anti-AA2 
levels, the persistence of anti-AA2 antibodies in 
patients with PTLD raises the question as to 
whether these antibodies provide insight into 
underlying disease pathophysiology. The AA2 
antigen is a phospholipid-binding protein found 
in keratinocytes and endothelial cells, among 
other cell types.9 AA2 facilitates binding of plas-
minogen, tissue plasminogen activator, and β-2-
glycoprotein I, and anti-AA2 autoantibodies have 
been found to activate endothelial cells in the set-
ting of antiphospholipid syndrome.9,10 Anti-AA2 
antibodies have also been shown to increase the 

expression of tissue factor on endothelial cells and 
are thought to contribute to a prothrombotic 
state, independent of other antiphospholipid anti-
bodies (APLA).10

The relationship between anti-AA2 antibodies, 
APLA, and endothelial dysfunction is of particu-
lar interest. The AA2 antigen has been shown to 
mediate endothelial and subsequent toll-like 
receptor activation caused by APLA.11 In previ-
ous studies of patients with persistent symptoms 
after LD, a high proportion of patients were 
found to have either anticardiolipin or anti-β-2-
glycoprotein antibodies.12 Hu et al. also 
described three novel lipid and phospholipid 
antibodies that were found in nearly all patients 
with untreated, acute LD.13 Similar to the anti-
AA2 antibodies in our study, these lipid/phos-
pholipid antibodies often decreased after 
antimicrobial therapy.13 However, the lipid/
phospholipid antibodies were also assessed in a 
small group of patients with persistent symp-
toms after LD, and 33% [4 of 12] of these 
patients still had antibodies, up to 13 years after 
LD diagnosis and treatment.13

While there is much to learn about endothelial 
dysfunction in patients with PTLD, we find that 
post-acute sequelae of COVID-19 (PASC) is  
an interesting model for comparison. Both 
PTLD and PASC are post-infectious syndromes 
that appear to have some degree of overlapping 
symptom presentations. PTLD and PASC are 
also both associated with persistent APLA.12,14 
While anti-AA2 antibodies have not been 
described in PASC, these antibodies were stud-
ied in patients hospitalized with COVID-19 and 
were independently associated with an increased 
risk of death, with autopsies showing extensive 
thrombotic disease and endothelial disruption, 
and there has been interest in using these anti-
bodies in efforts of characterizing patients with 
PASC.15

While several mechanisms have been proposed 
for PASC, endothelial dysfunction is considered a 
possible hypothesis to explain ongoing symp-
toms.16,17 Ambrosino et al. found that endothe-
lium-dependent flow-mediated dilatation was 
significantly lower in patients with PASC.16 
Lower diffusion capacity for carbon monoxide, in 
the absence of pulmonary fibrosis and anemia, 
has also been used to support the notion of 
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endothelial dysfunction in patients with PASC.17 
Dysautonomia and neurocognitive deficits have 
also been linked to endothelial dysfunction in 
patients with PASC.18,19 Further characterization 
of endothelial function and dysautonomia is a 
major focus of ongoing PTLD research.

Our study has several limitations. Healthy con-
trols in this study were excluded if there was a 
history of autoimmune disease, though other 
potential confounders (e.g. previous Lyme expo-
sure) were not assessed among all control partici-
pants. While we found no associations between 
total symptom burden nor musculoskeletal or 
neurologic subdomains in patients with anti-AA2 
antibodies, another limitation of this study is that 
it is possible that a larger sample size could poten-
tially demonstrate clinical differences in these and 
other analyses.

Conclusion
Our study is the first to show that anti-AA2 anti-
body levels are higher in patients with PTLD 
compared to healthy controls. That anti-AA2 lev-
els were only very weakly correlated with illness 
duration, and not with symptom burden, suggests 
that more research is needed to determine the 
factors associated with the development and per-
sistence of anti-AA2 antibodies among patients 
with PTLD.
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