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Myasthenia gravis (MG) is a neuromuscular, autoimmune disease
caused by autoantibodies that target postsynaptic proteins, pri-
marily the acetylcholine receptor (AChR) and inhibit signaling at
the neuromuscular junction. The majority of patients under 50 y
with AChR autoantibody MG have thymic lymphofollicular hyper-
plasia. The MG thymus is a reservoir of plasma cells that secrete
disease-causing AChR autoantibodies and although thymectomy
improves clinical scores, many patients fail to achieve complete
stable remission without additional immunosuppressive treat-
ments. We speculate that thymus-associated B cells and plasma
cells persist in the circulation after thymectomy and that their per-
sistence could explain incomplete responses to resection. We stud-
ied patients enrolled in a randomized clinical trial and used
complementary modalities of B cell repertoire sequencing to char-
acterize the thymus B cell repertoire and identify B cell clones that
resided in the thymus and circulation before and 12 mo after thy-
mectomy. Thymus-associated B cell clones were detected in the
circulation by both mRNA-based and genomic DNA-based se-
quencing. These antigen-experienced B cells persisted in the circu-
lation after thymectomy. Many circulating thymus-associated
B cell clones were inferred to have originated and initially matured
in the thymus before emigration from the thymus to the circula-
tion. The persistence of thymus-associated B cells correlated with
less favorable changes in clinical symptom measures, steroid dose
required to manage symptoms, and marginal changes in AChR
autoantibody titer. This investigation indicates that the diminished
clinical response to thymectomy is related to persistent circulating
thymus-associated B cell clones.

myasthenia gravis | thymectomy | B cells | autoimmune disease | adaptive
immune cell receptor repertoire sequencing

Myasthenia gravis (MG) is a neuromuscular disorder caused
by autoantibodies targeting components of the neuromus-

cular junction. Patients with MG experience skeletal muscle
weakness, worsened by activity (1, 2). In upwards of 85% of MG
patients, autoantibodies specifically target the nicotinic acetyl-
choline receptor (AChR) (2). Many clinical and experimental
studies, including maternal-to-fetal transfer, plasma exchange to
deplete antibodies, and passive transfer of patient-derived im-
munoglobulin show that AChR autoantibodies are demonstrably
pathogenic (1, 3–10). AChR-mediated signal transmission is im-
paired by a number of autoantibody-mediated functions. AChR
autoantibodies are predominantly IgG1 and IgG3, two subclasses
that effectively activate complement (11–13). Thus, complement-
mediated tissue injury and consequent removal of AChR from the
muscle membrane represents a major mechanism of immunopa-
thology. Additional mechanisms include autoantibody-mediated
antigen cross-linking, resulting in internalization of AChR (by
modulating autoantibodies), and a direct blocking of the acetyl-
choline binding site by the autoantibodies (14–19).

A key source of these pathogenic AChR autoantibodies in
MG patients is the MG thymus. Thymic lymphofollicular hy-
perplasia (20) with germinal centers is observed in ∼70% of
younger MG patients (21). The thymus in these patients contains
both AChR-specific IgG (22) and B cells (10) that can secrete
these autoantibodies (23). Transplantation of thymus from
AChR-MG patients into immunodeficient mice results in human
AChR-specific autoantibody deposits at the neuromuscular
junction, and subsequent manifestation of MG-like symptoms
(24). Thymus-associated plasma cells and plasmablasts sponta-
neously produce AChR autoantibodies in vitro (25, 26) and ac-
tivated memory B cell populations (27–29). B cells residing in the
hyperplastic thymus organize within tertiary lymphoid organs,
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forming structures that share many characteristics associated
with germinal centers (30–33). The presence and frequency of
these structures positively associates with the presence of circu-
lating AChR autoantibodies (34). Expanded clones among the
MG thymus resident B cells is consistent with the presence of
ongoing germinal center-based maturation processes (35, 36).
These clones feature the characteristics of antigen experience,
including isotype class switching, somatic hypermutation, and bi-
ased usage of antibody variable region gene segments (35, 37–40).
These collective studies clearly demonstrate that the thymus

plays a fundamental role in the production of AChR autoanti-
bodies and consequently the immunopathology of MG. Based
only on empiric clinical evidence, thymectomy (TX) had already
been widely used as a long-standing treatment strategy for AChR
autoantibody-positive MG (41). A multicenter, single-blind,
randomized clinical trial (MGTX) designed to evaluate the ef-
ficacy of thymectomy plus prednisone versus prednisone alone in
generalized nonthymomatous AChR-MG was recently per-
formed to formally test the effect of thymectomy (42). The study
demonstrated the efficacy of thymectomy as the procedure led to
a significant improvement in muscle weakness, decreased steroid
usage, and decreased frequency of rehospitalization over the
course of 3 y. Results from a 2-y extension study of the MGTX
trial (43) demonstrated that the patients who underwent thy-
mectomy were more likely to have a better clinical status com-
pared to patients who were treated with prednisone alone.
Moreover, therapeutic effects from thymectomy continue to be
observed years after the procedure, but some patients experi-
enced more benefit than others. These findings are consistent
with other studies, which showed rates of complete stable re-
mission in only 40 to 50% of patients when followed for years
after the procedure (44, 45). Furthermore, the AChR autoanti-
body titer decreases in the majority of those treated by thymectomy,
but almost never reaches undetectable levels (34, 46) and only
modestly decreases in many (47). Understanding both the mecha-
nistic basis for heterogeneous responses and why thymectomy
does not consistently lead to complete stable remission is there-
fore critical to improving the management of AChR autoantibody-
positive MG patients with thymic lymphofollicular hyperplasia.
Given extensive evidence that disease-causing B cells in

AChR-MG are found in the thymus alongside clinical evidence
showing heterogeneous responses to thymectomy, we sought to
test the possibility that B cell clones from the thymus persist in
the periphery after removal of the thymus. We hypothesized that
B cell clones from the thymus would be found in the circulation
and that the persistence of these clones overall would correlate
with disease persistence. Thus, in this study, we test the hy-
pothesis that the global depletion of B cell clones from the
thymus, including those that produce AChR autoantibodies, is a
mechanism by which thymectomy reduces disease burden. To
test this hypothesis, we performed adaptive immune receptor
repertoire (AIRR) sequencing (AIRR-seq) of B cell receptor
(BCR) repertoires from the thymus and paired longitudinal pe-
ripheral blood samples from the MGTX trial and an indepen-
dent center, generating approximately half a million V(D)J
sequences in total. AIRR-seq has the capacity and depth to
identify rare sequences in the large (1011 B cells) circulating
peripheral repertoire found in humans (48). Consequently, this
approach allowed us to identify rare B cell clones in the circu-
lation related to those in the thymus and track their frequency
over time after thymectomy.

Materials and Methods
Study Design and Approval. Subjects were selected at random from the total
of 82 MGTX subjects who completed the trial and provided biological
samples. Subjects without adequate thymic tissue or whole-blood DNA/RNA
samples for analysis were excluded, then substitutes were randomly se-
lected. The National Institute of Neurological Disorders and Stroke funded

the trial and assembled a Data Safety Monitoring Board to independently
monitor study activities. Sites received local institutional review board/ethics
committee approvals, and each patient provided written informed consent
before study entry, including provision of specimens. Stored biological
specimens from the selected MGTX subjects were then deidentified and
provided for the present study. An additional thymus specimen and matched
peripheral blood mononuclear cells (PBMCs) were collected from a patient
who underwent thymectomy at Yale New Haven Hospital and was treated
at the Yale Myasthenia Gravis Clinic. This patient and these specimens were
not affiliated with the MGTX trial. Written informed consent was provided.
Tissue and PBMCs were retrieved from an existing biorepository for use in
the current study. The overall study was approved by Yale University’s In-
stitutional Review Board. Clinical and demographic information for the
entire study cohort are provided (Table 1).

Radioimmunoprecipitation Assay for AChR Autoantibody Levels. AChR auto-
antibody levels for the MGTX trial specimens were measured by radio-
immunoprecipitation assay (RSR Ltd.) (46). A serum concentration was
chosen for each patient baseline sample, which immunoprecipitated ∼40 to
50% of the total, and that concentration was used for each of the samples
from that patient. Titers were expressed as nanomoles precipitated by a liter
of serum. For assessing changes over time, the percent change in titer for
each patient was used rather than the actual titer. The AChR autoantibody
levels for specimens from patient THY-Y were measured by radio-
immunoprecipitation assay performed at the Mayo Clinical Laboratories,
(Rochester, MN), using a reference range positive >0.02 nmol/L.

Isolation of Thymus Genomic DNA and RNA for AIRR-Seq. Thymus regions were
selected for sequencing based on the presence of B cell-enriched germinal
center-like structures, the presence of which was confirmed through tissue
section histology and immunohistochemistry. Thymus blocks from the MGTX
trial were mounted and frozen in OCT. Sections were then isolated and
assessed for the presence of such structures by staining with H&E and a
mouse anti-human CD23 antibody (clone M-L233, BD Pharmingen catalog
number 555707), as per the manufacturer’s instructions. Once a region was
confirmed to include a B cell-enriched germinal center-like structure, adja-
cent tissue slices were collected and immediately placed in RLT lysis buffer
for RNA extraction using the Qiagen RNA Mini kit per manufacturer’s in-
structions. For mRNA-based sequencing, approximately 10 contiguous 10-μm
slices were extracted from each block. Genomic DNA (gDNA) was isolated in
a similar manner, except that sections were immediately placed in lysis
buffer using Qiagen’s DNAeasy Blood and Tissue kit per the manufacturer’s
instructions. For the patient not associated with the MGTX trial, sections
were collected and mRNA was isolated for sequencing using methods similar
to those described for MGTX specimens, except only H&E staining was per-
formed to confirm the presence of a lymphocytic infiltrate. In addition,
adjacent, formalin-fixed paraffin-embedded thymus blocks, from this pa-
tient, were available. Sections were stained with an anti-CD20 monoclonal
antibody (clone L26, Dako/Agilent catalog number M0755), as per the
manufacturer’s instructions.

BCR Library Preparation. For gDNA-derived BCR libraries, BCR CDR3 regions
were amplified and sequenced using the ImmunoSeq assay, which involves a
multiplexed PCR using forward primers specific to VH gene segments (lo-
cated in the FR3 region) and reverse primers specific to the BCR JH gene
segments (Adaptive Biotechnologies). RNA-derived BCR libraries were pre-
pared using the NEBNext Immune Sequencing Kit (Human) reagents pro-
vided by New England Biolabs (Eileen Dimalanta and Chen Song, New
England Biolabs, Ipswich, MA) using methods we previously described (49).
Briefly, the RNA was reverse-transcribed into cDNA using a biotinylated
oligo dT primer. An adaptor sequence, containing a universal priming site
and a 17-nucleotide unique molecular identifier (UMI) was added to the 3′
end of all cDNA. Following purification using streptavidin-coated magnetic
beads, PCR was performed to enrich for immunoglobulin sequences using a
pool of primers targeting the IGHA, IGHD, IGHE, IGHG, IGHM, IGKC, and
IGLC regions. This immunoglobin-specific primer pool contained sequences
with a priming site for a secondary PCR step. The second primer in this reac-
tion is specific to the adaptor sequence added during the reverse transcription
step, and contains a sample index for downstream pooling of samples prior to
sequencing. Following purification of PCR products using AMPure XP beads, a
secondary PCR was performed in order to add the full-length Illumina P5
Adaptor sequence to the end of each immunoglobin amplicon. The number of
secondary PCR cycles was tailored to each sample to avoid entering plateau
phase, as judged by a prior quantitative PCR analysis. Final products were puri-
fied, quantified with a TapeStation (Agilent Genomics) and pooled in equimolar
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proportions, followed by sequencing with a 20% PhiX spike on the Illumina
MiSeq platform according to manufacturer’s recommendations, performing 325
cycles for read 1 and 275 cycles for read 2.

Raw Read Quality Control and Assembly. Preprocessing was carried out using
pRESTO v0.5.4 (https://presto.readthedocs.io/en/stable/). Reads below a
mean phred score of 20 and those without a constant region primer (above
error rate of 0.2) or template switch sequence (above error rate of 0.5) were
discarded. A UMI was assigned to each read by extracting the first 17 nu-
cleotides following the template switch site. Multiple reads from the same
UMI were aligned using MUSCLE v3.8.31 (50). Sequencing and multiplexing
errors in the UMI region were then corrected using the following approach.
Sequences with similar UMIs were clustered using the CD-HIT-EST algorithm
v4.7 (51) by analyzing the distribution of pairwise sequence hamming dis-
tances; 10,000 UMI sequences were sampled and the threshold was identi-
fied as the minima between 1.0 (identical) and 0.25 (the expected hamming
distance between two random sequences of 4 nucleotides). These groups of
sequences were further clustered into smaller groups; the average distri-
bution of pairwise sequence hamming distances across the non-UMI region
of the sequence was computed for all groups. Sequences were then clus-
tered using a threshold identified by an approach similar to that described
above. If clusters of sequences spanned multiple multiplexed samples, they
were assigned to the majority sample. Note that given limitations to the
CD-HIT-EST algorithm, a threshold of 0.8 was used if the identified threshold
was lower than 0.8. Reads from the same cluster were collapsed into a
consensus sequence. Clusters with errors exceeding 0.1 or majority isotype
that was less than 60% of the cluster were discarded. Mate-pairs were as-
sembled into immunoglobulin sequences with a minimum overlap of 8 base
pairs and maximum error of 0.3. Mate-pairs failing this assembly were as-
sembled by alignment against the IMGT human germline IGHV reference
database (IMGT/GENE-DB v3.1.19; retrieved June 21, 2018) with a minimum
allowed identity of 0.5 and a E-value threshold of 1 × 10−5 (49, 52). Isotypes
were assigned by local alignment of the 3′ end of assembled Ig sequences to
known isotype-constant region sequences with a maximum tolerated mis-
match of 0.4. Duplicate sequences were discarded except those assigned to
different isotypes. Sequences represented by only a single reconstructed
mate-pair sequence were discarded.

V(D)J Gene Annotation, Sequence Filtering, Clonal Assignment, and Germline
Reconstruction. Following preprocessing, V(D)J germline genes were assigned
with IgBLAST v1.7.0 (53) using the June 21, 2018 version of the IMGT gene
database. Following V(D)J annotation, nonfunctional sequences were re-
moved. Functional VH V(D)J sequences were assigned into clonal groups
using Change-O v0.3.4 (54) as we have previously described (49). First, se-
quences were partitioned based on common IGHV gene annotations, IGHJ
gene annotations, and junction lengths. In the case of genomic DNA-derived
sequences, primer annotations were used to assign IGHV and IGHJ gene
annotations. Within these larger groups, sequences differing from one an-
other by a length normalized Hamming distance within the junction region
were defined as clones by single-linkage clustering. The clonal distance
threshold was determined by identifying the local minima between the two
modes of a within-sample bimodal distance-to-nearest histogram (54); the
final threshold chosen was the average threshold across all samples. Clones
from these V(D)J sequences were identified by grouping sequences using
identical VH and JH genes with a fraction of shared junctional nucleotides

less than a specified (7.7% for genomic DNA, 18.8% for RNA sequencing)
threshold (SI Appendix, Figs. S5 and S7). Full-length germline sequences
were reconstructed for each clonal cluster (VH) or sequence (VL) with D
segment and N/P regions masked (replaced with Ns); any ambiguous gene
assignments within clonal groups were resolved by majority rule.

Analysis of Somatic Hypermutation, Selection Pressure, Lineage Trees, Diversity,
and CDR3 Properties. Mutations were detected relative to the germline se-
quence using SHazaM v0.1.8 in R v3.4.2 (55). A minimum threshold of six se-
quences associated with a sample was used to exclude comparisons of somatic
hypermutation (SHM) involving samples with too few sequences. Selection
strength of FWR and CDR regions was quantified using the BASELINe imple-
mentation in SHazaM (56). Analysis of CDR3 physiochemical properties was
performed using Alakazam v0.2.11. Glycosylation sites were assessed by
searching the translated VH gene after alignment (or germline reassembly)
according to IMGT definitions for the regular expression pattern “N[^P][S,T]”.
Diversity analysis was performed using a generalized Hill index in Alakazam,
with down-sampling (the number of sequences from the sample with the
fewest sequences) and bootstrapping (1,000 replicates) from the inferred
complete clonal abundance to account for variability in depth across samples
(57). Clonal sharing was computed using a Bray–Curtis metric implemented by
the function scipy.spatial.distance.braycurtis (scipy v1.1.0) and log-transformed
for assessing background significance. In this analysis, the average overlap in
comparisons with the circulating repertoire of other subjects from the trial was
computed (the background, “interpatient”) relative to the overlap between
the circulating and thymus repertoire from the same individual (“intra-
patient”). The analysis of shared clones in the thymus and circulation was
restricted to thymus samples with more than 5,100 isotype-switched V(D)J
sequences given the importance of consistent sequencing depth for the
identification of sharing and quantification of significance.

Inference of B Cell Lineage Trees and Migration Analysis. The goal of these
analyses is to use B cell lineage trees to determine whether IgG sequences in
the thymus were predicted to be the immediate ancestor to IgG sequences in
the blood more frequently than expected by chance. To account for un-
certainty in tree topology, the columns of each clone’s multiple sequence
alignment were sampled with replacement, forming bootstrap replicates.
B cell lineage tree topologies and branch lengths were then estimated for
each replicate using the dnapars program distributed as part of PHYLIP
(v3.697) (58). An implementation of the Sankoff parsimony algorithm (59)
with equal weights for switches among locations was then used to deter-
mine the set of internal node locations that resulted in the fewest number
of location changes along the tree, given the sampling location of each
sequence at the tree’s tips. Clusters of internal nodes separated by zero
length branches (polytomies), were reordered using nearest-neighbor in-
terchange moves to minimize the number of changes along the tree and to
appropriately represent possible directions of migration (60). For each
bootstrap replicate, the proportion of predicted changes from the thymus to
the circulation (switch proportion) was compared to the same statistic in
trees where sample locations were randomized at the tips. The difference
between these values (δ) was recorded, and this process was repeated for
1,000 bootstrap replicates. The P value for enrichment of changes from
thymus to circulation (i.e., δ > 0) is the proportion of replicates in which δ ≤
0. If P < 0.05 and δ > 0, this indicates a significantly more biased ancestor/
descendant relationship from thymus to circulation IgG than expected by

Table 1. Demographic and clinical information of study patients at the time of thymectomy

Patient ID,
gender, age (y)

MGFA class
at TX

Disease duration
at TX (y)

Prednisone at TX
(mg/d)

Prednisone 1 y
average (mg/d)

Prednisone 2-y
average (mg/d)

AChR-Ab
at TX

AChR-Ab
at 1 y

AChR-Ab
at 2 y

THY1 F, 20 IIb 2.4 40 49.2 38.6 41.14 51.28 62.10
THY2, F 19 III 0.4 10 45.4 34.4 31.60 27.996 29.70
THY3, F, 19 IIb 0.6 0 36.6 17.6 36.36 28.24 26.61
THY4, F, 18 IIa 1.9 30 48.5 35.1 12.66 15.636 13.35
THY5, F, 46 IIa 0.9 0 35.9 35.9 112.60 36.08 43.24
THY6, M, 24 IIb 1.1 50 61.9 40.7 28.57 29.864 23.70
THY7, F, 22 IIa 0.7 25 37.1 18.5 No data No data No data
THY8, F, 21 III 0.7 38 60.9 32.3 165 367.76 327.64
THY-Y, F, 36 IIb 2.8 20 Non-MGTX Non-MGTX 0.22 0.25* Non-

MGTX

F, female; M, male; TX, thymectomy. AChR-Ab titers are given in nanomolar units (nM).
*AChR antibody titers for patient outside MGTX trial were collected at baseline at 6 mo after thymectomy.
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chance in the lineages surveyed. Only IgG sequences were included. Fur-
thermore, only clones that contained at least one sequence from the thymus
and circulation at the date of thymectomy and contained more than two
sequences that were either distinct or found in different samples, were in-
cluded. Clones found to be erroneous because they spanned multiple pa-
tients were excluded. Patients THY3, THY4, and THY8 had fewer than two
clones each satisfying these criteria and were therefore not included in this
analysis. These analyses were performed using the R package dowser v0.0.1
(60) and IgPhyML v1.1.3 (61).

Statistical Analysis. R v3.4.2 (55) and Python 3.5.4 (2017) was used for all
statistical analysis. Dataframe handling and plotting was performed using
functions from the tidyverse 1.2.1 in R and pandas 0.24.2, scipy 1.1.0 and
matplotlib 2.2.2 in python3. All parametric statistical testing was performed
in R using the aov function for two-way ANOVA or t.test functions for paired
two-tailed Student t tests (or one-tailed Student t test where specified). A
significance threshold of <0.05 was used and shown on plots with a single
asterisk; double asterisks correspond to a P < 0.01 and triple asterisks cor-
respond to a P < 0.001.

Results
Patients, Specimens, and Experimental Design. Eight thymectomy-
treated AChR-autoantibody–positive MG subjects (seven fe-
male, one male; mean age of 23.6 with SD of 9.2 y, range 18 to 46
y) from the MGTX trial (Table 1) were selected for study.
Matched specimens from each patient included: 1) mRNA and
genomic DNA from PBMCs, which were isolated at the time of
the resection (referred to as baseline); 2) mRNA from PBMCs
isolated 12 mo after the thymectomy; and 3) frozen intact thymus
tissue specimens. In addition, a patient (female, age 36 y) who
underwent thymectomy at an independent tertiary care facility
unaffiliated with the MGTX trial was also included to assess the
generalizability of our findings (Table 1). Matched specimens
from this patient included mRNA from PBMCs, which was iso-
lated at the time of the resection and also 6 mo after the thy-
mectomy, and intact thymus tissue specimens. Thymus
specimens from all subjects were sectioned and evaluated by
histology and immunohistochemistry such that sections observed
to contain morphological features resembling B cell-enriched
germinal centers were specifically selected for sequencing (SI
Appendix, Figs. S1 and S2). High-depth AIRR-seq was per-
formed using complementary mRNA and gDNA-based ap-
proaches. Experiments were designed to test whether B cell
clones in the thymus were shared among those in the circulation
and how shared circulating clones behaved following thymec-
tomy (SI Appendix, Fig. S3).

MG Thymus Resident B Cells Feature Antigen-Driven Characteristics.
The repertoire of B cells that reside in tertiary lymphoid organs,
which are often found in autoimmune tissue, have been observed
to possess unique characteristics often associated with a devel-
oping response to specific antigens. These qualities include ele-
vated frequency of class-switching, elevated SHM frequency, and
lower replacement/silent mutation ratio: That is, increased signa-
ture of negative selection, elevated frequency of N-glycosylation
sites, and reduced frequency of VH3 gene usage (62, 63). High-
depth AIRR-seq has not been applied to investigate whether these
features are consistently found in thymus from AChR-MG (AChR
autoantibody-positive MG) patients where such tertiary lymphoid
structures are present. Thus, we examined the thymus B cell re-
ceptor repertoire for the enrichment of these same features by
performing mRNA-based AIRR-seq on the eight MGTX trial-
derived thymus specimens (SI Appendix, Table S1) and paired
repertoires from the circulation (derived from whole-blood RNA
collected at baseline).
On average, the thymus B cell repertoire was 85.4% IgG

switched compared to only 28.0% in the circulation (paired t test
P = 1.3e-06) (Fig. 1A). Correspondingly, the fraction of IgM and
IgA switched V(D)J sequences in the thymus-derived B cell

repertoire was significantly lower (paired t test P = 1.3e-03 and
P = 4.4e-04, respectively). The average SHM frequency for IgM
and IgA was not significantly different for thymus-derived B cells
compared to those from the circulation. However, when
restricting the analysis to IgG switched V(D)J sequences (given
the clear role of this isotype in MG), a consistent elevation in
SHM frequency for IgG-switched B cells in the thymus (6.3%
mutated) was observed compared to the circulation (5.5% mu-
tated; paired t test P = 0.039) (Fig. 1B). In addition, we examined
the ratio of replacement to silent mutations as this provides in-
formation about features of antigen selection not provided by
quantification of total SHM frequency alone. Circulating and
tissue-resident B cells from patients with autoimmunity (as well
as in the context of vaccination) have consistently been observed
to display a lower-than-expected ratio of replacement to silent
mutations (61, 63–65). Negative selection pressure may favor the
conservation of protein structure by introducing mutations that
preserve antibody amino acid sequence; this may be a key feature
of repertoires actively undergoing affinity maturation (61, 66).
Thymus samples were observed to contain B cells with lower se-
lection strength than sequences from circulating B cells (P = 1.0e-9
for CDR, P = 4.3e-2 for FWR regions) (Fig. 1C) (66).
Several recent studies have also demonstrated an enrichment

of variable region N-linked glycosylation sites relative to healthy
controls in B cells from the peripheral blood of patients with
rheumatoid arthritis (62) or in the parotid gland of patients with
primary Sjogren’s syndrome, a structure also known to contain
ectopic lymphoid follicles (63). Consistent with these observa-
tions, we found that the thymus IgG-switched BCR sequences
were more enriched than paired blood for N-linked glycosylation
DNA motifs, (frequency of 14.5% vs. 6.9%, respectively; paired
t test P = 0.008) (Fig. 1D). This frequency was also elevated for
thymus IgM-expressing B cells but not for IgA (paired t test P =
0.037 and P = 0.56, respectively). To investigate if the elevated
frequency of N-linked glycosylation sites was introduced through
affinity maturation, we assessed the frequency of these sites in
the associated germline V genes and observed that a difference
in N-linked glycosylation frequency could no longer be detected
(paired t test P = 0.50) for thymus IgG-expressing B cells, while
the frequency for IgM was still elevated (paired t test P = 0.019)
(Fig. 1E). This result indicates that N-linked glycosylation sites
were generated by affinity maturation and possibly due to
antigen-driven selection for IgG-switched B cells. Finally, we
sought to investigate if IgG-switched B cells in the thymus use a
different set of V genes compared to those in the circulation. A
significant difference in terms of V family usage (ANOVA P =
0.013) (SI Appendix, Fig. S4A) was observed. Specifically, there
was a decrease in the use of VH3 family genes and an increase in
the usage of VH4 family genes in the thymus IgG-switched B cell
repertoire.
Collectively, these findings demonstrate that the thymus is

highly enriched for somatically mutated IgG-switched B cells
with an elevated N-linked glycosylation site frequency, signatures
of negative selection, and biased usage of VH4 V family genes
compared to VH3 family genes. These are all features of mature
antigen-driven B cells, including plasma cells, which are likely to
be disease-relevant. Furthermore, these characteristics that are
associated with an antigen-driven response are also found to be
enriched, albeit to a lesser degree, in the circulating B cells of
MG patients (65).

Clonally Related B Cells Reside in Both the Thymus and Circulation.
We next sought to determine whether B cells present in MG
thymus had clonal relatives in the circulation. We define a B cell
clone as a set of V(D)J sequences that arise from a common
immunoglobulin heavy chain (IGH) gene recombination event.
Thus, V(D)J sequences belonging to a clone share common
IGHV, IGHJ, and IGHD genes as well as a set of N/P additions

30652 | www.pnas.org/cgi/doi/10.1073/pnas.2007206117 Jiang et al.

D
ow

nl
oa

de
d 

at
 P

al
es

tin
ia

n 
T

er
rit

or
y,

 o
cc

up
ie

d 
on

 N
ov

em
be

r 
27

, 2
02

1 

https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2007206117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2007206117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2007206117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2007206117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2007206117/-/DCSupplemental
https://www.pnas.org/cgi/doi/10.1073/pnas.2007206117


www.manaraa.com

but may differ from each other due to sequence diversity intro-
duced by SHM. A threshold (18.8%) was used to define how
different junction sequences from the same clone could be
among sequences sharing IGHV and IGHJ genes (SI Appendix,
Fig. S5. It is possible that sequences from biologically distinct
clones share sufficient sequence similarity to be incorrectly
grouped into the same clone, however. To estimate the fre-
quency at which clones are spuriously observed to be shared
between the circulation and thymus, the average background
sharing between the circulation and the thymus of unrelated
individuals was calculated. This rate was used as a null distri-
bution to establish the significance of the observed clonal sharing
between the circulation and the thymus. Seven of the eight
MGTX patients were studied, due to insufficient sequencing
depth for clonal sharing analysis in one specimen (only 5,070
thymus sequences). In these seven patients, a mean of 482.9
clones (2.1% of all thymus clones) were found to be shared be-
tween the thymus and circulation at baseline, while a mean
background of 90.6 clones (0.6% of all thymus clones) were
found shared between the same two compartments of unrelated

individuals (SI Appendix, Fig. S6). The observed sharing was
significantly higher than the background for all thymus tissue
samples studied (one-tailed paired t test P = 5.4e-4). That is,
more thymus clones were shared with the circulation of the same
individual, than that of unrelated individuals (Fig. 2A).
To further confirm these findings, we performed gDNA-based

sequencing of thymus and paired circulating prethymectomy
blood specimens that were different from those examined by
mRNA-based sequencing. These unique specimens were col-
lected from three of the patients participating in the MGTX trial
(SI Appendix, Fig. S7 and Table S2). We sequenced gDNA and
identified shared B cell clones; the analysis of sharing and
background sharing was then performed as above. Clonally re-
lated B cells residing in the thymus and circulation could be
detected across all three patients. Specifically, we found 21
(0.93% of all thymus clones), 10 (0.31%), and 1 (0.06%) shared
clones, respectively, for each of the three patients and an average
background of 0.5 for each of the three patients (0.02%, 0.03%,
and 0.02%, respectively) (Fig. 3). Thus, these data from speci-
mens, examined using complementary sequencing approaches,

A B

C D

E

Fig. 1. The thymus-associated B cell repertoire is distinct from the paired circulating repertoire. AIRR-seq was performed to generate B cell repertoires for
eight MGTX trial-derived thymus specimens and paired PBMCs collected at baseline. Key features of antigen-experience B cells in each of the respective
repertoires were then compared. (A) Overall constant region (isotype) usage frequencies are quantified for thymus compared to the circulating compartment
per patient. Horizontal bars show the average frequency of constant region usage across patients. Frequencies belonging to the same patient are paired with
a black line. (B) Individual SHM frequencies for thymus compared to circulating B cells are presented. Horizontal bars show the average SHM frequency for a
given sample status (i.e., thymus or circulation). Frequencies belonging to the same patient are paired with a black line. (C) BASELINe probability distribution
functions (PDF) are shown for thymus and circulating repertoires, with density shown for a range of selection strengths (

P
) on the x axis. PDFs were de-

termined via convolution of subject-specific PDFs for each status to generate a single aggregate status. (D) Individual frequencies for the occurrence of
glycosylation (N[X][S/T]) sites are quantified for thymus compared to circulating B cells and (E) for the inferred germline of these sequences. Horizontal bars
show the average glycosylation frequency for a given cluster. Frequencies belonging to the same patient are paired with a black line. Statistical differences
are shown only when significant (****P < 0.0001; ***P < 0.001; **P < 0.01; *P < 0.05).
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collectively demonstrate that a fraction of B cell clones residing
in the thymus can also be found in the circulation prior to
thymectomy.

B Cell Clones Shared between the Thymus and Circulation Feature a
Distinct Repertoire. We speculated that B cells in the circulation
belonging to clones shared with the thymus display the features
that are characteristic of thymus-resident B cells: Specifically,
that they are more clonally expanded, more frequently class-
switched to IgG, and have accumulated more SHM than those

that are not shared with the thymus. Therefore, we investigated
these features among clones shared between the thymus and
circulation. We first tested the hypothesis that B cells found in
the circulation that are shared with the thymus (referred to as
“thymus-associated”) are clonally expanded to a greater extent,
given that antibody-secreting cells and B cells responding to
antigen typically have this characteristic. Clones in the circula-
tion shared with the thymus were confirmed to be more clonally
expanded (larger clone size) when compared to clones in the
circulation that were not shared (paired t test P = 0.042)
(Fig. 4A).
We next investigated the overall isotype distribution of clones

in the circulation shared with the thymus. Given that thymus-
resident clones are disproportionately IgG-switched, we specu-
lated that thymus-associated clones would also be more IgG-
switched. A large fraction (41.3%) of circulating clones that
were shared with the thymus were IgG-switched compared to
only 27.8% of the clones that were not shared (paired t test P =
0.003) (Fig. 4B). In comparison, there was no significant differ-
ence in the fraction of IgM- or IgA-switched V(D)J sequences
among clones that were shared compared to those that were
not shared.
We then tested if these IgG-switched B cell clones in the

circulation, which are shared with the thymus, have higher fre-
quencies of SHM compared to nonshared circulating clones,
given our previous observation that IgG-switched B cells in the
thymus are more mutated. The frequency of SHM among shared
clones in the circulation was 6.3%, while the frequency among
nonshared IgG-switched clones was 5.1%, (paired t test P =
0.024) (Fig. 4C). No significant differences were observed in the
SHM frequency of IgM and IgA clones that were shared with
thymus repertoire compared to those that were not shared.
These findings are also consistent with the possibility that B cells
in the circulation belonging to clones shared with the thymus
display features specific to thymus-resident B cells and may
therefore have emigrated from the thymus.

B Cell Clones Populating the Thymus Persist in the Circulation after
Thymectomy.We next sought to investigate the fate of circulating
thymus-associated B cell clones after thymectomy. Thus, clones
shared between the thymus (at baseline) and PBMCs collected
12 mo after thymus removal were examined. A mean of 245.7
(1.0% of all thymus clones) clones were shared between the
thymus and postthymectomy circulation, while a mean of only
65.7 (0.046% of all thymus clones) clones could be found to be
shared in the background (one-tailed paired t test P = 5.4e-4)
(Fig. 2B and SI Appendix, Fig. S6). We also investigated whether
there was more sharing than expected between the thymus,
prethymectomy circulation, and postthymectomy circulation. We
observed a mean of 104 (0.40% of all thymus clones) clones
shared in all three compartments, while only 32 (0.25% of all
thymus clones) were found shared in the background (one-tailed
paired t test P = 0.017) (Fig. 2C and SI Appendix, Fig. S6).
Additionally, we closely examined shared clones containing

shared mutations relative to their inferred germline sequences.
Two such trees from two independent B cell clones, members of
which occupy both the thymus tissue and circulation prior to and
12-mo postthymectomy, are shown as illustrative examples (SI
Appendix, Figs. S8 and S9). These clonal variants (produced
during the evolution of an immune response) are members of the
same clone and contain many shared mutations, which are highly
unlikely to arise by independent affinity maturation processes in
separate tissues.
As a means to further validate the finding that thymus-resident

clones persist in the circulation after thymectomy, we studied a
patient (THY-Y) who underwent thymectomy at a tertiary care
facility unaffiliated with the MGTX trial (Table 1). We tested for
shared clones between the thymus and the circulation both prior

A B C

D E

Fig. 2. B cell clones are shared between thymus and circulation before and
12 mo after thymectomy. An mRNA-based sequencing approach was used to
evaluate how B cells clones are shared between the thymus and circulation
before and 12 mo after thymectomy. The schematic diagram shows the
corresponding computation of clonal sharing associated with each subpanel
below. Clonal sharing is quantified as the number of shared clones divided
by the number of clones in the corresponding thymus repertoire (or back-
ground thymus repertoire). This is shown for the sharing of clones found in
the thymus with A clones found in prethymectomy circulation, (B) the
postthymectomy circulation samples, and also (C) clones shared between the
pre- and postthymectomy circulation samples. The change in sharing per
patient is also shown before and after thymectomy (D) for both the total
repertoire and (E) for the repertoire filtered only for IgG-switched V(D)J
sequences. Quantification of clonal sharing from the same patient is paired
with a gray line. Statistical differences are shown only when significant
(***P < 0.001; **P < 0.01; *P < 0.05).
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to and at 6 mo after thymectomy. The number of shared clones
prior to thymectomy (3,126 clones) and at 6 mo (660 clones) was
more elevated than the background at those same time points
(417.1 clones prior to thymectomy one-tail paired t test P = 5.4e-
8; 118.74 clones after thymectomy one-tail paired t test P = 3.4e-
6) (Fig. 5). Thus, these findings provide an independent confir-
mation that B cell clones populating the hyperplastic MG thymus
can persist in the circulation following thymectomy.
Finally, we investigated whether the frequency of thymus-

associated clones would decline over time as a consequence of
thymectomy. The fraction of circulating thymus-associated clones
(quantified in Fig. 2 A and B) prethymectomy and 12 mo post-
thymectomy was examined. Five of seven patients showed a decline

in the frequency of thymus-associated clones in the circulation.
(Fig. 2D). Moreover, for the same five of seven patients, a similar
decline was observed when investigating only the IgG compartment
(Fig. 2E). Thus, for most patients, thymus-associated B cell clones
can persist at 12 mo after thymus removal. However, the fraction of
these circulating clones generally declines after thymectomy al-
though this is not consistently observed across all patients.

Circulating Thymus-Associated B Cell Clones Initially Mature in the
Thymus. We next investigated whether shared clones showed evi-
dence of movement from the thymus to the circulation by ana-
lyzing the lineage structure of these clones. Only IgG sequences
from the thymus and circulation at the time of thymectomy were
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included in this analysis because of their importance in AChR
autoantibody MG immunopathology. Given the location (thymus
or circulation) associated with each tip of a lineage tree, we used a
maximum parsimony algorithm (23) to determine the most par-
simonious history of changes between thymus and circulation
along the tree. The types of predicted changes that occurred
within the trees of each repertoire were then compared to those
obtained from the same trees with randomized tissue states (cir-
culation or thymus) at the tips (60). Two patients (THY6 and
THY7) showed a significantly greater proportion of predicted
changes from thymus to circulation compared to randomized trees
(both P = 0.01) (SI Appendix, Table S3). Two patients (THY1 and
THY2) showed a greater proportion of changes in the opposite
direction—from circulation to thymus—but these did not reach
significance (P = 0.37 and 0.17, respectively). However, when
analyzed as a group, the patients had a significantly greater pro-
portion of predicted changes from thymus to circulation with a
Fisher combined P value of 0.014. These results suggest a biased
ancestor/descendant relationship from the thymus to circulation

within the lineage trees of these patients. This relationship could
theoretically be driven by undersampling of thymus sequences
relative to circulation (60). However, between 1.9- and 260-
(median = 2.7) fold more sequences were obtained from the
thymus than circulation for the patients included (SI Appendix,
Table S3). This suggests that undersampling of the thymus is un-
likely. Rather, we reason that, after switching to IgG, these clones
accumulated early somatic hypermutations in the thymus before
migrating to circulation.

Changes in the Frequency of Shared B Cell Clones Correlates with
Measures of Clinical Outcome. Associations between features of
the B cell repertoire and clinical measurements were next ex-
plored. We specifically tested whether the change in the sharing
of clones between the circulation and thymus correlated with
clinical benefit from thymectomy by comparing the change in
clonal sharing with measures of patient outcome available from
the MGTX clinical trial (42). The primary outcomes of change in
average quantitative MG (QMG) test score and change in av-
erage steroid dosage (in milligrams) were examined. Given that
two patients were not treated with daily prednisone prior to the
start of the trial (subjects THY3 and THY5) (Table 1), only the
change in steroid dosage between years 1 and 2 (after concom-
itant steroid treatment has been started after thymectomy) could
be examined. In comparison, the change in QMG score between
baseline and year 1, and between year 1 and year 2 were both
examined. To account for the different depths of sequencing
from the blood and thymus samples, a Bray–Curtis index for
sharing, which quantifies the number of clones shared between
these two compartments as a fraction of the combined size of the
two compartments, was computed. A Bray–Curtis index of 1
indicates that two sites share all of the same clones; an index of
0 indicates that no clones are shared. To express relative changes
in sharing between the thymus and circulation, the (log) fold-
change (comparing baseline and postthymectomy) in Bray–
Curtis index between the two compartments was computed.
The association between change in total sharing with the

change in QMG score was examined first. A significant positive
correlation of 0.727 was observed (P = 0.032), showing that in-
creased clonal sharing between 0 and 12 mo is associated with
increases in QMG score and therefore a worsening clinical
outcome, while decreased clonal sharing is associated with de-
creased QMG score and better clinical outcomes (Fig. 6A).
However, no correlation was found between the change in QMG
score between baseline (prethymectomy) and year 1 with the
change in clonal sharing (−0.024, P = 0.521) (Fig. 6B). Next, the
change in total clonal sharing with the change in prednisone dose
was quantified between years 1 and 2. A significant correlation of
0.874 was observed (P = 0.005) showing that increases in clonal
sharing are associated with increases in steroid requirements
needed to control symptoms (Fig. 6C). Similar associations were
detected when restricting the analysis to IgG-switched B cell
clonal sharing and clinical outcomes with a significant correla-
tion observed between change in sharing and change in QMG
score between years 1 and 2 (0.855, P = 0.007) (Fig. 6E), but not
between baseline and year 1 (0.378, P = 0.15) (Fig. 6F); signifi-
cant correlations were also observed for change in sharing and
change in prednisone dose (0.688, P = 0.044) (Fig. 6G). Overall,
patients from the trial who had fewer thymus B cell clones shared
with the circulation after thymectomy had more favorable out-
comes than those who had more thymus clones after thymec-
tomy. This is well-illustrated by the findings derived from patient
THY1, who responded poorly to thymectomy with an increase in
QMG score between years 1 and 2 (+0.472, and also little
change between baseline and years 1 to 2.877) and only a 10.6-
mg decline in steroid dose. This patient also had only a slight
decrease in the sharing between clones from the resected thymus
(log fold-decrease of −0.08, or a decrease of 7.7%) and the
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30656 | www.pnas.org/cgi/doi/10.1073/pnas.2007206117 Jiang et al.

D
ow

nl
oa

de
d 

at
 P

al
es

tin
ia

n 
T

er
rit

or
y,

 o
cc

up
ie

d 
on

 N
ov

em
be

r 
27

, 2
02

1 

https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2007206117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2007206117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2007206117/-/DCSupplemental
https://www.pnas.org/cgi/doi/10.1073/pnas.2007206117


www.manaraa.com

circulating repertoire. In comparison, both patient THY6 and
THY7 performed well in terms of change in QMG score (−0.917
and −1.093, respectively) and steroid dosage (−21.2 mg
and −18.6 mg, respectively). These patients had decreases in
clonal sharing between the circulation and the thymus after
thymectomy (log fold-change of −2.031 or 86.9% and −2.753 or
93.6%, respectively). Thus, smaller decreases (or even no de-
crease) in clonal sharing between the circulation and thymus may
be associated with poor outcomes in terms of long-term changes
in steroid dose and QMG score between years 1 and 2 but not
between baseline and year 1, that is, immediately after surgery.
Associations with AChR autoantibody titer were available for

six patients. The change in clonal sharing was compared to the
percent change in AChR autoantibody titer between years 1 and
2, as the change in clonal sharing was also observed to correlate
with change in QMG and steroid use during this time period. A
significant correlation was observed when examining the total
immunoglobulin repertoire (P = 0.037) (Fig. 6D); however, no
significant correlation was observed when examining the IgG-
switched repertoire (P = 0.077) (Fig. 6H). To test if the persis-
tence of clonal overlap would also depend on the accumulation
of disease-relevant thymus B cells over time, the correlation
between duration of disease prior to thymectomy and the per-
sistence of these B cells was also examined. No significant cor-
relations were observed with change in total immunoglobulin or
IgG overlap (SI Appendix, Fig. S10). Thus, thymic B cell per-
sistence may directly contribute to changes in elevated AChR
autoantibody titers after thymectomy in some patients. However,
this association is less clear than the direct correlation between
persistence and symptoms.

Discussion
Thymectomy was recently confirmed to be beneficial in a ran-
domized clinical trial setting (20, 42, 43). While patients often
improve following thymectomy, complete stable remission is

seldom achieved with surgery alone. The thymus is also a source
of disease-causing AChR autoantibody-producing B cells. In this
study, we test the hypothesis that circulating B cell clones can be
traced to thymus B cell clones, including plasma cells, and that
the persistence of these clones is associated with poor disease
outcomes. By testing this hypothesis, which has not been previ-
ously investigated, we can potentially show that B cell clones in
the periphery of patients with AChR-MG persist and could
contribute to poor disease outcomes. We formally tested this
hypothetical model by applying AIRR-seq approaches, which
can identify rare disease-related sequences in the large (1011

B cells) circulating peripheral B cell gene repertoire found in
humans (67). By broadly sequencing the B cell receptors of
thymus B cells, we found that: 1) Thymus-associated B cell
clones persist in the circulation long after thymectomy, which
was demonstrated using two complementary approaches and
independent sets of samples; 2) shared clones (those found in
both the circulation and thymus) were IgG-switched, displayed a
high frequency of accumulated SHM, including those generating
N-glycosylation sites, all of which are features consistent with an
antigen-driven response; 3) clonal family trees showed that a dis-
proportionate frequency of these clones originated from the thy-
mus, suggesting that they accumulated mutations in the thymus
before migrating to the circulation; and 4) an increased frequency of
persistent clones showed a positive association with a worse disease
status after the treatment, and 5) was associated with changes in
AChR autoantibody titers in some patients. These findings provide
key insights into the mechanisms of MG immunopathology and the
association between residual thymus-associated B cell populations
and poor outcomes after thymectomy.
We employed a number of steps to ensure rigorous data col-

lection. First, we used both gDNA and RNA for the sequencing
template. DNA and RNA were isolated from whole blood as
part of the MGTX trial. These specimens were collected and
processed at a site separate from our laboratory. Furthermore,

A B C D

E F G H

Fig. 6. Correlation between clinical outcome measurements and circulating thymus-associated B cells. Correlation of the log fold-change in clonal sharing
between the thymus and circulation as assessed with a Bray–Curtis index (on the x axis) and with (A) the change in QMG score between years 1 and 2 after
thymectomy, (B) the change in QMG score between baseline and year 1 after thymectomy, (C) the change in steroid dose between years 1 and 2 after
thymectomy, and (D) the percentage change in AChR autoantibody titer between years 1 and 2 after thymectomy (on the y axis). The same analysis is shown
for the log fold-change in IgG clonal sharing (E–H), respectively. AChR autoantibody titer was not collected for THY7 (D and H).
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the DNA-based and RNA-based sequencing were performed at
separate sites. DNA specimens were sent to a commercial se-
quencing organization. Raw sequencing data were returned and
analyzed by us. RNA specimens were sequenced and analyzed
in-house. Finally, we studied a thymus specimen and matched
PBMCs (time 0 and 6 mo) collected at an institution outside the
MGTX trial, and the analysis of these specimens was completely
independent of those from the trial. The collective data derived
from these independent specimens and multiple approaches all
provide results consistent with each other, and consistent with
overall interpretations regarding persistent B cell clones
postthymectomy.
Our findings suggest that B cell clones frequently accumulate

ancestral mutations in the thymus before emigrating to the pe-
riphery. This indicates that the thymus may be the site in which
these autoreactive B cells originate and mature. Their origin in
the thymus is supported by a number of studies that highlight
MG thymus resident cell populations as essential for the initia-
tion and maintenance of autoantibody production. The MG
thymus includes myoid cells that express AChR (33) and
proinflammatory cytokines. Moreover, MHC class I+ and class
II+ medullary thymic epithelial cells (mTEC) express AChR
subunits (68) and are recognized by both autoantibodies (69) and
complement (70) in the thymus. These mTECs play a role in
priming and activating AChR-specific T cells. These T cell sub-
sets include thymic-resident regulatory T cells (Tregs) that are
defective in their ability to control autoimmune responses (71,
72) and, importantly, CD4+ helper T cells that could activate
antigen-specific B cells (73). Together, these T cell populations
are key components of germinal centers that produce mature
AChR-specific B cells and defective Tregs that contribute to
perpetuating an abnormal response. Removal of the thymus
would also remove these disease-relevant non-B cell subsets.
Given their fundamental role in the autoimmune response, the
diminished presence of these cell subsets is likely to also play a
role in disease outcome following resection.
Exploratory examinations of potential clinical correlates were

performed to broadly determine whether the frequency of cir-
culating thymus-associated B cell clones associated with disease
severity and treatment outcome. We observed an association
between the steroid dose that was required to control disease
and the change in clonal sharing of thymus-associated B cell
clones for patients involved in the MGTX 2-y extension. This
longer-term observational period was required to reach statisti-
cal significance. This finding supports the hypothesis that thy-
mectomy reduces the frequency of circulating thymus-associated
clones and that this beneficial effect may require considerable
time to manifest. This is congruent with other studies that sug-
gest that the thymus is the origin of autoantibody-producing
clones, and serves to maintain these subsets during the course
of disease (32, 74, 75). However, poor correlation between the
change in clonal sharing and the change in QMG score was
observed over the first year. We speculate that this reflects the
possibility that the persistence of thymus B cells and plasma cells
does not correlate with immediate treatment response after the
surgery, but rather with more long-term outcomes. We also
caution against interpreting changes in the persistence of thymus
B cells in the circulation for the patient unaffiliated with the
MGTX trial. The time after thymectomy when clonal overlap
was assessed was shorter (6 mo) for this patient compared to the
trial (12 mo) and it is not clear if changes in overlap are inter-
pretable at this time point. Finally, no correlation was observed
with change in clonal overlap and disease duration prior to
thymectomy. This suggests that the accumulation of AChR
autoantibody-specific B cells in the thymus may not be directly
associated with duration of disease prior to thymectomy.
With new details provided by this study, we propose an updated

speculative mechanism describing the immunopathology of AChR

autoantibody-positive MG involving thymic lymphofollicular hy-
perplasia. Immune dysregulation, a hallmark of autoimmunity,
occurs during B cell development. B cells, developing in the bone
marrow, include an elevated fraction of self-reactive cells due to
B cell tolerance checkpoints, which are known to be defective in
MG (76). This population of naïve B cells, which avoided coun-
terselection, has been shown to serve as precursors to mature
autoreactive B cells in other autoimmune settings and may play a
similar role in MG (77). These naïve B cells encounter AChR
antigens in the thymus presented by TECs and also receive T cell
help; they then differentiate into memory B cells and autoantibody-
secreting cells. These autoreactive B cell populations can remain in
the thymus, most likely as residents of structures that resemble
germinal centers that are characteristic of thymic lymphoid hyper-
plasia. These B cells then migrate from the thymus and populate
other compartments. Clonal relatives of thymic emigrants, as
shown here, can be found in the circulation. In addition, AChR
autoantibody-producing cells are known to populate peripheral
tissue compartments; specifically, they have been found in the
circulation, lymph nodes, and bone marrow (29, 73, 78–80). While
thymectomy will remove a large fraction of thymus-resident
autoreactive B cells, plasma cells, and the cells that support
their development, this treatment is performed only once the
disease is established. This may be too late to halt disease pro-
gression, as those thymic B cells that have emigrated contribute to
ongoing disease.
Our study included patients with extensive clinical documen-

tation, given their enrollment in the MGTX trial. However, we
recognize the limited number of patients included in the present
study and thus encourage caution in generalizing our findings.
The investigation nevertheless provides further support for the
benefits of thymectomy and provides details regarding the
mechanism of the disease immunopathology. The clinical cor-
relations should be explored in larger studies. We did not ob-
serve persistent thymus-associated clones in all of the patients
studied. This, in our view, could be attributed to limited se-
quencing depth in some of the specimens. We find that thorough
characterization of the circulating repertoire requires sequencing
unmanipulated PBMCs in the 1 to 4 × 107 total cell range;
specimens of such size were not available from the MGTX trial
(65). This point is highlighted by the study of the sample that was
collected at our institution, from which we acquired remarkable
sequencing depth from a large number of PBMCs. However, we
leave open the possibility that in a subset of patients, thymus
resident B cell clones do not reside outside of that tissue and do
not persist in the circulation following surgical resection.
While our study leveraged a well-established computational

platform for the identification of B cell clones from AIRR-seq
data, precise identification of clones is not without limitations.
Identifying clones in separate tissues can be confounded by er-
rors associated with misidentification of similar sequences that
arise out of V(D)J recombination generated with similar (or
identical) IGH gene segments. Clonal relationships can be reli-
ably inferred from IGH V(D)J sequences based on our previous
studies, but this is a statistical procedure and false-positive re-
lationships do occur (54).
Questions remain concerning postthymectomy therapeutic

strategies and thymic-resident B cell phenotypes. While thy-
mectomy removes a source of autoantibody-producing B cells,
those that have emigrated from the thymus may continue to
contribute to disease, particularly those that have already fully
differentiated into plasma cells. This is supported by evidence
from investigations of plasma cells from nonthymus sources, such
as the bone marrow in patients with AChR-MG (79, 80). Com-
bination therapies aimed at targeting residual thymus-associated
B cells may prove to be a valuable part of a potential therapeutic
strategy. The use of B cell-depleting agents, such as rituximab—
which is currently used for the treatment of MG—fits this approach
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well (81–83). Nevertheless, several groups have shown that patients
with a different subtype of MG (MuSK) lacking thymic abnormal-
ities respond more consistently to B cell-depletion therapy with
rituximab than patients with AChR-MG, consistent with the resis-
tance of disease-causing, tissue-resident, plasma cell-like B cell
subsets (lacking surface CD20) in AChR-MG compared to MuSK
MG (81–83). Thus, consideration may also be given to anti-
CD19–based treatments that would specifically target plasma cells
thought to be spared by rituximab (84). AIRR-seq approaches
employed in this study do not distinguish plasma cells from B cells;
the relative importance of these two subsets is unclear. While thy-
mic plasma cells spontaneously produce AChR autoantibodies,
their CD20+ germinal center B cell counterparts also possess
AChR reactivity and the frequency of germinal centers associates
with disease severity and AChR autoantibody titer (27, 34, 36).
Thus, although plasma cells are known to play an important role in
the etiology of AChR-MG through the production of AChR au-
toantibodies, CD20+ B cells also appear to make contributions to
disease pathogenesis.
Combining our approach with single-cell transcriptome and

simultaneous paired repertoire techniques would afford the
characterization of the transcriptomes of these B cell pop-
ulations. These studies would also afford the production and
testing of recombinant monoclonal antibodies for AChR binding
and pathogenic capacity from thymus-associated B cells. Addi-
tionally, thymus B cells are not all AChR-specific (29, 37). The
B cell receptors we found in the thymus were nearly 100% an-
tigen experienced and are likely to also target exogenous (e.g.,
infection or vaccination related) and perhaps self-antigens (29,
85). Provided that these disease-relevant cells had unique and

identifiable transcriptional characteristics, they could also serve
as valuable biomarkers for monitoring MG disease progress.
Diagnostic algorithms incorporating thymus imaging after thy-
mectomy and BCR repertoire evaluation may provide a means to
assess the potential need for surgical re-exploration versus fur-
ther immunotherapy. Thus, tracking the persistence of thymic-
derived B cells after therapy may represent an invaluable bio-
marker for the management of patients with AChR-MG.

Data Availability. The data reported in this paper have been de-
posited in the National Center for Biotechnology Information
Sequence Read Archive, https://www.ncbi.nlm.nih.gov/sra
(BioProject ID PRJNA658100). Code used in this study is
available in a publicly accessible repository at https://bitbucket.org/
kleinstein/projects.
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