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SUMMARY

Lineage analysis of autoreactive B cells can reveal the origins of autoimmunity. In the autoimmune
disease pemphigus vulgaris (PV), desmoglein 3 (DSG3) and DSG1 autoantibodies are
predominantly of the 1gG4 subclass and less frequently of 1gG1 and IgA subclasses, prompting us
to investigate whether anti-DSG 1gG4 B cells share lineages with 1gG1, IgA1l, and IgA2.
Combining subclass-specific B cell deep sequencing with high-throughput antibody screening, we
identified 80 DSG-reactive lineages from 4 PV patients. Most anti-DSG 1gG4 B cells lacked
clonal relationships to other subclasses and preferentially targeted DSG adhesion domains,
whereas anti-DSG IgA frequently evolved from or to other subclasses and recognized a broader
range of epitopes. Our findings suggest that anti-DSG 1gG4 B cells predominantly evolve
independently or diverge early from other subclasses and that IgA is most often not the origin of
IgG autoreactivity in PV. These data provide insight into how autoreactivity diversifies across B
cell subclasses.
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Ellebrecht et al. use next-generation sequencing to identify clonal relationships among antigen-
specific B cells in the autoimmune disease pemphigus vulgaris. They find that autoreactive 1gG4 B
cells are largely clonally distinct from autoreactive 1gG1 and IgA, thus elucidating the class-switch
pathways that diversify and modify an autoimmune response in humans.
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INTRODUCTION

The vast sequence diversity of the antibody (Ab) variable region confers protection against a
broad range of pathogens while unavoidably creating autoreactive clones that harbor the
potential to cause autoimmune disease (Wardemann et al., 2003). Heavy-chain variable
regions initially recombine with the immunoglobulin (Ig)M constant region. After activation,
naive IgM B cells undergo somatic hypermutation (SHM) and class switch in response to
cytokines and co-activating signals (Stavnezer et al., 2008). While the Ab variable region
determines antigen reactivity, the constant region (Fc) can fix complement and recruit
leukocytes, thus causing or augmenting end-organ damage. Because class switch deletes
intervening genomic DNA, it only occurs 5" to 3" (IgM > 1gG3 > 1gG1 > IgA1 > 19G2 >
1gG4 > IgE > IgA2). Next-generation sequencing (NGS) has defined class-switch events in
normal and allergic individuals (Horns et al., 2016; Looney et al., 2016), but little is known
about subclass-specific B cell repertoires in human autoimmunity.

Pemphigus vulgaris (PV) is a potentially fatal disease in which Abs to the adhesion protein
desmoglein 3 (DSG3) induce mucosal blistering, and later development of anti-DSG1 Abs
leads to skin blistering in its mucocutaneous subtype (Kasperkiewicz et al., 2017). Although
the Fc is not required for blistering in PV (Anhalt et al., 1986; Mascard et al., 1997; Payne et
al., 2005), DSG auto-Abs have a characteristic subclass distribution. Patients with active
disease have DSG-specific 1gG4 over 1gG1, while anti-DSG 1gG2 and IgG3 are uncommon
(Ayatollahi et al., 2004; Futei et al., 2001; Spaeth et al., 2001). The 1gG4 autoAb
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predominance is so pronounced that total serum 1gG4 is enriched in PV patients (Funakoshi
et al., 2012). Some patients in remission still demonstrate anti-DSG IgG1 (Ayatollahi et al.,
2004; Bhol et al., 1994; Spaeth et al., 2001). The majority of patients with active disease
also have anti-DSG IgA (Mentink et al., 2007; Spaeth et al., 2001), the dominant isotype in
mucosa where PV manifests but whose role in PV is poorly understood.

The occurrence of anti-DSG 1gG1, 1gG4, and IgA indicates that switch to these subclasses is
a stereotyped feature of the autoimmune response in PV. To trace the development of
autoreactive B cells across subclasses, we combined NGS of 1gG1, 1gG4, IgA1, and 1gA2 B
cell repertoires with Ab phage display (APD) to identify DSG3- and DSG1-reactive
lineages. This revealed that anti-DSG 1gG4 B cells represent a largely distinct population in
PV, with rare connections to 1gG1 and IgA2, while IgAl B cells show a high degree of
clonal overlap with 1gA2 and can evolve from anti-DSG 1gG1. These results provide insight
into the clonal relationships of subclass-specific autoreactive B cell repertoires in a model
human Ab-mediated disease.

NGS of Subclass-Specific B Cell Repertoires Reproducibly Captures Lineage Diversity

To define subclass-specific anti-DSG B cell repertoires, we combined two methods to obtain
large-scale lineage data (NGS) and screen for antigen specificity (APD) (Figure S1A). We
performed NGS of 19gG1, 1gG4, IgA1l, and IgA2 variable-heavy (VH) gene transcripts in 4
patients with active PV (Table S1). NGS libraries were produced using indexed constant
region primers with a custom signature for every patient subclass. The CH1 sequence
internal to the primer binding site and custom library signature, both of which can
independently discriminate isotype and/or subclass, were collectively called the isosig
(Figure S1B). Ensuring concordance among all 3 elements of the primer index sequence and
isosig allowed high-confidence patient-subclass assignment and stringent filtering of
misclassified sequences that could be falsely interpreted as cross-subclass lineage
relationships. This pipeline yielded 225,970 to 9,678,823 raw paired-end reads per patient
subclass, which condensed to 172,101 to 3,828,206 isosig-verified non-redundant sequences
(Table S2).

B cell lineages are often defined by grouping sequences with the same VH, joining gene
segment, heavy chain (JH), and length of the third complementarity determining region
(CDR3) and then setting an 80%—95% threshold for CDR3 nucleotide identity (Hershberg
and Luning Prak, 2015; Hoh et al., 2016; Horns et al., 2016; Looney et al., 2016; Tipton et
al., 2015), depending on the relative risk of false-positive versus false-negative clonal
groupings. We analyzed the distribution of CDR3 nearest-neighbor percent nucleotide
differences between patients (who cannot share lineages, although similar CDR3 sequences
could occur randomly or by convergent evolution) and within patients (in whom clonal
lineages naturally occur). Certain amino-acid motifs are enriched in pathogenic auto-Abs
(YYamagami et al., 2010), but convergent CDR3 sequences among PV patients are rare (Chen
etal., 2017). Thus, we compared CDR3 sequences among patients to define a per-patient
CDR3 nucleotide identity threshold with 99% confidence that two sequences in a
presumptive B cell lineage do not belong to different lineages (Figure S1C). CDR3 percent
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nucleotide similarity thresholds ranged from 80.6% in pemphigus vulgaris patient (PV)8 to
86.1% in PVV18. We next analyzed the CDR3 nearest-neighbor percent nucleotide difference
within each patient, which revealed two major probability densities (Figure S1D): the left
peak representing clonal lineages and the central peak representing unrelated B cell clones.
These analyses justify that the CDR3 nucleotide identity thresholds used for clustering
reasonably separate clonal lineages from unrelated B cells.

Within each patient subclass, we identified distinct B cell lineages (Table S2). IgG4 had the
fewest lineages (3,495-9,966), followed by IgA2 (10,787-21,697), with comparable
numbers of IgA1 and IgG1 lineages (22,547-32,045 and 19,728-41,675, respectively). We
performed rarefaction on the number of lineages in each patient subclass (Hsieh et al., 2016)
to ascertain sampling depth (Figure 1A), which predicts that we captured 71.07%-97.00% of
the circulating B cell lineages (Figure 1B). We then estimated the Shannon and Simpson
indices to describe lineage abundance and evenness, with the Simpson index being weighted
more heavily toward dominant species (Morris et al., 2014). 90.23%-99.97% and 99.62%—
100.00% of the diversity measured by the Shannon and Simpson indices was captured
(Figure 1B), indicating sufficient sampling of circulating 1gG1, 1gG4, IgAl, and 1gA2
lineages, particularly in regard to dominant clones.

To determine reproducibility, we analyzed biological replicates from two separate 30-mL
blood samples drawn at the same time from PV17 and PV18 and technical replicates from
resequencing PV16 or re-synthesizing PV17 and PV18 libraries using different cDNA
aliquots. Each pair of replicates was compared for overlapping lineages, followed by
population size estimation of the fraction of captured lineages (Table S3). Mark-and-
recapture analysis using the Chapman estimator (Chapman, 1954) demonstrates that
96.57%-99.97% of B cell lineages with =5 reads are captured by technical replicates, and
35.46%-81.99% of lineages are captured by 30-mL biological replicates. Collectively, these
data indicate that sequencing subclass-specific B cell repertoires from 60 mL peripheral
blood provides substantial representation of the circulating B cell lineages in a given patient
and captures the vast majority of the B cell lineage diversity.

High-Throughput Screening of Anti-DSG B Cells in PV Indicates a Predominance of 1IgG4
Lineages, Followed by IgA1, IgG1, and IgA2

Having established reliable parameters to define and reproducibly capture B cell lineages,
we next sought to identify antigenspecific clones. We generated 16 APD libraries,
comprising 1gG1, 1gG4, IgA1, and IgA2 repertoires in each of the 4 patients. Up to 1 billion
clones per patient subclass were screened against DSG3 and DSG1 by APD, and up to 200
recombinant monoclonal antibodies (mAbs) per patient (50 per subclass) were purified and
analyzed by ELISA to confirm DSG reactivity, as well as indirect immunofluorescence (11F)
on human skin to independently validate the PV phenotype.

96 distinct anti-DSG B cell clones were identified (Table S4). The plurality of DSG-reactive
clones was 1gG4 (n = 41), followed by IgA1 (n = 21), IgG1 (n = 18), and IgA2 (n = 16).
Comparable distributions across subclasses were observed for DSG3- and DSG1-reactive
lineages (Table S5). Anti-DSG clones used 28 VVH and 24 variable light-chain (VL) genes;
no convergent CDR3 sequences were identified across patients. Because clonality cannot be
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reliably inferred from L-CDR3 nucleotide identity, subsequent genetic analyses focused on
the heavy chain. Anti-DSG1 lineages most often used IGHV1-46, IGHV2-5, and IGHV1-2;
anti-DSG3 lineages most often used IGHV2-5, IGHV4-4, and IGHV1-46 (Figure 2A). In
subclass-specific lineages (Figure S2), the vast majority (90%) of VH genes were used by 2
or fewer clones. VH genes used at or above the 90™ percentile abundance threshold among
both subclass-specific and total anti-DSG lineages (found in =3 or =6 clones, respectively)
were IGHV2-5, IGHV1-46, IGHV1-69, and IGHV4-4. More restricted distribution of VH
than VL gene usage was observed (Figure 2B), reflecting promiscuous pairing of sequences
within the same VH family with different light chains (Tables S4 and S8).

Although the Majority of IgG4 Lineages Have No Relatives in Other Subclasses, Anti-DSG
Lineages Demonstrate Increased Connectivity to Other Subclasses Compared to the
Global Repertoire

By matching the 96 APD clones to NGS lineages, we defined 80 distinct anti-DSG lineages,
29 of which span =2 subclasses (Figure 3A). Including NGS relatives of anti-DSG clones
found in other subclasses, we identified 40 1gG4-, 30 IgA2-, 27 IgA1l-, and 26 1gG1-
containing anti-DSG lineages. The overlap between subclasses and nearest-neighbor
quantitation appears in Figures 3B and 3C. The majority of IgA1- and IgA2-containing anti-
DSG lineages demonstrate clonal relatives in other subclasses, particularly between IgAl
and IgA2. 1gG1 lineages demonstrate equivalent overlap with 1gG4, 1gA1, and IgA2. In
contrast, only 12 (30%) of 40 IgG4-containing anti-DSG lineages have relatives in other
subclasses (Figure 3D). Thus, anti-DSG IgG4 B cells are less related to other subclasses
than anti-DSG B cells from the other subclasses (p = 1.2 x 10, two-tailed Fisher’s exact
test).

To investigate how inter-subclass relationships in the anti-DSG repertoire compare to the
global repertoire, we compared the average pairing rate of the anti-DSG and global
repertoire (i.e., the normalized proportion of overlapping clonal lineages) for each patient-
subclass pair, which showed that the anti-DSG repertoire is significantly more
interconnected than the global repertoire (p < 0.0001, two-tailed paired t test; Figure 4A).
Separating out the anti-DSG repertoire by each subclass pair indicates that the highest
average pairing rate is detected for IgA1-1gA2, both in the global and anti-DSG repertoires
(Figure 4B). We subsequently evaluated which inter-subclass relationships demonstrated the
highest proportional overlap in the anti-DSG compared to the global B cell repertoire, which
would indicate enrichment for specific inter-subclass relationships and, hence, might
identify preferential class-switch pathways for anti-DSG B cells. We normalized the average
pairing rate of the anti-DSG repertoire to that of the global repertoire to obtain a relative
pairing rate (Figure 4C). Surprisingly, anti-DSG 1gG4-containing lineages were among the
most enriched for inter-subclass connectivity compared to global 1gG4 (demonstrated by a
steeper slope between relative pairing rates for global and anti-DSG lineages). No significant
difference in 1gG4 read number between multi-subclass and single-subclass lineages was
found by Mann-Whitney U test (Figure 4D), indicating that lineage size and/or sampling
depth had minimal effect on finding inter-subclass connectivity. Thus, although the majority
of anti-DSG 1gG4 lineages identified do not have APD- or NGS-detectable relatives in other

Cell Rep. Author manuscript; available in PMC 2018 September 26.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Ellebrecht et al.

Page 6

subclasses, DSG reactivity is associated with an increase in subclass connectivity of 1IgG4 B
cells compared to the global 1gG4 B cell repertoire.

Phylogenetic Analysis Indicates that Anti-DSG IgG4 B Cells Are Rarely Derived by Class
Switch from IgG1 B Cells

The increased connectivity of anti-DSG B cells with other subclasses compared to the global
B cell repertoire prompted us to investigate the clonal development of anti-DSG B cells in
greater detail. We constructed maximum parsimony trees of anti-DSG lineages represented
in at least two subclasses, which uses SHM to trace the evolution of DSG-reactive clones.
As a control for PCR or sequencing errors, we amplified and sequenced a monoclonal
template of the same length, which showed that PCR mutations, insertions or deletions
(indels), and/or base-call errors occur in the raw NGS reads (Figure S3A) but that almost all
reads can be reassigned to the correct sequence by clustering reads within a 97% operational
taxonomic unit (OTU) radius and excluding nodes with <5 reads or indels (Figure S3B).
Some lineages spanned multiple closely related VH genes, leading to computational
assignment of the top-ranked NGS cluster to a different VH gene from the APD-confirmed
clone; these lineages were excluded from phylogenetic analysis, since assignment of the
APD-confirmed clone to the identical VH gene used by the plurality of the sequences in an
NGS lineage allowed better understanding of the evolution of antigen-specific clones. A
total of 18 multi-subclass lineages were subjected to finer analysis (Figures 5, S4, S5, S6,
S7, S8, S9, and S10; Table S6).

To determine whether IgG1 serves a precursor for IgG4 B cells, we examined 7 anti-DSG
lineages containing both 1gG1 and IgG4 (Figures 5, S4, and S5). One lineage suggests an
IgG1-to-1gG4 switch, with the 1gG1 clone differing from the IgG4 by 1 nt (Figure 5A).
Figure 5B shows a lineage with a divergence of IgG1 and 1gG4 B cells from a common
intermediate with 13 shared mutations, a pattern that is supportive of, but does not provide
direct evidence for, an IlgG1-to-1gG4 switch. Similarly, Figure 5C indicates a lineage with
the co-evolution of 1gG1 and 1gG4 B cells demonstrating varying degrees of shared mutation
but no direct evidence of sequential switch from 1gG1 to IgG4. The remaining 4 lineages
either have no shared mutations between IgG1 and 1gG4 (Figure 5D) or have a few shared
mutations before segregated evolution of IgG1 and 19gG4 B cells (Figures S4 and S5). Figure
S4A shows a lineage in which IgG1 and 1gG4 relatives were identified directly by APD, but
the 1gG1 clone demonstrates a 3-nt CDR1 insertion relative to the 1gG4 clone, indicating
independent evolution of these anti-DSG IgG1 and IgG4 B cells from a common precursor.

Together with the finding that the majority of anti-DSG IgG4 lineages lack relatives in other
subclasses (Figures 3B-3D), these data suggest that class switch from IgG1 to 1gG4
represents a minority pathway for the development of anti-DSG 1gG4 B cells or that these
switch events occur in a temporarily restricted fashion that cannot be captured after the onset
of clinically active disease.
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Anti-DSG IgG4 B Cells Evolve Independently of IgA1 but Can Directly Give Rise to Anti-
DSG IgA2 B Cells

To determine whether 1gG4 B cells can arise from IgA1 B cells, which could imply a
mucosal origin of autoimmunity in PV, we examined the clonal relationships between anti-
DSG 1gG4 and IgA B cells. Only 2 lineages contained both IgA1 and 1gG4 clonal members
with =5 reads per subclass. No examples of direct switch from IgA1l to IgG4 were detected
by APD or NGS (Figures 5A and 5B). However, evidence of switch from 1gG4 to IgA2 was
detected in 2 of the 3 IgG4- and IgA2-containing lineages analyzed (Figures S5 and S6). In
the other 1gG41-gA2 lineage, 1gA2 and IgG4 clones showed shared mutations but
independently switched from IgA1 and IgG1, respectively (Figure 5A).

The Majority of Anti-DSG IgA1 B Cells Demonstrate Evidence of Class Switch from IgG1 or

to IgA2

In contrast to anti-DSG 1gG4 lineages, anti-DSG IgA1l lineages show a high degree of inter-
subclass connectivity. In all 10 IgA1- and 1gA2-containing lineages analyzed, a switch from
IgAl to IgA2 was observed (Figures 5A, S7A, S7B, S8, S9, and S10). Additionally, anti-
DSG IgG1 B cells demonstrate evidence of a switch to IgAL in 4 of 6 lineages in which they
coexist (Figures 5C and S7). In 2 of these lineages (Figures S7A and S7B), a switch from
IgG1 to IgAl as well as IgA2 was observed, suggesting that IgA1 B cells may serve as an
intermediate for clonal maturation from IgG1 to IgA2.

IgG4 Lineages Develop DSG Reactivity Early in Development and Preferentially Target
Amino-Terminal DSG Epitopes

To determine when DSG reactivity arises during the course of B cell evolution, we produced
select NGS-identified and computationally inferred clones from 1gG4-containing multi-
subclass lineages. DSG ELISA indicated that, in the 7 multi-subclass lineages tested,
relatives of anti-DSG clones in other subclasses generally showed similar patterns of DSG
reactivity (Figure 6A). In the PV17.G1.D1.P4.8 lineage (Figure 5C), relatives of the anti-
DSG1 IgG1 APD clone demonstrated no detectable DSG binding by ELISA, although these
same Abs immunoprecipitated DSG1 in epitope-mapping experiments, suggesting that DSG
reactivity arose from non- or weakly DSG-reactive clones within this phylogenetic tree. 4 of
the 7 most recent common ancestors (MRCAs)—some of which had no SHM and, hence,
were unmutated common ancestors (UCAs) (Figure 6A)—and 8 of the 11 additional
germline-reverted 1gG4 heavy chains (Figure 6B) had DSG reactivity comparable to that of
the somatically mutated B cell clone, suggesting that autoreactivity is often acquired early
during the development of anti-DSG 1gG4 B cells.

We next determined the DSG extracellular cadherin (EC) domain specificity of APD-derived
anti-DSG B cell clones (Table 1). Reactivity to EC1, which contains residues important for
DSG trans-adhesion, is favored in anti-DSG 1gG4 B cells compared to other subclasses (p =
0.0065, Fisher’s exact test). Similar patterns were observed when comparing DSG3- and
DSG1-reactive B cell specificities (Table S7), indicating a correlation between the targeting
of functional domains of DSGs and the switch to 1gG4.
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To determine whether targeted DSG epitopes change during B cell diversification, we
mapped select NGS and APD clones and computationally inferred intermediates. In most
cases, epitope specificity did not change within lineages, despite different heavy- and light-
chain pairings (Table S8). The one exception occurred in a lineage in which the IgG1 and
1gG4 clones had no shared mutations and targeted different EC epitopes (Figure 5D; Table
S8), further supporting their independent evolution from a common precursor. Our data
indicate that epitope spreading between EC domains rarely occurs during diversification by
SHM or class switch, which is corroborated by prior studies of PV serum auto-Abs (Ohyama
etal., 2012).

DISCUSSION

PV presents a valuable opportunity to investigate the lineage relationships of subclass-
specific B cell repertoires in a mucosal autoAb-mediated disease. The preferential
association of pathogenic auto-Abs with 1gG4, the persistence of anti-DSG IgG1 in
remission, and the occurrence of anti-DSG IgA in active disease indicate a common class-
switch regulatory pathway in PV. We aimed to maximize the depth, rigor, and
reproducibility of our approach by using high-volume blood samples; a nonredundant primer
index and isosig verification to avoid false subclass assignment; technical and biological
replicates; error correction informed by sequencing a monoclonal template; and independent
validation of DSG reactivity by ELISA, IIF on human skin, and DSG epitope mapping. 60
mL of blood yields approximately 108 PBMCs, 2 x 10° class-switched B cells, and 10,000
anti-DSG3 B cells (Nishifuji et al., 2000). A total of 96 anti-DSG clones were identified,
representing 80 distinct lineages. We used APD to identify anti-DSG lineages due to its
superior depth of sampling and its specificity for identifying anti-DSG3 clones in PV but not
normal individuals (Cho et al., 2016), but it can be biased by random heavy- and light-chain
pairing that may create antibody specificities that did not exist in vivo, relative
undersampling of low-affinity clones, and overrepresentation of plasma cells. However, most
anti-DSG Abs are produced by plasmablasts, evidenced by the drop in anti-DSG titers to the
normal range after anti-CD20 B cell depletion (Joly et al., 2017), so preferential sampling of
plasmablasts by APD is highly relevant to PV pathogenesis. Also, mass spectrometry studies
have shown that 50% of serum auto-Abs are produced by 1-7 anti-DSG B cell clones (Chen
et al., 2017), reinforcing the finding that the immune response in PV is marked by
oligoclonal expansions. Simpson diversity indices (Figure 1B) indicate that our approach
captures nearly all dominant lineages, suggesting that we are reasonably sampling both
global and DSG-reactive lineages. Collectively, the studies performed provide a
comprehensive analysis of subclass-specific human autoimmune B cell repertoires.

Our studies indicate that DSG reactivity is enriched in 1gG4 B cells, as 1gG4 is the most
common subclass in anti-DSG lineages but the least common in the global repertoire, which
complements past reports showing that DSG reactivity is enriched in serum 1gG4 Abs
(Funakoshi et al., 2012; Futei et al., 2001). Also consistent with past studies (Chen et al.,
2017; Cho et al., 2014), we found that VH1-46 and VH1-69 gene usage is enriched in anti-
DSG lineages, as well as VH4-4 and VH2-5 (Figure 2). Preferential VH gene usage has
been noted in systemic lupus erythematosus (Tipton et al., 2015), multiple sclerosis (von
Bidingen et al., 2012), influenza vaccination (Jackson et al., 2014; Pappas et al., 2014), and
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rotavirus infection (Tian et al., 2008), suggesting that particular antigens induce stereotyped
immune responses. Interestingly, all 4 PV patients demonstrated VH2-5 gene usage in their
anti-DSG IgA repertoires, while IgG repertoires more often used VH1-46 and VH1-69
(Figure S2), suggesting that different subclasses react differently to the same antigen. This
difference in reactivity is also supported by the finding that IgA clones react across all five
EC domains of DSG, while 1gG4 preferentially binds EC1 (Table 1). VH2-5 IgA has been
reported to be expressed by human ileal plasma cell precursors and skin epidermal cells and
can recognize skin pathogens (Jiang et al., 2015; Yuvaraj et al., 2009). Although we did not
investigate polyreactivity or cross-reactivity to foreign antigens, these reports raise the
possibility that cross-reactivity may stimulate anti-DSG IgA B cell activation, as has
previously been suggested for anti-DSG3 VH1-46 B cells reacting to rotavirus VVP6 protein
(Cho et al., 2016) or anti-DSG1 1gG4 reacting to the sandfly salivary antigen LIM11 (Qian
et al., 2016).

Although anti-DSG IgG4 B cells demonstrate a higher degree of clonal relatedness to other
subclasses than non-DSG-reactive 1gG4 (Figure 4), the majority of anti-DSG 1gG4 B cells
have no relatives detectable by APD or NGS in other subclasses. Nearest-neighbor (Figure
3C) and phylogenetic analyses (Figures 5, S4, and S5) support that anti-DSG 1gG1, although
only rarely associated with 1gG4 through direct class switch, demonstrates the greatest
overlap with 1gG4. However, in the majority of anti-DSG 1gG1- and 1gG4-containing
lineages, we observed independent evolution of 1IgG1 and IgG4 from a common precursor or
divergent and mostly segregated evolution of 1IgG1 and 1gG4.

The paucity of 1gG1-to-1gG4 class-switch events could be due to factors such as
undersampling; temporal or spatial restriction of switch events; or switch from IgM, 1gG2,
or 1gG3. Although incomplete sampling is unavoidable in human studies, our observation of
class-switch events between anti-DSG 1gG1, IgA1, and IgA2 B cells suggests that the
predominance of 1gG4 without clonal relatives is not solely due to an inability to detect
inter-subclass relationships. Prior studies in normal human B cell repertoires found that
direct class-switch events to 1gG4 were most commonly from 1gG1 (45% of events),
followed by 19G2 (21%), IgM (17%), 1gG3 (16%), and rarely from IgA1 (1%) (Horns et al.,
2016). We did not examine 1gG2 and 1gG3 B cell repertoires in our study, but the potential
for direct IgM-to-1gG4 switch as the dominant pathway for anti-DSG IgG4 B cell
development in PV is intriguing, since that pathway is characteristic of short-lived
plasmablasts, which produce the majority of anti-DSG 1gG in PV. This model is also
consistent with the early development of DSG reactivity and lack of epitope spreading
observed in anti-DSG 1gG4 lineages (Figure 6; Table S8). A previous report showed that
germline-reverted anti-DSG Abs can retain DSG binding—in particular, those using VH1-
46—implying that autoreactivity arose in naive B cells (Cho et al., 2014). In this study, we
note early development of DSG reactivity in the majority of IgG4 multi-subclass lineages
analyzed (Figure 6A)— including germline reactivity in VH1-46, 2-5, 2-26, 3-9, 3-23, 3—-
30, and 3-49 IgG4 lineages (Figure 6B)—suggesting that anti-DSG 1gG4 lineages may more
broadly develop autoreactivity early in their evolution.

The class switch pathways leading to 1gG4 are of fundamental interest not only for the
pathogenesis of PV but also for the mechanism of other IgG4-mediated diseases (Huijbers et
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al., 2015) and states of chronic immune stimulation. PV is characterized by a Th2 response
(\Veldman et al., 2003) and a cytokine milieu (interleukin (IL)-4, IL-10, and IL-13) that
promotes class switch to 1gG4 (Cho et al., 2015; Hertl et al., 2006; Jeannin et al., 1998;
Takahashi et al., 2007). Beekeepers, patients with chronic helminth infections, and patients
undergoing allergen desensitization therapy also develop 1gG4 responses (Aalberse and
Schuurman, 2002; Hussain et al., 1992; Jutel et al., 2005). Novice beekeepers initially
develop IgG1 to bee venom antigens, while experienced beekeepers tolerized to stings have
1gG4 to the same antigens (Aalberse et al., 1983). Similarly, in endemic pemphigus
foliaceus, unaffected individuals can display anti-DSG1 1gG1, while patients with active
disease have anti-DSG1 IgG1 and 1gG4 (Warren et al., 2003). The finding that 1gG4 B cells
in PV preferentially target DSG ECL1 epitopes (Table 1), where functional residues important
for intercellular adhesion reside (Boggon et al., 2002; Harrison et al., 2016), raises the
question of whether the ability to cause tissue blistering and damage preferentially induces
the class switch to 1gG4. In patients undergoing allergen desensitization therapy and in
tolerized beekeepers, antigen-specific IgG4 has been reported to be exclusively produced by
IL-10-secreting regulatory B cells (van de Veen et al., 2013). However, in PV, the role of
regulatory B cells is not well defined. Expansions of 1L-10-secreting, CD24"MCD38N B cells
in PV have been associated with complete remission after B cell-depletion therapy (Colliou
et al., 2013) but have alsobeenshown todemonstrate an impairedability to suppress Thl
responses and interferongamma production (Zhu et al., 2015). Future studies are necessary
to better define the cell of origin for anti-DSG 1gG4 and its potential regulatory function.

We have also characterized the lineage relationships of antiDSG IgA in PV, a disease that
affects the mucosa where IgA immune responses are predominant. Anti-DSG IgA1 cells
demonstrated a class switch from 1gG1 (Figures 5C and S7) and frequently switch to IgA2
(Figures 5A, STA, S7B, and S8, S9, and S10), the latter being consistent with the spatially
restricted development of IgA1 and IgA2 in mucosal-associated lymphatic tissues (Cerultti,
2008). High-throughput analysis of class-switch landscapes in normal human B cells
indicates that 1gG1-1gA1 relationships are common, representing 41% of all class-switch
events to IgA1, and that IgAl is the most frequent origin of direct class switches to IgA2
(Horns et al., 2016), corroborating our findings. Furthermore, we identified a class switch of
DSG-reactive lineages from 1gG4 to 1IgA2 (Figures S5 and S6), a relationship that represents
only 0.04% of class-switch events to IgA2 in normal human B cell repertoires (Horns et al.,
2016) but that may be more common in PV due to the cytokine milieu associated with active
disease. Class switch to IgA1 from IgM or 1gG1 depends on transforming growth factor
(TGF)-beta and CD40 activation in cultured human B cells (Zan et al., 1998) and can occur
ina T cell-independent manner on mucosal surfaces by TLR4 engagement and dendritic cell
secretion of BAFF and APRIL (Cerutti, 2008). IgA2 production occurs in the lamina propria
via secretion of IL-10 and APRIL from colonic epithelium in response to normal intestinal
flora in both an IgM-to-IgA2 and an IgA1-to-1gA2 fashion (He et al., 2007). Given our data
showing that anti-DSG IgA B cells either develop independently of or switch directly from
anti-DSG 1gG B cells, and literature showing that TGF-beta, BAFF, and APRIL are not
elevated in PV (Asashima et al., 2006; D’Auria et al., 1997; Giordano and Sinha, 2012),
anti-DSG IgA1 and IgA2 are likely an epiphenomenon in PV, formed in mucosal lymphoid
tissues or epithelia by IgA class-switch mediators. This seems especially likely for anti-DSG
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IgA2, as its 3° position in the IgH locus precludes it from serving as a reservoir for 1gG
development.

In sum, our study has elucidated the complex interrelationships between four functionally
diverse Ab subclasses during an ongoing autoimmune response. In PV, the majority of anti-
DSG 1gG4 cells show no evidence of arising from other subclasses, while anti-DSG IgA1,
IgG1, and 1gA2 show more extensive clonal relationships. Thus, despite the co-existence of
IgG1 and 1gG4 autoAbs in PV sera, class switch from IgG1 is not a dominant pathway for
1gG4 production. Our data also indicate that the PV IgA repertoire is less skewed toward
pathogenic DSG epitopes and often arises from IgG, rather than being an origin for 1I9G
autoreactivity. These data provide key insight into how autoreactivity develops and
diversifies across Ab subclasses. Ultimately, our work in PV may help elucidate the
developmental pathway of IgG4 in other conditions, potentially leading to better therapeutic
strategies that target these populations in IlgG4-mediated disease or promote 1gG4 B cell
development in allergen tolerization protocols.

EXPERIMENTAL PROCEDURES

Study Approval

Written informed consent was obtained from participants according to an institutional-
review-board-approved protocol. Study participant demographics were as follows: PV8 (28-
year-old woman), PV16 (61-year-old man), PV17 (63-year-old woman), and PV18 (72-year-
old woman).

Sample Processing

50-60 mL heparinized blood was collected by venipuncture. Diagnosis of PV was
established by clinical presentation, histology, and DSG ELISA. For PV17 and PV18, two
30-mL blood samples were collected on the same day and processed independently as
biological replicates. PBMCs were isolated using Ficoll gradient centrifugation and snap-
frozen in methanol prior to storage (80°C).

Library Preparation

APD libraries were produced and screened as described previously (Cho et al., 2016; Payne
et al., 2005), with modified primers listed in Table S9. IgG1, 1gG4, 1gAl, and IgA2
amplicons were first amplified with hinge-specific primers and then APD primers with a
unique 3° library signature per patient subclass. For NGS, second-round PCR primers were
flanked by a transposase sequence, the 3’ library signature, and an lllumina primer index.
More details are found in the Supplemental Experimental Procedures.

Data Processing

Libraries were sequenced using Illumina MiSeq 2 3 300 bp (Institute for Genome Science,
University of Maryland; NGS Core, University of Pennsylvania). Reads were quality
trimmed and merged using PEAR (v0.9.6) (Zhang et al., 2014) and collapsed into non-
redundant (NR) sequences and filtered by isosig match. IMGT/HighV-QUEST was used for
variable-diversity-joining (VDJ) assignment of productive sequences.
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Clonality was defined by VH, JH, and CDR3 length, and a per-patient CDR3 distance
threshold with 99% confidence of excluding unrelated sequences (Figures S1C and S1D).
Sequences in each patient-subclass pair were clustered using a customized Perl script and an
unweighted pair group method centroid (UPGMC) linkage function from the
Algorithm::Cluster module. To reduce VDJ misassignment due to PCR error or SHM, we
grouped sequence clusters within a CDR3 distance threshold, ignoring VH or JH, into
superclusters ranked by read count, and downstream analyses were performed using the top-
ranked VH cluster.

Estimation of Clonal Richness and Diversity and Total Population Size

Sampling for each patient-subclass pair was estimated using rarefaction analysis and
asymptotic diversity estimation using the iNEXT R package (Hsieh et al., 2016), with
modifications as described previously (Chiu and Chao, 2016). Reproducibility among
replicates was conducted using the Chapman estimator (Chapman, 1954) on lineages with
=5 reads in a replicate. More details are found in the Supplemental Experimental
Procedures.

Subclass Connectivity Quantitation

Average pairing rates between subclasses were computed as the harmonic mean of the
frequency of shared lineages to normalize for differing subclass sizes. If n lineages are
shared between subclasses of read size A and B, the pairing rate is:

2
+

EYIS
S |w

For comparing the anti-DSG and global repertoire, the pairing rate was calculated from
samples bootstrapped down to the size of the anti-DSG repertoire for a given subclass pair.

Lineage Analysis

Phylogenetic trees were constructed from multi-subclass lineages containing APD-derived
heavy-chain sequences mapping to NGS superclusters with identical VH, excluding lineages
with indels or subclasses with <5 reads. Primer-trimmed sequences within each subclass
were subject to full-length centroid clustering at a 97% OTU radius using the cluster _otus
command in USEARCH (Edgar, 2010). To ease visualization, nodes with <5 reads or indels
were excluded, except where indicated. Maximum parsimony trees were made using
Change-O (Gupta et al., 2015), which uses dnapars.exe from PHYLIP (Felsenstein, 1989).
Similar analysis was conducted on a CD8CD137 monoclonal template (Figure S3). To
construct germline-reverted or NGS lineage intermediates, codon-optimized heavy chains
were synthesized (Integrated DNA Technologies) and subcloned with light chains used in
the same lineage. More details are in the Supplemental Experimental Procedures.

Epitope Mapping

Epitope mapping was performed as described previously (Cho et al., 2014; Ohyama et al.,
2012), using chimeric DSG3-DSG2 or DSG1-DSG2 domainswapped molecules in High
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Five or HEK293 supernatants. DSG3- or DSG1reactive clones were evaluated by
immunoprecipitation of DSG3-DSG2 or DSG1-DSG2 molecules followed by
immunoblotting using an anti-E tag horseradish peroxidase (anti-E-HRP) Ab.

Single-subclass versus multi-subclass lineages in 1gG4 and non-1gG4 were compared using
a two-tailed Fisher exact test in Figure 3D. The average pairing rates were compared using a
two-tailed paired t test in Figure 4A. 1gG4 reads in single-versus multi-subclass lineages
were compared via the Mann-Whitney U test in Figure 4D.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights
. High-throughput methods identify antigen- and subclass-specific B cell
repertoires
. Most autoreactive 1gG4 B cells lack clonal relationships to other subclasses
. IgG4 lineages acquire autoreactivity early in development
. IgA1 evolves from IgG1 and to IgA2 but is not an origin of 1gG4

autoreactivity
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Figure 1. Rarefaction and Coverage Estimation Reveals Sufficient Sampling of B Cell Lineages
in Peripheral Blood

(A) Rarefaction curves of read number versus number of lineages reveals overall depth of
sampling.

(B) Quantification of sampling coverage by asymptotic diversity estimation.The percentage
of overall lineage diversity coverage is lower than the percentage of Shannon or Simpson
diversity coverage, indicating that sampling of 60 mL peripheral blood captures most of the
abundant lineages while losing some rare lineages.
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Figure 2. Anti-DSG Repertoires in PV Show Preferential VH Gene Usage
(A) All anti-DSG, anti-DSG3, or anti-DSG1 lineages were categorized by VH gene usage.

Dot size corresponds to number of lineages using each VH gene (legend). The median and
90th percentile for number of lineages using a particular VH gene are indicated.
(B) Graphs indicate the number of DSG-reactive clones using each VH and VL gene.
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Figure 3. Autoreactive Lineages Bridge Subclasses
(A) Phage display identified 80 anti-DSG lineages that were mapped to NGSderived

lineages within each subclass, highlighted in blue. Asterisk indicates clones found only by

APD.

(B) Number of lineages containing every possible pair of subclasses.

(C) Percentage of lineages within a given subclass with relatives in another subclass.

(D) Distribution of clones between single- and multi-subclass lineages. 1gG4 was compared
to the sum of IgA1, IgA2, and 1gG1 by two-tailed Fisher exact test.
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Figure 4. Connectivity of the Anti-DSG and Global Repertoire

(A) The average pairing rate for each subclass was plotted for both the global and anti-DSG
repertoires. Each data point represents a pair of subclasses within a patient, representing 14
(of a maximum 24) pairs of subclasses across the 4 patients. ****p < 0.0001, by paired t

test.

(B and C) Shown here: (B) absolute and (C) relative pairing rates (normalized to the global

repertoire) for each subclass pair.

(D) Read numbers for single- and multi-subclass 1gG4-containing anti-DSG lineages were
compared to determine whether pairing rate is dependent upon number of reads mapping to
a given lineage. Mann-Whitney test was not significant (n.s.). Circles represent the pairing

rate (black = global, red = DSG-reactive) of each patient-subclass population.
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Figure 5. Select Trees from 1gG4-Containing Multi-subclass Lineages
(A) PV16.A1.D1.P4.10.

(B) PV17.G4.D1.P3.15.

(C) PV17.G4.D1.P4.8.

(D) PV17.G1.D1.P4.6.

Read numbers are indicated inside each node. Blue-edged labels indicate nucleotide
Hamming distance between nodes. Labeled vertices indicate inferred (white) or NGS-
identified (red and blue) intermediates produced as mAbs and tested for DSG reactivity by
ELISA.
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Figure 6. DSG ELISA Reactivity of Lineage Intermediates and Germline-Reverted Clones

(A) Relatives from 1gG4-containing multi-subclass lineages were tested for DSG reactivity

(10 mg/mL). Figure references for relevant clones are indicated.

(B) DSG reactivity of germline-reverted 19G4 clones (10 mg/mL). GL, germline; MRCA,

most recent common ancestor; UCA, unmutated common ancestor. Data are representative
of 1-2 independent experiments. Red line indicates cutoff value, mean + 3 SD for negative

controls (averaged across 14-15 independent experiments).
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Table 1.

Epitope Mapping of Subclass-Specific Anti-DSG Antibodies

EC1 EC2 EC3 EC4 EC5
IgAl 7 2 2 1 2
1gA2 4 0 3 0 1
IgG1 8 0 1 3 1
1gG4 27 0 1 3 0
Grand total 46 2 7 7 4

Data reflect 1-2 independent experiments.
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