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SUMMARY

Pemphigus vulgaris (PV) is an autoimmune disease characterized by blistering sores on skin and
mucosal membranes, caused by autoantibodies primarily targeting the cellular adhesion protein,
desmoglein-3 (Dsg3). To better understand how Dsg3-specific autoantibodies develop and cause
disease in humans, we performed a cross-sectional study of PV patients before and after treatment
to track relevant cellular responses underlying disease pathogenesis, and we provide an in-depth
analysis of two patients by generating a panel of mAbs from single Dsg3-specific memory B cells
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(MBCs). Additionally, we analyzed a paired sample from one patient collected 15-months prior
to disease diagnosis. We find that Dsg3-specific MBCs have an activated phenotype and show
signs of ongoing affinity maturation and clonal selection. Monoclonal antibodies (mAbs) with
pathogenic activity primarily target epitopes in the extracellular domains EC1 and EC2 of Dsg3,
though they can also bind to the EC4 domain. Combining antibodies targeting different epitopes

synergistically enhances /n vitro pathogenicity.

Graphical Abstract

In Brief

Cho et al. use single-cell sorting methods to detect and characterize autoantigen-specific memory
B cells before and during the development of pemphigus vulgaris disease. They find that memory
B cells undergo ongoing affinity maturation to generate a limited repertoire or pathogenic
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antibodies, which work synergistically to enhance overall pathogenic activity.

INTRODUCTION

Pemphigus vulgaris (PV) is a human autoantibody-mediated disease (Anhalt et al., 1982;

Beutner and Jordon, 1964; Mascard et al., 1997) in which patients experience painful
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blistering sores on skin and mucosal membranes (Lever, 1953). The primary autoantigenic
target of PV is the protein desmoglein-3 (Dsg3) (Amagai et al., 1994, 1992, 1991, 1996).

Dsg3 is a transmembrane glycoprotein that mediates #ransand cis adhesive interactions
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necessary for assembly of the desmosome (Amagai et al., 1991; Boggon et al., 2002;
Harrison et al., 2016; Wu et al., 2010), which is a cell-to-cell adhesive structure found

in epidermal keratinocytes (Delva et al., 2009; Kowalczyk and Green, 2013). Targeting
Dsg3 has been shown to be both necessary and sufficient to cause disease using /7 vitro
and murine /n vivo models of PV (Amagai et al., 1994, 1996; Ishii et al., 2005; Koch et

al., 1997). While PV patients with disease limited to mucosal tissues have autoantibodies
directed solely toward Dsg3, patients with mucocutaneous PV can also have autoantibodies
targeting the homologous protein Dsgl (Ding et al., 1997).

Unlike many autoimmune diseases that have poorly characterized or multiple autoantigenic
targets (Robert-Pachot et al., 2007; Sherer et al., 2004), the identification of a single,
well-defined autoantigen makes PV a unique human disease to study B cell-mediated
autoimmunity at an antigen-specific level. While B cell-derived autoantibodies clearly drive
PV pathogenesis (Amagai et al., 1994, 1992,1991,2000; Anhalt et al., 1982), it remains
unclear which subset of B cells contributes to serum autoantibody responses or where these
cells may reside (Colliou et al., 2013; Nishifuji et al., 2000; Yuan et al., 2017; Chen et al.,
2017). Studies of other organ-specific autoimmune diseases suggest that memory B cells
(MBCs) found in circulation play a crucial role in autoimmunity (Maurer et al., 2012; Muto
etal., 2017).

Dsg3-specific monoclonal antibodies (mAbs) from PV patients have been studied using
antibody phage display (APD) (Payne et al., 2005) and generation of hybridomas from
MBCs (Di Zenzo et al., 2012; Qian et al., 2007; Yeh et al., 2006). These studies have

been informative for our understanding of the functional qualities of Dsg3-specific mAbs.
However, while APD is a powerful tool to screen large numbers of cells, it artificially pairs
heavy and light chains that may not represent the cognate pairings of the repertoire present
in vivo (Hammers and Stanley, 2014). In contrast, hybridomas generated from MBCs do
retain the natural heavy and light chain pairings, but they are labor intensive and often result
in smaller numbers of antigen-specific mAbs to be analyzed (Corti and Lanzavecchia, 2014).
Overall, these studies have isolated Dsg3-specific mAbs with varying levels of repertoire
diversity and were found to have a mix of “pathogenic” and “non-pathogenic” activity (Di
Zenzo et al., 2012; Payne et al., 2005), leading to ongoing questions about how antibodies
cause pathology. Current models suggest that pathogenic autoantibodies target epitopes
crucial for Dsg3-mediated desmosomal adhesion and mainly act by steric hinderance (Di
Zenzo et al., 2012; Amagai et al., 1992), though they may also engage signaling pathways
(Mao et al., 2011) or trigger endocytosis and degradation of Dsg3 (Calkins et al., 2006; Saito
etal., 2012; Stahley et al., 2014, 2016). While it remains unclear how Dsg3-specific mAbs
develop, evidence from other autoimmune diseases such as lupus suggest that autoantibodies
develop prior to disease onset, and accumulation of autoantibodies ultimately drive disease
pathogenesis (Arbuckle et al., 2003). Thus, it is important to study mAbs in order to
understand how they develop and cause autoimmunity, ultimately guiding efforts to develop
effective therapies to treat PV.

Herein, we determine the dynamics of Dsg3-specific B cell responses in PV patients at the
time of diagnosis or after treatment with B cell depletive therapy. We show that the detection
of activated Dsg3-specific MBCs correlates with the presentation of disease symptoms,
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while circulating Dsg3-specific plasmablasts remained undetectable in all samples analyzed.
We derived and characterized a large panel of mAbs from single Dsg3-specific MBCs sorted
from two PV patients at the time of diagnosis. We also had access to a unique paired

clinical sample collected 15 months prior to disease onset from one of the donors, which
allowed us to show that autoreactive cells were present prior to disease onset. Our study
suggests that MBCs play an important role in PV pathogenesis and that ongoing affinity
maturation and clonal restriction drive the development of pathogenic mAbs that bind a
limited number of epitopes on Dsg3. We also found that the onset of disease symptoms
correlates with an increase in the frequency of antibodies with pathogenic activity, and
multiple pathogenic antibodies targeting distinct epitopes act in synergy to amplify the
overall pathogenic potency.

Activated Dsg3-Specific MBCs Are Found in PV Patients Presenting with Active Disease

In order to understand the dynamics of autoreactive B cell responses in PV patients, we
performed a cross-sectional analysis of PV patients at the time of diagnosis, or at remission
or relapse after treatment with the B cell-depletive therapy Rituximab (Rtx) (Joly et al.,
2017). Overall, 32 patients were enrolled, with 9 patients followed longitudinally throughout
treatment, resulting in a total of 54 samples analyzed. Because reconstitution of the B

cell compartment typically begins 6-9 months post-therapy (Breedveld et al., 2007), we
analyzed samples only from remission and relapse patients who were =6 months post-Rtx
treatment (median 13 or 15 months, respectively) with comparable frequencies of B cells
(median8% of lymphocytes) to PV patients at diagnosis (median 8.5%) and healthy controls
(median 9.5%) (Table S1).

Anti-Dsg3 serum antibodies were detected in 95% (16/17) of the PV patients at the time

of diagnosis but were absent in all 11 healthy controls (Figure 1A). The one patient with
low titers had previous clinical data reporting titers reaching 173 U/mL, suggesting that
the low titer at this particular time point is likely driven by concomitant medications.
Anti-Dsg3 titers dropped below the limit of detection after Rtx therapy in 80% (8/10) of
the remission patients. In contrast to most patients who respond to Rtx with a decrease in
anti-Dsg3 serum titers (Figure S1A), two remission patients maintained high titers against
Dsg3 despite efficient depletion of the B cell compartment (Figure S1B). 88% (15/17) of
relapsing patients had detectable serum anti-Dsg3 titers. Anti-Dsgl serum titers were only
detected in 41% (7/17) of PV patients at diagnosis and 29% (5/17) at relapse, but they were
absent from all patients at remission (Figure S1C). The presence of anti-Dsg1 titers was
limited to mucocutaneous PV patients, although 43% (6/14) of these patients had serum
titers against only Dsg3 (Table S1), similar to previous reports (Culton et al., 2015; Ding et
al., 1997; Harman et al., 2001). Unlike serum autoantibody titers, which decrease after Rtx
treatment (Figure S1D), protective titers against tetanus remained unaffected (Figure S1E).

We also determined if Dsg3-specific MBCs could be detected in these patients using an
enzyme-linked immune absorbent spot (ELISPOT)-based assay (Pinna et al., 2009) (Figure
1B). Similar to the serology data, we detected Dsg3-specific MBCs in 94% (16/17) of PV
patients at the time of diagnosis and 53% (9/17) of the relapse patients, whereas these
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cells were absent in healthy controls and present in only 20% (2/10) of remission patients
(Figure 1C). The frequency of Dsg3-specific MBCs correlates positively with levels of
anti-Dsg3 serum titers (Figure S1F), suggesting that peripheral MBCs directly replenish
short-lived antibody-secreting cells responsible for serum autoantibodies. It remains unclear
if the presence of Dsg3-specific MBCs in relapsing patients are a result of newly generated
MBC:s, or of the expansion of MBCs that survived Rtx-mediated depletion (Cho et al., 2017;
Hammers et al., 2015). Overall, the presence of Dsg3-specific MBCs in diagnosis patients
and the re-emergence of these cells during disease relapse confirm the importance of these
cells in PV pathogenesis.

By focusing on the two patients with the highest frequencies of Dsg3-specific MBCs (Figure
1C), we detected Dsg3-specific MBCs by flow cytometry at a 100-fold-higher frequency
than background staining in healthy controls (Figure 1D). Dsg3-specific cells expressed

the classical MBC marker CD27 (Figure 1E), excluding these cells from the atypical
IgD-CD27- MBCs described in other autoimmune diseases (Claes et al., 2016; Jenks et

al., 2018; Saadoun et al., 2013). Interestingly, Dsg3-specific MBCs expressed the activation
marker CD71, which was recently shown to be transiently expressed on newly generated
MBC:s in healthy influenza vaccinees (Ellebedy et al., 2016). Similar to that study, we found
that in healthy controls, recently activated CD71+ hemagglutinin (HA)-specific MBCs were
detected on day 7 post-influenza vaccination, whereas resting-specific MBCs found on day
28 post-vaccination were CD71 negative (Figure 1F). CD71 expression on Dsg3-specific
MBCs suggests that these cells were recently activated and are part of ongoing immune
responses, affirming their relevance to PV pathogenesis.

We also enumerated Dsg3-specific plasmablasts in peripheral blood of symptomatic PV
patients (Figures S2A and S2B). Despite the presence of activated Dsg3-specific MBCs

in circulation, we were unable to detect any Dsg3-specific antibody-secreting plasmablasts
(Figure S2C), similar to previous reports (Nishifuji et al., 2000). This finding contrasts
extensive literature describing potent circulating plasmablast responses after vaccination or
infection (Ellebedy et al., 2016; Kauffman et al., 2016; Tipton et al., 2015; Wrammert et al.,
2012, 2008). This suggests that serum autoantibodies in PV patients are likely produced by
locally differentiated plasmablasts found in tissues such as lymphoid organs or skin and/or
mucosae (Yuan et al., 2017). Overall, the data confirm that Dsg3 is an important target in PV
and that activated MBCs play an important role in disease pathogenesis.

Generation of High-Affinity Autoreactive MBCs via Extensive Affinity Maturation

We next performed an in-depth single-cell analysis of MBCs. Heavy and light
immunoglobulin (1g) rearrangements were PCR amplified from single Dsg3-specific MBCs
sorted from patients ISD068 and 1SD102 (Smith et al., 2009) and used for both repertoire
analysis and generation of mAbs (Figure 2A). Overall, we analyzed 32 cells from each
patient. The MBCs were largely class-switched, with the IgG1 isotype most prominently
used (Figure 2B). We also detected several 1gG4 sequences (Vidarsson et al., 2014), similar
to previous reports that IgG1 and 1gG4 isotypes are preferentially used by PV autoantibodies
(Futei et al., 2001). A small number of Dsg3-specific MBCs used the IgAL isotype, as
previously described (Ellebrecht et al., 2018; Mentink et al., 2007; Spaeth et al., 2001).
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Similar isotype usage was observed in Dsg3-specific serum antibodies of these patients
(Figure S3) as tested by ELISA using subclass-specific reagents confirmed to have no cross
reactivity when tested against recombinant subclass-switched mAbs (data not shown).

We observed that about 50% of the analyzed sequences shared clonal origins with at
least one other cell (Figure 2C). This is higher than the average frequency of clonal
expansions detected in infection-induced plasmablasts, which is typically around 20%

in influenza-, dengue-, and cholera-infected patients (Kauffman et al., 2016; Priyamvada
et al., 2016; Wrammert et al., 2011). When looking at the V gene usage of clonal
expansions specifically, we observed a preference for Vi gene usage within each patient,
but not between the two patients. Analysis of somatic hypermutations (SHMSs) in these
rearrangements showed that Dsg3-specific MBCs are highly mutated, comparable to
infection-induced plasmablasts (Figure 2D) (Pauli et al., 2014; Priyamvada et al., 2016;
Wrammert et al., 2011). Additionally, the ratio of replacement (R) to silent (S) mutations
showed a high R/S ratio within the complementarity-determining regions (CDRs), well
above the random frequency of 2.9 (Figure 2E) (Doérner et al., 1997), implying that these
MBCs have undergone affinity maturation in germinal center reactions. Overall, these data
suggest that a small pool of clonally restricted and affinity-matured MBCs dominates the
autoimmune response in these patients.

To further characterize the Dsg3-specific responses, we recovered 44 mAbs generated from
rearrangements observed during repertoire analysis of MBCs (Table S2). Using an ELISA,
we found that 93% (41/44) of the mAbs bound to rDsg3 with high to moderate affinity
(Figure 2F). To determine if these autoantibodies were cross reactive (Tiller et al., 2007), we
also assessed binding against irrelevant antigens such as Dsg1, influenza HA, and cholera
toxin B subunits (Figure 2F). Although Dsgl is 65% homologous to Dsg3 (Amagai et al.,
1992), only two mAbs had binding activity toward Dsgl, while no mAbs cross reacted with
influenza or cholera proteins. To assess if any of the mAbs bound to quaternary epitopes
that may have been altered during the coating of rDsg3 to ELISA plates, we also tested their
binding to native Dsg3 expressed on the surface of primary human keratinocytes (Figure
S4A) (Saito et al., 2012; Stahley et al., 2014) and an immortalized cell line of human
keratinocytes (HaCaTs) (Figure S4B) (Denning et al., 1998). These assays reaffirmed the
binding of mAbs against Dsg3 (Figure S4C) and showed that the ELISA did not miss any
Dsg3-specific mAbs. Thus, single-cell analysis of sorted Dsg3-specific MBCs provided a
large set of antigen-specific mAbs for further functional analyses.

Human Pathogenic mAbs Bind to the EC1, EC2, or EC4 Domains of Dsg3

The extracellular portion of Dsg3 consists of five cadherin domain repeats (EC1-EC5)
(Harrison et al., 2016). The EC1 domain lies at the N terminus of Dsg3, while the EC5
domain is closest to the cell surface (Amagai et al., 1991). To determine the domain
specificity of the Dsg3-specific mAbs, we used chimeric proteins in which the extracellular
domains from Dsg3 were swapped into the backbone of Dsg2, a homologous protein to
which no cross reactivity has been described (Ohyama et al., 2012). These constructs were
incubated with the individual mAbs, followed by a pull-down assay to determine specificity.
For mAbs that did not bind these constructs, further testing was done using chimeric
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proteins in which sections of Dsg3 spanning the junction between several domains were
swapped into a Dsgl backbone (Futei et al., 2000) to determine if these mAbs bound to
conformational interdomain epitopes (Figure 3A). In order to pair domain specificity of each
mAb with functionality, we also tested their pathogenicities using an /n vitro keratinocyte
dissociation assay (Figure 3B) (Ishii et al., 2005). Pathogenicity measured by this /n7 vitro
assay often aligns with the ex vivo and /n vivo pathogenic activity of mAbs (Di Zenzo et al.,
2012; Ishii et al., 2005; Kawasaki et al., 2006; Payne et al., 2005). However, it is possible
that the /n vitro assay may not directly reflect the ability to cause suprabasal acantholysis of
human skin tissue /n vivo. Thus, mAbs described herein as having pathogenic activity will
be in reference to their ability to cause /n vitro keratinocyte dissociation.

We found that 68% (30/44) of the mAbs bound to either the EC1 or EC2 domains, while
14% (6/44) of mAbs bound to the EC4 domain, and 18% (8/44) bound to interdomain
epitopes found within the first 258 amino acids at the N term of Dsg3 (Figure 3C).
Additionally, we detected several mAbs with significantly higher pathogenic potency than
the positive control AK23, a widely used mouse mAb with pathogenic activity both /n vitro
and /n vivo (Ishii et al., 2005; Tsunoda et al., 2003). Interestingly, these highly pathogenic
mADbs bound to the EC1 domain. It is thought that pathogenic antibodies primarily targeting
EC1 and EC2 domains function by sterically hindering #ransand cis adhesive interfaces
found on Dsg3 (Amagai et al., 1992; Di Zenzo et al., 2012). In fact, most of the mAbs with
pathogenic activity appear to target the EC1 or EC2 domains, although interdomain-binding
mADbs that also bind the N terminus of Dsg3 have low to no pathogenic activity. We also
found several EC4-specific mAbs with pathogenic activity comparable to AK23. To our
knowledge, this has not been previously described in the literature. Future research of how
these mAbs cause pathogenicity will contribute to our understanding of PV pathogenesis
(Figure 3D).

We noticed that mAbs derived from ISD102 appeared to show higher pathogenic potency
than mAbs from ISD068. This observation correlates with the fact that 1ISD102 had more
severe disease symptoms than ISD068, as measured by the Pemphigus Disease Area Index
(PDAI) score, which is used clinically to assess the location, number, size, and damage of
lesions (Daniel et al., 2012; Grover, 2011). ISD102 had a score of 36, while ISD068 scored
8 (Table S1). Because both patients have similar quantities of anti-Dsg3 serum antibodies
(Table S1), it appears that the functional quality of individual mAbs correlates with disease
severity. Overall, we found that while EC1 and EC2 are the primary target of mAbs with
pathogenic activity, EC4-specific mAbs with pathogenic potential also exist.

Restricted V Gene Usage of mAbs Targeting a Limited Number of Individual Epitopes on

Dsg3

To characterize epitope specificity of Dsg3-specific mAbs, we developed a flow cytometry-
based competition assay by inhibiting the binding of a biotin-labeled mAb to HaCaTs
using a 50-molar excess of unlabeled competitor antibodies. Only biotinylated-mAbs that
had a mean fluorescence intensity (MFI) signal 1.5-fold greater than the negative control
were used in this assay. Thus, we analyzed 18 mAbs from ISD068 (Figure 4A) and 14
mAbs from ISD102 (Figure 4B). Overall, we detected five non-overlapping epitopes: two
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epitopes within EC1 (named EC1A and EC1B), one epitope within EC2 (named EC2A),
and two epitopes within EC4 (named EC4A and EC4B). As expected, mAbs derived from
the same clonal expansion had similar epitope specificities. Additionally, no specific epitope
was preferentially targeted by mAbs with pathogenic activity, though the highly pathogenic
mAbs from ISD102 all bound the EC1A epitope. Similar epitopes were targeted in both

of the donors analyzed, as mAbs that bound the EC1A and EC4B epitopes also competed
between the two patients (Figures S5A and S5B). These five epitopes were also frequently
targeted in other PV patients, especially the EC1A epitope, as determined by competition
ELISAs where patient serum was used to block the binding of a representative biotinylated-
mAb specific for one of the five major epitopes (Figure S5C). Interestingly, the EC1-specific
mouse mAb AK23 did not appear to bind any of the five epitopes (Figure S5D). Future
experiments comparing human- and mouse-derived Dsg3-specific mAbs will provide insight
into whether there are species-dependent biases in immunodominant epitopes.

We observed restricted repertoires of mAbs that targeted specific epitopes. EC1A-binding
mAbs primarily used VH1-46/ V2-24 genes (Figure 4B), while EC2A-binding mAbs used
VH1-2 and V4-39 heavy chain genes with a limited repertoire of V3-11, V3-15, and
Vk1-5 light chain gene usage (Figure 4A). Interestingly, similar V gene usage has been
described in previous publications. EC1-specific mAbs with V41-46 gene usage, some
even using the V2-4 light chain (Cho et al., 2014; Yamagami et al., 2010), as well as
EC2-specific mAbs with Vy1-2/V3-11 and Vi4-39/V3-15 gene usage (Di Zenzo et al.,
2012), have been detected in other patients. This suggests that there may be genetic factors
underlying autoantibody development in PV.

Dsg3-Specific B Cell Responses Are Present Prior to Disease Onset, with Extensive
Ongoing Affinity Maturation of MBCs Correlating with the Presentation of PV Symptoms

We had access to banked peripheral blood mononuclear cell (PBMC) and serum samples
from donor ISD068 from a different study, collected 15 months prior to disease onset,
during which the patient was asymptomatic (Figure 5A). This provided us with an exciting
opportunity to investigate the development of Dsg3-specific B cells at a single-cell level. As
previously described (Figure 1A), healthy controls have no anti-Dsg3 serum titers, whereas
PV patients at diagnosis have high titers. However, even prior to disease onset, ISD068
displayed elevated titers against Dsg3 (72 U/mL), increasing 3-fold by the time the patient
was diagnosed with PV (Figure 5B). Similarly, Dsg3-specific MBCs were also readily
detected at pre-onset, albeit at a lower frequency than at diagnosis (Figure 5C). These cells
displayed a CD71+ activated phenotype, suggesting that ongoing immune responses were
occurring at least as early as 15 months prior to diagnosis.

We next performed single-cell analyses of Dsg3-specific MBCs to compare the responses
at pre-onset to diagnosis, including 46 sequences per time point. The frequency of clonal
expansions increased from 22% at pre-onset to 54% at the time of diagnosis. Additionally,
we detected eight distinct clones that persisted from pre-onset to diagnosis (Figure 5D).
While the limited number of cells analyzed does not allow for complete characterization,
we noticed that five of the largest clonal expansions detected at diagnosis were derived
from clones that were present pre-onset, suggesting that MBC responses at diagnosis
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largely derive from the maturation of existing clones generated prior to disease onset, and
clonal focusing and antigenic selection drive disease pathogenesis. Additionally, there was a
significant increase in the number of SHMs found in the Vy genes of Dsg3-specific MBCs
at diagnosis compared to pre-onset (Figure 5E), confirming the continuous ongoing affinity
maturation of MBCs over time. There was no significant difference in the R/S ratio in

the CDRs of MBCs when comparing pre-onset to diagnosis (Figure S6A), suggesting that
Dsg3-specific MBCs undergo affinity maturation at least as early as 15 months prior to
disease onset.

Next, we generated mAbs from the pre-onset time point to compare their functionality

to those at diagnosis (n = 25 per time point) (Table S2). Using an ELISA, we found

that the relative affinity of mAbs against Dsg3 increased significantly from pre-onset to
diagnosis (Figure 5F), confirming that affinity maturation occurred overtime. Three mAbs
with binding activity below the cut-off value were removed from subsequent analyses. We
next assessed the /n vitro pathogenicity of these mAbs and found that there was a significant
increase in both the pathogenic potency (Figure 5G) and the frequency of mAbs with
pathogenic activity found in the patient from pre-onset to diagnosis (Figure 5H). When
comparing only mAbs derived from persisting clones found at both pre-onset and diagnosis,
we found that they also showed a significant increase in affinity (Figure S6B), as well as a
trend toward a significant increase in pathogenic activity (Figure S6C). Notably, pathogenic
mADbs had significantly higher relative affinities than non-pathogenic mAbs at the diagnosis
time point, but not at pre-onset (Figure 51), suggesting that disease is driven by active
selection for affinity and pathogenic activity. When using the flow-based competition assay,
we found that the overall profile of overlapping epitopes at pre-onset (Figure S7A) was
similar compared to at the diagnosis (Figure S7B). At both time points, about 70% of mAbs
bound the EC2A epitope, while the rest of the mAbs largely targeted the EC1A epitope.

No EC4A or EC4B epitope-binding mAbs were detected at the pre-onset time point. Thus,
epitope spreading does not appear to contribute to PV pathogenesis. The repertoire of mAbs
targeting the EC2A epitope at pre-onset was broader than the limited Vy4-39 and V1-2
gene usage that was detected at diagnosis, again suggesting that a small number of MBCs
are being actively selected in response to Dsg3 and driving PV pathogenesis.

Dsg3-Specific mAbs Fail to Bind the Autoantigen in Their V Gene Germline Configurations

To define the origin of Dsg3-specific MBCs, we selected 10 mAbs each from 1SD068 and
ISD102 at the time of diagnosis and reverted them to their germline forms by removing
all mutations detected in the Vi and V|_genes. These mAbs were selected to represent
the epitope breadth described for each patient (Table S3). We found that almost all mAbs
were unable to bind Dsg3 when reverted to its germline form (Figure 6A), suggesting
that high-affinity Dsg3-specific MBCs originated either from non-autoreactive precursors
or very low-affinity naive cells, and that SHMs are an essential component of developing
PV autoantibodies. Despite previous publications that suggest that VV1-46 gene usage
allows mADbs to bind Dsg3, even in germline-reverted form (Cho et al., 2014), none

of our V41-46 germline-reverted mAbs bound Dsg3 (Table S3). However, we detected

a single mAb (ISD068 P1E3) that was able to bind Dsg3 when reverted to germline.

This mAb uses a V3-33 rearrangement. Interestingly, the mutational load of P1E3 was
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notably lower compared to the other mAbs (Figure 6B) and did not show signs of having
undergone antigenic selection, as evidenced by the low R/S ratio in the CDRs (Figure

6C). Overall, most Dsg3-specific B cells likely originate from non-autoreactive precursors
through mechanisms such as molecular mimicry or by activation of very low-affinity naive
cells, and SHMs are important to generate high-affinity Dsg3-specific antibody responses.

Pathogenic Potency Increases Synergistically through Targeting Multiple Domains in Dsg3

Based on our earlier observation that development of PV is mediated by the selection

of pathogenic mAbs (Figure 5G) and an increase in the frequency of pathogenic mAbs
(Figure 5H), we hypothesized that multiple mAbs with pathogenic activity will work
synergistically to enhance the overall pathogenic potency. To address this issue, we selected
three pathogenic mAbs that targeted distinct epitopes on Dsg3 and tested titrated amounts
of antibodies to assess their individual /n vitro pathogenicities compared to when the

three mAbs were combined in equal ratios to each other (Figure 7A). We found that the
combination of the three mAbs had a higher dissociation index (DI) compared to what we
observed when measuring any single mAb alone. This synergy was especially clear when
mAbs were tested at a concentration of 0.12 pg/mL. At this point, the EC1-specific mAb had
robust pathogenic activity, while the EC2- and EC4-specific mAbs had activity barely above
the cut-off value. However, combining the three mAbs increased the overall pathogenic
signal, such that it was over 2-fold higher than the anticipated additive value of the DI
numbers of the three mADbs at this concentration (Figure 7B). Overall, this suggests that
multiple pathogenic antibodies can act synergistically to promote pathogenicity by targeting
multiple Dsg3 epitopes.

DISCUSSION

In the current study, we show that activated Dsg3-specific MBCs are readily detected in
patients with active disease. The mAbs produced by these cells target a restricted number

of distinct epitopes on Dsg3, have a restricted V gene repertoire with signs of extensive
affinity maturation, and can work synergistically to enhance pathogenicity. A unique sample
obtained over a year before the disease onset allowed us to show that in the absence of
disease symptoms, activated Dsg3-specific MBCs were readily detected at pre-onset, and
MBCs undergo extensive affinity maturation and clonal focusing over time during PV
pathogenesis.

To understand the dynamics of B cell responses in PV patients, we analyzed serum antibody;,
MBC, and plasmablast responses at the time of diagnosis and at remission or relapse

after Rtx therapy. All the PV patients responded to Rtx therapy with improved clinical
symptoms, and most patients in remission lacked anti-Dsg3 titers. Our study, among others,
has shown that while anti-Dsg3 titers drop with Rtx treatment, tetanus titers are unaffected
(Mougquet et al., 2008). Thus, it is clear that disease is not mediated by bone marrow
resident long-lived plasma cells, which do not express CD20 and are non-responsive to

Rtx (Halliley et al., 2015). This suggests that while tolerance is disrupted in PV patients,
allowing for the formation of autoreactive B cells, there are mechanisms in place that
preclude their development into long-lived plasma cells. Based on our finding that the
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frequency of Dsg3-specific MBCs correlates positively with anti-Dsg3 serum titers detected
in PV patients at the time of diagnosis, short-lived autoreactive plasmablasts are likely
continuously replenished from the MBC pool. We found that these MBCs were activated and
expressed the classic memory marker, CD27, excluding them from the IgD-CD27- atypical
MBCs described in other autoimmune diseases (Claes et al., 2016; Jenks et al., 2018;
Saadoun et al., 2013). Further phenotypic analyses of these cells will provide additional
insight into their functional qualities. Interestingly, we and others were unable to detect
Dsg3-specific plasmablasts in peripheral blood (Nishifuji et al., 2000). One interpretation
of this is that activated MBCs can migrate to affected areas of skin and/or mucosae and
differentiate locally into plasmablasts, which could be the source of the intercellular 1gG
deposits found in the epidermal lesions of PV patients (Witte et al., 2018). This hypothesis
is supported by our observation that the frequency of Dsg3-specific MBCs correlates with
serum autoantibody titers, as well as a recent study that showed that Dsg3-specific B cells
are present in affected skin of PV patients (Yuan et al., 2017). It might also explain the

two donors in clinical remission that still maintained high anti-Dsg3 serum titers despite
Rtx-mediated depletion of peripheral B cells. It is possible that these two donors developed
long-lived, Dsg3-specific plasma cells resistant to Rtx. However, the improved clinical
responses in these patients may be a result of MBC depletion, resulting in a reduced
differentiation of plasmablasts /n7 situand a decrease in pathogenic anti-Dsg3 antibodies in
the skin. It is also possible that the large number of anti-Dsg3 serum antibodies from these
remission patients was higher than the maximum signal detected by the clinical anti-Dsg3
ELISA, and decreases in anti-Dsg3 serum titers after Rtx treatment were undetectable due
to limitations of the assay (Joly et al., 2017). While this issue remains highly speculative,
future studies on skin-resident B cells will address these questions.

Single-cell repertoire analysis of the Dsg3-specific MBCs from ISD068 and ISD102 at

the time of diagnosis showed that these cells were class switched, highly mutated, and
clonally restricted. The majority of Dsg3-specific MBCs were 1gG1, although 1gG4 and
IgAl isotype usage was also observed, similar to the isotype usage described for serum
autoantibodies in PV patients (Futei et al., 2001; Mentink et al., 2007; Spaeth et al., 2001).
The preference for IgG1 and 1gG4 isotype usage of Dsg3-specific antibodies indicates that
isotypes impact antibody function. However, previous studies showed that F(ab)s (antibodies
lacking the Fc domain) can cause PV-like symptoms in mouse models (Mascaro et al.,
1997) and that changing the isotype of a mAb from IgG1 to IgG4 has no impact on its /n
vitro function (Lo et al., 2016). Thus, subclass bias may merely be a consequence of the
cytokine milieu provided by Th1/Th2 Dsg3-specific T cell responses (Eming et al., 2014;
Veldman et al., 2003). To our knowledge, no studies exist on the role of IgA isotype on

the function of Dsg3-specific mAbs, although this may be relevant considering that IgA1
has been associated with oral mucosal tissue (Korsrud and Brandtzaeg, 1980), which can be
affected by PV. Future studies detailing how isotypes contribute to disease will be important
in understanding the function of Dsg3-specific antibodies.

From the single-cell-derived sequences, we generated a panel of 44 mAbs from two

patients. Of these, 41 mAbs were specific for Dsg3. Although autoreactive mAbs are often
polyreactive (Tiller et al., 2007), these mAbs had no cross reactivity with irrelevant influenza
HA and cholera toxin B subunit antigens. Only two mAbs had binding activity against Dsg1,
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which is 65% homologous to Dsg3 (Amagai et al., 1991). Domain-mapping experiments
showed that most of the mAbs bound to the EC1 and EC2 domains of Dsg3, although
several mAbs in both patients were found to bind the EC4 domain or interjunctional epitopes
at the N terminus of Dsg3. Competition assays defined only one or two sterically distinct
epitopes in each domain, with a total of five epitopes identified. Interestingly, several of

the EC1-specific mAbs had pathogenic potency up to 3-fold higher than the archetypical
pathogenic mouse mAb, AK23 (Tsunoda et al., 2003). These mAbs were derived from
ISD102, who had worse disease symptoms than ISD068, suggesting that the pathogenic
quality of individual mAbs contributes to disease severity. Competition assays showed that
these mAbs bound the same EC1A epitope, which is distinct from the epitope targeted by
the EC1-specific AK23. This suggests that epitopes relevant to human disease may not be
recapitulated by mouse models, and further characterization of human-versus mouse-derived
mAbs (Tsunoda et al., 2003) will provide a better understanding of PV pathogenesis.

The highly pathogenic mAbs targeting the EC1A epitope had a restricted repertoire usage
of V{1-46/V2-24. We also noticed a narrowing in repertoire usage of EC2-specific mAbs,
which had a preference for V4-39 and VV1-2 heavy chains, with V1-5 and V3-15 light
chain usage. Although we did not detect the same rearrangements in both donors, despite
similar epitopes being targeted, other laboratories have also described EC1-domain-specific
mADbs using V{1-46/V2-24 (Cho et al., 2014; Yeh et al., 2006) and EC2-domain-specific
mADbs using V1-2/V1-5 and V4-39/V3-15 (Di Zenzo et al., 2012). Because restricted
repertoires appear to be epitope dependent, repertoire analysis may provide information of
which immune-dominant epitopes are targeted in patients, guiding future efforts to provide
personalized treatment options for patients. Limited repertoire usage has also been described
in other diseases, including influenza (Wrammert et al., 2011), HIV (Bonsignori et al.,
2016), and systemic lupus erythematosus (SLE) (Pugh-Bernard et al., 2001; Tipton et al.,
2015). Restricted V gene repertoires suggest that underlying genetic factors may drive
antibody responses, such as certain germline V genes that may have inherent autoreactivity
to Dsg3 (Cho et al., 2014), or the existence of a consensus sequence of pathogenic Dsg3-
specific mAbs (Yamagami et al., 2010). Further studies on repertoire usage will contribute
to our understanding of how autoantibodies break tolerance. A recent publication using
proteomics approaches showed that only 20% of the anti-Dsg3 serum antibody repertoire
overlapped with sequences obtained through phage display (APD) analyses of PBMCs
(Chen et al., 2017), suggesting that serum autoantibodies likely derive from B cells not
found in circulation. However, studies of influenza and tetanus responses have shown similar
differences between single-cell data and proteomics data (Lavinder et al., 2014; Lee et al.,
2016). In the case of tetanus, dominant clonal expansions found in single-cell analyses are
commonly represented in proteomics analyses, while rare rearrangements are less so. While
single-cell technology has been used extensively over the last decade to address repertoire
questions and generate and characterize antigen-specific mAbs, these approaches all have
inherent technical shortcomings. In the case of APD, this approach is a very powerful tool
to assess a large number of PBMC:s to find rare antibody specificities. However, repertoire
analysis can be skewed by over-representation of plasmablast-derived mRNA in the PBMC
libraries, extensive panning that can alter the repertoire breadth, and a lack of information
on the cognate heavy and light chain pairing of individual cells. Overall, our repertoire
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data align with the proteomics-based repertoire breadth observed by Chen et al. (2017), but
future studies to directly compare the relationship among autoreactive peripheral MBCs,
tissue-resident B cells, and serum antibodies will further clarify the relationship among these
compartments.

While most of the pathogenic mAbs bound the EC1 and EC2 domains, we also detected
EC4-domain-specific mAbs with pathogenic activity comparable to AK23. The epitopes
mediating fransand cis interactions lie in the EC1 and EC2 domains (Boggon et al., 2002;
Harrison et al., 2016; Wu et al., 2010), and EC1- and EC2-specific antibodies are thought

to cause pathogenicity by sterically hindering these adhesive interactions (Di Zenzo et al.,
2012; Tsunoda et al., 2003). However, the detection of EC4-specific mAbs with pathogenic
activity suggests that additional mechanisms contribute to pathogenicity. Distinct from other
cadherins, Dsg3 has a prominent kink present between the EC3 and EC4 domains induced
by calcium-binding sites (Harrison et al., 2016). It is possible that this allows for optimal
presentation of epitopes within the EC3 or EC4 domains, and binding these epitopes may
induce conformational changes to Dsg3 and impact its function. Additionally, EC4-specific
mAbs may potently engage signaling pathways and induce the endocytosis and degradation
of Dsg3 (Calkins et al., 2006; Mao et al., 2011; Saito et al., 2012; Stahley et al., 2014, 2016).
Current efforts are being made to develop therapies targeting the depletion of pathogenic
Dsg3-specific B cells using chimeric autoantibody receptor T cells, possibly in a domain-
specific manner (Ellebrecht et al., 2016). While previous studies suggest that domains EC1
and EC2 are primarily targeted by pathogenic mAbs (Amagai et al., 1992; Di Zenzo et al.,
2012), our data show EC4-specific pathogenic mAbs exist, and comprehensive therapies that
deplete pathogenic Dsg3-specific B cells regardless of domain specificity may be necessary
to treat disease. Ongoing efforts to determine how EC4-specific mAbs cause pathogenicity
both in vitroand in vivo may elucidate mechanisms underlying disease pathogenesis and
guide the discovery of long-lasting therapies for PV patients.

We had access to a unique paired sample collected from patient ISD068 15 months prior

to PV onset, when the patient was asymptomatic. This gave us an opportunity to study

the development of autoimmune responses at a single-cell level. We found that both Dsg3-
specific serum titers and activated MBCs could be readily detected 15 months prior to
developing disease. Even at pre-onset, MBCs had high levels of clonality and SHMs,
suggesting that these cells had already undergone antigen selection and affinity maturation.
In contrast, germline-reverted mAbs were generally unable to bind Dsg3, indicating that
disease-causing MBCs likely originate from non-autoreactive B cell precursors or naive
cells of very low affinity. It remains unclear what initial trigger activates these precursors,
although it is possible that molecular mimicry may drive initial responses against Dsg3
(Cho et al., 2016; Lin et al., 2019), which is also a mechanism proposed for the related
endemic form of pemphigus, fogo selvagem (Qian et al., 2012). While previous publications
have shown that some germline-reverted mAbs with VV1-46 gene usage are able to bind to
Dsg3 (Cho et al., 2014), none of our Vy1-46 mADbs retained binding activity in germline
form. However, we did detect one mAb that bound Dsg3 in its germline-reverted form. This
mAb was distinct in its use of the V43-33 gene and EC4-specificity but was similar to the
previously described germline-reverted V1-46 antibodies in that our patient-derived mAb
also had a low number of mutations, and R/S analysis showed no signs of affinity selection.
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Thus, it is also possible that rare low-affinity naive B cells can be directly recruited and
activated in response to Dsg3. Identification of additional germline-reverted mAbs that can
bind to Dsg3 or detection of low-affinity antigen-binding naive B cells (Taylor et al., 2015)
will provide further insight into the origins of Dsg3-specific B cells.

By generating additional Dsg3-specific mAbs from the preonset time point, we could
compare the functionality of these mAbs to those at diagnosis. There was a significant
increase in both the frequency of clonal expansions as well as the number of SHMs,
suggesting that continuous and ongoing affinity maturation are important for the
development of PV. This was supported by our findings that both affinity and pathogenic
potency of mAbs increased from pre-onset to diagnosis, and pathogenic mAbs derived

from the diagnosis time point had higher affinity for Dsg3 than non-pathogenic mAbs.
Additionally, there was a marked increase in the number of mAbs with pathogenic activity
found in patient ISD068 over time. Thus, it appears that affinity maturation drives the
selection of pathogenic antibodies, and accumulation of pathogenic mAbs causes onset of
PV symptoms. We identified four persisting clones that were non-pathogenic at pre-onset
but showed pathogenic activity at the time of diagnosis. This was is in addition to three
clonal families detected in diagnosis patients, in which one member was non-pathogenic and
the other was pathogenic. Because the CDRs of these mAbs were extensively mutated, we
were unable to associate a single replacement mutation with a gain in pathogenic function.
Future experiments will identify which mutations are relevant for the pathogenic function
of mAbs. Previous studies of the autoimmune diseases fogo selvagem (L. et al., 2003) and
SLE (Arbuckle et al., 2003) have also shown that serum autoantibodies can be detected in
patients prior to the disease onset. Longitudinal characterization of these patients suggests
that epitope spreading and the accumulation of autoantibodies drive disease pathogenesis.
However, we did not detect epitope spreading of the mAbs derived from our PV patient,
similar to previous studies that show a lack of epitope spreading in PV patients as they
experience remission or relapse (Ohyama et al., 2012). We also found that pathogenic mAbs
targeting different epitopes work synergistically to increase pathogenic potency, suggesting
that disease can be initiated or enhanced by engaging multiple Dsg3 epitopes. Further
experiments focused on which combinations of mAbs drive a maximal pathogenic response
and the mechanism underlying synergy will be important in understanding how this process
works /n vivo.

Our data suggest that PV pathogenesis is mediated in part by a complex evolution of
Dsg3-specific MBCs. While initial autoreactive responses appear to be triggered either by
molecular mimicry or through very low-affinity precursors, antigen selection is necessary
for the development of high-affinity pathogenic MBCs. Pathogenic mAbs produced by these
cells can work synergistically to enhance the overall pathogenic potency and drive the
presentation of PV symptoms. As disease progresses and MBCs continue to undergo antigen
selection, individual mAbs show an increase in pathogenic potency, which contributes to

an increase in disease severity. Overall, these findings provide a deeper understanding of

the mechanism underlying how Dsg3-specific mAbs develop and cause PV pathogenesis,
and they may have important implications for improving diagnostic tools and therapeutic
approaches for PV patients.
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STARXMETHODS

Detailed methods are provided in the online version of this paper and include the following:

LEAD CONTACT AND MATERIALS AVAILABILITY

Further information and requests for resources should be directed to and will be fulfilled by
the Lead Contact, Jens Wrammert (jwramme@emory.edu).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Patients, study design, and approvals—PV patients with active disease were
recruited to this study at the time of diagnosis, or were > 6 months post-Rituximab

therapy and were currently in either remission or relapse of disease (Table S1). Written
informed consent was obtained from all participants. This study was approved by the Emory
Institutional Review Board (#IRB00054860). Demographically matched healthy volunteers
were recruited from staff and students at Emory University. Additional information
regarding gender and age of enrollees are reported in Table S1. Exclusion criteria included
any condition that, in the opinion of the investigator, would place the subject at risk of
injury from participation. An additional blood sample had been collected for patient ISD068,
15-months prior to disease diagnosis. The patient recalled participation in another research
study prior to development of PV. Having had signed a consent form for this previous study
(#IRB00009560), allowing for the use of banked samples for future testing, the patient
agreed to pursue additional studies using the pre-clinical sample to determine if markers of
autoimmune disease were present in this earlier blood draw.

Cell culture—Primary cell lines of human keratinocytes (HKs) and immortalized cell
line of human keratinocytes (Denning et al., 1998) were both generously provided by
Dr. Andrew Kowalczyk (Emory University). HKs were isolated from neonatal foreskin,
as previously described (Calkins et al., 2006). and grown in keratinocyte growth media
(Lonza) supplemented with Singlequots supplements (Lonza) at 37°C/5% CO, with no
passaging of cells. HaCaTs (ATCC) were maintained in DMEM supplemented with
penicillin/streptomycin, L-glutamine, and 10% FBS at 37°C/5% CO».

METHOD DETAILS

PBMC and plasma isolation—Blood samples were collected in sodium citrate CPT
tubes (BD Vacutainer) from PV patients or healthy controls. Plasma samples were collected
and stored at —80°C. PBMCs were isolated and washed with PBS/2% FBS. Cells were used
fresh or were frozen in FBS/10% DMSO. Frozen PBMCs were stored in liquid nitrogen
until assayed

ELISA—Anti-Dsg3 and anti-Dsgl serum autoantibody titers were determined with an
ELISA test (MBL International Corporation). Patient plasma diluted 1:100 were tested,
and results reported as Units/mL of sera, as determined by negative and positive calibrators
according to manufacturer’s instructions.
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To determine specificity of patient-derived mAbs, ELISA plates (Thermo Scientific) were
coated with 2 ug/mL of rDsg3 or rDsgl (Eurolmmun) diluted in PBS with 1 mM CaCl,

and incubated overnight at 4°C. Plates were washed with wash buffer (PBS/0.5% Tween20/1
mM CaCl,) and blocked with ELISA buffer (PBS/1% BSA/0.2% Tween20/1 mM CacCly).
mAbs were added to the plates in a serial dilution series starting at 5 pg/mL. Plates

were washed with wash buffer and incubated with peroxidase-conjugated goat anti-human
IgG (Jackson ImmunoResearch) at room temperature for 90 min. Plates were washed

with wash buffer, followed by a wash with PBS, and then developed using 1 mg/mL
o0-phenylenediamine (OPD) diluted in 0.05 M phosphate-citrate buffer, supplemented with
0.012% H,0,. Reactions were stopped with 1 M HCI, and absorbance was immediately
measured at 490 nM. Additional ELISA assays were performed by coating plates with

1 pg/mL recombinant protein antigens CtxB (Kauffman et al., 2016) and influenza HA-
antigen (A/California/7/2009, eEnzyme). Minimum effective concentration was determined
as the minimal concentration of mAb at which an OD signal was detectable 3-fold above the
background signal measured by a negative control.

To determine serum titers against tetanus-toxoid protein, ELISA plates (ThermoScientific)
were coated with 0.5 pg/mL of recombinant Tetanus toxoid (List Biological Laboratories)
diluted in PBS and incubated overnight at 4°C. Plates were washed with wash buffer (PBS/
0.5% Tween20) and blocked with ELISA buffer (PBS/1% BSA/0.2% Tween20). Plasma
was added to the plates at a single dilution of 1:200. Plates were washed with wash buffer
and incubated with peroxidase-conjugated goat anti-human IgG (Jackson ImmunoResearch)
at room temperature for 90 min. Plates were washed with wash buffer, followed by a

wash with PBS, and then developed using 1 mg/mL o-phenylenediamine (OPD) diluted

in 0.05 M phosphate-citrate buffer, supplemented with 0.012% hydrogen peroxide. Plates
were immediately read at an absorbance of 450 nM, with read settings set to record in 15 s
intervals over the course of 300 s.

Memory B cell assay—Dsg-specific memory B cells were measured using a polyclonal
stimulation assay, essentially as previously described (Pinna et al., 2009). Briefly, PBMCs
were cultured at 1x108 cells/mL in RPMI supplemented with penicillin/streptomycin, L-
glutamine, 10% FBS, a 50 uM of beta-mercapto-ethanol (Sigma) (R10) containing R848
(1 pg/mL, Invivogen) and recombinant human-1L2 (10 ng/mL, Biolegend) for 3 days at
37°C. Total and Dsg3-specific 1gG-secreting cells were quantified by ELISPOT assay,

in which a 96-well ELISPOT filter plates (Millipore) were coated overnight with rDsg3
antigen (3 pg/mL, provided by the Hertl Lab), rDsgl antigen (3 ug/mL, Eurolmmun), or
polyvalent goat anti-human Ig (25 pg/mL, Rockland) in PBS/1 mM CaCl,. Plates were
washed and blocked by incubation with R10 at 37°C for 2 h. PBMCs were added to the
plates in a dilution series and incubated for 5 hs at 37°C. Plates were washed with PBS,
followed by PBS/0.05% Tween, and incubated with biotinylated anti-human IgG antibody
(Invitrogen) at room temperature for 90 min. After washing, plates were incubated with
an avidin-D horseradish peroxidase conjugate (Vector laboratories) and developed using
3-amino-9-ethyl-carbazole substrate (Sigma). Plates were scanned and analyzed using an
automated ELISPOT counter (CTL, Cellular Technologies).
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Flow cytometry analysis and single-cell sorting—Immunophenotyping of
circulating B cell subpopulations was performed on previously frozen PBMCs stained
with the following, appropriately titrated mAbs: Live/Dead Aqua (ThermoScientific),
CD3-AF700 (Biolegend, clone HIT3a), CD14-AF700 (eBioscience, clone 61D3), CD16-
AF700 (eBioscience, clone CB16), CD20-V450 (BD, clone L27), CD71-FITC (Biolegend,
CY1G4), IgD-PECy7 (Biolegend, clone 1A6-2), CD19-PE (BD, clone HIB19), CD27-
PerCPCy5.5 (Biolegend, clone 0323). Antigen-specific cells were detected using His-
tagged rDsg3 (5 pug/mL, provided by the Hertl lab) and a secondary anti-HisTag-APC
(R&D system). Influenza HA-specific cells were detected by staining with HA antigen
(A/California/7/2009, eEnzyme) which was biotinylated (EZ-Link Sulfo-NHS-Biotin,
ThermoFisher) and detected with SA-APC (Life Technologies). A minimum of 1,000,000
lymphocytes were acquired on a BD LSRII flow cytometer, and analyzed using FlowJo
software. Dsg3-specific MBCs were single-cell sorted into 96-well PCR plates containing
hypotonic catch buffer with RNase inhibitor (Promega) supplemented with 0.2% Triton
x-100 (Sigma) using a FACSAriall, and were frozen immediately on dry ice and stored at
—-80°C, as previously described (Wrammert et al., 2008).

Additional immunophenotyping of circulating plasmablasts B cells was performed on

fresh whole blood stained with the following mAbs, appropriately titrated: CD19-FITC
(BD, clone HIB19), CD24-PerCPCy5.5 (Biolegend, clone ML5), CD3-PacificBlue (BD,
clone SP34-2), CD38-PE (BD, clone HIT2), CD20-PECy7 (BD, clone L27), IgD-PECy7
(Biolegend, clone 1A6-2), and CD27-APC (eBiosciences, clone 0323), followed by lysis of
erythrocytes (BD FACS lysis solution). 100,000 events were acquired on a BD LSRII flow
cytometer, and analyzed using FlowJo software.

Plasmablast ELISPOT assay—ELISPOT was performed to enumerate Dsg3-specific
plasmablasts present in PBMC samples. 96-well ELISPOT assay filter plates (Millipore)
were coated overnight with recombinant Dsg3 antigen (3 pg/mL, provided by Hertl Lab)
or polyvalent goat anti-human Ig (50 pg/mL, Rockland) in PBS/ 1mM CacCl,. Plates were
washed and blocked by incubation with R10 at 37°C for 2 h. Freshly isolated PBMCs were
added to the plates in a dilution series starting at 5x10° cells and incubated overnight at
37°C. Plates were washed with PBS, followed by PBS/0.05% Tween, and then incubated
with biotinylated anti-human 1gG, IgA, or IgM antibody (Invitrogen) at room temperature
for 90 min. After washing, plates were incubated with avidin D-horseradish peroxidase
conjugate (Vector laboratories) and developed using 3-amino-9-ethyl-carbazole substrate
(Sigma). Plates were scanned and analyzed using an automated ELISPOT counter (CTL,
Cellular Technologies).

Subclass-specific ELISA—To confirm isotype specificity of serum Dsg3-specific
antibody responses, ELISA plates were coated with 2 pg/mL of rDsg3. Plates were washed
and blocked as previously described. Plasma samples from ISD068 and ISD102 were added
to the plates in a serial dilution starting at 1:100 dilutions. After a 90-minute incubation

at room temperature, plates were washed and incubated with peroxidase-conjugated mouse
anti-human IgG1, 19gG2, 1gG3, or 1gG4 subclass specific reagent (Molecular probe) or a
peroxidase-conjugated goat anti-human IgG or IgA reagent (Jackson ImmunoResearch)
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and incubated for an additional 90 min at room temperature. Plates were washed and

1gG subclass signal was amplified by an additional incubation with peroxidase conjugated
goat-anti mouse 1gG (Kirkegaard & Perry Lab, Inc.) for 90 min at room temperature. Plates
were then developed and analyzed as described above.

Immunofluorescence staining—~For immunofluorescence experiments, HKs were
cultured directly on glass slides (Ibidi) until confluent, as described above. Live cells
were labeled with monoclonal antibodies at a concentration of 10 pg/ml for 30 min at
4°C. Cells were then fixed on ice using 3.7% paraformaldehyde for 10 min followed

by permeabilization in 0.1% triton for 10 min at room temperature. Goat anti-human

1gG cross-adsorbed secondary (Life Technologies) was then used prior to mounting with
prolong gold containing Dapi (Life Technologies). Widefield images were acquired using
a DMRXAZ2 microscope (Leica, Wetzler, Germany) equipped with a 63X/1.40 NA oil
immersion objective. Images were acquired with an ORCA digital camera (Hamamatsu
Photonics, Bridgewater, NJ). Analysis was preformed using Fiji ImageJ.

Generation of recombinant monoclonal antibodies—mAbs were generated from
single-cell sorted MBCs by single-cell expression cloning, essentially as previously
described (Smith et al., 2009; Wrammert et al., 2008). In brief, single-cell cDNA was
synthesized from sorted MBCs using gene-specific primers (IDT). Ig heavy chain and

light chain (kappa/lambda) rearrangements were amplified by nested PCR (HotStarTaq Plus
Master Mix, QIAGEN) using primer cocktails specific for all V gene families and constant
domains at a concentration of 200 nM per primer. Sense primers used in the second round
of nested PCR were modified by fusing the 5" end of each primer to the M13R sequence
(5"-AACAGCTATGACCATG-3") to facilitate subsequent sequencing. Next, another PCR
was performed using a high-fidelity DNA polymerase (Phusion Hot Start 11, NEB) and

V and J gene family specific primers that incorporated Ig chain-specific restriction sites.
Variable domains were directionally cloned into human mAb heavy chain (IgG1) and

light chain (kappa or lambda) expression vectors (GenBank accession numbers GenBank:
FJ475055, GenBank: FJ475056, and Genbank: FJ517647). Variable domains containing
internal restriction sites were amplified by a modified PCR containing 50 uM 5-methy!I-
dCTP (NEB) and 150 uM dCTP. This modification did not affect PCR fidelity and abrogated
the truncation of variable domains after restriction digestion. Following vector construction
and sequence confirmation, heavy and light chain vectors were transiently co-transfected
into Expi293F cells according manufacturer’s instructions (Life Technologies). Antibodies
were purified from cell culture supernatants using protein-A conjugated agarose beads
(Pierce).

Repertoire analysis—Identification of antibody variable region genes were done as
previously described (Cho et al., 2017; Kauffman et al., 2016). V, D, and J genes

were identified and analyzed using the Immunogenetics (IMGT) database as a reference.
Isotype was determined by comparing the nucleotide sequence of the Fc-domain retained
by nested PCR described above to the GenBank database as a reference for subclass
specificity (GenBank accession numbers: 1gG1 - AH007035.2; 19G2 - AJ250170.1;
1gG3 - X03604.1; 19G4 - AF237586.1; IgA1 — AH007035.2; IgA2 — AH005273.2;
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IgM — X14940.1). To confirm 1gG subclasses, a subset of MBCs was re-amplified

using the first round of PCR amplification described above using a nested primer (5-
GGGCTTGTGATCTACGTTGCAG-3") that amplified nucleotide sequences to incorporate
additional regions of sufficient subclass dissimilarity and compared to previously reported
subclass-specific sequences (Vidarsson et al., 2014). The number of somatic hypermutations
in the Vi genes represent the total number of both replacement and silent mutations in

the amplicon (FR1 through CDR3) relative to the closest germline sequence matched in

the IMGT database. Members of clonal expansions were identified by sequence alignments
of rearrangements with matching V and J gene usage, the same CDR3 length, and =

80% similar junctional diversity. Germline-reverted antibodies were also generated by
comparison to the IMGT database. Fragments of the germline sequence with the appropriate
restriction sites were synthesized (Eurofins) and used to generate mAbs as described above.

Keratinocyte Dissociation Assay—HK cultures were seeded into 24-well dishes in
keratinocyte growth media (Lonza) as described above. 24-hours after reaching confluency,
cultures were switched to low calcium media (KGM containing 50 pM CaCl,) overnight
to internalize all desmosomal cadherins. Cultures were switched to high calcium (550

UM CaCl,) media for 3 h, and treated with 10 pg/mL of mAbs for 6 h. The cells were

then incubated with dispase (VWR) at 37°C until monolayers were released from plate.
Monolayers were transferred to Eppendorf tubes and subjected to mechanical stress by
shaking on a cell shaker for one min, and then transferred back into a 24-well plate and
fixed with formaldehyde and stained with methyl blue. Fragments were imaged using an
imager (CTL, Cellular Technologies), and the number of fragments was determined as

the average count determined from three separate images of the same well. Dissociation
index (DI) was calculated using the following equation: (1 - [(No. fragmentsyap — NoO.
fragmentsnegative control)/(NO. fragmentspositive control — NO. fragmentsnpegative contror)]) % 100,
in which the negative control was the influenza-specific mAb EM4C04 (Wrammert et al.,
2011) and the positive control was the mouse mAb AK23 (Tsunoda et al., 2003).

Synergy of pathogenic responses detected using the above assay by treating HK cells with
titrated amount of antibodies in a 3-fold dilution series starting at a concentration of 10
pg/mL. For synergy panel, 10 pg/mL of three individual antibodies were combined (final
concentration 30 pg/mL) and titrated out at 3-fold dilutions.

Domain mapping—Domain mapping experiments were done using domain-swapped
Dsg3-Dsg2 and Dsg3-Dsgl molecules as previously described (Ohyama et al., 2012).
Dsg3-Dsg2 extracellular cadherin (EC) domain-swapped constructs (generously provided by
Amagai lab, Keio University, Japan). For each construct, one extracellular domain of Dsg2
was substituted for corresponding domain in Dsg3, followed by an E-tag at the C terminus.
Plasmid constructs were transfected into 293T cells with jetPRIME (Polypus). The domain-
swapped molecules were secreted into the cell culture supernatant, which was centrifuged to
remove cell debris and frozen at —80°C. For antibodies not scoring in this assay, Dsg3-Dsgl
EC domain-swapped constructs (provided by Masayuki Amagai) were used for epitope
mapping (Futei et al., 2000). These constructs were generated by amplifying a section of
Dsg3 that span multiple junctions between several extracellular domains. These sections
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(Dsg31-161 Dsg31-258 and Dsg3163-566) were swapped with the corresponding sections of
Dsgl. The constructs were produced by baculovirus expression, as previously described
(Ohyama et al., 2012), and stored at —80°C.

1 pg of mAbs was incubated overnight at 4°C with these domain-swapped constructs,
followed by incubation with Protein A Agarose (Invitrogen) for 1 h at room temperature.
Pull down samples were washed with TBS/1 mM CacCl,, boiled for 5 min at 100°C in
Laemmi Sample Buffer (BioRad) and centrifuged. The immune-precipitated proteins were
separated by SDS-PAGE, transferred to nitrocellulose membranes (BioRad) and visualized
through incubation with HRP-conjugated goat anti-Etag antibody (Abcam) followed by
exposure to Digital-ECL substrate solution (Kindle Biosciences). The chemo-luminescence
signal was quantified using the KwikQuant Imager (Kindle Biosciences).

HaCaT binding and competition assay—To collect single-cell suspensions, HaCaTs
were maintained as described above, and grown to 70%—-80% confluency. Cells were washed
with PBS, and treated with 0.25% trypsin (Lonza) before quenching reaction with culture
media. Cells were washed twice and rested in 4 mL of culture media for 90 min at 37°C.
Cells were then washed with PBS, stained with Live/Dead Aqua (ThermoScientific) and
then washed with staining buffer (PBS/2% FBS/0.05% sodium azide/1 pM CaCl2) and
aliquoted into a 96-well plate. Cells were incubated with 1 pg of mAb for 30 min at 4°C,
and then washed and incubated with mouse anti-human 1gG-AF488 (Life Technologies). A
minimum of 10,000 cells were acquired on a BD LSRII flow cytometer, and analyzed using
FlowJo software.

For competition assays, mAbs were biotinylated (EZ-Link Sulfo-NHS-Biotin,
ThermoFisher). Only biotinylated-mAbs that provided a signal 1.5-times brighter than the
negative control, biotinylated-EM4C04, were used for this assay. Single-cell suspension

of HaCaTs were rested as described above. Cells were then washed with PBS, stained

with Live/Dead Aqua (ThermoScientific), washed with staining buffer (PBS/2% FBS/0.05%
sodium azide/1 uM CaCl2) and aliquoted into a 96-well plate. Cells were incubated with
unlabeled competing antibody at 100 pg/mL for one h at 4°C. An equal volume of

buffer containing 2 pg/mL biotinylated-mAb was added, and cells were incubated for an
additional 30 min at 4°C. Cells were then washed and incubated with appropriately diluted
streptavidin-APC reagent (Invitrogen) for 30 min at 4°C. A minimum of 10,000 cells were
acquired on a BD LSRII flow cytometer, and analyzed using FlowJo software. Percent
inhibition was calculated as: (1 = [(MFlsample = MFlnegative control)/(MFlpositive control =
MFlnegative contron)]) * 100, in which the negative control was influenza-specific biotinylated-
EM4CO04 and the positive control was 1 pg/mL of biotinylated antibody without competitor.

Blocking ELISA—To determine epitope specificity of patient sera, a blocking ELISA was
performed by inhibiting the binding of a biotinylated mAb (EZ-Link Sulfo-NHS-Biotin,
ThermoFisher) targeting 1 of 5 described immunodominant epitopes (from the competition
assay described in Figure 4) at the half-maximal binding concentration with 1:20 diluted
sera from PV patients or healthy controls to Dsg3-coated ELISA plates. To determine

if the immunodominant epitopes bound to the same epitope as mouse AK23 antibody,

we also used a blocking ELISA to inhibit the binding of biotinylated mAbs with a 10-

Cell Rep. Author manuscript; available in PMC 2019 August 06.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Choetal.

Page 21

fold molar excess of unlabeled AK23 to Dsg3-coated ELISA plates. Detection was done
using avidin-HRP as described for the ELISA assay. The cut-off value was determined

by the mean of %inhibition calculated for 9 healthy control sera plus 2 SD. Percent
inhibition was calculated as follows: (1 = [(ODsamples = ODnegative control)/(ODpositive control

— ODpegative control)]) % 100

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analysis—Data was collected and graphed using GraphPad Prism software.

A 1-way ANOVA Kruskal-Wallis test, Mann Whitney U-test, Wilcoxon matched-pairs
signed-rank test, or a Spearman correlation was used to determine statistical significance
where appropriate. P values less than 0.05 (two-sided) were considered statistically
significant. Information about the statistics used for each experiment, including sample size,
experimental method, and specific statistic test employed, can be found in the relevant figure
or figure legends.

DATA AND CODE AVAILABILITY

The accession numbers for the antibodies cloned for this paper is available at GenBank with
the accession number: GenBank: MN037529 — GenBank: MN037708.
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Refer to Web version on PubMed Central for supplementary material.
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Highlights

Single-cell analysis of autoantigen-specific memory B cells in pemphigus
vulgaris

Memory B cells undergo extensive affinity maturation and acquire pathogenic
activity

Memory B cell-derived autoantibodies are limited in epitope specificity and
repertoire

Multiple antibodies can work synergistically to enhance pathogenic activity
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Figure 1. Activated Dsg3-Specific Memory B Cells Are Detected Exclusively in Patients with
Active PV

(A) High levels of anti-Dsg3 serum antibody titers are present in PV patients at the

time of diagnosis and during relapse following previous treatment with Rituximab (Rtx),
but not in healthy controls and patients in remission. Cut-off values were determined

based on manufacturer recommendations: dark gray = negative; light gray = indeterminate.
Representative data of two individual experimental repeats are shown.

(B) Representative Dsg3-specific MBC assay.

(C) High frequencies of Dsg3+ MBCs were detected in PV patients at the time of diagnosis
and after relapse but were largely undetectable in patients in remission and absent in healthy
controls. Reported frequency of Dsg3-specific MBCs is the average of 3—5 replicates of a
single experiment.

(D) Dsg3-specific MBCs (gated on CD3-CD19+1gD-CD20+ lymphocytes) are readily
detected from two patients with high frequencies of Dsg3-specific MBCs (as shown in C).
(E) Dsg3-specific MBCs express the classic memory cell marker CD27.

(F) Dsg3-specific MBCs expressed the activation marker CD71, similar to activated HA-
specific MBCs induced 7 days post-influenza vaccination. Steady-state MBCs found later
after the vaccination are quiescent and do not express CD71. A one-way ANOVA was used
to analyze these data. ***p < 0.001.
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Figure 2. Dsg3-Specific MBCs Are Clonally Restricted, Show Signs of Extensive Antigenic
Selection, and Are Highly Specific for Dsg3

(A) Dsg3-specific MBCs were single-cell sorted and used for repertoire analysis and mAb
generation.

(B and C) Dsg3-specific MBCs were (B) largely class switched to IgG1 and (C) highly
oligoclonal, with about 50% of sequences representing clonal expansions. Colors represent
V4 gene usage of the clonal expansions.

(D) Dsg3+ MBCs display high frequencies of SHMs compared to previously analyzed B
cell subsets (Pauli et al., 2014; Priyamvada et al., 2016; Wrammert et al., 2011). Each point
represents the average number of mutations of all sequences analyzed from one individual
donor.

(E) R/S ratio analysis of the entire Vj gene, FR, and CDR showed that Dsg3+ MBCs had an
R/S ratio above 2.9 (dotted line) in the CDRs.

(F) Fourty-four mAbs were generated from the two patients. Most mAbs displayed
specificity solely against Dsg3, with only two antibodies cross reactive with Dsgl. No
mADbs bound irrelevant influenza HA (H1/California/2009) or cholera toxin B subunit
antigens. The highest antibody concentration tested for this assay was 5 pg/mL (dotted
line). Representative data of two individual experimental repeats are shown.
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Figure 3. Pathogenic mAbs Bind the EC1, EC2, or EC4 Domains of Dsg3
(A) Chimeric proteins were generated by swapping EC domains from Dsg3 into the

backbone of Dsg2 or sections of Dsg3 spanning the junction between domains into the
backbone of Dsgl. Constructs were incubated with individual mAbs, followed by a pull-
down assay to determine domain specificity. Representative results are shown.

(B) Representative keratinocyte dissociation assay.

(C) Most mAbs were specific for the EC1 and EC2 domains, with a subset targeting either
the EC4 domain or interdomain epitopes.

(D) Pathogenic mAbs (shown in red) predominantly targeted the EC1 and EC2 domains,
although several pathogenic EC4-specific mAbs were also identified. Dissociation index
(DI) numbers are reported as median + interquartile range (IQR) of four individual
experimental repeats. Cut-off value (dotted line) was determined as the DI range of six
irrelevant mAbs.
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Figure 4. Dsg3-Specific mAbs Display a Restricted Repertoire and Bind to One or Two Sterically
Distinct Epitopes in EC1, EC2, and EC4 Domains of Dsg3

A flow-based blocking assay was used to define the epitopes recognized by Dsg3-specific
mAbs from (A) 1ISD068 and (B) ISD102. Shown is the average percent inhibition of binding
of a biotinylated mAb when blocked with a 50-fold molar excess of an unlabeled mAb of
two individual experimental repeats. Epitope name is located on the left of the chart. Colors
at the top of the graph show domain specificity (orange = EC1; gray = EC2; gold = EC4;
white = interdomain). Colors to the right of the graph represent mAbs in the same clonal
expansion. V gene usage and pathogenicity are listed on the right of the panel. Pathogenicity
is reported using the following cut-offs: — = DI < 10; + = DI > 10; ++ = DI> 100.
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Figure 5. Dsg3-Specific MBCs Are Readily Detected in PV Patients Prior to Disease Onset and
Undergo Extensive Affinity Maturation during Disease Development

(A) A unique sample from patient ISD068 was collected 15 months prior to diagnosis as part
of a separate study.

(B) I1SD068 had high Dsga3 titers prior to disease onset.

(C) Activated CD71+ Dsg3-specific MBCs were readily detected before disease onset.

(D) Single-cell analysis of Dsg3-specific MBCs (n = 46 per time point) shows that the
frequency of clonally related cells increased 2-fold from pre-onset to diagnosis. Matching
colors represent persisting clones detected at both time points.

(E) The number of SHMs found in the Vi gene increased significantly from pre-onset to
diagnosis time point.

(F) Twenty-five mAbs were recovered from each time point. The relative affinity of the
mADbs, reported as area under the curve (AUC), increased significantly over time. Three
mADbs that did not bind Dsg3 were removed from subsequent analysis.

(G and H) Using a keratinocyte dissociation assay, we saw a significant increase in both (G)
the pathogenic potency of the mAbs, as measured by DI number, and (H) the frequency of
pathogenic mAbs detected in patient ISD068, when comparing pre-onset to diagnosis time
point.

(1) Pathogenic mAbs had significantly higher affinities than non-pathogenic mAbs at
diagnosis, but not pre-onset. A Mann-Whitney U test or a Fisher exact test was used where
appropriate. *p < 0.05; **p < 0.01; ***p < 0.001.

Cell Rep. Author manuscript; available in PMC 2019 August 06.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Cho et al.

Page 33

ISD102
n=10

A ISD068
n=10

Min. Effective
Conc. (ug/mL

i
|
|
|
|
|
|
|
|
|
Iy ,
| Germline Diagnosis
B |
50+ :
@ o
= C
g g 307 ®e o %
22 0] TTeeR T | 00 e
5% 101 '
+* = ® | o
0 T t T
ISD068 | ISD102
C [
15+ I
|
.0 |
5 107 |
o |
fQ 5 |
e I == T |
|
0 f
|

I
FR CDR

Figure 6. Somatic Hypermutation Is Necessary for Antibody Binding of Dsg3
(A) Ten mAbs from either patient ISD068 or ISD102 were reverted to their germline

configuration. While the original, mutated mAbs showed high-affinity binding toward Dsg3,
only one germline-reverted antibody retained the ability to bind Dsg3 (red line, mAb P1E3).
(B) Most mAbs had high levels of SHMs in the V4 gene, while P1E3 had very few
mutations.

(C) P1E3 showed no enrichment of amino acid replacement mutations in the CDRs,
compared to the other mAbs.
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Figure 7. Synergistic Increase of Pathogenic Potency by Targeting Multiple Domains in Dsg3
(A) Pathogenic potency was measured by a keratinocyte dissociation assay with titration of

individual, or a combination of, pathogenic mAbs targeting the EC1, EC2, or EC4 domains.
The combined mAbs had a higher DI value than any single mAb alone.

(B) Combination of the three mAbs at 0.12 pg/mL showed synergy, with pathogenic signal
2-fold higher than the anticipated additive signal of the single mAbs at this concentration. DI
numbers are reported as median + IQR of four individual experimental repeats. The cut-off
value (dotted line) was determined as the DI range of six irrelevant mAbs.
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REAGENT or RESOURCE

SOURCE

IDENTIFIER

Antibodies

Peroxidase-conjugated goat anti-human 1gG

Polyvalent goat anti-human Ig

Biotinylated donkey anti-human 1gG

CD3-AF700 (HIT3a)
CD14-AF700 (61D3)

CD16-AF700 (CB16)

CD20-V450 (L27)

CD71-FITC (CY1G4)
IgD-PECY7 (1A6-2)

CD19-PE (HIB19)
CD27-PerCPCy5.5 (0323)
Anti-Histag APC

CD19-FITC (HIB19)
CD24-PerCPCy5.5 (ML5)

CD3-PacBlue (SP34-2)
CD38-PE (HIT2)
CD20-PECY7 (L27)
IgD-PECy7 (1A6-2)

CD27-APC (0323)

AK23
EM4C04
HRP-conjugated goat anti-Etag antibody

Peroxidase-conjugated Mouse anti-human 1gG1

Peroxidase-conjugated Mouse anti-human 1gG2

Peroxidase-conjugated Mouse anti-human 1gG3

Peroxidase-conjugated Mouse anti-human 1gG4

Peroxidase-conjugated goat anti-human IgA

Peroxidase conjugated goat anti-mouse 1gG

Goat anti-human IgG, cross-adsorbed
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Jackson ImmunoResearch

Rockland

Jackson ImmunoResearch

Biolegend

eBioscience

eBioscience

BD

Biolegend
Biolegend

BD
Biolegend
R&D Systems

BD
Biolegend

BD
BD
BD
Biolegend

eBioscience

Tsunoda et al., 2003
Wrammert et al., 2011
Abcam

Molecular Probe

Molecular Probe

Molecular Probe

Molecular Probe

Jackson ImmunoResearch

Kirkegaard & Perry Lab, Inc.

Molecular Probes

Cat# 109-036-098; RRID:
AB_2337596

Cat# 609-101-130; RRID:
AB_219572

Cat# 709-066-098; RRID:
AB_2340509

Cat# 300324; RRID: AB_493739

Cat# 56-0149-42; RRID:
AB_2574497

Cat# 56-0168-42; RRID:
AB_2574499

Cat# 561163; RRID:
AB_10563614

Cat# 334104, RRID: AB_2201482

Cat# 348210; RRID:
AB_10680462

Cat# 302208; RRID: AB_314238
Cat# 302820; RRID: AB_2073318

Cat# ICO50A; RRID:
AB_10718109

Cat# 555412; RRID: AB_395812

Cat# 311116; RRID:
AB_10960741

Cat# 558124; RRID: AB_397044
Cat# 555460; RRID: AB_395853
Cat# 335793; RRID: AB_399971

Cat# 348210; RRID:
AB_10680462

Cat# 17-0279-42; RRID:
AB_10671130

Kowalczyk lab

Wrammert lab

Cat# ab19400; RRID: AB_732045

Cat# MH1715; RRID:
AB_10374315

Cat# MH1722; RRID:
AB_10376169

Cat# MH1732; RRID:
AB_2539713

Cat# MH1742; RRID:
AB_2539714

Cat# 109-036-011; RRID:
AB_2337592

Cat# 074-1806

Cat# A-21433; RRID:
AB_2535854
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REAGENT or RESOURCE

SOURCE

IDENTIFIER

Goat anti-human 1gG-AF488, cross-adsorbed

LifeTechnologies

Cat# A-11013; RRID: AB_141360

Bacterial and Virus Strains

XL10-Gold Ultracompetent E. Coli

Agilent Technologies

Cat# 200314

Chemicals, Peptides, and Recombinant Proteins

Live/Dead Aqua
Streptavidin-APC

rDsg3

rDsgl

rCTxB
rHA-antigen(A/California/7/2009)
R848

Rhu-1L2

Avidin-D horseradish peroxidase conjugate

RNase Inhibitor

Protein A beads

Dispase

Domain-swapped Dsg3/Dsg2, E-tagged
Domain-swapped Dsg3/Dsg1, E-tagged
Tetanus toxoid

Phusion HF HotStart Polymerase
Prolong gold with DAPI

ThermoScientific
LifeTechnologies
Eming et al., 2014
Eming et al., 2014
List Labs

eEnzyme

Invivogen
Biolegend

Vector Laboratories
Promega

Pierce

VWR

Ohyama et al., 2012
Futei et al., 2000
List Biological Laboratories
NEB

Life Technologies

Cat# L34957

Cat# SA1005

Hertl lab, or Euroimmun
Hertl lab, or Euroimmun
Cat# 103B

Cat# IA-SW-12P

Cat# TLR1-R848

Cat# 589102

Cat# A-2004

Cat# N2111

Cat# 20334

Cat# 76176-668

Payne lab

Payne lab

Cat# 191A

Cat# M0O535L

Cat# P36931

Critical Commercial Assays

Dsgl & 3 ELISA Test System
EZ-linked Sulfo-NHS-Biotin

Sensiscript RT Kit

HotStart Taq Plus MasterMix
DNA Purification Kit

ExpiFectamine 293 Transfection Kit

MBL International Corporation
ThermoScientific

QIAGEN

QIAGEN

QIAGEN

LifeTechnologies

Cat# RG-M7593-D
Cat# 21425

Cat# 79236

Cat# 203645

Cat# 28181

Cat# A14524

Critical Commercial Assays

Dsgl & 3 ELISA Test System
EZ-linked Sulfo-NHS-Biotin

Sensiscript RT Kit

HotStart Taq Plus MasterMix
DNA Purification Kit

ExpiFectamine 293 Transfection Kit

MBL International Corporation
ThermoScientific

QIAGEN

QIAGEN

QIAGEN

LifeTechnologies

Cat# RG-M7593-D
Cat# 21425

Cat# 79236

Cat# 203645

Cat# 28181

Cat# A14524

Deposited Data

mADb sequences

GenBank, NCBI

Accession numbers: GenBank:
MNO037529 — GenBank:
MNO037708

Experimental Models: Cell Lines

Expi293F cells

Primary HK cells (neonatal foreskin)

LifeTechnologies
Stahley et al., 2016
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Cat# A14635
Kowalczyk lab
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REAGENT or RESOURCE

SOURCE

IDENTIFIER

HaCaT cells

Denning et al., 1998

Kowalczyk lab

Oligonucleotides

R1 PCR Primers
R2 PCR Primers
R2 PCR primers forward primers, modified with M13R sequence
added on 5” end

Cloning PCR primers

Nested Primer for 1gG4 isotype sequencing —5’-
GGGCTTGTGATCTACGTTGCAG-3’

Smith et al., 2009; Wrammert et
al., 2008

Smith et al., 2009; Wrammert et
al., 2008

Smith et al., 2009; Kauffman et
al., 2016

Smith et al., 2009; Wrammert et
al., 2008

This paper

N/A

N/A

N/A

N/A

N/A

Recombinant DNA

1gG1 Heavy Chain Expression Vector
Kappa Light Chain Expression Vector

Lambda Chain Expression Vector

Wrammert Lab
Wrammert Lab

Wrammert Lab

GenBank: FJ475055
GenBank: FJ475056
GenBank: FJ517647
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