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Abstract

Background—IgG4-related disease (IgG4-RD) is a poorly understood, multi-organ, chronic
inflammatory disease characterized by tumefactive lesions, storiform fibrosis, obliterative
phlebitis and the accumulation of 1gG4-expressing plasma cells at disease sites.

Objective—The role of B cells and 1gG4 antibodies in IgG4-RD pathogenesis is not well
defined. We evaluated patients with IlgG4-RD for activated B cells in disease lesions as well as
peripheral blood and investigated their role in disease pathogenesis.

Methods—B cell populations were analyzed from the peripheral blood of 84 patients with active
IgG4-RD using flow cytometry. The repertoire of B cell populations was analyzed in a subset of
patients by Next-generation Sequencing. Fourteen of these patients, were longitudinally followed
for 9-15 months after Rituximab therapy.

Results—CD19*CD27*CD20"CD38Mi plasmablasts, which are largely 1gG4™, are elevated in
patients with active 1gG4-RD. These expanded plasmablasts are oligoclonal, exhibit extensive
somatic hypermutation and their numbers decline following rituximab-mediated B-cell depletion
therapy; this loss correlates with disease remission. A subset of patients relapse after rituximab
therapy, and circulating plasmablasts that re-emerge in these subjects are clonally distinct and
exhibit enhanced somatic hypermutation. Cloning and expression of Ig heavy and light chain
genes from expanded plasmablasts at the peak of disease reveals that disease-associated 1gG4
antibodies are self-reactive.

Conclusions—Clonally expanded CD19*CD27+*CD20"CD38M plasmablasts are a hallmark of
active 1gG4-RD. Enhanced somatic mutation in activated B cells and plasmablasts and emergence
of distinct plasmablast clones upon relapse indicate that the disease pathogenesis is linked to de
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novo recruitment of naive B cells into T-dependent responses by CD4* T cells, likely driving a
self-reactive disease process.
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Background

IgG4-related disease (IgG4-RD) is a multi-organ inflammatory condition that includes
subjects previously diagnosed with other disorders that were defined earlier by the dominant
pattern of organ involvement, e.g. type | autoimmune pancreatitis, Mikulicz's syndrome,
Reidel's thyroiditis, retroperitoneal fibrosis, Kittner's tumor, tubulointerstitial nephritis and
sclerosing cholangitis among others (1-4). 1gG4 itself is generally considered to be a non-
inflammatory immunoglobulin due to its limited ability to fix complement and bind
activating Fc receptors (5, 6). Autoantibodies against antigens such as carbonic anhydrase I,
pancreatic secretory trypsin inhibitor and lactoferrin have been described in 1gG4-RD but
they have poor specificity for this disease (7, 8). There is very limited evidence that the
autoantibodies described so far are of the 1gG4 subclass and it is unclear whether they are
involved in disease pathogenesis (9).

The majority of patients with IgG4-RD have elevated levels of plasma 1gG4 as well as
increased infiltration of 1gG4* plasma cells in disease lesions (10, 11). The antigens
inducing the plasma 1gG4 and the immune processes leading to the infiltration of IgG4* B
cells and plasma cells into affected tissues remain largely unknown. It is likely that antigen-
mediated processes, whether autoantigen or microbial driven, lead to expansion of specific
B cells and, with the help of activated T follicular helper cells, facilitate their switching to
1gG4, eventually resulting in clonal expansion of 1gG4* plasmablasts and plasma cells.
Presumed oligoclonal 1gG4 bands have also been observed in the cerebrospinal fluid of
patients with 1gG4-related pachymeningitis (12) and oligoclonal expansion of 1gG4* B cells
has been inferred by Next generation sequencing of immunoglobulin (Ig) heavy (H) chain
genes in subjects with 1gG4-related sclerosing cholangitis (13).

Patients with 1gG4-RD respond dramatically to the depletion of B cells with rituximab (an
anti-CD20 monoclonal antibody), and this results in striking clinical improvement (14). In
this study, we have determined that IgG4-RD patients with active disease exhibit large
expansions of CD19*CD38*CD27* plasmablasts that have undergone extensive somatic
hypermutation. Rituximab-mediated B cell depletion, results in the reduction of
plasmablasts and this loss coincides with disease remission. Subsequent relapse is linked to
the re-emergence of clonally divergent and somatically hypermutated plasmablasts,
suggesting that de novo reactivation of an underlying autoimmune disease process, likely
driven by T cells, also drives the generation of somatically hypermutated 1gG4 auto-
antibodies.
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This study was approved by the institutional review board and informed, written consent
was obtained from all subjects with 1gG4-RD referred to or presenting at the rheumatology
clinic of the Massachusetts General Hospital. Samples from 84 patients with 1gG4-RD were
chosen for this study (organ involvement and patient demographics are listed in Table E1 in
this article's online repository). The 1gG4-RD patients were compared with 16 healthy
controls (age 32-70 years). Twenty-three of these patients with active disease were treated
with two 1000mg doses of rituximab, 15 days apart. 15 ml of peripheral blood was collected
at initial presentation and each subsequent clinical visit. Fourteen of the rituximab-treated
patients were longitudinally followed for 9-15 months at the rheumatology clinic.

IGHV Repertoire Analysis

Next-generation sequencing analysis of BCR IGH repertoire was undertaken using the
ImmunoSeq® platform (Adaptive Biotechnologies Inc.) at the “survey” level of sequencing
depth (15). Sorted cell numbers ranged from ~5,000 to ~40,000, assuring at least 5-fold
depth of sequencing. Assembly of the V-D-J regions in the rearranged IGH sequences and
analysis of somatic hypermutation was performed using the IMGT V-Quest server and
NCBI VDJ solver (18). Single-cell PCR and sequencing of rearranged Ig genes from
individually sorted plasmablasts was carried out with minor modifications to the method
described by Tiller et al (19). Except for the 1gG4-CH outer reverse primer (5’
AGGGCGCCAGGGGGAAGACG-3'), the primer sequences used were identical to those
described by Tiller et al (19). Paired heavy and light chain PCR products from single
plasmablasts were cloned and expressed as monoclonal antibodies in human embryonic
kidney (HEK) 293T cells as previously described (19). Detailed methods are provided in
this article's online repository.

Flow cytometry and microscopy

Results

Detailed description of the methods used for PBMC isolation, flow cytometry, cell sorting,
immunohistochemistry and immunofluorescence are provided in this article's Online
Repository at www.jacionline.org.

Expansion of plasmablasts in IgG4-RD

Immunohistochemical analysis of 1gG4-RD lesions frequently reveals the presence of
CD20* B-cell follicles surrounded by CD19*CD20" cells with variable expression of 19gG4.
These latter cells could be either tissue plasmablasts or plasma cells (Fig 1, A). Flow
cytometric analysis of the peripheral blood revealed large expansions of
CD19*CD27+CD38N plasmablasts in multiple 19G4-RD subjects (Fig 1, B). The
plasmablasts are negative for CD20, largely surface IgG4* and express high levels of
SLAMF7, a CD2 family receptor that is expressed on activated human B cells (Fig 1, C)
(20). These cells also show elevated expression of HLA-DR and BCMA, while IgM
expression is not very prominent (Fig E1). The absolute numbers of circulating plasmablasts
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in the blood were significantly higher in subjects with disease (n = 84, p < 0.001) than in
controls (n = 16) (Fig 1, D).

Plasmablasts share some surface markers with regulatory B cells (Bregs). We explored the
possibility of CD19*CD38*CD24*IL-10* Breg expansions in 1gG4-RD subjects (21), but no
difference in the proportion or counts of these cells was observed in PBMCs of 8 patients in
comparison with healthy controls (Fig E2, A and B).

The expanded pool of plasmablasts is clonally restricted

Next-generation sequencing was used to analyze the IGHV gene repertoire of flow-
cytometrically sorted plasmablasts from five patients with active 1gG4-RD. Approximately
90% of the total sequences obtained exhibited productive rearrangements. Plasmablast
expansions were found to be oligoclonal in all the subjects examined (Fig 2 A and Fig E3).
The frequency of the expanded clones identified by single cell cloning and sequencing
specifically of 1gG4 genes of individual plasmablasts showed close consonance with the
dominant clones determined by next-generation sequencing of plasmablast IGHV genes,
confirming that the oligoclonal expansions detected by next-generation sequencing are
unlikely to be affected by PCR bias (Fig 2, B and C), and that the major plasmablast clones
in this disease make 1gG4.

IgG4-RD relapse following rituximab treatment is associated with the re-emergence of
circulating clonally divergent plasmablasts

Therapeutic B cell depletion with rituximab (an anti-CD20 monoclonal antibody) generally
results in clinical improvement in 1IgG4-RD (22). The 1gG4-RD Responder Index was used
to quantify disease activity and to monitor the response to therapy (Fig 3, A)(23). An initial
decline in serum IgG4 levels was observed in most of the treated patients but the residual
levels of 1gG4 were sustained at a steady level in a subset of patients (Fig 3, B), suggesting
that a substantial fraction of the 1gG4 is produced by long-lived plasma cells that do not
express CD20 and are therefore resistant to Rituximab. These findings are also consistent
with prior reports on the therapeutic use of rituximab in 1IgG4-RD (22). As expected, CD19*
B cells declined dramatically by day 30 after rituximab therapy (Fig 3, C). Although
CD19*CD27+CD38M plasmablasts do not express CD20, their counts also declined sharply
following B cell depletion, likely due to depletion of their CD20™ precursors (Fig 3, D).
These data suggest that most circulating plasmablasts are present transiently in the blood on
their way to affected tissues or to the bone marrow, and their numbers fall rapidly after
rituximab therapy because of a failure of repletion.

Following rituximab therapy, CD19* B cell numbers remained very low typically for at least
three months. The time of re-emergence of the CD19*CD27-CD38/ naive B cell pool after
rituximab therapy varied between individuals, with the median duration for the restoration of
B cell levels to 25% of the pre-rituximab value being 6.5 months (Fig 4, A). In a few cases,
there was no B cell repopulation 6 months after rituximab therapy. The time for repopulation
of the plasmablast pool was highly variable between patients, with the median time for
newly generated plasmablast numbers to reach 10% of the pre-therapeutic levels being 8
months after rituximab infusion. Subjects displaying very limited or no repopulation of
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plasmablasts stayed in remission for up to 13 months post treatment and showed no signs of
disease relapse until their most recent visit (Fig 4, B). However, some patients showed an
early recurrence of plasmablasts within 3-5 months following therapy and some of them
required a second infusion of rituximab to control the disease (Fig 4, C).

In a longitudinal examination of a small number of subjects, we compared the clonal
composition of the expanded plasmablast populations at disease presentation and at the time
of relapse using single cell PCR sequencing for 1g heavy chain genes. Although specific
populations of memory B cells such as IgM memory B cells have been shown to survive
rituximab infusion and contribute to post-rituximab disease relapse in other conditions (24),
B cells were almost completely depleted in our patients as seen in the peripheral blood, and
in the 3 patients studied, the plasmablasts in circulation showed minimal overlap in the V-J
segment usage before rituximab therapy and at the time of disease relapse (Fig 5, A & B and
Fig E4). Plasmablast Ig repertoires were analyzed by next-generation sequencing before
rituximab therapy and by single cell PCR sequencing after rituximab. The CDR3 sequences
of re-emerging clones that shared a V-J combination before and after treatment exhibited
<70% nucleotide sequence identity (Table E2). One possible interpretation of this data is
that following the rituximab-mediated depletion of B cells, the plasmablast clones that
appear in relapsing patients are derived from a new wave of naive B cells emerging from the
bone marrow with a distinct BCR repertoire. However, we cannot exclude the possibility
that at least a subset of plasmablast clones at relapse arise from memory B cells that survive
rituximab-mediated B cell depletion.

Ig genes of expanded plasmablasts before therapy and after relapse exhibit increased
somatic hypermutation

Enhanced somatic hypermutation of the rearranged variable regions of the expanded
plasmablasts at initial presentation was observed compared to naive and memory B cells of
healthy controls (Fig 6, A). This is consistent with the notion that 1gG4-expressing
plasmablasts are generated as part of a T-dependent immune response involving repeated
rounds of mutation and selection by antigen. Interestingly, the hypermutation process was
extensive enough to include both hypervariable (CDR3) and framework regions (FR3).
Memory B cells and autoreactive B cells have been shown to have increased numbers of
positively charged amino acids (25, 26). A significant increase in the number of positively
charged residues was observed in the CDR3 regions of sequences from 5 IgG4-RD patients
(Fig E5). The dominant clones of plasmablasts observed during relapse not only had V-D-J
rearrangements that were distinct from the dominant clones prior to rituximab therapy in the
same subject, but also had undergone extensive somatic hypermutation (Fig 6, B). The
pathogenic immune processes driving the initial disease presentation as well as the processes
causing relapse of disease are likely to be similar and presumably involve either persisting
pathogenic T cells or the de novo generation of CD4* T cell responses.

Recombinant monoclonal immunoglobulins from active IgG-RD subjects are self-reactive

An obvious issue to address was whether these dominant plasmablast clones in patients with
active disease are self-reactive. We cloned matched Ig heavy and light chain variable region
genes of single cells from the most expanded 1gG4 plasmablasts and expressed these in
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293T cells and then examined whether the secreted monoclonal human antibodies were self-
reactive using ELISA to detect binding to plate-adsorbed HeLa cell lysates and
immunofluorescence to detect binding to fixed and permeabilized Hep2 cells. As seen in Fig
6, C and Fig E6, the recombinant monoclonal immunoglobulins were strongly self-reactive
as assessed by both methods. The pattern of staining observed is predominantly cytosolic.
These data suggest that the disease-associated oligoclonal plasmablast expansions and the T-
dependent B cell activation events that likely drive disease progression represent responses
to self-antigens.

Discussion

Expanded populations of oligoclonal CD19*CD20"CD27*CD38* plasmablasts represent
perhaps the best available indication of 1gG4-RD disease activity, especially since serum
1gG4 levels are not always elevated in this disease. The fact that IgG4 antibodies are
generally considered to be non-inflammatory has made it difficult to cogently postulate a
role for these antibodies in the disease process. The tight correlation between the loss of
circulating 1gG4* plasmablasts and clinical improvement, and the re-emergence of
circulating plasmablasts at the time of relapse, strongly suggest that IgG4* plasmablasts in
tissue sites may play a role in IgG4-RD pathogenesis and may be a potential therapeutic
target. An antibody against SLAMF7, which is expressed on the disease-associated
plasmablasts in 1lgG4-RD subjects, is currently being evaluated in clinical trials for multiple
myeloma (27, 28) and may be worth evaluating as a potential therapy for 1gG4-RD.
However, the clinical utility of plasmablasts as a biomarker for tracking disease activity in
IgG4-RD requires to be validated in a larger cohort of patients.

The high degree of somatic hypermutation seen in the IgG4* plasmablasts suggests that T-
dependent immune responses may be relevant in this disease and implies that at least some
of these circulating plasmablasts may have the potential to home to the bone marrow and
differentiate into long-lived plasma cells. This inference is supported by the observation that
although there is a decline in serum IgG4 following rituximab therapy, the 1gG4 levels stay
well above the upper level of the reference range (135 mg/dL), especially in a subset of
patients with multi-organ disease (4). In such patients, it is likely that a substantial pool of
rituximab-resistant long-lived plasma cells has developed. However, most patients show a
decline in 1gG4 levels within the first few weeks following rituximab therapy. Since 1gG4
molecules are estimated to persist in the circulation for about 3 weeks, it may be inferred
that at least a portion of the circulating 1gG4 is made by short-lived plasmablasts/plasma
cells that are abundant in tissue lesions as well as in the circulation of patients with active
disease, and these cells cannot be easily replenished after rituximab therapy due to the
depletion of their precursor B cell pools.

There is essentially no clinical, histological or biochemical difference in the presentation of
a subject seen with disease for the first time or when disease relapses. The same poorly
understood pathogenic mechanisms likely drive the disease process initially and after B cell
numbers recover after successful B-cell depletion therapy in some subjects. Given that the
naive B cell repertoire has to be re-created from scratch after B cell depletion, it is not
surprising that dominant 1gG4 clones during peak disease activity at the time of the initial
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diagnosis are completely different from the dominant 1gG4 plasmablast clones that re-
emerge during relapse. However, in the setting of extensive somatic hypermutation, the
finding of clonal divergence alone is not sufficient to exclude that the possibility that at least
some of the dominant plasmablast clones at relapse arise from memory B cells that survived
rituximab depletion (29, 30). The extensive degree of somatic hypermutation of 1gG4
antibodies seen both initially and on relapse suggest that helper T cell dependent processes
are likely important in this disease. Monoclonal immunoglobulins derived from the most
abundant 1gG4* plasmablasts in patients with active disease are self-reactive. These
findings, taken together, suggest that T cells and highly mutated self-reactive B lineage
cells, perhaps activated B cells or plasmablasts themselves, may contribute in some way to
the fibrotic disease process by mechanisms that are yet to be elucidated. Given the high
levels of surface MHC Class 1l (HLA-DR) on plasmablasts, one could speculate that these
cells serve as vital antigen-presenting cells to rogue CD4* T cells in 1IgG4-RD, but it
remains possible, although we consider this unlikely, that this disease is driven directly by B
lineage cells with little or no role for T cells in pathogenesis. The identity of the antigens
recognized by these monoclonal immunoglobulins remains to be determined, and it is not
yet known whether the same antigens are recognized during the initial disease process and at
the time of relapse. The specific contributions of both B and T cells to this process also
remain to be identified.

The sequence of immunological events that occur within an 1gG4-RD lesion is not well
understood. The role of Th2 cells in 1gG4-RD pathogenesis remains speculative given that
other cell types like mast cells also secrete Th2 cytokines in 1IgG4-RD lesions (31) and the
contribution of innate like lymphoid cells (ILCs) to the disease process has not yet been
assessed. Large amounts of I1L-10 produced by an exaggerated Treg response has also been
postulated to contribute to the 1gG4 class switch and to disease pathogenesis (32, 33).
However the activation and expansion of B cells appears to be a necessary precursor of
inflammatory T cell responses and our view, summarized in Fig 7, is that IgG4-RD may be
caused by collaboration between CD4* T cells and activated, somatically hypermutated
IgG4™* B cells or plasmablasts. B-cell dependent activation of pathogenic CD4* T cells
presumably mediates the inflammation and fibrosis seen in this disease. Rituximab treatment
causes a loss of these B cells and plasmablasts and leads to clinical improvement by
breaking this vicious cycle of T-B collaboration. In a subset of treated patients, the disease
relapses and newly generated B cells are recruited either by the same T cells that drove the
initial disease manifestations or by a newly generated set of pathogenic CD4* T cell clones.
This recruitment, in response to either the same or distinct self-antigens, generates
somatically mutated B cells and plasmablasts with a distinct repertoire from that of the
clones that dominated at the time of initial presentation.

Plasmablast accumulations in the blood have been described in a small subset of patients
with active systemic lupus erythematosus and rheumatoid arthritis (34-36). Interestingly it
has been suggested that the approximately 20% of rheumatoid arthritis subjects who have
elevated blood plasmablasts are likely to respond poorly to Rituximab therapy (35). In IgG4-
RD however elevated plasmablasts are the norm and do not preclude a therapeutic response
to anti-CD20 immunotherapy.
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While we suspect that activated 1gG4* B cells participate in the process of pathogenesis, a

demonstration of their direct role in disease pathogenesis is lacking and one could still argue
that 1gG4* plasmablasts are secondarily induced bystanders in this disease. A clearer picture

will likely emerge following the characterization of self-antigens and the clonal
identification and characterization of disease-causing CD4" T cells both at initial
presentation and at the time of relapse.
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Abbreviations

19G4-RD IgG4-related disease

Ig Immunoglobulin

Breg Regulatory B cells

BCR B cell receptor

SC-PCR Single cell Polymerase chain reaction
H&E Hematoxylin and eosin

IHC Immunohistochemistry

IGHV Immunoglobulin heavy chain variable region
V-D-J Variable-Diversity-Joining

PBMC Peripheral blood mononuclear cell
PMA Phorbol myristate acetate

R Replacement

S Silent

SEM Standard error of mean
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Fig 1. Expansion of CD19*CD20"1gG4™" plasmablasts in 1gG4-related disease
A, H&E and immunohistochemical stains for CD19, CD20, and 1gG4 performed on serial

sections of a submandibular gland biopsy are shown. An area peripheral to a
CD19*CD20*B-cell follicle that is enriched for IgG4*CD19*CD20" cells is marked.
B, Flow cytometry gating scheme used to identify circulating CD19*CD27+CD38h
plasmablasts (red box).
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C, Surface staining of CD19*CD27+CD38Mi plasmablasts for IgG4, 1gG, CD20 and
SLAMEF7 cells. Data from representative patients is shown as histograms overlaid on
CD19*CD27-CD38" B cells as a negative control.

D, The numbers of plasmablasts in the peripheral blood of 1gG4-RD subjects (n = 84) and
healthy controls (n = 16) are shown (mean = S.E.M., p < 0.001).
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Plasmablast IgH repertoire
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Fig 2. Restricted repertoire of expanded plasmablast populations )
A, The immunoglobulin heavy chain (IGH) repertoire of CD19*CD27*CD38Mi plasmablasts

sorted from a representative patient (P26) is shown as a 3D histogram. The x- and y- axes
represent IGH-V and IGH-J regions, respectively, and the z- axis indicates the number of
productive IGH-rearrangements detected by next-generation sequencing.

B, Comparison of read counts of expanded clones from patient P26 detected by next-
generation sequencing (green bars) and SC-PCR sequencing (orange bars). The
corresponding CDR3 sequences ordered by frequency as seen on next-generation

sequencing are shown in the table inlay.

1

SC-PCR clone frequency
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CDR3 Sequenca.
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C, Correlation between the absolute read counts of the most frequent IGH CDR3 sequences
determined by next-generation sequencing and number of cells with the corresponding
CDR3 sequence determined by SC-PCR (n = 80 cells) of flow-sorted 1gG4* plasmablasts

from patient P26.

J Allergy Clin Immunol. Author manuscript; available in PMC 2015 September 01.

[ %] o
u) Aousnbaly suop ¥Od-0S

o
(08 =



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyiny vd-HIN

Mattoo et al.

A

% B cells
(of total lymphocytes)

—_—

-_—

E-N
o
1

w
o

IgG4-RD responder index
o S

0 .

Clinical outcome

T ‘._
0 30 90 150

Days after rituximab treatment

Rituximab-mediated
B cell depletion

97 p < 0.001
1 n=23
°
. ..
0 1 .o:
- . . .
| °
5 _ '. o®
0 , L =S
Before After
rituximab rituximab
(day 30)

Plasma IgG4 level (mg/dL)

D

cells/mL

Page 15

Plasma IgG4 levels

6000+ ——P1 --P10
——P2 —e—P11
—=-P3 P12
P5 —#-P21
4000+ —e-P6 o P22
- P8 P24
\ P9 —e—P27
2000 :
2507
200-
150+
100+
504
r+—r—r—rrrfr-—r—TTaT
0 1020304050 100 200 300 400 500
Days after rituximab treatment
Rituximab-mediated
plasmablast depletion
1053
1043
1033
102+
10° ; .
Before After
rituximab rituximab
(day 30)

Fig 3. Rituximab-mediated depletion of plasmablasts improves clinical outcome
A, Measurement of the therapeutic response to rituximab using the 1IgG4-RD Responder

Index.

B, Decline in plasma-1gG4 concentrations after rituximab infusion. Colored lines represent
individual patients followed upto 15 months after rituximab infusion. Dotted-horizontal line
indicates the upper limit of normal (135 mg/dL). C and D, Rituximab-induced decline in the
proportion of circulating B-cells (n =23, p < 0.001) (C) and plasmablasts (n=23, p < 0.001)

(D) by day 30.
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Fig 4. Repopulation of plasmablasts as a marker of disease relapse
A, Longitudinal follow-up of the CD19* B cell compartment in 14 1gG4-RD patients

following rituximab therapy, plotted as a percentage of the baseline B cell count.

B and C, Longitudinal follow-up of CD19*CD27*CD38* plasmablast counts following
rituximab treatment in 6 1gG4-RD patients who experienced sustained remission (B) and 6

patients who relapsed (C).
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Dominant CDR3 Sequence

V gene J gene Pre-Rituximab Post-Rituximab
|GHV01-46 IGHJ03-01 CMREHELLQGDFDIW CARDGQAAADIW (33.3%)
IGHJ04-01  CARDRGGYTNGHIQSPYQFDYW CARSYVTSPRLDYW (44.6%)
IGHJ03-01 CARETGVYDALDIW CATTSDAGGNDIW (46.2%)

IGHVO3-07/21 511 j04-01 CARDLRQFDYW CATSSAASGNDW (69.4%)

IGHV03-11 IGHJ06-01  CARAKYSSSWNYDYYYYMDVW  CARYGMGFGDLSSHYYFYYYMDVW (62.8%),

IGHV03-15 IGHJ04-01 CLERWYGEFHW CAADVPGYGSGEFDYW (52%)

IGHV03-23 IGHJ04-01 CGKGPYCSGCYSLCDSW CVTDDAYTSLGPNW (50.9%)

IGHV03-30 IGHJ04-01 CARRQALFYW CVKIGDWGGNYDFW (55.8%)

IGHV03-48 IGHJ04-01 CARGNYASGRSYW CAREEYSSNSDXFYW (56.0%)

|GHV03-49 IGHJ04-01 CTRESDMATVTPYFDYW CTRHMDYYQSGNHFSVLDPW (50.7%)

IGHJ06-01 CTRDDYSYHMDVW CARDSWLVIGRKDGGIDYW (24.4%)

IGHV04-59/61 IGHJ04-01 CARGSWDYW CARRGDYTVAFDFW (57.1%)

IGHV-5-51 IGHJ04-01 CASVEPGRQRSGFDYW CTVPDKPWAALAILTTW (61.4%)

Gilobal
maximum L

Fig 5. Clonal divergence in relapsing pool of pl

Dominant CDR3 sequence

V gene Jgene Pre-Rituximab Post-Rituximab
IGHV01-18 IGHJ04-01 CARGTVVLNYYDYW CARGSSGWSPHEVYYFDYW (61.4%)
IGHV01-46 IGHJ04-01 CARDNEAFDYW CAKSYLTSRPLDYW (65.1%)
IGHV03-07/21 IGHJ06-01 CARGGQNWNYGDLFNSW -
IGHV03-15 IGHJ04-01 CTKVGRIEVVTATHFDYW CTKSSWSPHETYSLDYW (47.8%)

IGHV03-20 1GHJ04-01 - CARQGEGFDSW
(GHV03-23 IGHJ04-01  CAKKESSYDGRIYYWGHFDYW CAKDGNYLGIAAAGTLFDYW (45.1%)
IGHJ06-01  CATRGTDGYNIRYYGMDVW CAKEYGGGDYHYYGLDVW (65.6%)
IGHV03-66 1GHJ04-01 - CASLLSGRNEIDYW
IGHV03-74 1GHJ04-01 CTTSPHGGYLADW CARGSNSWIGVDYW (51.1%)
IGHV04-39 1GHJ04-01 CARSDRSRWDVSDIW CARQWVNRVRAPSLPDHW (34.7%)
Gilobal -
I z
minimum . Unused V-J combination
asmablasts

The heat maps show the degree of expansion of plasmablast clones bearing specific IGH V
and J combinations in two patients who relapsed, P11 (A) and P15 (B), using a blue-red

color gradient with the most expanded clone

s shown in red. Unused V-J combinations are

colored black. The tables show a comparison of the CDR3 amino acid sequences of the
dominant clones sharing the same IGHV-J combinations before and after rituximab therapy.
Highly expanded clones are colored red in the tables and the numbers in parentheses

indicate CDR3 nucleotide sequence identity.
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Fig 6. Expanded populations of plasmablasts exhibit enhanced somatic hypermutation and
autoreactivity
A & B, Comparison of replacement-R and silent-S mutations and R/S ratio in FR3 and

CDRa3 regions of IGHV-sequences of plasmablasts from (A) 5 untreated 1gG4-RD subjects
and (B) 3 relapsing 1gG4-RD patients following rituximab therapy with CDR3 sequences
from naive B cells from 3-control samples as analyzed from NGS-reads (mean + S.E.M., * p
< 0.05, ** p < 0.005).

C, Immunofluorescence staining of Hep-2 coated slides with single plasmablast derived
antibody clones. Clones with bright cytosolic staining are labeled in red.
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Fig 7. A speculative model for the role of activated B cells and plasmablasts in a presumed CD4+
T cell mediated pathogenic process causing 1gG4-RD

Activated somatically hypermutated B cells or plasmablasts may serve as effective antigen
presenting cells for pathogenic effector CD4+ T cells in disease sites. In patients that relapse
after rituximab-mediated B cell depletion therapy plasmablasts may be generated de novo
from naive B cells (solid arrow) or from CD20* memory B cells that survive rituximab
therapy (dashed arrow), facilitated by T-B cooperation in secondary lymphoid organs (not

shown).
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