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[ Cellular markers for dysregulated 1gG4 responses in'patients with IgG4-related disease|
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Abstract

Background IgG4-related disease (IgG4-RD) is a systemic finfmmatory condition
affecting various organs and has a diverse clipoasentation. Fibrosis and accumulation of
IgG4+ plasma cells in tissue are hallmarks of tlseabe and IgG4-RD is associated with
elevated 1gG4 serum levels. However, disease pattesgs is still unclear and these cellular
and molecular parameters are neither sensitivepexific for diagnosis of IgG4-RD.
Objective We here sought to develop a flowcytometric gatitrgtegy to reliably identify
blood IgG4+ B-cells to study their cellular and exmlilar characteristics and investigate their
contribution in disease pathogenesis.

Methods Sixteen patients with histologically confirmed Ig®D, 11 patients with
sarcoidosis and 30 healthy individuals were inatufie 11-color flowcytometric analysis of
peripheral blood for IgG4-expressing B cells antelper (Th) subsets. In addition, detailed
analysis of activation markers and chemokine regspvas performed on IgG4-expressing B
cells and 1gG4 transcripts were analyzed for saratpermutations.

Results Cellular and molecular analyses revealed increasatbers of blood IgG4+ memory
B-cells in patients with IgG4-RD. These cells shdweduced expression of CD27 and
CXCRS5 and increased signs of antibody maturatiomthérmore, 1gG4-RD patients, but not
patients with sarcoidosis, had increased numbecgraflating plasma blasts and CI¥?1B-
cells, as well as Th2 and regulatory T-cells, iatlitg of a common disease pathogenesis in
lgG4-RD.

Conclusion These results provide new insights into the dyde¢gd 1gG4 response in
patients with 1gG4-RD. A specific “peripheral lymgtyte signature” observed in patients

with 19G4-RD, could support diagnosis and treatnmeanhitoring.
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Key messages.
* 1gG4+ memory B-cells can be reliably detected imhan peripheral blood
» Patients with IgG4-RD have increased numbers obiidting IgG4+ memory B-cells.
Molecular characteristics reveal that this is altesf an ongoing immune response in
affected tissue
* The specific “peripheral lymphocyte signature” egenting the combined changes in
B- and T-cell subset numbers in patients with Ig&2-might be exploited as a non-

invasive marker for diagnosis and treatment momigpr

Capsule summary
We here provide new insights into 1gG4+ B-cellsd drow their detection contributes to

diagnosis and monitoring of treatment success tieqpa with IgG4-related disease.

Key words
IgG4; B cell; IgG4 related disease; T helper cekgulatory T cell; plasma cell,

flowcytometry; sarcoidosis; principal component lsgis

Abbreviations
CSR: class switch recombination

lgG4-RD: IgG4 related disease

PCA: principal component analysis

SHM: somatic hypermutation

SLE: systemic lupus erythematosus

TACI: transmembrane activator and CAML interactor
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Introduction

IgG4 related disease (IgG4-RD) is defined as aesyst fibro-inflammatory condition that
can affect potentially any organ, but predominatihg retroperitoneal space, thyroid,
pancreas, salivary glands and orbital tissue (1TB¢ pathology is characterized by fibrosis
and infiltration of 1IgG4-producing plasma cells tbk affected organs (3, 4). As a result, a
tumor-like swelling of the involved organ can occwhich causes organ dysfunction and, if
left untreated, can lead to organ failure. Furtremen AA amyloidosis can develop in IgG4-
RD, emphasizing the need for prompt diagnosis esmtrhent of the disease (5). Previously,
diseases with 1gG4+ plasma cell infiltrates werefingel predominantly by organ
involvement, and only since 2012 these diverse fastaitions have been recognized as one
disease entity (3, 4).

The pathogenesis of IgG4-RD remains poorly undedstt is thought to be triggered by
organ damage, resulting from e.g. a bacterial trdacwith molecular mimicry or from an
underlying autoimmune process (1). In patients \pahcreatic involvement, auto-antibodies
directed against self-antigens have been obseed)( Importantly, IgG4+ plasma cell
infiltrates are not monoclonal (8), and serum IgGgatients is polyclonal with reactivity to
multiple antigens (9). The function of IgG4 antiExiremains elusive, because these display
weak or negligible binding to both Clg andyFReceptors (10, 11). Furthermore, 1gG4
molecules have the exclusive ability to exchang®-&ans, thus creating monovalent
bispecific antibodies that can prevent the formmatd immune complexes (12). Therefore,
IgG4 has a presumed immune dampening effect, hawieveole in the pathogenesis of
lgG4-RD is controversial (13).

Immunoglobulin class switching of B-cells to 1gG4 riegulated by T helper 2 (Th2)
cytokines and by IL-10, produced by regulatory Tsc€l4, 15). Substantial evidence

indicates that indeed Th2 cells and regulatory [5céTregs) are involved in the
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pathophysiology of IgG4-RD (16-18). Affected tissuexpress higher messenger RNA
(mMRNA) levels of the Th2 cytokines IL-4, IL-5 and-13 (16, 17). Furthermore, isolated
circulating CD4+ T-cells from patients predomingnfiroduce Th2 cytokines (18, 19).

Similarly, IL-10 and tissue growth fact@y (TGF{f) transcripts are increased in affected
tissues (16), and patients with IgG4-related auteume pancreatitis have increased
frequencies of circulating Tregs (20, 21). Moreerdty, in affected tissue and blood of IgG4-
RD patients clonal expansions of CD4 effector mgmiiEM) cells have been identified,

which potentially drive fibrosis and IgG4 producti®2, 23).

Clinically, 1gG4-RD manifestations can mimic thosemany infectious, inflammatory
and malignant disorders (24-30). Therefore, diagnoklgG4-RD can be challenging, often
leading to a delay in start of proper treatmente Gold standard for diagnosis is histology
(28, 31). Characteristic lymphoplasmacytic infiltés, rich in 1gG4 positive plasma cells,
storiform fibrosis (cartwheel arrangement of fibliasis) and obliterative phlebitis are seen in
histological samples (28). An increase in serumdl@gdpports the diagnosis, but is found in
only 50-70% of patients with histological proverGKrRD (32, 33). Recently, circulating
plasma blasts have been postulated as a moreleetizdrker for the disease, irrelevant of
lgG4 serum levels (34). However, the specificitytos marker is limited, because circulating
plasma blasts are also increased in active infectiollowing vaccination and in other
chronic diseases, such as systemic lupus erytheos{8LE) (35-38).

Still the importance of B-cells in the pathophysmy of the disease is illustrated by
recent observations demonstrating that B-cell dpievith rituximab is a promising therapy
in 1I9G4-RD (39-42). As rituximab specifically bin@D20, it does not directly target IgG4+
plasma cells, which do not express CD20. Thusthbeapeutic effect could lie in depletion
of memory B cells that are chronically stimulaten generate IgG4+ plasma cells.

Furthermore, other chronically activated B cellgmibe involved in the disease through
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antigen presentation and cytokine production, alCD2f" B cells that are found to be
expanded in diverse chronic inflammatory diseadss (

Despite previously reported expansions of IgG4-smlka cells, CD4 Tem, Th2 cells and
Treg cells in affected tissue, little is known abthe pathogenesis of IgG4-RD. Therefore,
we developed a new flow cytometric approach, wieichbled us to study IgG4-expressing B
cells and their pathogenic contribution to the asge Our insights into IgG4-expressing B
cells in combination with abnormalities in B andc@lf subsets reveal abnormal systemic
immune regulation, which are valuable for the iny@ment of diagnosis and treatment of

IgG4-RD.
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Methods

Patients.

Patients with IgG4-RD and patients with sarcoidosisre recruited following signed
informed consent from the Immunology outpatienticliat the Erasmus Medical Center
Rotterdam and from the Rotterdam Eye Hospital, Nle¢herlands. All patients were >18
years and were diagnosed based on clinical, secalognd histopathological findings. All
lgG4-RD patients met the 1gG4-RD diagnostic gumed, including histological
confirmation (28), and did not have a known histofyan immunodeficiency or any auto-
inflammatory disease other than 1gG4-RD. All bubtpatients with sarcoidosis had tissue
biopsy confirmed disease with typical presence afn-oaseating granulomatous
inflammation. In two patients the diagnosis waseldasn clinical presentation and supportive
serological parameters (angiotensin converting ezgnd soluble interleukin-2 receptors)
in combination with radiological imaging. Healthyntrols were recruited from healthy
individuals selected from department staff, and ¢batrol group was age- and gender-
matched to the patient cohort. None of the healitidividuals showed signs of active
inflammatory disease. This study was performed @icg to the Declaration of Helsinki and
was approved by the Medical Ethics Committee ofsnas MC (ethics approval numbers

MEC-2014-476, MEC-2015-200 and MEC-2017-084).

Histopathol ogy.

All patients with 1gG4-RD were histologically diageed. The haematoxylin and eosin
stainings were analyzed at the Department of Padglyobf the Erasmus Medical Center
Rotterdam by a trained pathologist with experienoe diagnosing 1gG4-RD. The

deparaffinized formalin-fixed paraffin embeddedtgets of the tissue (4 mm thick) were

stained using a BenchMark automated immunostaWentana, Tucson, AZ, USA) with the
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Ultraview Universal diaminobenzidine detection (kientana). Mouse anti-human IgG (clone
A57H, 1:200, Dako, Carpinteria, CA, USA) and mouas#i-human 1gG4 (clone HP6025,
1:600, Invitrogen Zymed, Camarillo, CA, USA) werged for immunohistochemical staining
and were applied to the sections for 32 min. Thewr of 1IgG4+ plasma cells per high-

power field (0.28 mrf) and the 1gG4/1gG ratio were measured.

gG serology.

IgG subclass serum levels were measured by immpheh@metry using a Siemens BN I
nepholometer according to manufacturer guideliegpossible prozone effect for IgG4
levels was excluded through dilution of serum sa&®spintil reliable values were obtained

(44).

Flow cytometry of blood samples.

Patients and controls were included over a timéegesf three years. To ensure consistency
in flowcytometry, standardized sample preparatiantibody staining and flowcytometer
instrument settings were used (45). In short, albsaounts of CD3+ T-cells, CD19+ B-cells
and CD16+/CD56+ NK-cells were obtained with a d@ggit lyse-no-wash protocol using
commercial Trucount tubes (BD Biosciences, San,JOsdf). For detailed 11-color flow
cytometry, red blood cells were lysed with M prior to incubation of 1 million nucleated
cells for 15 minutes at room temperature in a totdume of 100uL (antibodies listed in
Repository Table E1). After preparation, cells wereasured on a 4-laser LSRFortessa flow
cytometer (BD Biosciences) using standardizedrgggtiData were analyzed with FACSDiva
software V8.0 (BD Biosciences). Immunophenotypicfirdiéons of lymphocyte and

leukocyte subsets are listed in Repository Table E2
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Molecular analysis of immunoglobulin heavy chain (IGH) gene rearrangements.

RNA was isolated from post-Ficoll mononuclear calith a GenElute mammalian RNA kit
(Sigma-Aldrich, St Louis, Mo) and reverse transedbto cDNA with random primers
(Invitrogen Life technologies)GHV gene rearrangements were amplified in a semi-tieste
multiplex PCR approach using 4 different L-VH-fayibrward primers (46) in combination
with IGHG4-specific (5'GGGCATGATGGGCAYGGGGGACCATA; first roah) and
IGHG-consensus (5’CACGCTGCTGAGGGAGTAG,; second roundjerse primers. PCR
products were cloned into a pGEMT easy vector (legan Madison WI), amplified by
colony PCR, and sequenced on an ABI Prism 3130Xpp(d Biosystems, Foster city,
CA). The sequences were analyzed with the IMGTh#et@ (www.imgt.org) and BASELINe

program (selection.med.yale.edu/baseline) (47, 48).

Satistical analysis

Frequencies and absolute cell numbers were assamed-Gaussian distribution. All results
are expressed as median values with interquadiige if applicable. Results were analyzed
using the non-parametric Mann-Whitnéy test. Linear regression was used to study the
strength of association between cell-subsets wpgaBnan r to measure significance. Rl
values are two-tailed and were considered staiftisignificant if values were lower than
0.05. Statistical analysis was performed using GiPagol Prism software, version 6 (GraphPad
Software, La Jolla, CA). Principal component analf®CA) was performed with Infinicyt
software (Cytognos, Salamanca, Spain). Specifiaitg sensitivity were calculated with

SPPS software (IBM SPSS statistics 21.0, Armonk) NY
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Results

Patient characteristics.

A total of 16 patients with IgG4-RD were includediwa mean age of 56 years (range 18-79
yrs) and a male:female ratio of 2:1 (Table I). pditients were confirmed to have IgG4-RD

based on the Boston consensus, with typical higtopagic characteristics and the presence
of IgG4-producing plasma cells in affected tissteg (1). Twelve out of 16 patients had

increased serum IgG4 levels (mean 5.06g/L; rangé-05.25g/L). Four of these patients had
an additional increase in serum IgG1 or IgG2 levahsl one patient with normal serum IgG4
had increased levels of IgG1 and IgG3 (see Repgsitable E3). Six patients showed signs
of active disease based on clinics and increase® QRreactive protein) and/or ESR

(erythrocyte sedimentation rate) (Table I).

The majority of IgG4-RD patients were treatmentvea{(no prior treatment), three
patients had received immunomodulatory medicationthe past (medication had been
stopped for at least 6 months prior to inclusionyl @nly two patients received low dose
prednisone (Table I). Most patients had normal t®woh blood leukocytes and lymphocytes
(see Repository Table E3). Increased lymphocytesitexl from high T-cell counts, often in
combination with high B- and/or NK cell numbers. éOaf the two patients treated with
prednisone had decreased numbers of B- and T-trelise analysis of the distribution of IgG
subclasses within the total IgG memory B-cell cortrpant we analyzed material from 15 of
the 16 patients.

Of the eleven patients with sarcoidosis, one patised plaquenil. All other patients
were therapy naive (see Repository Table E4). Aligmts had normal leukocyte counts,
although some patients had slightly decreasedightli increased T-cell or B-cell counts.
One patient had an increased IgG4 serum level goaoied with an increased IgG1l serum

level. One patient had a slightly decreased Ig@dmnsdevel and from one patient IgG serum

10
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levels were not determined. Five patients showegdssiof active disease based on CRP

and/or ESR (see Repository Table E4).

Immunophenotypical analysis of 1gG4-expressing B-cells.

The hallmark of IgG4-RD is the accumulation of Ig@#ducing plasma cells in affected
tissue. To study whether patients had systemicrateddies in IgG4-expressing B cells, we
developed a reliable flow cytometric gating strgtég distinguish cells expressing one of the
four IgG subclasses (Fig 3). Within total CD19+ B cells, CD27+CD38plasma blasts
were electronically gated and studied for expressiolgG1l, 2, 3 and 4. However, surface Ig
levels were too low to detect. Therefore, we nexused our attention on CO¥¥8gM-IgD-
memory B cells. These contained presumed memorglBsabsets that expressed either
lgG1, IgG2 or 1gG3, and within the triple negatifraction, a sizeable 1gG4-expressing
subset could be identified (Fig &).

To confirm the activated nature and memory pher®typall IgG+ B-cell subsets we
studied the expression of B7 family members CD8@ &b86 and the TNF receptor
superfamily member transmembrane activator and CAMéractor (TACI). All four IgG-
subclass expressing B-cell subsets showed highgession of the activation markers than

naive B-cells (Fig 2B), fitting with an activated memory B-cell phenogyp

Increased CD21'®" B-cells and plasma blasts, but reduced IgM+I1gD+ memory B cells in
patients with 1gG4-RD.

To study systemic abnormalities in lIgG4-expressiBigcells, we performed extensive
immunophenotyping of B-cells in 16 patients wittGBtRD and compared these with 30
age-matched healthy controls (Fig B). The median numbers of transitional and naive

mature B cells were not different between pati@mis controls. Of the six major memory B

11
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cell subsets, only the IgM+IgD+ memory B cells wesignificantly affected in patients
(reduced; P<0.05) (Fig 3, B). In contrast, the numbers of CO?M1 B-cells
(CD19+CD38™MCD21°%), and plasma blasts (CD19+CD38+CD27+) were sigaifily

higher in patients with IlgG4-RD (bot#x0.05).

Patients with 1gG4-RD have increased numbers of 1gG4+ memory B-cells.

Despite the normal total numbers of IgG+ memoryeBs¢ patients with IgG4-RD had
significantly higher numbers of IgG4+ memory B-sdthan controlsR<0.01) (Fig 3,C). In
addition, patients had reduced numbers of memorgels expressing IgG1P&0.05),
whereas IgG2 and IgG3 expressing B-cell numberg wenilar to controls (see Repository
Fig E1,A). When analyzed as fraction of total IgG-expregsiremory B cells, the decrease
in 1IgG1 and increase in 1gG4 in patients with IgBB- became more apparent (both
P<0.0001). Furthermore, IgG4-RD patients showedgaifitant increase in the fraction of
IgG memory B cells expressing IgGR<0.01). To study if there was a direct relationhwit
serum 1gG4 levels, we performed linear regressioalyges with the percentages and the
absolute numbers of IgG4+ memory B-cells (see Repygs-ig E1,B). These did not reveal
significant correlations, indicating that the megn@r cells and serum IgG4 levels were not
directly related.

Since both IgG4-expressing B cells and CB2B cells were significantly increased in
lgG4-RD patients, we studied if these were relaedl investigated CD®Y B cells
expressing 1gG4 (see Repository Fig EJ), Indeed, patients carried significantly more
CD21°"IgG4+ B cells (see Repository Fig H1) and these numbers were directly correlated

to the total number of CDZY B cells P<0.01) (see Repository Fig EH).

Cellular and molecular analysis of 1gG4-expressing B-cells in patients with 1gG4-RD.

12
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To analyze the nature of the IgG4-expressing Beglansion in patients with IgG4-RD, we
first studied the expression of CD27 (FigA}, In healthy controls, the frequencies of cells
that expressed CD27 were highest within the IgG2 Ig&4 subsets, followed by IgG1 and
lgG3 (Fig 4,B). Thus, CD27 positivity was higher in cells utitig 1gG subclasses encoded
by the downstream genes within tt@H locus (G2 and G4) (Fig 4,C). In patients with
IgG4-RD, significantly fewer 1gG4+ B-cells expreds€D27 than IgG4+ B-cells from
healthy individuals.

To study whether the expanded IgG4-expressing B celld be normally involved in
immune responses, we analyzed the expression lefelgtokine receptors and chemokine
receptors involved in germinal center response2l lteceptor (IL21R) and ILAR as well as
C-C chemokine receptor type 7 (CCR7) expressioml¢ewere similar between IgG4+
memory B-cells from healthy individuals and fromtipats with 1I9gG4-RD (Fig 4D). In
contrast, C-X-C receptor type 5 (CXCR5) expressias significantly lower on IgG4+
memory B-cells from patients.

To investigate the nature of the expanded IgG4+ angrB-cells in the pathogenesis of
IgG4-RD, we studied somatic hypermutations (SHMjhelGHV regions (Fig 4E). Such
mutations are molecular signs of B-cell responsekadfinity maturation (49). In agreement
with previous studies, SHM frequencies in IgG4 $aipts of healthy adults were higher
than in the more proximal-encoded IgG1 and IgG2 Repository Fig E24) (50, 51). The
SHM levels in 1gG4 transcripts of patients with BY&D (7.89%) were similarly high as in
healthy adults (7.98%2=0.75) (Fig 4F). To study if the mutations were driven by selatti
for antigen binding, we analyzed the selection f@placement mutations in the
complementarity determining regions (CDR) with Beyesian estimation of Antigen-driven
SELectloN program BASELINe (48). IgG4 transcriptemh healthy controls did not show

more replacement mutations than expected by randoamce in the CDR regions, i.e.

13
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absence of positive selection (Figd). In contrast, CDR regions of IgG4-RD patients did
show positive selection for replacement mutatiddsth groups showed normal negative
selection for replacement mutations in frameworR)(Fegions that compose the structure of
the variable domain. Thus, IgG4+ B-cells in pasantth IgG4-RD show increased selection
for replacement mutations in CDR regions. Patiamis controls displayed high diversity in
sequence and length of the CDR3 region, which c®@a by the junction of the V, D and J
genes. Still, patients showed significantly shol@H-CDR3 regions in IgG4 transcripts than
healthy individuals (see Fig Repository B), FurthermoreJGHV usage seemed to differ
between groups with increased usage of IGHV5-5patients with 1gG4-RD and reduced
IGHV3-39 usage (see Repository Fig ER), although this did not reach statistical

significance P=0.08).

Increased numbers of Th2 cellsand Tregsin 1gG4-RD.

The impaired expression levels of CXCR5 and absaifcpositive selection of SHM in
lgG4+ B cells are suggestive of abnormal immungagses in patients with IgG4-RD. 1gG4
responses are mediated by IL-4 and IL-13, produmedh?2 cells, and IL-10, produced by
Tregs. Therefore, we performed additional studms Th subsets in our patients (Figh,
Flowcytometrc immunophenotyping of their blood Tli€edemonstrated normal overall
numbers of naive, central memory and effector mgnaid4 T cells (see Repository Fig E3,
A). Still, patients with 1gG4-RD had significantlyare circulating Th2 cells (CD45RA-
CCR6-CXCR3-CCR4+;P<0.0001) and Tregs (CD45RA-CD127-CD25/P%0.001) than
healthy individuals (Fig 5B). Thl cells seemed slightly lower, but this was significant
and numbers of follicular helper T cells (Tfh) afldl7 were not different. Linear regression
showed a direct correlation between the numbeng®@#+ memory B-cells and Th2 cells

(P<0.01), but not for TregE0.24; Fig 5C). CD21°"IgG4+ B cell numbers were similarly

14
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correlated with Th2 cellsP«0.05) and not with Treg number8=0.49; see Repository Fig
E3, A). 1IgG4 serum levels in patients did not correlatdh Th2 nor Treg cell numbers (see
Repository Fig E3B). In contrast to the changes in Th subsets, datwith IgG4-RD had
no differences in numbers of CD4+CD45RA+CCR7- Temé&ls, CD4+CD45RA-CCR7-
TemRO cells, nor CD27- TemRO cells (CD4 CTL) (seepésitory Fig E4,A and B).
Finally, naive CD8 T-cell numbers were decreasedg@4-RD patients, in absence of
effector memory expansions (see Repository FiglF4,

Skewing of Th subsets towards Th2 is also obsenvedllergies and frequently
accompanied by eosinophilia (52). However, we dmt find increased numbers of
eosinophils (SS®"CD45+CD16™CD81+) in patients with IgG4-RD (see Repository Fig
E5), nor any differences in the other granulocyibssgts (neutrophils and basophils). In
contrast, the numbers of plasmacytoid dendritidssc&bSC*'CD45'"™HLADR+CD123+),
which are potent drivers of Thl responses (53)ewegnificantly lower in IgG4-RD patients.
Thus, the increased numbers of IgG4-expressing Bs da IgG4-RD patients are

accompanied by systemic reduction in Thl immunitgy encreased Th2 and Treg cells.

|gG4+ memory B-cells and other lymphocyte subsets as a diagnostic tool for IgG4-RD.

Despite clinical indications and high serum IgG#els, diagnosis of IgG4-RD requires
analysis of a tissue biopsy. Obtaining a biopsy bandifficult, is invasive, sample error
sensitive and might not always be sufficiently distnative from other immune-proliferative
and auto-inflammatory diseases. A specific markeblbod could be a valuable means to
overcome these diagnostic challenges. Howeverdifferences in B-cell and T-cell subsets
we identified do not provide a clear discriminatioetween patients and controls. Therefore,
we explored if a combination of measurements cbeldised as a disease marker. First, we

performed a principal component analysis (PCA)lenabsolute cell numbers of all B and T-
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cell subsets from healthy individuals and patients IgG4-RD and visualized this with the
automated population separation (APS) tool of tifmicyt program (54). In this analysis we
also included a group of patients with treatmenivenasarcoidosis, another fibro-
inflammatory disease. 1IgG4-RD resembles many imnproéferative diseases, yet patients
with sarcoidosis did not show typical expansiondg®4+ memory B cells, Tregs and Th2
cells (see Repository Fig E6). Of the first 5 pmgahe components, component 1 (PC1)
separated patients with IgG4-RD from patients vgiincoidosis and from healthy controls.
(Fig 6,A). This analysis indicates the usefulness to combnltiple parameters for optimal
discrimination between 1gG4-RD patients and costrahd potentially from other auto-
inflammatory conditions with tissue fibrosis. Thieme, we continued to develop a score
based on the B- and T-cell subsets that were mgsifisantly different between IgG4-RD
patients and both controls and patients with sdo=i$ (Fig 6B). Application of this scoring
method to the 56 samples in our study resultedOirs&mples being correctly assigned as
either non-1gG4-RD or IgG4-RD (Fig @). The calculated sensitivity for this score was
93.3% (95% confidence interval, 68.05% - 99.83%) tre calculated specificity was 87.8%
(95% ClI, 73.80% - 95.92%). Thus, lgG4-RD patiersts’r changes in their blood B- and T-

cell subsets that together reflect a unique “lyngyte signature”.

16



366

367

368

369

370

371

372

373

374

375

376

377

378

379

380

381

382

383

384

385

386

387

388

389

390

Discussion

We here demonstrate significant expansions of lg&@#essing B cells in blood of patients
with 1gG4-RD. These changes were directly relatethe previously described expansion of
CD21°" B cells and are associated with expansions impdsiasts, Th2 and Treg cells.

Increased numbers of circulating plasma blasts baea reported before in patients with
lgG4-RD (8, 34). This is not a disease-specificeelffas similar expansions have been
observed in many chronic inflammatory diseasesianddividuals with active infection or
following vaccination (35-38). Thus, increased plasblast numbers mostly reflect active
humoral immune responses. Active inflammation isthier supported by the increased
numbers of CD21" B cells in our patients. These cells have beearteg to be increased in
multiple states of inflammation (43, 55, 56) and #rought to result from prolonged B-cell
activity due to chronic activation by self-antiggis). CD21 functions as a co-receptor for
the BCR, and downregulation of its expression makescells anergic for chronic stimuli
(58). We now demonstrated that the expansion of BB cells is in part due to the
expansion of IgG4+ population, which directly linkgo the disease. The nature of chronic
B-cell stimulation in IgG4-RD remains unclear.dtlikely that auto-antigens are involved, as
plasma blasts from patients with 1gG4-RD producenimoglobulins that react against
human cell lysates (8).

Insights into IgG4-expressing B cells in patienithwgG4-RD are limited, most likely
due to the lack of proper reagents to specificdétect and isolate these cells. To overcome
this, we developed a flow cytometric approach tnstor IgG4-expressing B cells using
newly available reagents and found that frequeremesabsolute numbers of IgG4+ memory
B-cells were increased in patients with IgG4-RD.wdwer, in contrast to previous
observations, these numbers were not correlateld@d serum levels (59). Absence of

correlation is most likely due to the fact thatdbeells were immunophenotypically memory
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B-cells (60, 61) rather than IgG4-producing plastedls. Previously we observed similar
absence of correlation for IgE+ memory B-cell nurskend serum IgE levels in patients with
atopic dermatitis (62).

On top of cell numbers, patients’ IgG4+ memory Bscevere phenotypically different
from those of healthy controls. A lower frequendycells expressed CD27, which is the
conventional marker for memory B-cells (63, 64)rtRarmore, expression levels of CXCR5
were lower in patients. These differences couldinate from a different maturation pathway
for 1gG4+ memory B cells in patients. Generationlg&+ memory B cells in humans is
critically dependent on T-cell help (65). Yet, & unclear if T-cell help is needed for
sequential switching to IgG4 of memory B cells egsing other IgG subclasses. The
reduced expression of CXCR5 on IgG4+ B-cells froatigmts could represent a reduced
capacity for homing to B-cell zones in lymph no@esl would suggests that activation and
differentiation of 1gG4+ B-cells in patients occuns peripheral tissue, rather than in
lymphoid structures (66). Cytokines specificallgucing CSR to IgG4 have been found in
lgG4-RD tissue biopsies (16). Moreover, expressioin activation-induced cytidine
deaminase (AID), the enzyme that triggers SHM ahalwis needed for CSR, was reported
to be increased in tissue biopsies of IgG4-RD p&ieconforming the ability of local CSR
(15).

In addition to differences in IgG4+ memory B cellge found systemic expansions of
Th2 and Treg cells. Ig class switching to IgG4 isdmted by the cytokines IL4 and IL-10,
which are predominantly produced by Th2 and Tregpectively. This is referred to as “the
modified T-helper 2 type response” (67), and haenbesported in the context of the
beneficial effects of immunotherapy in allergywhich it favors CSR to 19G4 over IgE (68).
Prolonged antigen exposure indeed leads to a ggeabift in the 1gG4:1gG1 antibody ratio,

as previously illustrated by natural immunization bee keepers or during subcutaneous
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immunotherapy with grass pollen (69, 70). Previolhiservations in tissue and in blood have
also linked the modified Th2 type response to Ig&E4{16-18, 20, 69). Our data confirms

such a response, with the observation of increaseatbers of Th2 cells and Tregs in 1gG4-
RD and a positive correlation between Th2 cells iy@4+ B-cells. In contrast to earlier

observations we did not find an increase in TfAscél'l). Yet, this finding supports the

hypothesis that differentiation towards 1gG4 in 38D takes place in peripheral tissue,
rather than in follicles in lymphoid structures.

Despite significant differences in numbers of Bd dncell subsets between patients and
controls in the presented study, none of these wffeciently discriminative to be used as
biomarker. This included plasma blasts, which heabntly been proposed as a biomarker for
IgG4-RD (34). Importantly, the numbers of plasmaskd in our patients (median 3.36
cells/uL) were in the same range as previouslyneddmedian 4.70 cells/uL) (34), whereas
plasma blast numbers were extremely low in contoblghat study (0.10 cells/pL) (34). As
plasma blasts in our study (median 1.70 cells/ukyenin the same range as reported by
others, it is questionable if this subset is aat#é biomarker (72). Therefore, we propose to
derive a biomarker based on the specific “lymphecsignature” in peripheral blood of
patients with IgG4-RD. Combined analysis of varisubsets has an advantage since it does
not rely on one biomarker, rather it reflects tlaghpphysiology of the disease. Since 1gG4-
RD can affect various organs, the clinical presemas diverse, yet PCA of the peripheral
lymphocyte compartment illustrates that the undegymmune response is clearly distinct.
This is confirmed by the fact that combined analygith PCA not only distinguishes healthy
from disease, but can also discriminate betwedrrdift fibro-inflammatory conditions (i.e.
sarcoidosis from 1gG4-RD). Examples of scoring eyst in medical practice are ample and
systems medicine has been proven of value to stoiplex diseases and generate predictive

models, although some caution is warranted (73, 74)
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In conclusion, we here demonstrate that patienth wWjG4-RD present with increased
numbers of lgG4+ B-cells, CD®¥ B-cells and plasma blasts in blood. Molecular
characteristics reveal that the latter expansiom ligsult of an ongoing immune response in
affected tissue. Furthermore, this is characterizgdncreased numbers of Th2 cells and
regulatory T-cells, known as the modified Th2 tymsponse. This specific “peripheral
lymphocyte signature” in patients with IlgG4-RD icdies that patients suffering from 1gG4-
RD have a common disease pathogenesis and in tbeefuperipheral blood might be
exploited as a non-invasive tool to employ for diegjs and treatment monitoring in patients

with 1gG4-RD.
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654 Table(n=1)

Table 1. Characteristics of patientswith 1gG4-RD

_ age medication time until  treatment started CRP ESR
patient gender organs affected _ ) _ ) ) )
(yn at inclusion diagnosis after inclusion (<10mg/L) (20mm/h)

1 F 60 orbita n.i.m. 14 years  prednisone, methotrexate, cyclosporine, inflixim 14 40

2 F 67 orbita n.i.m. 8 years dexamethasone 1.1 1

3 M 63 orbita, lymph node, lung, prostal prednisone 3 years prednisone, rituximab, methotrexate 0.9 5

4 M 54  orbita prednisone 10 years prednisone 1.9

5 F 53 orbita n.i.m. 3 years unknown 1.7 n.d.

6 M 60 orbita, lymph node t.n. 5 years prednisonethotrexate 0.7 16
7 M 44  orbita t.n. 12 years  prednisone 0.4 1

8 F 59 skin t.n. 5 months  hydroxochloroquine 6.0 11
9 M 18 Ilymph node, lung, cerebra t.n. 1 month dexamethasone, azathioprine 50 107
10 F 62 pancreas, lymph node, lung t.n. 3 months edmpsone 6 2.4
11 M 74 lymph node, salivary gland, lung t.n. 5 months prednisone, azathioprine 0.8 37
12 M 53 mesenterium t.n. 20 years prednisone, egathe, rituximab 84 119
13 M 62 thyroid gland t.n. 1 year prednisone 1.9 6
14 M 32 serous membrane t.n. 3 months  prednisone 18.7 8
15 M 79 lymph node, pancreas t.n. 1 year - 6.4 20
16 M 60 bile duct, lymph node t.n. 2 weeks predmisanethotrexate 4 0.7

CRP, C-reactive protein; ESR, erythrocyte sedintemtaate; n.i.m., no immunomodulatory medicationt least 6 months prior to inclusion; t.n., tne@nt naive; n.d., not

determined
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Figures (n=6)

Figure 1. Representative hematoxylin and eosin (H&E) anddig@inings of tissue sections
of affected organs in patients with 1gG4-RB. and B. Pericardial tissue of patient 15
demonstrating lymphoplasmacytoid fibrosis and ebditive phlebitis.C. and D. Orbital
tissue of patient 6 with lymphoid infiltratiorE. and F. Lung tissue of patient 10 with

lymphoplasmacellular infiltrates. All images arédXOmagnification.

Figure 2. Identification and immunophenotyping of 1gG subslaxpressing memory B-
cells. A. Stepwise flowcytometric gating strategy to idntigG1l+, IgG2+, 1gG3+ and
lgG4+ memory B-cellsB. Expression of activation and memory markers orelBsubsets.
Shaded grey histograms represent naive B-cellst blue represent IgG1+ memory B-cells
and dark blue represent IgG4+ memory B-cells. Ehtlrepresents one individual, red lines
indicate medians. Statistical analysis between dlaips was performed with the Mann

Whitney U test. *p<0.05

Figure 3. Composition of the blood B-cell compartment inltigaindividuals and in patients
with IgG4-RD.A. Model of peripheral B-cell maturatioB. Absolute numbers of naive and
memory B-cell subsets and plasma cells. Columnigatel median values with interquartile
range.C. Absolute numbers of IgG4+ memory B-cel. Distribution of IgG subclass
memory B-cells within the total IgG memory B-cetimapartment. E. Absolute numbers of
CD21°"lgG4+ memory B-cells. Each dot represents one iddal, red lines indicate
medians. Statistical analysis between the groups peaformed with the Mann Whitney U

test. * p<0.05, ** p<0.01, **** P<0.0001
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Figure 4. Molecular characteristics of 1IgG4+ B-cells fromaltay individuals and patients
with 1gG4-RD. A. Representative flowcytometry plots of CD27 expi@s on total B cells
and IgG4+ B-cells from a healthy individual and nfroa patient with IgG4-RDB.
Frequencies of IgG subclass memory B-cells exprgs€iD27.C. Expression of cytokine
and chemokine receptors on IgG4+ B-cdlls.Schematic representation of the hunh@hi
locusE. Representation of the membrane B-cell recept@RBwith the variable domain of
the Ig heavy chain (V, D and J) and Ig light ch@/fmand J). Asterisks in the RNA represent
mutations in the genes encoding the proteins of BI@&R. F. Frequency of somatic
hypermutation (SHM) in rearrangeé@HV gene.G. Selection for replacement mutations in
the CDR (red) and FR (blue) regions. Solid linggreésent patients; dotted lines represent

healthy controls. A selection strength of more tBas indicative of positive selection (48).

Figure 5. Blood T-helper subseté. Representative plots from flow cytometric analyBis
Absolute numbers of T-helper 1 (Thl), T-helper BI) follicular helper T-cells (Tfh) and
regulatory T-cells (Treg)C. Regression analysis of Th2 cells and IgG4+ B-catlid of Treg
cells and 1gG4+ B-cells. Each dot represents omivitiual, red lines indicate medians.
Statistical analysis between the groups was peddrmith the Mann Whitney U test. *

p<0.05, ** p<0.01. Correlation was calculated wpearman R.

Figure 6. Multi-parameter analysis and clustering of induats based on blood lymphocyte
subsets.A. Principal component analysis of peripheral blogchphocyte subsets from
healthy individuals (green), patients with sarcsiddblue) and patients with IgG4-RD (red).
Each individual is represented by one dot, withigation of group median (large dot)
together with 1SD and 2SD. Following automated petman separator (APS) based on the

absolute counts of various subsets, PC1 and PC8& ws&ected to visualize separation
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between healthy individuals, patients with sarceisloand patients with IgG4-RD. The
contribution of the top 5 components of each PCliated. B. Scoring of blood samples
based on a formula composed of the subsets that sigmificantly different between healthy
individuals and patients with 1gG4-RD. The percegetaf IgG2+ B-cells and 1gG4+ B-cells
within total 1IgG B-cells are multiplied by the alhsi® numbers of Th2, Treg and IgG4+ B-
cells and divided by the percentage of IgG1+ Bscellthin total IgG+ B-cells multiplied
with the absolute numbers of Thl and IgG1+ B-c&lsd dotted line indicates a score of 100

considered as cut-off value.
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Table E1. Antibodiesused for flow cytometry

Antibody Conjugate Clone Supplier

CD3 BVvV711 UCHT1 BD Biosciences, San Jose, CA
CD4 BV510 OKT4 BioLegend, San Diego, CA
CD8 APC-H7 SK1 BD Biosciences

CD16 PerCP-Cy5.5 3G8 BD Biosciences

CD19 PC7 J3-119 Beckman Coulter, Indianapolis, IN
CD19 BV785 SJ25C1 BioLegend

CD20 BV605 2H7 BioLegend

CD21 Bv711 B-ly4 BD Biosciences

CD25 Bv421 BC96 BioLegend

CD27 Bv421 M-T271 BD Biosciences

CD38 APC-H7 HB7 BD Biosciences

CD45 0C515 GA90 Cytognos, Salamanca, Spain
CD45RA BV605 HI100 BioLegend

CD45R0O FITC UCHL1 Exbio, Vestec, Czech Republic
CD80 BV605 2D10 BioLegend

CD81 APC-H7 JS-81 BD Biosciences

CD86 PE-Cy7 IT2.2 BioLegend

CD123 PE-Cy7 6H6 eBioscience, San Diego, CA
CD124 PE-Cy7 GO77F6 BioLegend

CD127 APC A019D5 BioLegend

CD180 Biotin RP/14 BioLegend

CD267 PE/Dazzle 1A1 BioLegend

CD360 PE-CF594 17A12 BD Biosciences

CCR4 PE-Cy7 L291H4 BioLegend

CCR6 PerCP-Cy5.5 GO034E3 BioLegend

CCR7 PE REA108 Miltenyi Biotec, Bergisch GladbaGermany
CXCR3 FITC GO025H7 BioLegend

CXCR5 APC 51505 R&D systems, Minneapolis, MN
HLADR BV605 L243 BioLegend

IgA FITC IS11-8E10 Miltenyi Biotec

IgA PE IS11-8E10 Miltenyi Biotec

IgD PerCP-Cy5.5 |A6-2 BioLegend

IgD PE-CF594 IA6-2 BD Biosciences

IgE FITC Goat anti-human  Invitrogen, Waltham, MA

19G PE IS11-3B2.2.3 Miltenyi Biotec

IgG1 PE SAG1 Cytognos

19gG2 PE SAG2 Cytognos

1gG2 FITC SAG2 Cytognos

19G3 FITC SAG3 Cytognos

IgG4 APC SAG4 Cytognos

IgM BV510 MHM-88 BioLegend

Streptavidin  BV605 - BioLegend

APC, Allophycocyanin; FITC, fluorescein isothiocyde; PE, phycoerythrin




Table E2. Immunophenotypic definitions of T- and B-cell subsets

CD3" T-cell subset

Immunophenotype

Total CDS8 T-cell
CD8" naive T-cell

CD8' central memory T-cell
CD8' effector memory RA-cell
CDS§" effector memory RO T-cell

Total CD4 T-cell
CD4' naive T-cell

CD4" central memory T-cell
CD4" effector memory RA T-cell
CD4" effector memory RO T-cell

CD3'CDS8’
CD3'CD8'CCR7CD45RO
CD3'CD8'CCR7 CD45RO
CD3CD8'CCR7CD45R0O
CDBD8 CCR7CD45RO
CD3CD4
CD3CD4'CCR7CD45R0O
CDED4 CCR7CD45R0O
CDED4'CCR7CD45R0O
CD8D4'CCR7CD45R0O

CD4' CTL cell CD3CD4'CCR7CD45ROCD27

T helper 1 cell CD3D4'CD45RACCRG6CCR4CXCR3
T helper 2 cell CD3D4'CD45RACCRG6CCR4CXCR3
T follicular helper cell CD3CD4'CD45RACXCRS

Regulatory T-cell CD3D4'CD45RACD127CD25

CD19" B-cell subset I mmunophenotype

transitional B-cell CD19'CD21'CD38""CD27

naive mature B-cell
IgM+1gD+ memory B-cell
IgM-only memory B-cell
IgA*CD27 memory B-cell
IgA*CD27" memory B-cell
IgG"CD27 memory B-cell
IgG"CD27 memory B-cell
IgG1+ memory B-cell
IgG2+ memory B-cell
IgG3+ memory B-cell
IgG4+ memory B-cell
plasmablast

CD21°" B-cell
CD21°"IgG4" B cell

CDIg€D21'CD38 ™ gD*/IgM*CD27
CD18CD21'CD38" gD IgM*CD27"
CD18CD21'CD38MgM*CD27 IgD"
CD18CD21'CD38 ™M gD IgM IgA*CD27
CD18CD21'CD38 ™M gD IgM IgA*'CD27
CD18CD21'CD38" gD IgM IgG'CD27
CD18CD21'CD38 ™M gD IgM 1gG'CD27
CDITD21'CD38" gD IgM 1gG1*
CDITD21'CcD38" gD IgM 1gG2*
CDITD21'CD38" gD IgM 1gG3"
CDITD21'CD38" gD IgM 1gG4"
CDIZ€D38""CD27"
CD19CD21°CD3g"™™
CD19CD21°"CD38" gD IgM 1gG4"




Table E3. Basicimmunological characteristics of patientswith 1gG4-RD

serum immunoglobulins (g/L) blood leukocytes anbdsets (cells/ul)
Patient lgG1 lgG2 lgG3 IgG4 leukocytes  lymphocytesT-cells B-cells  NK-cells

1 8.61 6.8 0.4 2.12 6500 3480 2640 620 220

2 10.40 2.28 034 273 4500 2440 1930 400 70

3 5.24 2.36 0.38 5.96 7300 790 610 60 90

4 5.37 2.13 0.35 1.22 6200 1960 1640 200 120
5 4.59 3.16 0.62 0.27 12100 4470 3500 490 450

6 10.4 4.56 0.75 750 4800 1790 1480 110 180
7 6.49 2.49 0.32 1.85 7100 1650 1160 190 270

8 6.89 3.39 0.59 1.93 6500 2040 1510 270 220
9 25.1 5.12 0.96 12.8 5800 2360 1620 570 130
10 5.27 4.31 0.35 0.27 8800 2970 2140 430 370
11 10.4 2.93 0.32 5.75 7700 1280 1040 60 170
12 114 2.68 1.09 25.25 10200 4100 3300 280 440
13 6.85 4.66 0.23 2.76 5400 2280 1440 210 530
14 9.91 7.15 0,64 5.40 7600 1530 1130 110 260
15 19.30 2.27 2.28 1.13 7000 1710 1010 470 150
16 8.87 4.36 0.36 555 6800 1480 1150 60 160

normal range 4.9-11.4 1.5-64 0.2-1.1 0.08-1.4 3500-10000 1100-2500 700-1900 100-400 100-400

Subnormal values are depicted in italics, supraabxalues in bold font




Table E4. Clinical and immunological characteristics of patientswith Sarcoidosis

atient  aender 29€ ©organs medication CRP ESR immunoglobulins (g/L) Leukocytes  T-cells B-cell
P 9 (yr) affected atinclusion (mg/L) (mm/h) IgG1 IgG2 lgG3 lgG4 (cellspiL) (cellspil)  (cellspul)
1 F 43 L“k?r?'eye' nim. 2.6 3 n.d. nd.  nd. n.d. 5000 430 180
2 F 33 'g;;ph node, n.i.m 12 22 5.56 3.51 031 005 4300 350 80
3 M 67 ocular n.i.m 1.0 5 5.90 215  0.27 0.36 8100 2180 200
4 M 49 Ir?c?o?é lymph n.i.m 3.9 49 11.8 6.38 0.79 347 6300 980 450
5 M 59 lymph node n.i.m 0.7 13 9.0 474  0.30 1.22 8800 760 330
lymph node, .
6 Mooaa B0 n.i.m 0.6 7 9.32 260 013 0.82 3600 930 140
7 F 66 'S}’ki”;]ph node, n.i.m 2.4 12 6.81 321 035 0.17 7200 940 570
8 F 86 'g;‘;ph node, n.i.m 27 12 6.56 2.27 0.31 0.28 5500 830 90
9 M 51 ©€Ye lymph n.i.m 10 12 7.12 3.88 0.47 0.23 4100 430 260
node, kidney
10 M 52 eye, lung plaquenil 0.3 3 7.18 2.74 0.34 510. 3700 350 60
11 F 5g ung, eye, n.i.m n.d. n.d. 7.78 2.66 0.11 0.55 5700 1220 380
skin, joint
”rgrnrgz' <10mg/L 20mm/h 4.9-11.4 156.4 0.2-1.1 0.08-1.4 3500-10000 700-1900 100-400

CRP, C-reactive protein; ESR, erythrocyte sedimt@amtaate; n.i.m., no immunomodulatory medicatiord., not determined; Subnormal values are depintéllics,
supranormal values in bold font.




Supplemental Figure L egends (n=6)

Figure E1. A. Absolute counts of IgG1l+, IgG2+ and IgG3+ memorcedlls. Each dot
represents one individual, red lines represent amedalues. Statistical analysis between the
groups was performed with the Mann Whitney U t&%0.05.B. Correlation between 1gG4
serum values and absolute numbers of IgG4+ memergllB and between percentages of
lgG4+ B-cells within total IgG+ B-cells. Grey shallarea indicates the reference value for
lgG4 serum values. Correlation was calculated Bpearman RC. Representative plots of
the flow cytometric analysis of IgG subclass exgieg CD21°" B-cellsD. Absolute counts

of CD21°" IgG4+ B-cells. Each dot represents one individued lines represent median
values. Statistical analysis between the groupspedasrmed with the Mann Whitney U test;
*P<0.05, **P<0.01.E. Correlation between CD8¥ B-cells and 1gG4+ CD2¥ B-cells in

healthy controls and in patients with IgG4-RD.

Figure E2. A. Frequencies of somatic hypermutations (SHM) inresagedlGHV genes of
IgG3+, IgG1+, IgG2+ and IgG4+ B-cells from healtingividuals. Each dot represents one
sequence, red lines represent median values. tttianalysis was performed with the
Mann Whitney U test; *P<0.05, *P<0.0B. IGH-CDR3 size of IgG4+ B-cells. Each dot
represents one sequence, red lines represent mediaes. Statistical analysis was
performed with the Mann Whitney U test; *P<0.05P%0.01.C. Frequencies of theEGHV

gene usage in IgG4+ B-cells from healthy individuahd patients with IgG4-RD.

Figure E3. A. Correlation between CD®Y 1gG4+ B-cells and Th2 cells and between
CD21°" IgG4+ B-cells and Treg cells in patients with Ig&®. Correlation was calculated

with Spearman RB. Correlation between IgG4 serum values and albsalumbers of Th2



and of Treg cells. Grey shaded area indicates eéferance value for IgG4 serum values.

Correlation was calculated with Spearman R.

Figure E4. A. Representative plots of the flow cytometric anaysnd absolute counts of
CD4+ naive T-cells (CD4+ Tnaive), CD4+ central meynd-cells (CD4+ Tcm), CD4+
effector memory CD45R0O+ T-cells (CD4+TemRO) and @fector memory CD45RO-
T-cells (CD4+TemRA)B. Absolute numbers of CD4+CD45R0O-CCR7-CD27- CTL<Ell
Representative plots of the flow cytometric anaysnd absolute counts of CD8+ Tnaive,
CD8+ Tcm, CD8+TemRO and CD8+TemRA. Columns represardian values with
interquartile range. Statistical analysis was pentd with the Mann Whitney U test;

**P<0.01.

Figure E5. A. Representative plots of the flow cytometric anialyd granulocyte subsets
and plasmacytoid dendritic cells (D@. Absolute counts of neutrophils, basophils,
eosinophils and plasmacytoid DC. Columns represeatian values with interquartile range.

Statistical analysis was performed with the Mannitdy U test, *P<0.05.

Figure E6. Percentage of 1IgG4+ memory B-cells within totaGlgnemory B-cells and
absolute counts of Th2 and regulatory T-cells irigoés with sarcoidosis. Each dot

represents one individual, red lines represent amedalues.
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