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Abstract:

Background & Aims. Immunoglobulin G4-related disease (IgG4-RD) is
characterized by increased serum levels of IgG4iEiittation of biliary, and
pancreatic, and other tissues by IgG4-positiverpéasells. We assessed the
prevalence of allergy and/or atopy, serum and¢isgk antibodies, and blood and
tissue eosinophils in patients with IgG4-RD. Wedstigated the association between

serum IgE and diagnosis and relapse of this disease

Methods. We performed a prospective study of 48 patieritis igG4-RD, 42
patients with an increased serum level of IgG4 witrer inflammatory and
autoimmune conditions (disease controls), and 3itteindividuals (healthy
controls) recruited from Oxford, United Kingdom dndMarch 2010 through March
2014, and followed for a median of 41 months (raBgé3 months). Serum levels of
Ig were measured at diagnosis, during steroidrtreat, and at disease relapse for
patients with IgG4-RD; levels at diagnosis were pamed with baseline levels of
controls. Allergen-specific IgEs were measured gisine IgE ImmunoCAP. Levels
and distribution of IgG4 and IgE antibodies in lymopd, biliary, and pancreatic
tissues from patients with IgG4-RD and diseaserotstvere measured by
immunohistochemistry. We analyzed data using theaBpan rank correlation and

receiver operator characteristic curves.

Results: Serum levels of IgG4 increased to 1.4 g/l or maral IgE increased to 125
kIU/L or more, in 81% and 54% of patients with Ig&D, respectively, compared
with 6% and 16% of healthy controlB<.0001). Peripheral blood eosinophilia was

detected in 38% of patients with IgG4-RD vs 9% edlthy controlsP=.004). Of



patients with IgG4-RD, 63% had a history of alleegd 40% had a history of atopy
with an IgE-specific response—these values were 808b3% in patients with
increased serum levels of IgE<.05). Level of IgE at diagnosis above 480 kIU/L
distinguished patients with IgG4-RD from diseasetas with 86% specificity, 36%
sensitivity, and a likelihood ratio of 3.2. LevdlIlgE at diagnosis above 380 kIU/L
identified patients with disease relapse with 8§#cicity, 64% sensitivity, and a
likelihood ratio of 5.4. IgE-positive mast cellsch@osinophilia were observed in
lymphoid, biliary, and pancreatic tissue samplesif50% and 86% of patients with

IgG4-RD, respectively.

Conclusion: In a prospective study, we associated IgG4-RD aflergy, atopy,
eosinophilia, increased serum levels of IgE, afpgsitive mast cells in lymphoid,
biliary, and pancreatic tissue. An IgE-mediatedrglic response therefore appears to
develop in most patients with IgG4-RD; levels dElgight be used in diagnosis and

predicting relapse.

KEY WORDS: inflammation, pancreas, immune response, detectio

MAIN TEXT

INTRODUCTION

IgG4-related disease (IgG4-RD) is a systemic filnfammatory condition, of which
IgG4-related sclerosing cholangitis (IgG4-SC) antbemmune pancreatitis (AIP) are
the biliary and pancreatic manifestations. An ated serum IgG4 and abundance of

lgG4-positive plasma cells infiltrating the invotyeorgans is well describéd
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Elevated serum IgE concentrations were first regabih a series of Japanese patients
with AIP; retrospective studies suggesting a prewes of between 34% and 86%
Peripheral and tissue eosinophilia are traditignadien in the context of atopic and
allergic conditions, but have also been described\P*. Furthermore, a clinical

history of allergy can be ascertained in 40% to &3%IP patients”.

Strong links between IgG4 and IgE are well esthblis IgG4 responses are often
associated with IgE-mediated allergy, but thesparses are distinct. Both 1gG4 and
IgE are induced by Th2 cytokines IL-4 and/or IL.21Bowever production of IgE
antibodies often occurs well before IgG4 antibodippeat. It is also common to find
IgG4 antibodies in the absence of IgE antibodigxoaess called the ‘modified Th2
respons€’. An important regulatory component in the modifiEl? response is IL-
10, which promotes the switch to IgG4 and inhilbs productiofl. IgG4 responses
require frequent and/or high antigen exposure arel @bserved in situations
associated with tolerance induction, such as dualleggen immunotherapy. This can
result in an increase of IgG4 (10-100 fold), alomigh a gradual decline in anti-
allergen IgE antibodies and symptoms of allergimitis and asthma. Th2-cell-
dominant immune responses are reportedly increasdbe peripheral blood and
tissue of IgG4-RD patients, and abundant regulatetls producing IL10 and TGF-

Beta infiltrate affected orgaffs™?

In this paper, we set out to establish the prevaesf allergy and atopy, blood and
tissue eosinophilia, serum total and allergen-$etdE responses, and tissue IgE
antibodies, in a prospective UK cohort of IgG4-Ra&ipnts. We sought to determine

the utility of serum IgE in differentiating patientvith 1gG4-SC/AIP from disease



mimics with an elevated serum IgG4, such as prinsatgrosing cholangitis, and its

relationship with corticosteroid use and diseatspse.

METHODS

Patient and Control Recruitment

For this study, 48 IgG4-RD patients, 42 diseasdrotswith an elevated serum 1gG4
(DC) and 51 healthy controls (HC) were recruiteahfrtheJohn Radcliffe Hospital,
Oxford, UK, between March 2010 and March 2014, faidwed-up for a median of
41 months (range 3-73 months). Diagnostic critirreeach group are defined in the

Supplementary M ethods.

Serological testing for 1gG, 1gG4 and IgE

Serum immunoglobulins were measured at diagnosisgl steroid treatment and at
disease relapse within the 1gG4-RD cohort. Compassetween IgG4-RD patients,
DC and HC were made at diagnosis before sterotdhtion. Total serum IgG and
IgG4 were measured by nephelometry (BNII analySermens, UK). Total IgE was
measured by the automated Immunocap method (PR&0iaUK). Elevated serum

IgG (>164g/1), 1IgG4 £1.4g/l) and IgEX125kIU/L) were defined by institution range.

I gE-specific ImmunoCAP

An IgE ImmunoCAP method was used to determine amhtify allergen-specific

IgE antibodies. IgE-specific allergen testing wasf@med using a set of allergen
mixes: grass pollen, mould, tree pollen and nuta{fdy Thermo Scientific), as

specified in theSupplementary Methods.



Peripheral and Tissue Eosinophilia

Peripheral blood eosinophil count was measuredagndsis. An elevated eosinophil
count was defined as >500 cells/ul (count>0.5)sdéseosinophil number was graded
as ‘none’ (0), ‘occasional’ (<10), ‘moderate’ (16)2or ‘marked’ (>25) on H&E

specimens by the reporting pathologist.

Immunostaining for 1gG, 1gG4 and IgE antibodies

Tissues were assessed for morphology and immunestawith IgG and IgG4
monoclonal antibody and IgE polyclonal antibody,d&@scribed inSupplementary
Methods. Double immunostaining for IgE and CD138 (plasnedisy or mast cell

tryptase (mast cells) was performed.

Statistical analysis

Comparisons between groups were analyzed with atdilel Mann Whitney test;

correlations quantified as Spearman's rank coroelatoefficient. Statistics and
Receiver Operator Curve (ROC) analysis were perdrasing Graphpad Prism v6.0.

A P-value of <0.05 was considered significant.

RESULTS

Prevalence of serum 1gG4 and I gE elevation.
The serum IgG, 1gG1, 1gG4 and IgE levels at diagnhegere higher in IgG4-RD

patients than in HC (p<0.0001), as showT able 1(Figure S1A-B). There was no



difference in the IgE/IgG4 ratio between the twougrs Figure S1C). Elevated 1gG4
concentrations were demonstrated in 81% (39/48) etevated IgE in 54% (26/48) of
the cohort, both more prevalent compared with HKD(@001)T able 1). There was a
positive correlation between serum IgE and 1gG4 .8k 0.46, CI0.18-
0.66;p=0.001)¥igure 1A), and serum IgE and IgG (Sp.rank 0.32, CI0.028-
0.56;p=0.028)¥igure S2A). However, there was no difference between semgim |
levels in 1IgG4-RD patients with a normal and higlsllevel (p=0.178Kigure S2B).
Serum IgE levels were increased in the high IgGamared to normal 1IgG4 group
(p=0.017)Figure 1B). In the 9 1gG4-RD patients with a normal serunt4gat

diagnosis, only 1 had an elevated IgE.

Prevalence of peripheral eosinophilia.

Peripheral blood eosinophilia was present in 38%g&f4-RD (median 0.44, range
0.0-5.05) versus 8.6% of HC (median 0.16, rangé-0.08)(p=0.004){able 1).
There was a positive correlation between eosinoghuint and serum IgE (Sp.rank
0.45, CI0.18-0.65;p=0.00F(gure 1C-D) and serum IgG4 (Sp.rank 0.34, C10.049-
0.57;p=0.019)igure S2C). However, there was no difference between seg@#|
levels in lgG4-RD patients with a normal and higisiaophil count (p=0.298}{gure

S2D).

Prevalence of allergy and atopy.

A history of allergy was identified in 63% of patte with IgG4-RD compared with
17% of HC (p<0.001)able 1; Figure S3A), and national UK statistics of 20%

(http://www.allergyuk.org/allergy-statistics/allgrgtatistics). There was a higher
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serum IgE in 1gG4-RD patients with an allergic brgt than those without
(p=0.031)Figure S3B). An elevated serum IgE level was present in 60%©4-RD

patients with allergy. No patient had a historywidence of parasitic infection.

Atopy was defined by evidence of an IgE antibodgposse in addition to clinical
symptoms. An allergen-specific IgE response wastified in 52% (25/48) of 1gG4-
RD patients and 40% (19/48) of 1gG4-RD patients evdefined as ‘atopic’. An
elevated serum IgE level was present in 53% of igB4patients with atopy. In total,
62% (16/26) of IgG4-RD with an elevated total serlgh had a positive allergen-
specific IgE response and 41% (9/22) with a norigél had a positive IgE-allergen

specific response (p=0.25).

Allergen-specific | gE responses.

In order to establish if there was a particulaergién prevalent in IgG4-RD and to

investigate whether an IgE-specific response wagenpoevalent in those with an

elevated total IgE, we tested the serum of 16 ptisvith elevated IgE and 17

patients with normal IgE levels to four broad ajm panels (grass, mould, tree and
nut mixes). Three-quarters (75%) of those with l@waged IgE (12/16) were positive

to at least one of these panels, whereas 24% eétivith a normal IgE (4/17) were

positive to a single grass allergen panel only (p895)(Table S1).

Serum IgE to differentiate |gG4-RD from DC with an elevated serum 1gGA4.
Serum IgE levels were measured in IgG4-RD patieitts an elevated 1gG4, and DC
who had other autoimmune, inflammatory and infectdiseases and an elevated

IgG4, to investigate if IgE levels may help to disgnate the two groups. The groups



were well matched in age (p=0.21) and gender (p=1n0those IgG4-RD patients
with an elevated 1gG4 (n=39), serum IgE was highezdian 323kIU/L, range 3.31-
2024kIU/L) than in the non-IgG4-RD DC’s (n=42) (nmead 55.7kIU/L, range 5.11-
4457kIU/L)(p=0.003)Figure 2A). The ability of serum IgE to distinguish 1gG4-RD
from DC is shown on the ROC curve; area under timneec(AUC) was 0.69 (p=0.004,

95% CI0.57-0.81Kigure 2B).

At a serum IgE cut-off of 125kIU/L, sensitivity w&F %, specificity was 64%, NPV
was 68%, and PPV was 63%, with a likelihood rafid & to distinguish IgG4-RD
from non-lgG4-RD DC's with an elevated IgG4. At arem IgE of 480kIU/L
(4xULN), the sensitivity fell to 36%, specificitpcreased to 86%, PPV was 70% and

NPV was 59%, with a likelihood ratio of 3.2.

Serum IgE and corticosteroid treatment.

Of 48 1gG4-RD patients, 79% (38/48) received corteroid therapy, 15% (10/48)
underwent surgical resection, and 6.2% (3/48) latervative management due to
severe diabetes(l), end-stage cirrhosis(1), ane@npabreference(1). In those who
received corticosteroid therapy with available sesamples (n=15), IgE levels were
lower compared to pre-treatment levels by 12 wépks0.001)Figure $4A). Over
time, serum IgE levels plateaued or increased,esponding to corticosteroid

discontinuation and clinical remissiofigure $4B).
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Serum IgE and disease relapse.

Of 48 1gG4-RD patients, 43 had sufficient follow-{p6 months) to determine
evidence of relapse. At least one episode of bimaeted and/or radiological relapse
was recorded in 54% (23/43). Serum IgE at diagnesis higher in those 1gG4-RD
patients who relapsed than those who did not (@4Q®igure 3A). ROC analysis
yielded an AUC of 0.76 (p=0.005, 95%CI10.62-0.91%ing an IgE cut-off of 380
KIU/L, the sensitivity was 64%, specificity was 88%th a likelihood ratio of 5.4, to
predict relapse Higure 3B). An IgE of >125kIU/L at diagnosis did not predict

relapse.

Prevalence of tissue eosinophilia.

Histological specimens were available from 77% 48Y/of 1gG4-RD patients for

morphological review and immunostaining; 15 resectand 32 biopsies. Tissue
eosinophils were present in 86% (32/37) of specgné&wsinophil infiltration was

graded as ‘moderate’ (10-25 eosinophils/HPF) orrkad’ (>25 eosinophils/HPF) in

73% (27/37) of specimens.

Prevalence and distribution of tissue 1gG4 and | gE-positive cells.

Tissue 1gG4 immunohistochemistry was performedli8algG4-RD specimens; the
IgG4-positive plasma cell count >10/HPF (range B/HPF) in 95% (35/37). The
two patients with biopsy 1gG4 counts <10/HPF hadeotion specimens with

morphological characteristics and ratios ‘highlggestive’ of IgG4-RD.
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Tissue IgE immunohistochemistry was performed Ig®@4-RD and 6 DC specimens
(Table S2). The IgE-positive cell count in IgG4-RD (media@ @ells/HPF, range 1-
30 cells/HPF) was higher than DC (median 4 cellsfHPrange 0-10
cells/HPF)(p=0.15) tissues. The IgE-positive calumt was >10/HPF in 50% of
samples stained (4/8). In IgG4-RD tissues, IgE{pasicells were localised to the
mantle zone of the germinal centre, within lymphaggregates and also scattered
throughout the inflammatory infiltrateFigure 4A). The IgE-positive cell staining
was both nuclear and surface. Mast cells were slsattered throughout the
inflammatory infiltrate Figure 4B). IgE-positive cells and mast cells had a similar
distribution, and co-staining demonstrated evideoiclgE-positive mast cells (mast
cell cytoplasmic staining and IgE peripheral stagfiin 1lgG4-RD tissueHigure 4C).
IgE-positive cells stained separately to CD20-pesitB cells Figure 4D) and
CD138-positive plasma cellgigure 4E). This suggests IgE-positive cells represent
IgE attachment to mast cells, although we cannaluee the possibility that a

proportion could be IgE-producing B cells.

In three IgG4-RD patients with the highest meanntaif IgE-positive mast cells, a

retrospective serum mast cell tryptase was perfdr(pee steroid samples), which

were within the normal range.

Red flagsfor the diagnosis of 1gG4-RD

Red flags, incorporating these findings, are showFigure 5.
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DISCUSSION

In the original landmark study of elevated serui@4gn AIP patients in Japan, there
was no difference reported in IgE levels betweerP And HE®. Subsequent
retrospective studies reported an elevated IgE4i86% of AIP patienfs’. In our
prospective study of IgG4-RD, an elevated IgE wasll in 57% at diagnosis, and a
positive correlation was shown between IgE and lbg@% and eosinophils count. We
report a frequent clinical history of allergy (63%hd atopy (40%) in 1gG4-RD,
supported by retrospective data in Japanese Alfenpgt but not by other
group$***> Peripheral eosinophilia and elevated IgE have &ksen described in
subsets of non-atopic IgG4-RD patiéntdhe main discrepancy lies in the definition
of atopy; symptoms plus an IgE-specific proteinpoese, which has not been
characterised in other studies. We also show aehilg level in those allergy/atopic
individuals, supported by studies showing atopiG4eRD patients express up-
regulated Th2 cytokines in peripheral blbotf We have also reported polyclonal

elevations of IgG4 to multiple food allergens itGHRD patienty.

Our results support the utility of serum IgE inghasis of IgG4-RD, with a level of
>480KU/L differentiating IgG4-RD from DC with an ealated serum IgG4
(specificity 86%, sensitivity 36%). This two-dimemsal diagnostic approach (i.e.
IgE combined with IgG4) was supported by the obmtton that patients with a
normal serum IgG4 did not have an elevated IgE.r@hsas no DC’s with

malignancy in this dataset, however serum IgE &evwehy be used to distinguish
organ-specific IgG4-RD from malignant lesions, pmoily minimising unnecessary
surgical intervention. This approach will requitgther validation. An elevated IgE at

diagnosis >380KU/L was also a marker of diseasapsdl (specificity 88%,

13



sensitivity 64%), defining a subgroup requiringefat follow-up. This is supported
by findings in a recent retrospective cohort stoflyredictors of disease relapse in
IgG4-RD after rituximab therapy; in 21 (37%) pateexperiencing disease relapse,

baseline serum IgG4, IgE and circulating eosingphiedicted relaps®

Interestingly, IgE levels decreased during the fizd weeks of corticosteroid therapy,
with a parallel fall in disease activity (as wedl lgG4 level%). This finding is in line
with observations in a retrospective cohort of AlRurthermore, the anti-CD20 B cell
depletion therapy rituximab, used in refractoryedise, results in a decrease in serum
lgG4 and IgE with regression of active disé3sdowever, IgE levels do not fall with
steroid treatment in atopic dermafitisnd do not reflect disease activity in asthma or
allergic rhiniti€2 This complex interplay between allergic diseand &E levels
indicates that a correlation between IgE and respoto treatment does not

necessarily point to a pathogenic role for IgEg&4-RD.

The presence of tissue IgE-positive mast cellsficted organs represents a novel
finding, and suggests a possible role of an IgE+ated response. Mast cells are
involved in a variety of immune responses includicigyonic inflammation and
autoimmune disea$e IgE is a key stimulator of mast cells via binditgthe high-
affinity IgE receptor (FceRI). Mast cells secreteedhators including Th2 and
regulatory cytokines in response to allergens bigpdo specific cell-bound IgE. Non-
specific polyclonal IgE can also induce cytokiners&on, independent of antigén
Furthermore, chronic elevation of IgE induces uplagon of FceRI on mast cells,
resulting in inhibition of mast cell apoptosis gmmotion of cytokine productién

Indeed, this may explain the predominantly surfigfe-positive mast cell staining
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seen in our tissue specimens, due to high levelmarhbrane-associated IgE. Mast
cells might also contribute to fibro&issupported by our observation of IgE-positive

mast cell infiltration in an IgG4-related fibroséic mesenteric mass éble S2).

The aetiology of the elevated IgG4 and IgE in theo8 and tissue of IgG4-RD
patients remains unexplained. Both 1gG4 and IgHiireqTh2 cytokines, IL4 and
IL13, for induction. By contrast, IL10 promotes IgGwitched cells, but
downregulates IgE Whilst we have shown that tissue IgE-positivéscedpresent IgE
attachment to mast cells, a proportion could alsoldgE-producing B cells. IgE-
producing memory B cells and plasma cells may adisectly through a germinal

centre IgE-intermediate c&lf*®

but also indirectly from class switching of IgG4 o
lgG1 B cell$®. Both situations could lead to elevated IgE arf@4dn IgG4-RD, the
former by sharing of Th2 conditions and the laitea higher frequency switch from
IgG4 cells. Of note, IgG4 B cells appear to havaraased capacity to capture IgE
molecules, by up-regulation of the FceRIl on theirfacé”. suggesting a functional
link between IgE and 1gG4 B cell responses. Impulya dysfunction of immune
cells, such as Th2 and T regulatory cells, andkiyés IL4, IL13 and IL10, may pave

the way for increasing serum IgE levels and IgEtp@s cells in the tissues of

patients with IgG4-RD.

The discovery of IgE, eosinophilia and mast cdiiltnation in IgG4-RD highlights
novel therapeutic options. The prostaglandin D2epéar(CRTh2), important in
allergic inflammation, is expressed on Th2 cehsate cells such as eosinophils, and
responds to mast cell derived facfdfé The frequency of CRTh2 cells was

increased in IgG4-siloadenitis, with a non-sigm@fit correlation with IgE and
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eosinophild®. We also report up-regulation of PGD2 and CRThgeéne expression
analysis of 1gG4-SC/AIP patierifs Blockade of CRTh2 can reduce allergic
inflammation in rodent models of antigen-inducedway inflammation, allergic
rhinitis, and atopic dermatitis, and may be effexin a subgroup of atopic IgG4-RD

patients.
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Table Legend

Table 1: Clinical characteristics and laboratory measurements of 1gG4-RD
patients at diagnosis and healthy controls. P values were calculated by using Mann-
Whitney for comparison between 2 groups and Fislieact test for categorical
variables, where NS>0.05, **p=0.01, ***p=0.001, **** p<0.0001 Abbremations:

G/L: grams per litre; kIU/L: equivalent to 1 intational unit per millilitre.

Figure Legends

Figure 1: The relationship of serum IgE with serum 1gG4 and peripheral blood
eosinophil counts in 1gG4-RD (A) Correlation plots showing serum IgE (kIU/L)
plotted against serum IgG4 (G/L) in IgG4-R{B) Dot plots of serum IgE in 1gG4-
RD patients with a high>(.4g/l) or normal serum IgG4. Dashed line is theiselgE
upper limit of normal ¥125kIU/L). (C) Correlation plots showing blood eosinophil
count (cells/ul) plotted against serum IgE (klUlh)ilgG4-RD.(D) Dot plots of serum
IgE in 1gG4-RD patients with a high>%00cells/ul) or normal eosinophil count.
Dashed line is the serum IgE upper limit of norfxl25kIU/L). Spearman’s Rank
correlation and p values are expressed asON®, *P<0.05, **P<0.01. Mann-

Whitney p values, where N$.05, * p<0.05.

Figure 2: Serum IgE levels and ROC Curve to differentiate 1gG4-RD patients
and non-1gG4-RD disease controls with an elevated serum 1gG4. (A) Dot plot
showing serum IgE in IgG4-RD patients and non-IgR33-disease controls with an

elevated serum IgG4. The y-axis shows the serunctdgi€entration (klU/L). Dashed

17



line is the serum IgE upper limit of normall@5kIU/L). Mann- Whitney p values *
p<0.05.(B) Receiver Operating Characteristic (ROC) curve shthe sensitivity and
specificity of IgE in distinguishing 1IgG4-RD fromon-lgG4-RD conditions, with an

elevated serum IgG4.

Figure 3: Serum IgE levels and ROC Curve for disease relapse in 1gG4-RD
patients (A) Dot plot showing serum IgE in 1gG4-RD patients lwand without
evidence of biochemical and radiological diseats#pee. The y-axis shows the serum
IgE concentration (kIU/L). Dashed line is the serdgi upper limit of normal
(>125KkIU/L). Mann-Whitney p values NS>p.05, * p<0.05, **p<0.01.(B) ROC
curve shows the sensitivity and specificity of lgEdiagnosis in determining disease

relapse in 1IgG4-RD patients.

Figure 4. Immunohistochemical staining for inflammatory cell subsets and IgE

in 1gG4-RD (A). Type 1 autoimmune pancreatitis, showing IgE-pwsitcells
(brown) within the inflammatory cell infiltrate. E immunohistochemistry.
Magnification x200.(B). IgG4-related sialadenitis, showing mast cells ;(redrked
with arrows) within the inflammatory cell infiltrat Mast cell tryptase
immunohistochemistry. Magnification x40QC). Type 1 autoimmune pancreatitis,
showing a mast cell (red cytoplasm) expressingaserfgE (pale blue — in contrast to
dark blue haematoxylin counter-stain; marked wittow) within the inflammatory
infiltrate. Mast cell tryptase (red) and IgE (palee) double immunohistochemistry.
Magnification x400(D). Type 1 autoimmune pancreatitis, showing CD20-pasiB-
cells (red; marked with short arrows) not expreg$gt; and a separate inflammatory

cell (not CD20-positive) expressing IgE (pale blgein contrast to dark blue
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haematoxylin counter-stain; marked with long arromhin the inflammatory cell
infiltrate. CD20 (red) and IgE (pale blue) doublenmunohistochemistry.
Magnification x400.(E). Nasal polyp, showing CD138-positive plasma cedisght

red; marked with long arrows) and a separate ptipunlaf CD138-negative and IgE-
positive cells (brown; marked with short arrows)thin the inflammatory cell
infiltrate. CD138 (bright red) and IgE (brown) dd@bimmunohistochemistry.

Magnification x400.

Figure 5: Red flags in the diagnosis of 1gG4-RD. A set of red flags to raise

suspicion of a diagnosis of IgG4-RD.
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Table 1: Clinical characteristics and laboratory measurements in IgG4-RD

patients and healthy controls.

1gG4-RD patients | Healthy controls P values
n=48 n=51
IgG median (range) G/L 14.7 (6.36-59.1) 10.75 (6.33-16.0) <0.0001 ****
1gG1 median (range) G/L | 8.38 (3.94-32.2) 6.65 (3.41-10.6) <0.0001 ****
1gG4 median (range) G/L | 3.57 (0.0-54.1) 0.57 (0.0-2.4) <0.0001 ****
IgE median (range) kKIU/L | 142.0 (0.0-2024) 25.1 (1.99-491.0) <0.0001 ****
IgE/1gG4 ratio median 69.19 (0-705.1) 57.93 (0-2728) 0.6491 NS
(range) kIU/G
Eosinophils median 0.44 (0.0-5.05) 0.16 (0.05-0.78) <0.0001 ****
(range) count
Clinical history of 30/48 (62.5) 6/35 (17.1) <0.0001 ****
Atopy/Allergy (%)
High serum 1gG4 >1.4 39/48 (81.3) 3/51 (5.9) <0.0001 ****
GI/L (%)
High serum IgE 26/48 (54.2) 8/51 (15.7) 0.0001 ***
>125kIU/L (%)
Serum Eosinophilia>0.5 | 18/48 (37.5) 3/35 (8.6) 0.0042 **

count (%)




Figure 1: The relationship of serum IgE with serum IgG4 and peripheral blood eosinophil counts in
IgG4-RD.
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Figure 2: Serum IgE levels and ROC Curve to differentiate IgG4-RD patients and non-IgG4-RD disease
controls with an elevated serum IgG4.
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Figure 3: Serum IgE levels and ROC Curve for disease relapse in IgG4-RD patients.
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Red flags for diagnosis of 1gG4-RD

\ \

Clinical

Male in 6™ decade life

History of unexplained

swelling in in 1 or more

organ system

Disease Associations
Occupational exposures
History of allergy/atopy
History of autoimmune

diseases

Laboratory
measurements

Elevated serum |gG
Elevated serum |gG4
Elevated serum IgE
Peripheral eosinophilia
Polyclonal hypergamma-
globulinaemia

Low complement levels

Imaging

Solitary mass, diffuse
enlargement or fibrotic
thickening of organs
Spontaneous improvement
or resolution of mass or

strictures

Histology
Lymphoplasmacytic
infiltration

Storiform fibrosis
Obliterative phlebitis

Eosinophilia

Response to steroids
Resolution/improvement
of biochemical and

radiological findings

Immunohistochemistry
1gG4+ plasma cells
>10/HPF biopsy
>50/HPF resection
IgG4:1gG ratio »40%

IgE+ mast cells




Supplementary Methods

Diagnostic Criteria

The diagnosis of AIP and 1gG4-SC was made in acsuard with the Mayo HISORt
criterid and the International Consensus Diagnostic CaitdCDCY. Patients with
type Il AIP were excluded Patients with extra-pancreatic disease were diseph
using the Japanese Comprehensive Diagnostic @ri(@GDC) for systemic IgG4-
RD*. The Boston Consensus Histopathological CritestaldG4-RD were applied to
all patients with biopsy and resection specimerslae’. The majority of patients
in the cohort had AIP and/or IgG4-SC (85%) withraxtancreatic manifestations in

72% of patients.

Disease controls had an elevated level of serund Ig@ had no other evidence to
support a diagnosis of IgG4-RD. These included @mary sclerosing cholangitis

(PSC) patienfs 4 hepatitis (1 autoimmune, 2 viral, 1 alcohofigtients, 3 chronic

cholecystitis patients, 4 with cirrhosis (3 alcabpl cryptogenic), 1 with sarcoidosis,
1 with hypereosinophilic syndrome, 1 with coeliagsedhse, 1 with chronic

pancreatitis, 1 with recurrent pneumonia and 1 wififeural effusion. Healthy donors
had no known immune or inflammatory disease, anewender-matched to 1gG4-
RD patients and DC. All comparisons between DC lg@&#-RD patients were made
at the time of diagnosis of IgG4-RD (pre steroidsimmunosuppressive therapy).
Only DC that had not had steroid or immunosuppvesiierapy at recruitment were

included.



Definitions of Allergy and Atopy

Allergy and atopy were defined in accordance whih European Academy of Allergy
and Clinical Immunology classification. Allergy ia hypersensitivity reaction
mediated by immunological mechanisms (antibody-celt-mediated). Atopy is a
personal or family tendency to produce IgE antibedin response to low-dose

allergen, and as a consequence develop typicalteynsp

Serological testing for 19G, 1gG4 and IgE

For patients with multiple immunoglobulin measurese the first IgG4 level
recorded was used. The prozone effect (falselyllg@4 values) was accounted for
using serial dilutions where necessaor IgE, units are expressed as kIU/L,

equivalent to 1 IlU/mL, and equivalent to 2.4ng/mL.

| gE-specific ImmunoCAP allergen mixes

The allergen mixes contained the following; Grasg §6X1): Timothy Grass, Rye
Grass, Meadow Fescue, Meadow Grass (Kentucky Blueg mix (TX1) Birch, Box
Elder, Oak, Cedar Elm, Walnut; Nut Mix (FX1): Pegn@oconut, Hazelnut, Brazil
Nut, Almond; Mould Mix (MX1): Penicillium chrysogem, Cladosporium

herbarum, Aspergillus fumigatus, Alternaria altéana

If a particular allergen was highlighted from tHenical history additional allergen
testing was performed to confirm this, includingube dust mite, cat dander, wheat,

milk and latex.



Tissue Eosinophilia

Tissue eosinophil number was graded as ‘none’‘¢@gasional’ (<10), ‘moderate’
(10-25) or ‘marked’ (>25) on H&E specimens by tleparting pathologist (ACB).
The number of eosinophils considered ‘physiolodycabrmal’ in a tissue sample
depends upon the organ sampled and the size ofgdugler field used. There are
currently no guidelines to define these cut-offs;ept in the context of eosinophilic
oesophagitis where >15 eosinophils per high povetd in oesophageal squamous

mucosa is considered diagnostic with a compatiliécel situatiorf.

Tissue morphology

All biopsy and resection specimens were assesseadiafssical morphological features
of 1gG4-RD, specifically a lymphoplasmacytic infdte, storiform fibrosis and
obliterative phlebitis in accordance with the Bostbistological criteria The
background inflammatory infiltrate was determinesing CD4 and CD8 (T cells),

CD20 (B cells), CD68 (macrophages) and CD138 (ptasetis) antibodies.

Tissue 1gG4 immunostaining

Tissues were immunostained with 1gG and IgG4 manall antibody in the
histopathology department at the John Radcliffe gitak The 1gG4 count was
reported as the average number of IgG4-positivenmdacells in 3 high-powered
fields (HPF). An elevated IgG4 count in a biopsg@men was defined as >10/HPF
and in a resection specimen as >50/HPF, in therpas®r bile duct. In those with an
elevated 1gG4 count, an IgG4 to total IgG ratio wakulated; an elevated 19G4:1gG

ratio was defined as >40% in accordance with thet@ohistological criterfa



Tissue lgE immunostaining

Eight 1gG4-RD specimens (7 resection, 1 biopsy) @mlisease control specimens (5
resection, 1 biopsy) were immunostained for Igiakje S1). An elevated IgE count
was defined arbitrarily as >10/HPF by the reportpaghologist (ACB), using the
diagnostic cut off for IgG4-positive cells in bigpspecimens in IgG4-RDFurther
characterisation and double immunostaining for dag plasma cells (CD138) or IgE
and mast cells (mast cell tryptase) was perforndtieaHistopathology Department

at Southampton General Hospital, in order to furttedine IgE-positive cells.

Tissue staining for B cells, T cells, macrophages and plasma cells

Five 1IgG4-RD and 5 disease control biopsy specimesrs stained for CD4 and CD8
(T cells), CD20 (B cells), CD68 (macrophages) and188 (plasma cells) to
determine the background inflammatory infiltrate. brief, 4 micro-meter (um)
paraffin sections were cut from selected blocks ammlinted onto coated slides
(Thermofisher Scientific), which were dried for 28inutes at 68C. Slides for
immunohistochemistry were prepared using the autemn@repstain Detection-
system (Dako-Cytomation, Hamburg, Germany). Stginitilised the Dako Medical
Systems System with peroxidase and diaminobenzi@#eB) solution containing
0.05% hydrogen peroxide for visualisation. Intetatien of cellular staining was
performed by two histopathologists, using a mudiatied microscope, to reduce inter-

observer variation.
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Supplementary Tables

Table S1: Serum IgE and aller gen-specific | gE responsesto four allergen panels.

Serum IgE Number (%) of patients

Grass mix Mould mix Tree mix Nut mix Total
Elevated IgE | 8/16 (50%) 2/16 (12.5%) | 3/16 (18.8%) | 7/16 (43.8%) | 12/16 (75%)
n=16
Normal IgE 4/17 (23.5%) | 0/17 (0%) 0/17 (0%) 0/17 (0%) 4/17 (23.5%
n=17

Table S2: IgE immunostaining in IgG4-RD patients and disease controls.

Disease Sampletype Specimen | Mean of 3 | Description of IgE+ve cell
type IgE+ve staining
cellsHPF
1gG4-RD Mesenteric massin | R 7 Scattered |gE+ve cells, diffuse
1gG4-FS peripheral and central GC
staining, cellsin areas of
fibrosis.
Whipplesin AIP R 18 Numerous scattered IgE+ve
cells with nuclear staining
CBD in AlP and R 7 Scattered IgE+ve cells only
1gG4-SC
Submandibular R 12 Scattered IgE+ve cells and
gland in 1gG4-SA diffuse GC staining
Whipplesin AIP R 19 Cell surface and nuclear
staining. PC in close
proximity.
Whipplesin AIP R 1 Scattered IgE+ve cells only
Pancreasand CBD | R 16 Scattered diffuse IgE+ve cells,
in AIP ductal inflammation,
duodenum many IgE+ve cells
LiverinlgG4-SC | B 2 Scattered IgE+ve cells around
portal tracts
Disease Reactive lymph R 1 Paracortex and medulla
Controls node staining
Gallbladder in R 3 Scattered |gE+ve cells only
chronic
cholecystitis
Pancreasin R 10 IgE+ve cells accumulate in
chronic lymphoid aggregates
pancreatitis




CBD and Liver

IgE+ve cells accumulate in

specimenin lymphoid aggregates, and in
Secondary periductal fibrosis
sclerosing

cholagitis

Pancreasin No IgE+vecells

chronic

pancreatitis

Nasal polyp IgE+ve cells accumulate in

lymphoid aggregates and in
GC.




Supplementary Figure and Table L egends

Figure S1: Serum 1gG4 and IgE levels and IgE/IgG4 ratio in 1gG4-RD and
healthy controls. Dot plots showingA) serum IgG4 concentration®) serum IgE
concentrationg,C) IgE/IgG4 ratio (kIU/G), in 1IgG4-RD patients andatidy controls
(HC). The y-axis shows the serum IgE concentrafitd/L), serum 1gG4 (G/L), or
IgE/IgGA4 ratio. Dashed line is the serum IgE upper limit of norgdl25kIU/L) and
serum 1gG4 upper limit of normak1.4G/L). Mann-Whitney p values; NS p<0.05,

woek n<0,0001.

Figure S2: Therdationship of serum IgE with serum 1gG, and serum 1gG4 with

peripheral blood eosinophil count, in 1gG4-RD (A) Correlation plots showing
serum IgE (kIU/L) concentration plotted againstuserlgG (G/L) concentrations in
IgG4-RD.(B) Dot plots of serum IgE concentrations in IgG4-Radignts with a high
(>16.0g/l) or normal serum IgG. Dashed line is theuselgE upper limit of normal
(>125kIU/L). (C) Correlation plots showing blood eosinophil courglis/ul) plotted

against serum 1gG4 (G/L) concentrations in 1gG4-RD). Dot plots of serum IgG4
concentrations in 1IgG4-RD patients with a higtb@Ocells/ul) or normal eosinophil
count. Dashed line is the serum IgE upper limihofmal £125kIU/L). Spearman’s
Rank correlation co-efficient and p values are egped as N£.05, *P<0.05,

**P<0.01. Mann-Whitney p values, where NSQu05, * p<0.05.

Figure S3: Allergy and/or Atopy and serum IgE levelsin 1gG4-RD patients and
healthy controls. (A) Bar chart showing the number of IgG4-RD patiemtd healthy

controls with (black) or without (grey) a history alergy and/or atopyB) Dot plot



showing serum IgE concentration (kIU/L) in IlgG4-Riatients with and without a
history of allergy and/or atopy. Dashed line is s®um IgE upper limit of normal

(>125KIU/L). Mann-Whitney p values, where * p<0.050p00001****,

Figure $4: Serum IgE and relationship to corticosteroid therapy in 1gG4-RD. (A)
Serum IgE concentrations in 1IgG4-RD patients agmisis before corticosteroids (0
weeks) and after 12 weeks of corticosteroid ther@i5). On the y-axis is serum
IgE concentrations kIU/L. Dashed line is the upl@it of IgE (>125kIU/L). Two-
tailed paired t-test p values, where **p<0.QB) Serum IgE concentrations in IgG4-
RD patients during follow-up over 12 months of amsteroid therapy. The dashed

line is the same as in (A).

Table S1: Serum IgE and aller gen-specific IgE responses to four allergen panels.
The table shows the number and percentage of y@sdsponses to allergen specific
IgE from four different allergen panel mixes, egmdnel containing 8 individual
allergens. The groups are divided into patientshvat normal and elevated IgE

(>125kIU/L) concentration.

Table S2: IgE Immunostaining in 1gG4-RD and disease control tissue specimens.

The specimen, mean IgE count and cell distribuitiotissue sections from IgG4-RD
patients (n=8) and disease controls (n=6). Abbtmna: GC: germinal centres; PC:
plasma cells; CBD: common bile duct; IgG4-SA: Igtated sialadenitis; 1gG4-FS:

lgG4-mesenteric fibrosclerosis; R: resection; Bpsly.



Figure S1 (A-C) Serum 1gG4 and I gE levelsand IgE/IgG4 ratio in 1gG4-RD and healthy controls.
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Figure S2: Thereationship of serum IgE with serum 1gG, and serum 1gG4 with peripheral blood
eosinophil count, in 1gG4-RD.
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Figure S3: Allergy and/or Atopy and serum IgE levelsin 1gG4-RD patientsand healthy controls.
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Figure $S4: Serum IgE and relationship to corticosteroid therapy in 1gG4-RD.
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