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Summary

Immunoglobulin G4-related disease (IgG4-RD) is a fibroinflammatory
condition that derives its name from the characteristic finding of
abundant IgG4 " plasma cells in affected tissues, as well as the presence of
elevated serum IgG4 concentrations in many patients. In contrast to
fibrotic disorders, such as systemic sclerosis or idiopathic pulmonary
fibrosis in which the tissues fibrosis has remained largely intractable to
treatment, many IgG4-RD patients appear to have a condition in which
the collagen deposition is reversible. The mechanisms underlying this
peculiar feature remain unknown, but the remarkable efficacy of B cell
depletion in these patients supports an important pathogenic role of B
cell/T cell collaboration. In particular, aberrant T helper type 2 (Th2)/
regulatory T cells sustained by putative autoreactive B cells have been
proposed to drive collagen deposition through the production of
profibrotic cytokines, but definitive demonstrations of this hypothesis are
lacking. Indeed, a number of unsolved questions need to be addressed in
order to fully understand the pathogenesis of IgG4-RD. These include the
identification of an antigenic trigger(s), the implications (if any) of IgG4
pathophysiology and the precise immunological
mechanisms leading to fibrosis. Recent investigations have also raised the

antibodies for

possibility that innate immunity might precede adaptive immunity, thus
further complicating the pathological scenario. Here, we aim to review the
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most recent insights on the immunology of IgG4-RD, focusing on the
relative contribution of innate and adaptive immune responses to the full
pathological phenotype of this fibrotic condition. Clinical, histological and
therapeutic features are also addressed.

Medicine and Clinical Immunology, IRCCS-
San Raffaele Scientific Institute, via Olgettina
60, 20132 Milan, Italy.

E-mail: dellatorre.emanuel@hsr.it Keywords: 1gG4, 1gG4-related disease, immunology, pathogenesis, review

Introduction tially since the first characterization of pancreatic involve-

ment in 2001, but IgG4-RD still represents an

IgG4-related disease (IgG4-RD) is a relapsing—remitting
fibroinflammatory condition characterized clinically by
tumefactive lesions, serum IgG4 elevation in most, but
not all cases, and a prompt response to glucocorticoids
(GCs). IgG4-RD was described originally in the pancreas
in 2001 as ‘sclerosing pancreatitis, now referred to as type
I IgG4-related autoimmune pancreatitis (AIP) [1]. Shortly
thereafter, however, the identification of a variety of
extra-pancreatic organ involvement linked by unique his-
topathological features led to the recognition that AIP
was part of a systemic condition [2—4]. Awareness of this
new fibroinflammatory condition has expanded substan-

underdiagnosed entity. Understanding of the global epide-
miology of IgG4-RD remains largely incomplete [1,2]. A
Japanese survey calculated that IgG4-related AIP affects
2-2 cases per 100 000 individuals and has a predilection
for middle-aged to elderly men. However, the multi-
organ nature of the disease, the fact that AIP represents
only a minority of cases and the likelihood that even
many diagnoses of AIP are missed, this figure is almost
certainly an under-estimate of the true prevalence of
IgG4-RD [5].

Similarly, few immunological studies have been
reported to date, and the pathogenesis of IgG4-RD
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remains unknown. In general theory, an antigen-driven
immune response is supposed to drive both B cell com-
mitment to IgG4 production and secretion of profibrotic
cytokines by activated T lymphocytes. Indeed, rituximab
(RTX), an anti-CD20 monoclonal antibody, has been
proved to induce rapid clinical responses in patients with
IgG4-RD, further suggesting an important pathogenic
contribution of the B cell compartment [6-8]. Here, we
aim to review the clinical and pathophysiological features
of IgG4-RD, focusing on the most recent immunological
acquisitions in the field.

Overview of clinical manifestations

IgG4-RD typically affects middle-aged to elderly men,
with sporadic reports of paediatric cases [9]. The clinical
presentation is usually indolent, with signs and symptoms
becoming evident over months or even years. High, spik-
ing fevers and other manifestations of systemic inflamma-
tion that mimic infections are classically absent, but
weight loss can occur during the subclinical period. A
longstanding history of allergies is present in 30-40% of
patients at diagnosis, but symptoms that overlap with
allergic conditions are also reported in some IgG4-RD
patients without histories of atopy. These include bron-
chial asthma, chronic rhinitis and eczema [10].

IgG4-RD is characterized by pseudotumour-like lesions
involving single or multiple organs. Different organs
might be affected at the same time or one after the other.
Clinical manifestations are largely non-specific and vary
according to the spectrum of organs involved. Indeed,
IgG4-RD might be asymptomatic or present with signs
and symptoms related to the mechanical compression
exerted by the fibrotic masses on local structures. 1gG4-
RD has been described in virtually every anatomical
region (Table 1) [11-19], but the most common manifes-
tations include type I AIP, chronic periaortitis, retroperi-
toneal fibrosis (Ormond’s disease) and salivary or
lacrymal gland swelling (Mikulicz’s disease), conditions
regarded as single independent entities for decades.

IgG4-related AIP, the most frequently recognized mani-
festation of IgG4-RD, presents typically with obstructive
jaundice, weight loss or abdominal pain (Fig. 1la)
[20-22]. Many patients are misdiagnosed initially as hav-
ing adenocarcinoma of the pancreas — sometimes only
after the performance of a modified pancreatectomy. Sev-
eral cases of pancreatic cancer have been reported in
patients with previous IgG4-related AIP, but a clear rela-
tionship between the two conditions still needs to be fully
verified [23,24]. Secondary diabetes mellitus and malab-
sorption might complicate longstanding pancreatic dis-
ease. In 25% of cases, AIP is associated with gallbladder
and bile duct involvement [25]. Gallbladder disease,
known as ‘IgG4-related lymphoplasmacytic cholecystitis’,
is generally asymptomatic and not associated with gall-
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stones. Conversely, IgG4-related sclerosing cholangitis is
likely to present with jaundice and is often difficult to
differentiate from cholangiocarcinoma [22,25,26].

IgG4-related retroperitoneal fibrosis classically affects the
connective tissue around the abdominal aorta (‘chronic peri-
aortitis’) and the periureteral areas (Fig. 1b) [27-30].
Depending on disease localization, retroperitoneal fibrosis
might be asymptomatic or present with back pain, flank
pain, dysuria, haematuria, leg or scrotal oedema. Aneurys-
mal dilatation and hydronephrosis represent the most feared
complications of retroperitoneal involvement, and might
require surgical approaches to prevent aortic dissection or
renal failure, respectively. Chronic periaortitis may also
involve the thoracic aorta, occasionally leading to aortic dis-
section (Fig. 1c). Salivary and lacrymal gland involvement
generally causes facial and orbital swelling (Fig. 1d). Sicca
symptoms are often less severe in I[gG4-RD than in Sjogren’s
syndrome and, when present, typically respond well to
immunosuppressive therapy [31-35]. Orbital pseudotu-
mours affect the lacrymal gland most often but can also
occur in other orbital regions. Extra-ocular muscle involve-
ment (frequently termed ‘orbital myositis’ in the days before
the recognition of IgG4-RD) can present with exophthalmos
and the restriction of ocular movements [32,33] (Fig. le,f).

Atypical  presentations of IgG4-RD that lack
pseudotumour-like lesions should be borne in mind,
including tubulointerstitial nephritis, glomerulonephritis,
midline destructive lesions, interstitial lung disease, pleu-
ral and pericardial effusion [11,36]. In particular, renal
involvement might present with variable degrees of pro-
teinuria, haematuria, renal failure or hypocomplementae-
mia [37-39]. Finally, life-threatening presentations such
as rupture of inflammatory aneurysms, coronary syn-
dromes, pachymeningitis and acute neurological events
have also been described occasionally [30,40—42]. A com-
prehensive review of the organs involved by IgG4-RD,
common clinical presentation and differential diagnoses is
detailed in Table 1 [43-50].

Diagnosis

Definitive diagnosis of 1gG4-RD requires both histopatho-
logical confirmation and clinicopathological correlation.
Serological and radiological features lack adequate sensi-
tivity and specificity for diagnostic purposes. Histological
examination is also mandatory to exclude neoplastic or
inflammatory conditions that can mimic 1gG4-RD.

Serological findings

Serological findings in patients with 1gG4-RD are largely
non-specific. Acute phase reactants such as the erythro-
cyte sedimentation rate and C-reactive protein are usually
(but not always) elevated to a moderate degree. Peripheral
blood eosinophilia and increased serum IgE occur in
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almost 30% of patients [10]. Some patients have positive
low-titre anti-nuclear antibodies, but the presence of anti-
Sjogren’s syndrome-related antigen A (Ro/SSA), anti-La/
Sjogren’s syndrome-related antigen B (SSB) and anti-
neutrophil cytoplasmic antibodies (ANCA) antibodies
strongly implicate other immune-mediated conditions.

High serum IgG4 concentrations occur in 60-70% of
patients, typically in those with multi-organ involvement
[4]. Unfortunately, elevation in serum IgG4 can be associ-
ated with a host of conditions with the potential to
mimic IgG4-RD, e.g. systemic vasculitides (particularly
granulomatosis with polyangiitis), connective tissue disor-
ders (e.g. the lupus spectrum of conditions), infections
and malignancies [51]. Therefore, measurement of serum
IgG4 should be regarded only as a useful screening tool,
not as a ‘stand-alone’ diagnostic marker.

An analogous principle pertains to the use of serum
IgG4 concentrations as a longitudinal biomarker.
Although serial measurement of serum IgG4 concentra-
tions are often useful in the assessment of disease activity,
they should never be used as the sole determinant of
treatment decisions. IgG4 production in the cerebrospinal
fluid has also been suggested as a diagnostic biomarker
for IgG4-related pachymeningitis, but histopathological
evaluation, whenever possible, remains mandatory [52].
Other immunoglobulins, including IgM, IgA and other
IgG subclasses, are frequently elevated in IgG4-RD,
although generally not to the extent of 1gG4 [2]. High
concentrations of IgG subclasses other than IgG4, e.g.
IgG1 and IgG3, may account for the hypocomplementae-
mia observed in a minority of IgG4-RD patients, because
IgG4 itself typically binds complement poorly [2]. Hyper-
viscosity syndromes have been reported in rare cases [53].

Circulating CD19"CD20~CD27"CD38" plasmablasts,
the precursors of tissue resident plasma cells, have been
proposed as the best available indicator of 1gG4-RD dis-
ease activity, but larger studies are required in order to
validate this test [54].

Radiological findings

Radiological findings are largely non-specific and are not
sufficient to distinguish IgG4-RD from the neoplastic
condition presenting with mass-forming lesions. 1gG4-
related AIP is the sole exception, because computed
tomography and magnetic resonance imaging classically
show a ‘sausage-shaped’ pancreas with a halo of oedema-
tous tissue (Fig. la). These benign features are supported
further by the aspect of the pancreatic gland on endo-
scopic ultrasonography and on histological examination
through endoscopic core biopsy. '*Fluoro-deoxyglucose
positron emission tomography reliably identifies active
inflammation in IgG4-RD and might be useful both for
staging purposes and for assessing disease response to
treatment [55] (Fig. lc).

Immunology of IgG4-related disease

Pathology

Histopathological hallmarks of IgG4-RD are (i) a dense stori-
form fibrosis, (ii) obliterative pheblitis, (iii) a lymphoplasma-
cytic infiltrate rich in IgG4™ plasma cells and (iv) a mild to
moderate eosinophilic infiltrate (Fig. 2.a—f) [3,4]. Epithelial
or endothelial damage is not typical until end-stage disease,
when fibrosis subverts the parenchymal structure and impairs
organ function (Fig. 2a). Neutrophils, necrosis and granulo-
mas are classically absent, and their presence should prompt
the exclusion of other potential differential diagnoses.

Storiform fibrosis. ‘Storiform fibrosis’ is a hallmark of
IgG4-RD. The term ‘storiform’ refers to an irregularly
whorled organization of the collagen bundles that can be
observed in any organ affected by IgG4-RD (Fig. 2b,c). Stori-
form fibrosis is not usually prominent in lacrymal glands
and lymph node involvement, although this finding has also
been reported in those tissues. Storiform fibrosis is likely to
be triggered by the activation of myofibroblasts following
profibrotic stimuli provided by the inflammatory infiltrate.
Some authors have hypothesized that the absence of a lym-
phoplasmacytic infiltrate in tissue biopsies marks the pro-
gression of IgG4-RD from an ‘active’ phase, characterized by
abundant numbers of cell of the B and T cell lineages, to an
‘end-stage” phase, characterized chiefly by fibrosis with few
or no IgG4™ plasma cells [8]. Even in the earliest stages of
disease, however, some degree of fibrosis is typically present.
These considerations should be borne in mind, because
pathologists might encounter different stages of 1gG4-RD
due to bioptic procedures that do not always provide
adequate sample sizes (e.g. needle biopsies) or areas of active
disease.

Obliterative phlebitis. A unique feature of IgG4-RD is
obliterative phlebitis. Obliterative phlebitis refers to the
partial or complete occlusion of the lumina of small- and
medium-sized veins by the lymphoplasmacytic infiltrate
and by extrinsic compression (Fig. 2d). The presence of
obliterative phlebitis should be sought thoroughly because
of its diagnostic value, ideally through the use of elastin
stains targeting the internal elastic lamina of the vessel. In
contrast to systemic vasculitides such as granulomatosis
with polyangiitis, microscopic polyangiitis and polyarteritis
nodosa, leucytoklastic vasculitis with vessel wall necrosis
and fibrin deposition is not observed in IgG4-RD. Oblitera-
tive arteritis has been reported, particularly in the lung [3].

Lymphoplasmacytic infiltrate. Lymphoplasmacytic infil-
trate is composed of polyclonal/oligoclonal B and T lym-
phocytes. B lymphocytes tend to be organized in
germinal centres (Fig. 3a), while T lymphocytes are
spread throughout the fibrotic tissue (Fig. 3b). Immuno-
histochemistry is essential for the diagnosis of IgG4-RD
because it allows the demonstration of IgG4" plasma cells
and evaluation of the IgG4"/IgG" ratio (Fig. 2ef). Of
note, as IgG4" plasma cells might be found in other
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Table 1. The spectrum of IgG4-related disorders (IgG4-RD): synopsis of clinical manifestations, differential diagnoses, pathology features and therapeutic

approaches. A consensus on hystopathological features diagnostic for IgG4-RD has not been reached for all possible affected organs

Organ involvment (Ref.)

Nomenclature (previous name)

Clinical presentation

Head and Neck
Orbits and periorbital
tissue [31-33]
Salivary glands and lacrymal
glands [34,35]
Thyroid gland [19]

Ear, nose and throat [17,36]

Thorax
Lungs [11,12]
Pleura [12]
Mediastinum [46]

Breast [50]
Abdomen and pelvis

Retroperitoneum [27-30]

Pancreas [1,21,22]

IgG4-related orbital disease (orbital
inflammatory pseudotumour)

IgG4-related sialoadenitis (Mikulicz’s disease,
Kuttner’s tumour)

IgG4-related thyroiditis (Riedel’s rhyroiditis)

IgG4-related sinusitis/midline destructive
lesion/pharyngitis

IgG4-related lung disease

IgG4-related pleural disease

IgG4-related mediastinitis (fibrosing
mediastinitis)

IgG4-related mastitis

IgG4-related retroperitoneal fibrosis
(Ormond’s disease)

IgG4-related autoimmune pancreatitis
(typel autoimmune pancreatitis)

Biliary tree/gallbladder [23,24] IgG4-related sclerosing cholangitis

Liver [24]
Kidney [37-39]
Gastrointestinal tract [49]
Mesentere [47]
Prostate [44]
Testis [45]

Nervous system
Central nervous system [43]
Pituitary gland [14]
Peripheral nerves [42]

Meninges [15,16]

Cardiovascular system
Heart and pericardium [41]

Aorta [30,40]
Lymph nodes [13]

Skin [18]
Bone [48]

IgG4-related hepatitis (hepatic inflammatory
pseudotumour)

IgG4-related tubule-interstitial nephritis/
glomerulonephritis

IgG4-related gastrointestinal disease

IgG4-related sclerosing mesenteritis

IgG4-related prostatitis

IgG4-related epididymo-orchitis (testicular
inflammatory pseudotumour)

IgG4-related hypophysitis
IgG4-related neuropathy

IgG4-related pachymeningitis (hypertrophic
pachymeniningitis)

IgG4-related cardiac disease

IgG4-related periaortitis (chronic periaortitis/
inflammatory aortic aneurism)

IgG4-related lymphadenopathy

IgG4-related skin disease

IgG4-related disease of the bone

Exophthalmos, haemianopsia, ocular movement restriction,
ptosis, headache, scleritis, xerophthalmia
Parotid or submandibular gland swelling, xerostomia

Neck pressure, neck mass, malaise, recurrent laryngeal nerve
palsy, hypothyroidism

Nasal crusting, nasal obstruction, rhinorrhoea, polyposis,
sinusitis, nasal septum perforation, laryngeal obstruction,
middle ear effusion

Cough, sputum, dyspnoea, chest pain

Chest pain, dyspnoea, pleural effusion

Mediastinal mass, compression of mediastinal
structures, dyspnoea, chest pain

Painless breast mass

Back/flank pain, leg oedema, hydronephrosis, deep venous
thrombosis, varicocele

Obstructive jaundice, diabetes mellitus, abdominal pain, pale
stool, malabsorption

Jaundice, weight loss, abdominal pain

Mainly asymptomatic, transaminitis, hepatic mass

Elevated serum creatinine, proteinuria, haematuria, nephritic/
nephrotic syndrome

Epigastric pain, chronic/acute abdominal pain,
intestinal obstruction or dysmotility, nausea

Abdominal pain, abdominal mass, vomiting, nausea

Mass, lower urinary tract symptoms, dysuria

Scrotal mass, scrotal pain

Dementia, hemiparesis, multi-focal neurological defects
Hypopituitarism, diabetes insipidus, headache
Sensory-motor polyneuropathy, multiplex
mononeuritis, perineural mass
Headache, cranial nerve palsies, vision disturbance, motor weak-
ness, limb numbness, sensorineural hearing loss, seizures

Acute chest pain (coronary syndrome), dyspnoea,
pericardial rub
Back pain, leg oedema, bruits, acute aneurysm rupture

Usually asymptomatic, lymph node enlargement

Skin plaques, subcutaneous nodules, brown papules, dermatitis

Headache, tinnitus, skull base destructive lesion,
tumefactive sinus lesion

For the organs included in the ‘Consensus Statement on the pathology of IgG4-RD’[3]* a ‘highly suggestive’ diagnosis of IgG4-RD requires

(i) specific cut-offs of IgGéfr plasma cells/high-power field (HPF)*, (ii) an IgG4+/IgGJr plasma cell ratio >40% and (iii) two or more of the fol-
lowing histological features: dense lymphoplasmacytic infiltrate, storiform fibrosis and obliterative phlebitis. For the organs not included in the
‘Consensus Statement, ‘Comprehensive diagnostic criteria’[4]" are still adopted. In this case, a ‘definite’ diagnosis of IgG4-RD requires (i) an
infiltration of > 10 IgG4™ plasma cells/HPF' and an IgG4™/IgG"* plasma cells ratio > 40%, together with (ii) diffuse/localized swelling or masses
in single or multiple organs and (iii) serum IgG4 concentrations > 135 mg/dl. Abbreviations: glucocorticoids (GC: 0-5-1 mg/kg/day); methotrex-
ate (MTX: 10-20 mg/week); cyclophosphamide (CTX: 500-1200 mg/mz/month); rituximab (RTX: 1000 mg in two doses 15 days apart); azathio-
prine (2-2-5 mg/kg/day); mycophenolate mofetil (MMF: 750-1000 mg twice daily); bortezomib (BTZ: 1.5 mg/m*/week). IgG4-
RD = immunoglobulin G4-related disorders; HPF = high-power field; GERD = gastroesophageal reflux disease.
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Tablel. continued

Immunology of IgG4-related

Differential diagnoses

Pathology features: IgG4/HPF
diagnostic for IgG4-RD*"

Therapeutic strategies

Lymphoma—granulomatosis with polyangiitis—sarcoidosis—
Graves™ orbitopathy, Sjogren’s syndrome

Lymphoma-Sjogren’s syndrome-sialodocholithiasis—sarcoidosis

Thyroid lymphoma-—differentiated thyroid carcinoma—other
malignancies

Allergic disease-Churg—Strauss syndrome—granulomatosis with
polyangiitis—chronic infections—sarcoidosis

Malignancy—sarcoidosis—granulomatosis with polyangiitis—
infections—interstitial lung disease—inflammatory
miofiroblastic tumour—Churg—Strauss syndrome

Mesothelioma—infections

Lymphoma-sarcoidosis—histoplasmosis—malignancies—
mycobacterial infection

Malignancies—mastitis

Lymphoma—sarcoma- Erdheim—Chester disease—periaortitis—
idiopathic retroperitoneal fibrosis
Pancreatic cancer—Type II autoimmune pancreatitis

Pancreatic cancer—cholangiocarcinoma—primary sclerosing
cholangitis

Cholangiocarcinoma—hepatocellular carcinoma—autoimmune
hepatitis

Lymphoma-renal-cell carcinoma—drug-induced
tubulointerstitial nephritis—vasculitis—systemic lupus
erythematosus

Malignancies—GERD

Lymphoma—fibromatosis—peritoneal carcinosis

Benign prostatic hypertrophy-malignancies—infections

Seminoma-lymphoma—inflammatory miofibroblastic tumour

Central nervous system vasculitis—infections—malignancies

Neoplasms-histiocytosis—primary hypophisytis—sarcoidosis

POEMS syndrome—metabolic neuropathy—vasculitis—other
demyelinating neuropathies

Chronic infections—lymphoma—Langherhans-cell histiocytosis—
giant-cell arteritis—sarcoidosis—idiopathic hypertrophic
pachymeniningitis

Infections—inflammatory pericarditis—cardiac mixoma-acute
coronary syndrome

Takayasu arteritis—giant cell arteritis-lymphoma—infectious
aortitis—sarcoidosis—histiocytosis

Multi-centric Castleman disease—lymphoma-systemic lupus
erythematosus—sarcoidosis—infections

Cutaneous lymphoma—drug eruption—psoriasis vulgaris—
multi-centric Castleman disease

Malignancy—osteomielitis

>10/HPF'

>100/HPF*
>10/HPF'

>10/HPF'
>50/HPF (surgical specimen)
>20/HPF (biopsy)*

>50/HPF*
>10/HPF'

>10/HPF"
>30/HPF*

>50/HPF (surgical specimen)
>10/HPF (biopsy)*
>50/HPF (surgical specimen)
>10/HPF (biopsy)*
>50/HPF (surgical specimen)
>10/HPF (biopsy)*
>30/HPF (surgical specimen)
>10/HPF (biopsy)*

>10/HPF'
>10/HPF'
>10/HPF'
>10/HPF'
>10/HPF'
>10/HPF'
>10/HPE'

>10/HPF*

>10/HPF'
>50/HPF*
>100/HPF*
>200/HPF*

>10/HPF'

GC-MTX-CTX-RTX-BTZ-surgery

GC-AZA-MTX-RTX
GC-MTX-RTX

GC

GC-AZA-CTX-RTX-BTZ

GC

GC

GC-surgery

GC-AZA-MMEF-RTX

GC-MTX-AZA-RTX

GC-AZA-MMEF-RTX

GC-RTX

GC-surgery

GC

GC
GC

Surgery
GC
GC
GC

GC-CTX-MTX-RTX

GC
GC-MTX-RTX
GC-RTX
GC-RTX

GC

inflammatory, neoplastic and infectious conditions, org
specific cut-offs have been defined in order to increase t

diagnostic accuracy of the immunohistochemical examina-

an
he
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other characteristic histological features.
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Tissue eosinophilia and macrophages. Eosinophils are
present in at least 50% of IgG4-RD lesions and might
dominate the histological picture in those cases of orbital

or upper respiratory tract involvement, sometimes termed
‘eosinophilic angiocentric fibrosis’ [56]. Macrophages are
usually detectable within the fibroinflammatory infiltrate,
but the presence of granulomas argues strongly against the
diagnosis of IgG4-RD (Fig. 3¢) [3,4].

Treatment

Treatment is not always necessary in patients with IgG4-
RD, and watchful waiting is prudent in some asymptom-
atic cases. Conversely, when vital organs are involved or
patients become symptomatic, aggressive treatment is
needed because 1gG4-RD can lead to serious organ dys-
function and failure. Response to treatment might be
assessed by means of the IgG4-RD Responder Index, a
validated tool for monitoring clinical, radiological and
serological outcomes of 1gG4-RD [57].

According to the recently released International Con-
sensus Statement on the Treatment of IgG4-RD [58], GCs
represent the first line therapy because they lead to dra-
matic clinical responses in the majority of cases with both
pancreatic and extra-pancreatic disease. One typical
approach is to treat with prednisolone (0-6 mg/kg per
day for 2—4 weeks), followed by a gradual taper over a

IMMUNOLOGY IN THE CLINIC REVIEW SERIES

Fig. 1. Clinical and radiological presentation of
IgG4-related disease (IgG4-RD). (a) IgG4-related
autoimmune pancreatitis: computed tomography
scan showing a ‘sausage-like’-shaped pancreas
with a surrounding rim of hypodense tissue
(asterisks). (b) Retroperitoneal fibrosis with
periaortic involvement (circle). (c¢) Inflammatory
aneurism of the thoracic aorta showing "*fluoro-
deoxyglucose uptake on positron emission
tomography (arrowhead). (d) Magnetic resonance
showing bilateral parotid enlargement due to
1gG4-RD (asterisks). (e,f) Clinical and
radiological appearance of IgG4-related orbital
pseudotumour (asterisk).

period of 3-6 months once remission is achieved [59].
IgG4-RD has, however, a marked tendency to relapse dur-
ing or after GC tapers, especially in cases of elevated serum
IgG4 at baseline, multi-organ involvement and history of
disease relapse [59]. Thus, a variety of GC-sparing agents
have been employed in different anatomical districts as
remission-maintenance drugs (e.g. azathioprine, mycophe-
nolate mofetil, methotrexate, cyclophosphamide and borte-
zomib), with alternate results [59,60] (Table 1). More
recently, RTX has been proved to induce swift clinical
responses and a selective decline of serum IgG4 subclass
concentrations in patients with recurrent or refractory dis-
ease [6,7]. Finally, when urgent decompression is needed,
as in the case of biliary duct or ureteral strictures, tempo-
rary stenting or surgical approaches remain the strategy of
choice for preventing serious organ damage.

All in all, a major determinant of the responsiveness to
immunosuppressive treatments is probably the degree of
inflammatory cells within the affected organs. Indeed,
researchers have hypothesized that mass-forming 1gG4-
RD lesions are more likely to shrink in the presence of a
prominent lymphoplasmacytic infiltrate (‘active fibroin-
flammation’), rather than in the presence of tightly
organized collagen bundles in which both inflammatory
cells and myofibroblasts are rare (‘acellular end-stage
fibrosis’ or ‘fibrotic scar’) [8]. Further studies are needed
to provide reliable and standardized guidelines for the
long-term management of IgG4-RD.

196 © 2015 British Society for Immunology, Clinical and Experimental Immunology, 181: 191-206
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Fig. 2. Pathological features of immunoglobulin (Ig)G4-related disease. (a) Pancreatic ducts are not affected by the fibroinflammatory infiltrate in

IgG4-related autoimmune pancreatitis (arrowhead; haematoxylin and eosin, magnification X100). (b,c) Areas of storiform fibrosis in 1gG4-
related autoimmune pancreatitis [asterisks; haematoxylin and eosin, magnification X40 (b) and X100 (c)]. (d) Obliterative phlebitis: an
obliterated vein surrounded by an inflammatory nodule (arrowhead), next to an intact artery (arrow) (haematoxylin and eosin, magnification
X200). (e,f) Immunohistochemistry for IgG (e) and IgG4 (e) on sequential sections shows an IgG4/IgG ratio >40% (magnification X40).

Immunopathology of IgG4-related disease

Little is known with certainty about the pathogenic
events that initiate IgG4-RD. The evidence of common
histopathological features shared by different unrelated
organs suggests that IgG4-RD might be an antigen-
driven inflammatory condition leading ultimately to tis-

sue fibrosis. However, a number of unsolved questions
still need to be addressed, including: (i) the pathophysio-
logical importance of IgG4 antibodies; (ii) the characteri-
zation of the putative microbial or self-antigen; (iii) the
imbalance between T helper type 1 (Th1), Th2 and regu-
latory T cell activation; (iv) the role of innate immunity;

© 2015 British Society for Immunology, Clinical and Experimental Immunology, 181: 191-206 197
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Fig. 3. Inflammatory infiltrate in IgG4-related disease.
Immunohistochemistry reveals CD20™ B lymphocytes organized in
follicular structures (a), CD3™ T lymphocytes (b), and CD163" M2
macrophages (c) spread throughout the fibrotic tissue (magnification
X100).

and (v) the immunological mechanisms leading to
fibrosis.

The role of IgG4 antibodies

IgG4 antibodies represent the least abundant IgG subclass
in healthy individuals (1-4% of total IgG), and their role

IMMUNOLOGY IN THE CLINIC REVIEW SERIES

in IgG4-RD is still controversial [2]. IgG4 antibodies are
supposed to be produced after long-term antigen expo-
sure in response to interleukin (IL)-4 and IL-10 [61], but
the molecular mechanisms that drive the IgG4 class-
switch are not fully understood. Indeed, part of these
mechanisms (e.g. Th2 cytokines) might also increase
serum IgE levels, as exhibited by many IgG4-RD patients
[62].

In contrast to other IgG subclasses, heavy chains in
each IgG4 molecule have non-covalent associations and
inefficient disulphide bridges due to a single amino acid
difference in the hinge region (a serine in lieu of a pro-
line) (Fig. 4) [63,64]. As a result, hemi-IgG4 molecules —
one heavy chain covalently associated with one light
chain — have the propensity to dissociate from each other
and reassociate randomly with distinct hemi-IgG4 mole-
cules that have different antigen-binding specificities.
This phenomenon is known as ‘Fab arm exchange’ (Fig.
4). Fab arm exchange requires a reducing environment to
occur, but the precise location of the exchange in vivo
has not been determined [64]. This half-antibody
exchange, unique to the IgG4 isoclass, generates function-
ally ‘bi-specific’ antibodies that are capable of binding
two different antigens but rarely associate with each other
to form large immune complexes [65,66]. IgG4 antibod-
ies also have limited ability to form immune responses
because of their low affinity for both Fc receptors and
the C1 complement molecule [67]. For these reasons,
IgG4 has been viewed traditionally as a ‘non-
inflammatory’ molecule, the primary function of which
is to dampen rather than to incite or accelerate chronic
immune activation. In short, despite the importance of
IgG4 implied by the current name of this disease, the
IgG4 molecule is probably not the disease driver. This is
consistent with what has long been known about IgG4:
that IgG4 antibodies are induced by allergy treatments
designed to induce tolerance and protect allergic patients
from anaphylactic reactions by competing with allergen
specific IgE [68,69].

Nevertheless, several pieces of evidence suggest a path-
ogenic role for IgG4 antibodies, including the correlation
between serum IgG4 and disease severity [2], the observa-
tion of IgG4 immune complexes in IgG4-related tubulo-
interstitial nephritis [69] and the possibility of
complement activation through the lectin pathway [70].
ANCA of the IgG4 subclass have been demonstrated to
bind Fc-gamma receptors and to contribute (at least in
vitro) to neutrophil activation in ANCA-associated vascu-
litides [71,72]. IgG4 antibodies directed against desmo-
glein 1 and the metalloproteinase ADAMTS13 have been
also implicated in the pathogenesis of pemphigus vulgaris
and thrombotic thrombocytopenic purpura, respectively
[73,74]. Furthermore, 1gG4 as well as IgE might, theoreti-
cally, bind to Fc receptors on macrophages and eosino-
phils, foster internalization of extracellular antigens and
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Fig. 4. Molecular basis of the ‘Fab-arm’ exchange and physiopathological properties of immunoglobulin (Ig)G4 antibodies.

facilitate their presentation to CD4" T lymphocytes [75].
Finally, recombinant monoclonal IgG4 antibodies cloned
from circulating plasmablasts of patients with active
IgG4-RD demonstrate self-reactivity in immunofluores-
cence and enzyme-linked immunosorbent assay (ELISA)
experiments on Hep2 and HeLA cells, respectively, even
though no definitive antigen specificity has been identi-
fied to date [77]. The identification of putative target
antigens will improve our understanding of the patho-
genic role of IgG4 antibodies in 1gG4-RD.

Putative microbial and self-antigens

Putative autoantigens have been proposed as targets of an
antibody response in a proportion of patients with IgG4-
related AIP and sialoadenitis [76-83]. These antigens
include proteins expressed in duct epithelia (carbonic
anhydrase II and IV) and in acinar cells (lactoferrin,
amylase-a-2A, pancreatic trypsinogens and pancreatic
secretory trypsin inhibitor). However, these autoantigens
are expressed only in a minority of organs potentially
involved by IgG4-RD, and have been shown to induce
autoantibodies in different autoimmune disorders [79],
thus lacking adequate specificity for IgG4-RD. Indeed,
these antigens might simply represent a preferential target

during inflammatory processes in general, and their path-
ogenic role has yet to be proved. Molecular mimicry
between Helicobacter pylori and pancreatic self-proteins
has been also proposed as an additional pathogenic
mechanism in IgG4-related AIP [84], but these results
have not yet been replicated and must be interpreted
cautiously.

B lymphocytes

The B cell compartment of patients with 1gG4-RD has
been studied extensively, because I1gG4 elevation in the
serum and the abundance of IgG4" plasma cells in the
biopsies initially suggested an underlying lymphoprolifer-
ative condition. Moreover, B cell depletion therapy has
been shown recently to induce a prompt clinical improve-
ment in patients with IgG4-RD, supporting a central
pathogenic role of B lymphocytes in this fibrotic condi-
tion [6-8].

However, although IgG4-RD has been associated with
an increased risk of malignant lymphoid transformation,
immunohistochemistry and in-situ hybridization for
kappa-lambda light chains restriction failed to identify
monoclonal plasma cells populations in the affected tis-
sues [3,4,13]. On the contrary, cerebrospinal fluid analysis
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of subjects with IgG4-related pachymeningitis revealed
the presence of oligoclonal IgG4 bands, suggesting an
antigen-driven immune response [85,86]. Indeed, next-
generation sequencing analysis on biopsy samples and on
peripheral blood of IgG4-RD patients demonstrated an
oligoclonal expansion of somatically hypermutated IgG4 ™"
B cell clones, further supporting antigen-specific affinity
maturation [76,87].

The expanded B cell clones detected on peripheral
blood correspond to a population of circulating plasma-
blasts, identified by flow cytometry as CD19"CD20~
CD27"CD38" cells. Circulating plasmablasts are not dis-
tinguishable from small-sized lymphocytes on blood
smear, and arise classically in germinal centres after affin-
ity maturation from CD20" naive precursors. Finally,
after circulating into the bloodstream, plasmablasts home
to inflammatory niches or to the bone marrow, where
they differentiate into antibody-secreting short- or long-
lived plasma cells [88]. Plasmablasts can circulate for pro-
longed periods in the setting of chronic antigenic stimula-
tion or autoimmune diseases, but are generally observed
in only low concentrations in the peripheral blood of
healthy individuals [89-94]. Of note, plasmablasts
expanded in IgG4-RD patients decrease sharply after
RTX-induced remission and re-emerge during relapse,
thus correlating tightly with disease activity. Interestingly,
re-emerging plasmablasts express a distinct V-] repertoire
from that of the clones that dominated at the time of ini-
tial presentation (‘clonal divergence’) [76], indicating
repeated rounds of mutation and selection driven by a
specific antigen. Recent evidence raises the possibility that
plasmablasts expanded in IgG4-RD patients might belong
to a subset of regulatory B cells, capable of secreting 1gG4
antibodies and IL-10 in response to chronic antigen stim-
ulation [95,96]. However, although plasmablasts share
some surface markers with regulatory B cells, functional
assays for IL-10 production failed to confirm this hypoth-
esis, and expansion of regulatory B cells in the peripheral
blood of patients with IgG4-RD has not been confirmed
[76,95].

Activated IgG4" B cells and plasmablasts could con-
tribute to the pathogenesis of IgG4-RD either directly
through autoantibody production or indirectly through
the activation of pathogenic CD4" T cells, presumably
serving as effective antigen-presenting cells. Indeed, the
high degree of somatic hypermutation and the ‘clonal
divergence’ seen in IgG4" plasmablasts also suggest
extensive T helper cell-dependent processes at different
stages of disease. In theory, B lymphocytes might also
directly sustain extracellular matrix deposition through
myofibroblast activation, the production of profibrotic
cytokines [e.g. IL-6 and transforming growth factor
(TGF)-B] and the secretion of stimulatory autoantibodies
[8,97-99], but these hypotheses have never been assessed
in IgG4-RD.
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T lymphocytes

IgG4-RD has been considered a Th2/T regulatory-driven
condition for quite a long time. Indeed, the presence of a
dense fibrotic tissue and of abundant IgG4™ plasma cells
are consistent with an underlying ‘modified Th2 immune-
response’, which is associated classically with the produc-
tion of both Th2 (e.g. IL-4 and IL-13) and T regulatory
cytokines (e.g. TGF-B and IL-10) [100,101]. In this sce-
nario, IL-13 and TGF- are thought to drive the deposition
of extracellular matrix by activated fibroblasts, while IL-4
and IL-10 are considered the major inducer of IgG4 class-
switch in naive B lymphocytes [100,101]. The presence of
allergic symptoms, peripheral blood eosinophilia, serum
IgE and IgG4 elevation in many patients at diagnosis fur-
ther supports this hypothesis [10].

However, accurate analysis of circulating T cells for
Th1/Th2/T regulatory polarization has led to conflicting
results, and showed an expansion of Th2 memory CD4™"
T cells only in IgG4-RD patients with a concomitant his-
tory of atopy [102,103]. Similarly, molecular and immu-
nohistochemical analyses of IgG4-RD lesions identified
variable amounts of Th1l, Th2 and T regulatory cytokines,
but failed to identify the exact cellular source of these
molecules [100]. Therefore, direct evidence for a role of
Th1/Th2/T regulatory cells in IgG4-RD pathogenesis is
still lacking. Indeed, this would require the documenta-
tion of Th1/Th2/T regulatory cytokines within T cells that
infiltrate affected tissues.

T cells might also contribute to 1gG4-RD pathogenesis
through a dysregulated follicular T helper cell activity.
For instance, altered expression of IL-21 by follicular T
helper cells has been associated with autoantibody pro-
duction in other autoimmune diseases [104], and elevated
IL-21 messenger RNA expression has been linked recently
to ectopic germinal centres within lacrymal and salivary
glands from patients with IgG4-RD [105]. It is conceiva-
ble that memory and follicular CD4" T helper cell-
dependent processes orchestrate 1gG4-RD both by secret-
ing profibrotic cytokines and by inducing IgG4 class-
switch, plasmablast expansion and production of autoan-
tibodies. These hypotheses require further investigation.

The lesson from B cell depletion

As reported previously, treatment with anti-CD20 mono-
clonal antibody induces a prompt clinical response in
patients with IgG4-RD and a drastic reduction in the num-
ber of circulating oligoclonally expanded plasmablasts
[54,76]. Plasmablasts do not express CD20, the molecular
target of RTX and, thus, they are likely to decrease in the
peripheral blood because of failure to replete CD20" pre-
cursors. These data support a potential pathogenic role of
IgG4" B lymphocytes (or B cells in general), and possibly
IgG4 immunoglobulins, but the precise mechanisms

200 © 2015 British Society for Immunology, Clinical and Experimental Immunology, 181: 191-206



IMMUNOLOGY IN THE CLINIC REVIEW SERIES

through which RTX could affect putative T cell-mediated
profibrotic processes in IgG4-RD remain elusive. Indeed,
the encouraging results obtained recently with RTX in
IgG4-RD, as well as in other fibrotic conditions and T cell-
driven disorders (such as systemic sclerosis, interstitial lung
disease and multiple sclerosis) have expanded the overly
simplistic view about B cells as simply precursors of
antibody-producing plasma cells [8,106-108]. B lympho-
cytes might act as functional antigen-presenting cells to
Th2 effector cells, maintain CD4" memory T cells by pro-
viding antigen-independent factors and promote the prolif-
eration of pathogenic T cells [109-111]. Thus, apart from
depleting CD20" B cells, RTX is likely to interfere with
more important B cell/T cell cross-talk processes through
the elimination of a major B-cell type required for continu-
ous antigen presentation to T cells and for the maintenance
of T cell activation. In this sense, it is tempting to speculate
that B cell depletion in IgG4-RD ultimately abrogates the
secretion of profibrotic cytokines (e.g. 1L-4, IL-13, IL-10
and others) by pathogenic T cell populations.

Macrophages

Macrophages are tissue-resident monocytes specialized in
phagocytosis and initiation of innate immunity. Two sub-
types of macrophages have been identified to date: the
classically activated (M1) macrophages, stimulated by
Thl responses, and the alternatively activated (M2) mac-
rophages, induced by Th2 derived IL-4 and IL-13, as well
as T regulatory-derived IL-10 [112]. Alternatively acti-
vated macrophages have been implicated in the pathoge-
nesis of IgG4-RD because they are known to contribute
to angiogenesis, immunomodulation, wound-healing and
fibrosis by secreting a variety of molecules, including pro-
fibrotic factors such as TGF-B and platelet-derived
growth factor (PDGFP) [113]. A direct profibrotic role
has been suggested by Furukawa, who showed a correla-
tion between CD163" M2 macrophages infiltration and
the amount of tissue fibrosis in biopsies of patients with
Mikulicz’s disease [114]. Alternatively, Watanabe demon-
strated that macrophages from patients with IgG4-related
AIP induce 1gG4 production by B cells upon stimulation
of Toll-like receptors (TLRs) and nucleotide-binding oli-
gomerization domain receptors (NOD)-like receptors
[115]. IgG4 production was found to be dependent upon
B cell-activating factor (BAFF) secretion by activated
monocytes in that study [115]. Although more robust
evidence is needed in order to drive definitive conclu-
sions, these preliminary results suggest that macrophages
might be important in the pathogenesis of IgG4-RD.

Basophils

Basophils, the least common of the circulating granulo-
cytes, are known to be involved in allergic inflammatory
reactions as well as in immune responses to parasitic
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infections. Indeed, basophils express IgE receptors on
their surface, function as antigen-presenting cells in Th2
responses and release large amounts of different soluble
mediators in response to allergen proteins or helminth
antigens, including histamine, heparin and proteolytic
enzymes [116]. Moreover, basophils are considered the
most important source of IL-4 together with T cells
[117,118]. The role of basophils in IgG4-RD remains
largely unexplored. A single study demonstrated that acti-
vation of TLRs expressed on basophils from patients with
IgG4-RD induced IgG4 production by B cells from
healthy controls. As reported for monocytes in a previous
study, enhanced I1gG4 production was associated with
BAFF and IL-13 production by activated basophils [119].
These data suggest that TLR-mediated innate immune
responses may play a role in the development of 1gG4-
RD by inducing T cell-independent 1gG4 responses.

Eosinophils

Tissue eosinophilia is a histological hallmark of IgG4-RD
and peripheral blood eosinophilia has been described in
approximately 30% of patients with IgG4-RD [10]. This
information, together with the common findings of atopy
and elevated serum IgE levels in a proportion of patients,
led to the premature conclusion that allergic mechanisms
drive IgG4-RD [2]. However, eosinophilia and IgE eleva-
tion have also been observed in non-atopic subjects, and
are probably induced by processes inherent to IgG4-RD
itself (e.g. Th2 cytokines, such as IL-4 and IL-5) rather
than atopy per se [10,102]). Either way, activated eosino-
phils might contribute to IgG4-RD by promoting fibrosis
through the production of TGF-B, PDGF and IL-13 [120]
by sustaining IgG4 " plasma cell survival in inflammatory
niches [88] or by up-regulating class II major histocom-
patibility complex (MHC) and presenting antigens to
CD4" T cells [75]. These hypotheses have never been
investigated to date, and the pathogenic role of eosino-
phils in IgG4-RD remains controversial.

Possible pathogenic model

Experimental evidence supports a pathogenic model of
IgG4-RD in which B cell/T cell collaboration orchestrates
a chronic, self-perpetuating immune response against a
specific antigen (whether microbial, environmental or
self). In this scenario, T helper cell polarization is prob-
ably determined by signals from the innate immune sys-
tem, and IgG4 class-switch is aimed to dampen chronic
inflammation (Fig. 5). A crucial step in the pathogenesis
of IgG4-RD might, therefore, be naive T cell activation
following antigen presentation by cognate antigen-specific
naive or memory B cells, eosinophils or macrophages.
Once activated, putative pathogenic T helper and T regu-
latory cells are thought to produce an inflaimmatory
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Fig. 5. Pathogenic model for immunoglobulin (Ig)G4-related disease. Antigen presentation, T cell and B cell activation presumably occur in
lymph nodes or tertiary lymphoid structures originating in inflamed tissues (1). Dendritic and naive/memory B cells might present antigens to
CD4" T lymphocytes triggering their activation (2). Local signals from the innate immune system might determine T helper cell polarization
and differentiation into effector or memory T cells. Activated naive B cells migrate to the germinal centre where they undergo somatic
hypermutation and affinity maturation, and differentiate into memory B cells or plasmablasts (3). IgG4/IgE class-switch probably occurs under
the influence of cytokines produced by activated CD4™ Th2 or T regulatory cells. Effector CD4™ T cells migrate to inflamed tissues, where they
are thought to drive the fibroinflammatory process by producing a variety of profibrotic cytokines [such as interleukin (IL)-4, IL-10, IL-13,
transforming growth factor (TGF)-B], and by inducing M2 macrophages differentiation and eosinophil activation (4). IgG4 antibodies might
have an antinflammatory role but, together with IgE, they might also facilitate antigen capture by innate immune cells through Fc receptor
binding and presentation to T cells. In theory, IgG4™ plasma cells in the tissue might also have a profibrotic role through the production of IL-6
(4). All these concomitant events lead ultimately to fibroblast activation, generation of myofibroblasts and extracellular matrix deposition.
Whether the fibroinflammatory infiltrate that occurs in IgG4-RD lesions also causes tissue damage and further generation of self-antigens is not
known (4). By depleting CD20™ precursors, rituximab might eliminate both short-lived plasma cells and a major B cell type required for antigen
presentation to T cells. This, in turn, leads to loss of activated T cells and profibrotic cytokines, and to a reduction in fibroblast activation.
Disease relapse corresponds to a new plasmablast expansion, and to a renewed extracellular matrix deposition. Whether re-emerging plasmablasts
observed at disease relapse differentiate de novo from naive B cells or from CD20" memory B cells that survive rituximab therapy is not known
(5). Indeed memory B cells might de-novo present antigens to pathogenic naive T cells, sustaining disease recurrence (5).

cytokine milieu that includes IFN-vy, IL-4, IL-10, IL-5, IL- and induce their expansion. IL-5, IL-13 and TGF-B could
13 and TGF-B. IL-4 and IL-10 may drive preferential lead to the activation of eosinophils, fibroblasts, and
class-switch of antigen-specific B cells to IgG4 and IgE, alternatively activated macrophages. Activated antigen-
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specific T cells may, in turn, facilitate germinal centre
formation and recruitment of increasing numbers of
somatically hypermutated B cell clones, thereby setting up
a vicious cycle of mutual activation between B and T lym-
phocytes. In this sense, B cell depletion might eliminate a
major cell type required for antigen presentation to T cells,
leading to loss of activated T cells, reduced production of
profibrotic cytokines and (ultimately) abrogation of colla-
gen secretion by myofibroblasts. RTX might also target the
precursors of short-lived plasma cells, thus leading to a
rapid decline of serum IgG4 levels. In turn, disease relapse
might be due to CD20™ memory B cells that survive RTX
therapy, re-present antigens to pathogenic T cells and gen-
erate re-emerging plasmablasts. Disease relapse ultimately
corresponds to a renewed extracellular matrix deposition
by activated fibroblasts [8].

Conclusion

IgG4-RD remains an often-overlooked clinical entity, but
awareness of this new fibroinflammatory condition is
increasing. In the present work we have reviewed the most
recent advances pertaining to the immunopathology of
IgG4-RD, and describe how the innate and the adaptive
immune system might synergize to ultimately drive the
characteristic fibrotic alterations observed in the affected
tissues. In the last decade, substantial work has begun to
dissect the mechanisms of B cell/T cell collaboration lead-
ing to aberrant IgG4 production and to tissue fibrosis.
More recently, seminal work has highlighted a possible
pathogenic role of macrophages and basophils, thus further
complicating the oversimplified view about IgG4-RD as a B
cell-/T cell-mediated disorder. Understanding the immune
dysregulation that occurs in IgG4-RD will foster our
knowledge about the human immune system in general
and about potential therapeutic approaches for other
fibrotic conditions.
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