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The aim of this study was to elucidate the characteristics, pathogenesis and treatment strategy of hypertrophic pachymeningitis
that is associated with myeloperoxidase anti-neutrophil cytoplasmic antibody (ANCA). We retrospectively investigated clinical,
radiological, immunological and pathological profiles of 36 patients with immune-mediated or idiopathic hypertrophic pachy-
meningitis, including 17 patients with myeloperoxidase-ANCA, four patients with proteinase 3-ANCA, six patients with other
immune-mediated disorders, and nine patients with ‘idiopathic’ variety. Myeloperoxidase-ANCA-positive hypertrophic pachy-
meningitis was characterized by: (i) an elderly female predominance; (ii) 82% of patients diagnosed with granulomatosis with
polyangiitis (previously known as Wegener's granulomatosis) according to Watts' algorithm; (iii) a high frequency of patients
with lesions limited to the dura mater and upper airways, developing headaches, chronic sinusitis, otitis media or mastoiditis;
(iv) a low frequency of patients with the ‘classical or generalized form’ of granulomatosis with polyangiitis involving the
entire upper and lower airways and kidney, or progressing to generalized disease, in contrast to proteinase 3-ANCA-positive
hypertrophic pachymeningitis; (v) less severe neurological damage according to the modified Rankin Scale and low disease
activity according to the Birmingham Vasculitis Activity Score compared with proteinase 3-ANCA-positive hypertrophic
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pachymeningitis; (vi) increased levels of CXCL10, CXCL8 and interleukin 6 in cerebrospinal fluids, and increased numbers of T
cells, neutrophils, eosinophils, plasma cells and monocytes/macrophages in autopsied or biopsied dura mater with pachyme-
ningitis, suggesting Ty1-predominant granulomatous lesions in hypertrophic pachymeningitis, as previously reported in pul-
monary or renal lesions of granulomatosis with polyangiitis; and (vii) greater efficacy of combination therapy with prednisolone
and cyclophosphamide compared with monotherapy with prednisolone. Proteinase 3-ANCA may be considered a marker
for more severe neurological damage, higher disease activity and a higher frequency of the generalized form compared
with myeloperoxidase-ANCA-positive hypertrophic pachymeningitis. However, categorization into ‘granulomatosis with poly-
angiitis’ according to Watts’ algorithm and immunological or pathological features were common in both proteinase 3- and
myeloperoxidase-ANCA-positive hypertrophic pachymeningitis. These data indicate that most patients with myeloperoxidase-
ANCA-positive hypertrophic pachymeningitis should be categorized as having the central nervous system-limited form of ANCA-

associated vasculitis, consistent with the concept of ophthalmic-, pulmonary- or renal-limited vasculitis.

Keywords: hypertrophic pachymeningitis; MPO-ANCA; PR3-ANCA; granulomatosis with polyangiitis; limited form

Abbreviations: ANCA = anti-neutrophil cytoplasmic antibody; BVAS = Birmingham Vasculitis Activity Score; EULAR = European
League Against Rheumatism; IL = interleukin; MPO = myeloperoxidase; PR3 = proteinase 3

Introduction

Hypertrophic pachymeningitis is a rare clinical disorder involving
localized or diffuse thickening of the dura mater. Most patients
with hypertrophic pachymeningitis have chronic headaches with or
without neurological manifestations including cranial neuropathies,
pituitary dysfunction, cerebellar ataxia, seizures, myelopathy and
neuro-ophthalmic complications that include papilloedema, optic
neuropathy, visual field loss and even blindness (Kupersmith
et al., 2004). Hypertrophic pachymeningitis is thought to be asso-
ciated with several granulomatous disorders: (i) autoimmune dis-
eases such as rheumatoid arthritis, sarcoidosis, and 1gG4-related
disorder; (ii) infections such as tuberculosis, syphilis, and bacterial
or fungus diseases; (iii) neoplasms such as lymphoma; and (iv) the
‘idiopathic’ variety when evaluation fails to reveal a cause
(Kupersmith et al., 2004; Bruggemann et al., 2010). Single case
reports have described that some patients with hypertrophic
pachymeningitis may have myeloperoxidase anti-neutrophil cyto-
plasmic antibody (MPO-ANCA)-positive status (Sugiyama et al.,
1999; Nagashima et al., 2000; Takuma et al., 2001; Akahoshi
et al., 2004; Jacobi et al., 2005; Nakamura et al., 2007;
Liewluck et al., 2008). However, the clinical characteristics and
specific treatments for MPO-ANCA-positive hypertrophic pachy-
meningitis remain elusive, and its position among ANCA-related
disorders including granulomatosis with polyangiitis (previously
known as Wegener's granulomatosis), microscopic polyangiitis,
and eosinophilic granulomatosis with polyangiitis (previously
known as Churg-Strauss syndrome) (Jennette et al., 2013) is
debatable (Nagashima et al., 2000; Akahoshi et al., 2004).
Therefore, we investigated clinical and laboratory evaluations
including radiological, immunological and pathological findings of
36 patients with immune-mediated or idiopathic hypertrophic
pachymeningitis, including 17 patients with MPO-ANCA-positive
hypertrophic  pachymeningitis. Our results emphasize that
MPO-ANCA-positive hypertrophic  pachymeningitis should be
categorized, diagnosed and treated as a CNS-limited form of
ANCA-associated vasculitis.

Materials and methods

Patients and diagnostic criteria

We retrospectively reviewed the medical records of 36 Japanese pa-
tients with immune-mediated or idiopathic hypertrophic pachymenin-
gitis (19 females, 17 males) between 1996 and 2012 at Niigata
University Hospital, which has served as a centre (tertiary hospital)
in Niigata prefecture. Entry criteria of immune-mediated hypertrophic
pachymeningitis were defined as follow: (i) to make a diagnosis of
hypertrophic pachymeningitis, all patients had thickening and abnor-
mal enhancement of the dura mater as demonstrated on gadolinium
MRI T; sequences performed before lumbar punctures; (i) to make a
diagnosis of immune-mediated disorders, all patients had either sero-
positivity for MPO-ANCA or proteinase 3 (PR3)-ANCA, or other
immune-mediated disorders, including sarcoidosis; (iii) there was no
better explanation for infection, including syphilis or tuberculosis, ma-
lignant tumours, malignant lymphoma, meningioma, intracranial hypo-
tension, or those using certain drugs, including hydralazine,
propylthiouracil, cocaine and allopurinol; and (iv) lesions localized
within the cavernous sinus or of orbital pseudotumor were excluded.
Moreover, when evaluation failed to reveal seropositivity for ANCA, or
signs and symptoms of other immune-mediated disorders, the ‘idio-
pathic' variety was assigned and included in this study carried out
previously (Kupersmith et al., 2004). Consequently, we categorized
the immune-mediated or idiopathic hypertrophic pachymeningitis
into four subtypes: MPO-ANCA-positive hypertrophic pachymeningi-
tis; PR3-ANCA-positive hypertrophic pachymeningitis; hypertrophic
pachymeningitis with other immune-mediated disorders; or idiopathic
hypertrophic pachymeningitis. Patients with MPO-ANCA-positive
hypertrophic pachymeningitis were diagnosed based on seropositivity
for MPO-ANCA and were subsequently classified as granulomatosis
with polyangiitis, microscopic polyangiitis or eosinophilic granulomato-
sis with polyangiitis according to 2012 Chapel Hill Consensus
Conference definitions (Jennette et al., 2013) and Watts' algorithm
(Watts et al., 2007). Patients with rheumatoid arthritis, sarcoidosis or
IgG4-related disorder were diagnosed based on the 2010 American
College  Rheumatology/European League Against Rheumatism
(EULAR) Classification Criteria for rheumatoid arthritis (Neogi et al.,
2010), the recommendations of an expert panel for sarcoidosis
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(Baughman et al., 2003), or the 2011 Comprehensive Diagnostic
Criteria for 1gG4-related disease (Umehara et al., 2012). Clinical evalu-
ations during follow-up included neurological examination, standard
blood profile and MRI assessments. Activity was measured using the
Birmingham Vasculitis Activity Score (BVAS) (Lugmani et al., 1997).
Outcomes of interest included the modified Rankin Scale (van Swieten
et al., 1988), treatment resistance, time to relapse and death. The
clinical outcome of the neurological status was measured with the
modified Rankin Scale. Relapse was defined as the deterioration of
radiological findings, the development of clinical symptoms including
headaches or cranial neuropathies, or the reactivation of vasculitis in
any organ system, according to the EULAR recommendations
(Hellmich et al., 2007). The definition of disease relapse required an
initial response to treatment, and patients with treatment-resistant dis-
ease were not included in the disease relapse group. The present study
was approved by the institutional review board of the Niigata
University School of Medicine, Niigata, Japan.

Radiological, immunological and
pathological examinations

MRI was performed using a 1.5 T scanner (GE Medical Systems), and
5-mm thick slices were obtained.

Serological studies included antinuclear antibodies, rheumatoid
factor, MPO-ANCA, PR3-ANCA and angiotensin converting enzyme
were performed. ANCA tests were done by antigen-specific ELISA
and/or indirect immunofluorescence microscopy (Watts et al., 2007;
Ito-lhara et al., 2008; Mukhtyar et al., 2009; Lionaki et al., 2012).
ANCA testing was performed by ELISA, but the indirect immunofluor-
escence microscopy result alone was acceptable only if ELISA was
unavailable or the diagnosis was made before 2000. Of 36 patients
with immune-mediated or idiopathic hypertrophic pachymeningitis,
ANCA testing was assessed by ELISA in 29, by indirect immunofluor-
escence microscopy in two, and by ELISA plus indirect immunofluor-
escence microscopy in five patients. Specifically, in 17 patients with
MPO-ANCA-positive hypertrophic pachymeningitis, ANCA testing was
assessed by ELISA in 11, indirect immunofluorescence microscopy in
two, and ELISA plus indirect immunofluorescence microscopy in four
patients. Because a positive test for cytoplasmic-ANCA targeted to
PR3, or perinuclear-ANCA against MPO has a high sensitivity and
specificity for the diagnosis of ANCA-associated vasculitis, cytoplas-
mic-ANCA, PR3-ANCA, or both were referred to collectively as
PR3-ANCA, and perinuclear-rANCA, MPO-ANCA or both were
referred to collectively as MPO-ANCA. Serum and CSF were analysed
simultaneously for 15 different cytokines and chemokines, namely
interleukin (IL)-1B, IL-2, IL-4, IL-5, IL-6, CXCL8, IL-10, IL-12p70,
IL-17A, interferon y, tumor necrosis factor «, CCL2, CCL5, CXCL9,
and CXCL10 using BD™ cytometric bead arrays (BD Pharmingen) and
ELISA (human IL-17A ELISA kit from eBioscience). We assessed mate-
rials from patients with MPO-ANCA-positive (CSF, n=11; serum,
n =8), PR3-ANCA-positive (CSF, n=4; serum, n=4), and idiopathic
hypertrophic pachymeningitis (CSF, n=7; serum, n=28), and hyper-
trophic pachymeningitis with other causes (CSF, n=5; serum, n = 4).
We also measured cytokines and chemokines in the CSF of 12 patients
with sporadic amyotrophic lateral sclerosis (n=12), and in the serum
of 11 patients with sporadic amyotrophic lateral sclerosis (n =9), clin-
ically probable hereditary spastic paraplegia (n = 1) and thoracic spon-
dylosis (n=1) as the ‘other non-inflammatory neurological diseases'
group.

Pathological studies were performed using one autopsy and six biopsy
specimens including the meninges of patients with MPO-ANCA-positive
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hypertrophic pachymeningitis. Paraffin-embedded sections (4-um thick)
were stained with haematoxylin and eosin and Elastica-Goldner. For
immunohistochemistry, primary antibodies specific for CD4 (clone 1F6,
Serotec), CD8 (clone EP1150Y, Epitomics), CD45RO (clone UCHL-1,
Dako), CD20 (clone L26, Dako), CD21 (clone 1F8, Dako), and CD35
(clone Ber-MAC-DRC, Dako) were used. Antibody binding was visua-
lized using the avidin—biotin—peroxidase complex method (Vectastain
ABC kit; Vector Laboratories). Diaminobenzidine was used as the
chromogen, and the sections were counterstained with 0.05% methy-
lene blue.

Statistical analyses

Data analyses were performed using GraphPad Prism 5 (GraphPad
Software Inc.) and IBM SPSS 19 (IBM) software. Statistical analyses
between the two groups of MPO-ANCA-positive hypertrophic pachy-
meningitis and other non-inflammatory neurological diseases, or
between the two treatment subgroups in patients with MPO-ANCA-
positive hypertrophic pachymeningitis were performed using the
Mann-Whitney U-test or Fisher's exact test, as appropriate. Statistical
analyses among the four subgroups of MPO-ANCA-positive, PR3-
ANCA-positive and idiopathic hypertrophic pachymeningitis, hyper-
trophic pachymeningitis, and hypertrophic pachymeningitis with
other immune-mediated disorders, or among the three subgroups of
MPO-ANCA-positive, PR3-ANCA-positive and idiopathic hypertrophic
pachymeningitis were performed using ANOVA, the Kruskal-Wallis H
test, or Fisher's exact test, as appropriate. When significant results
were obtained, multiple comparisons among subgroups were per-
formed using the Bonferroni or Bonferroni-Dunn multiple comparison
tests. Cumulative probabilities of disease progression as assessed with
the modified Rankin Scale and relapse-free survival rates were esti-
mated by Kaplan-Meier method, and the significance test among sev-
eral curves of cumulative probabilities and survival rates was
performed by the log-rank test. Changes in annual relapse rate
before and after cyclophosphamide administration were analysed by
the Wilcoxon signed-rank test. All statistical analyses were considered
significant at P-values <0.05.

Results

Demographics

Among the 36 Japanese patients with immune-mediated or idio-
pathic hypertrophic pachymeningitis, 17 patients (47%) had
MPO-ANCA-positive hypertrophic pachymeningitis, nine (25%)
had idiopathic hypertrophic pachymeningitis, four (11%) had
PR3-ANCA-positive hypertrophic pachymeningitis, and six (17%)
had other immune-mediated disorders including 1gG4-related
disorder, sarcoidosis, rheumatoid arthritis and anti-centromere
antibody-positive status (Fig. 1A). Female predominance was
seen for MPO-ANCA-positive hypertrophic  pachymeningitis
(male/female = 4/13) (Table 1). The median age at onset in pa-
tients with MPO-ANCA-positive hypertrophic pachymeningitis
was 66 years. Each subset of hypertrophic pachymeningitis
was more common in elderly persons. The median [interquartile
range (IQR)] observation periods of MPO-ANCA-positive and
PR3-ANCA-positive hypertrophic pachymeningitis, hypertrophic
pachymeningitis with other immune-mediated disorders, and idio-
pathic hypertrophic pachymeningitis were 25 (IQR 20-95), 30

220z 18nbny 0z uo 1senb Aq v2z82/025/2/LE L/eIoIe/ulelq/wod dno-ojwepeoe//:sdiy wolj pepeojumoq



Pachymeningitis associated with MPO-ANCA

A 39, 3%

Brain 2014: 137; 520-536 | 523

6% msm MPO-ANCA positive HP (n=17)

6% mmm |diopathic HP(n=9)

B HP with RA (n=1)

cranial consciousness
neuropathy  disorder

otitis media pulmonary renal

SEIZUT " sinusitis  involvement involvement

headache

brain
parenchyma

tentorium  cranial cavernous falx

A . . nvexi
cerebelli  fossa sinus cerebri  Convexity  spine

dura mater

Bmm PR3-ANCA positive HP (n=4)
HP with 1gG4 related disorder (n=2)

HP with sarcoidosis (n=2)

1 Anti-centromere antibody positive HP (n=1)

c
%
80—

e MPO-ANCA positive HP (n=17)
mmm |diopathic HP (n= 9)

N PR3-ANCA positive HP (n=4)

m HP with other immune-mediated disorders (n= 6)
IgG4 related disorder (n=2)
sarcoidosis(n=2)

RA(n=1)
Anti-centromere antibody positive status (n= 1)

Figure 1 Demographic information, cumulative symptoms, and distribution by lesions in immune-mediated or idiopathic hypertrophic
pachymeningitis (HP). Among the 36 Japanese patients with immune-mediated or idiopathic hypertrophic pachymeningitis, 17 patients
(47 %) had MPO-ANCA-positive hypertrophic pachymeningitis, nine patients (25%) had idiopathic hypertrophic pachymeningitis, four
patients (11%) had PR3-ANCA-positive hypertrophic pachymeningitis, and six patients (17 %) had other immune-mediated disorders
including 1gG4-related disorder, sarcoidosis, rheumatoid arthritis (RA), and anti-centromere antibody-positive status (A). Cumulative
symptoms (B), distribution of cranial nerve involvement (C), and lesions with thickened dura mater with abnormal enhancement or

parenchymal abnormalities on MRI studies (D).

(IQR 11-139), 22 (IQR 5-63), and 39 (IQR 21-79) months,
respectively.

Clinical features of myeloperoxidase
ANCA-positive hypertrophic
pachymeningitis

All 17 (100%) patients with MPO-ANCA-positive hypertrophic
pachymeningitis, two of four (50%) patients with PR3-ANCA-
positive hypertrophic pachymeningitis, four of six (67%) patients
with hypertrophic pachymeningitis as a result of other immune-
mediated disorders, and all nine (100%) patients with idiopathic
hypertrophic pachymeningitis were diagnosed with hypertrophic
pachymeningitis as the first clinical episode. Headaches, cranial
polyneuropathy and chronic sinusitis or otitis media were common
in patients with MPO-ANCA-positive and PR3-ANCA-positive

hypertrophic pachymeningitis, hypertrophic pachymeningitis with
other immune-mediated disorders, and idiopathic hypertrophic
pachymeningitis (Fig. 1B and Table 2). In particular, >78% of
patients with MPO-ANCA-positive, PR3-ANCA-positive, and idio-
pathic hypertrophic pachymeningitis showed signs of chronic si-
nusitis, otitis media, or mastoiditis for >3 months, which are
surrogate markers of granulomatous inflammation in the upper
airways for granulomatosis with polyangiitis (Fig. 1B and
Table 2). Chronic sinusitis was evident in 5/17 (29%), 4/4
(100%), 4/9 (44%), and 3/6 (50%) patients with MPO-ANCA-
positive,  PR3-ANCA-positive and idiopathic  hypertrophic
pachymeningitis, and hypertrophic pachymeningitis with other
immune-mediated disorders, respectively. Otitis media was evident
in11/17 (65%), 3/4 (75%), 5/9 (56 %), and 0/6 (0%) patients with
MPO-ANCA-positive, PR3-ANCA-positive and idiopathic hyper-
trophic pachymeningitis, and hypertrophic pachymeningitis with
other immune-mediated disorders, respectively. Mastoiditis was
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Table 1 Clinical and demographic characteristics of immune-mediated or idiopathic hypertrophic pachymeningitis

MPO-ANCA-positive HP PR3-ANCA-positive HP Idiopathic HP HP with other
immune-mediated
disorders®

(n=17) (n=4) (n=9) (n=6)

No. of males/females 4/13 (1:3.25)° 2/2 (1:1) 5/4 (1:0.8) 6/0 (1:0)°
Age at onset (years)® 66 (58-71) 64 (43-75) 61 (57-75) 53 (38-67)
Observation periods (m)b 25 (20-95) 30 (11-139) 39 (21-79) 22 (5-63)
CSF findings

Marked pleocytosis (=50 /pul) 2/16 (13%) 174 (25%) 0/9 (0%) 1/5 (20%)

Mild pleocytosis (49-10 /pl)
Protein (=50mg/dl)
IgG index (>0.658)

Serum findings
Seropositivity for MPO-ANCA
Seropositivity for PR3-ANCA
Seropositivity for rheumatoid factor
CRP (>0.3mg/dl)
ESR (=20mm/h)

6/16 (38%)
9/16 (56%)
10/12 (83%)¢

17/17 (100%)°
0/17 (0%)f
13/17 (76%)
9/13 (69%)
10/12 (83%)

0/4 (0%)
2/4 (50%)
2/4 (50%)

0/4 (0%)°
4/4 (100%)
3/4 (75%)
4/4 (100%)8
3/3 (100%)

2/9 (22%)
3/9 (33%)
2/8 (25%)°

0/9 (0%)°
0/9 (0%)f
4/9 (44%)
5/9 (56%)
7/8 (88%)

2/5 (40%)
3/5 (60%)
3/5 (60%)

0/6 (0%)°
0/6 (0%)
3/5 (60%)
1/6 (17%)8
2/4 (50%)

#Hypertrophic pachymeningitis with other immune-mediated disorders (n = 6) was associated with 1gG4-related disorder (n = 2), sarcoidosis (n = 2), rheumatoid arthritis

(n=1), and anti-centromere antibody positive status (n = 1).
®Median (IQR).
cd&Statistically significant in comparison between the linked values (P < 0.05).

“Statistically significant in comparison between MPO-ANCA-positive hypertrophic pachymeningitis and each other hypertrophic pachymeningitis (PR3-ANCA-positive,
idiopathic, and hypertrophic pachymeningitis with other immune-mediated disorders) (P < 0.05).
fStatistically significant in comparison between PR3-ANCA-positive hypertrophic pachymeningitis and each other hypertrophic pachymeningitis (MPO-ANCA-positive,
idiopathic, and hypertrophic pachymeningitis with other immune-mediated disorders) (P < 0.05).

CRP = C-reactive protein; ESR = erythrocyte sedimentation rate; HP = hypertrophic pachymeningitis.

Table 2 Surrogate markers for granulomatosis with polyangiitis and microscopic polyangiitis

MPO-ANCA- PR3-ANCA- Idiopathic HP with other
positive HP positive HP HP immune-mediated
disorders®
(n=17) (n=4) (n=9) (n=6)
Granulomatosis with polyangiitis
X-ray evidence of fixed pulmonary infiltrates, nodules or cavitations 2 (12)° 4 (100)P< 1 (11)¢ 2 (33)
present >1 month (%)
Bronchial stenosis (%) 0 0 0 0
Bloody nasal discharge and crusting for >1 month, or nasal o¢ 2 (50)¢ 0 0
ulceration (%)
Chronic sinusitis, otitis media or mastoiditis for >3 months (%) 14 (82) 4 (100) 7 (78) 3 (50)
Retro-orbital mass or inflammation (pseudotumour) (%) 1 (6) 1 (25) 2 (22) 2 (33)
Subglottic stenosis (%) 0 0 0 0
Saddle nose deformity/destructive sinonasal disease (%) 0 0 0 0
Microscopic polyangiitis
Haematuria associated with red cell casts or >10% dysmorphic 1(6) 1 (25) 0 0
erythrocytes (%)
2+ haematuria and 2+ proteinuria on urinalysis (%) 1 (6) 1 (25) 0 0

*hypertrophic pachymeningitis with other immune-mediated disorders (n = 6) was associated with 1gG4-related disorder (n = 2), sarcoidosis (n = 2), rheumatoid arthritis

(n=1), and anti-centromere antibody positive status (n = 1).

bedstatistically significant in comparison between the linked values (°P < 0.01; °P < 0.05; 9P < 0.05).

HP = hypertrophic pachymeningitis.

evident in 8/17 (47%), 4/4 (100%), 5/9 (56%), and 2/6 (33%)
patients with MPO-ANCA-positive, PR3-ANCA-positive and idio-
pathic hypertrophic pachymeningitis, and hypertrophic pachymenin-
gitis with other immune-mediated disorders, respectively. The
frequency of patients having chronic sinusitis, otitis media or
mastoiditis was higher in patients with PR3-ANCA-positive

hypertrophic pachymeningitis compared with those with MPO-
ANCA-positive and idiopathic hypertrophic pachymeningitis, and
hypertrophic pachymeningitis with other immune-mediated dis-
orders. Hearing loss caused by involvement of otitis media and/or
cranial nerve VIII preceded the recognition of hypertrophic pachy-
meningitis in 13/17 (76%) patients with MPO-ANCA-positive, 3/4
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(75%) patients with PR3-ANCA-positive and 5/9 (56%) patients
with idiopathic hypertrophic pachymeningitis, and 3/6 (50%) pa-
tients with hypertrophic pachymeningitis because of other
immune-mediated disorders. Bilateral hearing loss was evident in
7/17 (41%) patients with MPO-ANCA-positive, 2/4 (50%) patients
with PR3-ANCA-positive and 3/9 (33%) patients with idiopathic
hypertrophic pachymeningitis, and 1/6 (17 %) patients with hyper-
trophic pachymeningitis because of other immune-mediated dis-
orders. Audiometry assessments were performed in 22/36
patients (61%) with immune-mediated or idiopathic hypertrophic
pachymeningitis. Based on assessments by audiometry, severe or
profound hearing impairment (>70dB level; air-conduction pure-
tone average thresholds in the four conversational frequencies of
0.5, 1, 2 and 4kHz) was evident in 6/11 (55%) patients with
MPO-ANCA-positive, 3/3 (100%) patients with PR3-ANCA-posi-
tive and 2/6 (33 %) patients with idiopathic hypertrophic pachyme-
ningitis, and 0/2 (0%) patients with hypertrophic pachymeningitis
because of other immune-mediated disorders. Moreover, in patients
with  MPO-ANCA-positive hypertrophic pachymeningitis, 3/11
(27%) had a mixed hearing loss pattern, 7/11 (64%) had only a
sensorineural hearing loss pattern, and 1/11 (9%) had only a con-
ductive hearing loss pattern. The frequency of patients with con-
sciousness disturbance among those with PR3-ANCA-positive
hypertrophic pachymeningitis was significantly higher than that in
patients with MPO-ANCA-positive or idiopathic hypertrophic
pachymeningitis (P < 0.05) (Fig. 1B). MRI findings demonstrated
that all patients with PR3-ANCA-positive hypertrophic pachy-
meningitis with consciousness disturbance definitely had brain
parenchymal involvement. These data suggest that parenchymal in-
volvement in the brain was significantly more common in
PR3-ANCA-positive hypertrophic pachymeningitis compared with
MPO-ANCA-positive and idiopathic hypertrophic pachymeningitis.

Importantly, the frequency of patients with renal or pulmonary
involvement among those with PR3-ANCA-positive hypertrophic
pachymeningitis was significantly higher than that in patients
with MPO-ANCA-positive or idiopathic hypertrophic pachymenin-
gitis (P < 0.01; Fig. 1B and 2I). Most patients with MPO-ANCA-
positive and idiopathic hypertrophic pachymeningitis may be char-
acterized as having the limited form within the CNS, in contrast
with PR3-ANCA-positive hypertrophic pachymeningitis.

Radiological findings in
myeloperoxidase-ANCA-positive
hypertrophic pachymeningitis

In this study, a gadolinium-enhanced MRI study of the brain or
spine revealed thickening of the dura mater in all patients
with immune-mediated or idiopathic hypertrophic pachymeningitis
(Fig. 2A-D, F and G). We categorized dural-enhanced lesions into
six distinct patterns: (i) tentorium cerebelli; (i) cranial fossa; (iii)
cavernous sinus; (iv) falx cerebri; (v) convexity; and (vi) spine
(Figs 1D, 2A-D, F and G). The distribution pattern of dural en-
hancement was similar among patients with MPO-ANCA-positive
hypertrophic pachymeningitis and each of the other three subsets
(Figs 1D, 2A-D and F). Importantly, leptomeningeal and paren-
chymal involvement in the brain were significantly more common
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in PR3-ANCA-positive hypertrophic pachymeningitis compared
with MPO-ANCA-positive and idiopathic hypertrophic pachyme-
ningitis (Figs 1D and 2G). Mastoiditis and sinusitis were observed
in patients with MPO-ANCA-positive and PR3-ANCA-positive
hypertrophic pachymeningitis on axial T,-weighted MRI. The
radiological abnormalities became normal in 6/17 (35%) patients
with  MPO-ANCA-positive hypertrophic  pachymeningitis, 0/4
(0%) patients with PR3-ANCA-positive hypertrophic pachy-
meningitis, 5/9 patients (56%) with idiopathic hypertrophic
pachymeningitis, and 2/6 patients (33%) with hypertrophic
pachymeningitis with other immune-mediated disorders after
treatments.

Immunological findings in
myeloperoxidase ANCA-positive
hypertrophic pachymeningitis

We performed semi-quantitative analyses of the ANCA and tried
to assess correlation between the ANCA titre and disease activity
or clinical presentation in 14/17 patients (82%) with MPO-ANCA-
positive hypertrophic pachymeningitis, because their sera were
available for longitudinal assessment. In all 14 of these patients,
MPO-ANCA was a useful marker of disease activity during the
initial immunosuppressive treatments, and 2/14 (14%) patients
with MPO-ANCA-positive hypertrophic pachymeningitis showed
MPO-ANCA seroconversion from seronegative at initial presenta-
tion to seropositive after clinical relapses. However, three patients
remained seronegative even during clinical relapses, after serocon-
version from positive to negative by initial treatments
(Supplementary Fig. 5). In patients with MPO-ANCA-positive
hypertrophic pachymeningitis, serum rheumatoid factor was posi-
tive in 13/17 (76%) patients, C reactive protein was elevated in
9/13 (69%) patients, and the erythrocyte sedimentation rate was
elevated in 10/12 (83%) patients; similar results were found in
patients with PR3-ANCA-positive hypertrophic pachymeningitis
and idiopathic hypertrophic pachymeningitis.

In the CSF of patients with MPO-ANCA-positive hypertrophic
pachymeningitis, 8/16 (50%) patients showed mild to marked
pleocytosis, 10/12 (83%) patients had increased 1gG index
levels, and 9/16 (56%) patients had increased protein levels
(Table 1). Moreover, we found higher amounts of IL-6, CXCLS,
and CXCL10 in CSF and IL-6 in blood in patients with MPO-
ANCA-positive hypertrophic pachymeningitis compared to patients
with other non-inflammatory neurological diseases (Fig. 3). The
ratio of IL-6 to CCL5 in CSF and serum of patients with MPO-
ANCA-positive hypertrophic pachymeningitis was significantly
higher than that in patients with other non-inflammatory neuro-
logical diseases. Patients with MPO-ANCA-positive hypertrophic
pachymeningitis did not have other autoimmune diseases more
frequently than patients with other non-inflammatory neuro-
logical diseases. These data suggest the immunopathological rele-
vance of Tyl cells and innate cells including monocytes,
macrophages, and neutrophils in MPO-ANCA-positive hyper-
trophic pachymeningitis, because CXCL8 mainly targets neutro-
phils, CXCL10 mainly targets activated T cells including Ty1
cells, and IL-6 is produced by monocytes, macrophages, T cells
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MPO-ANCA-positive HP
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Figure 2 Radiological profiles of MPO-ANCA-positive hypertrophic pachymeningitis. In radiological studies, extra-axial enhancement in
the CNS is classified as either pachymeningeal or leptomeningeal (Smirniotopoulos et al., 2007). Pachymeningeal pattern of enhancement
involves the dural reflections of the tentorium cerebelli, cranial fossa, cavernous sinus, falx cerebri, convexity, and the spine, whereas
leptomeningeal pattern of enhancement occurs along the pial surface of the brain, and fits the subarachnoid spaces of the sulci and
cisterns. Thickened dura mater (a pure pachymeningeal pattern of enhancement) was seen in tentorium cerebelli, cranial fossa, cavernous
sinus, falx cerebri, convexity, and the spine (arrowhead) in patients with MPO-ANCA-positive hypertrophic pachymeningitis (A-D) and
PR3-ANCA-positive hypertrophic pachymeningitis (F) on T4-weighted post-gadolinium magnetic resonance images (GdT1WI). Thickened
dura mater with leptomeningeal and parenchymal involvement (pachymeningeal and leptomeningeal patterns of enhancement) in the
brain was significantly more common in PR3-ANCA-positive hypertrophic pachymeningitis (G) compared to MPO-ANCA-positive and
idiopathic hypertrophic pachymeningitis (see Fig. 1D). Mastoiditis (arrows) and sinusitis (arrowhead) were observed in patients with MPO-
ANCA-positive hypertrophic pachymeningitis (E) and PR3-ANCA-positive hypertrophic pachymeningitis (H) on axial T,-weighted mag-
netic resonance images (T2WI). Nodular lesions (arrowheads) were observed in the lung of patients with PR3-ANCA-positive hypertrophic

pachymeningitis on CT scans (1).

and endothelial cells. The pattern of expression of cytokines and
chemokines in serum and CSF in MPO-ANCA-positive hyper-
trophic pachymeningitis was similar to that in PR3-ANCA-positive
hypertrophic pachymeningitis and idiopathic hypertrophic pachy-
meningitis except for the ratio of IL-6 to CCL5 in serum
(Supplementary Fig. 1).

Pathological findings in
myeloperoxidase ANCA-positive
hypertrophic pachymeningitis

Pathological studies were performed with material from an autopsied
case and six biopsied cases with immune-mediated hypertrophic
pachymeningitis (MPO-ANCA-positive hypertrophic pachymeningi-
tis, n = 5; PR3-ANCA-positive hypertrophic pachymeningitis, n = 2)
(Table 3). All dura mater samples showed severe to moderate
thickening with fibrosis (Fig. 4). According to 2012 or 1994 Chapel
Hill Consensus Conference definitions, ANCA-associated vasculitis
was defined by two criteria: (i) necrotizing vasculitis, predominantly
affecting small to medium vessels; and (i) necrotizing granulomatous
inflammation, which should be common in granulomatosis with

polyangiitis and absent in microscopic polyangiitis (Devaney et al.,
1990; Jennette et al., 1994, 2013). Two of five (40%) patients with
MPO-ANCA-positive hypertrophic pachymeningitis (Cases 1 and 4
in Table 3) and 1/2 (50%) patients with PR3-ANCA-positive hyper-
trophic pachymeningitis (Case 2 in Table 3) showed granulomatous
inflammation including multinucleated giant cells, necrosis, and vas-
culitis in thickened dura mater. Inflammatory cells in the dura mater
of MPO-ANCA-positive hypertrophic pachymeningitis included
CD4* and CD8" T cells, CD20* B cells, neutrophils, eosinophils,
plasma cells, monocytes, and macrophages. The pathological and im-
munological data of serum and CSF indicated that T, 1-predominant
granulomatous lesions were mainly evident in MPO-ANCA-positive
and PR3-ANCA-positive hypertrophic pachymeningitis as previously
reported in pulmonary or renal lesions of ANCA-associated vasculitis
(Lamprecht and Kabelitz, 2011). Intriguingly, CD20" B cell clusters
with CD21*CD35™ follicular dendritic cells, which are essential for B
cell maturation owing to their ability to retain antigens on their mem-
brane in the form of immunocomplexes, and to stimulate prolifer-
ation and prevent apoptosis of germinal centre B cells, were evident
in granulomatous inflammation of the thickened dura mater of two
patients with MPO-ANCA-positive hypertrophic pachymeningitis
(Cases 1 and 4 in Table 3; Fig. 4) and a patient with PR3-ANCA-
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Figure 3 Immunological profiles of MPO-ANCA-positive hypertrophic pachymeningitis (HP). Cytokine and chemokine levels in CSF
(A) and serum (B) from patients with MPO-ANCA-positive hypertrophic pachymeningitis (MPO-ANCA) and patients with other non-
inflammatory neurological disorders (OND) were assessed with the multiplexed fluorescent bead-based immunoassay and an ELISA.
Patients with MPO-ANCA-positive hypertrophic pachymeningitis showed significantly higher levels of IL-6, CXCL8, and CXCL10 in CSF
during attacks than patients with other non-inflammatory neurological diseases. Other cytokine and chemokine levels, including IL-18, IL-
2, IL-4, IL-5, IL-10, IL-12p70, IL-17A, interferon (IFN) y, tumor necrosis factor (TNF) o, CCL2, CCL5, and CXCL9 in CSF did not differ in
the groups (data not shown). The serum of patients with MPO-ANCA-positive hypertrophic pachymeningitis displayed significantly higher
levels of IL-6 and lower levels of CCL5 during attacks than patients with other non-inflammatory neurological diseases. Other cytokine
and chemokine levels in serum, including IL-1B, IL-2, IL-4, IL-5, IL-10, IL-12p70, IL-17A, interferon y, tumour necrosis factor «, CCL2,
CXCL8, CXCL9, and CXCL10 did not differ between in the groups (data not shown). The ratio of IL-6 to CCL5 in the CSF and serum of
patients with MPO-ANCA-positive hypertrophic pachymeningitis was significantly higher than that in patients with other non-inflam-
matory neurological diseases. The error bars represent the standard deviation.

positive hypertrophic pachymeningitis (Case 2 in Table 3), indicating
the ectopic lymphoid neogenesis (Aloisi and Pujol-Borrell, 2006).

Classification of patients with
myeloperoxidase ANCA-positive
hypertrophic pachymeningitis according
to a new consensus algorithm for
ANCA-associated vasculitis

According to Watts' algorithm (Watts et al., 2007), we classified
all patients with immune-mediated or idiopathic hypertrophic

pachymeningitis into eosinophilic granulomatosis with polyangiitis,
granulomatosis with polyangiitis, microscopic polyangiitis, polyar-
teritis nodosa, or unclassifiable entity (Fig. 5, Table 2 and
Supplementary Figs 2, 3 and 4). Importantly, 14/17 (82%) pa-
tients with MPO-ANCA-positive hypertrophic pachymeningitis, all
(100%) patients with PR3-ANCA-positive hypertrophic pachyme-
ningitis, and no (0%) patients with idiopathic hypertrophic pachy-
meningitis were categorized as ‘granulomatosis with polyangiitis’
according to Watts' algorithm. Both seropositivity for MPO-ANCA
and one surrogate marker for granulomatosis with polyangiitis
(chronic sinusitis, otitis media, or mastoiditis for >3 months)
important  for ‘granulomatosis  with

were classification as
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Table 3 Pathological findings of patients with immune-mediated hypertrophic pachymeningitis

Case Age at Biopsy/  Dura matter Brain
biopsy/  autopsy Thickening of Granulomatous Necrosis* Vasculitis®  Inflammatory cells Parenchymal
autopsy dura matter inflammation® involvement
(years)

MPO-ANCA-positive hypertrophic pachymeningitis

1% 7 Autopsy  Positive Positive®© Positive®®  Positive™®  CD4* T, CD8* T, CD20* B, P, E, N, M  Positive
2 65 Biopsy Positive Negative Negative Negative CD4* T, CD8* T, CD20* B, E, N, M Negative
3 67 Biopsy Positive Positive Negative Negative CD4* T, CD8* T, CD20* B, E, N, M Negative
4 52 Biopsy  Positive Positive"* Positive®  Positive™”  CD4* T, CD8* T, CD20* B, P, E, N, M Negative
5 52 Biopsy Positive Negative Negative Negative NA Negative
PR3-ANCA-positive hypertrophic pachymeningitis
1 54 Biopsy Positive Negative Negative Negative L, P, M Negative**
2 75 Biopsy  Positive PositiveP* Positive®®  Positive"8"  CD45RO* T, CD20* B, P, E, N, M Positive

#Granulomatous inflammation, necrosis, and vasculitis were defined by pathological criteria for granulomatosis with polyangiitis in previous reports (Devaney et al., 1990;

Jennette et al., 1994, 2013).

bPoorly formed granulomatous inflammation.
“Micro-abscesses with granulomatous inflammation.
dGeographic necrosis.

€Micro-abscesses.

fGranulomatous vasculitis.

8Necrotizing vasculitis.

"Lymphocytes around small vessels.

*Pathological findings in systemic organs of the patient: multiple nodules in the bilateral kidneys consisting of granulomatous necrosis with multinucleated giant cells; no

apparent angiitis or crescent glomerulonephritis; aspiration pneumonia.
**The patient developed brain parenchymal lesions after biopsy of dura mater.

B = B cells; E = eosinophils; L = lymphocytes; M = monocytes; N = neutrophils; NA = not applicable; P = plasma cells; T =T cells.

polyangiitis’ in patients with MPO-ANCA-positive hypertrophic
pachymeningitis. Both seropositivity for PR3-ANCA and two sur-
rogate markers for granulomatosis with polyangiitis (‘chronic si-
nusitis, otitis media or mastoiditis for >3 months’ and ‘X-ray
evidence of fixed pulmonary infiltrates, nodules, or cavitations pre-
sent for >1 month') were important for classification as granulo-
matosis with polyangiitis in patients with PR3-ANCA-positive
hypertrophic pachymeningitis. All (100%) patients with idiopathic
hypertrophic pachymeningitis were categorized into the ‘unclassi-
fiable entity’ according to the Watts' algorithm. However, 7/9
(78%) patients had one surrogate marker for granulomatosis
with polyangiitis (‘chronic sinusitis, otitis media or mastoiditis for
>3 months'), but seropositivity for neither MPO-ANCA nor PR3-
ANCA was seen in patients with idiopathic hypertrophic pachyme-
ningitis (Table 2). These data suggest that some idiopathic hyper-
trophic pachymeningitis cases may be characterized as the CNS-
limited form of ANCA-associated vasculitis with seronegativity for
MPO-ANCA and PR3-ANCA.

Disease activity and progression

of patients with myeloperoxidase
ANCA-positive hypertrophic
pachymeningitis

The annual relapse rates of MPO-ANCA-positive, PR3-ANCA-posi-
tive, and idiopathic hypertrophic pachymeningitis were 0.48 + 0.84,
0.90 + 1.52, and 0.08 £ 0.25 relapses/year (mean = SD), respect-
ively. Disease activity was assessed with the BVAS index. The total

score of BVAS during the most active phase in patients with PR3-
ANCA-positive hypertrophic pachymeningitis was significantly higher

than that in patients with MPO-ANCA-positive and idiopathic hyper-
trophic pachymeningitis (Fig. 6A and B). BVAS is a clinical checklist
of items organized into nine categories: general, cutaneous, mucous
membranes/eyes, ear, nose and throat, chest, cardiovascular, ab-
dominal, renal, and nervous systems. High scores for nervous
system and ear, nose and throat were common in patients with
MPO-ANCA-positive, PR3-ANCA-positive and idiopathic hyper-
trophic pachymeningitis. However, the scores for the chest and
renal system in patients with PR3-ANCA-positive hypertrophic
pachymeningitis were significantly higher than those in MPO-
ANCA-positive and idiopathic  hypertrophic  pachymeningitis.
Moreover, Kaplan-Meier estimates for the proportion of patients
achieving a modified Rankin Scale score of >3 at 3000 days in
PR3-ANCA-positive, MPO-ANCA-positive, and idiopathic hyper-
trophic pachymeningitis were 75%, 45% and 22%, respectively
(Fig. 6C), indicating that neurological disease progression may
be different in patients with each subset. These data suggest
that most patients with MPO-ANCA-positive and idiopathic hyper-
trophic pachymeningitis may show the CNS-limited form and a less
severe phenotype compared with patients with PR3-ANCA-
postive  hypertrophic  pachymeningitis. ~ Representative  cases
with  MPO-ANCA-positive, PR3-ANCA-positive and idiopathic
hypertrophic pachymeningitis are shown in Supplementary Figs 5-7.

Treatment in patients with
myeloperoxidase ANCA-positive
hypertrophic pachymeningitis

We evaluated the efficacy and tolerability of immune treatments

for patients with MPO-ANCA-positive, PR3-ANCA-positive or
idiopathic hypertrophic pachymeningitis. The treatment consisted
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Figure 4 Pathological findings in MPO-ANCA-positive hypertrophic pachymeningitis (HP). Pathological findings in MPO-ANCA-positive
hypertrophic pachymeningitis (A-L) and PR3-ANCA-positive hypertrophic pachymeningitis (M-R). All patients with MPO-ANCA- and
PR3-ANCA-positive hypertrophic pachymeningitis showed thickened dura mater with fibrosis (A-R; Table 3). Two of five patients with
MPO-ANCA-positive hypertrophic pachymeningitis and one of two patients with PR3-ANCA-positive hypertrophic pachymeningitis
showed granulomatous inflammation characterized by appearance of multinucleated giant cells (A, B, E, M, O and P, arrows), geographic
necrosis (C, O, arrowheads), and vasculitis (D, E, F, N, P and Q) in thickened dura mater. Multinucleated giant cells were scattered in
granulomatous inflammatory area or necrosis foci (B, E, O and P). Geographic necrosis was characterized by large areas of necrosis with a
basophilic centre and a serpiginous border surrounded by epithelioid histiocytes and multinucleated giant cells (C and O). Vascular changes

(continued)
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of three patterns: (i) patients treated with prednisolone only; (i)
patients treated with cyclophosphamide in conjunction with pred-
nisolone at the initial admission; and (iii) patients treated with
prednisolone only at the initial admission, but treated with
prednisolone and cyclophosphamide after relapses. Prednisolone
treatment included a methylprednisolone pulse treatment (either
0.5 g/day or 1g per day) for 3 days and high-dose oral prednis-
olone treatment (1.0mg/kg per day) followed by prednisolone
tapered slowly to maintenance level. Cyclophosphamide treatment
included monthly intravenous pulses (0.5 g/m? per month) for sev-
eral months or daily oral doses (1 mg/kg per day). Therapy was
not randomly assigned, but no significant differences were found
in baseline date of age, gender, observation period, clinical ap-
pearances, or immunological findings among the treatment sub-
groups in all subsets of immune-mediated or idiopathic
hypertrophic pachymeningitis (data not shown). By the time this
cohort was closed for analysis, two patients (one patient with
MPO-ANCA-positive and one patient with PR3-ANCA-positive
hypertrophic pachymeningitis) had died of high ANCA-related
hypertrophic pachymeningitis disease activity. The frequencies of
patients receiving only prednisolone among those with MPO-
ANCA-positive  PR3-ANCA-positive and idiopathic hypertrophic
pachymeningitis were 7/17 (41%), 2/4 (50%), and 7/9 (78%),
respectively. Relapses on therapy occurred in 13/30 (43%)
patients with immune-mediated or idiopathic hypertrophic pachy-
meningitis: 10/17 (59%) patients with MPO-ANCA-positive
hypertrophic pachymeningitis; 2/4 (50%) patients with PR3-
ANCA-positive hypertrophic pachymeningitis; and 1/9 (11%) pa-
tients with idiopathic hypertrophic pachymeningitis. In MPO-
ANCA-positive hypertrophic pachymeningitis, Kaplan-Meier esti-
mates for the relapse-free proportion at 1000 days in patients
treated with ‘prednisolone only’ and in patients treated with ‘pred-
nisolone and cyclophosphamide’ at the initial admission were 16%
and 75%, respectively (Fig. 7A). In patients treated with prednis-
olone only at the initial admission, but treated with prednisolone
and cyclophosphamide after relapses, the addition of cyclophos-
phamide to prednisolone significantly reduced the annual relapse
rate in patients with relapses of MPO-ANCA-positive hypertrophic
pachymeningitis (Fig. 7B).

The adverse events were identified during the observation
periods in 30 patients with MPO-ANCA-positive, PR3-ANCA-
positive and idiopathic hypertrophic pachymeningitis, who
were treated with prednisolone only or prednisolone and

Figure 4 Continued
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cyclophosphamide: adverse events included infection in nine pa-
tients, diabetes mellitus in six patients, osteoporosis in four pa-
tients, liver dysfunction in four patients, deep vein thrombosis in
three patients, haemorrhagic cystitis in two patients, and malig-
nancy in two patients. Although no significant differences in ad-
verse events were found between patients treated with
prednisolone only and patients treated with prednisolone and
cyclophosphamide, two patients with haemorrhagic cystitis (one
patient with  MPO-ANCA-positive hypertrophic pachymeningitis
and one with idiopathic hypertrophic pachymeningitis) were trea-
ted with both prednisolone and cyclophosphamide. Bone marrow
suppression and renal dysfunction were not observed in this study.

Discussion

We assessed 36 patients with immune-mediated or idiopathic
hypertrophic pachymeningitis including 17 patients with MPO-
ANCA-positive hypertrophic pachymeningitis and demonstrated
that MPO-ANCA-positive hypertrophic pachymeningitis can be
characterized by the following features: (i) an elderly female pre-
dominance; (ii) 82% of patients diagnosed with granulomatosis
with polyangiitis according to Watts' algorithm; (iii) a high fre-
quency of patients with lesions limited to the dura mater and
upper airways, developing headaches, chronic sinusitis, otitis
media, or mastoiditis; (iv) a low frequency of patients with the
‘classical or generalized form' of granulomatosis with polyangiitis
involving the entire upper and lower airways and kidney, or pro-
gressing to generalized disease, in contrast with PR3-ANCA-posi-
tive hypertrophic pachymeningitis; (v) less severe neurological
damage as determined with the modified Rankin Scale and
lower disease activity on BVAS compared with PR3-ANCA-positive
hypertrophic pachymeningitis; (vi) increased levels of CXCL10,
CXCL8, and IL-6 in CSF, and increased numbers of CD4" and
CD8* T cells, CD20-positive B cells, neutrophils, eosinophils,
plasma cells, monocytes, and macrophages in autopsied or biop-
sied dura mater with pachymeningitis, suggesting T,1-predomin-
ant granulomatous lesions in hypertrophic pachymeningitis, as
previously reported for pulmonary or renal lesions of ANCA-asso-
ciated vasculitis (Lamprecht and Kabelitz, 2011); and (vii) greater
efficacy of combination therapy with prednisolone and cyclophos-
phamide compared to prednisolone monotherapy. PR3-ANCA-
positive hypertrophic pachymeningitis may involve more severe

(asterisks) were characterized by fibrinoid necrosis (Q), granulomatous vasculitis (D, E, N and P), and acute or chronic inflammation of
the vessel walls (F). Inflammatory cells in all pachymeningitis materials from patients with MPO-ANCA-positive and PR3-ANCA-positive
were characterized as having CD8-positive (H) and CD4-positive T cells (I), CD20-positive B cells (J), neutrophils (G and R), plasma cells
(G and R), eosinophils (G and R), and monocytes. CD20* B cell clusters (J) with CD21*CD35* follicular dendritic cells (K and L), which
had a process-bearing morphology, were evident in granulomatous inflammation of the thickened dura mater in two patients with MPO-
ANCA-positive hypertrophic pachymeningitis (J, K and L; Cases 1 and 4 in Table 3) and one patient with PR-3-ANCA-positive hyper-
trophic pachymeningitis (data not shown; Case 2 in Table 3). One of five patients with MPO-ANCA-positive hypertrophic pachymeningitis
and two of two patients with PR3-ANCA-positive hypertrophic pachymeningitis (M) showed parenchymal involvement of the brain
according to clinical and pathological studies (S = dura mater; T = parenchyma). The tissue in the box in M is shown at higher magnifi-
cation in N. Sections were stained with haematoxylin and eosin (A-C, E-G, M and O-R). Sections were stained with Elastica-Goldner stains
(D and N). Immunohistochemistry was assessed with primary antibodies specific for CD8 (H), CD4 (1), CD20 (J), CD21 (K), and CD35 (L).
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Figure 5 Classification of MPO-ANCA-positive hypertrophic pachymeningitis patients according to Watts' algorithm. HP = hypertrophic
pachymeningitis; ACR = American College of Rheumatology criteria; CHCC = Chapel Hill Consensus Conference criteria; CSS = Churg—
Strauss syndrome; EGPA = eosinophilic granulomatosis with polyangiitis; GPA = granulomatosis with polyangiitis; MPA = microscopic

polyangiitis, cPAN = classic polyarteritis nodosa.

neurological damage, higher disease activity and a higher fre-
quency of the generalized form compared with MPO-ANCA-
positive- or idiopathic hypertrophic pachymeningitis. However,
categorization into ‘granulomatosis with polyangiitis' according
to Watts' algorithm and immunological or pathological features
were common in patients with PR3-ANCA-positive and MPO-
ANCA-positive hypertrophic pachymeningitis. These data indicate

that most patients with MPO-ANCA-positive hypertrophic pachy-
meningitis should be categorized as having the CNS-limited form
of ANCA-associated vasculitis, consistent with the recently pro-
posed concept of ‘ophthalmic-limited granulomatosis with poly-
angiitis’, ‘pulmonary-limited vasculitis’, or ‘renal-limited vasculitis’
(Carrington and Liebow, 1966; Holle et al., 2010; Isa et al.,
2012).
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Figure 6 Disease activity and progression in MPO-ANCA-positive hypertrophic pachymeningitis. Disease activity was assessed with the
BVAS index. The total score of BVAS during the most active phases in patients with PR3-ANCA-positive hypertrophic pachymeningitis was
significantly higher than that in patients with MPO-ANCA-positive and idiopathic hypertrophic pachymeningitis (IHP) (A). BVAS is a
clinical checklist of items organized into nine categories: general, cutaneous, mucous membranes/eyes, ear, nose and throat (ENT), chest,
cardiovascular, abdominal, renal, and nervous systems (B). High scores for the nervous system and ear, nose and throat were common in
patients with MPO-ANCA-positive hypertrophic pachymeningitis, PR3-ANCA-positive hypertrophic pachymeningitis, and idiopathic
hypertrophic pachymeningitis. However, the scores for chest and renal systems in PR3-ANCA-positive hypertrophic pachymeningitis were
significantly higher than those in patients with MPO-ANCA-positive hypertrophic pachymeningitis and idiopathic hypertrophic pachy-
meningitis (B). Disease progression according to the neurological status was measured with the modified Rankin Scale. Kaplan-Meier
estimates for the proportion of patients achieving a modified Rankin Scale score of >3 at 3000 days in PR3-ANCA-positive, MPO-ANCA-
positive, and idiopathic hypertrophic pachymeningitis were 75%, 45% and 22 %, respectively (C). These data suggest that neurological
disease progression may be different in patients with each subset. The error bars represent the standard error of the mean.
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Figure 7 Treatment course in patients with MPO-ANCA-positive hypertrophic pachymeningitis. Kaplan-Meier estimates for the relapse-
free proportion at 1000 days in patients treated with ‘prednisolone (PSL) only" and in patients treated with ‘prednisolone and cyclo-
phosphamide (CY)" at the initial admission were 16% and 75 %, respectively, in myeloperoxidase antibodies to the neutrophil cytoplasmic
antibody (MPO-ANCA)-positive hypertrophic pachymeningitis (A). In patients treated with prednisolone only at the initial admission, but
treated with prednisolone and cyclophosphamide after relapses, the addition of cyclophosphamide to prednisolone significantly reduced
the annual relapse rate in patients with relapses of MPO-ANCA-positive hypertrophic pachymeningitis (B).

Granulomatosis  with  polyangiitis, previously known as
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glomerulonephritis and haemorrhagic pneumonitis (Leavitt et al.,

Wegener's granulomatosis, is considered a systemic necrotizing
granulomatous ANCA-associated vasculitis that mainly affects
the upper and lower respiratory tracts and kidneys, whereas
microscopic polyangiitis is a systemic necrotizing ANCA-associated
vasculitis  that  typically  causes  rapidly  progressive

1990; Jennette et al., 1994). However, limited expressions of
ANCA-associated vasculitis, also known as ‘ophthalmic-limited
granulomatosis with polyangiitis’, ‘pulmonary-limited vasculitis’,
or ‘renal-limited vasculitis’ occur, especially in disease that is con-
fined to eyes, upper or lower respiratory tract, or kidneys (Holle
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et al., 2010; Isa et al., 2012; Jennette et al., 2013). Approximately
90% of patients with pulmonary-limited vasculitis, 46% of whom
were ANCA-positive, had localized long-term disease, but 10% of
patients developed a generalized disease state (Holle et al., 2010).
In our cohort, 3/17 (18%) patients with MPO-ANCA-positive
hypertrophic pachymeningitis, 2/4 (50%) with PR3-ANCA-positive
hypertrophic pachymeningitis, and 0/9 (0%) with idiopathic
hypertrophic pachymeningitis developed systemic disease after a
median course of 11.1 months (range, 6.1-121.7 months). These
previous reports and our current data suggest the idea that limited
manifestation of ANCA-associated vasculitis occurs not only in the
eye, upper or lower respiratory tract, and kidney, but also in the
meninges, especially in the dura mater, and that long-term limited
diseases may still carry the danger of developing into generalized
disease. Patients with MPO-ANCA-positive hypertrophic pachy-
meningitis might be included in the ‘granulomatosis with
polyangiitis' category, although whether MPO-ANCA-positive
hypertrophic pachymeningitis as a limited form is a long-term dis-
ease phenotype or a short-term disease stage that occurs very
early in the generalized granulomatosis with polyangiitis course
remains unclear (Holle et al., 2010; Jennette et al., 2013).

This study in patients with MPO-ANCA-positive, PR3-ANCA-
positive or idiopathic hypertrophic pachymeningitis emphasized
the significance of the sign of ‘chronic sinusitis, otitis media, or
mastoiditis for >3 months', which are surrogate markers of
granulomatous inflammation in upper airways for granulomatosis
with polyangiitis. A previous paper suggested that the chronic in-
flammation of the middle ear may cause immune-mediated hyper-
trophic pachymeningitis as a result of local circulation through
venous return, rather than direct invasion or labyrinthine (through
the round or oval window membranes), because no patients with
hypertrophic  pachymeningitis and middle ear inflammation
showed any destruction of the tympanic tegmentum, and 67%
of patients had only conductive hearing loss with no labyrinthine
dysfunction (lwasaki et al., 2006). The inflammatory mediators in
the middle ear may spread to the dura mater in the middle and
the posterior plexus of the veins, because the veins of the middle
ear can communicate with the superior petrosal sinus and the
pterygoid plexus of veins through emissary veins including the
petrosquamosal sinus (Marsot-Dupuch et al., 2001; Iwasaki
et al., 2006). Meanwhile, other factors rather than common anti-
genic epitopes in the dura mater and upper airway may be present
in granulomatosis with polyangiitis, because some patients with
MPO-ANCA-positive, PR3-ANCA-positive, and idiopathic hyper-
trophic pachymeningitis showed thickened dura mater, independ-
ently of time or lesion sequences between hypertrophic
pachymeningitis and otological events.

Originally, PR3-ANCA was thought to be more specific for
granulomatosis with polyangiitis, and MPO-ANCA was considered
more specific for microscopic polyangiitis (Chen and Kallenberg,
2010). However, 54% of patients diagnosed with granulomatosis
with polyangiitis according to Watts' algorithm were recently re-
ported to be PR3-ANCA-positive, and 46% were MPO-ANCA-
positive (Lionaki et al., 2012). Seventy-five per cent of patients
diagnosed with microscopic polyangiitis according to Watts' algo-
rithm were MPO-ANCA-positive, and 25% were PR3-ANCA-
positive (Lionaki et al., 2012). Whether the clinical syndromes of
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granulomatosis with polyangiitis and microscopic polyangiitis or
the specificity for MPO- and PR3-ANCA represent distinct patho-
mechanisms and contribute to the disease course remains debat-
able. Specificity for MPO- or PR3-ANCA independently predicts
relapse in patients with ANCA-associated vasculitis with renal dis-
ease, with PR3-ANCA-positive patients almost twice as likely to
relapse as those with MPO-ANCA (Lionaki et al., 2012). A
genome-wide association study demonstrated that the strongest
associations were with the antigenic specificity for MPO- or PR3-
ANCA, not with the clinical syndrome of granulomatosis with
polyangiitis and microscopic polyangiitis (Lyons et al., 2012).
PR3-ANCA is associated with HLA-DP and the genes encoding
a1-antitrypsin (SERPINA1) and proteinase 3 (PRTN3), whereas
MPO-ANCA is associated with HLA-DQ (Lyons et al., 2012).
From our study of immune-mediated hypertrophic pachymeningi-
tis, it may be considered that the specificity for MPO- and PR3-
ANCA represents a distinct pathomechanism and contributes to
the disease course, but the clinical syndromes of granulomatosis
with polyangiitis and microscopic polyangiitis does not. Based
on these concepts and our data, we emphasize that PR3-ANCA-
positive- and MPO-ANCA-positive hypertrophic pachymeningitis
are distinct autoimmune syndromes and that classification and
diagnostic systems that incorporate ANCA specificity, such as
MPO- or PR3-ANCA positivity, provide a more useful tool than
only clinicopathological categories such as granulomatosis with
polyangiitis or microscopic polyangiitis for predicting severity and
prognosis. Distinct genetic risk factors (Lyons et al., 2012) may
provide evidence for clinicopathological differences between
MPO-ANCA-positive and PR3-ANCA-positive hypertrophic pachy-
meningitis regarding the distribution of meningeal and/or paren-
chymal inflammation, involvement of systemic organs, severity
and treatment course.

Categories of organ system involvement are ranked by the
prevalence of PR3-ANCA and inversely by the prevalence of
MPO-ANCA (Lionaki et al., 2012). The majority of patients with
renal-limited vasculitis (81%) were MPO-ANCA-positive, and
those with destructive lesions of the upper airways (94%) were
PR3-ANCA-positive (Lionaki et al., 2012). Moreover, MPO-ANCA
positivity is predominant in Asian countries, whereas PR3-ANCA
positivity is predominant in northern Europe, suggesting an
association between ANCA-associated vasculitis and some envir-
onmental factors such as silica, microbes or concomitant diseases
(Lionaki et al., 2012), or a genetic background such as HLA
(Fujimoto et al., 2011). In this study, we showed that MPO-
ANCA positivity was more frequent compared with PR3-ANCA
positivity in immune-mediated hypertrophic pachymeningitis
among Japanese patients, although whether the predominance
of MPO-ANCA-positive status in immune-mediated hypertrophic
pachymeningitis is associated with organ-specific features or
Asian-specific features remains unclear.

The pro-inflammatory pathogenic effects of ANCA are contin-
gent on interactions with target antigens (PR3 and MPO) ex-
pressed on the surface of primed neutrophils and monocytes
(Cartin-Ceba et al., 2012). MPO- and PR3-ANCA can activate
primed neutrophils and monocytes by binding directly to their
antigens expressed on the surface or by Fc-receptor engagement.
Activated leucocytes may cause small vessel injury in
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ANCA-associated vasculitis. The binding of ANCA to primed
leucocytes induces the production and release of CXCL8, which
can attract more neutrophils and monocytes to the site of inflam-
mation, leading to further accumulation of fully activated neutro-
phils in the vessel wall and amplification of inflammation (Ralston
et al., 1997). Moreover, Ty1-type necrotizing granulomatous le-
sions may be evident in granulomatosis with polyangiitis because
granulomatous lesions display abundant interferon y expression
(Muller et al., 2000; Lamprecht and Gross, 2004). In this study,
we found that CXCL10, CXCLS8, and IL-6 were elevated in the
CSF of patients with MPO-ANCA- and PR3-ANCA-positive hyper-
trophic pachymeningitis, suggesting accumulation of activated
macrophages and neutrophils with Ty1 lymphocytes in inflamma-
tion in hypertrophic pachymeningitis. These data for ANCA-posi-
tive hypertrophic pachymeningitis are consistent with those in
previous papers describing the immunopathogenesis of ANCA-
associated vasculitis. Intriguingly, CD20* B cell clusters with
CD21*CD35™ follicular dendritic cells were evident in granuloma-
tous inflammation of the thickened dura mater of two patients
with MPO-ANCA-positive hypertrophic pachymeningitis (Cases 1
and 4 in Table 3; Fig. 4) and a patient with PR3-ANCA-positive
hypertrophic pachymeningitis (Case 2 in Table 3), indicating the
ectopic lymphoid neogenesis (Aloisi and Pujol-Borrell, 2006). The
observation of organized lymphoid structures that resemble sec-
ondary lymphoid organs in tissues that are targeted by chronic
inflammation processes, indicates that lymphoid neogenesis
might have a role in maintaining immune responses against per-
sistent antigens (Aloisi and Pujol-Borrell, 2006). It has been re-
ported that ectopic lymphoid neogenesis was evident in the
target organ of several autoimmune disorders: joints of rheuma-
toid arthritis (Takemura et al., 2001); the thyroid gland of
Hashimoto's thyroiditis (Armengol et al., 2001); the salivary
glands of Sjogren’s syndrome (Salomonsson et al., 2003); or the
brain leptomeninges of multiple sclerosis (Magliozzi et al., 2007).
Moreover, it has been reported that ectopic lymphoid neogenesis
was also evident in the nasal passages and lungs of patients with
granulomatosis with polyangiitis (Mackiewicz et al., 2005), and
differential mutated members of one B cell clone were present
in granulomatous lesions of granulomatosis with polyangiitis, indi-
cative of clonal expansion and intraclonal diversification within the
granulomatous lesions (Kramer et al., 2007). In this study, we
demonstrated that ectopic lymphoid neogenesis including B cell
clusters with follicular dendritic cells were present in granuloma-
tous lesions of hypertrophic pachymeningitis in MPO- or PR3-
ANCA-positive hypertrophic pachymeningitis (Fig. 4). These data
may suggest that in situ formation of ectopic lymphoid neogenesis
in granulomatous lesions of not only nasal passages and lungs, but
also dura mater, may play an important role for initiating, main-
taining and localizing immune responses (e.g. in situ production of
autoantibodies including ANCA) in MPO- or PR3-ANCA-positive
hypertrophic pachymeningitis.

In vivo animal models have been used to demonstrate
that the transfer of MPO-ANCA into wild-type mice results in
pauci-immune crescentic necrotizing glomerulonephritis (Xiao
et al., 2002), and the transfer of PR3-ANCA into wild-type
mice causes an increased inflammatory response at the site of
tissue injury (Pfister et al.,, 2004). However, not all animal
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models have provided evidence for an association between
ANCA and hypertrophic pachymeningitis, and the primary immu-
nopathogenic events that initiate the process of MPO- and PR3-
ANCA-positive hypertrophic pachymeningitis are still largely
unknown.

Although idiopathic hypertrophic pachymeningitis is supposed to
be a ‘heterogeneous’ syndrome, we demonstrated that idiopathic
hypertrophic pachymeningitis might share some common charac-
teristic features with MPO-ANCA-positive hypertrophic pachyme-
ningitis. The concept of granulomatosis with polyangiitis starting
as a localized, often ANCA-negative disease with predominant
upper airway involvement and later progressing to generalized
ANCA-associated vasculitis has been supported by larger studies
and a case report. Therefore, the EULAR has recommended that
the absence of a positive test for ANCA should not rule out a
diagnosis for primary small and medium vessel vasculitis including
granulomatosis with polyangiitis or microscopic polyangiitis, and
that patients with less severe disease, especially those with isolated
granulomatous disease of the upper or lower respiratory tract, may
not have a positive ANCA (Mukhtyar et al., 2009). The 2012
Chapel Hill Consensus Conference definitions (Jennette et al.,
2013) suggest that patients with ANCA-negative ANCA-asso-
ciated vasculitis may have ANCA that cannot be detected with
current methods or may have ANCA of as yet undiscovered spe-
cificity, or that pathogenic mechanisms that do not involve ANCA
at all may be occurring. Based on this concept, our data suggest
that some patients with idiopathic hypertrophic pachymeningitis
may be characterized as having a CNS-limited form of ANCA-
associated vasculitis with seronegativity for MPO- or PR3-
ANCA. It is possible that serological investigation of idiopathic
hypertrophic pachymeningitis by indirect immunofluorescence mi-
croscopy identifies a new pattern of fixation and eventually a new
antigen target. Further studies, including pathological and im-
munological assessments, are needed to reclassify patients with
idiopathic hypertrophic pachymeningitis.

According to our data and previous single case reports, most
patients with MPO-ANCA-positive hypertrophic pachymeningitis
require treatment for combination therapy with prednisolone and
other immunosuppressive agents such as cyclophosphamide
(Sugiyama et al., 1999; Takuma et al., 2001; Akahoshi
et al., 2004; Furukawa et al., 2004) or azathioprine (Nagashima
et al., 2000). The EULAR has recommended that patients with
ANCA-associated vasculitis should be categorized according to dif-
ferent levels of severity to assist treatment decisions; a combin-
ation of cyclophosphamide and prednisolone should be used for
remission and induction in patients with ANCA-associated vascu-
litis and renal or other organ threatening disease, whereas a com-
bination of methotrexate and prednisolone should be used for
remission and induction in patients with ANCA-associated vascu-
litis with non-organ threatening or non-life threatening disease
(Mukhtyar et al., 2009). Because elderly predominance is evident
in immune-mediated or idiopathic hypertrophic pachymeningitis
including  MPO-ANCA-positive hypertrophic  pachymeningitis
based on this study, further studies investigating dose adjustment
of cyclophosphamide based on age, alternative immunosuppres-
sive agents such as methotrexate or azathioprine in patients with
less severe disease, alternative immunomodulatory therapy
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including intravenous immunoglobulin, rituximab or infliximab in
patients with severe progressive disease, or remission-maintenance
therapy are needed to clarify the details of management of the
immune-mediated or idiopathic hypertrophic pachymeningitis.

There are several limitations to the study. First, the cohort was
small (n=36) and the follow-up period was short (median, 2.7
years). Second, pathological results were not always available be-
cause patients were often older with a higher risk of procedure-
related complications. Even if available, pathological assessments
were usually conducted using biopsy materials of thickened dura
mater, but not autopsy materials, and pathological findings of
vasculitis, necrosis and granulomatous inflammation together
were seen in only 16% of biopsy specimens from head and
neck lesions in patients with granulomatosis with polyangiitis
(Devaney et al.,, 1990; Bacon, 2005). Therefore, the 1994
Chapel Hill Consensus Conference definitions of the requirement
for granulomatous inflammation in the definition of granulomato-
sis with polyangiitis did not necessarily indicate that histological
proof of granulomatous inflammation would ultimately be a clas-
sification or diagnostic criterion for the disease (Jennette et al.,
1994). In this study, although we did not obtain histological
proof of granulomatous inflammation in all patients with MPO-
ANCA- and PR3-ANCA-positive hypertrophic pachymeningitis, we
consider that our data assessing 36 patients with immune-
mediated or idiopathic hypertrophic pachymeningitis and previous
single case reports (Kono et al., 2000; Nagashima et al., 2000;
Akahoshi et al., 2004; Furukawa et al., 2004; Liewluck et al.,
2008) can accurately be used to categorize and characterize dis-
ease profiles.

Our findings are consistent with a new concept that MPO-
ANCA-positive hypertrophic pachymeningitis should be recognized
as CNS-limited ANCA-associated vasculitis, consistent with the
concept of ophthalmic-, pulmonary-, or renal-limited ANCA-asso-
ciated vasculitis. MPO-ANCA-positive hypertrophic pachymeningi-
tis may be a distinct disease subset from PR3-ANCA-positive
hypertrophic pachymeningitis, according to the clinical, immuno-
logical, radiological and pathological features. In the future, pro-
spective, long-term follow-up, and larger cohort studies are
needed to further characterize the phenotype of patients and to
determine beneficial treatments.
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