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Fig. 5 Changes in immunoglobulin (Ig)G4-positive plasma cell, pretreatment specimens (b), the number of Foxp3+ cells obviously
Foxp3+ cell, and CD4-+CD25+ cell infiltration before (a—c¢) and decreased in the posttreatment specimens (e). Some CD4+CD25+
1 month after (d—f) corticosteroid therapy in patient 6. Compared cells in the lesions were observed before treatment (c¢), whereas

with the pretreatment specimens (a), the number of IgG4-positive almost none were detected after therapy (f) [a, d IgG4 x200, b,
plasma cells in the lesions was markedly diminished in the e Foxp3 x400, c, f CD4 (red) and CD25 (green) x400]
posttreatment specimens (d). In the same way, compared with the

Fig. 6 Changes in CD4+ and CD8+ T cell infiltration before (a, b) lesions remained largely constant, even after therapy (a, ¢ CD4 x 100,
and 4 months after (¢, d) corticosteroid therapy in patient 5. The b, d CD8 x100)
extent of CD4+ T cell (a, ¢) and CD8+ T cell (b, d) infiltration in the
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Fig. 7 Changes in numbers of infiltrating cells before and after
corticosteroid therapy. In six IgG4-related TIN cases, the average of
IgG4-positive plasma cell numbers and the ratio of IgG4-positive
cells to CD138-positive cells in the lesions significantly decreased

microglobulinuria. Renal insufficiency was also frequent,
and almost all patients with IgG4-related TIN had some
radiographic abnormalities. Therapy with 20-30 mg/day of
prednisolone rapidly improved renal function in three
patients with severe renal dysfunction, whereas some renal
insufficiency persisted in two. Radiographic abnormalities
persisted in half of the patients. Histologically, infiltration of
CD4+CD25+ T cells and Foxp3+- cells in addition to IgG4-
positive plasma cells was characteristic in IgG4-related TIN.
Notably, IgG4-positive plasma cells, Foxp3+ cells, and
CD4+CD25+ cells had already decreased 1 month after
corticosteroid therapy in one case (patient 6), whereas small
to moderate numbers of CD4+4 T cells and CD8+ T cells
infiltrated where inflammation persisted in all patients. In the
later stage after treatment, patchy or regional fibrosis
remained to some extent.

In this study, radiographic findings of renal lesions were
almost the same as those noted in past reports [21, 30].
Multiple low-density lesions on enhanced CT, diffuse bilat-
eral renal swelling, and thickening of the renal pelvic wall
were the major features. Past reports mentioned that

after compared with before corticosteroid therapy (a, b, respectively).
Similarly, average of Foxp3+ cell numbers significantly decreased
(c). However, average of CD4+ and CD8+ T cell numbers did not
change (d, e, respectively)

corticosteroid therapy was effective in improving the
appearance of renal lesions on imaging study, although cor-
tical scar or renal capsular dimpling persisted in a small
number of cases [30-33]. In our study, although some renal
parenchymal lesions showed recovery of contract enhance-
ment, others progressed to scar-like atrophy in three of six
cases. In contrast to past studies [30-33], both imaging study
and histological analysis were performed before and after
corticosteroid therapy in all patients in this study. Our data
might suggest that these atrophic lesions in imaging study
correspond to the histological fibrotic lesions. In addition,
recovery of contrast enhancement might relate to the partially
normalized renal interstitium observed in the posttreatment
specimens of patients 5 and 6, who showed diffuse TIN and
renal tubular atrophy before therapy. In this way, 1gG4-
related TIN could leave macroscopic atrophy and micro-
scopic fibrosis, which might explain why renal function did
not totally recover after corticosteroid therapy in our patients
with severe renal insufficiency. The possibility of these
sequelae must be considered when determining the cortico-
steroid dose and optimal timing of the initiation of treatment.
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The main histological findings before corticosteroid
therapy were consistent with previously published histo-
logical features of IgG4-related TIN [21, 22, 34]. In addi-
tion, extension of inflammation beyond the renal capsule
reported by Yamaguchi et al. [29] was also observed and
seemed to correspond to the extension of lesions beyond
the pancreatic capsule in autoimmune pancreatitis (AIP).
Zen et al. [35] reported infiltration of CD4+CD25+ T cells
and Foxp3+ cells in the lesions of IgG4-related pancrea-
titis and cholangitis and that those lesions had significantly
increased levels of Th2 and regulatory T-cell cytokines.
Nakashima et al. [36] also reported increased Th2 and
regulatory cytokines in the lesions of IgG4-related TIN. In
this study, we similarly confirmed the presence of
CD44-CD25+ T and Foxp3-- cells in the renal interstitium
where lymphocytes and IgG4-positive plasma cells infil-
trated. Accordingly, the presence of CD4+CD25+ T or
Foxp3+ cell infiltration might be another distinctive find-
ing of IgG4-related TIN. As Houghton and Troxell [37]
reported that an abundant infiltration of IgG4-positive
plasma cell is not so specific for IgG4-related TIN, it will
be necessary to survey the presence or absence of these
regulatory cells in TIN diseases other than IgG4-related
TIN.

We focused on histological and immunohistochemical
changes of IgG4-related TIN during the clinical course of
corticosteroid therapy. The area with infiltrating cells in the
renal interstitium decreased with the passage of time after
therapy was initiated. Conversely, more obvious regional
fibrosis was observed in the re-biopsy specimens, although
there was the possibility of sampling bias due to randomly
performed biopsies. Reflecting these histological findings,
the radiological lesions to some degree showed recovery
following therapy, whereas in some parts, there was pro-
gression to scar formation. These findings suggest the need
to search for ways to prevent fibrosis in addition to control
of inflammation. Whether early initiation of corticosteroid
therapy can prevent fibrosis remains to be verified, as there
was no untreated control group in this study and so this
point could not be concluded definitively. However, com-
paring posttreatment findings of patients 3 and 5, both of
whom underwent re-evaluation 4 months after the start of
therapy, macroscopic atrophy and microscopic fibrosis
were more marked in patient 5 with severe renal dys-
function before therapy than in patient 3 with normal renal
function then. This difference implies that early initiation
of corticosteroid therapy prevents fibrosis to some extent.
The possibility should also be considered that corticoste-
roid therapy alone is insufficient to prevent residual fibrosis
despite early initiation. Other treatment options should be
examined, as rituximab therapy, for example, has been
reported to be effective in achieving clinical improvement
in IgG4-RD [38, 39]. The characteristic cells, including
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CD4+CD25+ T cells, Foxp3+ cells, and IgG4-positive
plasma cells, seemed to disappear quickly after cortico-
steroid initiation and did not reappear as long as cortico-
steroid was administered, whereas other CD4+ T and
CDS8+ T cells persisted for a long time in lesions where
cell infiltration was still observed. This finding suggests
that we cannot precisely evaluate IgG4-positive plasma cell
infiltration in diagnosing IgG4-related TIN if corticosteroid
therapy has already been initiated. The pathogenic signif-
icance of this finding remains unclear. More accumulation
of clinical and histological data of IgG4-related TIN,
including recurrences during corticosteroid tapering or
after cessation of corticosteroid therapy and basic research
based on those data, are essential to elucidate the roles of
these cells in the pathogenesis of IgG4-related TIN.

Biomarkers that could be used as a goal for treating
IgG4-related TIN have not yet been established. It was
reported that in AIP, serum IgG4, IgG, and circulating
immune complex decreased after corticosteroid therapy
and increased at relapse, whereas serum C3 and C4 levels
showed reciprocal changes [40]. Tabata et al. [41] sug-
gested that the measurement of serial serum IgG4 levels
was useful to determine disease activity of IgG4-RD.
Nevertheless, whether normalization of serum IgG4 levels
could be a treatment goal is unclear, as it is not always
observed despite apparent clinical remission [41]. Cutoff
values of these markers as a goal should be further
examined. Nishi et al. [42] reported that elevated urine
NAG and/or a1-microglobulin concentrations were useful
markers for detecting renal abnormalities in their AIP
patients with or without clinically detected renal involve-
ment. However, neither urine $2-MG nor NAG entirely
responded to corticosteroid therapy and fluctuated despite
the continuation of treatment in our study. Thus, reliable
markers showing a goal for treatment remain to be iden-
tified. Further studies are required to seek such markers,
including novel candidates.

The small number of cases is a limitation of our study
that relates to the rarity of this disease, and the inconsistent
follow-up times of radiological and histological data in
each patient is another limitation. However, with increas-
ing worldwide awareness of IgG4-related TIN as a distinct
disease entity [21, 22], we can expect larger studies that
include many more cases and anticipate that, with more
patients enrolled in each stage of corticosteroid therapy,
especially in the very early and later stages, the dynamics
of various infiltrating cells during the clinical course will
be better clarified.

In conclusion, our investigations suggest that, clinically,
persistent renal insufficiency associated with macroscopic
atrophy and microscopic fibrosis is not so rare in 1gG4-
related TIN. Pathologically, the behavior of regulatory T
cells during the clinical course of corticosteroid therapy is
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quite similar to that of IgG4-positive plasma cells, and the
distinctive behavior pattern of those cells may provide a
clue to the mechanisms underlying this disease. Further
studies are required to elucidate the total picture of this
disease, including its clinical and pathogenic aspects.
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Abstract

Background. [gG4-related disease is a multi-organ dis-
order characterized by a high level of serum IgG4 and
dense infiltration of IgG4-positive cells into affected
organs. In routine studies, however, IgG subclasses are
not estimated. In the present study, we attempted to
clarify the light-microscopic characteristics of IgG4-
related tubulointerstitial nephritis (TIN) to facilitate dis-
tinction from non-lgG4-related TIN in specimens ob-
tained by renal biopsy using routine staining.

Methods. In specimens from 34 cases of TIN (13 IgG4-
related and 21 non-lgG4-related), 9 nephrologists inde-
pendently reviewed the following histological features of
interstitial lesions: (i) cell infiltration extending into the
renal capsule, (ii) cell infiltration into the renal medulla,
(iii) regional lesion distribution, (iv) lymphoid follicles,
(v) granulomatous lesions, (vi) necrotizing angiitis, (vii)
eosinophil infiltration, (viii) neutrophil infiltration, (ix) tu-
bulitis, (x) peritubular capillaritis, (xi) storiform fibrosis
and (xii) the stage of interstitial fibrosis. The modified
nominal group technique was applied to obtain a consen-
sus in the pathological interpretation.

Results. Consensus was successfully attained among the
diagnosticians for all but one pathological feature
(regional lesion distribution). Storiform fibrosis was de-
monstrated in 12 of 13 (92.3%) cases of IgG4-related TIN
but in none of the cases of other types of TIN. Cell infil-
tration extending into the renal capsule was also observed
only in IgG4-related TIN. Conversely, neutrophil infiltra-
tion, severe tubulitis, severe peritubular capillaritis, granu-
lomatous lesions and necrotizing angiitis were evident
only in non-IgG4-related TIN.

Conclusions. This study revealed some useful and

characteristic features for distinguishing IgG4-related
from non-IgG4-related TIN on the basis of light-micro-
scopic observation.

Keywords: IgG4; light microscopy; storiform fibrosis; tbulointerstitial
nephritis

Introduction

IgG4-related disease (IgG4-RD) is a new clinical entity
that has been attracting worldwide attention, being charac-
terized by a high level of serum IgG4 and dense infiltra-
tion of 1gG4-positive cells into affected organs [1-3]. The
prototype of this condition was sclerosing pancreatitis [4)
(also known as Type 1 autoimmune pancreatitis [5]), but
it is known to affect various organs including the salivary
glands, hepatobiliary tract, lymph nodes, lungs, retroperi-
toneum and kidneys [1, 2, 6, 7]. Recently, we reported
that the major renal parenchymal lesion associated with
IgG4-RD is tubulointerstitial nephritis (TIN) [8]. Because
steroid therapy is usually quite effective, diagnosis of
IgG4-related TIN is important. However, lgG4-related
TIN is difficult to recognize in the absence of auto-
immune pancreatitis or Mikulicz’s disease, which are re-
presentative conditions of the disease [1-3] because
serum 1gG subclasses are not examined routinely and im-
munostaining for IgG subclasses is not a routine part of
renal pathologic studies. Furthermore, recent studies have
revealed that high serum IgG4 levels and/or IgG4-positive
plasma cells can also be present in some inflammatory
conditions that are not associated with IgG4-RD,
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including anti-neutrophil  cytoplasmic autoantibodies
(ANCA)-associated vasculitis [9-11]. On the other hand,
several studies have revealed that certain common patho-
logical features of IgG4-RD are evaluable in routine
examinations, such as storiform fibrosis, eosinophilic in-
filtration, lymphoid follicles and obliterative phlebitis, and
that these are also useful for diagnosis [5-8, 12-16]. In
fact, we have observed that some pathological features in-
cluding storiform fibrosis in IgG4-related TIN were
similar to those observed in Type | autoimmune pancrea-
titis [8]. However, it is still unclear whether the pathologi-
cal features of IgG4-related TIN are actually characteristic
in comparison with those of non-IgG4-related TIN and
whether a consensus can be obtained among diagnosti-
cians in the interpretation of pathological features such as
storiform fibrosis, because tubulointerstitial lesions have
not been fully examined from this perspective in ordinary
TIN. These background factors prompted us to examine
the light-microscopic characteristics of IgG4-related TIN,
in which pathological consensus is attainable among diag-
nosticians, to allow its distinction from non-lgG4-related
TIN using routine staining.

Materials and methods

Patients

This study included 13 patients with IgG4-related TIN (1gG4 group) and
21 patients with the other types of TIN (non-1gG4 group). The cases in
both groups were selected from the renal biopsy pathology files at the
Division of Clinical Nephrology, Niigata University (including cases
seen at Nagaoka Red Cross Hospital) and the Division of Rheumatology,
Kanazawa University Hospital, between 1998 and 2010 (IgG4 group)
and between 2004 and 2010 (non-1gG4 group), respectively. Cases in
which the specimens included over 100 glomeruli (obtained by surgery,
open biopsy or autopsy) were excluded. The diagnosis of IgG4-related
TIN was based on both (i) a high serum 1gG4 level (>135 mg/dL) [17]
and (ii) infiltration of numerous 1gG4-positive plasma cells into the renal
interstitium (IgG4-positive plasma cells/IgG-positive plasma cells >40%
and/or IgG4-positive plasma cells >10/high power field), along with
clinical features {18, 19]. The patients in the [gG4 group were all Japa-
nese (11 males and 2 females) with an average age of 69.2 years (range
55-83 years). Twelve of the 13 patients had some IgG4-related extra-
renal lesions (autoimmune pancreatitis, sialadenitis, dacryoadenitis,
lymph node swelling, lung lesion, prostatitis or pseudo-tumor of the
liver). The serum creatinine levels were within the range 0.9-6.17 mg/dL
(average 2.55+ 1.89). The levels of serum 1gG4 before steroid therapy
were 486—1860 (mean 1091, normal range <105). Hypocomplementemia
was evident in 61.5% of the patients. None of them met the criteria for
systemic lupus erythematosus, ANCA-associated vasculitis or sarcoido-
sis. Nine of the 13 patients had been included in our earlier study [8]
and four were newly enrolled and had not been previously described.
The patients in the non-1gG4 group had a main renal pathological
diagnosis of TIN, excluding 1gG4-related TIN, renal allograft rejection
and TIN associated with progressive chronic primary glomerular disease.
The etiology of TIN included drug use (n= 6), vesicoureteral reflux (n=

They were all Japanese (11 males and 10 females) with an average age
of 55.7 years (range 11-80 years). Sialadenitis was present in three
patients with Sjogren’s syndrome and a patient with sarcoidosis showed
lung lesions. The other 17 patients had no extra-renal lesions. Serum
creatinine levels were 0.96-14.4 mg/dl. (average 3.52:+3.07). Serum
1gG4 levels were examined in three patients (two idiopathic and one
Sjogren’s syndrome) and were within the normal range in all of them.
No patient showed hypocomplementemia. In all cases of idiopathic TIN,
immunostaining for 1gG4 revealed no or only few 1gG4-positive plasma
cells in the renal interstitium (data not shown).

Light-microscopic characteristics of 1gG4-related TIN
Histological evaluation

Renal tissues were obtained by needle biopsy from all patients, except
one patient with vesicoureteral reflux. For routine light-microscopic
studies, renal biopsy specimens were fixed in formalin or alcohol-Bouin,
embedded in paraffin and stained with hematoxylin and eosin, periodic
acid-Schiff, periodic acid-methenamine silver (PAM) and Masson’s tri-
chrome or Azan. All tissue slides were anonymized and reviewed inde-
pendently by nine nephrologists (all experts in renal pathology and
routinely involved in the diagnosis of renal biopsy samples), who were
blinded to the clinical and serological data and the IgG4/non-1gG4 status
of the patients.

The estimated items pertaining to histological features were decided

(i) cell (inflammatory cell) infiltration extending into the renal capsule
(absent, present or not evaluable due to lack of a renal capsule in the
specimens), (i) cell (inflammatory cell) infiltration into the renal
medulla (absent, present or not evaluable due to lack of a renal medulla
in the specimens), (iii) regional lesion distribution, well defined and ex-
cluding small patchy lesions (absent or present), (iv) lymphoid follicles
with germinal centers (absent or present), (v) granulomatous lesions
(absent or present), (vi) necrotizing angiitis (absent or present), (vii) eo-
sinophil infiltration (0, no; 1+, occasional and 2+, numerous), (viii)
neutrophil infiltration (0, no; 1+, occasional and 2+, numerous), (ix)
tubulitis (0, no inflammatory cells in tubules; 1, mild; -4 cells per
tubule cross section; 2, moderate; 510 cells per tubule cross section; 3,
severe; >10 cells per tubule cross section, judged from the highest
number of all types of cells infiltrating each tubule in the whole speci-
men), (X) peritubular capillaritis (0, no; 1, mild; 2, moderate; 3, severe;
assigned a ‘ptc’ score of 0-3 in the Banff 07 classification [20]). (xi)
storiform fibrosis (absent or present), (xii) stage of interstitial fibrosis (0,
no fibrosis; 1, mild; scattered fibrosis; 2, moderate; degree of fibrosis less
predominant than that of cell infiltration; 3. severe; degree of fibrosis
more predominant than that of cell infiltration; 4; only fibrosis). In each
specimen, all stages and the main stage were described respectively.

‘Storiform fibrosis’ is a characteristic swirling pattern of fibroscleros-
ing inflanymation consisting of inflammatory cells and irregular fibrosis
evident in Type 1 autoimmune pancreatitis [12]. In our earlier study, we
demonstrated a similar pattern of fibrosis in lgG4-related TIN and
showed that the irregular fibrosis surrounded nests of inflammatory cells
in PAM-stained preparations [&]. In the present study, we defined ‘stori-
form fibrosis in IgG4-related TIN’ as a pattern of fibrosclerosing inflam-
mation consisting of both (i) dense collagen fibers, into which
inflammatory cells had infiltrated, exhibiting a swirling or arabesque
pattern in the renal interstitium and (ii) irregular fibers surrounding nests
of inflammatory cells in PAM-stained preparations. Representative
photographs of storiform fibrosis in IgG4-related TIN are shown in
Figure 1. Reference photographs of the stages of interstitial fibrosis
(Stage 4 was not evident in any of the cases examined) are shown in
Figure 2. Storiform fibrosis was evaluable in Stages 2 and 3. In our
earlier study of IgG4-related TIN [8], obliterative phlebitis was not
evident although phlebitis was shown in some patients (data not shown).
Therefore, obliterative phlebitis was not investigated in this study.

The modified nominal group technique developed by the RAND Cor-
poration [21] was applied to obtain consensus in the histopathological
interpretation of renal biopsy specimens among the nine nephrologists.
Briefly, each nephrologist recorded his/her assessments according to the
rating system for TIN described later. These ratings were collected cen-
trally, and the most frequent ratings were chosen as tentative interpret-
ations. Then, the nephrologists anonymously rated the tentative
interpretations on a 9-point scale, in which 1 = extremely inappropriate,
5=uncertain and 9= extremely appropriate. After anonymous feedback
of the distribution of the ratings made by their colleagues and anon-
ymous discussion via electronic mail, a second round of ratings was
undertaken confidentially for all specimens regardless of the initial
degree of agreement. To determine the final degree of agreement and dis-
agreement, a statistical definition using a binomial distribution was
applied. Consensus was considered to exist when no more than two indi-
viduals rated a particular indication outside a 3-point range (i.e. 1-3, 4-6
and 7-9). ltems for which the nine nephrologists were unable to reach an
agreement were discussed further in a group meeting. Attempts were
made to modify the wordings of the rating system, and subsequently the
third anonymous rating round was undertaken for these particular items.
If a consensus was still not attainable after the third round of ratings, the
item was described as ‘consensus failure’.
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Statistical analysis

Statistical analyses were done using the Fisher’s exact probability test or
the Mann~Whitney’s U-test. A probability of P <0.05 was considered to
indicate statistical significance.

Results

Renal pathology

The histological features of the IgG4 and non-IgG4
groups are summarized in Table 1. Consensus was suc-
cessfully attained among the nine nephrologists for all but
one pathological feature (a regional lesion distribution) in
two cases. The features that were evident only in the IgG4
group were storiform fibrosis and ‘cell infiltration extend-
ing into the renal capsule’. Storiform fibrosis was evident
in 12/13 patients (92.3%) in the 1gG4 group but in none
of the non-IgG4 group (P <0.0001) (Figure 3). Cell infil-
tration extending into the renal capsule, although this
feature was not evaluable in many patients in the both
groups, was evident in two patients in the IgG4 group
(Figure 4). Conversely, neutrophil infiltration, granuloma-
tous lesions and necrotizing angiitis were evident only
in the non-IgG4 group [neutrophil infiltration=12/21
(P=0.0010), granulomatous lesions=5/21 (P=0.1317)
and necrotizing angiitis =5/21 patients (P =0.1317)]. The
grades of tubulitis were significantly lower in the IgG4
group (in the IgG4 group, stage of tubulitis was 0 in
7.7%, 1 in 76.9%, 2 in 15.4% and 3 in 0%, whereas in
the non-IgG4 group, it was 0 in 0%, 1 in 33.3%, 2 in
47.6% and 3 in 19.0%, P=0.0026). Severe tubulitis was
evident only in the non-1gG4 group. Although the grades
of peritubular capillaritis were not significantly different
between the two groups, severe peritubular capillaritis
was also evident only in the non-IgG4 group. A regional
lesion distribution was observed more frequently in the
IgG4 group (5/12 in the IgG4 and 1/20 in the non-IgG4,
P =0.0185); however, consensus in the pathological
interpretation was not attainable in two patients. Cell infil-
tration into the renal medulla was observed in both groups
(5/6 in the IgG4 and 12/15 in the non-IgG4, P =not sig-
nificant). Eosinophil infiltration was evident in 30.8% of
the patients in the 1gG4 group and 9.5% in the non-IgG4
group, but the difference was not significant. Lymphoid
follicles were evident in only one patient in the non-IgG4
group.

The results of interstitial fibrosis staging are summar-
ized in Table 2. The stages of fibrosis were mixed in most
cases in both groups. The IgG4 group had significantly
higher stages of fibrosis than the non-IgG4 group (in the
IgG4 group, main stage of fibrosis was mild in 15.4%,
moderate in 61.5% and severe in 23.1%, whereas in the
non-IgG4 group, it was mild in 57.1%, moderate in
42.9% and severe in 0%, P =0.0054).

Discussion

Although the etiology of 1gG4-RD has not been eluci-
dated, some common pathological characteristics of this

2757

Fig. 1. Storiform fibrosis in IgG4-related TIN. A swirling or arabesque
pattern consisting inflammatory cells and collagen fibers, corresponding
to storiform fibrosis in Type 1 autoimmune pancreatitis, is evident (A
and B). In PAM stain, irregular fibers surround nests of inflammatory
cells (C). (A) Hematoxylin and eosin, (B) Elastica~Masson trichrome,
(C) PAM. All images x200 in almost the same field .

disease have been demonstrated. Dense lymphoplasmacy-
tic infiltration with fibrosis and infiltration of numerous
IgG4-positive plasma cells are the most characteristic
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Fig. 2. The stages of interstitial fibrosis. Stage 0, no fibrosis (A and B);
1, mild; scattered fibrosis (C and D); 2, moderate; degree of fibrosis less
predominant than that of cell infiltration (E and F); 3, severe; degree of
fibrosis more predominant than that of cell infiltration (G and H). (A, C,
E and G): Elastica-Masson trichrome, (B, D, F and H) PAM (x400).
Each stage is from almost the same field in IgG4-related TIN.

features [1--8, 12-16, 18, 19] and storiform fibrosis, eosi-
nophil infiltration, lymphoid follicles, inflammation
around the margins of affected tissues, a regional lesion
distribution and obliterative phlebitis have also been con-
sidered to be common features [5-8, 12-16, 22]. On the
other hand, neutrophil infiltration and inflammation of the
duct epithelium in affected organs are rare [7, 12, 13, 16].
In 1gG4-related TIN, lymphoplasmacytic infiltration with
numerous 1gG4-positive plasma cells and fibrosis are also
very important features [8]. Recently, Raissian et al. [18]
revealed that the presence of plasma cell-rich TIN with
numerous IgG4-positive plasma cells has diagnostic
utility, with a sensitivity of 100% and specificity of 92%,
for IgG4-related TIN, excluding pauci-immune necrotiz-
ing and crescentic glomerulonephritis. However, lympho-
plasmacytic infiltration is a non-specific finding in TIN,
and immunostaining is not performed routinely. Further-
more, recent studies have revealed that numerous IgG4-

Light-microscopic characteristics of 1gG4-related TIN

positive plasma cells can also be present in conditions not
associated with 1gG4-RD [9-11]. Houghton ef al. [9] de-
scribed that the presence of numerous IgG4-positive
plasma cells is essential to, but not sufficient for, the diag-
nosis of IgG4-related TIN. In addition, there is organ
specificity in the pathological features of 1gG4-RD [7].
For example, storiform fibrosis is not evident in the
lymph nodes, minor salivary glands [7] or lung lesions
[23]. It is important to examine the pathological find-
ings closely in each organ and elucidate points of simi-
larities and differences. In this study, we have revealed
some useful and characteristic features for distinguish-
ing IgG4-related from non-lgG4-related TIN on the
basis of light-microscopic observation using routine
staining, with consensus among diagnosticians. In par-
ticular, storiform fibrosis was revealed to be quite
characteristic and useful for diagnosis of lgG4-related
TIN. Because renal biopsy is usually applied to non-
atrophic kidneys, dense interstitial fibrosis is noted rela-
tively rarely in specimens obtained by biopsy. Interest-
ingly, however, most of the patients with lgG4-related
TIN showed high grades of fibrosis, even those with
mild renal dysfunction, and the characteristic pattern
was easy to recognize.

Cell infiltration extending into the renal capsule was
evident in two patients in the IgG4 group. Because this
feature is ordinarily not evident in other types of TIN, it
might also be diagnostic of IgG4-related TIN. However,
this feature was not evaluable in many of the patients in
both groups, because specimens obtained by renal biopsy
and subjected to light microscopy often lack the renal
capsule. Therefore, further study to confirm this will be
necessary. Neutrophil infiltration and severe tubulitis were
not evident in IgG4-related TIN. Neutrophil infiltration
has been described as rare in head and neck, hepatic and
pancreatobiliary and retroperitoneal lesions in IgG4-RD
[7]. Also, rarity of inflammation of the duct epithelium
has been demonstrated in Type 1 autoimmune pancreatitis
and TgG4-related sclerosing cholangitis [6, 12], suggesting
these features are common in IgG4-RD. A regional lesion
distribution was evident more frequently in the IgG4
group, suggesting that this may also be useful for the di-
agnosis of IgG4-related TIN. However, pathological
interpretation of this feature was difficult in some patients,
and a consensus could not be reached in two patients.
Lymphoid follicles were evident in only one of all
patients. Because specimens obtained by needle renal
biopsy are quite small, lymphoid follicles with germinal
centers might be difficult to discern. Eosinophil infiltra-
tion was often evident in IgG4-related TIN and so, IgG4-
related TIN should be considered in the differential
diagnosis of TIN with eosinophils. But there was no
significant inter-group difference in this respect. Because
eosinophil infiltration has also been reported as a
common feature of non-lgG4-related TIN [24], it should
be considered as not being diagnostic but rather a suppor-
tive feature of IgG4-related TIN. Granulomatous lesions
and necrotizing angiitis, which are sometimes observed in
sarcoidosis or ANCA-related vasculitis, were not evident
in IgG4-related TIN, suggesting that they are useful fea-
tures for distinguishing between these diseases, although
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Table 1. Histological features of [gG4-related and non-IgG4-related TIN®
IgG4 (n=13) Non-IgG4 (n=21) P

Cell infiltration extending into the renal capsule 2/7 (NE 6) 0/7 (NE 14) 04615
Cell infiltrations into the renal medulla 5/6 (NE 7) 12/15 (NE 6) >(.9999
Regional lesion distribution 5/12 (CF 1) 1720 (CF 1) 0.0185
Lymphoid follicles 0/13 (0%) 1/21 (4.8%) >(0.9999
Granulomatous lesions 0/13 (0%) 5/21 (23.8%) 0.1317
Necrotizing angiitis 0/13 (0%) 521 (23.8%) 0.1317
Storiform fibrosis 12/13 (92.3%) 0/21 (0%) <0.0001
Eosinophil infiltration

Grade 0 9/13 (69.2%) 19/21 (90.5%) 0.1084

Grade 1 3/13 (23.1%) 2/21(9.5%)

Grade 2 1/13 (7.7%) 0/21 (0%)
Neutrophil infiltration

Grade 0 13/13 (100%) 9/21 (42.9%) 0.0010

Grade 1 0/13 (0%) 9/21 (42.9%)

Grade 2 0/13 (0%) 3721 (14.3%)
Tubulitis

Grade 0 1113 (7.7%) 0/21 (0%) 0.0026

Grade 1 10/13 (76.9%) 7/21 (33.3%)

Grade 2 2/13 (15.4%) 10/21 (47.6%)

Grade 3 0/13 (0%) 4/21 (19.0%)
Peritubular capillaritis

Grade 0 5/13 (38.5%) 521 (23.8%) 0.0649

Grade 1 5/13 (38.5%) 4/21 (19.0%)

Grade 2 3/13 (23.1%) 8/21 (38.1%)

Grade 3 0/13 (0%) 4/21 (19.0%)

“NE, not evaluable; CF, consensus failure; grade of eosinophil and neutrophil infiltration: Grade 0, no; 1+, occasional and 2+, numerous; grade of
tubulitis and peritubular capillaritis: Grade 0, no; 1, mild; 2, moderate and 3, severe.

Fig. 3. Interstitial fibrosis of IgG4-related TIN and non-IgG4-related TIN. Characteristic storiform fibrosis is evident in IgG4-related TIN (A) but not

in non-1gG4-related TIN (B) (PAM-Masson trichrome, x400).

granulomas have rarely been observed in extra-renal
organs associated with IgG4-RD [7].

Except for the items examined in this light-microscopic
study using routine staining, immune complex deposits
in the renal tubule basement membranes by immunofiuor-
escence, immunohistochemistry ~ and/or  electron
microscopy have been shown to be a characteristic feature
of IgG4-related TIN [18, 25]. On the basis of these patho-
logical features, nephrologists might be able to recognize

IgG4-related TIN in specimens obtained by renal biopsy
using routine methods, even when no data for IgG sub-
class are available.

In this study, each item was examined closely by nine
diagnosticians in a blinded manner, and a modified
nominal group technique was used to elucidate whether
consensus can be obtained among diagnosticians in the
interpretation of pathological features. For this purpose,
the study employed a relatively small cohort size, and
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Light-microscopic characteristics of 1gG4-related TIN

Fig. 4. Cell infiltration extending into the renal capsule. Inflammatory cells are evident within the renal capsule (Masson’s trichrome, x100).

Table 2. Stages of interstitial fibrosis of 1gG4 and non-IgG4-related
TIN®

1gG4 (n=13)  Non-lgG4 P

(n=21)

Mean s-Cr (mg/dL) (range) 2.55 (0.9-6.17) 3.52 (0.96-14.4) 0.2719

Main stage
1 2/13 (15.4%) 1221 (37.1%)  0.0054
2 8/13 (61.5%)  9/21 (42.9%)
3 3/13 (23.1%) 0721 (0%)
All stages
0+1 1/13 1121
| 013 2121
0-+1+2 0/13 121
1+2 213° 5/21
0+1+2+3 2/13° 321
1+2+3 8/13° 6/21

s-Cr, serum creatinine; Stage 0, no fibrosis; 1, mild fibrosis; 2, moderate
fibrosis and 3, severe fibrosis.
®Storiform fibrosis was evident.

addition of TIN cases proven to have non-lgG4 status as
controls was unfortunately impossible. However, includ-
ing more non-related TIN cases would make the P-values
more significant for certain features (granulomatous
lesion or necrotizing angiitis). Further studies employing
a larger cohort size and including all types of TIN as a
control will be necessary to clarify the positive and nega-
tive predictive values of each item for diagnosis of 1gG4
TIN.

In conclusion, the present study identifies some useful
and characteristic features for distinguishing 1gG4-related

TIN from non-IgG4-related TIN in specimens examined
by light microscopy. However, the significance of these
pathological findings and the etiology of 1gG4-RD remain
poorly understood. Further studies will be necessary to
elucidate the underlying mechanisms.
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Abstract

Background. Little is known about factors that influence
the timing of initiation of renal replacement therapy
(RRT) for acute kidney injury (AKI). We sought to better
describe these factors for Canadian physicians that pre-
scribe RRT for AKL

Methods. A web-based survey was conducted of phys-
icians involved in the decision to initiate RRT for

critically ill patients in Canada. Participants were asked
about the factors that prompt them to initiate RRT for
AKI both directly and using scenario-based questions.

Results. Surveys completed by 180 physicians at 32 differ-
ent sites were included for analysis. Serum potassium level
and severity of pulmonary edema were the most commonly
utilized factors for deciding when RRT should be started.
For all clinical and laboratory factors inquired about, there
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We explored the role of the MyD88 signaling pathway. This pathway mediates the recognition of
pathogen-associated molecular patterns and damage-associated molecular patterns via Toll-like recep-
tors (TLRs) and/or IL-1/IL-18 via each cytokine receptor in a murine model of acute pancreatitis induced
by cerulein administration. Our analysis revealed that: various TLRs and MyD88 molecules were constitu-
tively expressed in the pancreas of cerulein-treated and untreated wild-type (WT) mice. MyD88~/~ mice
administered cerulein developed severe pancreatitis as compared with MyD88** WT mice. The num-
ber of IL-10-expressing CD11b*Gr-1"g" cells in cerulein-administered MyD88~/- mice was significantly
decreased. This was in accordance with a reciprocal increase in the infiltration of CD4* T cells as com-
pared with that in control MyD88*/* mice. WT mice pretreated with antibiotics and administered cerulein
developed milder pancreatitis as compared with control cerulein-administered mice without antibiotic
treatment. The MyD88 signaling pathway contributes to the induction of regulatory IL-10-producing
macrophages/myeloid-derived suppressor cells, possibly in response to non-bacterial components in
the damaged pancreas. These results provide a new concept for therapeutic strategies against acute

pancreatitis.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

Severe acute pancreatitis is an intractable disease, which has an
approximate 20% mortality rate because of multiple organ failure
[1,2]. The pathogenesis of acute pancreatitis begins in an autodi-
gestive manner [3], but the subsequent inflammatory responses
may be critically involved in the pathogenesis of acute pancre-
atitis [4,5]: As such, innate immune cells such as macrophages
possibly play a crucial role in acute pancreatitis [6,7]. We have
recently demonstrated sequential steps of macrophage migration
and activation in the pathogenesis of cerulein-induced acute pan-
creatitis in mice. CCL2/CCR2-dependent migration of pathological
CD11b*Gr-1'"% macrophages in the damaged pancreas, and SOCS3-
dependent activation of these macrophages aids with production
of TNF-x [8]. The activated macrophages in the inflamed pancreas

Abbreviations: APC, antigen presenting cell; MDSC, myeloid-derived suppressor
cell; MyD88, myeloid gene 88; TLR, Toll-like receptor; WT, wild-type.
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may crosstalk with the eventual effect or cells to establish acute
pancreatitis [9]. However, the precise immunological mechanisms
involved in suppressing acute pancreatitis remain largely unclear.
To clarify this issue, we investigated the role of innate immune
responses via MyD88 molecules using a murine acute pancreatitis
model induced by intraperitoneal cerulein administration [10,11].
These MyD88 molecules are adaptor molecules for the main path-
way of Toll-like receptors (TLRs) [12-14] and receptors for IL-1 and
IL-18 [15].

2. Materials and methods
2.1. Mice

MyD88~/~ mice were kindly provided by S. Akira (Osaka Univer-
sity) [16]. C57BL/6 mice were purchased from Japan CLEA (Tokyo,
Japan). MyD88-/~ mice were backcrossed with C57BL/6 wild-type
(WT) mice, and the F1 mice were intercrossed to generate the lit-
termate MyD88*/* and MyD88~/~ mice in our animal facility. All
animals were maintained under specific pathogen-free conditions
in the Animal Care Facility of Keio University School of Medicine.
All experiments were approved by the regional animal study com-
mittees and were performed according to institutional guidelines
and Home Office regulations.
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2.2. Cerulein-induced pancreatitis model

Cerulein (Sigma-Aldrich, St. Louis, MO) was dissolved in
phosphate-buffered saline (PBS; Wako, Osaka, Japan) and was
injected intraperitoneally (8 doses of 50 pg/kg, 1h apart). Mice
were euthanized by cervical dislocation 1h after the last cerulein
injection. Before euthanasia, whole blood was collected from the
ocular artery under light ether anesthesia. The pancreas was
excised and weighed immediately. For histological analysis, the
pancreas was fixed with 10% formaldehyde (Wako). Serum amy-
lase and lipase levels were determined with commercially available
assays (SRL, Tokyo, Japan). Harvested small tissues from the pan-
creas tail were immediately placed in a sufficient volume of RNA
later RNA Stabilization Reagent (Qiagen, Valencia, CA) according to
the manufacturer’s recommendations and used for RNA extraction.

2.3. Antibiotic treatment

C57BL/6] mice were orally administered a cocktail of antibiotics
(1 g/l ampicillin, 500 mg/l vancomycin, 1 g/l neomycin sulfate, and
1 g/l metronidazole) for 2 weeks prior to the first administration of
cerulein [17]. Control mice received only water without antibiotics.

2.4. Preparation of pancreatic mononuclear cells

Preparation of pancreatic mononuclear cells was performed
as described previously [8]. Briefly, harvested pancreas was cut
into small fragments and digested with collagenase A (3 mg/ml
in Hank’s balanced salt solution) while stirring for 15 min. The
tissue was then passed through a pipette and filtered through a 40-
p.m pore strainer (BD Falcon, Franklin Lakes, NJ). Acinar cells were
excluded by centrifugation (50 x g, 30s) and cells further purified
using a 40-75% Percoll gradient method.

2.5. Flowcytometry

After blocking with anti-FcR (CD16/32; BD Bioscience, Franklin
Lakes, NJ) for 15min, cells were incubated with a specific
fluorescence-labeled monoclonal antibody (mAb) at 4 °C for 20 min
[18]. The following mAbs were used: CD3e-APCCy7; CD4-PECy7;
CD11b-PECy7; Ly6G/Ly6C-APCCy7 (Gr-1, clone RB6-8C5); CDSO-
PE; CD86-PE; corresponding isotype IgGs (BD Bioscience); and
CD69-FITC; (eBioscience, San Diego, CA). Dead cells were elimi-
nated by 7-aminoactinomycin D (BD Bioscience) and stained cells
were analyzed by flow cytometry (FACS Canto II, Becton Dickinson,
Franklin Lakes, NJ]). Data were reanalyzed using Flow]o software
(v7.2.5; Tree Star Inc., Ashland, OR). The mean fluorescence inten-
sity (MFI) was calculated as follows:

MFI=(CD80 or CD86 geometric mean)— (isotype geometric
mean)

2.6. Intracellular cytokine staining

Pancreas mononuclear cells were cultured with or without
1 pg/ml lipopolysaccharide in 10% fetal calf serum-containing
RPMI1640 medium for 5h. After staining with CD11b-PECy7,
Ly6G/Ly6C-APCCy7, and CD3e-PerCPCy5.5 antibodies, cells were
fixed and permeabilized with a Cytofix/Cytoperm kit (BD Bio-
sciences) according to the manufacturer’s protocols. For cytokine
staining, TNFa-PE and IL-10-APC antibodies (BD Bioscience) were
used.

2.7. Cell counts

Cells were counted using a light microscope. To avoid count-
ing dead cells, cells were incubated with 0.4% (w/v) trypanblue

(Invitrogen, Carlsbad, CA). The absolute number of mononuclear
cells in the pancreas was estimated as follows:

Total cell count = (isolated cell count) x (total wet weight)/(wet
weight used for cell isolation). The cell number for each leukocyte
subset was calculated by observing 7-AAD~ staining, characteristic
forward scatter, and side scatter.

2.8. Reverse-transcription polymerase chain reaction (RT-PCR)

Total RNA was extracted from pancreas tissue preserved
in RNA later using an RNeasy Mini Kit (QIAGEN) [19]. Com-
plementary DNA was synthesized from 1pg of total RNA by
reverse transcription. To determine the expression of TLRs in
the pancreas, PCR was performed using an AmpliTaq Gold Fast
PCR MasterMix (Applied Biosystems, Carlsbad, CA) as per the
manufacturer’s protocol. Primer sequences were described as
follows:

TLR1, 5-AGAGACTTCCGAAACAGCTATGT-3/,

5'-GACAGAGCCTGTAAGCATATTCG-3;

TLR2, 5'-AGATTTCAGCTAGGCGCTGTA-3,

5'-TACCCAGCTCGCTCACTACGT-3/;

TLR3, 5'-AACAGAAGACGTGCTTGGAC-3/,

5'-CGCAACGCAAGGATTITATT-3;

TLR4, 5'-GTTCTTGTATCTAGACTCGAAGTTGGG-3/,

5-GCTGTCCAATAGGGAAGCTTTCTAGAG-3';

TLR5, 5'-TGACTTAAGGAATTCGCTGCAT-3,

5-AGAAGATAAAGCCGTGCGAAA-3';

TLR6, 5-TTGTCCTATGCCTCGGAACT-3/,

5’-CCAGGAAAGTCAGCTTCGTC-3';

TLR7, 5'-AAGGCTATGCTACTTATACGTGC-3/,

5-TGAGTTTGTCCAGAAGCCGTAAT-3’;

TLRS, 5'-~CCGTGTTGAGGGAACACTAA-3’,

5-CATTTGGGTGCTGTTGTTTG-3';

TLRY, 5'-GGCGTTCTGAGATAAACACGACC-3/,

5'-TGTCCCTAGTCAGGGCTGTACTCAG-3’;

MyD88, 5'-CCGGAACAATCTGGCACTCC-3/,

5-TCATCTTCCCCTCTGCCCTA-3".

After PCR amplification, products were detected by 2.0%
agarose gel electrophoresis and stained with ethidium
bromide.

2.9. Quantitative PCR

IL-6 (MmO00446190.m1), TNF-oo (Mm00443258), and prolL-
1beta (Mm01336189.m1), and prolL-18 (Mm00434225) mRNA
expression was assessed by reverse transcription followed by

‘real-time PCR using the TagMan Gene Expression Assays kit accord-

ing to the manufacturer’'s recommendations (Applied Biosystems).
Briefly, 1 pg of total pancreatic RNA was reverse transcribed into
cDNA using a TagMan Universal Master Mix. Quantitative PCRs
were performed using the StepOnePlus™ System (Applied Biosys-
tems) and TagMan technology. Data were analyzed using the
relative standard curve method, and expression levels were nor-
malized to the expression of hypoxanthine guanine phosphoribosyl
transferase 1 (Hprt1, Mm00446973_m1)**.

2.10. Histological score

Photomicrographs were acquired with the aid of a light
microscope (Nikon, Tokyo, Japan) and ACT software (Nikon).
Histological scoring was performed using a point-counting mor-
phometry method as described previously [8]. Briefly,a 10 x 10-pm
grid was superimposed on three randomly chosen fields of
view, and the interstitial space under each grid point was
counted.
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2.11. Statistical analysis

The Mann-Whitney U test was used for statistical analysis of
histological scores, and an unpaired Student’s t test was used for
other analyses. All analyses were performed with GraphPad Prism
5 for Windows software (GraphPad Software Inc., San Diego, CA),
and all data are presented as mean 4 SEM.

3. Results

3.1. Development of severe cerulein-induced pancreatitis in
MyD88~/~ mice

To investigate the role of the innate immune system in a murine
model of cerulein-induced acute pancreatitis [8,10,11], we exam-
ined mRNA expression of TLR1-9 and their adaptor molecule,
MyD88, in the pancreas. RT-PCR analysis revealed that pancreas
tissue samples expressed all members of TLR1-9, and MyD88, irre-
spective of whether cerulein or PBS was administered to WT mice
(Fig. 1A).

We then assessed the severity of pancreatitis in cerulein-
administered littermate MyD88*/* and MyD88~/~ mice (Fig. 1B).
PBS-administered MyD88*/* and MyD88~/~ mice did not exhibit
any pathological changes. The concentrations of serum amy-
lase and lipase in those mice were at baseline levels (Fig. 1E).
Microscopic analysis revealed that the pathology of MyD88~/~
mice given cerulein injections was more severe when compared
with MyD88*/* mice given cerulein (Fig. 1C). This was statis-
tically confirmed by objectively assessing the interstitial space
(Fig. 1D). Consistent with this, the concentrations of serum amylase
and lipase in cerulein-injected MyD88~/~ mice were significantly
increased as compared with those in cerulein-injected MyD88*/*
mice (Fig. 1E). The level of IL-6 mRNA expression in the pancreas
of cerulein-injected MyD88~/~ mice was significantly increased as
compared with that in cerulein-injected MyD88*/* mice, but the
levels of TNF-a and prolL-13 mRNA expression were inversely
decreased in MyD88~/~ pancreas (Fig. 1F). The level of pro-IL-18
mRNA expression was comparable between MyD88*/* mice and
MyD88~/~ mice (Fig. 1F).

3.2. Reduced numbers of pancreatic CD11b*Gr-1"8&h cells in
cerulein-injected MyD88~/~ mice

We focused on pancreatic antigen-presenting cells (APCs),
as we have previously shown that pancreatic APCs are involved
in pathogenesis in this model [8]. We categorized CD11b*
cells in the pancreas as CD11b*Gr-1~ (resident macrophages),
CD11b*Gr-1!% (migratory macrophages), and CD11b*Gr-1high
(macrophages/granulocytes/myeloid-derived suppressor cells)
subpopulations. We designated these subsets as S1, S2, and S3,
respectively (Fig. 2A) [8]. Statistical analysis revealed that the abso-
lute number of CD11b*Gr-17egative-low §1 and S2 macrophages was
comparable between MyD88*/* and MyD88~/~ mice given cerulein
injections, while that of the CD11b*Gr-1"gh S3 subpopulation was
significantly decreased in cerulein-administered MyD88~/~ mice
as compared with cerulein-administered MyD88*/* mice (Fig. 2B).
These results suggest that a decreased S3 subpopulation in the pan-
creas of cerulein-administered MyD88~/- mice would contribute
to functions as suppressor cells, resulting in the exacerbation of
pancreatitis in those mice.

3.3. IL-10-producing CD11b*Gr-1"gh cells were significantly
decreased in the pancreas of cerulein-injected MyD88~/~ mice

To explore the suppressive activity S3 cells that were decreased
in cerulein-administered MyD88-/- mice, we assessed IL-10 pro-
duction in those cells, as we previously reported the possibility that
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Fig. 1. MyD88~/~ mice developed more severe cerulein-induced pancreatitis. (A)
The mRNA expression of various TLRs and MyD88 in mouse pancreas treated with
or without cerulein. (B) Study design for acute cerulein pancreatitis. MyD88-/~
and MyD88*/* mice were given eight intraperitoneal doses of cerulein (50 pg/kg)
or PBS, spaced 1h apart. All mice were euthanized 1 h after the last injection. (C)
Representative hematoxylin and eosin staining. (D) Histological score (each group,
n=9).(E) Serum amylase and lipase (n=9) (F) IL-6, TNFg, prolL-1{, prolL-18 mRNA
expression in the pancreas given cerulein injections (n=7). HPRT, hypoxanthine
phosphoribosyltransferase; Cer, cerulein.

the S3 subpopulation includes IL-10-producing myeloid-derived
suppressor cells (MDSCs) [8]. IL-10 production appeared to be more
prominent in the S3 subpopulation than in S1 or S2 (Fig. 3C and D).
IL-10 production by APCs from cerulein-administered MyD88~/~
mice was significantly reduced as compared with that in cerulein-
administered MyD88*/* mice (Fig. 3C and D). This suggests that the
S3 subpopulation, including MDSCs, may have greater contribution
to the suppression of acute pancreatitis development.

3.4. MyD88 deficiency results in abnormal increase and
activation of CD4* T cells

The CD4" T cells in the pancreas, which have been reported to
be terminal effector cells for this model [9], are possibly regulated
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Fig. 2. Reduction in the number of pancreatic IL-10-producing CD11b*Gr-1"gh cells in cerulein-injected MyD88—/- mice. (A) Flow cytometry of pancreas mononuclear cells
stained with CD11b and Gr-1 (n=4). (B) Absolute cell number of the indicated subsets (n=4). (C) Intracellular IL-10 expression of each subpopulation cultivated with or
without 1 pwg/ml LPS for 5 h. (D) Ratio of the indicated subsets (n=4). LPS, lipopolysaccharide.

by IL-10-producing CD11b*Gr-1high cells. The majority of inflam-
matory APCs are contained in the S2 subpopulation [8] were not
positively involved in the exacerbation of acute cerulein pancre-
atitis. The macrophages in cerulein-administered MyD88~/~ mice
were not activated in terms of CD80 and CD86 expression (Fig. 3A)
and produced lower levels of TNF-a in cerulein-injected MyD88~/~
mice as compared with control cerulein-injected MyD88*/* mice
(Fig. 3B and C). We finally explored pancreatic CD4* T cells in
MyD88~/~ mice and MyD88*/* mice given cerulein injections. The
absolute cell number of CD4* T cells was significantly increased
in MyD88~/~ mice given cerulein injections, compared with con-
trol MyD88*/* mice given cerulein injections (Fig. 3D). The ratio of
CD69* cells among CD4* T cells was significantly higher in cerulein-
administered MyD88-/~ mice than in MyD88*/* mice (Fig. 3E). This
suggests a contribution of activated CD4" T cells because of a lack of
IL-10 secretion by the CD11b*Gr-1M8h §3 subpopulation, including
MDSCs.

3.5. Antibiotic treatment ameliorates cerulein-induced
pancreatitis

We examined whether the presence of commensal bacteria,
major activators of the MyD88-TLRs signaling pathway, affect the
development of cerulein-induced acute pancreatitis in mice, The

WT mice in the group given antibiotics were administered drink-
ing water including ampicillin, vancomycin, neomycin sulfate, and
metronidazole, prior to the administration of cerulein (Fig. 4A).
These antibiotics were chosen as they almost completely deplete
commensal bacterial as previously verified by bacteriologic analy-
sis of colonic feces [17,20]. Unlike the results using MyD88~/~ mice,
antibiotic-pretreated WT mice developed less severe pancreati-
tis after cerulein administration as assessed by pancreas histology
(Fig. 4B and C) and serum levels of amylase and lipase (Fig. 4D).
Even in the presence of antibiotics (therefore excluding the stimu-
lating role of the microflora), there is IL-10 production by myeloid
cells.

4. Discussion

In the present study, we demonstrated that: various TLRs
are expressed in the pancreas of mice irrespective cerulein
administration; MyD88~/~ mice develop more severe cerulein-
induced pancreatitis with increased pancreas pathology and
greater elevation of serum amylase and lipase; the IL-10-producing
CD11b*Gr-1heh subpopulation is reduced in the pancreas of
cerulein-administered MyD88~/~ mice; and stimuli not related
to bacteria may participate in the induction of IL-10-produing
CD11b*Gr-1Mghcells in the pancreas of cerulein-administered mice.
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Fig.3. MyD88 deficiency resuits in an abnormal increase and activation of CD4* T cells in the pancreas of mice with acute cerulein pancreatitis. (A) Mean fluorescence intensity
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independent experiments (n=4 per group).

Collectively, these results suggest that MyD88-dependent IL-10
production by CD11b*Gr-1"igh cells controls immune homeostasis
in the pancreas to avoid dysregulated inflammation in the pancreas.

The pathogenesis of acute pancreatitis begins in an autodiges-
tive manner [3]. Trypsinogen activation is involved in the primary
pathogenesis and leads to subsequent autodigestion. Based on
these findings, a number of randomized controlled studies have
assessed various protease inhibitors for the treatment of human
acute pancreatitis [21,22], but no significant reduction in mortality
was achieved. Hence, subsequent inflammation may be critically
involved in the pathogenesis of acute pancreatitis. It has been
reported that macrophages [6,8], granulocytes [7], and CD4* T
cells [9] are involved in the pathogenesis of acute pancreatitis, and
chemokines produced by injured acinar cells attract these immune
cells to the pancreas [23]. We recently demonstrated that two con-
secutive immunological events are required for the development
of cerulein-induced acute pancreatitis. These are the migration of
CCL2/CCR2-dependent TNF-a-producing pathological CD11b*Gr-
1% macrophages from the bone marrow to the pancreas, and
SOCS3-dependent rmacrophage activation after their migration to
become TNF-a-producing pathological macrophages [8]. Although
these previous findings reveal a positive involvement of immune
cells in the development of acute pancreatitis, no reports have sug-
gested a regulatory immune mechanism to maintain pancreatic
immune homeostasis. In this study, we showed that CD11b*Gr-
1high cells preferentially produce IL-10 in a MyD88-dependent
manner, suggesting these cells may control the immune tolerance
of pancreas. It still remains unknown which migration mecha-
nisms are involved in the migration of those cells. We previously

showed that both S2 and S3 subpopulations emerge in the pancreas
of cerulein-injected mice, but only the migration of pathologi-
cal TNF-a-producing CD11b*Gr-1°" cells is dependent upon the
CCR2-CCL2 axis, This results in the amelioration of acute cerulein
pancreatitis in CCL2~/~ mice [8]. Therefore, as yet undetermined
migration mechanisms, with the exception of the CCL2/CCR2 axis,
may be involved in the migration of regulatory CD11b*Gr-1high cells
in this model.

The current finding that MyD88~/~ mice developed more severe
pancreatitis was surprising, as it has been previously reported that
almost all TLR-deficient mice, such as TLR3~/~ [24], TLR4-/-[25],
and TLR9~/~[26] mice, developed less severe acute cerulein pan-
creatitis. In accordance with the results from TLR-deficient mice
in this model, we have shown that antibiotic treatment amelio-
rated this model. Although it remains unknown whether antibiotic
prophylaxis prevents secondary infection and reduces the mor-
tality of patients with acute pancreatitis in humans [27,28], our
results provide theoretical evidence that the reduction in bacte-
ria, including commensal bacteria, by a cocktail of antibiotics may
be beneficial for the treatment of acute pancreatitis. In this study,
however, it remains largely unknown how bacteria or bacteria-
derived products access the pancreas, as it is believed to be sterile.
It is interesting that these kinds of mechanisms, through bacte-
rial translocation and/or the circulation of their products, may
not participate in the induction of regulatory IL-10-producing
CD11b*Gr-1Mgh cells. Further studies will be needed to clarify the
role of viable bacteria in the pathogenesis of acute pancreatitis.

Apart from the involvement of bacteria in this model, it is par-
ticularly notable that IL-18~/~ mice develop more severe acute
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Fig. 4. Antibiotic treatment ameliorates cerulein-induced pancreatitis. (A) Study
design. WT mice in the group given antibiotics were administered ampicillin,
vancomycin, neomycin sulfate, and metronidazole for 2 weeks prior to the first
administration of cerulein, then given eight intraperitoneal doses of cerulein
(50 pgfkg) or PBS, spaced 1h apart. All mice were euthanized 1h after the last
injection. (B) Representative hematoxylin and eosin staining. (C) Histological score
(n=6).(D)Serum amylase and lipase levels (n=9). ABx, antibiotics; ABPC,aminoben-
zylpenicillin; MNZ, metronidazole; VCM, vancomycin; and Neo, neomycin.

cerulein pancreatitis as compared with WT mice [29]. This is in
accordance with results using MyD88—/~ mice, although it has been
reported that IL-1R~/~ mice were resistant to cerulein-induced
acute pancreatitis [30]. Consistently, it has been reported that the
expression of IL-1f3 and IL-18 was markedly upregulated in the
pancreas after cerulein injection [29,30]. Therefore, our MyD88-
dependent regulatory mechanism in acute pancreatitis may be
mediated by IL-18-directed protective mechanisms, through a
MyD88 pathway in this model of acute pancreatitis. Further studies
will be needed to address this issue.

The MyD88 signaling pathway contributes to the induction of
protective IL-10-producing macrophages, including MDSCs, possi-
bly in response to pancreas damage via non-bacterial components.
This provides a new concept for the pathogenesis of acute pan-
creatitis in terms of immunological aspects and its therapeutic
strategies.
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CCL2-Induced Migration and SOCS3-Mediated Activation of
Macrophages Are Involved in Cerulein-Induced Pancreatitis in Mice
KEITA SAEKI,* TAKANORI KANAL* MASARU NAKANO,* YUJI NAKAMURA,* NAOTERU MIYATA,* TOMOHISA SUJINO,*

YOSHIYUKI YAMAGISHI,* HIROTOSHI EBINUMA,* HIROMASA TAKAISHI,* YUUICHI ONO,* KAZUYOSH| TAKEDA,§
SHIGENARI HOZAWA,* AKIHIKO YOSHIMURA,* and TOSHIFUMI HIBF

*Department of Gastroenterology and Hepatology, and *Department of Microbiology and Immunology, Keio University School of Medicine, Tokyo, Japan; and

SDepartment of Immunology, Juntendo University School of Medicine, Tokyo, Japan

BACKGROUND & AIMS: Acute pancreatitis is a common
inflammatory disease mediated by damage to acinar cells and
subsequent pancreatic inflammation with recruitment of leu-
kocytes. We investigated the pathologic roles of innate immune
cells, especially macrophages, in cerulein- and L-arginine-in-
duced acute pancreatitis in mice. METHODS: Acute pancre-
atids was induced by sequential peritoneal administration of
cerulein to mice. We determined serum concentrations of am-
ylase and lipase, pancreatic pathology, and features of infiltrat-
ing mononuclear cells. We performed parabiosis surgety to
assess the hemodynamics of pancreatic macrophages. RE-
SULTS: Almost all types of immune cells, except for
CD11b"e"CD11c™ cells, were detected in the pancreas of
healthy mice. However, activated CD11bPe"CD11c™ cells, in-
cduding Gr-1% macrophages and Gr-1"" cells (granulocytes
and myeloid-derived suppressor cells), were detected in dam-
aged pancreas after cerulein administration. CCL2™/~ mice
given cerulein injections developed significantly less severe pan-
creatitis, with less infiltration of CD11bMg"CD11c~ Gr-1% mac-
rophages, but comparable infiltration of myeloid-derived sup-
pressor cells, compared with cerulein-injected wild-type mice.
Parabiosis and bone marrow analyses of these mice revealed
that the CD11bMe"CD11¢™Gr-1" macrophages had moved
out of the bone marrow. Furthermore, mice with macrophage-
specific deletion of suppressor of cytokine signaling 3 given
injections of cerulein developed less severe pancreatitis and
Gr-1'¥ macrophage produced less tumor necrosis factor-a than
wild-type mice given cerulein, although the absolute number of
CD11bM8"CD11c™Gr-1°¥ macrophages was comparable
between strains. Induction of acute pancreatitis by L-
arginine required induction of macrophage migration
by CCL2, via the receptor CCR2. CONCLUSIONS:
Cerulein induction of pancreatitis in mice involves
migration of CD11bMghCD11c~Gr-1°" macrophage
from the bone marrow (mediated by CCL2 via
CCR2) and suppressor of cytokine signaling 3-
dependent activation of macrophage. These findings might
lead to new therapeutic strategies for acute pancreatitis.

Keywords: Immune Response; Signaling; Mouse Model;

Chemokine.

E ; evere acute pancreatitis is an intractable disease. It has
a mortality rate of approximately 20% because of

severe complications, such as systemic inflammatory syn-

drome, acute respiratory distress syndrome, and renal
failure, and requires intensive care treatments.!? The
pathogenesis of acute pancreatitis begins in an autodiges-
tive manner.> Trypsinogen activation by cathepsin B* and
autophagy via AtgS activation®® are involved in the pri-
mary pathogenesis and lead to subsequent autodigestion.
Based on these findings, a number of randomized con-
trolled studies have assessed various protease inhibitors
for the treatment of human acute pancreatitis.®~$ Unfor-
tunately, no significant reduction in mortality was
achieved. Activation of proteases is not solely responsible
for the initiation of acute pancreatitis associated with the
high mortality, and subsequent inflammation might also
be critically involved.®!0

In this regard, it has been reported that macrophages,'!
granulocytes,’? and CD4* T cells'® are involved in the
pathogenesis of acute pancreatitis, and it has been sug-
gested that chemokines produced by injured acinar cells
attract these immune cells to the pancreas.!* With this
background, we used a cerulein-induced pancreatitis
model!51¢ in the present study to comprehensively clarify
the types of macrophages/mononuclear phagocytes in-
volved in the pathogenesis of acute pancreatitis and the
mechanisms of their recruitment and activation.

Materials and Methods

Detailed methods are described in the Supplementary
Materials and Methods.

Induction of Acute Pancreatitis

Cerulein (Sigma-Aldrich, St Louis, MO) was dissolved in
phosphate-buffered saline (PBS) and administered intraperito-

Abbreviations used in this paper: APC, antigen-presenting cell; BM,
bone marrow; c¢DC, classical dendritic cells; cKO, conditional knockout;
IL, interleukin; L-Arg, L-arginine; LPS, lipopolysaccharide; MDSC, my-
eloid-derived suppressor cell; NF-xB, nuclear factor—«kB; NK, natural
killer; NKT, natural killer T cell; PBS, phosphate-buffered saline; RAG-2,
recombinase-activated gene-2; SOCS, suppressor of cytokine signaling;
STAT, signal transducer and activation of transcription; TCR, T-cell
receptor; TNF-a, tumor necrosis factor—a«; WT, wild-type.
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