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chain gene promoter, and intronic enhancer elements (Fig. 3A). cells or in the development of B cells in the bone marrow and the
Increased GSPR expression was confirmed in G5SPR™® murine spleen at 8-12 wk after birth, in comparison with that in WT
splenocytes by RT-PCR and Western blot analysis. No obvious littermates (Supplemental Fig. 2). Although an apparent inhibition
difference was observed in the number or proportion of lymphoid of INK activation was noted after aIgM stimulation (Fig. 3B),
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FIGURE 5. Increase in peritoneal B-1a cells and an autoimmune phenotype in aged female GSPR™® mice. (A) Peritoneal cavity cells were isolated from
young (8-12 wk) and aged (>40 wk) G5PR™® mice or littermates and stained with anti-CDS-PE, anti-CD11b-FITC, and anti-B220 allophycocyanin-con-
jugated Abs. The proportion of B-1a (CD5*CD11b*B220%), B-1b (CD5"CD11b*B220"), and B-2 (CD5"CD11b7B220%) cells was analyzed by flow
cytometry. Results are representative of three independent experiments (left panel). The proportion of B-1a, B-1b, and B-2 cells is shown as the mean of each
group (right panel, n = 5). (B) Proliferation of peritoneal B-1a cells. Peritoneal B-1a (CD5*B220") cells of G5PR”E mice or Littermates (n = 3 per each) were
isolated using a JSAN Cell Sorter and stimulated with «IgM and LPS for 48 h. Incorporation of [*H]-TdR was measured as in Fig. 3E. (C) Peritoneal B-1a
(CD5'B220%) cells of G5PR™® mice or littermates (n = 6) were isolated using a JSAN Cell Sorter and stimulated with oIgM for 24 h. Apoptotic cells were
identified with Annexin VE''€ and 7-AAD staining. Results are representative of four independent experiments. (D) Peritoneal B-1a cells from G5PR™® mice or
littermates were stimulated with aIgM for the indicated times, and JNK phosphorylation was monitored by immunoblotting for p-JNK. Results are repre-
sentative of two independent experiments. (E) Peritoneal B-1a cells from G5PR™® mice or littermates were stimulated with agM for 24 h. Active caspase 3 was
stained with mAb and detected by flow cytometry. Results are representative of two independent experiments. (F) Anti-dsDNA Ab titers of sera from young and
aged G5PR' mice or WT littermates (n = 10, respectively) were measured by ELISA. Results are shown as the mean = SD. *p < 0.05. (G) Anti-nuclear Abs in
the aged mouse sera were detected by staining of HEp-2 cells. Alexa 488-conjugated anti-IgG Ab was used for the detection of anti-nuclear Ab. Results are
representative of three independent experiments. Original magnification X200. (H) Detection of immune complex deposition in the kidney. Kidney sections
from female G5PR™® mice and littermates were stained with periodic acid-Schiff (PAS), anti-IgG Ab or anti-C3 Ab, respectively. Scale bars, 100 um.
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splenic B cells from GSPR™® mice showed neither an alteration
in active caspase 3 (Fig. 3C) nor a difference in BCR-mediated
AICD, in comparison with WT B cells (Fig. 3D). The prolifera-
tion potential of splenic B cells from G5PR™® mice was similar to
that of WT mice following stimulation with aIgM or LPS in vitro
(Fig. 3E). These results imply that increased G5SPR expression
does not cause a marked change in the development of mature
peripheral B cells or the survival of B cells under nonimmunized
conditions.

However, when we immunized G5PR™® mice with TD-Ag
SRBC, we observed an altered formation of PNA* splenic GCs

surrounded by IsD* B cells. The number of GCs was similar but

significantly larger in comparison with that in WT mice (Fig. 4A).
Following immunization with NP-CGG in alum, the frequency of
mature GC B cells expressing B220*Fas*GL7" markers was sig-
nificantly increased, as compared with that in WT mice (Fig. 4B).
However, the increase of mature GC B cells. did not result in an
increase in NIP-specific B cells. Instead, we observed a decrease
in strongly Ag-binding B cells in G5PR™ mice (Fig. 4C). The
decrease of high-affinity Ag-binding B cells was also confirmed in
the sera by a convenient affinity measurement, using the differ-
ential ELISA. The levels of high-affinity Abs measured by NP,-
BSA were unchanged in G5PR™® mice compared with WT mice,
but the low-affinity Ab titers measured by NP,5-BSA were sig-
nificantly higher in G5PR™® mice than in WT mice (Fig. 4D). The
overall affinity of the sera was calculated by the ratio of each
measurement, NP,/NP,5. These results suggest that increased
GS5PR expression in G5PR™® mice affects the selection of Ag-
binding B cells in GCs, perhaps by altering the threshold of
BCR-mediated signal during the generation of high-affinity Ag-
specific B cells.

Ty cells may play an important role in B cell maturation in
GCs, in association with G5PR expression. The gSpr transcripts
were upregulated in Tgy cells in GSPR™E mice. However, Ag
immunization induced a similar number of Ty (CD4*PD-1*
CXCRS5™) cells in the spleens of GSPR™® mice comparable to that
in WT mice (Supplemental Fig. 3). Although we have not ne-
glected the effects of GSPR on Tgy cells in GSPR™® mice, the
GS5PR overexpression on B cells is most likely the cause of im-
paired affinity—maturation of Ag-specific GC B cells in vivo.

Effect of increased G5PR expression upon the number of
peritoneal B-la cells after aging

A more dramatic change was observed in the G5PR'® mice after
aging. Aged mice (>>40 wk), in comparison with WT littermates,
showed a marked increase in B-1a cells in the peritoneal cavity
(Fig. 5A). The proportion of B-1a (CD5"CD11b"B220") cells, but
not B-1b (CD5~CD11b*B220%) and B-2 (CD5”CD11b~B220%)
cells, in the peritoneal cavity increased significantly in aged fe-
male G5PR™® mice, although no increase was observed in mice at
a young time point. To examine the proliferation capacity of B-1
cells, we isolated sufficient numbers of peritoneal B-1a cells from
aged mice only and used them for comparison in the proliferation
assay (Fig. 5B). B-1a cells from both G5PR™ and WT mice did
not respond to olgM stimulation but did respond well to LPS
stimulation. As. LPS is an efficient stimulator of B-1 cells, com-
pared with aIgM Ab in vitro (28), we concluded that the prolif-
eration capacity of B-la cells is not impaired in G5PR™ mice
(Fig. 5B). However, peritoneal B-la cells, but not splenic B-2
cells, from aged female G5PR™® mice were resistant to BCR-
mediated AICD in vitro, in comparison with those of WT mice
(Fig. 5C, Supplemental Fig. 4). JNK activation by oIgM stimu-
lation was lower in peritoneal B-1a cells from WT mice, but was
further decreased in the G5PR® mice during the period from 5 to
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60 min after stimulation (Fig. 5D). The peritoneal B-1a cells from
aged female G5PR™® mice, in comparison with those from WT
mice, also showed suppression in activation of caspase 3 after
oIgM stimulation in vitro (Fig. SE), suggesting that the peritoneal
B-1a cells from G5PR™® mice are under the continued suppression
of BCR-mediated JNK activation, most likely leading to AICD.

As a persistent increase of B-1a cells might be associated with
the development of autoimmunity, we examined autoantibody
production in the aged G5PR™ mice by ELISA with dsDNA.
Female G5PR™® mice showed higher levels of anti-dsDNA Ab
than did female WT littermates (Fig. 5F). Female, but not male,
G5PR™® mice also produced anti-nuclear Abs (Fig. 5G). More-
over, immunohistochemical staining of the kidneys of aged female
G5PR™® mice showed stronger signals for immune complexes with
IgG and C3 in glomeruli than were observed in WT mice (Fig.
5H). Male G5PR™® mice did not show such autoantibody pro-
duction, suggesting that generation of B-1a cells in GSPR™® mice
is affected by factors including sex hormone (or hormones) and
aging, as has been previously described for B-1 cells from New
Zealand Black (NZB) mice (29). )

We next measured g5pr transcripts and cell survival potential of
B-1a cells from NZB mice by gRT-PCR. B-1a cells from aged
female NZB mice showed higher levels of g5pr transcription than
did B-2 cells of NZB mice (Fig. 6A). The B-1a cells were more

resistant to BCR-mediated AICD in vitro than were the B-2 cells -

(Fig. 6B), which correlated with lower levels of JNK activation
upon BCR crosslinking in the B-1a cells (Fig. 6C).

Taken together, our results show that G5PR is a critical factor for
selection of peripheral B cells during the physiological immune
response, and abnormal G5PR upregulation is associated with the
development of autoimmunity.
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FIGURE 6. AICD and JNK phosphorylation in B cells of female NZB
mice. (A) Expression of g5pr transcripts in B-1a or B-2 cells of NZB
mice. Peritoneal B-1a or splenic B-2 cells were isolated from female
NZB mice (rn = 3), and g5pr expression was measured by gRT-PCR.
Results are shown as the mean * SD. *p < 0.05. (B) Survival of stim-
ulated B-1a and B-2 cells. B-1a and B-2 cells from NZB mice were
stimulated with aIgM for 24 h. Live cells were identified by forward
scatter (FS) and side scatter (SS) signals on the flow cytometric profile.
Results are representative of three independent experiments. (C) Acti-
vation of JNK in B-1a and B-2 cells of NZB mice. B-1a or B-2 cells were
stimulated with oIgM for the indicated times. INK phosphorylation was
assessed by Western blotting. Results are representative of two inde-
pendent experiments.
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Discussion . .

GS5PR is upregulated in mature GC B cells with B220*Fas*GL7"
phenotype during normal immune responses to TD-Ags. These
GSPRME® B cells are selectively found at the centrocyte area of

GCs. Centroblasts expressing Ki67, a marker of high proliferation

potential (6), do not show G5PR upregulation. G5PR upregulation
occurs in those B cells that have undergone class switching to IgG
in the follicular region and appears in the Ki67~ region. In ad-
dition, GSPR™&" B cells closely adhere to CD35* FDCs in GCs.
These results indicate that G5PR is upregulated markedly in the
centrocytes of GCs and can be used as a centrocyte marker in
combination with Ki67, the marker for centroblasts. G5PR up-
regulation was induced by oIgM stimulation but was further
augmented by aCD40 in vitro, suggesting that G5PR upregulation
is reinforced by the interaction of B cells with FDCs and Tgy cells
in GCs.

GS5PR upregulation in centrocytes suggested to us that G5PR
may have a cell stage-associated role in the regulation of BCR-
mediated AICD for the selection of Ag-reactive GC B cells. Our
results from transfecting WEHI-231 cells with a G5PR-overex-
pressing construct indicate that G5PR upregulation enhances
B cell survival by inhibiting JNK phosphorylation. Unlike the case
with transformed cells, young G5PR™® mice did not show marked
changes in the number and differentiation of B-lineage cells, and
overexpression of G5PR did not cause any significant changes in
B cell survival compared with that in WT mice under nonimmu-
nized conditions in vivo or after aIgM stimulation of the Tg
B cells in vitro.

We investigated whether the effect of G5PR upregulation ap-
pears during immune responses or is limited to the later response
of BCR-mediated AICD. Upon immunization with TD-Ags,
G5PR™® mice indeed showed an increase in mature GC B cells,
but this was characterized by more low-affinity or non-Ag-binding
B cells than were seen in WT mice. The induction of Tgy cells
was not affected in the spleens of Ag-immunized G5PR™® mice.
These findings suggest that the alteration of G5PR expression
in GC B cells regulates BCR-mediated signals that might ulti-
mately determine the threshold of high-affinity B cell selection
in GCs.

Aged female G5PR™ mice displayed a marked increase in B-1a
cells with resistance to AICD in the peritoneal cavity. It is possible
that this resistance is related to altered signal thresholds for cell
survival or apoptosis. Many studies have compared BCR-mediated
signaling between B-1 and B-2 cells of various mutant mice.
CD19-Tg mice display more B-1 cells and autoimmune phenotype
(30). B-1 cells show constitutive activation of ERK and NF-AT,
and induced the high level of ERK signaling, but not activation of
p38 and NF-«B or delayed JNK activation after aIgM stimulation
(31). Btk-deficient mice exhibit a severe defect in B-1 cells (32).
Further, the Src family tyrosine kinase Lyn is expressed in B-1
cells and is also involved in the hyporesponsive phenotype of B-1
cells (33). These observations suggest that B-1 cells depend more
critically on BCR signaling than do B-2 cells in the peripheral
lymphoid organs.

In comparison with GSPR-deficient B cells (22), increased GSPR
expression reversely affected the JNK pathway leading to BCR-
mediated AICD. However, G5PR overexpression resulted in only
modest differences in the initial activation of JNK and Bim
phosphorylation in B-1a cells. In fact, JNK activation was mildly
reduced in peritoneal B-1a cells from aged female GSPR™® mice at
60 min after aIgM stimulation, and this suppression of JNK ac-
tivation was sustained. These results are in accordance with pre-
vious observations that prolonged JNK' activation mediates the

SELECTION OF PERIPHERAL B CELLS

signal for apoptosis (34). Importantly, GSPR overexpression mark-
edly reduced the level of c-Jun activation induced by oIgM stim-
ulation, suggesting that the effect of G5PR overexpression was
exerted predominantly via suppression of c-Jun target molecules.
This idea may explain why GSPR™® mice show only a mild phe-
notype with increased survival of B-1a cells, whereas the survival
of B-2 cells of G5PR-deficient mice is severely impaired (22).

B-1 cells of autoimmune-prone mice are resistant to BCR-
mediated AICD in vitro (35). A number of studies have attemp-
ted to elucidate the molecular mechanism regarding this B-1 cell-
specific resistance to apoptosis (31, 36). Our results show that an
increased expression of the g5pr gene does not affect the prolif-
eration of B-1a cells in response to LPS stimulation but is asso-
ciated with increased resistance to BCR-mediated AICD in B-1a
cells, which might be associated with the generation of autoanti-
bodies and autoimmunity. Overexpression of the g5pr gene did not
cause abnormalities in the cell number and maturation of B cells
in young G5PRT® mice, suggesting that the increase in g3pr
transcription might be within a level that can maintain normal
proportions of B-1a, B-1b, and B-2 cells in mice. B-1a cells,
however, became resistant to BCR-mediated AICD and increased
in the peritoneal cavity in aged female G5PR™® mice, suggesting
that the effect of G5PR upon BCR-mediated signaling is regulated
by the age and gender. The endogenous GSPR gene is located
on chromosome 12 in mice, and the G5PR Tg is not linked to the
X chromosome, as the G5PR™® mouse colony is maintained by
backcrossing male GSPR™® mice with female WT mice.

Our results provide novel insights into the mechanism of B cell
selection in GCs in peripheral lymphoid organs during immune
responses to TD-Ags and into the generation of abnormal autore-
active B cell clones during aging. These findings suggest that in-
vestigating regulation of g5pr transcription might help further our
understanding of the risk factors, onset, and molecular mechanisms
involved in development of autoimmunity, potentially also assist-
ing in the design of treatment for autoimmune diseases.
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Phenotype conversion from rheumatoid arthritis to
systemic lupus erythematosus by introduction of Yaa
mutation into FcyRIIB-deficient C57BL/6 mice
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We previously established an IgG Fc receptor IIB (FeyRIIB)-deficient C57BL/6 (B6)-congenic
mouse strain (KO1), which spontaneously develops rheumatoid arthritis (RA), but not
systemic lupus erythematosus (SLE). Here, we show that when Y chromosome-linked
autoimmune acceleration (Yaa) mutation was introduced in KO1 strain (KO1.Yaa), the
majority of KO1.Yaa mice did not develop RA, but instead did develop SLE. This phenotype
conversion did not depend on autoantibody specificity, since KO1.Yaa mice, compared
with KO1, showed a marked increase in serum levels of both lupus-related and RA-
related autoantibodies. The increase in frequencies of CD69* activated B cells and T cells,
and the spontaneous splenic GC formation with T follicular helper cell generation were
manifest early in life of KO1.Yaa, but not KO1 and B6.Yaa, mice. Activated CD4* T cells
from KO1.Yaa mice showed upregulated production of IL-21 and IL-10, compared with the
finding in KO1 mice, indicating the possibility that this aberrant cytokine milieu relates
to the disease phenotype conversion. Thus, our model is useful to clarify the shared and
the disease-specific mechanisms underlying the clinically distinct systemic autoimmune
diseases RA and SLE.

Keywords:  Cytokines - FcyRIIB receptor - Rheumatoid arthritis -

erythematosus - Yaa mutation

Systemic lupus

Introduction

IgG Fc receptor IIB (FcyRIIB) is a major negative regulator of BCR-
mediated activation signals in B cells [1]. We previously found
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that the Fcgr2b gene encoding FcyRIIB is polymorphic, and that
autoimmune disease-prone mouse strains, such as NZB, BXSB,
MRL, and NOD, all share deletion polymorphism in the AP-4-
binding site in the Fcgr2b promoter region [2]. Because of the
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defective AP-4 binding, mice with this autoimmune-type allele
polymorphism show downregulation of FcyRIIB expression levels
in activated GC B cells, resulting in upregulation of IgG auto-
antibody production [3,4]. These observations suggested that
the autoimmune-type Fcgr2b confers the basis of susceptibility to
autoimmune diseases. Consistent was our earlier finding that sys-
temic lupus erythematosus (SLE) phenotypes in BXSB male mice
carrying Y chromosome-linked autoimmune acceleration (Yaa)
mutation were almost completely inhibited by the substitution
of the autoimmune-type Fcgr2b for the wild C57BL/6 (B6)-type
Fcgr2b [5]. However, because BXSB female mice carrying the
autoimmune-type Fcgr2b but lacking Yaa did not develop SLE, it is
likely that the autoimmune-type Fcgr2b contributes to SLE suscep-
tibility through a strong epistatic interaction with Yaa mutation.

To examine further the role of the downregulated expression
of FeyRIIB in autoimmune diseases, we recently established an
FcyRIIB-deficient B6 mouse strain, KO1, by gene targeting in
129-derived embrionic stem cells and selective backerossing to
a B6 background. Intriguingly, KO1 did not develop SLE, but
instead developed severe rheumatoid arthritis (RA), as reported
previously [6]. This KO1 strain carried a 129-derived approxi-
mately 6.3 Mb interval distal from the null-mutated Fcgr2b gene
within the Slel6 locus, which is shown to induce loss of self-
tolerance in the B6 background [7]. Boross et al. [8] reported
that FcyRIIB-deficient B6 mice generated by gene targeting in
B6-derived embryonic stem cells, thus lacking the 129-derived
flanking Sle16 locus, fail to develop any sign of autoimmune
diseases. Thus, the development of RA in KO1 mice may be
due to the epistatic interaction of FcyRIIB deficiency and Sle16
locus.

Boross et al. [8] also reported that their FeyRIIB-deficient
B6 mice develop lethal lupus nephritis in the presence of Yaa
mutation, indicating the epistatsis between FcyRIIB-deficiency
and Yaa in the development of full-blown autoimmune dis-
eases. In' addition, Subramanian et al. [9] reported that the
strong epistatic interaction between Yaa and Slel, which con-
tains the autoimmune-predisposing Slam/Cd2 haplotype, con-
tributes to severe lupus nephritis. The Sle16 locus also contains
this autoimmune-predisposing Slam/Cd2 haplotype [10].

In contrast to the accelerated effect of Yaa on lupus nephritis,
Jansson and Holmdah! [11] reported the suppressive effect of Yaa
on collagen-induced arthritis. In the present study, we have intro-
duced Yaa mutation into FcyRIIB-deficient RA-prone KO1 mice to
examine how Yaa affects the disease phenotypes in these mice.
We found that the majority of KO1.Yaa mice did not develop RA,
but instead did develop severe SLE early in life, and that this phe-
notype conversion did not depend on the shift of autoantibody
specificity from RA-related to lupus-related one.

Characteristic clinical features differ between RA and SLE;
however, both diseases share aberrant activation of immune pro-
cesses associated with the production of a variety of autoanti-
bodies and subsequent immune complex-mediated tissue inflam-
mation. Our model is useful to investigate the shared and the
disease-specific factors contributing to the clinically distinct sys-
temic autoimmune diseases RA and SLE.
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Results

Disease phenotype in Yaa-carrying FcyRIIB-deficient
KO1 mice

KO1 mice developed arthritis after 4 months of age and the disease
incidence and severity were increased with age. At 8 months of
age, 67% of KOl mice showed arthritis with marked swelling
and stiffness of forepaws and hindpaws. In contrast, the incidence
and severity of arthritis were markedly suppressed in KO1.Yaa
mice and 88% of KO1.Yaa mice were free from arthritis (Fig. 1A).
Representative macroscopic findings of forepaws and hindpaws of
KO1 and KO1.Yaa mice at 8 months of age are shown in Figure 1B.
Intriguingly, KO1 strain did not develop proteinuria; however,
KO1.Yaa began'to be positive for proteinuria at 2 months of age
and the incidence of positive proteinuria reached 63% (Fig. 1C)
with 46% mortality rate at 8 months of age (Fig. 1D).

Figure 1E shows a comparison of representative histopatho-
logical and immunofluorescent findings of renal glomeruli among
B6, B6.Yaa, KO1, and KO1.Yaa mice at 4 months of age. In
KO1.Yaa mice, glomeruli were significantly enlarged even at
4 months of age (Fig. 1F), because of a marked cellular prolifera-
tion in glomeruli and a large amount of IgG deposition in mesan-
gial area and along glomerular capillary walls. These glomerular
lesions were seldom observed in B6, B6.Yaa, and KO1 mice even at
8 months of age.

Serum levels of autoantibodies

To examine the relationship between the disease phenotype con-
version from RA to SLE and the specificity of autoantibodies, we
compared serum levels of lupus-related autoantibodies against
dsDNA, chromatin, and RNP, and RA-related rheumatoid factor
(RF), anti-type II collagen (CID), and -cyclic citrullinated peptide
(CCP) antibodies at 2 and 6 months of age among B6, B6.Yaa,
KO1, and KO1.Yaa mice (Fig. 2). KOl.Yaa mice showed higher
serum levels of both lupus-related and RA-related autoantibodies
than the other three strains of mice even at 2 months of age. The
levels of all these antibodies were increased with age in KO1.Yaa
mice. Age-associated increase was also observed in KO1 mice;
however, the levels were remarkably higher in KO1.Yaa mice than
those in KO1 mice at 6 months of age. Thus, the conversion of
disease phenotype from RA to SLE was not explained by the shift
of antibody specificity from RA-type to lupus-type.

Splenomegaly, subpopulation, and
maturation/activation status of splenic lymphocytes

The spleen weight in B6, B6.Yaa, KO1, and KO1.Yaa mice was
compared at 4 months of age. Splenomegaly was only observed in
KO1.Yaa mice (Fig. 3A). Consistently, spontaneous GC formation
was observed only in KO1.Yaa mice at 4 months of age (Fig. 3B).

Flow cytometric analysis of spleen cells from 4-month-
old mice revealed that, while there were no differences in
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Figure 1. Disease phenotype shift from RA to SLE in KO1.Yaa mice. (A) Comparison of the cumulative incidence and score of arthritis between KO1
and KO1.Yaa mice. Score is shown as mean # SE. (B) Representative macroscopic findings of forepaws and hindpaws in KO1 and KO1.Yaa mice at
8 months of age. The former mice show marked swelling and stiffness of the wrist and ankle joints. (C) Comparison of the cumulative incidence
of proteinuria (PU) between KO1 and KO1.Yaa mice. (D) Comparison of survival rate between K01 and KO1.Yaa mice. (E) Histopathological findings
of glomeruli in B6, B6.Yaa, KO1, and KO1.Yaa at 4 months of age. Formalin-fixed sections were stained with periodic acid-Schiff/hematoxylin
(PAS) (top). Frozen sections were stained with anti-mouse IgG (bottom) to evaluate the deposition of IgG in renal glomeruli. Scale bars = 50 um.
Representative results obtained from six mice in each strain. (F) Comparison of glomerular size as an indicator of the severity of glomerular lesion.
The horizontal bar represents the mean. (A-F) All data are shown as the mean of the indicate numbers of mice in each panel and are representative
of three experiments performed. Statistical significance was determined by Mann-Whitney's U test.
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Figure 3. Splenomegaly with spontaneous GC formation in KO1.Yaa mice. (A) Comparison of spleen weight among B6, B6.Yaq, KO1, and KO1.Yaa
mice at 4 months of age. Each symbol represents a single mouse and the bar represents the mean. Data shown are representative of three
experiments performed. Statistical significance was determined by Mann-Whitney’s U test. (B) Frozen spleen sections of 4-month-old mice were
triple stained with a mixture of anti-CD4 and anti-CD8 mAbs (green), anti-B220 mAb (blue), and PNA (red) to examine the extent of GC formation.

Representative results obtained from six mice in each strain are shown. Scale bar == 100 pm.

T cells was markedly increased in KO1.Yaa mice (Fig. 4C and
Table 1). This activation of T cells may reflect the increases in
the CD4+/CD8* T-cell ratio and in the frequency of Ty cells
with PD1+ICOS*CXCR5*CD4" phenotype (Fig. 4C and Table 1).
Because the frequencies of PD1*ICOS*CXCR5+CD4" Ty cells in
B6, B6.Yaq, and KO1 mice were within normal range (Table 1),
the observed abnormal increase in PD171COS*CXCR5*CD4™ Ty
cells in KO1.Yaa mice with overt SLE was thought to be due to
the combined effect of the FcyRIIB-deficiency, Sle16 locus, and
Yaa mutation. Table 1 also shows that the frequency of CD11b*
monocyte/macrophage population was significantly increased in
KO1.Yaa mice with a comparable level observed in BXSB male
mice [5].

Cytokine profile in spleen from KO1 and KO1.Yaa mice

To examine the difference in in vivo cytokine expression levels
associated with phenotype conversion from RA to SLE, quantita-
tive real-time PCR (qRT-PCR) analysis was performed to compare
mRNA expression levels of notable cytokines in spleen between
KO1 and KO1.Yaa mice at 4 months of age (Fig. 5A). The result

showed that the expression of IL-6, IL-10, and IL-21 was signifi-
cantly upregulated in KO1.Yaa mice compared with that in KO1
mice. Among these, the increase in IL-10 expression was promi-
nent, with more than tenfold increase in KO1.Yaa mice. There was
no significant difference in expression levels of other cytokines
such as IL-2, IL-4, IL-17, IFN-y, TNF-o, and IFN-a between two
strains of mice.

We next examined the cellular source of IL-10 and IL-21, using
flow cytometric analysis of PMA/ionomycin-stimulated spleen
cells from 4-month-old KO1 and KO1.Yaa mice. Both IL-10 and
IL-21 were secreted from CD4* T cells and the frequencies of
IL-10 and IL-21-secreting cells per total CD4* T cells were signifi-
cantly higher in KO1.Yaa than those in KO1 mice (mean =+ SE of
KO1 versus KO1.Yaa; IL-10: 7.56 £ 1.25 versus 14.74 + 0.43,p <
0.01, IL-21: 5.09 +£ 0.22 versus 9.91 + 0.60, p < 0.01) (Fig. 5B),
consistent with the results of gqRT-PCR analysis. PD1 and 1COS
expression levels were upregulated in in vitro stimulated CD4*
T cells. Most 1L-10 and IL-21-secreting cells showed high PD1
expression levels; however, the ICOS expression level was broadly
distributed in these cytokine-secreting cells (Fig. 5B). As shown
in Figure 5C, in addition to IL-10 and IL-21 single producers, the
significant frequency of CD4*" T cells secreted both cytokines.

Table 1. Subpopulations of splenocytes in KO1, KO1.Yaa, B6, and B6.Yaa mice at 4 months of age®

B6 B6.Yaa K01 KO1.Yaa

B220* B/total cells 50.5 + 3.3 546+ 3.4 535+ 32 412 %57

CD21+CD23" MZ B/total B 9.8+0.8 2.7 +0.3% 113+£1.2 2.3 40.4Y
CD69*B220* B/total B 2.7+07 6.1 1.8 23407 15.4 +2.89
PNA*B220* B/total B 24402 24406 1.2 +£0.1 8.1+ 089
CD138* plasma/total cells 0.5+ 0.0 1.0+ 0.5 0.4+01 26+079
CD3* T/total cells 322+ 16 27.9:+ 15 28.3 £ 2.1 18.8 & 1.6
CD69+CD4* T/total T 143421 193+ 2.2 141413 44.6 £ 3.99
CD4"/CD8" ratio ‘ 14401 1.6+ 0.2 1.1+£01 6.1 2.49
CD25+FoxP3*CD4* T/total T 18.0+1.3 17.0 + 1.3 160+ 1.1 1824 0.2

PD1+ICOS*CD4* T/total T 2.6+0.7 37412 21407 323+ 349
CXCR5*PD1*CD4* T/total T 3408 3.7 413 21407 13.2 +3.29
CD11bt cells/total cells 4.4+ 0.5 4.7 £ 0.1 51402 13.3 £ 0.19

#)Results were obtained from six mice in each strain, and are shown as mean and SE.
Y The value is significantly different from B6 mice or KO1 mice (p < 0.005, Student’s t-test).
9The value is significantly different from other strains of mice (p < 0.05, Student’s t-test).
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Figure 4. Comparisons of cell surface phenotypes of splenic lympho-
cytes among B6, B6.Yaa, KO1, and KO1.Yaa rnice at 4 months of age,
using flow cytometry. (A) Spleen cells were triple-stained with anti-
B220, -CD21, and ~-CD23 mAbs, and CD21 and CD23 expression levels on
B220* B cells were examined. The frequency of CD21*CD23~ marginal
zone (MZ) B cells is shown. (B) Activation/maturation status of B cells.
Spleen cells were stained with anti-CD69, -CD138, -B220 mAbs, and
PNA. Frequencies of CD69" activated B cells per total B cells, PNA* GC
B cells per total B cells, and CD138" plasma cells per total cells are
shown. (C) Activation/maturation status of T cells. Spleen cells were
stained with anti-CD69 and -CD3 mAbs, and the frequency of CD69*
activated T cells per total CD3* T cells is shown. Cells were further
stained with anti-CD4, -PD1, -ICOS, and -CXCRS mAbs, and the fre-
quencies of PD1*ICOS™CD4* and PD1*CXCR5CD4* Tpy cells per total
CD4* T cells are shown. Representative results obtained from six mice
in each strain are shown.

Discussion

The current study showed that introduction of Yaa mutation into
RA-prone KO1 mice leads to conversion of disease phenotypes
from RA to SLE. RA and SLE are both classified as systemic autoim-
mune diseases. Since features of RA are occasionally associated
with the clinical pictures of SLE [13], it has long been suggested

© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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that certain shared genetic pathways, as well as disease-specific
ones, underlie the pathogenesis of both RA and SLE [14]. Our
current model provided a clue to investigate this issue and sug-
gested that, while the FcyRIIB deficiency and Slel6 locus in KO1
genetic background confers predisposition to RA [6], an additional
epistatic effect of Yaa mutation induces conversion of the disease
phenotype from RA to SLE.

It has been shown that an etiology of Yaa-mediated B-cell acti-
vation is the duplication of the Tlr7 gene [9,15,16]. The ligand for
TLR?7 is single-stranded RNA, thus suggesting that overexpression
of TLR7 activates B cells by RNA-containing autoantigens, result-
ing in RNA-associated lupus autoantibody production. However,
in the present study, Yaa-mediated disease phenotype conversion
from RA to SLE was not explained by the shift of autoantibody
specificity, and rather Yaa-mediated B-cell activation seems to be
polyclonal in KO1.Yaa mice. This polyclonal B-cell activation may
relate to the marked spontaneous GC formation and the Tpy-cell
generation that developed in the spleen early in life of KO1.Yaa
mice. The formation of GC depends on intrafollicular localization
of antigen, activated B cells and T cells [17, 18]. Among subsets
of CD4* T cells, Ty cells are the specialized subset to help B
cells to generate affinity-matured antibodies [17]. In addition to
the B-cell help by Tyy cells in GC reaction, it has been shown
that the relationship between B cells and Tey cells is a recipro-
cal dependency, and that the cognate interaction with activated
B cellsisrequired for the maintenance of PD-1*1COS*CXCR5* Tpy
cells [19]. This is consistent with the present study, in which the
combined effect of FeyRIIB-deficiency, Sle16 locus, and Yaa muta-
tion accelerated not only spontaneous PNA* B-cell generation and
GC formation but also Tgy-cell generation in KO1.Yaa mice. As this
vicious cycle of activated B cells and Tgy cells promotes polyclonal
B-cell activation, KO1.Yaa mice showed the marked increase in
serum levels of both lupus-related and RA-related autoantibodies.

Anti-CCP antibodies are currently considered to be the most
specific autoantibodies for RA patients, although some patients
with SLE and Sjogren’s syndrome were found to have these
autoantibodies [20]. Anti-CCP antibodies react with citrullinated
proteins, which are the product of posttranslational modifica-
tion. Citrullination of protein is a physiological process and is
catalyzed by peptidyl arginine deiminase enzymes. Anti-CCP anti-
bodies may thus gain the arthritogenicity when citrullinated pro-
teins are increased, particularly in the arthritic region [20]. In
mouse models, an increased serum level of anti-CCP antibod-
ies was observed in SLE-prone and arthritis-free bcl-2-transgenic
(NZW x B6)F1 mice [21], as in the case of KO1.Yaa mice in the
current study. Thus, it appears that this autoantibody specificity is
not exclusively associated with inflammatory joint diseases.

In KO1.Yaa mice, there was a significant increase in the IL-21
expression level early in life compared with that in KO1 mice.
IL-21 is a potent immunoregulatory cytokine produced by NKT
cells and CD4* T cells, and it has recently been shown that
IL-21 is an autocrine growth factor for Tey cells [17,22]. Many
cell types express the receptors for IL-21, but the level of expres-
sion on B cells is the highest and drives terminal differentiation of
B cells and plasma cells [19, 22]. Intriguingly, Bubier et al. [23]
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Figure 5. Comparisons of cytokine synthesis between KO1 and
KO1.Yaa mice at 4 months of age. (A) Quantitative real-time PCR anal-
ysis of cytokine mRNA expression levels in spleen from KO1 and
KO1.Yaa mice. Value of KO1 mice was designated as 1, and values
of KO1l.Yaa mice were evaluated as fold change compared with the
values in KO1 mice. Data are shown as mean -+ SE of four mice for
each strain and representative of three experiments performed. Sta-
tistical significance was determined by Mann-Whitney’s U (*p < 0.05,
*p < 0.01). (B) Flow cytometric analysis of IL-10 and IL-21-secreting
cells in PMA/ionomycin-stimulated spleen cells from KO1 and KO1.Yaa
mice. Frequencies of each cytokine secreting cells per total CD4" T cells,
CD4*"PD1* T cells and CD4*ICOS™ T cells are shown. (C) Flow cytomet-
ric analysis of IL-10 and L-21-secreting cells, using gated CD4* T cells.
Representative results obtained from six mice in each strain are shown.

reported that SLE phenotypes including autoantibody production
in BXSB male mice were almost completely inhibited in the mice
with the deficient IL-21 receptor. Furthermore, Rankin et al. [24]
recently reported that IL-21 receptor-deficient MRL/Ipr mice were
devoid of abnormal systemic accumulation of activated B cells and
T cells. These findings suggest that IL-21-mediated signals play an
essential role for the pathogeneses of SLE.

It has been shown that IL-21 is a potent regulator of IL-10,
since IL-10 production decreases in IL-21 receptor knockout mice,
while it increases in [L-21-transgenic mice [25]. IL-10 was first
described as a factor produced by Th2 cells, which inhibited the

" production of cytokines by Th1 cells [26]. Accumulating evidence,
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however, have shown that IL-10 is actually produced by many
types of cells, and that, although IL-10 shows antiinflammatory
properties against T cells and macrophages through inhibiting the
production of inflammatory cytokines, it promotes B-cell function
to induce antibody production [27, 28]. Considering these dual
effects with immunosuppressive and immunostimulatory propez-
ties, IL-10 may confer different effects on the disease progression
processes of RA and SLE. Indeed, the hallmark of RA is the excess
production of inflammatory cytokines by T cells and macrophages
at inflammatory foci, while SLE is characterized by increased pro-
duction of high-affinity autoantibodies and deposition of their
immune complexes in a wide variety of tissues, particularly in
renal glomeruli. Consistently, there are several reports indicating
the suppressive effect of IL-10 on RA [27,29] and the promot-
ing effect of IL-10 on lupus pathogenesis [30]. Further studies
are needed to define the role of IL-10 in the conversion of dis-
ease phenotypes observed in the present study. These studies are
underway in our laboratory.

Peripheral blood mononuclear cells from patients with active
SLE show up-regulated expression of a group of type I IFN-induced
genes [31-33]. Thus, IFN-a seems to be an important cytokine
in SLE pathogenesis. In pristane-induced lupus model, the dis-
ease was shown to be associated with excess IFN-a production
[34], as in the case of human SLE. However, overexpression of
IFN-« is not likely to be involved in SLE pathogenesis in KO1.Yaa
mice, since there were no differences in IFN-a expression levels
between RA-prone KO1 mice and SLE-prone KO1.Yaa mice. Accu-
mulating evidence shows thatIL-6, IL-17, and TNF-a are important
contributing cytokines to the pathogenesis of RA [35-37]. In the
present studies, however, IL-6 expression levels were increased in
SLE-prone KO1.Yaa mice compared with those in RA-prone KO1
mice, and there was no significant difference in expression levels
of IL-17 and TNF-a between KO1 and KO1.Yaa mice. Thus, these
cytokines are suggested to be unrelated to the observed phenotype
conversion from RA to SLE in our model.

In conclusion, we introduced Yaa mutation into RA-prone KO1
strain and found that the disease phenotype converted from RA
to SLE in KO1.Yaa mice. This phenotype conversion was likely to
be due to the changes in cytokine milieus rather than the shift
of autoantibody specificity from RA-related to lupus-related one.
Further studies for the clarification and identification of the mech-
anism underlying this phenotype conversion are of paramount
importance for shedding light on the mechanisms that control the
development of clinically distinct systemic autoimmune diseases
RA and SLE.

Mice

FeyRIIB-deficient KO1 mice were generated by gene targeting in
129-derived embryonic stem cells and by backerossing to B6 for
over 12 generations [6]. The Yaa mutation was introduced into

www.eji-journal.eu

— 260 —



Eur. J. Immunol. 2013. 43: 1-9

KO1 mice by crossing with B6.Yaa mice. B6.Yaa mice were pur-
chased from the Jackson Laboratory. All mice were housed under
identical conditions. Experiments were performed in accordance
with our institutional guidelines. Male mice were analyzed in the
current study.

Incidence of arthritis

Ankle joint swelling was examined by inspection and arbitrarily
scored as follows: 0, no swelling;- 1, mild swelling; 2, moderated
swelling; 3, severe swelling. Scores of both ankle joints are put
together, and mice with scores over 2 were considered positive for
arthritis.

Measurement of proteinuria

The proteinuria was monitored by biweekly testing and scored as
previously descrobed [38]. Briefly, urine samples (10 pL) spotted
on filter paper were air dried, fixed in 70% ethanol and stained
with bromophenol blue solution. A serie$ of standard three-fold
dilution of BSA were processed as the same way, and the degree of
proteinuria was assessed by visually comparing the color intensity
of urine spot with that of the spot of BSA standards. Scores are
as follows; 0: <37 mg/100 mL 1:237 mg/100 mL, 2:274 mg/mL,
3:2111 mg/100 mlL, 4:2333 mg/100 mL, 5:21000 mg/100 mlL,
and 6:23000 mg/100 mL. Mice with urinary protein levels of
four or more in repeated tests were considered as positive for
proteinuria.

Histopathology and tissue immunofluorescence

Tissues fixed in 4% paraformaldehyde and embedded in paraffin
were sectioned at 2 wm thickness, and tissue sections were stained
with periodic acid-Schiff and hematoxylin (PAS). For immunoflu-
orescence, tissues were embedded in Tissue-Tek OCT compound,
frozen in liquid nitrogen, and sectined at 4 pm thickness. Frozen
kidney sections were stained with FITC-labeled polyclonal goat
anti-mouse IgG for 60 min at room temperature. For analysis
of splenic tissues, frozen sections were three-color stained with
Alexa 488-labeled anti-CD4 and -CD8 mAbs, Alexa 647-labeled
anti-B220 mAb, and Alexa 546-labeled PNA. Antibodies and PNA
were purchased from BD Pharmingen (San Diego, CA) and Vec-
tor Laboratories Inc. (Burlingame, CA), respectively. The labeling
of these reagents was performed in our laboratory. Color images
were obtained using laser scanning microscopy (Zeiss LSM510,
Carl Zeiss Co., Ltd., Germany).

Estimation of the severity of glomerular lesion

The extent of cellular proliferation in glomerular lesion was esti-
mated by the measurement of glomerular size. Kidney section
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stained by PAS was photographed under a microscope (Biozero,
KEYENCE, Osaka, Japan) with x50 magnification. Ten glomeruli
in each field were randomly selected in order of size, and the size
of each glomerulus was calculated using BZ-II analyzer software
(KEYENCE). Mean size of 10 glomeruli was used as an indica-
tor of histological severity of lupus nephritis in each individual
mouse.

Serum levels of autoantibodies

Serum levels of 1gG anti-dsDNA and -chromatin antibodies were
measured using ELISA, as previously described [39]. Serum anti-
body levels are expressed in units, referring to a standard curve
obtained by the serial dilution of a pooled serum of (NZB x NZW)
F1 mice over 8 months, containing 1000 units/mL. Serum levels of
IgG anti-RNP antibodies were measured by employing a commer-
cially available kit (Alpha Diagnostic Intl. Inc., San Antonio, TX),
and are expressed as relative units according to the manufacturer’s
instructions.

Serum levels of 1gG RF and IgG anti-CCP antibodies were mea-
sured employing commercially available kits (Shibayagi Co. Ltd.,
Gunma, Japan and Cosmic Corporation, Tokyo, Japan, respec-
tively), and are expressed as relative units according to the manu-
facturer’s instructions. Serum levels of 1gG anti-CII antibodies were
measured using an ELISA plate precoated with bovine CII (Sigma-
Aldrich, St. Louis, MO). ClII-binding activities are expressed in
units, referring to a standard curve obtained by serial dilution of
a standard serum pool from KO1 mice hyper-immunized with CII,
containing 1000 unit activities/mL.

Flow cytometric analysis

For the analysis of splenic lymphocytes, spleen cells were stained
with the following reagents: FITC-conjugated anti-CD3, -CD21,
-ICOS, -Foxp3, and -CD11b mAbs, Pacific blue-conjugated anti-
B220, -CD4 mAbs, and PNA, PE-conjugated anti-B220, -CD138,
-PD1, and -CD25 mAbs, and biotin-conjugated anti-CD69, -CD23,
-CD8, and -CXCR5 mAbs, followed by streptavidin allophyco-
cyanin. mAbs for CD25 and those for Foxp3, PD1, and ICOS
were obtained from BioLegend (San Diego, CA) and eBioscience
(San Diego, CA), respectively. Others were from BD PharMingen.
Stained cells were four-color analyzed using a FACSAria cytome-
ter and FlowJo software (Tree Star, Inc., Ashland, OR) with whole
cell-gate excluding dead cells in forward and side scatter cytogram.

For intracellular cytokine staining of spleen cells, cells were
stimulated with PMA (0.2 pg/mL)/ionomycin (2 pwg/mL) in the
presence of Golgi-Stop (BD Bioscience, San Jose, CA) for 5 h
and stained with Pacific Blue-labeled anti-CD4 and biotin-labeled
anti-PD1 or anti-ICOS mAbs followed by streptavidine allophy-
cocyanin. Stained cells were then fixed and permeabilized using
BD Cytofix/Cytoperm (BD Bioscience), followed by staining with
FITC-labeled anti-11.-10, and PE-labeled anti-11.-21 mAbs. Stained
cells were analyzed as above.
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gRT-PCR analysis

Total RNA was isolated from spleen and first-stranded cDNA was
synthesized using an oligo(dT)-primer with Superscript II First-
Strand Synthesis kit (Invitrogen, Carlsbad, CA). The ¢cDNA prod-
uct was used for each qRT-PCR sample. The data were normalized
to B-actin reference. Primer pairs used were as follows: IL-2 (for-
ward) 5-AACCTGAAACTCCCCAGGAT-3, (reverse) 5-AGGGCTT
GTTGAGATGATGC-3’; IL-4 (forward) 5-CCTCACAGCAACGAA
GAACA-3', (reverse) 5-AAGTTAAAGCATGGTGGCTCA-3'; IL-6
(forward) 5'-GACAAAGCCAGAGTCCTTCAGAGAG-3', (reverse)
5-CTAGGTTTGCCGAGTAGATCTC-3'; IL-10 (forward) 5'-CCAA
GCCTTATCGGAAATGA-3', (reverse) 5-TGGCCTTGTAGACACCT
TGG-3'; IL-17 (forward) 5-TCTCTGATGCTGTTGCTGCT-3,
(reverse) 5-GACCAGGATCTCTTGCTGGA-3’; IL-21 (forward) 5'-
ATCCTGAACTTCTATCAGCTCCAC-3', (reverse) 5'-GCATTTAGCT
ATGTGCTTCTGTTTGC-3'; IFNy (forward) 5'-AAGAGAATCAGGGCC
ATCAGC-3', (reverse) 5'-ATCAGCAGCGACTCCTTTTC-3'; TNF-a
(forward) 5'-GGCAGGTCTACTTTGGAGTCATTGC-3',. (reverse)
5'-ACATTCGAGGCTGCTCCAGTGAATTCGG-3'; consensus IFNa
(forward) 5'-ATGGCTAGRCTCTGTGCTTTCCT-3', (reverse) 5'-AG
GGCTCTCCAGAYTTCTGCTCTG-3'; p-actin (forward) 5'-AGCCAT
GTACGTAGCCATCC-3, and (reverse) 5-CTCTCAGCTGTGGTGG
TGAA-3'. The quantity was normalized using the formula of the
2~AACT method.

Statistical analysis

Statistical analysis was performed using Mann~Whitney’s U test
for disease phenotypes and Student’s t-test for flow cytometric
-analysis. A value of p < 0.05 was considered as statistically signif-
icant. )
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Abstract .
Objectives The clinical and therapeutic aspects of pri-
mary Sjogren. syndrome (PSS) in patients with peripheral

neuropathy were analyzed and the specifics of individual -

case studies are discussed.

Methods We retrospectively studied six patients (four
women, two men; mean age 64.5 years) presenting with PSS
with peripheral neurological involvement over a five-year
period (2008-2012). All patients had neurological examin-
ations, including nerve conduction studies, somatosensory
evoked potentials, and sural nerve biopsies. Treatment reg-
imens included corticosteroids, intravenous gammaglobulin,
or immunosuppressive treatment. .

Results Peripheral neuropathy was observed .in six
(7.9 %) of 76 patients with SS as the underlying disease;
three were cases of multiple mononeuropathy, two cases
had sensory ataxic neuropathy, one of which was auto-
nomic neuropathy, and one case was diagnosed as painful
sensory neuropathy without sensory ataxia. Four of the six
patients were diagnosed with SS after the onset of neuro-
logical symptoms. Individual peripheral neuropathies had

distinct neurological, electrophysiological, and pathologi-

cal characteristics. The effect of steroids and intravenous
gammaglobulin differed depending on the case. '

Conclusions In PSS patients, a precise diagnosis is
. important; because the therapeutic strategy and response
varies depending on the type of neuropathy. In clinical
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practice, it is important to consider a diagnosis of SS when
patients present with peripheral neuropathy.

Keywords Sjogren syndrdme - Peripheral neuropathy -
Corticosteroids - Intravenous gammaglobulin

Introduction

Sjogren syndrome (SS) is an autoimmune exocrinopathy -
characterized by xerophthalmia and xerostomia [1-3] and -
can be primary or secondary to other autoimmune diseases -
[3, 4]. The neurological damage observed in 20-25 % of
cases is largely dominated by peripheral neuropathies
[1, 5-7]. Some neurological manifestations, such as sen-
sitive neuropathies, are specific and frequent. Here, we
analyze the clinical and therapeutic characteristics of six
patients with neurological signs of primary SS (PSS) and
discuss some specifics of the cases.

Methods

Over a period of five years (2008-2012) we retrospectively
studied six patients (four women, two men; mean age
64.5 years) presenting -with PSS with peripheral neuro-
logical involvement in our Division of Rheumatic Dis-
eases. During the same period, there were a total of 76
patients hospitalized with SS as the underlying disease. The
diagnosis of PSS was established based on the criteria
proposed by the Diagnostic Committee of Health and
Welfare of Japan [8] or by the American-European Com-
munity [9].

All of our patients had a complete assessment to confirm
the PSS diagnosis [Schirmer test, accessory salivary gland
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biopsy (i.e., lip biopsy), inﬂammatory assessment, and
immunological assessment, i.e., antinuclear antibodies
(ANA) and anti-SSA and anti-SSB antibodies]. Neurolog-

ical examinations, nerve conduction studies (NCS), sural

nerve biopsies, and somatosensory evoked potentials
(SEPs) were used to confirm neurological attacks. ‘

All patients received either steroids, immunosuppressive

treatment, or intravenous gammaglobulin (IVIG) based on
the subjective improvement and clinical examination data,

This study was approved by the ethics committee of our
hospital. ' ‘

‘ Results

Table 1 shows the diagnostic criteria for PSS in each’ case.l ~
Table 2 shows the neurological findings, treatments, and

outcorhes for each case. Table 3 shows the results of each
patient’s nerve conduction studies (NCS) and somatosen-
sory evoked potential (SEP). Detailed case reports for each
patient are presented below.

Case descriptions

Patient 1

A 25-year-old woman was admitted to our hospital for

thrombocytopenia, liver dysfunction, and elevated ANA

titers (2,560x). Autoimmune hepatitis was excluded by
liver biopsy and idiopathic thrombocytopenic purpura was
~excluded based on the absence of megakaryopoiesis in a
bone marrow examination. SS was diagnosed based on a
positive serum test result for anti-SSA antibody and the
findings of a lip biopsy (Table 1). On the 9th day in the
hospital, the patient complained of dysesthesia in the lat-
eral aspect of the left thigh. On the 12th day after

“Table 1' The diagnostic criteria used for each case

admission, the patient was ‘started on oral prednisolone

- (PSL) at a dose of 40 mg/day based on liver dy.sfunction',
_ peripheral blood cytopenia, and possible neuropathy asso-

ciated with SS. PSL resulted in prompt improvement of
liver function and resolution of the thrombocytopenia.
However, the dysesthesia spread to both knees on the 14th
day after hospitalization, and to the fingertips and lower
limbs on the 15th day. Walking became difficult.on the
16th day. The neurological findings included a decrease in
tactile sensation and thermal nociception distributed in all
of the limbs in mosaic patterns, dysesthesia, normal join:
position sense in deep sensation, but decreased vibratory
sensation’ in both upper and lower limbs, and a positive
Romberg sign. The deep tendon reflexes were normal.’
Manual muscle testing (MMT) revealed weakness of the
iliopsoas muscle. There were no abnormal reflexes
(Table 2). NCS showed a decrease in all sensory nerve
action potentials (SNAPs), compound muscle action
potentials (CMAPs), motor nerve conduction velocity

. (MCYV), and sensory nerve conduction velocity (SCV) in

both upper and lower limbs. Initially, mononeuritis multi-
plex was suspected (Table 3), but nerve biopsy suggested

- acute or subacute axonopathy without demyelination

(Fig. 1al-2). Because of the prolonged latency of the SEP
from the popliteal fossa of the lower limbs (N80) to the S1
dorsal horn (N21), the possibility of peripheral neuropathy
originating from the proximal/distal dorsal root ganglia
was considered. However, the latency in spinal cord con-
duction and conduction from the spinal cord to the corte::

" were normal. Thus, mononeuritis multiplex was diagnosed.

Despite steroid pulse therapy (continuous - intravenous
infusion of methylprednisolone at a dose of 1,000 mg/day
for three days), intravenous cyclophosphamide pulse
(IVCY) therapy (six pulses of cyclophosphiamide at a dose
of 500 mg per pulse every two weeks), and bolus IVIG
therapy (two five-day courses with a daily dose of 400 mg/
kg), the patient showed no significant improvement.

" Immunological

Case Ocular Buccal Ophthalmological Histological Salivary Number of criteria .
functional functional exam criterion scintigraphy ~criterion i
signs signs - - ; : - — -
. Schirmer R.B. -Anti-SSA  Anti-SSB  American-  The Diagnostic
<5/5mm >4 : European Committee of Health
Community and Welfare of Japan
1 @ &) ) G @ ND ) ) 206 214
2 ) -) =) ND - (+) ) ) ) 3/6 3/4
3 +) -) ND ND (4 (CP) ) ) 4/6 3/4
4 B - ) =) H =) ). 6 24
5 (€] +) (G (+) ND +) (€] =) 5/6 3/4
6 (b +) ) ND () ND =) G 476 4/4

R.B. Rose bengéle,VAnti-SSA anti-SS-A antibody, Anti-SSB anti-SS-B antibody, ND not done
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Table 2 Clinical features of patients with Sjogren syndrome-associated peripheral neuropathy

3 4 5 6

Recommended theralﬁy

Steroid and immunosuppressive agents (IVCY, etc.)

Case 1 ) 2
- Agel/sex 25/F 78/F 83/M 73/F 68/F 60/M
Diagnosis Multiple mononeuritis Ataxic sensory ~ Painful sensory
) ) neuropathy neuropathy
Interval between the onset of neurological At the same 2m 6 m 2m -3y 6y
symptoms and SS diagnosis time®
Neurological findings o )
MMT Decreased Decreased Normal . Normal Normal Nermal
Deep tendon reflex Normal Sluggish or absent Sluggish  Sluggish - Sluggish  Normal
Superficial sensation ' '
Touch Decreased Decreased Decreased Normal Absent Decreased ~
Temperature and pain Decreased . Decreased Decreased Normal =  Decreased Decreased -
Dysesthesia : : + + 4+ Normal + +
Deep sensation ' '
Vibration ‘ Decreased . Normal Decreased Decreased  Decreased Normal
Joint position sense Normal Normal Normal Decreased ~ Decreased Normal
Romberg test + ~ Impossible - + + -
Autonomic neuropathy - - - + - -
Inflammation markers
CRP (mg/dl) - 0.10 12.3 0.02 493 0.00 0.39
ESR (mm/h) 2 _ 12 108 . 1 ND ‘ 22 41
Treatment Steroid pulse  PSL 1 mg/day IVIG PSL 1 mg/ - IVIG VIG
IVCY IVIG tacrolimus 2 mg/ day IVIG :
. . day
Outcome No change Improved Improved Improved No No change
) o change

Steroid

IVIG should be considered if the above agents prove IVIG

ineffective

M male, F female, m month, y year, MMT manual muscle testing, CRP C-reactive’ protein, ESR erythrocycte sedimentation rate, Steroid pulse
continuous jntravenous infusion of methylprednisolone at the dose of 1,000 mg/day for 3 days, IVCY intravenous cyclophosphaxmde pulse, IVIG
intravenous gammaglobulin, PSL prednisolone, + positive, — negative, ND not done

# SS was diagnosed coincident with the onset of neurological symptoms

b SS was diagnosed three years before the onset of neurological symptoms

Patient 2

A 78-year-old woman présented with numbness and mus-

cle weakness in all of her limbs. Two months earlier,

numbness started in the left hand, which then spread to the
right hand, and progressed until she was unable to walk or
raise her upper limbs. She was then admitted to our divi- -
sion. Examination revealed dry mouth and she was diag-
nosed with SS based on anti-SS-A antibody positivity and
lip biopsy findings (Table 1). Neurological examination
revealed normal joint position sense and vibration sense,
despite the presence of dysesthesia in the distal portions of
all limbs and inability to walk or stand. The deep tendon
reflexes were sluggish or absent. MMT showed moderate
muscle weakness of both the upper and lower limbs
(Table 2). NCS showed decreased amplitudes of both the

compound motor action potential (CMAPs) and sensory
nerve action potentials (SNAPs); however, the F waves
were normal (Table 3). Furthermore, cervical-cord mag-
netic resonance imaging (MRI) identified T2 prolongation

~ in the right intramedullary area at the C2-3 level, and there

was evidence of concomitant myelitis (Fig. 2). The patient
was diagnosed w1th axonal neuropathy associated with

- mononeuritis multlplex and myelitis caused by SS. After

treatment with PSL at a dose of 30 mg/day, symptomatic
improvement was obtained.

Patient 3
An 83-year-old man had begun to experience numbness in

the peripheral portions of both lower limbs six months
earlier. He had also experienced numbness of both hands
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Table 3 Nerve conduction studies, sensory evoked potentials, and spinal cord MRI studies

Case 1 2 3 4 5 6 . Normal
NCS |
Median nerve
MCV (m/s) 40.6) 48.0 46.4] 50.1 52.2 56.3 >48
DL (m/s) 4.4% 3.6 47 29 4.0 49 <40
CMAP 4.7] 49| - 46, 6.6 77 10.8 >6
(mV) . : ‘ S '
SCV (m/s) 36.2] 41.3] 545 484 484 46.2 >47
SNAP (uv) 5.7 2.9] 63] 4.5] 6.0} 193 >12
- Tibial nerve . o
MCV (m/s) 36.6) 45.1 39.3] 412 41.6 >41
DL (ms) 6.07 3.7 . 44 24 5.5 <6.0
CMAP 2.1} 1.6} 11.0° 142 22.6 >3
(mV)
Sural nerve )
SCV (m/s) 35.1] NE] 36.8] NE| 49.0 45.2- >40
SNAP (uV) 1.8} 'NE| 33, NE| 28] 50 >5
SEP. i
Median nerve stimulation i ]
N20 20.7 ‘ND ND ND 20.45 ND 18315
latency (ms) . }
N13 17.2 ND ND ND . 13.40 ND 132+£00
. latency (ms) :
N9 latency 7.8 ND ND ND 9.85 ND 9.1+0.6
(ms) :
Spinal cord Cervical, Cervical-cord MRL: T2 ND  Cervical-cord MRI: no definite Lumbar ND
‘MRI " thoracic, and - prolongation in the right of intermedullary lesion, . spinal cord
findings - lumbar spinal intramedullary area at the cervical spondylosis lumbar MRI: no
~ cord MRL: no C2-3 level and evidence spinal cord MRI: spondyloltic ~ gross
evident ' of concomitant myelitis spondylolisthesis of L4, © abnormality
abnormalities accompanying disk hernia

NCS nerve conduction studies, SEPs somatosensory evoked potentials, MCV motor nerve conduction velocity, SCV sensory.nerve conduction
velocity, DL distal latency, CMAP compound muscle action potential, SNAP sensory nerve action potential, ND not done

in the previous month, which gradually worsened. As.
the patient was positive for serum anti-SSA antibody,
SS-associated peripheral neuropathy was suspected and he
was admitted. A definitive diagnosis of SS was made based
on a positive lip biopsy, eye manifestations, and positive
findings on salivary scintigraphy (Table 1). Although the
MMT results were normal, superficial sensation in the
" peripheral portions of the upper and lower limbs and
vibration sense in the lower limbs were decreased, and the
deep tendon reflexes were sluggish overall. The Romberg
test results were normal (Table 2). Conduction velocities
and amplitudes of the median and sural nerves were
decreased. Axonal neuropathy due to mononeuritis multi-
plex was diagnosed (Table 3). Administration of IVIG
(two five-day courses at a daily dose of 400 mg/kg) yielded
symptomatic relief, and slightly improved the SNAPs of
_the sural nerves. -
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Patient 4

A 73-year-old woman presented with difficulty walking
and anorexia. During the previous two months, the-patient
had lost weight and suffered from recurrent episodes of
diarrhea and constipation. Because of her general malaise
during the previous month, she had become too weak to
walk and was admitted. SS was diagnosed based on a
positive lip biopsy and dry mouth (Table 1). The neuro-
logical findings included normal superficial sensation,
decreased joint position sense in the upper and lower limbs,
a positive Romberg sign, sluggish deep tendon reflexes in
the lower limbs, and normal MMT results for the upper and
lower limbs. Orthostatic hypotension and persistent diar-
thea/constipation were detected, which are manifestations

* of autonomic neuropathy. Thus, the patient showed disso-

ciated sensory disturbance, ataxic gait, and autonomic
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Fig. 1 Pathological findings of sural nerve biopsy in patient 1 (a) and
patient 4 (b). a-1 H&E stain (scale bar = 100 pl). Neither inflam-
matory cell infiltration nor inflammatory‘changes in the blood vessels
was observed. a-2 Toluidine blue stain (scale bar = 50 pl). There are
sporadic findings suggestive of a mild decrease in the myelinated fiber
density and acute axonal degeneration. Unmyelinated fibers are better

neuropathy (Table 2). NCS showed decreased SNAPs in the
upper limbs and loss of SNAPs in the lower limbs (Table 3).
Nerve biopsy findings suggested axonopathy that appeared to
be chronic with subacute changes involving myelinated
fibers. These findings were consistent with the dissociated
sensory disturbance, mainly of deep sensation (Fig. 1b1-2).
A diagnosis of sensory ataxic neuropathy with autonomic
involvement was made. TVIG therapy (one five-day course
with a daily dose of 400 mg]kg) was administered, which
yielded an improvement in the symptoms.

Patient 5

A 68-year-old woman was diagnesed with SS based on the
presence of both dry mouth and eyes 13 years earlier. The
patient had developed pollakiuria and painful urination
three years earlier. She was admitted to our division for
détailed examination. Interstitial cystitis was diagnosed by
- cystoscopy. Meanwhile, she had suffered from numbness in
both lower limbs below the knees and dysesthesia in the
soles for the previous ten years. The diagnosis of SS was

supported by severe salivary gland dysfunction found by -

salivary scintigraphy (Table 1). Neurological examination
revealed dysesthesia and decreased superficial sensation in
the lower limbs, and the Romberg sign was positive.

preserved relative to the mye]inated fibers. b-1 H&E stain (scale

. bar = 200 pl). Neither apparent vascular necrosis mor amyloid -

deposition is observed. b-2 Toluidine blue stain (scale bar = 50 pl).

‘A moderate decrease in the myelinated fiber density is observed.

There is no evidence of acute axonal degeneration. Unmyelinated
fibers are better preserved than the myelinated fibers

Although deep tendon reflexes were absent, the results of
MMT were normal (Table 2). NCS showed decreased.
amplitudes, consistent with sensory disturbances. SEP
amplitudes could not be derived from the peripheral neural
components, and the latency increased with proximity to the
central nervous system. Delayed stimulation conduction
due to peripheral sensory disturbance was considered
(Table 3). The site of disturbance was consistent with dorsal
root ganglionopathy, based on the absence of motor neu-
ropathy. Based on a tentative diagnosis of sensory ataxic
neuropathy associated with SS, IVIG therapy (one five-day
course at the daily dose of 400 mg/kg) was administered.
However, no marked improvement was obtained, either in

" the clinical symptoms or in nerve conduction velocity tests.

* Patient 6

A 60-year-old man had begun to experience numbness in
the peripheral portions of both lower limbs six years ear-
lier, which began to worsen two years earlier. The patient
was admitted to our division with suspected connective
tissue disease. A diagnosis of SS was made based on mouth
and eye dryness and positive lip biopsy findings. The serum
test for ANA was also positive, and chest computed
tomography - (CT) revealed evidence of interstitial
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Fig. 2a-b Cervical-cord' MRI findings of patient 2 (T2-weighted
imaging). T2 prolongation in the sagittal section at the C2-3 level (a),
and T2 prolongation in the right intramedullary area in the axial
section (b) were observed. These findings are consistent with myelitis

pneumonitis. Thus, the symptoms were consistent with SS

.(Table 1). Neurological findings included decreased
superficial sensation and dysesthesia. The deep tendon
reflexes were normal, the joint position sense was normal,
and the Romberg sign was negative. No evidence of
autonomic neuropathy was observed, even on the tilt test
(Table 2). Neither NCS nor SEP showed any abnormalities
(Table 3). Thus, small-fiber neuropathy associated with SS
was diagnosed. Despite the administration of IVIG therapy
(one five-day course with a daily dose of 400 mg/kg) no
marked improvement was obtained.

Discussion

Based on data collected from our divisioh, peripheral
‘meuropathy was observed in six (7.9 %) of 76 patients with

_@ Springer

SS. The calculated prevalence of peripheral neuropathy in
previously published series ranges from less than 2 % to
over 60 % [10, 11]. Pavlakis et al. [12] suggested. that these
discrepancies could be attributed to the fact that studies
have been published over the last 20 years, when the
diagnostic criteria for SS were still evolving. In addition,
most studies were retrospective and included a relatively

‘small number of patients. Moreover, the definition of

peripheral neuropathy differed among series and was not

" always based on objective clinical and electrophysmlogxcal

criteria. Finally, the study designs were heterogeneous.

An overlap may exist among the different peripheral
neuropathies in SS, which most authors consider are related
to vasculitis [7, 13-15]. Mori et al. [16] subclassified seven
forms of neuropathy: sensory ataxic neuropathy, painful
sensory neuropathy without sensory ataxia, multiple mon-
oneuropathy, multiple cranial neuropathy, trigeminal neu-
ropathy, autonomic neurbpathy, and radiculoneuropathy. In
the present study, we encountered three cases of multiple
mononeuropathy, two cases of sensory ataxic neuropathy,
one of which was autonomic neuropathy, and one case of'
painful sensory neuropathy without sensory ataxia.

Three patients (patients 1-3) presented - with multiple
mononeuropathy. According to the report of Mori et al.
[16], multiple mononeuropathy occurs in 12 %.of PSS-
associated peripheral neuropathies. The initial symptom of
mononeuritis multiplex is the acute onset of tingling or

- painful dysesthesia in the distal limbs. Subsequently, motor

and sensory symptoms occur episodically and extend to
multiple nerves. The sudden-onset and pattern of mono-
neuritis multiplex suggests vasculitic neuropathy. When
the disease underlying peripheral neuropathy is a vasculitic
syndrome, increased levels of inflammatory markers are
generally observed. However, two of the three patients
with multiple mononeuropathy in our study were negative

for inflammatory responses. This may be a feature of SS.

CMAPs and SNAPs in the involved nerves were markedly

-reduced, suggesting axonal degeneration. Biopsy of the

affected nerves often shows axonal degeneration and per-

- ivascular inflammatory infiltrates, suggesting underlying

vasculitis [15]. When ataxic sensory neuropathy is con-
sidered in the differential diagnosis, as in patient 1, SEP

" and nerve biopsy are helpful. In cases of dorsal root gan-

glionitis, which causes Wallerian degeneration, the latency
from the spinal cord to the cortex is prolonged. However,

 the latency was normal in patient 1; therefore, dorsal root

ganglionitis was considered unlikely.

Two patients. (patients 4 and 5) had ataxic sensory
neuropathy that was characterized by impairment of deep
sensory merves without: substantial motor symptoms. The
initial symptoms are usually paresthesias in the digits of the
foot or hand, often beginning unilaterally and then
spreading to the limbs, trunk, and face. Generalized
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areflexia is typically associated with sensory ataxia. Deep

sensory impairment was mostly predominant with Rom-
berg’s sign in both patients. The time from the onset of
symptoms to the development of full-blown sensory
involvement was variable among the patients, usually
ranging from months to years. With respect to nerve
conduction, SNAPs in the median and sural nerves were
not evoked or decreased in patient 4 or 5. In contrast,
CMAPs were preserved in both patients. MCV and SCV
were not slowed. These conduction studies indicated that
axonal features were present in this neuropathy. Mori
et al. [17] pointed out that T2*-weighted MRI sometimes
demonstrates posterior column high-intensity signals that
correlate in extent with the distribution and intensity of
sensory involvement and sensory ataxia. Thus, as seen in
* patient 5, prolonged latency. in the spinal cord center in
the SEP test is useful in differentiating this' from other
types of peripheral neuropathy. Nerve biopsies character-
istically show loss of myelinated nerve fibers without
axonal regeneration, especially when large-diameter nerve
fibers are significantly damaged. The findings of patient
4’s ncrve.'biopsy were consistent with this. Although
ataxic sensory neuropathy, which is not caused by vas-
culitis, is not generally associated with an increase in the
serum C-reactive protein (CRP) level, patient 4 had a
serum CRP level of 4.93 mg/dl, suggestive of an inflam-
matory response. This could be attributable to the con-
comitant arthritic symptoms ‘associated with the SS in this
patient, and is unlikely to have been associated with the
ataxic sensory neuropathy.

Patient 6 was diagnosed with painful sensory neuropathy,

which is the most common type of neuropathy associated’

with SS [12]. The initial symptoms are typically painful
dysesthesias in the most distal portions of the limbs, usually
beginning unilaterally. Sensory impairment was relatively
predominant with respect to superficial sensation of pain,

temperature, and light touch in patient 6. Deep sensation was -

relatively ‘well preserved, and motor function was also pre-
served. In the majority of patients, the spread of dysesthesias
is chronic, occurring over months to years. In contrast to
sensory ataxic neuropathy,. painful sensory neuropathies in
SS typically show no electrophysiologic findings [18, 19]. A
decreased density of epidermal nerve fibers in skin biopsies
is a common feature of small fiber neuropathy of PSS-
associated painful sensory neuropathies.

_In the present study, patient 4 had concomitant auto-
nomic neuropathy, symptoms that are widely seen in
SS-associated neuropathy. [16]. Mori et al. [16] showed a
loss of sympathetic ganglion neurons associated with
T-cell invasion in an autopsied patient, which strongly
supports the view that autonomic ganglion cells are pri-
marily involved. The presence of Adie’s pupils may also be
attributable to ciliary ganglion cell involvement [20].

The frequency of central nervous system involvement in
SS (CNS-SS) is a matter of controversy [21]. Twenty to
twenty-five percent of patients with primary SS had CNS
manifestations, ranging from focal central lesions to

dementia and conditions that mimic multiple sclerosis [22].

Any part of the brain or spinal cord can be affected. Spinal
complications are less frequent and include chronic mye- .
lopathy or acute transverse myelitis [7, 23-25]. As seen in .
patient 2, possible CNS involvement should be considered
because of the potentially serious nature of CNS compli-
cations and the fact that some are treatable with immuno- .
suppressive medications. :

In the present study, four of the six patients were diag-
nosed with SS after the onset of neurological symptoms. In
the remaining two patients, SS was diagnosed at the time of
neurological symptom onset in one patient; in the other
patient, neurological symptoms occurred three years after -
the diagnosis of SS. Thus, in most patients, neuropathy -
develops first and then the diagnosis of SS is made up to

-six years later, corsistent with previous studies [17, 26-28].

We still do not know why the neuropathlc symptoms pre-
cede the manifestations of sicca symptoms and other char-
acteristic features in SS-associated neuropathy patients.
Mori et al. [16] suggest that one possible scenario is that

" patients with initial neuropathic symptoms would first be”

referred to a neurologist rather than to a theumatology clinic.
Thus, the current diagnostic criteria for SS based on sicca
syndrome may need to be re-evaluated. -

Although four of the six-patients in this study had anti-
SS-A antibody, none of the patients tested positive for anti-
SS-B antibody. According to a-study.in which Mori et al.
[16] collected data on SS and peripheral neuropathy, there
were 39 patients with anti-SS-A antibody (54.2 %) and 12
patients with anti-SS-B antibody (16.7 %) among 72 PSS
patients with peripheral neuropathy. These results are.
consistent with the results of our study, in terms of the
extremely low prevalence of anti-SS-B antibody. Mori -

- et al. indicate that the low prevalence of anti-SS-A and

anti-SS-B antibodies in their neuropathic patients may

“contribute to the onset of the neuropathy before the diag-

nosis of SS. Although the cause of the low prevalence of
anti-SS-B antibody in SS patients with peripheral néurop-
athy remains unknown, a low sensitivity for anti-SS-B -
antibody in original SS may be responsible, at least in part,
for the low prevalence. :
The treatment of PSS neurological mamfestatlons is not '
codified, and the evaluation of therapeutic efficiency is
very difficult [29]. If mononeuritis multiplex is present and
is a manifestation of systemic vasculitis, then aggressive
therapy with steroids and immunosuppressive agents may
be required [7-16]. Alexander suggests a monthly cyclo-
phosphamide pulse for at least one year associated with
initial steroid therapy [30]. Mori et al. reported that steroids
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