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Figure 4. Deregulation of p27 in RAPL-Deficient Lymphocytes
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(A) Defective p27 downregulation in RAPL-deficient B cells. Wild-type (+/+) and RAPL-deficient (—/—) B cells were stimulated with anti-IgM F(ab’), for the indi-
cated times, followed by immunoblot analysis of cyclin E, p27, phosphorylated p27 at threonine 187, Skp2, phosphorylated p27 at serine 10, and tubulin. Total

lysates from 1 x 10° cells were applied in each lane.

(B) Kinetics of p27 phosphorylation at serine 10 (S10) in wild-type (+/+) and RAPL-deficient (—/—) B cells after anti-IgM stimulation. Total and $10 phosphorylated
p27 and total and phosphorylated Akt are shown. Total lysates from 1 x 10° cells were applied.
(C) Defective p27 downregulation in RAPL-deficient T cells. Wild-type (+/+) and RAPL-deficient (—/—) T cells were stimulated with anti-CD3 and anti-CD28 for the

indicated times, followed by immunoblot analysis as in (A).

(D) Kinetics of p27 phosphorylation at serine 10 (810) in wild-type (+/+) and RAPL-deficient T cells (—/—) after anti-CD3 and anti-CD28 stimulation. Total and S10
phosphorylated p27 and total and phosphorylated Akt are shown. Total lysates from 1 x 10° cells were applied.

renders it inaccessible to a complex of cyclin E and Cdk2, leading
to enhanced Cdk2 activities and resistance to degradation.

In all B cell ymphoma generated in RAPL-deficient mice, p27
was abundantly present in the cytoplasm (Figure 3D), as
observed in BCR-stimulated RAPL-deficient B blasts (Figure 3C).
Line-profile analysis showed that 87.6% + 3.7% of p27 was
present in the cytoplasm. This suggests that the mislocalization
of p27 in the cytoplasm underlies lymphoma development.

Kinetics of Phosphorylation and Degradation

of p27 in RAPL-Deficient Cells

To investigate whether the mislocalization of p27 in the cyto-
plasm underlies lymphoproliferative disorders, we examined
p27 degradation in more detail. In wild-type B and T cells,
p27 declined sharply between 24 and 48 hr after antigen
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receptor stimulation (Figures 4A and 4C). Cyclin E increased
after 12-24 hr and was maintained at high amounts at 24~
72 hr. In contrast, RAPL-deficient cells maintained high p27
even at 72 hr poststimulation, whereas cyclin E upregulation
was comparable to that in wild-type cells. T187 phosphorylation
of p27, a trigger of p27 downregulation, was detected in wild-
type cells at 24-72 hr, which coincided with the kinetics of
upregulation of cyclin E and Skp2, a substrate-targeting subunit
of the SCF ubiquitin ligase complex that regulates entry into
S phase (Bashir et al., 2004). RAPL-deficient B and T cells
exhibited comparable Skp2 upregulation and essentially the
same time course of T187 phosphorylation (Figures 4A and
4C). The ratios of p27 phosphorylated on T187 to total p27
were lower in RAPL-deficient B cells (0.42 at 48 hr) and T cells
(0.18 at 48 hr), compared to those of wild-type B cells (0.9 at
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48 hr) and T cells (0.22 at 72 hr) (Figures 4A and 4C). The
decreased phosphorylation on T187 of p27 might reflect cyto-
plasmic accumulation of p27 in RAPL-deficient lymphoblasts
(Figure 3C; Figure S3), because T187 was mainly phosphory-
lated by Cdk2-cyclinE in the nucleus (Hara et al., 2001; Lee
and Kay, 2007). These data suggest that RAPL deficiency does
not affect T187 phosphorylation and Skp2-dependent proteol-
ysis of p27 in the nucleus.

Serine 10 (S10), the major phosphorylation site of p27 (Ishida
et al., 2000), is required for cytoplasmic localization at the
Go-G transition in response to mitogenic stimulation (Rodier
et al., 2001). S10 phosphorylation was high in resting wild-type
B cells, declined to the lowest amounts at 2 and 12 hr poststim-
ulation, and were subsequently undetectable as p27 was
degraded (Figure 4A). Resting RAPL-deficient B cells showed
similar amounts of S10 phosphorylation; however, S10 phos-
phorylation did not decrease at 2 and 12 hr poststimulation
and were maintained in high amounts levels even at 72 hr (Fig-
ure 4A), as well as that of cytoplasmic p27 in B cell lymphoma
(Figure 3D). We also examined S10 phosphorylation at early
time points after stimulation. In wild-type B cells, S10 phosphor-
ylation was decreased as early as 5 min after stimulation and
further declined thereafter (Figure 4B). In contrast, S10 phos-
phorylation was relatively constant with a slight increase at
10 min in RAPL-deficient B cells (Figure 4B). There were no
differences in Akt and Erk phosphorylation in wild-type and
RAPL-deficient B cells (Figures 4B; Figure S2A), ruling out the
involvement of these kinases in elevated S10 phosphorylation
in RAPL-deficient B cells.

T cells showed different magnitudes and patterns of S10
phosphorylation compared to B cells. The S10 phosphorylation
in resting T cells were lower than those in resting B cells. S10
phosphorylation was augmented at 12 and 24 hr poststimulation
with anti-CD3+anti-CD28 (Figure 4C). RAPL-deficient T cells
exhibited similar kinetics of S10 phosphorylation, with approxi-
mately 2-fold higher amounts (Figure 4C). When kinetic
experiments were performed at early time points, S10 phosphor-
ylation was transiently increased at 5-10 min and returned to
basal levels 30 min after anti-CD3 and anti-CD28 stimulation
(Figure 4D). RAPL-deficient T cells displayed similar, transient
but enhanced S10 phosphorylation (Figure 4D). Stimulation
with anti-CD3 alone induced S10 phosphorylation almost
comparable to that by anti-CD3 and anti-CD28 (Figure S4A),
indicating that phosphorylation of p27 at S10 is mainly regulated
through TCR signaling. Thus, enhanced phosphorylation on
S10 occurs at 5-10 min and 12-24 hr after stimulation in
RAPL-deficient T cells, which precedes degradation of p27
and the entry to S phase. Again, there were no changes in Akt
and Erk phosphorylation in RAPL-deficient T cells (Figure 4D;
Figure S2A). Collectively, these results suggest that RAPL defi-
ciency specifically upregulates S10 phosphorylation that is
important for the cytoplasmic localization of p27 in lymphocytes.

Because IL-7 has been reported to stimulate proliferation
through enhanced p27 destabilization in an IL-7-dependent
thymocyte cell line (Li et al., 2006b), we examined the effect of
IL-7 on S10 phosphorylation. IL-7 augmented proliferation of
T cells from wild-type and RAPL-deficient mice to the same
extent (approximately 4-fold) in the presence of anti-CD3
(Figure S4B). IL-7 did not affect $10 phosphorylation in both

wild-type and RAPL-deficient T cells (Figure S4C), indicating
that IL-7 enhanced proliferation independently of RAPL.

Mislocalization of p27 in the Cytoplasm

of RAPL-Deficient Cells =

We next examined p27 redistribution in primary lymphocytes by
immunostaining. Unexpectedly, resting T and B lymphocytes
exhibited distinct p27 distribution patterns: in B cells p27 was
predominantly cytoplasmic (83.5% = 3% of p27), but in T cells,
the majority of p27 was localized in the nucleus (94.2% = 1.2%
of p27) (Figure 5A). Quantitative results showed that the distribu-
tion of p27 in the cytoplasm was essentially the same in resting
wild-type and RAPL-deficient B cells (Figure 5B). Similar to
wild-type T cells, most RAPL-deficient T cells also showed
nuclear localization of p27 with a minor population showing cyto-
plasmic localization (Figure 5B).

After anti-BCR stimulation, p27 was dynamically redistributed
in wild-type B cells. p27 rapidly clustered in the cytoplasm near
the nucleus 20 min after stimulation and relocated into the
nucleus at 2 hr (Figure 5C). Quantitative analysis showed that
p27 distribution was predominantly nuclear in approximately
40% of the population at 2 hr (Figure 5D; Figure S5A). At 20 hr,
the amount of p27 in the nucleus decreased with some remaining
in the cytoplasm (Figure 5C; Figure S5B). In RAPL-deficient
B cells, p27 also rapidly clustered in the cytoplasm (Figure 5C).
However, in more than 80% of cells, p27 failed to localize to
the nucleus at 2 hr and remained abundant in the cytoplasm at
20 hr (Figures 5C and 5D; Figure S5). Preferential decrease of
p27 in the nucleus with residual p27 in the cytoplasm of wild-type
B cells suggested that p27 degradation occurs mostly in the
nucleus and that RAPL deficiency impaired a step in p27 nuclear
translocation in B cells. The subcellular location of p27 is consis-
tent with $S10 phosphorylation kinetics and amounts.

Although a majority of p27 was present in the nucleus of
resting wild-type T cells, a fraction of p27 was also cytoplasmic
in most T cells 20 min after anti-CD3 and anti-CD28 stimulation,
and 20% of the T cells exhibited the cytoplasmic-dominant
distribution of p27 at 2 hr (Figures 5E and 5F). Meanwhile,
the cytoplasmic-dominant population was almost doubled
in RAPL-deficient T cells 2 hr and 20 hr after stimulation (Figures
5E and 5F). The similar increase in the cytoplasmic-dominant
distribution was observed in RAPL-deficient T cells at 2 hr after
stimulation with anti-CD3 alone (data not shown). Thus, these
results indicate the possibility that RAPL modulates the cyto-
plasmic localization of p27 through S10 phosphorylation.

Inhibition of p27 $10 Phosphorylation and Enhanced
Nuclear Localization by RAPL

To examine whether RAPL modulates S10 phosphorylation and
subcellular localization of p27, we employed a heterologous
system by using 293T cells, which are well characterized for
nuclear export of p27 (Boehm et al., 2002; Ishida et al., 2002).
S10 was basally phosphorylated in serum-starved 293T cells,
increased at 0.5 hr after serum stimulation, and then peaked
at 1-5 hr to amounts similar to that in continuously growing cells
(Figure SBA). In contrast, in serum-starved RAPL-transfected
293T cells, basal and serum-induced S10 phosphorylation was
severely diminished (Figure S6A). In loss-of-function mutant lack-
ing the N-terminal half (RAPLAN) (Katagiri et al., 2003)-transfected

Immunity 34, 1-15, January 28, 2011 ©2011 Elsevier Inc. 7

— 331 —



Please cite this article in press as: Katagiri et al., Deficiency of Rap1-Binding Protein RAPL Causes Lymphoproliferative Disorders through Mislocal-
ization of p27kip1, Immunity (2011), doi:10.1016/}.immuni.2010.12.010

Immunity
Lymphoproliferative Diseases in RAPL-Deficient Mice

A B_
o
& 100 B Cytoplasm
.§ 86 [3 Nucleus
pswt g 23
o ++ -/
B cell
B220 o
&IOO B Cytoplasm
§ 0 3 Nucleus
£ 60
5 40
<3 i ¢
3 g o Py PRy
T celt
c D
+t -/=
P27t DAPL Merged PP DAPL Merged
£
&
z
=
% s
5 =100; .
£ £ 80 BCytoplasm
2 £ 60} [ Nucleus
7 40
50
i
EA ++ F
3
£ P27 DAPT Merged pa7 T Merged
= B Cytoplasm
% ° £1 Nucleus
.g —
£ 2
G £
3] 2 »
< z *
g 5
g =
8 e |
2 After  — 02 20 02 20
= stamufation (hr) Yy —f
j:« T eell

- Figure 5. Impaired Redistribution of p27 in RAPL-Deficient B and T Lymphocytes after Antigen Receptor Stimulation

(A and B) Primary lymphocytes from the lymph nodes of wild-type (+/+) and RAPL-deficient (—/~) mice were stained for p27, B220, and CD3. The number of cells
with a cytoplasmic and nuclear distribution p27 were visualized and counted by confocal microscopy. At least 100 cells were counted in different microscopic
fields. Representative images of p27, B220, CD3, DIC, and DAPI in wild-type cells and average percentages and standard errors for three independent exper-
iments are shown (B). Scale bar represents 5 um.

(C) Redistribution of p27 in wild-type (+/+) (left) and RAPL-deficient (—/-) (right) B cells. Primary B cells were stimulated with anti-IgM for the indicated times and
stained for p27 and nuclei (DAPI). Note that in wild-type B cells, cytoplasmic p27 was translocated into nuclei 2 hr after stimulation before degradation (left), but in
RAPL-deficient B cells, cytoplasmic p27 failed to localize in nuclei (right). Scale bars represent 5 um.

(D) High magnification of cytoplasmic and nuclear distribution of p27 in wild-type (+/+) and RAPL-deficient (—/~) B cells 2 hr after stimulation are shown. Line
profiles of p27 and DAPI along the arrows are shown in Figure S5. The average percentages of cells showing nuclear- (open bar) or cytoplasmic- (closed bar)
dominant p27 staining in three independent experiments are shown in the lower panel. A minimum of 100 cells were scored per treatment group. *p < 0.001,
compared with corresponding wild-type littermate control. Scale bar represents 5 um. The percentages of the nuclear fraction of p27 in the nuclear- and
cytoplasmic-dominant population of wild-type B cells were 78.6% + 6.9% and 36.1% = 5.5%, and those of RAPL-deficient B cells were 58.5% = 4.9% and
21.8% = 2.4%. The difference in the percentages of nuclear p27 between nuclear- and cytoplasmic-dominant population was statistically significant (p < 0.002).
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293T cells, serum-induced S10 phosphorylation was not
decreased (Figure 6A). At 5 hr after serum addition, 51.2% =
3.1% of p27 was cytoplasmic in control cells. Under the same
conditions, 82.2% =+ 7.4% of p27 was nuclear in RAPL-
expressing cells with very low amounts in the cytoplasm, but this
effect was not observed in RAPLAN-expressing cells (Figure 6B),
consistent with the S10 phosphorylation amounts -of p27 (Fig-
ure 6A). RAPL, but not RAPLAN expression, reduced the
frequency of cells in S phase at 20 hr after serum stimulation (Fig-
ure 6C). This reduction was abrogated by p27 silencing (Figure 6D),
indicating that the inhibitory effect of RAPL on proliferation
depends on p27.

We also confirmed the similar effects of RAPL on p27 localiza-
tion by using CH27 B cell lymphoma cells. RAPL expression
promoted nuclear localization and significantly decreased cell
proliferation (Figure S6B). This suppressive effect of RAPL on
proliferation was also abrogated by p27 silencing (Figure S6B).

If RAPL could promote nuclear localization of p27 through
suppression of S10 phosphorylation, cytoplasmic localization
of a phosphomimetic mutant p27S10D (Ishida et al., 2000)
should not be affected by RAPL. To examine this possibility,
Flag-tagged p27 and p27S10D were transfected into control
and RAPL-expressing cells. The cells were synchronized by
serum starvation, then added to serum for 6 hr before staining.
Wild-type p27 was localized in the cytoplasm of control cells,
whereas it was mainly present in the nucleus of RAPL-express-
ing cells, as is the case with endogenous p27 (Figure 6E). In
contrast, approximately 90% of p27S10D was localized in the
cytoplasm of both control and RAPL-expressing cells (Figure 6E),
indicating that S10D is dominant over RAPL for p27 localization.
This provides further support for the notion that RAPL regulates
p27 localization through suppression of S10 phosphorylation.

Because kinase interacting stathmin (KIS} was reported to
phosphorylate $10 in the G1 phase (Boehm et al., 2002), we
investigated whether RAPL could inhibit KIS kinase activity.
The Flag-tagged mouse KIS and RAPL were cotransfected into
293 T cells, and we examined immune-complex kinase activity
of KIS by using p27 and p27S10A protein as a substrate. KIS
phosphorylated the wild-type p27 but not the p27 mutant in
which serine 10 is substituted with alanine (p27S10A) (Fig-
ure SBC), as reported (Boehm et al., 2002). RAPL expression
reduced the kinase activity of KIS on 810 by 60% (Figure S6C).
Meanwhile, silencing of KIS in 293T cells increased nuclear-
dominant localization of p27, as previously reported (Boehm
et al., 2002), and RAPL overexpression had marginal effects on
the nuclear localization of p27 in KIS-silenced 293T cells (data
not sown). This result suggests that RAPL could decrease the
phosphorylation of p27 on S10 at least through the suppression
of KIS activity.

The $10A Mutation in p27""*" Suppresses Autoimmunity
and B Cell Lymphoma in RAPL-Deficient Mice

If the growth stimulatory effect of RAPL deficiency is mediated
by S10 phosphorylation of p27, it would be expected that the
S10A mutation could counteract its effect and prevent lympho-
proliferative diseases of RAPL-deficient mice. To examine this
possibility, we crossed p27S10A genetically targeted mice
(Kotake et al., 2005) with RAPL-deficient mice to generate
Cdkn1bS704/5104 RAPI _deficient mice (Figure 7A). As shown in
Figure 7B, the S10A mutation in p27 significantly reduced the
CD138"B220" plasma cells by 67% and CD44°CD62L"
effector-memory T cells by 28%. Accordingly, the titers of
antibodies to double-stranded DNA (dsDNA) decreased by
58%, the incidence of proteinuria was reduced (63% versus
22%), and also deposition of IgG was rarely detected (Figure 7C;
Figure S7A), indicating that the S10A mutation suppressed the
development of severe glomerulonephritis in 10-month-old
RAPL-deficient mice. Importantly, B cell lymphoma and other
tumors did not develop in Cdkn1bS1%VS194 RAP| -deficient
mice (Figure 7D; Figure S7B).

In resting Cdkn1bS'04/5194 B cells sufficient or deficient for
RAPL, p27 was mainly located in the cytoplasm as seen in the
wild-type situation, although its distribution tended to be
aggregated near the nucleus (Figure 7E). In CdknTb** RAPL-
deficient B cells, p27 remained in the cytoplasm after stimulation
(Figure 5C). In contrast, when Cdkn1b®"%4/S74 RAPL-deficient
B cells were stimulated with anti-IgM, p27S10A translocated
into the nucleus in both RAPL-sufficient and -deficient B cells
with comparable numbers of cells showing nuclear-dominant p27
(Figure 7E; Figure S7C). p27 degradation in Cdkn1pS704/5704
RAPL-deficient B cells was greatly accelerated compared to
that of Cdkn1b** RAPL-deficient B cells (Figure S7D), and the
level of degradation was almost equivalent to that of wild-type
B cells (Figure 3B). Cdkn1b5794/5704 RAPL -deficient B cells did
not exhibit enhanced proliferation with anti-lgM, compared to
those of Cdkn1bS04/5794 RAPL -sufficient B cells and wild-type
B cells (Figure 7E). Thus, S10A mutation corrected B cell
abnormalities.

In Cdkn1bS794S194 T celis sufficient or deficient for RAPL, p27
was mainly located in the nucleus, as is the case with Cdkn7b**
T cells (Figure 7F). When stimulated with anti-CD3 and anti-
CD28, the proportion of the cells expressing p27S10A translo-
cated into the cytoplasm was lower than that of the cells with
wild-type p27 (21.4% versus 33.1%) (Figure 7F; Figure S7C).
There was no significant increase of RAPL-deficient T cells
with cytoplasmic-dominant localization of p27S10A (20.6%)
(Figure 7F; Figure S7C). p27 degradation in Cdkn1pS704/5704
RAPL-deficient T cells was also enhanced compared to that of
Cdkn1b** RAPL-deficient T cells (Figure S7D), and the amount

(E) Redistribution of p27 in wild-type (+/+) (left) and RAPL-deficient (right) T cells. Primary T cells were stimulated with anti-CD3 and anti-CD28 for the indicated
times and stained for p27 and nuclei (DAPI), as in (C). Note that a portion of nuclear p27 was translocated into the cytoplasm after stimulation in both wild-type and
RAPL-deficient T cells, but cells showing predominantly cytoplasmic p27 increased in RAPL-deficient T cells compared with wild-type T cells. Scale bar repre-

sents 5 um.

(F) The average percentages of cells showing nuclear- (open bar) or cytoplasmic- (closed bar) dominant p27 in three independent experiments are shown. Wild-
type (+/+) and RAPL-deficient T cells were stimulated for 2 hr or 20 hr with anti-CD3+anti-CD28. A minimum of 100 cells were scored per treatment group. *p <
0.005, compared with corresponding wild-type littermate control. The percentages of cytoplasmic p27 in the cytoplasmic and nuclear-dominant population of
wild-type T cells were 62.5% + 5.6% and 17.9% = 11.3%, and those of RAPL-deficient T cells were 66.1% = 6.0% and 25.6% = 15.2%. The difference in the
percentages of cytoplasmic p27 between cytoplasmic- and nuclear-dominant population was statistically significant (p < 0.001).
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Figure 6. RAPL Promotes p27 Nuclear Localization and Suppresses S Phase Entry

(A) RAPL mutant did not inhibit p27 phosphorylation on S$10. 293T cells with or without RAPL or RAPLAN expression were serum starved for 2 days and
then stimulated with 10% serum for 5 hr. Total and S10 phosphorylated p27, myc-RAPL or myc-RAPLAN, and tubulin are shown. Total lysates derived from
1 x 10“ cells were applied in each lane.

(B) Inhibition of p27 nuclear export by RAPL but not RAPLAN. 293T cells were transfected with GFP alone (~), RAPL, or RAPLAN plus GFP (green) and then
stimulated with serum for 5 hr after serum starvation for 2 days. Cells were immunostained for p27 (red) and DAPI (nuclei). Scale bar represents 10 um.

(C) Cell cycle analysis of 293T cells without (—) or with RAPL or RAPLAN expression before or after serum stimulation for 20 hr. The percentage of cells labeled
with BrdU (S phase) is shown in each panel. The results are representative of three independent experiments.

(D) Cell cycle analysis of control or p27-specific shRNA transfected 293T cells without (—) or with RAPL expression before or after serum stimulation for
20 hr. The percentage of cells labeled with BrdU (S phase) is shown in each panel. The results are representative of three independent experiments
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of downregulation was almost equal to that of wild-type T cells
(Figure 3B). The cytoplasmic mislocalization of p27 in Cdkn 1b**
RAPL-deficient T cells with anti-CD3 was also corrected with
S10A mutation on p27 (Figure S7E). These results indicate that
the mislocalization and degradation of p27 in RAPL-deficient
T cells was dependent on S10 phosphorylation. T cells from
Cdkn1bS1%S79A RAPL-deficient T cells exhibited lower prolifer-
ation compared to Cdkn1b** RAPL-deficient T cells, but it was
still significantly higher than Cdkn1bS1%4/S104 RAPL-sufficient
T cells (Figure 7F). These data suggest that hyperproliferation
of T cells by RAPL deficiency was partly dependent on S10 phos-
phorylation, although other mechanisms are probably involved.

All together, these results demonstrate that RAPL-dependent
regulation of phosphorylation of p27 on S10 plays important
roles for prevention of lupus-like glomerulonephritis and B cell
lymphoma.

DISCUSSION

Our results demonstrated a role for RAPL in suppression of S10
phosphorylation of p27 and nuclear export of p27, thereby
retarding the G1-S phase transition. The defective checkpoint
in the G1-S transition resulting from RAPL deficiency enhanced
proliferation, leading to lupus-type glomerulonephritis and
lymphomas. p27S10A genetic targeting in the RAPL-deficient
background rescued both glomerulonephritis and B cell
lymphoma and demonstrates that S10 phosphorylation of p27
is critical for the development of lymphoproliferative diseases
by RAPL deficiency.

Our results suggest that mislocalized p27 leads to increased
Cdk2 activity, which in turn promotes G1-S phase transition in
lymphocytes. It was reported that Cdc2 plays a role in S-phase
entry in the absence of Cdk2 (Aleem et al., 2005). p27 also
associates with and inhibits Cdc2 (Aleem et al., 2005). The exper-
iment with a Cdk2 inhibitor favors the major role of Cdk2 in S phase
entry of normal lymphocytes, although prolonged Cdk2 deficiency
might lead to compensation with Cdc2. In either case, itis possible
that RAPL suppresses both Cdk2 and Cdc2 activity through the
promotion of p27 nuclear localization and regulates S phase entry
of lymphocytes after stimulation through antigen receptors.

The S10 mutation of p27 completely abrogated the hyperpro-
liferative responses of RAPL-deficient B cells, but partially
inhibited those of RAPL-deficient T cells, indicating that other
mechanisms operate in RAPL-deficient T cells. Mst1 is activated
by Rap1 and RAPL and responsible for Rap1- and RAPL-depen-
dent integrin regulation (Katagiri et al., 2006, 2009). Mst1 is also
involved in T cell proliferation (Avruch et al., 2009; Katagiri et al.,
2009). Proliferative responses were augmented in Mst1~/~
T cells, but not B cells (Avruch et al., 2009; Katagiri et al.,
2009). However, p27 regulation in Mst1~~ lymphocytes was
found to be normal (unpublished data). Thus, Mst1 differently
regulates lymphocyte proliferation independently of p27, and
hyperproliferative responses observed in Cdkn1pS'04/S704

RAPL-deficient T cells might be due to defective activation of
Mst1 by RAPL deficiency.

This study shows that KIS appears to be a relevant target of
RAPL during the G1-S transition, because KIS phosphorylates
S10 during the G1 phase in response to mitogenic stimulation
and promotes its nuclear export (Boehm et al., 2002). Interest-
ingly, KIS was reported to play important roles in cell cycle
progression of leukemia cell lines through the promotion of
S$10 phosphorylation of p27 (Nakamura et al., 2008), suggesting
an important role of KIS in lymphoid cells. However, multiple
kinases besides KIS were also reported to phosphorylate p27
at S10 including Cdk5 (Kawauchi et al., 2006), suggesting
a complex network of redundant kinases controlling p27 degra-
dation and cell cycle progression in vivo. It will be important to
examine whether RAPL could regulate KIS and other kinase
activities in lymphocytes.

Theimportance of RAPL regulationin the cell cycle is supported
by the incidence of lupus-like glomerulonephritis disease.
Although RAPL-deficient mice are lymphopenic at a young age,
both RAPL-deficient T and B cells are activated and differentiate
into effector-memory T cells and plasma cells with age. In a lym-
phopenic state, self-antigens provide proliferation-inducing
signals that expand T cells until the T cell poot is reestablished
to a nearly normal size (Lawson et al., 2001). It is conceivable
that alymphopenic state resulting from defective lymphocyte traf-
ficking in RAPL-deficient mice favors homeostatic proliferation of
self-reactive clones, which predisposes mice to autoimmune
disease. IL-7 is critical for homeostatic proliferation together
with signals from the TCR recognizing a complex of self-peptides
and MHC (Jacobs et al., 2010; Tan et al., 2001). IL-7 might help
expanding self-reactive clones in RAPL-deficient mice.

Enhanced lymphocyte proliferation probably increases the
development of spontaneous B cell lymphomas in RAPL-defi-
cient mice. RAPL-deficient mice also developed lung and liver
tumors after 1.5 yr of age, suggesting. a tumor-suppressor
function for RAPL in_nonlymphoid organs, despite low RAPL
expression in these tissues. There are several studies showing
that cytoplasmic p27 is associated with hyperproliferation and
tumorigenesis through a cyclin-Cdk-independent function (Bes-
son et al., 2006, 2007). Cytoplasmic mislocalization of p27 might
underlie the development of spontaneous tumors in RAPL-defi-
cient mice. It was also reported that the NORE1B (RASSF5C)
gene was frequently inactivated in human hepatocellular
carcinomas because of promoter methylation (Macheiner
et al., 2006). It will be interesting to study involvement of down-
regulation of RAPL in human hyperproliferative autoimmune
and malignant diseases.

Our findings that RAPL, a molecule originally identified as an

'in'tegrin regulator, also plays an inhibitory role in cell proliferation

provides a molecular link with cell adhesion and growth. In line
with this notion, a constitutively active LFA-1 was found to be
rather inhibitory to antigen-induced proliferation (Semmrich
et al., 2005). Rap1 and p27 were previously reported to be

(left). Immunoblot of p27 and tubulin in RAPL or vector control (—) expressing 293T cell lysates after control-(c) or p27-specific (p27) shRNA transfection

(right).

(E) A S10D mutation of p27 inhibited the nuclear localization of p27 by RAPL. 293T cells were transfected with flag-tagged wild-type or S10D mutant
p27 together with GFP alone () or RAPL plus GFP (green), and then stimulated with serum for 5 hr after serum starvation for 2 days. Cells were immu-

nostained for flag {red) and DAPI (nuclei). Scale bar represents 10 um.

Immunity 34, 1-15, January 28, 2011 ©2011 Elsevier Inc. 11

— 336 —



Please cite this article in press as: Katagiri et al., Deficiency of Rap1-Binding Protein RAPL Causes Lymphoproliferative Disorders through Mislocal-
ization of p27kip1, Immunity (2011), doi:10.1016/].immuni.2010.12.010

Immunity
Lymphoproliferative Diseases in RAPL-Deficient Mice

.- Cdknlb +/+ Cdknlb S10A/8104
A B S Ransf5om .. Rass{seon ..
g 3 B
Cdknib - +HH % . .
Rassf5oo% o/ 2
RAPI, o
BT e TR
P27 e i
27-S10-p e o Cdknlb +/+ Cdknlb SI0A/SI0A
B21-S10p . Rasstyesns JM Rassf5en fo.
Tublin ' « '
+/+ SIOA/SIOA
C
- B ~
R % E i, 2
e i ® g
¢ & E § %
° " E I — E*
Ea ‘52 i o £
L4 z =
& IS = 2
o« e g
.t i+ :
¥ f £
. e [ T S - :E‘ Y R
Cdknlb - #/+  +/+ SIOA/SI0A Cdknlb~ +/+  +/+ SIOA/SI0A Cdknlb~ ++ 4+ 10A
Rassf3%™ e pfp f fm Rassf3%% w pfb mfem fe Rassfseon . T m“/”_“_
E
: 1 Cdknlb  Rassf5so*
ambigl‘v g 9 M+ Ff 4
Cdknib = SI0A/STOA 5 60000- {71 S10A/S104 ++
Rassf5ems w VI = ] SI0A/S10A ~I—
ass. AN £ 50000 g+ o
p27 | Zé 40000
£ 30000
2
Nucleus g 20000
2 10000+ 3
Merged - =) 2
anti-igM {(pg/ml)

anti-CD3 + anti-CD28 Rass 5o

. p Cdknib ass e
Mo SI0AI10A 0 4+ 4
v - C1s10a/810a ++

fls10a/510A ——

30000 £ +/4+ fe

235000 -
20000 Juid
1

13000 -
10060 -
5000

Cdknlb = +/+  S104/S104

Ragsf5ood o M4 4 )

-

Nucleus

SH-Thymidine incorporation {dpm)

Merged £

) anti-CD3  anti-CD3
anti-CD28§

12 Immunity 34, 1-15, January 28, 2011 ©2011 Elsevier Inc.

— 336 —



ization of p27kip1, Immunity (2011), doi:10.1016/}.immuni.2010.12.010

Please cite this article in press as: Katagiri et al., Deficiency of Rap1-Binding Protein RAPL Causes Lymphoproliferative Disorders through Mislocal-

Immunity
Lymphoproliferative Diseases in RAPL-Deficient Mice

involved in T cell anergy (Boussiotis et al., 2000). Recent studies
suggest that cytoplasmic p27 can inhibit cell migration behaviors
by binding to Rho or stathmin (Baldassarre et al., 2005). Further
characterization of these processes will facilitate our under-
standing on the link between cell adhesion and proliferation
thorough RAPL. Our studies provide important clues and exper-
imental systems to elucidate how disruption of coordinated
regulation of adhesion and proliferation leads to autoimmunity
and carcinogenesis.

EXPERIMENTAL PROCEDURES

Plasmids, antibodies, and reagents are described in Supplemental Experi-
mental Procedures.

Mice

RAPL-deficient mice were generated by targeting the RAPL-specific exon3 of
Rassf5 as previously described (Katagiri et al., 2004). Homozygous mice and
littermate control mice were crossed with wild-type C57BL/6 mice for eight
generations. Mice were housed in specific-pathogen-free conditions and all
experiments were in accordance with protocols approved by the Animal
Care and Use Committee of Kansai Medical University (Osaka, Japan). p27
genetically targeted mice harboring an S10A mutation were generated as
previously described (Kotake et al., 2005).

Immunoprecipitation, immunoblot, and In Vitro Kinase Assays

Immunoprecipitation and immunoblot were performed as described in
Supplemental Experimental Procedures. Signals of appropriate bands were
quantified with an image analyzer (BAS-1500, Fujifilm). Kinase assays for
Cdk2 and Cdk4 were performed as described before (Nakayama et al.,
1996). In brief, immunoprecipitates with rabbit anti-Cdk2 or anti-Cdk4 from
cell lysates from T or B cells stimulated with anti-IgM (Fab'), or anti-CD3 and
anti-CD28 were washed with lysis buffer (Nonidet P-40, 150 mM NaCl,
25 mM Tris-HCI [pH 7.4], 10% glycerol) and suspended in 30 pl of kinase buffer
(50 mM HEPES [pH 7.4], 10 mM MgCl,, 1 mM DTT, 10 mM B-glycerophos-
phate) containing 1 pg Histone H1 (Calbiochem) or 0.5 ng GST-Rb (Santa-
Cruz) and 25 yM ATP, 10 uCi [y-*2PJATP (6000 Ci/mmol, Amersham). The
samples were incubated at 30°C for 30 min, denatured in SDS sample buffer,
and run on a 15% SDS-polyacrylamide gel (Nakayama et al., 1996). Kinase
assays of KIS were done with GST-p27 and GST-p27S10A, as described
(Boehm et al., 2002). The signals from appropriate bands were quantified

with a phosphoimager (BAS3000, Fujifilm) and fold-increase was calculated
after background subtraction.

Immunostaining

Immunostaining procedures are described in Supplemental Experimental
Procedures. Confocal images were obtained with a LSM510 META micro-
scope with a 63 x objective lens. Line profiles of cells stained for p27 and nuclei
(DAPI) were used to measure nuclear/cytoplasmic p27 distribution (see
Supplemental Experimental Procedures and Figure S3 for details). Cell surface
staining and analysis with a FACSCalibur (Beckton-Dickinson) flow cytometer
were previously described (Katagiri et al., 2004). For immunohistochemistry of
kidney tissues 1o detect IgG and C3 deposition, paraffin sections were dew-
axed, blocked with diluted horse serum, and then stained with FITC-goat
anti-mouse IgG and C3.

Cell Proliferation and BrdU Incorporation Assays

B and T lymphocytes purified from spleens or lymph nodes were cuitured
at 1.5 x 10%ml in 0.2 ml per well of a 96-well plate with or without anti-igM
F(ab’), or anti-CD3(5 ng/ml and CD28 (2 ug/ml) for 48 hr. [PH]-thymidine
(1 umCi/well) was added for the last 6 hr. Cells were harvested and [BH]-thymi-
dine uptake was measured. To determine the frequency and nature of
individual cells that synthesized DNA during culture, BrdU incorporation was
performed with a BrdU flow kit according to the manufacturer’s instruction
(BD PharMingen). BrdU uptake in vivo is described in Supplemental Experi-
mental Procedures.

Statistical Analysis
Student’s two-tailed t test was used to compare experimental groups. p values
less than 0.05 were considered significant.

SUPPLEMENTAL INFORMATION

Supplemental Information includes Supplemental Experimental Procedures
and seven figures and can be found with this article online at doi:10.1016/
j.immuni.2010.12.010.
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Figure 7. Effects of S10A Mutation on RAPL-Deficient Mice

(A) Expression of RAPL, p27, phospho-S10 of p27, and tubulin in B cells derived from Cdkn1b**Rassf5*°"3+/ex13+  Calkn1pS10/S19 Rassf5oxoms+/exonst and
Cdkn 7bS10A/S10ARaSSf5exon3-/exon3— mice.

(B) The ratios of CD138" and B220" lymphocytes (top left) or CD44* and CD62L~ on CD4" gated lymphocytes (bottom left) from spleens of
Cdkn1b*"*Rassf5®en3+exond+ | Cdlkn1h*/*Rassf5%0m3 /2%~ and Cdkn1b®704S104Ragsf5e*on3-/exon3~ mice at 10 months of age. Flow cytometric profiles of
expression of CD138 and B220 (top right) and CD44 and CD62L on CD4* gated lymphocytes (bottom right). *p < 0.02, **p < 0.05.

(C) Anti-double-strand DNA titers in 12-month-old Cdkn1b*/*Rassf5%°"3+/exon3+ | Calkn1b*/*Rassf5®m /2%~ and Calkn1b®"04/57%4Rassf5=0n3~/ex0n3™ (jeft).
Proteinuria in 12-month-old mice (right). Proteinuria was measured with medical color strips. p values for Cdkn1b®'0470Rassf5%n3 - /x0n3~ mice compared
to Cdkn1b**Rassf5°™-/e*°n3~ mice are indicated on the graph. *p < 0.02, **p < 0.01.

(D) Development of B cell lymphomas in Cdkn1b*/ " Rassf5%°"3eX0m3+  Cfin 1™/ Rassf5%om~/#xon3= and Cakn1bS'04/S1% Rassf5=°"%~/#x015~ mice at 12 months
of age. Lymph nodes and spleens from 20 mice per each group were subjected for histological examination.

(E) Left: The S10A mutation abrogated mislocalization of p27 with anti-lgM F(ab’),. Redistribution of p27 in B cells from Cdkn1b*"* Rassfserend+/exondt,
Cdkn1bS10A/S10ARgagsfrexondiexonds  and Clkn1hS10AS10AR,gsf5e%03~/e%0n3 mice Primary B cells were stimulated with anti-IgM F(ab’)? for 2 hr and stained
for p27 and nuclei (DAPI). Scale bars represent 5 pm. Right: The S10A mutation abrogated hyperproliferation of RAPL-deficient B cells with anti-lgM F(ab)z.
3[H]-thymidine uptake by B cells. Primary B from Cdkn1b*/*Rassf5on3+exond+  Cdkn1pST104/S104Rggs serondexond/t | Gokn1pS10VS104Rassfsexend /%8~ and
Cdkn1b*'*Rassf5*0m3-/exom3~ mice were unstimulated (—) or stimulated with anti-IgM F(ab'), at concentrations indicated.

(F) Left: The S10A mutation corrected mislocalization of p27 with anti-CD3 and anti-CD28. Redistribution of p27 in T cells from Cdkn1b*"*Rassf5erendiexanss
Cdlkn1bST10AS10ARaggprexand+lexond+ and Odkn1pST0AS10ARggsf5exon3~/exon3- mice  Primary T cells were stimulated with anti-CD3 and anti-CD28 for 2 hr and
stained for p27 and nuclei (DAPI). Scale bars represent 5 um. Right: The S10A mutation decreased hyperproliferative responses of RAPL-deficient T cells
with anti-CD3 and anti-CD3+CD28. 3[H]-thymidine uptake by T cells. Primary T from Cdkn1b"/*Rassf5exem3+exondt  Cojn1pST10MS10ARggssxons+/exonds,
Cdkn1bST0AS10ARassprexond—lexon3=  and Cdkn1b™*Rassf5%°™ /%3~ mice were unstimulated (—) or stimulated with anti-CD3 and anti-CD3*CD28.
*p < 0.01, *p < 0.03.
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Th2 and Regulatory Immune Reactions Contribute to
[gG4 Production and the Initiation of Mikulicz Disease

Akihiko Tanaka,' Masafumi Moriyama," Hitoshi Nakashima,” Katsuhisa Miyake,?
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Objective. Mikulicz disease has been considered
to be a subtype of Sjogren’s syndrome (SS). However,
recent studies have suggested that Mikulicz disease is
an IgG4-related disease and is distinguishable from SS.
In addition, it has been reported that both interleukin-4
(IL-4) and IL-10 induce IgG4 production and inhibit
IgE. This study was undertaken to examine the expres-
sion of these cytokines in patients with Mikulicz disease
and patients with SS.

Methods. Labial salivary gland (L.SG) sections
from 15 patients with Mikulicz disease and 18 patients
with SS were examined for subsets of the infiltrating
lymphocytes, expression patterns of messenger RNA
(mRNA) for cytokines/chemokines, and relationships
between the IgG4:IgG ratio and the expression of mRNA
for IL-4 or IL-10.

Results. Tmmunohistochemical analysis showed
lymphocyte infiltration of various subsets in the LSGs of
SS patients, and the selective infiltration of IgG4-
positive plasma cells and Treg cells in the LSGs of
Mikulicz disease patients. The levels of mRNA for both
Thl and Th2 cytokines and chemokines in LSGs from
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patients with SS were significantly higher than in con-
trols, while the expression of both Th2 and Treg cells
was significantly higher in the patients with Mikulicz
disease than in controls. Furthermore, the expression of
IL-4 or IL-10 in the LSGs was correlated with the
IgG4:IgG ratio.

Conclusion. These results suggest that the patho-
genesis of Mikulicz disease is different from that of SS.
Mikulicz disease is a unique inflammatory disorder
characterized by Th2 and regulatory immune reactions
that might play key roles in IgG4 proeduction.

Mikulicz disease has been considered to be a
subtype of Sjogren’s syndrome (SS), based on the histo-
pathologic similarities between the two diseases (1).
However, Mikulicz disease shows several differences in
comparison with typical SS. In Mikulicz disease, enlarge-
ment of the lacrimal and salivary glands is persistent,
salivary secretion is either normal or moderately dys-
functional, patients have a good response to cortico-
steroid treatment, and hypergammaglobulinemia and
low frequencies of anti-SSA and anti-SSB antibodies are
found on serologic analyses. Since Yamamoto et al (1-3)
reported that serum IgG4 levels are elevated and IgG4-
positive plasma cells infiltrate into the gland tissue in
Mikulicz disease, these symptoms have also been recog-
nized in autoimmune pancreatitis (4), primary sclerosing
cholangitis (5), tubulointerstitial nephritis (6), intersti-
tial pneumonia (7), Ridel’s thyroiditis (8), and Kiittner’s
tumor (9). These diseases are now called “IgG4-related
diseases” (2,10). IgG4 is a Th2-dependent Ig and has low
affinity for target antigen. Interleukin-4 (IL-4) directs
naive human B cells to switch to IgG4 and IgE produc-
tion (11).

CD4+ T helper cells including at least 5 subsets
have been identified. ThO, Thl, Th2, Th17, and Treg
cells are generally considered to maintain the balance
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and homeostasis of the immune system and possibly to
induce various diseases by their impaired regulation.
The difference in the functions of Th1 and Th2 cells has
been characterized by the patterns of cytokines secreted
by these Th cells. Thl cells induced by IL-12 are mainly
responsible for cell-mediated immunity, while Th2 cells
induced by IL-4 are responsible for humoral immunity.
These Th subsets are then mutually controlled by the
cytokine that each produces. Several studies have indi-
cated that many autoimmune diseases or allergic dis-
eases are caused by the collapse of the Th1/Th2 balance.
Tho cells are produced by both Thl and Th2 cytokines
and are considered to be precursors of Thl and Th2
cells. Treg cells are essential for the maintenance of
immunologic self-tolerance and immune homeostasis.
Recently, a subset of IL-17-producing T cells (Th17
cells) distinct from Thl and Th2 cells was described and
was shown to play a crucial role in the induction of
autoimmunity and allergic inflammation (12). Further-
more, it has been demonstrated that chemokines are
intimately involved in the Th1/Th2 balance and immune
responses in various diseases, such as rheumatoid arthri-
tis (13), systemic lupus erythematosus (13,14), SS
(13,15), systemic sclerosis (13,16), idiopathic inflamma-
tory myopathy (13), and atopic dermatitis (17).

The relationship of Th1/Th2 imbalance to the
pathogenesis of SS has been investigated widely, and a
polarized Thl balance has been associated with the
immunopathology of the disease (18-20). Numerous
interferon-y (IFNvy)-positive CD4+ T cells are detected
in the salivary glands of SS patients, and an intracellular
cytokine assay demonstrated subsequent promotion of
Thi cells in SS (21). We have previously shown that SS
was initiated and/or maintained by Thl cytokines and
subsequently progressed in association with Th2 cyto-
kines (22). Ogawa et al (15) reported that Thl chemo-
kines, such as IFNy-inducible 10-kd protein (IP-10) and
monokine induced by IFNv, are involved in the accumu-
lation of T cell infiltrates in the salivary glands of
patients with SS. These findings suggest that Th1 cells
play a central role in the pathogenesis of SS.

In contrast, patients with Mikulicz disease fre-
quently have a history of bronchial asthma and allergic
rhinitis and show severe eosinophilia and elevated serum
" IgE levels. We previously reported that peripheral
CD4+ T cells from patients with Mikulicz disease
revealed deviation of the Th1/Th2 balance to Th2 and
elevated the expression of Th2-type cytokines (23,24).
Moreover, recent studies have indicated that peripheral
blood CD4+ T cells in patients with IgG4-related lacri-
mal gland enlargement showed a Th2 bias and elevated

serum IgE levels (24). Therefore, it is suggested that
Mikulicz disease has a Th2-predominant phenotype.
The findings of a previous study showing that auto-
immune pancreatocholangitis, which is an IgG4-related
disease, could also be characterized by the overproduc-
tion of Th2 and regulatory cytokines (25) deserve our
attention.

To date, pathogenetic differences between im-
mune responses in SS and Mikulicz disease are not well
understood. In this study, we identified the expression
patterns of cytokines, chemokines, and chemokine re-
ceptors in the salivary glands of these diseases to clarify
the involvement of characteristic immune responses in
the development of Mikulicz disease.

PATIENTS AND METHODS

Patients. Fifteen patients with Mikulicz disease (12
women and 3 men with a mean * SD age of 56.3 = 13.0 years)
and 18 patients with SS (16 women and 2 men with a mean *
SD age of 54.6 *= 12.8 years) who were referred to the
Department of Oral and Maxillofacial Surgery at Kyushu
University Hospital were included in the study. Mikulicz
disease was diagnosed according to the following criteria (3):
persistent symmetrical swelling (lasting longer than 3 months)
of >2 lacrimal and major salivary glands, elevated serum levels
of IgG4 (>135 mg/dl), and infiltration of IgG4-positive plasma
cells in the tissue (ratio of IgG4-positive cells:IgG-positive cells
>40%) on immunostaining. SS was diagnosed according to the
criteria of both the Research Committee on SS of the Ministry
of Health and Welfare of the Japanese Government (1999)
(26) and the American—European Consensus Group criteria
for SS (27).

All patients exhibited objective evidence of salivary
gland involvement based on the presence of subjective xero-
stomia and a decreased salivary flow rate, abnormal findings
on parotid sialography, and focal lymphocytic infiltrates in the
labial salivary glands (LSGs) and submandibular glands. All
patients with SS had primary SS with strong lymphocytic
infiltration in the LSGs, had no other autoimmune diseases,
and had never been treated with corticosteroids or any other
immunosuppressants. LSG biopsies were performed as de-
scribed by Greenspan et al (28). As controls, LSGs biopsy
specimens were obtained from 18 patients with mucoceles who
had no clinical or laboratory evidence of systemic autoimmune
disease. These control LSGs were all histologically normal.
Written informed consent was obtained from all patients and
healthy controls.

Histologic analysis of LSGs. Formalin-fixed and
paraffin-embedded sections (4 um) of LSG specimens were
prepared and stained with hematoxylin and eosin for con-
ventional histologic examinations. The degree of lymphocytic
infiltration in the specimens was judged by focus scoring
(28,29). One standardized score is the number of focal in-
flammatory cell aggregates containing 50 or more mono-
nuclear cells in each 4-mm? area of salivary gland tissue (30).
All of the patients with Mikulicz disease and patients with SS
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in this study had strong lymphocytic infiltration (focus scores of
10-12).

Immunohistochemical analysis of LSGs. For the im-
munohistochemical analysis of lymphocyte subsets, 4-pum
formalin-fixed and paraffin-embedded sections were prepared
and stained by a conventional avidin-biotin complex technique
as previously described (31). The mouse monoclonal anti-
bodies used to analyze lymphocyte subsets were anti-CD4
- (clone B12; MBL), anti-CD20 (clones L26 and M0755; Dako),
and anti-FoxP3 (clone mAbcam 22510; Abcam). The mouse
monoclonal antibody and rabbit polyclonal antibody used to
analyze IgG4-positive and IgG-positive plasma cells were
anti-IgG (A0423; Dako) and anti-IgG4 (The Binding Site).
HDP-1 (antidinitrophenyl [anti-DNP] IgG1) was used as a
control mouse monoclonal antibody. The polyclonal antibodies
used to analyze the cytokines were anti-IL-4 (clone ab9622),
anti-IL-10 (clone ab34843), anti-IFNy (clone ab9657) (all
from Abcam), and anti-IL-17 (clone sc-7927; Santa Cruz
Biotechnology). SS1 (anti-sheep erythrocyte IgG2a), NS8.1
(anti-sheep erythrocyte IgG2b), and NS4.1 (anti-sheep eryth-
rocyte IgM), were used as control rabbit polyclonal antibodies.
The mouse monoclonal antibodies used to analyze the chemo-
kines and chemokine receptors were anti-IP-10 (clone
ab73837; Abcam), anti-CXCR3 (clone ab64714; Abcam), anti—
thymus and activation—regulated chemokine (anti-TARC)
(54015; R&D Systems), anti-macrophage-derived chemo-
kine (anti-MDC) (57203; R&D Systems), and anti-CCR4
(MAB1567, R&D Systems). HDP-1 (anti-DNP IgG1l) was
used as a control mouse monoclonal antibody. The sections
were sequentially incubated with primary antibodies, bio-
tinylated anti-mouse IgG secondary antibodies (Vector Labo-
ratories), avidin-biotin-horseradish peroxidase complex
(Vector Laboratories), and 3,3'-diaminobenzidine (Vector
Laboratories). Mayer’s hematoxylin was used for counter-
staining. Photomicrographs were obtained using a light micro-
scope equipped with a digital camera (CoolSNAP; Photo-
metrics). Stained IgG4-positive cells and IgG-positive cells
were counted in 1-mm? sections from 5 different areas, and the
ratio of IgG4-positive cells to IgG-positive cells was calculated.

RNA extraction and complementary DNA (cDNA)
synthesis. Total RNA was prepared from the LSG specimens
by the acid guanidinium—phenol-chloroform method as previ-
ously described (32-34). Three micrograms of the total RNA
preparation was then used for the synthesis of cDNA. Briefly,
RNA was incubated for 1 hour at 42°C with 20 units of RNasin
ribonuclease inhibitor (Promega), 0.5 pg of oligo(dT),, 5
(Pharmacia), 0.5 mM of each dNTP (Pharmacia), 10 mM of
dithiothreitol, and 100 units of RNase H reverse transcriptase
(Life Technologies).

Quantitative estimation of messenger RNA (mRNA)
by real-time polymerase chain reaction (PCR). Quantitative
cDNA amplification was performed according to the recom-
mendations of the manufacturer and as previously described
(32-34). The cDNAs for the cytokines, chemokines, and
chemokine receptors were analyzed by real-time PCR using
LightCycler FastStart DNA Master SYBR Green 1 (Roche
Diagnostics) in a LightCycler real-time PCR instrument (ver-
sion 3.5; Roche Diagnostics). The cytokines, chemokines, and
chemokine receptors examined were IL-2, IFNvy, IL-12, IP-10,
CXCR3, IL-4, IL-5, TARC, MDC, CCR4, IL-10, transforming
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growth factor B (TGFp), FoxP3, IL-17, and IL-6. The markers
of lymphocytes examined were IgG and IgG4.

The primer sequences used were as follows: for S-actin
(260 bp), forward 5'-GCAAAGACCTG-TACGCCAAC-3/,
reverse 5'-CTAGAAGCATTTGCGGTGGA-3'; for CD36
(184 bp), forward 5'-GATGTCATTGCCACTCTGC-3', re-
verse 5'-ACTTGTTCCGAGCCCAGTT-3'; for IL-2 (416 bp),
forward 5'-ACTCACCAGGATGCTCACAT-3', reverse 5'-
AGGTAATCCATCTG-TTCAGA-3’; for IFNYy (355 bp), for-
ward 5-AGTTATATCTTGGCTTTTCA-3', reverse 5'-
ACCGAATAATTAGTCAGCTT-3'; for IL-4 (203 bp),
forward 5'-CTGCCTCCAAGAACACAACT-3', reverse 5'-
CACAGGACAGGAATTCAAGC-3'; for IL-5 (104 bp), for-
ward 5'-ATGAGGATGCTTCTGCATTTG-3', reverse 5'-
TCAACTTTCTATTATCCACTCG-3'; for IL-6 (115 bp),

HE

L3820

Figure 1. Selective infiltration of IgG4-positive plasma cells and
FoxP3-positive Treg cells in the labial salivary glands (LSGs) of
patients with Mikulicz disease (MD). Sections from the LSGs of a
representative patient with Sjogren’s syndrome (SS) and a represen-
tative patient with Mikulicz disease were immunostained with hema-
toxylin and eosin (H&E) (A and B) and anti-CD20 (C and D),
anti-IgG4 (E and F), and anti-FoxP3 (G and H) monoclonal antibod-
ies. Counterstaining with Mayer’s hematoxylin was subsequently per-
formed. Bars = 100 mm; original magnification X 100.
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Figure 2. Expression patterns of mRNA for cytokines, chemokines, and chemokine receptors in LSGs from controls, patients with SS, and patients
with Mikulicz disease. Levels of interferon-y (IFNv), interleukin-2 (IL-2), IL-12, IFNy-inducible 10-kd protein (IP-10), and CXCR3 (Thl type);
IL-4, IL-5, thymus and activation-regulated chemokine (TARC), macrophage-derived chemokine (MDC), and CCR4 (Th2 type); IL-10,
transforming growth factor B (TGFp), and FoxP3 (Treg cell type); and IL-6 and IL-17 (Th17 type) were quantitatively estimated as described in
Patients and Methods. Levels of mRNA in LSGs from SS patients and patients with Mikulicz disease were compared with those in control LSGs.
Bars show the mean + SD. # = P < 0.05; =+ = P < 0.01 by Mann-Whitney U test. See Figure 1 for other definitions.

forward 5'-GGCACTGGCAGAAAACAA-3’, reverse 5'-
CTCCAAAAGACCAGTGATGA-3'; for IL-10 (351 bp), for-
ward 5'-ATGCCCCAAGCTGAGAACCAA-3', reverse 5'-
TCTCAAGGGGCTGGGTCAGCTA-3'; for IL-12 (187 bp),
forward 5'-CCTGACCCACCCAAGAACTT-3', reverse 5'-
GTGGCTGAGGTCTTGTCCGT-3'; for IL-17 (186 bp), for-
ward 5'-GCAGGAATCACAATCCCAC-3', reverse 5'-
TCTCTCAGGGTCCTCATTGC-3'; for FoxP3 (207 bp),
forward 5'-CCCCTTGCCCCACTTACA-3', reverse 5'-
GCCACGTTGATCCCAGGT-3'; for TGFB (142 bp), for-
ward 5'-GCCCCTACATTTGGAGCCTG-3’, reverse 5'-
TTGCGGCCCACGTAGTACAC-3'; for IgG (129 bp),
forward 5'-CAAGTGCAAGGTCTCCAACA-3', reverse 5'-
TGGTTCTTGGTCAGCTCATC-3'; for IgG4 (132 bp), for-
ward 5-ACTCTACTCCCTCAGCAGCG-3', reverse 5'-
GGGGGACCATATTTGGAC-3’; for IP-10 (288 bp), forward
5'-CCTTAAAACCAGAGGGGAGC-3', reverse 5'-AG-
CAGGGTCAGAACATCCAC-3’; for CXCR3 (184 bp), for-
ward 5'-CTGGTGGTGCTGGTGGACAT-3’', reverse 5'-
AGAGCAGCATCCACATCCG-3'; for MDC (253 bp),
forward 5'-CGCGTGGTGAAACACTTCTA-3', reverse 5'-
GAATGCAGAGAGTTGGCACA-3’; for TARC (140 bp),
forward 5'-TAGAAAGCTGAAGACGTGGT-3, reverse 5'-

GGCTTTGCAGGTATTTAACT-3'; for CCR4 (214 bp), for-
ward 5'-GTGCTCTGCCAATACTGTGG-3', reverse 5'-
CTTCCTCCTGACACTGGCTC-3'; and for CD3a (184 bp),
forward 5'-GATGTCATTGCCACTCTGC-3', reverse 5'-
ACTTGTTCCGAGCCCAGTT-3".

In order to provide a meaningful comparison between
different individuals or samples, we calculated the relative
amounts of the PCR products of these molecules to the
amounts of the PCR products of CD38 (for the standardiza-
tion of T cell mRNA) or the PCR products of B-actin (for the
standardization of total cellular mRNA) in each sample, as
previously described (22,23,35,36). The CD38 PCR product
levels were used for T cell-specific molecules, such as IL-2,
IL-5, IL-12, and IFNvy, while the B-actin PCR product levels
were used for T cell-nonspecific molecules, such as IL-4, IL-6,
IL-10, IL-17, and chemokines, which were produced by a
variety of cell types.

Statistical analysis. The statistical significance of the
differences between the groups was determined by the Mann-
Whitney U test and Spearman’s rank correlation. All statistical
analyses in this study were performed using JMP software,
version 8 (SAS Institute). P values less than 0.05 were consid-
ered significant.
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Figure 3. Expression of interleukin-10 (IL-10), IL-4, interferon-y
(IFNy), and IL-17 in LSG specimens from patients with SS and
patients with Mikulicz disease. 11-10 and IL-4 were prominently
expressed around the germinal centers in LSG specimens from pa-
tients with Mikulicz disease. Sections from LSGs of a representative
patient with SS and a representative patient with Mikulicz disease were
immunostained with anti-IL-10 (A and B), anti-IL-4 (C and D),
anti-IFNy (E and F), and anti-IL-17 (G and H) polyclonal antibodies.
Counterstaining with Mayer’s hematoxylin was subsequently per-
formed. Arrows indicate key features of infiltrating cells. Bars = 50
mm; original magnification X 400. See Figure 1 for other definitions.

RESULTS

Results of histologic analysis of lymphocyte sub-
sets in the LSGs. Representative sections showing his-
tologic findings and lymphocyte subsets in LSG speci-
mens from patients with Mikulicz disease and patients
with SS are shown in Figure 1. Specimens from patients
with SS showed lymphocytic infiltration of various sub-
sets with atrophy or severe destruction of the acini, while

TANAKA ET AL

specimens from patients with Mikulicz disease showed
selective infiltration of IgG4-positive plasma cells and
FoxP3-positive Treg cells around the acinar and ductal
cells with a lot of lymphoid follicles and mild destruction
of the acini.

0

CXOR3

TARC

M

CORA

Figure 4. Expression of interferon-y-inducible 10-kd protein (IP-10),
CXCR3, thymus and activation-regulated chemokine (TARC),
macrophage-derived chemokine (MDC), and CCR4 in LSG specimens
from patients with SS and patients with Mikulicz disease. TARC and
MDC were strongly expressed around the germinal centers in LSG
specimens from patients with Mikulicz disease. Sections from LSGs of
a representative patient with SS and a representative patient with
Mikulicz disease were immunostained with anti~IP-10 (A and B),
anti-CXCR3 (€ and D), anti-TARC (E and F), anti-MDC (G and H),
and anti-CCR4 (I and J) monoclonal antibodies. Counterstaining with
Mayer’s hematoxylin was subsequently performed. Arrows indicate key
features of infiltrating cells. Bars = 50 mm; original magnification X
400. See Figure 1 for other definitions.
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Figure 5. Correlation of the production of IgG4 with the production of interleukin-4 (IL-4), TL-10, and FoxP3 in LSGs from patients with Mikulicz
disease. A, Correlations between the ratio of IgG4 mRNA to IgG mRNA and the expression of mRNA for IL-4, IL-10, and FoxP3 in LSGs from
patients with SS, patients with Mikulicz disease, and healthy controls. Real-time polymerase chain reaction products for IL-4, IL-10, FoxP3, IgG,
and IgG4 were quantitatively estimated as described in Patients and Methods. The ratio was calculated as IgG4-positive cells (%) = IgG4-positive
cells/IgG-positive cells X 100. The counts were obtained in 1-mm?® sections from 5 different areas. B, Correlations between the frequencies of
IgG4-positive cells and the expression of mRNA for IL-4, IL-10, and FoxP3 in LSGs from patients with Mikulicz disease. * = P < 0.05 by Spearman’s
rank correlation. NS = not significant (see Figure 1 for other definitions).
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Expression of mRNA for cytokines, chemokines,
and chemokine receptors in the LSGs. In order to
compare the expression of mRNA for cytokines, chemo-
kines, and chemokine receptors in LSGs from patients
with Mikulicz disease and L.SGs from patients with SS,
the relative expression compared to CD38 was estimated
and compared for cytokines and chemokine receptors
primarily expressed by T cells, and the relative expres-
sion compared to B-actin was estimated for cytokines
and chemokines produced by a variety of cell types.

The expression of mRNA for IFNvy, IL-12, IP-10,
CXCR3, IL-4, TARC, MDC, CCR4, IL-10, IL-17, and
IL-6 in LSGs from SS patients were higher than those in
control LSGs (Figure 2). The expression of mRNA for
IL-4, IL-5, TARC, MDC, CCR4, IL-10, TGFB, and
FoxP3 in LSGs from patients with Mikulicz disease were
higher than those in control LSGs (Figure 2). In addi-
tion, the levels of expression of mRNA for IL-4, IL-5,
IL-10, TGFB, and FoxP3 in LSGs from patients with
Mikulicz disease were higher than in LSGs from patients
with SS (Figure 2).

Protein levels of cytokines, chemokines, and
chemokine receptors in the LSGs. The specimens were
immunohistochemically examined to evaluate the distri-
butions of these proteins in LSGs from patients with SS
and patients with Mikulicz disease. The Thil-type cyto-
kine IFN+vy and Th17-type cytokine IL-17 were strongly
expressed and detected in and around the ductal epithe-
lial cells in LSGs from SS patients only (Figures 3E and
G). Although IL-10 and IL-4 were detected in LSGs
from both patients with Mikulicz disease and patients
with SS, they were prominently expressed around ger-
minal centers in LSGs from Mikulicz disease patients
but not in LSGs from SS patients (Figures 3B and D). In
LSGs from patients with SS, IP-10 and CXCR3 were
detected in a higher number of infiltrating lymphocytes
than in LSGs from patients with Mikulicz disease (Fig-
ures 4A and C). In LSGs from patients with Mikulicz
disease, TARC -and MDC were strongly expressed,
especially around germinal centers (Figures 4F and H).
In LSGs from both patients with SS and patients with
Mikulicz disease, CCR4 was detected in high numbers of
infiltrating lymphocytes (Figures 41 and J).

Relationship between IgG4 production and cyto-
kine expression in the LSGs. The relationships between
IgG4 production and the expression of mRNA for IL-4,
IL-10, and FoxP3 in the LSGs were examined. These
molecules were all positively correlated with the ratio of
IgG4 mRNA to IgG mRNA in LSGs from patients with
Mikulicz disease, but no relationships were confirmed in
those from SS patients (Figure 5A). Furthermore, IL-10
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mRNA and FoxP3 mRNA in LESGs from patients
with Mikulicz disease were correlated with the ratio of
IgG4 to IgG in immunohistochemically positive cells
(Figure 5B).

DISCUSSION

Mikulicz disease presents with bilateral and per-
sistent swelling of the lacrimal and salivary glands, and
it has been considered to be part of primary SS or
a subtype of primary SS since the findings by Morgan
and Castleman were published in 1953 (37). How-
ever, Yamamoto et al (38,39) reported differences in
the clinical and histopathologic findings between Miku-
licz disease and SS. Serologically, Mikulicz disease pa-
tients show hypergammaglobulinemia, hypocomplement-
emia, and high levels of serum IgG4, but are negative
for anti-SSA and anti-SSB antibodies. Immunohistologic
analysis of samples from patients with Mikulicz disease
revealed the selective infiltration of IgG4-positive plasma
cells, which was not observed near acinar and ductal
cells. In contrast, similar specimens from SS patients
showed no IgG4-positive plasma cells (38,39). In this
study, samples from patients with Mikulicz disease showed
selective infiltration of IgG4-positive plasma cells and
FoxP3-positive cells around acinar and ductal cells with
mild destruction of the acini, while samples from pa-
tients with SS showed no infiltration of IgG4-positive
plasma cells and FoxP3-positive cells, and had atrophy
or severe destruction of acini (Figure 1).

In order to examine the differences in infiltrating
lymphocytes between LSGs from patients with SS and
LSGs from patients with Mikulicz disease, we analyzed
the levels of cytokines, chemokines, and chemokine re-
ceptors. The levels of Thl-, Th2-, and Th17-type mole-
cules in LSGs from SS patients were significantly higher
than those in LSGs from controls. The levels of Th2 and
Treg-type molecules in LSGs from patients with Miku-
licz disease were significantly higher than those in LSGs
from controls. Furthermore, immunohistochemical
staining indicated that IFNvy and IL-17 were strongly
detected in and around ductal epithelial cells in LSGs
from SS patients only, while IL-4 and IL-10 were de-
tected in LSGs from both patients with SS and patients
with Mikulicz disease. In particular, these cytokines were
prominently expressed around germinal centers in spec-
imens from patients with Mikulicz disease but not in
specimens from patients with SS.

It is generally accepted that CD4+ Th cells play
a crucial role in the pathogenesis of SS. Several studies
of autoimmune diseases have demonstrated pathoge-

— 346 —



Th2, REGULATORY IMMUNE REACTIONS, AND IgG4 IN MIKULICZ DISEASE 261

netic roles for Thl cells and the possible protective role
for Th2 cells (40,41). Our previous studies of SS sug-
gested that the mutual stimulation of Thl cells and their
target organs via the production of various cytokines
plays a key role in the induction and maintenance of SS
and results in the eventual destruction of the target
organ (22,42,43). Subsequently, additional Th2 cells
then stimulate B cells to differentiate, proliferate, and
produce immunoglobulins and, thus, play a role in the
lymphoaggressiveness of SS. Regarding the possible
roles of Th2 cells in the induction of B cell abnormali-
ties, these cells might have an important association with
the progression of SS. In contract, Zen et al (25)
reported that autoimmune pancreatocholangitis, an
IgG4-related disease, is characterized by immune reac-
tions that are predominantly mediated by Th2 cells and
Treg cells.

The results of the present study concerning the
levels of cytokines, chemokines, and chemokine recep-
tors in the LSGs are consistent with the model of SS and
Mikulicz disease as distinct diseases. Immunohistochem-
ical staining indicated that MDC and TARC were
detectable in and around the ductal epithelial cells and
germinal centers, while CCR4 was expressed on the
infiltrating lymphocytes in the LSGs in both SS patients
and patients with Mikulicz disease. The interactions of
CCR4 with MDC and TARC are suggested to play a
critical role in the accumulation of Th2 cells and,
consequently, the progression of SS and Mikulicz dis-
ease. TARC and MDC are natural ligands for CCR4 on
Th2 cells (44,45). In contrast, IP-10 was detected in and
around the ductal epithelial cells, while CXCR3 was
expressed on the infiltrating lymphocytes in the LSGs in
SS patients only. IP-10 is a natural ligand for CXCR3 on
Th1 cells (15).

It is well known that allergic immune responses
are the development of allergen-specific Th2-type cyto-
kines IL-4 and IL-13, which are responsible for IgG4 and
IgE induced by B cells (46). In our previous studies, we
demonstrated that Th2 immune reactions contributed to
Mikulicz disease and IgG4-related tubulointerstitial ne-
phritis (23,24,35). The expression profile of cytokines
demonstrated in this study suggested that Mikulicz
disease was characterized by an intense expression of
Th2 and regulatory cytokines (Figure 2). In addition,
recent studies have shown that class switching of IgG4 is
caused by costimulation with IL-4 and IL-10, and that
IL-10 decreased IL-4-induced IgE switching but ele-
vated IL-4-induced IgG4 production (47).

Treg cells exert their effects through the modu-
lation of both T and B cell responses, and two subsets of
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Figure 6. Schematic model of the mechanisms underlying IgG4 pro-

duction. TARC = thymus and activation-regulated chemokine;

MDC = macrophage-derived chemokine; IL-10 = interleukin-10.

Treg cells, CD4+CD25+FoxP3+ Treg cells (48) and
IL-10-producing Tr1 cells (49), are crucial in regulating
effector T cell function. CD4+CD25+FoxP3+ Treg
cells are known to affect the pathogenesis of cases of
autoimmune hepatitis and primary biliary cirrhosis (50).
Miyoshi et al (51) showed a positive correlation between
the number of mature Treg cells (CD4+CD25"&" Treg
cells) and IgG4. These results indicated that increased
numbers of CD4+CD25" Treg cells may influence
IgG4 production in autoimmune pancreatocholangitis,
whereas decreased numbers of naive Treg cells
(CD4+CD25+CD45RA+) may be involved in the
pathogenesis of the disease (51). Therefore, we exam-
ined the relationships between IgG4 and IL-4, IL-10,
and FoxP3.

We found that IL-4, IL-10, and FoxP3 were
positively correlated with the ratio of IgG4 mRNA to
IgG mRNA in samples from patients with Mikulicz
disease analyzed by real-time PCR and comparison with
the IgG4 to IgG ratio of immunohistochemically positive
cells. In particular, IL-10 and FoxP3 levels were strongly
correlated with IgG4 production. These results sug-
gested that Th2 and Treg cells might be involved in the
pathogenesis of Mikulicz disease. The findings of the
present study provided additional support for the model
of Mikulicz disease as distinct from SS (Figure 6).
However, accumulation of case reports and further
examinations are required to elucidate the pathogenesis
of the disease.

In this study, we clarified the pathogenesis of
Mikuli¢cz disease and found that it is a unique IgG4-
related disease, characterized by Th2 and regulatory
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immune reactions, which apparently differs from SS. A
more thorough understanding of the complex mecha-
nisms of the disease might lead to pharmacologic strat-
egies to interrupt the interactions between chemokines
and chemokine receptors or to disrupt the cytokine
network as a further means of inhibiting the initiation
and/or progression of Mikulicz disease.
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