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Background:Humoral immunity against the protease inhibitor serpin B13 is associated with partial protection from type 1
diabetes.
Results:Anti-serpin B13 antibodies up-regulate the cleavage of CD4 andCD19molecules in lymphocytes residing in pancreatic
islets and lymph nodes.
Conclusion: Antibodies prevent serpin B13 from neutralizing proteases, thereby impairing leukocyte function.
Significance: Enhancement of humoral immunity against serpin B13 should impede the progression of pathologic changes in
type 1 diabetes.

Secretion of anti-serpin B13 autoantibodies in young diabe-
tes-prone nonobese diabetic mice is associated with reduced
inflammation in pancreatic islets and a slower progression to
autoimmune diabetes. Injection of these mice with a monoclo-
nal antibody (mAb) against serpin B13 also leads to fewer
inflammatory cells in the islets and more rapid recovery from
recent-onset diabetes. The exact mechanism by which anti-ser-
pin activity is protective remains unclear. We found that serpin
B13 is expressed in the exocrine component of the mouse pan-
creas, including the ductal cells. We also found that anti-serpin
B13 mAb blocked the inhibitory activity of serpin B13,
thereby allowing partial preservation of the function of its
target protease. Consistent with the hypothesis that anti-clade
B serpin activity blocks the serpin from binding, exposure to
exogenous anti-serpin B13mAb or endogenous anti-serpin B13
autoantibodies resulted in cleavage of the surface molecules
CD4 and CD19 in lymphocytes that accumulated in the pancre-
atic islets and pancreatic lymph nodes but not in the inguinal
lymph nodes. This cleavage was inhibited by an E64 protease
inhibitor. Consequently, T cells with the truncated form of CD4
secreted reduced levels of interferon-�. We conclude that anti-
serpin antibodies prevent serpin B13 from neutralizing pro-
teases, thereby impairing leukocyte function and reducing the
severity of autoimmune inflammation.

The balance between proteases and their inhibitors is vital to
the survival of multicellular organisms (1). Enhanced protease
activity impacts negatively on homeostasis by up-regulating the
cleavage of native proteins into short peptides and increasing

their presentation to autoreactive T cells (2). Proteases can also
influence many other processes, including tissue remodeling
and resolution of inflammation (3, 4), suggesting that their
activity is not always pathogenic. Given the critical role of pro-
tease activity during formation of autoimmune inflammation
(2, 5, 6), it is not surprising that proteases are modulated by a
number of inhibitors, including B clade molecules, also known
as ov-serpins (7, 8). The inhibitory activity of these serpins may
in turn be regulated. For example, the cofactor heparin mark-
edly enhances the ability of ov-serpins SCCA-1 and SCCA-2 to
neutralize their target protease (9).
Recently, we found that young diabetes-prone nonobese

(NOD)2 mice (10, 11) secrete autoantibodies against a member
of the clade B family called serpin B13 (12–14) and that this
response is associated with protection from early-onset auto-
immune diabetes (15). Because autoantibodies that interfere
with enzyme cascade activities have been described in several
pathologic conditions (16–19), we aimed to address whether
anti-serpin B13 autoantibodies actively protect from autoim-
mune diabetes by regulating the balance between this serpin
and its protease targets. Using a monoclonal antibody against
serpin B13 as a model, we found that humoral activity against
this serpin partially preserves the function of proteases and
causes enhanced cleavage of lymphocyte surface molecules.
Our data also show that it is likely that natural anti-serpin
autoantibodies act in a fashion similar to that described for
monoclonal antibody during months preceding the develop-
ment of autoimmune diabetes. Ultimately, this response may
interfere with the normal function of inflammatory cells in the
pancreatic tissue and contribute to slower progression of
pathologic changes in autoimmune diabetes.

EXPERIMENTAL PROCEDURES

Mice—The NOD/LtJ and BDC2.5 T cell receptor (TCR)
transgenic NOD mice were purchased from the Jackson Labo-

* This work was supported by a Diabetes Endocrinology Research Center
grant (to J. C.) and a Translational and Interdisciplinary Research pilot grant
from Yale University (to J. C. and O. H.).

□S This article contains supplemental Figs. S1–S3.
1 To whom correspondence should be addressed: Dept. of Pathology and

Laboratory Medicine, University of Rochester, 601 Elmwood Ave., Roches-
ter, NY 14692. Tel.: 585-275-2340; Fax: 585-273-1027; E-mail: jan_czyzyk@
URMC.rochester.edu.

2 The abbreviations used are: NOD, nonobese; TCR, T cell receptor; mAb,
monoclonal antibody; PE, phycoerythrin; PLN, pancreatic lymph node.

THE JOURNAL OF BIOLOGICAL CHEMISTRY VOL. 288, NO. 3, pp. 1612–1619, January 18, 2013
© 2013 by The American Society for Biochemistry and Molecular Biology, Inc. Published in the U.S.A.

1612 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 288 • NUMBER 3 • JANUARY 18, 2013

http://www.jbc.org/cgi/content/full/M112.409664/DC1


ratory (Bar Harbor, ME) and were used to study the effects of
treatment with anti-serpin B13 monoclonal antibody (mAb).
TheUniversity Committee onAnimal Resources at theUniver-
sity of Rochester approved all mouse experiments.
Antibodies—FITC-conjugated mAbs were used against

CD19 (clone 1D3) and the V�4 TCR chain (clone KT4); phyco-
erythrin (PE)-conjugated mAbs were used against B220 (clone
RA3-6B2), CD4 (clone RM4-5), TCR (H57-597), and leukocyte
common antigen (clone 30-F11) (BDBiosciences); and allophy-
cocyanin-conjugated mAb was used against IFN-� (clone
XMG1.2). AmAb against serpin B13 (clone B29) was produced
in our laboratory as described previously (15).
Reagents—Bis(carboxybenzyl-L-phenylalanyl-L-arginine amide))-

rhodamine 110 was purchased from Invitrogen. E64, an irreversi-
ble, potent, and selective inhibitor of cysteine proteases, was
obtained from Sigma. E64-d, a cell permeable inhibitor, was from
Enzo Life Sciences. BDC2.5 mimotope (RTRPLWVRME) was
synthesized at the Keck Facility of the Yale University School of
Medicine. Recombinant mouse CD4 was from Sino Biological
Inc. Purifiedmouse serpinB13 expressed in the baculovirus and
Escherichia coli were obtained from GenScript. Purified kera-
tin-19 was from Abcam.
Treatment of NOD/LtJ Mice with Anti-serpin B13 mAb and

Protease Inhibitor—Four-week-old female NOD/LtJ mice were
injected intravenously four times over a period of 10 days with
anti-serpin B13mAb (100�g/injection). In addition, during the
same period, some animals were also injected intraperitoneally
with the protease inhibitor E64 at 10mg/kg/day for several days
(20). Control mice were treated with diluent (a sterilized PBS
solution containing 10% dimethyl sulfoxide) and control IgG.
The solutions containing E64 or dimethyl sulfoxide were pre-
pared immediately before use. Twenty-four hours after the last
injection, the mice were killed, and cells from their lymphoid
organs and pancreatic islets were subjected to FACS analysis.
Luminex Assay—Luminex-based technology was used to

measure the serum-binding activity of serpin B13 exactly as
described previously (15).
ELISA—The Quantikine immunoassay (R&D Systems) was

used to measure IFN-� concentration according to the manu-
facturer’s recommendations.
Preparation of CD4 T Cells and Antigen-presenting Cells—

CD4 T cells were isolated by sorting as described in the legend
to Fig. 5. T cell-depleted antigen-presenting cells were prepared
by Ab-mediated complement lysis of NOD splenocytes. Briefly,
spleen cells were depleted of erythrocytes by centrifugation on
a lymphocyte separationmedium (MPBiomedicals, Solon,OH)
and incubated first with a mixture of anti-Thy1 (Tyr-19), anti-
CD8 (TIB-105), and anti-CD4 (GK1.5) mAbs and then with
low-toxicity rabbit complement and 50 �g/ml mitomycin C
(Sigma). The purity of the antigen-presenting cells was 90–95%
as determined by staining with anti-MHC class II mAb.
Immunochemistry—The pancreases were embedded in an

optimal cutting temperature medium, instantly frozen in a dry
ice/2-methylbutane bath, and then cut into 5-�m sections. To
detect glucagon, tissue sections were stained with purified rab-
bit anti-mouse glucagon IgG (1:50; Thermo Fisher Scientific),
followed by a secondary antibody, Alexa Fluor 488-conjugated
goat anti-rabbit IgG (1:200; Invitrogen). To detect CD31, FITC-

conjugated rat anti-mouse CD31mAb (1:100; BD Pharmingen)
was used. To detect keratin-19, purified rabbit anti-mouse ker-
atin-19 IgG (1:200; US Biological) was used, followed by a sec-
ondary antibody, Alexa Fluor 488-conjugated goat anti-rabbit
IgG (1:200). To detect serpin B13, purified mouse anti-serpin
B13 mAb (1:1000; final concentration of 3 �g/ml) was used,
followed by a secondary antibody, Alexa Fluor 568-conjugated
goat anti-mouse IgG (1:200; Invitrogen). The sections were
viewed through n Nikon Eclipse 50i immunofluorescence
microscope fitted with a SPOT digital camera using the SPOT
advanced program (Diagnostic Instruments, Inc.). The images
were captured with a 20 � 0.5 NA or 10 � 0.25 NA objective
and processed using Adobe Photoshop (version 7.0).
Western Blots—To verify the expression of His-tagged pro-

teins, including clade B serpins, 293T cell transfectants were
lysed in buffer containing 1% Nonidet P-40, 150 mM NaCl, 50
mM Tris (pH 7.4), 1 mM Na3VO4, 1 mM phenylmethylsulfonyl
fluoride, andacommercialprotease inhibitor (RocheDiagnostics).
Protein samples from precleared cell lysates were fractionated
under reducing conditions on a 9% SDS-polyacrylamide gel. After
electrophoresis, the proteins were electroblotted onto nitrocel-
lulose membranes (Bio-Rad), blocked with 5% nonfat dry milk,
and probed with rabbit anti-His6 antibody (1 �g/ml) or anti-
serpin B13 mAb (1 �g/ml), followed by HRP-linked protein A
(1:2000; Sigma) and goat anti-mouse secondary antibody
(1:10,000; GE Healthcare), respectively. To determine the level
of expression of CD19, B cells were isolated from the pancreatic
lymph nodes (PLNs) and processed using methods similar to
those used for 293T cell transfectants. The blots were stained
with rabbit anti-CD19 polyclonal IgG (4 �g/ml; M-20, Santa
Cruz Biotechnology), followed by HRP-linked protein A
(1:2000). To determine the level of expression of CD4, T cells
were isolated from the PLNs by sorting and lysed as described
above. The blots were then stained with two different antibod-
ies against CD4: 1) C-18 (Santa Cruz Biotechnology), a goat
polyclonal IgG (1:1000), followed by HRP-conjugated donkey
anti-goat polyclonal IgG (1:1000); and 2) J15 (1:100; Santa Cruz
Biotechnology), a ratmonoclonal IgG, followed by goat anti-rat
polyclonal IgG (1:10,000). The immunoblots were developed
using an enhanced chemiluminescence detection system
(Amersham Biosciences).
Measurement of Substrate Cleavage by Cathepsin—Cathep-

sin L (final dilution of 1:5000; Calbiochem) was incubated in an
appropriate buffer (50mM sodium acetate (pH 5.5), 4mMDTT,
and 1 mM EDTA) at 25 °C for 45 min either alone or in the
presence of purified serpin B13 (final concentration of 1.5
�g/ml; GenScript).We also added anti-serpin B13mAbor con-
trol IgG (final concentration of 10 ng/ml) to the two reaction
mixtures. The cleavage by cathepsin L in vitro was determined
by adding the fluorescent substrate (carboxybenzyl-Phe-Arg)2-
rhodamine 110 (final concentration of 1 �M) and measuring its
rate of hydrolysis over time using a FLUOstar OPTIMAmicro-
plate reader.Thehydrolysiswas followedbymeasuring the fluo-
rescence of the cleaved substrate every 20 s for 20min. The data
are presented as -fold induction of the peak fluorescence value
over the background with the substrate alone. To assay cathe-
psin-mediated hydrolysis in the tissue, the pancreases were
digested using collagenase P/DNase I (Roche Applied Science)
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and homogenized using a VWRTM pellet mixer (VWR Interna-
tional) in the cell lysis buffer that was supplied with the cathep-
sin L activity assay kit (BioVision). The lysates were incubated
with substrate labeled with amino-4-trifluoromethylcoumarin.
The amino-4-trifluoromethylcoumarin cleaved by cathepsin L
was read using a Synergy MX fluorescence microplate reader
(BioTek) at excitation and emission wavelengths of 400 and 505
nm, respectively. Protein concentration was measured using a
BCA protein assay in all samples to normalize that data.
Isolation of Islets and Pancreatic Tissue—Pancreatic islets

were isolatedusing the collagenase/DNase I digestionmethodand
handpicked under a stereomicroscope. Islet cell suspensions were
obtained by treating the islets with Cellstripper buffer (Invitrogen
catalog no. 25-056-Cl) for 5min at 37 °C.We used 100�l of tissue
digest to analyze protease activity in the pancreas.
Statistics—Statistical analyses were performed using the t

test (see Figs. 2C and 6) and a one-way analysis of variance test
(see Figs. 2B, 3, and 4 and supplemental Fig. S3). A p value
�0.05 was used to indicate significance. Data are presented as
means � S.D.

RESULTS

Serpin B13 Is Expressed in the Pancreas—Previous analysis
revealed that serpin B13 is expressed in the pancreas, although
the exact tissue compartment in which it is likely to be found

remained unclear (15). To identify this compartment, we
stained frozen sections of NOD pancreatic tissue using a mAb
that was produced in our laboratory (15).We found that a small
amount of serpin B13 was expressed in the pancreatic islets
(Fig. 1A), but amuch larger amount was present in the exocrine
pancreas. Specifically, keratin-19-positive ductal cells were
more deeply stained with anti-serpin B13 mAb compared with
the acini (Fig. 1, A–C). Of note, this pattern of staining did not
appear to be due to the cross-reactivity of our anti-serpin mAb
because it failed to stain purified keratin-19 (supplemental Fig.
S1). We also observed a strong induction of serpin B13 in the
pancreas during the first few weeks of life (Fig. 1D). This early
expression pattern may be responsible, in part, for the genera-
tion of a humoral response to serpin B13 in young NOD mice
(15).
Anti-serpin B13 mAb Influences Protease(s) in the Pancreatic

Tissue—We hypothesized that anti-serpin B13 autoantibody
might influence the development of pathologic changes in the
islets directly by binding to serpin B13 and by changing the
ability of proteases to cleave their substrates. Initial support for
this hypothesis was provided through our finding that the ser-
pin B13 produced in 293T or insect cells was a better target for
autoantibodies than the serpin B13 purified from bacteria (Fig.
2A). Although the concentration of serpin B13 in the 293T cell

FIGURE 1. Expression of serpin B13 in the pancreas. Shown is the costaining of frozen pancreatic sections obtained from 6-week-old NOD mouse with
anti-serpin B13 mAb and antibodies directed against glucagon (A), CD31 (B), and keratin-19 (C). Staining with the isotype control IgG2b failed to produce the
pattern seen with anti-serpin B13 mAb (A, left panel). D, time course of serpin B13 expression at a young age. Pancreases from 4-, 14-, and 21-day-old NOD mice
were stained with mAbs against serpin B13 (upper panels) and keratin-19 (lower panels). Scale bars � 50 �m (A and D) and 100 �m (B and C).
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lysate appeared to be much lower compared with the purified
serpin B13 (Fig. 2A, right panel), we adjusted for this difference
during loading of the Luminex beads with antigen by using a
larger volume of the cell lysate, i.e. 2 ml versus 100 �l of the
purified form. Together, the data shown in Fig. 2A suggest that
anti-serpin B13 autoantibodies mainly recognize properly
folded or post-translationally modified epitopes and thus may
neutralize the inhibitory effect of ov-serpins on their protease
targets. Consistent with this finding, we determined that, in
vitro, anti-serpin B13mAb partially prevented cathepsin L-me-
diated cleavage of the fluorescent substrate (carboxybenzyl-
Phe-Arg)2-rhodamine 110 from inhibition by serpin B13 that
was produced in inset cells (Fig. 2B).
To gain additional insight into the effect of anti-serpin activ-

ity on proteases in vivo, we injected young NOD mice with
anti-serpin B13 mAb and analyzed the function of cathepsin L
in pancreatic tissue. Consistently with the in vitro observations,
we found that cathepsin L was enhanced in the pancreases of
mice that received anti-serpin B13 mAb (Fig. 2C).
Both Monoclonal Antibody and Natural Autoantibodies

against SerpinB13Up-regulateCleavage of Lymphocyte Surface
Molecules in the Pancreas—It is possible that enhanced prote-
olysis results in injury to leukocytes accumulating in the endo-
crine compartment of the pancreas and helps limit the inflam-
matory response in that compartment. Therefore, we looked
for markers of antibody-enhanced proteolysis that could
explain reduced inflammation. The initial in vitro screen
revealed that exposure of mouse splenocytes to cathepsin L

resulted in a partial or complete loss (due to the cleavage) of
several important surface lymphocyte markers, including CD4
and CD19, but had only a minimal effect on other surface mol-
ecules (supplemental Fig. S2). This provided a rationale to study
the expression profiles of CD4 and CD19 in greater detail in
NODmice treated with anti-serpin B13 mAb. We found that a
broad spectrum of expression of CD4 and CD19 exists in both
the islets and PLNs and that anti-serpin B13 mAb exposure
caused a significant shift that favored cells expressing low-to-
intermediate amounts of thesemarkers. However, this shift was
abolished in animals that received anti-serpin B13 mAb in the
presence of the protease inhibitor E64 (Fig. 3, A and B), which
maintained its blocking activity under the experimental condi-
tions used (supplemental Fig. S3). These changeswere observed
in the pancreas and PLNs but not in the distant lymphoid
organs (e.g. inguinal lymphnodes). Together, these data suggest
that the protease activity is important for anti-serpin antibodies
to cause the shift toward cells expressing low levels of CD4 and
CD19.
It is possible that the effects of anti-serpin B13 mAb do not

exactly reflect the effects of elevated levels of natural anti-serpin
B13 autoantibodies. To address this problem, we compared
NODmice with distinct levels of anti-serpin B13 autoantibod-
ies. We found that young animals with high levels of endoge-
nous anti-serpin B13 autoantibodies (SBAhigh) had a markedly
reduced population of islet-associated CD4high cells compared
with animals with low levels of these autoantibodies (SBAlow).
The number of islet-associated CD4high cells did not decrease,

FIGURE 2. Effect of anti-serpin B13 mAb on protease targets. A, serum-binding activity of serpin B13 in NOD mice isolated from different sources. Left panel,
serum samples that were positive (S1–S3; n � 3) or negative (S4–S6; n � 3) for binding to serpin B13 produced in 293T cells were analyzed to determine the
binding characteristics of this molecule produced in insect cells and E. coli as indicated. The assay was performed exactly as described previously (15), and data
are expressed as -fold induction and represent the total -fold induction minus the -fold induction due to serum-binding activity in the presence of beads
precoated with a control lysate (293T cells transfected with GFP). Luminex beads were loaded with 10 –20 �g of purified protein or 1–2 ml of cell lysates. Right
panel, Western blot analysis of purified proteins (0.5 �g of protein/lane in the first and second lanes) or cell lysates corresponding to 293T cells transfected with
serpin B13 or GFP (50 �l of cell lysate/lane in the third and fourth lanes) that were used to perform the serum-binding activity assay depicted in the left panel.
The blot was stained with anti-His6 polyclonal antibody. B, left panel, cleavage of the (carboxybenzyl-Phe-Arg)2-rhodamine 110 ((CBZ-Phe-Arg)2-R110) substrate
by cathepsin L (Cat L) in the presence of serpin B13 produced in insects and anti-serpin B13 mAb as indicated. Data are expressed as -fold induction of maximum
fluorescence over the background (which was measured in the presence of the substrate alone). The average of three experiments described is shown. Right
panel, Western blot analysis of serpin B13 staining with mAb raised against mouse serpin B13. The lysates of 293T cells transfected with either an empty vector
(lane 1) or mouse serpin B13 (lane 2) were analyzed. N.S., not significant. C, in vivo effect of anti-serpin B13 mAb on cathepsin L in the pancreases of female NOD
mice treated with anti-serpin B13 mAb (n � 4) or control IgG (n � 4). Four-week-old animals were injected four times intravenously (100 �g/injection) over a
10-day period. Representative analysis is depicted in the left panel, and results from three independent experiments are summarized in the right panel. The error
bars indicate S.D. FU, fluorescence units.
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however, in SBAhigh mice that received the protease inhibitor
E64 (Fig. 4). This observation suggests that natural anti-serpin
autoantibodies regulate proteases in vivo in a fashion similar to
that described for anti-serpin B13 mAb.
To verify that the considerably reduced levels of CD19 on the

cell surface are a sign of degradation, we performed a Western
blot analysis of CD19 in B220�/CD19� B cells isolated from
inguinal lymph nodes and from PLN B cells expressing either
high or low amounts of CD19. The B220�/CD19� B cells iso-
lated from the inguinal lymph nodes (R1) expressed only the
non-degraded form of CD19, whereas the B220�/CD19� B
cells isolated from the PLNs (R2) contained both the degraded
and non-degraded (cleaved) forms of CD19. The B220�/
CD19low cells from the PLNs (R3) had no intact CD19 mole-
cules; in fact, CD19 molecules were quantitatively and qualita-
tively more severely degraded in the B220�/CD19low cells
compared with the B220�/CD19high cells (Fig. 5A). We also
isolatedT cells from the PLNs based on their limited expression
of CD4 (R3). These cells underwent Western blot analysis and
then stainingwith one antibody that recognizes an extracellular
domain of CD4 and another that recognizes an intracellular
domain of CD4 (Fig. 5B). The extracellular domain was not
detected in the isolated T cells (R3), but the stain for the intra-
cellular domain was positive, indicating that these cells do
express CD4. Thus, our findings demonstrate that B220�/
CD19low B cells andCD4low T cells accumulate in the PLNs and
pancreatic islets in response to anti-serpin B13 antibody-in-
duced augmentation of proteases and increased cleavage of the
extracellular portion of CD19 and CD4.

T Cells with the Cleaved Form of CD4 Secrete Less IFN-�
Compared with T Cells Expressing the Intact CD4 Molecule—
To determine the significance of changes that are caused by
anti-serpin B13 antibodies in lymphocytes, we isolated CD4low
and CD4high T cells from the PLNs of BDC2.5 TCR transgenic
NOD mice and compared these two cell populations for their
ability to secrete cytokines. We focused on IFN-� because this
cytokine was heavily implicated in the pathogenesis of type 1
diabetes (21). We found that during both the primary and sec-
ondary stimulation with an antigenic peptide, T cells with the
truncated form of CD4 produced significantly less IFN-� com-
paredwithT cells expressing normal levels of theCD4molecule
(Fig. 6,A, left panel, andB). This defectwas not observed during
stimulation (Fig. 6A, right panel), which does not require CD4.

DISCUSSION

Wehave demonstrated the existence of a novel antibody that
recognizes and inhibits the protease inhibitor serpin B13 in the
setting of autoimmune diabetes. This antibody leads tomarked
histological changes in the composition of the inflammatory
infiltrate in the pancreatic islets of NOD mice and ultimately
contributes to a better clinical outcome (15). In this study, we
found that serpin B13 is expressed mainly in the exocrine por-
tion of the pancreas, most notably in the epithelial lining of the
pancreatic ducts. This pattern of expression suggests that the
protease targets of serpin B13 (e.g. cathepsins L and K) are also
expressed in this tissue compartment. Although this possibility
was not addressed in this study, it is supported by reports from
other studies in which the expression of cathepsin K was

FIGURE 3. Effect of anti-serpin B13 mAb on CD4 and CD19 in pancreas-associated lymphocytes. A, left panels, FACS analysis of CD4 expression in the islets
and inguinal lymph nodes of NOD mice treated with control IgG (n � 4), anti-serpin B13 mAb (n � 4), the E64 protease inhibitor (n � 4), or both anti-serpin B13
and the E64 inhibitor (n � 4). Over a 10-day period, 4-week-old mice (prescreened for the low levels of anti-serpin autoantibodies) were injected four times
intravenously with mAb or control IgG (100 �g/injection) and 10 times intraperitoneally with E64 (10 mg/kg) or diluent as indicated. Animals were killed, and
cell suspensions obtained from their organs were stained with PE-conjugated anti-CD4 mAb at 1:800. This dilution of anti-CD4 mAb allowed us to distinguish
between high (M1) and low (M2) rates of expression of CD4 in T cells. Right panels, the average of three experiments is shown. Data are expressed as the ratio
between populations with low and high CD4 expression. B, left panels, FACS analysis of B220 and CD19 expression in the pancreatic and inguinal lymph nodes
of NOD mice treated with anti-serpin B13 mAb and/or E64 (n � 8) exactly as described for A. Animals were killed, and their lymph nodes were stained with
PE-conjugated anti-B220 mAb (1:200) and FITC-conjugated anti-CD19 mAb (1:100). The M1 and M2 regions depict high and low CD19 expressers, respectively.
Right panels, the average of three experiments described is shown. Data are expressed as the ratio between populations with low versus high rates of CD19
expression. DMSO, dimethyl sulfoxide.
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FIGURE 4. Effect of anti-serpin B13 natural autoantibodies on CD4 in the pancreas-associated lymphocytes. Left panels, analysis of CD4 expression in
4-week-old female NOD mice that had been prescreened for low (SBAlow) or high (SBAhigh) secretion of anti-serpin B13 autoantibodies and received either E64
or diluent (PBS) for 10 consecutive days exactly as described in the legend to Fig. 3. The animals were killed, and cell suspensions obtained from their organs
were stained with PE-conjugated anti-CD4 mAb at 1:800. This dilution of anti-CD4 mAb allowed us to distinguish between high (M1) and low (M2) rates of
expression of CD4 in T cells. Each histogram was generated by examining four animals. Right panels, the average of three experiments described is shown. The
data are expressed as the ratio between populations with low versus high rates of CD4 expression. The errors bars indicate S.D. DMSO, dimethyl sulfoxide.

FIGURE 5. Cleavage of CD4 and CD19 in the PLNs. Shown are the results from Western blot analysis of CD4 and CD19 in cells from inguinal lymph nodes (ILNs)
and PLNs, sorted for the high (R1 and R2) and intermediate/low (R3) levels of these markers. The blots were stained with an anti-CD19 antibody that recognizes
the cytoplasmic portion of the molecule (A) or two different anti-CD4 antibodies that recognize the intracellular (C-18) or extracellular (J15) portion of CD4 (B).
The control blot (A, right panels) was stained with the secondary reagent only. The data are representative of three independent experiments.

FIGURE 6. Diminished secretion of IFN-� in T cells with a cleaved form of the CD4 (CD4low) molecule. A, CD4high and CD4low T cells were isolated from the
PLNs of BDC2.5 TCR transgenic NOD mice by sorting cells that positively stained with FITC-conjugated anti-V�4 TCR chain mAb (1:500) and PE-conjugated
anti-CD4 mAb (1:800). The cells were then stimulated with different concentrations of the BDC2.5 mimotope in the presence of antigen-presenting cells (left
panel) or phorbol esters (phorbol 12-myristate 13-acetate (PMA)) and ionomycin (right panel). At 48 h after initiation of stimulation, the cells were counted, and
culture supernatants were examined by ELISA for IFN-� concentration. The average of three independent experiments described is shown. B, after stimulation
for 72 h with the BDC2.5 mimotope-pulsed antigen-presenting cells, the cells were rested for 48 h and then restimulated with phorbol 12-myristate 13-acetate
(10 ng/ml) and ionomycin (1 �M). The GolgiStop reagent was added during the last 8 h of secondary culture. The cytokine production was examined by
intracellular staining of cells with allophycocyanin-conjugated mAb against IFN-� (1:100). The data are representative of three independent experiments. The
error bars indicate S.D.
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detected in the bronchial and bile duct epithelial cells and in the
urothelia (22, 23).
The features of the protectivemechanismof anti-serpin anti-

body are the inhibition of serpin B13 and the consequentmain-
tenance of the limited function of its protease targets, which in
turn facilitate the cleavage of cell-surface molecules expressed
in lymphocytes, including the extracellular domains of CD4
and CD19. Our conclusion that proteases mediate a serpin B13
antibody-induced shift toward cells expressing low levels of
CD4 and CD19 stems from observations that the protease
inhibitor E64prevented this change.On the other hand, the E64
inhibitor failed to decrease the number of CD4low and CD19low
expressers in the absence of anti-serpin antibodies (Figs. 3 and
4). A possible explanation for this is that, in our experimental
system, serpin B13 and E64 may have competed for the same,
relatively limited pool of extracellular cysteine proteases.
According to this model, NOD mice with very low levels of
endogenous anti-serpin autoantibodies would have sufficient
levels of functional serpin B13 to block most of the target pro-
teases; thus, the inhibitory effect of E64 would not have been
seen under these conditions. Consequently, disengagement of
serpin molecules with endogenous autoantibodies (or a mAb)
would increase access of E64 to protease targets and allow for a
better demonstration of its inhibitory properties.
It is likely that molecules other than CD4 and CD19 are also

cleaved by anti-serpin B13 antibody-enhanced proteases. Con-
sistentwith this hypothesis are other studies inwhich the inves-
tigators demonstrated that 1) administration of exogenous
hydrolytic enzymes can lead to a partial resolution of inflam-
mation (3, 4), 2) proteolytic enzymes can impair the function of
many different cell-surface molecules expressed in inflamma-
tory cells (24), and 3) the expression of CD25 in regulatory T
cells ismarkedly reduced at the site of inflammation (25, 26). Of
note, other autoantibodies have been found to be associated
with protection from type 1 diabetes (27–29), although the
exact molecular events following their mode of action have not
been determined.
It should be noted that anti-clade B serpin autoantibodies

may slow down development of the autoimmune form of dia-
betes by other mechanisms. For example, an anti-serpin
autoantibody-mediated up-regulation of proteases may lead to
pancreatic islet tissue injury, followed by the compensatory
regeneration of islet tissue, de novo formation of islets, or both
(30). Support for this hypothesis has been provided through the
observations that cathepsin K (31) and cathepsin L (32, 33) play
important roles in tissue remodeling and that the expression of
transcription factors associated with the differentiation of pan-
creatic islets is increased in NODmice treated with anti-serpin
B13 mAb (data not shown). Another possibility for protective
mechanisms that are delivered by anti-serpin antibodies may
involve 1) induction of neonatal �-cell apoptosis and immuno-
logical tolerance tomolecules released fromdying cells (34) and
2) generation of the biologically active form of transforming
growth factor-�, which is responsible for generating regulatory
T cells with anti-inflammatory properties (35).
In addition to the evidence presented in this study that the

preservation of proteases in the pancreas helps to keep inflam-
mation in check and in another study that the cathepsin L gene

belongs to a group of the 100 “protective genes” in NOD mice
(36), it has been demonstrated that down-regulation of pro-
teases using chemical inhibitors (37, 38), genetic knock-out
techniques (39, 40), or natural serpin inhibitors (41, 42) can
block inflammation in the pancreatic islets of NOD mice. We
would like to argue that by using a mAb against serpin B13 and
the E64 inhibitor, which has limited cell permeability, we were
able to explore primarily the role of extracellular proteases in
the regulation of inflammation, despite the fact that protease
targets of serpinB13 (e.g. cathepsins L andK) are locatedmainly
in the lysosomal and endosomal vesicles. There is ample evi-
dence that these cathepsins can be secreted to process proteins
in the extracellular matrix, where they can promote tissue
remodeling (43, 44). Cathepsin L can be active at a close-to-
neutral pH, and both hypoxia and acidification that are associ-
ated with inflammation can increase the stability of proteases.
By contrast, the proteases manipulated in other studies may
have been both extracellular and intracellular (37, 38), and the
manipulation of those proteasesmay have affectedmultiple tis-
sues over extended periods of time (39, 40). As for �1-antitryp-
sin (41, 42), this serpin neutralizes proteases other than those
regulated by serpin B13; thus, its anti-diabetic effectmay reflect
the inhibition of additional proteases.
In conclusion, anti-clade B serpin antibodies induced under

inflammatory conditions can fine-tune the balance between
proteases and their inhibitors in damaged tissue and may thus
contribute to homeostatic events that subdue the early stages of
inflammation. If so, the protocols designed to enhance humoral
immunity against clade B serpins should impede the progres-
sion of pathologic changes that occur in autoimmune diabetes
and in other forms of inflammatory disease.
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