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Nucleosome-Specific Regulatory T Cells Engineered by Triple
Gene Transfer Suppress a Systemic Autoimmune Disease’

Keishi Fujio,* Akiko Okamoto,* Hirdyuki Tahara,* Masaaki Abe,' Yi Jiang,
Toshio Kitamura,* Sachiko Hirose," and Kazuhiko Yamamoto®*

The mechanisms of systemic autoimmune discase are poorly understood and available therapies often lead to immunosuppressive
conditions. We describe here a new model of autoantigen-specific immunetherapy based on the sites of autoantigen presentation
in systemic autoimmune disease. Nucleosomes are one of the well-characterized autoantigens. We found relative splenic localiza-
tion of the stimulative capacity for nucleosome-specific T cells in (NZB X NZW)F, (NZB/W F,) lupus-prone mice, Splenic
dendritic cells (DCs) from NZB/W F, mice spontaneously stimulate nucleosome-specific T cells to a much greater degree than both
DCs from normal mice and DCs from the lymph nodes of NZB/W F; mice, This leads to a strategy for the local delivery of -
therapeutic molecules using autoantigen-specific T cells. Nucleosome-specific regulatory T cells engineered by triple gene transfer
(TCR-a, TCR-f3, and CTLA41g) accumulated in the spleen and suppressed the related pathogenic autoantibody production,
Nephritis was drastically suppressed without impairing the T cell-dependent humoral immune responses. Thus, autcantigen-
specific regulatory T cells engineered by multiple gene transfer is a promising strategy for treating autoimmune diseases. The

Journal of Immunology, 2004, 173: 2118-2125.

ystemic autoimmune diseases have traditionally been

treated using nonspecific immunosuppressive agents, but

these agents often lead to opportunistic infections and an
increased rate of malignancy. There remains the need to develop
selective or specific therapies that target individual autoantigens.
Several strategies have been developed as potential Ag-specific
immunotherapics, such as using Ag-pulsed dendritic cells (DCs),’
but the majority of these approaches will requirc further investi-
gation (1, 2). A more detailed understanding of autoimmune dis-
eases, including autoantigen presentation, is required for the de-
velopment of reasonable immunotherapies.

Systemic lupus erythematosus (SLE) is a life-threatening auto-
immune discase characterized by the production of 4 variety of
autoantibodies (3). Anti-DNA Abs are thought to be one of the
major pathogenic products of the autoimmune response (4-6).
Datta and colleagues (7-9), as well as other groups (10, 11), have
noted that nucleosomes could be a major immunogen for patho-
genic autoantibody-inducing T cells in lupus-prone mice, Datta
and coworkers {7-9) showed that the majority of pathogenic T,
clones specific for nucleosomes were capable of rapidly inducing
anti-DNA autoantibody production, and that these clones were also
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able to induce nephritis when injected into young lupus-prone
mice. Moreover, anti-nucleosome ELISAs have demonstrated bet-
ter sensitivity, specificity, and diagnostic confidence with regard to
human SLE than anti-DNA ELISAs. Anti-nucleosome ELISAs are
also correlated with disease activity, as determined by the SLE
Disease Activity Index (12, 13).

Although evidences have accumulated demonstrating the im-
portance of nucleosomes as major pathogenic autoantigens, the
cellular mechanisms for the immunelogical recognition of nucleo-
somes are poorly understood. Generalized hyperresponsiveness of
B cells has been reported in both mice and human lupus (14, 135).
However, these nonspecific immune disorders cannot provide a
sufficient modcl of nuclear autoantigen-specific autoimmunity en-
countered in patients with lupus.

To better understand the mechanisms of autoantigen recogni-
tion, we first reconstituted nucleosome specificity by TCR gene
transfer in CD4™ T cells from (NZB X NZW)F, (NZB/W F))
lupus model mice (3, 16). Using this model, we demonstrated an
abnormal autcantigen presentation of splenic DCs. Among the
lymphoid organs, this elevated autoantigen presentation of DCs
was relatively localized in the spleen. We then developed a triple
gene transfer system to generate autoantigen-specific regulatory
cells. These regulatory cells preferentially accumulated in the
spleen and suppressed the progression of the disease without ob-
vious systemic immunosuppression.

Materials and Methods

Preparation of retroviral construct

Line 3A is a cell line from lupus-prone (SWR X NZB)F, (SNF1; [-A%%)
that can recognize the immunodominant nucleosomal epitope (histone H4;
aa 71-94) in the context of I-A” (7, 8} and many other I-A molecules (8).
Both TCR-a and -8 ¢cDNA fragments were synthesized using PCR based
on the published sequences of line 3A (7, 8) and designated as AN3 TCR-«
and -f. V13 and V34 fragments identical to CDR1 and two sequences of
line 3A were obtained from NZB splenic ¢<DNA ané an added CDR3 se-
quence by PCR. Ja41-Cer fragment and JB2.6-C8 fragment were also ob-
tained from NZB splenic ¢cDNA and an added CDR3 sequence by PCR.
Val3-CDR3 fragment and CDR3-Ja41-Ce fragment were combined in a
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subseguent “fusion” reaction in which the overlapping ends anneal, allow-
ing the 3" overlap of each strand to serve as a primer for the 3" extension
of the complementary strand. The resulting fusion product is amplified
further by PCR. VB4-CDR3 fragment and CDR3-J382.6-Cf3 fragment were
combined similarly, The full-length fragments were cloned into a pMXW
retroviral vector to obtain pMXW-AN3a and pMXW-AN3A (Fig. 14).
pPMXW is an improved vector generated by insertion of the woedchuck
hepatitis virus posttranscriptional regulatory element (WPRE) (17, 18) be-
tween the Norl and Sall sites of pMX (19). WPRE enhances expression of
transgencs delivered by retroviral vectors (18), and the expression effi-
ciency of the pMXW vector is improved 1.5 times when WPRE is inserted,
compared with the efficiency of the pMX vector. Murine CTLA4Ig cDONA
was synthesized by PCR as described previously (20) and was then cloned
into the pMX-IRES-GFP (21). Complementary DNAs for the TCR a- and
B-chains were isolated from a ¢cDNA library of DO11.10 TCR-transgenic
splenocytes and were inscrted into the retroviral vector pMX to generate
pMX-DOTAE and pMX-DOTBE, respectively (22).

Mice

NZB/W F, and BALB/c mice were obtained from Japan SLC {Shizuoka,
Japan). All animal experiments were conducted in accordance with the
institutional and national guidelines.

Production of retroviral supernatants and retroviral
transduction

Total splenocytes were isofated and cultured for 48 h in RPMI 1640 me-
dium supplemented with 10% FCS, 2 mM L-glutamine, 100 U/ml penicil-
lin, 100 pg/ml streptomycin, and 5 X 1073 M 2-ME in the presence of Con
A (10 pg/ml) and IL-2 (50 ng/ml) before the transduction, Retroviral su-
pernatants were obtained by transfection of pMXW, pMXW-AN3a,
pPMXW-AN3B, pMX-IRES-GFP, pMX-CTLA4Ig-IRES-GFP, pMX-
DOTAE, or pMX-DOTBE DNA into PLAT-E packaging cell lines (22, 23)
with the use of the FuGENE 6 transfection reagent (Roche Diagnostic
Svstems, Somerville, NJ).

Falcon 24-well plates (BD Biosciences, San Jose, CA) were coated with
the recombinant human fibronectin fragment CH296 (Retronectin; Takara,
Otsu, Japan) according to the manufacturer’s instructions. Before infection,
virus-bound plates were prepared. The viral supernatant (500 pf) was pre-
Ioaded onto each well of the CH296-coated plate, and the plate was spun
at 2000 X g for 3 h at 32°C, The virus-coating procedure was repeated
three times, Before infection, the viral supernatant was washed away and
splenocytes prestimulated for 48 h were added to each well (1 X 10°
cells/well). Cells were cultured for 36 h to allow infection to occur. To
centrol the viral expression efficiency, we produced a viral supernatant
(PMXW, pMXW-AN3a, pMXW-AN3B, pMX-IRES-GFP, and pMX-
CTLA41g-IRES-GFP, simultaneously) and prechecked the uniformity of
the infection efficiency before in vitro and in vivo experiments.

Cell purification

A CD4" T cell population was prepared by negative selection with MACS
using anti-CD19 mAb, anti-CDl11c, mAb, and anti-CD8a mAb. CD1lc™
DCs were prepared as previously described (24, 25). Briefly, spleen cells
or lymph node cells were digested with collagenase type IV (Sigma-
Aldrich, St. Louis, MO} and DNase 1, and the CDilc™ cells were selected
twice by positive selection using MACS CD11¢ microbeads and magnetic
separation columns. The purity (85% in average) was determined by
visualization with anti-CD1lc-biotin followed by streptavidin-PE. A
CD19" B cell population was prepared by positive selection with MACS
using anti-CD19 mAb. For CFSE labeling (Molecular Probes, Eugene,
OR), cells were resuspended in PBS at 1 X 10"/ml and incubated with
CFSE at a final concentration of 5 mM for 30 min at 37°C, followed by two
washes in PBS.

Nucleosome preparation

Pure nucleosomes were prepared as previously described (26). Briefly, fro-
zen pure chicken erythrocytes were thawed and suspended in lysis buffer
onice (10 mM Tris-HCl, 10 mM NaCl, 5 mM MgCl,, 0.5% Nonidel P-40,
and 0.25 mM PhMeSO,F, pH 7.5). The nuclei were recovered by centrif-
ugation and the nuclear pellet was washed and digested with micrococcal
nuclease. The nuclear pellet was lysed into 0.2 mM Na,EDTA, and nuclear
debris was removed by centrifugation. The soluble chromatin at 4,4, =~ 100
was dialyzed against 5 mM trictharolamine HCl, 60 mM NazCi, | mM
Na,EDTA (pH 7.5), and subsequently fractionated in the same buffer, usu-
ally in sucrose gradients. Gradients were fractionated and monitored at 280
nm, and the appropriate fractions were pooled.
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Proliferation assay

At 24 h postinfection, purificd CD4* T cells were cultured at 2 % 10%cells/
well, with I X 10° cells’well of irradiated CD19* B cells or 1 X 10*
cetls‘well of irradiated CD11e¢™ DCs in 96-well flat-bottom microtiter
plates in volumes of 100 ul of complete medium with or without | pg/mi
nucleosome or 0.3 uM chicken OV A,,, ;5 peptide. Afier 24 h of culture,
the cells were pulse Jabeled with 1 uCi of [*H]thymidine/well (NEN Life
Science Products, Boston, MA) for 15 h and the [*H]Jthymidine incorpo-
ration was determined. In some experiments, we calculated the matio of
(group A — cpmY¥(group B — cpm) in each experiment and showed the
average ratio of three to five experiments as “average ratio of (group A —
cpm)/(group B — cpm) to clarify the reproducibility of the data.

Transfer experiments

The indicated number of cells suspended in PBS were iv. injected into
mice. For the transfer of gene-transduced cells, celt viability was always
>97%, as detected by trypan blue exclusion.

ELISA

[gG anti-DNA Abs were quantified using ELISA plaies coated with calf
thymus DNA (Sigma-Aldrich, and the DNA-binding activities were ex-
pressed in units, referring to a standard curve obtained by serial dilutions
of a standard serum pool from 7- to 9-mo-old NZB/W F, mice, containing
1000 U/ml, IgG antinucleosome Abs or JgG anti-histone Abs were quan-
tified using ELISA plates coated with purified nucleosome or purified hi-
stone. Methods for detection of CTLA4lg protein were described previ-
ously {27). Brefly, ELISA plawes were coated with anti-mouse CTLA4
(BD PharMingen, San Diego, CA) overnight at 4°C, blocked with blocking
solution, and then incubated scquentially for 1 h at 37°°C with serial di-
lutions of serum or culture supematants followed by peroxidase-conjugated
F(ab"), goat anti-mouse TgG2a (Accurate Antibodies, Westbury, NY) and
ABTS substrate (Kirkegaard & Perry, Gaithersburg, MID). Serial dilutions
of a known concentration of purified CTLA4lg were used in each plate to
cstablish a standard curve.

Histopathology

Organs were fixed in 4% paraformaldehyde, embedded in parafiin, and
stained with periodic acid-Schiff solution. For three-color immunofluores-
cence staining, sections were incubated with biotinylated peanut agglutinin
(Vector Laboratories, Burlingame, CA) and then with CyS5.5-conjugated
streptavidin (Cortex Biochemicals, Irvine, CA). The sections were then
stained with a rat Alexad88-labeled mAb to B220 and tetramethylrhoda-
mine-conjugated mAbs to CD4 and CD8 (Vector Laboratories). To detect
the deposition of immune complexes at glomeruli, we incubated sections
with FITC-labeled goat Abs to mouse IgG or to C3 (ICN Pharmaceuticals,
Costa Mesa, CA).

Statistical analysis

Statistical significance was determined using the unpaired Student’s 7 test
or the Mann-Whitney U test.

Results

Transduction of nucleosome-specific AN3 TCR confers
specificity for the nucleosome and autoreactivity to DCs in NZB/
W F, CD4™ T cells

We previocusly reported successful TCR gene transfer and recon-
stitution of the Ag specificity to OVA in BALB/c CD4" T cells
(27). In the present study, we transferred nucleosome-specific TCR
genes (AN3a and B) into NZB/W F, splenocytes. To improve the
expression of the introduced genes, we generated a2 Moloney-based
retroviral vector, pMXW, by insertion of the woodchuck fragment
(17, 18) into pMX (19). We selected the TCR of line 3A from
lupus-prone SNF1 mice. A hybridoma transfected with this TCR
did not exhibit any significant response to either H-29 or H-22
APCs (28). Each TCR gene was inserted into pMXW, and the
resulting retrovirus vectors (pMXW-AN3a and pMXW-AN3f)
were used for the gene transfer (Fig. 14).

Retroviral infection of the AN3 TCR genes into NZB/W F,
splenocytes induced a 40-45% increase in the V4™ population in
CD4™* T cells compared with mock-infected splenocytes (Fig. 18).
The calcwlated cfficiency of the VB4 introduction into the
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FIGURE 1. Retroviral transfer of AN3 TCR re-
constituted the specificity for nucleosomes on
NZBW F, CD4" T cells. Reconstituted T cells
showed autoreactivity to splenic DCs. A, Schematic
representation of the pMXW retrovines construct ex-
pressing the ¢cDNA for the AN3 TCRa or TCRB
chain, LTR, long terminal repeat. B, Anti-CD4 and
anti-V 34 staining of pMXW (mock) or AN3 TCR-
transduced NZB/W F, splenocytes. Results of a rep-
resentative experiment are shown. €, Proliferation
of AN3-transduced and mock-transduced CD4™ T B
cells to B cells with nucleosomes. B, T cells alone;
O, T+ B; 2, T + B + nucleosomes {1 ug/ml). D,
Proliferation of AN3-transduced and mock-trans-
duced CD4™ T cells to CDllc* DCs with nucleo-
somes, B, T cells alone; 0, T + DCs; &, T +
DCs + nucleosomes (1 ug/mi). £ Blockade of
AN3-transduced CD4™ T cell proliferation to
NZB/W F, CD1ic* DCs by an anti-I.AY Ab, K24- c
199. WM. T cells alone; [, T + DCs; B4, T + DCs +
anti-[-A% Ab, F, Protiferative response of AN3- or
mock-transduced CD4™ T cells from BALB/c
(BAL) or NZB/W F, (BWF) (M, mock-transduced

LTR

cells; [0, AN3-ransduced cells) with BALB/c

(BAL) or NZB/W F, (BWF)} (M, mock-transduced

cells: T, DOLL.10-transduced cells with 0.3 uM F
OVA,.5 550} With BALB/c CD1lc* DCs (BADC)

or NZB/W F, CD1le™ DCs (BWDC), Data shown

are representative of more than three independent
experiments with similar results.

CD47V B4~ population was 50—60%. The lack of anti-Verl3 or
anti-clonotypic Abs prevented direct visualization of AN3 TCR
surface expression. However, based on the transduction of other
TCR pairs (i.e., OVA-specific DO11.10 TCR detected by a clo-
notypic Ab KJ1-26; and AV8/BV7, detectable by anti-Va8 and
anti-V37 Abs; data not shown), we speculate that Vo chain ex-
pression is approximately equal to that of the V8 chain. Thus, the
proporttion of clonotypic AN3 TCR-cxpressing cells was estimated
to be 25-36% in CD4™ T cells. These cells were referred to as
BWF.AN3, and the mock-infected CD4™ T cells were referred to
as BWF.mock.

We investigated the specific reactivity to the nucleosomes of
BWF.AN3J in the presence of NZB/W F, B cells and DCs. Al-
though BWF.mock cells showed minimal proliferation in the pres-
ence of B cells and the nucleosomes, BWF.AN3 showed strong
proliferation in the presence of B cells and the nucleosomes, but
not in the presence of B cells alone (Fig. 1C). The average ratio of
(BWF.AN3 - cpm)/(BWF.mock — ¢prn) was 1.13 & 0.12 and that
of (BWF.AN3 with nuclecosome (nuc) — cpm)/(BWF.mock with
nuc — cpra) was 3.12 = 0.51 in three experiments (p < 0.005).
These results demonstrate that the introduction of AN3 TCR re-
conmstitutes the specificity for the nucleosome on CD4™ T cells.
Furthermore, BWF.AN3 showed proliferation in the presence of
splenic DCs without nucleosome (Fig. 1.D). The average ratio of
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(BWF.AN3 - cpm)ABWF.mock — cpm) was 6.97 = 1.63 in five
experiments (p < 0.001). Consistent with previous report that
CD4* T cells of lupus-ptone mice responded to nucleosome ex
vivo (7), BWF.mock showed relatively weak proliferation in the
presence of splenic DCs and nucleosome. The average ratio of
(BWF.mock with nuc — ¢pm)/(BWF.mock — cpm) was 2.21 =
0.73 in five experiments {p < 0.05). Despite these endogenous
responses of BWF.mock to nucleosome, BWF.AN3 showed stron-
ger proliferation compared with BWF.mock in the presence of
splenic DCs with the nucleosomes. The average ratio of
(BWF.AN3 with nuc — epm)(BWF.mock with nuc — cpm) was
4.01 * 2.18 in five experiments (p < 0.05).

AN3a-infected or B-infected cells failed to respond to the DCs
(data not shown), and the autoreactive response was blocked by
anti-I-A® Ab (Fig. 1E). Thus, this autoreactivity of BWF.AN3 to
splenic DCs suggests that NZB/W F| splenic DCs spontaneously
present a considerable amount of nucleosomal epitopes.

The nucleosome-specific response of NZB/W F, mice consisted
of zeneral T cell hyperreactivity and Ag-specific
hyperpresentation of splenic DCs

To investigate the relative contribution of either T cells or splenic
DCs to the autoreactive response, we also transduced the AN3
TCR into BALB/c CD4™ T c¢ells and these cells were referred to
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as BAL.AN3. Although BAL.AN3 showed no proliferative re-
sponse to BALB/c splenic DCs, BWF.AN3 showed a modcrate
proliferative response to BALB/c splenic DCs (Fig. 1F). These
results suggest that the BWF1 T cell hyperreactivitiy enables
BWF.AN3 to recognize small amounts of nucleosomal epitope
presented on BALB/c splenic DCs, but these small amounts are
ignored by BAL.AN3. As expected, BWF.AN3 strongly re-
sponded to BWF1 splenic DCs. Proliferative response of
BWF.AN3 in the presence of BALB/c splenic DCs amounted to
~14-18% of that to BWFI splenic DCs, indicating that the ab-
normal presentation of splenic DCs may contribute more to the
autoreactive response than does T cell hyperreactivity.

To determine the general Ag recognition and reactivity of
NZB/W F, mice, we examined the proliferation of T cells trans-
duced with OV A-specific TCR (DO11.10). Fifty to 60% of the
total CD4™ T cells expressed the intreduced DO11.10 TCR, as
determined by the anti-clonotypic Ab KJ1-26. DO11.10-trans-
duced BWF1 T cells cultured with DCs plus OVA,,;.35, peptide
exhibited stronger proliferation than BALB/c T cells, again sug-
gesting that BWF1 T cells possess general hyperreactivity. In con-
trast, the OV A peptide-presentation (Fig. 1G) and the whole QVA
presentation (data not shown) of NZB/W F, splenic DCs appearsd
to be quite similar to that of BALB/c splenic DCs, Thus, the hy-
perpresentation of DCs seems to be restricted to a certain Ag.

Nucleosome-specific T cells interacted with the autoantigen in
the spleen

DCs in every type of lymphoid tissue may present nucleosomal
epitopes, because nucleosomal Ags are available in every organ.
To investigate this possibility, we fivorescently labeled either
BWF.mock or BWF.AN3 T cells in vitro with CFSE and injected
them into NZB/W F, mice. Two days after the transfer, T cells
from the spleen and those from the peripheral lymph nodes (LNs)
were harvested and analyzed. BWF.mock isolated from the spleen
exhibited a convergent strong fluorescence peak, indicating that
these cells had not proliferated extensively. In contrast, BWF.AN3
isolated from the spleen exhibited several weaker fluorescence
peaks. Moreover, AN3 CD4™ T cells underwent multiple divisions
over a 5-day period of the experiment, and mock CD4™ T cells
underwent a very slight progression of cell division (Fig. 24).
These findings suggested that BWF.AN3 encountered the nucleo-

FIGURE 2. Nucleosome-specific T cells were Mock-spl

stimulated more strongly in the spleen than in the
LNs. 4, CFSE-labeled BWF,.mock T cells or BW-
F.AN3 T cells were transferred i.v. into 10-wk-old
NZB/W F| mice. Two and 5 days later, splenocytes
or peripheral LNs (cervical, inguinal, and mesen-
teticy) from recipient mice were examined for
CFSE*VpB4™-gated cells. B, Proliferation of AN3-
or mock-transduced T cells to CDlIc* DCs from
the spleen or LNs. CD11c™ DCs from NZB/W F;
spleens (BWsplDC), from NZB/W F, LNs
(BWLNDC) and from BALB/¢ spleens (BAsplDC).
Data shown are representative of three independent
experiments with similar results.
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somal epitope in the spleen. It was of note that both CFSE-labeled
BWF.mock and BWF.AN3 isolated from the peripheral LNs ex-
hibited a strong convergent fluorescence peak, suggesting that
BWEF.AN3 encountered the nucleosomal epitope less frequently in
the LNs.

A comparison of the stimulative capacity for BWF.AN3 also
suggested that splenic DCs presented more nucleosomal epitope
than DCs from the peripheral LNs (Fig. 28). The average ratio of
{(BWsplDC — cpm)/((BWLNDC — cpm) was 2.79 * (.44 in three
experiments {p << 0.005). These results showed that nucleosome-
specific T cells are stimulated predominantly in the splcen.

Effect of CTLA4Ig transfer on the nucleosomal response

We next tried to generate nucleosome-specific regulatory cells by
introducing an immunosuppressive molecule, CTLA4Ig, as the
third gene in BWF.ANJ3 T cells. Long-term administration of
CTLAA4lg to NZB/W F| mice has been shown to prevent disease
onset for a period of months (29).

We constructed a pMX-CTLA4Ig-IRES-GFI* vector (Fig. 14).
We then performed a triple gene transfer of the AN3afB and
CTLAAMIg genes to investigate the effect on CTLA4Ig expression.
The experimental groups consisted of CD4™ T cells transduced
with either AN3 + CTLA4Ig-IRES-GFP(CTLA4Ig), AN3 +
IRES-GFP{IG), pMXW(mock) + CTLA4lg, or mock + 1G. The
average expression efficiency from several different sets of infec-
tion was 45.2% for V34 and 47.3% for GFP in CD4™ cells (Fig,
34). The average cxpression efficiency is expected to be 45% for
the AN3« gene, and the average percentage of GFP* AN3* cells
expressing all three gene products in CD4™ T cells was estimated
to be ~10% (0.45 X 0.45 X 045). As shown in Fig. 3B, the
CTLAA4Ig secreted from T cells blocked the proliferation of the
endogenous T cell population to the nucleosome to a moderate
degree. The average ratio of (mock + CTLA4lg with nuc — cpm)/
(mock + 1G with nuc — cpm) was 0.40 = .07 in three experi-
ments (p < 0.005). But the T cell stimulation mediated by AN3
TCR was not blocked by CTLA4lg. The average ratio of (AN3 +
IG — cpm){mock + IG — cpm) was 7.83 = 1.07 and that of (AN3
+ CTLA4lg — cpm)/(mock + IG — cpm) was 7.18 = 0.96 in
three experiments. The AN3 + CTLAA4Ig transduced cells showed
the increase of CTLA4lg secretion on T cell activation in the pres-
ence of DCs (Fig. 3C).
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Nucleosome-specific regulatory cells suppressed autoimmune
disease

We transferred cell suspensions containing 1 X 10° cells of CD4*
T cells. calculatedly expressing either AN3 + CTLA4lg, AN3 +
IG, mock + CTLA4lg, or mock + 1G into [0-wk-old NZB/W
F, mice.

The avtoantibodies usually found in NZB/W F, mice were mca-
sured in the sera from the different groups. The elevations of anti-
dsDNA and anti-histone Abs were suppressed in AN3 +

4G 4G CTLA4lg CTLA4Ig

CTLA4Ig-injected mice at 22 wk of age (Fig. 44). AN3 +
CTLA4Ig-injected mice showed the lowest average titer of anti-
nucleosome Ab, but the titer in this group was not significantly
different from those in the controls. This inefficient suppression
may be due to the fact that autoimmunity to the nucleasome is the
driving reaction and that this reaction is stronger than the subse-
quent response.

The mice were monitored biweekly for proteinuria. By week 22,
control mice that had received PBS, mock + IG, AN3 + IG, or
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FIGURE 4. Effect of adoptively transferred ¢npineered cells on disease progression. 4, Suppression of autoantibody production. The elevation of serum
anti-nucleosome, anti-dsDNA, and anti-histone Abs, measured by ELISA, was suppressed in AN3 + CTLA4Ig-injected mice at 22 wk. Statistically
significant differences between AN3 + CTLA4Ig and control groups are denoted by asterisks (p < 0.05): n = 7 for AN3 + CTLA4Ig, and n = 8 for each
control group. B, Camulative percentage of mice in each group that developed severe proteinuria (>>300 mg/dl). AN3 + CTLA4Ig showed suppressed pro-
gression of proteinuria compared with the control groups. x. PBS; B, mock + 1G; [, AN3 + IG: @, mock + CTLAdlg: O, AN3 + CTLA#lg. AN3 +
CTLAA4Ig vs the controls at 30 wk was significant (p < 0.05). G, A T cell-dependent humoral immune response to active immunization of OVA. Mice
transferred with the engineered T cells at 10 wk of age were immunized with OVA in the footpad at 14 wk of age. Anti-OVA lgG Ab titer was measured
at 17 wk of age. B PBS; &, mock + IG; B, AN3 + IG; &, mock + CTLA4Ig; Z, AN3 + CTLA41g; (. no immunization, n = 6/group. D, Measurement
of serum CTLA4Ig protein in the experimental groups with ELISA. Only AN3 + CTLAd4Ig-transferred mice showed detectable, but low concentration of

CTLA4Ig protein.
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mock + CTLA4lg started developing severe nephritis, as diag-
nosed by persistent proteinuria of =300 mg/dl. By 30 wk of age,
89% of the PBS conirol group, 88% of the mock + IG group, 63%
of the AN3 + IG group, and 75% of the mock + CTLA4Ig group
of mice had developed severe proteinuria, whereas nonc of the
AN3 + CTLA41Ig mice showed excess proteinuna (Fig. 48). How-
ever, the AN3 + CTLA4lg-transferred mice started to develop
severe proteinuria at 32 wk of age. Splenomegaly and an increase
in the CD4:CD8 ratio, usually observed in aged NZB/W F mice,
were suppressed in AN3 + CTLA4Ig-injected mice (data not
shown).

The kidneys from the controls and AN3 + CTLA4lg-injected
mice were examined at 30 wk of age (Fig. 5, A-F). Control mice
had severe glomerulonephritis with mesangial proliferation and
thickening of the capillary walls with marked deposition of IgG
and complement. AN3 + CTLA4Ig-injected mice had mild glo-
merular lesions and deposition of IgG and complement was only
restricted to the mesangial area. Although mock + CTLA4Ip-
transferred mice showed formation of a number of large follicles
with T cell invasion in the spleen, AN3 + CTLA4Ig-transferred
mice showed only a limited number of small follicles (Fig. 5, G

and H).

AN3 + CTLA4lg-treated mice exhibited the normal humoral
imnmune response upon active immunization

We next examined the T cell-dependent humoral immune response
to active immunization of OVA. Mice transferred with the engi-
neered T cells at 10 wk of age were immunized with OVA (100
pg) with CFA at 14 wk of age and boosted with OVA with IFA at
16 wk of age. The level of anti-OVA IgG Ab titer from 17-wk-old
mice treated with AN3 + CTLA4Ig was not significantly different
from those of the control mice (Fig. 4C). AN3 + CTLA4lg trans-
ferred mice, but not other experimental groups, had low but de-
tectable levels of serum CTLA4Ig (13.4 = 10.} pp/ml) (Fig. 4D),
findings consistent with in vitro data shown in Fig. 3C. These
results suggest that the engineered regulatory cells are sufficient to
suppress autoimmune disease. However, they are not enough to

induce general immunosuppression, because of the low serum .

level of CTLA4Ig in AN3 + CTLA4lg-transferred mice.

Discusston

In this study, we demonstrated T cell hyperresponsiveness and the
possibility of nucleosomal hyperpresentation of splenic PCs in
NZB/W F, mice. In addition to the involvement of T cell hyper-
responsiveness in Ab-mediated autoimmune disease (30), our re-
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sults strongly suggest that the autoantigen hyperpresentation of
DCs could contribute to the initiation and propagation of the re-
sponse to the autoantigen, thereby resulting in florid autoimmune
discase. This observation is consistent with those from previous
reports indicating that mice with T cell hyperresponsiveness de-
velop only a mild form of lupus-like symptoms (31, 32). Since
hyperpresentation was not observed in the case of an exopenous
Ag, OVA (peptides and whole protein), i is possible that the au-
toantigen hyperpresentation of splenic DCs was not due to the
general hyperpresentation, e.g., excessive costimulatory signals,
but rather to some Ag-restricted phenomenon. These features may
be nucleosome specific, as reported in a previous study demon-
strating that lupus-prone B6.NZMc1 mice showed nucleosome re-
activity of T cells without generalized immunological deficits of B
cells and T cells (33).

Although disease-related increases in the number of splenic DCs
and chemokine production by myeloid DCs have been reported
(34), these abnormalitics have been observed in aged lupus-prone
mice. Our finding of autoantigen hyperpresentation in the splenic
DCs of young mice (10 wk) suggests the significance of the au-
toantigen hyperpresentation of splenic DCs in the pathogenesis of
lupus.

Autoreactive response of nucleosome-specific T cells was much
more prominent in the spleen than in the LNs. Although the mixed
I-A haplotype of ABz/Aad molecules in NZB/W F, mice (35) may
be associated with autoreactive response of AN3 infectant, the
absence of the autoreactivity to B cells and DCs from peripheral
LNs strongly suggests the requirement of an autoantigen for the
autoreactivity, Differences between the splenic DCs and DCs from
other peripheral lymphoid organs have been reported, including
differences in the expression of chemokines (36) and chemokine
receptors (37). Otherwise, localization of tissuc-specific autoanti-
gen among secondary lymphoid organs may be one explanation,
For example, although DCs in the gastric LNs are known to exhibit
constitutive presentation of gastric parietal cell-specific H*/K™-
ATPase, peripheral or mesenteric DCs do not (38). Thus, the
spleen could be one of the main sources of nuclcosomes. Increased
frequency of splenic apoptosis in SNF1 lupus mice has also been
reported (23). Moreover, an insufficient complement system may
allow apoptotic waste material to accumulate in the spleen (i.e., the
“waste disposal” hypothesis) (39).

In our study, the therapeutic effect with minimal systemic im-
munosuppression was archived by the use of nucleosome-specific
T cells secreting CTLAA4Ig. Although elevation of CTLA4Ig pro-
tein was detected in the serum of AN3 + CTLA4lg mice, the

FIGURE 5. Histological examination from the AN3 + CTLA4#lg-treated mice compared with control mice, Sections of kidney from mock + 1G-injected
mice (4, C, and £) and AN3 + CTLA4Ig-injected mice (B, D, and F) subjected to staining with periodic-acid-Schiff solution (4 and 8) or to immuno-
fluorescence staining with anti-IgG (C and D) or anti-C3 (£ and F). Immunofluorescence staining of sections from the spleen, from mock + CTLA4lg-
injected mice (G). and from AN3 + CTLA4Ig-injected mice (H) with Abs to B220 (green), CD4 and CD8 (red), and with peanut agglutinin (blue). A section

from one representative mouse from the indicated group is shown.
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average concentration of CTLA4Ig in AN3 + CTLA4lg mice is
less than one-tenth of the level of previous systemic CTLAdIg
treatment with 5 X 10® PFU of adenovirus (27). Although the
systemic adenoviral-CTLA4Ig (5 % 10° PFU) treatment exhibited
a therapeutic cffect equivalent to that of our experiment, the sys-
temic treatment was accompanied with generalized immunasup-
pression. Since autoantigen-specific CTLA4Ig-secreting T cells
showed normal Ab production on active immunization, this treat-
ment may be superior to systemic CTLA4Ig administration. How-
ever, a systemic effect of a very low level of CTLA4lg cannot be
excluded and should be investigated further,

It is not surptising that 10° AN3 + mock cells did not aggravate
the disease, since as many as 4 X 107 original L3A clone cells
were needed to accelerate lupus nephritis in young lupus-prone
mice (40). Thus, a relatively small amount of Ag-specific and po-
tentially pathogenic T cells could be used for the immunotherapy.
Foxp3, a member of the transcription factor family, has been iden-
tified as a key molecule for the development of CD47CD25™ reg-
ulatory T cells (41). Retroviral transfer of Foxp3 confers regula-
tory function on CD4*CD25™ T cells. The introduction of such
regulatory molecules with TCR could possibly generate Ag-spe-
cific regulatory T cells.

In a preliminary analysis of the persistence of the transferred
genes in the spleen and LNs from 30-wk-old mice with RT-PCR,
expression of AN3« gene was detected in the spleens from two of
two AN3 + IG™ and AN3 + CTLA4Ig -injected mice (data not
shown). These results may suggest the persistence of introduced
genes at 20 wk afier the transfer in the spleen.

Although several models of adoptive cell gene therapy have
been reported using T cell hybridomas or lines (42, 43), our
method has the advantage of using autolopous lymphocytes for
gene recipients. However, TCR-transduced recipient T cells could
gain heterodimeric TCR consisting of endogenous and exogenous
chairns. If such an unexpected TCR recognizes a certain unrelated
self-derived molecule, the transduced T cells may be harmful. We
did not observe evident autoreactivity in single AN3a or AN3j
genes transferred into CD4™ T cells (data not shown), and the
renal disease of AN3 TCR-transferred mice was not accelerated
(Fig. 58). There was a recent report of tumot rejection mediated by
retrovirally reconstituted Ag-specific T cells without any signifi-
cant autoimmune pathology (44, 45). However, the possibility of
developing autoimmunity should be carefully investigated further
in application of TCR gene transfer.

In the present study, the efficacy of triple gene transfer in pe-
ripheral T cells was demonstrated for the first time. Although sev-
eral improvements of the present method are still necessary, these
findings suggest that the direct engineering of Ag-specific func-
tional cells with multiple gene transfer is a powerful technique for
the development of future Ag-specific therapies.
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Nicked [3,-glycoprotein I: a marker of cerebral infarct and a novel role in the
negative feedback pathway of extrinsic fibrinolysis

Shinsuke Yasuda, Tatsuya Atsumi, Masahiro leko, Eiji Matsuura, Kazuko Kobayashi, Junko Inagaki, Hisao Kato, Hideyuki Tanaka,
Minoru Yamakado, Minoru Akino, Hisatoshi Saitou, Yoshiharu Amasaki, Satoshi Jedo, Olga Amengual, and Takao Koike

Bz-Glycoprotein } (B-GPI) is proteolyti-
cally cleaved by plasmin in domain V
{nicked B2-GPl), being unable to bind to
phospholipids. This cleavage may oceur
in vivo and elevated plasma levels of
nicked (B-GPl were detected in patients
with massive plasmin generation and fibri-
nolysis turnover. In this study, we report
higher prevalence of elevated ratio of
nicked B2-GPl against total B-GPl in pa-
tients with ischemic stroke (63%) and
healthy subjects with lacunar infarct (27%)

when compared to healthy subjects with
normal findings on magnetic resonance
imaging (8%), suggesting that nicked p.-
GP| might have a physiologic role beyond
that of its parent molecule in patients with
thrombosis. Several inhibitors of extrin-
sic fibrinolysis are known, but a negative
feedback regulator has not been yet docu-
mented. We demonstrate that nicked p-
GPI binds to Glu-plasminogen with Kp of
0.37 x 10-% M, presumably mediated by
the interaction between the fifth domain

of nicked f-GPI and the fifth kringle
domain of Glu-plasminogen. Nicked p-
GPl also suppressed plasmin generation up
to 70% in the presence of tissue plasminoc-
gen activator, plasminogen, and fibrin, In-
tact BGPl lacks these properties. These
data suggest that p-GPlplasmin-nicked -
GPl controls extrinsic fibrinolysis via a nega-
tive feedback pathway loop, {Blood. 2004;
103:3766-3772)

T: 2004 by The American Society of Hematofogy

Introduction

8,-Glycoprotein I (B,-GPI), also known as apolipoprotein H, is a
phospholipid-binding plasma protein. Phospholipid-bound B,-GPI
is one of the major target antigens for antiphospholipid antibod-
ies!-? present in patients with antiphospholipid syndrome (APS), an
autoimmune disorder characterized by anerial/'venous thrombosis
and pregnancy morbidity.* 3,-GPI has 5 homologous shoert consen-
sus repeats, designated as domains I to V. Domains of [3;-GPI
structurally resemble each other, except that domain V has an extra
C-terminal loop and a positively charged lysine cluster. In 1993,
Hunt et al® reported that B,-GPI is proteolytically cleaved between
Lys317 and Thr318 in domain V (nicked 3,-GP1), being unable to
bind to phospholipids. This ¢leavage is generated by factor Xa or
by plasmin, with plasmin being more effective.t

A large number of reports have detailed the in vitro properties of
B2-GP1I as a natural anticoagulant/procoagulant regulator by inhib-
iting phospholipid-dependent reactions, such as prothrombinase
and tenase activity on platelets or phospholipid vesicles,”8 factor
XII activation,® and anticoagulant activity of activated protein
C.1%I1 Apart from specific hemostatic functions, B,-GPI activates
lipoprotein lipase,'? lowers the triglyceride level,!* binds to oxi-
dized low-density lipoprotein to prevent the progression of athero-
sclerosis,'* and binds to nonself particles or apoptotic bodies to
allow their clearance.'®1? Little attention has been given to the
functions of the nicked form of B,-GPT because its phospholipid-

binding activity was thought to exert the physiologic or pathologic
functions of §,-GPI.

Fibrinolytic reactions involve the formation of plasmin from the
zymogen plasminogen and the hydrolytic cleavage of fibrin to
fibrin degradation products by plasmin. Plasminogen, a 92-kDa
glycoprotein, is present in plasma at a concentration of approxi-
mately 2 uM." Plasminogen consists of 7 domains: one N-terminal
peptide. 5 kringle donmins bearing a lysine-binding site (LBS) with
the capacity to bind fibrin as well as antifibrinolytic proteins
carrying [ysine, and one serine protease domain.!® Plasmin conver-
sion from plasminogen by tissuc plasminogen activator (tPA) is a
key cvent in extrinsic fibrinolysis for the thrombolysis against
intravascular blood clots. Plasmin is one of the most potent
enzymes and has a variety of biologic activities; thus, the regula-
tion of plasmin generation and activity is important to maintain the
homeostatic balance in vivo. In particular, an excess of fibrinolytic
activity can lead to life-threatening bleeding events. Physiologic
tnhibitors of extrinsic fibrinolysis include ez-antiplasmin (a,-AP)
and plasminogen activator inhibitor 1 (PAI-1).2! These inhibitors
regulate fibrinolysis through different mechanisms.

Nicked B»-GPI has been identified by sandwich enzyme-linked
immunosorbent assay (ELISA) in plasma of patients with dissemi-
nated intravascular coagulation (DIC)2 or leukemia,?* both condi-
tions characterized by massive thrombin gencration and fibrinolytic
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wmover. To investigate the biologic and clinical significance of
nicked B:-GPI in a disease characterized by a lower level of
thrombin generation and fibrin tumover than DIC, we evaluated the
cleavage ratio of B,-GPI in plasma of patients with ischemic stroke
and the results are presented hercin. Further, we investigated the
role of nicked B,-GPI in extrinsic fibrirolysis and demonstrate for
the first time that nicked B;-GPI binds to plasminogen. We also
describe the inhibitory effect of nicked B~GPI on the fibrin surface
where plasminogen is proteolytically activated into plasmin. Be-
cause 3;-GPI may be cleaved in vivo by plasmin during thrombus
formation and thrombolysis, these phenomena represent a novel
negative feedback loop in extrinsic fibrinolysis where 8,-GPI plays
akeyrole.

Patients, materials, and methods
Study patients

The study population comprised 62 patients with history of ischemic stroke
diagnosed by magnetic resonance imaging (MRI) performed at the time of
admission to the Azabu Neurosurgical Hospital (female-to-male ratio,
12:50; mean age, 68 * 9 years). Blood samples were obained from the
patients at least 6 months after their last occlusive event,

We also investigated 130 age- and sex-maiched apparently healthy
subjects with no history of cerebral infarct who consented to join the study.
All subjects underwent a cerebral MRI at the Neuroradiology Department at
Mitsui Memorial Hospital and images were analyzed by an experienced
newroradiologist. According to the MR findings the healthy subjects were
divided into 2 groups: 52 with lacunar infarcts (female-to-male ratio, 20:32,
mean age 67 = 9 years) and 78 without any abnomality (female-to-male
ratio, 26:52; mean age, 66 * 6 years). Blood sampling was perfonmed at the
same time of the MRI scan, All the patients and healthy volunteers provided
informed consent according to Declaration of Helsinki principles.

Blood collection

Venous blood was collected in tubes containing one-tenth volume of 0.105
M sodium citrate and was centrifuped immediately at 4°C. Plasma samples
were depleted of platelets by filiration then stored at —70°C until use.

Materials

Monoclonal antibodies. To measure the plasma levels of nicked or total
$2-GPl. we used 2 monoclonal antibodies, 1 monoclonal anti-nicked
@--GPI antibody (NGP1-60) that specifically reacts against nicked B-GP1
and the other monoclonal anti-p;-GPl antibody {NGP1-23) that equally
reacts with nicked and intact $;-GP1.2?

An TeG mouse monoclonal antihuman B,-GPI antibody directed teo
domain 111 of human B,-GPl (Cof-22) was used for the purification of
nicked B>GPI and evaluation of the binding of nicked B;-GPI to
immobilized Glu-plasminogen.?? Cleavage of B2-GPI by plasmin did not
affect the binding of Cof-22 to Ba-GPl because the epitope of Cof-22
antibody on B2-GPI molecule resides on domain 111 (data not shown).

Antihuman plasminogen antibodies directed to kringles 1 to 3 or against
kringle 4 were obtained from American Diagnostica (Greenwich, CT).

Proteins. (3-GPI was purified from human plasma, as described.?
Nicked #:-GPI was prepared as reported™ with slight modifications that
included an additional purification step; B;-GPI was treated with human
plasmin (Calbiochem Novabiochem, La Jolla, CA) at 37°C for 3 hours, ata
molar ratio of $,-GPUplasmin of 8:1, Plasmin-treated (;-GP1 was first
purified on a Cof 22-Sepharose column and subsequently on a heparin-
Sepharose column. The heparin nonbinding fraction was collected and
further purified by jon-exchange chromatography using Mono-Q column
(Pharmacia Biotech, Uppsala, Sweden), Purificd B,-GPl was reduced using
2-mercaptoethano! and subjected to sodium dodecyl sulfate-polyacrylam-
ide gel electrophoresis (SDS-PAGE), appearing as a single band smaller
than that of the intact one (data not showr).
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The domain V—deleted mutant protein (domains -IV) of B,-GPI was
expressed using @ baculovirus system as reported.?* This mutant B;-GPl
does not include the cleavage site for plasmin.

Glu-plasminogen was purified from the plasma of healthy Japanese
donors using chromatography on lysine-Sepharose 48 (Pharmacia Biotech)
and diethylaminoethyt {DEAE) Sephadex A-50 (Pharmacia Biotech).
Plasminogen kringles 1 to 3 fragment, plasminogen kringle 4 fragment, and
mini-plasminogen, which consists of the kringle 5 and serine protease
domain of plasminogen, were obtained from Technoclone (Viehna, Aus-
tria). Recombinant tPA (2-chain, Duteplase) was obtained from Sumitomo
Pharmaceatical (Osaka. Japan). e-Aminocaproic acid (EACA) was pur-
chased from Sigma Chemical (St Louis, MO},

Methods

Measarement of plasma levels of nicked B-GPI Plasma levels of nicked
[B2-GP1 were determined by a sandwich ELISA as previously described with
slight modifications.?? Briefly, polystyrene microtiter plates were coated
with 100 puL monoclonal anti-nicked Bz-GPl antibody {(NGPI-60) in 50
mM Tris (trishydroxymethylaminomethane)}-HCL, pH 7.5, containing 0.15
M NaCl and incubated overnight at 4°C. Wells were washed 3 times with
0.5 M NaCl containing 0.05% Tween 20 and 100 gL citrated plasma
samples diluted 5-fold in 20 mM Tris-HCI, pH 7.5, containing 9.5 M NaCl
and 0.05% Tween 20 (sample buffer) were added. After 2 hours of
incubation at room temperature and washing 3 times, 100 pl biotinylated
F(ab')s fragment of monoclonal anti-B;-GPI (NGPI-23; 2 pg/ml) was
added to each well, followed by 1 hour of incubation. Then, 100 L alkaline
phosphatase {ALP)}-conjugated streptavidin (Zymed. San Francisco, CA) at
a 1:1000 difution in sample buffer was added to each well. After another 1
hour of incubation and 3 times washing, 200 pL substrate (1 mg/mL
p-nitrophenylphosphate disodium [Sigma Chemical] in 1 M dicthanol-
amine buffer [pH 9.8]) was added. Optical density (OD) was read at 492 nm
with reference at 620 nm using an ELISA plate reader. The plasma levels of
nicked B.-GPl were determined from a standard curve constructed with
citrated plasma spiked with known amounts of purified nicked B,-GPl.

Measurement of plasma levels of total B-GPIL Plasma levels of total
$:-GPl were determined by a sandwich ELISA using F(ab’) fragment of
NGPI-23 as the capture antibody and biotinylated antihuman 8,-GPI rabbit
IgG as the tag antibody as previously reported.?? Plasma samples of 50 pL
{8000-fold diluted) were added to the wells containing the immobilized
antibody. The ALP-conjugated streptavidin (Zymed) was then added and
bound ALP was determined as described (“Measurement of plasma levels
of nicked B.-GPI™). The amounts of total 3;-GPI in plasma were calculated
from a calibration curve constructed with known amounts of purified
B2-GPL. A nicked B,-GP1 ratio was calculated in all samples using the
formmuta; (plasma nicked @,-GPlplasma total B-GPI} X 1000.

Other laboratory investigations. The same plasma samples were
tested for thrombin-antithrombin (TAT) complexes, plasmin-antiplas-
min {plasmin inhibitor) complex (PPI), and D-dimers (DDs) by latex
agglutination assay using commercial kits LPLAACE TAT, LPIAACE
PPIL, LPIAACE D-D dimer (Dia-latron, Tokyo, Japan), according to the
manufacturer’s instructions.

ELISA for binding of intact or nicked B+GPI to plasminogen. The
binding of nicked or intact {3,-GPi was investigated by ELISA. Fifty
microliters of Glu-plasminogen (10 pg/mL} in phosphate-buffered saline
(PBS), pH 7.4, was distributed in cach well of a Sumilon Type S microtiter
ELISA plate {(Sumitomo Bakelite, Tokyo, Japan) and incubated overnight at
4°C. After washing twice with PBS and blocking with 295 gelatin-PBS for 1
hour at 37°C, 50 pL of scrial dilutions of intact or nicked Bz~GPI in 1%
bovine serum albumin {Sigma Chemical)-PBS (1% BSA-PBS) were placed
in each well. Plates were incubated for 1 hour at room temperature and
washed 3 times with PBS containing 0.05% Tween 20 (PBS-Tween), then
50 uLwell Cof-22 (100 ng/mL)} in 1% BSA-PBS was distributed. After
incubation and washing as above, 50 pnLAwell of ALP-conjugated anti-
mouse [gG (Sigma Chemical), diluted 1:2000 in 1% BSA-PBS, was put
into each well, followed by incubation. Substrate (100} L) was distributed
after washing 4 times with PBS-Tween and incubated. OD was read at 405
nm with reference at 620 nm.
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The mole of plasminogen LBS in binding to nicked B:-GPl was
¢valuated by a competitive ELISA adding serial dilutions of EACA, a lysine
analog, into the nicked P,-GP1 solution.

Kinetic assay for molecular interaction between nicked 3-GPI and
plasminogen. Real-time analysis for molecular interaction berween nicked
B--GP! and Glu-plasminogen was performed using an optical-biosensor,
lAsys system (Affinity Sensors, Paramus, NJI). Biotinylated Glu-
plasminogen was immobilized on the wall of a biotin cuvette (Affinity
Sensors} via strepravidin (Sigma Chemical). After blocking with 0.01%
BSA-PBS and washing with PBS, varicus concentrations (up to 4 pM) of
native or nicked B,-GP1 were placed in the cuvetie and ligand bound to the
plasminogen-coated surface was detected. Obtained data were fitted using
linear regression to find the intercept and gradient. This analysis was used to
determine the association rate constant (k,.,) and dissociation rate constant
(kyi.). from the variation of the on-rate constant (k) with ligand
concentration, According to the equation; kyy = Kyigs + kass [ligand], Kpand
K 4 are determined as follows; Kp = Kgiye'Kaws and K = Koo Kyise

Inhibition ELISA. To identify the nicked B,-GPl-binding site on
Glu-plasminogen, the inhibition of Glu-plasminogen binding by fragments
of plasminogen was examined. Fifty microliters of nicked 32-GP1 (0.2 uM)
diluted in PBS was put into each well of a MaxiSorp microtiter plate (Nalge
Nune International. Roskilde, Denmark}) and incubated ovemight at 4°C.
After washing twice with PBS and blocking with 2% gelatin-PBS for 1| hour
at 37°C, serial dilutions of inhibiter (BSA, plasminogen kringle 1-3,
plasminogen kringle 4, or mini-plasminogen) were added (50 pL/well)
followed by ovemight incubation at 4°C. Afier washing with PBS-Tween,
10 pg/mL Glu-plasminogen was then added (56 Lswell) and incubated for
30 minutes at room temperature, and plates were washed 3 times with
PBS-Tween, To compare the inhibitory effect between kringle | to 3 and
mini-plasminoegen, a monoclonal antikringle 4 antibedy { American Diagnos-
tica} was used to detect bound Glu-plasminogen, whereas a monoclonal
antikringle 1 to 3 antibody (American Diagnostica) was used to compare
the inhibition of mini-plasminogen with that of kringle 4. After incubation
with these monoclonal antibodies, bound Glu-plasminogen on nicked
3:2-GPl was evaluated by ALP-conjugated antimouse IeG, followed by
substrate addition as deseribed (“ELISA for binding of intact or nicked
3:-GPl to plasminogen™).

Inhibitory effect af nicked BrGPI on the binding of plasminogen 1o
Jfibrin. To investigate whether nicked P2-GPI interferes with the binding of
Glu-plasminogen to immobilized fibrin in 2 liquid phase or not, the
following experiment was done, Each well of 4 Sumilon Type $ microtiter
plate (Sumitomo Bakelite) was coated with soluble fibrin monomer (5
wg/ml) and incubated at 4°C ovemight, followed by washing with
PBS-Tween and blocking with 2% gelatin-PBS at 37°C. Biotinylated
Glu-plasminogen (5 pg/mL in 1% BSA-PBS) was preincubated with
different concentrations of intact or nicked Bz-GPI for | hour at room
temperature and added to the wells in triplicate. After incubation for 1 hour
at room temperature, each well was washed with PBS-Tween. ALP-
conjugated streptavidin was diluted to 3000 times in PBS and distributed to
the wells. After 1 hour of incubation and washing, substrate was added and
absorbance was measured as deseribed.

Effects af intact or nicked By GPI on tPA activity: chromogenic assay.
In the presence of fibrin, tPA can effectively activate plasminogen to
plasmin. Because we speculated that nicked B~GPI might interfere with
this activation step by binding to plasminagen, chromogenic assay measur-
ing plasmin generation was introduced in the presence of tPA, Glu-
plasminogen, fibrin menomer, and B:-GPl. The effect of intact/nicked
B2-GPl on the activity of plasmin generated was evaluated using a paraholic
rate assay. The activity of tPA was measured in a chromogenic assay as
deseribed?” with some modifications. A mixture of the same volume of 50
Ul tPA in PBS and 1 M acetate buffer (pH 3.9} was incubated for 5
minutes at room temperature, then diluted 1:160 with assay buffer (S0 mM
Tris-HCL, pH 8.8, 100 mM NaCl, and 0.01%%6 Triton X-100). Then 100 pL of
the diluted tPA solution was incubated in a Sumilon Type § microtiter plate
with 100 pL detection reagents consisting of Glu-plasminogen and
plasmin-sensitive substrate (Glu-plasminogen {70 pg/mL] and 0.6 mM
chromogenic substrate §-2251 [Chromogenix, Mondal, Sweden] in assay
buffer) with intact or nicked $:-GPl and 2 pL/well soluble fibrin monomer
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(3.3 mg/mL. in 3.5 M wurea). The final concentrations of intactnicked
B2-GPlwere 0,0.23, and 0.5 uM. Domain [ 101V of 8,-GPl mutant or BSA
served as the negative control. After incubation at 37°C for 12 hours, the
activity of plasmin generated was determined by measuring absorbance
at 405 nm using a micreplate reader (model 3550 BioRad, Hercules,
CA). A standard curve was generated using serial dilutions of tPA. The
plasmin generation in this system was expressed as corresponding tPA
activiey (U/mb).

Effects of imtact or nicked PGPl on tPA activity: fibrin plate assay.
To exclude the possibility that nicked B.-GP1 affected S-2251 cleavage
without interacting with fibrinolytic factors, fibrinolysis was evaluated by
conventional fibrin plate assays. Fibvin was luyered on a plastic plate 10 ¢m
in diameter. using the same volumes of 0.2% plasminogen-free fibrin
{(Sigma Chcmical), 1% agarose. and 200 pL/plate thrombin, 20 UmL.
Then, 6 uL of the diluted tPA solution (*Effects of intact or nicked 3.-GPl
on tPA activity: chromegenic assay'™ was incubated with the same volume
of Glu-plasminegen (70 pg/mL) in assay buffer, with intact or nicked
B2-GPI (up to 0.5 uM). After 36 hours of incubation at 37°C. the area of
lysis rings was measured. A standard curve was generated from serial
dilutions of tPA.

Statistical anafysis. Statistical evaluation was performed by the 7 test,
Fisher exact test, x* test, or Spearman rank correlation as appropriate. P
values less than .05 were considered statistically significant,

Results
Levels of nicked p,-GP! in plasma samples

The plasma levels of nicked B;-GPI ratio are shown in Figure 1. A
nomal level of nicked B,-GP! ratio was derived from the
apparently healthy subjecls without any MRI abnormality, the
mean plus 1 SD representing the upper limit of normal. A higher
prevalence of elevated nicked B,-GPI ratio was found in patients
with ischemic stroke (63%, 39 of 62) and healthy subjects with
lacumar infarct (27%, 14 of 52) when compared to healthy subjects
with normal MRI findings (8%, 6 of 78). Relative risks of having
stroke or asymptomatic lacunar infarction were approximated by
odds ratio (35% CI), 20.3 (7.6-54.2) and 4.4 (1.6-12.4), respectively.

The prevalence of elevated levels of markers of thrombin
generation and fibrinolytic turnover in our population are shown in
Figure 2. A statisticafly significant correlation was observed
between levels of PPY and nicked B2-GPI ratio in plasma of healthy
subjects with lacunar infarct (12 = 0.31, P = .02). No comrelations
were found between nicked B.-GPI ratio and DDs or TAT
complexes in any of the groups.
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Figure 1. Plasma levels of nicked §;GPI. Total and nicked p,-GPI plasma levels
were determined by ELISA. A nicked RGP ratio, {plasma nicked pP,-GPVplasma
total 3>-GP1) ¥ 1000, was established in all the samples. The dashed lire indicates
the mean + 1 8D ofthe ratia in healthy subjects without lacunar infarct. P values were
calculated using f test.
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Figure 2. Pravalance of abnormally elevated plasma lavals of nicked p;-GPl and
of rmarkers of thrombin generation/fibrinolytic turnover in our populaticn.
Plasma levels of D-dimers (DD}, plasmin-antiplasmin complex {PPI), and thrombin-
antithrombin complexes (TAT) were determined in &l the subjects as described in
“Patients, materials, and methods.”

In the apparently healthy subjects group (n = 130), plasma
nicked B,-GPI ratio significantly correlated with age (r* = 0.483,
P < .0001; Figure 3). Therefore, plasma measurement of nicked
B:~GPI might be a useful screening tool in the assessment of
patients at risk of ischemic stroke.

Binding of nicked {,-GPI to Glu-plasminogen

The binding of up to 0.4 pM nicked $,-GP1 to solid-phase
Glu-plasminogen occurred in a dose-dependent manner, whereas
the same concentrations of intact B,-GPT did not bind to Glu-
ptasminogen (Figure 4A). The binding of Cof-22 to B,-GPI was not
affected by the cleavage of B,-GPI. Molecular interaction between
intact or nicked B,-GPI and plasminogen was investigated using an
optical biosensor. Nicked 3,-GPI showed a large extent of binding
to immobilized Glu-plasminogen, whereas intact B,-GPI did not
show any specific binding (Figure 4B). The data of k,, at different
concentrations of nicked (32-GPI were fitted using linear regression,
determining k., as 0.0006 M~ 1s™! and kg as 0.0022 s~! (Figure
4C). Accordingly, Kp and K, were determined as 0.37 X 107¢ M
and 2.70 X 105 M1, respectively.

inhibition of binding of Glu-plasmincgen to nicked B-GPI
by the fragments of plasminogen or by EACA

The binding of Glu-plasminogen (10 pgmL) to immobilized
nicked B;-GPI, but not to native (3,-GPI, was demonstrated by
ELISA, For the inhibition assay, the fragments of plasminogen
{mini-plasminogen or kringle 4) as the inhibiting factors were
added to the wells coated with nicked B,-GPI. and bound Glu-
plasminogen was detected using a monoclonal antikringle 1 to 3
antibody. Mini-plasminogen, but not kringle 4, inhibited the
binding between Glu-plasminogen and nicked B-GPI (Figure SA).
Kringle 1 to 3 fragment or mini-plasminogen was added as
inhibitor and bound Glu-plasminogen was detected using 2 mono-
clonal antikringle 4 antibody. Glu-plasminogen binding to nicked
B2-GPI was dose dependently inhibited by mini-plasminogen but
not by kringle 1 to 3 fragment (Figure 5B). The fifth domain or the
catalytic domain of Glu-plasminogen, therefore, was predicted to
mediate its binding to nicked 3,-GPI.

When the binding of nicked 8,-GPI (10 pg/mL) to solid-phase
Glu-plasminogen was tested in the presence of different concentra-
tions of EACA, the binding between nicked 3,-GPI and immobi-
lized Glu-plasminogen was abolished in a dose-dependent manner
{Figure 5C). Accordingly, LBS on plasminogen might mediate the
binding of nicked B,-GPI to Glu-plasminogen.
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Binding of plasminogen to fibrin interfered
with by nicked #,-GPI

We also investigated whether nicked (3;-GPI has an effect on the
binding of Glu-plasminogen to immobilized fibrin monomer using
an ELISA system. After preincubation with nicked B;-GPI, but not
with intact B,-GPI, Glu-plasminogen showed decreased binding
activity to soluble fibrin monomer (Figure 5D).

Effects of nicked B,-GPI on extrinsic fibrinclysis

The amidolytic activity of newly generated plasmin was evaluated
as tPA activity (U/mL} in a chromogenic assay. The activity
increased with the concentration of tPA {data not shown). When
nicked P,-GPl was added, the tPA activity decreased in a dose-
dependent manner (Figure 6A}. Intact 8,-GPI at 0.25 pM did not
suppress the fibrinolytic activity, whereas intact §,-GPI in a higher
concentration (0.50 uM} slightly suppressed the fibrinolytic activ-
ity. The same amount of BSA or the recombinant domain { to IV of
B:-GPI did not affect the tPA activity.

The fibrinolytic activity of generated plasmin was measured as
tPA activity (U/mL) in & fibrin plate assay. Fibrinolytic activity was
suppressed by nicked B,-GPI at 0.25 and 0.50 pM. Intact f,-GPl at
0.50 pM also slightly inhibited the fibrinolytic activity. However,
0.25 pM intact B,-GPI did not affect the fibrinolytic activity of tPA
(Figure 6B).

Discussion

In the first part of this study, we demonstrated that plasma levels of
nicked B:-GPI were elevated in patients with ischemic stroke,
indicating an elevated degree of fibrin tumover, but lower than that
of DIC where thrombin and plasmin arc massively generated.

In fact, icked B,-GPI was detected in large quantitics in plasma
of patients with DIC, a pathologic state characterized by marked
increase of plasma PPL22 We observed a strong correlation between
plasma levels of nicked B;-GPI and those of PPI in the healthy
individuals showing lacunar infarcts on MRI, suggesting that
nicked B,-GPI may rather reflect “minor” plasmin generation. In
the presence of larger plasmin generation, the corrclation between
nicked B;-GPI and PPI may be lost,? presumably duc to the
consumption of a;-AP. In individuals with MR abnormalities
the prevalence of increased nicked B,-GPI ratio was higher than
that of PPl, DDs, and TAT complexes (46%, 27%, 19%, and
11%, respectively). Thus, the detection of nicked B,-GPI may

Nickad fy-GP1 Ratio [ 1 1000 )
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Figure 3. Correlation between plasma levels of nicked B2-GPI and age in
appatently healthy subjects. Nicked B-GPI was measured by a sandwich ELISA.
The doted line represants the regression curve. Each circle shows nicked B,-GPI
ratic and age in each subject.
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Figure 4. Binding of intact/nicked {§,-GP1to Glu-plasminogen. (A} Binding of intact or nicked Bz-GPI to immobilized Glu-plasminogen was evaluated by ELISA using mouse
monaoctonal anli-B~GPl antibody Cof-22. Closed circles indicate the dose-gependent binding of nicked B>GP| to Gtu-plasminogen, whereas open circles indicata that intact
(2-GPlis unabla to bind to Glu-ptasminogen. (B-C) Kinetic plot showing melecular interaction between Glu-plasminagen and intact or nicked R2-GPL. Intact 3,-GPI or nicked
B2-GPI binding to Glu-plasminogan was detected using |Asys, an optical biosensor as described in *Patiants, materials, and methods.” Binding extent {arc sec) was compared
between irfact and nicked B-GPI (B). Obtained on-rate constant (ke) for nicked B2-GPl was plotted and fitted using linear regression to find the intercept and gradient (C).

Aformula for determining the association rate constant (ks and gissociation rate constant (Kaes) is as follows: Keq = Kgiss+ Kass [igand]. Eiror bars indicate SDs.

represent a more sensitive marker of vascular lesions than PPI,
DDs, or TAT complexes,

In suppon of this concept is the correlation between nicked
B3.-GPI ratio and age in the apparently healthy subjects. suggesting
that “minor” plasmin gencration might be associated with subclini-
cal or early clinical atherosclerosis. Tt is widely accepted that
atherosclerosis is associated with endothelial cell activation and
minor plaque rupture leading to small thrombus formation, secre-
tion of t-PA, and plasmin generation, ultimately cleaving B.-GPI.
Indeed. nicked B,-GPI can be generated on the surface of activated
endothelial cells or platelets.?

In the sccond part of this study, we investigated the propertics of
nicked (,-GPT in vitro to evaluate the biologic significance of our
observations. We showed that nicked 3,-GP1 specifically binds 10
Glu-plasminogen and inhibits extrinsic fibrinolysis in vitro. In
contrast, neither domain I to IV of B,-GPI nor intact B,-GPl
revealed such functions. The administration of intact B,-GPI in
kigher concentrations also suppressed plasmin generation, perhaps
owing to the nicked B,-GPI produced by the newly generated
plasmin. Under clinical conditions characterized by massive plas-
min genecration such as DIC or acute thrombosis, plasmin is
generated by tPA released from activated endothelial cells with
thrombus formation, and plasmin cleaves f;-GPI on the throm-
bus, changing the properties of 3,-GPI. We propose that B,-GPI
is a precursor of plasmin-nicked p.-GPl. a physiologic inhibitor
of fibrinolysis.

The crystal structure of human B-GPI has been defined ?82*
Bouma et al?® proposed that a large positively charged patch in
domain V binds to anionic surfaces with a flexible and partially

hydrophobic loop inserted into the lipid layer. According to the
conformation of the nicked domain V, as predicted from the x-ray
structure of the intact domain V and confirmed by heteronuclear
magnetic resonance, the nicked C-terminal loop is tightly fixed by
electrostatic interaction with enhanced stability, the result being
neutralization of the positive charge of the lysine cluster 2030
Glu-plasminogen, a full-length protein, is the naturally circulat-
ing form of plasminogen. Kringle 5 of Glu-plasminogen has a
higher affinity for intact fibrin.132 LBS in kringle 5 of Glu-
plasminogen mediates its binding to N-terminal lysine on fibrin, an
event essential to initiate fibrinolysis reactions. This initial binding
of Glu-plasminogen to fibrin induces a conformational change
from a “closed™ to an “open” form, thus promoting accessibility to
plasminogen activators such as tPA or urokinase.!* On the fibrin
surface, generated plasmin cleaves the single-chain tPA into the
2-chain tPA. a more active form, providing a positive feedback for
plasmin generation. Plasmin simultaneously degrades fibrin and
makes C-terminal lysine of fibrin more accessible to plasminogen
via kringles 1,23 2, and 3,** thus accelerating fibrinolysis.
According to the results of the inhibition studies using plasmin-
ogen fragments ot EACA (Figure 3), and comparison of the effect
on plasmin generation between nicked B.-GPI and domain I to TV
of B;-GPl (Figure 6A), it would be indicated that the binding of
nicked B2-GPI to Glu-plasminogen is mediated by the interaction
between the lysine-cluster patch in domain V of the nicked B,-GPI
and LBS on the plasminogen kringle 5% although it still may be
possible that an excess amount of EACA interacts with the catalytic
domain of Glu-plasminogen. The conformational difference be-
tween intact and nicked B,-GPI is critical for its binding to
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Figure 5. Identification of the binding site of Glu-plasminogen to ~GPt by inhibition ELISA using plasminogen fragments. (A) Binding of Glu-ptasminogen to
immobilized nicked Bz-GPI was tested by ELISA in the presence of possible inhibitors. After nicked 3-GP1 immotilization onto microtiter plates, different concentrations of
kringle 4 of plasmincgen (C) of mini-plasminogen (that consists of kringle 5 and catalytic domain of plasminogen: @) were added as inhibiters. BSA (M) served as control. Aftar
incubation and washing, Glu-plasminogen {10 pg/ml) was added and bound Glu-plasminagen was detemmined using kringle 1- to 3-specific mouse monoclonal
antiplasminogen antibody. (B} For the inhibition ELISA kringle 1 to 3 of ptasminogen (O} or mini-plasminogen (@) served as inhibitors. Glu-plasminogen bound to immobilized
Bz-GPl was detected using kringle 4-specific mouse monoclonal antiplasminogen antibody. Assays were run in friplicate. (C) Competitive ELISA using EACA, a lysine
homologue. Binding of nickad B,-GPI1 (0.2 xM) toimmobilized Glu-plasminogen was tested by ELISA using Cof-22 antibody in the presence of various concentrations of EACA
{0-0.20 pg/mL). (D) Soluble fibrin monomer (5 wg/mL}) was coated on the surface of a microtiter plate and blocked. Biotinylated Glu-piasminogen {5 ug/mL) was preincubated
with intact or nicked B~GPI and added to the wells. After incubation and washing, ALP-conjugated streptavidin was used for detection. Assays were run triplicata, Error bars
indicate $0s. K indicates kringle; mini-plg, mini-plasminogen.



BLOOD, 15 MAY 2004 - VOLUME 103, NUMBER 10

>

Piasmin generation
[correspancding IPA activily funiimL )]

] T T
o D28 0.5
InactNicked $7-GP1 {uM)
B
= 80
i 5 $rtact pGPL
E ©
£ X
Nickad B;-3P1
x X
E 1
. t T
0 025 0.50

imtact/Nicked B2-GP! (u)

Figura 6. Inhibitory effact of nicked 32-GPI on plasmin generation. (A) Plasmin
generation was measured by parabolic rate assay using synthetic substrate $-2251
in the presance of 1PA, Glu-plasminogen, and fierin monomer. Nicked p:-GPI (@),
intact B2-GPI (), PGPl domain I-IV mutant (W), or BSA () was added to the
reaction in the indicated concentrations. Afler 12 hours of incubation, absorbance at
405 nm was measured and expressed as IPA activity {LJ/mL) using 1PA as standard.
(B) Fibrinolytic activity was measured using fibrin plate assay. Solution reaction
containing tPA, Glu-plasminogen, and nicked (@) or intact B-GP1 () were placed
onto fibrin plates. After 36 hours of ircubalion, the ring area of lysis was measured.
Assays wera parformed in triplicate. Error bars indicate SDs. D indicates domain.

phospholipid or plasminogen. The lysine-cluster patch in domain V
of nicked B.-GPI may gain accessibility for the LBS of Glu-
plasminogen, whereas the C-terminal loop of intact §:-GPI may

References

NICKED B,-GPIAND FIBRINOLYSIS 3771

interfere with interactions of LBS and the Glu-plasminogen
kringle 5.

The fibrinotytic system is regulated at different levels, either at
plasminogen activation or at enzymatically active plasmin. Many
factors, including az-AP, az-macroglobulin, e -antitrypsin, inacti-
vated C1, PAI-1, and PAI-2. prevent the overactivation of the
fibrinolytic system. The most potent inhibitors are a;-AP and
PAI-1*"; the former binds to a component of kringle I to 3 of
plasminogen’® and can neutralize the gencrated plasmin more
rapidly than a--macroglobulin,

Fibrinolysis initiates on binding of kringle 5 of plasminogen to
lysine residues on fibrin followed by the binding of kringle 1 to 3 of
plasminogen to lysine residues on the cleaved fibrin. a,;-AP does
not bind to kringle 5 of plasminogen, hence, does not scer to affect
the first interaction. Based on the observation that nicked 3,-GPI
interferes the binding between Glu-plasminogen and fibrin meno-
mer (Figure 5D, it is likely that the binding of nicked p.-GPI to
Glu-ptasminogen affects the first step of fibrinolysis at least and
exerts an inhibitory function in the fibrinolytic system via different
mechanisms from that of a>-AP.

In conclusion, first we have demonstrated that plasma levels of
nicked B,-GPI can be a sensitive marker of cerebral ischemic
events and we suggest that plasma measurement of nicked 3,-GPI
might be a useful screening tool it the assessment of patients at risk
of ischemic stroke. Second, we propose that nicked B,-GPl is a
physiologic inhibitor of fibrinolysis and that plasmin cleavage of
$,-GPl is part of the negative feedback pathway of extrinsic
fibrinolysis.
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