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FIGURE 5 Restoration of responsiveness to antigen in recombinant human interleukin-7 (thIL-7)-induced anergic T cells by
culeure with rhIL-15 but not rhIL-2. (A) Changes of T-cell number cultured with I1-15 in TM5S-1 (open square), TM2-2 (solid
diamond), and SA32.5 (solid square) clones. After the second culture of T cells with rhiL-7 (50 ng/ml) for 20 days, T cells were
washed and cultured (the third culture) wich IL—IS/ (100 ng/ml) for the time indicated in the abscissa. Ordinate indicates T-cell
numbers. At initiation of culture, T cells (3 X 10%/well) were cultured with I1-15 in a 96-well plate in triplicate. (B) Changes
of T-cell numbers cultured with IL-2, IL-2 + IL-7, or medium alone in the third culture. (C) Restoration of tesponsiveness to
antigen in IL-7—induced anergic T cells by culture with IL-15: on days 0, 3, 6, 9, 12, 15, and 18 of third culture wich 1L-15,
respectively, T cells were harvested, washed, and assayed for proliferacive response to protein purified derivative of tuberculin (10
pg/ml) in TM5-1 and TM2-2 or to glutamic acid decarboxylase (GAD)G5p115-127 (10 wg/ml) in SA32.5 clone without
exogenous cytokines. N'T indicates not tested because collection of live cells from third cultures on day 18 was difficule for the
SA32.5 clone. Largest mean value of the triplicate assay observed for T cells cultured with medium alone was 1153 cpm in all
proliferative assays shown in (C). Each assay was performed in duplicare; mean values are indicated. Standard errors of mean values
did not exceed 10%. (D) IL-15 induced increases in expression levels of IL-7Ra, IL-2Re, and yC in TM5-1 T cells. On day 20
of the second culture with rhIL-7 (top) and on day 6 (bottom) of the third culture wich IL-15, expression levels of IL-7Ra, IL-2Ra,
and yC were measured. Solid histograms indicate cells treated wich isotype-matched immunoglobulin controls.

by T cells of self-peptide/MHC complexes expressed on
APCs [42]. Furthermore, purified MHC/peptide com-
plexes and immobilized anti-CD3 antibodies were able
to induce T-cell anergy [42]. Thus, MHC may be an
important factor for both T-cell survival and anergy
induction. In the present study, under culcure conditions
that used a transwell system in the sccond culture wich-

out T-cell-APC contact, surviving T cells were markedly
decreased, indicating the importance of cell contact be-
tween T cells and PBMCs for T-cell survival (Figure
2A-b).

However, addition of a mixture of anti~-HLA-DR,
-DQ, and -DP antibodies in the second culture wich I1L-7
induced a small reduction of surviving T-cell number
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compared with control, indicating besides MHC, other
molecules may play more important roles. In contrast, the
cell contact between T cells and PBMCs had no notable
effects on the T-cell anergy induction (Figure 2B). These
results indicated that the cell contacts played an impor-
tant role in prompcing the survival of anergic T cells.
Thus, IL-7 and cell-cell contacts may exert an interde-
pendent role in the anergy induction. We also postulated
that the anergy induction might involve a change of
T-cell costimulation. It was reported thac CTLA4, ICOS,
or PD-1 expressed on activated T cells introduced neg-
ative signals into T cells to induce T-cell anergy {34, 351.
However, anergic T cells induced by coculture with IL-7
did not express these molecules, indicating that these
molecules were not involved in induction of T-cell an-
ergy (Figure 4).

Even though lack of expression of costimulatory mol-
ecule CD40L or CD28 may play an important role in
other anergy induction systems {36, 371, our anergic T
cells exhibited definitive expression levels of the two
molecules. Thus, the mechanism of the anergy induction
by IL-7 may be different from those previously reported.
The anergic T cells had completely lost expression of
IL-7Ra, IL-2Ra, and <yc in three T-cell clones investi-
gated (Figure 4). An alternative model would be that the
induction of anergy correlated with losses of IL-2Rex,
IL-7Ra, and yc expressions. Interestingly, culrure of
anergic T cells in the presence of IL-15 but not IL-2
markedly restored antigen-induced T-cell proliferation,
another characteristic of T-cell anergy observed in the
present study. It was reported that responsivenes. of
anergic T cells was restored by I1.-2 {36, 41]. Because
characteristics of the T-cell anergy in the present study
were different from those reported previously, the path-
way involved in restoration from T-cell anergy may also be
different from previous observations. It was surprising to
us that TL-15 reversed the T-cell anergy and restored

- partial expressions of IL-7Ra, I1-2Rq, and vyc (Fig-
ure 5). Thus, reexpression of these cytokine receptors
may correlate with restoration of the T-cell responsive-
ness. On the other hand, IL-2 + I1.-7 did not reverse the
T-cell anergy (data not shown), compatible with obser-
vations that anergic T-cells did not express both IL-2R or
IL-7R.

Whether function of the anergic T-cells is involved in
immunosuppression is an important question. As re-
ported, human anergic regulatory T cells could be prop-
agated by antigen-specific stimulation in the presence of
IL-2 or IL-15, and after the expansion, the anergic reg-
ulatory T cells did not lose regularory function [43—451.
However, our results revealed that the IL-7—induced
anergic T cells had no immunosuppressive function (data
not shown), suggesting that the anergic phenotype of
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CD4" T cells does not necessarily correlate with regu-
latory function of CD4™ T cells.

Our study for the first time demonstrates the func-
tional relationship of cyctokines IL-7 and IL-15 in induc-
tion and restoration of T-cell anergy, respectively. This
may prove to be a novel mechanism for regulation of
helper T-cell response to nonself antigens and induction
of peripheral tolerance. If IL-7 plays an important role in
the maintenance of peripheral tolerance of helper T cells
to self-antigen, the cancellation of helper T-cell anergy
induced by IL-15 may be one of mechanisms triggering
autoimmune diseases.
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The close cooperation of both innate and acquired immunity is
essential for the induction of truly effective antitumor immunity.
We tested a strategy to enhance the cross-talk between NKT cells
and conventional antigen-specific T cells with the use of aGalCer-
loaded dendritic cells genetically engineered to express antigen
plus chemokine, attracting both conventional T cells and NKT
cells. DC genetically engineered to express a model antigen,
OVA, along with SLC/CCL21 or monokine induced by IFN-y/
CXCLY, had been generated using a method based on in vitro
differentiation of DC from mouse ES cells. The ES-DC were loaded
with a-GalCer and transferred to mice bearing MO4, an OVA-
expressing melanoma, and their capacity to evoke antitumor
immunity was evaluated. Invivo transfer of either OVA-
expressing ES-DC, stimulating OVA-reactive T cells, or a-GalCer-
loaded non-transfectant ES-DC, stimulating NKT cells, elicited a
significant but limited degree of protection against the i.p.
disseminated MO4. A more potent antitumor effect was
observed when a-GalCer was loaded to ES-DC expressing OVA
before in vivo transfer, and the effect was abrogated by the
administration of anti-CD8, anti-NK1.1 or anti-asialo GM1
antibody. o-GalCer-loaded double transfectant ES-DC expressing
SLC along with OVA induced the most potent antitumor
immunity. Thus, o-GalCer-loaded ES-DC expressing tumor-
associated antigen along with SLC can stimulate multiple subsets
of effector cells to induce a potent therapeutic effect against
peritoneally disseminated tumor cells. The present study
suggests a novel way to use a-GalCer in immunotherapy for
peritoneally disseminated cancer. (Cancer Sci 2005; 96: 889-896)

A means to induce the close cooperation of both innate
and acquired immunity would be necessary for the
induction of efficient antitumor therapy. Recent studies have
shown DC to be potent stimulators of both innate and
acquired immunity. The in vivo transfer of DC presenting
tumor-associated antigens has proven to be efficient in the
priming of CTL specific to the antigens. o-GalCer presented
by DC efficiently stimulates NKT cells," a subset of T cells
implicated in the innate immunity against infection and
cancer.®" In addition, NKT cells stimulated by the in vivo
administration of «-GalCer secondarily stimulate conven-
tional T cells.®® It is thus presumed that the /n vivo transfer

doi: 10.1111/j.1349-7006.2005.00123.x
© 2005 Japanese Cancer Association

of DC simultaneously loaded with tumor-associated antigens
and o-GalCer may stimulate both tumor-reactive T cells and
NKT cells, thus resulting in a potent antitumor immunity.

Chemokines mediate leukocyte adhesion and homing, and
the concordant migration of specific leukocyte - subsets
induced by chemokines is pivotal for the development of
proper immune responses. SLC/CCL21 attracts both T cells
and DC to lymphoid tissues through its receptor CCR7, and
the effect of SLC is essential for the priming of naive T cells
in the inifiation phase of the immune response. CXCR3 and
its ligands, Mig/CXCL9 and IP-10/CXCL10, mediate the
migration of effector/memory T cells and NK cells to the site
of inflammation. In addition, a recent study revealed that
these chemokines and their receptors also mediate the migra-
tion of some subpopulations of NKT cells.!'%-12)

As a means for loading the tumor-associated antigens to
DC, genetic modification to express antigenic proteins has
several advantages. The expression of tumor antigens by DC
circumvents the need for identifying specific CTL epitopes
within the protein, and by that the antigens are continuously
supplied for presentation as opposed to a single pulse of pep-
tides or tumor cell lysates.!"™ For the efficient gene transfer to
DC, the use of virus-based vectors is required because DC
are not easy to genetically modify. Considering the clinical
application, however, there are several problems related to
the use of virus vectors. These include the inefficiency of gene
transfer, the instability of gene expression, and the potential
risk accompanying the use of virus vectors. In addition, in
many countries, legal restrictions have been placed on the use
of virus vectors outside of carefully isolated laboratories.

We and others have established methods to generate den-
dritic cells in vitro from mouse ES cells.®*'% ES-DC have the

3To whom correspondence should be addressed.
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Abbreviations: Ab, antibody; BM-DC, bone marrow cell-derived dendritic cell;
CBF1, (CBA x C57BL/6) F1; CTL, cytotoxic T lymphocyte; DC, dendritic cell;
ELISA, enzyme-linked immunosorbent assay; ES cell, embryonic stem cell; ES-
DC, ES cell-derived dendritic cell; a-GalCer, o-galactosylceramide; GM-CSF,
granulocyte macrophage colony-stimulating factor; HLA, human histocompat-
ibility leukocyte antigen; IFN-y, interferon-gamma; IL, interleukin; i.p., intra-
peritoneally; IP-10, IFN-y-inducible 10 kDa protein; mAb, monoclonal antibody;
Mig, monokine induced by IFN-y; NK, natural killer; OVA, ovalbumin; s.c., sub-
cutaneously; SLC, secondary lymphoid tissue chemokine.
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capacity to stimulate T cells, present antigen and migrate to
lymphoid tissues upon in vivo administration, and these
capacities of ES-DC are comparable to those of BM-DC. The
genetic modification of ES-DC can be carried out without the
use of virus vectors by introducing exogenous genes by elec-
troporation into undifferentiated ES cells and the subsequent
induction of their differentiation into ES-DC. We can gener-
ate multiple gene-transfectant ES-DC by the sequential trans-
fection of ES cells with vectors bearing different selection
markers.“®!” In a previous study, we generated double-
transfectant ES-DC expressing SLC or Mig along with a
model tumor antigen.!® Using these double-transfectant
ES-DC, we demonstrated that the coexpression of SLC or Mig
enthanced the capacity of in vivo-transferred ES-DC to activate
antigen-specific CTL and to protect the recipient mice from
a tumor cell challenge.

In the present study, we evaluated the capacity of o-
GalCer-loaded ES-DC to stimulate NKT cells both in vitro
and in vivo, in comparison to that of BM-DC. We next eval-
vated the antitumor effect of simultaneous stimulation of
NKT cells and antigen-specific conventional T cells by the
in vivo administration of a-GalCer-loaded ES-DC expressing
a model tumor antigen, namely OVA. Furthermore, we
addressed whether coexpression of SLC or Mig with the anti-
gen by ES-DC could enhance the synergic antitumor effect of
NKT cells and conventional T cells.

Materials and Methods

Mice

CBA and C57BL/6 mice were obtained from Clea Animal
Co. (Tokyo, Japan) or Charles River (Hamamatsu, Japan) and
kept under specific pathogen-free conditions. Male CBA and
female C57BL/6 mice were mated to produce CBFI mice
and all in vivo experiments were carried out using the CBF1
mice. The animal experiments in this study were approved by
the animal experiment committee of Kumamoto University
(permission number A16-074).

Reagents

Recombinant mouse GM-CSF was purchased from
PeproTech EC (London, UK) and o-GalCer was kindly
provided by the Kirin Brewery Co. (Tokyo, Japan). Mouse
IL-4 and IFN-y ELISA kits were purchased from eBioscience
(San Diego, CA, USA). Polyclonal rabbit anti-asialo GMI
Ab was purchased from Wako Chemicals (Tokyo, Japan).

Cell lines and preparation of DC

The ES cell line TT2, derived from CBF1 blastocysts,™ was
maintained as described previously."” MO4?" was generated
by the transfection of C57BL/6-derived melanoma B16 with
the pAc-neo-OVA plasmid. The procedure for inducing the
differentiation of ES cells into DC has been reproted
previously.!> ES-DC expressing OVA (ES-DC-OVA) and
ES-DC expressing chemokine, SL.C or Mig, along with OVA
(ES-DC-OVA/SLC or ES-DC-OVA/Mig) were generated as
reported previously.!® ES-DC recovered after a 14-day
culture in bacteriological Petri dishes were used for both
invivo and invitro assays. To generate BM-DC, bone
marrow cells were isolated from CBFI mice and cultured in
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RPMI + 10% fetal calf serum + GM-CSF (5 ng/mL) for
7 days, according to the method reported by Lutz e al.?"

Analysis of the activation of NKT cells by DC loaded with

a-GalCer

Embryonic stem cell-derived dendritic cells or BM-DC were
cultured in the presence of o-GalCer (100 ng/mL) or vehicle
(0.00025% Polysorbate-20) alone for 22 h, washed twice,
and cocultured with splenic T cells of syngeneic CBF1 mice
(5x10*DC+2.5x 10°T cells/well in 24-well culture
plates). Splenic T cells were isolated using nylon-wool
columns, as described previously."'® After 24 h or 5 days, the
cells were recovered and analyzed on their cytotoxic activity
by a 4-h *!Cr-release assay using YAC-1 cells (1 x 10* cells/
well) as targets in 96-well round-bottomed culture plates at
the effector : target ratio indicated. The amount of IL-4 and
IEN-v in the culture supernatant was measured by ELISA. In
the analysis of the stimulation of NKT cells in vivo, ES-DC
or BM-DC loaded with either o-GalCer (100 ng/mL) or
vehicle alone, as described above, were injected i.p. into
syngeneic CBF1 mice (1 x 108 cells/mouse). After 24 h, the
mice were killed and the cytotoxic activity of whole spleen
cells against YAC-1 cells was analyzed, as described above.

Tumor challenge experiments

Indicated numbers of MO4 cells were injected s.c. into the
shaved left flank region, or i.p. on day 0. On day 3, 1 x 10°
genetically modified ES-DC preloaded with either a-GalCer
or vehicle alone were transferred i.p. into the mice. The
survival rate of the mice was monitored and, in s.c. challenge
experiments, the tumor sizes were also determined biweekly
in a blinded fashion. The tumor index was calculated as:

Tumor index (mm) = square root of (length X width).

In vivo depletion experiments

The mice were challenged i.p. with 1 x 10° MO4 cells on day
0 and they were injected iLp. with 1x10° ES-DC-OVA
preloaded with o-GalCer on day 3. To deplete the specific
types of cells, the mice were given a total of 14 i.p. injections
(days —4, -1, 2, 5, 10, 13, 15, 19, 26, 33, 40, 47, 54 and 61)
of mAb, ascites (0.1 mL/mouse/injection) from hybridoma-
bearing nude mice, or polyclonal rabbit anti-asialo GM{ Ab
(50 pg/mouse/injection). The mAbs used were rat antimouse
CD4 (clone GK1.5), rat antimouse CDS (clone 2.43) and mouse
anti-NK1.1 (clone PK-136). Normal rat IgG (Sigma, St Louis,
MO, USA) was used as a control (200 [Lg/mouse/injection).

Statistical analysis

Two-tailed Student’s r-test was used to determine the
statistical significance of differences in cytolytic activity and
the tumor growth between the treatment groups. A value of
P < 0.05 was considered to be significant. The Kaplan—Meier
plot for survival was used to determine any significant
differences in tumor challenge experiments, using the
Breslow—Gehan—Wilcoxon test. In some experiments, the
difference in the survival rate between treatment groups was
assessed for significance using the >-test. Statistical analyses
were made using the StatView 5.0 software (Abacus
Concepts, Calabasas, CA, USA).
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Results

Activation of NKT cells by ES-DC pulsed with o-GalCer
Mouse splenic DC and BM-DC loaded with ¢-GalCer have
been reported to efficiently stimulate NKT cells, resulting in
the rapid induction of NK celi-like cytolytic activily and the
production of cytokines such as IL-4 and IFN-y.%» We exam-
ined whether ES-DC loaded with a-GalCer had the capacity
to activate NKT cells, as naturally occurring DC do.

TT2 ES cell-derived non-transfectant ES-DC (ES-DC-
TT2) or BM-DC were preincubated with a-GalCer, and then
cocultured with splenic T cells isolated from syngeneic
CBF1 mice. After 24 h, the cultured cells were recovered and
their cytolytic activity against YAC-1 target cells was ana-
lyzed by a *'Cr-release assay. The results shown in Fig. la
indicate that a significant cytotoxity against YAC-1 cells was
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Fig. 1. Activation of NKT cells by the a-GalCer-loaded ES-DC. {(a) ES-
DC-TT2 or BM-DC were loaded with either a-GalCer (100 ng/mL) or
vehicle (Polysorbate-20) alone for 22 h, washed extensively, and
cocultured  with splenic T cells of syngeneic CBF1 mice
(5x10°DC+2.5% 10°T cells/well in 24-well culture plates). After
24 h of culture, the cells were recovered and the cytotoxic activity
of the harvested cells against YAC-1 cells (1 x 10° cells) was analyzed
using a 4-h Cr-release assay at the effector:target {E:T) ratios
indicated. (b) Amounts of IL-4 and IFN-y in the supernatant collected
at the end of the 24-h coculture were quantified by ELISA. The
results are expressed as the mean cytokine production of triplicate
assays + SD. (c) The coculture was extended to 5 days and the killing
activity of resultant cells was analyzed as in (a). {(d) ES-DC or BM-DC
were cultured in the presence of either a-GalCer (100 ng/mL) or
vehicle alone for 18 h, washed, and injected i.p. into syngeneic CBF1
mice (1 x 10 celissmouse). After 24 h, spleen cells were isolated
from the mice and their cytotoxic activity against YAC-1 cells was
analyzed as in (a). The results are expressed as the mean specific
lysis of triplicate assays. The SD of triplicates were less than 2%.
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induced in the splenic T cell preparations by coculture with
ES-DC loaded with o-GalCer, in comparison to the coculture
with ES-DC loaded with vehicle alone. The cytotoxic activity
induced by o-GalCer-loaded ES-DC-TT2 was comparable to
that induced by o-GalCer-loaded BM-DC (Fig. 1a). As
shown in Fig. [b, IL.-4 and [FN-y were produced by splenic
T cells cocultured with a-GalCer-loaded BM-DC or ES-DC,
and a similar amount of the cytokines was produced in the
culture with BM-DC and ES-DC preloaded with o-GalCer. If
the coculture of T cells with o-GalCer-loaded ES-DC was
extended (o 5 days, the induced killing activity (Fig. Ic) and
the amount of IL-4 and IFN-y produced was increased in par-
allel (data not shown).

We next analyzed the capacity of o-GalCer-loaded ES-DC
to activate NKT cells in vivo. ES-DC-TT2 or BM-DC were
preloaded with o-GalCer or vehicle alone in the same way as
described above and i.p. injected into the syngeneic CBFI
mice. After 24 h, the mice were killed and the cytotoxic
activity of whole spleen cells against YAC-1 cells was ana-
lyzed. As shown in Fig. 1d, a significant degree of cytotoxic
activity was induced in the spleen cells by transfer of ES-DC
loaded with a-GalCer, but it was not induced by the transfer
of those loaded with vehicle alone. The capacity to evoke
YAC-1 cell-killing activity of ES-DC and that of BM-DC
was similar also in vivo. The activated NKT cells are known
to activate the cytotoxic activity of NK cells.® It is therefore
possible that the cytotoxic activity observed in these assays
were mostly mediated by NK cells secondarily stimulated by
NKT cells. Even so, these data collectively demonstrate that
ES-DC had the capacity to present a-GalCer to activate NKT
cells, and the capacity was similar to that of BM-DC both
in vitro and in vivo.

Anti-tumor effect of a-GalCer-loaded ES-DC

We assessed whether the activation of NKT cells in vivo by
0-GalCer-loaded ES-DC had any therapeutic effect against
the tumor cells growing in vivo. MO4, originating from NK-
sensitive B16 melanoma cells, were injected s.c. into the left
flank region of mice and, 3 days later, the mice were treated
with an i.p. injection of ES-DC-TT?2 loaded with a-GalCer or
vehicle alone. As shown in Fig. 2a, ES-DC loaded with «-
GalCer did not show any therapeutic effect in this s.c. tumor
model.

We next investigated the effect of o-GalCer-loaded ES-DC
in the peritoneally disseminated tumor model. MO4 cells
were injected i.p. into mice and, 3 days later, the mice were
treated with an i.p. injection of ES-DC loaded with either o-
GalCer or vehicle alone. As shown in Fig. 2b, which indi-
cated the survival rate of the treated mice, the injection of
ES-DC-TT2 loaded with o-GalCer elicited a significant
(P <0.05) but limited protective effect against the i.p. dis-
seminated tumor cells.

Synergic therapeutic effect of o-GalCer-activated NKT
celis and antigen-specific T cells against peritoneally
disseminated tumor cells

In a previous study, we demonstrated that the in vivo transfer
of ES-DC-OVA effectively primed OVA-specific CTL and
induced protection against a subsequent challenge with s.c.
injected MO4 cells expressing OVA.U® We investigated
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Fig. 2. Anti-tumor effect of in vivo-transferred o-GalCer-loaded ES-
DC. The mice were (a) inoculated s.c. with MO4 cells (3 x 105 cells/
mouse) to the left flank region or (b) inoculated i.p. with MO4 cells
(1 x 10° cells/mouse). After 3 days, the mice were treated with i.p.
injection of ES-DC-TT2 (1 x 10° cells/mouse) loaded with o-GalCer,
vehicle alone or medium alone, and the mouse survival rate was
monitored (n =10 per group). In (b), the survival rate of the a-
GalCer-loaded ES-DC-TT2-treated group was higher than that of the
other two groups and the difference was statistically significant.
Data are representative of four independent and reproducible
experiments.

whether the loading of o-GalCer to ES-DC-OVA before
in vivo transfer would enhance the therapeutic effect against
pre-established MO4 tumor. The mice were challenged s.c.
with MO4 cells, and then 3 days later they were treated by
i.p. injection of ES-DC-OVA preloaded with a-GalCer or
vehicle alone. As shown in Fig. 3a,b, compared to the
transfer of ES-DC-TT?2, the transfer of ES-DC-OVA, loaded
with either o-GalCer or vehicle alone, elicited a significant
antitumor effect in this therapeutic model, as observed in the
previously reported prevention (prophylactic) model.!'®
However, the loading of a-GalCer to ES-DC-OVA did not
improve the effect, based on either the tumor growth or the
mouse survival time (Fig. 3a,b). These results suggest that
the activation of NKT cells by a-GalCer loaded to ES-DC
does not enhance the therapeutic effect of antigen-specific T
cells against s.c. growing.tumor cells.

We next investigated the effect of transfer of o-GalCer-
loaded ES-DC-OVA against peritoneally disseminated tumor
cells. Mice were 1.p. inoculated with MO4 cells and 3 days
later they were treated by an i.p. injection of ES-DC-OVA
loaded with o-GalCer or vehicle alone, or ES-DC-TT2
loaded with vehicle alone. As shown in Fig. 3c, the therapeu-

tic effect of the transfer of ES-DC-OVA loaded with vehicle

alone was significant (P < 0.05) in comparison to the treat-
ment with ES-DC-TT2 loaded with vehicle alone, but the
effect was less marked than the effect observed in the s.c.
growing tumor model (Fig.3b). In contrast, the treatment
with ES-DC-OVA loaded with a-GalCer elicited a potent
effect to prolong the survival time of the mice. Given that the
antitumor effect elicited by o-GalCer-loaded non-transfectant
ES-DC was also limited (Figs 2b,3c), these results indicate
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Fig. 3. Synergic effect of a-GalCer loading and the expression of

tumor antigen on the protection against tumors induced by ES-DC.
MO4 cells (3 x 10° cells/mouse) were injected s.c. into the left flank
region of the mice and, 3 days later, the mice were treated with an
i.p. injection of ES-DC-TT2 (1 x 10° cells/mouse) loaded with vehicle
alone, ES-DC-TT2 loaded with o-GalCer, or ES-DC-OVA loaded with
a-GalCer. After that, the tumor sizes were determined (a) and
survival rate was monitored (b). Both the differences in tumor index
(a) and in mouse survival rate (b) between the vehicle-loaded ES-DC-
TT2-treated group and other two groups were statistically
significant. (c) MO4 cells (1 x 10° cells/fmouse) were injected i.p. into
the mice and, 3 days later, the mice were treated with an i.p.
injection of ES-DC-OVA or ES-DC-TT2 (1 x 10° cellsyrmouse) loaded
with o-GalCer or vehicle alone. Thereafter, the mouse survival rate
was monitored. The survival rate of the a-GalCer-loaded ES-DC-
OVA-treated group was higher than that of the other groups and
the difference was statistically significant. The survival rates of the
vehicle-loaded ES-DC-OVA-treated group and o-GalCer-loaded ES-
DC-TT2-treated group were higher than that of vehicle-loaded ES-
DC-TT2-treated group and the difference was statistically
significant. Each group included 10 mice. Data are representative of
three independent and reproducible experiments.

that the NKT cells activated by o-GalCer presented by ES-
DC and OVA-specific CTL primed by OVA antigen presented
by the same ES-DC acted synergistically to protect the mice.

Subsets of effector cells contributing to the antitumor
effect induced by o-GalCer-loaded ES-DC that expressed a
model tumor antigen

To determine the effector cells exhibiting the observed
antitumor effect induced by adoptive transfer of o-GalCer-
loaded ES-DC expressing OVA, we carried out depletion
experiments by injecting the mice with Abs specific to
several subsets of effector cells during the tumor cell
challenge and treatment with ES-DC. Figure 4a shows the
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Fig. 4. Effector cells involved in the antitumor effect exerted by
adoptive transfer of o-GalCer-loaded, antigen-expressing ES-DC.
The mice were challenged i.p. with 1x 10° MO4 cells on day 0 and
injected i.p. with 1x 10° ES-DC-OVA preloaded with a-GalCer on
day 3. To deplete the specific types of cells, the mice were given i.p.
injections of mAb or polycional rabbit anti-asialo GM1 Ab. The
effect of the injection of anti-CD4, anti-CD8, or a combination of
these two Abs is shown in (a). The effect of anti-NK1.1 or rabbit
anti-asialo GM1 Ab is shown in (b). As a control, the survival of the
mice treated with normal rat IgG is shown in both (a) and (b). Each
group included 10 mice. In (a), the survival rates of a-GalCer-loaded
ES-DC-OVA plus control IgG-treated group and o-GalCer-loaded ES-
DC-OVA plus anti-CD4-treated group were higher than those of the
other three groups and the difference was statistically significant. In
(b), the survival rates of a-GalCer-loaded ES-DC-OVA plus anti-NK1.1
or anti-asialo GM1-treated groups and those of the other two groups
were statistically different. The experiment was carried out once.

effect of the injection of anti-CD4 or anti-CD8 mAbs or a
combination of these two mAbs. The injection of anti-CDS§
mADb almost totally abrogated the effect of the treatment with
the ES-DC, thus suggesting that CD8* OVA-specific CTL
played an important ‘role in protecting the mice from the
tumor. Compared to the effect of anti-CD8 mAb, the injec-
tion of anti-CD4 mAb had far less influence on the protective
effect against the tumor, thus indicating the function of CD4*
helper T cells to be not essential.

Figure 4b shows the effect of the injection of rabbit anti-asialo
GMI1 Ab, depleting NK cells, and also that of anti-NK1.1
mADb, depleting both NK and NKT cells. Treatment with
either of these two kinds of Ab decreased the effect of a-GalCer-
loaded ES-DC-OVA to a level similar to that elicited by
vehicle-loaded ES-DC-OVA. These results indicate that NK
cells played an essential role in the enhanced antitumor effect
caused by the activation of NKT cells by a-GalCer.

Enhanced antitumor effect elicited by a-GalCer-loaded
ES-DC expressing SLC along with OVA

We previously found that the coexpression of SLC or Mig, T
cell-attracting chemokines that natural DC do not produce,
along with OVA by ES-DC significantly enhanced their
capacity to prime OVA-specific CTL and also to induce a
protective immunity against s.c. injected MO4 cells."® A
recent study revealed that these two chemokines induced
chemotaxis not only of conventional T cells but also of some
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Fig. 5. Enhanced antitumor effect elicited by o-GalCer-loaded ES-

DC expressing SLC along with OVA. (a) MO4 cells (1 x 10° cells/
mouse) were injected i.p. into the mice and, 3 days later, the mice
were treated with i.p. injection of ES-DC-TT2, ES-DC-OVA, ES-DC-
OVA/Mig, or ES-DC-OVA/SLC (1 x 10° cells/fmouse), all loaded with
vehicle only. Thereafter, the survival rate of the mice was
monitored. The differences in the survival rate between ES-DC-OVA/
Mig-treated or ES-DC-OVA-treated group and the other two groups
were statistically significant. (b) The mice were challenged with
MO4 cells as in (a) and treated with either ES-DC-OVA, ES-DC-OVA/
SLC or ES-DC-OVA/Mig, all loaded with o-GalCer. The frequency of
mice from the ES-DC-OVA/SLC-treated group surviving for more
than 100 days (four out of 10 mice) was significantly higher than
that of the other two groups (0 out of 10 mice in each group),
according to the y2test. The experiment was carried out once.

subpopulations of the NK cells and NKT cells.!'0-122 We
therefore examined whether the coexpression of such chemo-
kine by ES-DC expressing OVA would also have an enhanc-
ing effect in protection against the i.p. growing MO4 cells.
We first assessed the effect of the expression of such
chemokines by ES-DC without preloading with «-GalCer.
We analyzed the capacity of ES-DC-OVA/SLC or ES-DC-
OVA/Mig, ES-DC expressing OVA simultaneously with SLC
or Mig, to induce protection against i.p. disseminated MO4
cells, comparing the capacity with that of ES-DC-OVA. The
effect elicited by ES-DC-OVA/Mig was not higher than that
elicited by ES-DC-OVA. Thus, the expression of Mig did not
enhance the antitumor effect (Fig. 5a). However, expression
of SLC by ES-DC did enhance the protective effect, although
the effect of SLC in this i.p. tumor model was less evident than
that observed in the s.c. tumor model reported previously.®
We next evaluated the effect of the expression of either SLC
or Mig on the antitumor effect elicited by a-GalCer-loaded
ES-DC-OVA. a-GalCer ES-DC-OVA/Mig and a-GalCer ES-
DC-OVA exhibited a similar degree of protection, thus indi-
cating that the coexpression of Mig by o-GalCer-loaded
ES-DC-expressing OVA did not have any additive effect
(Fig. 5b). In contrast, o-GalCer-loaded ES-DC-OVA/SLC
exhibited a far more potent protective effect than a-GalCer
ES-DC-OVA/Mig or o-GalCer ES-DC-OVA did. We
observed that 40% of the mice treated with o-GalCer-loaded
ES-DC-OVA/SLC completely rejected the tumor cells
(Fig. 5b). These results suggest that the SLC produced by
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ES-DC augmented the synergic effect of antigen-reactive
CTL, o-GalCer-activated NKT cells, and probably NK cells.

As we reported previously,"® coexpression of SLC along
with OVA in ES-DC enhanced the capacity of ES-DC to
prime OVA-specific CTL upon invivo transfer. The data
shown in the Fig. 5a also indicate that coexpression of SLC
enhanced the capacity of ES-DC to induce antitumor
immunity mediated by OVA-specific CTL in the absence of
a-GalCer. To assess the effect of SLC produced by ES-DC
on the activation of NKT or NK cells, we compared the capacity
of o-GalCer-loaded ES-DC-OVA and o-GalCer-loaded
ES-DC-OVA/SLC to stimulate NKT cells by an experiment
similar to that shown in Fig. 1d. As a result, we observed that
the capacity of a-GalCer-loaded ES-DC to induce YAC-1
cell-killing activity was not enhanced by expression of SLC
(data not shown). Thus, effect of SLC produced by ES-DC to
enhance the activation of NKT and NK cells was not detected
at least by this short-term (24 h) assay. Based on these obser-
vations, it may be considered that the expression of SLC by
ES-DC dominantly enhanced the activation of antigen-specific
CTL rather than NKT or NK cells.

Discussion

In the present study, we evaluated the effect of loading o-
GalCer to ES-DC expressing a model tumor antigen on their
capacity to induce antitumor immunity. Upon loading with
o-GalCer, ES-DC had a capacity comparable to that of BM-
DC to stimulate NKT cells (Fig. 1). The invivo admin-
istration a-GalCer-loaded non-transfectant ES-DC had some
antitumor effect in an i.p. disseminated tumor model but not
in an s.c. growing tumor model (Fig. 2). The difference in the
effect of loading of o-GalCer to ES-DC in between the two
models may be accounted for by the tissue distribution of
NKT cells. NKT cells localize mainly in the liver, lung,
spleen, bone marrow and peritoneal cavity.®!1243 In parallel
with these observations, the loading of o-GalCer to ES-DC-
OVA enhanced their antitumor effect against i.p. dissemin-
ated but not s.c. growing MO4 tumor cells (Fig. 3).

In a previous study, we observed that the protective effect
against s.c. growing MO4 cells by transfer of ES-DC-OVA
was almost totally abrogated by the depletion of either of
CD4 or CD8 T cells."® In contrast, in the present study, the
depletion of CD8" T cells but not CD4* T cells diminished the
antitumor effect against i.p. MO4 cells elicited by o.-GalCer-
loaded ES-DC-OVA (Fig. 4a). These results indicate that
CTL play a pivotal role in both conditions, and that CD4* T
helper cells were not essential in the protective immunity
_against 1.p. tumor cells on the occasion of simultaneous acti-
vation of NKT cells. The reason for the dispensability of
CD4* T helper cells may be that NKT cells and NK cells,
secondarily activated by NKT cells, provide help to OVA-
specific CTL.?® The data shown in Fig. 4b revealed that the
depletion of NK cells decreased the effect of o-GalCer-
loaded ES-DC-OVA to a degree similar to that elicited by
vehicle-loaded ES-DC-OVA, indicating that NK celis played
an essential role in the enhancement of the antitumor effect
obtained by loading a-GalCer to ES-DC-OVA. Collectively,
CD8* CTL, NKT cells and NK cells played essential roles in
the antitumor effect obtained by a-GalCer to ES-DC expressing
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Fig. 6. A schematic depiction of the enhanced cross-tatk of
different subsets of effector cells induced by a-GalCer-loaded ES-DC
expressing OVA plus SLC. SLC secreted by ES-DC induces the
comigration of different subsets of effector cells, including NKT
cells, NK cells and antigen-specific T cells, to the sites where the
injected ES-DC are located. The effector cells of both innate and
acquired immunity gathered around ES-DC, which present both o-
GalCer and tumor antigen, thus closely interacting to develop a
potent antitumor immunity.

the antigen (Fig. 6). Presumably, the sequential stimulation
of NKT cells and NK cells augmented the antitumor effect of
OVA-specific CTL® and probably the interactions of effector
cells were mediated by IFN-y and IL.-2.@227-31

The data shown in Fig. 5b indicate that the expression of
SLC by ES-DC enhanced the antitumor effect induced by the
transfer of o-GalCer-loaded ES-DC expressing OVA. SLC
has been reported to attract not only conventional T cells and
DC but also NKT cells.®2¥ SLC also induces chemotaxis of
CD56" CD16~ NK cells and has a costimulatory effect on
the proliferation of NK celis.®® Thus, SLC probably induced
the comigration of conventional T cells, NKT cells and NK
cells to the sites where ES-DC were located, and, as a result,
the close interaction of such multiple subsets of effector cells
may have occurred (Fig. 6).

In the past decade, a-GalCer has been attracting attention
as a novel immunostimulatory reagent for antitumor therapy.
Based on the promising results of preclinical studies demon-
strating antitumor effects of o-GalCer,**-3 several phase [
clinical studies on anticancer immunotherapy by the direct
intravenous administration of o-GalCer or the administration
of a-GalCer-loaded DC have been carried out.™? Although
the activation and expansion of NKT cells by the administra-
tiont of o-GalCer has been observed, the results seemed to be
unsatisfactory from the viewpoint of the clinical effect. The
present study demonstrated that o-GalCer is useful for induction
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of immunity against peritoneally disseminated tumor cells,
especially when it is loaded to DC genetically engineered to
express tumor antigen. Although metastasis of melanoma to
visceral organ sites is observed frequently in patients with
advanced (stage IV) malignant melanoma, peritoneal dissem-
ination of melanoma is very rare. Thus, we are planning
another study with more clinical relevance, using models of
cancer with a high tendency to peritoneal dissemination.

In recent years, a number of tumor-associated anligens
have been identified. These antigens are potentially good tar-
gets for immunotherapy. To establish truly effective antican-
cer immunotherapy, a method for potently polarizing the
immune system toward these antigens is essential. Anfi-
tumor immunotherapy with DC loaded with HLA-binding
peptides derived from tumor antigens has been tested clini-
cally in many institutions. In most cases, the DC are gener-
ated by culture of monocytes obtained from peripheral blood
of the patients. To generate a sufficient number of DC for
treatment, apheresis, a procedure that is sometimes invasive
for patients with advanced stages of cancer, is necessary to
obtain a sufficient number of monocytes as a source for DC.
In addition, the culture to generate DC should be done sepa-
rately for each patient and for each treatment, and thus the
procedure used at present may be too labor-intensive and
expensive to be applied broadly in a practical setting. Alter-
nately, the source of ES-DC, ES cells, have the capacity to
propagate infinitely. We would thus be able to use human ES
cells as an infinite source of DC. In addition, we will be able
to generate genetically engineered DC without the need to
use virus vectors, as mentioned above. We may thus be able
to generate multiple gene-transfectant ES-DC expressing
tumor antigen plus immunostimulating molecules, which
could be more potent in stimulating antitumor immunity than
monocyte-derived DC are.
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Regarding the future clinical application of ES-DC, we
recently established a method for generating ES-DC from ES
cells of a non-human primate, namely the cynomolgus monkey,
and also for their genetic modification (unpublished data).
We believe that this method would be applicable to human
ES cells, although some modifications may be necessary. Con-
sidering the future clinical application of ES-DC technology,
allogenicity (i.e. differences in the genetic background)
between patients to be treated and ES cells as a source for
DC may cause problems. However, it is expected that human
ES cells sharing some HLA alleles with patients will be
available for most cases. We recently found that antigen-
expressing ES-DC potently primed antigen-specific CTL after
the transfer to semiallogeneic mice sharing some MHC alleles
with the ES-DC, and protected the recipient mice from sub-
sequent challenge with tumor cells bearing the antigen.®®
CD1d is monomorphic and thus a CD1d-a-GalCer-complex
on ES-DC can stimulate the NKT cells of any recipients. a-
GalCer would thus be an ideal adjuvant to enhance the immune
response toward the tumor antigens presented by ES-DC.
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Abstract

Glaucoma is understood as a neurodegenerative disease and intraocular pressure has been regarded as the major risk factors for the optic
nerve damages. However, recent studies suggested that several risk factors including autoimmunity are also shown to play important roles in
glaucoma. To identify the retinal antigen in glaucoma, we used the serological analysis of recombinant cDNA expression libraries (SEREX)
approach and quantified IgG antibodies directed against the identified antigens in an ELISA. We identified neurofilament protein and the
prevalence of anti-bovine neuroftlament light subunit (NF-L) autoantibodies in glaucomatous patients was significantly higher than in healthy
controls and patients with other uveitic and optic nerve diseases (P <0.05). In addition, our immunogenetic analysis showed a possible
association between HLA-DRB1#1502 allele and the patients positive for anti-NF-L autoantibodies. It suggests that the HLA class H-linked

gene may be involved in development of autoimmunity in patients with glaucoma.

© 2005 Elsevier B.V. All rights reserved.

Keywords: Glaucoma, Serological analysis of recombinant cDNA expression libraries (SEREX); Neurofilament protein; Autoantibodies; HLA-DRB1*1502

allele

1. Introduction

Glaucoma is classified as a neurodegenerative disease,
in which the onset and progression of optic nerve damages
results in visual field defects. Intraocular pressure (IOP) has
been regarded as the major risk factor for the progression of
optic nerve damage. However, recent clinical and experimen-
tal studies suggest that several risk factors such as ischemia,
glutamate and genetic background also play important roles
in the onset and progression of glaucoma [1,2]. These risk

* Corresponding author. Tel.: +81 96 373 5247, fax: +81 96 373 5249,
E-mail address: yama@384.jp (K. Yamada).

0165-2478/$ - see front matter © 2005 Elsevier B.V. All rights reserved.
doi:10.1016/j.imlet.2005.03.017

factors are likely associated with the occurrence of apoptotic
cell death in retinal ganglion cells in glaucomatous eyes [3.4].

Recently, several investigators have suggested that
autoimmunity directed against retinal proteins may be related
to the development of glaucomatous optic neuropathy in
glaucomatous patients. For example, Wax and his col-
leagues revealed that various autoantibodies reactive to reti-
nal antigens such as rhodopsin, 27 kDa heat shock protein
(hsp27), a—B crystalline, glycosaminoglycans, glutathione
S-transferase (GST) were found in the sera of glaucoma-
tous patients [5-8]. Also, a recent study using sera obtained
from Japanese glaucomatous patients demonstrated the pres-
ence of anti-y-enolase autoantibodies. Interestingly, vitreous
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injection of the anti-y-enolase autoantibodies resulted in reti-
nal damage in rats [9]. On the other hand, Schwartz and
her colleagues reported that T cell-mediated autoimmunity
plays a crucial role in the progression of glaucomatous optic
neuropathy in mice and rats, and suggested possibility of
immunotherapy for neuroprotection against glaucomatous
optic neuropathy [10,11]. Taken together, immunological
investigation of the glaucomatous optic neuropathy may lead
to the development of a novel concept for the treatment of
glaucoma in addition to the presently used I0OP-lowering
treatments.

Herein, we present evidence that neurofilament protein
may be a novel autoantigen that is involved in autoimmunity
and leads to the development of glaucomatous optic neuropa-
thy. Also, our immunological analysis revealed that there was
a statistical association between the HLA class 1I allele and
the presence of autoantibodies directed against neurofilament
protein in patients which suggests that there is HLLA-linked
genetic control of autoimmune glaucoma.

2. Materials and methods
2.1. Patients

In this study, 65 patients with glaucoma were subjected
to analysis. The mean age (£S.D.) in the patients was
61.3 4 12.6 years old (range, 22-78 years old). The patienis
included 34 males and 31 females. In 30 of the 65 patients,
the glaucoma was diagnosed as normal tension glaucoma
(NTG) based upon (1) open iridocorneal angles without any
peripheral anterior synechia, (2) no evidence of elevation in
intraocular pressure (>21 mmHg), (3) the presence of glauco-
matous (or glaucoma-like) changes in visual fields and optic
nerve appearance and (4) exclusion of any other causes of
optic neuropathy. The remaining 35 patients were diagnosed
as having primary open angle glaucoma with glaucomatous
optic neuropathy and had a history of high intraocular pres-
sure (>21 mmHg). Additionally, in this study, 42 patients
with Vogt-Koyanagi—Harada disease (VKH), 31 patients
with Behget’s disease (BD) with ocular complications, 30
patients with the opticospinal form of multiple sclerosis (OS-
MS) and 30 patients with the conventional form of multiple
sclerosis (C-MS) were subjected to immunological analysis.
Sixty-nine normal healthy volunteers. were used as healthy
controls in the present study. Peripheral venous blood sam-
ples were immediately subjected to serum separation and
stored at —80°C before use. All subjects were unrelated
Japanese living in Japan and informed consents were obtained
from all subjects prior to blood sampling. This study was done
according to the tenets of the Declaration of Helsinki.

2.2. Immunoscreening

A rat retinal cDNA expression library was purchased
from Strategene (La Jolla, CA, USA). The immunoscreening

method used was a modification of our published methods
[12,13]. Sera were diluted in Tris-buffered-saline (TBS).
Recombinant phages at a concentration of 1 x 10%/15¢m
plate were amplified for 6h at 42°C, then transferred
onto nitrocellulose filters Hybond-c extra (Amersham,
Buckinghamshire, England), pretreated with isopropyl
b-p-thiogalactoside (Wako, Osaka, Japan), and incubated
for an additional 3 h at 37 °C to transfer the encoded proteins
onto the filter membranes. Membranes were then removed
from plate and blocked with 5% (w/v) skim milk/TBS. After
washing with TBS containing 0.05% Tween 20 (TBS-T),
membranes were incubated in 2 hat 27 °C. This was followed
by incubation in horseradish peroxidase (HRP)-conjugated
mouse anti-human IgG (Southern Biotechnology Associates
Inc., Birmingham, AL) for 1h at room temperature. The
membranes were washed in TBS-T and TBS and incubated
with ECL RPN 2106 (Amersham) for 1 min, and exposed
to autoradiographic film to detect any antibody-reactive
phage plaques. Positive recombinant clones were subcloned
and retested for sera reactivity as described above. A total
of 1.5 x 10° recombinant clones were screened, using sera
from three glaucomatous patients.

2.3. Sequence analysis of identified cDNA clones

Immunoreactive phage clones were subjected to in vivo
excision of pBluescript phagemid, using the ExAssist helper
phage/SOLR strain system (Stratagene). Plasmid DNA was
purified, using QIAGEN Plasmid Midi Kits (Tokyo, Japan)
c¢DNA inserts were sequenced, using an ABI Prism (Perkin-
Elmer, Norwalk, CT) automated DNA sequencer and for
sequence alignments we used BLAST software on NCBI and
Genone Net.

2.4. Enzyme-linked immunosorbent assay

Detection and tituration of antibodies reactive to purified
bovine neurofilament protein (PROGEN, Heidelberg, Ger-
many) were done, using a direct enzyme-linked immunosor-
bent assay (ELISA). Microtiter plates (96-well) (NUNC,
Denmark) were coated with neurofilamemt protein in PBS
(pH 7.4) for 10h at 4 °C. The plates were then washed with
PBS containing 0.05% Tween 20 (PBS-T) and blocked with
5% skim milk/PBS for 2 h at room temperature. The plates
were washed with PBS-T and incubated for 2 h at room tem-
perature with serum samples diluted at 1:100 with 1% skim
milk/PBS. The plates were washed in PBS-T and 100 ] of
HRP-conjugated mouse anti-human IgG diluted at 1:2000
with 1% skim milk/PBS was added to each well and then
followed by incubation at room temperature for 1 h. The
plates were washed with PBS-T, and 100 .l solution of o-
phenylenediamine (Sigma Fast: Sigma Chemical Co., St.
Louis, MO) was added to each well. After 15 min, the reaction
was stopped by adding 100 pl of 4 M HpS0y, and the opti-
cal density (OD) at 490 nm was determined, using a Model
550 microplate reader (Bio-Rad, Hercules, CA). The reactiv-
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ities of autoantibodies are expressed as the relative value of
the OD unit in which the OD value for the serum sample of
patient TT was estimated to be 100 OD units.

2.5. HLA-DRBI typing

Extraction of genomic DNAs was performed by sodium
dodecyl sulphate and proteinase C treated peripheral blood
cells from 55 patients with glaucoma and 57 healthy con-
trols. HLA-DRB1 genes were amplified by polymerase chain
reaction (PCR) method and typed by the PCR-restriction
fragment length polymorphism (RFLP) method as described
elsewhere [14].

3. Results
3.1. Identification of immunoreactive cDNA clones

With a serum sample obtained from a patient with NTG
(a 58-year-old man), 4.0 x 10° phage plaques in the rat
retinal cDNA library were immunoscreened. Seven posi-
tive immunoreactive clones were identified. Their partial
sequences of inserted DNAs and subsequent computer anal-
ysis revealed that they were derived from two different
sequences. The deduced amino acid sequences of six clones
were identical to rat neurofilament protein and another clone
encoded for the Wiskott-Aldrich syndrome proteins fam-
ily verprolin homologous protein3 (WAVE3). Thus, our
immunoscreening studies revealed the presence of anti-rat
neurofilament protein IgG antibodies in a patient with NTG.

3.2. Comparison of the prevalence of anti-bovine
neurofilament IgG in sera from patients with glaucoma,
other diseases and healthy controls

To determine if the autoimmunity directed against the
neurofilament protein is associated with glaucomatous optic
nerve damage, serum samples obtained from 65 glaucoma-
tous patients, 42 patients with VKH, 31 patients with BD, 60
patients with MS and 69 healthy controls were tested for their
reactivity to neurofilament protein. Because purified human
neurofilament protein was not available for the present stud-
ies, bovine neurofilament protein (68-kD light subunit) was
purchased from PROGEN (Heidelberg, Germany) and was
used for the following experiments to determine the levels of
antibody titers in ELISA in sera from the various patients and
normal volunteers. Computer analysis of the deduced amino
acid sequences demonstrated by the homology of the 68-kD
light subunit of neurofilament (NF-L) between bovine and
human, human and rat, rat and bovine was 78-81%.

Fig. 1 shows scatter grams of individual serum titers of
the anti-NF-L IgG. The results were expressed as the relative
value of OD unit. To determine the cut-off level for positiv-
ity of anti-NF-L in the 69 healthy controls, titer levels were
measured. The mean (£S.D.) titer level of the anti-NF-L IgG
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Fig. 1. Distribution of the titer of anti-bovine NF-L IgG antibodies in patients
with glaucoma (Gla), Vogt—Koyanagi—Harada disease (VKH), Behget’s dis-
ease (BD), opticospinal form of multiple sclerosis (OS-MS), conventional
form of multiple sclerosis (C-MS) and healthy controls (HC). Data were
expressed as the relative value of optical density (OD) unit in which the
OD value for the serum sample of patient TT was estimated to be 1000D
units. To determine the cut-off level for the positivity of anti-NF-L IgG, the
levels were measured in 69 healthy controls. The mean (&S.D.) titer level
of the anti-NF-L IgG was 7.5 + 8.7. Thus, we regarded the mean value plus
two times the standard deviation (24.9), as the cut-off level for this ELISA
analysis (indicated by the line).

was 7.5+ 8.7. Thus, we regarded the mean value plus two
times the standard deviation, 7.5 + 8.7 x 2=24.9, as the cut-
off level for this ELIS A analysis. The prevalence of anti-NF-L
IgG in patients and healthy controls is shown in Table 1. Our
ELISA experiments showed that the measured titer levels of
anti-NE-L IgG were higher than the cut-off level, found in 12
(18.5%) of the 65 glaucomatous patients and in four (5.8%)
of the 69 normal controls (P =0.022, Fisher’s exact test). The
difference in the percentage of autoantibody-positive subjects
was statistically significant between these two groups.

Table |
Prevalence of anti-NF-L IgG evaluated by ELISA in sera from patients with
glaucoma, disease controls and healthy controls

Diagnosis Anti-NF-L IgG positive donors Frequency (%)
Glaucoma 12/65 18.5"

VKH 0/42 0.0

BD 2/31 6.5

0S-MS 1730 3.3

C-MS 2/30 6.7

HC 4/69 5.8"

VKH, Vogt-Koyanagi-Harada disease; BD, Behget’s disease; OS-MS, opti-
cospinal form of multiple sclerosis; C-MS, conventional form of multiple
sclerosis; HC, healthy control.

* Statistically significant difference in frequency of anti-NF-L 1gG autoan-
tibodies between HC and glaucom groups (P =0.022, Fisher’s exact test).
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Table 2
Allele frequency of HLA-DRBI in patients with glaucoma and normal
controls

Table 3
Difference between anti-NF-L IgG positive patients and negative patients in
frequency of DRBI1 alleles

Allele Glaucoma Control subject P-value
(n=55) (n=57)
n AF n AF
DRB1*0101 8 0.145 9 0.158 NS
DRB1*¥0301 1 0.018 1 0.018 NS
DRB1*0401 1 0.018 1 0.018 NS
DRB1*0403 2 0.036 2 0.035 NS
DRB1*0405 16 0.291 12 0211 NS
DRB1#0406 4 0.073 5 0.088 NS
DRB1*0410 2 0.036 2 0.035 NS
DRB1*0802 4 0.073 3 0.053 NS
DRB1*¥0803 10 0.182 12 0.211 NS
DRB1*0901 17 0.301 15 0.263 NS
DRBI#1101 1 0.018 3 0.053 NS
DRB1*1201 1 0.018 4 0.07 NS
DRBI[*1301 l 0.018 I 0.018 NS
DRB1*1302 8 0.145 9 0.158 NS
DRB1*1401 2 0.036 0 0 NS
DRB1*1405 4 0.073 3 0.053 NS
DRB1*1406 3 0.055 0 0 NS
DRB1*1501 8 0.145 8 0.14 NS
DRB1*1502 16 0.291 14 0.246 NS
DRB1*1602 1 0.018 1 0.018 NS

AF: allele frequency; NS: not significant; Chi-square fest.

We measured antibody titer levels of anti-NF-L IgG in
serum samples obtained from patients with various ocular
diseases. ELISA studies showed that the titer levels higher
than the cut-off value were found in none (0%) of the 42
patients with VKH, two (6.5%) of the 31 patients with BD,
one (3.3%) of the 30 patients with OS-MS and two (6.7%) of
the 30 patients with C-MS. As shown in Table 1, there were
no statistically significant differences in the prevalence of the
titer levels of anti-NF-L IgG that were higher than the cut-off
level between the normal controls and each group. The age
distribution is not significantly different between anti-NF-L
IgG positive and negative donors in each group of patients as
well as healthy controls (data not shown).

3.3. HLA-DRBI allele frequency

There were no statistically significant differences in the
allele frequency of HLA-DRB1 between normal controls
and the combined glaucomatous patient group (Table 2).
We divided the glaucomatous patients into two groups based
upon their anti NF-L IgG titer levels. In the anti NF-L IgG
positive group, which was composed of patients with anti
NF-L IgG titer levels higher than the cut-off level, HLA-
DRB1#1502 allele was observed in seven (58.3%) of the
12 patients. On the other hand, in the anti-NF-L IgG neg-
ative group, which was composed of patients with anti-NF-L
IgG titer levels equal to or below the cut-off level, the allele
was only found in seven (16.3%) of the 43 patients. The dif-
ferences in prevalence of anti NF-L IgG were statistically
significant between these two groups (P <0.05, Chi-square
test) (Table 3).

Allele Anti-NF-L IgG Anti-NF-L IgG P-Value

positive patients negative patients

(n=12) (n=43)

n  Frequency n Frequency
DRB1*0101 1  0.083 5 0.116 NS
DRBI1*0301 0  0.000 1 0.023 NS
DRB1*0401 0  0.000 1 0.023 NS
DRB1*0403 0  0.000 2 0.047 NS
DRB1*0405 4 0333 10 0.233 NS
DRB1*0406 0  0.000 4 0.093 NS
DRB1*0410 0  0.000 2 0.047 NS
DRB1*0802 O  0.000 4 0.093 NS
DRB1*0803 2  0.167 6 0.14 NS
DRB1*0901 2 0.167 11 0.256 NS
DRBI*1101 1  0.083 0 0 NS
DRBi*1201 0  0.000 i 0.023 NS
DRB1*1301 1 0083 0 0 NS
DRBI*1302 2 0Q.167 6 0.14 NS
DRB1*1401 0  0.000 2 0.047 NS
DRBI1*1405 1  0.083 3 0.07 NS
DRB1*1406 2 0.167 1 0.023 NS
DRB1*1501 1 0.083 7 0.163 NS
DRBI1*1502 6  0.500 9 0.21 <0.05
DRB1*¥1602 0  0.000 1 0.023 NS

NS: not significant; Chi-square test.

4, Discussion

Recent studies have revealed that glaucomatous optic neu-
ropathy may be caused by many risk factors such as ischemia,
genetic background, glutamate and immune response in addi-
tion to intraocular pressure [1]. Among these, involvement
of the immune response in the pathogenesis of glaucomatous
optic neuropathy has been the focus of investigations. Several
investigators have reported the presence of autoantibodies
in glaucomatous patients [5-8,15,16]. Also, recent studies
have suggested that T cell-mediated immune response might
play a crucial role in the progression of glaucomatous optic
nerve damages in animal experimental models [10,11,17,18].
These findings have shed light on new aspects for under-
standing of the pathogenesis and treatment of glaucomatous
optic neuropathy. Based on these findings, we conducted a
series of experiments in the present study in an attempt to
further elucidate a role for involvement of autoimmunity and
the immunogenetic background, in glaucomatous optic nerve
damage.

In previous studies, Western blot analysis was used for the
identification of autoantibodies in serum samples obtained
from glaucomatous patients [5-8,16]. These methods are
useful for identification of autoantibodies directed against
antigens that have a large amount of expression. However,
this method has a potential risk in that it can exclude the
detection of important antigens if the autoantigens are barely
expressed. For this reason it is possible that autoantigens asso-
ciated with the progression of glaucomatous optic neuropathy
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may escape detection of a Western blot analysis. Thus, in
order to better understand the immunological mechanisms of
glaucomatous optic neuropathy, more sensitive and reliable
technique needs to be applied. In the present study, we applied
SEREX method to the identification of glaucoma-associated
autoantigens. This molecular biological method enabled us
to detect autoantigens regardless of whether the expression
was very low, and to easily accomplish subsequent molecular
cloning of genes that encode for the autoantigen.

With the aid of the SEREX method in our previous studies,
we have been able to identify disease-associated autoanti-
gens in patients with VKH and cancers [12,19-21]. In VKH,
T helper 1 type T cells-mediated cellular immunity plays
a dominant role in the pathogenesis [22,23]. In cases of
glaucoma, some investigators have suggested the involve-
ment of T cell-mediated cellular immunity play a role in
the neuroprotection against glaucomatous optic neuropathy
whereas T helper 2 type T cells-mediated humoral immunity
should be regarded as the main cause for the production of
autoantibodies [11,17]. Thus, presently, our understanding
on immunological mechanisms associated with glaucoma-
tous optic neuropathy is far from satisfactory. Therefore, we
considered the use of SEREX to be suitable for our aims of
elucidating the mechanism of autoimmunity in glaucoma.

In the present study, we identified neurofilament proteins
as the candidate target autoantigens associated with glau-
coma. Neurofilament proteins are known to be major inter-
mediate filaments that are present in the nervous system and
construct the axonal cytoskeleton. So far, three types of sub-
units for neurofilament have been identified; the 68-kD light
subunit (NF-L), the 160-kD medium subunit (NF-M) and the
200-kD heavy subunit (NF-H). NF-L constructs the back-
bone of neurofilament while NF-M and NF-H are localized
on the periphery of NF-L. Targeted disruption of the NF-L
gene results in reduction of radial growth of neuronal axons
[24]. It has been reported that abnormal accumulation of neu-
rofilament is the pathological hallmark of some neurodegen-
erative diseases such as amyotrophic lateral sclerosis (ALS),
Lewy-body-type dementia and Parkinson’s disease {25-27].
The presence of autoantibodies directed against NF proteins
has been reported in patients with progressive MS [28,29].
From the viewpoint of glaucoma, it has been reported that
expression of NF proteins in retinal ganglion cells reduced in
glaucomatous patients [30,31].

In our study, use of the SEREX method and a serum sam-
ple of a patient with normal tension glancoma, allowed us
to identify neurofilament protein as a candidate autoanti-
gen associated with glaucomatous optic neuropathy. Our
results showed a statistically significant difference between
the prevalence of anti-NF-L IgG in normal controls and glau-
comatous patients, but not between normal controls and other
diseases such as VKH, BD and MS. In glaucoma, retinal gan-
glion cells and their axons specifically deteriorate whereas
it is the uveal tissues that are mainly involved in VKH.
However, in BD and MS as well as glaucoma, optic nerve
damage dose occur. Thus, our positive results that showed

the prevalence of a high titer of anti-NF-L IgG in glaucoma-
tous patients might suggest that this immune response may be
associated with a certain sub-group of glaucomatous patients,
One of the most important points that need to be addressed
concerns what mechanisms segregate this sub-group of glau-
comatous patients with regards to the immunological reaction
against NF-L. This question may be partially answered by
our additional results for the typing of HLA class II alleles
in glaucomatous patients.

The association between glaucoma and HILA class Il allele
has been previously reported [32,33]. In the present study, we
document the frequency of HLA-DRBI allele in Japanese
glaucomatous patients for the first time. A statistically sig-
nificant difference was revealed in the allele frequency of
HLA-DRB1*#1502 between the anti-NF-L IgG positive and
negative groups in glaucomatous patients. Our finding sug-
gests that specific HLLA class II alleles or genes in with a
strong linkage with disequilibrium with HLA-DRB1*1502
may play an important role in the production of autoantibod-
ies in glaucomatous patients. The presence of autoantibodies
reactive to retinal and/or optic nerve antigens may result
from prolonged exposure of the immune system to autoanti-
gens caused by glaucomatous optic nerve damage. However,
we cannot exclude another possibility that the autoantibody-
associated immune response may deteriorate (or inhibit) the
progression of glaucomatous optic neuropathy. Taken into
consideration together, we can hypothesize that the immuno-
genetic background associated with HLLA class II alleles may
control susceptibility to autoimmunity. Our hypothesis may
shed new light for understanding the presence of autoantibod-
ies in glaucomatous patients. Further studies are necessary to
elucidate the relationships between HLA class II alleles and
the immunological abnormality in glaucoma.

In conclusion, we have identified neurofilament proteins
as a novel autoantigens associated with glaucomatous optic
nerve damage. This autoimmunity was found in some but
not all glaucomatous patients, and was not found in patients
with other ocular diseases. HLA-DRB #1502 allele was also
significantly associated with high titer of anti-NF-L IgG in
glaucomatous patients, suggesting the importance of HLA
class I-linked genes in the development of autoimmunity in
glaucoma.
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A functional variant in FCRL3, encoding Fc
receptor-like 3, is associated with rheumatoid
arthritis and several autoimmunities

Yuta Kochi'?, Ryo Yamada!, Akari Suzuki!, John B Harley?, Senji Shirasawa®, Tetsuji Sawada?,
Sang-Cheol Bae®, Shinya Tokuhiro!, Xiaotian Chang!, Akihiro Sekine®, Atsushi Takahashi?,
Tatsuhiko Tsunoda’, Yozo Ohnishi®, Kenneth M Kaufman®, Changsoo Paul Kang®, Changwon Kang?,
Shigeru Otsubo!’, Wako Yumura!!, Akio Mimori?, Takao Koike!2, Yusuke Nakamura!®13,

Takehiko Sasazuki* & Kazuhiko Yamamoto2

Rheumatoid arthritis is 2 common autoimmune disease with a complex genetic etiology. Here we identify a SNP in the promoter
region of FCRL3, a member of the Fc receptor-like family, that is associated with susceptibility to rheumatoid arthritis

(odds ratio = 2.15, P = 0.00000085). This polymorphism alters the binding affinity of nuclear factor-xB and regulates FCRL3
expression. We observed high FCRL3 expression on B cells and augmented autoantibody production in individuals with the
disease-susceptible genotype. We also found associations between the SNP and susceptibility to autoimmune thyroid disease and
systemic lupus erythematosus. FCRL3 may therefore have a pivotal role in autoimmunity.

Rheumatoid arthritis is one of the most common autoimmune
diseases and is characterized by inflammation of synovial tissue and
joint destruction. Although the disease is believed to result from a
combination of genetic and environmental factors, its complete
etiology has not yet been clarified!. Specific haplotypes of human

_leukocyte antigen (HLA)-DRBI, usually referred to as shared-epitope

equences?, have been repeatedly reported to confer susceptibility to
rheumatoid arthritis®*; other genetic components are also involved®.
This combination of HLA haplotypes and non-HLA genes accounting
for disease susceptibility is also observed for other autoimmune
diseases®®. In autoimmune thyroid disease (AITD), for instance, the
HLA-DR3 haplotype is associated with disease risk, as is a functional
haplotype of a non-HLA gene, CTLA4, that has recently been
associated with AITD susceptibility®.

Identification of non-HLA genes associated with rheumatoid
arthritis susceptibility and 'other autoimmunities seems difficult,
because of the low relative risk of disease resulting from these non-
HLA genes compared with the strong relative risk from disease-
associated HLA haplotypes. In a search for non-HLA determinants

of disease susceptibility, whole-genome studies have been done for
both human autoimmune diseases and experimental animal models.
These studies have identified nonrandom clustering of susceptibility
loci for clinically distinct diseases®!°. The overlap of susceptibility loci
for multiple autoimmunities suggests that common susceptibility
genes exist in those regions. Intense studies of loci-clustering regions
identified genes commonly associated with multiple autoimmune
diseases, such as CTLA4 on 2q33 (ref. 9), SLC22A4 and SLC22A5 on
5q31 (ref. 11) and PTPN22 on 1pl13 (ref. 12).

Cytoband 1q21-23 is one of the regions implicated in susceptibility
to multiple autoimmune diseases. The Fey receptor (FcyR) II/III genes
are located at 1¢23, and a new family of genes, Fc receptor-like genes
(FCRLs, also known as FcRHs'>'%, IRTAs'>16 or SPAPs!?), clusters
nearby at 1q21 (Fig. 1a). FCRLs have high structural homology with
classical FcyRs, although their ligands and function are not yet known.
These receptors are good candidates for involvement in autoimmu-
nity, as they are believed to be involved in the pathogenesis of
rheumatoid arthritis and other autoimmune diseases'®, Region 1q23
is a candidate locus for susceptibility to systemic lupus erythematosus
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Figure 1 LD and association of the FCRL gene cluster. (a) Pairwise LD
between SNPs, as measured by A in 658 controls. The 16-Mb region in
192123 (upper left) and the 2-Mb region around the FCRL gene cluster
(lower right) were evaluated. (b) Location of LD blocks, genes and 41 SNPs
in the FCRL gene cluster. {c) Case-control association test with 41 SNPs in
the FCRL gene cluster using 830 affected individuals and 658 controls.
Peak association.

(SLE), and variants in the classical FcyR II/III genes partially account
for disease susceptibility®!®. Region 1q21 is a candidate locus for
susceptibility to psoriasis (PSORS4; refs. 7,20) and multiple sclerosis?!.
The mouse homologous region to human 1q21, on chromosome 3,
also contains susceptibility loci for multiple autoimmune disease
models’, including collagen-induced arthritis (Cia5, also called
Mcia2 (ref. 22); Eae3 (ref. 23); Tmevd2 (ref. 24); Idd10; and Idd17
(ref. 25)). Although 1q21-23 is a good candidate region for containing

Table 1 Case-control analysis of FCRL3
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rheumatoid arthritis—susceptibility genes, the association of classical
FcyRs with disease susceptibility remains controversial?627. Here we
focused on the 1q21-23 region to identify rheumatoid arthritis—
associated genes in Japanese subjects using linkage disequilibrium
(LD) mapping.

RESULTS

Case-control study by SNP-based LD mapping at 1¢21-23

To evaluate the extent of association, we analyzed LD with SNPs
distributed in a 16-Mb region on 1q21-23, including the FCRL gene
cluster and the classical FeyRs (Fig. 1a). We genotyped 658 control
subjects for 742 SNPs from the JSNP database and selected 491 SNPs
with allele frequency > 0.1, successful genotyping rate >0.95 and P >
0.01 with Hardy-Weinberg equilibrium testing for evaluation of LD.
We calculated the pairwise LD index A (ref. 28) for each pair of SNPs,
identifying 110 LD blocks'! at a threshold of A > 0.5 (Fig. 1a).

For association testing, we examined the Japanese set of 830 cases
and 658 controls used for LD block evaluation. We initially genotyped
94 rheumatoid arthritis cases for 491 SNPs and compared their allele
frequencies with those ‘of 658 control subjects. We identified nine
SNPs that had allele frequencies differing by more than 0.1 between
658 controls and 94 cases with P < 0.01. We genotyped the remaining
cases for these nine SNPs and tested their allele frequencies for case-
control association. We identified the smallest P value between an
intronic SNP in the gene FCRL3 and rheumatoid arthritis (fcrl3_6,
P = 1.8 %1075 association was statistically significant in both
rheumatoid arthritis subgroups (94 and 736 individuals)). This SNP
was located in a LD block containing four of the five FCRL genes;
the fifth was in the adjacent block. We therefore evaluated the origin
of this association in these two LD blocks (Fig. Ib), although our
results do not exclude the presence of variants associated with
rheumatoid arthritis or other autoimmune diseases in other LD blocks
at 1q21-23.

In addition to the 25 SNPs of the 491 that we used for LD block
evaluation, we identified 16 additional SNPs in exons and 5 and 3’
flanking regions of five FCRL genes and one pseudogene (FCRLY/4) by
searching the public database and sequencing genomic DNA from
Japanese individuals with rheumatoid arthritis. We genotyped these
16 SNPs in the identical case and control samples (830 cases, 658
controls) to increase the density of variants in the targeted region. We
observed a peak of association in a short segment consisting of four
SNPs in FCRL3 (P < 1.0 x10™% Fig. 1c and Supplementary Table 1
online): fcrl3_3, fcrl3_4, ferl3_5 and ferl3_6, located at nt —169, —110,
+358 (5" untranslated region of exon 2) and +1381 (intron 3; 204 bp
and 859 bp from the 3" and 5’ ends of the flanking exons) relative to
the transcription initiation site, respectively.

We observed the smallest P value without correction in recessive-
trait genotype comparison of ferl3_3 in FCRL3 (P = 8.5 x1077; odds
ratio = 2.15; 95% confidence interval = 1,58-2.93; Table 1). This

Allele 1 frequency

Genotype 11 versus 12 + 22

SNP Location Allele (1/2) Affected individuals Controls OR (95% c.i.) x2 P
fert3_3 -169 c 0.42 0.35 2.15 (1.568-2.93) 24.3 0.00000085
ferl3_4 -110 AG 0.25 0.18 3.01 (1.71-5.29) 16.1 0.000060
ferl3_5 Exon 2 C/G 0.42 0.35 2.05(1.51-2.78) 21.6 0.0000033
ferl3_6 tntron 3 NG 0.42 0.34 2.02 (1.49-2.75) 20.8 0.0000052
SNPs with P < 0.0001 in allele frequency comparisen tf;st are shown. c.i., confidence interval; OR, odds ratio.
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