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3.3. Comparison of intracellular cytokine production
between CSF cells and PBL

Representative staining patterns for the cytokines in each
group are shown in Fig. 3. CSF cells showed a significantly
higher proportion of IFN-y" IL-4~ CD4™ T cells than in
PBL in CIDP patients {p=0.0051), VN (p=0.0117) and
OND patients (p=0.0022; Fig. 4). IFN-y~ IL-4" CD4™ T
cell percentages were significantly lower in CSF cells than
in PBL in VN patients (p=0.0421) and OND patients
{p=0.0342), and also tended to be lower in CIDP patients
{(p=0.0745). Thus, the intracellular IFN-y/fL-4 ratio (IFN-
v IL-4 CD4" T cell percentage divided by IFN-y™ IL-4"
CD4" T cell percentage) was significantly higher in CSF
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cells than in PBL in CIDP patients {p=0.0051), VN
(p=0.0117) and OND patients (p=0.0029). IFN-y* IL-4*
cell percentages were significantly greater in CSF cells than
in PBL in CIDP patients (p=0.0284), VN (p=0.0117) and
OND patients { p=0.0229):

3.4. Comparison of intracellular cytokine production of
CSF cells and PBL among diseases

In CSF cells, IFN-y” IL-4~ cell percentages in CIDP
patients showed clustering in the high ranges, while those in
VN patients were distributed over a wide range (Fig. 4). Thus,
IFN-y* IL-4~ cell percentages were markedly increased in
CIDP compared with OND patients (p=0.0008), but not in
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Fig. 3. Represeniative staining patterns of the intracellular cytokines in CSF CD4 ™ T cells and peripheral blood (PB) CD4™ T cells from CIDP, VN and OND
patients. (A) A 39-year-old patient with CIDP. (B) A 51-yearold patient with VN, (C) A 52-year-old patient with amyotrophic lateral sclerosis. Note the
increase in IFN-y" [L-4~ CD4" T cells in the CIDP CSF cells compared with OND.
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Fig. 4. Intracellular cytokine production patterns of CSF CD4™ T cells in
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CD4" T cells. (D) IFN-y" IL-4™ CD4" T cell percentages.

VN patients, while in PBL, the percentages did not differ
significantly among the diseases. IFN-y~ IL-4" cell percen-
tages were not significantly different among the groups in
gither CSF cells or PBL. Thus, the intracellular IFN-v/1L-4
ratio was significantly increased in CSF cells in CIDP
compared with OND patients {p=0.0250). The ratios in
CSF in VN patients, and in PBL in efther CIDP or VN
patients were not significantly different compared with OND
patients, The proportions of IFN-y" IL-4" cells in either CSF
cells or PBL were not significantly different among the

£roups.

3.5. Correlation between clinical parameters and intra- and
extracellular cytokine levels in CIDP patients

Both IL-17 and IL-8 in CSF supernatant showed
significant positive correlation with CSF protein concen-
trations (r=0.468, p=0.0027 and r=0.579, p=0.0022,
respectively; Fig. 5). CIDP patients with increased CSF
protein levels at examination had significantly higher levels

275 1 r=0.468
i ]
250 p=0.0027

225
200 1
175 7
150 -
125 1
16O 7
75 1
50 7
25 7

0 T T T T T T T T 1

0 5 10 15 20 25 30 35 40
IL-17 (pg/ml)

CSF protein {mg/dl)

275 7
250 1
225 1
200 A
175 A
150 1
125 1
100 A
75 -
50 3
25 1
0 t T T T T T 3 T T )

0 10 20 30 40 50 60 70 80 90 100 110
IL-8 (pg/mi)

r=0.579
p=0.0022

CSF protein (mg/dl)

r=0320
230 p=100327
225

200 -
175
150
125

100

275 1

CSF protein {mg/dl)

-1
Lh

30 1
25
Q e T T T T —
0 20 40 60 80 100 120
IL-6 (pg/ml)

Fig. 5. Correlation between IL-17, IL-8 and IL-6 levels in CSF supernatant
and CSF protein concentration. Both IL-17 and IL-§ in CSF supetnatant
showed a strong positive correlation with CSF protein concentration, while
IL-6 showed a weak correlation with CSF protein levels.
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of IL-17 and IL-8 than those without the protein increase
(12.5+7.83 vs. 4.214-1.75 for the mean+S.D. and 11.39 vs.
3.94 for the median, p=0.0095 in IL-17, and 35.31+£21.88
v§. 19.5723.79 and 31.88 vs. 17.33, p=0.0464 in IL-8). IL-
6 levels also showed a weak correlation with CSF protein
levels (=0.320, p=0.0327), and IL-6 levels in CSF tended
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Fig. 6. Comparison of intracellular cytokine production pattemns between
TVIG responders (RE) and nonresponders (N-RE) in CIDP. (A) IFN-y* IL-
4~ CD4™ T cell percentages. (B) IFN-y”IL-4~ CD4" T ceil percentages. (C)
Intracellular IFN-y/IL—4 ratios in CD4" T cells, (D) IFN-y™ IL-4" CD4* T
cell percentages.
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to be higher in CIDP patients with increased CSF protein
levels than in those without the increase (49.4+29.54 vs.
24.83+9.52 and 41.16 vs. 25.85, p=0.0641). In CSF cells of
CIDP patients, IVIG nonresponders showed significantly
lower IFN-y~ IL-4~ CD4™ T cell percentages in CSF at
pretreatment than responders (p=0.0105), and the intra-
cellular IFN-4/IL-4 ratio also tended to be higher in
nonresponders than responders {p=0.0811; Fig. 6). No
other clinical parameters, such as age at onset or at
examination, duration of disease, sex, clinical course and
Hughes grade, had any significant correlation with intra-
and extracellular cytokine amounts in CSF.

4, Discussion

The present study is the first to demonstrate changes in
intracellular cytokine production in CSF cells and changes
in secreted cytokine levels in CSF supernatant, by a
combined intra- and extracellular cytokine analysis in CIDP
and VN. Our method successfully measured the intracellular
cytokine production even in the absence of CSF pleocytosis.
Cytokine assessment at the cellular level in the CSF has
been difficult because of the extreme fragility of CSF cells
and their limited numbers. In the current study, even in the
absence of CSF pleocytosis, CIDP patients were found to
have a marked increase in IFN-y-producing CD4™ T cells
and thus a greater Thl shift in the CSF compartment than
OND patients, which coincided with upregulation of type 1
cytokine, IL-17, and downregulation of type 2 cyiokines,
such as IL-4 and IL-5. In contrast, VN patients showed
upregulation of type 2 cytokines, such as IL-6 and IL-10.

Among the cytokines that were elevated in the CSF
supernatant in the pretreated patients, IL-17 was upregulated
in CIDP patients but not in VN patients. In addition, IL-10
was elevated in VN patients but not in CIDP patients, whereas
both IL-6 and IL-8 levels were upregulated in CIDP patients
as well as VN patlents, suggesting unique roles for IL-17 in
CIDP and IL-10 in VN. IL-17 is a potent proinflammatory
cytokine produced by a subset of memory CD4™ T cells,
mainly Thl type, on activation [13-15]. IL-17 triggers the
local production of downstrearn cytokines and chemokines,
such as IL-6, IL-8, MCP-1 and G-CSF, from a wide variety of
cells [13,15,16]. It is possible that increase of IL-6 and II.-8
found in the present study may be triggered by IL-17. In
addition, IL-17 stimulates the production of matrix metal-
loproteinases [17,18], iNOS, NO [19,20] and PGE2 [13,21],
which enhance the local inflammatory environment; as
shown in rheumatoid arthritis (RA) where high levels of
IL-17 in synovial fluid contribute to inflammatory joint
destruction [22,23]. In the present study, both IL-17 and IL-8
levels positively correlated with CSF protein concentrations
in CIDP patients, which indicates that an increase of those
cytokines/chemokines is related to the severity of inflamma-
tion in the spinal roots. Both IL-6 and 11-8 are proinflamma-
tory cytokines and contribute to exacerbate various
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autoimmune inflammatory diseases, such as thewmatoid
arthritis (RA) [24], systemic lupus erythematosus (SLE)
[25], ulcerative colitis {26], Crohn’s disease [27] and
psoriasis [24]. IL-6 induces an acute phase response, activates
monocytes [28] and induces other chemolknes {29}, such as
MIP-2, and adhesion molecules [30]; while IL-8 recruits
granulocytes and T cells to the local inflammatory sites
[31,32]. Therefore, increased IL-6 and IL-8 responses could
also coniribute to enhance local inflammation in CIDP.

In contrast, type 2 cytokines, IL-4 and IL-5, were down-
regulated in CSF supernatant only in CIDP patients. IL-7,
which was originaily described as a growth and differentiation
factor for precursor B cells [33] and was later shown to prime
human naive CD4™ T cells for IFN-v as well as IL-4 [34], was
downregulated in CIDP CSF in the present study. The
underlying disease process of CIDP appears to cause this
cytokine to behave similarly o type 2 cytokines. This finding
is similar to those in other organ-specific autoimmune
diseases, such as bullous pemphigoid, where IL-7 is down-
regulated more in the blister fluid than in the sera [35].

IVIG treatment has been shown to be effective in CIDP
and can shift the immune balance from the Thl to the Th2
side [36,37]. Therefore, the beneficial effects of giving IVIG
in CIDP are at least partly attributable to the correction of
the pathogenic Thl shift. However, since the nonresponders
to IVIG showed significantly lower IFN-v~ IL-4" CD4™ T
cells than responders, IVIG does not appear able to
overcome the disease process in CIDP patients with
markedly depressed Th2 ceils in CSF.

Mathey et al. [38] showed that mRNA expression of Th!
cytokines, such as IFN-vy, TNF-o and IL-2, was upregulated
in the biopsied sural nerves from CIDP patients. However, in
CSF supernatant, JL-2 was barely detectable in any of the
diseases examined, and the increases of TNF-a and IFN-y
concentrations were not statistically significant. Although
one ELISA study has demonstrated an increase of TNF-o
concentrations in CIDP sera in a fraction of patients with
grave disability [39], in the present study, only a minority of
CIDP patients with grave disease (Hughes grade 4) had very
high TNF-¢ concentrations in CSF. This observation might
be explained by the very short half life of TNF-g, i.e., 30 min
[40], or altematively, a distinct subset of CIDP patients may
preferentially produce TNF-o. For IFN-y, intracellular
cytokine analysis is superior to extracellular cytokine
measurement; probably becanse intracellular cytokine anal-
ysis measures the preprogrammed potential of cytokine
production in each cell directly, and thus the amounts are
not diluted by other factors, such as large volumes of
continually replacing CSF.

Although we previously reported that Th2 cells are also
increased in peripheral blood in some CIDP patients by
intracellular cytokine analysis [41], Thl shift is evident in
CSF cells. It is possible that Th] cells move from peripheral
blood to nerves beyond the BNB, and CSF cells more
sensitively reflect the pathological process occurring within
the BNB in CIDP.

In the present study, IL-6, 1L-8 and IL-10 levels were
found to be upregulated in CSF supernatant in VN patients;
a group in which CSF cytokine changes have never been
reported. In addition, acting as a proinflammatory cytokine,
IL-6 increases fibrinogen amounts [42] and platelet number
[43], and increases blood viscosity through the induction of
hepatic acute phase response [24]. Therefore, it is possible
that an increase of IL-6 exacerbates vasculitis-related
ischemia of the peripheral nerves. Furthermore, both IL-6
and IL-10 can enhance autoantibody production [24,25,44—
46]. Although the increase of IL-10 in VN could be the
result of the host’s efforts to counteract inflammation since
IL-10 works as anti-inflammatory cytokine [47], IL-10 itself
is regarded as an exacerbating factor in vasculitic disorders,
such as SLE [25,48], RA [46], Sjogren’s syndrome [44] and
Wegener’s granulomatosis [45], through enhanced autoanti-
body production. As immunoglobulins, complements and
immune complexes are deposited in the vessel wall in VN
[3,49], enhanced 1L-6 and JL-10 responses it CSF may act
as exacerbating factors in this condition.

Since no increase of intracellular JFN-y/IL-4 ratio in CSF
cells was observed in VN patients, the commitment of Thl
cells may be less important in VN than in CIDP. However,
intracellular IFN-y* IL-4~ CD4" cell percentages in VN
CSF were distributed over a wide range, which is in contrast
to the clustering observed in the high ranges in CIDP
patients. This indicates the heterogeneous nature of VN and
further investigation of CSF intracetlular cytokine analyses
together with further subclassification of VN is required.

In conclusion, our combined multiplexed fluorescent
bead-based immunoassay and intracellular cytokine analysis
of CSF successfully demonstrated the upregulation of Thi
and downregulation of Th2 cytokines, increased IFN-vy
producing CD4™ T cells in CIDP patients and the upregu-
lation of some Th2 cytokines in VN patients. Thus, we
propose that [L-4, IL-5, JL-6, [L-7, TL-8, TL-10 and TL-17 are
clinicalty useful sets of cytokines for CSF immune monitor-
ing by multiplexed fluorescent bead-based immunoassay.
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Prevention of Experimental Autoimmune Encephalomyelitis by
Transfer of Embryonic Stem Cell-Derived Dendritic Cells
Expressing Myelin Oligodendrocyte Glycoprotein Peptide along
with TRAIL or Programmed Death-1 Ligand’

Shinya Hirata, Satoru Senju, Hidetake Matsuyoshi, Daiki Fukuma, Yasushi Uemura, and
Yasuharu Nishimura®

Experimental autoimmune encephalomyelitis (EAE) is caused by activation of myelin Ag-reactive CD4™ T cells. In the current
study, we tested a strategy to prevent EAE by pretreatment of mice with genetically modified dendritic cells (DC) presenting
myelin oligodendrocyte glycoprotein (MOG) peptide in the context of MHC class II molecules and simultaneously expressing
TRAIL or Programmed Death-1 ligand (PD-L1). For genetic modification of DC, we used a recently established method to
generate DC from mouse embryonic stem cells (ES cells) in vitro (ES-DC). ES cells were sequentially transfected with an expres-
sion vector for TRAIL or PD-L1 and an MHC class H-associated invariant chain-based MOG epitope-presenting vector. Subse-
quentiy, double-transfectant ES cell clones were induced to differentiate to ES-DC, which expressed the products of introduced
genes, Treatment of mice with either of the double-transfectant ES-DC significantly reduced T cell response to MOG, cell infil-
tration inte spinal cord, and the severity of MOG peptide-induced EAE. In contrast, treatment with ES-DC expressing MOG
alone, irrelevant Ag (OVA) plus TRAIL, or OVA plus PD-L1, or coinjection with ES-DC expressing MOG plus ES-DC-expressing
TRAIL or PD-L1 had no effect in reducing the disease severity. In contrast, immune response to irrelevant exogenous Ag (keyhole
limpet hemocyanin) was not impaired by treatment with any of the genetically modified ES-DC. The double-transfectant ES-DC
presenting Ag and simultaneously expressing immune-suppressive molecules may well prove to be an effective therapy for auto-
immune diseases without inhibition of the immune response to irrelevant Ag. Tke Journal of Immunology, 2005, 174: 18881897,

are commonly used for treatment of subjects with aute-

immune diseases. The medication with these drugs often
leads to systemic immune suppression and consequent Opportumnis-
tic infections. Thus, it is desirable to develop a therapeutic means
to down-modulate immune responses in an Ag-specific manner
without causing systemi¢ immune suppression.

Experimental autoimmune encephalomyelitis (EAE),® an ani-
mal model for human multiple sclerosis, is characterized by neu-
rological impairment resulting from demyelination in the CNS
caused by myelin Ag-reactive CD4™ T cells, This disease model is

( j urrently, corticosteroids and other immune suppressants
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induced by immunization with myelin Ags such as myelin oligo-
dendrocyte glycoprotein (MOG). In the current study, we wanted
to try 10 prevenl MOG-induced EAE by treatment of mice with
genetically modified dendritic cells (DC). We generated double-
transfectant DC presenting MOG peptide in the context of MHC
class 1T molecules and simultaneously expressing molecules with T
cell-suppressive property. We tested a strategy to down-modulate
the immune response in an Ag-specific manner by in vivo transfer
of such genetically modified PC to prevent development of the
disease.

For efficient presentation of -MOG peptide in the context of
MHC class 11 molecules, we used a previously devised expression
vector in which ¢DNA for human MHC class Il-associated invari-
ant chain (Ii) was mutated to contain antigenic peptide in the class
Il-associated Ii peptide (CLIP) region (1). An epitope inserted in
this vector is efficiently presented in the context of coexpressed
MHC class 11 molecules (2), Because they ate molecules with a T
cell-suppressive property, we tested TRAIL and Programmed

Death-1 ligand (PD-L1). TRAIL, a member of the TNF superfam-

ily, is constitutively expressed in & variety of cell types, including
Iymphocytes, NK cells, and neural cells (3, 4). TRAIL ™" mice are
hypersensitive to collagen-induced arthritis and streptozotocin-in-
duced diabetes (3). PD-L1, a ligand for PD-1 and member of the
CD28/CTLA-4 family, is expressed on DC, IFN-y-treated mono-
cytes, activated T cells, placental trophobiasts, myocardial endo-
thelium, and cortical thymic epithelial cells (6, 7). PD-1'" mice
spontaneously develop a lymphoproliferative/autoimmune disease,
a lupus-like disease, arthritis, and cardiomyopathy (8, 9. Thus,
abrogation of either of these two molecules make mice autoim-
mune prone, suggesting that these molecules play significant roles
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in maintaining immunological self-tolerance in physiological sit-
uations (10-18).

For introduction of multiple expression vectors into DC, we
used a method for embryonic stem cell (ES cell)-mediated genetic
modification of DC. Recently, we and another group established
culture procedures to generate DC from mouse ES cells (2, 19). ES
cell-derved DC (esDC or ES-DC) have the capacity comparable to
bone marrow-derived DC to process and present protein Agsto T
cells, stimulate naive T cells, and migrate to lymphoid organs in
vivo (20, 21). A recent study using the method revealed the role of
Notch signaling in differentiation of DC (22). For generation of
genetically modified ES-DC, ES cells were transfected with ex-
pression vectors, and subsequently transfectant ES cell clones were
induced to differentiate to DC, which expressed the products of
introduced genes. Introduction of multiple exogenous genes by
sequential transfection can readily be done with vectors bearing
different selection markers (20).

In this study, we report that treatment of mice with ES-DC pre-
senting MOG peptide in the context of MHC class II and simni-
tanecusly expressing TRAIL or PD-L1 significantly reduced the
severity of EAE induced by immunization with the MOG peptide.

Materials and Methods
Mice

CBA, and C57BL/6 mice obtained from CLEA Japan or Charles River
were kept under specific pathogen-free conditions. Male CBA and female
C57BL/6 mice were mated 1o generate F, (CBF,) mice, and 2ll in vivo
experiments were done using CBF, mice, syngeneic to TT2 ES cells.
Mouse experiments met with approval by Animal Research Committee of
Kumamoto University.

Peprides, protein, cell lines, and cytokines

The mouse MOG p35-55 (MEVGWYRSPFSRVVHLYRNGK), mouse
myelin proteolipid protein (PLP) pl90-209 (SKTSASIGSLCADARM
YGVL), and mouse myelin basic protein (MBP) p35-47 (TGILDSI
GRFFSG), were synthesized using the F-moc methed on an automatic
peptide synthesizer (PSSM8; Shimadzu} and purified using HPLC (23-25).
Bovine MBP was purchased from Sigma-Aldrich. The ES celi line, TT2,
derived from CBF, blastocysts, and the M-CSF-defective bone mamow-
derived stromal cell Yine, OP9, were matintained, as described (2). L929, a
fibroblast ¢ell line originating from a C3H mouse was purchased from
Japan Health Science Foundation {Osaka, Japan). Recombinant mouse
GM-CSF was kindly provided by Kirin Brewery and was purchased from
PeproTech.

Plasmid construction

Mouse TRAIL cDNA was prepared by RT-PCR amplification from total
RNA of mouse spleen with PCR primers 5'-AACCCTCTAGACCGC
CGCCACCATGCCTTCCTCAGGGGCCCTGAA-3 and 5'-AAAGGGA
TATCTTTACTGGTCATTTAGTT-3'. The design of these primers results
in cloning of TRAIL cDNA downstream of the Kozak sequence (20). The
PCR products were subcloned into a pGEM-T-Easy vector (Promega), and
¢DNA inserts were confirmed by sequencing analysis. cDNA for mouse
PD-LI was kindly provided by Drs. T. Okazaki and T. Honjo (Department
of Medical Chemistry, Kyoto University, Kyoto, Japan) (7). The cDNA
fragments for TRAIL and PD-LI were cloned into pCAG-INeo, a mam-
malian expression vector driven by a CAG promoter and containing the
internal ribosomal entry site (IRES)-neomycin resistance gene cassette, 1o
generate pCAG-TRAIL-INeo or pCAG-PDL1-INeo. To generate a MOG
peptide presenting vector, double-stranded oligo DNA encoding the MOG
p35-55 epitope, 5'-CCGGTGATGGAAGTTGGTTGGTATCGTT
CTCCATTCTCTCGTGTTGTTCATCTTTATCGTAACGGTAAG
CTGCCCATGGGAGCT-3', was inserted into the previously reported
human li-based epitope-presenting vector, pCI30 (2). The ceding region
of this construct was transferred to pCAG-IPuro, an expression vector
containing the CAG promoter and IRES-puromycin N-acetyliransferase
gene cassette, to generate pCAG-MOG-IPuro. pCI-PCC is 2 pigeon
cytochrome ¢ (PCC) epitope-presenting vector derived from pCI30 (2).
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Transfection of ES cells and differentiation of DC from ES cells

Transfection of ES cells and induction of differentiation of ES cells into DC
were done as described (2, 2Q), with some minotr modification as follows.
The differentiating cells were transferred from OP9 to bacteriotogical petri
dishes without feeder cells on day 10, and caltured in RPMI 1640 medinm
supplemented with 12% FCS, GM-CSF (500 U/ml}, and 2-ME. The flpat-
ing or loosely adherent cells were recovered from dishes by pipetting on
days 17-19 and used for experimems.

RT-PCR to detect transgene products

Total cellular RNA was extracted using a SV Tetal RNA Isolation kit
{Promega). All RNA samples were treated with RNase-free DNase 1 before
reverse transcription to eliminate any contaminating genomic DNA. RT-
PCR was done as described (20). The relative quantity of ¢cDNA in each
sample was first normalized by PCR for GAPDH. The primer sequences were
as follows: ACD74 (i), 5'-CTGACTGACCGCGTTACTCCCACA-3 and
S TTCAGGGGGYCAGCATTCTGGAGC-Y, TRAIL, 5'-CTGACTGAC
CGCGTTACTCCCACA-3' and 5-GAAATGGTGTCCTGAAAGGTTC-3";
PD-11, 5'-CTGACTGACCGCGTTACTCCCACA-3" and 5'-GCTTGTAG
TCCGCACCACCGTAG-3"; and GAPDH, 5'-GGAAAGCTGTG
GCGTGATG-3" and 5'-CTGTTGCTGTAGCCGTATTC-3". The sense-
strand primer used for detection of transgene-derived mRNA was
corresponding to the 5° untranslated region included in the vector DNA.
PCR products were visualized by ethidivm bromide staining after separa-
tion over a 2% agarose gel. In one experiment, the level of expression of

- mRNA for TGF- was detected by RT-PCR. The primer sequences were

5'-ACCATGCCAACTTCTIGTCTG-3 and 5'-CGGGTTGTGTTGGT
TGTAGA-3".

Flow-cytometric analysis

Staining of celis and analysis on a flow cyiometer (FACScan; BD Bio-
sciences) was done as described (2). Abs and reagent used for staining were
as follows: anti-I-A® (clone 3JP; mouse IgG2a), R-PE-conjugated-anti-
mouse CD11¢ (¢lone N148; hamster IgG; Chemicon), R-PE-conjugated
anti-mouse CD86 (clone RMMP-2; rat 1gG2a; Caliag), FITC-conjugated
anti-human CD74 (clone M-B741; mouse 1gG2a; BD Pharmingen), FITC-
conjugated goat anti-mouse Ig (BD Pharmingen), mouse IgG2a control (clone
(G155-178; BD Pharmingen), FITC-conjugated mouse IgG2a control
(clone G155-178; BD Pharmingen), R-PE-conjugated hamster IgG con-
trol (Immunotech), R-PE-conjugated rat IgG2a control (clone LO-DNP-
16; Caltag), biotinylated anti-mouse TRAIL (clone N2B2; rat IgG2a;
eBioscience), anti-mouse PD-L1 (clone MIH35; rat 1g(G2a; eBioscience),
rat [gG2a (Caltag), biotinylated rat 1gG2a (eBioscience), FITC-
conjugated anti-rat Iz (BD Pharmingen), and PE conjugated-
streptavidin {Molecular Probes; Invitrogen Life Technologies). In some
experiments, the DC fraction was gated by forward and side scatters.
For detection of apoptosis of splenic CD4™ T cell, Annexin V'€
apoptosis detection kits (BioVision) were used. In brief, spleen cells
isolated from mice treated with ES-DC were incubated with FITC-
conjugated annexin V and R-PE-conjugated anti-mouse CD4 mAb
(clone L3T4; BD Pharmingen), and subsequently amalyzed by flow
cytometry.

Cytotoxicity assay and proliferation assay of T cells stimulated
with anti-CD3 mAb

Standard *'Cr release assay was done as described (4). For proliferation
assay of T cells stimulated with anti-CD3 mAb, splenic mononuclear cells
were prepared from unprimed CBF, mice, and T cells were purified using
nylon wool columns. X-ray-irradiated (35 Gy) ES-DC (2 X 10* and the T
cells (1 X 10°) were seeded into wells of 96-well flat-bottom culture plates
precoated with anti-CD3 mAb (145-2C11; eBioscience) and cultured for 4
days. [PH]Thymidine (6.7 Ci/mmol) was added to the culture (¢ uCiswell)
in the last 16 h. At the end of culture, cells were harvested onto glass fiber
filters {Wallac), and the incorporation of [PH]thymidine was measured us-
ing scintillation counting. For blocking experiments, anti-TRAIL (clone
N2B2) or anti-PD-L1 (clone MIHS) blocking mAb (5 pg/ml) was added to
the culture.

Analysis of presentation of MOG epitope by genetically modified
ES-DC

MOG epitope-reactive T cells were prepared from inguinal lymph nodes of
mice immunized according to protocol for EAE induction described below,
using nylon wool columns. X-ray-irradiated (35 Gy) ES-DC as stimulator
cells (2 X 10% were cocultured with the MOG-reactive T cells (1.5-2 X
10%) in wells of 96-well culture plates for 3 days. Proliferatton of T cells in
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the last 12 h of the culture was quantified based on [*Hlthymidine uptake,
as described above.

Induction of EAE and treatment with ES-DC

For EAE induction by synthetic peptides or purified protein, 6- to 8-wk-old
femate CBF, mice were immunized by giving a s.c. injection at the base of
the tail with a 0.2-ml IFA/PBS solution containing 600 g of MOG p35-55
peptide and 400 pg of Mycobacterium wberculosis H37Ra (Difco Labo-
ratories} on day 0. In addition, 500 ng of purified Bordetella pertussis toxin
(Calbiochem) were injected i.p. on days 0 and 2. For EAE induction by
ES-DC presenting MOG peptide, ES-DC were injected at the base of the
tail of mice (5 X 10° cells/mouse) at day 0, and the mice were given 1.p.
500 ng of B. pertussis toxin in 0.2 ml of PBS on days 0 and 2, For pre-
vention of EAE, mice were injected i.p. with ES-DC (1 X 10° cells/mouses
injection) on days —8, —5, and —2 {preimmunization teatment), or on
days 5, 9, and 13 (postimmunization treatment}. The mice were observed
over a period of 42 days for clinical signs, and scores were assigned based
on the following scale; 0, normal; 1, weakness of the tail and/or paralysis
of the distal half of the ail; 2, loss of tail tonicity and abnorrual gait; 3,
partial hindlimb paralysis; 4, complete hindlimb paralysis; 3, forelimb pa-
ralysis or moribundity; 6, death.

Immunohistochemical analysis

Freshly excised spinal cords were immediately frozen and embedded in
Tissue-Tek OCT compeund (Sakura Finetechnical). Immunohistochemical
staining of CD4, CD8, and Mac-1 was done, as described (20), but with
some madification. In brief, serial 7-pm sections were made using cryostat
and underwent immunochemical staining with mAbs specific to CD4
(clone 1.3T4; BD Phammingen), CD8 (clone Ly-2; BD Pharmingen), or
Mac-1 (clone M1/70; eBioscience), and N-Histofine Sirnple Stain Mouse
MAX PO (Nichirei). Frozen sections of spleen were subjected to TUNEL
staining by using ApopTag Fluorescein In Situ Apoptosis Detection kits
(Serologicals). In bref, sections were incubated with digoxigenin-comju-
gated nucleotides and TdT, and subsequently with peroxidase-conjugated
anti-digoxigenin Ab. The staining signals were developed using
diaminobenzidene.

Analysis of T cell response to MOG or keyhole limpet
hemocyanin (KLH}

Immunization of mice and restimulation of draining lymph node cells in
vitro were done as described (26), but with some modification. In bref,
ES-DC-treated and conirel mice were immunized at the base of the tail
with MOG peptide, according to protocal for EAE induction, or 50 ug of
KLH protein (Sigma-Aldrich) emulsified in CFA. After indicated days,
inguinal lymph node cells and spleen cells were isolated and cultored (5 X
10° cells/well) in the presence of MOG peptide (0, 8, 2.5, or §0 pg/ml) or
KLH (186, 50, or 160 ug/ml) in 10% horse serum/RPMI 1640/2-ME or 2%
mouse  serum/DMEM/2-ME/insulin-transferrin-selenium-X  (Invitrogen
Life Technologies), and the proliferative response was guantified based on
[Hlthymidine uptake, as described above. In addition, when mice were
immunized with ES-DC expressing MOG peptide for EAE induction,
spleen cells were isolated at day E4, and cultured (5 X 10° cells/well) in the
presence of MOG peptide in 10% horse seramyRPMI 1640/2-ME, and the

Table 1. EAE induction in CBF, mice®

proliferative response was quantified based on [*Hjthymidine uptake, as
described above. To analyze production of cytokines of spleen cells iso-
lated from mice treated with ES-DC, isclated spleen cells were stimulated
with 10 pM MOQG peptide or irrelevant OV A peptide in vitro. Afier 72 or
96 h, cell supemnatants were harvested and measured for cytokine content
using ELISA kits (eBioscience) for 11.-4, HL-10, and IFN-vy.

Staiistical analysis

Two-tailed Student’s 7 test was used to determine the statistical significance
of differences. A value of p < (.05 was considered significant,

Results
Induction of EAE in CBF; mice

To date, we found no study that EAE had been induced in CBF,
mice. Therefore, before the study on therapeutic intervention, it
was necessary to set up an experimental condition under which we
could reproducibly induce EAE in CBF, mice. We compared sev-
eral induction protocols using protein or peptide Ag of MOG,
MBP, and PLP. As a result, we found that, when mice were s.c.
injected at the base of the tail with a 0.2-ml IFA/PBS solution
containing 600 pg of MOG p35-55 and 400 pg of M. tuberculosis
accompanying an i.p. injection of 500 ng of purified B. pertussis
toxin on days 0 and 2, EAE is reproducibly induced in CBF, mice
with an average peak clinical score of 3.3 (Table I}. We decided to
use this protocol in the following experiments. In addition, inoc-
ulation of MBP p35-47, MBF whole protein, or PLP p190-209
together with M. mberculosis and B. pertussis toxin also induced
EAE in CBF, mice with a peak clinical score ranging between 2
and 3 (Table I).

Genetic modification of ES-DC 10 express MOG peptide along
with TRAIL or PD-L1

At the first step in the generation of ES-DC presenting MOG pep-
fide and simultaneously expressing TRAIL or PD-L1, TT2 ES
cells were transfected with an expression vector for TRAIL
(pCAG-TRAIL-INeo) or PD-L.1 (pCAG-PDLI1-INeo), as shown in
Fig. 1A4. Then, ES eell clones introduced with either of the expres-
sion vectors and parental TT2 ES cells were transfected with the
MOG peptide expression vector, pCAG-MOG-IPuro (Fig. 1B). In
this vector, a cDNA for human Ii was mutated to contain an oligo
DNA encoding MOG p35-55 epitope in the CLIP region (1, 2, 27,
28). Resultant single- or double-transfectant ES cell clones were
subjected to differentiation to ES-DC. ES-DC expressing MOG
peptide, MOG peptide plus TRAIL, and MOG peptide plus PD-L1
were designated as ES-DC-MOG, ES-DC-TRAIL/MOG, and ES-
DC-PDLI/MOG, respectively. The expression of mutant hurnan i

Disease Mean Peak
Expt, Ag Ag Dose (ug) Incidence Day of Onset Clinical Score
1 MOG p35-55 200 x 22 1/2 g0 ¢ 150
2 400 2/ 100 40*0
3 600 44/44 102 % 1.3 33x05
4 800 2/2 BOX0 3.0+0
MBP p35~-47 200 % 2¥ 02
600 88 55+13 300
7 MBP protein 200 x 2° 02
8 600 616 9718 3010
9 PLP p100-209 200 x 2° 02
10 600 22 500 20=0

“ Data are combined from a total of 2] experiments. EAE was induced by 5.C. injection at the tail base of a 0.2-ml [FA/PBS solution containing 400 pg of M. mbercuiosis
and indicated peptide or MBP protein once (on day ) or ¥ twice (on days 0 and 7), together with i.p. injections of 500 ng of purified B. perrussis toxin on days 0 and 2,
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FIGURE 1. Genetic modification of ES-DC to express TRAIL, PD-L1,
and 1i-MOG. A, The structures of pCAG-TRAIL-INeo and pCAG-PDL1-
INeo, the expression vectors for TRAIL and PD-L1, and PCR primers for
RT-PCR to detect transgene products are shown, Primer pairs (arrows)
were designed to span the intron (917 bp) in the CAG promoter sequence
0 distinguish PCR products of mRNA origin (421 and 604 bp, respec-
tively) from genome-integrated vector DMNA onigin. Hatched boxes indicate
5’-untranslated region of the rabbit S-actin gene included in the CAG pro-
moter. The vectors are driven by CAG promoter (pCAG), and ¢cDNA for
TRAIL or PD-L] are followed by the IRES-neomycin-resistance gene
{Neo®}-polvadenylation signal sequence (pA). B, The structure of pCAG-
MOG-1Puro, the expression vector for mutant human Ii bearing MOG pep-
tide at the CLIP region, are shown as in A. Primer pairs (arrows) were
designed to generate PCR product of 556 bp originating from transgene-
derived mRNA for CAG-MOG. C, RT-PCR analysis detected expression
of transgene-derived mutant human fi containing the MOG peptide (/-
MOG), TRAIL, PD-L1, and GAPDH (control} mRNA in transfectant
ES-DC.

containing the MOG peptide, TRAIL, and PI-L1 in ES-DC was
confirmed by RT-PCR (Fig. 1C) and flow-cytometric analysis
{(Fig. 2). The mutant human {i containing the MOG peptide was
detected by intracellular staining with anti-human CD74 (Ii} mAb
(Fig. 2).

ES-DC of similar morphology were generated from any of the
transfectant ES cells. As shown in Fig. 2, no significant difference
was observed in the Ievel of surface expression of CD86, I-A®, or
CDl11c among ES-DC derived from parental TT2 ES cells, ES-
DC-MOG, ES-DC-TRAIL/MOG, and ES-DC-PDL1I/MOG. Thus,
forced expression of TRAIL, PD-L1, or mutant human Ii has little
influence on the differentiation of ES-DC.

Functional expression of transgene-derived TRAIL and PD-L1

in E5-DC

The functional activity of TRAIL expressed in ES-DC was ana-
Iyzed according to the cytotoxicity against TRAIL-sensitive L929
cells. As shown in Fig. 34, ES-DC-TRAIL showed manifest kill-
ing aciivity against 1.929. In contrast, neither ES-DC (T'12) (pa-
rental TT2-derived) nor ES-DC-OVA (OV A-transfected TT2-de-
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FIGURE 2. Surface phenotype of genetically medified ES-DC. Expres-
sion of cell surface CD86, I-A®, CD11e, TRAIL, and PD-L1 on transfectant
ES-DCs was analyzed by flow-cytometric analysis. Expression of mutant
human Ii (hCD74) bearing MOG peptide was examined using intracellular
staining, Staining pattems with specific Abs (thick line} and isotype-
matched contrel (thin ling) are shown,

rived ES-DC) did so. In addition, ES-DC-TRAIL inhibited the
profiferation of splenic T cells stimulated with plate-coated anti-
CD3 mAb (Fig. 3B). PD-L1 expressed on ES-DC also inhibited
proliferation of splenic T cells stimulated with anti-CD3 mAb.
Inhibition of anti-CD3-induced proliferation of T cells by the
TRAIL and PD-L1 was abrogated by addition with anti-TRAIL
and anti-PD-L1 blocking mAb, respectively (Fig. 3B), but not by
isotype-matched control mAb (data not shown). These results in-
dicate that transgene-derived TRAIL and PD-L1 expressed in
ES-DC functioned to suppress response of T cells stimulated via
TCR/CD3 complexes.

Stimulation of MOG-reactive T cells by ES-DC genetically
engineered 10 express MOG peptide

Presentation of MOG peptide in the context of MHC ciass II mol-
ecules by ES-DC-MOG was investigated in vitro. MOG peptide-
reactive T cells were prepared from inguinal lymph nodes of mice,
which developed EAE by immunization with MOG p35-55, CFA,
and B. pertussis toxin. Proliferative response of the MOG-reactive
T cells upon coculiure with transfectant ES-DC was analyzed. As
shown in Fig. 44, ES-DC-MOG stimulated the MOG-reactive T
cells to induce proliferation. In contrast, ES-DC carrying Ii-based
PCC peptide expression vector (ES-DC-PCC) (2), as a control, did
not do so. No proliferative response was observed when naive
splenic T cells isolated from syngeneic mice were cocultured with
ES-DC-MOG under the same condition (data not shown). These
results indicate that the epitope-presenting vector introduced into
ES-DC functioned to present the MOG peptide in the context of
MHC class T molecules to stimulate MOG-specific CD4™ T cells.

It has been reported that transfer of bone marrow-derived DC
preloaded with MOG peptide caused development of EAE in naive
mice (29, 30). We presumed that, if ES-DC-MOG could encounter
with MQOG-specific T cells and stimulate the T cells with MOG
peptide in vivo, EAE would be developed. We injected ES-DC-
MOG or ES-DC-PCC, as a control, at the base of the tail of naive
mice and also gave i.p. 500 ng of B. pertussis toxin on the same
day and 2 days later. In ihe resolis, EAE was developed in the mice
transferred with ES-DC-MOG but not those transferred with ES-
DC-PCC (Fig. 4B).

We examined whether MOG-specific T cells were activated in
vivo by injection with ES-DC-MOG. Fourteen days after the in-
jection of ES-DC and B. pertussis toxin, spieen cells were isolated
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FIGURE 3. Expression of functional TRAIL or PD-L1 in ES-DC trans-
fectants, A, The activity of TRAIL expressed in ES-DC was analyzed based
on cytotoxicity against 1929 cell. *'Cr-labeled target cells (5 x 10° 1929
cells) were incubated with ES-DC (TT2), ES-DC-OV A, or ES-DC-TRAIL
as effector cells at the indicated E:T ratio for 12 h, and after the incubation,
cytolysis of target cells was quantified by measuring radioactivity in the
supemnatants. Results are expressed as mean specific Iysis of triplicate as-
says, and SDs of triplicates were <4%. B, Irradiated ES-DC (TT2), ES-
DC-TRAIL, and ES-DC-PDLI (2 X 10%well) were cocultured with 1 X
10° syngeneic CBF, splenic T cells in the presence {{J) or absence (W) of
blocking Ab (anti-TRAIL mAb or anti-PD-L1 mAb, 5 ug/ml) for 4 days in
96-well flat-bottom culture plates precoated with anti-CD3 mAb. Prolifer
ation of T cells was quantified by measuring [*H]thymidine incorporation.
The asterisks indicate that the differences in responses are statistically sig-
nificant between two values indicated by lines (*, p < 0.01; #+, p < 0.05).
The data are cach representative of three independeat ard reproducible
experimenis with similar results.

from the mice and culwred in the presence of MOG peptide. As
shown in Fig. 4C, the spleen cells isclated from mice injected with
ES-DC-MOG showed proliferative response to MOG peptide. In
contrast, those isolated from mice injected with ES-DC-PCC did
not do so. These results indicate that in vivo transferred ES-DC-
MOG together with adjuvant effect of B. pertussis toxin stimulated
MOG-specific T cells to develop EAE.

Protection from MOG-induced EAE by treatment with ES-DC
expressing MOG pepride along with TRAIL or PD-LI

We examined whether TRAIL and PD-L1 expressed by ES-DC
together with MOG peptide had an effect to down-1noduiate MOG-
specific T cell responses in vitro. MOG-teactive T cells prepared
as described above were cocultured with ES-DC-MOG, ES-DC-
TRAILMOG, or ES-DC-PDL1/MQG. As shown in Fig. 3, pro-
liferative response of the MOG-reactive T cells cocultured with
ES-DC-TRAIL/MOG or ES-DC-PDL1/MOG . was significantly
lower than those cocultured with ES-DC-MOG, even though the
three types of ES-DC expressed an almost equal level of MOG-1i
(Fig. 2). These results indicate down-modulation of the response of
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FIGURE 4. Presemation of MOG epitope by ES-DC introduced with
li-based MOG epitope-presenting vector. A, T cells (1.5 % 10 isolated
from inguinal lymph nodes of CBF, mice immunized according to the
protocol for EAE induction were cocultured with one of two independent
clones (2 X 10% of ES-DC-MOG or a clone of ES-DC-PCC, presenting
PCC epitope, for 3 days. Proliferative response of T cells was quantified by
[*H}thymidine uptake in the last 12 h of the culture. B, CBF, mice (three
mice per group) were injected s.¢. with ES-DC-MOG or ES-DC-PCC (5 X
10°) on day 0, wogether with i.p. injection of 500 ng of purified B. periussis
toxin on days 0 and 2, and the severity of induced EAE was evaluated. The
disease incidence, mean day of onset = SD, and mean peak clinical
score = SD of mice injected with ES-DC-MOG were 100%, 11.3 = 1.7,
and 2.7 = (.4, respectively. €, Spleen cells were isolated on day 14 from
mice treated as in B, and whole spleen cells (5 X 10%/well) were cultured
in the presence of 1 ug/ml MOG peptide for 3 days. Proliferative response
was quantified as in A. Data were indicated as Acprn (value in the presence
of peptide — value in the absence of peptide (<46 X 10* cpmy}), and SDs
of wriplicates were <%% of mean value. The asierisks indicate that the
differences in responses are statistically significant compared with ES-DC-
PCC (*, p < 0.01; %, p < 0.05). The data are each representative of three
independent and reproducible experiments with similar results.

MOG-reactive T cells in vitro by TRAIL and PD-L1 coexpressed
together with MOG peptide on ES-DC.

We tested whether or not development of EAE would be pre-
vented by pretreatment of mice with genetically modified ES-DC.
Mice were ip. injected with ES-DC-TRAIL/MOG or ES-DC-
PDLI/MOG at days —8, —5, and —2 (1 % 10° cells/mouse/
injection), and sequentially immunized with MOG peptide plus
adjuvants at days 0 and 2 according to the protocol described in
Fig. 64. As shown in Fig. 68 and Table II, EAE was almost
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FIGURE 5. Decreased proliferative response to MOG peptide of MOG-
reactive T cells cocultured with ES-DC expressing MOG plus TRAIL or
MOG plus PD-L1. T cells (2 X 10°) isolated from inguinal-lymph nodes
of CBF, mice immunized according to the protocol for EAE induction
were cocultured with irradiated ES-DC-MOG, TRAIL/MOG, or PDLY/
MOG (2 X 10% for 3 days, as in Fig. 44. The asterisks indicate that the
differences in responses are statistically significant (p < 0.01) compared
with ES-DC-MOG. The data are each representative of three independent
and reproducible experiments with similar results.

completely prevented by pretreatment with either of these genet-
ically modified BES-DC. In contrast, pretreatment with ES-DC-
MOG, ES-DC-TRAIL/OVA (as irrelevant Ag), or ES-DC-PDL1/
OVA had no effect (Fig. 6C and Table ). Thus, the prevention
depended on both the presentation of the MOG peptide and the
expression of TRAIL or PD-LI by ES-DC. if 2 X 10° of ES-DC-
TRAIL/MOG or ES-DC-PDL1/MOG was given as a one-injection
administration, EAE was similarly prevented (data not shown).
However, if 5 X 10 of ES-DC-TRAIL/MOG or ES-DC-PDLY/
MOG was used for one injection, the disease severity was not
reduced (data not shown). Thus, ~1 X 10 of genetically modified
ES-DC as one-injection dose is apparently necessary for the
prevention of EAE under this experimental condition.

We asked whether TRAIL or PD-L1 should be coexpressed by
the same ES-DC as one presenting MOG peptide for their capacity
1o protect mice from EAE. As shown in Fig. 6D and Table II,
coinjection of ES-DC-MOG together with ES-DC-TRAIL or ES-
DC-PDL1 did not reduce the severity of EAE. Thus, coexpression
of TRAIL or PD-L1 with MOG peptide by ES-DC is necessary for
the protection from EAE. These resulis emphasize the advantage
of the technology of ES cell-mediated genetic modification of DC,
by which one can generaie clonal transfectant DC carrying multi-
ple expression vectors.

Next, we tested whether or not treatment with ES-DC after im-
munization with MOG would achieve some preventive effect on
EAE. As shown in Fig. 7A, mice were immunized according to the
protocol for EAE induction and, after that, injected with ES-DC on
days 5,9, and 13 (1 X 10° cellsfmousefinjection). Even in this
postimmunization treatment, injection of ES-DC-TRAIL/MOG or
ES-DC-PDLI/MOG reduced severity of the disease, but ES-DC-
MOG did not do so (Fig. 7B and Table II).

Decreased T cell response to MOG in mice treated with ES-DC-
TRAIL/MOG or -PD-LI/MOG

We examined whether treatment with ES-DC-TRAIL/MOG or
PDLIMOG would reduce the activation of MOG-specific T cells.
Forty-two days after the immunization according to the protocol
for EAE induction (Fig. 64), we isolated inguinal lymph node cells
and analyzed their proliferative response upon restimulation in
vitro with MOG peptide. As shown int Fig. 84, the magnitude of
proliferation of lymph node cells isolated from mice treated with
ES-DC-TRAIL/MOG or -PDL1/MOG was not increased in re-
sponse to MOG peptide. In contrast, that of lymph nede cells from
ES-DC-MOG-treated or untreated mice was increased with statis-
tical significance. In the presence of 25 pg/ml MOG peptide, stim-
vlation index (count in the presence of MOG peptide/count in the
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FIGURE 6. Prevention of MOG-induced EAE by pretreatment of mice
with ES-DC expressing MOG plus TRAIL or MOG plus PD-L1. A, The
schedule for pretreatment and induction of EAE is shown. CBF, mice
(three to five mice per group) were L.p. injected with ES-DC (1 x 10°
cellsfinjection/mouse) ont days —8, —3, and —2. EAE was induced by s.c.
injection of MOG peptide plus M. uberculosis H37Ra emulsified in FFA
on day 0, and i.p. injection of B. pertussis toxin on days ¢ and 2. B-D,
Disease severity of mice treated with ES-DC-TRAIL/MOG, ES-DC-PD-
LI/MCG, or RPMI 1640 medium {control) (B), ES-DC-MOG, ES-DC-
TRAIL/OVA, ES-DC-PDLI/OVA, or RPMI 1640 medium {control) (C),
coinjection with ES-DC-MOG plus ES-DC-TRAIL, ES-DC-MOG plus
ES-DC-PDLI, or RPMI 1640 medium (control) (1) is shown. The data are
each representative of at least two independent and reproducible experi-
ments, and data of all experiments are summarized in Table I

i 1

[1] 7 2

absence of Ag) for that of untreated, ES-DC-MOG, -TRAIL/
MOG, and -PDL1I/MOG-1reated mice were 2.8, 2.4, 1.3, and 1.0,
tespectively. These results suggest that treatment with ES-DC-
TRAIL/MOG or -PDL1/MOG inhibited the activation of MOG-
specific T cells or reduced their number in mice immunized with
MOG peptide and adjuvants.

Next, we examined whether or not treatment with ES-DC would
affect immune responses to an irrelevant exogenous Ag. We
treated mice with ES-DC-MOG, -TRAIL/MOG, -PDL1I/MOG, or
RPMI 1640 medium (control} using the same schedule described
above, and subsequently immunized the mice with KLH/CFA.
Eleven days after the immunization, we isolated inguinal lymph
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Table Il. Suppression of EAE induction in CBF, mice treated with ES-
falog

Disease Mean Peak
Treatment (ES-DC) Incidence  Day of Onset  Clinical Score

No Treatment (contral)  26/26 105 £ 1.1 3304
Pre®- TRAIL/MOG 3110 183 +24 0.3 =04
Pre- PDLI/MOG 5/10 134 *21 0.8 +08
Pre- MOG 8/8 10513 3043
Pre- TRAIL/OVA 6/6 10229 300
Pre- PDLI/OVA 6/6 11309 300
Pre- TRAIL + MOG 6/6 102x12 32x06
Pre- FDL1 + MOG 6/6 102 £ 06 33207
Post®- TRAIL/MOG 376 18.7 £ 44 0.5x05
Post- PDL1I/MOG 3/6 13.7=1.1 1.0 = 1.0
Post- MOG 6/6 10810 32+03

2 Data are combined fram a total of 10 separate experiments including those
shown in Figs. 6 and 7. EAE was induced by s.c. injecton at the tail base of a 0.2-m]
IFA/PBS solution containing 400 pg of M. wberculosis and 600 pg of MOG peptide
once (on day 0. together with i.p. injections of 500 ng of purified B. perfussis toxin
on days 0 and 2. For prevention of EAE, mice wese injected i.p. with ES-DC (1 X 10°
cellsmousefinjection) Pon days —8, —5. and —2 (preimsmunization treatment), or “on
days 5, 9, and 13 (postimmunization weatment). The incidence and the clinical score
reduced by ES-DC weatment are indicated in boldface.

node cells and analyzed their proliferative response upon restimu-
lation with KLH in vitro. As a result, lymph node celis of ES-DC-
reated and control mice showed the same magnitude of prolifer-
ative response (Fig. 88), thereby indicating that the treatment with
such genetically modified ES-DC did not affect the immune re-
sponse to irrelevant Ags.

We immunohistochemically analyzed spinal cord, the target or-
gan of the disease, of mice subjected to EAE induction with or
without treatment with ES-DC. Massive infiltration of CD4™ T
cells, CD8™ T cells, and Mac-1" macrophages was observed in
spinal cords of untreated control mice (Fig. 9). In contrast, T cells
and macrophages hardly infiltrated into the spinal cord of mice
treated with ES-DC-TRAIL/MOG or ES-DC-PDL1/MOG. The re-
sults of histological analysis are in parallel with the severity of
EAE and activation siate of MOG-specific T cells of each mouse.

Increased number of apoptotic cells in splenic CD4™ T cells by
treanment with ES-DC.TRAIL/MOG

With regard to the mechanism of prevention of EAE by transfec-
tant ES-DC, we analyzed the apoptasis of CD4™ T cell in spleens
of mice treated with ES-DC by staining with annexin V and sub-
sequent flow-cytometric analysis. In the results, we observed that
transfer of ES-DC-TRAIL/MOG caused ant increase of apoplosis
of CD4™ T cells in recipient mice (17.3 + 2.5%), compared with
wansfer of ES-DC-MOG (12.0 + 0.4%), ES-DC-PDL1I/MOG
{12.2 * 0.5%), or RPMI 1640 medium contrel (10.2 * 0.8%). In
the experiments, three mice were used for each group. Increased
numbers of apoptotic cells in spleen of mice transferred with ES-
DC-TRAIL/MOG were also observed in histological analysis with
TUNEL staining (Fig. 10). The capacity of ES-DC-TRAIL/MOG
to cause apoptosis of T cells may play some role in the protection
from EAE.

Discussion

DC are the most potent APC responsible for priming of naive T
cells in initiation of the immune response. Recent studies revealed
that DC are also involved in the maintenance of immunological
self-tolerance, promoting T cells with regulatory functions, or in-
ducing anergy of T cells. In vivo transfer of Ag-loaded DC with a
tolerogenic character is regarded as a promising therapeutic means
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FIGURE 7. Inhibidon of MOG-induced EAE by treatment with ES-DC
expressing MOG plus TRAIL or MOG plus FD-L1 after immunization
with MOG, A, The schedule for induction of EAE and treatment is shown.
CBF, mice (three mice per group) were immunized on days 0 and 2 ac-
cording to the EAE induction schedule described above, and subsequently
i.p. injected with ES-DC (1 X 10° cells/injection/mouse) on days 3, 9, and
13. B, Discase severity of mice weated with ES-DC-TRAIL/MOG, ES-
DC-PD-LI/MOG, ES-DC-MOG, or RPM1 1640 medium {control} is
shown. The data are each representative of two independent and reproduc-
ible experiments, and data of all experiments are summarized in Table 1L

to negatively manipulate immune response in an Ag-specific man-
ner. Various culwre procedures used to generate DC with a tolero-
genic character have been reported (31-36). Mouse bone marrow-
derived DC generated in the presence of IL-10 and/or TGF-5 or in
the low dose of GM-CSF showed immature phenotypes, a low-
level expression of cell surface MHC and costimulatory molecules.
and induced T cell anergy in vitro and tolerance to specific Ags or
allogeneic transplanted organs in vivo. In humans, monocyte-
derived immature DC loaded with antigenic peptides and trans-
ferred in vivo have been shown to cause the Ag-specific immune
suppression (37).

Genetic modification may be a more steady and reliable way to
manipulate the character of DC. Generation of tolerogenic DC by
forced expression of Fas ligand, indoleamine 2,3-dioxygemase, IL.-
10, or CTLA4Ig by gene transfer bas been also reported (38-41).
In a recent study, type I collagen-loaded bone marrow-derived DC
genetically engineered to express TRAIL by using an adenovirus
vector ameliorated type 11 collagen-induced arthritis (42).

Regarding methods for gene transfer to DC, electroporation, li-
pofection, and virus vector-mediated transfection have been re-
ported (38-43). However, considering clinical applications, pres-
ently established methods have several drawbacks, i.¢., efficiency
of gene transfer, stability of gene expression, limitation of the size
and number of genes to be introduced, potential risk accompanying
the use of virus vectors, and the immunogenicity of the virus vec-
tors. For the purpose of Ag-specific negative regulation of immune
responses, the antigenicity of vector systems may lead to prob-
lems. Importantly, to efficiently down-modulate T cell responses in
an Ag-specific manner, it is desirable to introduce multiple expres-
sion vectors 10 generate stable transfectant DC, which continu-
ously present transgene-derived Ag and simultaneously express
immunosuppressive molecules.
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FIGURE 8. Inhibition of activation of MOG-reactive T cells and no
effect of activation of KLH-specific T cell by wreatment of mice with
ES-DC expressing MOG plus TRAIL or PD-L1. A, Inguinal lymph node
cells (3 X 10%) were isolated from CBF, mice (three mice per group) of
various treatment groups at over day 42, and were stimulated ex vivo with
irradiated and MOG peptide-pulsed syngeneic spleen cells for 3 days. Pro-
liferative response of T cells was quantified by [PH}thymidine uptake in the
last 12 h of the culture. The asterisks indicate that the differences in re-
sponses are statistically significant compared with count in the absence of
Ag (=, p < 0.01; =%, p < 0.05). The dara are each representative of two
independent and reproducible experiments with similar results. B, CBF,
mice (three mice per group) were i.p. injected with ES-DC (1 X 10° cells/
injection/mouse) on days —8, — 5, and —2, and immunized with KLH/CFA
on day 0. On day 11, inguinal lymph node cells were isolated and restim-
ulated with the indicated concentration of KLH in viro. Proliferation of T
cells was quantified as described above,

Efficient genetic modification of mouse DC can be done by gene
transfer to ES cells and subsequent differentiation of transfectant
ES cells to ES-DC. By sequential transfection of ES cells using
multiple expression vectors, transfectant ES-DC expressing mul-
tiple transgene products can readily be generated. In a recent study,
we demonstrated that this methodology worked very effectively for
induction of antitemor immunity, showing highly efficient stimu-
lation of Ag-specific T cells by in vivo transfer of ES-DC express-
ing T cell-attracting chemokines along with Ag (20).

The present study demonstrates the usefulness of the genetically
modified DPC generated by this method for the treatment of sub-
jects with autoimmune disease. We generated ES-DC presenting
the MOG epitope in the context of MHC class II molecule and
simultaneously expressing immunosuppressive molecule, TRAIL
or PD-1.1. By pre- or posttreatment of mice with such ES-DC, we
succeeded in preventing an autoimmune disease model, EAE in-
duced by immunization with MOG peptide (Figs. 6 and 7; Table
I1}. Down-modulation of immune response by treatment with ge-
netically modified ES-DC did not affect the immune response to
irrelevant exogenous Ag, KLH (Fig. 8B). Thus, we achieved the
prevention of EAE without decrease in the immune response to an
irrelevant Ag.

As for the function of TRAIL, induction of apoptosis bas been
reported by several groups (3, 4, 42, 44). We also observed an
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FIGURE 9. Inhibition of infiltration of CD4™* T cells, CD8* T cells,
and Mac-17 macrophages into spinal cord by treatment of mice with
ES-DC expressing MOG plus TRAIL or PD-L1. Mice were pretreated with
ES-DC-TRAIL/MOG, PDL1/MOCG, or untreated and subsequently imma-
nized according to the protocol for EAE induction as shown in Fig. 64. The
cervical, thoracic, and lumbar spinal cord was isolated at day 11 and sub-
jeeted to immunohistochemical analysis. CD4 (A, D, and G), CD8 (B, E,
and H, and Mac-1 {C, F, and I} staining are shown in FEpresentative un-
weated control (A-C), ES-DC-TRAILMOG-treated (D-F), and ES-DC-
PDL1/MOG-treated {G-/) mice. J, The positive cells were microscopically
comnted in three sections of spinal cord, Results are expressed as mean =
SD of CIDA™, CD&", Mac-1™ cells per 1 mm” tissue area of samples ob-
tained from five mice. The asterisks indicate that the decreases in number
of infiltrated cells are statistically significant (p < 0.01) compared with
control.

increase in apoptosis of CD4™ T cells in spleens of mice treated
with ES-DC-TRAILMQG compared with ES-DC-MOG, PDLY/
MOG or RPMI 1640 medium {(control), as shown in Fig. 10. The
result is consistent with a recent report by Liu et al. (42). They
introduced the TRAIL gene into bone marrow-derived DC by ad-
enovirus vector and injected the TRAJL transfectant DC into mice
for prevention of collagen-induced arthritis, and also observed an
increased number of apoptotic T cells in the injected mice. The
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FIGURE 10. Induction of apoptosis of spleen cells by treatment of mice
with ES-DC expressing TRAIL along with MOG peptide. Mice were
treated with the indicated ES-DC and immunized with MOG peptide, fol-
lowing the schedule described in Fig, 64. On day 11, spleens were isolated
from the mice, and apopiotic cells were detected by in situ TUNEL stain-
ing. Original magnification, X200. Sections of the mice untreated (A),
treated with ES-DC-MOG (B), ES-DC-TRAL/MOG (C), and ES-DC-
PDL1/MOG (D) are shown. Similar results were observed for three mice
used in each experimental group, and representative results ar¢ shown.
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potential for ES-DC-TRAIL/MOG to cause apoptosis of T cells
may have played some role in the protection from EAE, at least in
part, in our experiments. In addition, our preliminary experiments
suggest that ES-DC-TRAIL/MOG induced T cells with protective
effects against EAE. In the experiments, we isolated splenic CD4 ™
T cells from ES-DC-TRAIL/MOG-treated mice and adoptively
transferred them to naive mice. The severity of subsequently in-
duced EAE in the recipient mice was significantly reduced by this
treatment {data not shown). At present, it may be possible that both
induction of apoptosis of MOG-reactive pathogenic T cells and
promotion of T cells with some regulatory function contributed to
prevention of EAE by ES-DC-TRAIL/MOG. However, to clarify
the precise mechanism or character of the T cell with regulatory
function, further investigations are necessary.

In contrast, in case of treatment with ES-DC-PDL1/MOG, nei-
ther apoptosis of T cells nor induction of transferable disease-
preventing T cells was observed (data not shown). We presume
induction of anergy of MOG-reactive T cells to be likely as the
mechanism of disease-preventive effect of treatment with ES-D(C-
PDL1/MOG, based on previcus literature regarding the function of
PD-L1 {7, 14, 45-47).

To determine whether the profile of cytokine production was
altered by treatment with ES-DC, we did ELISA to quantify 1L-10,
1L-4, and IFN-y produced by spleen cells of ES-DC-treated mice
upon stimulation with MOG peptide in vitro. We observed no sig-
nificant change in the amount of these cytokines produced by
spleen cells from ES-DC-TRAIL/MOG-treated or ES-DC-PDLY/
MOG-treated mice, compared with those from ES-DC-MOG-
treated mice {(data not shown). The level of expression of mRNA
for TGF-B detected by RT-PCR was also unchanged compared
with control (data not shown). Thus, invelvement of IL-10-pro-
ducing Tr-1 cells or ThZ cells in protection from EAE by treatment
with ES-DC-TRAIL/MOG or ES-DC-PDL1I/MOG is unlikely, al-
though one cannot totally rule out the possibility.

The capacity of the ES cells to differentiate to ES-DC was never
impaired even after culture for ar least over 4 mo. Inactivation of
ranscription of introduced genes due to gene silencing in ES cells
can be prevented using vectors bearing the TRES-drug resistance
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gene or by targeted gene introduction with an exchangeable gene-
trap system (2). Thus, genetically manipulated ES cells can be
used as an infinite source for DC with genetically modified
properties.

Recently, we established methods for generation of DC from
nonhuman primate ES cells and also for genetic modification of
them (8. Senju, H. Suemori, H. Matsuyoshi, S. Hirata, Y. Uemura,
Y.-Z. Chen, D. Fukuma, M. Furuya, N. Nakatsuji, and Y. Nish-
imura, manuscript in preparation), We hope to apply this method
to human ES cells to generate genetically modified human ES-DC,
although some modification might be necessary. In the future, Ag-
specific immune modulation therapy by in vive transfer of human
ES-DC expressing antigenic protein along with immune-regulating
molecules may well be realized, based on evidence in the current
study in the mouse system. Possible applications of this technology
are treatment of subjects with autoimmune and allergic diseases
and also for induction of tolerance to transplanted organs, espe-
cially those generated from ES cells. Thus, the methods estab-
lished in the present study may have implications as a broad med-
ical technology.
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Abstract The transforming growth factor B (TGF-f) family controls an extremely wide range
of biological activities, such as the growth and differentiation of cells, and immunological events
against infectious agents. Although TGF-f homologs appear to be widely present in metazoan
animals, studies of parasite-derived molecules are relatively few. Using antibodies against
anti-mouse TGE-P1, -B2, and - 35, we show the expression of TGF-B-like molecules in Schistosoma
Japonicum cercariae, schistosomula, eggs and adult worms. Intense immunoreactivity was found
on the surface of free-living cercarial bodies. In transverse sections of cercariae, the molecules
were localized in the tegument and subtegumental cells, and the number and distribution of
producing cells significantly differed with each antibody. In the skin-migrating stage, the expression
in the tegumental surface gradually decreased and became almost negative within 48 h of exposure.
Tn adult worms and eggs, the reactivity was found in subtegumental cells and in cells of a tubular
structure, respectively. In westemn blot analysis, the detection of conventional TGF-f3 molecules
failed. The expression of TGF-b-like molecules was distinctly regulated at each developmental

stage.
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Introduction

Transfbrming growth factor-B (TGF-P) is produced by a variety of mammalian host cells and
plays a diversity of roles. The TGF-f family is essential for the growth and differentiation of cells
and for morphogenesis (Kingsley 1994), and TGF-f3 is also an important modulator of immune
cell activities, together with IL-4 and TL-10 (Letterio and Roberts 1998; Cobbold and Waldmann
1998). Induction and production of TGF-B during microbe infection has been reported to seriously
affect the outcome of the disease (reviewed by Omer et al. 2000). In Schistosoma mansont infection,
TGF-B has been reported to be significantly involved in the regulation of macrophage cytotoxic
activity (Oswald et al. 1992; Williams et al. 1995), or in the granulomatous response against eggs
{(Wahl et al. 1997; Mola et al. 1999).

The TGF-B family, related homologs and their corresponding receptors appear to be anciently
conserved from nematodes to mammals. Caenorhabditis elegans, a well-studied free-living soil
nematode, utilizes the TGF- signaling system in dauer formation (Riddle and Albert 1997). The

- presence of two TGF-B homologs has been reported in parasitic nematodes: igh-1 in Brugia malayi
and B. pahangi (Gomez-Escobar et al. 1998), and igh-2 in B. malayi (Gomez-Escobar et al. 2000).
The type I TGE- receptor, Bp-trk-1, has been isolated from the Brugia species (Gomez-Escobar
et al. 1997). In S. mansoni, SmRK 1, a member of TGF-§3 receptor family, is expressed on the
surface of male worms (Davies et al. 1998; Beall et al. 2000) and host-derived TGF- is a ligand
of SmRK1 (Beall and Pearce 2001},

Schistosoma japonicum parasites are multicellular eukaryotic organisms that have a complex
life cycle and are prevalent in South-east Asia. Schistosome worms settle in the portal vein and
the eggs, which are continuously laid, cause severe intestinal 2nd hepatosplenic disease. Here, we
report that TGF-f immunoreactive molecules are expressed during the whole life cycle of 8.
Jjaponicum (eggs, cercariae, schistosomula and adult worms), and that they are distinctly regulated

at each developmental stage.
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Materials and methods

Animals, parasites and preparation of materials

The Japanese strain of S. japonicum has been maintained in our laboratory for 25 years by passage
through Oncomelaria hupensis nosophora and rabbits. C57BL/6 female mice were purchased
from the Shizuoka Laboratory Animal Center (SLC), Japan. .

Fresh cercariae emetging from infected snails were fixed in 4% paraformaldebyde in 0.13 M
phosphate buffer. Some were processed for whole mount preparations; they were placed on slides
coated with poly-L-lysine and fixed again in paraformaldehyde. The other fixed cercariae were
implanted into mouse livers through the cecal vein to investigate the details of the
TGF-beta-immuncreactive structure. The liver was removed and fixed in the same fixative 30 min
later, To investigate the skin migrating stage of schistosomula, mice were percutaneously exposed
to 100 cercariae on the shaved abdomen by the ring method. Mice were killed 0.5, 8,24, and 48 h
later. The exposed site was removed and fixed in the paraformaldehyde solution. Livers containing
deposited eggs and adult worms were collected from mice infected for 7 weeks and fixed with the
same fixative. Paraformaldehyde fixed specimens were routinely processed and embedded in
paraffin wax, and sections (4-10 pm thickness) were cut.

For western blot analysis, cercariae were pelleted by centrifugation, sonicated and ground using
polytron (Kinematica, Switzerland). The preparation of egg and adult worm extracts was described
previously (Hirata et al. 1997). To collect eggs, infected mouse livers and intestines were digested
with pronase and collagenase and filtered through several meshes. Eggs were washed with

phosphate-buffered saline (PBS) six times by light centrifugation (600 rpm, 2 min).

Immunohistochemistry

For immuncenzyme staining, the sections and whole-mount preparations were preincubated with
Block Ace (Yukijirushi, Japan) for 1 h at room tempeiature (RT) followed by either rabbit
anti-mouse TGF-f,, -f3; or -5 antibody (raised against C-terminal peptide, Santa Cruz, Santa
Cruz, Calif){1:100) or normal rabbit IgG, as a control, overnight. They were incubated with
biotinylated anti-rabbit IgG (1:200) (Vector Laboratories, Burlingame, Calif.) for 1 h and
endogenous peroxidase activity was blocked with methanol containing 10% H»O,. After incubation
with the avidin-biotin-peroxidase complex (Vector) for 50 min, reactions were developed with

3-amino-9-ethylcarbazole. The slides were counterstained with Meyer’s hematoxylin.
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The fiuorescent immunohistochemical procedure was as described previously (Hirata et al.
2000, 2603). Briefly, the sections and whole-mount preparations were incubated with antibody to
TGF-B,, -3, or -B5 diluted 1:100 in PBS overnight at RT, and then with FITC-conjugated horse
anti-rabbit IgG (Vector) for 4 b at RT. To identify the cell nuclei, the sections and whole-mount
preparations were counterstained with propidium iodide (PI) by usipg Vectashield mounting
medium with PI (Vector).

Controls were processed identically and in parallel, however, they were incubated with
non-immune rabbit IgG (1:100) rather than with primary antibodies. In the peptide blocking test,
primary antibodies were mixed with each corresponding blocking peptide of TGF-f,, -P2 or -Ps
(Santa Cruz) ata 1:2 or 1:4 molar ratio and incubated ovemight at 4°C and staining was performed
as above. In some experiments, antibodies were mixed with an unrejated peptide (anti-TGF-f3,

plus TGF-B, blocking peptide) to confirm the specificity.

Confocal laser scanning microscopy

The sections and whole mount preparations double-labeled with FITC and PI were scanned using
excitation at 488 nm (argon laser) for FITC and at 568 nm (krypton iaser) for PI with a con_focal
laser scanning imaging system (LSM-GB200 or LSM-FV300, Olympus, Japan). Optical sections
of the Z-series of each fluorescence (at consecutive focal levels of 1 pwm) were separately taken
on channel 1 and channel 2 to avoid any cross-talk and then superimposed. For whole-mount
cercariae, the images of both ﬂuorescence;v) were further overlaid with differential interference
contrast (DIC) images by LSM-FV300. For analyzing the entire features of cercariae, the images
of the Z-series were examined side by side and added to reconstruct a single two-dimensional

image. The images were taken using a 10%, 20x or 40x objective lens,

Western blot analysis

The protein concentration of schistosome extracts was determined by Micro BCA protein assay
(Pierce, Rockford, Il1.). The extracts were dissolved in reducing sample buffer containing 50 mM
Tris-HCl (pH 6.8), 2% SDS, 0.6% 2-mercaptoethanol, 10% glycerin and 0.03% bromophenol
blue, and analyzed using 12.5% polyacrylamide gels in the p.resence of SDS {Laemmli 1970).
Proteins were transferred onto PVDF membrane. The membrane was blocked with 100% Block
Ace at 4°C for 16 h and then immunoenzymatically labeled using anti-TGF-f1, -8z or -2 aﬁﬁbody
(1:1000) and peroxidase-conjugated goat anti-rabbit IgG (1:10,000) (Vector). The reaction was

developed by SuperSignal West Pico Chemiluminescent substrate (Pierce).

257



