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points (see Fig. 24), and used in ELISA analysis and in the in vitro neu-
tralization assay described helmt All animal experiments using rabbits
were approved by The Tokyo Metropolitan | of Medical Science
Animal Experiment Commuttee and were performed in accordance with the
animal experimentation guidelines of The Tokyo Metropolitun Institute of
Medical Science.

ELISA

Recombinant SARS-CoV N, M, E. and S proleins tagged with six hist-
dines at the C terminus were expressed in RK13 cells by infecting with
mOrVV-N-His. mOrVV-E-His. mOrVV-M-His. or mOrVV-S-His at an
MOI of 5. These proteins were purified using nickel Sepharose (6 Fast
Flow: GE Healthcare), His-tagged E and M proteins were further purified
by SDS-PAGE. These full-length structural proteins (0.2 pg/ml. 50 ul/
well) were coated onto 96-well plates at 4°C ovemighi. The plutes were
blocked with 1% BSA in PBS( ) that contained 0.5% Tween 20 and 2.5
mM EDTA, and then incubated with serial 2-fold dilutions of sera from the
rabbits imenunized with m8rVV.NMES or m8. Afier extensive washing,
the plates were assaved as previously described, except that o-phenylene-
diamine was used as the substrate (17). The individual SARS-CoV struc-
tural protein-specific 1gG titers are presented as the end point dilution Ab
titers. The end point titer was defined as the reciprocal of the highest di-
lution of serum at which the absorbance at 490 nm (A ) ratio (A, of
mErVV-NMES-immunized serum/A ., of mB-immunized serum (negative
conirol)) was greater than 2.0, as previously described (19).

In vitro neutralization assay for SARS-CoV

The neutralizing Ab titers of the sera of rabbits immumized with mBrVV-
NMES or m8 were determined as previously described (17). Briefly, senial
2-fold dilutions of heat-inactivated sera were mixed with equal volumes of
200 tissue culture 1Dy, (TCID,,) of SARS-CoV and incubated at 37°C for
I h. Ve E6 cells were then infected with 100 wl of the vins-serum
mintures in 96-well plates. Afier 5 days (or 6 days in the SARS-CnV
challenge experiment) of infection, the lization titer was d i

as the end point dilution of the serum at which there was 50% inhibition of
the SARS-CoV-induced cytopathic effect. The method used for end point
calculation was that deseribed by Reed and Muench (20,

SARS-CoV challenge experiment

Female BALB/c mice older than the 6 mo of age (SLC) were used in this
study. Four groups of eight BALB/c mice (seven mice in the vehicle-
immunized group) were inoculated intradermally with either 1 X 107 PFU/
body of m8, m8rVV-S. or m8rVV-NMES or 70 ul of vehicle (MEM with-

out FCS). At 7-8 wk timmunization, the mice were infected
intranasally with | % 107 TCID/body of SARS-CoV (20 ul/mouse). as
previously described (11). Four mice from each group were sacrificed 2
and 9 days later, except for the three mice of the vehicle-immunized group.
which were sacrificed 2 days later. The mice were sacrificed under anes-
thesia and the lung. liver, small imestine. and spleen were extirpated. Ali-
quots of these tissues were frozen immediately at —~80°C or fixed with 10%
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Lung histopathology and inflammation scores

In accordance with a previous report (11), 10% formalin-fixed lung tissues
of the SARS-CoV -infected mice were embedded in paraffin. Paraffin block
sections (4-pum thickness) were stained with H&E staining. The peribron-
chwlmdpcnvw.-ulummm Jed in a blinded fashion by a pa-
hologist. We eval y pathology using the histopathologic
scofing sysiems de\:clnpd by Cimolsi et al. (21). in which the scoring
system is weighted heavily for broachial lamm This scoring system al-
lowed us o diff iate the ity of p Y 1 gy in small
groups of animals. The pathol i syﬂcm consisted of a numerical
scofe mnging from 0 10 26, In bnef mhmnmwmmdhu:ﬁupm
a cumulative total from five categories that incorporated evaluations of the
following: A} number of bronchiolar and bronchial sites affected by the
periluminal infiltrate (range, 0 10 3); B) saveriry of the periluminal infiltrate
{range, 0 0 3% C) luminal exudate severity (range, 0 1o 2); D) frequency
of penvascular infiltrate (range. 0 to 3); and E) severity of parenchymal
prcumonia (range, 0 to 5), The accumuluted numenic score was derived
from the sum of the subscores: A+ 3B +C)+ D + E. Eosinophils were de-
tected in tissue sections by method of Luna (22).

Extraction of total RNA and quantitative RT-PCR of cytokine
or chemokine mRNA

To measure the levels of cytokine or chemokine mRNA, lotal RNA sam-
ples were extracted from the lungs using the RNeasy Mini kit (Qiagen).
Quantitative RT-PCR was conducted with TagMan Gene Expression as-
says (Applied Biosystems) using the ABI Prism 7700 and Sequence De-
tection System software v.1.7. The fold chaugt in mp!“ﬁwwer of each
cytokine/chemokine mRNA was revealed using the 27 method using
I8 § rRNA as an endogenous calibrator.

Statistical analysis

Data are presented as mean + SD. Statistical analysis was performed by
one-way ANOVA. followed by the Dunnett or Bonferroni test. A value of
p < 0.05 was considered 1o be ically significant.

Results
Generation of recombinant VV that expresses the structural
proteins of SARS-CoV

A multicistronic transgene that expresses simultancously four
structural proteins (N, M. E. and S proteins) of SARS-CoV was
consmlcwd and inserted into the HA locus of LC16m8 (m8) by
he recombi (Fig. 1A). Expression of the transgene
was plu:d under the control of the powerful ATVp7.5 hybrid pro-
moter. We screened for m8rVV-NMES using the erythrocyte ag-
glutination assay ( 17), and confirmed the insertion of the transgene
hyPCR Expression of the N, M, E, and S proteins in Vero E6 cells
fected with m8rVV-NMES was detected by Western blot anal-

formalin. The collected blood was used for the in vitro lization assay.
In addition, BALB/c mice were injected intradermally with 1 x 107 PFU/
body of recombinant VV that expressed each structural protein of SARS-
CoV (mOrVV-NHis, mOrVV-MHis, mOrVV-EHis, mOrV'V-SHis) with or
without LC16mOrVV-SHis (i.e., LCI6mOVV-N, -M, -E, -§ alone or
LCI6mOrVV-N + LCI6mOrVV-S, -M + LC16mOrVV-S, or -E +
LC16mOrVY-S), and infected with | % 10" TCID.,/body of SARS-CoV
mare than 4 wk later. After 2 and 9 days. mice (n = 3-5 per group) were
sacrificed following blood collection under anesthesia, and their lungs were
extirpated. All animal experiments using mice were approved by the An-
imal Experiment Committee at The Institute of Medical Science. Univer-
uty of ‘I“nkyn mnd were ;rrfnrmnd in accordance with the animal exper-
i guidelines of The | of Medical Science, University of

Tokyo.
Determination of viral titers in the organs

The SARS-CoV fiters in the mouse organs were determined as previously
described (11). Briefly, fissue samples (i.e.. lung, liver, small intestine, and
spleen) were homogenized in a 10-fold of Leibovitz 15 medi
(Tnvi ). The home were centrifuged at 2000 rpm for 10 min at
4°C, Serial 10-fold dilutions of the supematants of these homogenates were
added 10 Vero Eb cells seeded on 96-well plates. After 6 days of incuba-
tion, the cells were fixed with 10% formalin, Viral titer was determined as
the 50% end point dilution of the homog that induced the cytopathi
effect. The method used for end point calculation was that described by
Reed and Muench (20).

ysis. Recombinant LC16mO (mO) expressing the C-terminal his-

tidine-tagged N, M. E or 8 protein (mOrVV-NHis, -MHis, -EHis,
and -SHis) was generated as previously described, and used as a
positive control for each protein. We also used m8rVV-S (17). Ag
shown in Fig. |8, the expression levels of the N and § proteins in
the m8rVV-NMES-infected cells were high and moderate, respec-
tively. In contrast, the expression levels of the M and E proteins
in m8rVV-NMES-infected cells were weaker than those in mOrVV-
MHis- and mOrVV-EHis-infected cells. The M protein in the
mBrVV-NMES-infected cells was 20 kDa. whereas that in the
mOrVV-MHis-infected cells was observed as forms of ~20 kDa
(nonglycosylated form) and 25 kDa (glycosylated form) (23). Fur-
thermore, we investigated the cellular localizations of these struc-
tural proteins by indirect immunofluorescence (Fig. 1C). In
m8rVV-NMES-infected cells. all of the SARS-CoV proteins were
localized in the perinuclear regions, In particular, the localization of
the N protein in m8rVV-NMES-infected cells was different from that
in mOrVV-NHis-infected cells, in which the N-His protein was found
diffusely in the cytoplasm. VLPs are formed by the assembly of struc-
tural proteins in the cytoplasm, followed by release into the culture
medium. By infecting m8rVV-NMES into RK13 cells, we confirmed
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FIGURE 1. Construction of recombinant YV that express four structural proteins of SARS-CoV (mBrVV-NMES). A, DNA fragments that encode the
SARS-CoV N, M., E, und S proteins were ligated with the internal ribosomal entry site sequence of hepatitis C virus (2a and 1b2b) and fused with the 2A
sequences of foot and mouth disease virus (FMDV) and Thosea asigna virus (TaV) or encephalomyocarditis (EMCV), After digestion with EcoR1L the DNA
fragment was inserted into the pBMSF vector, and the resultant plasmid was designated as pBMSF-NMES. Pvul-linearized pBMSF-NMES was used for
homologous recombination into the HA locus of the LC16m8 genome, Recombinant mO that expressed the SARS-CoV N, M, E, or § protein was generated
{mOrVV.NHis, -MHis. -EHis. and -SHis) as described in Materials and Methods. B. Vero E6 cells were infected with mBrVV-NMES or m8. Uninfected
Vero E6 cells were used as a negarive control (NC), Strucrural proteins mOrVV-NHis, mOrVV-MHis. mOrVV-EHis. and mOrVV-SHis were used as
positive controls, SARS-CoV structural proteins were detected using rabbit polyclonal Abs and donkey anti-rabbit 1gG polyclonal Abs, which were
conjugated with HRP. The lane between mBrVV-NMES and the mOrVV-N, mOrVV-M. mOrVV-E, and mOrVV-S samples was left empty. to exclude the
possibility of leakage of sample solution between lanes. C, Vero E6 cells were infected with m8rVV-NMES at an MOI of § at 30°C for 4 h, The SARS-CoV
proteins in the fixed cells were visualized with the polyclonal Abs against the N. M. or E protein or mAb against the § protein (designated as 13B8), Nuclei
were stained with DAPD, Structural proteins mOrVV-NHis, mOrVV-MHis, mOrVV-EHis, and mOrVV-SHis were used as positive controls (PC). D, The
VLPs were isolated from the culture supematants of RK13 cells infected with mBrVV-NMES at an MOI of 5 for 48 h at 30°C. After sucrose grudient
centrifugation. 20 fractions were collected. E, Equal amounts of the gradient fractions (nos. 3-16) were examined by Westemn blot analyses. m8. m8-infected
REKI13 cell lysate: ppt. mBrVV-NMES-infected RK13cell lysate: PC. RKI13 cell lysates infected with mOrVV-NHis, mOrVV-MHis, mOrVV-EHis, or
mOrVV-SHis, F. A concentrated culture supermatant was subjected o ransmission electron microscopy. VLPs were probed with polyclonal Ab against the

S protein and incubated with S-nm gold-conjugated anti-rubbit 1gG
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FIGURE 2. Immunogenicity of mBrVV-NMES in rabbits. A, New Zea-
land White rabbits (n = 3) were inoculated intradermally with 10° PFU/
body of mBrVV-NMES or m8 at 0 and 6 wk. Blood samples were collected
at the indicated time poinis, 8. Induction of serum 1gG specific for the four
structural proteins of SARS-CoV, The individual SARS-CoV structural
protein-specific 1gG titers are presented as the end point dilution Ab riters.
The end point titer was defined as the reciprocal of the highest dilution of
serum at which the absorbance at 490 nm (A ) ratio (A, of mBrVV-
NMES-immunized serum/A ., of m8-immunized serum (negative con-
trol)) was greater than 2.0. C, Induction of neutralizing Abs against SARS-
CoV. The neutralization titer of mBrVV-NMES-immunized rabbit sera was
defined as the end point dilution of the serum ut which there was S0%
inhibition (NTg,) of the SARS-CoV-induced cytopathic effect, Immuniza-
tion with mBry'Vs or m8 was conducted using the schedule described in
Fig. 3A. ND, Not detectable.

the formation of VLPs in the culture medium. Afler sucrose gradient
centrifugation, 20 fractions (500 pl each) were collected (Fig. 1D),
The four SARS-CoV structural proieins were monitored by Western
blot analysis. As shown in Fig. |E, fraction number 10 contained all
the SARS-CoV proteins, and the buoyant density of this fraction was
~1.15 g/ml, a value that is consistent with previous reporns (18, 24,
25). Moreover, we confirmed the formation of VLPs in the concen-
trated culture supematant using scanning electron microscopy and im-
munogold-labeling with the anti-S protein polyclonal Ab. The parti-
cles were 70-100 nm in diameter, which is consistent with the sizes
as reported previowsly (18, 24, 25). The particles were paositively
stained with immunogold (Fig. 1F),

Induction of Abs specific for SARS-CoV structural proteins in
rabbits immunized with m8rVV-NMES

To investigate the immunogenicity of m8rVV-NMES, | X 10° PFU/
body of either mBrVV-NMES or m&. its parental strain, was inocu-
lated intradermally on the backs of New Zealand White rabbits at 0
and 6 wk (Fig. 24). Rabbit antisera specific for the full-length struc-
wral proteins of SARS-CoV were detected by ELISA (Fig 28). In
agreement with previous reports (26-28), the N and S proteins both
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FIGURE 3. SARS-CoV challenge 1o BALB/c mice immunized with
mBrVV-NMES or mBrVV-5. A, Four groups of eight BALB/c mice (seven
mice in the vehicle-immunized group) were inoculated intradermally with
m8rVV-NMES, m8rVV-5. m8, or vehicle and challenged 7-8 wk later
with | % 107 TCID,/body of SARS-CoV delivered vin the intranasal
route. Blood and lung rissues samples wene collected ar the indicated time
points, B, After 2 and 9 days, the titers of SARS-CoV in the lungs of four
mice in each group (except for three mice of the vehicle-immunized group.
which were examined 2 days later) were determined. Virus titers are ex-
pressed as log,, TCID/g of nssue. C. At 2 and 9 days after SARS-CoV
infection, the serum neutralization titers of all groups were measured as
described in Materials and Methods. », p < 0.05; «=, p < 0,01, as com-
pared with bath the vehicle- and m8-immunized groups.

exhibited strong immunogenicity in rabbits. IgG-specific for the N or
S protein was induced as early as | wk after m8rVV-NMES immu-
nization. and the titer exceeded 1:10000 2 wk later. The titers of Abs
against the N and 8 proteins were drmatically increased by booster
immunization with m8rVV-NMES, It was also observed that the Ab
titer of the N protein, but not that of the S protein, decreased after
reaching the peak titer. Immunization with m8rVV-NMES did not
induce Abs specific for the E and M proteins, even after booster im-
munization (Fig. 28). The antigenicity of the purified E and M pro-
teins coated onto the ELISA plates was confirmed using each rabbit
anti-E or anti-M peptide Ab (data not shown). Therefore, we believe
that the lack of induction of Abs specific for the E and M proteins in
the rabbit sera results from the poor immunogenicity and lower ex-
pression levels of these proteins.

Induction of SARS-CoV-neutralizing serum Abs in rubbits by
immunizing with mSrVV-NMES

We determined the neuwtralization titers against SARS-CoV us-
ing the same rabbit antiscra. The neutralization titer was ~1:30
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FIGURE 4. Pulmonary hisiopathology of m8rVV.S-
preimmunized BALB/c mice after SARS-CoV chal-
lenge. At 7-8 wk after immunization with mBrVV-
NMES, mirVV-S, m8, or vehicle, the mice were
infected intranasally with | % 10° TCID/body of
SARS-CoV. A, Four mice from each group (three mice
from the vehicle-immunized group were killed 2 days
later) were sacrificed 2 and 9 days later. Extirpated lung
tissues were fixed with 10% formalin and embedded in
paraffin, Paraffin block sections (4-pum thickness) wene
stuined with H&E staining. Histopathologic sections
were prepared for vehicle-immunized mice at 2 days
posunfection (dpi) (a) and 9 dpi (e), m8-immunized
mice at 2 dpi (b) and 9 dpi (1, mBrVV-NMES-immu-
nized mice at 2 dpi (c) and 9 dpi (g), m8rVV-S-immu-
nized mice at 2 dpi (d) and 9 dpi (h), and uninfected
mice (i). B, The degree of pulmonary inflammation was
determined in a blinded fashion on a subjective 27-
point scale (0, minimal inflammation: 26, massive in-
flammanon) as described in Marerials and Methods.
Each symbol represents an individual mouse. », p <
0.05. C. Representative lung sections from m8-immu-
nized mice (a) and m8rVV-NMES-immunized mice (b)
after staining with Luna method (for eosinophils and 10
neutrophils) and H&E (for plasma cells), Arrows indi-

cate nevtrophils (yellow), eosinophils (red), and plas-

ma-like cells (green). 2. The numbers of neutrophils, o
ensinophils, and plasma-like cells that infiltrated the
lung were counted using Luna method and H&E stain-
ing. Data are mean = SD for i = 5 mice. Fields viewed
at o magnification of X400, =, p < 0,08; ==, p < 0,01,
for sigmficant differences evaluated using the Bonfer-
roni test.

(range. 1:25 to 1:36) after 2 wk, and was sustained for 6 wk
(Fig. 2C). Booster immunization with m8tVV-NMES further
increased the neutralization titer more than 10-fold 2 wk later.
These values are somewhat lower than those induced by
m8rVV-5 in our previous report (17). In contrast, the antisera
from rabbits immunized with m8 did not exhibit any neutraliz-
ing activity against SARS-CoV (Fig. 2C).

SARS-CoV challenge of BALB/c mice having prior
imnumization with m8rVV-NMES or m8rVV-5

As m8rVV-NMES and m8rVV-S could induce high levels of neu-
tralizing Abs against SARS-CoV (Fig. 20), we investigated the
influences of m8rVV-NMES and m8rVV-§ on SARS-CoV chal-
lenge of BALB/c mice (Fig. 3A). The m8rVV-NMES and
m8rVV-S constructs were inoculated intradermally on the backs of
BALB/c mice at | X 107 PFU/body. At 7-8 wk after this single
immunization, the mice were infected intranasally with SARS-
CoV at | X 10° TCID/body. After 2 and 9 days. the lung. liver.
small intestine. and spleen were extirpated from the mice under
anesthesia, and the SARS-CoV titers were measured. As shown in
Fig. 38, 200- and 100-fold reductions in pulmonary virus titers
were observed in the m8rVV-NMES-immunized and m8rVV-S-
immunized groups 2 days after infection. The virus titers in the
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lungs of the m8rVV-NMES-immunized and m8rVV-S-immunized
groups were 540 X 107 and 1.52 X 10° TCIDy/g of lung, re-
spectively. In contrast, the vehicle-immunized and LC16m8-im-
munized groups exhibited virus titers of 1.07 % 10% and 1.18 X
10 TCID,/g of lung, respectively. The virus was not detected in
the lungs of any group 9 days later, as reported previously (11, 15).
In contrast, virus titers in other organs. including liver, small in-
testine, and spleen, were lower than that of the detection limit 2
and 9 days after infection (data not shown),

We also measured the neutralization titers in these mice sera 2
and 9 days after SARS-CoV infection (Fig. 3C). Two days postin-
fection, the neutralization titers of the m8rVV-NMES-immunized
and m8rVV-S-immunized groups were |:11.1 = L0l and 1:14 =
3.94, respectively. whereas those of the negative control groups
were below the limit of detection. At 9 days postinfection, the
serum neutralization titers of mBVV-NMES-immunized and
m8rVV-S-immunized groups had increased to 1:838.0 = 681.0
and 1:367.9 = 132.1. respectively. In contrast, the serum neutral-
izing titers of the vehicle-immunized and m8-immunized groups
were 1:59.7 = 354 and 1:67.8 = 18.6, respectively. These results
suggest that bath the mBrVV-NMES- and m8rVV-S-immunized
groups could elicit neutralizing Abs against SARS-CoV and alle-
viate SARS-CoV infection,
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FIGURE 5. ldentification of SARS-CoV structural protein implicated in severe pulmonary inflammation. A, Five groups of six BALB/c mice were
inoculated intradermally with mOrVV-NHis. mOrVV-MHis. mOrVV-EHis. mOrVV-SHis, or mO and challenged 4 wk later with | % 10° TCID., /body
of SARS-CoV via the intranasal route. B, After 2 days. the titers of SARS-CoV in the lungs of three mice in each group were determined. Virus titers are
expressed as log,, TCID, /g of tissue. «, p < 0,05, as compared with the mO-immunized group using the Dunnert test. C. Histopathologic findings for all
the groups 9 days after SARS-CoV infection. Extirpated lung tissues were fixed with 10% formalin and embedded in paraflin. Paraffin block sections (4-pm
thickness) were subjected to H&E staining. D, The degree of pulmonary inflammation was determined in a blinded fashion on a subjective 27-point scale
(0. minimal inflammation; 26, massive inflammation), Each symbol represents an individual mouse. =, p < 003, E, Representative lung sections from
mO-immunized mice (a) and mOrVV-N-immunized mice (b) after staining with Luna method {for easinophils and neatrophils). Arrows indicate neutrophils
(yellow) and eosinophils (red)

Histapathologic findings in the lungs of m8rVVs-immunized nized group, 1.33 %= 0.82; and in the m8rVV-S-immunized
BALB/c mice after SARS-CoV mfection group. 2.50 = 1.00. At 9 days postinfection, the vehicle-, m8-,

We performed histopathologic analyses of lung tissues. Two and m8rVV-NMES-immunized groups exhibited severe pulmo-

davs after SARS-CoV infection. the vehicle-, m8-, and m8rvv- nary inflammation, i.e., infiltration of inflammatory cells and
S-immunized groups showed only slight pulmonary inflamma-  thickening of alveolar epithelia (Fig. 4A. e, I, and g). In contrast,
tion (Fig. 4A. a, b. and d), whereas the m8rVV-NMES-immu- the m8rVV-S-immunized group showed only slight pulmonary in-

nized group showed infiltration of lymphocytes into the areas flammation (Fig. 44, h). As shown in Fig. 48. the pulmonary in-
surrounding the bronchi and slight thickening of the alveolar flammation score for the m8rVV-NMES-immunized group
epithelium (Fig. 4A, ¢). We scored pulmonary inflammation in (12.75 = 2.87) 9 days after SARS-CoV infection was significantly
all the groups 2 days after SARS-CoV infection as follows (Fig higher than that for the m&8rV V-S-immunized group (3.50 = 3.00).
4B): in the m8rVV-NMES-immunized group, 5.00 = 2.71: in In contrast. this score was comparable to those obtained for the

the vehicle-immunized group. 2.00 = 2.00; in the m8-immu- vehicle-immunized and m8-immunized groups (9.75 = 2.87 and
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FIGURE 6. Cytwokine profiles of the
lungs of BALB/c mice preimmunized with
each SARS-CoV structural protein and chal-
lenged with SARS-CoV. Three mice from
each group were sacrificed 2 and 9 days
postinfection. The totl RNA of the lung
wis extracted. Quantitative RT-PCR was
conducted as described in Materials and
Metheds. The fold change in copy number
of each cytokine or chemokine mRNA was
calculuted by the 2 5" method using 18 S
fRNA as an endogenous calibrator. +, p <
0.08; =, p < 001, as compared with the
uninfected control group using the Bonfer-
roni test. A, The levels of mRNA for proin-
Mammatory cytokines and chemokines 2
days after SARS-CoV infection. B, The
mRNA expression levels of ¢ytokines re-
lated o T cell activation 2 duys after SARS-
CoV infection. C. The mRNA expression
levels of anti-inflammatory cytokines 9 days
after SARS-CoV infection,

Ratio/18s rRNA

8.33 = 231, respectively), The mBrVV-NMES-immunized group
exhibited as severe influnmation as the control groups, although
m8rVV-NMES contains the S protein and protects as well as
m8rVV-§ against SARS-CoV infection. In addition, marked infil-
tration of neutrophils, eosinophils, plasma-like cells, and lympho-
cytes was observed in the mBrVV-NMES-immunized group. as
compared with the control groups, alter SARS-CoV infection (Fig.
4C. b and D).

These results suggest that the severe pulmonary inflammation
seen in m8rVV-NMES-immunized mice after SARS-CoV infec-
tion results from host immune responses rather than a direct cy-
topathic effect of SARS-CoV, because the virus titers for all the
group were negligible 9 days after SARS-CoV infection and the
virus titer of the m8rVV-NMES-immunized group was signifi-
cantly decreased 2 days postinfection.

Identification of the factor thar results in the exacerbarion of
pulmonary inflammation in m8rVV-NMES-immunized BALB/c
mice after SARS-CoV infection

We hypothesized that the severe pulmonary inflammation seen in
the m8rVV-NMES-immunized mice resulted from the host im-
mune responses o SARS-CoV components expressed by m8rvy-
NMES. This notion was supported by the observation of negligible
virus titers 9 days after SARS-CoV infection, Therefore, we in-
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vestigated the influence of recombinant VV expressing each struc-
tural protein of SARS-CoV (mOrVV-NHis, mOrVV-MHis,
mOrVV-EHis, and mOrVV-SHis) on subsequent intranasal infec-
tion with SARS-CoV. BALB/c mice were immunized with
mOrVV-NHis, -MHis, -EHis, and -SHis at | X 107 PFU/body, and
4 wk later infected intradermally with 1 X 107 TCID,, of SARS-
CoV (Fig. 5A). After 2 and 9 days, three mice from each group
were sacrificed following blood collection under anesthesia, and
their lungs were extirpated. Consistent with earlier results, a sig-
nificant reduction of pulmonary virus titer was observed after 2
days in only the mOrVV-SHis-immunized group (Fig. 58). In con-
trast, immunization with the other SARS-CoV structural proteins.
including the N, M, and E proteins, did not confer protection
against the subsequent SARS-CoV infection. As shown in Fig. 5C.
the alleviation of pulmonary inflammation was also observed in
the mOrVV-SHis-immunized group. Severe infiltration of lym-
phoeytes and thickening of the alveolar epithelia were observed in
the lung tissues of the mOrVV-NHis-immunized mice 9 days after
SARS-CoV infection (Fig. 5C). The pulmonary damage in the
mOrVV-NHis-immunized mice (15.00 = 5.56) was significantly
more severe than that in the mOrVV-SHis-immunized mice
(5.67 = 2.52) (Fig. 5D). However, there were no significant dif-
ferences wmong the other groups. Furthermore, infiltration of neu-
trophils, eosinophils, and lymphocytes was observed in the
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groups of BALB/c mice (n = 8-10 per group) were inoculated intradermally with the combinations of mOrVV-NHis and mOrVV-SHis (mOrVV-N +§),
mOrVV-MHis and mOrVV-SHis (mOrVV-M +5). mOrVV-EHis and mOrVV-SHis (mOrVV-E+S). mOrVV-SHis, and mO, and challenged 7 wk later
with 1 % 10" TCID/body of SARS-CoV via the intrunasal route. After 2 days, the titers of SARS-CoV in the lungs of n = 3-5 mice from each group
were determined. Virus titers are expressed as log,, TCID /g of tissue, », p < 0,08, ++, p < 001, as compared with the mO-immunized group using the
Bonferroni test. B, Histopathologic findings for all the groups 9 days after SARS-CoV infection. Extirpated lung tissues were fixed with 10% formalin and
embedded in paraffin, Paraffin block sections (4-um thickness) were subjected 10 H&E staining. C. The degree of pulmonary inflammation was determined
in a blinded fashion on a subjective 27-point scale (0, minimal inflammation; 26. massive inflammation). Each symbol represents an individual mouse, +,

p=005 1 p <001, 8¢ i with the mO-i
S-immunized group using the Bonferroni test.

mOrVV-NHis-immunized mice after SARS-CoV infection (Fig.
5E, b). although the extent of infiltration of these cells into the
lungs of these mice was somewhat lower than that observed in
the m8rVV-NMES-immunized mice after SARS-CoV infection
(Fig. 4D). This may explain the observed differences in the
histopathologic findings for the mOrVV-NHis-immunized mice
and m8rVV-NMES-immunized mice.

Pulmonary cytokine responses of SARS-CoV-infected BALB/¢
mice previously immunized with recombinant VV expressing
each structural protein of SARS-CoV

To elucidate the reason for the severe pulmonary inflammation
observed in the mOrVV-NHis-immunized mice after SARS-CoV
infection, we measured by quantitative RT-PCR the mRNA levels
for various cytokines and chemokines in the lungs of BALB/c
mice preimmunized with mOrVV-NHis, -MHis, -EHis, -SHis, or
mO. Several proinflammatory cytokine and chemokine mRNAs,
including those for IL-6, CXCL10, CCL2, and CCL3, were in-
creased in all the groups. with the exception of the mOrVV-SHis
group. 2 days after SARS-CoV infection (Fig. 6A). In contrast, the
mOrVV-SHis-immunized group showed low levels of mRNA ex-
pression for these proinflammatory cytokines or chemokines. es-
pecially IL-6, resulting in reduced lung pathology alter immuni-

i group using the Bonferroni test. », p < 0.05; ++, p < 001, as compared with the mOrVV-N +

zation, The mRNA levels for TFN-y, IL-2, IL-4, and TL-5 were
highest in the mOrVV-NHis-immunized group (Fig. 6, A and B).
None of the other groups showed up-regulation of these ¢ytokines,
with the exception of the IL-5 mRNA level in the mOrVV-SHis-
immunized group. Furthermore, the mRNA expression levels of
anti-inflammatory cytokines (IL-10 and TGF-£) in the mOrVV-
NHis-immunized group were markedly lower than expression lev-
els in any of the other groups, which exhibited high virus titers,
and were comparable to those of the mOrVV-SHis group, in which
pulmonary inflammation was alleviated (Fig. 6C).

Verification of exacerbating effect of prior immunization with
N protein in SARS-CoV-infected Balb/c mice

To verify the exacerbating effect of N protein immunization, we
investigated the pulmonary virus titers and histopathology in
BALB/c mice that were previously immunized with the
combination of mOrVV-N and mOrVV-§ (mOrVV-N+S-immu-
nized group) 2 and 9 days after SARS-CoV infection, and com-
pared them 1o those of all other groups, including the mO-,
mOrVV-M+8-, mOrvV-E+8-, and mOrVV-S-immunized groups.
The mOrVV-N+S-immunized group showed significantly decreased
pulmonary virus titers compared with the mO-immunized group (Fig.
7A). However, the mOrVV-N+S-immunized group exhibited as
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severe pneumonia as the mO-immunized group (Fig. 7, B and ), In
contrast, both the mOVV-M+S-immunized group and the mOrvv-
E+S-immunized group were protected against SARS-CoV infection
to the same extent as the mOrVV-S-immunized group (Fig. 7, A-C).

Discussion

SARS-CaV is newly identified as an agent of SARS. However, the
detailed mechanism by which SARS-CoV causes severe pneumo-
nia remains unclear. The uncontrolled release of immune media-
tors has been implicated in the pathogenesis of SARS, whereas the
cytokine profiles of SARS patients have not elucidated the
cause the pneumonia owing to their diversity. It seems likely
that the diverse cytokine profiles noted among adult SARS pa-
tients are related to patient anamnesis.

In the present study, we observed severe pulmonary inflamma-
tion in mBrVV-NMES-immunized BALB/c mice 9 days afier
SARS-CoV inlection (Fig. 4A, g). even though the initial virus titer
was significantly lower than those of the control groups, which
included vehicle- and m8-immunized mice (Fig. 38). The severity
of pulmonary inflammation did not correlate with the virus titer in
the m8rVV-NMES-immunized mice, in contrast to the correlations
observed for the vehicle-, m8-, and m8rVV-S-immunized groups.
We identified the N protein of SARS-CoV as the cause of the
severe pneumonia observed during SARS-CoV infection (Fig. 5, C
and D, and 7, B and ©). To date, no studies have been reponed to
our knowledge regarding SARS patients with severe pneumonia
who were previously immunized with either SARS-CoV or a
highly related species. In contrast, there are several reports of an-
tisera against human CoV (229E and OC43) and host factor IL-11
cross-reacting with the SARS-CoV Ag (29, 30). Furthermore, the
N protein of SARS-CoV has been shown to induce both cellular
and humoral immune responses (31-33). Taken together, these
results raise the possibility that a percentage of SARS patients
already possess the adaptive immune response elements that can
interact with SARS-CoV components, including the N protein, and
that their adaptive immune response may be involved in the ex-
acerbation of pneumonia. The temporal changes in immune re-
sponse and the pathogenesis after SARS-CoV infection of an an-
imal model that had previously been immunized with SARS-CoV
components are not well understood, as almost all the previous
studies reported only protection within a few days of SARS-CoV
infection (34-39), In the present study, we demonstrate that
mOrVV-NHis-immunized mice after SARS-CoV infection exhibit
an imbalance between T cell activation (high expression levels ol
IFN-v. IL-2, IL-4, and IL-5) and subsequent suppression (low ex-
pression levels of 1L-10 and TGF-f), as well as high-level pro-
duction of proinflammatory cytokines (IL-6 and TNF-a) and che-
mokines (CCL2, CCL3, and CXCLI10). Jiang et al. (40) reported
elevation of CXCLI10 or TP-10 production in the pneumocytes,
CD3" T cells, and monocytes and macrophages of the lungs of
patients with SARS. CXCL 10 may be responsible for the infiltra-
tion of activated T cells and monacytes or macrophages, which is
a pathologic finding in SARS patients (41-43). Tt has been re-
ported that elevated expression of monocyte or macrophage acti-
vation factors (CCL2 and CCL3) was observed in SARS patients
(8. 44). Furthermore, the highest expression of IL-6 in mOrvVv-
NHis-immunized mice is reasonable (Fig. 64), as the elevation of
IL-6 levels is considered one of the causes in the severe pneu-
monia of SARS patients. Zhang et al. (45) reported recently the
molecular mechanism of IL-6 expression induction by the N
protein of SARS-CoV. In contrast, both IL-10 and TGF-8 play
important roles in suppressing inflammatory responses (46).
Thus. the reduced production of both anti-inflammatory cyto-
kines in the mOrVV-NHis-immunized mice after SARS-CoV

N PROTEIN OF SARS-CoV AS A CAUSE OF PNEUMONIA EXACERBATION

infection may be related to the severity of the pulmonary in-
flammation in these mice. Weingartl et al. (47) and Czub et al.
(48) reported that immunization with S protein expressing-recom-
binant modified VV Ankara (rMVA-S) induced stronger inflam-
matory responses and focal necrosis in liver tissues after SARS-
CoV challenge than in control amimals, However, the precise
mechanism underlying this liver inflammation has not been clan-
fied. Feline infectious peritonitis virus, which is another member
of the coronavirus family, exhibits enhanced infection into mono-
cytes or macrophages through virus-specific Ab binding to the Fc
receptors of these cells and causes enhanced inflammation (49). 1
has also been reported for dengue virus that secondary infection
with a different genotype results in more severe symptoms, includ-
ing dengue hemorrhagic fever and dengue shock syndrome. The
exacerbation of this symptom is also positively associated with
pre-existing Abs with specificity for dengue virus (50). In the case
of SARS-CoV, Ab-dependent enhancement of infection has not
been reported previously. We hypothesized that the severe pneu-
monia observed in mOrVV-NHis-immunized mice after SARS-
CoV infection does not result from Ab-dependent enhancement
because the virus titers in the mouse lungs 9 days later were below
the detection limit. Deming et al. (51) reported recently the inten-
sive infiltration of eosinophils as well as lymphocytes afier SARS-
CoV infection of aged BALB/c mice previously immunized with
the N protein of SARS-CoV. It has also been reported that immu-
nization with formalin-inactivated respiratory syncytial virus vac-
cine and VV that expresses the G glycoprotein of respiratory syn-
cytial virus correlates with the augmentation of Th2-type immune
responses and enhanced pulmonary disease (52, 53). Therefore, the
authors speculated that the Th2-biased responses of vaccinated
hosts after SARS-CoV infection might aggravate pulmonary in-
flammation, although the main host response remains unknown, Tn
contrast, our current data suggest that N protein-immunized mice
exhibit activation of both Thl and Th2 responses after SARS-CoV
infection. In agreement with our data, Jin et al. (54) have demon-
strated that prior immunization with N protein generates stronger
Ag-specific Thl and Th2 responses than immunization with M or
E protein. In addition, we demonstrate the suppression of anti-
inflammatory cylokine responses in N protein-immunized mice.
Interestingly, Shi et al. (55) demonstrated that coinjection of M
protein with N protein not only enhanced the production of Thi
cytokines (IFN-y and IL-2), but also reduced the rates of mortality
and pathologic change in SARS-CoV-infected voles. These results
suggest that funther studies, including epitope analysis, are re-
quired to reveal the precise mechanism underlying the severe pul-
monary inflammation that resulis from SARS-CoV infection of
BALB/c mice immunized with the N protein of SARS-CoV.

In contrast, intradermal immunization of aged BALB/c mice
with m&rVV-S at | X 107 PFU/body significantly reduced the
pulmonary virus titer 2 days after SARS-CoV infection (Fig. 3B).
Furthermore, the m8rVV-S-immunized group exhibited alleviation
of the pulmonary histopathology. as compared with both control
groups after 9 days. To date, various types of SARS vaccine, in-
cluding recombinant vaccines, inactivated vaccines, and DNA vac-
cine, have been reported (34-39). There are only a few reports on
the effect of a single immunization with recombinant SARS vuc-
cines. namely SARS-CoV § protein-expressing vaccines based on
rabies virus (36), vesicular stomatitis virus (39), and adeno-asso-
ciated virus (57). It is noteworthy that a single i.m. immunization
with recombinant adeno-associated virus that expresses the recep-
tor-binding domain of S protein conferred long-term protection
against SARS-CoV infection (57). In the present study. we also
show that a single immunization with m8rVV-S reduces viral load
and improves the histopathologic findings in the lungs of BALB/¢
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mice infected with high-titer (1 X 10* TCID/body) SARS-CaV,
although a relatively low titer of SARS-CoV was used in the pre-
vious study conducted by Du et al, (57), These results suggest that
the systemic immune responses induced by a single immunization
with SARS vaccine successfully protect the animal model against
intranasal SARS-CoV infection.

In summary, we demonstrate that the immunization of BALB/c

mice with the N protein of SARS-CoV causes severe pulmonary
inflammation upon subsequent SARS-CoV infection, probably via
the imbalance created between T cell activation and suppression,
as well as by massive proinflammatory cytokine production. These
results provide new insights into the mechanisms involved in the
pathogenesis of SARS and help in the development of safe
vaccines.
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Suppression of an Already Established Tumor Growing
through Activated Mucosal CTLs Induced by Oral
Administration of Tumor Antigen with Cholera Toxin'

Ayako Wakabayashi, Yohko Nakagawa, Masumi Shimizu, Keiichi Moriya,
Yasuhiro Nishivama, and Hidemi Takahashi*

Priming of CTLs at mucosal sites, where various tumors are originated, seems critical for controlling tumors. In the present study,
the effect of the oral administration of OVA plus adjuvant cholera toxin (CT) on the induction of Ag-specific mucosal CTLs as well
as their effect on tumor regression was investigated. Although OVA-specific TCRs expressing lymphocytes requiring in vitro
restimulation to gain specific cylotoxicity could be detected by OVA peptide-bearing tetramers in both freshly isolated intraepi-
thelial lymphocytes and spleen cells when OVA was orally administered CT, those showing direct cytotoxic activity without
requiring in vitro restimulation were dominantly observed in intraepithelial lymphocytes. The magnitude of such direct cytotox-
icity at mucosal sites was drastically enhanced after the second oral administration of OVA with intact whole CT but not with its
subcomponent, an A subunit (CTA) or a B subunit (CTB). When OVA plus CT were orally administrated to C57BL/6 mice
bearing OV A-expressing syngeneic tumor cells, E.G7-OVA, in either gastric tissue or the dermis, tumor growth was significantly
suppressed after the second oral treatment; however, s.c. or Lp. injection of OVA plus CT did not show any remarkable suppression.
Those mucosal OV A-specific CTLs having direct cytotoxicity expressed CD8af2 but not CD8aa, suggesting that they originated from
thymus-educated cells. Moreover, the infiltration of such OV A-specific CD8™ CTLs was observed in suppressed tumor tissues. These
results indicate that the growth of ongoing tumor cells can be suppressed by activated CD8af8 CTLs with tumor-specific cytotoxicity

via an orally administered tumor Ag with a suitable mucosal adjuvant.  The Journal of Immunology, 2008, 180: 4000 -4010.

any malignant tumors originate from various epithelial
M tissues such as the skin or mucosal sites such as the

esophagus, stomach, colon, or lung (1). Thus, as a can-
cer vaccine, it is essential to stimulate mucosal or dermal immune
systems, as well as the systemic immune system, with a suitable
Ag. adjuvant, and administration route as reviewed by Finn (2).
Mucosal immunization using an adjuvant that enables the priming of
both mucosal and systemic immunity (3, 4) may be a good way to
prevent or treat mucosal tumors. In particular, the induction of mu-
cosal CTLs that can specifically recognize umor-derived peptide Ags
presented by the corresponding class | MHC molecules seems to be
one of the most imponant issues for eliminating tumor cells (5).

In the mucosal compartment, lymphocytes located in the intes-
tinal epithelium are almost exclusively T cells called intraepithelial
lymphocytes (IELs)* (3). Such IELs are mostly CD8* T cells that
are classified into three distinct populations: TCRap " CDSafB™,
TCRaf* CDBaxa™, and TCRy8 " CD8aa” (6). IELs contain cyto-
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toxic properties and specifically eliminate virus- or parasite-in-
fected cells (7-9); however, although spontaneous cytotoxicity of
human IELs against tumor cells has been reported (10, 11), their
actual specificity on tumors is still unknown. Recently, we have
reported (12) that a marked increase in the number of HIV-1-
specific CD8afl-positive T cells among IELs was observed in
HIV-1-specific TCR transgenic (Tg) mice when they received in-
trarectal or i.p. administration of the recombinant vaccinia virus
(rVV) expressing a known restricted CTL epitope, P18 (rVV-P18).
which is restricted by H-2D"-class | MHC molecules (13). Using
H-2DY/P18 tetramers, we could detect CD8-positive, P18-specific
TCR-expressing T cells in freshly isolated 1ELs and splenic T cells
of unchallenged naive Tg mice. Although those H-2DY/P18 tet-
ramer-positive CD8 T cells from naive Tg mice did not show any
specific cylotoxicity, freshly isolated mucosal T cells bearing
CD8af but not CD8aa from activated Tg mice with rVV-PI1R
represented P18-specific cytotoxicity against tumor cells expressing
the epitope, and the magnitude of cytotoxicity was much stronger than
that in activated splenic T cells (12). These results suggest that in vivo
activated mucosal CD8a8 CTLs with tumor-specific cytotoxicity
may be critical for controlling tumors expressing the specific epitope
in vivo rather than systemic splenic CTLs.

Cholera toxin (CT) derived from Vibrio cholerae is known as a
potent mucosal adjuvant comprised of one toxic A subunit (CTA)
with ADP-ribosyltransferase activity and five nontoxic B subunits
(CTB) responsible for binding to monosialoganglioside (GM) 1 on
the cell surface (14, 15). CT adjuvant helps to produce both sys-
temic 1gG and mucosal IgA (16) as well as to induce Ag-specific

OVA; PP, Peyer's putch: rVV, recombinant vaccinia virus: 5C, spleen cell; Tg, trans-
genic: TIL. wmor-infiltrating lymphocyte
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CD4™ T cell responses in the spleen, reflecting the systemic com-
panment, and in Peyer's patches (PPs), reflecting the mucosal
compartment (17). In addition, it has been demonstrated (18) that
OV A-specific CTLs could be primed in C57BL/6 mice following
oral exposure to a combination of OVA with CT, and specific
cytotoxic activity was detected from spleen cells (SCs) only when
they were restimulated in vitro with irradiatled OV A-expressing
syngeneic tumor cells, E.G7-OVA, which are OVA gene-trans-
fected EL4 thymoma cells (19, 20). Also, intranasal preimmuni-
zation with OVA peptide (SIINFEKL) plus CT primed similar
OVA-specific CTLs in the spleen of CSTBL/6 mice, and the im-
munized mice were protected from the development of transferred
E.G7-OVA (21).

Moreover, it has been shown that adoptive transfer of naive
CD8™ OVA-specific OT-1 T cells into E.G7-OVA wmor-bearing
syngeneic mice did not inhibit tumor growth, although adoptive
transfer of preactivated OT-1 CTL in vitro inhibited wmor growth
in a dose-dependent manner (22). Furthermore, it has recently been
reported that vaccination with dendritic cells (DCs) prepulsed ex
vivo with CT-conjugated OVA (OVA-CT) gave rise 10 OVA-spe-
cific splenic CD8™ T cells that produced IFN-y, were cytotoxic to
E.G7-OVA cells in vivo, and rejected already established in vivo
E.G7-OVA tumors associated with high numbers of twmor-infil-
trating CD8™ T cells (23), indicating that the elimination of pre-
viously established tumor cells might require the infiltration of
tumor-specific activated CD8™ CTLs.

In the present study, we found two distinct types of CD8af-
positive T cells among freshly isolated lymphocytes expressing
OV A-specific TCRs, which can be detected by OVA peptide-bear-
ing tetramers. One is in an activated effector state with cytotoxic
activity and the other is a resting state and may gain cytotoxicity
when stimulated with an OVA epitope peptide in vitro. Based on
the observations, we defined direct cytotoxicity as the former state,
in which freshly isolated and unstimulated CD8 T cells had specific
cylotoxicity. Therefore, by comparing systemic SCs, we asked
whether OV A-specific cytotoxic activity could be observed among
freshly isolated IELs in mice orally administered OVA plus CT and
examined whether those activated CTLs would reject or suppress the
growth of already established tumors. Consequently, we observed
dominant TCRaf and CD8aB OVA-specific CTL activities in
freshly isolated 1ELs rather than in SCs afier the oral administration of
OVA plus CT, and such mucosal CTL activities could be expanded
after oral boosting. Moreover, the growth of EG7-OVA inoculated
into the stomach or the epidermis was significantly suppressed, ac-
companied by the expansion of activated mucosal CTLs, and the in-
filtration of such OV A-specific CD8af* CTLs was observed in sup-
pressed dermal tumor tissues. These results indicate that the growth of
ongoing tumor cells can be suppressed in vivo by activated CD8af8
CTLs with tumor-specific cytotoxicity via an orally administered tu-
mor Ag with a suitable mucosal adjuvant.

Materials and Methods

Mice
Six- to 8-wk-old female C57BL/6 (H-2") mice were purchased from
Charles River Japan, maintained in microisol cages under pathogen-

free conditions, and fed autoclaved laboratory chow and water. All animal
experiments were performed according to guidelines for the care and use of
laboratory animals set by the National Institutes of Health (NTH; Bethesda,
MD) and approved by the Review Board of Nippon Medical School (Tokyo,
Japan).

Oral and systemic immunization

Chicken egg OVA, grade V (Sigma Aldrich), was dissolved in sterilized
PBS. Mice were orally administered 100 mg of OVA or 10 ug of CT (List
Biological Laboratories) alone or 100 mg of OVA plus 10 ug of CT, CTA,
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or CTB (List Biological Laboratories) in 0.3 ml of PBS. In some experi-
ments, mice were orally administered 10 mg of OV A plus 10 pg of CT. For
systemic immunization, mice were i.p. or 5.c. injected with 100 mg of OVA
or the same dose of OVA plus 10 pg of CT.

Preparation of IELs, lamina propria lymphocytes (LPLs), SCs,
and tumor-infiltrating lymphocytes (TILs)

IELs were prepared by the method described previously (12). In brief, after
the small intestine, large intestine, or stomach was obtained from mice,
fecal materials were flushed from the lumen with HBSS (Invitrogen Life
Technologies) and connective tissues were carefully removed. The ob-
tained guts were inverted and cut into several segments that were trans-
ferred to a 50-ml conical tube (Becton Dickinson Labware) containing 45
ml of HBSS with 5% FCS, 100 U/ml penicillin (Invitrogen Life Technol-
ogies), and 100 pg/ml streptomycin (Invitrogen Life Technologies). The
tube was then shaken st 37°C for 45 min (horizontal position; orbital
shaker a1 150 rpm), Harvested cells from the intestinal epithelium were
passed through a 10-ml synnge column ining loosely packed glass
wool to remove tissue debris. Subsequently, the cells were suspended in
30% Percoll solution (Amersham Biosciences) and centrifuged for 20 min
at 1,800 rpm. Cells at the bottom of the solution were then subjected to
Percoll discontinuous gradient centrifugation for 20 min at 1,800 rpm and
IELs were recovered at the interphase of 44 and 70% Percoll solutions.
LPLs were prepared by the method described previously (24). In brief,
after the small intestine, large intestine, or stomach was dissected from
mice, fecal material was flushed from the lumen with HBSS and PPs were
carefully removed. The obtained guts were inverted and cut into several
segments that were transferred to a 50-ml conical lube containing 45 ml of
HBSS with 5% FCS and 1 mM EDTA (Wako Pure Chemical Industries).
The tube was shaken at 37°C for 45 min (horizontal position; orbital shaker
at 150 rpm). The gut seg) were then washed with PBS and shaken in
40 ml of HBSS with 3% FCS and 0.1 mg/mi collagenase (Sigma-Aldnch)
at 37°C for 45 min (horizontal position; orbital shaker at 60 rpm). Har-
vested cells were passed through a nylon mesh and suspended in 40%
Percoll solution, and then 70% Percoll solution was underlain. The solution
was centrifuged for 20 min at 1,800 rpm and LPLs were recovered at the
interphase of 40 and 70% Percoll solutions. These procedures provided
=>095% viable lymphocytes with a cell yield of 5-10 X 10° of small intes-
tinal [ELs, 2-3 X 10° of large intestinal [ELs, 7-12 % 10° of gastric [ELs,
4-9 x 10° of small intestinal LPLs, 1-3 % 10° of large intestinal LPLs, or
5-9 x 10" of gastric LPLs per mouse. The cells were suspended in com-
plete T cell medium (25) composed of RPMI 1640 medium (Sigma-
Aldrich) supplemented with 2 mM L-gl (ICN Biomedicals), | mM
sodium pyruvate (Invitrogen Life Technologies), 0.1 mM ial
amino acid (Invitrogen Life Technologies), a mixture of vitamins (ICN
Biomedicals), 1 mM HEPES (Invitrogen Life Technologies). 100 U/ml
penicillin (Invitrogen Life Technologies), 100 pg/ml streptomycin (In-
vitrogen Life Tech ), 50 uM 2-ME (Sigma-Aldrich). and heat-in-
activated 10% FCS. For TIL preparation, tumors were removed from mice,
incubated in 1 mg/ml collagenase (Wako Pure Chemical Industries) with
PBS ar 37°C for 1 h, and crushed gently. TILs were prepared using Percoll
solutions as described in the previous paragraph regarding [EL preparation.
The spleen was aseptically removed and a single cell suspension was pre-
pared. For osmotic hemolysis, single cells were suspended in 0.1% PBS
and an equal amount of 2X PBS was added immediately. To enrich IELs,
LPLs, and TILs from mice, the interface between the 40 and 70% Percoll
solutions (26), in which NK cells and unfractionated SCs, which may also
include NK cells, must be included, was collected.

Flow cytometry analysis

Cells were double-stained with PE-labeled H-2K"/OVA tetramer-SIINFEKL
(Beckman Coulter) or H-2K*/PB 1 tetramer-SSYRRPVGI (Medical & Biolog-
jcal Laboratories) and FITC-labeled anti-mouse TCRB, CD8a (BD Pharmin-
gen), or CD8 (Caltag Laboratories). Peptide PB1 703-711, SSYRRPVGL, for
the control tetramer was derived from influenza virus (27), Dead cells were
determined using 7-aminoactinomycin D viability dye (Beckman Coulter) and
stained cells were analyzed by FACScan using the CellQuest progmm (BD
Biosciences).

In vitro restimulation of SCs or IELs with E.G7-OVA

Lymphocytes were restimulated in vitro by the method described previ-
ously (19), Freshly isolated SCs (3 % 107) or [ELs (3 x 107) were restim-
ulated with 3 X 10° irradiated (20,000 rad) E.GT-OVA cells (19, 20) (H-2";
American Type Culture Collection) in 10 ml of complete T cell medium
per upright 25-cm’ flask in 5% CO, a1 37°C for 6 days. Six days later, the
viability of the lymphocytes was 35-51% in SCs and 16-26% in IELs. The
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in vitro restimulated cells were collected and their OV A -specific cytotoxicity
was measured by the following procedure.

CTL assay

For the CTL assay, freshly isolated [ELs, SCs, or TILs were used. Cyto-
Iytic activity was measured using a standard *'Cr-release assay as previ-
ously described (12). In brief, various numbers of effector cells were in-
cubated with 3 % 10" *'Cr-labeled targets for 6 h at 37°C in 200 ul of
RPMI 1640 medium containing 10% FCS in round-bottom 96-well cell
culture plates (BD Biosciences). After incubation, the plates were centri-
fuged for 10 min at 330 X g, and 100 wl of cell-free supematants were
collected to measure radioactivity with a Packard Auto-Gamma 3650
counter (Hewlen-Packard Japan). Maximum release was determined from
the supernatant of cells that had been lysed by the addition of 5% Triton
X-100, and spontaneous release was determined from target cells incubated
without added effector cells. The percentage of specific lysis was calculated
as 100 * (experimental rel - §p release /(maximum re-
lease — spontaneous release). SEs of the means of nplicate cultures were
always <5% of the mean. Each experiment was performed at least three
times

Measurement of in vivo antitumor effects

E.GT-OVA cells (5 X 10%), OVA gene-transfected EL4 thymoma cells (19,
20), were implanted into the gastric or dermal tissue of syngeneic C57BLI6
mice (H-2"). For wmor implantation into the gastric tissue, mice were
anesthetized and underwent an abdominal operation and then E.G7-OVA
cells in 50 pl of RPMI 1640 were injected into the muscle layer of the
stomach using a syringe with a 29-gauge needle (Terumo). For implanta-
tion into the dermal tissue, mice were anesthetized and E.GT-OVA cells in
100 ! of RPMI 1640 were injected intradermally by a 29-gauge needle
syringe. On day 3 after implantation into the gastric or dermal tissue, when
the tumor mass became visible, tumor-beanng mice were orally or sys-
temically administered OV A plus CT as described above. Seven days after
the first administration, some of the mice were similarly boosted with the
same materials, The growing tumors implanted into the gastric or dermal
tissues were followed by measuring the length (g) and width (b), the and
tumor volume (V) was calculated according 1o the formula V = ab’/2 as
reported previously (28). When the longer axis of each wmor was >20
mm, all mice were anesthetized and sacrificed according to the guidelines
for the care and use of laboratory animals set by the NIH.

Histological analysis of tumor tissues

Freshly excised tumor tissues were embedded in Tissue-Tek OCT com-
pound (Sakura Finetek) at —B80°C. Tissue segments were sectioned at 6 um
using a cryostal. Sections were placed on a poly-L-lysine-coated glass slide,
air dried, and then fixed in 10% formalin PBS for 5 min and stained with
H&E. For i histochemical staining, sections were fixed in cold acetone
for 5 min and incubated with blocking solution (Block-ace; Dainippon Phar-
maceutical) for 30 min at 37°C and then incubated with biotinconjugated rat
anti-CD8B Ab (Caltag Laboratories) or control isotype-matched rat [gG2a Ab
(Caltag Lak ies) ight at 4°C. Endog peroxidase was quenched
by incubation in 0.3% H,0, and 0.1% NaN, in distilled water for 10 min. The
sections were incubated with avidin-biotin peroxide complexes (Vectastain
ABC kit; Vector Laboratories) followed by color neaction with a Vectastain
diaminobenzidine substrate kit (Vector Laboratonies).

Staristical analysis
Student's ¢ test was used to determine the statistical significance of differ-

ences between groups in tumor growth. Data were considered significant at
p < 0.05.

Results
Priming of OVA-specific CD8ap-positive CTLs with direct
cytotoxicity via oral administration with OVA plus CT

It has been reported that OVA-specific CTLs could be primed in
C57BL/6 mice by oral or i.v. immunization with OVA plus CT
together with nontoxic CTB, and specific cytotoxic activity was
detected from immune SCs only when they were restimulated in
vitro with irradiastled OVA-expressing syngeneic tumor (E.G7-
OVA) cells (18). It has also been shown that activated CTLs but
not naive primed CTLs could represent antitumor responses in
vivo (22). Similarly, we have recently observed in HIV-1-specific
CTL-TCR transgenic mice that activated CTLs but not freshly iso-
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FIGURE 1. Analysis of OV A-specific direct cytotoxicities in I[ELs and
SCs after primary immunization with OVA plus CT. A, Analysis of H-2K™
OVA tetramer-positive cells. CS7TBL/6 mice were orally administered
OVA or OVA plus CT once. [ELs and SCs were collected from mice 5
days after the first oral administration, stained with either PE-labeled
H-2KYOVA tetramer-SHINFEKL or H-2K"/FPBI ietramer-SSYRRPVGI
together with FITC-labeled anti-mouse TCRB. and analyzed by flow cy-
tometry. Each value represents the percentage of cells expressing both
indicated markers. Data are representative of three independent experi-
ments. B, Kinetics of H-2K™OVA |etramer-positive cells after primary
immunization. CSTBL/6 mice were orally administered OVA plus CT
once. [ELs and SCs were collected from mice at various days after the first
oral administration, stained with PE-labeled H-2K"/OVA tetramer together
with FITC-labeled anti-mouse TCRB, CD8a, or CDSB, and analyzed by
flow cytometry. The results are shown as the mean = SD of four mice. C,
Kinetics of OV A-specific direct cytotoxic responses. C57TBL/6 mice were
orally primed and cells were collected as described in 8. OVA-specific
CTL resp were d by *'Cr-rel assay using E.G7-OVA
cells (H-2"), YAC-1 cells, and EL4 cells (H-2") pulsed with or without 4
uM OVA-peptide, SIINFEKL, as target cells. ET ratio was 100:1. The
results shown as the mean = SD in triplicate of pooled cells from two mice
are representative of three independent experiments.

lated TCR-bearing CD8af-positive T cells showed specific cyto-
toxicily, and the most critical sites for activating TCR-bearing
CD8apB T cells were mucosal compartments when Tg mice were
administered a specific Ag for TCR (12).

These findings prompted us to examine whether direct OVA-
specific cytotoxic activity could be induced among IELs in mice
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boosting with OVA plus CT. A, Activated H-2K"/OVA tetramer-positive
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OVA, or OVA plus CT once weekly for 2 wk. [ELs and SCs were collected
from mice 3 days afier the second oral boost and stained with PE-labeled
H-2K"/OVA tetramer or H-2K"/PB| tetramer together with FITC-labeled
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FIGURE 3. Both subunits, CTA and CTB, are essential for the induc-
tion of OV A-specific CTLs. CSTBL/6 mice were orally administered OVA
or OVA plus intact CT, CTA subunit or CTB subunit once weekly for 2
wk. IELs were collected from mice 3 days after the second oral adminis-
tration. A, IELs were stained with PE-labeled H-2K"/OVA tetramer and
FITC-labeled anti-mouse CDBB. Each value represents the percentage of
cells expressing both indicated markers, B, OV A-specific CTL responses
of isolated [ELs were measured by *'Cr-release assay using E.G7-OVA
cells, EL4 cells pulsed with or without OVA peptide as targets. The E:T
ratio is 100:1. Data are shown as the mean = SD in triplicate of pooled
cells from two mice. The results are repres ive of three independent
expeniments for both A and 8

administered OVA plus CT orally without requiring in vitro re-
stimulation. To carry out this experiment, we used a H-2K"/OVA
tetramer 10 detect cells expressing OV A-specific TCR in freshly
isolated IELs as well as in the SCs of primed mice 5 days after
immunization. Also, to evaluate the purity of IELs, CD103 (integrin

as described in B. OVA-specific CTL responses were measured by *'Cr-
release assay using E.G7-OVA cells, YAC-1 cells, and EL4 cells pulsed
with or without OVA peptide as targets. The E:T ratio is 100:1. The results
shown as lhe mean = SD in triplicate of pooled cells from two mice are

ive of three i dent experiments. [, Activation of OVA-

anti-mouse TCRB. Each value rep the per ige of cells expressing
both indicated markers. Data are representative of three independent ex-
periments, 8, Kinetics of H-2K"OVA tetramer-positive cells after oral
boosting. CS7BL/6 mice were orally administered OVA plus CT once
weekly for 2 wk. IELs and SCs were collected from mice mt various days
after the second oral boost, stained with PE-labeled H-2K™OVA tetramer
together with FITC-labeled anti-mouse TCRS, CD8a, or CDEp, and ana-
Iyzed by flow cytometry. The results are shown as the mean = 5D of four
muce. C. Kinetics of the secondary expansion of OV A-specific direct CTL
responses. CSTBL/6 mice were treated orally and the cells were collected

specnﬁc CTLs by in vitro remmulmon (Restim.). C5TBL/6 mice were
orally administered CT. OVA, or OVA plus CT once weekly for 2 wk.
IELs (3 x 107) and SCs (3 x 107) were collected from mice 9 days after
the second oral boost, and cocultured with 3 % 10° imadiated EG7-OVA.
Six days later, OVA-specific lysis of stimulated [ELs and SCs was mea-
sured by *'Cr-release assay. The E:T ratia is 100:1 in [ELs and 100:1, 50:1,
or 25:1 in SCs. The results are shown as the mean = 5D in [ELs or the
mean in SCs in tnplicate of pooled cells from two mice. Data are repre-
sentative of three independent experiments
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FIGURE 4. Suppression of the growth of a tumor implanted into gastric tissue by oral administration of OVA plus CT. A, Growth of visible tumor after
implantation of E.G7-OVA cells into gastric tissue. CS7TBL/6 mice were implanted with § % 10° EG7-OVA cells into the muscle layer of the stomach
Each day, the same mice were anesthetized and underwent an abdominal operation, and tumors were observed. Arrows point to both ends of the longer
axis in the wmor. B, C57BL/6 mice were implanted with 5 X 10° E.G7-OVA cells into the muscle layer of the stomach. Three days later, tumor-bearing
mice were orally administered PBS, OVA, CT, OVA plus CTB subunit, or OVA plus CT. Seven days later, the second oral administration was performed
in the same manner. Stomachs were excised from the mice |8 days after tumor implantation, as well as from untreated, normal mice. C, Tumor volumes
were calculated based on the formula described in Marerials and Methods, and the results are shown as the mean = SEM. The resulis were obtained from
9-13 mice per group. p < 0.05 indicates statistically significant difference between OVA plus CT (&) and any other groups. D, CSTBL/6 mice were
implanted with E.G7-OV A cells in the stomach. Three days later, umor-bearing mice were orally administered OVA plus CT or left untreated. Seven days
later, some orally immunized mice were boosted in the same manner or left untreated. The results are shown as the mean = SEM of 5-7 mice per group
p < 0,05 and NS indicate statistically significant and not significam differences, respectively, between the boosted (A) and nonboosted (O) groups and the
untreated group (% ). E and F, Induction of CD88 and H-2K"/OV A tetramer-positive cells in IELs (E) and LPLs (F) of the stomach, small intestine, or large
miestine after oral administration of OV A plus CT. C57BL/6 mice were orally administered OV A or OVA plus CT once weekly for 2 wk. IELs and LPLs
were collected from mice 3 days afier the second oral administration. Cells were stained with PE-labeled H-2K"/OVA tetramer and FITC-labeled
anti-mouse CD8P. Each value represents the percentage of cells expressing both indicated markers. The results are representative of three independent
experiments.

a-1EL chain)-positive cells in the collected samples were exam- measured against YAC-1 targets (Fig. 1C). The results clearly
ined by flow cytometry. CD103 is highly expressed on >90% of demonstrate that direct OVA-specific CTL cytotoxicity is domi-
IELs (29, 30) but on only 15% of SCs (31). In the present study, nantly observed in mucosal IELs after primary oral administration

CD103-positive cells occupied >90% of IELs and ~15% of S5Cs of OVA plus CT.
(data not shown). Although a small number of OV A-specific TCR-
expressing cells were detected in both IELs (4.5-5.0%) and SCs
(1.0-1.5%) after oral administration of OVA plus CT in compar-
ison with control H-2K"/PB 1 -positive cells, H-2K*/OVA tetramer-
positive cells were not observed in mice treated with OV A alone As shown above, because only 4.5-5.0% of IELs were temporarily
(Fig. 1A). Such OVA peptide-specific TCR-expressing cells were activated by a one-shot oral administration, we extensively exam-
TCR 3 negative (data not shown) and both CD8a and B positive ined the effect of oral boosting with OVA plus CT at various days
(Fig. 1B). The number of tetramer-positive cells, to which the mag- afier primary immunization. The number of H-2K"/OVA tetramer-
nitude of direct OV A-specific cytotoxicity closely corresponded, positive cells was significantly enhanced among [ELs but not
was maximal at day 7 after oral immunization with both IELs and among SCs when primed mice were boosted (Fig. 24). Such an
SCs (Fig. 18), but it did not correspond to NK cell activity as effect was highest when mice were boosted at day 7 after initial

Augmentation and kinetics of direct OVA-specific cytotoxicity by
CD8af CTLs among IELs and SCs via oral boosting with OVA
plus CT at day 7 after the primary administration
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priming (data not shown). Tetramer-positive cells were again
TCRB-. CD8a-, and CD8B-positive IELs and their number peaked
at day 3 after boosting (Fig. 2B). Correspondingly. direct OVA-
specific cytotoxicity was greatly enhanced among IELs and the
maximal cytotoxicity of IELs was observed at day 3 after boosting
(Fig. 2C). although such direct cytotoxicity appeared to be com-
pletely lost in SCs (Fig. 2C). Nonetheless, SCs showed good
epitope-specific cytotoxicity similar to that of IELs when they
were restimulated in vitro with irradiated EG7-OVA (Fig. 2D),
suggesting that the priming effect by the oral administration of
OVA plus CT also remained in systemic SCs.

It should be noted that the memory of OV A-specific CTLs per-
sisted among IELs but not SCs. When secondary boosting with
OVA plus CT was performed even 6 mo after primary boosting at
day 7, the number of H-2K"/OVA tetramer-positive cells was still
detected at ~6% in IELs, and they showed remarkable direct cy-
totoxicity of —~84.5% against E.G7-OVA cells and 58.4% against
EL4 cells pulsed with OVA peptide 3 days after secondary boost-
ing (data not shown). Again, we could not detect any measurable
direct cytotoxicity in the SCs of secondary boosted mice (data not
shown).

Both CTA and CTB subunits are required 1o induce direct
OVA-specific cytotoxicity in IELx

CT is comprised of a single A subunit, CTA, and five B subunits,
CTB. When OVA was administered orally to mice with either 10
pug of CTA or an equal amount of CTB, H-2K"OVA tetramer-
positive cells as well as direct OV A-specific cylotoxicity could not
be detected in IELs (Fig. 3, A and B) and SCs (data not shown).
although a significant number of tetramer-positive cells and strong
direct OV A-specific cytotoxicity were observed among IELs of
mice administered orally with OVA plus 10 pg of intact CT (Fig
3. A and B). Even when using 50 pug of CTA or CTB for the
administration of OV A, direct cytotoxicity was not observed (data
not shown); therefore, both CTA and CTB subunits are required to
induce direct Ag-specific cytotoxicity.

Effects of oral adminisiration and b g with OVA plus CT
on OVA-expressing tumor growth established in the stomach

We then examined in vivo antitumor effects of oral administration
with tumor Ag plus CT on already established tumors growing in
mice. CS7BL/6 mice were implanted with § X 10° syngeneic
E.G7-OVA cells into the muscle layer of the stomach (Fig. 4A4).
Three days later, tumor-bearing mice (Fig. 44) were orally admin-
istered various combinations of OVA plus adjuvant and boosted
with the same materials 7 days after the initial oral administration.
To our surprise, tumor growth in the stomach of mice orally ad-
ministered OVA plus CT twice was visually (Fig. 4B8) and signif-
icantly (p < 0.05; Fig. 4C) suppressed on day 18 after tumor
implantation as compared with other control groups such as OVA
plus CTB or CT alone. However, when tumor-bearing mice were
orally administered OVA plus CT once and without boosting, no
statistically significant suppression was observed on day 18 as
compared with untreated control mice, although a slight suppres-
sive effect could be seen (Fig. 4D). Therefore, two oral adminis-
trations of tumor-Ag plus CT with an appropriate interval induced
significant ongoing tumor suppression.

As previously shown, direct OVA-specific cytotoxicity among
small intestinal 1ELs was greatly enhanced after boosting with
OVA plus CT (Fig. 2, A, B, and C). We also examined whether
direct OV A-specific CTLs were induced in the IELs and LPLs of
the stomach, small intestine, and large intestine from boosted mice
in which gastric tumor growth was significantly suppressed. We ob-
served an increase in the number of H-2K™/OVA retramer-positive
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FIGURE 5. Suppression of intradermal tumor growth by oral administra-
tion with OVA plus CT. CS7BL/6 mice were implanted intradermally with
5 % 10* E.G7-OVA cells. Three days later, tumor-bearing mice were omlly
administered PBS. OVA, CT, OVA plus CTB subunit, or OVA plus CT
Seven days later. the second oral administration was performed in the same
manner, A, Visual suppressive effect of oral inoculation of OVA plus CT on
dermal tumor growth. B, Tumor volumes were calculated based on the formula
described in Marerials and Methods and the results are shown as the mean =
SEM. Results were obtained from 5-6 mice per group. The asterisk (#) indi-
cates statistically sigmficant difference between the OVA plus CT group
(closed triangle) and any other group at 1| days (p < 0.05) and 13 days (p <
0.005) after wmor inoculation, C, CS7TBL/6 mice were implanted intrader-
mally with EGT OVA cells. Three days later, tumor-bearing mice were in-
i ly (ip), subcutaneousl ly (sc), or orally (po) administered OVA
alnne or OV A plus CT. Seven days later, the second treatment was performed
in the same manner. The results are shown as the mean of wmor volumes =
SEM. Results were obtained from 56 mice per group. The asterisk (+) shows
statistically significant differences (p < 0.05) between the s.c. OVA plus CT
WNMW!}:ELDVAM gmnpudnys 11. 13, and 15 after umor
and the two isks (=) i significant differences (p <
ﬂ[lllhctwmtheumlﬂ\"A plus CT group (W) and the oral OVA alone group
on the same days. D, C57TBL/6 mice were implanted intradermally with E.G7-
OVA cells. The mice were orally administered once with OVA plus CT at day
0. 3, 7, or 10 after umor implantation. The results are shown as the mean of
tumor volumes = SEM. Results were obtained from 10-12 mice per group. In
single orally administered groups, slgmﬁcm tumor regression ( p < 0.05) was
observed at 7 days after oral admini wared with the d
group. E, CS5TBL/ mice were implanted intradermally with E.G7-OVA cells.
Three days later, tumor-bearing mice were orlly administered a low dose (10
mg) of OVA plus CT. Seven days later, some orally administered mice were
boosted in the same manner. The results obtained from 5- mice per group ane
shown as the mean of tumor volumes = SEM, The asterisk (+) indicates
statistically significam differences ( p < 0.01) between the nonboosted (C) and
untreated mice (¥ ) groups at days 15 and 17 afier umor implantation, and the
two asterisks (*=) indicate significant differences (p < 0.005) between the
boosted (M) and untreated groups on the same days.
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FIGURE 6.
cytes into tumor tissues in mice orally administered
OVA plus CT. CSTBL/6 mice were implanted with 5 x
10° E.G7-OVA cells into the muscle laver of the stom
ach (A, a=h) or skin (8, a-h). Three days later, tumor-

Infiltration of CD8af positive lympho-

bearing mice were orally administered OVA (A, a—d,
and B, a—d) or OVA plus CT (A, e~h and B, e-h). Seven
days later, the second oral administration was performed
in the same manner. Gastnic and dermal tumor tissues
were removed from mice 3 days after the second oral
boost, Frozen sections of tumor tissues and normal tis-
sues were prepared and stained with H&E (A, a. b, e, f,
and  and B, a, b, ¢, f, and i) or immunohistochemically
stained with biotin-conjugated rat anti-CD8B mAb (A, ¢
and g, and B, ¢ and g) or control isotype-matched rat
1gG2a Ab (A, d and A, and B, 4 and k). Image magni-
fication is either %40 (A, a, e, and § and B, a, e, and §)
or %400 (A, b—d and f~k and B, b—d and /- h), A, b and
fand B, b and [ are enlarged images (<400} of the
squared areas in the images (X40) of A, a and ¢ and B,
a and e, respectively.

cells among IELs in the stomach (38.4%) as well as the small
(18.9%) and large intestine (4.9%) of wumor-suppressed mice (Fig.
4F) and also among LPLs in the stomach (21.1%) as well as the
small (1.0%) and large (0.6%) intestine (Fig. 4F). Thus, the ability
of LPLs to suppress wmor growth may be weaker than that of
IELs. The results suggest that oral administration of Ag plus intact
CT with appropriate mucosal boosting apparently suppressed the
already established wmor growth in gastric tissue, particularly af-
ter oral boosting, probably through the activation of Ag-specific
CTLs in the mucosal compartment.

Effects of oral adminisiration and boosting with OVA plus CT
on already established OVA-expressing dermal tumor growth

Next, we investigated (he effect of the oral administration of wmor
Ag plus CT on tumor growth in the skin, where the digestive tract
is not directly associated. Mice were implanted with 5 X 10°
E.G7-OVA cells intradermally. Three days later, tumor-bearing
mice were orally administered various combinations of OVA plus
adjuvant and boosted with the same materials 7 days after the
initial oral administration. Interestingly, intradermal tumor growth
was again strongly suppressed visually 11 days after tumor im-
plantation in the dermis of mice orally administered OVA plus CT
as compared with various other groups (Fig, 54). This visual effect
was confirmed by calculating the volume of the tumors established
at day 11 and day 13 in each group (p < 0.05 and p < 0.005.
respectively; Fig. 5B). We also examined the effect of the admin-
istration of twmor Ag plus CT via various routes on intradermal
tumor growth. Although a slight suppression was observed by s.c.
inoculation of OVA plus CT, umor growth was not suppressed at
all by i.p. administration in comparison with the oral treatment
group (Fig. 5C). It should be noted that tumor growth in the dermis
was markedly suppressed even by a single oral administration of
OVA plus CT on day 0, 3, 7, or 10 after tumor implantation (Fig.
5D). In each group, tumor growth was suppressed ( p < 0.05) and
the wmor volume was small around 7 days after oral administra-

HBE (X40)

SUPPRESSION OF TUMOR GROWING BY MUCOSAL CTLs

tion. Unexpectedly, there was almost no difference in the suppres-
sive effects on wmor growth between mice treated with a single
administration and boosted mice showing much stronger direct
cytotoxicity (data not shown). However, when the dosage quantity
of OVA was decreased by one-tenth, tumor growth in boosted
mice was more significantly (p < 0.005) suppressed than in
nonboosted mice (p < 0.01; Fig. 5E). Collectively, the results
indicate that the oral administration of wumor Ag plus CT with
appropriate mucosal boosting may induce a remarkable sup-
pression of already established tumor growth in the skin via
mucosally generated CTLs,

Infiltration of CD8af-positive cells in suppressed tumor tissues

We thus examined whether OV A-specific CD8afB-positive CTLs
were actually seen in suppressed tumor tissues such as the stomach
and dermis. To determine tumor-infiltrating CD8aB " cells, im-
munohistochemical staining was performed using biotin-conju-
gated rat anti-CD8B Ab (Fig. 64, ¢ and g and B, ¢ and g) or control
isotype-matched rat 1gG2a Ab (Fig. 64, 4 and h and B, d and h).
Indeed, although mononuclear cells were seen in the gastric tumor
tissues of mice treated with OVA alone, CD8ap-positive cells
were not observed at all (Fig. 64, a-d). In contrast, infiltration of
inflammatory mononuclear cells together with CDBaf-positive
cells was observed in suppressed gastric tumor tissues (Fig. 64g).
As shown in Fig. 6Ai, normal gasiric tissue is composed of the
epithelium, lamina propria, lamina muscularis mucosae, muscle
layer, and serosa from the inside surface in sequence. As compared
with normal gastric tissue, a great number of large tumor cells
(EG.7-OVA) were mainly found between the lamina muscularis
mucosae and serosa of umor-implanted tissues (Fig. 64, a and b)
and the infiltration of wmor cells into the lamina propria over the
lamina muscularis mucosae was also observed (data not shown).
However, in suppressed gastric tumor tissues (Fig. 64e) the wumor
cell layer under the lamina muscularis mucosae was markedly
thinner than that of an unsuppressed wmor (Fig. 64a). in which
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FIGURE 7. Detection of OV A-specific CTLs in TILs. C57BL/6 mice

were implanted intradermally with E.G7-OVA cells. Three days later, mice
were orally (po), subcutaneously (sc), or intraperitoneally (ip) administered
OVA plus CT or orally treated with OV A, Seven days later, the second oral
administration was performed in the same manner. TILs, IELs, and SCs
were collected from mice 3 days after the second oral administration. A,
TILs, IELs and SCs were double stained with PE-labeled H-2K"/OVA
tetramer and FITC-labeled anti-mouse CDBB. B, OVA-specific CTL re-
sponses of TILs, IELs, and 5Cs were 4 by a *'Cr-rel assay
using E.G7-OVA cells, YAC-| cells. and EL4 cells pulsed with or without
OVA peptide as targets. The E:T ratio is 5:1 in TiLs, or 100:1 in IELs and
SCs. The results are shown as the mean = SD in triplicate of pooled cells
from three mice. The results are rep ive of three ind d
experiments.

tumor cells almost never infiltrated the lamina propria over the
lamina muscularis mucosae. Similarly, as for dermal tumor tissues,
mononuclear cells together with CD8ap-positive cells were not
observed in mice treated with OV A alone (Fig. 6B, a-d), whercas
the infiltration of a large number of mononuclear cells and
CD8ap-positive cells was observed in suppressed dermal tumor
tissues (Fig. 68, e—g). Dermal tumor sections were not stained
with control isotype-matched rat IgG (Fig. 68, d and h). As shown
in Fig. 6Bi, normal skin is composed of epidermides and dermis
from the surface in sequence. In tumor cell-implanted dermal tis-
sues, although the infiltration of mononuclear cells or CD8ap-
positive cells was not observed, many large tumor cells were found
thickly beneath the epidermides (Fig. 68. a and b): however. when
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wmor cell-implanted mice were treated with OVA plus CT, most
tumor cells became necrotic or apoptotic (Fig. 68, e and f).

Measurement of twmor-specific cytotoxic activity by
tumor-infilirating cells in tumor-suppressed mice

To confirm whether infiltrated CD8af-positive T cells achieved
OV A-specific cytotoxicity, we isolated TILs containing both
mononuclear cells and CD8af-positive T cells from suppressed
dermal tumor tissues as well as from their IELs and SCs. As ex-
pected, the number of H-2K"/OVA tetramer-positive cells in-
creased in both the TILs and IELs but not in the SCs of mice
bearing suppressed tumors induced by oral administration with
OVA plus CT as compared with mice inoculated with OVA plus
CT via another route (Fig. 7A), and those increased tetramer-pos-
itive cells showed significamt direct OVA-specific CTL activity
(Fig. 7B). It should be noted that, although the number of increased
cells specific for the H-2K"/OVA tetramer was small in mice in-
oculated with OVA plus CT s.c.. both the TILs (0.8%) and the SCs
(0.4%) but not the IELs (0.1%) of the mice represented a detect-
able level of direct OVA-specific cytotoxicity (Fig. 78). These
findings suggest that s.c. immunization with Ag plus CT may pref-
erably activate systemic (splenic) Ag-specific CTLs rather than
local (inraepithelial) CTLs. Moreover, NK cell cytotoxicity de-
termined against YAC-1 cells was not observed in TILs, IELs, and
SCs by oral, s.c., or i.p. immunization of OVA plus CT (Fig. 78),
indicating that the suppression of tumor growth was mainly me-
diated by CD8ap CTLs rather than by NK cell cytotoxicity.

Discussion

In the present study we demonstrated that when OVA plus intact
CT was orally administered into mice, direct OV A-specific cyto-
toxicity was dominantly induced in IELs rather than SCs after the
first oral priming, and direct OV A-specific cytotoxicity was re-
markably expanded in IELs but not in SCs after oral boosting with
the same doses of OVA plus CT. Such OVA-specific CTLs were
thymic conventional K" class I MHC molecule-restricted
TCRaf™ CDRaf T cells (32). Moreover, the growth of the OVA-
expressing tumor E.G7-OVA thymoma, established previously ¢i-
ther in the stomach or dermis, was significantly suppressed by the
oral administration of OVA plus CT. Furthermore, marked infil-
tration of OV A-specific TCRaf” CD8aB CTLs with direct cyto-
toxicity in reduced tumor tissues was observed. These results sug-
gest that activated CTLs with specific cytotoxicity generated at
mucosal compartments by oral administration with OVA plus in-
tact CT may be responsible for already established tumor
regression.

The majority of tumor regression studies associated with acti-
vation of the immune system have focused on systemic immunity
observed in the spleen. lymph nodes, and circulating blood rather
than local mucosal immunity seen in gut [ELs. Those studies have
demonstrated only preventative results for tumor establishment by
preadministration of wmor Ag plus a suitable adjuvant. In addi-
tion, to our knowledge only one study has been shown Lo suppress
already established tumor growth by activating and expanding tu-
mor infiltrating CD8™* CTLs (23). In that study, i.v. vaccination
with DCs prepulsed ex vivo with OVA-CT at day 3 and boosted at
day 10 after OV A-expressing E.G7 tumor injection induced com-
plete rejection of a visible tumor within 3 wk after the first treat-
ment. Although the inoculation route and the materials for vacci-
nation were different from ours, the timing of the priming and
boosting to induce the suppression of already established tumor
growth correlated exactly, suggesting that their methods may also
initiate strong mucosal direct cytotoxicity mediated through
CD8" CTLs.
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Similar to our findings. they also showed that immunization
with OVA-CT but not with CTB-conjugated OVA (OVA-CTB)-
prepulsed DCs could successfully induce complete rejection of
already established wmor growth, although OVA-CTB-prepulsed
DC inoculation prevented tumor establishment but not ongoing
tumor growth in the skin. Moreover, they insisted that OVA has to
be coupled to CT and should be loaded onto DCs for therapeutic
DC vaccination based on the observation that neither OVA-CT nor
DCs pulsed with unconjugated OVA plus CT could prevent tumor
progression. Nonetheless, our findings shown here apparently in-
dicate that we were able to induce effective suppression of ongoing
wmor growth by simple oral administration with unconjugated
OVA and CT. These results suggest that we may control already
established tumor growth at the surface compartments by activat-
ing mucosal CD8™ CTLs via orally administered tumor Ag with a
suitable mucosal adjuvant. Also, when OVA-CT is orally admin-
istered, the conjugation between OVA and CT may be broken
through digestion by enzymes secreted in the gastrointestinal tract.
Recently, we have reported that modification of OVA in the gas-
trointestinal tract is essential for oral tolerance induction against
OVA (33). Therefore, it is possible that gastrointestinal digestion
or modification of OVA may facilitate the delivery of OVA Ag
into DCs, critical APCs for OV A-specific CTL induction.

For the efficient induction of such OV A-specific CTLs in vivo
using DCs, Enksson et al. have reported that OVA-CT-prepulsed
DC immunization required at least two DC injections, reflecting
the priming/boosting procedure (23); however, we have observed
that a single oral administration of OVA plus CT seems sufficient
to induce effective CTLs 1o prevent E.G7-OVA thymoma growth,
particularly in the skin. This may be because mucosally activated
CTLs through oral immunization may be more potent than sys-
temically activated CTLs to suppress transplanted wmors at the
mucosal compartment, and oral administration of OVA plus CT
seems more efficient to induce mucosal CTLs than i.v. Ag-loaded
DC inoculation. Further studies will be needed to explain the
differences.

Although both CT-conjugated-OVA and CTB-conjugated OVA
are cross-presented by MHC class | in DCs, only CT-OVA but not
CTB-OVA cross-primes OVA-specific CD8" CTLs in vivo (23,
34). Additionally, DCs pulsed with intact OVA alone cannot cross-
present and cross-prime CTLs (23). For the cross-priming of Ag-
specific CTLs by Ag-captured immature DCs, maturation signal-
ing via some surface molecules such as TLR-3 in those DCs is
essential (35, 36). Although whole CT up-regulates the expr
of MHC class 11, B7.1, and B7.2 molecules on DCs in vitro, neither
CTA nor CTB alone up-regulates the levels of surface markers on
DCs (37, 38). Also, the binding of CTB to GM1 on DCs seems
necessary to efficiently take up both CT itself and Ag and 1o induce
cross-presentation by MHC class 1 molecules on DCs, whereas
CTA may not be taken up to affect DCs. When DCs from GM1-
lacking mice were matured in vitro, CT failed to up-regulate the
expression of maturation markers and, thus, the binding of B sub-
units in CT to GM1 molecules on DCs is essential for the induction
of DC maturation (37), It has been reported that CTA is required
10 not only assist in maturation but also o generate the migration
of DCs (39, 40); therefore, CTB-mediated matured DCs can ini-
tiate their migration to secondary lymphoid organs and colocal-
ization with naive T cells (38). Indeed, CT-loaded but not CTB-
loaded DCs could migrate from marginal zones to T cell zones in
the spleen (39) and from the subepithelial dome region to T cell
zones in PPs (40); therefore, both CTA and CTB were essential for
cross-priming CTLs in vivo and neither CTA nor CTB alone could
induce CTLs at various companments (Fig. 3). Taken together,
although the detailed mechanisms of efficient Ag presentation via

SUPPRESSION OF TUMOR GROWING BY MUCOSAL CTLs

MHC class 1 and the maturation and migration of DCs by CT are
still unknown, digested OVA might be efficiently captured by im-
mature gut mucosal DCs in the presence of CTB and the captured
Ag may be cross-presented by MHC class | during DC maturation
and migration in the presence of CTA, resulting in the induction of
mucosal class | MHC molecule-restricted CTLs that may cause the
regression of previously established wmors.

OVA-specific CDB™ CTLs were induced among not only the
IELs but also the LPLs of the stomach, small intestine, and large
intestine by oral administration of OVA plus CT, a higher per-
centage of OV A-specific CD8 CTLs was observed in the stomach,
small intesting, and large intestine in order. and more specific
CTLs were always detected among IELs than among LPLs (Fig. 4.
E and F). Thus, CTLs are much easier to be induced in the upper
and more superficial portions of the gastrointestinal tract when Ags
are orally administrated with intact CT.

It has been reported that DCs in gastric mucosa are increased in
Helicobacter pylori (Hp)-infected mice and that the response of
DCs and T cells to Hp Ag is critical for Hp-induced gastritis (41)
In the present study, Ag-specific CTLs in the stomach might be
generated by mucosally activated DCs in the presence of CT and
infiltrate-implanted gastric tumor lissues. It is possible that intes-
tinally activated CTLs might migrate to the tumor-implanted stom-
ach. which might also cause CTL. infiltration. Actually, such ef-
fector CTLs usually express high levels of a,; integrin and can
home in to the gastric (42), and small and large intestinal mucosa (43)
where mucosal addressin cell-adhesion molecule-1 (MadCAM-1),
the ligand of a,B, integrin, is constitutively expressed by posi-
capillary endothelial cells in small (44, 45) and large intestinal
lamina propria (46), Moreover, the number of gastric o,8,"*" T
cells increased markedly by oral administration of CT in mice (42).
It has also been reported that MAJCAM-1 expression is increased
in the gastric mucosa after oral administration with cholera vaccine
composed of CTB and formalin-inactivated V. cholerae (47);
therefore, MadCAM-1-expression in gastric mucosa and the re-
cruitment of effector a4B7™#" T cells to gastric mucosa might be
enhanced by oral administration of the CT adjuvant and. thus,
OVA-specific effector CTLs might efficiently infiltrate the OVA
Ag-expressing tumor region in the stomach.

In the present study, we found that the growth of dermally im-
planted tumors was also suppressed by the oral administration of
wmor Ag plus whole intact CT. The actual mechanisms for such
suppression remains 1o be elucidated, but there are at least three
distinet possibilities: first, the migration of Ag-specific CTLs from
the gastrointestinal tract to the skin; second, the migration of Ag-
presenting DCs activated in the mucosal comparntments by CT; and
third, the migration of both cells from the gastrointestinal tract to
the skin at the same time. It has been reported that the levels of
CCR4 expression, which is associated with T cell homing to the
skin, are increased in gastric T cells by infection with Hp in hu-
mans (48). Moreover, mucosal DCs that take up Ag might migrate
to regional lymph nodes near the dermal tumor and prime the
CTLs there, and the CTLs could effectively infiltrate dermal tumor
tissue. Indeed, Belyakov et al. demonstrated an opposite mecha-
nism in which skin-derived DCs containing heat-labile enterotoxin
of Escherichia coli migrated to PPs and induced mucosal CTLs by
transcutaneous immunization of an Ag and CT (49). Although the
detailed mechanisms of this migration of DCs between skin and
mucosa are unknown, they have clearly shown that DCs ¢an mi-
grate between the mucosa and skin. We are currently comparing
the alteration of DCs in the mucosal compartment, spleen, and
lymph nodes after oral administration of an Ag plus natural CT.

Unfortunately, such natural CT is not an appropriate mucosal
adjuvant for human clinical investigation (50); however, studies
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using natural CT would provide important and critical information
about the effect of CT that would be useful for mucosal immune
activation, Based on the findings obtained by using natural CT in
a mouse model system, we could establish much safer protocols
with a mutant CT (51) that induces adenosine diphosphate ribo-
sylation and cyclic adenosine monophosphate formation, which
may prevent severe diarrhea as well as retain adjuvant properties.
Taken together, an antificial CT-based vaccine targeting DCs may
provide a strategy for efficient CTL induction and avirulent mu-
cosal cancer vaccination.

Our data also indicate that E.G7-OVA wmor growth was
suppressed by OVA-specific CTLs but not NK cells (Fig. 78).
Vaccination with OVA-CT-pulsed DC protects against EG7-OVA
tumor development in vivo in wild-type, NK-depleted, and CD4-
deficient mice but not in CD8-deficient mice (34). indicating that
the E.G7-OVA tumor might be controlled by CD8 T cells but not
by NK cells or CD4 T cells. In fact, TILs in the suppressed tumor
did not show any NK-related cytotoxicity (Fig. 78). Moreover, it
has been demonstrated that in vitro pretreatment of NK cells with
CT inhibits NK cell killing of tumor (YAC-1 or P815), because G
proteins in NK cell membranes are ADP ribosylated with CT and
ribosylation inhibits the lysis of wmor cells (52); therefore, NK
cells do not seem to be involved in the suppression of EG7-OVA
growth in vivo.

It has been shown that activated CTLs but not naive CTLs can
represent antitumor (22) or antivirus (12) responses in vivo. In the
present study, already established E.G7 wmor growth can be sup-
pressed only when OV A-specific CTLs that show specific cyto-
toxicity without requiring in vitro restimulation are induced, par-
ticularly in the mucosal compartment. To our knowledge, this is
the first demonstration of the visual suppression of already estab-
lished tumor growth by the simple oral administration of tumor Ag
plus mucosal adjuvant. The findings shown in the present study
herald a new era for cancer immunotherapy.
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