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The  induction  of  antigen  specific  memory  CD8+ T cells  in vivo  is  very  important  to  new  vaccines  against
infectious  diseases.  In the  present  study,  we  aimed  to  evaluate  the  immune  responses  of  peptide-specific
CD8+ T  cells  induced  by  HLA-A*0201  restricted  severe  acute  respiratory  syndrome-associated  corona-
virus  (SARS-CoV)  S epitopes  plus  CpG  oligodeoxynucleotide  (CpG  ODN),  PolyI:C  and  R848  as  adjuvants.
Furthermore,  the  generation,  distribution  and  phenotype  of long-lasting  peptide-specific  memory  CD8+

T  cells  were  assessed  by ELISA,  ELISPOT  and flow  cytometry.  Our  results  showed  that  antigen  specific
CD8+ T cells  were  elicited  by HLA-A*0201  restricted  SARS-CoV  S epitopes.  Furthermore,  the  frequency
of  peptide-specific  CD8+ T  cells  was  dramatically  increased  after  both  prime  and  boost  immunization
with  peptides  plus  CpG  ODN,  whereas  slight  enhancements  were  induced  following  boost  vaccination

+ +

 cell
accine

with  peptides  plus  PolyI:C  or R848.  SARS-CoV  S peptide-specific  IFN-� CD8 T cells  were  distributed
throughout  the  lymphoid  and  non-lymphoid  tissues.  Results  also  demonstrated  that  the HLA-A*0201
restricted  peptide-specific  CD8+ T cells  induced  by  peptides  plus  CpG  ODN  carried  a  memory  cell  phe-
notype  with  CD45RB+ and  CD62L− and  possessed  long-term  survival  ability  in  vivo.  Taken  together,  our
results  implied  that  HLA-A*0201  restricted  SARS-CoV  S  epitopes  plus  CpG  ODN  might  be  the  superior
candidates  for  SARS  vaccine.

© 2011 Elsevier Ltd. All rights reserved.
. Introduction

Severe acute respiratory syndrome (SARS) is a life-threatening
nfectious disease, caused by a novel coronavirus named as SARS-
oV [1,2]. Although the first SARS epidemic has been successfully
ontrolled, it still remains a potential threat to human beings for
he variability of SARS-CoV [3],  the possibility of reintroduction of
ARS-CoV into humans from animals [4] and the risk of an escape
rom laboratories [5].  Furthermore, some evidence proved that the
umoral immune responses in SARS recovered patients decreased

n a time-dependent manner [6,7], and our previous results showed
hat cellular immune responses attenuated in recovered individu-
ls [8].  To date, there is no effective drug to prevent or treat SARS.

As all know, vaccines are the most economic and effective

trategies to protect bodies against infectious diseases. Recently,
pitope vaccines which mainly contain the protective epitopes
ithout pathological peptides have been considered as alterna-

Abbreviations: SARS, severe acute respiratory syndrome; SARS-CoV, SARS-
ssociated coronavirus; CpG ODN, CpG oligodeoxynucleotides; TLR, toll-like
eceptor.
∗ Corresponding author. Tel.: +86 20 87332448; fax: +86 20 87332448.
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264-410X/$ – see front matter ©  2011 Elsevier Ltd. All rights reserved.
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tive approaches [9–12]. With regard to SARS-CoV, there have been
many T cell epitopes identified by us and other groups [13–18].  In
our previous study, we  have identified five epitopes for CD8+ T cells
in HLA-A*0201 transgenic mouse by “DNA prime, peptide boost”
strategy [13]. However, their poor immunogenicity emphasizes
a major unmet need for immunostimulatory adjuvants to safely
boost cellular immune responses. Vaccinations with adjuvants that
mimic  toll-like receptors (TLR) ligands are advantageous as they
are capable of eliciting positive effects across the entire spectrum of
innate and adaptive immunity. Our previous data has demonstrated
the additive effects of CpG oligodeoxynucleotide (CpG ODN), R848
and PIKA as adjuvants on augmenting immune responses to HBsAg
vaccination [19,20]. CpG, PolyI:C and R848 which are ligands for
TLR9, TLR3 and TLR7 respectively can activate antigen-presenting
cells and lead to T cell priming and acquired immunity.

In the present study, we evaluated the cellular immune
responses induced by HLA-A*0201 restricted SARS-CoV S epitopes
and examined whether TLR ligands CpG, PolyI:C and R848 as adju-
vants lead to a further enhancement of CD8+ T cell activation to
HLA-A*0201 restricted SARS S peptides. Our results demonstrated

that antigen specific CD8+ T cells were elicited by HLA-A*0201
restricted SARS-CoV S epitopes. For the first time, we found that
CpG, PolyI:C and R848 were different in their ability to prime naïve
CD8+ T cells or to boost memory CD8+ T cells. The data provided

dx.doi.org/10.1016/j.vaccine.2011.06.100
http://www.sciencedirect.com/science/journal/0264410X
http://www.elsevier.com/locate/vaccine
mailto:changyou_wu@yahoo.com
dx.doi.org/10.1016/j.vaccine.2011.06.100
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vidence that efficiency of CTL production in mice after vaccina-
ion with HLA-A*0201 restricted SARS S peptides plus CpG was
bviously enhanced. Furthermore, the majority of the long-lasting
D8+ T cells specific for SARS S protein in vivo were effector memory
henotype.

. Materials and methods

.1. Mice

HLA-A*0201/Kb transgenic (Tg) mice were a gift from Prof. Y.Z.
u (Institute of Immunology, Third Military Medical University,

hongqing, China). Tg mice were bred in a pathogen-free facility.
ell surface HLA-A*0201 expression was assessed by flow cytom-
try using FITC-labeled anti-human HLA-A2 Ab (BD Biosciences
harMingen). For experimental purposes, six to eight week-old
emale mice were used. All experiments were performed according
o the guidelines in the Institutional Animal Committee of TMMU.

.2. Adjuvants and synthesis of HLA-A*0201 restricted peptides

CpG ODN 1826 (5′-TCCATGACGTTCCTGACGTT-3′) was synthe-
ized by Sangon Crop. (Shanghai, China). PolyI:C was purchased
rom Sigma (USA) and R-848 was a kind gift from 3M Pharma-
eutical Corps (St. Paul, USA). The HLA-A*0201 restricted peptides
erived from the BJ01 strain of SARS-CoV (GenBank accession no.
Y278488) were synthesized by Sangon Crop. (Shanghai, China).
hese five peptides were named as P19 (S1042-1050 VVFLHVTYV),
20 (S787-795 ILPDPLKPT), P21 (S1167-1175 RLNEVAKNL), P22
S958-966 VLNDILSRL) and P23 (S411-420 KLPDDFMGCV) were
dentified by us and other groups before [13,14,16–18]. Peptides

ere purified to >98% by reverse phase HPLC, as confirmed by mass
pectrometry, which were dissolved in PBS at 2 mg/ml  and stored
n aliquots at −80 ◦C.

.3. Immunization

Pooled HLA-A*0201 restricted peptides (P19-23, 20 �g of each)
ere injected subcutaneously either alone or in a mixture with sol-
ble CpG (25 �g), PolyI:C (5 �g) and R848 (50 nmol) respectively

nto the base of the tail of HLA-A*0201/Kb Tg mice. One week later,
ice were boosted once with the same regimen. PBS was  adminis-

rated alone as control. Three mice were used in each group.

.4. Media and antibodies

RPMI-1640 media was purchased from GIBCO and supple-
ented with 10% heat-inactivated FCS, 0.1% 2-ME, 100 U/ml

enicillin and 100 �g/ml streptomycin. Purified anti-mouse CD28,
nti-CD8-FITC, anti-CD8-PE, anti-CD8-PerCP, anti-IFN-�-APC, anti-
FN-�-PE, anti-TNF-�-APC, anti-CD62L-FITC, anti-CD45RB-FITC
nd isotype control Abs were purchased from BD Biosciences
harMingen.

.5. Cell culture and measurement of cytokine by ELISA

Mice were sacrificed. Lymph nodes (popliteal fossa, groin and
esentery), spleens and lungs from individual mouse were har-

ested 7–10 d or 1 month after the boost vaccination. Single-cell
uspensions were prepared and plated in triplicate in 96-well round
ottom plates at 4 × 106 cells/200 �l per well. Peptides19–23;
 �g/ml at the final concentration plus anti-CD28 (1 �/ml) was
dded to cultures. In each experiment, cultures in the absence of
eptides were as negative controls. Three days after incubation,
ell-free culture supernatants were collected and levels of IFN-�
 (2011) 6670– 6678 6671

were detected by specific ELISA kit (BD PharMingen) according to
the manufacturer’s protocol.

2.6. ELISPOT assay

Assay was  performed using mouse ELISPOT set (BD PharMingen)
according to the instruction provided by the manufacture. Briefly,
spleen single-cell suspensions from vaccinated mice were prepared
and plated in 96-well micro plates (Millipore) pre-coated with
anti-IFN-� antibody overnight at 4 ◦C and blocked by RPMI-1640
containing 10% FBS. Cells were incubated for 24 h in the presence or
absence of peptides19–23 plus anti-CD28 at 37 ◦C and 5% CO2. Wells
were washed and incubated with biotinylated labeled anti-mouse
IFN-� antibody for 2 h at room temperature. After washing, wells
were incubated with streptavidin conjugated horseradish peroxi-
dase for 1 h at room temperature. Wells were extensively washed
again, and developed with 3-amino-9-ethyl-carbazole (AEC) sub-
strate solutions. After drying, wells were counted by TCL ELISPOT
reader (USA).

2.7. Intracellular cytokine and cell surface staining

Single-cell suspensions from lymph nodes, spleens and lungs of
vaccinated mice were co-cultured with or without peptides19–23
plus anti-CD28 for 6 h at 37 ◦C and 5% CO2. Brefeldin A (10 �g/ml,
Sigma) was added in the last 5 h incubation. Cells were washed,
fixed with 4% paraformaldehyde and permeabilized in PBS buffer
containing 0.1% saponin (Sigma), 0.1% BSA and 0.05% NaN3
overnight at 4 ◦C. Then cells were stained with conjugated mAbs
for surface markers (CD4, CD8, CD62L, CD107a/b and CD45RB) and
intracellular cytokine IFN-� for 20 min  at 4 ◦C in dark. Cells were
acquired on flow cytometer (Calibur, BD) and data were analyzed
with the program FlowJo version 6.0 (Tree Star Inc., USA). Isotype
controls were included in each staining.

2.8. Statistics

Statistical evaluation of differences between means of exper-
imental groups was performed by analysis of variance and a
non-parametric two-tailed t-test. A value of P < 0.05 was considered
to be significant.

3. Results

3.1. The expression of IFN-� from HLA-A*0201 restricted
peptide-specific CD8+ T cells was enhanced in varying degrees by
CpG ODN, PolyI:C and R848

To assess the cellular immune responses elicited by vaccina-
tion with HLA-A*0201 restricted SARS S peptides in combinations
with CpG ODN, PolyI:C and R848 respectively, HLA-A*0201/Kb Tg
mice were randomly divided into five groups to accept immuniza-
tions. 7–10 d after prime and boost vaccination, mice was sacrificed
and cells were prepared from lymph nodes, spleens and lungs. The
cells were stimulated with or without cognate peptides plus anti-
CD28 to detect HLA-A*0201 restricted peptide-specific immune
responses. The levels of IFN-� in the cell-free culture supernatants
were determined by ELISA. The results revealed that IFN-� was
almost undetectable when lymphocytes were cultured in medium
alone and in PBS groups. Following the prime immunization, there
was  only modest IFN-� production in spleen and lymph node lym-

phocytes from peptides alone immunized mice (P < 0.01). However,
the production of IFN-� was markedly enhanced in all of the organs
from peptides plus CpG ODN immunized mice (spleen and lymph
node P < 0.001, lung P < 0.01). However, only CpG ODN but not
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Fig. 1. The expression of IFN-� after prime and boost immunization with peptides
plus different adjuvants. HLA-A*0201 Tg mice were vaccinated with different agents
in a similar manner as described in the materials and methods. Fresh isolated lym-
phocytes from spleens, lymph nodes and lungs were cultured with 2 �g/ml cognate
peptides plus 1 �g/ml anti-CD28 and in medium alone as controls. The production
o
u
*

P
c
t
i
m
m

f  IFN-� in supernatants for the prime and boost immunization. Cultures were set
p  in triplicate. Each symbol represents one data point from one mouse. *P < 0.05;

*P < 0.01; ***P < 0.001; n.s., P > 0.05.

olyI:C and R848 promoted IFN-� production after the first vac-
ination. As shown in Fig. 1, the diamond symbols represented

he levels of IFN-� from lymphocytes in boosted mice. Interest-
ngly, the production of IFN-� in spleen from boosted mice was

uch stronger than the one in primed mice. In addition, there was
odest increase of IFN-� in spleen from peptides plus PolyI:C or
 (2011) 6670– 6678

R848 boosted mice though the level of IFN-� in lymph nodes and
lungs was  almost undetectable. Taken together, these data indi-
cated that systemic striking cytokine production was  induced in Tg
mice following HLA-A*0201 restricted peptides plus CpG ODN vac-
cination. Furthermore, the results provided evidence that CpG ODN,
PolyI:C and R848 which were potent activators of innate immune
responses maybe differ in their ability to prime naïve CD8+ T cells
or to induce memory CD8+ T cells.

3.2. Frequency of IFN-�-producing cells from immunized mice
following stimulation with HLA-A*0201 restricted peptides

We have detected the production of IFN-� in total lymphocytes
by ELISA. Furthermore, to confirm the distinct ability of CpG ODN,
PolyI:C and R848 in the experiment, we next analyzed the frequen-
cies of IFN-�-producing cells at the single cell level by ELISPOT
assay. As shown in Fig. 2, 7–10 d after prime immunization with
HLA-A*0201 restricted peptides alone and peptides plus CpG ODN,
cells from spleens produced at an average of 18 spots in 2 × 105

cells and 79 spots in 2 × 105 cells, respectively. The antigen specific
cells exhibited 4-fold increase in the presence of CpG ODN as adju-
vant. However, there was  almost no IFN-�-producing cells induced
in peptides plus PolyI:C or R848 groups. Compared with the prime
vaccination, the frequency of IFN-�-producing cells in spleen from
boost immunized mice was dramatically increased to 155 spots
per 2 × 105 cells in peptides plus CpG ODN group. Meanwhile, 33
spots and 28 spots per 2 × 105 cells were showed respectively in
peptides plus PolyI:C group and peptides plus R848 group. These
results were consistent with the data from ELISA and further con-
firmed the effects of CpG ODN, PolyI:C and R848 as adjuvants in
improving the cellular immune responses.

3.3. The correlation of cytokines and distribution of CTLs induced
in different organs

In our previous studies, we have shown that peptide-specific
IFN-�-producing cells induced by peptides19–23 belonged to CD8+

T cells but not CD4+ T cells. Peptide19-23 as HLA-A*0201 restricted
peptides could act as stimulators to elicit a striking peptide-specific
CTL response [13]. In the present study, we still found that there
was  no cytokine production in CD4+ T cells following cognate pep-
tides stimulation, which were consistent with the previous results
(data not shown). As shown in Fig. 3, CD8+ T cells were gated after
the prime immunization and the production of TNF-� and IFN-�
were detected simultaneously. Results showed that after the first
immunization, HLA-A*0201 restricted peptide-specific CTLs could
produce IFN-� and TNF-� at the same time both in peptides alone
and peptides plus CpG ODN group (Fig. 3). Furthermore, the overall
response obtained after coinjection of CpG ODN was consistently
stronger than the CTL yield obtained when using peptides alone.
Interestingly, following the boost immunization the percentages
of cytokine positive CD8+ T cells from spleen were dramatically
increased in peptides plus CpG ODN group (Fig. 4). In agreement
with Fig. 3, the percentage of splenic peptide-specific CTLs elicited
in peptide alone boosted mice was generally lower than the one
in coinjection of CpG ODN group, but also showed about two-fold
enhancement of the cytokine-producing CD8+ T cells when the
mice were boosted. Compared with the first immunization, modest
cytokine-positive CD8+ T cells were induced in spleen from pep-
tides in combination with PolyI:C and R848 boosted mice, which
conformed to the previous results from ELISA and ELISPOT (Fig. 4).

To further analysis of the relationship of IFN-� and TNF-�

producing CD8+ T cells, we  found that most TNF-�+CD8+ T cells
expressed IFN-� simultaneously in both primed and boosted mice,
and only small subsets of the cells expressed either IFN-� or TNF-�
alone (Figs. 3 and 4). It implied that peptide-specific CTLs induced in
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ig. 2. Frequency of HLA-A*0201 restricted peptide-specific IFN-� producing cells. S
ere  cultured at a density of 2 × 105 cells/well in 96 well pre-coated plates. (A) Rep

et  up in triplicate. Each symbol represents one data point from one mouse. Horizo

his model had strong ability to secret various cytokines and may
e polyfunctional lymphocytes. Besides, according to the expres-
ion of IFN-� and TNF-�, peptide-specific CTLs could be divided
nto three distinct subpopulations, including IFN-�+ TNF-�+ cells,
FN-�+ cells and TNF-�+ cells in the same experiment (Figs. 3 and 4).
s shown above, the results from ELISA, ELISPOT and FACS, three
ifferent assays from distinct aspects, were coincident and demon-
trated that CpG ODN which had significantly additive adjuvant
ffect could augment the cellular immune responses induced by
LA-A*0201 restricted peptides from SARS S protein.

To further ascertain whether the distributions of HLA-A*0201
estricted peptide-specific CD8+ T cells were distinct in different
rgans, we detected the percentages of both IFN-� and TNF-� pro-
ucing CD8+ T cells in lymph nodes, spleens and lungs. As shown

n Figs. 3 and 4, both IFN-�+CD8+ T cells and TNF-�+CD8+ T cells
ould be induced in lymph tissues (lymph nodes, spleens) and in
on-lymph tissue (lungs). It indicated that peptides plus adjuvants
ould induce systemic cellular immune responses, suggesting that
he CTLs elicited in vivo may  have effective function in protecting
ody against infection.

.4. Phenotype of CTLs following immunization

To characterize the phenotype of HLA-A*0201 restricted

eptide-specific CD8+ T cells on the basis of their ability to pro-
uce IFN-�, splenocytes from peptides alone and peptides plus CpG
DN immunized Tg mice were stimulated with cognate peptides.
fter 6 h of incubation, cells were harvested, washed and stained
cytes from HLA-A*0201 Tg mice immunized with peptides plus different adjuvants
tation of ELISPOT results. (B) The frequency of IFN-� producing cell. Cultures were
ars represent mean values. ***P < 0.001; n.s., P > 0.05.

for cell-surface markers, including CD45RB as a marker for mem-
ory cells in mice and CD62L as effector/central memory T subset
marker. Cells were first gated on CD8+ T cells and the phenotype
of IFN-�+CD8+ T cells was analyzed. As shown in Fig. 5, most of
IFN-�-producing CD8+ T cells from spleens expressed CD45RB in
peptides alone and peptides plus CpG ODN groups. According to
the expression of CD62L, approximately 54–80% IFN-�+CD8+ T cells
were CD62L− cells which represented the effector memory T cells
and a variable fraction of IFN-�+CD8+ T cells were CD62L+ cells that
were considered as typical central memory CD8+ T cells. Thus, on
the basis of IFN-� producing cells, a population of peptide-specific
CD8+ T cells that have characteristics of memory T cells has been
identified in the present study. And the IFN-�+CD8+ T cells with
CD45RB+CD62L− might indeed belong to an intermediate subset
ready to be conscripted into the effector population during rein-
fection.

3.5. Long-lived memory CD8+ T cell responses following boost
immunization

In the above experiments, we  evaluated the peptide-specific
CTLs immune responses 7–10 d after prime and boost vaccination.
As we all know, antigen-specific memory CD8+ T cells played very
important roles in clearing virus, which could be induced in vivo in a

fast and specific manner. Here, we were interested in whether long
survival memory CD8+ T cells could be elicited following peptides
plus CpG ODN vaccination. Therefore, we extended our study to
further characterize SARS S HLA-A*0201 restricted peptide-specific
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Fig. 3. The correlation of cytokines produced by peptide-specific CTLs following the first immunization. Lymphocytes from different organs were cultured with or without
peptides plus anti-CD28 for 6 h, and then were harvested and stained for FACS analysis. (A) Representative results from three independent experiments show the expressing
o  positi
e

l
n
t
s
c
s
s
I
w
s
h

f  IFN-� and TNF-�. The numbers in the corner represent the mean percentage of
xperiments.

ong-persistent memory T cell responses 30 d after the boost immu-
ization. According to the data from ELISA and ELISPOT, we  found
hat mice immunized with peptides in combination with CpG ODN
till maintained high level of cellular immune responses in spleno-
ytes though 30 d had passed since the second vaccination. As
hown in Fig. 6, splenocytes stimulated by specific peptides in vitro
ecreted higher level of IFN-� than controls (P < 0.05). Based on the

FN-� production, the frequency of peptide-specific CD8+ T cells

ere ∼58 spots in 2 × 105 cells. The results suggested that peptide-
pecific CD8+ T cells induced by peptides plus CpG ODN vaccination
ave a long-time life span in vivo. Compared with the previous
ve cells in gated CD8+ T cells. (B) The statistical analysis of the three independent

data from 7–10 d after boost immunization, though the degree of
cellular immune response decreased in part, we still believe that
these peptide-specific memory CD8+ T cells long lived in vivo will
be quickly conscripted into effector populations to protect body
during reinfection.

3.6. The characterization of memory CD8+ T cell
Furthermore, we detected the percentages of cytokine produc-
ing persistent peptide-specific memory CD8+ T cells. The results
showed that IFN-� and TNF-� producing CD8+ T cells still could
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Fig. 4. Following the boost immunization, the production of cytokines by peptide-specific CTLs. Tg mice were boosted with HLA-A*0201 restricted peptides plus different
adjuvants. 10 d after the vaccination, splenocytes were harvested, stimulated and stained for FACS. Cells were initially gated at CD8+ T cells and positive cells were analyzed
by  flow cytometry. The expression of TNF-� and IFN-� in HLA-A*0201 restricted peptide-specific CD8+ T cells were detected. (A) The results of one representative assay
from  three similar independent experiments are shown. The data in the corner of each panel represents the means of three independent experiments. (B) Summary of the
i

b
v
c
s
i
�
C

ndependent experiments.

e detected in spleens, though 1 month has pasted since the boost
accination. The percentage of IFN-�+CD8+ T (mean value 0.14%)
ells and TNF-�+CD8+ T cells (mean value 0.21%) from stimulated

plenocytes were 2.3 fold and 10.5 fold higher than cells cultured
n medium alone, respectively (Fig. 7A). Besides, based on IFN-

production the phenotype of these long-lived peptide-specific
D8+ T cells were characterized with surface marker CD45RB and
CD62L. As shown in Fig. 7B, the majority of IFN-�+CD8+ T cells
were CD45RB+ and CD62L−, which carried the memory T cell
phenotypes. Taken together, the results provide evidence that long-

lasting peptide-specific memory CD8+ T cells can be induced by
SARS S HLA-A*0201 restricted peptides plus CpG ODN and they
have the ability to produce IFN-� and TNF-� in the same time. In
addition, these results are consistent with the previous reports and
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Fig. 5. Phenotype of HLA-A*0201 restricted peptide-specific CD8+ T cells. Tg mice were primed or boosted with peptides alone or peptides plus CpG. The splenocytes from
T surfac
m d pep
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g  mice 10 d after immunization were harvested, stimulated and stained with cell 

arked. Based on the expression of IFN-�, characteristics of HLA-A*0201 restricte
D62L  by IFN-�+CD8+ T cells are shown. Representative results and the averages in

how that majority of the long-time survival CD8+ T cells specific for
ARS S HLA-A*0201 restricted peptides in vivo are effector memory
ells.

. Discussion

In the previous study, we evaluated the cellular immune
esponses of HLA-A*0201 Tg mice which were primed intra-
uscularly with SARS S DNA and boosted subcutaneously with
LA-A*0201 restricted peptides. Our previous data showed that
ntigen specific memory CD8+ T cells were induced in the DNA
rime and peptide boost strategy [13]. Considering the poor

mmunogenicity and stability of oligopeptide in vivo, we focused
n the immune responses of peptide-specific CD8+ T cells induced
y HLA-A*0201 restricted SARS-CoV S epitope vaccine. Interest-

ngly, we found that antigen specific CD8+ T cells were elicited
y HLA-A*0201 restricted SARS-CoV S epitopes which might pos-
ess stable chemical and physical properties in vivo and that with
emory phenotype could exist for a long time at the absence of

ognate peptides. These data provided credible evidence for the
irect application of epitopes to SARS vaccine design.

Currently, the adjuvant which has been approved by FDA to
e used clinically is alum. Although aluminum is able to induce

 good Th2 response, it has weak capacity to stimulate strong cel-
ular immune responses which are very important for protection

gainst many pathogens [21]. An adjuvant which is usually used to
nhance the immunogenicity of a vaccine will be required to pro-
ote not only humoral immune responses but also cellular immune

esponses. The molecular mechanism underlying adjuvant activity
e anti-CD45RB and anti-CD62L Abs, and then the intracellular cytokine IFN-� was
tide-specific CD8+ T cells were analyzed by FACS. The expression of CD45RB and
rner are shown from three independent experiments.

has been poorly understood for a long time, but this field has been
rapidly evolving since the discovery of the TLR family of proteins
and their corresponding innate ligands [22]. CpG ODN, PolyI:C and
R848 are specific ligands for TLR which are the critical links between
the innate and the adaptive immunity [23–25].  In our previous
reports, we have studied that CpG ODN, R848 and PIKA as adjuvants
could enhance HBs Ag-specific T cell responses [19,20].  With regard
to SARS, there was a new report proved that co-administration of
inactivated SARS-CoV vaccine with PIKA as adjuvant could induce a
much higher neutralizing activity in animal models [26]. However,
there is no related report to ascertain which adjuvant will be supe-
rior in HLA-A*0201 restricted SARS S peptide vaccine. Therefore,
in the present study we  evaluated the efficiency of synthetic CpG
ODN, PolyI:C and R848 as adjuvants in combination with CD8+ T
cell epitope vaccine of SARS to immunize HLA-A*0201 Tg mice.

CpG ODN, PolyI:C and R848 as adjuvants are identified to be spe-
cific ligands for TLR which are potent activators of innate immune
responses, activating dendritic cell (DC) maturation and inflam-
matory cytokine secretion, inducing an increase in the cross talk
between the innate and adaptive immune systems, and thereby
driving the expansion of CTLs that can destroy virus infected target
cells. Our results showed that the CD8+ T cell responses to CpG ODN
were superior to those of PolyI:C and R848, which may  be due to
several reasons. First, different TLRs or even different ligands for the
same TLR can differ substantially in their ability to induce produc-

tion of peptide-specific primary and memory CD8+ T cell responses.
It has been reported that CpG ODN is a very potent inducer of IL-
12, which directs differentiation of CD4+ T and CD8+ T cells into
type I effectors [27]. McCluskie et al. compared the efficacy of CpG
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Fig. 6. Cellular immune responses were elicited by HLA-A*0201 restricted peptides
30 d after the boost vaccination. Lymphocytes were obtained from Tg mice boosted
with peptides plus CpG 30 d later. (A) Expression of IFN-� was  detected by ELISA.
(B)  The frequency of IFN-�-producing cells in spleens. (C) Representative results
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re  shown from three independent experiments. Cultures were set up in triplicate.
ach symbol represents one data point from one mouse. The bars represent the
ean value. *P < 0.05; ***P < 0.001; n.s., P > 0.05.

DN and R-848 for topical immunoprophylaxis or immunotherapy
f vaginal herpes simplex virus type 2 (HSV-2) infections in mice.
hey found that efficacy against HSV infection was  observed with
pG ODN but less so with R-848, even after repeated administra-
ions [28]. Furthermore, evidence from Rothenfusser et al. proved
hat two distinct types of CpG ODN have been identified that dif-
er in their capacity to stimulate CD8+ T cells. CpG-B seems to be
uperior for priming CD8+ T cell responses and CpG-A selectively
nhances memory CD8+ T cell responses [29]. As we  know, CpG
DN as ligand for TLR9 can signal via MyD88-independent path-

ay to lead to the activation of NF-�B, a critical transcription factor

or induction of inflammatory cytokines. In addition, TLR9 signaling
an also induce type I interferon via IRF7 pathway. TLR3 recogniz-
ng PolyI:C uses TRIF- IRF3 pathway, while TLR7 recognizing R848

ig. 7. The percentage and phenotype of long-term lived HLA-A*0201 restricted peptide
eptides  plus CpG boost vaccination and were incubated with cognate peptides for 6 h. T
nd  intracellular cytokine Abs anti-IFN-� and anti-TNF-�.  CD8+ T cells were first gated. (A
he  phenotype of peptide-specific CD8+ T cells. The numbers at the corner represent the m
 (2011) 6670– 6678 6677

uses MyD88 but not TIRAP or TIRF. Therefore, it is clear that differ-
ent TLR signaling profoundly affects the innate immune response
which is related to the cascading activation of adaptive immune
responses. Furthermore, there are differences in the responses of
DC to different TLR ligands. TLR9 is expressed by both plasmacy-
toid and non-plasmacytoid DC, whether from spleen, thymus or
grown in vitro from bone marrow progenitors, and respond to CpG
[30]. Mouse spleen plasmacytoid DC also express TLR7, but espe-
cially striking is the fact that splenic CD8�+ DCs do not express
TLR7 mRNA and do not respond to R848 in vitro [31]. In contrast,
CD8�+ DCs display the highest expression of TLR3 message, which
appears to be absent from plasmacytoid DC [30,31]. However, the
situation is somewhat different in human. Because human blood
contains at least two  distinct DC types, the CD11c+ DC and the
plasmacytoid DC, as well as the monocyte precursors of Mo-DC
[32]. If the present results are also the case in human, it is pos-
sible that use of CpG ODN with SARS epitope vaccine in human
would prove superior to PolyI:C and R848. However, this would
need to be further tested in clinical studies. Finally, detailed dose
response analyses are also required to allow distinction between
quantitative and qualitative effects of TLR ligation. According to the
previous reports, the response was optimal when 25 �g of soluble
CpG ODN was  coinjected per animal, but it also decreased at higher
doses. The same phenomenon was found in PolyI:C which optimal
CTL responses were obtained at 5 �g [33]. Whether these declines
occurred because of functional exhaustion of CD8+ T cells by over-
loading the system with antigen or not remains to be investigated.

There is evidence supported by previous findings that the pres-
ence of CpG ODN during CD8+ T cell expansion lead to increased
CD56 expression which is reported to be associated with cytolytic
activity of peptide-specific CD8+ T cells [29]. It suggests that CpG
ODN maybe not only increase the frequency of peptide-specific
CD8+ T cells but also affect their phenotype. Therefore, we fur-
ther focused on the phenotype of peptide-specific memory CD8+ T
cells and detected the expression of CD45RB as a surface marker for
memory T cell in mice and the expression of CD62L, which is con-
sidered as a standard to distinguish central memory T cells from
effector memory T cells. We  detected the expression of CD45RB
and CD62L on CD8+ T cells from mice immunized with peptides in
the absence or presence of CpG ODN. On the basis of IFN-� pro-
duction, it showed that the percentage of peptide-specific CD8+ T

cells was  significantly enhanced by CpG ODN. Meanwhile, antigen-
specific CD8+ T cells carried a phenotype of CD45RB+ and CD62L−.
However, no significant difference was  found in the expression of
CD45RB and CD62L between the peptides alone and peptides plus

 specific CD8+ T cells. Splenocytes were prepared 30 d after HLA-A*0201 restricted
hen cells were stained with surface anti-CD8 Ab, anti-CD45RB Ab, anti-CD62L Ab,

) The expression of IFN-� and TNF-� by CD8+ T cells. (B) Based on IFN-� production,
ean percentages of positive cells from three independent experiments.
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pG ODN group. These results indicate that CpG ODN increases the
uantity of peptide-specific CD8+ T cells but does not affect the
uality of the antigen specific memory CD8+ T cells.

In addition, a challenge for adjuvant usage is to develop safe
djuvants that can stimulate both antibodies and cell-mediated
mmunity. In the present study, no humoral immune response was
bserved because the peptides belong to HLA-A*0201 restricted
ntigen which can only stimulate CD8+ T cells. However, our
revious data demonstrated that there were significantly large
mounts of anti-HBs Abs in the sera obtained from the mice
mmunized with HBsAg in combinations with CpG ODN and R848
19]. It suggests that they can not only augment cellular immune
esponses but also have remarkable effects on enhancing the
umoral immune responses. The efficacy of these adjuvants induc-

ng humoral immune responses in SARS S vaccine is also very
mportant and undoubtedly should be paid more attention in the
ngoing research plans.

As we know, the induction and survival of immune mem-
ry cells in vivo lay foundations for the development of vaccine.
xcited to us, our data showed that peptide specific CD8+ T cells
ere long-lived memory cells in peptides combined with CpG

mmunized mice. Although the frequency and the percentage of
ntigen-specific CD8+ T cells were lightly decreased, there was
onsiderable level of IFN-� production (Fig. 6). Furthermore, fol-
owing the cognate peptide stimulation in vitro, the long-lasting
ntigen-specific memory CD8+ T cells had the capacity to produce
FN-� and TNF-� at the same time (Fig. 7). To say in other words,
ne of the hallmarks of successful vaccination is the induction of
trong and persistent memory T cell responses [34]. Therefore, the
esults provided us a shining perspective to use it in clinical vaccine
evelopment.

In conclusion, CpG ODN can augment SARS S peptide specific
D8+ T cell immune responses. These antigen-specific CD8+ T cells
hich carry the memory T cell phenotype can exist for a long time

n vivo. Vaccinations with adjuvants that mimic  TLR ligands are
dvantageous as they are capable of eliciting positive effects across
he entire spectrum of innate and adaptive immunity. Therefore,
hese results provide some novel information for the vaccine design
nd ongoing clinical trials will provide further insight into the activ-
ty of CpG ODN as immune adjuvant for epitope vaccine against
ARS.
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