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ABSTRACT

Eradication of smallpox has led to cessation of vaccination programs. This has rendered the human population increasingly
susceptible not only to variola virus infection but also to infections with other representatives of Poxviridae family that
cause zoonotic variola-like diseases. Thus, new approaches for designing improved vaccine against smallpox are required.
Discovering that orthopoxviruses, e.g. variola virus, vaccinia virus, ectromelia virus, share common immunodominant
antigen, may result in the development of such a vaccine. In our study, the generation of antigen-specific CD8+ T cells in
mice during the acute and memory phase of the immune response was induced using the vaccinia virus immunodominant
TSYKFESV epitope and CpG oligodeoxynucleotides as adjuvants. The role of the generated TSYKFESV-specific CD8+ T cells
was evaluated in mice during ectromelia virus infection using systemic and mucosal model. Moreover, the involvement of
dendritic cells subsets in the adaptive immune response stimulation was assessed. Our results indicate that the TSYKFESV
epitope/TLR9 agonist approach, delivered systemically or mucosally, generated strong CD8+ T-cell response when measured
10 days after immunization. Furthermore, the TSYKFESV-specific cell population remained functionally active 2 months
post-immunization, and gave cross-protection in virally challenged mice, even though the numbers of detectable
antigen-specific T cells decreased.
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INTRODUCTION

Over 200 years ago, Edward Jenner published his observations
that infection with the animal poxvirus may protect humans
against smallpox (Jenner 1798). That phenomenon, known as
heterologous immunity, is explained by cross-reactivity between

the two pathogens and this can happen between related and un-
related pathogens (Welsh 2002; Tscharke et al. 2005; Mathurin
et al. 2009). Smallpox eradication was facilitated by the fact that
variola virus (VARV) only affected humans and had no vector or
carrier. However, with none now vaccinated against VARV, the
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human population has become susceptible and as such a po-
tential target for bioterrorism as well as infection by some ani-
mal poxviruses (Jacobs et al. 2009). Those include cowpox virus
(CPXV), which is responsible for several zoonoses that occurred
in Europe and Asia, monkeypox virus (MPXV), which circulates
mainly inwild animals in Africa and caused the outbreak in 2003
in the mid-western United States due to the inadvertent impor-
tation of MPXV in a shipment of rodents from West Africa, and
vaccinia virus (VACV), responsible for infection in dairy cows and
dairy workers in Brazil (Henderson 1999; Enserink 2003, 2004;
Vorou, Papavassiliou and Pierroutsakos 2008; Ninove et al. 2009;
Quixabeira-Santos et al. 2011; Schatzmayr et al. 2011). Currently,
there is a concern about continuing to use live VACV vaccine
as this live virus generates mild to severe post-vaccination ad-
verse effects. Moreover, animal and limited human data sug-
gest that the third and fourth generation replication-defective
VACV vaccines are less immunogenic than prior vaccine gener-
ations so the new approaches are needed for smallpox vaccina-
tion protocols (Rosenthal et al. 2001; Fulginiti et al. 2003; Halsell
et al. 2003; Enserink 2004; Poland, Grabenstein and Neff 2005;
Garcel et al. 2012;). Recent studies identified the human T-cell
determinants of VACV but the alternative vaccination schema
would not be developed using humans. However, the mouse
poxvirus—ectromelia virus (ECTV)—does represent a valuable
natural model since it is responsible for ectromelia in mice, a
disease, closely resembling smallpox in humans (Fenner and
Buller 1997; Esteban and Buller 2005). ECTV is highly infectious
to all strains of laboratory mice, but induces lethal disease only
in susceptible animals with particular genetic backgrounds (e.g.
BALB/c (H-2d), A/J (H-2a), DBA/2(H-2d)), and is readily cleared in
other strains (e.g. C57BL/6 (H-2b), AKR (H-2k)), that are consid-
ered resistant (Fenner and Buller 1997; MacFadden 2005). Both
VARV and ECTV encode viral IFN-γ binding protein (IFN-γbp),
with the amino acid sequence similarity to the extracellular
binding domain of IFN-γ receptor 1, and target host IFN-γ (Smith
2002; Sakala et al. 2007). Mechanisms involved in clearance of
the virus usually involve T-cell-mediated immunity with en-
gagement of IFN (α/β and γ ), IL-12 p40 and IL-2 (Chaudhri et al.
2004). Several CD8+ T-cell-restricted VACV epitopes have been
described for C57BL/6 and BALB/c mice (Tscharke et al. 2005,
2006; Moutafasi et al. 2006, 2009). One of the dominant H-2Kb

restricted CD8 epitopes is derived from the viral IFN-γbp en-
coded by VACV B8R gene—B8R20-27 (TSYKFESV). This protein is
synthesized commonly by orthopoxviruses as a homolog of cel-
lular receptors and can be detected within infected cells or as
a secreted molecule. The ability of IFN-γbp to bind host IFN-
γ influences the outcome of the immune response and allows
orthopoxviruses to establish infection. Since it is also respon-
sible for the virulence, this particular peptide combined with a
proper adjuvant seems to be a good target for stimulating protec-
tive cell-mediated immunity (Nuara et al. 2006; Sakala et al. 2007;
Alcami, Hill and Koszinowski 2010).

A novel group of adjuvants, synthetic oligodeoxynucleotides
(ODNs) that contain unmethylated CpG motifs mimicking bac-
terial DNA, exert powerful adjuvant capacity and stimulate the
immune response in favor of Th1 type and proinflammatory
cytokine production (Krieg 2002; Bode et al. 2011). It has been
proved that when used with proteins or peptides, the CpG ODNs
can enhance resistance against infectious diseases by inducing
immunity to individual epitopes recognized by CD4+ or CD8+ T
cells (Gallichan et al. 2001; Gierynska et al. 2002; Mendez et al.
2003; Klinman 2004; Belyakov et al. 2006; Bode et al. 2011).

Stimulation of the adaptive immune response relays on the
presence and ability of the antigen presenting cells (APCs), espe-

cially dendritic cells (DCs), to capture, process and present anti-
gen to the naı̈ve T cells in lymphoid tissue. DCs originate from
the common DC progenitor, classified as conventional (or classi-
cal) DCs and plasmacytoid DCs (pDCs). The DCs subsets can be
found in lymphoid tissues as well as at the mucosal sites where
they are indispensable in the balance regulation between immu-
nity and tolerance preventing the development of autoimmune
diseases (Naik et al. 2007; Onai et al. 2007; Steinman 2007; Lewis
2012; Chung et al. 2013).

In the present report, we used the immunodominant TSYK-
FESV epitope derived fromVACV along with the CpG ODNs adju-
vant to determine if CD8+ T cells cross-reaction to ECTV could be
induced in mice using both systemic and mucosal models. Ad-
ditionally, viral challenge studies were done to determine if the
functional protective immunity developed and persisted. Our re-
sults show that a combination of the VACV derived TSYKFESV
epitope and the bioactive CpG 1826 administered either system-
ically or mucosally, induced strong CD8+ T-cell response when
measured 10 days after immunization, and it persisted for at
least 2 months. The differences observed in the level of induced
immunity between both models during the acute phase of the
immune response could result from transient silencing of im-
mune response by pDCs in mucosal model. Immunized animals
were protected against challenge with ECTV, even though the
numbers of detectable antigen-specific CD8+ T cells decreased
in time. Our results are discussed in terms of additional pro-
cedures worth pursuing to improve the duration of immunity
against ECTV in mice.

MATERIALS AND METHODS

Animals

Male C57BL/6 (H-2b) 8-week-old mice were purchased from the
animal facility atMaria Sklodowska CurieMemorial Cancer Cen-
ter and Institute of Oncology inWarsaw, Poland. All experiments
were done in compliance with the institutional Guidelines for
Care and Use of Laboratory Animals. All experimental proce-
dures on animals were approved by the 3rd Ethical Commit-
tee for Animal Experimentation at Warsaw University of Life
Sciences—SGGW (permission no. 60/2009). Animal facilities at
the Faculty of Veterinary Medicine (registration no. 14313537),
are fully certified by the district veterinary inspector.

Reagents and culture media

Endotoxin-free CpG oligonucleotides: the bioactive CpG 1826
(5′-TCC AT GACGTT CCT GACGTT-3′ [immunostimulatory mo-
tifs are in boldface]), and the negative control CpG (5′-TCC ATG
AGC TTC CTG AGC TT-3′) were purchased from InvivoGen. The
peptides derived from VACV B8R (amino acids [aa] 20–27)—
TSYKFESV and herpes simplex virus 1 glycoprotein B (HSVgB)
(aa498-505)—SSIEFARL (used for specificity control), were syn-
thesized and supplied by Lipopharm (Poland). Phorbol 12 myris-
tate 13-acetate and ionomycin were used for the nonspecific
CD8+ T cells stimulation (PMA/Iono; Sigma). Ectromelia virus
Moscow strain (ECTV-Mos) used in these studies was prepared
as described previously (Gierynska et al. 2009). The following
monoclonal antibodies (mAb): CD8a, gamma interferon (IFN-
γ ) and CD16/CD32, either conjugated with fluorescein isothio-
cyanate (FITC), phycoerythrin (PE), peridinin chlorophyll pro-
tein (PerCP), allophycocyanin (APC) or purified (BD Pharmingen),
were used for fluorescence activated cell sorter (FACS) stain-
ing. The Cytofix/Cytoperm kit (BD Pharmingen) was used for
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intracellular detection of IFN-γ . Major histocompatibility com-
plex (MHC) class I (H2b) TSYKFESV pentamers (B8R-pentamer),
conjugated with PE to quantify CD8+ T cells TSYKFESV speci-
ficity, were provided by Proimmune Ltd. The subsets of pDCs and
CD11c+DCs were purified using magnetic separation, with anti-
appropriate cellular antigen mAb conjugated with microbeads
(Miltenyi Biotec). The presence of viral antigen was determined
with the polyclonal rabbit ECTV-specific antibodies conjugated
with FITC (ECTV-FITC pAb) and for the DNA visualization 4′,6-
diamidino-2-phenylindole (DAPI) labeling was applied. Total
RNA isolation kit (A&A Biotechnology) was used for RNA isola-
tion from purified pDCs and CD11c+DCs. Freshly isolated cells
from mice spleen and draining lymph nodes (DLNs) and Vero
cells were cultured as described previously (Gierynska et al.
2002).

Immunization protocol

In all experiments, if not said otherwise, C57BL/6 mice were
immunized using either systemic route—injection in the hind
footpads (fp) or mucosal route—intranasal application (in),
with 100 μg of the TSYKFESV peptide combined with ei-
ther 30 μg of the bioactive CpG 1826 or 30 μg of the
negative control CpG. For the further experiments, cells were
harvested from DLNs (popliteal and inguinal—the systemic im-
mune response model or cervical—the mucosal immune re-
sponse model, respectively) and from the spleen. For prim-
ing the cytotoxic TSYKFESV-specific CD8+ T cells in the spleen
and DLNs, mice were immunized twice: on day 0 and 10 ei-
ther in the hind footpad or intranasally. Then 10 days (the
acute phase of immune response) or 60 days (the memory
phase of immune response) after the second immunization
mice were sacrificed by cervical dislocation and DLNs and
spleen were aseptically collected. For the virus challenge stud-
ies animals were intraperitoneally (ip) infected with 105PFU of
ECTV-Mos/mouse.

To evaluate the role of DCs in stimulation of the adaptive im-
mune response, C57BL/6 mice were immunized once with 100
μg of the TSYKFESV peptide combined with either 30 μg of the
bioactive CpG 1826 or 30 μg of the negative control CpG using
either systemic (fp) or mucosal (in) route of stimulation. Exactly
18 h post-induction all mice were sacrificed, and popliteal, in-
guinal or cervical DLNs were removed to obtain the pure popu-
lations of DCs.

Preparation of the cell suspension

The lymphoid cell suspensions from spleen and DLNs were ob-
tained according to the procedures described previously (Gieryn-
ska et al. 2002). The popliteal, inguinal (systemic model) or cer-
vical (mucosal model) LNs, the source of pDCs and CD11c+DCs,
were pressed through a metal sieve and then cells were washed
once in RPMI 1640. For the enzymatic disaggregation, cells were
suspended in Collagenase D solution (2mg/ml) for 30 min in
37o C. Subsequently they were washed twice with MACS buffer
(0.5% bovine albumin serum and 2 mM EDTA in PBS), and mag-
netic separationwas performed according to themanufacturer’s
protocols using anti-mPDC-1microbeads (Miltenyi Biotec). Next,
the rest of cells devoid of pDCs were incubated with anti-CD11c
microbeads, and after incubation at 4◦C the magnetic separa-
tion was again performed according to the manufacturer’s pro-
tocols (Miltenyi Biotec). The purity of pDCs and CD11c+DCs
populations was confirmed using flow cytometry (data not
shown).

The assessment of the CD8+ T-cell population
specificity and responsiveness to the antigen
stimulation

To enumerate the IFN-γ producing cells, the intracellular cy-
tokine (ICG) staining was performed using Cytofix/Cytoperm kit
(BD Pharmingen) according to the procedures described pre-
viously (Gierynska et al. 2002). To assess antigen specificity of
the generated CD8+ T-cell population, a total of 106 cells iso-
lated from spleen and DLNs were washed once in staining
buffer and then resuspended in the residual solution (∼50 μl).
Exactly 10 μl of labeled B8R-pentamers were added and cells
were incubated at the room temperature for 10 min, shielded
from light. Subsequently, cells labeledwith B8R-pentamers were
washed twice with staining buffer and labeled with anti CD8
mAb. Double-color fluorescence was acquired and analyzed in
a FACSCalibur flow cytometer and CellQuest software, respec-
tively. The peptide-untreated cells and cells pulsed with the
SSIEFARL peptide served as specificity controls. Cells stimulated
with PMA/Iono (50 ng/ml and 500 ng/ml, respectively) served as
the nonspecific positive control.

Challenge model

C57BL/6mice were immunized twice, either systemically ormu-
cosally, 10 days apart as described earlier. Then 10 days (the
acute phase of immune response) or 60 days (thememory phase
of immune response) after the second immunization animals
were ip challengedwith 105PFU of ECTV-Mos/mouse. Challenged
mice were sacrificed by cervical dislocation on the second and
fourth day post-infection, and tissues were collected for the vi-
ral load assessment (spleen) and CD8+ T cells antigen speci-
ficity and the ability of IFN-γ production evaluation (spleen
and DLNs). The presence of the ECTV antigen in the isolated
organs was established by labeling with ECTV-FITC pAb and
the nuclear DNA was demonstrated by counterstaining with
DAPI. To evaluate the viral load in spleen, the virus reisolation
was done on a 24 h Vero monolayer in the 24-well flat bottom
plates. Briefly, spleens were collected andweighed, and then ho-
mogenized in DMEM supplemented with 1.5% (vol/vol) hi-FBS,
1.5 mM L-glutamine and antibiotic antimycotic to make a 10%
(weight/volume [w/vol]) suspension, from which the 10-fold di-
lutions were prepared. Growthmediumwas aspirated fromVero
cells and the appropriate dilutions of the spleen homogenates
were added to a Vero monolayer in duplicates per dilution. Ad-
sorption was performed for 45 min with a gentle agitation ev-
ery 15 min and then the inocula were removed and after a brief
rinse with DMEM without serum Vero cells were covered with a
2% low melting point agarose (LMP) solution in 2X DMEM with-
out neutral red, supplemented with 2X regular additions. Once
the LMP agarose solidified, plateswere inverted and incubated in
37oC with 5% CO2 for 5 days. Plaques were visualized by adding
2% LMP agarose solution in 2X DMEM supplemented with 2% of
neutral red. Titer of the reisolated ECTV was expressed as the
plaque forming units (PFU)/g of spleen tissue.

Detection of IL-10 and IL-10Rβ transcripts

To evaluate the role of DCs during the early phase of the im-
mune response, C57BL/6 mice were immunized once as de-
scribed previously. Approximately 18 h post-immunizationmice
were sacrificed by cervical dislocation and then popliteal, in-
guinal or cervical DLNs were collected to obtain the pure pop-
ulations of pDCs and CD11c+DCs using magnetic separation.
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Table 1. Primers used in qPCR.

Target gene Amplicon size Forward primer Reverse primer

GAPDH 205 bp GCAAGGTCATCCCAGAG AAGTCGCAGGAGACAAC
NM 008084.2∗

β-2-M 150 bp GTGGCATGAAGAAGGTGT TGGAAATGGCAGAAGAAAGAT
NM 009735.3
IL-10Rβ 186 bp CAAACTAAGCATCATCAGCGA AGGTGGCTCTCTGGTCATA
NM 008349.5
IL-10 153 bp GTGAGAAGCTGAAGACCC AGATGTCAAATTCATTCATGGC
NM 010548.2

∗NCBI reference sequence.

Approximately 104 of freshly isolated cells, either pDCs or
CD11c+DCs, were immediately suspended in Trizol for the to-
tal RNA isolation. RNA obtained with Total RNA isolation kit
(A&A Biotechnology) was analyzed for IL-10 and IL-10Rβ mRNA
expression using real-time PCR (qPCR). Complementary DNA
was obtained according to the method described previously
(Gierynska et al. 2009). Primers targeting the highly conserva-
tive region of analyzed genes (Table 1) were designed using
the LightCycler Probe Design 2 software (Roche Diagnostics).
The sequence specificity was confirmed in sillico by nucleotide-
nucleotide search in theNational Centre for Biotechnology Infor-
mation (NCBI) database (http://www.ncbi.nlm.nih.gov/BLAST/).
qPCR was performed using the LightCycler 2.0 instrument
(Roche Diagnostics) and the final 20 μl volume contained: 2 μl of
a template, 20 pM of the sense and antisense primers, 5 mM of
MgCl2 and the reaction mix of LightCycler R© FastStart DNA Mas-
ter SYBRGreenI (RocheDiagnostics). Amplificationswere carried
out subsequent to the thermostable hot-start DNA polymerase
for 10 min at 95◦C, followed by 45 cycles comprising denatu-
ration (95◦C for 15 s), primers annealing (60◦C for 7 s), strand
elongation (75◦C for 6 s) and the last step of cooling to 40◦C
for 60 s. To establish the specificity of amplified products, the
melting curve analysis was performed. Fluorescence levels were
read at 530 nmwavelength specific for the SYBR GreenI dye. The
gene expressionwas quantified by the��Ctmethod. Expression
of glyceraldehyde-3-phosphate dehydrogenase (GAPDH) and β-2
microglobulin (β-2-M) genes served as the internal controls used
for standardization of obtained data.

Statistical analysis

All quantitative data were expressed as mean ± SD (standard
deviation) from at least three independent experiments. Differ-
ences between groups of animals at indicated time points were
calculated using the Student’s t-test (in case of normal data dis-
tribution with equal variance) or Mann–Whitney U-test (STATIS-
TICA 6.0 software, StatSoft, USA). As a limit for statistical signif-
icance P ≤ 0.05 was used.

RESULTS

The immune response stimulation as a result of the
systemic and mucosal immunization with the
VACV-derived immunodominant peptide and the
bioactive CpG ODN

In all experiments, if not said otherwise, C57BL/6 mice (H-2b)
were immunized twice, on day 0 and 10 with the immunodom-
inant TSYKFESV peptide together with either the bioactive CpG
1826 or the negative control CpG using either systemic (fp) or

mucosal (in) route. Then 10 days (the acute phase of immune
response) or 60 days (the memory phase of immune response)
post second immunization, DLNs and spleen were collected to
measure the functional capacity of peptide-specific CD8+ T cells.
The following major points are to be noted.

First, generated CD8+ T-cell responses, measured by the B8R-
pentamer labeling and the specific peptide-induced intracellular
IFN-γ production, were evident and significantly different from
results obtained in control groups (P ≤ 0.05), only in DLNs and
spleen of mice immunized with the immunodominant TSYK-
FESV peptide and the bioactive CpG 1826 (Fig. 1, Fig. 3A and B).
Moreover, the cytokine responsemeasured by ICG indicated that
both routes of immunization yielded functionally equivalent
peptide-specific CD8+ T-cell responses (Fig. 3A and B). No gener-
ation of CD8+ T cells responsive to the in vitro stimulation with
the TSYKFESV peptide was observed in mice immunized with
only the bioactive CpG 1826 or peptide alone. Additionally, the
generated TSYKFESV-specific CD8+ T cells were not responsive
upon in vitro stimulation with the SSIEFARL peptide (data not
shown).

Second, the systemic route of immunization was more ef-
fective when assessed during the acute phase of the immune
response. This route of stimulation generated more CD8+/IFN-
γ + T cells in the spleen during the acute phase (13.27 ± 1.55%
what corresponds to a total cell number of 1.148 ± 0.13×106)
than the mucosal route (8.93 ± 0.53% what corresponds to a
total cell number of 0.49 ± 0.02×106). However, the level of
responses was comparable irrespectively of the immunization
route when measured in DLNs (systemic model—1.58 ± 0.5%
[0.07 ± 0.02 × 106 of a total cell number]; mucosal model—
1.71 ± 0.18% [0.12 ± 0.01 × 106 of a total cell number]) (Fig. 1,
Fig. 3A and B).

Third, the induced immunity analyzed duringmemory phase
of the immune response showed that the systemic and mu-
cosal routes resulted in antigen-specific CD8+/IFN-γ + T-cell re-
sponse only in mice immunized with the TSYKFESV peptide
and the bioactive CpG 1826 (Fig. 2, Fig. 3C and D). However, the
frequency of the TSYKFESV-specific CD8+ T cells in DLNs and
spleen was lower in comparison to the frequency obtained dur-
ing the acute phase of the immune response (Fig. 3B and D).
There was a statistically significant decrease (P ≤ 0.05) of the
CD8+/IFN-γ + T-cell population in both models, systemic and
mucosal. The 5.3-fold decrease of CD8+/IFN-γ + T cells frequency
in mice spleen and the 3.3-fold decrease of CD8+/IFN-γ + T cells
percentage in DLNs were noticed in mice immunized system-
ically. However, in mice immunized mucosally the 3.8-fold de-
crease of CD8+/IFN-γ + T cells percentage in spleen and 1.8-fold
decrease of the TSYKFESV-specific CD8+ T cells percentage in
DLNs was observed, respectively. It was correlated with the de-
crease of CD8+/B8R-pentamer+ T cells (Fig. 2, Fig. 3C and D).
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Figure 1. Generation of IFN-γ producing CD8+ T cells in spleen and DLNs of C57BL/6 mice as a result of systemic or mucosal immunization with the TSYKFESV peptide

and the bioactive CpG 1826—the acute phase of immune response. C57BL/6 mice were immunized twice, on day 0 and 10, either systemically (fp) or mucosally (in)
with the immunodominant TSYKFESV peptide and either the bioactive CpG 1826 or the negative control CpG. Ten days post second immunization DLNs and spleen
were collected. Obtained cells were stimulated with 1μg of the TSYKFESV peptide/106 cells and 50 U of rIL-2 in the presence of 1 μg of brefeldin A for 5 h at 37◦C in the
presence of 5% CO2. Subsequently, the CD8+ T-cell functionality was assessed by intracellular IFN-γ staining. Flow cytometry analysis was performed on cells isolated

from the individual spleen and pooled DLNs in each experimental group. The representative graphs show the CD8+/IFN-γ + T-cell populations (upper right quadrant)
isolated from C57BL/6 mice during the acute phase of the immune response. The numbers within analyzed quadrants represent the percentage of positive cells for a
given marker within the gate for lymphocyte population as defined by FSC and SSC parameters.

Our data indicate that combination of the TSYKFESV epi-
tope derived from VACV and the bioactive CpG 1826 induced the
generation the antigen-specific CD8+ T-cell population that was
maintained for at least 2 months.

The TSYKFESV-specific CD8+ T-cell population in
antiviral protection

Further, we investigated whether the generated TSYKFESV-
specific CD8+ T-cell population participated in the protection
against ECTV challenge. C57BL/6 mice were immunized as de-
scribed earlier using systemic or mucosal model. Then 10 days
(the acute phase of immune response) or 60 days (the memory
phase of immune response) post second immunization, mice
were ip challenged with 105 PFU of ECTV-Mos/mouse. Specificity
and functionality of the generated CD8+ T cells were assessed by
B8R-pentamer labeling and intracellular IFN-γ staining, respec-
tively, on the second and fourth day post-challenge in compar-
ison to the appropriate groups of unchallenged animals (day 0).
Additionally, the viral load was measured in the spleen tissue
(PFU/g). The major points are to be noted.

First, splenic and DLNs responses evaluated on the second
and fourth day post ip ECTV challenge revealed almost 2-fold
decrease of CD8+/IFN-γ + and CD8+/B8R-pentamer+ percent-
age in spleen and DLNs of C57BL/6 mice during the acute re-
sponse to mucosal immunization with the TSYKFESV peptide
and the bioactive CpG 1826 compared to the unchallenged group

(Fig. 3A and B). These results were reproducible and now we can
speculate that during ECTV challenge the generated TSYKFESV-
specific CD8+ T cells infiltrated the peritoneal cavity and the ab-
dominal fat pads but to confirm that further evaluation is re-
quired. Additionally, small but not significant, decrease of the
same T-cell population was observed in spleen and DLNs of
C57BL/6 mice immunized systemically with the TSYKFESV pep-
tide and the bioactive CpG 1826 and ip challenged during the
acute phase of immune response (Fig. 3A and B).

C57BL/6 mice challenged with ECTV during the memory
phase generated responses approximate or equal to their appro-
priate controls irrespectively of the immunization route, indicat-
ing no change in the frequency of CD8+/INF-γ +/B8R-pentamer+

T cells. Furthermore, slight increase of the TSYKFESV specific
CD8+ T cells on the second and fourth day post ECTV ip chal-
lenge was noted during memory phase of immune response,
in contrast to the post challenge results obtained in the acute
phase of the immune response (Fig. 3C and D). Moreover, im-
munofluorescence analysis performed on the freshly isolated
CD8+ T cells from spleen of mice that were stimulated either
systemically or mucosally with the TSYKFESV peptide and the
bioactive CpG 1826, then collected on the second day post ECTV
challenge, revealed cross-recognition between the VACV im-
munodominant epitope-specific CD8+ T cells and ECTV-infected
cells (Fig. 4C).

Second, the presence of the CD8+/IFN-γ + and CD8+/B8R-
pentamer+ T-cell populationswas detected during the acute and
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Figure 2. Generation of IFN-γ producing CD8+ T cells in spleen and DLNs of C57BL/6 mice as a result of systemic or mucosal immunization with the TSYKFESV peptide
and the bioactive CpG 1826—the memory phase of immune response. C57BL/6 mice were immunized twice on day 0 and 10 either systemically (fp) or mucosally (in)
with the immunodominant TSYKFESV petide and either the bioactive CpG 1826 or the negative control CpG. Sixty days post second immunization DLNs and spleen

were collected. Obtained cells were stimulated with 1 μg of the TSYKFESV peptide/106 cells and 50 U of rIL-2 in the presence of 1μg of brefeldin A for 5 h at 37◦C in the
presence of 5% CO2. Subsequently, the CD8 T-cell functionality was assessed by intracellular IFN-γ staining. Flow cytometry analysis in each experimental group was
performed on cells isolated from the individual spleen and pooled DLNs. The representative graphs show the CD8+/IFN-γ + T-cell populations (upper right quadrant)
isolated from C57BL/6 mice during the memory phase of immune response. The numbers within analyzed quadrants represent the percentage of positive cells for a

given marker within the gate for lymphocyte population as defined by FSC and SSC parameters.

memory phase of the immune response in spleen ofmice immu-
nized with the TSYKFESV peptide and the negative control CpG
using either systemic or mucosal route then challenged with
ECTV-Mos (Fig. 3C and D).

We provide the evidence that generated, with the immuno-
gen derived from VACV, CD8+/IFN-γ +/B8R-pentamer+ T cells
may influence and control ECTV infection. The viral load inmice
spleen was assessed on the second and fourth day post ip chal-
lenge. A high level of inhibition of ECTV replication was noted
in animals immunized either systemically or mucosally with
the TSYKFESV peptide and the bioactive CpG 1826 during the
acute phase of the immune response; however, the decrease of
virus replication was more remarkable in mice immunized sys-
temically (Table 2). Obtained data qualitatively correlated with
the percentages of the generated CD8+/IFN-γ +/B8R-pentamer+

T cells in those experimental groups. Whereas immunization,
either systemic or mucosal, with the TSYKFESV peptide and the
bioactive CpG 1826 provided a potent control of ECTV replication
during the acute phase of the immune response, in the memory
phase animals were less resistant to the ECTV challenge. Nev-
ertheless, there was a significant difference concerning ECTV
titers between mice immunized either systemically or mucos-
ally with the TSYKFESV peptide and the bioactive CpG 1826 and
animals stimulated with the immunogen and the negative con-
trol CpG.Moreover, the immunity induced intranasally persisted

since the titer of the reisolated ECTV was lower than the titer of
the virus reisolated from systemically stimulated animals. The
high ECTV load in all groups correlated with the low percentage
of the TSYKFESV-specific CD8+ T cells during thememory phase
(Table 2, Fig 3D).

Both the systemic and mucosal immunizations with the
TSYKFESV epitope derived from VACV and the bioactive CpG
1826 were responsible for generation of antigen-specific CD8+

T-cell populations. It is highly likely that the preexisting immun-
odominant peptide-specific CD8+ T cells largely contributed to
the inhibition of ECTV replication.

Evaluation of the DCs involvement in the induction of
the protective systemic and mucosal immunity

The obtained data showed that the systemic route of immuniza-
tion induced more effective immunity when evaluated during
the acute phase of immune response. Since the assessment dur-
ing the memory phase presented that both methods of stimula-
tion rendered comparable protective immunity, our goal was to
explain the early delay of the immune response induction when
mucosal route was applied.

C57BL/6 mice were immunized once, either systemically or
mucosally, as described earlier. DLNs (popliteal and inguinal –
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Figure 3. The TSYKFESV-specific CD8+ T cells participate in the protective immunity against ectromelia virus challenge. C57BL/6 mice were immunized twice on day
0 and 10 either systemically (fp) or mucosally (in) with the immunodominant TSYKFESV peptide combined with either the bioactive CpG 1826 or the negative control

CpG. Ten days (the acute phase of immune response;A and B) or sixty days (thememory phase of the immune response; C andD) post second immunization,micewere
ip challenged with 105 PFU of ECTV-Mos/mouse. The specificity (A and C) and functionality (B and D) of the generated CD8+ T cells were assessed by B8R-pentamer
labeling and intracellular IFN-γ staining, respectively, on the second and fourth day post-challenge in all experimental groups, in comparison to the appropriate
groups of unchallenged animals (day 0). The analysis was performed on cells isolated from the individual spleen and pooled DLNs in each experimental group. Data

are expressed as mean ± SD from the three or four independent experiments with n = 4/group where P ≤ 0.01 (double asterisks) was considered as highly statistically
significant; and P ≤ 0.05 (∗) was considered as statistically significant. Double dagger – CD8+/B8R-pentamer+ T cells or CD8+/IFN-γ + T cells were not detected in the
evaluated groups.
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Figure 4. The involvement of CD8+ T cells, generated with the VACV immunodominant epitope and the bioactive CpG 1826, in recognition of the ECTV infected
cells. C57BL/6 mice were immunized twice, on day 0 and 10, either systemically (fp) or mucosally (in) with the immunodominant TSYKFESV peptide and either the
bioactive CpG 1826 or the negative control CpG. Then, 10 days or 60 days post second immunizationmice were ip challenged with 105PFU of ECTV-Mos/mouse. Animals
were sacrificed on the second and fourth day post-challenge and DLNs and spleen were collected. Subsequently, the involvement of antigen specific CD8+ T cells in

protective immunitywas assessed by B8R-pentamer labeling and flow cytometer and immunofluorescence analysiswas performed. (A) The representative graphs show
the CD8+/B8R-pentamer+ T-cell population (upper-right quadrants), isolated from spleen and DLNs of C57BL/6 mice immunized with the bioactive CpG 1826 and the
immunodominant TSYKFESV peptide, then ip challenged with ECTV. Isolated cells were labeled with anti CD8-FITC mAb and B8R-pentamer (MHC class I/TSYKFESV)-

PE. (B) Immunofluorescence analysis of CD8+ T cells isolated from C57BL/6 mice immunized twice with the immunodominant TSYKFESV peptide and the bioactive
CpG 1826, then challenged with ECTV. Freshly isolated splenocytes were labeled with anti CD8-FITC mAb and B8R-pentamer (MHC class I/TSYKFESV)-PE. Scale bar =
8 μm. (C) The image of CD8+ T cells generated with the VACV immunodominant epitope and the bioactive CpG 1826 attacking ECTV infected splenocytes labeled
with pAb anti ECTV conjugated with FITC. Analysis was performed on splenocytes freshly isolated from C57BL/6 mice immunized twice with the immunodominant

TSYKFESV peptide and the bioactive CpG 1826 and then infected with ECTV-Mos. Scale bar = 8 μm.

Table 2. The influence of the preexisting TSYKFESV-specific CD8+ T
cells on ECTV replication in challenged C57BL/6 mice—the acute and
memory phase of immune response.

Immunogen Time post-challenge (days)

2 (1×104 PFU/g) 4 (1×104 PFU/g)

Acute
phase

CpG
1826+TSYKFESV (fp)

0.001 ± 0.001a 0.087 ± 0.015

CpG
1826+TSYKFESV (in)

0.052 ± 0.011 0.97 ± 0.103

Negative control
CpG +TSYKFESV
(fp/in)

72.25 ± 12.04 393 ± 82.87

Memory
phase

CpG
1826+TSYKFESV (fp)

5.23 ± 0.829 48.75 ± 4.428

CpG
1826+TSYKFESV (in)

4.42 ± 0.540 25,43 ± 5.673

Negative control
CpG +TSYKFESV
(fp/in)

74.70 ± 7.172 506.5 ± 143.9

C57BL/6 mice were immunized twice on day 0 and 10 either systemically or mu-
cosally with the immunodominant TSYKFESV peptide combined with either the
bioactive CpG 1826 or the negative control CpG. Then 10 days (the acute phase of
immune response) or 60 days (thememory phase of immune response) post sec-

ond immunization, mice were ip challenged with 105 PFU of ECTV-Mos/mouse.
On the designated day post-challenge, mice were sacrificed and viral titers were
assessed in the spleen homogenates by the plaque assay on Vero cells, mea-
sured in PFU/g of isolated tissue. Data are the results of the three independent

experiments with n = 4/experiment. avalues represent mean ‘±’ SD.

in systemic model, cervical – in mucosal model), were collected
18 h post-immunization to obtain pure populations of pDCs
and CD11c+DCs. Our pilot studies indicated no significant dif-
ference in the level of IL-12 gene transcript between cell popula-
tions isolated frommice immunizedwith the bioactive CpG 1826
combined with the TSYKFESV peptide regardless of the route
of immunization. However, the 3-fold increase of this gene ex-
pression was observed in comparison to the results obtained in
the same DCs populations isolated from control groups (unpub-
lished data). We quantitatively analyzed mRNA expression of
IL-10, the cytokine responsible for regulation/silencing immune
response and the β subunit of IL-10 receptor (IL-10Rβ). Analysis
performed on cells isolated during the early phase of stimula-
tion showed that pDCs from mice immunized intranasally with
the TSYKFESV peptide and the bioactive CpG 1826, expressed
significantly (P ≤ 0.05) higher level of IL-10 and IL-10Rβ mRNA
transcripts in comparison to the same cell population obtained
from mice immunized systemically with the TSYKFESV peptide
and the bioactive CpG 1826 (Fig. 5). There were no statistically
significant differences in mRNA expression of IL-10 and IL-10Rβ

between CD11c+DCs populations isolated from those experi-
mental groups. Irrespectively of the immunization model the
level of IL-10 and IL-10Rβ gene expression was significantly in-
creased in pDCs and CD11c+DCs populations isolated from con-
trol groups (Fig. 5). The increased level of IL-10 and IL-10Rβ mRNA
expression in pDCs in the mucosal model shortly after immu-
nization with the TSYKFESV peptide and the bioactive CpG 1826
may explain the differences in the percentage of the generated
TSYKFESV-specific CD8+ T cells during the acute phase of the
immune response. These data point at the involvement of pDCs
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Figure 5. The increased level of IL-10 and IL-10Rβ gene expression in pDCs in mucosal model, influences the development of the adaptive immune response. C57BL/6
mice were immunized either systemically (fd) or mucosally (in) with a single dose of the immunodominant TSYKFESV peptide and either the bioactive CpG 1826 or
the negative control CpG. 18 h post-immunization pure populations of pDCs and CD11c+DCs were obtained from DLNs for the total RNA extraction and qPCR analysis
was performed as described in the section ‘Materials and Methods’ using primer sets given in Table 1. (A) Analysis of IL-10 gene expression in pDCs and CD11c+DCs 18

h post either systemic or mucosal immunization. (B) Analysis of IL-10Rβ gene expression in pDCs and CD11c+DCs 18 h post either systemic or mucosal immunization.
Gene expression was determined in each sample using the three independent technical replicates. Bars represent standard errors calculated from three replicates of
each experiment. Data are expressed as the mean ‘±’SD; Asterisk—significantly different values obtained in mice immunized with the immunodominant TSYKFESV
peptide and the bioactive CpG 1826 in systemic model compared with values obtained in mice immunized with the immunodominant TSYKFESV peptide and the

bioactive CpG 1826 in mucosal model and in mice stimulated with the immunodominant TSYKFESV peptide and the negative control CpG, both systemic andmucosal
models; P ≤ 0.05.

population as a one of the possible key mechanisms responsi-
ble for delaying, for a short period of time, the adaptive immune
response during the acute phase when the mucosal model was
used.

DISCUSSION

Despite the fact that smallpox was eradicated more than 40
years ago, the threat to use poxviruses as the agents of bioter-
rorism still remains. Moreover, there are emerging zoonoses
that can cause variola-like diseases in humans due to cessa-
tion of the worldwide vaccination program against VARV in hu-
mans (Enserink 2003; Vorou, Papavassiliou and Pierroutsakos
2008; Ninove et al. 2009; Quixabeira-Santos et al. 2011). The ap-
proach for designing a new vaccine against smallpox is re-
quired, since the only available vaccine is based on live VACV
(Jacobs et al. 2009). Subunit vaccines seem to be a good tar-
get and in this report we present a potential step to achieve

this goal. The present study evaluated the efficacy of the sys-
temic and mucosal immunization with the immunodominant
TSYKFESVpeptide (VACVB8R20-27) combinedwith TLR9 agonist –
CpG ODNs, as well as functionality of the generated TSYK-
FESV specific CD8+ T-cell population during heterologous ECTV
challenge.

We used CpG ODNs since they have demonstrated potency
as the adjuvant to protein and peptide subunit vaccines in hu-
mans and animals. Furthermore, they are responsible for the po-
larization of the immune response toward Th1 cytokine profile
(Gierynska et al. 2002; Cooper et al. 2005; Belyakov et al. 2006;
Xiao et al. 2007; Bode et al. 2011) and it has been shown that
Th1 cytokine profile is crucial for the resistance and recovery
from primary ECTV challenge in the natural host (Chaudhri et al.
2004; Sakala et al. 2007). Whereas two immunizations performed
10 days apart generated the population of the antigen specific
(as measured by ICG and pentamer staining) CD8+ T cells, the
real question was, whether the induced T cell-dependent im-
munity could be involved in protection against heterologous
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ECTV challenge in C57BL/6 mice, and how long this response
would be maintained in the host. Our results demonstrate that
CpG ODNs/peptide administration does induce CD8+ T-cell re-
sponse against the early immunodominant epitope irrespective
of the route of immunization. However, the systemic model was
more effective during the acute phase of the immune response.
The generated T-cell-dependent immune response was main-
tained for at least 2 months, although, the frequency of antigen-
specific cells decreased over time. Those data support the work
of other groups using different systems in CpG ODNs approach
(Vabulas et al. 2000; Gierynska et al. 2002; Bode et al. 2011) as
well as the results concerning the immune response mounted
against the immunodominant TSYKFESV epitope (Tscharke et al.
2005; Mathurin et al. 2009; Moutafasi et al. 2009, Remakus et al.
2012).

The early events of the immune response stimulation could
be critical for the time delay in the evoking of the adaptive
immune response when mucosal model was applied. One of
the factors influencing development of the adaptive immune
response is IL-10, the cytokine that is crucial for maintain-
ing tolerance in the respiratory mucosa (de Heer et al. 2004;
Andreev et al. 2012; Lambrecht 2012). The detection of the in-
creased level of IL-10 and IL-10Rβ gene expression at the mRNA
level in pDCs population isolated from mice shortly after in-
tranasal immunization with the TSYKFESV peptide and the
bioactive CpG 1826 may be the explanation of the slight delay
in the development of the immune response during the acute
phase in mucosal model. Our results are in agreement with
other studies that indicate transient increase of IL-10 gene ex-
pression (detection only 24–72 h post-stimulation), responsible
for the tolerance induction after exposure to antigen (Akbari,
DeKruyff and Umetsu 2001). The other factor that can influ-
ence the outcome of the immune response, not addressed in
this paper, is the expression of TLRs on DCs that seemed to
be organ specific. The study comparing the expression of TLR4
and TLR9 on lung and spleen DCs revealed that whereas lung
DCs expressed higher levels of TLR4 but only very low levels
of TLR9, spleen DCs had the opposite TLRs pattern (Chen et al.
2006). Themajor goal of vaccination is the induction of the long-
lived mucosal immunity that can effectively block pathogen
replication. When analysis was performed 2 months after im-
munization with the TSYKFESV peptide and the bioactive CpG
1826, slight differences in the level of antigen-specific CD8+ T-
cell population favored mucosal model. Our data support the
results obtained by Belyakov et al., where they point at the
intranasal immunization with the CpG ODNs and modified vac-
cinia Ankara, as a more effective method of inducing CD8+ T-
cell immunity and protection against lethal VACV Western Re-
serve strain than intramuscular immunization (Belyakov et al.
2006).

C57BL/6 mice are considered resistant to the development of
the lethal form of ectromelia (Fenner and Buller 1997). However,
the most invasive, ip, challenge route or high dose of the infec-
tious agent is able to overcome mice resistance. These condi-
tions were chosen to assess the involvement of the TSYKFESV
specific CD8+ T cells as well as to minimize the influence of the
early anti-viral immune response mechanisms which C57BL/6
resistance depends on (IFN type I, II, III, NK cells, γ δT cells,
macrophages) (Fenner and Buller 1997; Chaudhri et al. 2004; Es-
teban and Buller 2005; Gierynska et al. 2009; Remakus et al. 2012).
There is a strong indication that the preexisting TSYKFESV-
specific CD8+ T cells were the major source of IFN-γ during the
early phase of infection and were likely to limit ECTV replica-
tion, thus preventing viral dissemination. While cytotoxicity of

this population was not evaluated in our studies, but the IFN-
γ production by antigen-specific CD8+ T cells and cytotoxic-
ity is strongly correlated (Kagi et al. 1994; Guidotti et al. 1999;
Remakus et al. 2012). Moreover, there was a direct, specific recog-
nition of heterologously, ECTV infected cells by the TSYKFESV-
specific CD8+ T cells. These data are in agreement with the work
of Remakus et al., and although different immunization model
(TSYKFESV-induced DCs) and infection route was used, both
studies point at thememory CD8+ T cells of the single specificity
as a tool responsible for the protective immunity (Remakus et al.
2012) or, as we showed, reduction of ECTV replication. This level
of protection waned in time and it was correlated with the de-
creased number of the TSYKFESV-specific CD8+ T cells. But even
2 months after immunization the differences concerning the vi-
ral load in spleen were evident between groups of mice immu-
nized with the bioactive CpG 1826 and the TSYKFESV peptide
(systemic and mucosal models), and control groups. These re-
sults open new pathways to solve the problemwith the decreas-
ing level of cytotoxic, TSYKFESV-specific CD8+ T cells. Studies
carried out by Toka et al. (2005) clearly show that administration
of the exogenous IL-15 or anti-CD40 mAb during memory phase
can rescue CD8+ T-cell population generated during immuniza-
tion with MHC I restricted epitope and TLR9 agonist. The ap-
proach of using the VACV CD8 epitope combined with the bioac-
tive CpGODNs resulted in the induction of cytotoxic CD8+ T cells
crucial for the resistance and recovery from the primary ECTV
challenge. However, the studies of Panchanathan, Chaudhri and
Karupiah (2005) clearly showed the importance of the humoral
immunity during orthopoxviruses infection and that IFN-γ was
not required for recovery from a secondary poxvirus infection in
mice deficient in type I and II IFN function. These animals were
able to control virus effectively due to the ability to generate neu-
tralizing antibodies. The studies of Xiao et al. (2007) focused on
designing a protein-based vaccine confirmed the value of hu-
moral immune response. On the other hand, the role of CD8+

T-cell-dependent immunitymediated by IFN-γ was recently pre-
sented in the model of respiratory infection with VACV Western
Reserve strain (Goulding et al. 2012, 2014) where IFN-γ signaling
was responsible for lung pathology reduction, virus dissemina-
tion inhibition and early clearance of the virus. Also the model
with the recombinant VACV expressing IFN-γ used for post-
exposure protection against VACV and ECTV emphasized the
role of this cytokine (Holechek et al. 2013) and the studies of Xu
et al. (2007), clearly showed that not only antibodies but also re-
call responses by long-lived memory CD8+ T cells could prevent
clinical mousepox. Combination of proteins and the immun-
odominant CD8+ T-cell epitopes with proper adjuvants could be
an initial strategy to provide the baseline immunity against or-
thopoxvirus infections that allows the development of effective
CTLs and neutralizing Ab. With an increasingly immunocom-
promised human population due to the cancer treatment, anti-
inflammatory treatment, organ transplantations, infection with
HIV, or those with atopic skin disorders, every attempt to induce
antiviral immunity with a safe vaccine is essential.

In conclusion, the concept of usingwell-selected CD8+ T cells
specific epitope and TLR agonist in generation of the adaptive
immune response to related, yet heterologous virus within the
Poxviridae family, was endorsed under experimental conditions
and hold promise for future design of subunit vaccine against
smallpox, since the generated TSYKFESV-specific CD8+ T cells
definitely influenced ECTV replication during challenge. This ap-
proach may be of benefit when a novel smallpox vaccine is to
be developed, since despite the fact that this disease was erad-
icated more than 40 years ago, the use of orthopoxviruses by
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bioterrorists remains a potential and growing threat. However,
further manipulations are required to maintain the proper level
of fully functional induced CD8 T-cell immunity.
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