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The  NYVAC  poxvirus  vector  is used  as vaccine  candidate  for HIV  and  other  diseases,  although  there  is
only  limited  experimental  information  on its  immunogenicity  and  effectiveness  for  use against  human
pathogens.  Here  we  defined  the  selective  advantage  of  NYVAC  vectors  in a  mouse  model  by comparing
the  immune  responses  and  protection  induced  by  vectors  that  express  the  LACK  (Leishmania-activated  C-
kinase  antigen),  alone  or with  insertion  of the  viral  host  range  gene  C7L  that allows  the  virus  to replicate
in  human  cells.  Using  DNA  prime/virus  boost  protocols,  we show  that  replication-competent  NYVAC-
LACK  that  expresses  C7L  (NYVAC-LACK-C7L)  induced  higher-magnitude  polyfunctional  CD8+ and  CD4+

primary  adaptive  and  effector  memory  T cell  responses  (IFN�,  TNF�,  IL-2,  CD107a)  to LACK  antigen
than  non-replicating  NYVAC-LACK.  Compared  to NYVAC-LACK,  the  NYVAC-LACK-C7L-induced  CD8+ T
cell population  also  showed  higher  proliferation  when  stimulated  with  LACK  antigen.  After  a  challenge  by
YVAC
ACK

subcutaneous  Leishmania  major  metacyclic  promastigotes,  NYVAC-LACK-C7L-vaccinated  mouse  groups
showed greater  protection  than  the  NYVAC-LACK-vaccinated  group.  Our  results  indicate  that  the  type
and potency  of  immune  responses  induced  by  LACK-expressing  NYVAC  vectors  is  improved  by  insertion
of  the  C7L  gene,  and  that  a replication-competent  vector  as  a vaccine  renders  greater  protection  against
a  human  pathogen  than a non-replicating  vector.

© 2016  Elsevier  B.V.  All  rights  reserved.
. Introduction

Poxviruses are used extensively as vaccine vectors, due prin-
ipally to the packing flexibility of their genome, which allows
ntegration and expression of heterologous antigens, and to fea-
ures such as low cost, stability, and ease of manufacture and
dministration. Despite these advantages, concerns regarding the
afety of vaccinia virus (VACV) use during the smallpox immuniza-
ion program (Lane et al., 1969; Redfield et al., 1987) emphasized
he importance of developing highly attenuated strains as vaccine
ectors for emerging infectious diseases and cancer (Gomez et al.,
011).

Two of the most extensively studied attenuated VACV strains

re MVA  (modified vaccinia virus Ankara) and NYVAC. NYVAC was
erived from a plaque-cloned isolate of Copenhagen smallpox vac-
ine strain by selective deletion of 18 open reading frames involved
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in virulence, pathogenicity and host range regulation (Tartaglia
et al., 1992). Interest in these vectors as vaccine candidates (Gomez
et al., 2011) led us to develop NYVAC vectors that express a model
antigen from a human pathogen, with distinct replication capacities
in cultured cells. This included acquisition of a viral gene that con-
fers a replication advantage on NYVAC in human cells. The model
antigen, the Leishmania activated C-kinase (LACK) gene, is one of the
most promising genes for leishmaniasis vaccination; it encodes a
36-kDa protein expressed in both parasite stages, is very immuno-
genic, is conserved in all Leishmania species (with 99% identity
between Leishmania major and Leishmania infantum strains (Ahmed
et al., 2004; Melby et al., 2001; Mougneau et al., 1995)), and shows
protective results (Gonzalo et al., 2002, 2001; Tapia et al., 2003).

The C7L virus host range gene (Perkus et al., 1990) is responsi-
ble for biological differences between MVA  and NYVAC attenuated
strains (Najera et al., 2006). The C7 protein has anti-apoptotic
functions (Najera et al., 2006); C7L and K1L (another host range

gene) inhibit the antiviral effects of type I interferons (Meng et al.,
2009), and the C7 N-terminal fragment is essential for C7 func-
tion (Terajima et al., 2013). Insertion of C7L into the genome of HIV
antigen-expressing NYVAC increased immunogenicity against het-

dx.doi.org/10.1016/j.virusres.2016.03.007
http://www.sciencedirect.com/science/journal/01681702
http://www.elsevier.com/locate/virusres
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rologous antigens (Nájera et al., 2010). NYVAC-C7L safety studies
n mice showed a restricted replication phenotype (Nájera et al.,
010); moreover, NYVAC vectors with inserted C7L and K1L have a
ood safety profile after intracranial inoculation of distinct NYVAC
oses in newborn mice (Kibler et al., 2011).

We  generated a NYVAC vector that expressed LACK antigen
NYVAC-LACK) and compared it with a NYVAC-LACK that also
xpressed C7L (NYVAC-LACK-C7L), which provides a replication
dvantage. In mice, we characterized T cell immunogenicity (pri-
ary adaptive, memory) and the protective effectiveness against

. major triggered by the heterologous DNA prime/NYVAC vector
oost protocol, by comparing non-replicating NYVAC-LACK with
eplication-competent NYVAC-LACK-C7L.

. Material and methods

.1. Ethics statement

All mouse experiments were approved by the Ethics Committee
or Animal Experimentation of the Centro Nacional de Biotec-
ología (CEEA CNB-CSIC; permit number 11037) in accordance with
ational and international guidelines for animal experimentation
nd with Royal Decree (RD 1201/2005).

.2. Parasite strains and animals

For immunization studies, we used the WHOM/IR/-173 L. major
train, a kind gift from Dr Nicholas Glaichenhaus (CNSR, Val Bonne,
rance). Promastigotes were cultured at 27 ◦C in Schneider’s Insect
edium supplemented with 20% fetal calf serum (FCS; both from
ibco BRL, UK) and antibiotics. Frozen stocks were thawed, cul-

ured to the stationary phase, and used to infect BALB/c mice
o maintain virulence. Aspirates from footpad lesions of infected

ice were used to culture promastigotes for challenging vacci-
ated mice. Metacyclic promastigotes were purified as described
Sanchez-Sampedro et al., 2013). All mice were 6- to 8-week-old
emale BALB/c mice (Harlan), housed in pathogen-free conditions
n the CNB-CSIC Animal Facility.

.3. Cells, plasmids and viruses

Primary chicken embryo fibroblasts (CEF), African green mon-
ey kidney cells (BSC40), human HeLa cells, mouse embryonic
broblast cells (3T3), A20 cells (H-2d haplotype) and splenocytes
ere cultured as described (Sanchez-Sampedro et al., 2013).

The DNA-LACK plasmid is the previously characterized mam-
alian expression plasmid pCIneo-LACK (Perez-Jimenez et al.,

006). The empty plasmid pCIneo (Promega) was used as control
DNA-�). Both plasmids were purified using the EndoFree Plasmid
urification kit (Qiagen).

For LACK and C7L recombinant viruses, vaccinia insertion plas-
ids PCAR2-LACK and PCyA20-C7L were generated and purified
ith a plasmid purification kit (Quiagen). Viruses used included
YVAC-wt (kindly provided by Sanofi-Pasteur) and the recom-
inant NYVAC and NYVAC-C7L viruses expressing L. infantum
ACK antigen in the viral hemagglutinin (HA) locus. Viruses were
rown in CEF cells; purification and titration were described
Didierlaurent et al., 2004; Ramsay et al., 1997).

.4. Construction of vaccinia virus recombinants expressing L.
nfantum LACK antigen (NYVAC-LACK and NYVAC-LACK-C7L)
The gene that encodes L. infantum LACK protein and the vaccinia
irus C7L gene were inserted following an infection/transfection
rotocol (Sanchez-Sampedro et al., 2013), using vaccinia plasmids
 Research 220 (2016) 1–11

pCAR2-LACK and pCyA20-C7L to allow insertion into the HA and
TK (thymidine kinase) loci, respectively.

2.5. Reagents

L. infantum rLACK protein was  expressed and purified by affin-
ity chromatography as described (Sanchez-Sampedro et al., 2012).
The LACK157-173 peptide (FSPSLEHPIVVSGSWDN) was  chemically
synthesized by the CNB Proteomics Service.

2.6. Immunization and parasite challenge

Eighteen 6- to 8-week-old female BALB/c mice/group were
primed intradermally (i.d.) in the abdomen with 100 �g DNA-LACK
or empty DNA-� in 100 �l PBS/mouse. On day 14, mice were
boosted intraperitoneally (i.p.) with 2 × 107 plaque-forming units
(pfu)/mouse of NYVAC-LACK, NYVAC-LACK-C7L, non-recombinant
NYVAC-wt virus or PBS. We used 8 mice from each group to analyze
primary adaptive and memory responses. At 8 weeks post-boost,
the remaining 10 mice/group received a subcutaneous (s.c.) chal-
lenge in the right hind footpad using a Micro-Fine 0.5 ml  30 G needle
(BD Biosciences). Parasite dose was  5 × 104 metacyclic peanut
agglutinin (PNA)-purified L. major promastigotes in 10 �l PBS.

2.7. Intracellular cytokine staining assay (ICS)

Spleens from vaccinated mice were harvested and 4 × 106

splenocytes (erythrocyte-depleted by addition of 0.1 M NH4Cl,
5 min  on ice) were stimulated with distinct antigens and pro-
tocols, including rLACK antigen (25 �g/ml final concentration),
LACK157-173 peptide (4 �g/ml), A20 cells nucleofected with pCIneo-
LACK plasmid (A20-LACK) or empty pCIneo plasmid at a 1:10
A20:splenocyte ratio, or RPMI 1640 medium alone. Cells were
nucleofected with 6 �g plasmid 24 h before stimulation using a
4D nucleofector (Lonza). Splenocytes were then incubated 6 h
in RPMI with 10% FCS, in the presence of GolgiPlug and mon-
ensin (BD Biosciences). After stimulation, cells were stained
for surface and intracellular markers as described (Sanchez-
Sampedro et al., 2013). The following antibodies were used for
primary adaptive and memory studies: CD3-PE-CFS94 (145-2C11),
CD4-APC-Cy7 (GK1.5), CD8-V500 (53-6.7), CD107a-AlexaFluor488
(eBio1D4B), CD62L-AlexaFluor700 (MEL-14), CD127-PerCP-Cy5.5
(A7R34), IFN�-PECy-7 (XMG1.2), TNF�-PE (MP6-XT22) and IL-
2-APC (JES6-5H4). Dead cells were excluded using the violet
LIVE/DEAD stain kit (Invitrogen).

Cells were acquired using Gallios flow cytometer (Beckman
Coulter) and data analyses were performed with FlowJo software
version 8.5.3 (Tree Star). The number of events recorded ranged
from 5 × 105 to 106.

2.8. Proliferation assay

Erythrocyte-depleted splenocytes (106) from vaccinated mice
were harvested, washed with phosphate-buffered saline (PBS),
resuspended to 106 cells/ml final concentration in PBS and stained
with CellTrace CFSE (Life Technologies, Invitrogen). Cells were
washed and resuspended for stimulation in RPMI with 10% FCS con-
taining 0.5 �g/ml anti-CD28 antibody and 0.03 U/ml interleukin-2
(IL-2; BD Biosciences)) with 25 �g/ml rLACK or 4 �g/ml LACK157-173

peptide. Cells were stimulated for 6 days before surface staining,
which was performed as for the ICS assay using the follow-
ing antibodies: CD3-APC (145-2C11), CD4-AlexaFluor700 (RM4-5),
CD8-PECy7 (53-6.7) (Perez-Jimenez et al., 2006).



L. Sánchez-Sampedro et al. / Virus Research 220 (2016) 1–11 3

Fig. 1. Insertion, expression and stability of LACK and C7L by NYVAC vectors. (A) Organization of the LACK and C7L genes in the HA and TK loci of the NYVAC-LACK-C7L
genome. (B) PCR analysis confirming full-length LACK insertion. In recombinant virus, a 1187-bp product is observed in HA insertion. (C) PCR analysis confirming full-length
C7L  insertion; in parental NYVAC, a 422-bp product was obtained, whereas in recombinant virus, a 951-bp product is observed in TK insertion. (D) Western blot analysis
s  indiv
p trol. C
1 onal a
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howing expression of heterologous proteins from infected BSC-40 cells. (E) Thirty
assage  13 were grown in BSC-40 cells. MVA-LACK-infected cells were used as con
2%  SDS-PAGE and analyzed by Western blot with a polyclonal anti-LACK or polycl

.9. Statistical analyses

Statistical significance (p < 0.05 (*), p < 0.005 (**), or p < 0.001
***)) of differences between viruses in growth curves in cultured

ells and data from Luminex were determined by Student’s t-test.
ignificance (p < 0.05 (*) or p < 0.005 (**)) of differences in lesion size
etween immunized mouse groups were determined by the Mann-
idual plaques isolated from NYVAC-LACK- and NYVAC-LACK-C7L-infected cells at
ells were infected with individual plaque isolates, lysed, proteins fractionated by

nti-C7 antibody.

Whitney test. For statistical analysis of ICS, we used an approach
that corrects measurements for the response to medium alone
(RPMI); the detailed procedure has been described (Nájera et al.,
2010). All values used to analyze proportionate representation of

responses are background-subtracted.
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Fig. 2. C7L confers a growth advantage to NYVAC in human and murine cells. Comparative virus growth analysis in permissive and nonpermissive cell lines. (A) BSC-40
cell  monolayers were infected (0.01 pfu/cell) with NYVAC-wt, NYVAC-LACK or NYVAC-LACK-C7L. Cells were collected at different times post-infection (0, 24, 48 and 72 h)
and  infective viruses were quantified by immunostaining assay of virus plaques. (B) HeLa cell monolayers were infected (0.01 pfu/cell) with NYVAC-wt, NYVAC-LACK or
N (C) 3T
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YVAC-LACK-C7L; cells were collected and infective viruses quantified as in (A). 

YVAC-LACK-C7L; cells were collected and infective viruses quantified as in (A). D
ignificance in comparison with NYVAC-LACK-C7L; Student’s t-test; p < 0.05 (*), p <

. Results

.1. Generation of recombinant NYVAC expressing L. infantum
ACK antigen and NYVAC-LACK expressing vaccinia virus C7

To compare the immunogenic capacity and efficacy of NYVAC
ectors, we developed two vectors that expressed the Leishmania
ACK antigen, one bearing the L. infantum LACK gene inserted into
he HA locus of the viral genome, and the other bearing in addition
he vaccinia virus WR  strain host range gene C7L in the TK locus
see Section 2 and Fig. 1A).

Correct insertion and purity of NYVAC-LACK and NYVAC-LACK-
7L viruses were confirmed by PCR and DNA sequence analysis.
iral DNA purified from BSC-40 cells infected with NYVAC-LACK
r NYVAC-LACK-C7L was amplified with a set of primers that
nnealed to the HA and TK flanking sequences and with LACK inter-

al primers (Supplementary Table S1 in the online version at DOI:
0.1016/j.virusres.2016.03.007). DNA extracted from cells infected
ith NYVAC-wt was used as control. The PCR product in NYVAC-

ACK-infected cells amplified with a LACK forward primer and an
3 cell monolayers were infected (0.01 pfu/cell) with NYVAC-wt, NYVAC-LACK or
om 2 different experiments. Error bars represent the SD in each graph. Statistical

 (**) or p < 0.001 (***).

HA reverse primer had a full-length size of 1187 bp (Fig. 1B), which
indicates successful LACK insertion into the HA locus. PCR studies
using HA forward and reverse primers showed no wild-type (wt)
virus contamination in the preparation.

DNA extracted from NYVAC-LACK-C7L-infected BSC-40 cells
amplified with TK forward and reverse primers produced a 422-bp
PCR product (wt TK locus) and 951-bp (recombinant virus), which
confirmed successful C7L insertion into the TK locus, with no wt
virus contamination (Fig. 1C). Sequencing of the LACK insert in
the NYVAC vectors confirmed that no mutations were introduced
during vector generation. Heterologous expression of LACK and
C7 proteins was  confirmed in western blot with polyclonal rabbit
anti-LACK and -C7 antibodies (Fig. 1D).

Genetic stability was  defined after 13 passages in BSC-40 cells
with 30 individual virus plaques picked and analyzed by western
blot for LACK and C7 expression. All 30 plaques for both viruses

(100%) expressed LACK and C7 proteins (in NYVAC-LACK-C7L)
(Fig. 1E), indicating vector stability.

http://10.1016/j.virusres.2016.03.007
http://10.1016/j.virusres.2016.03.007
http://10.1016/j.virusres.2016.03.007
http://10.1016/j.virusres.2016.03.007
http://10.1016/j.virusres.2016.03.007
http://10.1016/j.virusres.2016.03.007
http://10.1016/j.virusres.2016.03.007
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Fig. 3. Primary adaptive immune response and proliferation of T cells induced in mice immunized with NYVAC-LACK vectors. BALB/c mice (4 per group), 6–8 weeks of age,
were  primed intradermally (i.d.) in the abdomen with 100 �g DNA-LACK or DNA-� in 100 �l per mouse. At day 14, mice were boosted intraperitoneally (i.p) with 2 × 107

pfu/mouse NYVAC-LACK, NYVAC-LACK-C7L, or NYVAC-wt virus. Mice were sacrificed 11 days after boost. Total magnitude is shown of CD8+ T cell responses in splenocytes
restimulated with A20-LACK cells (A) or CD4+ T cells restimulated with LACK157-173 peptide (B). T cells were gated and analyzed for IFN�, TNF� and/or IL-2 production and for
CD107a. NYVAC-wt background was subtracted before representation (NYVAC control values are <0.05% of cytokine-secreting T cells). Cytokine production by A20-LACK-
specific  CD8+ T cells (C) or by LACK157-173 peptide-specific CD4+ T cells (D). Cytokine combinations are indicated on the x-axis, and percentages of cytokine-producing T cells
on  the y-axis. Pie diagrams show the quality of the response measured as the relative quantity of single-, double-, triple- or quadruple-cytokine-producing cells. Splenocytes
were  CFSE-stained, antigen-stimulated for 6 days and stained with antibodies to cell surface antigens. CFSE-negative, proliferating CD8+ T cells are shown after stimulation
with  rLACK protein (E) or LACK157-173 peptide (F). Data representative of three independent experiments; ICS Statistics; p < 0.05 (*), p < 0.001 (***).
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.2. Growth advantage of NYVAC-LACK-C7L over NYVAC-LACK in
uman and murine cell lines

To confirm that LACK expression did not affect virus growth
n vitro but that C7L was essential, we prepared growth curves for
ell lines in which NYVAC is replicative (BSC-40) or non-replicative
HeLa and 3T3). We infected BSC-40, HeLa and 3T3 cell monolay-
rs with NYVAC-wt, NYVAC-LACK or NYVAC-LACK-C7L. Cells were
ollected at various times post-infection (0, 24, 48 and 72 h) and
nfective viruses were titrated and quantified by immunostaining
ssay of virus plaques. Viral growth was similar between parental
nd recombinant NYVAC viruses in BSC-40 cells (Fig. 2A). In con-
rast, there were differences in virus growth kinetics in HeLa and
T3 cells when the C7L gene was inserted into the NYVAC genome
Fig. 2B and C), with more than one-log higher virus titers than for
YVAC-wt or NYVAC-LACK infections.

.3. NYVAC-LACK-C7L induces higher magnitude primary
daptive T cell immune responses than NYVAC-LACK

We  compared the immunogenic characteristics of the NYVAC
ectors in a mouse model, using an immunization protocol based
n DNA and VACV vectors (heterologous prime/boost protocol)
hat induces higher T cell activation and protection against leish-

aniasis than homologous vector immunization (Gonzalo et al.,
001; Pérez-Jiménez et al., 2006; Sanchez-Sampedro et al., 2013).
o characterize the NYVAC vector-triggered immune responses,
e inoculated mice as described (see Section 2). Eleven days

ost-boost, we used ICS to measure the primary adaptive response
n splenocytes stimulated in vitro with A20-LACK cells or with
ACK157-173, a peptide essential for Th2 response development and
inked to susceptibility (Launois et al., 2007).

To study the contribution of CD8+ and CD4+ T cells to the over-
ll LACK-specific immune responses, we summed the frequency
f A20-LACK-specific CD8+ T cells that produced the degranulation
arker CD107a and/or secreted TNF�, IL-2 and/or IFN� (Fig. 3A), or

f LACK157-173 peptide-specific CD4+ T cells that secreted TNF�, IL-2
nd/or IFN� (Fig. 3B). Responses were negligible in mice immunized
ith empty vector (DNA-�)  and NYVAC-wt, whereas LACK-specific

D8+ and CD4+ T cells were induced in all groups that received
NA and LACK-expressing recombinant viral vectors. The DNA-
ACK/NYVAC-LACK-C7L protocol induced a higher magnitude CD8+

esponse (25.48%) than DNA-LACK/NYVAC-LACK (7.32%). Results
ere similar for CD4+ responses, for which DNA-LACK/NYVAC-

ACK-C7L induced a higher magnitude response (0.51%) than
NA-LACK/NYVAC-LACK (0.3%).

To assess the quality of the T cell populations triggered, we
easured TNF�, IL-2, IFN� and CD107a simultaneously. Explo-

ation of all possible cytokine/CD107a combinations yielded 15
ACK-specific CD8+ and seven CD4+ T cell populations. The distinct
YVAC recombinant viruses induced the same CD8+ T cell pop-
lations, with a high polyfunctional profile represented mainly by
riple-positive cells that produced CD107a, IFN� and TNF� (Fig. 3C).
ther populations triggered by the heterologous protocol were

ingle-positive cells that produced CD107a alone, double-positive
ells with IFN� or TNF�, or quadruple-positive cells that produced
D107a, IL-2, IFN� and TNF�. Some differences were nonethe-

ess observed in the magnitude of the response; NYVAC-LACK-C7L
nduced the highest magnitude LACK-specific CD8+ T cell response
n all populations compared with those induced by NYVAC-LACK.

To analyze the phenotype of the primary adaptive response to
ACK157-173, we evaluated the frequency of TNF�-, IL-2- and/or

FN�-secreting cells after in vitro stimulation with LACK157-173
eptide. No specific CD8+ T cell responses were detected. The
D4+ T cell response to LACK157-173 peptide showed a highly
olyfunctional profile, represented mainly by TNF�-, IL-2- and
 Research 220 (2016) 1–11

IFN�-secreting cells (Fig. 3D). NYVAC-LACK-C7L-induced CD4+ T
cell responses were higher in magnitude than those induced by
NYVAC-LACK. NYVAC-LACK-C7L vaccination led to increased fre-
quency of IL-2 single-producer T cells. Splenocytes from distinct
A20-LACK- or LACK157-173-stimulated groups showed similar poly-
functional profiles, measured as relative quantity of single, double,
triple or quadruple cytokine-producing cells (Fig. 3C, D).

We assessed the proliferative capacity of these CD8+ and CD4+

T cells after 6 days stimulation. rLACK protein induced more CD8+

T cell proliferation in DNA-LACK/NYVAC-LACK-C7L (28.13%) than
in DNA-LACK/NYVAC-LACK splenocytes (4.02%) (Fig. 3E), as was
also the case for LACK157-173 peptide (DNA-LACK/NYVAC-LACK-
C7L, 6.52%; DNA-LACK/NYVAC-LACK, 1.85%) (Fig. 3F). Proliferating
CD4+ T cells were negligible with rLACK or with LACK157-173 pep-
tide.

3.4. NYVAC-LACK-C7L elicits polyfunctional effector memory
CD4+ and CD8+ T cells with higher magnitude responses
compared with NYVAC-LACK

As memory T cell responses are crucial for long-term pro-
tection against parasitic infection, we  studied vaccine-elicited
memory responses at 53 days post-boost in splenocytes from
immunized mice stimulated with A20-LACK cells or LACK157-173.
The DNA-LACK/NYVAC-LACK-C7L protocol induced a higher overall
CD8+ T cell response (15.3%) than DNA-LACK/NYVAC-LACK (4.6%)
(Fig. 4A); the total CD4+ T cell response was  also slightly higher in
DNA-LACK/NYVAC-LACK-C7L (0.19%) than in those that received
DNA-LACK/NYVAC-LACK-vaccinated mice (0.13%) (Fig. 4B).

The heterologous vaccination protocol using DNA-LACK and the
two NYVAC recombinant viruses induced similar CD8+ T cell pop-
ulations, represented mainly by triple-positive cells that produced
CD107a and secreted TNF� and IFN�,  as well as quadruple-positive
cells (Fig. 4C). NYVAC-LACK-C7L induced a higher magnitude of
triple- and quadruple-positive CD8+ T cells than NYVAC-LACK.
The differences in vector ability to trigger CD8+ T cell responses
were clearly shown by IFN� and TNF� flow cytometry profiles
after splenocyte stimulation with A20-LACK cells or LACK157-173
compared with A20 cells alone or RPMI alone as controls (Supple-
mentary Fig. S1 in the online version at DOI: 10.1016/j.virusres.
2016.03.007).

The vaccine-induced CD4+ T cell responses to LACK157-173 pep-
tide were represented mainly by triple-positive cells secreting
TNF�, IL-2 and IFN� and double-positive cells secreting TNF� and
IL-2 (Fig. 4D). LACK157-173-stimulated splenocytes from NYVAC-
LACK- and NYVAC-LACK-C7L-vaccinated groups showed similar
response magnitude and high polyfunctional profiles (Fig. 4D, pie
diagram).

We analyzed the proliferative capacity of these memory CD8+

and CD4+ T cells after 6 days stimulation. rLACK protein induced
stronger CD8+ T cell proliferation in the DNA-LACK/NYVAC-LACK-
C7L- (17.65%) than in the DNA-LACK/NYVAC-LACK-immunized
group (2.54%) (Fig. 4E), also the case for LACK157-173 peptide (DNA-
LACK/NYVAC-LACK-C7L, 5.04%; DNA-LACK/NYVAC-LACK, 1.75%)
(Fig. 4F). In the case of primary adaptive immunity analysis, we
did not detect any proliferating CD4+ T cells.

Supernatants of proliferating T cells were analyzed by Luminex
for Th1 (IFN�, TNF�, IL-2) and Th2 (IL-4, IL-10, IL13) cytokines. We
observed a strong immune conversion towards the Th2 LACK157-173
peptide that induces reduced levels of IL10 in comparison with
IFN�· This is more patent when stimulating with rLACK protein,

where we observed lower Th2 than Th1 cytokine levels (Supple-
mentary Table S2 in the online version at DOI: 10.1016/j.virusres.
2016.03.007); the insertion of C7L also slightly reduced IL-10 levels
(p < 0.05 (*)).

http://10.1016/j.virusres.2016.03.007
http://10.1016/j.virusres.2016.03.007
http://10.1016/j.virusres.2016.03.007
http://10.1016/j.virusres.2016.03.007
http://10.1016/j.virusres.2016.03.007
http://10.1016/j.virusres.2016.03.007
http://10.1016/j.virusres.2016.03.007
http://10.1016/j.virusres.2016.03.007
http://10.1016/j.virusres.2016.03.007
http://10.1016/j.virusres.2016.03.007
http://10.1016/j.virusres.2016.03.007
http://10.1016/j.virusres.2016.03.007
http://10.1016/j.virusres.2016.03.007
http://10.1016/j.virusres.2016.03.007
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Fig. 4. Memory immune responses and proliferation of T cells induced in mice immunized with NYVAC-LACK vectors. BALB/c mice (4 per group) were immunized as in
Fig. 3 and sacrificed 53 days after boost. Analysis of the magnitude of antigen-specific memory CD4+ and CD8+ T cell responses in splenocytes restimulated with A20-LACK
cells  (A) or LACK157-173 peptide (B). T cells were gated and analyzed for IFN�, TNF� and/or IL-2 production and for CD107a. NYVAC-wt background was subtracted before
representation. Cytokine production by A20-LACK-specific CD8+ T cells (C) or LACK157-173 peptide-specific CD4+ T cells (D). Cytokine combinations are indicated on the x-axis,
and  percentages of cytokine-producing T cells on the y-axis. Pie diagrams show the quality of the response measured as the relative quantity of single-, double-, triple- or
quadruple-cytokine-producing cells. (E, F) Splenocytes were CFSE-stained, antigen-stimulated for 6 days and stained with antibodies to cell surface antigens. CFSE-negative,
proliferating CD8+ T cells after stimulation with rLACK protein (E) or LACK157-173 peptide (F). Data representative of three independent experiments; ICS Statistics; p < 0.001
(***).
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Fig. 5. Phenotype of memory immune response populations induced in mice immunized with NYVAC-LACK vectors. BALB/c mice (4 per group) were immunized as in
Fig. 3 and sacrificed 53 days after boost. Phenotype of antigen-specific memory CD8+ T cells in splenocytes restimulated with A20-LACK cells (A) or specific CD4+ T cells
in  splenocytes restimulated with LACK157-173 peptide. Memory T cells were classified as central memory (CD62L+CD127+; TCM), effector memory (CD62L−CD127+; TEM),
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ffector (CD62L−CD127−; TE) or naïve (CD62L+CD127−). Data were analyzed by fi
roducing cells in “CD4-producing cytokines” or “CD8-producing cytokines” Boolea
ercentages indicate the frequencies of T cells secreting IFN� and/or TNF� and/or IL

To differentiate between the LACK-specific memory populations
licited by heterologous immunization with the distinct recom-
inant viruses, we stained splenocytes for CD4, CD8, CD127 and
D62L surface markers. We  used ICS to evaluate TNF�, IL-2 and

FN� secretion and CD107a production after in vitro stimulation
ith A20-LACK (Fig. 5A) or LACK157-173 (Fig. 5B). Both CD8+ (A20-

ACK) and CD4+ (LACK157−173) antigen-specific T cell responses
howed mainly an effector memory phenotype, with highest CD8+

 cell activation in A20-LACK cell-stimulated NYVAC-LACK-C7L
plenocytes.

.5. NYVAC-LACK-C7L triggers greater protection against
eishmania infection than NYVAC-LACK

To determine whether the differences in primary adaptive and
emory immune responses between NYVAC-LACK and NYVAC-

ACK-C7L affected protection against leishmaniasis, we  tested
accine effectiveness in the highly susceptible BALB/c mice, which
evelop cutaneous lesions after s.c. inoculation of parasites (Von
tebut et al., 2003). Groups of 10 mice vaccinated following the
NA prime/NYVAC boost protocol were challenged in the foot-
ad 53 days after boost with 5 × 104 metacyclic (PNA-purified)
. major promastigotes. Vaccinated mouse groups showed dis-
inct degrees of reduction in lesion size (Fig. 6A, left). Statistical
ifferences between immunization groups were analyzed by the
ann-Whitney test (Fig. 6A, right). At endpoint, the reduction in

he DNA-LACK/NYVAC-LACK-vaccinated group (29%) versus the
NA-�/NYVAC-wt virus group did not present a statistically sig-
ificant difference (p = 0.07); the difference versus the PBS group
resented a statistically significant difference (32.79%; p = 0.0156).
he largest reductions in lesion size were observed in the DNA-
ACK/NYVAC-LACK-C7L group compared with DNA-�/NYVAC-wt
56.9%; p = 0.0019) and PBS/PBS groups (59.12%; p = 0.0048). The
rotection triggered by NYVAC-LACK-C7L in comparison with

YVAC-LACK showed a statistically significant difference (39.17%;

 = 0.043) (Fig. 6A). Overall, the mouse vaccination studies showed
hat recombinant NYVAC-LACK-C7L was superior to NYVAC-LACK
or protection against leishmaniasis.
ting cytokine expression in CD4+ or CD8+ populations and including all cytokine-
es. CD4+ or CD8+ populations were separated based on CD62L and CD127 staining.
d/or CD107a. Data representative of three independent experiments.

4. Discussion

Vaccine-bearing VACV vectors are widely used as candidates
against a broad spectrum of diseases (Jacobs et al., 2009). MVA
and NYVAC are two of the most advanced poxvirus vaccine vectors
(Gomez et al., 2011). Although a replication-competent NYVAC is
being considered for HIV vaccine, information is limited on the pro-
tective capacity of these vectors for human diseases (Kibler et al.,
2011). In this study, we  used a leishmaniasis disease model to com-
pare the immunogenicity and protective capacity of NYVAC vectors
with different replication capacities in human cells. We  gener-
ated two  NYVAC recombinant vectors, one expressing L. infantum
LACK antigen (NYVAC-LACK) and one expressing LACK and the host
range gene C7L (NYVAC-LACK-C7L). We compared vector capac-
ity to trigger CD8+ and CD4+ T cell immune responses, as well as
effectiveness in the highly susceptible mouse BALB/c leishmaniasis
model (Garcia-Arriaza et al., 2014; Gomez et al., 2007, 2013).

NYVAC-LACK is non-replicative, whereas NYVAC-LACK-C7L is
replicative in murine 3T3 and human HeLa cells. NYVAC-C7L has
a restricted replication phenotype (Nájera et al., 2010) and NYVAC
recombinants with inserted host range genes C7L and K1L have a
good safety profile after intracranial inoculation of newborn mice
with NYVAC (Kibler et al., 2011). The introduction of C7L into the
NYVAC genome affects replication capacity but does not increase
virulence, and the vector safety profile is maintained (Kibler et al.,
2011).

Our study of the type of immune response triggered after
mouse immunization with the two NYVAC vectors focused mainly
on CD8+ and CD4+ T cell populations following heterologous
vaccination protocols with DNA-LACK priming and boost with
NYVAC-LACK or NYVAC-LACK-C7L virus. The primary adaptive
response elicited was characterized by a high frequency of poly-
functional LACK-specific CD8+ T cell responses, with a majority of
IFN�+TNF�+CD107a+ cells. These activated T cells produce IFN�

and TNF�, crucial cytokines that synergize (Cote-Sierra et al.,
2002; Liew et al., 1991) to combat Leishmania infection (Kima
and Soong, 2013; Murray et al., 2000; Wilhelm et al., 2001), and
express CD107a, a marker of cytotoxic degranulating cells (Novais
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ig. 6. Reduced lesion size in mice vaccinated against leishmaniasis with NYVAC-L
escribed (see Section 2). Left, lesion development after challenge with 5 × 104 L. m

esion size at endpoint. Horizontal bars indicate mean values. Data representative o

t al., 2013). Re-stimulated T cells also showed high proliferation
apacity, thereby demonstrating that the vaccine triggered large
umbers of high quality, cytotoxic, LACK-specific CD8+ T cells.

We  detected polyfunctional LACK157-173-specific CD4+ T cells, as
alf of the population coexpressed IL-2, IFN� and TNF�. These cells
re of interest, given the immune conversion from a Th2 response
Launois et al., 1997) towards a high quality Th1 response to the
pitope, and because polyfunctional CD4+ antigen-specific T cells
re defined as a correlate of protection (Darrah et al., 2007; Glennie
t al., 2015; Macedo et al., 2012; Matos et al., 2013; Peters et al.,
014). Although previous studies showed a Th2 response after

mmunizing with recombinant vaccinia viruses encoding LACK
ntigen (Stober et al., 2005), we observed a clear Th1 immune con-
ersion in supernatants of proliferating T cells analyzed for Th1 and
h2 cytokines. The peptide induced lower IL-10 levels of in com-
arison with IFN�· We  also noticed that the insertion of C7L slightly
educes IL-10 cytokine levels and increases IL-2 and TNF� in com-
arison with parental NYVAC-LACK virus. When stimulating with
LACK protein, we observed even lower levels of Th2 compared
ith Th1 cytokines.

The activated T cell populations showed strong antigen-specific
emory responses. These cells were of the effector memory phe-

otype, since the LACK-specific CD8+ and CD4+ T cell populations
ere mainly CD62L−CD127+. The effector memory populations

ere divided into low frequency, high quality CD4+ T cells and

igh frequency, LACK-specific CD8+ T cells that maintained poly-
unctionality, cytotoxic profile, and proliferative capacity; the latter
ectors. BALB/c mice (10 per group) were immunized as in Fig. 3 and challenged as
etacyclic promastigotes in the right footpad 53 days after boost. Right, individual

e independent experiments; Mann-Whitney test; p < 0.05 (*), p < 0.005 (**).

are relevant for long-term protective immunity against parasites
(Rigato et al., 2011; Schmidt et al., 2008).

We found differences between NYVAC vectors in the magni-
tude of the overall response; NYVAC-LACK-C7L elicited statistically
significant stronger LACK-specific CD8+ and CD4+ cellular immune
responses than the replication-restricted NYVAC-LACK, as reported
for HIV antigens (Nájera et al., 2010). There were notable dif-
ferences between LACK-specific CD8+ and CD4+ T cells, with an
approximately 2-log higher frequency of CD8+ T cells.

Recent research on Leishmania braziliensis shows that, due
to their cytolytic activity, CD8+ T cells drive development of
metastatic lesions in cutaneous leishmaniasis (Novais et al., 2013;
Novais and Scott, 2015). CD8+ T cells are nonetheless crucial for
long-term protective immunity to parasites (Kaushal et al., 2014;
Reyes-Sandoval et al., 2011; Rigato et al., 2011). These cells also
promote development of CD4+ Th1 cells rather than the typi-
cal, disease-promoting Th2 response in natural infections (Uzonna
et al., 2004). For some leishmania species such as L. major,  CD8+ T
cells contribute to resistance against primary and secondary infec-
tions (Novais and Scott, 2015). The immunoregulatory role of CD8+

T cells after DNA-LACK vaccination and the maintenance of CD4+

T cell responses are also described (Gurunathan et al., 2000). These
data support a possible in vivo CD8+ T cell requirement for long-
term protection of LACK-vaccinated mice.
Our data also suggest that differences in CD8+ and CD4+ T
cell population frequencies can lead to vaccine success or failure,
as indicated by immunization with different VACV strains such
as MVA, M65  and M101 (Sanchez-Sampedro et al., 2013), and
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einforced in the present study using NYVAC-LACK and NYVAC-
ACK-C7L viruses.

When we measured the footpad lesion size as an indica-
or of vaccine effectiveness, NYVAC-LACK-C7L-vaccinated mice
howed higher lesion reduction compared with NYVAC-LACK-
accinated mice. Our pre-challenge findings showed that those
ectors that induced the highest responses in terms of poly-
unctional CD8+/CD4+ T cells and T effector memory phenotype
orrelated with more successful control of the infection.

Our studies confirm an enhanced immunogenicity by insertion
f the C7L gene into the NYVAC vector within a L. major model,
s previously reported in the case of HIV antigens (Nájera et al.,
010). Moreover, here we showed in a challenge model that this
ugmented immunogenicity correlated with higher degree of pro-
ection against a pathogen.

Further improvements in NYVAC-LACK-C7L might include the
elective removal of immune evasion genes, as described for
IV antigen-expressing MVA  and NYVAC vectors (Esteban, 2009;
omez et al., 2011).

. Conclusion

Our findings provide evidence that NYVAC-LACK and NYVAC-
ACK-C7L vectors preferentially trigger LACK-specific CD8+ T cell
esponses, with a reduced CD4+ T cell response. Both vectors
nduced primary adaptive and effector memory responses that

ere polyfunctional. The difference between the vectors lies mainly
n the magnitude of the responses they induce, which was  greater
n the case of NYVAC-LACK-C7L than NYVAC-LACK. The type and
otency of immune responses induced by LACK-expressing NYVAC
ectors are thus improved by C7L insertion, as this replication-
ompetent vector rendered greater protection against the pathogen
han the non-replicating vector.
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