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a  b  s  t  r  a  c  t

Hepatitis  C  virus  (HCV)  leads  to chronic  infection  in  the  majority  of infected  patients  presumably  due  to
failure  or inefficiency  of  the  immune  responses  generated.  Both  antibody  and  cellular  immune  responses
have  been  suggested  to be  important  in  viral  clearance.  Non-replicative  adenoviral  vectors  expressing
antigens  of  interest  are  considered  as attractive  vaccine  vectors  for  a number  of  pathogens.  In this  study,
we  sought  to  evaluate  cellular  and  humoral  immune  responses  against  HCV  NS4  protein  using  recombi-
nant  adenovirus  as  a  vaccine  vector  expressing  NS4 antigen.  We  have  also measured  the  effect  of  antigen
doses  and  routes  of  immunization  on the  quality  and  extent  of  the  immune  responses,  especially  their
role  in  viral  load  reduction,  in  a recombinant  Vaccinia-HCV  (Vac-HCV)  infection  mouse  model.  Our  results
show  that  an optimum  dose  of  adenovirus  vector  (2 × 107 pfu/mouse)  administered  intramuscularly  (i.m.)

+
epatitis C virus
S4
denoviral  vector

mmune  responses
accinia-HCV challenge

induces  high  T  cell  proliferation,  granzyme  B-expressing  CD8 T  cells,  pro-inflammatory  cytokines  such
as  IFN-�,  TNF-�,  IL-2  and  IL-6, and  antibody  responses  that  can  significantly  reduce  the  Vac-HCV  viral
load  in  the  ovaries  of  female  C57BL/6  mice.  Our  results  demonstrate  that  recombinant  adenovirus  vector
can  induce  both  humoral  and  cellular  protective  immunity  against  HCV-NS4  antigen,  and  that  immunity
is  intricately  controlled  by  route  and  dose  of  immunizing  vector.

©  2014  Elsevier  Ltd.  All  rights  reserved.
. Introduction

Hepatitis C virus (HCV) infects human liver and about 150 mil-
ion people worldwide are infected chronically [1,2]. The people

ho clear HCV infection exhibit strong and multi-specific T cell
esponses, while those who develop persistent infection lack this
mmunity [3–6]. Exhaustion of the antigen-reactive T cells and

odulation of T cells by various HCV proteins have been suggested
o play a major role in T cell failure in chronic HCV [7–11]. Further,
ue to highly evolving antigenic variability in structural proteins,
his virus evades recognition by generated antibodies [12]. Cur-
ently available treatment includes a combination of Interferon-�
nd antiviral drugs ribavirin and protease inhibitors. However, this

reatment also has several limitations and the search to find new
herapies is ongoing [13–17].

∗ Corresponding author. Tel.: +1 780 492 0929.
E-mail  address: bagrawal@ualberta.ca (B. Agrawal).
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From multiple studies, it is clear that a vaccine that would induce
broad, robust and effective T cell and antibody responses would
be able to protect against HCV infection [18–20]. The vehicle for
the delivery of antigens plays a critical role in the induction of
strong cellular, as well as humoral responses. Replication-defective
recombinant adenoviral vectors have been shown to generate very
strong transgene-specific cellular and humoral immune responses
[21–26]. However, there have been inconsistencies in results
obtained in various studies, where adenoviral vectors have been
found to correlate with seemingly contrasting exhausted and
chronically over-activated, or sustained and polyfunctinal CD8+ T
cell responses [27,28].

It  is well known that both the quality and quantity of immune
responses depend upon antigen doses and routes of immunization
[29]. The route of immunization can also influence the traffic-
king of antigen-specific T cells [30]. Surprisingly, these important

aspects of adenoviral vector based immunizations are still not
well understood. Intramuscular (i.m.) and intraperitoneal (i.p.)
routes are among the most utilized routes of immunization in sev-
eral studies using recombinant adenoviral vectors [31–38]. These
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trategies become even more important for pathogens whose clear-
nce depends upon the generation of robust immune responses.
reviously, pre-existing immunity against adenoviruses has dis-
ouraged the use of adenoviral vectors as a tool for antigen delivery
n humans [39]. However, it has been shown that the encounter
f the adenoviral vector with pre-existing neutralizing antibodies
an be circumvented by choosing the right route of immunization
39,40].

Various vaccine strategies for HCV have focused on generating
trong multi-specific cellular immunity against various structural
nd nonstructural proteins of HCV because they have been cor-
elated with viral clearance [3,5,15,17–21,41–44]. Meta-analysis
f all chimpanzee studies has suggested that antibodies against
tructural proteins play a significant role in protection from HCV
nfection [45]. Therefore, the role of antibody responses cannot be
uled out in protection from HCV infection.

In this study, we used replication-defective recombinant adeno-
irus vectors containing HCV non-structural protein 4 (rAd-NS4)
o induce immune responses in C57BL/6 mice. We  compared
he effects of different doses of adenoviral vector (2 × 105 pfu
o 2 × 108 pfu/mouse) delivered i.m. or i.p. on the induction and
ongevity of both humoral and cellular immune responses, and
heir subsequent role in reduction of viral load in a Vac-HCV infec-
ion model [46]. Our studies demonstrate significant reduction in
iral loads that is dependent on both route and dose of rAd-NS4
nfluencing the induced immune responses.

. Materials and methods

.1.  Recombinant adenoviral vector

HCV (genotype 1a) NS4 (amino acids 1658–1972) gene was
loned into replication-defective AdenoVator Vector (QBiogene
nc.) as per the standard method provided in the QBiogene Ade-
oVator manual. Recombinant and control adenoviruses were
repared, propagated, purified and stored as reported by our labo-
atory [47].

.2.  Vaccinia virus

The  Western Reserve (WR) strain of VV containing the HCV NS3-
S4-NS5 gene of the HCV BK strain (genotype 1b) (Vac-HCV) was
indly provided by Dr. A. Prince, U.S.A. The virus was  grown and
ssayed in BHK-cells [48].

.3. Mice immunizations

Six-  to seven-week old inbred female C57BL/6 mice were pur-
hased from Charles River laboratories (Sherbrooke, ON, Canada)
nd housed in the Health Sciences Lab Animal Facility (HSLAS) at
he University of Alberta. Groups of six mice were immunized with
arying doses of rAd-NS4 (2 × 105–2 × 108 pfu/mouse) by either
.m. or i.p. routes on days 0 and 14. Each group was divided in two
ubgroups (three mice each). One set of mice was  euthanized after 8
ays of single immunization and the remaining set was euthanized

 days after second immunizations. The time points of immuniza-
ions were chosen from several pilot experiments performed in
he lab. Animal immunization experiments were repeated more
han three times. All procedures were approved by the Univer-
ity of Alberta Animal Care and Use Committee in accordance with
anadian Council of Animal Care guidelines.
.4. T cell proliferation assay

Antigen-specific T cell proliferation assays were performed
sing nylon wool purified splenocytes and inguinal lymph node
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cells  as reported previously by us [47]. Briefly, 4 × 105 T cells and
equal number of antigen presenting cells (�-irradiated spleno-
cytes from un-immunized mice) were added in each well in 3–4
replicates, and stimulated with 1 and 5 �g/ml of recall recombi-
nant HCV NS4 protein antigen (kindly provided by Chiron Corp.).
Plates were incubated at 37 ◦C with 5% CO2, and on the fourth
day, 75 �l culture supernatants were collected from each well
and replicates were pooled together and stored at −20 ◦C until
used for cytokine analysis. Thymidine labeled with radioactive
tritium (Perkin Elmer, Canada) was added to each well. After
overnight incubation, cells were transferred on filters using a har-
vester (Tomtec Inc. Connecticut, USA) and counted in Microbeta
�-scintillation counter (Perkin-Elmer Inc., Massachusetts, USA).
Average counts per minute (CPM) of replicates with SD were plot-
ted in bar graphs (representative of three individual experiments).

2.5. Cytokine ELISA

Culture  supernatants from T cell proliferation assay plates were
collected and used to quantify cytokine production using mouse
cytokine ELISA kits obtained from eBiosciences (eBiosciences Inc.
San Diego, USA) according to the manufacturer’s instructions. The
plates were read and analyzed in a FluoStar ELISA reader (BMG
Labtech GmbH, Ortenberg, Germany). Graphs represent averages
of duplicate values.

2.6.  T cell phenotype analyses by flow cytometry

Mouse splenocytes were cultured for 4 days in the presence
of 1 �g/ml HCV NS4 antigen. After 4 days of culture, cells were
collected, counted and stained for CD3, CD4, CD8, Granzyme B (Bio-
legend Inc. San Diego, USA), FoxP3, PD1 and CTLA4 markers with
fluorophore-labeled antibodies (eBiosciences Inc. San Diego, USA)
using previously reported procedures [49]. Stained cells were run in
a  FACS Canto and analyzed in FACS Diva software (BD Biosciences,
CA, USA).

2.7. T cell killing assay

Enriched  spleen T cells were cultured in the presence of �-
irradiated splenocytes and 1 �g/ml NS4 protein. After 5 days of
culture, the effector cells were collected and washed with RPMI
media. EL4 target cells (ATCC TIB 39, VA, USA) were incubated
overnight with an NS4 peptide pool (20 amino acid long pep-
tides overlapping in five amino acids at 5 �g/ml of each peptide)
obtained from Genscript Inc. After incubation, EL4 targets stained
with 3 �M/ml  CFSE (CFDA) (Life Technologies Corp., NY, USA) and
incubated with effectors cells (E:T ratios of 50:1, 25:1 or 12.5:1)
for 6 h. Next, 20 �l (20,000 beads) of Count Bright Absolute Count-
ing Beads (Invitrogen, Oregon, USA) were added to each tube. Each
sample was run for 10,000 events of count beads in a BD FACS Canto
and data were analyzed using FlowJo v.7 software (Tree Star Inc.,
USA). For the calculation of percentage killing, following formula
was used: % Killing = [(Average live cells in PBS control − live cells
in immunized group)/Average live cells in PBS control] × 100. The
killing assay was done in triplicates and the % killing was  calculated
for individual replicates and data are shown as avg. ± SD.

2.8. Antigen specific antibody ELISA

Blood from mice of the same group was  pooled and serum was
prepared and stored at −20 ◦C until use. For the detection of IgG,

IgG1, IgG2a and IgM antibodies against NS4 or adenoviral vector,
96-well plates were coated with HCV NS4 protein (1 �g/ml in 1×
PBS) or Adeno-vector infected HEK-293A cell lysate (100 �l/well),
and incubated overnight at 4 ◦C. Plates were washed and blocked

RVICES from ClinicalKey.com by Elsevier on August 10, 2019.
. Elsevier Inc. All rights reserved.
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ith 1% BSA followed by addition of diluted pooled serum in dupli-
ate. The plates were incubated for 2 h, washed with 1× PBST, and
dded with secondary antibody (anti-mouse IgG, IgG1, IgG2a or
gM, AP labeled) (Southern Biotech, Alabama, USA) and color was
eveloped with PNPP substrate. Absorbance was read using a Flu-
Star ELISA Reader. The background (OD obtained from the wells
oated with uninfected HEK-293 A cell lysate) was subtracted from
D values obtained from experimental wells coated with adeno-
ector infected HEK-293 A cell lysate.

.9. Neutralizing antibodies against recombinant adenovirus
ectors

96-well plates were seeded with HEK-293A cells at 1 × 104

ells/well and incubated overnight. Serial 10-fold dilutions of Ad-
ector (alone) were prepared and incubated with a 1:100 dilution
f serum from various groups of immunized mice for 2 h. 100 �l of
eutralized Ad-vector was added in triplicate to the plates. After 10

ays, the cell monolayer was fixed by adding 50 �l of 10% formalin
o each well and stained with 0.3% crystal violet solution. Reduc-
ion in the end-point titer due to neutralization was determined
y observing the cytopathic effects of Ad-vector on monolayers

ig. 1. Immune responses after two immunizations. (A) T cell proliferation. An
2 × 105–2 × 108 pfu/mouse) of recombinant adenovirus vector (rAd) containing HCV-NS4
fter  8 days of two immunizations, mouse splenocytes and lymph nodes were harvest
H-thymidine-uptake assay. Data with spleen (I) and draining lymph node (II) T cells are s
I) triplicate (II) wells are shown. The data are representative of more than three different r
raining  lymph nodes were collected 8 days after two immunizations with higher (2 × 10
he T cells with recombinant NS4 antigens and irradiated syngeneic APCs. Culture supern
IV),  TGF-� (V) and IL-10 (VI). Mean ± standard deviation of cytokine concentration from
xperiments.
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(disruption or removal of monolayer). Lower end-point titer of rAd-
vector indicates more neutralizating antibodies.

2.10. Chimeric Vac-HCV challenge

Vac-HCV (NS3-NS5) chimeric virus was used to challenge the
immunized C57BL/6 mice according to procedure reported pre-
viously [48,49]. Briefly, 8 days after immunization, mice were
injected with 1 × 105 pfu of chimeric Vac-HCV i.p. Five days after
Vac-HCV challenge, mice were euthanized, ovaries were removed
and processed individually to quantitate the Vac-HCV virus load.
Vac-HCV virus samples were titrated by standard plaque assay on
TK-1 cell line (ATCC no. CRL8303).

2.11. Statistical analysis

Data  were analyzed by Graph-pad Prism software (Graph-pad

Software Inc., CA, USA). Student’s t-test and one-way ANOVA were
used to determine the significant difference between two groups.
p-value less than 0.05 (<0.05) was considered to be statistically
significant.

tigen-specific T cell proliferation after immunization with various doses
 antigen, by intramuscular (i.m.) and intraperitoneal (i.p.) routes in C57BL/6 mice.

ed and T cell proliferation was evaluated in each group of immunized mice by a
hown. Mean ± standard deviation of CPM (counts per minutes) from quadruplicate
epeated experiments. (B) Cytokine profile of spleen and lymph node T cells. Spleen and
8 pfu/mouse) or lower (2 × 107 pfu/mouse) doses of rAd-NS4, followed by culturing
atants were collected at day 4 and examined for IFN-� (I) TNF-� (II), IL-2 (III), IL-6

 triplicate wells are shown. The data are representative of three different repeated

 SERVICES from ClinicalKey.com by Elsevier on August 10, 2019.
019. Elsevier Inc. All rights reserved.
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. Results

.1. Intramuscular immunization with an optimum dose of
Ad-NS4  induces high antigen specific T cell proliferation and
ytokine  responses

Mice  were immunized with four different doses of rAd-NS4
2 × 108, 2 × 107, 2 × 106 or 2 × 105 pfu/mouse) either i.m. or i.p. at
ay 0 and 14. Using both i.p. and i.m. routes of immunizations, the
wo lower doses of rAd-NS4 (2 × 106 and 2 × 105/mouse) exhibited
ow NS4-specific responses (Fig. 1A I and II). We found that the
igher doses of immunizations (i.e., 2 × 107 and 2 × 108/mouse)
ia the i.m. route induced higher T cell proliferation in com-
arison to the i.p. route (Fig. 1A). Further, after both one (data
ot shown) and two i.m. immunizations, highest antigen dose
2 × 108 pfu/mouse) induced less T cell proliferation, whereas

 × 107 pfu/mouse induced significantly higher (p < 0.05) T cell pro-
iferation in both spleen and lymph node T cells (Fig. 1A). Therefore,
n the next experiments, we compared the effects of only two  doses
f rAd-NS4 (high 2 × 108 pfu/mouse and low 2 × 107 pfu/mouse)
dministered through i.m. or i.p. routes.

Upon examining the production of various cytokines in cul-
ure supernatants, after two immunizations, both the spleen and
ymph node T cells produced higher levels of IFN-�, TNF-�, IL-2 and
L-6 when mice were immunized intramuscularly (Fig. 1B). From
plenocytes, the TGF-� levels were higher in high-dose and i.m.
oute as compared to the i.p. route. In lymph node T cells; TGF-�
as higher in the lower dose group given via i.m. route (Fig. 1B).

n antigen unstimulated groups TGF-� and IL-6 were also induced
o levels similar or little lower than the antigen stimulated group;
t could be reflective of the in vivo status of cells independent of
x vivo stimulation with antigen. With a lower antigen dose, more
L-10 was detectable in comparison to the higher dose (Fig. 1B).

.2.  Phenotypic characteristics and target killing activity differ in
 cells obtained from mice immunized with high vs. low doses of
Ad-NS4  given by intramuscular or intraperitoneal routes

T  cells obtained from mice after immunization with low and
igh doses of rAd-NS4 via i.m. and i.p. routes, were examined for
xpression of granzyme B, FoxP3, PD-1 and CTLA-4 to determine if
ffector and/or regulatory T cells are induced, and also if T cells are
egatively regulated due to the expression of inhibitory receptors.
ow i.m. antigen dose (2 × 107 pfu/mouse) induced the highest lev-
ls of Granzyme B expression in CD8+ T cells compared to the higher
.m. antigen dose, or both i.p. doses (Fig. 2A, panel I). Interestingly,
he higher i.m. dose generated a higher frequency of CD4+FoxP3+

 regulatory cells compared to the lower i.m. dose or to both i.p.
oses (Fig. 2A, panel II). Both i.m. and i.p. routes induced similar
atterns of PD1-expressing CD4+ T cells; the lower dose of antigen

nduced less PD1-expressing CD4+ T cells compared to the higher
ose (Fig. 2A, panel III). Numbers of CTLA4-expressing CD4+ T cells
ere higher in the mice immunized with the higher i.p. dose when

ompared to either i.m. dose or the lower i.p. dose (Fig. 2A, panel IV).
D1 and CTLA4 expression on CD8+ T cells showed similar patterns
ith both doses and routes (Data not shown).

In accordance with Granzyme B expression, T cells induced by
.m. immunization showed higher percent killing of NS4 peptide
oaded EL4 target cells in comparison to i.p. immunization (Fig. 2B).

.3. Induction of antigen-specific humoral immune responses in
ice immunized with higher vs. lower doses of rAd-NS4 given by
ntramuscular or intraperitoneal routes

After two immunizations, the high dose of rAd-NS4 by both i.m.
nd i.p. routes induced significantly higher levels of anti-NS4 IgG
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antibodies in comparison to the lower immunizing dose (p values
<0.05). Low i.m. dose induced slightly higher IgG (p value = 0.1252)
and significantly higher IgG1 (p value = 0.021) responses than did
low i.p. dose (Fig. 3A). We  also determined the induction of adeno-
vector derived antigens-specific IgG antibodies in each route of
immunization. The dose of immunization showed an interesting
pattern of anti-adenovector antibodies. After one immunization,
low i.m. dose (2 × 107 pfu/mouse) provided the highest adeno-
vector specific IgG responses, whereas after two immunizations,
high i.m. dose (2 × 108 pfu/mouse) provided the highest IgG titers
(p values <0.05, in comparison to all other groups) (Fig. 3B). IgG1
shows a similar pattern with both one and two  immunizations.
IgG2a was  undetectable after single immunization, however it
was detectable after two  immunizations, but was  not significantly
different in various immunization groups (p > 0.05). After single
immunization, IgM was not significantly different among various
groups (p > 0.05). However, after two immunizations, adeno-vector
specific IgM was  comparable in all rAd-NS4 immunized groups but
higher in comparison to PBS control (p < 0.05).

We also analyzed neutralizing antibodies against adeno-vector
in mice immunized i.m. or i.p with high and low rAd-NS4, where
lower viral titers represent the presence of higher levels of neu-
tralizing antibody titers (Fig. 3C). Interestingly, sera from mice
immunized with rAd-NS4 with both high and low doses and by both
routes, demonstrated some neutralization of adenovirus compared
to the PBS control group (Fig. 3C). However, we observed the least
neutralization by the sera from the mice immunized with low i.m.
dose and the highest levels of neutralizing antibodies by high i.p.
dose (p < 0.05).

3.4. Intramuscular immunization with rAd-NS4 induces higher
long-term  cellular and humoral memory responses than
intraperitoneal immunization

We  examined antigen-specific T cell and antibody responses
two months after two i.m. or i.p. immunizations with low doses
of rAd-NS4 (2 × 107 pfu/mouse) to determine the longevity of
the immune responses induced. The i.m. route of immunization
showed higher antigen-specific T cell proliferation in comparison
to the i.p. route, however, the target cell killing activity was  com-
parable with T cells obtained from both routes of immunization
(Fig. 4A and B). Antigen-specific antibodies were also present two
months after immunization. Anti-NS4 IgG and IgG1 were higher
in mice immunized i.m., whereas IgM levels were higher in mice
immunized i.p. (p values <0.05) (Fig. 4C).

3.5. Immunization with low intramuscular dose rAd-NS4
provides the maximum reduction in Vac-HCV viral load

We  challenged mice with recombinant Vac-HCV 8 days after
first and second immunizations to examine prevention of infection
or reduction in viral load after immunization with low and high
doses of rAd-NS4, via i.p. and i.m. routes. Mice immunized once only
failed to control Vac-HCV load in ovaries compared to controls (data
not shown). However, after two immunizations, all of the groups
were able to significantly reduce Vac-HCV load compared to PBS
group (Fig. 5). Interestingly, maximum reduction in viral load was
observed in mice immunized i.m. with low antigen dose. Moreover,
out of three mice, one mouse successfully cleared the virus. Overall,
this group was  significantly different than groups with immuniza-
tion by both i.p. doses and high i.m. dose (p < 0.05) (Fig. 5). Table 1

summarizes various factors that together impact the reduction in
viral load and depicts the overall picture of immune status of mice
immunized with higher or lower antigen dose administered by i.m.
or i.p. routes.

RVICES from ClinicalKey.com by Elsevier on August 10, 2019.
. Elsevier Inc. All rights reserved.
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Fig. 2. (A) Panels I-IV Phenotype of T cells. Spleens were collected 8 days after two immunization with higher (2 × 108 pfu/mouse) or lower (2 × 107 pfu/mouse) doses of
NS4-rAd and cultured in the presence of 1 �g/ml NS4 antigen for 5 days, followed by staining for various markers such as Granzyme B (GrB), FoxP3, PD1 and CTLA4. (I)
Frequency of Granzyme B-expressing CD8+ T cells (II) FoxP3+ CD4+ T regulatory (Tregs) cells (III) PD1+CD4+ T cells. (IV) CTLA4+CD4+ T cells. The data are representative of
three different repeated experiments. (B) T cell killing activity. Spleen T cells obtained from i.m. and i.p. immunized mice were cultured in vitro for 5 days with recombinant
NS4 protein and irradiated syngeneic APCs, followed by a CFSE killing assay using EL4 target cells loaded with an NS4 peptide pool. For the calculation of percentage killing,
following formula was  used: % Killing = [(Average live cells in PBS control − live cells in immunized group)/Average live cells in PBS control] × 100. The killing assay was  done
in  triplicates and the % killing was calculated for individual replicates and data are shown as avg. ± SD. The data are representative of three different repeated experiments.

Downloaded for Anonymous User (n/a) at LOS ANGELES COUNTY DEPARTMENT OF HEALTH SERVICES from ClinicalKey.com by Elsevier on August 10, 2019.
For personal use only. No other uses without permission. Copyright ©2019. Elsevier Inc. All rights reserved.
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Fig. 3. Assays for antibodies in immunized mice. (A) Anti-NS4 antibodies. Recombinant NS4 antigen was  used as the coating antigen in an ELISA; (B) Adeno-vector specific
antibodies: lysate from adenovirus-infected HEK-293A cells was  used as the coating antigen in an ELISA; Mean ± SD of duplicate OD is plotted against serum dilution factor.
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C)  Adenovirus vector neutralizing antibodies: Ad virus stock was  preincubated w
xamining the viral plaques/cytopathic effects for end-point titer determination (lo
iral  titers from four replicates is shown. Data are representative of three different 

. Discussion

Adaptive immunity against HCV includes humoral (antibodies),
nd cellular (CD4+ and CD8+ T cells) responses, and all three compo-
ents have been shown to be important for viral clearance [3–5,45].
herefore, vaccine/immunotherapeutic strategies for HCV should
nclude both types of adaptive immune responses.

Several studies have reported the importance of dose and
oute for effective immunization by the adeno-vector express-
ng the transgene antigens [29–38]. Both intramuscular and
ntraperitoneal routes of immunization have been examined using
ecombinant adenovirus vectors, but not compared directly. In this
tudy, we investigated the induction of humoral as well as cellular
esponses after immunization with rAd-NS4 by i.m. and i.p. routes
nd correlated them with reduction of Vac-HCV viral load. The
esults and various immunization parameters obtained are sum-
arized in Table 1. Our results demonstrated intriguing effects of
ose and route of immunizations with replication-defective recom-
inant adenovirus vector expressing HCV-NS4 antigen. While

ntramuscular immunization fared better in inducing immune
esponses and reducing viral load compared to intraperitoneal

ed for Anonymous User (n/a) at LOS ANGELES COUNTY DEPARTMENT OF HEALTH SE
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ra from various immunized mice, followed by infecting the HEK-293A cells and
nd-point titer of Ad-vector indicates more neutralizating antibodies). Mean ± SD of
ed experiments.

route,  a lower dose of rAd-NS4 vector (2 × 107 pfu/mouse) provided
better immunity and protection via i.m. route compared to a higher
dose (2 × 108 pfu/mouse) of immunization.

Initially, we optimized the antigen dose by immunizing the
mice with 2 × 105 to 2 × 108 pfu/mouse (at one log differences)
given by i.m. or i.p. routes (Fig. 1A). After two immunizations, the
lower i.m. dose (2 × 107 pfu/mouse) induced higher proliferation in
both spleen and inguinal lymph node T cells in comparison to the
higher i.m. dose (2 × 108 pfu/mouse) or both i.p. doses (Fig. 1A). In
our experiments, only inguinal lymph nodes were harvested; the
results could have been different if peyer’s patches or mesenteric
lymph nodes were harvested for i.p. immunized mice. However,
since the systemic spleen T cells also provided very low T cell
responses after i.p. immunizations, it is possible that 8 days after
immunizations, the local lymph nodes may  have given response
similar to spleen. With the i.m. route of immunization, various
pro-inflammatory cytokines such as IFN-�, TNF-�, and IL-6, were

expressed at higher levels in both the spleen and lymph node T cells
(Fig. 1B). In contrast, IL-10 was  produced at comparable levels in
both antigen doses via both routes. Higher IL-10 production may
be due to an intrinsic property of HCV NS4, as shown in a previous

RVICES from ClinicalKey.com by Elsevier on August 10, 2019.
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Fig. 4. Memory responses two months after two immunizations. (A) T cell proliferative responses. The proliferation assay was done in triplicates and data are shown as avg. ± SD.
(B)  Antigen-specific EL4 target killing. The killing assay was  done in triplicates and the % killing was calculated for individual replicates, and data are shown as avg. ± SD. (C)
NS4  antigen-specific antibody responses. The antibody ELISA was  done in duplicates and data are shown as avg. ± SD. The data are representative of three different repeated
experiments.
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Table  1
Comparison of various immune parameters in mice immunized with rAd-NS4 with different doses and routes of Immunization.

Parameters 2 × 108 pfu/mouse i.m. 2 × 107 pfu/mouse i.m. 2 × 108 pfu/mouse i.p. 2 × 107 pfu/mouse i.p. PBS

T cell proliferation +++ ++++ (p < 0.05) ++ + +
IFN-� +++  ++++ ++ ++ −
TNF-�  +++ ++++ − − −
IL-2  +++ ++++ ++ + −
IL-6  +++ ++++ + + −
IL-10  +++ ++++ +++ ++++ −
TGF-�  +++ ++ − − −
CD8+GrB+ cells +++ ++++ +++ +++ +
CD4+PD1+ cells +++ ++ +++ ++ ++
CD4+CTLA4+ cells ++ ++ +++ ++ ++
CD4+FoxP3+ Tregs +++ ++ + ++ ++
NS4  specific antibodies (IgG) +++ ++ ++++ + −
NS4  specific antibodies (IgG1) ++++ ++ − − −
NS4  specific antibodies (IgG2a) − − − − −
NS4  specific antibodies (IgM) + +++ +++ +++ −
Ad  vector specific antibodies (IgG) ++++ +++ ++ + −
Ad  vector specific antibodies (IgG1) ++++ +++ + ++ −
Ad  vector specific antibodies (IgG2a) ++  − +++ − −
Ad  vector specific antibodies (IgM) +++ +++ +++ +++ −
Neutralization of Ad vector by serum ++ + (p < 0.05) ++++ +++ −
Vac-HCV  load +++ + (p < 0.05) +++ +++ ++++

Key: symbol‘+’ denotes; High (++++), medium (+++), low (++) magnitude of the paramet
absent.

Fig. 5. Vac-HCV challenge of immunized mice. After two  immunizations (Day 0 and
14) with high (2 × 108 pfu/mouse) or low (2 × 107 pfu/mouse) antigen doses via
i.m. or i.p. route, mice were challenged with 1 × 105 pfu/mouse i.p. Five days after
c
i
o
d

s
e
i
I
(

C
d
o
l
s
d
t
i
m
t
b

Download
hallenge,  mice were euthanized and viral load was determined in the ovaries of
ndividual mouse by plaque assay using TK-1 cell line. Mean ± Standard deviation
f  viral titers from four replicates is shown. The data are representative of three
ifferent  repeated experiments.

tudy [50]. Expression of granzyme B by CD8+ T cells is correlated to
ffector function [51]. Interestingly, GrB expression was the highest
n CD8+ T cells in mice immunized with low i.m. dose (Fig. 2A, panel
), which again correlated to peptide-loaded target killing activity
Fig. 2B) and antigen-specific proliferation (Fig. 1A).

Various inhibitory markers such as CTLA-4, PD-1 and
D4+FoxP3+ T regulatory cells have been found to be up-regulated
uring persistent infection with HCV (7–11). In our study, we
bserved that high antigen dose of immunization via i.m. route
ed to low T cell response, therefore, we examined the expres-
ion of these inhibitory/regulatory markers among various antigen
oses and routes of immunization. It was interesting to note
hat numbers of CD4+FoxP3+ T regulatory cells were higher in

.m. immunized mice, perhaps representing a feedback regulatory

echanism (Fig. 2A, panel II). The expression of negative regula-
ors of T cells, PD1 and CTLA4, was higher in the high dose group
y both routes and by high i.p dose, respectively. It is possible that
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For personal use only. No other uses without permission. Copyright ©2019
er compared to lowest (+) value among the groups; (−) indicated undetectable or

due to early timing of examining the inhibitory marker expression,
we did not observe a significant difference, and small differences
were observed. In addition, multiple immunizations over a longer
time than we did here, may  be necessary to induce stable inhibitory
molecule expression on T cells, as is the case in chronic HCV.

High  titers of IgG specific to NS4- and adenovirus antigens were
obtained after two  immunizations with the higher dose of rAd-
NS4 by either i.m. or i.p. routes. Interestingly, with lower doses
of rAd-NS4, the i.m. route provided significantly higher IgG titers
against NS4 and adenovector derived antigens compared to the
i.p. route (Fig. 3A and B). These results provided a conundrum as
it is generally believed that presence of antibodies against aden-
oviral vector antigens negatively influences the overall immune
responses due to rapid clearance of the vector [39]. We  hypoth-
esized that the induction of neutralizing vs. viral protein-specific
antibodies may  be differentially induced by different routes and
doses of rAd-NS4. To test this theory, we also examined neutral-
izing antibody against adenovector by using a virus neutralization
assay (Fig. 3C). In this assay, interestingly, the serum from mice
immunized with the high i.p. dose of NS4-rAd had the highest virus
neutralization ability, in contrast to the antibody responses against
NS4 or intracellular adenovirus derived antigens (Fig. 3A and B).
These data suggest that in the case of intraperitoneal immuniza-
tion, induction of higher levels of neutralizing antibodies negatively
influences the induction of cellular immune responses. However,
when the adenovector is immunized in the muscle, leading to rapid
intramuscular expression of viral proteins and transgene prod-
uct, neutralizing antibodies are induced at a lower level and the
pre-existing antibodies are not able to access the adenovirus par-
ticles immediately. The efficient antigen expression by the vector
is followed by stimulation of T cell responses. Interestingly, after
high dose of immunization by both i.m. and i.p. routes, signifi-
cantly higher levels of IgG were obtained, compared to low dose
immunizations, but T cell responses were reduced. Another curi-
ous result was  the detection of high levels of IgG1 against NS4 in
mice immunized with low i.m. dose of rAd-NS4 (Fig. 3A). IgG2a
levels were relatively very low and comparable in all four groups

(Fig. 3A). High IgG1 titers are generally considered indicative of a
TH2 type immune response [52]. However, in our experiments, high
levels of IFN-� and TNF-� were obtained from splenocyte cultures
of these immunized mice, suggesting a TH1 type cellular immunity.
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t has been reported previously that in chronic HCV patients, IgG1
ntibodies are predominant against all of the structural and non-
tructural proteins [53]. In addition, in chronic HCV patients treated
ith IFN-� and ribavirin, HCV-specific IgG1 predominates, irre-

pective of induction of TH1 cellular responses, suggesting their
ndependence from TH1 and/or TH2 [54]. It has further been sug-
ested that IgG1 production may  be IL-2 dependent, and IFN-� or
L-4 independent [55]. Murine IgG1 has been shown to facilitate
hagocytosis of IgG1-bound immune complexes into macrophages
nd dendritic cells through Fc�RIII [56], which would allow efficient
rocessing and presentation of antigens to T cells.

We  also investigated the longevity of the immune responses in
ice after two i.m. or i.p. immunizations with low dose of rAd-NS4

nd these showed a pattern of T cell and antibody responses simi-
ar to those after 8 days of immunization, with i.m. route showing
igher overall immune response compared to i.p. (Figs. 3 and 4).

We  challenged mice with recombinant Vac-HCV 8 days after first
nd second immunizations, so we could observe viral clearance or
iral load reduction after immunization with low and high doses,
.p. and i.m., of rAd-NS4. Mice immunized once only failed to control
ac-HCV load in ovaries compared to controls (data not shown).
owever, after two immunizations, all of the groups were able

o significantly reduce Vac-HCV load (Fig. 5). Interestingly, maxi-
um reduction in viral load was observed in mice immunized i.m.
ith low antigen dose. This was significantly different than viral

oads seen by both i.p. doses and by high i.m. dose (p < 0.05) (Fig. 5).
ur results strongly indicated that optimum reduction in the viral

oad in these mice is associated with strong cellular and humoral
mmune responses and high levels of pro-inflammatory cytokines
nduced upon immunization with the low i.m. dose of rAD-NS4
Table 1).

The  differences we observed in the induced immune responses
y i.m. vs. i.p. routes were significant and have not been reported
reviously. Upon intramuscular immunization, the transgene is
xpressed in muscle cells, and start declining after 4 days [57].
here is no clear report on the site of transgene expression
pon intraperitoneal immunization with rAd vector. It could be
xpressed by peritoneal macrophages, followed by processing
nd presentation of antigens. Alternatively, upon i.p. injection,
he adenovirus can gain entry into the blood circulation through

esenteric veins, followed by expression within splenic cells,
nd/or other distant tissues. However, this may  result in a loss of
fficiency of antigen expression due to non-replicative nature of
he virus vector. It is possible that the efficiency of antigen expres-
ion in muscle immediately at the injection site allows for better
ntigen presentation by APCs and stimulation of T cells.

In  our study, immunization with rAd-NS4 is shown to
nduce strong cellular and humoral immune responses, and pro-
nflammatory cytokines, which are critically dictated by both
oute and dose of immunizations. Although, in our studies, pre-
mmunization with rAd-NS4 did not completely prevent the
nfection, it was able to significantly reduce viral load. There-
ore, rAd-NS4 can be effective as immune-therapeutic vaccine to
educe viremia and viral load. Further, therapeutic rAd-NS4 vac-
ine can be used in combination with anti-viral drugs to reduce the
iremia/viral load to undetectable ranges.

. Conclusions

We  found that an optimum dose of adenoviral vector express-
ng HCV NS4 antigen (rAd-NS4) administered through i.m. route,
nduces very strong cellular and humoral immune responses which

re able to significantly reduce the viral load in Vac-HCV challenged
ice. In contrast, high dose intraperitoneal immunization with

Ad-NS4 induces high vector-neutralizing antibodies (Table 1).
herefore, route and dose of immunization should be selected and

[
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optimized carefully in all adenoviral vector-based immunization
strategies.
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