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    Chapter 11   

 Methods to Evaluate Novel Hepatitis C Virus Vaccines                     

     Gustaf     Ahlén     and     Lars     Frelin      

  Abstract 

   The hepatitis C virus (HCV) is a major cause of severe liver disease worldwide. It is estimated that around 
130–170 million individuals are chronic carriers of the infection and they are over time at an increased risk 
of developing severe liver disease. HCV is often referred to as a silent epidemic because the majority of 
infected individuals do not develop any symptoms. Hence, many individuals are diagnosed at a late stage 
and thus in need of immediate treatment. Today we have very effective direct-acting antivirals (DAAs), 
which cure more than 90–95 % of all treated patients. However, this treatment is associated with high-costs 
and the use is limited to the patients with most advanced liver disease in high-income countries. Notably, 
a majority of the chronic HCV carriers live in resource-poor countries and do not have access to the new 
effective DAAs. We therefore need to develop alternative treatments for chronic HCV infection such as 
therapeutic vaccines. The idea with therapeutic vaccines is to reactivate the infected patient’s own immune 
system. It is well known that patients with chronic HCV infection have dysfunctional immune responses 
to the virus. Hence, the vaccine should activate HCV-specifi c T cells that will home to the liver and eradi-
cate the HCV infected hepatocytes. Importantly, one should also consider the combination of a therapeu-
tic vaccine and DAAs as a treatment strategy to equip the resolving patients with post-cure HCV-specifi c 
immune responses. This would provide patients with a better protection against reinfection. Numerous 
genetic vaccine candidates for HCV have been developed and tested in clinical trials with limited effects on 
viral load and in general ineffi cient activation of HCV-specifi c immune responses. In this chapter we 
describe the rational of developing highly immunogenic vaccines for HCV. Different strategies to improve 
vaccine immunogenicity and methods to evaluate vaccine effi cacy are described. Detailed description of 
vaccine delivery by intramuscular immunization in combination with in vivo electroporation/electrotrans-
fer (EP/ET) is covered, as well as immunological analysis of primed immune responses by determination 
of interferon-γ (IFN-γ) production by ELISpot assay and direct ex vivo quantifi cation of HCV NS3/
4A- specifi c CD8+ T cells by pentamer staining. To analyze the in vivo functionality of primed NS3/4A- 
specifi c T cells we utilized the in vivo bioluminescence imaging technology. In conclusion, this chapter 
describes a method to design HCV vaccines and also a protocol to assess their effi cacy.  
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1      Introduction 

   The hepatitis C virus (HCV) is one of the major causative agents 
responsible for development of severe  liver disease   and cancer 
worldwide. It is estimated that 130–170 million individuals are 
chronically infected with HCV [ 1 ,  2 ]. Due to the fact that the 
majority of the infected individuals do not develop symptoms 
explains why so many are diagnosed late in their infection. Hence, 
patients with late stage chronic HCV infection are in need of 
effective treatment to avoid severe liver complications. The cur-
rently used highly effi cient direct-acting antivirals (DAAs) can 
cure more than 90–95 % of all chronic HCV patients [ 3 ,  4 ]. The 
only limitation is the high-cost for the treatment, which only allow 
patients with severe liver disease to be treated. Hence, alternative 
treatment options are therefore needed. To understand how to 
develop alternative treatments for HCV a brief introduction of the 
virus will follow. HCV has a positive sense single stranded (ss) 
RNA molecule of approximately 9.6 kb that encodes for at least 
ten structural and nonstructural proteins. Each of these proteins 
may be a target for  antiviral drugs   and vaccines. The currently 
approved DAAs target the viral replication machinery by inhibit-
ing the protease (e.g., NS3/4A), the polymerase (e.g., NS5B), 
and the NS5A protein, which is important for replication and 
assembly [ 5 ]. Notably is that the DAAs does not protect against 
reinfection [ 6 ], which highlights the importance of post-cure 
HCV-specifi c T cell responses. Priming of post-cure HCV-specifi c 
 immune response  s may preferable be achieved by vaccinating the 
HCV infected and/or resolving patients with a specifi c and potent 
 vaccine  . There are several strategies to develop HCV vaccines: 
such as inactivated, attenuated, subunit, and experimental (e.g., 
genetic) vaccines. However, the use of some of these vaccines is 
not possible due to safety concerns (e.g., inactivated and attenu-
ated vaccines). In addition, inactivated, attenuated and  subunit 
vaccines   preferentially prime humoral immune responses, which is 
not suitable for  therapeutic vaccines   that require activation of T 
cell responses. We here focus on the development of genetic vac-
cines, which may be used for both prophylactic and therapeutic 
purposes. Numerous genetic vaccines have been developed and 
tested for effi cacy in clinical trials [ 7 – 13 ], however none have so 
far cured HCV infection. To develop a successful vaccine for 
chronic HCV infection it is expected that multiple parameters 
need to be optimized such as the vaccine  antigen  , inclusion of 
adjuvants, dosing, tissue targeting, delivery, and possibly use of a 
 prime-boost   approach. In this chapter we describe some of these 
important parameters and how they affect immune priming and 
effector functions.  

1.1  Characteristics 
of the Hepatitis 
C Virus Infection 
and Treatment Options
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     Firstly, when designing a  vaccine   for HCV one should select the 
 antigen   or antigens carefully. The antigen/s should preferentially 
be highly immunogenic, advantageously be a relative large protein 
to maximize the number of targeted epitopes, to include epitopes 
that correlate with clearance or resolution of infection, and the 
antigen should demonstrate a low genetic variability. One such 
antigen is the HCV non-structural 3/4A (NS3/4A) protein, 
which encodes the viral protease and helicase. Herein, we show 
examples of strategies to improve the  immunogenicity   of HCV 
NS3/4A expressed as a  DNA vaccine   (e.g., naked plasmid DNA). 
Other genetic vaccine types include recombinant proteins, pep-
tides, and viral vectors. Secondly, the in vivo expression level of the 
DNA vaccine is commonly correlated with the potency of the 
primed  immune response  . One strategy to increase the protein- 
expression levels of a DNA vaccine is to optimize the gene sequence 
based on codon usage, GC content, CpG motifs, mRNA second-
ary structures, RNA instability motifs, and repeat sequences. 
Additional sequences that preferentially should be included are 
 Kozak sequence   for effi cient translation initiation and the TGA 
stop codon for most effi cient translational termination. All men-
tioned parameters might affect how effi ciently a gene is expressed 
in vivo. We have shown that antigen optimization signifi cantly 
enhances the HCV NS3/4A immunogenicity [ 14 ].  

   Another way to improve the  immunogenicity   of a selected  vaccine  - 
 antigen   is to add  heterologous gene-sequences   and/or co- 
expression with immune stimulatory or inhibitory molecules. 
When adding heterologous gene-sequences to the vaccine-antigen 
one should carefully consider the choice of gene-sequence/s. 
Ideally one should include a gene-sequence encoding a highly 
immunogenic antigen that will recruit healthy heterologous T cells 
to the site of immune priming. This is utmost important in the 
therapeutic vaccination setting, where the infected patient´s 
immune system often has encountered the viral antigen and its T 
cells may be dysfunctional. Here, heterologous T cells may help in 
reactivating the dysfunctional T cells or aid in priming new potent 
T cell responses targeted to HCV. We have shown that fusion con-
structs of HCV NS3/4A and human or stork hepatitis B core anti-
gen (HBcAg) signifi cantly enhance the immunogenicity of 
NS3/4A in a mouse model with dysfunctional T cells to HCV 
[ 15,16 ]. One concern with heterologous gene-sequences is 
whether they cause any unwanted effects when expressed in vivo. 
This needs to be investigated for every combination of heterolo-
gous gene-sequences and viral antigen/s. 

 The use of cytokine, chemokine, and co-stimulatory genes as 
 genetic adjuvants   has been tested extensively. Some of the most 
commonly used cytokine genes are IL-2, IL-12, and IL-15 in 

1.2   Vaccine Design  

1.2.1   Antigen   
Optimization

1.2.2  Molecular 
Adjuvants
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respect of priming antiviral T cell responses [ 17 ,  18 ]. Also, TLR 
agonists [ 19 ] have been utilized as well as nuclear localization sig-
nals to target genetic material to the nucleus [ 20 ]. Our results 
show that co-expression of NS3/4A DNA and IL-12 is superior 
NS3/4A alone in priming potent T cell responses (Levander et al., 
submitted for publication). Similar benefi cial effects have been 
shown for a  DNA vaccine   targeting hepatitis B virus [ 17  ].  

   It is well known that delivery of  DNA vaccine  s to small animals and 
humans differs signifi cantly in uptake and transfection effi ciency 
[ 21 ]. Early results showed that DNA vaccines delivered with a reg-
ular needle injection primed potent  immune response  s in mice 
[ 22 ]. However, when researchers performed early DNA  vaccine   
trials in humans the results were disappointing [ 23 ,  24 ]. The main 
reason thought to be the ineffi cient uptake of the injected plasmid 
DNA in muscle and/or skin. This was the starting point for devel-
opment of delivery devices, which should facilitate the uptake of 
plasmid DNA in animal and human tissues. Numerous delivery 
devices have been developed and tested in preclinical and clinical 
trials. The most commonly used devices are: (1) apparatus for  elec-
troporation   (EP)/electro transfer (ET), (2) biolistic delivery device 
(e.g., gene gun, gg), and (3) needle-free high-pressure injection 
device (e.g., Biojector). Early results showed that intramuscular 
delivery of DNA could be improved by EP/ET [ 25 ]. We have 
shown that intramuscular NS3/4A DNA immunization combined 
with in vivo EP/ET signifi cantly improved the NS3/4A-specifi c T 
cell activation in mice [ 26 ]. The same NS3/4A DNA vaccine was 
later delivered as a therapeutic DNA vaccine to patients with 
chronic HCV infection. Results revealed that the vaccine was con-
sidered safe, induced HCV-specifi c T cell responses, and had a 
transient effect on the viral load [ 9 ] but none of the patients were 
cured. Hence, additional efforts are needed to improve vaccine 
 immunogenicity  . One strategy to further improve the uptake of 
DNA vaccines through EP/ET based delivery is to manipulate the 
pulse parameters and voltages [ 27 ]. Our experience is that a short 
high-voltage pulse followed by a longer low-voltage pulse is most 
effi cient for in vivo transfection [ 21 ]. Herein we present results 
obtained using the Cliniporator 2  EP/ET device (Fig.  1 , IGEA, 
Carpi, Italy). This EP/ET device allows customized pulse param-
eters, voltages, and the choice of using two to eight electrodes for 
intramuscular EP/ET and/or two plates for skin EP/ET. Our 
results show that intramuscular administration of NS3/4A DNA 
can be signifi cantly improved when applying in vivo EP/ET 
(Fig.  2 ). In line with these results, frequencies of NS3-specifi c 
CD8 +  T cells were signifi cantly higher in EP/ET treated mice 
(Fig.  3 ). Hence, it is evident that NS3/4A DNA immunization 
benefi ts from in vivo EP/ET. In addition, we found that NS3/4A 
DNA immunized mice challenged with a hydrodynamic injection 
[ 28 ] of NS3/4A and fi refl y luciferase DNA, had signifi cantly less 

1.2.3   Vaccine   Delivery
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hepatic NS3/4A-fi refl y luciferase compared to non-immunized 
mice (Fig.  4a, b ,  p  < 0.05). This highlights that NS3/4A DNA 
immunization prime T cell responses that home to the liver and 
eradicate NS3/4A-expressing hepatocytes. The major companies 
developing EP/ET devices are IGEA (Carpi, Italy), Inovio 
Pharmaceuticals, Inc. (Plymouth Meeting, PA), and Ichor Medical 
Systems Inc. (San Diego, CA).

  Fig. 1    Illustrative pictures of the Cliniporator 2  EP/ET device. ( a ) Picture of the complete Cliniporator 2  device. 
Dimensions are 43 cm × 52 cm × 147 cm (width × length × height). Weight is 49 kg. ( b ) Picture of the 
Cliniporator 2  handle connected with a device electrode. The two needles have a length of 10 mm and the 
distance between needles are 4 mm       

  Fig. 2    In vivo EP/ET enhances the priming of HCV NS3/4A-specifi c T cell responses in C57BL/6 mice. Groups 
of fi ve wild-type  C57BL/6 mice   were immunized once with 5 μg coNS3/4A-pVAX1 intramuscularly (i.m.) with 
or without in vivo EP/ET. One group of mice was left untreated. Two weeks after immunization the mice were 
sacrifi ced and splenocytes harvested for determination of T cell responses. A comparison of the number of 
IFN-γ spot forming cells (SFCs) by  ELISpot   assay after stimulation with indicated antigens was done in immu-
nized and non-immunized groups of mice. Results are given as the mean SFCs/10 6  (+SD) splenocytes with a 
cutoff set at 50 SFCs/10 6  splenocytes. The statistical difference shown, indicate a statistical difference between 
groups with and without in vivo EP/ET (*** p  < 0.001, by AUC and ANOVA)       
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  Fig. 3    In vivo EP/ET enhances the frequency of HCV NS3-specifi c CD8 +  T cells after immunization. Groups of 
ten to thirty wild-type  C57BL/6 mice   were immunized once with 5 μg coNS3/4A-pVAX1 intramuscularly (i.m.) 
with or without in vivo EP/ET. One group of mice was left untreated (n = 5). Two weeks after immunization the 
mice were sacrifi ced and splenocytes harvested for determination of the frequency of NS3-specifi c CD8 +  T 
cells. ( a ) Gating scheme for identifi cation of NS3-specifi c CD8 +  T cells. ( b ) Representative dot plots from each 
group are shown. ( c ) Expansion of NS3-specifi c CD8 +  T cells was determined using direct ex vivo  pentamer 
staining  . GAVQNEVTL  epitope  -specifi c CD8 +  T cells are shown as the percentage of NS3-pentamer positive 
CD8 +  T cells where each  fi lled black circle  represent an individual mouse. The  black horizontal line  indicates 
the mean of the group. The statistical difference between the groups is indicated as  p  < 0.05 determined by 
the Mann–Whitney  U  test       
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        One way to enhance immune activation of genetic vaccines is to 
employ the  prime-boost   approach. The idea is to utilize one  anti-
gen  /vector for immune priming, followed by a booster immuniza-
tion using another antigen/vector to enhance the previous immune 
activation. A few different prime-boost approaches have been eval-
uated in  animal models   for HCV [ 29 – 31 ]. So far only two HCV 
prime/boost studies have reached clinical trials, notably in healthy 
human volunteers and not in chronic HCV patients. The fi rst study 
utilized human adenovirus 6 (Ad6) to prime, and chimpanzee  ade-
novirus   3 (Ad3) to boost [ 7 ]. The second study utilized chimpan-
zee  adenovirus 3 (Ad3)   to prime, and modifi ed vaccinia Ankara 
(MVA) to boost [ 8 ]. Both studies showed evidence of potent acti-
vation of HCV-specifi c T cell responses. However, effi cacy of these 
vaccines to protect or clear HCV infection is so far unknown.     

 Prime-Boost Approaches

  Fig. 4    In vivo clearance of HCV NS3/4A-expressing hepatocytes. ( a ) Biodistribution of NS3/4A and fi refl y lucif-
erase determined by using  in vivo imaging   (Caliper Life Science) is shown in immunized (2 weeks post prim-
ing) and non-immunized  C57BL/6 mice   (four mice/group) 12 h after NS3/4A transfection of hepatocytes. ( b ) 
Statistical difference has been indicated (  p  < 0.05) using area under the curve (AUC) and analysis of variance 
(ANOVA) at 12–60 h after NS3/4A transfection of hepatocytes       
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2    Materials 

       1.    Ethical permission for the proposed animal experimentation.   
   2.    Required documentation that allows you to work with labora-

tory mice.   
   3.    Laboratory mice (strain of your choice, we have used H-2 b  

(C57BL/6)).   
   4.    Ear puncher.   
   5.    Hypnorm: 0.315 mg/mL fentanyl citrate, 10 mg/mL fl uani-

sone (VetaPharma Ltd) or other neuroleptanalgesic drug.   
   6.    Ethanol (70 %).   
   7.    Purifi ed plasmid DNA (1 mg/mL) resuspended in PBS. We 

have used a codon-optimized HCV NS3/4A gene inserted 
into the pVAX1 vector [ 14 ].   

   8.    1 mL syringe.   
   9.    27G, 19 mm needle.   
   10.    Cliniporator 2  (IGEA, Carpi, Italy).   
   11.    Cliniporator 2  handle (IGEA, Carpi, Italy).   
   12.    Electrode tips (REF N-10-4B) using two electrodes (IGEA, 

Carpi, Italy).      

          1.    Incomplete medium: RPMI 1640 plus 100 U/mL penicillin, 
100 μg/mL streptomycin.   

   2.    Complete medium: RPMI 1640 medium plus 10 % fetal 
bovine serum (FBS, prior to use the FBS is heat inactivated 
for 30 min at +56 °C), 100 U/mL penicillin, 100 μg/mL 
streptomycin, 10 mM HEPES buffer, 2 mM L-glutamine, 
1 mM sodium pyruvate, 1 mM nonessential amino acids, 
50 μM 2-mercaptoethanol.   

   3.    Marking pen.   
   4.    Lab timer.   
   5.    Scissor.   
   6.    Forceps.   
   7.    Biological safety cabinet.   
   8.    Cell strainer, 70 μm pore size.   
   9.    Petri dish, 10 mm.   
   10.    1 mL syringe.   
   11.    Centrifuge (+4 °C).   
   12.    15 mL Falcon tubes with screw-cap.   
   13.    50 mL Falcon tubes with screw-cap.   

2.1  Delivery of DNA 
Vaccines to Mice 
Using Intra Muscular 
Immunization 
and In Vivo Electro 
Transfer

2.2  Media 
Preparation 
and Preparation 
of Spleen Cells
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   14.    Red Blood Cell Lysing buffer (Sigma-Aldrich)   
   15.    1 × PBS.   
   16.    Adjustable pipettors and tips (0.5–1000 μL) and multi- 

pipettors (50–200 μL).   
   17.    Trypan blue stain 0.4 %.   
   18.    Bürkner chamber.   
   19.    Microscope.      

       1.    Marking pen.   
   2.    Lab timer.   
   3.    Incubator 37 °C, 5 % CO 2 .   
   4.    Adjustable pipettors and tips (0.5–1000 μL) and multi- 

pipettors (50–200 μL).   
   5.    Absolute ethanol (>99.5 %). Diluted to 70 % in dH 2 O.   
   6.    96-well PVDF plates.   
   7.    BCIP/NBT-plus substrate (Mabtech, Nacka Strand, Sweden).   
   8.    Primary IFNγ-antibody, AN18 (Mabtech, Nacka Strand, 

Sweden).   
   9.    Secondary IFNγ-antibody, R4-6A2-biotin (Mabtech, Nacka 

Strand, Sweden).   
   10.    Streptavidin-ALP (Mabtech, Nacka Strand, Sweden).   
   11.    10 × PBS.   
   12.    1 × PBS.   
   13.    dH 2 O.   
   14.    Sterile syringe fi lters 0.22 μm.   
   15.    Sterile syringe fi lters 0.45 μm.   
   16.    15 mL Falcon tubes with screw-cap.   
   17.    50 mL Falcon tubes with screw-cap.   
   18.    NS3-CTL peptide, amino acid sequence: GAVQNEITL (NS3 

CTL).   
   19.    NS3-Th, peptide, amino acid sequence: EIPFYGKAIPLEAIK 

(E13K).   
   20.    Ovalbumin-CTL peptide, amino acid sequence: SIINFEKL 

(OVA CTL).   
   21.    Ovalbumin-Th peptide, amino acid sequence: ISQAVHAA

HAEINEAGR (OVA Th).   
   22.    Concanavalin-A (Con A).   
   23.    Dissection microscope.   
   24.    Automated  ELISpot   reader.      

2.3   ELISpot   Assay

Assessment of HCV Vaccine Immunogenicity
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       1.    Marking pen.   
   2.    Lab timer.   
   3.    Adjustable pipettors and tips (0.5–1000 μL) and multi- 

pipettors (50–200 μL).   
   4.    MHC pentamer-R-PE (stored at +4 °C in dark, ProImmune) 

specifi c for the mouse H-2D b  (GAVQNEVTL) peptide.   
   5.    Anti-mouse CD19 (APC-label).   
   6.    Rat anti-mouse CD8 (FITC-label, monoclonal: KT15).   
   7.    Rat anti-mouse CD3 (PE-label).   
   8.    Purifi ed anti-mouse CD16/CD32 (FCγ III/II, 2.4G2) “Fc 

block.”   
   9.    Wash buffer/staining buffer (1 % fetal bovine serum (FBS) in 

PBS). Prepare fresh every time!   
   10.    Fix solution (stock solution: 4 % paraformaldehyde (PFA) in 

PBS (can be stored at +4 °C for up to one month), working 
solution: 2 % PFA diluted in wash buffer/staining buffer).   

   11.    V-bottom 96-well plate.   
   12.    FACS tubes (5 mL, polystyrene round-bottom tube).   
   13.    FACSVerse (BD Biosciences, San Jose, CA) or other brand of 

fl ow cytometer.   
   14.    FlowJo 9.2 software (Tree Star, Ashland, OR) or other brand 

of analysis software.      

        1.    Transiently transgenic mice with intrahepatic expression of the 
gene of interest and a reporter gene (e.g., Firefl y luciferase) for 
measurements of  bioluminescence   signals. The transiently 
transgenic mouse model has been described previously [ 28 ].   

   2.    IVIS Spectrum  in vivo imaging   system (PerkinElmer, Waltham, 
MA) or similar system for in vivo  bioluminescence   detection.   

   3.    Living Image Software version 4.2 (PerkinElmer, Waltham, MA).   
   4.    XGI-8 Gas Anesthesia System (PerkinElmer, Waltham, MA) or 

similar system for anesthesia.   
   5.    Isofl urane (IsoFlo ® , Abbott Laboratories Ltd, Berkshire, UK) 

or similar inhalational anesthesia.   
   6.    Oxygen supply.   
   7.    Luciferin (15 mg/mL,  D -luciferin, K +  salt, PerkinElmer, 

Waltham, MA).   
   8.    1 mL syringe.   
   9.    27G, 19 mm needle.   
   10.    Shaver (for laboratory mice).       

2.4  Quantifi cation 
of CD8 +  T Cell 
Responses

2.5  Detection 
of Liver Specifi c 
Protein Expression 
by In Vivo Imaging
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3    Methods 

 The methodology section outlines the following procedures: (1) 
preparation and intramuscular delivery of  DNA vaccine  s to labora-
tory mice in combination with in vivo electro transfer, (2) moni-
toring the primed T cell responses using (a)  ELISpot   assay, (b) 
 pentamer staining  , and (c)  in vivo imaging  . 

    The following protocol describes the procedure for intramuscular 
immunization of laboratory mice using a regular needle and syringe 
in combination with in vivo electro transfer. The procedure requires 
laboratory work involving one person. The time needed depends 
on the number of laboratory mice to be immunized. Roughly, the 
procedure takes 1 h for immunization and in vivo electro transfer 
of 20 laboratory mice.

    1.    Prepare 5 μg DNA in 50 μL PBS (for each mouse to immu-
nized) ( see   Note 1 ).   

   2.    Switch on the Cliniporator 2  device ( see  Fig.  1a ), connect the 
handle and attach the electrode tip (e.g., two electrodes, 
 see  Fig.  1b ). Select your electro transfer program of choice 
( see   Note 2 ). We used an optimized program utilizing a short 
high-voltage pulse followed by a long low-voltage pulse for 
effi cient uptake of the plasmid DNA.   

   3.    Restrain the mouse in your hand, earmark, and inject the 
mouse intraperitoneally with Hypnorm using a 1 mL syringe 
and a 27G needle 5–10 min prior to the immunization. This 
will anesthetize the mouse during the procedure ( see   Note 3 ).   

   4.    Restrain the mouse in your hand with the abdominal area fac-
ing up and keep the right tibialis anterior/cranialis muscle 
stretched ( see   Note 4 ).   

   5.    Wet the muscle with 70 % ethanol ( see   Note 5 ).   
   6.    Inject the mouse with 50 μL PBS containing 5 μg DNA using 

a regular 1 mL syringe and a 27G needle ( see   Notes 6  and  8 ). 
Figure  5  visualizes a successful immunization of the tibialis 
anterior/cranialis muscle using a tissue marking dye instead of 
DNA.

       7.    Immediately after the DNA injection, treat the same area of 
the muscle with in vivo electro transfer by penetrating the 
muscle with the two electrodes and thereafter delivering the 
electrical pulses ( see   Notes 7  and  8 ).   

   8.    Place the mouse in a cage and check the status of the mouse 
until fully recovered from anesthesia.      

3.1  Delivery of DNA 
Vaccines to Laboratory 
Mice Using In Vivo 
Electro Transfer
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       1.    Prepare the media in sterile conditions working in a biological 
safety cabinet (BSC).   

   2.    Discard the volume media that will be replaced by the addition 
of supplements (discard 70 mL for complete media and 5 mL 
for incomplete media).   

   3.    Add supplements and store the media in +4 °C until use.      

     The following protocol describes preparation of spleen cells to be 
used in  ELISpot   and  pentamer staining  /quantifi cation of CD8 +  
T cells. The procedure requires laboratory work involving one per-
son. The time needed depends on the number of laboratory mice 
to be sacrifi ced and spleens to prepare. Roughly, the procedure 
takes 3 h for 20 laboratory mice.

    1.    Sacrifi ce the mouse through cervical dislocation and excise the 
spleen using scissors and forceps.   

   2.    Immediately put the spleen in a 15 mL Falcon tube containing 
2 mL of incomplete medium ( see  Subheading  2.2 ,  item 1 ).   

3.2  Media 
Preparation

3.3  Preparation 
of Spleen Cells (for 
Detection of  ELISpot   
and Quantifi cation 
of CD8 +  T Cell 
Responses)

  Fig. 5    Illustrative picture of a tibialis anterior/cranialis muscle injected with a 
tissue marking dye to visualize the injected area. The  red arrow  indicates site of 
injection and the direction of the needle insertion       
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   3.    The following procedures should be performed under sterile 
conditions in a biological safety cabinet.   

   4.    Make single cell suspension by teasing the spleen with the 
plunger of a 1 mL syringe in the cell strainer placed in a petri 
dish.   

   5.    Transfer the cell suspension to a new 15 mL Falcon tube, wash 
the cell strainer with 5 mL of incomplete medium and collect 
the wash in the same tube.   

   6.    Centrifuge for 5 min at 450 ×  g , +4 °C.   
   7.    Discard the supernatant and resuspend the pellet in the remain-

ing medium.   
   8.    Add 1 mL of Red Blood Cell Lysing buffer and incubate at 

room temperature for 1 min ( see   Note 9 ).   
   9.    Add 12 mL of PBS to the Falcon tube to inactivate the Red 

Blood Cell Lysing buffer and proceed immediately with cen-
trifugation for 5 min at 450 ×  g , +4 °C.   

   10.    Discard the supernatant and resuspend the cell pellet in 2 mL 
of complete medium ( see  Subheading  2.2 ,  item 2 ).   

   11.    Prepare cells for counting by mixing 10 μL cell suspension 
+ 90 μL trypan blue stain 0.4 %.   

   12.    Count cells in a Bürkner chamber.   
   13.    13a. Prepare a cell suspension (from individual or pools of 

spleen cells) at a concentration of 2 × 10 6  cells/mL for the 
 ELISpot   assay ( see  Subheading  3.4 ).   

   14.    13b. Calculate and transfer a cell suspension containing 1 × 10 6  
cells (from individual mice) to a V-bottom plate for quantifi ca-
tion of HCV-specifi c CD8 +  T cells ( see  Subheading  3.5 ).    

      The following section describes the procedure to determine in vitro 
T cell responses in spleen cells from DNA immunized mice by 
measuring the number of IFN-γ spot forming cells (SFCs) after 
stimulation with HCV-derived antigens (Fig.  2 ). The procedure 
requires laboratory work involving one person for approximately 
1 h day 1, 5 h day 2, and 6 h day 4. 

  Day 1. Preparation of    ELISpot     plates (under sterile conditions). 
   Coating of plates:  

   1.    Dilute the coating antibody (IFN-γ, AN18) to 10 μg/mL in 
sterile PBS, pH 7.4.   

   2.    Pre-wet each well with 50 μL of 70 % ethanol for maximum 
1 min ( step 2–4 , one plate at a time) ( see   Note 10 ).   

   3.    Wash plates 4 times with 200 μL sterile water ( see   Note 11 ). 
Immediately move to  step 3  without allowing the membrane 
to dry ( see   Note 12 ).   

3.4  Determination 
of Immune Responses 
after DNA 
Immunization 
by  ELISpot   Assay
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   4.    Coat ELIIP plates with 100 μL anti-IFN-γ (AN18) antibody 
in sterile PBS.   

   5.    Incubate overnight at 4–8 °C (in a refrigerator).    

   Day 2. Incubation of cells in plate (under sterile conditions). 
   Block membrane:  

   6.    Decant primary antibody solution by fl icking the plate over a 
waste bin.   

   7.    Wash off unbound antibody with 200 μL PBS/well as described 
in  Note 11 , incubate for 5 min.   

   8.    Decant washing buffer and repeat  item 7 , three times.   
   9.    Block with 200 μL complete medium ( see  Subheading  2.2 , 

 item 2 ) for at least 2 h at 37 °C.    

   Preparation of spleen cells and antigens used for in vitro 
stimulation:  

   10.    Prepare cells according to Subheading  3.3  and dilute cells to 
2 × 10 6 /mL.   

   11.    Remove blocking media and gently add 100 μL/well (200,000 
cells/well) of isolated spleen cells.   

   12.    Prepare dilutions of your antigens of interest. In this chapter 
we have used different antigens from HCV NS3 (e.g., NS3- 
CTL peptide and NS3-Th peptide) and control antigens 
(Ovalbumin-CTL peptide and Ovalbumin-Th peptide). As 
positive control ConA was used and as negative control 
medium was used ( see   Note 13 ).   

   13.    Sterile fi lter all  antigen  -solutions through a 0.22 μm fi lter 
before use.   

   14.    Add 100 μL/well of  antigen  -solution according to protocol.   
   15.    Incubate for 24–48 h in 37 °C, 5 % CO 2 .    

   Day 4. Detection of spot-forming cells (SFCs). 
   Secondary antibody:  

   16.    Inspect all plates/wells and mark wells with leakage before 
decanting the cells ( see   Note 14 ).   

   17.    Wash plate 5 times with PBS ( see   Note 15 ).   
   18.    Dilute the biotinylated anti-IFN-γ antibody (R4-6A2-biotin) 

to 2 μg/mL in PBS + 0.5 % FBS.   
   19.    Add 100 μL/well. Incubate for 2 h at room temperature.    

   Development of spot-forming cells (SFCs):  

   20.    Wash wells 5 times with PBS as described in  item 16  and 
 see   Note 15 .   

   21.    Dilute the streptavidin-ALP 1:1000 in PBS containing 0.5 % FBS   

Gustaf Ahlén and Lars Frelin



235

   22.    Add 100 μL/well. Incubate for 1 h at room temperature.   
   23.    Wash wells 5 times with PBS as described in  item 16  and  see  

 Note 15 .   
   24.    Filtrate the ready-to-use substrate solution (BCIP/NBT-plus) 

through a 0.45 μm sterile fi lter.   
   25.    Add 100 μL/well of the substrate solution ( see   Note 16 ).   
   26.    Develop plates for 12 min (IFNγ) or until distinct spot- forming 

cells emerge ( see   Note 17 ).   
   27.    Stop color development by washing the plate extensively in tap 

water for 10 min. Wash both sides of the plate ( see   Note 18 ).   
   28.    Forcefully decant the remaining water and wipe off excess of 

water using paper tissues.   
   29.    Let the plates dry for at least 2 h before analysis.   
   30.    When the plates are completely dry, inspect and count spot- 

forming cells in a dissection microscope (×40) or using an 
automated  ELISpot   reader. Herein we used the AID iSpot 
(EliSpot/FluoroSpot) reader system (Autoimmun Diagnostica 
GmbH, Strassberg, Germany).   

   31.    The automated  ELISpot   reader will count the number of 
spots-forming cells (cytokine producing cells) at each concen-
tration of the included antigens and the results given as the 
number of IFN-γ producing cells per 10 6  cells. A mean num-
ber of cytokine producing cells of less than 50 per 10 6  cells are 
considered as negative.   

   32.    Store plates at room temperature in the dark ( see   Note 19 ).    

      The following section describes the procedure to direct ex vivo 
quantify the number of HCV-specifi c CD8 +  T cells in spleen cells 
from DNA immunized mice (Fig.  3 ). The procedure requires lab-
oratory work involving one person for approximately 10 h.

    1.    Centrifuge the pentamer to pellet any protein aggregates pres-
ent in the solution (12,000 ×  g , 10 min, +4 °C). Thereafter, 
directly dilute pentamer using the supernatant after centrifuga-
tion ( see   Note 20 ).   

   2.    Dilute 10 μL of pentamer in 40 μL of wash buffer/staining 
buffer (per sample). The total volume is 50 μL per sample to 
be stained. Store the diluted pentamer at room temperature in 
the dark until use.   

   3.    Prepare a single spleen cell suspension according to 
Subheading  3.3 .   

   4.    Calculate the volume of cell suspension corresponding to 
1 × 10 6  cells.   

3.5  Detection 
of HCV-Specifi c CD8 +  
T Cells by Pentamer 
Staining
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   5.    Add 1 × 10 6  spleen cells to the 96-well V-bottom plate. Individual 
samples should be added to single wells. In addition to the indi-
vidual samples, the following controls should be included:
   (a)    Unstained cells (from both immunized and non- 

immunized mice)   
  (b)    Single stained cells (from immunized mice).   
  (c)    Double stained cells (from immunized mice).   
  (d)    Cells stained with pentamer only (from both immunized 

and non-immunized mice)    
      6.    Centrifuge for 3 min at 450 ×  g , +4 °C.   
   7.    Forcefully discard the supernatant by hand.   
   8.    Wash cells once with 200 μL wash buffer/staining buffer. 

Pipette the solution up and down thrice in the well to loosen 
the cell pellets.   

   9.    Centrifuge for 3 min at 450 ×  g , +4 °C.   
   10.    Forcefully discard the supernatant by hand.   
   11.    Carefully resuspend the pellet in 50 μL of pre-diluted pen-

tamer ( item 2 ). Control wells without pentamer should instead 
be fi lled up with 50 μL wash buffer/staining buffer and 
resuspended.   

   12.    Incubate the plate at room temperature for 15 min in the dark 
( see   Note 21 ).   

   13.    Centrifuge for 3 min at 450 ×  g , +4 °C.   
   14.    Forcefully discard the supernatant by hand.   
   15.    Wash cells once with 200 μL wash buffer/staining buffer. 

Pipette the solution up and down thrice in the well to loosen 
the cell pellets.   

   16.    Centrifuge for 3 min at 450 ×  g , +4 °C.   
   17.    Forcefully discard the supernatant by hand.   
   18.    Carefully resuspend the pellet in 50 μL Fc block (purifi ed anti- 

mouse CD16/CD32 (FCγ III/II)) diluted at 1:50 in wash 
buffer/staining buffer ( see   Note 22 ).   

   19.    Incubate the plate on ice for 15 min in the dark.   
   20.    Centrifuge for 3 min at 450 ×  g , +4 °C.   
   21.    Forcefully discard the supernatant by hand.   
   22.    Wash cells once with 200 μL wash buffer/staining buffer. 

Pipette the solution up and down thrice in the well to loosen 
the cell pellets.   

   23.    Centrifuge for 3 min at 450 ×  g , +4 °C.   
   24.    Forcefully discard the supernatant by hand.   
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   25.    Add optimal amounts of anti-CD8, anti-CD19, and anti-CD3 
antibodies in a total volume of 50 μL. Dilute antibodies in 
wash buffer/staining buffer. Mix by pipetting the solution up 
and down thrice ( see   Notes 23  and  24 ).   

   26.    Incubate the plate on ice for 20 min in the dark.   
   27.    Centrifuge for 3 min at 450 ×  g , +4 °C.   
   28.    Forcefully discard the supernatant by hand.   
   29.    Wash cells once with 200 μL wash buffer/staining buffer. 

Pipette the solution up and down thrice in the well to loosen 
the cell pellets. Repeat  item 27–29  once.   

   30.    Fix cells by adding 150 μL fi xing solution to each well ( see  
 Note 25 ).   

   31.    Transfer the fi xed cell suspension to FACS vials. Add another 
150 μL fi xing solution to each well and transfer the remaining 
cells to the same FACS vials.   

   32.    Store the fi xed cell suspension at +4 °C in the dark. Perform 
data acquisition within 2 days of staining ( see   Note 26 ).    

   Flow cytometric analysis:  

   33.    To view the pentamer-positive cells we used the following gat-
ing strategy ( see  Fig.  3a ). Live lymphocytes were gated, and 
from this gate the CD19 +  cells were excluded, and further gat-
ing on CD8 +  and Pentamer +  cells were performed to determine 
the frequency of HCV-specifi c CD8 +  T cells ( see  Fig.  3b, c ).    

    
 The following section describes the procedure to determine the 
presence of intrahepatic HCV protein expression in DNA immu-
nized and non-immunized mice (Fig.  4 ). Bioluminescent imaging 
allows longitudinal studies and comparison of data sets. The pro-
cedure requires laboratory work involving one person for approxi-
mately 2 h.

   Pre-imaging procedure:  

   1.    The IVIS Spectrum  in vivo imaging   system should be turned 
on at all time.   

   2.    Log into the computer and start the Living Image Software.   
   3.    Initiate the system ( see   Note 27 ).   
   4.    Check the charcoal fi lters on top of the anesthesia station 

(XGI-8 Gas Anesthesia System) by weighing ( see   Note 28 ).   
   5.    Turn on the evacuation pump.   
   6.    Turn on the oxygen supply switch.   
   7.    Turn on the gas switch for the imaging chamber.   
   8.    Set the vaporizer at 0 % isofl urane position. Thereafter turn on 

the imaging chamber toggle valve and set at 0.25 L/min.   

3.6  Detection 
of Liver-Specifi c 
Protein Expression 
by In Vivo Imaging
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   9.    Turn on the induction chamber toggle valve and set at 1.0 L/
min.   

   10.    Confi rm the fl ow rate, and then turn off the two toggles.   
   11.    Set the vaporizer to 2.0 % isofl urane (for mice) ( see   Note 29 ).   
   12.    How to generate mice with transient intrahepatic expression of 

HCV NS3 and fi refl y luciferase has been described previously 
[ 28 ] ( see  Subheading  2.5 ). Procedure for intramuscular immu-
nization of mice using a regular needle and syringe in combi-
nation with in vivo electro transfer has been described in 
Subheading  3.1 .   

   13.    Prior to anesthetizing mice the area of interest for biolumines-
cent measurement should be shaved. We measure the biolumi-
nescent signal in the liver and therefore carefully shave the 
abdominal area of the mouse ( see   Note 30 ).   

   14.    Weigh all mice to be analyzed ( see   Note 31 ).   
   15.    Thaw aliquots of luciferin on ice ( see   Note 32 ).   
   16.    Inject 10 μL luciferin (0.15 mg)/g of body weight intraperito-

neally (i.p.) ( see   Notes 33  and  34 ).   
   17.    Wait 4 min and thereafter put the animals (maximum 5 mice) 

in the induction chamber and turn on the induction chamber 
toggle valve. Keep the mice in the induction chamber for 
4 min.   

   18.    Turn on the imaging chamber toggle valve.   
   19.    When all mice are anesthetized, transfer them from the induc-

tion chamber to the imaging chamber. Put the mice on the 
back with the nose in the nose cone. The shaved mouse abdo-
mens should be exposed ( see   Note 35 ).   

   20.    Turn off the induction chamber toggle.   
   21.    Acquire a luminescent image using predefi ned protocols. The 

protocol is set up in the Living Image software. Enable the 
auto-save function. You can select auto exposure, manual 
exposure, and sequence acquisition. We routinely perform 
both auto exposure and sequence acquisition. Using the auto 
exposure setting the software automatically determines the 
binning and F/Stop settings. Using the manual exposure set-
ting you select the exposure time, binning, and F/Stop. Using 
the sequence acquisition you can select several segments with 
different exposure time ( see   Note 36 ).   

   22.    Select the bioluminescent imaging mode, check mark 
 photograph and chose an appropriate Field of View (FOV) 
( see   Note 37 ).   

   23.    Capture image/s by clicking the acquire button.   
   24.    Enter relevant image label information.    
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   Post-imaging procedure:  

   25.    Carefully return mice to their cage. Continuously observe mice 
during recovery from the gas anesthesia ( see   Note 38 ).    

   Turn off the anesthesia station:  

   26.    Turn off the vaporizer and keep the oxygen supply on for 
approximately 5 min to clear the isofl urane in the anesthesia 
system before switching off the oxygen tank.   

   27.    Turn on the induction and imaging chamber toggle valves 
until the pressure drop to zero.   

   28.    Turn off the toggle valves.   
   29.    Turn off oxygen valve.   
   30.    Turn off the evacuation pump.   
   31.    Securely copy your imaging data.   
   32.    Exit the imaging software and log out from the computer.   
   33.    Leave the IVIS Spectrum  in vivo imaging   system on at all time.    

   Image analysis and data presentation:  

   34.    Analyze your optical images using the Living Image Software. 
Within the software you can perform different analyses. You 
may organize your images, view image information, adjust 
image appearance, perform background subtraction to the 
image, view intensity data, make measurements, overlay mul-
tiple images, export and print images.   

   35.    Your optical imaging results may be presented in various ways. 
We commonly show representative photographs of mice from 
different groups/time-points, supported with the light emit-
ted/radiance within a  region of interest (ROI)  and statistical 
comparison (Fig.  4a, b ). We present the results as light emit-
ted/radiance (photons/second/cm 2 /steradian, e.g., p/s/
cm 2 /sr) + standard deviation (SD).    

4       Notes 

     1.    Mix the DNA and PBS to a homogeneous solution. Measure 
the DNA concentration to ensure correct concentration. This 
is especially important when higher concentrations of DNA are 
prepared.   

   2.    The electro transfer program need to be evaluated prior to use. 
In general, a short high-voltage pulse increases the permeabil-
ity of the cellular membrane. The long low-voltage pulse is 
believed to facilitate the transport of the DNA into the cell. 
Thus, both the high- and low-voltage pulses enhance the 
uptake of DNA into the cell.   
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   3.    The volume of Hypnorm to be used has to be adjusted depend-
ing on mouse strain and weight of the animals. The Hypnorm 
will anesthetize the laboratory mice for approximately 
30–60 min depending on the dose.   

   4.    Stabilize your hand by placing it against the bench. It is impor-
tant that the mouse is completely restrained during the immu-
nization and in vivo electro transfer procedure. Movements 
may affect the effi ciency of the primed  immune response  . 
Figure  5  visualizes a tibialis anterior/cranialis muscle success-
fully injected with a tissue marking dye.   

   5.    Wipe the muscle with ethanol prior to immunization to make 
it more visible.   

   6.    The 27G needle tip should be injected approximately 2–3 mm 
into the muscle for optimal delivery of the DNA. If injected to 
shallow the DNA solution may leak out (e.g., subcutaneous 
delivery) and if injected to deep you may pass through the tibi-
alis anterior/cranialis muscle.   

   7.    The electrode tips should be injected approximately 3–4 mm 
into the muscle for an optimal in vivo electro transfer.   

   8.    Wait a few seconds and thereafter carefully withdraw the nee-
dle/electrodes from the muscle to avoid leakage of the DNA 
solution from the needle/electrode hole/s.   

   9.    Shorter incubation time will result in insuffi cient lysis of the 
red blood cells. Longer incubation time will affect the condi-
tion of the splenocytes and may results in low cell yield.   

   10.    If the well is pre-wetted with ethanol for longer time than 1 
min, the well may dry out, which often causes leakage in the 
PVDF membrane.   

   11.    Decant the wash solution by fl icking the plate over a waste bin 
in the BSC. Remove excess of water on the plate using sterile 
paper tissue.   

   12.    Leaving the plate for a longer time in water or if the membrane 
dries out may result in leaking wells.   

   13.    All antigens should be prepared at a 2× fi nal concentration 
since antigens will be diluted in an equal volume of cell 
suspension.   

   14.    Wells with leakage will give a false signal and should be 
excluded. It is recommended to use triplicates for all samples 
and dilutions.   

   15.    Decant cell suspension by emptying the plate in a waste bin for 
biological waste. Wash the plate by completely immersing it in 
1 × PBS and thereafter decant the PBS in the sink. Repeat the 
procedure at least 5 times. After the last wash, forcefully decant 
the remaining PBS and wipe off excess of PBS using paper tis-
sues before proceeding to next step.   
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   16.    If bubbles appear in some wells after pipetting the substrate 
solution, carefully remove them by using a pipette tip. If bubbles 
remain on the bottom of the plate it may cause an incomplete 
development and thus lack of detectible spot-forming cells.   

   17.    The plate development time varies and needs to be determined 
for each new protocol. Commonly one is utilizing the dilu-
tions of the positive control (ConA) to set the time for devel-
opment. Too long development time will cause a high 
background due to dark wells.   

   18.    When spot-forming cells are visible in the positive control, the 
development should be stopped by immersing the plate in 
water. The spot-forming cells will be clearly visible when the 
plates have dried completely.   

   19.    Plates may be stored for several years without substantial loss 
of SFC intensity.   

   20.    The protein aggregates in the pentamer solution may cause 
nonspecifi c staining.   

   21.    Prolonged incubation time may increase the sensitivity but also 
the nonspecifi c staining.   

   22.    Addition of Fc block is important to block nonspecifi c anti-
body binding to Fc receptors on immune cells.   

   23.    We diluted the antibodies as follows: anti-CD8 (FITC-label) 1:33, 
anti-CD19 (APC-label) 1:40, and anti-CD3 (PE-label) 1:33.   

   24.    We included the following staining controls: unstained cells, 
single stained cells (anti-CD19, anti-CD8, anti-CD3, pen-
tamer), double stained cells (anti-CD8 + anti-CD19, anti-
 CD8 + pentamer, anti-CD19 + pentamer), and triple stained 
cells (anti-CD8 + anti-CD8 + penatmer).   

   25.    The working solution should be prepared fresh every time for 
optimal fi xation.   

   26.    You should aim at performing the data acquisition as soon as 
possible after staining. The longer you wait for data acquisi-
tion, the weaker fl uorescent signal you will detect. This is very 
important if you are detecting low frequencies of  antigen  - 
specifi c CD8 +  T cells.   

   27.    Allow several minutes for controlling the system and for the 
camera to cool down to −90 °C.   

   28.    A fi lter that is weighting >50 g than the original weight should 
be replaced. This is to ensure a good absorption of the gas 
anesthesia.   

   29.    The % isofl urane needed may vary between mouse strains or if 
rats are used. Hence, the optimal % isofl urane needs to be 
predetermined.   
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   30.    The fur will signifi cantly reduce the bioluminescent signal and 
should therefore be removed prior to imaging.   

   31.    This is important to calculate the accurate dose of luciferin.   
   32.    The luciferin solution should be sterile fi ltered through a 

0.2 μm fi lter. Avoid  freeze-thaw  ing of luciferin aliquots.   
   33.    Mice should be injected with 150 mg luciferin/kg body 

weight. A 20 g mouse should be injected with 200 μL = 3 mg 
of luciferin. This is of utmost importance since luciferin (the 
substrate) is the limiting factor for the luminescent signal. 
Thus, weight-based dosing of luciferin is important to be able 
to compare luminescent signals between animals. Otherwise, 
differences in the luminescent signal may depend on the 
amount of substrate administered to the animals.   

   34.    Luciferin should be injected 11 min prior to luminescent 
imaging.   

   35.    Check that all mice have their noses completely inside the nose 
cone. Check that all mice breathe rhythmically. If the mice are 
not completely anesthetized increase the percentage of isofl u-
rane by 0.25–0.5 % and wait a few minutes before analysis. 
Caution: If the mice wake up during the imaging procedure 
they may move around inside the imaging chamber and cause 
damage to themselves and the instrument.   

   36.     Exposure time:  the length of the time that the shutter is open 
during image acquisition.  Binning:  Controls the pixel size on 
the CCD camera. Hence, increasing the binning will result in 
increased pixel size and sensitivity. This will reduce the spatial 
resolution.  F/Stop:  defi nes the size of the camera lens aperture. 
A small aperture size results in lower sensitivity since less light 
is collected for the image. Small apertures produce sharp imag-
ines whereas large apertures maximize the sensitivity.   

   37.    The choice of FOV depends on how many mice you will 
image. FOV is the size of the stage area to be imaged. FOV A 
(part of 1 mouse), B (1 mouse), C (up to 3 mice), and D (up 
to 5 mice).   

   38.    Mice usually recover within 1–5 min.         
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