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Abstract 

Introduction: Traditional vaccine strategies are inefficient at protecting against more 

complex pathogens including HIV, therefore novel vaccine technologies are required. 

DNA vaccines are attractive as they are relatively cheap and easy to manufacture, but 

reduced immunogenicity in humans is a limitation. The key to improving DNA vaccine 

immunogenicity is enhanced DNA uptake and localised inflammatory responses, which 

may be achieved with the use of an appropriate adjuvant. HSP70 is a damage associated 

molecular pattern (DAMP) that binds to and activates dendritic cells, making HSP70 a 

potential natural adjuvant. The immunogenicity of a DNA vaccine encoding HIV gag 

and HSP70 was examined in which the latter was genetically modified to encode 

cytoplasmic, fusion, secreted or membrane-bound forms of HSP70, controlled by a 

separate promoter within the same construct, ensuring delivery of the antigen and 

adjuvant to the same cell. Furthermore, immune responses induced by DNA vaccines 

encoding multiple antigens compared with a single antigen were measured. 

Methodology: C57Bl/6 mice were vaccinated three times at two weekly intervals with 

10 μg doses of DNA via the intradermal route. Gag-specific T cell responses were 

determined by EliSpot, intracellular cytokine staining (ICS) and proliferation assays. 

Short term and long term protection was evaluated by challenge with EcoHIV, a 

chimeric HIV that can infect mouse, but not human, leukocytes.  

Results: A bicistronic vector containing the CMV and SV40 promoters was produced. 

The CMV promoter was shown to be approximately 10-fold stronger than the SV40 

promoter using the eGFP reporter gene. Therefore, initially, the HIV gag antigen was 

cloned downstream of the CMV promoter and the wild type and modified HSP70 genes 

were inserted downstream of the SV40 promoter, to ensure that the adjuvant properties 

of HSP70 targeted antigen-positive cells. Membrane-bound or secreted HSP70 

significantly enhanced gag-specific T cell responses in vaccinated mice and increased 

the breadth of T cell responses as determined by the recognition of otherwise 

subdominant gag epitopes. The adjuvant effect of membrane-bound or secreted HSP70 

also significantly improved the ability of HIV-specific T cells to secrete multiple 

cytokines, a characteristic thought to be important for vaccine efficacy. Finally, 

inclusion of genes encoding membrane-bound HSP70 resulted in increased protection as 
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shown by a significant reduction in the titre of EcoHIV in peritoneal exudate cells after 

virus challenge, compared with mice vaccinated with the gag-only DNA.  

To increase the expression of membrane-bound or secreted HSP70, these genes were 

also inserted downstream of the CMV promoter, while expression of gag was controlled 

by the SV40 promoter. However, this significantly decreased gag-specific T cell 

responses as shown by EliSpot and ICS analysis. Furthermore, DNA vaccines which 

included the HIV pol gene with gag compared with gag alone reduced the gag-specific 

T cell responses in vaccinated mice and reduced the protection in mice challenged with 

EcoHIV. 

Conclusion: This study demonstrated that expression of membrane-bound or the 

secreted form of HSP70 from a DNA vaccine encoding HIV gag significantly improved 

gag-specific T cell function, multifunctionality and proliferation. Most importantly, the 

adjuvant effect of membrane-bound HSP70 increased protection in mice challenged 

with EcoHIV. 
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Chapter 1 : Literature Review 

1.1 Introduction 

Infection with human immunodeficiency virus (HIV) results in the debilitating disease 

acquired immunodeficiency syndrome (AIDS)
45

 and is the sixth leading cause of death 

globally
46

. AIDS develops following immune suppression in HIV positive individuals, 

resulting in fatal opportunistic infections, predominantly Pneumocystis carinii 

pneumonia (PCP)
47-49

. AIDS has progressed to pandemic proportions
50

, resulting in an 

urgent need for the development of a protective prophylactic vaccine capable of 

controlling the spread of disease. 

1.1.1 HIV overview 

HIV was discovered over 30 years ago (1981)
51

, and during this time has claimed over 

25 million lives, with a further 33.3 million people currently estimated to be HIV 

positive worldwide
52

. The global distribution of AIDS is shown in figure 1.1. Sub-

Saharan Africa has a disproportionately high HIV prevalence
53

, and the USA has one of 

the largest HIV infection rates of all westernised countries
54

. The prognosis for HIV-

positive individuals has improved with the introduction of antiretroviral therapy (ART) 

and combined highly active anti-retroviral therapy (HAART), which delays the 

progression to AIDS
55

. However, without a cure and the appearance of drug-resistant 

viruses
56

, the HIV challenge is far from over. HIV infects individuals indiscriminately, 

from varied socio-economic backgrounds and sexual orientations, making HIV a global 

issue
57

. 

1.2 HIV classification 

There are two genetically distinct HIV types, HIV-1 and HIV-2. Both types have a 

similar route of transmission, display identical cell tropism
58

, and culminate in AIDS 

that is indistinguishable
59

. However, HIV-2 infection results in an improved clinical 

prognosis, as the progression to AIDS is significantly slower than in HIV-1 infection
60

. 

HIV-2 is primarily restricted to cases in Western Africa
61,62

, resulting in a much lower 

global presence than HIV-1
63

. Both HIV types originated from simian 

immunodeficiency virus (SIV), which is genetically similar to HIV
64

.  
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Figure 1.1. Global prevalence of HIV infection. Schematic diagram showing the 

global percentage of HIV infected individuals worldwide
65

.  

 

 

1.2.1 HIV-2 origins 

HIV-2 is thought to have originated from SIV-positive sooty mangabes due to their high 

genetic conservation
66

. The transmission of SIV from sooty mangabes to humans may 

have occurred on eight separate occasions, resulting in eight distinct HIV-2 subtypes; A, 

B, C, D, E, F, G, H
67,68

. Only subtypes A and B allow human-to-human 

transmission
64,66

.  

1.2.2 HIV-1 origins and epidemiology 

HIV-1 seemingly originated from the chimpanzee Pan troglodytes troglodytes strain of 

SIV which infects non-human primates
69

. Chimpanzee to human transmission of SIV 

occurred on up to three separate occasions
70

. A single transmission event however 

progressed to the current HIV-1 pandemic
71

. There is high genetic variation within 

HIV-1 which has culminated in four genetically distinct groups; group N which is a 

small group located predominantly in Cameroon
72

, group O, the outliers, generally 

restricted to West Africa
73

, group P was more recently discovered in Cameroon
74

, and 
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finally the most prevalent group, group M 
73,75

. Due to its large size, group M has been 

sub-categorised into distinct clades; A, B, C, D, F, G, H, J and K that can vary by up to 

15% in amino acid sequence
76

. There is also an increasing number of circulating 

recombinant forms (crfs) due to the ease of HIV recombination, that may result in 

additional groups being formed
77

. Clades B and C are most prevalent globally
78

, and 

clade B is most common in Australia, Japan, the Americas and Europe
79

. The large 

diversity within HIV genomes results from the low fidelity HIV reverse transcriptase 

which has no proof reading activity, viral DNA recombination, high turnover of HIV 

virions, a rapid replication cycle, and selective pressure from the host immune system
80-

82
. The incidence rate of mutations is approximately one nucleotide substitution per 

virion per cycle
83

. This means that HIV-infected individuals can harbour high numbers 

of genetically diverse HIV particles termed a ‘quasispecies’
84

, resulting in a 

heterogeneous virus population
85

. 

 

 

1.3 HIV genome and structure 

HIV is classified in the Retroviridae virus family
86

. This family contains a RNA 

genome that is converted to DNA and subsequently integrated into the host genetic 

material for replication
87

. HIV is further sub-classified into the Lentivirus genus
86

. 

Lentiviral infections are characterised by a slow progression from the acute phase to the 

chronic onset of symptoms
88

.  

1.3.1 HIV genomic regions 

The HIV genome is approximately 9.8kb
89

 and consists of two single stranded copies of 

RNA
90

. The genome contains non-coding sequences, the long terminal repeats 

(LTRs)
91

, and sequences that encode fifteen structural, non-structural and regulatory 

proteins
92

. The LTRs play two important roles. First, the sticky ends flanking the LTRs 

improve the ease of HIV DNA (the provirus) integration into the host DNA
93

. Second, 

the LTRs consist of essential promoters and enhancers which increase the rate of viral 



4 

 

RNA synthesis from the integrated DNA
91,94

. The HIV genome coding region consists 

of three major genes; gag, pol and env. 

1.3.2 The major genes: gag 

The gag gene encodes the p24 capsid, p17 matrix and the p6 and p7 minor proteins
95

. 

The p24 protein encapsidates the HIV genome forming the nucleocapsid, and the p17 

matrix protein encapsulates this nucleocapsid (figure 1.2)
96

. Furthermore, p17 is 

required in targeting gag to the plasma membrane and the p17 N-terminus is crucial in 

viral assembly
97

. After the virus has budded from the cell, the p24 protein is cleaved by 

the viral protease to produce structural rearrangements of the nucleocapsid that results 

in virus maturation
98

. The minor proteins bind to the RNA genome to provide stability, 

and control the initiation of reverse transcription
99

. The gag gene can be either 

transcribed to produce gag alone or as a gag-pol polyprotein. This polyprotein read-

through occurs approximately once every twenty rounds of replication following a -1 

translational frameshift
100

.  

                    

Figure 1.2. The structure of an HIV virion
24

. HIV has three major genes; pol, gag and 

env, that encode the majority of the HIV proteins. Pol encodes the protease, reverse 

transcriptase and integrase. Gag encodes the structural proteins matrix and capsid. The 

env gene encodes the surface glycoproteins gp120 and gp41.  
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1.3.3 The major genes: pol 

The pol gene encodes three proteins; protease, reverse transcriptase and integrase
101

. 

The HIV protease is required to form a homodimer to cleave pol from gag and for 

autocleavage of pol into its mature proteins
95

. The reverse transcriptase contains DNA- 

and RNA-dependent DNA polymerase activity, and RNaseH activity that degrades the 

RNA template from the DNA/RNA hybrid
102

, an intermediate formed during the reverse 

transcription reaction. The integrase directs the integration of the resultant HIV DNA 

into the host genome, forming the provirus (figure 1.3) 
103,104

. Gap repair post 

integration is thought to require host cell molecules
105

. After provirus integration, the 

viral RNA can be transcribed immediately or the virus can remain latent for varying 

periods
106

.  

1.3.4 The major genes: env 

The third major gene encodes the envelope proteins. The env gene encodes the 

glycoprotein gp160 precursor that is subsequently cleaved by host cell proteases into 

gp120 and gp41
107

. These products are highly glycosylated which may aid in cell 

binding and entry
108

. Furthermore, the addition of glycans can block binding of 

neutralising antibodies to the envelope proteins and thus abrogate the activity of the 

antibodies
109

. Gp41 homodimers bind to gp120 trimers to facilitate cell attachment and 

internalisation (figure 1.3). Initially, the gp120 binds to CD4 molecules on the cell 

membrane that result in the exposure of the V3 loop of gp120 that subsequently 

interacts with a cognate co-receptor
110

 (see section 1.4). These interactions create a 

conformational change that exposes the hydrophobic residues of gp41 that bind and fuse 

the viral and cell membranes allowing the release of the virus contents into the host 

cell
111

. Antibody targets of gp120 include the V3 loop
112

 and the CD4 binding site
113

. 

These antibodies have been isolated from HIV-positive individuals and can control 

AIDS progression. Recently, the KD-247 antibody was shown to target the V3 loop
112

, 

which is crucial for co-receptor binding
114

. However there are still limitations with 

cross-clade protection
112

. Numerous broadly neutralising antibodies that interact with 

the CD4 binding site have been discovered. Vaccine strategies aim to induce broadly 

neutralising antibodies that bind the CD4 binding site on gp120 as this site must 

maintain its conformation and accessibility for CD4 receptor binding
113

. 
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Figure 1.3. A diagram of the HIV life cycle
115

. The HIV virion binds and fuses with 

the cell membrane to enter the host cell. The virus then uncoats and releases the genetic 

material into the host cell. The RNA is reverse transcribed into DNA which is integrated 

into the host genome to form the provirus. The genes encoded by the provirus are then 

expressed using cellular factors, and the newly translated proteins translocate to the 

cytoplasm where new progeny are assembled. The new HIV virions then bud from the 

cell and mature into fully formed HIV particles.  

 

 

1.3.5 Regulatory and accessory genes 

The remaining HIV genes encode the regulatory proteins tat and rev, and the accessory 

proteins vif, vpr, vpu and nef
116

 (for summary see table 1.1). The main function of the 

accessory proteins is to aid HIV replication and persistence within an infected cell by 

inhibiting cell-mediated antiviral immune responses
117

. The regulatory genes control 

viral gene expression at the post-transcriptional and -translational level. Furthermore, 
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the regulatory protein, tat, is able to directly bind to and induce proliferation of CD4
+
 

bystander cells
118

.  

1.3.6 Virus assembly and budding 

The viral progeny are assembled adjacent to the host plasma membrane where the HIV 

proteins and the RNA genomes accumulate
119

. The gag proteins mediate the stages of 

virus assembly from RNA packaging to inserting and concentrating the Env protein into 

the host plasma membrane. Gag translocates to the plasma membrane as single units 

which then assemble
120

. Thereafter, the envelope protein-rich host cell membrane 

envelops the budding virion which is approximately 100-120 nm diameter
121

. Host 

factors included in the endosomal sorting complexes required for transport (ESCRT) 

machinery are used for virus budding and release from the cell
122

. It is estimated that 

around 10
10

 virions are produced per day within an infected individual. The replication 

cycle takes around thirty six hours to complete
80

. 

1.4 HIV cell tropism 

Initial binding of HIV to the host cell requires the envelope proteins gp120 and gp41 to 

interact with their cognate receptor CD4. This receptor is located on the surface of T 

lymphocytes, monocytes, macrophages and dendritic cells (DCs)
123

. However, HIV cell 

tropism is dependent on expression of a co-receptor. Virions that favour the CCR5 co-

receptor are M-tropic (macrophage tropic)
124

 while virions that bind to the CXCR4 co-

receptor are T-tropic (T cell tropic)
125

. Initially HIV virions possess M-tropism for the 

CCR5 co-receptor as M-tropic HIV can infect macrophages that are more likely to be 

located in the mucosal tract. The CCR5 co-receptor is also prevalent on memory T cells, 

which reduces the number of HIV-permissive host cells. Persistent HIV infection results 

in mutations in the envelope glycoproteins that favour CXCR4 co-receptor binding, and 

as CXCR4-positive cells are numerous; this correlates with a rapid progression to 

AIDS
126

. A clinical study demonstrated that around 50-60% of HIV-positive individuals 

developed T-tropic HIV that emerged at approximately 5 years post infection
127

. HIV 

gp120 can also be captured by the receptor, DC-SIGN, found largely on mucosal DCs, 

and is thought to aid infection
128

. Polymorphisms within the chemokine receptors have 

been associated with HIV resistance, most notably the homozygous 32bp
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Table 1.1. Summary of the HIV accessory and regulatory proteins. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

deletion in the CCR5 co-receptor
138

. Furthermore, an HIV-positive patient who 

presented with acute myeloid leukaemia and who was transplanted with CD34
+
 

peripheral blood stem cells that contained the CCR5 delta allele became HIV-negative. 

The donor was an identical HLA match to the recipient and the levels of HIV became 

undetectable up to 20 months post transplantation
139

. HIV can also infect cells using 

minor chemokine receptors CCR2, CXCR6, CCR3, CCR8 and CCRL2, and mutations 

in these co-receptors can alter disease progression
140

. 

Name and Size 

of HIV protein 

Function 

Tat, p14 Transactivator of transcription helps up-regulate the late 

phase of HIV genome transcription
129

.  

Rev, p19 Regulator of virion expression, aids exit of viral RNA from 

nucleus to protect against host interference
130

 

Vif, p23 Viral infectivity factor. Vif reduces the host anti-viral 

response and can bind specifically to host apolipoprotein B 

mRNA editing enzyme, catalytic polypeptide-like 3G 

(APOBEC3G) and APOBEC3F to induce its degradation
131

. 

Vpu, p16 Viral protein U found exclusively in HIV-1
132

. Vpu 

degrades the host CD4 molecules within the endoplasmic 

reticulum (ER)
133

. Also helps to regulate viral release
134

 

Vpr, p15 Viral protein R. Aims to arrest the host cell cycle. It also 

aids the translocation of the integrase complex into the host 

nucleus
135

. 

Vpx, p15 Viral protein X found exclusively in HIV-2. Is a substitute 

for Vpu but is a homolog of Vpr
136

. 

Nef, p27 Negative factor. Aims to target nascent CD4 molecules for 

degradation via the lysosomal pathway
137

.  
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1.5 HIV transmission and infection 

After the initial discovery of HIV, donations of infected blood represented a major 

mechanism of HIV transmission, but with the introduction of blood bank screening in 

developed countries this has been reduced significantly to virtually zero
141,142

. 

Currently, the highest risk of transmission is through unprotected sex via the rectal or 

genitourinary mucosa. This may result from exposure to HIV-infected cells rather than 

cell-free virus in bodily fluid secretions
143

. Vertical transmission from mother-to-child 

can occur during birth via the placenta, after birth from breast-feeding, or during 

pregnancy if the placenta is ruptured
144,145

. Fewer incidences of transmission result from 

blood to blood contact, predominantly sharing of needles between intravenous drug 

users, however a high proportion of these exposures will result in transmission
146

.  

1.5.1 Methods to reduce HIV transmission 

Measures can be put in place to reduce the risk of transmission. These include screening 

blood-derived products, awareness campaigns, monogamy, the use of condoms, the 

immediate use of ART post HIV exposure
147,148

, male circumcision, and elective 

caesarean births for HIV-positive mothers
149,150

. The risk of transmission is related to 

the stage of infection and viral load in the HIV-positive individual
151

, and higher virus 

loads results in an increased risk of HIV transmission. HIV-positive individuals in the 

acute phase of infection or progressing to AIDS possess the highest viral loads and the 

highest risk of transmission
152

.  

1.5.2 Primary infection 

The acute stage of infection lasts approximately 0-12 weeks. After transmission, the 

virus-infected cells migrate to the lymph nodes within 3-5 days, and then undergo 

substantial replication leading to viral dissemination throughout the body
153

. This results 

in chronic hyper-activation of the immune response, thought to be the best marker for 

the progression to AIDS
154

. Following this, irrespective of the transmission route, the 

virus establishes a persistent site of infection in the gut associated lymphoid tissue 

(GALT)
155

. The GALT is targeted using the gp120 membrane protein that attaches to 

the gut-homing integrin α4β7
156

. Once bound, the gp120- α4β7 complex is able to 

activate the lymphocyte function-associated antigen 1 (LFA-1), which is found on CD4
+
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T cells and aids cell-to-cell transmission
157

. The gut CD4 population is depleted at a 

much faster rate than that in the peripheral blood
158,159

. The exact mechanism by which 

CD4
+
 cells are depleted as a result of HIV infection remains uncertain, particularly that 

related to the death of uninfected CD4
+
 bystander cells. During the initial phase of 

infection, the virus establishes a latent reservoir in long-lived resting memory CD4
+
 T 

cells where it remains replication competent without detection by the host immune 

system
160

. HIV-specific cellular and humoral responses are detected towards the end of 

the acute phase of infection
161

, and sero-conversion is linked to symptoms that are 

synonymous with several viral infections such as fever, malaise, lethargy and 

headaches
162

. The lack of HIV-specific symptoms and the high viral load increases the 

likelihood of transmission, as infected individuals are generally unaware of their 

infection. The primary phase of HIV infection is associated with an initial peak in viral 

load, up to 10
6
 to 10

7 
RNA copies per ml of blood, which correlates with a decrease in 

the CD4
+ 

T cell count
163

. The expansion of HIV-specific CD8
+
 T cells is associated with 

a reduction in the viral load to a steady level known as the set point. A higher set point 

is predicted to correlate with a more rapid progression to AIDS
164

. Interestingly a cohort 

of HIV sero-positive individuals who are able to control the levels of viremia to below 

10,000 copies/ml and maintain their levels of CD4
+
 T cells to above 500/μl without 

therapy, have been the basis for extensive research
165

. The main factors thought to 

influence this control are immunological and genetic (see section 1.7). 

1.5.3 Clinical latency 

Acute HIV infection may be followed by the latent or asymptomatic stage, when CD8
+
 

T cells target HIV-infected cells and are able to decrease the viral load. This reduction 

in the viral load results in a slight recovery in the CD4
+
 T cell count, although this is 

unlikely to reach pre-infection levels
106

. At the end of the latent phase, expression from 

the integrated provirus is activated, leading to an increase in the HIV viral load. The 

factors that cause this activation may include mitogens that encourage cell division, 

retinoic acid required for cell growth and the cytokine tumour necrosis factor-α (TNF-α) 

that can bind to NF-κB sites in the provirus long terminal repeats (LTR)
166

. The use of 

highly active antiretroviral therapy (HAART) can control viral replication but is unable 

to eliminate the latent reservoirs, therefore ending therapy leads to a rebound of viral 
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production
167

. Activating the HIV provirus, whilst remaining on HAART, may reduce 

latent reservoirs and prevent the need for life-long therapy. Clinical trials have focused 

on histone deacetylase inhibitors (HDACi) to increase provirus expression by 

preventing chromatin remodelling
168

 and maintain exposure of the provirus DNA to be 

transcribed. Currently the HDACi vorinostat is being trialled in patents on HAART to 

monitor the change in the HIV RNA production in infected CD4
+
 T cells

169
.  

1.5.4 CD4
+
 T cell counts and AIDS progression 

The progression to AIDS can be predicted by examining the proportion of T cells with 

activated phenotypes. There are several reasons for T cell activation including the 

infection itself, bacterial translocation resulting from changes in the gut mucosa
170

, and 

damage to the lymphoid tissue probably as a result of co-infection with pro-

inflammatory pathogens
171

. This chronic immune stimulation leads to an increase in 

HIV target cells and an anergic immune response
172

. AIDS progression is associated 

with an increase in the viral load and an irreversible decrease in CD4
+
 T cell numbers to 

<200 cells per ml
173

. This reduction in essential immune cells allows opportunistic 

infections, predominantly Pneumocystis carinii pneumonia, to thrive
47-49

. 

1.5.5 HIV dual-infections  

The progression of disease and the risk of opportunistic infections can be accelerated by 

an HIV superinfection, described as a second infection with a heterologous HIV strain 

that occurs after an immune response has been established to the primary infection
174

. 

Superinfections are rare, and only around 16 cases were reported between 2002 and 

2005, and are difficult to separate from the other form of dual-infection, co-infection
174

. 

Co-infections either occur simultaneously or within quick succession with a dominant 

HIV strain that may be mistaken for a superinfection. Co-infections have been 

demonstrated in non-human primate models, that can result in recombination as early as 

two weeks post infection
175

.  

1.6 Improving clinical prognosis 

The time frame between initial infection and progression to AIDS can vary widely, 

ranging from ~6 months to >25 years. Antiretroviral therapy (ART) targets different 



12 

 

stages of the viral replication cycle with the aim of reducing the viral load (reviewed in 

table 1.2).  

1.6.1 Anti-retroviral therapy 

A reduction in the viral load resulting from ART is important in reducing transmission 

rates, demonstrated in a study in Uganda in which transmission in serodiscordant 

heterosexual couples was compared. When the viral load of the HIV-positive partner 

was below 1500 copies/ml, no transmission occurred
176

. Similar studies in Spain 

showed that the broad availability of ART led to an 80% reduction in transmission
177

 

and a San Francisco-based study showed a 60% reduction in transmission between men 

who have sex with men (MSM)
178

. Furthermore, treatment has reduced mother-to-child 

transmission to almost zero
179

. ART can only reduce viremia not eliminate the virus 

infection completely, but often results in a reduction of viral loads to levels which are 

undetectable by current tests. However, a reduction in viremia does not always correlate 

with a similar reduction in the viral load in genital secretions
180

. This can be influenced 

by a concurrent STI
181,182

, as well as the efficacy of ART in the genital tract
183,184

. 

1.6.2 Combination therapy and side effects 

The development of ART resistance is therapy- and target-specific. For example the use 

of non-nucleoside reverse transcriptase inhibitors (NNRTIs) can result in virus 

resistance from a single mutation, while the use of other inhibitors including nucleoside 

reverse transcriptase inhibitors (NRTIs) may not result in resistant virus even after 

several mutations
185

. However, when ART only comprises a single drug, resistant 

mutants to all ART compounds have emerged due to the high HIV mutation rate. 

Consequently, combination therapy of at least three ART drugs, termed highly active 

antiretroviral therapy (HAART), is very effective as multiple mutations are required for 

HIV resistance, although there is a financial burden of $12,000 per patient per 

annum
186

. The 6 categories of inhibitors used as ART are as follows; i) nucleoside 

reverse transcriptase inhibitors that can cause lipodystrophy with long-term use, ii) non-

nucleoside reverse transcriptase inhibitors which can cause issues in 
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Table 1.2. Summary of antiretroviral therapy
187,188

 

 Class of Dug Name  Year Side Effects and 

Comments 

Nucleoside 

Reverse 

Transcriptase 

Inhibitors  

Abacavir 1998 Increased risk of 

cardiovascular events 

Didanosine 1991  

Emtricitabine 2003  

Lamivudine 1995  

Stavudine 1994 This and other thymidine 

analogues can cause 

long-term and 

irreversible lipotrophy 

Tenofovir 2001  

Zidofudine 1987  

Non-

nucleoside 

Reverse 

Transcriptase 

Inhibitors 

Delaviridine 1997  

Efavirenz 1998 Can interfere with normal 

embryonic development 

(teratogenic) Not for use 

in  pregnancy 

Etravirine 2008  

Nevirapine 1996 Low cost. Can cause liver 

toxicity. For patients with 

high CD4
+
 T cell counts 

Protease 

Inhibitors 

Atazanavir 2003 Can cause reversible 

jaundice 

 Darunavir 2006 Most protease inhibitors 

can increase the plasma 

lipid concentration which 

can lead to cardiovascular 

problems 

 

 Fosamprenavir 2003 

 Indinavir 1996 

 Lopinavir 2000 

 Nefinavir 1997 

 Ritonivir 1996 
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 Saquinavir 1995  

  Tipranavir 2001 

Fusion 

Inhibitors 

Enfuvirtide 2003 Expensive. Not well 

tolerated. Used as a last 

resort 

CCR5 

competitive 

inhibitors 

Maraviroc 2007 Well tolerated. 

Immunomodulatory if it 

binds to host CCR5 

Integrase 

Inhibitors 

Raltegravir 2007 Safe. Long term effects 

unknown 

Combination 

therapy 

Zidovudine/Lamivudine 1997  

Abacavir/Lamivudine/ 

Zidovudine 

2000  

Abacavir/Lamivudine 2004  

Tenofovir/Emtricitabine 2004  

Efavirenz/Tenofovir/ 

Emtricitabine 

2006 Most popular as can be 

taken in a single pill once 

daily 

      

   

 

embryo development and liver toxicity, iii) protease inhibitors may cause cardiovascular 

problems, iv) fusion inhibitors are not well tolerated, v) CCR5 competitive inhibitors 

can cause immunomodulation due to CCR5 binding, and vi) integrase inhibitors are 

more recent and long term effects are less known
187,188

. The most common combination 

therapy consists of non-nucleoside and nucleoside reverse transcriptase inhibitors 

(Efavirenz/Tenofovir/ Emtricitabine) as they can be easily administered via pill form 

(see table 1.2). Unfortunately, there is a higher demand than supply for HAART due to 

the cost predicted to be approximately $12000 per annum per patient, and the WHO 

estimate that only around 30% of individuals who require ART actually receive 

treatment
189

.  
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1.6.3 Initiating treatment earlier 

It has been recommended that HAART should be started early using CD4
+
 T cell counts 

of 350 cells per ml as the threshold, although clinical AIDS is not usually diagnosed 

until the CD4
+
 T cell count falls below 200 cells per ml

190
. These recommendations 

were supported by a study showing that individuals with delayed treatment and a CD4
+
 

T cell count below 250 per ml were more susceptible to opportunistic diseases than 

those who received ART immediately
191

. Subsequent studies of ART and HAART
192,193

 

including a large study in Haiti
194

 confirmed these results. This treatment plan is further 

supported by research showing that earlier treatment with ART, when the CD4
+
 T cell 

count is higher, can reduce the risk of immune reconstitution inflammatory syndrome 

(IRIS)
195

. This occurs when the immune response begins to recover, only to react to a 

previously contracted but hidden opportunistic infection resulting in more severe 

symptoms
195

. IRIS has been linked with mycobacterial
196

 and cryptococcal
197

 infections, 

amongst others. The earlier use of therapy also aims to reduce the transmission rate and 

reduce the replication of the virus, and thus the complexity of the quasispecies, to a 

level that is less likely to evolve and generate drug-resistant mutations
198

. More recent 

recommendations in Australia and elsewhere suggest commencing HAART for all 

patients irrespective of their CD4
+
 cell count. However there is a risk in the early 

introduction of therapy as increased exposure to ART may induce ART-related side 

effects such as neuropathy and myopathy, intestinal intolerance, lipodystrophy, amongst 

others (see Table 1.2 for review)
199,200

. The use of these treatments do not eradicate the 

infection or ameliorate all HIV-related health complications as the average life 

expectancy of HIV-infected individuals on HAART remains shorter than that of HIV-

negative individuals
201,202

. Treatment is also associated with a financial burden as it is 

required for the entire lifespan of an HIV-infected individual with costs of up to 

$12,000 annually per individual. 
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1.7 Immune correlates of protection 

To aid in the production of a prophylactic HIV vaccine, extensive research has 

attempted to define immune correlates that may offer protection, but as no individual 

has naturally cleared HIV infection this has generally been unproductive
203

. However, 

certain individuals show a delayed progression to AIDS, without treatment. These long 

term non-progressors (LTNP) remain asymptomatic with a CD4
+
 T cell count of over 

500 cells per ml
204

. Furthermore, elite controllers, individuals who maintain their viral 

load below 50 RNA copies per ml for at least ten years, do so without the use of 

antiretroviral treatment
205

. Individuals who are highly exposed to HIV but remain 

seronegative (HESN) are another valuable cohort who may provide clues as to the 

nature of their protection. However, caution is required when extrapolating immune 

correlates from HESN as these seronegative individuals may be protected from 

infection or they may have simply avoided infection fortuitously. These correlations can 

result from cause or effect of the HIV interaction. The complexity is further increased as 

immune correlates may be obscured by the individual’s genetics that increase the 

variability of the temporal progression to AIDS
206

.  

1.7.1 Mucosal antibodies 

Mucosal antibodies may be important for protection as the most frequent route of 

transmission of HIV is through sexual intercourse
207,208

. The most abundant antibody 

isotype found in the mucosa is IgA. IgA has been accredited with i) binding to the 

mannose binding ligand to activate the complement system and ii) preventing 

transcytosis of cell-free virus by blocking HIV from binding to gut epithelial cells
209,210

. 

HIV-specific mucosal IgA with the capacity to neutralise HIV ex vivo
211,212

 has been 

detected in the absence of any HIV-specific IgG and is thought to operate independently 

of conventional antibody class-switching
213,214

. HIV-specific mucosal IgA has been 

found in several HESN cohorts, in cervical secretions from heterosexual women in 

Italy
215

, Cambodia
216

, Ivory Coast
217

, and in female sex workers in Kenya
218-220

 and 

Thailand
221

. HIV IgA has also been detected in the seminal fluid of heterosexual men
222

 

and in saliva following oral sex
223

. Furthermore, salivary HIV-specific IgA has been 



17 

 

discovered in some, but not all, breastfeeding infants up to 6 months old. Importantly, 

children with detectable IgA remain HIV negative 1 year after follow up
224

. An increase 

in the IgA-attracting Chemokine Ligand 28 (CCL 28) was detected in saliva and breast 

milk from HESN individuals
225,226

. However, the role of salivary IgA and its protective 

capacity when breastfeeding is still unclear
227

, as other studies were unable to 

demonstrate mucosal IgA in some HESN cohorts
228,229

. The inconsistencies may result 

from the level of HIV exposure
219

, additional immunological factors which contribute to 

protection or difficulties associated with assaying IgA concentrations
230

.  

1.7.2 Natural killer cells  

Natural killer cells possess the ability to recognise molecules on target cells that are up- 

or down-regulated as a result of infection
231

. NK cells have been demonstrated to 

control virus replication in SIV-infected rhesus macaques
232

. In humans, NK cells have 

an important role as the progression to AIDS was reported to be concomitant with 

impairment of NK cell function, resulting in an alteration of the inhibitory and 

activating receptors including NKp46 and NKp30
233-235

. In contrast, NK cell function is 

preserved in long term non-progressors
236

, while elite controllers show levels of NK cell 

function that are comparable with those of healthy individuals
237

. The two main markers 

of NK cell activation, CD69 and CD107a
238

 (markers of activation and degranulation, 

respectively) correlated with protection in HESN cohorts including mother-to-child 

pairs
239

 and intravenous drug users in Vietnam
238

 and Philadelphia
240

. A study of HESN 

drug users in Vietnam demonstrated higher NK cytokine release and NK-related 

cytotoxicity compared to intravenous drug users who became sero-positive
241

. This is 

consistent with the finding that HESN individuals in sero-discordant relationships 

showed increased secretion of IFN-γ from NK cells
242

. Furthermore, a reduction in 

viremia has been correlated with an increase in NK cell activation, predominantly due to 

CC-chemokine production
243

. 

1.7.2.1 NK cells and genotypic correlates of protection 

A major sensor on NK cells that becomes down-regulated in HIV infection is the killer 

inhibitory receptor (KIR)
244

. Genetic protection against HIV has been correlated with 

the KIR alleles KIR3DL1 and KIR3DS1. The inheritance of KIR3DL1
high

 is correlated 
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with delayed progression to AIDS
245

 and a reduced risk of HIV infection
246

. In contrast, 

an independent study in the Ivory Coast showed no link between these alleles and 

protection but this may result from the low frequency of these alleles in that 

population
247

. The KIR3DS1 allele is associated with containment of HIV replication
248

 

and has been associated with increased IFN-γ expression that can reduce HIV 

replication
249,250

, and delay progression to AIDS
251

. The incidence of homozygous 

KIR3DS1 alleles in HESN is disproportionately high when compared to HIV infected 

individuals
252

.  

1.7.2.2 NK cells and antibody dependent cell-mediated cytotoxicity 

NK cells contribute to antibody-dependent cell-mediated cytotoxicity (ADCC) by 

binding the Fc region of IgG or IgA that is bound to HIV proteins on infected cells
253

. It 

is noteworthy that IgA in mucosal secretions is primarily dimeric resulting in an 

inaccessible Fc region. However, serum IgA is predominantly monomeric and allows Fc 

region binding by NK cells and thus can contribute to ADCC
254

. ADCC-related 

protection is difficult to identify for IgA which has been shown to be absent in some 

HESN patients
255

 and at levels comparable with those in HIV-positive individuals in 

other HESN
224

. Studies in elite controllers have demonstrated differences in ADCC 

levels resulting from IgA binding gp140 (an engineered form of the external regions of 

the gp120 and gp41 glycoproteins
256

) when compared to non-controllers
257

. Certain elite 

controllers induce ADCC from IgA that is directed to distinct regions of Env that are 

unique targets for IgA, potentially serving some protective qualities. Furthermore, a 

high viral load in individuals correlates with a decrease in ADCC-mediated cell killing, 

demonstrating its potential importance
257

. The RV144 Thailand clinical trial provided 

evidence for IgG-related ADCC activity of NK cells that may account for the modest 

protection shown
258

. 

1.7.3 T cell responses 

T cells are crucial for the removal of virus-infected cells and secretion of cytokines with 

direct antiviral effects
259

. The induction of HIV antigen-specific T cells are an aim of 

HIV vaccines due to the lack of success of antibody-based vaccines, and T cells may at 

the very least help control the viral load during the transition from acute to persistent 
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infection. However, questions about the efficacy of T cell vaccines were not answered 

following the unsuccessful Merck clinical trial that was designed, but failed, to elicit a 

strong T cell response
260-262

. Differences in the effector memory and central memory in 

HESN have also been observed. A study of HESN demonstrated an increase in central 

memory T cells compared to HIV-positive patients but a decrease in effector memory 

CD4
+
 and CD8

+
 T cells

263
. The authors of this study speculated that this may result from 

reduced viral antigen exposure in HESN and a reduced requirement for effector cells 

that revert to central memory. There is controversy about the benefits of T cell 

responses, as studies of HESN in Zambia were unable to detect any T cell responses
264

 

while T cell responses in sero-negative sex workers in Kenya
265,266

 and discordant 

couples in Cambodia
216

, were lower than those of HIV-positive individuals. 

Importantly, poor HIV-specific T cell responses may also result from a lower exposure 

to HIV. Additionally, HESN individuals with robust T cell responses have still 

contracted HIV demonstrated in a cohort of sex workers in Kenya, but this was 

correlated with a reduced HIV viral load post seroconversion
267

. The importance of 

IFN-γ production remains controversial as studies have demonstrated increased 

levels
242,268

 or reduced levels
269-271

 of T cell secreted IFN-γ in HESN cohorts.  

1.7.3.1 CTL responses 

Depletion of CD8
+
 T cells in Rhesus macaques has been shown to reduce SIV 

control
272

. In humans, HIV-specific cytotoxic T lymphocyte (CTL) responses have been 

detected systemically in sero-negative sex workers
266,273

, and in the mucosa
274-276

. 

Furthermore, a higher cytotoxic T lymphocyte response was also detected in a number 

of HIV-negative discordant partners who were exposed to low levels of virus
277

, and 

around one third of health care workers compared to unexposed individuals
278

. Sex 

workers in Kenya with strong T cell responses contracted HIV that was attributed to 

waning CTL responses due to a break from high risk activity
279

. HIV-specific epitopes 

recognised by CD8
+
 T cells differ between HIV-positive individuals and HESN, a 

difference which may be important in conferring protection
280

. The comparisons 

showed that T cells in the HESN cohort recognised immunodominant epitopes that were 

not recognised by the HIV-positive individuals. These results were predominantly seen 

in the HESN with HLA types that were shown previously to be associated with HIV 
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resistance
280

. Furthermore, HESN individuals who became sero-positive then 

recognised the same epitopes as the HIV-infected patients
280

.  

1.7.3.2 T cell function 

CD8
+
 T cell integrity is important in viral control as a Th1 to Th2 shift corresponds with 

progression to AIDS
281,282

. CD8
+
 T cell antiviral factor (CAF) has antiviral effects 

without being cytotoxic, and has been studied predominantly in HIV-specific CTLs. 

Clinical studies have shown an increased activity of CAF in the mucosa
283

 and systemic 

responses in HESN
284

. Perforin-producing CTLs have been shown to be inversely 

correlated with HIV viral load
285

. A transcriptome and proteome analysis was 

completed using HESN T cells. IL-22 secretion was found to be significantly increased 

from the HESN activated T cells
286

. IL-22 is important in mediating acute innate 

immune responses
287

. Studies in long term non-progressors (LTNP) show that the 

induction of a multifunctional T cell response is beneficial, as the quality rather than the 

quantity of T cell responses is thought to be important. An increase in IL-2 secreting 

CD4
+
 T cells was shown in a proportion of HESN in an Indian study of discordant 

heterosexual couples
288

, in men who have sex with men (MSM)
289

, health care 

workers
290

 and in LTNPs
291

. Schenal et al demonstrated that IL-2 producing T cells 

were more prevalent in HESN compared with HIV-positive individuals
263

. Other studies 

demonstrated the production of multifunctional CD8
+
 and CD4

+
 T cells that secrete IL-

2, IFN-γ and TNF-α in LTNP
25,26

 and in ~33% of MSM 
292

. These results make 

polyfunctional T cells an aim of HIV vaccines
28

. 

1.7.4 Broadly neutralising antibodies 

Ongoing research is focused on identifying broadly-neutralising antibodies (bNAb) 

along with the HIV epitopes they target
293

. A recently discovered bNAb, PG9, has been 

shown to target the first and second variable loops on the HIV envelope gp120
294

. 

Furthermore, two neutralising antibodies, 2F5 and 4E10
295

, have the highest cross-clade 

protection and bind to a conserved region in gp41, and possibly phospholipids
296

 found 

on the surface of HIV virions, although at a much lower affinity
297-300

. Importantly, 

there is continuing research into designing the immunogen that is able to induce these 

bNAbs in an HIV vaccine that is capable of conferring protection
301

.  
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1.7.5 Intracellular and secretory factors  

Secretory molecules have been examined for their ability to inhibit HIV replication. 

Secretory leukocyte protease inhibitor, SLPI, found in saliva, and lactoferrin in the 

genital mucosa and breast milk have been reported to directly inhibit HIV binding to 

annexin II on macrophages
302

 and DC-SIGN on dendritic cells
303

, respectively
233,304,305

. 

Furthermore, there was an increase in the acute-phase amyloid A protein (A-SAA) 

found in the serum of HESN. A-SAA expression is thought to result in the down-

regulation of CCR5 co-receptors and consequently reduce cellular susceptibility to HIV 

infection
286

. Furthermore, members of the defensin family, α-defensin and β-defensin, 

were shown to be upregulated in HESN individuals compared with HIV-infected 

patients
306,307

. The CC-chemokine family includes MIP1a, MIP1b, and RANTES and 

may play a role in binding to the CCR5 co-receptor and thus compete with HIV 

binding
308,309

. CC-chemokine production was observed in PBMCs of HESN in sero-

discordant couples in France
309

 and North India
308

. RANTES and IFN-α have been 

detected in DCs and CD8
+
 T cells in cervical biopsies collected from HESN commercial 

sex workers
310

. Elevated levels of RANTES have been observed in the genital mucosa 

of HESN Kenyan sex workers
311

 and the mucosa of HESNs and HIV-positive 

individuals
312

. However a later study correlated these secretory factors with bacterial 

infection and inflammation in the genital tract, making it difficult to classify secretary 

factors as HIV correlates of protection
313,314

.  

1.7.5.1 APOBEC 3 

Apolipoprotein B mRNA-editing catalytic polypeptide-like 3 (APOBEC 3), is a 

member of the cytidine deaminases family. APOBEC 3 can specifically modify single-

stranded DNA generated as an intermediate to form the provirus and is incorporated 

into progeny HIV virions by binding to gag
315

. This results in viral DNA degradation 

and cytidine deamination of the viral DNA during the reverse transcription step
316

. 

However, the vif protein suppresses the activity of APOBEC by degrading APOBEC 

mRNA and protein through ubiquitin-dependent proteosomal degradation decreasing 

intracellular APOBEC and thus its uptake into new virus
317

. APOBEC function was 

examined in monocyte/macrophage lineage cells such as DCs and macrophages as well 

as in CD4
+
 and CD8

+
 cells

318
 in HESN. These HESN-derived cells were found to 



22 

 

produce increased levels of IFN-γ induced APOBEC3G. Ex vivo peripheral blood 

mononuclear cells (PBMCs) from HESN demonstrated reduced levels of HIV 

replication and a more robust APOBEC3G up-regulation compared to PBMCs from 

HIV-infected and healthy controls
318

.  

 

1.8 Animal models 

Animal models not only contribute to our understanding of pathogenesis, but also to 

evaluating the efficacy and safety profile of putative therapeutic agents and vaccines.  

1.8.1 Mouse models 

As mice cannot be naturally infected with HIV, researchers have modified the virus or 

the mouse to develop models of infection. However, transgenic mice which expressed 

the cognate HIV receptors, CD4 with either CXCR4 or CCR5, were poorly permissible 

for HIV infection
319,320

.  

1.8.1.1 Humanised mouse models 

Long-term immunodeficiency is required to populate mice with human cells. Initial 

attempts using SCID mice resulted in re-generation of murine T and B cells and a high 

number of murine NK cells following irradiation, reducing the efficacy of HIV 

infection
321

. Improvements were made using recombinase activating gene (RAG) 1- and 

2-deficient mice, enzymes which aid rearrangement and recombination within the 

immunoglobulin and T cell receptor genes, but this failed to circumvent the production 

of murine NK cells
322,323

. The introduction of non-obese diabetic (NOD) SCID mice not 

only prevented the development of B and T cells, but also diminished the number of NK 

cells
324

. A caveat of using these mice is their potentially shortened lifespan due to 

thymic lymphomas
325

. Rag deficient or NOD SCID mice with an additional mutation in 

the IL-2 receptor gamma chain results in reduced expression of IL-2, IL-4, IL-7, IL-9, 

and IL-15 that further suppress murine B cell, T cell and NK cell maturation
326-328

. 

These immune-deficient mice were xenografted with human CD34
+
 hematopoietic stem 

cells that culminate in a long-term stable engraftment. The CD34
+
 hematopoietic stem 

cell-engrafted mice can be infected with HIV and are able to support HIV replication. 
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However, the use of these mice is limited as the human bone marrow-derived T cells 

develop in the mouse thymus and impairs HLA production
329

.   

1.8.1.2 BLT mice 

More recently, human cell engraftment in NOD/SCID mice was extended to include a 

human foetal liver and thymus tissue combination, in BLT mice (bone marrow, liver, 

thymus)
330

. All forms of humanized mice were shown to be susceptible to HIV-1 

infection, after intravenous and mucosal challenge
331-333

. However, BLT humanized 

mice mimic HIV-1 infection in humans and sustain ongoing HIV-1 replication resulting 

in immune pressures on the virus leading to mutations in CD8
+
 T cell epitopes

334
 and 

facilitating the development of T cells in the human thymus
329

. Furthermore the BLT 

mice showed a similar degree of CD4
+
 T cell depletion in the GALT as a result of the 

infection, mimicking an important aspect of infected humans
335

. These humanized mice 

appear to be a useful tool although more research is required to study pathogenesis and 

human immune responses, and to determine how closely these animal models mimic 

natural HIV infection of humans.  

1.8.1.3 EcoHIV 

As an alternative to producing HIV permissive mice, a chimeric HIV, EcoHIV was 

created. This pseudotyped virus can infect mouse, but not human, leukocytes and is 

based on HIV NL4-3 (clade B) or HIV NDK (clade D) in which the HIV gp120 

envelope protein was substituted with gp80 from murine leukaemia virus
30

 (see figure 

2.3). EcoHIV is presumed to infect cells using the natural route of murine leukaemia 

virus, via the murine receptor, cationic amino acid transporter type I (CAT I)
336,337

. Both 

forms of EcoHIV were able to establish a systemic infection after a single inoculation
338

 

and demonstrated the utility of this challenge model to test the efficacy of protective 

alleles
339

 and HIV vaccines
340

 in C57Bl6/J and Balb/C mice, respectively. The mice 

were challenged by either intravenous or intraperitoneal inoculation with EcoHIV 

between 1 and 4 weeks post final vaccination, and sacrificed 1 week later
339,340

. EcoHIV 

infection of naive mice was determined by qRT-PCR analysis of RNA purified from the 

spleen, CD4
+
 T cells, macrophages, brain, lungs and kidneys, and was detected in all 

but the latter two sites
336

. Additional EcoHIV challenge studies detected viral DNA in 
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splenocytes and peritoneal macrophages
339,340

 and occasionally in peripheral blood 

lymphocytes
336

.  

1.8.2 Non-human primate models 

Only humans, chimpanzees
341

 and pigtail macaques
342

 are susceptible to HIV infection. 

However the use of non-human primates (NHP) does not always result in infection after 

HIV challenge making it an imperfect animal model
343

. Baboons and macaques have 

been established as a model for HIV-2 infection with varying success
344

. Simian 

immunodeficiency virus (SIV) can infect non-human primates such as African Green 

Monkeys, Indian Rhesus Monkeys, and Sooty Mangabeys
345,346

. However, despite 

persistent SIV infection, progression to AIDS is inconsistent
347,348

 and the disease more 

closely resembles HIV-2 infection
343

. Research is currently focused on understanding 

the viral-host interaction in monkeys infected with SIV that fails to progress to AIDS. 

This includes host cells that express reduced levels of CCR5
349

, and the ability of the 

animal to maintain mucosal immunity
350

. 

1.8.2.1 Chimpanzee model 

Chimpanzees can be naturally infected with SIVchimpanzee that can result in AIDS-related 

mortality. However, establishing HIV infection has been difficult to replicate in 

chimpanzees experimentally, as a majority of animals do not progress to AIDS
351

. 

Chimpanzees are the closest genetic relation to humans, but are difficult to use as an 

animal model as they are expensive to keep, have limited availability and their use 

poses ethical issues
352

.  

1.8.2.2 SIV macaque model 

The optimal primate model is the Asian macaque (rhesus macaques and pigtailed 

macaques) in which SIV infection results in an AIDS-like disease
353

. This model shows 

a similar tropism of CD4
+ 

cells to human HIV infection, leading to their depletion, and 

AIDS-related opportunistic infections
354

. The route of HIV transmission has also been 

mimicked in this animal model using SIV to infect via the rectal and vaginal mucosa, by 

intravenous injection, and occasionally orally
355-357

. Modern mucosal transmission 

techniques aim to replicate the natural route of HIV infection in humans by 

administering several low dose SIV challenges, rather than a single large dose strategy 
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favoured previously
358

. Disadvantages of this primate model include the cost and minor 

differences between SIV and HIV infection, and the resultant pathogenesis. Novel 

chimeras of SIV and HIV-1 were required to overcome these differences and a number 

of chimeric HIV/SIV (SHIV) viruses have been produced. The substitution of SIV with 

HIV genes is generally restricted to the reverse transcriptase and envelope genes
359-362

. 

Additional studies investigated the practicality of producing a simian-permissible HIV 

by altering the vif gene, but the levels of viremia were disappointing
363

. 

1.8.2.2.1 Macaque model in HIV vaccine development 

Macaque models have been used to test DNA vaccines, subunit protein vaccines and 

replication-competent and -deficient vector vaccines with varying success
364

. The most 

promising vaccine studies in macaques used live attenuated SIV. The live attenuated 

form of SIV produced a long-lived, broad immune response
365-367

, but a similar 

approach is unlikely to be approved for use in humans due to the risk of reversion. 

Further promising results were generated using a genetically modified rhesus 

cytomegalovirus (CMV). The live replication-competent rhesus CMV encoded SIV gag, 

rev-tat-nef and env
368

. This vaccine regimen produced strong CD4
+
 and CD8

+
 T cells 

that were long-lived and appeared to demonstrate some protection when macaques were 

challenged intrarectally
368

. However, safety concerns over this CMV infection in 

humans along with concerns over the prolonged duration of the response means that 

there is considerable doubt over this strategy progressing. The lack of a convenient 

animal model for HIV has resulted in disappointing outcomes in HIV vaccine clinical 

trials. 

 

1.9 HIV clinical trials 

The earliest clinical study of an HIV vaccine was performed in 1987, and since then 

there have been over 30 candidate vaccines that progressed into more than 170 clinical 

trials
369

. The first clinical trials aimed to induce neutralising antibodies using gp160-

encoding recombinant vaccinia virus vectors combined with recombinant gp160 protein. 

These Phase I trials resulted in poor antibody responses and side effects in immune-

compromised individuals
22,370

. The research then progressed to targeting a CD8
+
 T cell 
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response (see below)
371

. Currently, the optimal HIV vaccine strategy aims to develop 

humoral and cell-mediated responses. The goal is to produce a vaccine with a high 

safety profile that induces a strong and broad immune response. 

 1.9.1 Phase II clinical trials 

The results from phase 2 trials have been disappointing, although only four HIV vaccine 

studies have progressed to phase IIb or III trials. The STEP study
372

 and the Phambili 

study (both sponsored by Merck) were Phase IIb trials using a replication-defective 

recombinant adenovirus serotype 5 (Ad5) as a viral vector that encoded HIV-1 pol, gag 

and nef. These two trials were designed to induce strong cell-mediated immune 

responses
373

. Not only did these studies fail to induce such responses or show protection 

against HIV infection, but the STEP trial also resulted in an increased risk from HIV 

infection following vaccination. Pre-existing immunity to adenovirus appears to have an 

effect on the susceptibility of HIV infection, and individuals who were sero-positive 

showed an increased risk of HIV acquisition, whereas naive individuals showed a 

reduced risk of HIV infection
260,374

. This pre-existing immunity to the adeno 5 viral 

vector itself resulted in the activation and expansion of adeno virus-specific CD4
+
 T 

cells which homed to the mucosal surface, that were highly susceptible to HIV 

infection, and thus increased the risk to the individual
260,374

. This study was suspended 

and a proposed phase 2b PAVE 100 (developed by NIAID Vaccine Research Centre) 

was withdrawn due to the use of an Ad5 vector and the lack of efficacy observed in the 

STEP trial. A recent HIV clinical trial HVTN 505 tested a DNA vaccine prime followed 

by a recombinant Adenovirus vector. To overcome issues linked to pre-existing 

immunity of Ad5, only those individuals with no anti-Ad5 antibodies were chosen 

however there was no efficacy and the trial was stopped
375

. The use of alternative, less 

prevalent human adenovirus serotypes as a delivery vector may not overcome the 

problem as it is thought that the memory T cell response to the immunodominant 

peptide of adenoviral hexon can be cross-reactive between serotypes
376,377

. Viral vectors 

derived from adenoviruses that infect alternative species may be the solution (see 

section 1.10.2.2).  
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1.9.2 Phase III clinical trials 

Two phase III trials; AIDSVAX-Vax003 and -Vax004 (vaccines manufactured by 

VaxGen), used gp120 protein monomers to elicit a humoral response
378

. The results 

were disappointing, despite vaccination with a component of the modestly successful 

RV144 trial, described below
379

. This lack of efficacy may be an effect of the relatively 

high HIV exposure of the cohort studied in this clinical trial
380

. The only encouraging 

results were generated by the phase III RV144 clinical trial in Thailand
381

. This vaccine 

trial used a prime with a canarypox vector, ALVAC Vcp1521, which encoded gag, pol 

and env (manufactured by Sanofi Pasteur) followed by a boost with AIDSVAX env 

gp120 protein monomers based on the HIV-1 clades B/E (manufactured by VaxGen)
382

. 

A comparison of vaccinated individuals with those who received placebo showed a 

31.2% reduction in the acquisition of HIV. The reduction was more pronounced in 

middle and low risk populations which showed a reduction of 47.6% and 40.4%, 

respectively. Additional analysis identified that protection was stronger during the first 

year post vaccination, with a subsequent decline in the following years. However no 

differences in the overall immune responses were associated with a protective 

phenotype when plasma and HIV-specific T cells were analysed
382

. Furthermore, no 

differences were detected in the early viral load or the CD4
+
 T cell count. The modest 

protection was attributed to an increase in the level of plasma IgG-related ADCC, able 

to lyse HIV positive cells in vitro
383

. However, the nature of the immune response 

responsible for the modest protection may still be unrecognised. Despite the reasonably 

modest results from this vaccine trial, it has re-invigorated HIV vaccine researchers by 

demonstrating that it may be possible to induce an immune response capable of eliciting 

protection against HIV.  

 

1.10 Vaccine evolution 

The development of vaccines and their ability to protect against infectious agents has 

been essential for the reduction of debilitating infectious diseases. Equally important is 

the capacity of vaccines to produce herd immunity and protect unvaccinated 

individuals
384

.  
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1.10.1 Vaccines: currently licensed or in clinical trials 

1.10.1.1 Live attenuated vaccines 

Attenuation of live viruses is a traditional vaccine strategy that requires pathogen 

attenuation by iterative culture over multiple passages. This results in a replication-

competent organism that retains immunogenicity with a reduction in virulence. This 

vaccine technology has protected against infection with several pathogenic viruses 

including polio virus, measles virus, rubella virus, and yellow fever virus
385

. 

Recently, a phase II clinical trial using a live attenuated dengue virus vaccine containing 

the four dengue serotypes was shown to be safe and immunogenic
386

. Live attenuated 

vaccines are extremely efficient as the vaccine mimics the natural path of infection and 

thus can induce both humoral and cell mediated immunity. Unfortunately these vaccines 

have the potential for reversion and this strategy is considered too risky for HIV due to 

its high mutation rate
387

, as demonstrated by the live attenuated oral polio virus vaccine. 

In 2000, the USA reverted to the inactivated polio vaccine that is generally safer, but 

was not used after the accidental inclusion of live polio virus (known as the Cutter 

incident)
388

.  

1.10.1.2 Inactivated virus vaccines 

Vaccines based on whole inactivated organisms have also been beneficial against 

certain viruses. These viruses are inactivated by heat, or by the action of chemicals
385

. 

This technology circumvented the mutation concerns related to live attenuated vaccines, 

but the immunogenicity of the vaccines also decreased. This vaccine strategy has 

protected against infection with polio virus, hepatitis A virus, and Japanese encephalitis 

virus
385

. This method is not appropriate for HIV as inactivation leads to loss of 

antigenicity.  

1.10.1.3 Subunit vaccines 

Subunit vaccine technology uses components of viruses which are known to elicit 

protective immunity
389,390

. Reducing the number of molecules within a vaccine reduces 

possible adverse effects induced by superfluous proteins. This vaccine strategy, with its 

good safety profile and relative stability, is licensed for protection against influenza 

virus
391

. Unfortunately, subunit vaccines may not retain the native conformation of the 
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protein, may have reduced immunogenicity and the purification step can be costly. This 

vaccine technology progressed to a Phase III trial for HIV gp120, but failed to protect 

against infection in different at risk cohorts, MSM and intravenous drug users
392,393

.  

1.10.1.4 Virus-like particles 

Virus-like particles (VLPs) are produced from viral structural proteins that are able to 

self-assemble, but do not contain the virus genome. VLPs reproduce the structure of a 

natural virion without the risk of establishing infection. A VLP-based vaccine has been 

licensed for hepatitis B virus
394

 and more recently for human papilloma virus
395

. The 

use of VLPs for an HIV vaccine has been limited by the inefficient production of the 

HIV-based VLPs. However, a group in Shanghai recently produced HIV VLPs from 

drosophila cells that incorporated HIV envelope, gag and rev proteins
396

. This vaccine 

strategy has shown promise in mice and will progress to monkeys.  

1.10.2 Novel vaccine strategies 

A vaccine which aims to mimic natural immunity that develops in convalescent patients 

cannot be reproduced for HIV, as no individual has naturally recovered from HIV 

infection. The development of a HIV vaccine is further complicated by the high 

mutation rate resulting in a requirement to vaccinate against heterologous forms of the 

virus, which shows genetic and antigenic diversity. Thus, traditional vaccine strategies 

have generally been exhausted, and novel strategies to control a complex pathogen like 

HIV are necessary. Modern technologies can use rationale design based on 

advancements in immunological research and the emerging evidence of the importance 

of the innate immunity/adaptive immunity interplay.  

1.10.2.1 Delivery modes and tissue targeting 

New vaccine formulations focus on novel administration techniques and tissue-targeted 

vaccines. Needle-free delivery systems are being designed to overcome issues 

associated with the use of needles that include needle-stick injuries, a requirement for 

trained personnel, sterile needles and resistance to needles by a proportion of the 

population
397

. Progress in administration techniques has been made using the 

microneedle
398

, the gene gun
399

 and nanopatch technology
400

. Other studies have 

demonstrated that alternative administration routes may be more efficient than 
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conventional vaccine routes. For example, the intradermal delivery of DNA vaccines is 

more efficacious than the more common intramuscular and intraperitoneal routes, 

determined in low dose comparisons
31,401

. The route of administration can also influence 

tissue-specific vaccine responses, such as mucosal surfaces. This may be important for 

HIV, as mucosal sites represent a major route of transmission
402

. Goldoni et al used a 

combination of intranasal and intradermal DNA vaccinations with the lysosome-

associated membrane protein (LAMP) and HIV gag to produce a pan-mucosal immune 

response in neonatal Balb/C mice that demonstrated gag-specific mucosal IgA and IgG 

and a significant increase in IL-4 producing T cells
403

. Another novel vaccine strategy 

consisted of a prime of recombinant p24-cholera toxin fusion administered intranasally, 

boosted with HIV gag expressed from the bacterial vector Salmonella typhimurium 

administered orally, resulting in increased intestinal gag-specific CD8
+
 T cells

404
. HIV 

gag is commonly chosen as the antigen due to its high conservation and escape mutants 

to gag are associated with a reduction in viral fitness
405

. Tissue targeting can be further 

aided with the use of recombinant viral vectors.  

1.10.2.2 Recombinant viral vectors 

Viral vectors form a vehicle to deliver the pathogen-associated genes and may be 

replication-competent or replication-defective. Both approaches have advantages and 

disadvantages.  

1.10.2.2.1 Replication-competent viral vectors 

Replication-competent viral vectors have the potential to induce high levels of 

immunogenicity and relatively long-lived immunity
406

. Replication-competent vectors 

that have progressed to trials in monkeys and humans include vaccinia virus, herpes 

simplex virus (HSV) and adenovirus. Vaccinia virus has been essential in the 

eradication of smallpox
407

. However, the use of replication-competent vaccinia virus 

encoding HIV gp160 raised concerns of pre-existing immunity, attributed to previous 

smallpox vaccination, and the development of side effects in immune-compromised 

individuals
408

. Modified vaccinia replication-defective vectors have been produced to 

overcome these concerns (see section 1.10.2.2.2, below). The use of recombinant HSV 

generated a modest level of protection in rhesus monkeys, but concerns over safety and 

pre-existing immunity in some individuals remain
409

. The use of adenovirus encoding 
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HIV gp160, followed by a gp160 subunit boost has been reported in chimpanzees but 

disappointing levels of antibodies were induced and low levels of protection were 

reported
410

. The disadvantages of pre-existing immunity to replication-competent 

vectors may be circumvented by using less common human virus strains. Current viral 

vectors under consideration include Sendai virus
411,412

, and Cytomegalovirus
368

, both of 

which are in non-human primate trials and Newcastle Disease virus
413

 that is still in the 

early stages of development. 

1.10.2.2.2 Replication-defective viral vectors 

Replication-defective viral vectors possess good safety profiles as a result of an 

increased number of gene deletions to allow vectors to transduce but not replicate in 

mammalian cells, with the added advantage of an increased capacity to insert foreign 

genes. Replication-defective vector vaccines have been licensed for veterinary use with 

attenuated canarypox virus (referred to as ALVAC) licensed for use against West Nile 

virus infection in horses
414

, feline leukaemia virus
415

 and Rabies virus infections in 

cats
416

. Replication-defective vectors that progressed to clinical trials include adenovirus 

and poxviruses; modified vaccinia virus ankara (MVA), fowlpox and canarypox. MVA 

has progressed to Phase I clinical trials and was shown to be safe
417

. Fowl- and canary-

pox viral vectors have been repeatedly administered to humans with no adverse 

effects
418

 and a modest success resulted from a Phase III HIV vaccine clinical trial using 

ALVAC in a heterologous prime-boost strategy (discussed in section 1.9.2). Porcine 

adenovirus, bovine adenovirus and chimpanzee adenovirus have all been examined as 

replication-defective viral vectors. Chimpanzee adenovirus ChAd63 has recently been 

tested in a clinical Phase 1a trial of a malaria vaccine, and demonstrated a good safety 

profile
419,420

. Other studies have focused on chimpanzee adenovirus serotypes with the 

highest divergence to human adenovirus, and the ChAdY25 strain showed immune 

responses in mice
421

. Porcine adenovirus, PAd3, and bovine adenovirus BAd3 have 

been examined in mice, all of which demonstrated good immunogenicity
422

 and limited 

cross-reactive immune responses to human adenovirus Ad5
423

, making them good 

candidates as viral vectors.   
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1.10.2.3 DNA vaccines 

DNA vaccines are comprised of bacterial plasmids which encode the gene of choice to 

elicit protection against a pathogen. The foreign genes are controlled by a strong 

promoter to achieve expression in the tissue to which it is administered
424

. DNA 

vaccines are simple to produce and are relatively stable and cheap to manufacture 

allowing transport to remote rural areas
425

. Crucially, for more complex pathogens, such 

as HIV, DNA vaccines can induce a humoral and cell-mediated response as the 

immunogen is expressed intracellularly
424

 (figure 1.4). DNA vaccines perform very well 

in mice
426,427

 and non-human primates
428

 and several are licensed for veterinary use 

(table 1.3). However, despite this potential, DNA vaccines have so far failed to generate 

effective immunity in humans. Clinical trials of prophylactic
429

 and therapeutic
430

 DNA 

vaccines have excellent safety records but the potency of the vaccines have been 

disappointing
34,35

. Intramuscular DNA vaccines for HIV were inefficient in clinical 

trials
201

 due to the lack of immunogenicity, resulting in a need for high doses and 

numerous boosts.  

   Table 1.3. DNA vaccines licensed for veterinary use
3
. 

Vaccine Target Date 

Licensed 

Target Host Benefits 

West Nile Virus 2005 Horses Protects against West Nile 

virus infection 

Infectious 

Haematopoietic 

necrosis virus 

2005 Salmon Increases food quality and 

quantity 

Growth hormone 

releasing hormone 

2007 Predominantly 

pigs 

Significantly decreases 

perinatal mortality/morbidity 

Canine Melanoma 2007 Dogs Treats aggressive forms of 

cancer of the mouth, nail bed 

and foot pad. 
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Figure 1.4. Mechanisms of DNA vaccine immunogenicity
3
. The gene encoding the 

target antigen is cloned into the DNA vaccine and then delivered to the tissue of choice. 

Once delivered, the DNA vaccine can either directly transfect DCs resulting in their 

activation or transfect resident myocytes. These transfected myocytes then secrete the 

antigen or become necrotic. The DC can phagocytose the infected myocyte resulting in 

DC activation and migration to the draining lymph nodes. Within the lymph node, the 

DCs are then able to interact with and activate T cells.  
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1.10.2.4 DNA vaccine prime and viral vector boost 

DNA vaccines have demonstrated promising results in small animals, but are inefficient 

in humans. A DNA vaccine prime and the addition of a viral vector boost may increase 

antigen-specific immune responses. A study in rhesus macaques examined a DNA 

vaccine prime encoding gag, pol, env, and nef separately, a polyprotein fusion of vif, 

vpr, vpx, tat and rev and an IL-12 encoding plasmid
431

 and a boost of Ad5 encoding SIV 

genes. The vaccinated animals demonstrated reduced viremia when challenged with 

SIV, but no significant differences in CD8
+
 T cell activation compared with macaques 

vaccinated without the plasmid encoding IL-12
431

. Wilks et al generated SIV-specific 

responses in breast milk in vaccinated macaques
432

. The vaccine regimen consisted of a 

DNA prime and an initial attenuated pox virus boost (NYVAC) encoding SIV gag-pol 

and env with a final boost of recombinant Ad5 gag-pol. Strong CD8
+
 T cell and IgG 

responses were present in the breast milk, which may prevent transmission from mother 

to child
432

. A DNA vaccine/MVA prime boost encoding SHIV genes and a separate 

plasmid encoding GM-CSF in the prime resulted in increased control of viremia in 

rhesus macaques after intrarectal SHIV challenge
433

. Codon optimisation of viral genes 

has been used to increase the level of expression and improve antigen-specific 

responses. This has been demonstrated for HIV and SIV genes
434-436

. A prime boost 

vaccine strategy in mice used a codon optimised HIV gag/pol/nef/gp120 DNA vaccine 

followed by a NYVAC vaccination
437

. This vaccine strategy progressed to macaque 

trials and Phase I clinical trials
437

. 

 

1.11 Adjuvants 

Adjuvants are incorporated into vaccine strategies to increase the immunogenicity of the 

antigen, to reduce the amount of antigen required or to reduce the number of vaccine 

boosts.  

1.11.1 Licensed adjuvants 

The only adjuvants licensed for use in humans are alum (aluminium-based mineral 

salts), MF59 (oil-in-water emulsion), AS03 (oil-in-water emulsion) and AS04 (alum 
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and monophospholipid A derived from bacteria)
438

. The most extensively used is alum, 

which predominantly induces a humoral response
439

 making this adjuvant ineffective in 

attempting to protect against complex viruses such as HIV and HCV
440

. MPL is a 

microbial derivative that consists of the detoxified form of lipopolysaccharide (LPS)
441

 

that in combination with an oil drop emulsion, squalene, is known as the adjuvant MF59 

(Novartis)
442

. This adjuvant was shown to be safe, resulting in a licensed vaccine for 

influenza virus
438

. However, MF59 for HIV vaccine use has focused on humoral 

responses, as demonstrated in a Phase I/II clinical trial
443

, which alone may not be 

sufficient to protect against HIV challenge. The AS04 adjuvant based on MPL in 

combination with alum has been licensed for the use in human papillomavirus 

vaccines
444

. 

1.11.2 Particulate adjuvants 

Saponins are glycosides which when mixed with cholesterol and phospholipids produce 

the ISCOMATRIX matrix that forms ISCOMs after the addition of a specific antigen
445

. 

ISCOMs have progressed into clinical trials of putative vaccines for influenza, hepatitis 

C virus, and HPV. The products demonstrated high titres of antigen-specific antibodies, 

but CD4
+
 and CD8

+
 T cell responses were variable

445
. Virosomes, essentially 

unilamellar liposomes, containing embedded HA derived from the envelope 

glycoproteins of myxo or para-myxoviruses were initially used as vaccines for influenza 

virus
446

. However, virosomes are now being used as a vector to deliver antigens from 

other pathogens, for example the malaria vaccine trials that have progressed to phase IIa 

clinical trials
447

. This vaccine has a good safety profile, although individuals who were 

administered the vaccine via the intradermal route experienced more acute reactions 

than those vaccinated via the intramuscular route
447

. Virosomes have been used to 

deliver HIV gp41 subunits into rhesus macaques via the intramuscular and intranasal 

routes in a prime boost strategy. The vaccine induced mucosal IgA, detected in vaginal 

washes, and protected the majority of the monkeys against challenge with SHIV
448

. 

1.11.3. DNA vaccines 

DNA vaccines have many advantages as a novel vaccine strategy that includes a good 

safety profile and the ease of manufacture. DNA vaccines have performed well in small 
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animals, but have lacked the required immunogenicity in humans, and therefore 

improving immune responses induced by DNA vaccines is an important research topic.  

1.11.3.1 DNA vaccine-based adjuvants 

A strategy that may prove beneficial for DNA vaccines is to encode an adjuvant within 

the DNA vaccine as several genes can be incorporated simultaneously. DNA vaccines 

are bacterial-derived and so naturally contain unmethylated CpG DNA (a cytosine, 

phosphate, guanine sequence) resulting in the intrinsic ability to increase immune 

responses since CpG motifs are recognised by the toll-like receptor TLR 9 that results in 

a pro-inflammatory Th1 immune response. Co-administering additional CpG sequences 

as part of a vaccine strategy can further increase the immunogenicity
449

. A DNA 

vaccine encoding HIV env was administered along with additional CpG sequences in 

Balb/C mice that resulted in higher antibody titres and increased cytotoxicity of CTLs 

compared with DNA-encoding env only
450

. In a phase II clinical trial, CpG sequences 

were used as part of a cancer therapeutic targeting malignant melanoma. The patients 

demonstrated no adverse effects when administered CpG DNA, but the lack of a 

tumour-targeted response prevented further analysis of this strategy in a phase 3 trial 

(clinical trials.gov). Retinoic acid-inducible gene I (RIG-I) can recognise and bind 

pathogen-derived dsRNA that results in a pro-inflammatory response. A novel vaccine 

study delivered DNA encoding influenza haemagglutinin and dsRNA hairpins. This 

vaccine strategy resulted in higher antibody avidity in mice which received the 

dsRNA
451

.  

1.11.3.1.1 DNA-encoded cytokines 

DNA-encoded cytokines can be incorporated into a vaccine strategy to regulate 

different arms of the immune response. The cytokine, IL-12 (interleukin-12), is secreted 

by APCs and can direct T cell activation towards a Th1 response
452

. In clinical trials, an 

intermediate dose of DNA (500μg) encoding HIV gag and IL-12 was well tolerated by 

vaccinees, but the resulting immune responses were disappointing with less than 50% of 

those vaccinated demonstrating detectable gag-specific responses
453

. IL-15 can maintain 

antigen-specific memory T cells and was incorporated in a DNA vaccine encoding HIV 

gag and IL-15 or IL-2 with a boost of the corresponding DNA encoding IL-15 or IL-2 

only. The DNA vaccines were administered to Balb/C mice via the intramuscular route 
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and the results demonstrated significantly increased frequencies of functional T cells 

and higher antibody titres in mice vaccinated with the inclusion of IL-15 compared with 

IL-2 or gag only
454

. Robinson et al studied the adjuvant properties of granulocyte-

macrophage colony-stimulating factor (GM-CSF). DNA encoding SIV gag, pol, env, 

tat, rev, vif, vpr and vpu was administered to macaques with or without the co-

administration of GM-CSF, followed by a boost at 24 weeks of MVA encoding gag, pol 

and env. The vaccinated macaques were challenged with SHIV numerous times over a 3 

year period, and the results demonstrated increased protection with the inclusion of 

GM-CSF
455,456

. The inclusion of cytokines as an adjuvant can also enhance immune 

responses at mucosal sites. A study delivered DNA encoding gag with or without the 

inclusion of CCL27 DNA to mice and macaques. The results demonstrated that the 

inclusion of CCL27 significantly increased the titres of IgA in bronchiolar lavages and 

faecal samples in mice and macaques, but there were no differences in the systemic T 

cell responses as shown by IFN-γ secreting T cells
457

. 

1.11.3.1.2 Co-administration of DNA-encoded cytokines 

A study demonstrated that DNA encoding HIV env co-administered with IL-15 and IL-

21 increased the frequency of IFN-γ secreting T cells and the antibody titre beyond that 

observed in mice vaccinated with DNA encoding HIV env and IL-15 or IL-21
458

. 

Crucially, co-administration of IL-15 and IL-21 significantly reduced the viral loads in 

mice challenged with vaccinia virus encoding HIV env compared with the inclusion of 

IL-15 or IL-21 separately
458

. Another study demonstrated increased proliferation of 

CD4
+
 and CD8

+
 T cells when mice were vaccinated with DNA encoding HIV env and a 

combination of GM-CSF and IL-12 compared with the inclusion of IL-12 or GM-CSF 

separately
459

. Furthermore, DNA encoding HIV env and IL-12 and GM-CSF 

demonstrated significant decreases in the viral load of mice challenged with a vaccinia 

virus encoding HIV env
459

. 

These studies demonstrate that the combination of cytokines is beneficial as a single 

cytokine has a specific and limited adjuvant effect. Therefore, using molecules that are 

able to regulate a broader immune response may be important for identifying new 

adjuvant candidates.   
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1.12 Vaccine immunology 

1.12.1 PRRs, PAMPs and DAMPs 

Tissue resident innate immune cells recognise and bind to evolutionary conserved 

patterns on pathogens by using pattern recognition receptors (PRRs). PRRs on innate 

immune cells not only recognise molecules on invading pathogens, termed pathogen 

associated molecular pattern (PAMPs)
460

 but also recognise endogenous host-related 

molecules, damage associated molecular pattern (DAMPs) (figure 1.5) that are 

produced or released during tissue damage and cell necrosis
461

. Molecules classified as 

DAMPs include HMGB1
10

, uric acid
11

 and heat shock proteins
12

. Binding of PAMPs or 

DAMPs to PRRs leads to further activation of antigen presenting cells, predominantly 

DCs, resulting in the up-regulation of co-stimulatory molecules, an important signal 

required for the activation of T cells
462

. Host PRRs include Toll-like receptors (TLRs), 

nucleotide oligomerisation domain-like receptors (NLRs), retinoic acid-inducible gene-

I-like receptors (RLRs), C-type lectin receptors (CLRs), and absent in melanoma 2-like 

receptors (AIM2) (PRR summary in table 1.4)
463

.  

    Table 1.4. Pattern recognition receptors.
7
. 

Pattern Recognition Receptor Abbreviation Location and Function 

Nucleotide Oligomerisation 

domain-like Receptor 

NRL Intracellular 

Retinoic Acid-inducible Gene 1-

like Receptor 

RLR Intracellular, primarily involved in 

antiviral responses 

C-type Lectin Receptor CLR Transmembrane, are characterized by 

the presence of a carbohydrate binding 

domain 

Absence in Melanoma 2-like 

Receptor 

AIM2 Intracellular, detects intracellular 

microbial DNA 

Toll-like Receptor TLR Transmembrane on the plasma 

membrane and endosome membrane 
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Figure 1.5. How PAMPs and DAMPs activate DCs
6
. This schematic demonstrates 

how pathogen-derived PAMPs and cellular DAMPs can bind to surface molecules on 

DCs that induce DC maturation with the up-regulation of co-stimulatory molecules. 

Once activated the DCs migrate to the draining lymph nodes and interact with T cells. 
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1.12.2 DCs and adaptive immunity 

When co-stimulatory molecules, including CD80 or CD86, are upregulated by DCs in 

conjunction with the presentation of antigen-derived peptides, DCs which form an 

immunological synapse with naive T cells can activate these cells leading to 

differentiation and proliferation
464

. Peptide presentation, restricted by major 

histocompatibility complex (MHC) I or II molecules, result in CD8
+
 T cell

465
 or CD4

+
 T 

cell
466

 activation, respectively. Most nucleated cells express MHC I, while only 

professional antigen presenting cells also express MHC II. Generally, exogenous 

antigens are presented on MHC II and endogenous antigens are presented on MHC I
464

. 

However, cross-presentation allows exogenous antigen to be re-directed to MHC I-

targeted endosomes and presented to CD8
+
 T cells

467
. The main DC population capable 

of cross-presentation are the myeloid CD11c
+
CD8a

+
 DCs

468
. A lack of co-stimulatory 

molecules and antigen presentation on the DC may result in T cell anergy
469

. 

 

1.13 Heat shock proteins (HSP) 

There are five structurally unrelated families that are categorised as heat shock proteins. 

These families are defined by size; HSPA encodes the 70kDa HSP70 protein, while 

HSPB, HSPC, HSPH, and DNAJ encode small HSP, HSP90, HSP110, HSP40, 

respectively
470

. 

1.13.1 The HSPA family 

The human HSPA family contains thirteen genes that all encode HSP70 proteins
24

. The 

reasons for the large number of genes within the HSPA family are unknown but may be 

required for different cellular locations, inducible (HSP70) or constitutive HSP70 

(HSC70) expression, and a degree of tissue specificity
24

. However, there is some 

redundancy within this family as the proteins are highly conserved. There are mouse 

orthologues for all but two (HSPA6 and HSPA7) of the human HSPA genes
24

, with one 

of the most highly inducible heat shock proteins being HSPA1A that encodes for the 

inducible HSP70
471

. HSPA1A is constitutively expressed at a very low level and 

expression is induced after a stress event
471

. Transcription of the heat shock genes are 
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regulated by heat shock factors HSF1 and HSF2. The majority of the heat shock 

response is controlled by HSF1
472

.  

1.13.2 HSP70 structure and function  

The intracellular physiological functions of the HSP70 family include maintenance of 

cell homeostasis, intracellular protein transport, prevention of aggregation of nascent or 

mis-folded proteins and anti-apoptotic properties
13,473,474

. The structure of HSP70 

consists of two main domains, the ATPase N-terminus and the peptide-binding C-

terminus, connected via a small linker
475

. The 45 kDa N-terminus has two main globular 

structures that are attached via the ATP-ADP binding cleft. ATP-bound HSP70 has a 

higher substrate affinity and so increases protein binding
476

. The ATP is then 

hydrolysed with the aid of regulatory cofactors including CHIP (Carboxyl-terminus of 

HSP70 Interacting Protein)
477

. The peptide-binding C-terminus is approximately 25 

kDa
475

 and recognises hepta-peptides, with a preference for hydrophobic residues
478

. 

There appears to be some cross talk between the domains via the linker that facilitates 

synchronisation of the nucleotide states and the protein binding affinity. The C-terminus 

of HSP70 has higher species diversity than the N-terminus
478

.  

1.13.3 Bacterial HSP70 in vaccine strategies 

Bacterial HSP70 has been categorised as a PAMP and has been used as a genetically 

encoded adjuvant in an effort to increase vaccine efficacy
479

. Several cancer vaccine 

strategies have utilised Mycobacterium tuberculosis HSP70 (mtHSP70) fused to the 

human papillomavirus-16 and -18 E7 as a DNA vaccine
16,36

 or expressed from adeno-

associated virus
480,481

. Additional vaccines which used this strategy include mtHSP70 

fused to a HIV p24 peptide, that elicited humoral and cellular immune responses
482

 and 

mtHSP70 fused to an ovalbumin CTL epitope, designed to elicit CD8
+
 T cell 

responses
483

. However, the homology between human HSP70 (NCBI accession number 

NP005336) and mtHSP70 (NCBI accession number CCP43080) is ~51% at the amino 

acid level and thus this may result in a response to mtHSP70. Therefore it would be 

beneficial to use a mammalian HSP
484

.   
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1.13.4 Mammalian HSP70 as an adjuvant 

1.13.4.1 HSP70 as a DAMP 

Peptide-free HSPs have been classified as DAMPs in sterile inflammation and have 

adjuvant properties when membrane bound on cancerous cells or secreted into the 

extracellular milieu
485

. This process can occur through cell necrosis, damage or stress, 

allowing the extracellular HSP70 to bind to TLR 2 and TLR 4 on the surface of DCs
486

 

(figure 1.6). The inducible HSP70 but not the constitutive HSC70, is generally regarded 

as a DAMP
487

, although there is some controversy over this as LPS can also bind TLR 4 

and can potentially contaminate HSP70 when it is over-expressed in bacterial cells
488-

490
. Thus, it was suggested that LPS rather than the HSP70 bound to the TLRs and 

activated the DCs. Removal of endotoxins from HSP70 using heat
491

, polymixin B
492

 

and an LPS antagonist, Rslp, derived from Rhodopseudomonas spheroides
493

 still 

retained TLR activation. This was later contested by Gao et al who argued that these 

methods of LPS removal were not adequate
494-496

 and additional studies suggested that 

endotoxin contamination was required for TLR 4 stimulation
497

. However, mammalian 

HSP70 purified from whole murine liver and kidney preparations was shown to activate 

macrophages and DCs
498

. A similar study demonstrated the ability of peptide-free and 

ova peptide-bound HSP70 purified from whole livers to activate T cells
499

. Furthermore, 

in vitro, mammalian cells expressing HSP70 on their surface were able to activate TLR 

2 and 4 on macrophages
500

. Finally, addition of his-tagged HSP70 secreted from HEK 

293T cells to ex vivo PBMCs resulted in T cell activation
501

. It is noteworthy that an 

antigen-HSP70 complex stimulates CTL only, whereas peptide-free HSP70 can activate 

CD4
+
 and CD8

+
 T cells

499
. This study also demonstrated that LPS stimulated DCs more 

rapidly than HSP, suggesting that the mechanisms are different
493

. 

This research has led to the use of the mammalian form of inducible HSP70 as an 

adjuvant for vaccines to improve immunogenicity. 

1.13.4.2 HSP70 as an adjuvant in vaccine strategies 

Mammalian HSP70 is highly conserved at the protein level. The amino acid sequences 

of human (NCBI accession number NP005336) and mouse HSP70 (NCBI accession 

number NP034609) are 95% identical and 98% chemically similar and thus have been 
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used interchangeably in vaccine studies in mice. Zhang et al examined DNA vaccines 

encoding the human form of the inducible HSP70 (HSPA1A gene) fused to the prostate 

stem cell antigen (PSCA), to produce HSP70-PSCA or PSCA-HSP70
502

. These 

constructs were administered to mice by the intramuscular route and resulted in a 

predominantly CD8
+
 T cell response; and the PSCA-HSP70 vaccinated mice showed a 

stronger response
502

. An additional modification to the DNA vaccine resulted in 

secretion of a HSP70-HPV E7 fusion. Post vaccination, the mice were challenged with 

E7-positive tumour cells, resulting in a reduction in the tumour volume in mice 

vaccinated with the HSP70-E7 fusion compared with mice vaccinated with E7 

only
503,504

. Similarly, a DNA vaccine encoding human HSP70 fused to the extracellular 

domain of E7 demonstrated an increased frequency of E7-specific CD8
+
 T cells 

compared with mice vaccinated with DNA encoding the extracellular domain of E7 

only
505

. Another study used a DNA vaccine encoding a secreted form of Mage3 cancer 

testis antigen linked to the inducible form of HSP70 that was administered to mice via 

the intramuscular route. This vaccine induced Mage3-specific CD4
+ 

and CD8
+
 T cells, 

antibodies, and NK cells which suppressed tumour growth
506

. 

 

Figure 1.6. HSP70 release from cells can bind TLR2/4 on the surface of DCs. 

Adapted from
507

. Binding of HSP70 to TLR2/4, results in the up-regulation and 

secretion of pro-inflammatory molecules causing a downstream immune response.  
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1.13.5 Comparing bacterial and mammalian HSP70 as a vaccine 

adjuvant 

Mammalian HSP70 is classified as a DAMP while bacterial-derived HSP70 is classified 

as a PAMP. A direct comparison between DNA vaccines encoding either of these 

HSP70 molecules in a cancer vaccine demonstrated that mice vaccinated with the 

human form of HSP70 induced a stronger CD8
+
 T cell response

20
. Furthermore, a study 

comparing bacterial HSP70 and murine HSP70 fused to HPV E7, resulted in an 

increased T cell activation in mice vaccinated with the murine HSP70
28

. These studies 

identified the mammalian form of the inducible HSP70 as a potential adjuvant in a DNA 

vaccine strategy. 

 

 

1.14 Thesis aims 

1. Construct a bicistronic DNA vaccine encoding HIV gag and the cytoplasmic, fusion, 

membrane-bound or secreted forms of human inducible HSP70. 

2. Vaccinate C57Bl/6 mice and compare the HIV-specific immune responses induced 

by each DNA vaccine. 

3. Evaluate the protection induced by the DNA vaccines against challenge with 

EcoHIV.  
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Chapter 2 : Materials and Methods 

A list of reagents and equipment is provided in appendix I. All antibodies were 

purchased from BD Biosciences unless otherwise stated. The formulae for bacterial 

growth media are provided in appendix II.  

 

2.1 Bacterial strains, supplements and storage 

2.1.1 Bacterial strains   

Escherichia coli DH5α 

Genotype: F– Φ80lacZΔM15 Δ(lacZYA-argF) U169 recA1 endA1hsdR17 (rK–

, mK+) phoA supE44 λ– thi-1 gyrA96 relA1  

This strain of E. coli was used for cloning and DNA preparations. 

Escherichia coli BL21 (DE3) (A kind gift from A/Prof Renato Morona) 

Genotype: F– ompT hsdSB(rB–, mB–) gal dcm (DE3) 

This strain of E. coli was used for protein overexpression. 

2.1.2 Supplements for bacterial media 

Ampicillin Stock solution of 100 mg/ml, 1:1000 dilution in LB media 

Kanamycin Stock solution 50 mg/ml, 1:1000 dilution in LB media 

IPTG  Stock solution 1M, 1:1000 dilution in LB media 

All supplements were made up in MQ H20, filter sterilised and stored at -20 °C. 

2.1.3 Glycerol stocks of bacteria 

For long term storage of transformed bacteria, glycerol stocks were produced by adding 

0.5 ml of an overnight bacterial culture in antibiotic-supplemented LB media with 0.5 
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ml of sterile 40 % glycerol in an eppendorf tube. The glycerol stocks were stored at -80 

°C. 

 

2.2 DNA constructs, primers and synthetic oligonucleotides 

2.2.1 DNA constructs 

Two vectors were the basis for all DNA vaccine constructs; i) the pVAX1 plasmid was 

purchased from Life Technologies (figure 2.1A), and ii) a bicistronic vector, pJ, used 

the pVAX1 backbone to insert the SV40 promoter, a novel multiple cloning site and the 

SV40 polyadenylation site (figure 2.1B). The sequences of the CMV promoter and 

SV40 promoter in pJ are provided in appendix III. 

2.2.2 Primer design 

The primers were purchased from Geneworks and were <100 bases. Primers were 

designed to avoid primer dimerisation, primer hairpins, and multiple binding sites on 

the template, and aimed for a melting temperature (Tm) between 55 - 65 °C with the 

primer pair Tm to fall within 5 °C of each other. The Tm was calculated using the 

following equation
508

: 

Tm = 2 °C (# A + T pairs) + 4 °C (# G + C pairs) 

The primers used for restriction enzyme cloning consisted of; i) a 6 bp non-specific 

sequence required for restriction enzyme binding and cleavage (see neb.com for 

details), ii) the restriction enzyme site and iii) a short sequence of approximately 20 

bases complementary to the target DNA.  

Primers designed for InFusion (Clontech) cloning contained i) DNA sequence 

homologous to the site of insertion in the linearised vector to allow homologous 

recombination of the vector and insert and ii) The restriction enzyme site, used to 

linearise the vector, was restored by inserting the site at the 5’ end of the primer. 

The complete list of primers is shown in appendix IV. 
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Figure 2.1. Plasmid maps of the DNA construct backbones. A) A schematic map of 

pVAX1 (Life Technologies), showing the CMV promoter (Pcmv), the multiple cloning 

site and the BGH polyadenylation site (BGH pA)
509

. B) A schematic map of pJ, based 

on pVAX1 with the insertion of the SV40 promoter (pSV40), a novel multiple cloning 

site (MCS) and the SV40 adenylation site (pA).   

 

2.3 Polymerase chain reaction (PCR) and DNA preparation 

2.3.1 PCR 

The required genes or gene fragments were amplified by PCR using the KAPA high 

fidelity PCR kit (KAPA Biosystems). The reaction mix consisted of 1X KAPA HiFi 

Buffer, 0.3 mM of each dNTP, 0.3 μM forward primer, 0.3 μM reverse primer, 10 ng 

DNA template and 0.5 U KAPA HiFi DNA polymerase. Thermo Cycler Conditions 

using the DNA Engine PCR machine (BioRad) were as follows; 

 

 

A B 
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Number of Cycles 1 35 35 35 1 

Temperature (°C) 95 98 TA* 68 68 

Time (minutes) 2 0.3 0.2 0.5/kb 5 

* TA the annealing temperature is dependent on the length and composition of the primer (>65 °C)  

 

2.3.2 Gel electrophoresis and DNA purification 

PCR products were analysed by gel electrophoresis on a 0.8-1 % w/v agarose gel in 

TBE (0.22 M trizma-base, 180 mM boric acid, 5 mM EDTA, pH 8.3). A gel extraction 

kit (Life Technologies) was used to isolate the required PCR product of the correct size. 

The PCR product was excised from the gel and dissolved in gel solubilisation solution 

at 50 °C. The DNA was then purified using a column following the manufacturer’s 

guidelines and eluted with MQ H20.  

2.3.3 Plasmid DNA amplification and purification 

Plasmid DNA was amplified in Escherichia coli and purified using DNA preparation 

kits following the manufacturer’s instructions. DNA mini- and maxi-preparation kits 

were purchased from Life Technologies, and endotoxin-free DNA mega-preparations 

were purchased from Qiagen. Briefly, E. coli cells were grown for 16 hr at 37 °C on a 

shaker in antibiotic-supplemented LB media. The bacteria were pelleted by 

centrifugation at 12000 rpm for 20 min and resuspended in the buffer provided. The 

bacteria were lysed and neutralised using the buffers provided. For the mini- and maxi-

preparations, the bacterial debris was removed by centrifugation at 12000 rpm for 10 

min and the supernatant was added to the silica spin column to bind and purify the 

DNA. The column was washed with the buffer provided and the DNA was eluted in 

MQ H20. The endotoxin-free DNA mega-preparation kit required a vacuum to pull the 

bacterial lysate through the provided filter to remove bacterial debris. The flow-through 

was added to a gravity-flow column to bind and purify the DNA. The column was 

washed and the DNA was eluted in elution buffer and then precipitated using 

isopropanol. The DNA was pelleted at 4000 rpm for 90 min, washed in 70 % ethanol 

and re-pelleted by centrifugation. The DNA pellet was then air-dried and re-dissolved in 
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MQ H20. The concentration of the DNA was tested using the Nanodrop2000 

spectrophotometer (ThermoScientific) based on the absorbance at 260 nm. DNA mini- 

and maxi-preparations were used for cloning and cell transfections. Endotoxin-free 

DNA mega-preparations were used for DNA vaccines administered to mice. 

 

2.4 Cloning 

 2.4.1 Cloning using restriction enzyme sites 

2.4.1.1 Restriction enzyme digest  

The majority of the cloning was performed by using restriction enzyme sites. The PCR 

product insert and the DNA vector were digested using the same restriction enzymes 

resulting in complementary sticky ends to aid ligation. The restriction enzyme reaction 

mix (New England BioLabs) contained; 1X restriction enzyme buffer, 5 U restriction 

enzyme, 1 μg DNA and 100 μg/ml BSA if required. The restriction enzyme reaction 

mix was incubated for 3 hr at the required temperature. The reaction was stopped by 

heat inactivating the restriction enzyme at 65 °C for 30 min.  

2.4.1.2 Vector dephosphorylation 

Escherichia coli-derived phosphatase was added to the digested vector to remove the 5’ 

phosphate group to prevent vector self-ligation. The phosphatase enzyme reaction mix 

(New England BioLabs) consisted of; heat inactivated restriction digest mix, 1 U 

phosphatase and 1X phosphatase buffer. The reaction was incubated for 20 min at 37 

°C. The phosphatase was heat inactivated at 65 °C for 15 min.  

The digested vector and products were subsequently analysed by electrophoresis on a 

0.8-1% agarose gel and the DNA extracted as noted in section 2.3.2 above. 

2.4.1.3 Ligation 

A ligation reaction was performed to anneal the digested insert and vector. The relative 

amounts of insert and vector were calculated using the equation:  

[ng] insert = (insert size [kb] / vector size [kb]) * [ng] vector 
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All ligation reactions used 100 ng of vector DNA with the ratio of the insert to vector 

ranging from 1:1 to 6:1; a no insert control was used to calculate the background of 

vector self-ligation. The ligation reactions were set up in a final volume of 20 μl, using 

the T4 ligase buffer (5X) and 1 μl of DNA ligase (New England BioLabs). The ligation 

reaction was incubated at 16 °C for 20 hr and stored at 4 °C until the product was 

transformed into bacterial cells. 

2.4.2 InFusion cloning 

The InFusion homologous recombination kit (ClonTech) was used to clone the HSP70 

gene into pJ-SV40gag to produce pJ-SV40gag-HSP70 following the manufacturer’s 

guidelines. PCR product cloning is described above in sections 2.3.1, 2.3.2 and 2.4.1.1. 

The insert was then homologously recombined into the vector using the following 

reagents; 1X InFusion HD enzyme premix, 100 ng linearised vector and 50 ng purified 

PCR product. The reaction was incubated in a heating block at 65 °C for 15 min, and 

then incubated on ice prior to bacterial transformation.  

2.4.3 Heat shock transformation of bacterial cells 

2.4.3.1 Preparation of heat competent E. coli 

Competent DH5α E. coli cells were produced for bacterial transformations. The DH5α 

bacterial cells were streaked out from a glycerol stock onto a psi-b agar plate containing 

no antibiotics, and incubated for 20 hr at 37°C. The following day a single colony was 

picked and grown in 10 ml of psi-a media at 37 °C for 4 hr (until OD550 = 0.3). This 

starter culture was diluted 1:20 in 100 ml psi-a media and incubated at 37°C for a 

further 3 hr (until OD550 = 0.48). The bacterial culture was then chilled on ice for 5 min, 

and pelleted by centrifugation at 4500 rpm for 5 min at 4 °C. The supernatant was 

removed and the bacterial cells were resuspended in 40 ml chilled TfbI solution. The 

cells were incubated for a further 5 min on ice and then centrifuged at 4500 rpm for 5 

min at 4 °C. The supernatant was removed and cells were resuspended in 4 ml of chilled 

TfbII solution and incubated for 15 min on ice. The cells were then aliquoted into 50 μl 

per reaction and snap frozen in liquid nitrogen. The aliquots were stored at -80 °C until 

required. 
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2.4.3.2 Bacteria transformation by heat shock 

Bacterial aliquots required for DNA transformation by heat shock were thawed on ice. 

An additional aliquot was required for a vector only control to identify the level of 

vector self-ligation. Five μl of the ligation reaction was added to 50 μl of bacterial cells 

(based on a 1:10 dilution of the ligation mix in bacteria), mixed gently, and chilled on 

ice for 30 min. The cells were then heat shocked at 42 °C for 45 sec then chilled on ice 

for 2 min to recover. One ml of SOC media was added to the heat shocked bacterial 

cells and shaken at 225 rpm at 37 °C for 1 hr. The bacteria were then plated onto 

antibiotic-supplemented agar plates and incubated at 37 °C for 16 hr.  

2.4.4 Positive colony selection 

The identification of bacterial colonies containing the correct insert was performed by 

colony PCR, diagnostic digest or DNA sequencing.  

2.4.4.1 Colony PCR 

Colonies were selected and diluted in 500 μl of MQ H20. Colony PCR was performed 

using taq polymerase. The total number of colonies tested for each round of cloning 

depended on the number of colonies on the vector-only negative control plates. The 

colony PCR master mix (KAPA Biosystems) contained; 0.25 U KAPA taq polymerase, 

1X KAPA taq buffer, 0.2 mM of each dNTP, 0.4 μM forward primer, 0.4 μM reverse 

primer, 2 μl diluted bacteria colony.  

Thermo Cycler Conditions using the DNA Engine PCR machine (BioRad) were as 

follows; 

Number of Cycles 1 35 35 35 1 

Temperature (°C) 95 95 Up to 65* 72 72 

Time (min) 2 0.3 0.30 1 min/kb 2 

          * The annealing temperature depended on the length and composition of the primer 

The colony PCR products were analysed by electrophoresis on a 0.8-1% agarose gel to 

confirm the correct product size. 
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2.4.4.2 Restriction enzyme digestion of cloning products 

Digestion of the cloned products was performed to verify positive colonies. A bacterial 

colony was picked from the antibiotic-supplemented agar plate and grown in antibiotic-

supplemented LB media for 16 hr at 37 °C. DNA was isolated with a mini-preparation 

kit (Life Technologies) using the manufacturer’s instructions as described above in 

section 2.3.3. The DNA was then digested with the appropriate restriction enzyme to 

identify the insert in the vector (see section 2.4.1.1). The digested DNA was analysed by 

electrophoresis on a 0.8-1% agarose gel to confirm the size of the insert and vector. 

2.4.4.3 Big dye DNA sequencing 

2.4.4.3.1 Big dye reaction 

DNA sequencing was performed to ensure there were no mutations of the insert during 

the cloning experiment. The big dye terminator v3.1 mix (Life Technologies) per 

reaction contained; 1X big dye sequencing buffer, 1 μl big dye reaction mix, 0.8 μM 

primer, 200 ng DNA.  

Thermo Cycler conditions using the DNA Engine PCR machine (BioRad) were as 

follows; 

Number of Cycles 1 30 30 30  

Temperature (°C) 94 96 50 60  

Time (min) 5 0.1 0.05 4  

 

2.4.4.3.2 Big dye sequencing clean up 

The sequencing products from the Big Dye reaction were cleaned up by precipitating 

the DNA using a final concentration of 0.3 M sodium acetate (pH 5.2) and 70% ethanol. 

The reaction was incubated for 15 min at RT and the DNA was pelleted by 

centrifugation at 13000 rpm for 30 min. The DNA was washed with 70% ethanol and 

centrifuged again at 13000 rpm for 5 min. The supernatant was removed and the DNA 

pellet was air dried for 5 min at RT. The DNA pellet was then sent to the Institute of 

Medical and Veterinary Science (IMVS) sequencing facility for sequencing. 
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2.5 Cell culture and transfections 

2.5.1 Cell culture  

Human embryonic kidney cells, HEK 293T were cultured in DMEM media 

(supplemented with 10% FCS, 1% penicillin/streptomycin) and incubated at 37 °C in 

5% CO2. Cell cultures were routinely grown in T75 flasks and passaged at ~90 % 

confluency using a 1:8 dilution.  

 2.5.2 Cell storage 

For cell storage, cells were trypsinised, pelleted and re-suspended in 1 ml of 10% 

DMSO in FCS and transferred to a cryovial. The cells were then transferred to a 

freezing container (Nalgene) and stored at -80 °C overnight then transferred to liquid 

nitrogen.  

Vials of cells were thawed in a 37 °C water bath and then transferred to a 10 ml falcon 

tube; 9 ml of pre-warmed media was then added and the cells were pelleted by 

centrifugation at 1500 rpm for 5 min. The supernatant was removed and the cells were 

re-suspended in fresh media and plated.  

2.5.3 Transient cell transfections 

HEK 293T cells were seeded at 1 x 10
5
 cells per well in a 24 well plate and allowed to 

adhere overnight resulting in approximately 60-70% cell confluency on the day of 

transfection. For each well (24 well plate), 2.5 μl of FuGENE (Promega) was added to 

40 μl of pre-warmed optiMEM in an eppendorf tube, mixed and incubated at RT for 5 

min; 800 ng of DNA was added to the FuGENE/optiMEM, mixed and incubated at RT 

for 20 min. The entire volume of the FuGENE/optiMEM/DNA mixture was added 

dropwise to the media in the well. A control well transfected with DNA encoding the 

reporter gene eGFP was used to confirm transfection efficiency. The transfected cells 

were incubated for 72 hr at 37 °C with 5% CO2 and protein secreted into the cell 

supernatant or in transfected cells was detected by western blot, flow cytometry or 

immunofluorescence. 
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2.6 Protein over-expression and purification 

2.6.1 Bacterial heat shock transformation 

The gag-encoded capsid (p24) and matrix (p17) proteins were required to coat plates to 

establish an ELISA. The expression plasmids were obtained from the AIDS Research 

and Reference Reagent Program, Division of AIDS, NIAID, NIH: pWISP98-85 (capsid) 

and pWISP93-93 (matrix) from Dr. Wes Sundquist. The pWISP98-85 expression 

plasmid was modified by Tessa Gargett to allow capsid to be purified using the 6 HIS-

tag. The plasmids were transformed into BL21 (DE3) cells as described in section 

2.4.3.2, which were cultured on LB agar plates supplemented with ampicillin for 16 hr 

at 37 °C. 

2.6.2 Bacterial growth and protein induction 

A single BL21 (DE3) colony was picked from the ampicillin-supplemented LB agar 

plate and grown in 25 ml of 2XYT media supplemented with ampicillin for 16 hr at 37 

°C. 500 μl of this culture was transferred to 1 L of 2XYT supplemented with ampicillin 

and grown in a shaker at 37 °C until the spectrophotometer reading was between 0.7 

and 0.8 at OD600. Protein expression was then induced with the addition of 1 mM IPTG 

and the culture was further incubated for 4 hr at 37 °C on a shaker.  

2.6.3 Recombinant protein purification 

After protein induction, the cells were pelleted by centrifugation at 9000 rpm for 20 min 

at 4 °C and resuspended in lysis buffer (50 mM NaH2PO4, 300 mM NaCl, 10 mM 

imidazole, adjusted to pH 8.0 with NaOH) at 2-5 ml per gram weight of the pelleted 

bacteria. Lysozyme (ThermoScientific) was added at a final concentration of 1 mg/ml 

and incubated on ice for 30 min, then sonicated using a microtip sonicator at 6 x 10 sec 

on, 10 sec off, at 200-300 W. The cell debris was pelleted by centrifugation at 10,000 

rpm for 30 min at 4 °C and the protein-rich supernatant was collected. The cleared 

lysate was removed, mixed with Ni-NTA slurry (Qiagen) and shaken gently for 1 hr at 4 

°C. The lysate-Ni-NTA mix was loaded onto a 1 ml column to allow the lysate to flow 

through. The column was then washed twice with wash buffer (50mM NaH2PO4, 300 

mM NaCl, 20 mM Imidazole, adjusted to pH 8.0 with NaOH). Finally, the HIS-tagged 
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protein was eluted by adding 4 x 0.5 ml elution buffer (50 mM NaH2PO4, 300 mM 

NaCl, 250 mM imidazole, adjusted to pH 8.0 with NaOH) and fractions were collected 

in 1.5 ml eppendorf tubes. The protein was stored at -20 °C until required and examined 

by western blot as described below. 

 

2.7 Protein detection 

2.7.1 Protein quantitation 

The protein concentration was quantified using the bicinchoninic acid (BCA) assay 

(ThermoScientific) according to the manufacturer’s guidelines using standards of 

bovine serum albumin (BSA) in a range of 25 – 2000 μg/ml. The absorbance was 

measured at 562 nm on the FLUOstar OPTIMA plate reader (BMG LabTech). 

Unknown sample concentrations were calculated based on the standard curve of the 

protein standards.  

2.7.2 SDS gel electrophoresis and western blotting 

2.7.2.1 Sample collection 

Cell culture supernatants or cell lysates were examined by western blotting. The cell 

culture supernatant was transferred to an eppendorf tube and any non-adherent cells 

were pelleted by centrifugation at 1500 rpm for 5 min. The supernatant was removed 

and stored at -20 °C until required.  

To collect cell lysates, the cell supernatant was removed and then 100 μl of ice-cold 

lysis buffer (1 % Triton-X, 0.1% SDS, 50 mM Trizma-base pH7.5, 500 mM NaCl, 2 

mM EDTA, in MQ H20) was added to the cells in a well of a 24 well plate. The cells 

were removed using a cell scraper, transferred to an eppendorf tube and centrifuged at 

13,000 rpm for 10 min to pellet cell debris. The supernatant containing the protein was 

then transferred to a fresh eppendorf tube and stored at – 20 °C until required.  
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2.7.2.2 SDS polyacrylamide gel electrophoresis (SDS-PAGE) 

Cell culture supernatants, purified cell lysates or recombinant protein were added to 5X 

SDS loading buffer (375 mM Trizma-base pH6.8, 10% SDS, 50% glycerol, 10% β-

mercaptoethanol, 0.03 % bromophenol blue in MQ H20) and then heated to 95 °C for 5 

min. The samples were analysed in 10% acrylamide gels in SDS running buffer (25 mM 

trizma-base, 1% SDS, 192 mM glycine, in MQ H20) for 30 min at 150 V and then up to 

180 V for 1 hr (or until the loading dye had run off the bottom of the gel). The protein 

samples in the SDS gel were either transferred onto a membrane for western blotting or 

the gel was stained in Coommassie Blue (0.1 % w/v brilliant blue powder, 20% v/v 

methanol, 10% v/v acetic acid in MQ H20) overnight and then destained (50% v/v 

methanol, 10% v/v acetic acid in MQ H2o) and photographed on GelDoc EZ Imager 

(BioRad).  

2.7.2.3 Protein transfer 

Proteins separated in the SDS acrylamide gel were then transferred to a PVDF 

membrane to allow protein detection by antibodies. The protein transfer was run in a 

wet electroblotting tank (BioRad) at 90 V for 1 hr. 

2.7.2.4 Western blotting 

All antibodies and dilutions used in western blotting are described in appendix V. After 

protein transfer, the PVDF membrane was blocked with 5% non-fat dried milk in PBST 

(0.05% Tween/PBS) at 4 °C for 20 hr on a shaker. The blocking agent was removed and 

the PVDF membrane was incubated with the primary antibody diluted in 5% non-fat 

dried milk in PBST and incubated on the shaker for 3 hr at RT. A β-actin loading 

control was included in gels which analysed cell lysates. The membrane was then 

washed 3 times with 5% non-fat dried milk in PBST for 5 min then incubated with 

horse radish peroxidase (HRP)-conjugated secondary antibody diluted in 5% non-fat 

dried milk in PBST for 1 hr on a shaker at RT. The membrane was then washed 3 times 

with PBST for 10 min at RT. For chemiluminescence detection of the antibody bound 

protein, 500 μl of luminol chemical and 500 μl hydrogen peroxide was pipetted onto the 

PVDF membrane, the membrane was wrapped in cling film and the results were 

analysed in the Luminescent Image Analyzer LAS-4000 (FujiFilm). The images were 

digitalized by ImageReader LAS-4000 software (FujiFilm). 
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2.7.3 Immunofluorescence 

HEK 293T cells were seeded in an 8 well chamber slide at 5 x 10
5
 cells per well. The 

cells were transfected as described above (section 2.5.3) and incubated for 72 hr at 37 

°C with 5% CO2. The culture media was aspirated, and the cells washed twice with PBS 

then fixed with 2 % paraformaldehyde for 10 min at 4 °C. The cells were washed with 

PBS and blocked with blocking buffer (5 % non-fat dried milk in PBST) for 1 hr at 37 

°C, then stained with anti-HSP70 monoclonal antibody for 1 hr at 37 °C followed by 

FITC-conjugated anti-mouse antibody in blocking buffer for a similar period, after an 

interim wash. The wells were removed from the chamber slide and mounted with 

fluorescent mounting media (Life Technologies) containing DAPI to stain nuclei.  

2.7.3.1 Fluorescence microscopy  

Fluorescently labelled cells were visualised by an AxioObserver.Z1 inverted 

microscope (Zeiss) and digitalised using the AxioVision software (Zeiss). 

2.7.4 Visualising GFP protein expression by fluorescence microscopy 

GFP-positive cells were visualised on an Eclipse TE2000 inverted microscope (Nikon) 

and micrographs digitalised on the NIS Elements imaging software (Nikon). 

2.7.5 Flow cytometry for protein detection 

The mean fluorescence intensity of GFP expression or the expression of membrane-

bound HSP70 was examined by flow cytometry of HEK 293T transfected cells. The 

cells (1 x 10
6
) were harvested by pipetting, transferred to a 5 ml round bottom tube (BD 

Biosciences) and pelleted by centrifugation at 1500 rpm for 5 min. The cells expressing 

GFP were resuspended in 100 μl flow cytometry buffer (2 % v/v FCS, 0.05 % wt/v 

sodium azide, 2 mM EDTA in PBS). The cells expressing membrane-bound HSP70 

were blocked with blocking buffer (0.5 % w/v albumin in PBS) for 1 hr at 37 °C then 

stained with anti-HSP70 antibody in blocking buffer for 1 hr at 37 °C. The cells were 

then washed twice and incubated with FITC-conjugated anti-mouse antibody in 

blocking buffer for 1 hr at 37 °C. The cells were then washed, resuspended in 500 μl 

flow cytometry buffer and analysed on a BD FACSCanto II system (BD Biosciences) 

using the forward and side scatter gate to remove cell debris and doublets. The cells 
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were then analysed for the mean fluorescence intensity using the FACSDiva software 

(BD Biosciences) and results calculated using FlowJo software (FlowJo). 

 

2.8 Mice and DNA vaccinations  

2.8.1 Mice 

Six to eight week old female C57Bl/6 mice were obtained from the University of 

Adelaide, Laboratory Animal Services. Mice were housed in the Children’s, Youth’s 

and Women’s Health Services animal house and were used in accordance with the 

Women’s and Children’s Health Network and University of Adelaide animal ethics 

committee guidelines. 

2.8.2 DNA vaccine administration 

C57Bl/6 mice were injected with 2μg, 10 μg, 25 μg or 50 μg of DNA in a final volume 

of 50 μl PBS. The vaccinations consisted of a single dose or 3 vaccinations at 2 weekly 

intervals. The vaccinations were administered to the mice via the intradermal route in 

the ear pinnae (figure 2.2). The ear dermis was chosen as the target dermis because it is 

more easily accessible, and forms a clear bleb as a visual marker of a successful 

vaccination. The mice were fully anaesthetised via the intraperitoneal route to ensure 

the mice were immobile to allow accurate vaccinations. The mice were weighed and 

monitored visually following all three vaccinations. 

2.8.3 Tissue collection 

2.8.3.1 Spleen and lymph node collection 

The lymph nodes and spleen were teased through a 70 μm cell strainer (BD 

Biosciences) to create a single-cell suspension. Splenocytes were treated with ACK 

lysis buffer (NH4Cl 0.15 M, KHCO3 10 mM, EDTA 0.1 mM in MQH20, adjusted to pH 

to 7.2-7.4) to remove erythrocytes. All cells were washed and resuspended in R10 

media (RPMI 1640 media containing 10% FBS, 2 mM L-glutamine, 50 μM β-
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mercaptoethanol, 1 mM sodium pyruvate, 10 mM HEPES buffer, pen/strep). These 

samples were assayed immediately for DC and T cell responses. 

 

 

Figure 2.2. Photographs showing intradermal DNA vaccinations in mice.  

 

2.8.3.2 Blood samples 

Blood samples were collected via the retro-orbital route. Approximately 100 μl of blood 

was taken per mouse per time point. Serum was isolated from the blood by allowing the 

blood to clot at RT for 30 min, the clot pelleted by centrifugation at 13000 rpm for 20 

min and the serum collected and stored at -20 °C until required. Blood samples used for 

analysis of lymphocyte populations were transferred to R10 media immediately to 

prevent clotting and the cells were pelleted by centrifugation at 400 rpm for 5 min. The 

supernatant was removed and the cells were resuspended in ACK lysis buffer to remove 

erythrocytes, then washed and resuspended in R10 media. These samples were assayed 

immediately.  
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2.9 Immunological assays 

Immunological assays were performed to compare the levels of immune response 

induced in DNA vaccinated mice. T cell assays required peptides for re-stimulation of 

the immune cells. The HIV gag peptides were 98% identical (495 out of 504 amino 

acids) to the codon optimised HIV gag gene encoded in the DNA vaccine. 

Immunodominant peptide pools were included to analyse the immunodominant and 

subdominant responses. Immunodominant peptides elicit the highest T cell responses 

and subdominant peptides induce lower but still detectable T cell responses, as has been 

described previously
510

. The immunodominant gag epitopes are shown in table 2.1. 

 

                               Table 2.1. Immunodominant gag epitopes. 

CD4 Gag Epitopes CD8 Gag Epitopes 

VDRFYKTLRAEQASQ EELRSLYNTVATLYC 

QAISPRTLNAWVKVV ASQEVKNWMTETLLV 

FRDYVDRFYKTLRAE EAMSQVTNSATIMMQ 

 

2.9.1 Enzyme-linked immunosorbent assay (ELISA) 

The ELISA was used to determine antibody responses against matrix and capsid protein 

as well as anti-HSP70 antibodies present in the mouse serum. Each well of a high 

protein binding 96 well plate was coated with 500 ng of protein in 50 μl PBS, incubated 

at RT for 1 hr then at 4 °C overnight. The wells were washed three times with PBST 

and blocked with 0.5% albumin in PBS for 1 hr at 37 °C then washed three times with 

PBST. Serial dilutions of serum were added to the wells and incubated for 2 hr at 37 °C. 

The plates were then washed three times with PBST and HRP-conjugated anti-mouse 

antibody was added to the wells at a dilution of 1:5000 in blocking buffer and incubated 

for 1 hr at 37 °C. The plate was then washed three times with PBST and the substrate 

solution (H202 and OPD) (Sigma-Aldrich) was added to each well and incubated for 15 

min in the dark. To stop the reaction, 2.5M HCl was added to each well and the plate 
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was read on a FLUOstar OPTIMA plate reader (BMG LabTech) for absorbance at 492 

nm. 

 

2.9.2 IFN-γ EliSpot assay 

The frequency of IFN-γ secreting T cells in either short-term or long-term immune 

experiments was measured in spleens collected from vaccinated mice (section 2.8.3.1) 

by performing EliSpot as described previously
44

. Briefly, multiscreen-IP filter plates 

(Millipore) were coated with anti-IFN-γ antibodies (Mabtech) at 5 μg/ml and incubated 

overnight at 4 °C. Plates were washed and blocked with R10 for 2 hr at 37 °C. 

Splenocytes were added to duplicate wells at 5 x 10
5
 cells per well and stimulated with 

4 μg/ml HIV gag peptides for 40 hr at 37 °C. The HIV consensus B complete set of gag 

and pol peptides was kindly provided by the NIH AIDS Research and Reference 

Reagent Program. The 123 gag peptides were divided into four pools containing 29-31 

peptides. The 249 pol peptides were divided into 8 pools containing 30-32 peptides. The 

addition of PHA represented a positive control and R10 media alone was the negative 

control. After incubation, biotinylated anti-IFN- γ antibodies (Mabtech) were added for 

2 hr at RT. Plates were then incubated with streptavidin-alkaline phosphatase (Sigma 

Aldrich) for 1 h at RT. Spots were formed by the addition of BCIP/NBT (Sigma) and 

left to develop in the dark for up to 30 min. The plates were allowed to dry to reduce the 

background, and were read on an AID EliSpot Reader (Autoimmun Diagnostika) and 

analysed on the AID EliSpot software (Autoimmun Diagnostika). The average number 

of spots (spot forming units; SFU) from the negative control was subtracted from each 

stimulated sample and the data adjusted to SFU/10
6
 splenocytes.  

2.9.3 Flow cytometry 

2.9.3.1 Intracellular cytokine staining (ICS)  

ICS was performed to analyse immune responses in the spleen (section 2.8.3.1) of 

vaccinated mice as directed in the BD Biosciences Intracellular Cytokine Staining 

Starter Kit. Briefly, 1 x 10
6
 cells were incubated with R10 alone or stimulated with 

immunodominant HIV gag peptides (information from the hiv.lanl.gov) and incubated 
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with 0.7 μl/ml GolgiStop (BD Biosciences) for 12 h at 37 °C. The cells were then 

incubated with an Fc receptor blocker for 15 min at 4 °C, washed and stained with 

surface marker antibodies; CD4-eFluor450 (eBioscience), CD3-PerCP-Cy5.5, CD44-

APC, and CD8-APC-Cy7. The cells were then fixed/permeabilised (BD Biosciences) 

and stained with the intracellular antibodies; IL-2-FITC, TNF-α-PE, and IFN-γ-PE-Cy7. 

The cells were resuspended in 5 % FCS/PBS and analysed immediately. Analysis was 

performed by subtracting the background in the unstimulated splenocytes from the 

frequency in the immunodominant peptide-stimulated samples. Phytohaemagglutinin 

(PHA) was used as a positive control for cytokine producing T cells.  

2.9.3.2 CFSE staining 

Splenocytes were labelled with CFSE to analyse the short-term and long-term T cell 

proliferation in splenocytes from vaccinated mice spleens (section 2.8.3.1) following the 

CellTrace CFSE Cell Proliferation Kit protocol (Life Technologies). Briefly, 5 x 10
5
 

cells were resuspended in pre-warmed 0.1% BSA/PBS, CFSE was added to a final 

concentration of 10 μM and incubated for 10 min at 37 °C. The CFSE was quenched 

with ice cold R10, the splenocytes were pelleted and resuspended in R10 media. The 

cells were stimulated with immunodominant HIV gag peptides (information from the 

hiv.lanl.gov) for 4 days then analysed by flow cytometry, gated on lymphocytes using 

forward and side scatter and then on CD3
+
 and CD4

+
 or CD8

+
 T cells.  

2.9.3.3 DC and early T cell staining 

Lymph nodes were collected as described in section 2.8.3.1 and DC and T cell 

activation analysed using multicolour flow cytometry. Cells were stained with 

antibodies CD3-PerCP-Cy5.5, CD11c-PE-Cy7, MHC II-FITC and CD86-PE to evaluate 

DC activation. The cells were gated on the lymphocyte gate using forward and side 

scatter analysis and then on the CD3
-
 population. For T cell analysis, the cells were 

blocked with an Fc blocker and then stained with the antibodies for surface T cell 

markers; CD3-PerCP-Cy5.5, CD4-V450, CD8-APC-Cy7 and CD69-PE. 

2.9.3.4 Measuring the expansion of antigen-experienced CD8
+
 T cells 

The expansion of antigen-experienced CD8
+
 T cells was measured pre- and post-

EcoHIV challenge of mice (see section 2.10). The leukocytes were isolated as described 
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in section 2.8.3.2 and then treated with an Fc blocker for 15 min at 4 °C. The cells were 

then pelleted by centrifugation at 400 rpm for 5 min and the supernatant was removed. 

The cells were resuspended in 5% FCS in PBS containing the surface staining 

antibodies; CD3-PerCP-Cy5.5, CD8-FITC and CD11a-PE. Cells were analysed on the 

BD FACSCanto II flow cytometer and gated on the lymphocyte gate using forward/side 

scatter. The lymphocyte population was then gated on CD3
+
 cells.  

 

2.10 EcoHIV challenge 

The EcoHIV challenge was used to test protective properties of the vaccines in C57Bl/6 

mice. EcoHIV is a pseudotyped virus that can infect mouse, but not human, leukocytes 

and is based on HIV NL4-3 (clade B) in which the HIV gp120 envelope protein was 

substituted with the murine leukaemia virus gp80
336

 (figure 2.3). 

 

2.10.1 EcoHIV production 

EcoHIV was produced in HEK 293T cells. The cells were grown to approximately 80% 

confluency in a T150 flask, then transfected using the calcium phosphate protocol. 

Briefly, 50 μg of EcoHIV DNA (a kind gift from Prof. David Volsky) in 50 μl of MQ 

H20 was added to 450 μl of pre-warmed, filter sterilised 2.5 mM Hepes, followed by the 

drop wise addition of 500 μl of pre-warmed filter sterilised 0.5 M calcium chloride, 

then, 1 ml of pre-warmed, filter sterilised 2 X HBS (0.28 M NaCl, 0.05 M HEPES, 1.5 

mM Na2HPO4, adjusted to pH 7.00) whilst vortexing. This transfection mixture was 

then incubated at RT for 20 min and subsequently added drop wise to the media on the 

HEK 293T cells. The transfected cells were then incubated for 16 hr at 37 °C in 5% 

C02. The cells were washed twice with pre-warmed PBS to remove the calcium 

precipitate, 15 ml of pre-warmed media added and the cells incubated for a further 48 hr 

at 37 °C in 5% C02. The virus was harvested from the supernatant after clearing by 

centrifugation at 2000 rpm for 7 min at 4 °C. The cleared supernatant was then filtered 

through a 0.45 μm filter and kept on ice for the following steps. The virus was 

concentrated from the supernatant using a 100,000 MW cut off column (Millipore) by 
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centrifugation at 3000 rpm for 30 min at 4 °C. The virus was then collected from the 

filter, aliquoted and stored at -80 °C until required. A control of mock virus was 

produced from untransfected HEK 293T cells and also stored at – 80 °C until required.  

2.10.2 Sample collection 

To evaluate the levels of EcoHIV RNA in C57Bl/6 mice, peritoneal exudate cells 

(PECs) and splenocytes were harvested. Peritoneal washes were collected by injecting 

10 ml of ice cold media (RPMI supplemented with 10 % FCS and 1 % pen/strep) into 

the peritoneal cavity of the mouse using a 19 gauge needle and 10 ml syringe. The 

needle was then removed and the mouse was then massaged to dislodge cells in the 

peritoneal cavity (PECs). The 19 gauge needle attached to the 10 ml syringe was then 

re-inserted into the peritoneal cavity, the medium containing the PECs was removed and 

transferred to a 10 ml tube on ice. The spleens were harvested as described in the 

previous section 2.8.3.1. The splenocytes and PECs were then pelleted by centrifugation 

at 1500 rpm for 10 min at 4 °C. An aliquot of the cells was resuspended in 1 ml Trizol, 

transferred to a 1.5 ml eppendorf and stored at -80 °C until required. The remaining 

splenocytes were used in the IFN-γ EliSpot.  

 

 

Figure 2.3. The schematic design of EcoHIV. EcoHIV is based on HIV but has the 

HIV gp160 env gene replaced with the gp80 gene from murine leukaemia virus
30

. 
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2.10.3 In vitro EcoHIV infection 

The production of EcoHIV was confirmed by infecting PECs in vitro. The ex vivo PECs 

were infected with mock virus, 40 ng or 400 ng of p24 as determined by the p24 

titration. The concentrated media was used at the same dilution as the highest 

concentration of EcoHIV. After 24 hours the PECs were washed and then incubated for 

a further 6 days. The PECs were then harvested and the levels of MLV RNA from the 

EcoHIV was analysed by qRT-PCR. 

2.10.4 Purification of RNA from PECs and splenocytes 

The PECs and spleen samples were thawed at RT and the RNA was extracted with 200 

μl of chloroform to form a cloudy mixture. The sample was then incubated at RT for 2 

min, and centrifuged at 13000 rpm for 15 min at 4 °C. The upper colourless aqueous 

layer (around 400 μl) was removed and transferred to a fresh eppendorf tube containing 

GenElute (Life Technologies). Next, 500 μl of 100% isopropanol was added to the 

aqueous layer and GenElute mix, incubated at RT for 10 min and then centrifuged at 

13000 rpm for 10 min at 4 °C to pellet the RNA. The pellet was washed with 1 ml 75% 

ethanol and pelleted by centrifugation at 12000 rpm for 5 min at 4 °C, the supernatant 

removed and the pellet air-dried for 10 min. Fifty μl of RNase-free MQ H20 was added 

to re-dissolve the RNA and incubated at 56 °C for 10 min to aid this process. The 

concentration of RNA was quantified using an absorbance at 260 nm using the 

NanoDrop 2000 spectrophotometer (ThermoScientific).  

2.10.4.1. Converting RNA to cDNA 

RNA was converted to cDNA using the QuantiTect kit (Qiagen) following the 

manufacturer’s instructions. Briefly, 500 ng of RNA template was digested with 

genomicDNA wipeout at 42 °C for 2 min in a DNA Engine PCR machine (BioRad). 

Next, 0.5 μl of the reverse transcription mastermix, 2 μl of reverse transcription (RT) 

buffer and, 0.5 μl of random RT primer were added and incubated at 42 °C for 30 min 

in the PCR machine. Controls of no RNA and no RT were included. The RT enzyme 

was heat inactivated at 95 °C and the cDNA samples were stored at 4 °C until required 

(no longer than a month to ensure cDNA integrity). 
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2.10.4.2 qRT-PCR 

Quantitative reverse transcriptase PCR (qRT-PCR) was performed to quantify the levels 

of EcoHIV-specific MLV RNA relative to that of a house-keeping gene RPL13a. qRT-

PCR was performed using the QuantiFast kit (Qiagen) following the manufacturer’s 

instructions. Briefly, the qRT-PCR reagents were prepared in a DNA/RNA clean room, 

and each reaction was set up in duplicate (the primers were designed by Lee Major and 

are shown in appendix VI). The reaction mix (total volume of 20 μl with RNase-free 

MQ H20, 2.5 mM MgCl2, 1X QuantiFast SYBR Green PCR Master mix, 1 μl cDNA, 1 

μM of the forward and reverse primers) was analysed by a 2-step cycling program: 95 

°C – 5 min, 35 cycles; 95 °C – 5 min, 60 °C – 10 sec. 

2.10.4.2.1 Analysing data for qRT-PCR 

To analyse the relative levels of cDNA of the target and control genes, the PCR cycle 

number at which the fluorescence intensity crossed the manually set cycle threshold (Ct) 

was taken. This is the cumulative fluorescence signal that is inversely proportional to 

the number of copies of the target and control in the sample. The Ct was set when true 

positive samples demonstrated linear amplification. Fluorescence was measured during 

the extension phase of each PCR cycle. The duplicate results were analysed within the 

parameters of the ΔΔCT (threshold cycle) method. Results were expressed as the mean 

normalised EcoHIV RNA expression relative to RPL13a mRNA. 

 

2.11 Statistical analysis 

Results were analysed using the unpaired two-tailed Student’s t test assuming unequal 

variance, with a value of p<0.05 denoted by * and p<0.01 denoted by **, considered 

significant.  
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Chapter 3 : DNA Vaccine Construction 

3.1 Introduction 

Traditional vaccine strategies are ineffective at protecting against complex viruses, 

including HIV, and therefore novel vaccine methods are required
1,2

. DNA vaccines have 

demonstrated many advantages as a novel vaccine technology including the ability to 

induce a humoral and cell-mediated immune response and an impressive safety profile 

in clinical trials
424

. Unfortunately, DNA vaccines show poor immunogenicity and result 

in correspondingly poor immune responses induced in humans
511

. However, this 

limitation may be overcome with the addition of a genetically encoded adjuvant
512

.  

When cells become necrotic, they release DAMPs that bind to pattern recognition 

receptors on innate immune cells that results in downstream inflammatory responses
6
. 

The most important innate cells which influence vaccine efficacy are dendritic cells as 

they are able to cross-present exogenous proteins and activate naive CD8
+
 T cells

9
. 

Therefore, DAMPs represent an attractive adjuvant candidate for a DNA vaccine 

regimen. Molecules that have been categorised as DAMPs include HMGB1
10

, uric 

acid
11

 and heat shock proteins
12

.  

Heat shock proteins are essential intracellular proteins required to maintain cell 

homeostasis and prevent aggregation of nascent proteins
472,473

. The inducible form, 

rather than the constitutive form, of HSP70 has been classified as a DAMP that can bind 

to TLR2 and 4 on dendritic cells
486

. This results in the upregulation of co-stimulatory 

molecules such as CD80/86 on the surface of the DC that are crucial for T cell 

activation
464

. As noted in section 1.13, studies have reported the use of a bacterial-

derived HSP70 as a genetic adjuvant, predominantly Mycobacterial tuberculosis HSP70 

(mtHSP70). In the majority of these studies, mtHSP70 was fused to the human 

papillomavirus oncogene E7 and administered to mice which generated an increased T 

cell response when compared with mice vaccinated with the E7 oncogene alone
36

. 

However, mtHSP70 is pathogen-derived and so may compete with the antigen for the 

immune response. Furthermore, studies that directly compared mammalian or mtHSP70 

genetically encoded in a DNA vaccine demonstrated that mammalian HSP70 induced 

stronger T cell responses than bacterial HSP70 in vaccinated mice
513

. Therefore, 



 

68 

 

mammalian HSP70 is more beneficial, while studies used human or mouse HSP70 

interchangeably due to their 98 % amino acid similarity. Previous studies with a DNA 

vaccine that encoded a tumour associated antigen (TAA) together with either the murine 

or human form of HSP70 showed stronger T cell responses to the TAA in vaccinated 

mice compared with mice vaccinated with the native DNA vaccine lacking HSP70
502

. 

These strong T cell responses are an aim of HIV vaccine strategies
21

 as vaccines that 

have induced antibodies alone have failed to protect individuals in clinical trials
370

. 

Therefore, the inclusion of genetically encoded HSP70 may be beneficial in a DNA 

vaccine strategy.  

 

3.2 Aims 

The aim of this chapter was to construct DNA vaccines encoding the HIV gag antigen 

and the inducible form of human HSP70 which was modified to alter its location in the 

cell and to examine protein expression from the constructs in vitro. 

 

3.3 Results 

3.3.1 Production of a bicistronic vector 

All DNA vaccine constructs were based on the commercially available pVAX1 (Life 

Technologies), or the bicistronic vector, pJ. The pVAX1 construct contains the CMV 

promoter, a multiple cloning site (MCS) and the bovine growth hormone (BGH) 

polyadenylation site. The bicistronic pJ vector was produced by inserting an SV40 

promoter, a novel MCS and the SV40 polyadenylation site (SV40 pA) into pVAX1 

(figure 3.1A). Figure 3.1A and B shows the steps required to construct the plasmid, pJ.  

Initially, the SV40 promoter, the thymidine kinase (TK) gene and the SV40 pA 

sequence was subcloned from pVAX1-CE1E2-SV40-TK (cloned by Tessa Gargett) into 

the pVAX1 plasmid. This was achieved by digestion with Pml I to excise the SV40 

promoter-TK gene-SV40 pA region. This resulted in complementary overhanging 

sequences to allow ligation of this region into pVAX1 to form pVAX1+SV40-TK. 
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Colony PCR using the primer pair, SV40 promoter fwd and SV40 promoter rev 

(appendix IV), identified clones with the expected amplicon size of 2000 bp for the 

SV40promoter-TK gene-SV40 pA region (figure 3.2A).  

 

 

Figure 3.1. Production of the bicistronic vector, pJ. A) The strategy to introduce the 

SV40 promoter and the SV40 polyadenylation site into pVAX1. B) The strategy to 

remove the thymidine kinase gene and insert a novel MCS. The resultant bicistronic 

plasmid was termed pJ.  

A 

B 
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The second step in the production of the pJ construct was to substitute the TK gene with 

the novel MCS downstream of the SV40 promoter. The MCS was produced using two 

synthetic oligonucleotides (appendix IV); and the resultant MCS and pVAX1+SV40-

TK were digested with Xma I (figure 3.2B). This created complementary overhangs to 

facilitate ligation. The MCS was too small to identify positive colonies by colony PCR, 

therefore a series of restriction enzyme digests was performed using a restriction 

enzyme site downstream of the CMV promoter (Eco RI) and each of the seven 

restriction enzyme sites contained in the novel MCS (Asc I, Bst BI, Sal I, Mfe I, Pac I, 

Sfi I, Swa I) (figure 3.2C). Furthermore, due to the importance of the MCS, DNA 

sequencing was performed to confirm that there were no nucleotide changes and that the 

orientation of the MCS was correct (figure 3.2D). 

        

     

Figure 3.2. The production of pJ. A) Random colonies, tracks 1 and 2, were picked 

from agar plates and colony PCR was performed to identify positive clones. The colony 

PCR products were analysed by gel electrophoresis analysis on a 1% agarose gel. B) 

The digestion of pVAX1+SV40-TK and the novel MCS with Xma I, analysed by gel 

electrophoresis. C) Restriction enzyme digestion performed with the seven sites in the 

MCS and a restriction site in the CMV MCS, analysed by gel electrophoresis. D) 

Alignment of the novel MCS and DNA sequencing using BLAST (National Centre for 

Biotechnology Information) to confirm no nucleotides changes.  

A 

D 

B 

C 
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3.3.2 Cloning 

A complete catalogue of plasmid maps is shown at the end of this section (figure 3.14A-

C). The complete list of primers is shown in appendix IV, including details of start and 

stop codons, restriction enzyme sites and Kozak sequences.  

3.3.2.1 Cloning a reporter gene to allow comparison between the levels of 

protein expression driven by the SV40 and CMV promoters in pJ 

The results described above confirm the production of the bicistronic vector, pJ. It was 

then important to examine the relative levels of protein expressed from the CMV 

promoter and the SV40 promoter that are likely to be important after administration of 

the DNA vaccines in vivo. The reporter gene, enhanced green fluorescent protein 

(eGFP), was used to compare the relative levels of the protein expressed from the SV40 

or CMV promoter in pJ-SV40-eGFP (cloning described below) or pJ-CMV-eGFP 

(cloned by Tessa Gargett), respectively (for plasmid maps of pJ-CMV-eGFP and pJ-

SV40-eGFP see figure 3.14A).  

The eGFP gene (eGFP from Addgene, plasmid 15215)
42

 was amplified by PCR using 

the primer pair eGFP fwd and eGFP rev. The PCR products were analysed by gel 

electrophoresis and the 720 bp eGFP band was excised (figure 3.3A). eGFP and pJ were 

digested with Asc I and Mfe I to produce complementary overhangs that facilitate 

ligation. Colony PCR using the eGFP fwd and eGFP rev primers was performed to 

identify positives clones and the products were analysed by gel electrophoresis (figure 

3.3B). DNA was isolated and digested with Asc I and Mfe I to confirm positive colonies 

identified by colony PCR. Analysis by gel electrophoresis confirmed positive clones 

with the expected insert size for eGFP of 720 bp (figure 3.3C).  

3.3.2.2 Production of the DNA vaccine constructs  

To compare the adjuvant effect of HSP70 expressed in different cellular locations on the 

potency of the DNA vaccines, modified HSP70 genes were cloned into pJ along with 

the HIV gag gene. The cloning method to produce pJ-SV40-eGFP in the above section 

3.3.2.1 is representative of all cloning steps and to avoid duplication the cloning strategy 

is described but the gel electrophoresis results are not shown. All clones were verified 

correct by colony PCR, restriction enzyme digestion or DNA sequencing.  
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Figure 3.3. The production of pJ-SV40-eGFP. A) Gel electrophoresis analysis of the 

eGFP gene amplified by PCR. B) Colony PCR products analysed by gel electrophoresis 

to identify clones from bacterial colonies that contained the 720 bp eGFP gene. C) 

Products of a restriction enzyme digestion with Asc I and Mfe I were evaluated by gel 

electrophoresis.   

A B 

C 
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3.3.2.2.1 Cloning pJ-CMVgag 

The codon optimised HIV gag gene (a kind gift from Dr. Don Anson) was inserted 

downstream of the CMV promoter in pJ to produce pJ-CMVgag (figure 3.4). The gene 

was codon optimised for use in mammalian cells
514

 contained a Kozak sequence, start 

and stop codons and was subcloned from pVAX1-CMVgag (originally cloned by Tessa 

Gargett). pVAX1-CMVgag and pJ were digested with Nhe I and Eco RI restriction 

enzymes, to remove the gag gene from the pVAX1 backbone, and to linearise pJ to 

facilitate ligation. Colony PCR was performed using the primer pair CMV gag fwd and 

CMV gag rev to identify clones that contained the gag gene. Furthermore, a restriction 

enzyme digestion on DNA isolated from bacterial colonies was performed to confirm 

positive clones. The orientation of the gag gene in pJ was not a concern due to the 

directional cloning resulting from the use of two different restriction enzyme sites for 

cloning.  

 

Figure 3.4. The approach used to subclone the gag gene from pVAX1-CMVgag 

into pJ, downstream of the CMV promoter to produce pJ-CMVgag.  

 

 

3.3.2.2.2 Cloning pJ-SV40gag 

The codon optimised HIV gag gene was inserted downstream of the SV40 promoter to 

produce pJ-SV40gag (figure 3.5). The gag gene was amplified by PCR using the primer 
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pair SV40 gag fwd and SV40 gag rev. The PCR products were analysed by gel 

electrophoresis and the gag gene was isolated by gel excision. pJ and the gag gene were 

digested with Asc I and Pac I to aid ligation using complementary overhangs. Colony 

PCR and restriction enzyme digestion were performed to identify positive clones. The 

orientation of the gag gene was not a concern due to the directional cloning strategy.  

 

Figure 3.5. The strategy used to insert the gag gene downstream of the SV40 

promoter in pJ.  

 

3.3.2.2.3 Cloning pJ-CMVgag+SV40-HSP70 

To examine the gag-specific immune responses induced in mice by a DNA vaccine that 

encodes gag and cytoplasmic HSP70, the construct pJ-CMVgag+SV40-HSP70 was 

produced. The HSP70 gene requires no modifications to locate to the cytoplasm as this 

is where HSP70 naturally resides
515

. pJ-CMVgag could not be used as the basis of this 

cloning as the gag gene is digested by Mfe I, a restriction enzyme used to clone in 

HSP70 and therefore HSP70 was cloned into pJ (figure 3.6A), prior to the gag gene 

(figure 3.6B). The human inducible HSP70 (HSPA1A from Addgene, plasmid 15215)
42

 

was amplified by PCR using the primer pair, HSP70 cytoplasmic fwd and HSP70 

cytoplasmic rev. The PCR products were analysed by gel electrophoresis and the 

HSP70 gene was gel excised. pJ and the HSP70 gene were digested with Mfe I and Pac 



 

75 

 

I to produce complementary overhangs to facilitate directed ligation. Positive colonies 

were identified by colony PCR and restriction enzyme digestion. The HSP70 gene was 

sequenced to confirm that there were no nucleotide changes (appendix VII). The gag 

gene was subsequently inserted downstream of the CMV promoter (figure 3.6B) by 

amplifying the gag gene using the primer pair, CMV gag fwd and CMV gag rev. The 

gag gene and the pJ-SV40-HSP70 were digested with Nhe I and Eco RI and then 

ligated. Colony PCR and restriction enzyme digestion identified clones that contained 

the gag gene.  

 

 

Figure 3.6. Cloning HSP70 downstream of the SV40 promoter and gag 

downstream of the CMV promoter to produce pJ-CMVgag+SV40-HSP70. A) The 

approach taken to insert the HSP70 gene downstream of the SV40 promoter in pJ. B) 

The strategy to clone the gag gene downstream of the CMV promoter in pJ-SV40-

HSP70.  

B 

A 
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3.3.2.2.4 Cloning pJ-CMVgag+SV40-V5-HSP70 

HSP70 is expressed constitutively in the cell cytoplasm and therefore a tag was required 

to identify the vaccine-derived cytoplasmic HSP70 from the constitutive HSP70. The 

V5 epitope tag was fused to the N-terminus of HSP70 as this tag has been shown 

previously to have no effect on the activity of HSP70
24

. The HSP70 and V5 tag were 

cloned into pJ prior to gag as the gag gene is digested by Mfe I, a restriction enzyme 

used to clone downstream of the SV40 promoter. First, the inducible human HSP70 was 

cloned downstream of the SV40 promoter in pJ (figure 3.7A). The HSP70 gene was 

amplified by PCR using the primer pair, secretion HSP70 fwd and HSP70 cytoplasmic 

rev as the kozak is encoded in the V5 tag and thus is not required in the HSP70 gene. 

The HSP70 gene and pJ were digested with Mfe I and Pac I to create complementary 

overhangs that were then ligated. Bacterial colonies were then screened for positive 

clones using colony PCR and restriction enzyme digestion. Once the HSP70 gene was 

successfully cloned in, the V5 tag was then inserted directly upstream of the HSP70 

gene (figure 3.7B). The V5 tag was produced using two synthetic oligonucleotides; 

synthetic oligo V5 tag fwd and synthetic oligo V5 tag rev. The V5 tag and pJ-SV40-

HSP70 were digested with Asc I and Mfe I, and ligated. Due to the small size of the V5 

tag and the importance of the sequence, DNA sequencing using the primer SV40 

promoter fwd was performed and this demonstrated that the V5 tag was cloned in 

correctly with no nucleotide changes. Finally, the gag gene was inserted downstream of 

the CMV promoter (figure 3.7C). The gag gene was amplified by PCR using the primer 

pair, CMV gag fwd and CMV gag rev. The gag gene and pJ-SV40-V5-HSP70 were 

digested with Nhe I and Eco RI and ligated. Positive clones were identified using 

colony PCR and restriction enzyme digestion.   

3.3.2.2.5 Cloning pJ-CMVgag+SV40secrHSP70 

To evaluate the adjuvant effect of secreted HSP70, the construct pJ-

CMVgag+SV40secrHSP70 was produced. pJ-SV40-HSP70 was used as the basis for 

this cloning as it contains the HSP70 gene with no Kozak sequence as this is encoded in 

the t-PA gene. The tissue plasminogen activator secretion peptide (t-PA, a kind gift 

from A/Prof Heidi Drummer) was produced using synthetic oligonucleotides, synthetic  
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Figure 3.7. Cloning HSP70 and the V5 tag downstream of the SV40 promoter and 

gag downstream of the CMV promoter to produce pJ-CMVgag+SV40-V5-HSP70.  

A) The strategy used to clone HSP70 downstream of the SV40 promoter in pJ. B) The 

approach of inserting the V5 tag directly upstream of the HSP70 gene. C) The strategy 

used to clone the gag gene downstream of the CMV promoter in pJ-SV40-V5-HSP70. 

A 

B 

C 
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oligo t-PA fwd and synthetic oligo t-PA rev. The t-PA gene and pJ-SV40-HSP70 were 

digested with Asc I and Mfe I, ligated and positive clones identified by restriction 

enzyme digestion with Bst BI (this restriction site is lost with successful cloning) and 

DNA sequencing. The gag gene was then inserted downstream of the CMV promoter in 

pJ-SV40secrHSP70 (figure 3.8B). The gag gene was amplified by PCR using the 

primers, gag CMV Hind III fwd and CMV gag rev. The Nhe I restriction enzyme site 

could not used as this digests the t-PA gene. The gag gene and pJ-SV40secrHSP70 were 

digested with Hind III and Eco RI to produce complementary overhangs for ligation, 

and positive clones were identified by colony PCR and restriction enzyme digestion.   

 

 

Figure 3.8. Cloning the t-PA gene downstream of the SV40 promoter and gag gene 

downstream of the CMV promoter to produce pJ-CMVgag+SV40secrHSP70. A) 

The strategy performed to clone the t-PA gene downstream of the SV40 promoter in pJ-

SV40-HSP70. B) The approach used to insert gag downstream of the CMV promoter to 

produce pJ-CMVgag+SV40secrHSP70. 

A 

B 
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3.3.2.2.6 Cloning pJ-CMVgag+SV40memHSP70 

An alternative modification was to produce a membrane-bound form of HSP70 using a 

transmembrane domain. The construct was based on pJ-SV40-HSP70 that did not 

contain a Kozak sequence as this is encoded upstream in the hTfR gene. To translocate 

HSP70 to the plasma membrane, the human transferrin receptor signal peptide and 

transmembrane domain (hTfR) (a kind gift from Dr. John Martyn)
43

 were cloned into 

pJ-SV40-HSP70 (figure 3.9A). The hTfR gene was amplified by PCR using the primer 

pair, hTfR HSP70 fwd and hTfR HSP70 rev. The hTfR gene and pJ-SV40-HSP70 were 

digested with Asc I and Mfe I, ligated, and positive clones were identified using colony 

PCR and DNA sequencing. The gag gene was inserted downstream of the CMV 

promoter in pJ-SV40memHSP70 (figure 3.9B). The gag gene was amplified by PCR 

using the primer pair, CMVgag fwd and CMV gag rev. The gag gene and the pJ-

SV40memHSP70 were digested with Nhe I and Eco RI to produce complementary 

overhangs for ligation. Positive clones were identified by colony PCR and restriction 

enzyme digestion. 

3.3.2.2.7 Cloning pJ-SV40gag-HSP70 

The inducible form of human HSP70 fused to an antigen was previously shown to 

induce a strong CD8
+
 T cell response in mice compared with mice vaccinated with 

antigen alone
516

. Therefore these fusion constructs were included in a comparison of 

DNA vaccine constructs, by inserting HSP70 and gag downstream of the SV40 

promoter. First, the gag gene was inserted downstream of the SV40 promoter in pJ 

(figure 3.10A). The gag gene was amplified by PCR using the primer pair, Gag-HSP70 

gag fwd and Gag-HSP70 gag rev. The gag gene and pJ were digested with Asc I and 

Pac I to produce complementary overhangs to allow ligation. Positive clones were 

identified using colony PCR and restriction enzyme digestion. The HSP70 gene was 

then inserted downstream of the SV40 promoter in pJ-SV40gag (figure 3.10B). The 

HSP70 gene was amplified by PCR using the primer pair, Gag-HSP70 HSP70 fwd and 

Gag-HSP70 HSP70 rev. pJ-SV40gag was linearised by digestion with Pac I, and then 

pJ-SV40gag and the HSP70 gene underwent homologous recombination (see Chapter 2 

section 2.4.2). Positive clones were identified using colony PCR and restriction enzyme 

digestion. 
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Figure 3.9. Cloning the hTfR gene downstream of the SV40 promoter and the gag 

gene downstream of the CMV promoter to produce pJ-

CMVgag+SV40memHSP70. A) The strategy used to clone the hTfR gene downstream 

of the SV40 promoter in pJ-SV40-HSP70. B) The approach for cloning gag downstream 

of the CMV promoter in pJ-SV40memHSP70. 

 

A 

B 
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Figure 3.10. Cloning gag and HSP70 downstream of the SV40 promoter to produce 

pJ-SV40gag-HSP70. The strategy used for A) cloning gag downstream of the SV40 

promoter in pJ, and B) cloning HSP70 downstream of the SV40 promoter in pJ-

SV40gag. 

 

 

3.3.2.2.8 Cloning pJ-SV40-HSP70-gag 

Previous studies have identified the C-terminus of HSP70 as the adjuvant region
517

. To 

test this it was important to compare the two forms of HSP70 and gag fusion constructs, 

pJ-SV40gag-HSP70 and pJ-SV40-HSP70-gag, therefore the construct pJ-SV40-HSP70-

gag was also produced. The HSP70 gene was cloned into pJ (figure 3.11A) prior to the 

A 

B 



 

82 

 

gag gene as Mfe I cleaves gag. The HSP70 gene was amplified by PCR using the primer 

pair, HSP70 cytoplasmic fwd and HSP70-gag HSP70 rev. The HSP70 gene and pJ were 

digested with Mfe I and Pac I and then ligated. Positive clones were identified using 

colony PCR and restriction enzyme digestion. The gag gene was then cloned into pJ-

SV40-HSP70 downstream of the SV40 promoter (figure 3.11B). The gag gene was first 

amplified by PCR using the primer pair HSP70-gag gag fwd and HSP70-gag gag rev. 

The gag gene and the pJ-SV40-HSP70 were then digested with Pac I and Swa I to 

produce complementary overhangs to facilitate ligation. Positive clones were identified 

using colony PCR and restriction enzyme digestion. 

3.3.2.2.9 Cloning pJ-SV40gag+CMVsecrHSP70 

To compare the adjuvant effect of HSP70 downstream of the CMV promoter, and to 

determine if this would overcome any reduction in the level of gag expression 

downstream of the SV40 promoter, the construct pJ-SV40gag+CMVsecrHSP70 was 

produced. The t-PA-HSP70 fusion was inserted downstream of the CMV promoter in 

pJ-SV40gag (figure 3.12). The t-PA and HSP70 were amplified by PCR as a single 

amplicon using the primer pair, CMV secretion HSP70 fwd and CMV secretion HSP70. 

The t-PA-HSP70 and pJ-SV40gag were digested with Hind III and Eco RI to produce 

complementary overhangs for ligation. Positive clones were identified by colony PCR 

and restriction enzyme digestion. 

3.3.2.2.10 Cloning pJ-SV40gag+CMVmemHSP70 

To evaluate the gag-specific immune responses induced by increasing the expression of 

membrane-bound HSP70 driven by the CMV promoter and decreasing gag expression 

from the SV40 promoter, the construct pJ-SV40gag+CMVmemHSP70 was produced. 

The hTfR gene and the HSP70 gene were inserted downstream of the CMV promoter 

into pJ-SV40gag (figure 3.13). The hTfR and HSP70 genes were amplified as one 

amplicon using the primer pair CMV membrane HSP70 fwd and CMV secretion HSP70 

rev. The hTfR-HSP70 and pJ-SV40gag were digested with Hind III and Eco RI to 

produce complementary overhangs for ligation. To identify positive bacterial clones, 

colony PCR and restriction enzyme digestion were performed. 
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Figure 3.11. Cloning gag and HSP70 downstream of the SV40 promoter to produce 

pJ-SV40-HSP70-gag. The strategy performed for A) cloning HSP70 downstream of the 

SV40 promoter in pJ and B) cloning gag downstream of the SV40 promoter in pJ-

SV40-HSP70.  

A 

B 
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Figure 3.12. Cloning t-PA and HSP70 genes downstream of the CMV promoter to 

produce pJ-SV40gag+CMVsecrHSP70. The strategy to insert t-PA-HSP70 

downstream of the CMV promoter in pJ-SV40gag.  

 

 

 

 

Figure 3.13. Cloning hTfR and HSP70 downstream of the CMV promoter to 

produce pJ-SV40gag+CMVmemHSP70. The strategy used to clone hTfR-hSP70 

downstream of the CMV promoter in pJ-SV40gag.  
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Figure 3.14. Plasmid maps of all the DNA constructs used in the thesis. A) DNA 

plasmids encoding eGFP to compare the levels of protein expression from the SV40 and 

CMV promoters. B) DNA vaccine constructs produced by inserting HIV gag and 

HSP70 containing genetic modifications into the pJ construct. C) DNA constructs 

encoding gag or gag fused to pol (gag-pol) in pVAX1 (pVAX1-CMVgag and pVAX1-

CMVgag-pol cloned by Tessa Gargett). 

A 

B 
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3.3.3 DNA plasmid-derived protein expression in vitro 

3.3.3.1 eGFP expression 

The levels of eGFP expression driven by the SV40 or CMV promoters were compared 

in HEK 293T cells transfected with pJ, pJ-SV40-eGFP or pJ-CMV-eGFP (see section 

2.5.3). The cells were incubated for 72 hours post transfection and then examined by 

fluorescence microscopy or analysed for mean fluorescence intensity by flow 

cytometry. Fluorescence microscopy demonstrated no background eGFP fluorescence 

in cells transfected with the negative control, pJ (figure 3.15A). The transfection 

efficiency of pJ-SV40-eGFP and pJ-CMV-eGFP was similar (figure 3.15A) while the 

level of fluorescence was lower in pJ-SV40-eGFP-transfected cells, confirming weaker 

expression from the SV40 promoter compared with that from the CMV promoter (figure 

3.15A). Flow cytometry was performed to quantitate the mean fluorescence intensity of 

eGFP expression from the two constructs. pJ, pJ-CMV-eGFP or pJ-SV40-eGFP-

transfected HEK 293T cells were analysed by forward and side scatter to gate on single 

HEK 293T cells and remove cell debris and doublets (figure 3.15B). The cell population 

was then gated on eGFP fluorescence (figure 3.15C) and this demonstrated a higher 

mean fluorescence intensity of cells transfected with pJ-CMV-eGFP compared with pJ-

SV40-eGFP and was determined to be approximately 10-fold (MFI results are 8.5-fold) 

(figure 3.15C).  

3.3.3.2 DNA vaccine-derived protein expression 

Prior to vaccination studies, it was necessary to confirm protein expression from the 

DNA constructs described above. Each construct was transfected into HEK 293T cells 

(see section 2.5.3) which were then incubated for 72 hours. Protein expression was then 

analysed by flow cytometry, western blot or immunofluorescence.  

3.3.3.2.1 Gag expression 

The protocols for the western blots are described in Chapter 2, section 2.7.2.4. The 

western blot analysis detected a 55 kDa protein from constructs i) pJ-SV40gag and pJ- 
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Figure 3.15. A comparison of eGFP expression driven by the SV40 or CMV 

promoters. A) Left panels, light microscopy micrographs and right panels, fluorescence 

micrographs after transfection of HEK 293T cells with pJ, pJ-SV40-eGFP or pJ-CMV-

eGFP. The scale bar represents 100 μm. B) Gating of HEK 293T single cells using 

forward and side scatter to remove cell debris and doublets. C) Flow cytometry to 

demonstrate the relative mean fluorescence intensity of eGFP protein expression from 

cells transfected with the constructs pJ-, pJ-SV40-eGFP and pJ-CMV-eGFP.   

A 

B C 
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CMVgag (figure 3.16A), ii) pJ-CMVgag+SV40-HSP70, pJ-CMVgag+SV40-V5-

HSP70, pJ-CMVgag+SV40secrHSP70 and pJ-CMVgag+SV40memHSP70 (figure 

16B), iii) pJ-SV40gag+CMVsecrHSP70, pJ-SV40gag+CMVmemHSP70 (figure 16C) 

and iv) pVAX1-CMVgag (figure 3.16D) that represents the gag protein. These results 

also showed stronger gag expression from the CMV promoter compared with the SV40 

promoter (figure 16A) that are consistent with those generated with the eGFP reporter 

gene to compare the level of expression from the SV40 and CMV promoters (see 

section 3.3.3.1). Furthermore, gag expression from the fusion constructs, pJ-SV40-

HSP70-gag and pJ-SV40gag-HSP70, resulted in expression of a 125 kDa protein band 

(figure 16C) that corresponds to the gag/HSP70 fusion protein. Studies with the 

constructs pVAX1-CMVgag and pVAX1-CMVgag-pol, showed that gag only or a gag-

pol fusion protein was expressed, respectively (figure 3.16D). The gag-pol fusion was 

created by cloning that removed the frameshift required for pol expression and resulted 

in a gag/pol fusion protein (cloning by Tessa Gargett). The pVAX1-CMVgag-

transfected cells produced a detectable band at 55 kDa, which corresponds to the full 

length gag polyprotein (figure 16D). The pVAX1-CMVgag-pol-transfetced cells 

produced detectable bands of 66 kDa, 42 kDa, and 31 kDa. These bands potentially 

correspond to the pol encoded reverse transcriptase containing the RNase H domain (66 

kDa), the capsid and matrix proteins (42 kDa), and the pol derived integrase protein (31 

kDa) (figure 16D). Similar bands were not detected in the lysates of untransfected cells 

and pJ- or pVAX1-transfected cells (figure 3.16A-D). The presence of the gag- and pol-

specific bands was not due to differences in the amount of protein loaded, demonstrated 

by the β-actin loading control (figure 16A-D).  

3.3.3.2.2 Vaccine-derived HSP70 expression 

The detection of vaccine-derived HSP70 that translocates to different cellular or 

extracellular locations required different methods of evaluation that included western 

blot, immunofluorescence and flow cytometry.  

3.3.3.2.2.1 Detection of cytoplasmic HSP70 

Western blot was performed to detect cytoplasmic HSP70 expressed in cells transfected 

with pJ-CMVgag+SV40-HSP70. However, it was difficult to identify vaccine-derived 

HSP70 from constitutive HSP70 present in the cell (figure 3.17A) (sequencing of the  
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Figure 3.16. Gag expression from the DNA vaccines. Gag is expressed and processed 

in HEK 293T cells after transfection with A) pJ-SV40gag and pJ-CMVgag, B) pJ-

CMVgag+SV40-HSP70, pJ-CMVgag+SV40-V5-HSP70, pJ-

CMVgag+SV40secrHSP70 and pJ-CMVgag+SV40memHSP70, C) pJ-

SV40gag+CMVsecrHSP70, pJ-SV40gag+CMVmemHSP70, pJ-SV40-HSP70-gag and 

pJ-SV40gag-HSP70, and D) pVAX1-CMVgag and pVAX1-CMVgag-pol. The 

untransfected cells and pJ- or pVAX1-transfected cells were controls for non-specific 

bands, and the β-actin acted as a loading control. 

 

 HSP70 gene shown in appendix VII). Bands were detected at 70 kDa in the pJ-

transfected cells and control cells (figure 3.17A). To overcome this difficulty, a V5tag 

was inserted upstream of HSP70 to permit identification of vaccine-derived HSP70 

from constitutive HSP70. Insertion of this tag was shown previously to have no effect 

on the activity of HSP70
24

. The V5-tagged HSP70 was detected as a 70 kDa band using 

anti-V5 tag antibodies in a western blot, and confirmed detection of the inducible form 

of HSP70 in transfected cell lysates (figure 3.17B).  

A B 

C D 
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Figure 3.17. Western blots showing intracellular HSP70 protein expression. A) 

HSP70 expression in cells transfected with pJ-CMVgag+SV40-HSP70. B) Expression 

of V5-tagged HSP70 in cells transfected with pJ-CMVgag+SV40-V5-HSP70. The 

untransfected cells and pJ-transfected cells were controls for non-specific bands, and the 

β-actin acted as a loading control. 

 

3.3.3.2.2.2 Detection of the secreted form of HSP70 

To detect the secreted form of HSP70 after transfection of HEK 293T cells with pJ-

CMVgag+SV40secrHSP70 or pJ-SV40gag+CMVsecrHSP70, the cell supernatant was 

examined by western blot. The cells were incubated with DMEM supplemented with 

10% FCS for 48 hours post transfection, which was then replaced with a reduced 

volume of serum free optiMEM and incubated for a further 24 hours. The use of serum 

free media ensured that the major protein in the supernatant was HSP70. The cell 

supernatants were analysed by SDS-PAGE gel and the gel stained with Coomassie Blue 

or the proteins transferred to a membrane for western blot that was probed with anti-

HSP70 antibodies. The results show that a 70 kDa protein band was stained by 

Coommassie Blue (figure 3.18A) and detected by anti-HSP70 antibodies (figure 3.18B) 

that corresponds to secreted HSP70. The results also demonstrate a more intense 70 kDa 

band in the supernatant of cells transfected with the CMV-driven HSP70 compared with 

SV40-driven HSP70, that correspond with higher levels of protein expression from the 

CMV promoter (figure 3.18A and B). No bands were detected in supernatants of 

untransfected cells or cells transfected with pJ-CMVgag+SV40-V5-HSP70 (figure 

3.18A and B). 

B A 
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Figure 3.18. The secreted form of HSP70 is detected in the supernatant of 

transfected cells. HSP70 in the supernatant fluids of cells transfected with pJ-

CMVgag+SV40secrHSP70 or pJ-SV40gag+CMVsecrHSP70, as detected by A) 

Coomassie Blue staining or B) western blot analysis. The cell culture supernatant from 

untransfected cells or cells transfected with pJ-CMVgag+SV40-V5-HSP70 was used as 

a negative control sample.  

 

3.3.3.2.2.3 Detection of the membrane-bound form of HSP70 

Expression of membrane-bound HSP70 was examined by flow cytometry and 

immunofluorescence. Membrane-bound HSP70 was designed to be located on the 

extracellular surface of the plasma membrane. HEK 293T cells were transfected with 

pJ-CMVgag+SV40memHSP70 or pJ-SV40gag+CMVmemHSP70 and incubated for 72 

hours post transfection. The protein was detected by immunofluorescence as described 

in Chapter 2 section 2.7.3. These results showed expression of a membrane-bound 

protein that correlates with membrane-bound HSP70, which was not detected in cells 

transfected with the V5 tagged cytoplasmic HSP70 (figure 3.19A). Furthermore, as 

expected, the levels of membrane expression were higher in cells transfected with pJ-

SV40gag+CMVmemHSP70 compared with cells transfected with pJ-

CMVgag+SV40memHSP70 (figure 3.19A). As confirmation of this result, and to 

determine the mean fluorescence intensity of HSP70 expression, stained cells were 

examined by flow cytometry. The HEK 293T cells were initially analysed on forward 

and side scatter, then gated on single HEK 293T cells to remove cell debris and doublets 

B 
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(figure 3.19B) then analysed for mean fluorescence intensity. These results showed a 

~5-fold higher mean fluorescence intensity (MFI shows a 3-fold difference) in cells 

transfected with pJ-SV40gag+CMVmemHSP70 compared with cells transfected with 

pJ-CMVgag+SV40memHSP70 (figure 3.19C) while cells transfected with pJ-

CMVgag+SV40V5-HSP70 demonstrated the lowest levels of fluorescence (figure 

3.19C). These results clearly show expression of membrane-bound HSP70 from the 

constructs pJ-CMVgag+SV40memHSP70 and pJ-SV40gag+CMVmemHSP70.  

 

 

Figure 3.19. Membrane-bound expression of HSP70 detected by 

immunofluorescence and flow cytometry. HEK 293T cells were transfected with pJ-

CMVgag+SV40memHSP70 or pJ-SV40gag+CMVmemHSP70 and analysed by A) 

immunofluorescence or B and C) flow cytometry. B) Forward and side scatter analysis 

of transfected HEK 293T cells, gating on single cells to remove cell debris and doublets. 

C) Mean fluorescence intensity of HSP70 expression. Cells transfected with pJ-

CMVgag+SV40-V5-HSP70 was used as a negative control.  

A 

B C 
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3.3.3.2.2.4 Detection of the fusion forms of HSP70 

The fusion forms of HSP70 expressed from pJ-SV40-HSP70-gag and pJ-SV40gag-

HSP70 were analysed by western blot for gag expression in section 3.3.3.2.1. This 

section analyses the expression of the fusion forms by western blot using anti-HSP70 

antibodies. HEK 293T cells were transfected with pJ, pJ-SV40gag-HSP70 or pJ-SV40-

HSP70-gag and incubated for 72 hours. The cell lysates were analysed by SDS-PAGE 

gel and the proteins were transferred to a membrane and probed with anti-HSP70 

antibodies. The western blot demonstrates a 70 kDa band that corresponds to the 

constitutive cytoplasmic HSP70 in all samples (figure 3.20). There is also a 125 kDa 

protein band detected in cell lysates of pJ-SV40gag-HSP70 and pJ-SV40-HSP70-gag-

transfected cells (figure 3.20) that corresponds to the HSP70 and gag fusion protein. 

Cell lysates from untransfected cells or pJ-transfected cells showed no band at 125 kDa 

and equal loading was shown using the β-actin loading control (figure 3.20).  

 

                   

Figure 3.20. Western blot analysis of HSP70/gag and gag/HSP70 fusion protein 

expression from HEK 293T cells transfected with pJ-SV40-HSP70-gag or pJ-

SV40gag-HSP70, respectively. Untransfected cells and pJ-transfected cells were 

controls for non-specific bands, and the β-actin acted as a loading control. 
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3.3.4 Purification of recombinant matrix protein 

The capsid and matrix proteins were expressed and purified then used to coat ELISA 

plates to evaluate the levels of antibody titres in vaccinated mice. The expression and 

purification of HIS-tagged matrix was described in Chpater 2, section 2.6. Whole 

bacterial lysate samples were taken pre- and post-IPTG protein induction, purified 

protein was analysed on a 10 % SDS gel and stained with Coomassie Blue. The results 

demonstrated a 17 kDa protein band post-IPTG induction that was not present pre-IPTG 

induction (figure 3.21A). To confirm that the purified recombinant protein was the p17 

matrix protein, a western blot was performed using HIV-positive human serum. The 

results clearly desmonstrate a band at 17 kDa in elution 1 and 2 from the nickel column 

but not in the flowthrough (figure 3.21B). This band corresponds to the matrix p17 and 

is presumably HIS-tagged as it is only present in the elution and not the flowthrough 

(figure 3.12B). Therefore, this 17 kDa protein was used for coating ELISA plates to 

evaluate matrix-specific antibodies. The p24 capsid protein was overexpressed and 

purified by Tessa Gargett. 

        

Figure 3.21. Expression and purification of the p17 matrix protein determined by 

Coomassie Blue staining and western blot analysis. Bacterial cells were tranformed 

with the plasmid encoding the HIS-tagged matrix, and IPTG was added to induce 

protein expression. The matrix protein was then purified on a nickel-column. A) 

Samples were collected pre- and post-IPTG induction and purified protein were 

analysed by SDS-PAGE and stained with Coomassie Blue. B) The nickel-column 

flowthrough and elutes 1 and 2 were analysed by western blot and probed with HIV-

positive human serum. 

A B 
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3.4 Discussion 

Previous studies have demonstrated the adjuvanticity of the inducible form of HSP70 

when accessible to TLRs on the surface of DCs
12

. Therefore, the aim of this chapter was 

to produce DNA vaccine constructs that could utilise this ability of HSP70 by altering 

its location to improve the immune response to the HIV antigen, gag.  

3.4.1 Designing the DNA vaccine constructs 

This chapter demonstrated successful production of DNA vaccines which encode gag 

and different forms of HSP70. The gag gene and HSP70 gene with genetic 

modifications were expressed from different promoters within the same DNA construct. 

This is important to ensure that the HSP70-induced immune response will target gag-

positive cells. 

3.4.2 Producing the bicistronic vector 

Firstly, this chapter demonstrated the production of a bicistronic vector that contains the 

CMV and SV40 promoters. The pVAX1 construct is FDA approved for use in 

humans
518

 and was the basis for the DNA vaccines as it contains the strong, constitutive 

CMV promoter
519

, an MCS for restriction enzyme cloning and the BGH poly 

adenylation site for mRNA stabilisation
520

 (Life Technologies). However, the CMV 

promoter was not used twice in the same vector as this was likely to lead to competition 

for gene expression (promoter occlusion) 
521

. The SV40 promoter is also a constitutive 

promoter, but was shown to be approximately 10-fold weaker than the CMV promoter, 

as demonstrated by fluorescence microscopy and flow cytometry, consistent with a 

previous study
23

. The SV40 promoter and polyA from pSV40-TK were used as the 

entire sequence is known, facilitating cloning and satisfying FDA guidelines that require 

the entire sequence of a DNA vaccine to be provided. As the SV40 promoter only 

contained a single restriction enzyme site which was insufficient for cloning the 

different HSP70 genes, a novel MCS was designed and inserted downstream of the 

SV40 promoter. The restriction enzyme sites incorporated were chosen by screening the 

genes that would subsequently be inserted downstream, to ensure that these sites were 

not used in the MCS. The difference in the strengths of the two promoters was used in 
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subsequent experiments to compare different levels of gag expression and the 

enhancement of adjuvanticity by different forms of HSP70. 

3.4.3 Vaccine-derived protein detection 

HEK 293T cells are readily transfected with plasmid DNA and so were used to detect 

vaccine-derived protein expression.  

3.4.3.1 Gag expression 

DNA vaccines that encode the gag gene without pol produced the single 55 kDa 

polyprotein, as gag requires pol-derived protease for cleavage
522

. The open reading 

frame of pol overlaps that of gag and requires a -1 frameshift for pol expression that 

occurs approximately once in every 20 rounds of gag expression
523

. Therefore the 

sequences which contribute to the frameshift were removed and a gag-pol fusion was 

produced in pVAX1-CMVgag-pol, which resulted in the equimolar production of gag 

and pol. The gag-pol polyprotein cleavage by pol-derived protease is initiated by 

dimerisation of two protease molecules that results in intra-molecular cleavage
523

. The 

bands detected by western blot analysis of HEK 293T cells transfected with pVAX1-

CMVgag-pol were 66 kDa, 42 kDa and 31 kDa, which are likely to represent pol-

derived reverse transcriptase (RT), gag derived capsid-matrix-p2 fusion and pol-

encoded integrase, respectively. The first cleavage site in the gag-pol polyprotein is 

located between the p2 region and the nucleocapsid of gag to produce a 42 kDa 

fragment (capsid, matrix and p2) (figure 3.22)
524

. Cleavage of pol was suggested by the 

66 kDa and 31 kDa bands that may represent RT and integrase, respectively. The 

smaller cleavage fragments including pol-derived protease and gag-derived 

nucleocapsid may not have been detected due to their small size of 11 kDa
525

 and 

approximately 6.4 kDa
526

, respectively. Further processing of the capsid–matrix-p2 

fusion and the 51 kDa form of RT may not have occurred in the 72 hours incubation of 

transfected HEK 293T cells. The 51 kDa subunit of reverse transcriptase is processed 

from approximately 50% of the 66 kDa reverse transcriptase proteins
527

. 
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Figure 3.22. Processing of the gag-pol fusion by viral protease.Adapted from
528

. 

 

3.4.3.2 HSP70 expression 

The unmodified cytoplasmic form of HSP70 required the addition of the V5 tag to 

identify vaccine-derived HSP70 from constitutive cytoplasmic HSP70. The C-terminus 

of HSP70 has previously been shown to bind to TLRs on DCs
517

 and consequently the 

V5 tag was fused to the N-terminus of HSP70. However, the membrane-bound and 

secreted forms of HSP70 did not require the V5 tag as they were detected from non-

permeabilised cells and thus the presence of constitutively expressed cytoplasmic 

HSP70 was not a concern. To detect vaccine-derived extracellular HSP70, either 

secreted or membrane-bound, it was important to include a control of cells transfected 

with a cytoplasmic form of HSP70 to confirm that overexpression of cytoplasmic 

HSP70 did not result in translocation to the extracellular milieu. V5-tagged HSP70 was 

chosen as expression of this protein had been shown previously (see above section 

3.3.3.2.2.1) whereas expression of the untagged HSP70 could not be confirmed. The 

results also demonstrated successful expression of gag/HSP70 and HSP70/gag fusion 

proteins expressed from pJ-SV40gag-HSP70 and pJ-SV40-HSP70-gag, respectively. As 

SDS-PAGE denatures and separates proteins; this confirms that HSP70 and gag were 

fused and not just bound to each other. 
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3.4.3.2.1 Membrane-bound or secreted HSP70 interaction with DCs 

The secreted form of HSP70 was produced by fusing the secretory peptide from the 

tissue plasminogen activator to the N-terminus of HSP70 that is cleaved to produce the 

mature protein (NCBI GenBank Accession number: D01096.1) (figure 3.23A). The 

basal level expression of t-PA is thought to use the constitutive secretory pathway, but t-

PA can also be expressed and released very rapidly when the cell is under stress or the 

body undergoes exercise
529

. Steady state expression of t-PA is likely to be the 

predominant route of vaccine-derived HSP70 secretion. The signal sequence of t-PA is 

inserted into the ER membrane and proteins in the constitutive secretory pathway are 

passed from the ER to the golgi where the signal sequences are cleaved by proprotein 

convertases
530

. The secretory proteins are then transported within secretory vesicles, 

which translocate to and fuse with the plasma membrane resulting in the release of 

secretory proteins. Membrane-bound HSP70 can translocate to the surface of tumour 

cells, but the exact mechanism is unknown
531

. Here, the membrane-bound HSP70 was 

produced using a type II integral membrane fusion to ensure that the N-terminus was 

fused to the transmembrane domain of hTfR
43

 and the C-terminus of HSP70 was free 

(figure 3.23B) to bind and activate DCs via TLR2/4 as has been shown previously
517

. A 

schematic of potential DC activation by membrane-bound or secreted HSP70 is shown 

in figure 3.23C. The DCs will be recruited to the antigen positive cell by the membrane-

bound or secreted HSP70 resulting from expression of HSP70 and gag from the same 

plasmid. The secreted form of HSP70 may recruit tissue resident DCs through 

chemotaxis (figure 3.23C). 

3.4.4 Conclusion 

The results in this chapter report the production of a functional bicistronic vector, pJ, 

which contains the CMV and SV40 promoters that were shown, with the aid of the 

eGFP reporter gene to result in the differential expression of proteins.  
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Figure 3.23. A schematic of membrane-bound and secreted HSP70 and the 

proposed mechanism of adjuvanticity. A) Schematic of the secreted form of HSP70 

that is fused at the N-terminus to the signal sequence from t-PA. The signal sequence is 

cleaved by proprotein convertase prior to HSP70 secretion from secretory vesicles. B) 

Schematic of the structure of membrane-bound HSP70. The cytoplasmic tail and 

transmembrane domain of human transferrin receptor (hTfR) were fused to the N-

terminus of HSP70, resulting in the entire HSP70 protein residing in the extracellular 

milieu. C) Tissue surveillance by immature DCs (iDCs) may result in recognition and 

binding to 1) secreted HSP70 or 2) membrane-bound HSP70, which represents a danger 

signal, and thus the DCs migrate to the antigen-positive cells. This binding results in 

signal transduction in the iDC that causes DC maturation through co-stimulatory 

molecule upregulation and cytokine secretion. This results in the mature DC expressing 

co-stimulatory molecules and presenting antigen on MHC receptors, migrating to the 

lymph node and interacting with naive T cells. 

C 

A B 
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Chapter 4 : Vaccination of Mice with DNA Encoding 

Gag and Different Forms of HSP70 

4.1 Introduction 

HIV was discovered in 1981, and since then there have been numerous attempts to 

produce a prophylactic vaccine. The first HIV vaccine clinical trials focused on the 

development of anti-envelope antibodies, but these failed to protect
22,370

. Therefore, the 

current aim of an HIV vaccine is to induce a strong antibody and T cell response. 

However the induction of a strong T cell response in humans has proven difficult and 

the STEP clinical trial failed to induce strong T cell responses or protect vaccinated 

individuals against HIV infection compared to the placebo cohort
373

. Therefore there is 

an urgent need for a vaccine strategy that is capable of inducing a strong T cell 

response.  

As mentioned in Chapter 1, section 1.10.2.3, DNA vaccines have great potential as a 

vaccine technology as demonstrated by the licensing of four DNA vaccines for 

veterinary use
3
. DNA vaccines have also demonstrated the ability to induce cell-

mediated and humoral responses and have an impressive safety profile and thus may 

represent an HIV vaccine candidate
532

. However the limitation of DNA vaccines in 

humans is the lack of immunogenicity
511

. Therefore, the addition of a genetically 

encoded adjuvant within the DNA vaccine may increase the immune response to an 

HIV antigen
533

. The heat shock protein HSP70 has been identified as a DAMP that can 

bind and activate DCs and subsequently improve T cell activation
12

. Therefore 

producing a DNA vaccine that encodes the HSP70 gene with a range of modifications to 

alter the location of the HSP70 may improve the HIV antigen-specific immune 

response. 

Many studies have focused on HIV gag as the potential immunogen as it is a conserved 

protein with a relatively high number of T cell epitopes
534

. DNA vaccine strategies have 

been tested in mice, and the route of administration is crucial for inducing a strong 

immune response. The intradermal route was shown to be more efficacious than the 

regularly used intramuscular and intraperitoneal routes in low dose comparisons
31,401

.  
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4.2 Aims 

The bicistronic DNA vaccine contains the SV40 and CMV promoters. The results in 

Chapter 3 demonstrated a 10-fold increase in reporter gene expression from the CMV 

promoter compared with the SV40 promoter. Therefore, the aim of this chapter was to 

evaluate and compare the vaccine potency of DNA vaccines that encode the gag protein 

downstream of the CMV promoter and the different forms of HSP70 downstream of the 

SV40 promoter, as well as the gag/HSP70 fusion proteins downstream of the SV40 

promoter to ensure similar levels of HSP70 expression.  

 

4.3 Results 

4.3.1 DNA vaccinations  

The DNA vaccines were compared by administering them to C57Bl/6 mice via the 

intradermal route in the ear pinnae. The vaccination regimen consisted of 3 doses at 2 

weekly intervals and blood samples and spleens were harvested 10 days later (figure 

4.1).  

    

Figure 4.1. The DNA vaccination regimen in 6 – 8 week old female C57Bl/6 mice. 

The mice were vaccinated three times at two weekly intervals. Blood was collected 

directly prior to harvesting spleens 10 days post final vaccination.  

 

4.3.1.1 DNA vaccine titration 

The DNA vaccine was titrated to determine a sub-optimal dose that was used in later 

experiments that would provide maximum opportunity to detect any increased gag-
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specific immune responses resulting from co-expression of gag with different forms of 

HSP70. As vaccines encoding different forms of HSP70 were compared to the standard 

pJ-CMVgag vaccine, the titration was performed using this construct. Previous studies 

used a 50 μg dose for vaccines administered intramuscularly in mice
535

 and, as noted 

above the intradermal route is more effective than the intramuscular route
31

, thus 50 μg 

represented the highest dose. The mice were vaccinated three times at two weekly 

intervals with the respective dose, and the spleens were harvested 10 days post the final 

vaccination. The IFN-γ EliSpot was performed as described in Chapter 2, section 2.9.2, 

by stimulating the splenocytes with four peptide pools that encompass the entire gag 

protein, and a fifth pool that contains only those peptides known to be immunodominant 

in C57Bl/6 mice (hiv.lanl.gov). The results of this experiment showed that, as expected, 

50 μg DNA generated responses that were the highest in all peptide pools, followed by 

that in mice vaccinated with 25 μg (figure 4.2). There was no increase in the SFU 

between mice vaccinated with 2 μg dose of pJ-CMVgag and mice vaccinated with the 

pJ control construct, therefore this dose of pJ-CMVgag failed to generate gag-specific 

responses. A sub-optimal dose of 10 μg resulted in the smallest SEM (figure 4.2) and 

consequently, this dose was chosen for subesquent experimentds to determine if the 

inclusion of HSP70 in the vaccine could increase efficacy. 

4.3.1.2 Vaccination of mice with DNA encoding cytoplasmic HSP70 

A vaccine encoding wild type HSP70 (pJ-CMVgag+SV40-HSP70) was produced. A 

V5-tagged version of HSP70 (pJ-CMVgag+SV40-V5-HSP70) was also produced to aid 

in the identification of vaccine-derived cytoplasmic HSP70 from constitutively 

expressed cellular HSP70. The results of vaccination with these two constructs 

respectively were compared to those after vaccination with pJ-CMVgag or the control 

vaccine, pJ (see figure 4.1 for vaccine regimen). The results demonstrated a low 

background frequency of IFN-γ secreting T cells in mice vaccinated with pJ (figure 

4.3). These results also clearly demonstrated no significant differences in any peptide 

pools between mice vaccinated with pJ-CMVgag or in mice vaccinated with pJ-

CMVgag-SV40-HSP70 or pJ-CMVgag+SV40-V5-HSP70 (figure 4.3). Therefore mice 

vaccinated with a DNA vaccine encoding cytoplasmic HSP70, with or without a V5 tag 

failed to show any increase in the number of gag-specific IFN-γ secreting T cells 

compared with mice vaccinated with gag only DNA. 
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Figure 4.2. The frequency of IFN-γ secreting T cells in mice vaccinated with 

different doses of gag DNA, as determined by IFN-γ EliSpot. Mice were vaccinated 

with pJ-CMVgag (bottom right) 3 times at 2 weekly intervals, the spleens harvested 10 

days post final vaccination and splenocytes stimulated with gag peptide pools 

(immunodominant pool consists of CD4 and CD8 immunodominant peptides). The 

graphs show IFN-γ T cell responses to gag in mice vaccinated with pJ (50 μg), or 2 μg, 

10 μg, 25 μg or 50 μg doses of pJ-CMVgag. The histograms show data from 5 

individual mice per group, showing the mean ± SEM. The frequency of IFN-γ secreting 

T cells was adjusted to spot forming units (SFU) per 10
6
 cells. Note that the scale of the 

Y-axes may differ. 
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Figure 4.3. The frequency of IFN-γ secreting T cells in mice vaccinated with DNA 

encoding gag ± a cytoplasmic form of HSP70, as determined by IFN-γ EliSpot. 

Mice were vaccinated 3 times at 2 weekly intervals with 10 μg doses of DNA. The 

spleens were harvested 10 days post final vaccination and the splenocytes were 

stimulated with gag peptide pools. The graphs show IFN-γ T cell responses to gag in 

mice vaccinated with pJ, pJ-CMVgag, pJ-CMVgag+SV40-HSP70 or pJ-

CMVgag+SV40-V5-HSP70 (bottom right). The results are graphed from 6 individual 

mice per group, showing the mean ± SEM. The number of IFN-γ secreting T cells was 

adjusted to spot forming units (SFU) per 10
6
 cells. Note the scale of the Y-axes may 

differ. 
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4.3.1.3 Vaccination of mice with DNA encoding the gag/HSP70 and 

HSP70/gag fusion forms 

HSP70 has been used in previous studies as a fusion protein with an antigen expressed 

in the cell cytoplasm
502

. The results demonstrated improved T cell responses in mice 

vaccinated with the antigen fused to the N-terminus of HSP70 compared with mice 

vaccinated with the antigen fused to the C-terminus of HSP70 or the antigen alone
502

. 

As this strategy may aid improved T cell responses to HIV gag, gag/HSP70 and 

HSP70/gag fusion constructs were used to vaccinate mice. The mice were vaccinated 

with pJ-SV40gag-HSP70 or pJ-SV40-HSP70-gag and the results compared with mice 

vaccinated with pJ-CMVgag (vaccination regimen in figure 4.1). The mouse spleens 

were harvested 10 days post final vaccination and the frequency of IFN-γ secreting T 

cells evaluated by EliSpot. The control pJ-vaccinated mice demonstrated low 

background levels of IFN-γ secreting T cells in all peptide pools, as expected (figure 

4.4). However, although there was no significant difference in the frequency of IFN-γ 

secreting T cells in mice vaccinated with pJ-SV40-HSP70-gag compared with mice 

vaccinated with pJ-CMVgag, there was a significant increase in the frequency of IFN-γ 

secreting T cells in mice vaccinated with pJ-SV40gag-HSP70 compared with pJ-

CMVgag in splenocytes stimulated with peptide pool 1 (p=0.02) and the 

immunodominant pool (p=0.03) (figure 4.4). There was no significant increase in pools 

2, 3 and 4, but there was a clear positive trend in pools 2 and 3. In summary, significant 

results were observed in mice vaccinated with pJ-SV40gag-HSP70 and not in mice 

vaccinated with pJ-SV40-HSP70-gag compared with pJ-CMVgag-vaccinated mice. 

4.3.1.4 Vaccination with DNA encoding membrane-bound or secreted forms 

of HSP70 

HSP70 is able to bind to TLRs on the surface of DCs resulting in maturation and 

downstream T cell activation
12

. Therefore, increased accessibility of HSP70 for DC 

binding might be expected to increase the frequency of DC maturation. Consequently, 

the genes for membrane-bound or secreted forms of inducible HSP70 were included in a 

DNA vaccine encoding the HIV gag gene and the frequencies of IFN-γ secreting T 
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Figure 4.4. Frequency of IFN-γ secreting T cells in mice vaccinated with DNA 

encoding HSP70/gag or gag/HSP70, determined by IFN-γ EliSpot. Mice were 

vaccinated 3 times at 2 weekly intervals with 10 μg doses of DNA. The spleens were 

harvested 10 days post final vaccination and the splenocytes were stimulated with gag 

peptide pools. The graphs show IFN-γ T cell responses to gag in mice vaccinated with 

pJ, pJ-CMVgag, pJ-SV40-HSP70-gag or pJ-SV40gag-HSP70 (bottom right). The 

results are graphed from 10 individual mice per group, showing the mean ± SEM with 

significance shown as * when p<0.05. The number of IFN-γ secreting T cells was 

adjusted to spot forming units (SFU) per 10
6
 cells. Note that the Y-axes may differ. 
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cells were evaluated by IFN-γ EliSpot. C57Bl/6 mice were vaccinated three times at two 

weekly intervals with pJ, pJ-CMVgag, pJ-CMVgag+SV40secrHSP70 or pJ-

CMVgag+SV40memHSP70. The IFN-γ EliSpot results demonstrated negligible IFN-γ 

secreting T cells in mice vaccinated with the control vaccine pJ (figure 4.5). The results 

clearly show significant increases in the frequencies of IFN-γ secreting T cells from 

mice vaccinated with either pJ-CMVgag+SV40secrHSP70 in gag peptide pools 1 

(p=0.01) and 4 (p=0.01) or pJ-CMVgag+SV40memHSP70 in pools 3 (p=0.04) and 4 

(p=0.0003) compared with mice vaccinated with pJ-CMVgag (figure 4.5). These results 

demonstrate that the inclusion of the secreted form of HSP70 can significantly increase 

T cell responses to subdominant gag peptides (pools 1 and 4) and the inclusion of 

membrane-bound HSP70 can increase T cell responses to immunodominant (in pool 3) 

as well as subdominant peptides (pool 4). Mice vaccinated with pJ-

CMVgag+SV40secrHSP70 or pJ-CMVgag+SV40memHSP70 showed no significant 

increase in responses compared with mice vaccinated with pJ-CMVgag in gag peptide 

pool 2 or the immunodominant pool, but there were clear positive trends (figure 4.5). 

Overall, these results demonstrate that the inclusion of the membrane-bound or secreted 

form of HSP70 in a DNA vaccine can significantly increase gag-specific T cell 

responses towards immunodominant and subdominant gag peptides.   

4.3.2 Detection of capsid- and matrix-specific antibodies 

The principal immune response to gag is the T cell response, however antibody titres 

and IgG subclasses can also be helpful in understanding the type of immune response 

induced by a vaccine. Therefore, antibodies against the matrix and capsid proteins were 

evaluated in vaccinated mice. The mice were vaccinated as described in figure 4.1 and 

blood samples taken 10 days post final vaccination. The antibody titres were measured 

by ELISA, and compared to those in mice vaccinated with pJ. The results demonstrated 

no significant increase in antibody titres in mice vaccinated with pJ-CMVgag+SV40-

HSP70 or pJ-CMVgag+SV40-V5-HSP70 compared with pJ-CMVgag-vaccinated mice 

(figure 4.6A). The titres were unlikely to be biologically relevant. Similarly, low 

antibody titres were also demonstrated in mice vaccinated with pJ-SV40gag-HSP70 or 

pJ-SV40-HSP70-gag and no differences were noted compared with mice vaccinated 

with pJ-CMVgag (figure 4.6B). Finally, similar results were demonstrated in mice 
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Figure 4.5. The frequency of IFN-γ secreting T cells is increased in mice vaccinated 

with DNA encoding membrane-bound or secreted HSP70, as determined by IFN-γ 

EliSpot. Mice were vaccinated 3 times at 2 weekly intervals with 10 μg doses of DNA. 

The spleens were harvested 10 days post final vaccination and the splenocytes were 

stimulated with gag peptide pools. The graphs show IFN-γ T cell responses to gag in 

mice vaccinated with pJ, pJ-CMVgag, pJ-SV40-HSP70-gag or pJ-SV40gag-HSP70 

(bottom right). The results are graphed from 10 individual mice per group, showing the 

mean ± SEM with significance shown as * when p<0.05 or ** when p<0.01. The 

number of IFN-γ secreting T cells was adjusted to spot forming units (SFU) per 10
6
 

cells. Note that the y-axes may differ. 
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vaccinated with pJ-CMVgag+SV40secrHSP70 or pJ-CMVgag+SV40memHSP70 

compared with pJ-CMVgag-vaccinated mice (figure 4.6C). No further analysis of gag-

specific antibodies was performed with these constructs.  

4.3.3 Detection of HSP70-specific antibodies after vaccination with pJ-

CMVgag+SV40secrHSP70  

The strategies of the DNA vaccines examined in this chapter are to overexpress or 

improve accessibility of HSP70 to cells of the immune system to increase T cell 

responses. Therefore, it was important to ensure that there were no anti-HSP70 

antibodies that may raise concerns regarding autoimmunity. The secreted form of 

HSP70 is potentially the modification most likely to induce anti-HSP70 antibodies; 

therefore serum samples were collected from C57Bl/6 mice vaccinated as described 

above (figure 4.1) with pJ-CMVgag+SV40secrHSP70. Anti-HSP70 antibodies were 

detected by ELISA as described in section 2.9.1 and recorded as positive if they were 

two standard deviations above the mean titre in pJ-vaccinated mice. The results clearly 

showed no significant difference in antibody titres between mice vaccinated with pJ-

CMVgag and those vaccinated with 10 μg or 50 μg of pJ-CMVgag+SV40secrHSP70 

(figure 4.7). The commercially available mouse anti-HSP70 antibody showed a high 

titre against the HSP70 protein, confirming the validity of the ELISA and consequently, 

the lack of autoimmunity.  

 

4.4 Discussion 

The DNA vaccines encoding gag and different forms of HSP70 were administered to 

mice to evaluate the adjuvant effect of the HSP70 proteins. The predominant aim of 

these DNA vaccines was to generate a T cell response and consequently, the frequency 

of IFN-γ secreting T cells was measured by IFN-γ EliSpot. The antibody responses were 

also measured by ELISA to evaluate the levels of antibody responses that can be used to 

identify the type of immune response using IgG subclasses, including the indirect 

measure of Th1 response by the IgG2c subclass in C57Bl/6 mice
536

. The results showed 

significant increases in IFN-γ secreting T cells in mice vaccinated with pJ-SV40gag-. 
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Figure 4.6. Detection of anti-matrix and anti-capsid antibodies in vaccinated mice. 

C57Bl/6 mice were vaccinated with three 10 μg doses of DNA at 2 weekly intervals and 

blood samples were collected 10 days post the final vaccination. The serum dilutions 

were added to either capsid or matrix protein coated ELISA plates and detected using 

HRP and substrate and the colour change detected at 492 nm. Positive results were 

determined as values greater than two standard deviations above the mean of antibody 

titres detected in pJ-vaccinated mice. Results are graphed for mice vaccinated with A) 

pJ-CMVgag+SV40-HSP70 or pJ-CMVgag+SV40-V5-HSP70 B) pJ-SV40gag-HSP70 

or pJ-SV40-HSP70-gag and C) pJ-CMVgag+SV40secrHSP70 or pJ-

CMVgag+SV40memHSP70, and are compared with pJ-CMVgag-vaccinated mice. 

Results are graphed from 5 individual mice on a logarithmic scale with mean ± SEM.   

 

A 

B 

C 
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Figure 4.7. The detection of anti HSP70-specific antibodies. C57Bl/6 mice were 

vaccinated 3 times with 10 μg or 50 μg DNA at 2 weekly intervals. The blood samples 

were collected 10 days post the final vaccination and serial dilutions of serum were 

added to HSP70 coated ELISA plates. Positive results were determined by values 

greater than two standard deviations above the mean control of antibody titres detected 

in pJ-vaccinated mice. Results were graphed from 6 individual mice per group as the 

mean ± SEM.  

 

HSP70, pJ-CMVgag+SV40secrHSP70 or pJ-CMVgag+SV40memHSP70 compared 

with pJ-CMVgag 

4.4.1 Vaccine administration in mice 

The pJ bicistronic vector contains the CMV and SV40 promoters, which have both been 

shown to drive expression of protein in mouse and rat skin
537,538

. This is important as 

this study used the intradermal route of vaccine delivery. DNA vaccines encoding HIV 
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gag have been used previously
539,540

, therefore, the vaccine regimen was based on these 

previous studies that allowed two weeks between vaccinations and harvested 

splenocytes ten days post final vaccination
539,541

. The two week intervals were 

introduced to ensure that the immune response had time to contract before subsequent 

vaccinations. This is crucial as continual T cell activation with a single antigen can lead 

to activation-induced non-responsiveness or anergy
542

. Furthermore, the splenocytes 

were harvested 10 days post final vaccination to allow the immune response to retract 

and reduce the background thus ensuring that the re-stimulated T cells were gag-

specific. 

4.4.2 DNA titration 

The aim of the DNA titration was to identify the dose that mimics the poor responses in 

humans and to ensure that gag-specific immune responses in mice were similarly low to 

ensure that increases could be observed with the addition of the modified HSP70. The 

SFU levels induced by the 50 μg dose of pJ-CMVgag were similar to those 

demonstrated in previous studies of gag DNA vaccines
543,544

. Therefore it was decided 

to use 10 μg DNA that induced SFU levels above those induced by pJ.  

4.4.3 Cytoplasmic HSP70 

The results in section 4.3.1.2 demonstrated no significant differences in IFN-γ SFU in 

mice vaccinated with DNA encoding gag and the cytoplasmic HSP70 with or without 

the V5 tag. Previous results have demonstrated that HSP70 can translocate to the 

membrane in cancer cells
545

. However, simply over-expressing cytoplasmic HSP70 

from the DNA vaccines did not result in membrane-bound HSP70 as shown by 

immunofluorescence in Chapter 3 section 3.3.3.2.2.3. Furthermore, the EliSpot results 

showed no increase in IFN-γ secreting T cells in mice vaccinated with cytoplasmic 

HSP70 compared with gag only which further suggests that the overexpressed HSP70 

remains in the cytoplasm. These results also showed no differences between frequencies 

of IFN-γ secreting T cells in mice vaccinated with cytoplasmic HSP70 with or without 

the V5 tag. This suggests that the V5 tag did not interfere with the activity of HSP70 

which correlates with previous studies for HSP70
24

 and other proteins
546,547

 and 

furthermore that V5 did not compete with gag for the immune response.  
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4.4.4 Fusion gag/HSP70 and HSP70/gag 

The results in section 4.3.1.3 demonstrated significant increases in the frequency of 

IFN-γ secreting T cells in mice vaccinated with pJ-SV40gag-HSP70 but not with pJ-

SV40-HSP70-gag compared with pJ-CMVgag-vaccinated mice. The difference in the 

levels of the immune responses generated by each DNA vaccine encoding fusion gag 

and HSP70 correlates with previous studies
502

, which are due to the C-terminus and not 

the N-terminus of HSP70 being able to bind to TLRs on the surface of DCs
517

. It is 

likely that DCs are able to bind and capture shed fusion antigen/HSP70 from transfected 

cells in vivo as has been hypothesised previously
548

. Therefore, in the pJ-SV40gag-

HSP70 the C-terminus is free to bind to TLRs whereas in the pJ-SV40-HSP70-gag the 

gag is bound to the C-terminus of HSP70, thus preventing HSP70 from binding TLRs. 

The immune response in mice vaccinated with pJ-SV40gag-HSP70 was increased to the 

immunodominant peptides and was broadened to include subdominant peptides in pool 

1. This broadening of the immune response may be beneficial for protection against 

HIV challenge and is an aim of vaccine strateiges
38

. 

4.4.5 Secretion and membrane-bound HSP70.  

The results in section 4.3.1.4 showed significant increases in the frequency of IFN-γ 

secreting T cells in mice vaccinated with secreted or membrane-bound HSP70. 

Interestingly, the inclusion of membrane-bound or secreted HSP70 broadened the 

immune response to different peptide pools. The membrane-bound HSP70 increased 

responses to the immunodominant peptides in pool 3 and also broadened the immune 

responses to include subdominant pool 4, whereas the secreted form of HSP70 

broadened the immune response only to subdominant peptides in pools 1 and 4. This 

broadening of the immune response to include the subdominant peptides has previously 

been shown to be reliant on increasing the stability of the usually short-lived peptide-

MHC I peptides. Potentially, since HSP70 is known to aid MHC-restricted presentation 

of peptides
39

 this may increase the stability of subdominant peptide MHC complexes 

and thus increase their presentation
40,41

.  
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Analysing the breadth of a response using peptide pools does have its limitations and 

thus in future work it would be interesting to separate the peptides to look at the 

individual responses.  

Interestingly, for all the IFN-γ EliSpot results the highest responders in each group are 

the same between the different gag peptide pools.  

4.4.6 Controlling for DNA vaccine size 

The size of the DNA vaccine is important when comparing gag-specific T cell 

responses. DNA encoding gag only is smaller than DNA encoding gag with a modified 

HSP70 and thus the former construct will result in a greater number of DNA molecules 

in a 10 μg dose. Fortunately, the DNA vaccines-encoding cytoplasmic HSP70 was a 

size control and failed to influence the T cell results. Furthermore, the fact that the DNA 

vaccines encoding a modified form of HSP70 contain fewer DNA molecules in 10 μg 

than DNA encoding gag only, further highlights the significant increases in the 

frequency of IFN-γ secreting T cells in mice vaccinated with pJ-SV40gag-HSP70, pJ-

CMVgag+SV40secrHSP70 and pJ-CMVgag+SV40memHSP70 compared with mice 

vaccinated with pJ-CMVgag.  

4.4.7 Gag-specific antibody titres 

The titres of matrix- or capsid-specific antibodies were measured in mice vaccinated 

with DNA encoding gag with or without the inclusion of modified HSP70. There were 

no significant differences observed in the resultant antibody titres, and the levels of gag-

specific antibodies were likely to be too low to be physiologically relevant. These 

results meant that it was crucial to include a positive control for capsid or matrix 

antibodies that confirmed that the protein used to coat the ELISA plates were present 

and correctly formed. Gag-specific antibodies are produced with a sufficient dose of 

DNA encoding gag
539

. However this study administered a low dose of 10 μg of DNA 

which induced low anti-gag antibody titres, and correlates with a previous study that 

used a similar lose dose of DNA encoding HIV gag. Interestingly, levels of antibodies 

induced by vaccinating C57Bl/6 mice with DNA encoding gp120 produce significantly 

higher levels of antibodies than mock vaccinated mice
549

, showing the ability of 

C57Bl/6 mice to produce antibody responses, but a certain threshold of gag is required. 
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The predominant target of these DNA vaccines was a T cell response as this is the aim 

of an HIV vaccine strategy, and T cell responses to gag are more important than anti-

gag antibody responses. Envelope-specific antibody-dependent cell-mediated 

cytotoxicity was thought to be important in the partial protection observed in the RV144 

Thailand trial
383

. Gag can also be a target of ADCC, but was shown previously to 

induce low levels of ADCC compared with envelope
550

 and this response was not 

studied in this work. 

4.4.8 HSP70-specific antibodies 

HSP70 is naturally released from cells during necrosis
551

 and cell lysis resulting from 

the production of lytic viruses
552

 causing localised inflammatory responses. However, it 

was important to ensure that overexpression of HSP70 and its accessibility to innate 

immune cells did not induce anti-HSP70 antibodies. The human and murine HSP70 are 

95% identical, and the human form of HSP70 was used in this study. Thus to confirm 

that there was no induction of cross-reactive antibodies in vaccinated mice, the murine 

form of HSP70 was used to coat the ELISA plates. Furthermore, as demonstrated with 

anti-gag antibodies in section 4.4.7 the amount of DNA vaccine administered can have 

an effect on the induction of antibodies. Therefore, the higher 50 μg dose was also 

included in this assay. The levels of anti-HSP70 were low and similar in mice 

vaccinated with the secreted form of HSP70, the most accessible to innate immune 

cells, compared with gag only DNA. If the expression of human HSP70 is safe in mice 

and fails to elicit auto-antibodies towards murine HSP70 then the expression of human 

HSP70 in humans should also be safe.  

4.4.9 Conclusions 

The experiments in this chapter were designed to demonstrate the frequency of IFN-γ 

secreting T cells in mice vaccinated with the DNA encoding gag and different forms of 

HSP70. The cytoplasmic HSP70 with or without the V5 tag showed no differences in T 

cell responses, but the gag-HSP70 fusion and the secreted or membrane-bound forms of 

HSP70 demonstrated significant increases in the frequency of IFN-γ secreting T cells.  
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Chapter 5 : T Cell Functionality and Proliferation in 

Vaccinated Mice 

5.1 Introduction 

The design of a prophylactic HIV vaccine has been extremely difficult and this has led 

to disappointing results in human clinical trials. Therefore, more recent HIV vaccine 

strategies are designed to generate strong T cell responses.  

As mentioned in Chapter 1 section 1.12, dendritic cells are able to link the innate and 

adaptive immune responses
464

; therefore improved targeting and activation of DCs may 

be crucial to induce a strong T cell response. Furthermore, dendritic cells are critical for 

cross-presentation of exogenous antigen to the MHC I pathway to activate naive CD8
+
 

T cells
467

. Therefore novel HIV vaccine strategies have incorporated an appropriate 

ligand that is able to bind to and activate DCs
453

. DAMPs that are released during cell 

necrosis are able to bind to pattern recognition receptors (PRRs) either on the surface- 

or the interior- of DCs and up-regulate co-stimulatory molecules on the DC surface that 

are required for T cell activation
461,462

. Targeting specific DC subsets may also be 

important as DCs have different capacities for antigen cross-presentation. The dermal 

CD8α
+
 DCs are very efficient at cross-presentation and consequently administering the 

vaccine to the dermis may be beneficial
468

.  

There are many difficulties in elucidating protective immune responses against HIV 

infection, including the fact that no individual has naturally overcome HIV infection
203

 

and thus the nature of protective immunity is unknown. One strategy to identify 

potentially protective immune responses against HIV is to determine immune correlates 

of protection. Certain individuals show a delayed progression to AIDS without 

antiretroviral treatment. These long term non-progressors (LTNP) remain asymptomatic 

with a CD4
+
 T cell count of over 500 cells per ml

204
. Studies in LTNP show that the 

presence of a multifunctional T cell response, CD8
+
 and CD4

+
 T cells that secrete IL-2, 

IFN-γ and TNF- α
25,26

, appears to be beneficial, as the quality rather than the quantity of 

T cell responses are thought to be important. These results make polyfunctional T cells 

an aim of HIV vaccines
28

. Furthermore, T cells in LTNP maintain a high proliferative 
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capacity compared with individuals who progress to AIDS
553

. The induction of long 

term memory is also crucial for a prophylactic HIV vaccine. Elite controllers can 

maintain CD4
+
 Th1 effector memory T cells that secrete IL-2 compared with 

individuals who progress to AIDS
554

.  

Therefore, it is important that novel vaccine strategies aim to induce quality short term 

and long term multifunctional T cell responses that have good proliferative capacity. 

 

5.2 Aims 

The aim of this chapter was to analyse the T cell functionality and proliferation in 

vaccinated mice. The efficacy of the DNA vaccines was evaluated for their ability to 

induce short and long term multifunctional T cells using intracellular cytokine staining, 

and the proliferation capacity of the cells was determined by ex vivo CFSE staining. The 

potential mechanism of improved T cell responses was determined by identifying DC 

activation markers and early T cell activation in the lymph nodes using flow cytometry. 

Finally, to evaluate whether further increases in T cell immunity would be observed by 

increasing the expression of the modified HSP70, the genes for the membrane-bound 

and secreted HSP70 were inserted downstream of the stronger CMV promoter, and the 

gag antigen gene was inserted downstream of the weaker SV40 promoter to produce pJ-

SV40gag, pJ-SV40gag+CMVsecrHSP70 and pJ-SV40gag+CMVmemHSP70. 

 

5.3 Results 

5.3.1 Short term immune responses 

In this section C57Bl/6 mice were vaccinated with 10 μg doses of pJ or pJ-CMVgag and 

compared with mice vaccinated with i) pJ-SV40gag-HSP70 or pJ-SV40-HSP70-gag, 

and ii) pJ-CMVgag+SV40memHSP70 or pJ-CMVgag+SV40secrHSP70. The strategy is 

shown schematically in figure 5.1, and the splenocytes were then used to examine T cell 

functionality and proliferation.  
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Figure 5.1. The vaccination and sample collection strategy for short term immune 

assays. 

5.3.1.1 Intracellular cytokine staining to determine T cell functionality 

Intracellular cytokine staining using flow cytometry allows the analysis of intracellular 

cytokine production at the level of a single cell to identify single, double or triple 

cytokine-producing T cells, allowing the quality of the T cell responses to be evaluated. 

Splenocytes from vaccinated mice were re-stimulated with immunodominant gag-

derived peptides and stained for surface and intracellular markers (Chapter 2 section 

2.9.3.1). The splenocytes were analysed using forward/side scatter and gated on the 

lymphocyte population, and then on CD3, CD4 and CD8 surface markers (figure 5.2A). 

The CD44 marker was included to identify antigen-experienced lymphocytes (figure 

5.2A). 

5.3.1.1.1 The inclusion of HSP70 fused to gag does not increase the functionality of 

T cells  

Results from Chapter 4 demonstrated that mice vaccinated with pJ-SV40gag-HSP70 

showed an increased frequency of IFN-γ secreting T cells compared with pJ-CMVgag-

vaccinated mice. Therefore, further analysis of T cell functionality in mice vaccinated 

with pJ, pJ-CMVgag, pJ-SV40gag-HSP70 or pJ-SV40-HSP70-gag was performed. The 

analysis of the lymphocyte subsets within the spleen of vaccinated mice showed that the 

frequency of CD3
+
 lymphocytes was approximately 42%, while that of CD8

+
 and CD4

+
 

lymphocytes was approximately 22% and 14%, respectively (figure 5.2B). There were 

no significant differences in the frequencies of these lymphocyte subsets in mice 

vaccinated with pJ-SV40gag-HSP70 or pJ-SV40-HSP70-gag compared with pJ-

CMVgag-vaccinated mice (figure 5.2B).  
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The frequency of single cytokine-producing T cells reached 2.3% for IL-2 producing 

CD8
+
 T cells (figure 5.3A), while the frequency of double cytokine-producing T cells 

reached 1.3% for IL-2/IFN-γ producing CD8
+
 T cells (figure 5.3B). The frequency of 

triple-cytokine producing T cells reached 0.17% for both T cell populations (figure 3C). 

However, none of these populations showed significant results (figure 5.3A-C).  

 

Figure 5.2. The frequency of T cell subsets in mice vaccinated with DNA encoding 

fused HSP70/gag or gag/HSP70, as determined by flow cytometry. C57Bl/6 mice 

were vaccinated with pJ, pJ-CMVgag, pJ-SV40-HSP70-gag or pJ-SV40gag-HSP70 

three times at two weekly intervals with 10 μg doses and the spleens were collected 10 

days later. Splenocytes were re-stimulated with immunodominant gag peptides. A) The 

population gating for surface staining by flow cytometry. The splenocytes were initially 

gated on the lymphocyte gate based on the forward/side scatter and CD3
+
 lymphocytes, 

and then either on CD44
+
CD8

+
 or CD44

+
CD4

+
. B) The frequencies of CD3

+
, 

CD3
+
CD44

+
CD8

+
 or CD3

+
CD44

+
CD4

+
 T cells were determined by flow cytometry. 

The results were derived from 8 individual mice per group and shown as the mean ± 

SEM.  

A 

B 
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Figure 5.3. The frequency of cytokine producing T cells in mice vaccinated with 

DNA encoding HSP70/gag or gag/HSP70, determined by flow cytometry. Mice 

were vaccinated with pJ, pJ-CMVgag, pJ-SV40gag-HSP70 or pJ-SV40-HSP70-gag 

three times at two weekly intervals and spleens were harvested 10 days later. The 

splenocytes were re-stimulated with immunodominant gag peptides (both CD4 and CD8 

immunodominant peptides). The frequency of A) IL-2, IFN-γ or TNF-α producing T 

cells, B) IL-2/TNF-α, IL-2/IFN-γ or TNF-α/IFN-γ producing T cells or C) IL-2/IFN-

γ/TNF-α producing T cells. The results are graphed from between 6-8 individual mice 

per group as mean ± SEM in individual mice.  

B 

C 

A 
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5.3.1.1.2 Mice vaccinated with DNA encoding gag plus secreted or membrane-

bound HSP70 show increased multifunctionality of T cells 

The functionality of T cells was also evaluated in mice vaccinated with pJ, pJ-CMVgag, 

pJ-CMVgag+SV40secrHSP70 or pJ-CMVgag+SV40memHSP70 using the vaccination 

strategy shown in figure 5.1. The frequency of CD3
+
, CD8

+ 
or CD4

+ 
lymphocyte 

populations was evaluated by flow cytometry (the population gating was identical to 

that in figure 5.2A). The analysis of T cell subsets by flow cytometry demonstrated a 

frequency reaching approximately 50% for CD3
+
 cells, 30% for CD8

+
 T cells and 15% 

for CD4
+
 T cells in the spleens of vaccinated mice (figure 5.4A-C). The results 

demonstrated a significant increase in the frequency of CD3
+
 lymphocytes in mice 

vaccinated with pJ-CMVgag+SV40memHSP70 (p=0.01), but not pJ-

CMVgag+SV40secrHSP70, when compared with pJ-CMVgag-vaccinated mice (figure 

5.4A). However, there were no differences in the frequency of CD8
+ 

(figure 5.4B) or 

CD4
+
 (figure 5.4C) lymphocyte populations in mice vaccinated with pJ-

CMVgag+SV40secrHSP70 or pJ-CMVgag+SV40memHSP70 compared with pJ-

CMVgag-vaccinated mice. 

 

Figure 5.4. The frequency of T cells in mice vaccinated with DNA encoding gag 

plus secreted or membrane-bound HSP70, determined by flow cytometry. C57Bl/6 

mice were vaccinated with pJ, pJ-CMVgag, pJ-CMVgag+SV40secrHSP70 or pJ-

CMVgag+SV40memHSP70 three times at two weekly intervals with 10 μg doses and 

the spleens were collected 10 days later. Splenocytes were re-stimulated with 

immunodominant gag peptides (both CD4 and CD8 immunodominant peptides).. The 

frequency of A) CD3
+
, B) CD3

+
CD44

+
CD8

+
 and C) CD3

+
CD44

+
CD4

+
 T cells was 

determined by flow cytometry. The results were derived from 8 individual mice per 

group and shown as the mean ± SEM, with significance shown as * when p<0.05. 

B A C 



 

122 

 

Analysis of the single cytokine-producing T cells showed that the highest frequency was 

approximately 1% in IFN-γ-producing CD8
+
 T cells (figure 5.5A). Furthermore, there 

were significant increases in the frequency of TNF-α producing T cells in mice 

vaccinated with pJ-CMVgag+SV40memHSP70 (p=0.04 for CD8
+
 and CD4

+
 T cells) 

and clear trends in mice vaccinated with pJ-CMVgag+SV40secrHSP70 compared with 

pJ-CMVgag-vaccinated mice (figure 5.5A). The CD4
+
 T cell population demonstrated 

significant increases in the IFN-γ production in mice vaccinated with pJ-

CMVgag+SV40secrHSP70 (p=0.01) or pJ-CMVgag+SV40memHSP70 (p=0.02) 

compared with pJ-CMVgag-vaccinated mice (figure 5.5A). 

The IL-2/IFN-γ-producing CD8
+
 and CD4

+
 T cells showed the highest frequency at 

approximately 0.6% (figure 5.5B). The frequency of IL-2/TNF-α producing CD8
+ 

T 

cells showed a clear increased trend in mice vaccinated with pJ-

CMVgag+SV40memHSP70 and a significant increase in mice vaccinated with pJ-

CMVgag+SV40secrHSP70 (p=0.04) compared with pJ-CMVgag-vaccinated mice 

(figure 5.5B). The results also demonstrated increased trends in IL-2/IFN-γ- or TNF-

α/IFN-γ-producing CD4
+ 

T cells in mice vaccinated with pJ-

CMVgag+SV40memHSP70 or pJ-CMVgag+SV40secrHSP70 compared with pJ-

CMVgag-vaccinated mice (figure 5.5B).  

The frequency of triple cytokine producing CD8
+
 T cells reached approximately 0.04% 

in pJ-CMVgag-vaccinated mice, and increased to approximately 0.13% in mice 

vaccinated with pJ-CMVgag+SV40secrHSP70 or pJ-CMVgag+SV40memHSP70 

although this was not significant (figure 5.5C). Importantly, there were significant 

increases in the frequency of triple cytokine producing CD4
+ 

T cells in mice vaccinated 

with pJ-CMVgag+SV40secrHSP70 (p=0.01) or pJ-CMVgag+SV40memHSP70 

(p=0.01) compared with pJ-CMVgag-vaccinated mice (figure 5.5C).  

5.3.1.2 The inclusion of secreted or membrane-bound HSP70 significantly 

increased T cell proliferation in vaccinated mice 

HIV protection has been correlated with strong HIV-specific T cell proliferation as the 

T cells in LTNP have high proliferative capacity, and progression to AIDS is associated 

with decreased proliferation of CD8
+
 T cells

27
. Therefore, it is important to aim for  
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Figure 5.5. The frequency of cytokine producing T cells in mice vaccinated with 

DNA encoding gag plus membrane-bound or secreted HSP70, determined by flow 

cytometry. Mice were vaccinated with pJ, pJ-CMVgag, pJ-CMVgag+SV40secrHSP70 

or pJ-CMVgag+SV40memHSP70 three times at two weekly intervals and spleens were 

harvested 10 days later. The splenocytes were re-stimulated with immunodominant gag 

peptides (both CD4 and CD8 immunodominant peptides). The frequency of A) IL-2, 

IFN-γ or TNF-α producing T cells, B) IL-2/TNF-α, IL-2/IFN-γ or TNF-α/IFN-γ 

producing T cells or C) IL-2/IFN-γ/TNF-α producing T cells was measured. The results 

are graphed from 6-8 individual mice per group with the mean ± SEM, with 

significance shown as * when p<0.05. 

A 

B 

C 
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strong T cell proliferation after vaccination with an HIV vaccine
28

. Consequently, T cell 

proliferation was examined in mice vaccinated with pJ, pJ-CMVgag, pJ-

CMVgag+SV40secrHSP70 or pJ-CMVgag+SV40memHSP70 using the vaccine 

strategy and sample collection regimen shown in figure 5.1. Splenocytes were stained 

with CFSE then stimulated with immunodominant gag peptides for 4 days. Flow 

cytometry was performed to detect reductions in the mean CFSE fluorescence intensity 

that correlated with T cell proliferation. Any reductions in CFSE intensity were 

measured only if the CFSE MFI was lower than that in the control pJ-vaccinated mice. 

The splenocytes were initially analysed by forward/side scatter, gated on the 

lymphocyte population, then on CD3
+
 and CD8

+
 or CD4

+
 T cells (figure 5.6A). A 

representative histogram from each vaccination group (n=5 mice) is shown in figure 

5.6B. The results demonstrated that the frequency of cells which showed a reduction in 

the CFSE MFI i.e. some proliferation, in mice vaccinated with pJ-CMVgag (4.8%), pJ-

CMVgag+SV40secrHSP70 (10.2%) or pJ-CMVgag+SV40memHSP70 (14.6%) was 

greater than that shown in pJ-vaccinated mice (0%) (figure 5.6B). The results 

demonstrated a significant increase in CD8
+
 T cell proliferation in mice vaccinated with 

pJ-CMVgag+SV40memHSP70 (p=0.02) but not pJ-CMVgag+SV40secrHSP70 

compared with pJ-CMVgag-vaccinated mice (figure 5.6C). Furthermore, the results 

demonstrated significant increases in CD4
+
 T cell proliferation in mice vaccinated with 

pJ-CMVgag+SV40memHSP70 (p=0.04) and pJ-CMVgag+SV40secrHSP70 (p=0.04) 

compared with pJ-CMVgag-vaccinated mice (figure 5.6D). In summary, these results 

demonstrated increased T cell proliferation in mice vaccinated with DNA encoding gag 

plus membrane-bound or secreted HSP70.  

 

5.3.2 Long term T cell responses 

The long term T cell memory responses were determined 60 days post final vaccination 

by IFN-γ EliSpot, cytokine production and CFSE staining. Mice vaccinated with pJ-

CMVgag+SV40memHSP70 demonstrated the largest range of significant results in the 

short term immune responses above. Therefore only the DNA encoding the membrane-

bound form of HSP70 was analysed in this section and consequently, the long term 
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Figure 5.6. Ex vivo proliferation of T cells from mice vaccinated with DNA 

encoding gag plus secreted or membrane-bound HSP70, determined by flow 

cytometry. Mice were vaccinated with pJ, pJ-CMVgag, pJ-CMVgag+SV40secrHSP70 

or pJ-CMVgag+SV40memHSP70 three times at two weekly intervals and the spleens 

were collected 10 days later. Splenocytes were stained with CFSE and re-stimulated 

with immunodominant gag-derived peptides (both CD4 and CD8 immunodominant 

peptides) for 4 days. T cell proliferation was measured when the reduction in CFSE 

intensity was greater than that seen in pJ-vaccinated mice. A) The gating performed by 

flow cytometry to analyse the forward/side scatter, CD3 and then CD4 or CD8 

populations. B) Individual histograms demonstrating the MFI of CFSE in splenocytes 

from representative mice. The frequency of; C) CD3
+
CD8

+
 or D) CD3

+
CD4

+
 T cell 

proliferation. The results are graphed from 5-7 individual mice per group showing the 

mean ± SEM, with significance shown as * when p<0.05.  

B 

A 

C D 
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immune responses were analysed in mice vaccinated with 10 μg doses of pJ, pJ-

CMVgag or pJ-CMVgag+SV40memHSP70. The vaccination regimen and sample 

collection for this section are described in figure 5.7.  

 

Figure 5.7. The vaccination and sample collection regimen for long term systemic 

T cell responses. 

 

5.3.2.1 Long term gag-specific IFN-γ secreting T cells  

The IFN-γ EliSpot was performed to evaluate the long term frequency of IFN-γ 

secreting T cells in vaccinated mice. The results demonstrated low background 

responses against all peptide pools in splenocytes from pJ-vaccinated mice (figure 5.8). 

Higher levels of IFN-γ secreting T cells were detected in gag peptide pools 1, 2, 4 and 

the CD8 immunodominant pool in mice vaccinated with pJ-CMVgag+SV40memHSP70 

compared with pJ-CMVgag-vaccinated mice, but these were not significant (figure 5.8). 

However, there were significant increases in the frequency of IFN-γ secreting T cells in 

pJ-CMVgag+SV40memHSP70-vaccinated mice compared with pJ-CMVgag-

vaccinated mice in pool 3 (p=0.04) and the CD4 immunodominant pool (p=0.03) (figure 

5.8). Interestingly, peptide pool 3 also contained gag immunodominant peptides. This is 

discussed in detail in section 5.4.6. Collectively, these results demonstrated significant 

increases in the frequency of IFN-γ secreting T cells in mice vaccinated with DNA 

encoding gag and membrane-bound HSP70, 60 days post vaccination.  

5.3.2.2 Long term intracellular cytokine production 

The IL-2-, IFN-γ- and TNF-α-producing T cells were compared in splenocytes from 

mice vaccinated with pJ, pJ-CMVgag or pJ-CMVgag+SV40memHSP70 using the 

vaccination and sample collection strategy described in figure 5.7. The flow cytometry 

gating of cell populations was identical to that shown in figure 5.2A. The results 
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Figure 5.8. The long term frequency of IFN-γ secreting T cells in the spleen of 

vaccinated mice, determined by IFN-γ EliSpot. C57Bl/6 mice were vaccinated with 

pJ, pJ-CMVgag or pJ-CMVgag+SV40memHSP70 3 times at 2 weekly intervals, 

splenocytes harvested 60 days later and re-stimulated with gag peptide pools 1–4 and 

the CD4 or CD8 immunodominant pool. Results are graphed from 6-7 individual mice 

per group as the mean ± SEM and significant results are shown as * when p<0.05. The 

frequency of IFN-γ secreting T cells was adjusted to spot forming units (SFU) per 10
6
 

cells. 



 

128 

 

demonstrated a lower frequency of CD3
+
CD44

+
CD4

+
 T cells (14%) compared with 

CD3
+
CD44

+
CD8

+
 T cells (24%) in the spleens of vaccinated mice (figure 5.9). 

However, there were no significant differences in the frequencies of these T cell 

populations in mice vaccinated with pJ, pJ-CMVgag or pJ-CMVgag+SV40memHSP70 

(figure 5.9). 
  

The highest frequency of single cytokine-producing cells was detected in IFN-γ-

producing CD4
+
 T cells that reached 2.3% (figure 5.10A), while the highest frequency 

of double-cytokine producing cells was 1.2% in IL-2/IFN-γ-producing CD8
+
 T cells 

(figure 5.10B). The frequency of triple cytokine producing T cells was higher for CD4
+
 

T cells (0.04%) compared with CD8
+
 T cells (0.015%) (figure 5.10C). However, there 

were no significant differences observed in single, double or triple cytokine-producing 

CD8
+
 or CD4

+
 T cells in mice vaccinated with DNA encoding gag ± membrane-bound 

HSP70 (figure 5.10A-C).  

 

 

Figure 5.9. The frequency of long term T cell subsets in vaccinated mice, as 

determined by flow cytometry. C57Bl/6 mice were vaccinated with pJ, pJ-CMVgag or 

pJ-CMVgag+SV40memHSP70 3 times at 2 weekly intervals and the spleens were 

harvested 60 days later. The populations of CD3
+
CD44

+
CD8

+
 or CD3

+
CD44

+
CD4

+
 T 

cells were analysed by flow cytometry. Results are graphed as the mean of 8 mice ± 

SEM.
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Figure 5.10. Long term functionality of T cells in vaccinated mice as determined by 

flow cytometry. C57Bl/6 mice were vaccinated with pJ, pJ-CMVgag or pJ-

CMVgag+SV40memHSP70 3 times at 2 weekly intervals and the spleens were 

harvested 60 days later. Splenocytes were re-stimulated with immunodominant gag-

derived peptides (both CD4 and CD8 immunodominant peptides) and the cytokine-

producing splenocytes were measured by flow cytometry for A) single, B) double or C) 

triple cytokine producing CD8
+
 or CD4

+
 T cells. Results are graphed as the mean of 8 

mice per group ± SEM.   

A 

C 

B 
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5.3.2.3 Long term T cell proliferation 

The long term proliferation of splenocytes from vaccinated mice (figure 5.7) was 

analysed by CFSE staining and flow cytometry. The results were measured if the 

proliferation was greater than that of splenocytes from pJ-vaccinated control mice and 

the gating strategy was identical to that shown in figure 5.6A. The results are shown in a 

representative histogram from pJ-CMVgag- or pJ-CMVgag+SV40memHSP70-

vaccinated mice (figure 5.11A). The CD8
+

 T cell proliferation reached 13%, while 

CD4
+
 T cell proliferation was approximately 9% (figure 5.11B and C, respectively). 

The results demonstrated no significant differences in the proliferation of either T cell 

population in mice vaccinated with pJ-CMVgag+SV40memHSP70 compared with pJ-

CMVgag-vaccinated mice (figure 5.11B and C).  

 

 

Figure 5.11. Long term T cell proliferation in vaccinated mice, determined by 

CFSE staining.  Mice were vaccinated with pJ, pJ-CMVgag or pJ-

CMVgag+SV40memHSP70 3 times at 2 weekly intervals and spleens were harvested 

60 days later. Splenocytes were stained with CFSE and re-stimulated with 

immunodominant gag peptides (CD4 and CD8 immunodominant peptides) for 4 days. 

A) Representative histograms of T cell proliferation in vaccinated mice. T cell 

proliferation of B) CD8
+
 T cells or C) CD4

+
 T cells was measured by a reduction in the 

CFSE MFI by flow cytometry. Results are graphed as the mean of 8 mice per group ± 

SEM.  

B 

A 

C 
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5.3.3 The mechanism of improved T cell functionality 

DCs are crucial for the interaction with- and activation of- T cells in the draining lymph 

nodes. Therefore, to examine the mechanism by which T cell immunity was increased 

in short term responses in pJ-CMVgag+SV40secrHSP70-vaccinated mice or short and 

long term responses in pJ-CMVgag+SV40memHSP70-vaccinated mice, DC and early T 

cell activation was measured in the draining lymph nodes. The DNA vaccines encoding 

membrane-bound or secreted HSP70 were analysed in this section. Mice were 

vaccinated with pJ-CMVgag, pJ-CMVgag+SV40secrHSP70 or pJ-

CMVgag+SV40memHSP70 with a single 10 μg dose using the vaccination and lymph 

node collection strategy shown in figure 5.12.  

        

Figure 5.12. Vaccination and lymph node collection strategy. Lymph nodes were 

collected at baseline or 5, 7 and 10 days after vaccination to measure DC and T cell 

activation in the draining lymph nodes of vaccinated mice.  

 

5.3.3.1 In vivo DC activation in vaccinated mice 

The frequency of different DC populations in the draining lymph node of vaccinated 

mice was analysed by flow cytometry. The cells were analysed by forward and side 

scatter and gated on the lymphocyte population, then on CD3
-
 cells, and CD11c and 

CD8α surface markers (figure 5.13A). The results showed that the frequency of CD3
-

CD11c
+ 

DCs peaked at approximately 40% on day 7 (figure 5.13B). A significant 

decrease in the frequency of CD3
-
CD11c

+ 
DCs was detected on day 5 post vaccination 

in mice vaccinated with pJ-CMVgag+SV40memHSP70 (p=0.02), but not pJ-

CMVgag+SV40secrHSP70, compared with pJ-CMVgag-vaccinated mice (figure 
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5.13B). The frequency of CD3
-
CD11c

+
CD8α

+
 DCs peaked at approximately 15% on 

day 5, but no significant differences were observed in vaccinated mice on days 5, 7 or 

10 (Figure 5.13B).  

The co-stimulatory and activation markers CD80, CD86 and MHC II were used to 

analyse DC activation in the draining lymph nodes of vaccinated mice. The results 

demonstrated similar frequencies of CD3
-
CD11c

+
CD80

+
 of approximately 10% and 

CD3
-
CD11c

+
MHCII

+
 DCs of approximately 5% on days 5, 7 or 10 in mice vaccinated 

with the different vaccines, while the CD11c
+
CD86

+
 DC population peaked at 

approximately 10% on day 5 (figure 5.14A-C). No significant differences were 

observed in the frequencies of CD3
-
CD11c

+
CD80

+ 
or CD3

-
CD11c

+
MHCII

+
 DCs in 

mice vaccinated with pJ-CMVgag+SV40secrHSP70 or pJ-CMVgag+SV40memHSP70  

  

 

Figure 5.13. The frequency of DC subsets in the draining lymph node of vaccinated 

mice, determined by flow cytometry. Mice were vaccinated with a single 10 μg dose 

of pJ-CMVgag, pJ-CMVgag+SV40secrHSP70 or pJ-CMVgag+SV40memHSP70 and 

the lymph nodes were collected at baseline, or on days 5, 7 or 10. A) Flow cytometry 

was performed to gate lymphocytes using forward/side scatter and then on the CD3, 

CD8 and CD11c surface
 

marker. The frequencies of B) CD3
-
CD11c

+
 or CD3

-

CD11c
+
CD8α

+
 DCs were measured. Results are graphed as the mean of 3 individual 

mice ± SEM, with significant results shown as * when p<0.05 using the student t test.  

A 

B 
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compared with pJ-CMVgag-vaccinated mice (figure 5.14A and C). However, 

significant increases in the frequency of CD11c
+
CD86

+
 DCs were detected on day 7 in 

mice vaccinated with pJ-CMVgag+SV40secrHSP70 (p=0.04) or pJ-

CMVgag+SV40memHSP70 (p=0.02) when compared with pJ-CMVgag-vaccinated 

mice (figure 5.14B). 

 

 

 

Figure 5.14. DC activation in the draining lymph node of vaccinated mice 

determined by flow cytometry. Mice were vaccinated with a single 10 μg dose of pJ-

CMVgag, pJ-CMVgag+SV40secrHSP70 or pJ-CMVgag+SV40memHSP70 and the 

lymph nodes were collected at baseline, or on days 5, 7 or 10. DC activation was 

measured using the A) CD80, B) CD86 or C) MHC II surface markers. Results are 

graphed using the mean of 3 individual mice ± SEM, with significant results shown as * 

when p<0.05. 

C 

A B 
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5.3.3.2 T cell influx and activation in the lymph nodes of vaccinated mice 

T cell activation was analysed after harvesting the draining lymph nodes from 

vaccinated mice as outlined in figure 5.12. T cell subsets were initially analysed using 

forward/side scatter and were gated on the lymphocyte population, and on the CD3, 

CD8 and CD4 surface markers (figure 5.15A). The frequency of CD3
+
 and CD3

+
CD8

+
 

T cells in the draining lymph node peaked at approximately 70% and 29%, respectively, 

on day 7 while the CD3
+
CD4

+
 lymphocyte population peaked at approximately 18% on 

day 5 (figure 5.15B-D). The results showed significant increases on day 7 in the 

frequency of CD3
+
 lymphocytes in mice vaccinated with pJ-

CMVgag+SV40memHSP70 (p=0.03) or pJ-CMVgag+SV40secrHSP70 (p=0.03) 

compared with pJ-CMVgag-vaccinated mice (figure 5.15B). However, the frequencies 

of CD3
+
CD8

+
 and CD3

+
CD4

+
 T cells demonstrated no significant differences in mice 

vaccinated with pJ-CMVgag+SV40secrHSP70 or pJ-CMVgag+SV40memHSP70 

compared with pJ-CMVgag-vaccinated mice (figure 5.15C and D).  

The frequency of T cell activation in the draining lymph node was analysed by the 

detection of the early T cell activation marker, CD69, as well as the CD3, CD4 and CD8 

markers. The results demonstrated consistent frequencies of CD3
+
CD8

+
CD69

+
 and 

CD3
+
CD4

+
CD69

+
 T cells on days 5, 7 and 10 between 15 to 30% (figure 5.16A and B). 

However, there were no significant differences in the CD3
+
CD8

+
CD69

+
 or 

CD3
+
CD4

+
CD69

+
 T cell populations in mice vaccinated with pJ-

CMVgag+SV40secrHSP70 or pJ-CMVgag+SV40memHSP70 compared with pJ-

CMVgag-vaccinated mice (figure 5.16A and B).  

 

5.3.4 The effect of increasing the level of expression of membrane-

bound or the secreted form of HSP70  

As demonstrated previously, the SV40 promoter-driven protein expression is 

approximately 10-fold weaker than that from the CMV promoter. To evaluate whether 

an increase in HSP70 expression could overcome reduced antigen expression and 

further increase gag-specific T cell responses, the different forms of HSP70 were  
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Figure 5.15. The frequency of T cell subsets in mice following a single vaccination 

with DNA encoding gag plus secreted or membrane-bound HSP70. Mice were 

vaccinated with a single dose of pJ-CMVgag, pJ-CMVgag+SV40secrHSP70 or pJ-

CMVgag+SV40memHSP70 and the draining lymph nodes were collected at baseline or 

on days 5, 7 or 10. A) Flow cytometry analysis of the forward/side scatter and CD3 and 

then CD4 or CD8 markers. Frequencies of B) CD3
+
, C) CD3

+
CD8

+
 or D) CD3

+
CD4

+
 T 

cells were evaluated by flow cytometry. Results were graphed using 3 individual mice 

with the mean ± SEM, with significant results shown as * when p<0.05.  

A 

B 

C D 
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Figure 5.16. The in vivo activation of T cells in vaccinated mice, determined by 

flow cytometry. Mice were vaccinated with a single dose of pJ-CMVgag, pJ-

CMVgag+SV40secrHSP70 or pJ-CMVgag+SV40memHSP70 and lymph nodes were 

collected at baseline or on days 5, 7 or 10. Frequencies of A) CD3
+
CD8

+
CD69

+
 or B) 

CD3
+
CD4

+
C69

+
 were evaluated by flow cytometry. Results were graphed using 3 

individual mice with the mean ± SEM.  

 

expressed from the CMV promoter and the gag gene was inserted downstream of the 

weaker SV40 promoter. As significant results demonstrated earlier in this chapter were 

only observed with DNA encoding gag plus membrane-bound or secreted HSP70, mice 

were vaccinated with pJ-CMVgag, pJ-SV40gag, pJ-SV40gag+CMVsecrHSP70 or pJ-

SV40gag+CMVmemHSP70. Mice were vaccinated with 10 μg doses and spleens were 

harvested as outlined in figure 5.17.  

 

Figure 5.17. Vaccination and spleen collection strategy. Mice were vaccinated with 

DNA encoding secreted or membrane-bound HSP70 inserted downstream of the CMV 

promoter and gag inserted downstream of the SV40 promoter. 

A B 
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5.3.4.1 Frequency of IFN-γ secreting T cells  

Splenocytes from vaccinated mice were re-stimulated with gag-derived peptide pools 

and the frequency of IFN-γ secreting T cells was analysed by IFN-γ EliSpot (section 

2.9.2). The results demonstrated a significant decrease in the frequency of IFN-γ 

secreting T cells in mice vaccinated with pJ-SV40gag compared with pJ-CMVgag-

vaccinated mice in peptide pool 2 (p=0.01) and pool 3 (p=0.04) (figure 5.18). 

Furthermore, significant decreases were observed between pJ-SV40gag-vaccinated mice 

and mice vaccinated with pJ-SV40gag+CMVmemHSP70 in pool 1 (p=0.04) and pool 4 

(p=0.01) or with pJ-SV40gag+CMVsecrHSP70 in peptide pool 3 (p=0.01) (figure 5.18). 

These results show a significant reduction in mice vaccinated with pJ-SV40gag 

compared with pJ-CMVgag and a further reduction in mice vaccinated with pJ-

SV40gag+CMVsecrHSP70 or pJ-SV40gag+CMVmemHSP70 compared with pJ-

SV40gag.  

The results in section 4.3.1.4, figure 4.5 demonstrated the frequency of IFN-γ secreting 

T cells in mice vaccinated with SV40-driven membrane- bound or secreted HSP70. 

These results demonstrated a significant increase in mice vaccinated with pJ-

CMVgag+SV40memHSP70 in pools 3 and 4 and pJ-CMVgag+SV40secrHSP70 in 

pools 1 and 4 compared with pJ-CMVgag, whereas there were significant decreases in 

pJ-SV40gag+CMVsecrHSP70 in peptide pools 3 and pJ-SV40gag+CMVmemHSP70 in 

peptide pools 1 and 4 compared with pJ-S40gag. 

5.3.4.2 Increasing the level of expression of secreted or membrane-bound 

HSP70 failed to improve cytokine production in vaccinated mice 

To further assess the efficacy of SV40 promoter-driven gag expression, T cell subsets 

and multifunctional T cells were analysed and gated as described earlier in this section 

(section 5.3.1.1 and figure 5.2A). The vaccination and sample collection of mice is 

described in figure 5.17. The results demonstrated that the frequency of CD3
+
 

lymphocytes in the spleen reached approximately 60%, while the CD8
+
 T cell and CD4

+ 

T cell population reached 35% and 18%, respectively (figure 5.19A-C). The results 

demonstrated no significant differences in the frequency of CD3
+
, CD8

+
 or CD4

+
 T cell 

populations in mice vaccinated with pJ-CMVgag, pJ-SV40gag, pJ-

SV40gag+CMVsecrHSP70 or pJ-SV40gag+CMVmemHSP70 (figure 5.19A-C). 
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Figure 5.18. The frequency of IFN-γ secreting T cells in mice vaccinated with DNA 

encoding gag downstream of the SV40 promoter and membrane-bound or secreted 

HSP70 downstream of the CMV promoter. Mice were vaccinated with pJ-CMVgag, 

pJ-SV40gag, pJ-SV40gag+CMVsecrHSP70 or pJ-SV40gag+CMVmemHSP70 three 

times at two weekly intervals with 10 μg doses and the spleens were collected 10 days 

later. The splenocytes were re-stimulated with the four peptide pools that encompass the 

entire gag protein. Results are graphed as the mean of 7 mice ± SEM. The number of 

IFN-γ secreting T cells was adjusted to SFU per 10
6
 cells, and significant results are 

shown as * when p<0.05. 

 

Figure 5.19. Frequency of T cell subsets in mice vaccinated with DNA encoding gag 

downstream of the SV40 promoter and membrane-bound or secreted HSP70 

downstream of the CMV promoter. Mice were vaccinated with pJ-CMVgag, pJ-

SV40gag, pJ-SV40gag+CMVsecrHSP70 or pJ-SV40gag+CMVmemHSP70 three times 

at two weekly intervals and the spleens were collected 10 days later. The splenocytes 

were re-stimulated with immunodominant gag peptides (both CD4 and CD8 

immunodominant peptides). The frequencies of A) CD3
+
, B) CD3

+
CD44

+
CD8

+ 
and C) 

CD3
+
CD44

+
CD4

+
 T cell populations were determined by flow cytometry. Results are 

graphed as the mean of 7 mice ± SEM.  

A B C 
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The results for T cell cytokine production demonstrated that the frequency of IL-2-

producing CD8
+
 T cells reached 2% (figure 5.20A). There was a significantly decreased 

frequency in mice vaccinated with pJ-SV40gag compared with pJ-CMVgag-vaccinated 

mice in the TNF-α- (p=0.0002 for CD8
+
 and p=0.02 for CD4

+
 T cells), IFN-γ (p=0.03 

for CD8
+
 and CD4

+
 T cells) or IL-2- (p=0.03 for CD4

+
 T cells) producing T cells and a 

clear decreased trend for IL-2-producing CD8
+
 T cells (figure 5.20A). There were no 

significant differences in mice vaccinated with pJ-SV40gag compared with pJ-

SV40gag+CMVmemHSP70- or pJ-SV40gag+CMVsecrHSP70-vaccinated mice in IFN-

γ, IL-2 or TNF-α-producing T cells (figure 5.20A).  

The results for double cytokine producing T cells demonstrated a significant decrease in 

mice vaccinated with pJ-SV40gag compared with pJ-CMVgag-vaccinated mice in IL-

2/TNF-α (p=0.02), or IL-2/IFN-γ (p=0.006) producing CD8
+
 T cells and for IFN-

γ/TNF-α (p=0.002 for CD8
+
 and p=0.005 for CD4

+
 T cells) producing T cells (figure 

5.20B). The frequency of IL-2/TNF-α producing CD4
+
 T cells was significantly 

decreased in mice vaccinated with pJ-SV40gag+CMVsecrHSP70 compared with pJ-

SV40gag-vaccinated mice (p=0.02) (figure 5.20B).  

The frequency of triple cytokine producing CD8
+
 and CD4

+
 T cells reached 

approximately 0.15 % in mice vaccinated with pJ-CMVgag or pJ-

SV40gag+CMVsecrHSP70, while the frequencies in pJ-SV40-gag or pJ-

SV40gag+CMVmemHSP70-vaccinated mice were lower at 0.04% (figure 5.20C). The 

results demonstrated a significant decrease in the frequency of triple cytokine producing 

CD8
+ 

T cells in mice vaccinated with pJ-SV40gag compared with pJ-CMVgag-

vaccinated mice (p=0.02) (figure 5.20C). Interestingly, there was a significant increase 

in the frequency of triple cytokine producing CD4
+
 T cells in mice vaccinated with pJ-

SV40gag+CMVsecrHSP70 (p=0.02) but not pJ-SV40gag+CMVmemHSP70, compared 

with pJ-SV40gag-vaccinated mice (figure 5.20C).  
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Figure 5.20. The frequency of cytokine producing T cells in mice vaccinated with 

DNA encoding gag expressed from the SV40 promoter and membrane-bound or 

secreted HSP70 expressed from the CMV promoter. Mice were vaccinated with 10 

μg doses of pJ-CMVgag, pJ-SV40gag, pJ-SV40gag+CMVsecrHSP70 or pJ-

SV40gag+CMVmemHSP70 three times at two weekly intervals and the spleens were 

collected 10 days later. Splenocytes were re-stimulated with immunodominant peptides 

(both CD4 and CD8 immunodominant peptides) and analysed by flow cytometry to 

determine frequencies of A) single cytokine, B) double cytokine and C) triple cytokine 

producing T cells. The results are graphed from 5 individual mice per group with the 

mean ± SEM, with significance shown as * when p<0.05 or ** when p<0.01. 

A 

B 

C 
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5.3.4.3 T cell proliferation in mice vaccinated with DNA encoding 

membrane-bound or secreted HSP70 downstream of the CMV promoter 

The technique to analyse T cell proliferation and population gating by flow cytometry 

was described in a previous section (section 5.3.1.2 and figure 5.6A), while the 

vaccination and sample collection strategy was described in figure 5.17. The results 

demonstrated that the frequencies of T cell proliferation in representative histograms 

from mice vaccinated with pJ-SV40gag or pJ-CMVgag were approximately 6% and 

15%, respectively (figure 5.21A). There was a clear decreased trend in the frequency of 

proliferating CD8
+
 T cells in mice vaccinated with pJ-SV40gag compared with pJ-

CMVgag-vaccinated mice (figure 5.21B), but no differences were observed in mice 

vaccinated with pJ-SV40gag+CMVsecrHSP70 or pJ-SV40gag+CMVmemHSP70 

compared with pJ-SV40gag-vaccinated mice in CD8
+
 or CD4

+
 T cell proliferation 

(figure 5.21B and C). 

In summary, increasing the level of expression of the membrane-bound and secreted 

forms of HSP70 from pJ-SV40gag+CMVmemHSP70 or pJ-SV40gag+CMVsecrHSP70, 

respectively, failed to improve gag-specific T cell function compared with pJ-SV40gag. 

Furthermore, a comparison of T cell responses in mice vaccinated with pJ-SV40gag and 

pJ-CMVgag demonstrated that decreasing the level of antigen expression significantly 

decreased T cell functionality. Therefore, the constructs pJ-SV40gag, pJ-

SV40gag+CMVsecrHSP70 and pJ-SV40gag+CMVmemHSP70 were not used further. 

 

5.4 Discussion 

Previous research into correlates of HIV protection identified multiple cytokine 

producing T cells as potentially beneficial
26

. Therefore, mice vaccinated with pJ-

SV40gag-HSP70, pJ-CMVgag+SV40secrHSP70 or pJ-CMVgag+SV40memHSP70, 

which demonstrated significant increases in the frequency of IFN-γ secreting T cells 

compared with pJ-CMVgag-vaccinated mice in Chapter 4, were further analysed by 

flow cytometry to identify the frequencies of multifunctional T cells. 
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Figure 5.21. T cell proliferation ex vivo in mice vaccinated with DNA encoding gag 

expressed from the SV40 promoter and secreted or membrane-bound HSP70 

expressed from the CMV promoter, determined by flow cytometry. Mice were 

vaccinated with pJ-CMVgag, pJ-SV40gag, pJ-SV40gag+CMVsecrHSP70 or pJ-

SV40gag+CMVmemHSP70 three times at two weekly intervals and the spleens 

collected 10 days later. A) Individual histograms demonstrating the mean fluorescence 

intensity of CFSE for the representative mice vaccinated with pJ-CMVgag or pJ-

SV40gag. The frequency of proliferation of B) CD3
+
CD8

+
 or C) CD3

+
CD4

+
 T cells. 

The results are graphed from 5 individual mice per group showing the mean ± SEM. 

A 

B C 
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5.4.1 Flow cytometry to evaluate the frequency of T cell subsets 

Initially the frequency of T cell subsets was evaluated in the spleen of vaccinated mice 

in sections 5.3.1.1.1, 5.3.1.1.2 and 5.3.2.2. The results demonstrated that the frequency 

of CD3
+
 T cells in the spleen was approximately 40-50% which corresponds with 

results shown previously in humans
555

. Furthermore, the results in this chapter 

demonstrated that CD8
+
 T cell frequencies were approximately two-fold higher than 

those of the CD4
+
 T cell frequencies and correlates with levels observed in mouse

556
 

and human
555

 spleens.   

5.4.2 Fusion constructs 

The aim of section 5.3.1.1.1 was to examine T cell functionality in mice vaccinated with 

pJ-SV40gag-HSP70 or pJ-SV40-HSP70-gag compared with pJ-CMVgag-vaccinated 

mice. It is important to note that the fusion constructs were inserted downstream of the 

SV40 promoter and were compared to CMV-driven gag, to maintain a consistent level 

of expression of HSP70 from all DNA vaccines examined in section 5.3.1. The results 

showed no significant differences in the frequencies of cytokine producing T cells in 

mice vaccinated with pJ-SV40gag-HSP70 or pJ-SV40-HSP70-gag compared with pJ-

CMVgag-vaccinated mice. These results correlate with previous studies which used a 

DNA vaccine encoding HSP70 and a cancer-associated antigen that only demonstrated 

increases in single cytokine-producing T cells but not multifunctional T cells
16,557

. Due 

to the lack of a multifunctional T cell response in mice vaccinated with pJ-SV40gag-

HSP70 or pJ-SV40-HSP70-gag, these fusion constructs were not assessed further as a 

potential vaccine against HIV. 

5.4.3 Secreted and Membrane-bound HSP70 

Section 5.3.1.1.2 aimed to examine the cytokine production in T cells from mice 

vaccinated with pJ-CMVgag+SV40secrHSP70 or pJ-CMVgag+SV40memHSP70 

compared with pJ-CMVgag-vaccinated mice. The results demonstrated that mice 

vaccinated with DNA encoding gag plus membrane-bound or secreted HSP70 

demonstrated a significantly increased frequency of multifunctional gag-specific T cells 

in the spleen. In addition, mice vaccinated with DNA encoding the secreted form of 
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HSP70 demonstrated significant increases in the functionality of T cells compared with 

DNA encoding gag only for IFN-γ CD4
+
, IL-2/TNF-α CD8

+
, triple positive CD4

+
 T 

cells and a clear positive trend in triple cytokine producing CD8
+
 T cells. Mice 

vaccinated with DNA encoding membrane-bound HSP70 demonstrated significant 

increases in a wider range of T cell responses compared with mice vaccinated with any 

other DNA vaccine. These included significant increases in the frequency of CD3
+
 T 

cells, TNF-α producing CD8
+
 T cells, TNF-α and IFN-γ single cytokine producing 

CD4
+
 T cells, triple cytokine producing CD4

+
 T cells, as well as clear positive trends in 

triple cytokine producing CD8
+
 T cells. The increases in T cell functionality were 

observed in CD8
+
 T cells that are crucial for cytotoxicity, and in CD4

+
 T cells that are 

crucial to activate CD8
+
 T cells by inducing a Th1 response as a result of IFN-γ and 

TNF-α and IL-2 production that is critical for T cell maintenance
558

. The 

multifunctional T cells that were identified by the production of triple cytokines are 

important for effector function and for the ability to maintain memory responses
559

. 

5.4.4 Comparing EliSpot and ICS 

The results from the IFN-γ EliSpot in Chapter 4 and the ICS results in this chapter did 

not always correlate. The IFN-γ EliSpot results demonstrated significant increases in the 

frequency of IFN-γ secreting T cells in mice vaccinated with pJ-SV40gag-HSP70 

compared with pJ-CMVgag-vaccinated mice in the immunodominant peptide pool. 

However, ICS analysis of the frequency of IFN-γ producing T cells after re-stimulation 

with the immunodominant peptide pool demonstrated no significance. Furthermore, the 

IFN-γ EliSpot results for mice vaccinated with pJ-CMVgag+SV40secrHSP70 compared 

with pJ-CMVgag-vaccinated mice demonstrated a significant increase in the frequency 

of IFN-γ secreting T cells when stimulated with the subdominant peptide pools but not 

the immunodominant peptides while the ICS results demonstrated significant increases 

in IFN-γ producing CD4
+
 T cell re-stimulated with the immunodominant peptides. 

Finally, mice vaccinated with pJ-CMVgag+SV40memHSP70 demonstrated significant 

increases by IFN-γ EliSpot in pool 3 that contains immunodominant peptides, but not 

the immunodominant pools, while there was a significant increase in the frequency of 

IFN-γ producing CD4
+
 T cells after re-stimulation with the immunodominant peptide 

pool as determined by ICS analysis. These differences may be due to the fact that 



 

145 

 

EliSpot evaluates the total splenocyte population that contains T cells and NK and NKT 

cells that secrete IFN-γ, whereas the ICS studies are restricted to CD8
+
 or CD4

+
 T cells. 

A previous comparison between EliSpot and ICS showed that EliSpot is more sensitive 

than ICS, but ICS is crucial for the analysis of multiple characteristics of a single T 

cell
560

. Furthermore, EliSpot measures IFN-γ secretion while ICS analyses the 

intracellular production of cytokines which may further explain any observed 

differences between the two assays.  

5.4.5 T cell proliferation 

The proliferative properties of T cells are thought to be important in HIV protection, as 

strong T cell proliferation has been correlated with HIV LTNP, and progression to 

AIDS is associated with decreased proliferation of CD8
+
 T cells

27
. Mice vaccinated with 

pJ-CMVgag+SV40secrHSP70 (section 5.3.1.2) demonstrated significant increases in 

the proliferation of CD4
+
 T cells compared with pJ-CMVgag-vaccinated mice. 

Furthermore, significant increases in the proliferation of CD4
+
 and CD8

+
 T cells were 

apparent in mice vaccinated with pJ-CMVgag+SV40memHSP70 compared with pJ-

CMVgag-vaccinated mice. The proliferation of CD8
+
 T cells is crucial to maintain the 

effector function
561

 and CD4
+
 T cell proliferation is critical to maintain CTL activation 

and integrity
562

, resulting in the proposed inclusion of membrane-bound or secreted 

HSP70 that might provide a beneficial effect in an HIV vaccine.  

5.4.6 Long term T cell responses 

The long term frequency of IFN-γ secreting T cells in the spleens of vaccinated mice 

was shown in section 5.3.2.1. Resident memory T cells in the dermis will be activated 

by mature dermal DCs but were not directly examined due to the technical difficulty of 

this assay. These results demonstrated a significant increase in the frequency of IFN-γ 

secreting T cells in mice vaccinated with pJ-CMVgag+SV40memHSP70 compared with 

pJ-CMVgag-vaccinated mice in splenocytes re-stimulated with peptide pool 3 (which 

contains immunodominant peptides) and the CD4 immunodominant pool. As the short 

term IFN-γ EliSpot results (section 4.3.1.4) not only demonstrated significant increases 

in the frequency of IFN-γ secreting T cells in mice vaccinated with pJ-

CMVgag+SV40memHSP70 in peptide pool 3, but also in peptide pool 4 that contains 
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only subdominant peptides, and thus these results suggest that the breadth of the 

immune response may have been lost with time. Interestingly, a previous study 

demonstrated that the loss of the breadth of a T cell response correlated with 

progression to AIDS and that this loss of breadth predominantly affected the 

subdominant peptides
563

.  

The long term T cell proliferation shown in section 5.3.2.3 demonstrated no significant 

differences in the CD4
+
 or CD8

+
 T cell proliferation between splenocytes from pJ-

CMVgag- or pJ-CMVgag+SV40memHSP70-vaccinated mice. However, significant 

increases were detected in the short term CD4
+
 and CD8

+
 T cell proliferation studies in 

section 5.3.1.2 in mice vaccinated with pJ-CMVgag+SV40memHSP70 compared with 

pJ-CMVgag-vaccinated mice, showing that the proliferative potential of the T cells in 

these vaccinated mice waned over time. Therefore, with this vaccine strategy, it may be 

beneficial to include additional DNA vaccinations to increase memory T cell 

proliferation. 

5.4.7 In vivo DC activation 

The in vivo activation and maturation of DCs within the draining lymph node of 

vaccinated mice was evaluated in section 5.3.3.1 and was used to examine the 

mechanism behind the increased immunogenicity of gag after vaccination with DNA 

vaccines encoding membrane-bound or secreted HSP70. The subset of CD11c
+
CD8a

+
 

DCs was analysed as these are the most efficient DCs at cross-presention
564

 and can be 

found in the dermis
565

. The results demonstrated no difference in the frequency of this 

DC population between mice vaccinated with pJ-CMVgag and pJ-

CMVgag+SV40secrHSP70 or pJ-CMVgag+SV40memHSP70, but further analysis is 

required to test any differences in the efficacy of cross-presentation. However, there was 

a significant increase in the CD11c
+
DC population on day 7. This time frame may 

appear slow compared to previous studies
566

, but timing can be affected by DNA 

transfection efficiency and the speed at which the DCs identify the antigen-positive 

cells. Furthermore, the peak in CD86
+
DCs occurred on day 5 for all vaccination groups, 

although significant increases in this DC population in mice vaccinated with pJ-

CMVgag+SV40memHSP70 or pJ-CMVgag+SV40secrHSP70 compared with pJ-

CMVgag-vaccinated mice were not observed until day 7. The peak on day 5 may result 
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from direct transfection of DCs and activation by gag, whereas the delay observed on 

day 7 may result from the need to attract and activate additional DCs by HSP70.  

5.4.8 T cell influx and activation 

T cell influx and activation was measured in vivo in the draining lymph nodes of 

vaccinated mice in section 5.3.3.2. The results demonstrated significant increases in the 

frequency of CD3
+
 lymphocytes in mice vaccinated with pJ-CMVgag+SV40secrHSP70 

or pJ-CMVgag+SV40memHSP70 compared with mice vaccinated with pJ-CMVgag. 

Interestingly, CD3
+
 influx into the lymph nodes peaked on day 7, which corresponds 

with the peak of CD8
+
 T cells. Furthermore, the CD4

+
 T cell frequency peaked on day 

5, earlier than the CD8
+
 T cell peak which correlated with results from other models

567
. 

This may be due to activated CD4
+
 T cells contributing to the CD8

+
 T cell activation.  

5.4.9 Increasing the level of expression of membrane-bound or secreted 

HSP70 

The expression of membrane-bound or secreted HSP70 from the SV40 promoter 

resulted in a significant increase in the potency of DNA vaccines encoding gag. 

Therefore, the aim of section 5.3.4 was to determine if increasing the levels of 

expression of membrane-bound or secreted HSP70 from the stronger CMV promoter 

would further improve gag-specific immune responses and overcome reduced 

expression of gag from the SV40 promoter. The constructs pJ-SV40gag, pJ-SV40gag-

CMVsecrHSP70 and pJ-SV40gag+CMVmemHSP70 were produced to address this 

question. T cell responses were examined by performing IFN-γ EliSpot, ICS and T cell 

proliferation assays. The IFN-γ EliSpot results in section 5.3.4.1 showed significant 

reductions in the frequency of IFN-γ secreting T cells in pools 2 and 3, which contain 

the immunodominant peptides, from mice vaccinated with pJ-SV40gag compared with 

pJ-CMVgag-vaccinated mice. These significant differences may only have been 

observed in these pools because they produce the highest SFU. Furthermore, ICS 

performed to evaluate the functionality of T cells in vaccinated mice in section 5.3.4.2 

demonstrated significant decreases in the frequency of CD4
+
 and CD8

+
 T cells between 

pJ-SV40gag- and pJ-CMVgag-vaccinated mice. Further reductions were observed in the 

frequency of IFN-γ secreting T cells from mice vaccinated with pJ-
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SV40gag+CMVsecrHSP70 or pJ-SV40gag+CMVmemHSP70 compared with pJ-

SV40gag-vaccinated mice. These results suggest that there is a threshold of antigen 

expression that is required to produce strong immune responses, and correlate with 

previous studies
568,569

. Further significant reductions were seen in mice vaccinated with 

DNA which encoded membrane-bound or secreted HSP70 downstream of the CMV 

promoter, suggesting that the strength and timing of the localised immune response 

induced by the adjuvant is crucial and that the stronger adjuvant is not always optimal. 

It is important to note that a DNA vaccine containing two CMV promoters was not 

produced as promoter occlusion results in reduced levels of protein expression
521

. 

5.4.10 Conclusions 

In conclusion, these results demonstrated significant increases in short term T cell 

functionality and proliferation in mice vaccinated with DNA encoding gag plus 

membrane-bound or secreted HSP70, while membrane-bound HSP70 also demonstrated 

increased long term T cell functionality. Furthermore, there were significant increases 

with the inclusion of these forms of HSP70 in the frequency of mature DCs that express 

co-stimulatory molecules, and the influx of T cells into the lymph node in vivo. Finally, 

increasing the level of expression of membrane-bound or secreted HSP70 failed to 

improve T cell functionality or proliferation, and therefore the constructs pJ-SV40gag, 

pJ-SV40gag+CMVsecrHSP70 and pJ-SV40gag+CMVmemHSP70 were not used in 

further experiments.  

The results demonstrated that the highest immune responses were elicited in mice 

vaccinated with pJ-CMVgag+SV40memHSP70 and therefore for practical reasons 

related to time and financial constraints, this was the only vaccine candidate that was 

tested further.  
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Chapter 6 : Short and Long Term EcoHIV Challenge 

6.1 Introduction 

HIV vaccine development is complicated by the lack of animal models as only humans, 

chimpanzees
341

 and pigtail macaques
342

 are susceptible to HIV, however these animal 

models are rarely used due to ethical and financial concerns. Monkeys can be infected 

with SIV, but this model has limitations
345,346

. Improvements in smaller animal HIV 

models are required in order to prove some efficacy prior to subsequent studies in 

monkeys that could lead to clinical trials.  

The optimum method to evaluate vaccine-induced protection is to challenge with the 

pathogen. As noted previously in Chapter 1 section 1.8.1.3 a chimeric HIV, EcoHIV, 

based on HIV NL4-3 (clade B) or HIV NDK (clade D) in which the envelope protein 

gp120 of HIV was substituted by the gp80 from the murine leukaemia virus allows 

infection of mouse, but not human, leukocytes
30

. EcoHIV has previously been used to 

test anti-retroviral therapy and vaccine efficacy in Balb/C and C57Bl6/J mice
339,340

. It is 

important to evaluate short term and long term protection induced by a vaccine strategy.  

6.2 Aims 

Chapter 5 showed that mice vaccinated with DNA encoding gag and membrane-bound 

HSP70 produced the widest range of significant increases in immune responses. 

Therefore, the aim of this chapter was to elucidate the levels of protection induced in 

mice vaccinated with a DNA vaccine encoding gag and membrane bound HSP70, by 

challenging with EcoHIV. The mice were challenged 10 days and 60 days post 

vaccination to examine short and long term protection, respectively.  

6.3 Results 

6.3.1 EcoHIV production and validation in vitro 

EcoHIV was produced using the pEcoHIV plasmid. pEcoHIV was transfected into HEK 

293T cells using the calcium phosphate transfection method (section 2.10.1), and the 

transfection efficiency measured using the eGFP reporter gene in a separate culture. The 
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medium containing the EcoHIV, or a negative control of medium from untransfected 

HEK 293T cells, was collected and concentrated. The EcoHIV was titrated using the 

concentration of p24 (figure 6.1A) as a surrogate marker of infectivity as described in 

section 2.10.2 and the concentration of p24 was determined  by drawing a standard 

curve using sequential protein standard dilutions and reading off the p24 concentration 

in the virus sample. EcoHIV infectivity was validated using in vitro infection of 

peritoneal exudate cells (PECs) from C57Bl/6 mice. The PECs were infected with 40 ng 

or 400 ng of p24 as determined by the p24 titration, or with mock virus, adjusted as 

necessary to account for the EcoHIV dilution. The PECs were then harvested and the 

levels of MLV RNA relative to RPL13a mRNA were analysed by qRT-PCR. The 

results demonstrated that the negative control of concentrated medium produced no 

background MLV RNA levels by qRT-PCR (figure 6.1B) whereas PECs infected with 

40 ng EcoHIV produced a detectable signal, while infection with 400 ng of EcoHIV 

resulted in levels of MLV RNA that were approximately 7-fold higher than those 

observed with 40 ng EcoHIV (figure 6.1B). These results demonstrated the validity and 

infectivity of EcoHIV.  

 

               

Figure 6.1. The validation of EcoHIV production. A) The optical density of EcoHIV 

dilutions, 1:100,000 and 1:500,000 examined using the HIV-1 p24 ELISA kit. B) 

Detection of MLV RNA in EcoHIV infected PECs plated in a 24 well plate and infected 

with mock virus, or 40 ng or 400 ng p24 EcoHIV.  

A B 
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6.3.2 T cell responses and viral loads after short term EcoHIV 

challenge 

C57Bl/6 mice were vaccinated with 10 μg of pJ, pJ-CMVgag or pJ-

CMVgag+SV40memHSP70. The vaccination regimen, EcoHIV challenge and sample 

collection strategy are described in figure 6.2. T cell expansion was evaluated in the 

vaccinated mice pre- and post-challenge, while the frequencies of IFN-γ secreting T 

cells and the viral loads were evaluated post challenge.  

 

Figure 6.2. Vaccination regimen, challenge with EcoHIV or mock virus and 

collection of blood, PEC and spleen. EcoHIV challenge 10 days post final vaccination 

was termed short term challenge.  

 

6.3.2.1 Expansion of antigen-experienced CD8
+
 T cells after short term 

EcoHIV challenge  

The expansion of antigen-experienced T cells can be determined after EcoHIV 

challenge in the peripheral blood of vaccinated mice as an anamnestic response to the 

viral antigen in the vaccine. The collection of blood samples avoids the need to cull the 

mouse and thus permits a longitudinal analysis of the frequency of T cells pre- and post-

challenge in a direct measure of expansion within individual mice. This was 

demonstrated previously in a study comparing the CD8 T cell responses to bacterial and 

viral infections
570

. The frequency of antigen-experienced CD8
+
 T cells was determined 

by analysis of CD11a
high

CD8α
low

 T cells (Chapter 2 section 2.9.3.4). The red blood cells 

were removed from the peripheral blood samples and the remaining cells were analysed 

by flow cytometry, initially using forward and side scatter to gate on lymphocytes, and 

then on CD3
+
, CD8α and CD11a (figure 6.3A). 
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The results demonstrated that the pre-challenge frequency of CD3
+
CD11a

high
CD8α

low
 

was approximately 4-5% in all vaccination groups (figure 6.3B). The frequency of this 

population of cells in pJ-CMVgag-vaccinated mice post-mock virus challenge remained 

at 4%, whereas the frequency after EcoHIV challenge in pJ-vaccinated mice was 

approximately 6% and in pJ-CMVgag- or pJ-CMVgag+SV40gag-vaccinated mice was 

approximately 8% (figure 6.3B). However the most informative data are shown in the 

fold change of this T cell population from a single mouse (figure 6.3C). This 

interpretation of the results demonstrated a 1.2-fold increase in the 

CD3
+
CD11a

high
CD8α

low
 population in mice vaccinated with pJ-CMVgag challenged 

with mock virus and with pJ after challenge with EcoHIV (figure 6.3C). The greatest 

expansion was observed in mice vaccinated with pJ-CMVgag (2.5-fold) or pJ-

CMVgag+SV40memHSP70 (3.1-fold) after challenge with EcoHIV (figure 6.3C). In 

summary, these results demonstrated similar expansion of antigen-experienced T cells 

in mice vaccinated with pJ-CMVgag or pJ-CMVgag+SV40memHSP70 after EcoHIV 

challenge.  

6.3.2.2 IFN-γ EliSpot after short term EcoHIV challenge 

The IFN-γ EliSpot was performed to analyse the frequency of functional T cells in 

vaccinated mice. The vaccination and splenocyte collection strategy is described in 

figure 6.2. The SFU was measured in unstimulated splenocytes to analyse EcoHIV-

boosted T cell responses directly and in splenocytes that were re-stimulated with gag 

peptides. The results for re-stimulated splenocytes are presented as the sum derived by 

subtracting the SFU in the unstimulated cells from that in the peptide-stimulated cells to 

only show peptide-specific responses (figure 6.4). The EliSpot showed a low 

background of IFN-γ secreting T cells in unstimulated and peptide-stimulated 

splenocytes from mice vaccinated with pJ-CMVgag after challenge with mock virus and 

from pJ-vaccinated, EcoHIV challenged mice (figure 6.4). The frequency of IFN-γ 

secreting T cells in splenocytes from mice vaccinated with pJ-CMVgag or pJ-

CMVgag+SV40memHSP70 after EcoHIV challenge was similar in pools 2 and 3 and 

the CD8 immunodominant pool (figure 6.4). There was a clear increased trend in pools 

1 and 4 and significant increases in the unstimulated (p=0.03) and CD4 

immunodominant pool (p=0.04) in mice vaccinated with pJ-

CMVgag+SV40memHSP70 compared with pJ-CMVgag after EcoHIV challenge 
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(figure 6.4). Overall, these results demonstrated significant increases in the frequency of 

IFN-γ secreting T cells in unstimulated or peptide-stimulated splenocytes from mice 

vaccinated with pJ-CMVgag+SV40memHSP70 compared with pJ-CMVgag after 

EcoHIV challenge. 

 

 

              

Figure 6.3. The frequency of antigen-experienced CD8
+
 T cells in vaccinated mice 

as determined by flow cytometry.  Mice were vaccinated with pJ, pJ-CMVgag or pJ-

CMVgag+SV40memHSP70 three times at two weekly intervals and blood samples 

were collected 10 days post final vaccination and 7 days post the EcoHIV challenge. A) 

The cells were analysed on forward/side scatter, CD3
+
 and then CD11a

high
CD8α

low
. The 

graphs show B) the frequency of CD11a
high

CD8α
low

 T cells pre- and post- challenge and 

C) the fold change using the T cell expansion from a single mouse for each data point. 

Results are graphed from 7 individual mice per group with the mean ± SEM. 

A 

B C 
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Figure 6.4. The frequency of IFN-γ secreting T cells after short term EcoHIV 

challenge, as determined by IFN-γ EliSpot. Mice were vaccinated with pJ, pJ-

CMVgag or pJ-CMVgag+SV40memHSP70 three times at two weekly intervals and 

challenged 10 days post final vaccination with EcoHIV or mock virus. Splenocytes 

were harvested 7 days later and either incubated with media alone (unstimulated-top left 

panel) or incubated with media containing gag peptide pools 1–4 or the 

immunodominant CD4 or CD8 peptides (all remaining panels in which the unstimulated 

background in splenocytes from the 4 respective vaccination groups in the top left panel 

was subtracted). The frequency of IFN-γ secreting T cells was adjusted to spot forming 

units (SFU) per 10
6
 cells. Results are graphed from 8 individual mice per group with the 

mean ± SEM, with significant results shown as * when p<0.05. Note the scale of the Y-

axes may differ.   
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6.3.2.3 Viral loads in vaccinated mice following short term EcoHIV 

challenge 

The protection afforded by the DNA vaccines was evaluated after EcoHIV challenge by 

measuring the viral loads in the spleen and PECs by qRT-PCR. The vaccination 

strategy, EcoHIV challenge and sample collection scheme are described in figure 6.2. 

The levels of MLV RNA were normalised to levels of RPL13a mRNA in the same 

samples, to permit an indirect comparison of the MLV RNA levels in samples from 

different mice. qRT-PCR analysis was unable to detect MLV RNA in PECs from mice 

vaccinated with pJ-CMVgag and challenged with mock virus (figure 6.5A). A similar 

background level was detected in the spleen (figure 6.5B). Mice vaccinated with pJ 

showed the highest levels of MLV RNA in PECs, followed by pJ-CMVgag-vaccinated 

mice after EcoHIV challenge (figure 6.5A). However, MLV RNA levels in the PECs of 

pJ-CMVgag+SV40memHSP70-vaccinated mice were significantly lower compared 

with pJ-CMVgag-vaccinated mice after EcoHIV challenge (p=0.04) (figure 6.5A).  

Although there was no statistical significance in the MLV RNA levels in the spleens of 

mice vaccinated with pJ, pJ-CMVgag or pJ-CMVgag+SV40memHSP70 after EcoHIV 

challenge, the highest MLV RNA levels appeared to be in pJ-CMVgag-vaccinated, 

EcoHIV challenged mice (figure 6.5B). This is likely to result from a single outlier in 

the MLV RNA levels in the spleen from the pJ-CMVgag-vaccinated, EcoHIV 

challenged mice. There was a clear trend towards decreased MLV RNA levels in the 

spleen in mice vaccinated with pJ-CMVgag+SV40memHSP70 compared with pJ-

CMVgag after EcoHIV challenge (figure 6.5B).  

Overall these results demonstrated significant reductions in the PEC viral load, and a 

clear reduction in the viral load in splenocytes from mice vaccinated with DNA which 

encodes gag plus membrane-bound HSP70 after challenge with EcoHIV compared with 

the canonical pJ-CMVgag vaccine.  
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Figure 6.5. EcoHIV protection in vaccinated mice, as determined by qRT-PCR. 

Mice were vaccinated with pJ, pJ-CMVgag or pJ-CMVgag+SV40memHSP70 three 

times at two weekly intervals and challenged with EcoHIV or mock virus 10 days later. 

Spleens and PECs were harvested 7 days post challenge and the levels of MLV RNA 

were evaluated in A) PECs and B) spleens. The results are graphed from 6 individual 

mice per group showing the mean ± SEM with significance shown as * when p<0.05.  

 

6.3.3 Analysis of T cell responses and viral loads in vaccinated mice 

after long term EcoHIV challenge 

Mice were vaccinated with 10 μg of pJ, pJ-CMVgag or pJ-CMVgag+SV40memHSP70 

and challenged with EcoHIV or mock virus. The vaccination, challenge and sample 

collection strategy is described in figure 6.6.  

 

Figure 6.6. The vaccination regimen, challenge with EcoHIV or mock virus, and 

blood, PEC and spleen collection. EcoHIV challenge 60 days after vaccination was 

termed long term challenge.  

B A 
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6.3.3.1 The frequency of antigen-experienced T cells in vaccinated mice after 

long term EcoHIV challenge 

Blood samples were collected from vaccinated mice pre- and post-challenge with 

EcoHIV or mock virus to evaluate the longitudinal expansion of antigen-experienced T 

cells within individual mice. The frequency of CD3
+
CD11a

high
CD8α

low
 antigen-

experienced T cells was analysed by flow cytometry as outlined in figure 6.3A. The 

results demonstrated that mice vaccinated with pJ, pJ-CMVgag or pJ-

CMVgag+SV40memHSP70 and challenged with EcoHIV produced higher pre- and 

post-challenge levels of these cells than those observed in pJ-CMVgag-vaccinated, 

mock virus challenged mice (figure 6.7A). However, the most informative results are 

those shown by the fold change analysis which shows the expansion of 

CD3
+
CD11a

high
CD8α

low 
T cells within individual mice (figure 6.7B). No T cell 

expansion was observed in mice vaccinated with pJ-CMVgag after challenge with mock 

virus (figure 6.7B). The change in frequency of antigen-experienced T cells in pJ-

vaccinated, EcoHIV challenged mice was approximately 1.3-fold (figure 6.7B), lower 

than that observed in pJ-CMVgag-vaccinated, EcoHIV challenged mice which was 1.7-

fold, or in pJ-CMVgag+SV40memHSP70-vaccinated mice after EcoHIV challenge, 

which was 1.5-fold (figure 6.7B). These results demonstrated no significant differences 

in the long term expansion of antigen-experienced T cells in mice vaccinated with DNA 

encoding gag plus membrane-bound HSP70 compared with gag-DNA vaccinated mice 

after challenge with EcoHIV. 

 

6.3.3.2 The frequency of IFN-γ secreting T cells in vaccinated mice after 

long term EcoHIV challenge  

The IFN-γ EliSpot was performed to determine the frequency of IFN-γ secreting T cells 

in vaccinated mice following long term EcoHIV challenge. The vaccination and 

splenocyte collection strategy is described in figure 6.6. The levels of IFN-γ secreting T 

cells were analysed in unstimulated or gag peptide-stimulated splenocytes (as described 

in section 6.3.2.1). The results demonstrated low background levels of IFN-γ secreting 

T cells in stimulated and unstimulated splenocytes from mice vaccinated with pJ-

CMVgag and challenged with mock virus (figure 6.8). The frequency of IFN-γ secreting 
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T cells in unstimulated splenocytes was significantly increased in mice vaccinated with 

pJ-CMVgag+SV40memHSP70 (p=0.0008) but not with pJ-CMVgag, compared with 

pJ-vaccinated mice, after EcoHIV challenge (figure 6.8). However, the results 

demonstrated that the SFU in all peptide pools was highest in pJ-vaccinated, EcoHIV 

challenged mice, although there were no significant differences in pJ-, pJ-CMVgag- or 

pJ-CMVgag+SV40memHSP70-vaccinated mice that were challenged with EcoHIV 

(figure 6.8). The results in mice vaccinated with pJ-CMVgag+SV40memHSP70 

demonstrated clear increased trends in the frequency of IFN-γ secreting T cells that are 

no longer observed after long term challenge, suggesting that the immune response has 

waned with time. 

   

                   

 

Figure 6.7. The frequency of antigen-experienced CD8
+
 T cells after long term 

EcoHIV challenge, as determined by flow cytometry.  Mice were vaccinated with pJ, 

pJ-CMVgag or pJ-CMVgag+SV40memHSP70 three times at two weekly intervals and 

blood samples were collected 60 days post final vaccination and 7 days post EcoHIV 

challenge. The graphs show the frequency of CD11a
high

CD8α
low

 T cells A) pre- and 

post-challenge and B) the fold change within individual mice. The graphs show 7 

individual mice per group with the mean ± SEM. 

B A 
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Figure 6.8. The frequency of IFN-γ secreting T cells after long term challenge with 

EcoHIV, determined by IFN-γ EliSpot.  Mice were vaccinated with pJ, pJ-CMVgag 

or pJ-CMVgag+SV40memHSP70 3 times at 2 weekly intervals and challenged with 

EcoHIV or mock virus 60 days later. The spleens were harvested 7 days after challenge 

and either incubated with media only (unstimulated-top left panel) or with media 

containing gag peptide pools 1–4, or the CD4 and CD8 immunodominant peptides (all 

remaining panels in which the unstimulated background in splenocytes from the 4 

respective vaccination groups in the top left panel was subtracted). The frequency of 

IFN-γ secreting T cells was adjusted to SFU per 10
6
 cells. The results are graphed from 

7 individual mice per group with the mean ± SEM, and significance is shown as ** 

when p<0.01. Note that the scale of the Y-axes may differ  
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6.3.3.3 Viral loads in vaccinated mice after long term EcoHIV challenge 

The long term EcoHIV challenge was performed to measure the duration of vaccine-

induced protection. Viral loads from vaccinated, challenged mice were evaluated in 

PECs and splenocytes 7 days post long term challenge (the strategy is described in 

figure 6.6). The results demonstrated that MLV RNA was undetectable in PECs and 

splenocytes from mice vaccinated with pJ-CMVgag and challenged with mock virus 

(figure 6.9A and B, respectively). There was a significant decrease in MLV RNA levels 

in PECs from mice vaccinated with pJ-CMVgag+SV40memHSP70 (p=0.02) but not pJ-

CMVgag, when compared with pJ-vaccinated mice after EcoHIV challenge (figure 

6.9A). Furthermore, the MLV RNA levels in the spleen demonstrated a distinct 

decreased trend in mice vaccinated with pJ-CMVgag+SV40memHSP70 compared with 

pJ-CMVgag-vaccinated mice after EcoHIV challenge (figure 6.9B).  

Overall the results demonstrated increased long term protection in mice vaccinated with 

DNA encoding gag plus membrane-bound HSP70.  

           

Figure 6.9. Viral loads in vaccinated mice after long term EcoHIV challenge, 

determined by qRT-PCR. C57Bl/6 mice were vaccinated with pJ, pJ-CMVgag or pJ-

CMVgag+SV40memHSP70 3 times at 2 weekly intervals and challenged 60 days after 

vaccinations. Samples were collected 7 days after challenge and levels of MLV RNA 

relative to RPL13a mRNA were measured in A) the PECs and B) splenocytes, by qRT-

PCR. Results are graphed from 6-7 individual mice per group with the mean ± SEM, 

and significance is shown as * when p<0.05.  

B A 
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6.4 Discussion 

The results in this chapter describe the production of EcoHIV, a chimeric HIV that can 

infect mouse but not human leukocytes and is able to infect mice in vivo. Mice 

vaccinated with pJ-CMVgag+SV40memHSP70 showed significantly increased 

protection compared with mice vaccinated with pJ-CMVgag after a short term challenge 

with EcoHIV. Furthermore, pJ-CMVgag+SV40memHSP70-vaccinated mice showed 

increased protection compared with pJ-vaccinated mice after long term challenge. The 

only vaccine encoding HSP70 that was evaluated in these challenge experiments was 

pJ-CMVgag+SV40memHSP70 as mice vaccinated with this vaccine showed the widest 

range of significant results in chapters 4 and 5. 

6.4.1 The production and infectivity of EcoHIV  

EcoHIV is a chimeric virus produced by exchanging the surface glycoproteins of HIV 

with those from the murine leukaemia virus (MLV)
30

. Other similar chimeric viruses 

using the MLV surface proteins have been produced, including an MLV/SIV chimera
571

 

and an MLV/human T lymphotrophic virus type 1 chimera
572

. EcoHIV was chosen as a 

challenge model in this study as this virus can infect conventional mice, which 

eliminates the need for humanised mice and wild type HIV infection, making this 

strategy safer and more convenient. EcoHIV was produced by transfecting pEcoHIV 

DNA into HEK 293T cells. EcoHIV, like HIV, is a budding virus and therefore the 

supernatant of transfected HEK 293T cells was collected prior to concentration and 

purification. The mock virus control consisted of concentrated media from mock 

transfected cells. EcoHIV was titrated by measuring the concentration of the p24 protein 

with a commercially available p24 ELISA kit, as described in a previous study
573

. 

Although this is an efficient strategy, it is an indirect measure of virus infectivity, 

therefore in vitro infection experiments were performed in section 6.3.1 to ensure that 

the EcoHIV produced for this study could infect PECs. The in vitro MLV RNA levels 

demonstrated a 7-fold increase in viral production with a 10-fold increase in p24 

EcoHIV and thus the infection was dose-dependent. However, the infectivity assay was 

performed solely to validate EcoHIV production and infectivity rather than determine 

levels of EcoHIV required to infect C57Bl/6 mice, as this has been described in 
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previous studies
296,340

. Consequently, the concentration of p24 in the virus preparation 

was determined and this figure was used to determine the infectious dose.  

The specific cell tropism of EcoHIV is unknown, but EcoHIV has been shown 

previously to infect lymphocytes
30

, which suggests similarities with HIV. Furthermore, 

similar chimeric MLV/retrovirus chimeras have been shown to have a similar cell 

tropism to HIV by replicating in CD4
+
 cells in vitro

574
 which may extend to infection in 

vivo. The results in section 6.3.1 demonstrated EcoHIV infection of PECs ex vivo. 

Interestingly 70% of in vivo PECs are macrophages
575,576

 and 95% of adherent PECs are 

macrophages
577

. Therefore these results, as well as previous studies
30,340

 demonstrated 

infection of macrophages by EcoHIV, mimicking that of macrophage-tropic HIV
578

.  

6.4.2 T cell responses after challenge with EcoHIV 

Blood samples used to measure the levels of antigen-experienced T cells in sections 

6.3.2.1 and 6.3.3.1 were collected 10 or 60 days after vaccination, time points which 

allowed T cell responses to retract to background levels, and 7 days after EcoHIV 

challenge to measure T cell expansion. These results identified the expansion of 

antigen-experienced T cells after EcoHIV challenge that can be correlated with the 

magnitude of gag-specific T cells induced after vaccination. There was a higher 

frequency of antigen-experienced T cells in mice vaccinated with pJ-

CMVgag+SV40memHSP70 compared with pJ-CMVgag after EcoHIV challenge thus 

showing that pJ-CMVgag+SV40memHSP70-vaccinated mice induced a stronger gag-

specific T cell response.  

The frequency of IFN-γ secreting T cells was determined in vaccinated mice challenged 

with EcoHIV in short and long term studies. The timing of splenocyte collection 7 days 

after EcoHIV challenge was not sufficient for T cell retraction in the EcoHIV 

challenged mice, and this resulted in a higher frequency of IFN-γ secreting T cells in 

unstimulated splenocytes from EcoHIV challenged mice compared with splenocytes 

from mock challenged mice, suggesting that unstimulated splenocytes were still 

antigen-specific. In the short term challenge experiment there were significant increases 

in the frequency of IFN-γ secreting T cells in unstimulated or CD4 immunodominant 

stimulated pools in mice vaccinated with pJ-CMVgag+SV40memHSP70 compared 
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with pJ-CMVgag-vaccinated mice demonstrating that vaccination with pJ-

CMVgag+SV40memHSP70 resulted in the greatest re-call of functional T cells after 

challenge.  

Surprisingly, the EliSpot results for long term challenge showed the highest frequency 

of IFN-γ secreting T cells in peptide-stimulated splenocytes from mice vaccinated with 

pJ compared with pJ-CMVgag+SV40memHSP70 or pJ-CMVgag-vaccinated mice after 

EcoHIV challenge. This may be a consequence of gag-specific memory T cell responses 

in mice vaccinated with pJ-CMVgag+SV40memHSP70 or pJ-CMVgag after challenge, 

whereas the pJ-vaccinated mice most likely produced an early T cell response induced 

by the challenge. It is highly likely that the memory T cells will migrate to the site of 

infection after challenge in pJ-CMVgag+SV40memHSP70- or pJ-CMVgag-vaccinated 

mice, whereas early activation of T cells with antigen will migrate to secondary lymph 

organs
579

 in pJ-vaccinated, EcoHIV challenged mice. The net outcome resulted in the 

highest frequency of gag-specific T cells in the spleens of pJ-vaccinated mice because 

the T cells in pJ-CMVgag or pJ-CMVgag+SV40memHSP70-vaccinated mice probably 

migrated to the site of infection. 

6.4.3 EcoHIV viral loads 

The viral loads in vaccinated mice challenged with EcoHIV or mock virus were 

determined in the PECs or spleen using qRT-PCR. The levels of MLV RNA in the 

spleen were lower than those in the PECs in both the short term and long term 

challenge, which correlates with the findings of a previous study
580

. Significant 

reductions in the viral load were observed in the PECs of mice vaccinated with pJ-

CMVgag+SV40memHSP70 compared with either pJ-CMVgag- (short term challenge) 

or pJ-vaccinated mice (long term challenge). These results demonstrated significantly 

increased protection in mice vaccinated with DNA encoding gag and membrane-bound 

HSP70. However, there was a slight waning in the protection between short to long term 

challenge, which may be increased long term with additional DNA vaccinations. 

However, no significant differences were observed in MLV RNA levels in splenocytes 

of vaccinated mice after short term or long term challenge, although there was a trend 

towards increased protection in mice vaccinated with pJ-CMVgag+SV40memHSP70. 
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This trend may only require an increase in mouse sample numbers to become 

significant.  

6.4.4 Conclusions 

In conclusion, mice vaccinated with pJ-CMVgag+SV40memHSP70 showed 

significantly increased protection against short term EcoHIV challenge compared with 

pJ-CMVgag-vaccinated mice. There was also a trend towards a decrease in the viral 

loads in mice vaccinated with pJ-CMVgag+SV40memHSP70 compared with pJ-

CMVgag-vaccinated mice, but the significance observed in the short term challenge was 

lost. This loss of protection may be due to a waning in the immune response, which may 

be overcome with additional vaccine doses.  
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Chapter 7 : Evaluating Protection in Mice Vaccinated 

with DNA Encoding Gag or a Gag-Pol Fusion 

7.1 Introduction  

The aims of HIV vaccine strategies have broadened to include cell-mediated immunity 

as well as neutralising antibodies, and thus there has been extensive research into HIV 

antigens that would be most beneficial as part of an HIV vaccine regimen to elicit T cell 

responses. Recent clinical studies have included many HIV antigens; however, there is 

limited research into whether multiple antigens in a single vaccine are more beneficial 

than several vaccines containing single antigens. 

Phase IIb and phase III clinical trials have incorporated gag and pol into the vaccine 

strategy. The phase IIb STEP trial consisted of the adenovirus 5 encoding gag, pol and 

nef from clade B
260,374

. The results demonstrated no increase in protection against HIV 

in vaccinated individuals compared with the placebo vaccination, and furthermore, the 

vaccination regimen failed to induce strong T cell responses
260,374

. The vaccine in the 

phase III Thailand trial
381

 consisted of a canarypox viral vector prime that encoded gag, 

pol, env and nef, followed by a boost with gp120 monomers
382

. The results of this trial 

were modest, but resulted in the highest protection observed so far in any HIV vaccine 

clinical trial
382

. However, there were no differences in the T cell responses between 

individuals administered with the vaccine or placebo, and the modest protection was 

attributed to antibody-dependent cell-mediated cytotoxicity (ADCC) in vaccinated 

individuals
383

.  

The development of these strategies used for HIV clinical trials was based on pre-

clinical studies with vaccines that encoded gag only and resulted in protection in non-

human primates
372,581

. However, there has been limited research into the comparison 

between vaccines that encode single or multiple antigens, and whether these multiple 

antigens may compete for the immune response. Previous research has compared co-

administered vaccines encoding gag and env, gag and pol or a gag-pol fusion
581

. The 

gag and pol vaccine demonstrated higher CD4
+
 T cells responses than the gag-pol 

fusion or gag and env encoding DNA vaccines, but each encoded multiple antigens and 
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the study did not compare these with DNA encoding gag only
581

. Further studies 

demonstrated that including HIV tat with gag resulted in a broadening of gag-specific T 

cell responses compared with gag only
582,583

. However, it is important to elucidate the 

protection induced by a vaccine encoding a single antigen or multiple antigens.  

 

7.2 Aims 

The aims of this chapter were to compare the immune responses induced in mice 

vaccinated with DNA encoding gag or a gag-pol fusion protein. The cell-mediated and 

humoral responses were evaluated, as well as the short term and long term protection 

after EcoHIV challenge. 

 

7.3 Results 

7.3.1 Short term immune responses 

The vaccines were compared by evaluating the systemic T cell and antibody responses 

in vaccinated mice. The sequence which induces the frameshift required for pol 

expression downstream of gag was removed by cloning, resulting in a gag-pol fusion 

and consequently in equimolar expression of gag and pol. C57Bl/6 mice were 

vaccinated with 10 μg of pVAX1, pVAX1-CMVgag or pVAX1-CMVgag-pol (for 

plasmid maps see chapter 3 figure 3.14), and the vaccination strategy and sample 

collection are described in figure 7.1.   

 

Figure 7.1. The vaccination and sample collection strategy for the evaluation of the 

short term immune response, in vaccinated mice. 
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7.3.1.1 The frequency of IFN-γ secreting T cells in vaccinated mice 

The functionality of T cells in splenocytes of vaccinated mice was determined by the 

IFN-γ EliSpot. Splenocytes were re-stimulated with peptide pools 1, 2, 3 and 4 that 

encompass the gag protein, the immunodominant CD4 or CD8 gag peptides and pol 

peptide pools 1–8 that encompass the entire pol protein. The results demonstrated that 

the frequency of IFN-γ secreting T cells was higher in mice vaccinated with pVAX1-

CMVgag or pVAX1-CMVgag-pol compared with the pVAX1-vaccinated mice in all 

the gag-derived peptide pools (figure 7.2). The frequency of IFN-γ secreting T cells was 

equivalent in mice vaccinated with pVAX1-CMVgag or pVAX1-CMVgag-pol in gag 

peptide pools 1, and 4 (figure 7.2). However, there were clear increased trends in the 

frequency of IFN-γ secreting T cells in mice vaccinated with pVAX1-CMVgag 

compared with pVAX1-CMVgag-pol in gag pool 2, 3 and the CD4 or CD8 

immunodominant peptides (figure 7.2). Interestingly these trends were only observed in 

those gag pools that contained the immunodominant peptides.  

The pol peptides were included in the EliSpot to ensure that the inclusion of pol induced 

pol-specific responses. As expected, the results demonstrated pol-specific responses in 

pVAX1-CMVgag-pol vaccinated mice but not in pVAX1- or pVAX1-CMVgag-

vaccinated mice in all pol pools (figure 7.3). The highest pol-specific responses in mice 

vaccinated with pVAX1-CMVgag-pol were observed in pol pools 6 and 7 (figure 7.3).  

Overall, the results demonstrated decreased trends in gag-specific IFN-γ secreting T 

cells in mice vaccinated with pVAX1-CMVgag-pol compared with pVAX1-CMVgag, 

and pol-specific responses only in mice vaccinated with pVAX1-CMVgag-pol. The 

gag- and pol-specific frequencies of IFN-γ secreting T cells in mice vaccinated with 

pVAX1-CMVgag-pol reached similar levels (approximately 70 SFU), which correlate 

with previous results
584

. 

7.3.1.2 T cell cytokine production in vaccinated mice 

The frequency of gag-specific T cells that secrete multiple cytokines is a reliable 

measure of T cell functionality. Splenocytes were re-stimulated with the 

immunodominant gag peptides and analysed by flow cytometry as described previously 



 

168 

 

(Chapter 5 figure 5.2A). The results demonstrated that the highest frequency of single 

cytokine producing T cells was 2.5% in TNF-α producing CD8
+ 

T cells and was 1.7% in 

 

Figure 7.2. The frequency of gag-specific IFN-γ secreting T cells in vaccinated 

mice, determined by IFN-γ EliSpot. Mice were vaccinated with pVAX1, pVAX1-

CMVgag or pVAX1-CMVgag-pol 3 times at 2 weekly intervals and the spleens were 

harvested 10 days later. The splenocytes were re-stimulated with gag-derived peptide 

pools 1, 2, 3 and 4 that encompass the entire gag protein and the CD4 immunodominant 

and CD8 immunodominant peptide pools. The frequency of IFN-γ secreting T cells was 

adjusted to spot forming units (SFU) per 10
6
 cells. Results are graphed from 7-8 

individual mice per group with the mean ± SEM. Note that the scale of the Y-axes may 

differ. 
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Figure 7.3. The frequency of pol-specific IFN-γ secreting T cells in vaccinated mice, 

determined by IFN-γ EliSpot. C57Bl/6 mice were vaccinated with pVAX1, pVAX1-

CMVgag or pVAX1-CMVgag-pol three times at two weekly intervals, the spleens were 

collected 10 days later and the splenocytes re-stimulated with pol-derived peptide pools 

1 to 8. The frequency of IFN-γ secreting T cells was adjusted to spot forming units 

(SFU) per 10
6
 cells. The results are graphed as the mean ± SEM that represents 6 mice 

per group. 

 

IL-2 producing CD4
+
 T cells (figure 7.4A). There was a clear decreased trend in IL-2 

and TNF-α producing CD8
+
 T cells and a significant decrease in IL-2-producing CD4

+
 

T cells (p=0.04) in mice vaccinated with pVAX1-CMVgag-pol compared with pVAX1-

CMVgag (figure 7.4A).  

The levels of double cytokine producing T cells in all groups was approximately 1% 

(figure 7.4B), while triple cytokine producing T cells peaked at 0.025% (figure 7.4C). 

However, there were no significant differences in the frequency of double or triple 

cytokine producing CD4
+
 or CD8

+
 T cells in mice vaccinated with pVAX1-CMVgag or 

pVAX1-CMVgag-pol (figure 7.4B and 7.4C). 

In summary, these results demonstrated significant reductions in the single cytokine 

producing CD4
+
 T cells in mice vaccinated with pVAX1-CMVgag-pol compared with 

pVAX1-CMVgag. The experiment was not performed with pol peptide pools due to 

time constraints.  
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Figure 7.4. Frequency of gag-specific cytokine-producing T cells in mice 

vaccinated with DNA encoding gag or gag-pol fusion, determined by flow 

cytometry. Mice were vaccinated with pVAX1, pVAX1-CMVgag, or pVAX1-

CMVgag-pol three times at two weekly intervals, the spleens were harvested 10 days 

later and re-stimulated with the immunodominant gag peptides. ICS of IFN-γ, IL-2 and 

TNF-α was performed by flow cytometry to evaluate the frequency of A) single 

cytokine producing- B) double cytokine producing- or C) triple cytokine propducing-

CD8
+
 or CD4

+
 T cells. Results are graphed as the mean of 5 mice ± SEM, with 

significance shown as * when p<0.05. 

A 

B 

C 
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7.3.1.3 T cell proliferation in vaccinated mice 

The frequency of proliferating T cells was analysed by CFSE staining and flow 

cytometry. The vaccination and sample collection strategy are described in figure 7.1. 

The splenocytes were stained with CFSE, then stimulated with gag-specific peptides 

and incubated for 4 days. The splenocytes were analysed by forward and side scatter 

and gated on the lymphocyte population (as described in Chapter 5 figure 5.6A). Cell 

proliferation in mice vaccinated with pVAX1-CMVgag or pVAX1-CMVgag-pol was 

measured when the reduction in CFSE MFI was greater than that observed in pVAX1-

vaccinated mice. The results demonstrated greater proliferation in CD4
+
 T cells 

compared with CD8
+
 T cells (figure 7.5), although there were conflicting results after 

vaccination with pVAX1-CMVgag-pol, as CD4
+
 T cells showed increased proliferation, 

whereas CD8
+
 T cells showed decreased proliferation compared with mice vaccinated 

with pVAX1-CMVgag. However, the differences in the cellular proliferation in mice 

vaccinated with pVAX1-CMVgag compared with pVAX1-CMVgag-pol-vaccinated 

mice were not significant (figure 7.5).  

 

Figure 7.5. T cell proliferation in vaccinated mice determined by CFSE staining 

and measured by flow cytometry. Mice were vaccinated with pVAX1, pVAX1-

CMVgag or pVAX1-CMVgag-pol three times at two weekly intervals and the spleens 

were harvested 10 days later. Splenocytes were stained with CFSE, re-stimulated with 

immunodominant gag peptides and incubated for 4 days. T cell proliferation was 

measured when the reduction in CFSE intensity was greater than that seen in pVAX1-

vaccinated mice. Results are graphed as the mean of 6 mice ± SEM. 
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7.3.1.4 The levels of capsid- or matrix-specific antibodies in vaccinated mice 

The titres of matrix- and capsid-specific antibodies were measured by ELISA. The 

results demonstrated higher titres of capsid- and matrix-specific antibodies in mice 

vaccinated with pVAX1-CMVgag and pVAX1-CMVgag-pol compared with pVAX1-

vaccinated mice (figure 7.6). However, there was no significant difference in the 

antibody titres in mice vaccinated with pVAX1-CMVgag compared with pVAX1-

CMVgag-pol-vaccinated mice (figure 7.6). A positive control of serum from HIV-

infected individuals was also measured to confirm the validity of the ELISA (figure 

7.6).  

 

 

Figure 7.6. Detection of matrix- or capsid-specific antibodies in vaccinated mice, 

determined by ELISA. Mice were vaccinated with pVAX1, pVAX1-CMVgag or 

pVAX1-CMVgag-pol three times at two weekly intervals and blood samples were 

collected 10 days later. Serum dilutions were added to capsid- or matrix-coated ELISA 

plates and the colour change was detected by reading the plate at 492nm. Positive 

results were determined as values greater than two standard deviations above the mean 

optical density in serum from pVAX1-vaccinated mice. Results are graphed on a 

logarithmic scale as the mean of 6 mice ± SEM. 
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7.3.2 Short term EcoHIV challenge 

The EcoHIV challenge was performed to evaluate the protection in mice vaccinated 

with 10 μg of pVAX1, pVAX1-CMVgag or pVAX1-CMVgag-pol. The vaccination 

strategy, sample collection and challenge with EcoHIV or mock virus are described in 

figure 7.7. 

 

  

 

Figure 7.7. The vaccination strategy, sample collection and EcoHIV challenge in 

vaccinated mice.  

7.3.2.1 Expansion of antigen-experienced T cells in vaccinated mice after 

short term EcoHIV challenge 

The frequency of antigen-experienced T cells was measured using the markers CD11a 

and CD8α as described previously (Chapter 6 section 6.3.2.1). Blood samples were 

collected to permit analysis of antigen-experienced T cells at 10 days post final 

vaccination and 7 days post challenge, which allowed the expansion of T cells to be 

determined within individual mice. The results demonstrated that the lowest frequency 

of this T cell population was 3-4% in pVAX1-CMVgag-vaccinated mice pre-and post-

mock virus challenge (figure 7.8A). The frequency of CD11a
high

CD8α
low

 cells was 

similar (approximately 6-7%) in all vaccination groups post-EcoHIV challenge (figure 

7.8A). The fold change (figure 7.8B) of this T cell population was lowest at 1.3-fold in 

pVAX1-CMVgag-vaccinated, mock virus challenged mice and pVAX1-vaccinated, 

EcoHIV challenged mice (figure 7.8B). Although, the highest fold change was noted in 

mice vaccinated with pVAX1-CMVgag (2.6-fold) or pVAX1-CMVgag-pol (3.2-fold) 

after EcoHIV challenge (figure 7.8B), there was no significant difference.  
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Figure 7.8. T cell expansion after short term EcoHIV challenge in vaccinated mice, 

determined by flow cytometry. Mice were vaccinated with pVAX1, pVAX1-CMVgag 

or pVAX1-CMVgag-pol three times at two weekly intervals and then challenged with 

EcoHIV or mock virus 10 days later. Blood samples were collected 10 days after the 

vaccinations or 7 days after the challenge to measure the frequency of 

CD3
+
CD11a

high
CD8α

low
 T cells A) pre- and post-challenge and B) the fold change in 

this population. Results are graphed from 6 individual mice per group with the mean ± 

SEM. 

7.3.2.2 Frequency of IFN-γ secreting T cells in vaccinated mice after short 

term EcoHIV challenge 

Splenocytes were harvested 7 days after the challenge (figure 7.7) and the frequency of 

IFN-γ secreting T cells was determined by performing the IFN-γ EliSpot on 

unstimulated splenocytes to analyse the EcoHIV-boosted T cell responses and in 

splenocytes that were re-stimulated with gag peptides. The results are presented as the 

sum derived by subtracting the SFU in the unstimulated cells from that in the peptide-

stimulated cells to only show peptide-specific responses. The results demonstrated that 

the lowest frequency (10%) of IFN-γ secreting T cells was detected in unstimulated and 

all gag peptide stimulated splenocytes from mice vaccinated with pVAX1-CMVgag and 

challenged with mock virus (figure 7.9). There was an increase in the frequency in 

unstimulated splenocytes from mice vaccinated with pVAX1, pVAX1-CMVgag or 

pVAX1-CMVgag-pol after EcoHIV challenge, there were no significant differences 

(figure 7.9).  

B A 
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Mice vaccinated with pVAX1-vaccinated, EcoHIV challenged mice demonstrated the 

lowest frequency (<10%) of IFN-γ secreting T cells in all peptide-stimulated pools 

(figure 7.9). Finally, the highest frequency (<210 SFU) of IFN-γ secreting T cells was 

observed in pVAX1-CMVgag or pVAX1-CMVgag-pol vaccinated, EcoHIV challenged 

mice and was no significant difference observed in peptide pools 1, 3 and 4 and the 

CD4 or CD8 immunodominant pools (figure 7.9). However, there was a significant 

decrease in the frequency of IFN-γ secreting T cells in mice vaccinated with pVAX1-

CMVgag-pol compared with pVAX1-CMVgag in peptide pool 2 (p=0.04) after EcoHIV 

challenge (60 SFU compared with 20 SFU) (figure 7.9). Overall, there was a clear 

decrease in the frequency of IFN-γ secreting T cells in mice vaccinated with pVAX1-

CMVgag-pol compared with pVAX1-CMVgag after challenge with EcoHIV (figure 

7.9).  

7.3.2.3 EcoHIV viral loads in vaccinated mice after short term EcoHIV 

challenge 

PECs and spleens were collected 7 days after challenge and the MLV RNA levels were 

measured relative to RPL13a mRNA by qRT-PCR. No MLV RNA was detected in 

mice vaccinated with pVAX1-CMVgag and challenged with mock virus in PECs 

(figure 7.10A) and the spleen (figure 7.10B), as expected. The highest viral loads were 

observed in the PECs and the spleen from pVAX1-vaccinated, EcoHIV challenged mice 

(figure 7.10A and B, respectively). The viral loads detected in pVAX1-CMVgag or 

pVAX1-CMVgag-pol-vaccinated, EcoHIV challenged mice showed no significant 

differences in PECS and spleens although there was a clear reduction relative to the 

viral load in the pVAX1-vaccinated, EcoHIV challenged mice (figure 7.10A and B, 

respectively).  

7.3.3 Long term T cell cytokine production in vaccinated mice 

The long term cytokine production was determined to evaluate memory responses in 

vaccinated mice. C57Bl/6 mice were vaccinated with 10 μg of pVAX1, pVAX1- 

CMVgag or pVAX1-CMVgag-pol three times at two weekly intervals and the spleens 

were harvested 60 days later as outlined in figure 7.11. 
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Figure 7.9. The frequency of IFN-γ secreting T cells in vaccinated mice, challenged 

with EcoHIV, determined by IFN-γ EliSpot. C57Bl/6 mice were vaccinated with 

pVAX1, pVAX1-CMVgag or pVAX1-CMVgag-pol three times at two weekly intervals 

and challenged with EcoHIV or mock virus 10 days later. The spleens were collected 7 

days after the challenge and splenocytes were either unstimulated (top left panel) or re-

stimulated with gag-derived peptide pools 1, 2, 3 and 4 and the CD4 or CD8 

immunodominant peptide pools (all remaining panels in which the unstimulated 

background in splenocytes from the 4 respective vaccination groups in the top left panel 

was subtracted). The frequency of IFN-γ secreting T cells was adjusted to spot forming 

units (SFU) per 10
6
 cells. Results are graphed from 7 individual mice per group with the 

mean ± SEM. Note that the scale of the Y-axes may differ. 
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Figure 7.10. The viral loads in mice vaccinated and challenged with EcoHIV, as 

determined by qRT-PCR. Mice were vaccinated with pVAX1, pVAX1-CMVgag or 

pVAX1-CMVgag-pol and challenged with EcoHIV or mock virus 10 days later. 

Samples were collected 7 days after challenge and the EcoHIV RNA was detected in A) 

PECs and B) spleens by qRT-PCR. The results are graphed from 7 individual mice per 

group with the mean ± SEM.  

 

 

Figure 7.11. The vaccination and spleen collection strategy to examine long term 

cytokine production from T cells. 

 

7.3.3.1 T cell populations and the frequency of cytokine producing T cells in 

the spleens of vaccinated mice 

The T cell populations and cytokine production were evaluated to assess the 

multifunctionality of T cells 60 days after vaccination. Splenocytes from vaccinated 

mice were stained for CD3, CD44, CD8 and CD4 surface markers and the intracellular 

B A 
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cytokines, IFN-γ, IL-2 and TNF-α, then analysed by flow cytometry. The frequency of 

CD8
+
 T cells reached 23% while the frequency of CD4

+
 T cells was approximately 12% 

(figure 7.12A and B, respectively). The results demonstrated a significant decrease in 

the frequency of CD8
+
 T cells in mice vaccinated with pVAX1-CMVgag-pol compared 

with pVAX1-CMVgag (p=0.04) (figure 7.12A), although no significant difference was 

observed in the CD4
+
 T cell population (figure 7.12B).  

The results for the single cytokine-producing T cells demonstrated that the highest 

frequency of IL-2 and IFN-γ producing CD8
+
 and CD4

+
 T cells was approximately 

1.3% (figure 7.13A). A higher frequency of double cytokine producing CD8
+
 T cells 

(0.58%) was detected compared with CD4
+
 T cells (0.4%) (figure 7.13B), while 0.005% 

of triple cytokine producing CD8
+
 T cells was detected compared with 0.003% of CD4

+
 

T cells (figure 7.13C). However, the frequency of single, double and triple cytokine 

producing T cells showed no significant difference in mice vaccinated with pVAX1-

CMVgag compared with pVAX1-CMVgag-pol (figure 7.13A, B and C). 

 

 

Figure 7.12. The frequency of CD4
+
 or CD8

+
 T cells in vaccinated mice, 

determined by flow cytometry. Mice were vaccinated with pVAX1, pVAX1-CMVgag 

or pVAX1-CMVgag-pol 3 times at 2 weekly intervals and spleens were harvested 60 

days later. Splenocytes were re-stimulated with immunodominant gag-derived peptides 

and stained for CD3, CD44, CD8 and CD4 surface markers. Results are graphed as the 

mean of 6 mice ± SEM, with significance shown as * when p<0.05. 

A B 



 

179 

 

 

Figure 7.13. Cytokine production in T cells of vaccinated mice, determined by flow 

cytometry. Mice were vaccinated with pVAX1, pVAX1-CMVgag or pVAX1-

CMVgag-pol three times at two weekly intervals and the spleens were harvested 60 

days later. Splenocytes were re-stimulated with immunodominant gag peptides and 

stained for CD3
+
, CD44

+
, CD8

+
 and CD4

+
 surface markers and IL-2, IFN-γ and TNF-α 

intracellular markers to evaluate the frequency of A) single cytokine producing B) 

double cytokine producing or C) triple cytokine producing CD8
+
 or CD4

+
 T cells. 

Results are graphed as the mean of 6 mice ± SEM. Y-axes may differ. 

A 

B 

C 
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7.3.4 Long term EcoHIV challenge 

EcoHIV challenge was used to test the long term protection of vaccinated mice at 60 

days post vaccination. Mice were vaccinated with 10 μg of pVAX1, pVAX1-CMVgag 

or pVAX1-CMVgag-pol three times at two weekly intervals and challenged with 

EcoHIV or mock virus 60 days later. PECs and spleens were then harvested 7 days after 

challenge to evaluate T cell responses and viral loads as outlined in figure 7.14.  

 

Figure 7.14. The vaccination, sample collection and challenge strategy with 

EcoHIV or mock virus.  

 

7.3.4.1 Expansion of T cells in vaccinated mice after long term EcoHIV 

challenge 

The expansion of antigen-experienced T cells after long term EcoHIV challenge in 

vaccinated mice was measured using the CD8α and CD11a markers. The frequency of 

this T cell population was analysed in blood samples to avoid culling the mice and 

allow the frequency pre- and post- challenge to be measured to calculate the fold change 

within individual mice. The results demonstrated that mice vaccinated with pVAX1-

CMVgag produced the lowest frequencies of CD11a
high

CD8α
low

 T cells pre- and post-

mock virus challenge (3%) (figure 7.15A), while pVAX1-, pVAX1-CMVgag- and 

pVAX1-CMVgag-pol-vaccinated mice, showed varying levels (3-8%) of 

CD11a
high

CD8α
low 

T cells pre- and post- EcoHIV challenge (figure 7.15A). 

Furthermore, the fold change was calculated and demonstrated the lowest level, 1.2-

fold, in pVAX1-CMVgag-vaccinated, mock virus challenged mice and pVAX1-

vaccinated, EcoHIV challenged mice (figure 7.15B). The greatest expansion of 

CD11a
high

CD8α
low

 cells was detected in pVAX1-CMVgag and EcoHIV challenged 
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mice (1.7-fold), while pVAX1-CMVgag-pol-vaccinated, EcoHIV challenged mice 

demonstrated a 1.4-fold expansion (figure 7.15B).   

 

 

Figure 7.15. The expansion of T cells after long term EcoHIV challenge, 

determined by flow cytometry. Mice were vaccinated with pVAX1, pVAX1-CMVgag 

or pVAX1-CMVgag-pol and challenged with EcoHIV or mock virus 60 days later. 

Blood samples were collected 60 days after vaccination and 7 days after challenge and 

the cells were stained with CD3, CD8α and CD11a to show A) the frequency of 

CD11a
high

CD8α
low 

cells pre- and post-challenge or B) the fold change of this population.
 

Results are graphed from 7 individual mice per group with the mean ± SEM.  

 

7.3.4.2 Frequency of IFN-γ secreting T cells in vaccinated mice after long 

term EcoHIV challenge 

The IFN-γ EliSpot was performed to evaluate the frequency of IFN-γ secreting T cells 

after EcoHIV challenge. The splenocytes from vaccinated mice were either 

unstimulated or re-stimulated with gag peptides (section 7.3.2.2). The lowest frequency 

(<50 SFU) of IFN-γ secreting T cells was detected in unstimulated and all gag peptide 

stimulated splenocytes from pVAX1-CMVgag-vaccinated, mock virus challenged mice 

(figure 7.16). In contrast, the frequency of IFN-γ secreting T cells in splenocytes from 

B A 
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pVAX1, pVAX1-CMVgag or pVAX1-CMVgag-pol-vaccinated, EcoHIV challenged 

mice was approximately 150 SFU in the unstimulated splenocytes and CD4 and CD8 

immunodominant stimulated splenocytes (figure 7.16). The results demonstrated higher 

frequencies of IFN-γ secreting T cells in mice vaccinated with pVAX1-CMVgag 

compared with pVAX1-CMVgag-pol after EcoHIV challenge in splenocytes re-

stimulated with peptide pools 1, 2, 3 and 4, but the results were not significant (figure 

7.16). In summary, these results demonstrated no significant differences in the 

frequency of IFN-γ secreting T cells in mice vaccinated with pVAX1, pVAX1-CMVgag 

or pVAX1-CMVgag-pol after EcoHIV challenge.   

7.3.4.3 Viral loads in vaccinated mice after long term EcoHIV challenge 

Long term EcoHIV challenge was performed to evaluate the protection in vaccinated 

mice 60 days after the final vaccination. PECs and spleens were harvested and the viral 

load was measured by qRT-PCR. No MLV RNA was detected in PECs (figure 7.17A) 

or the spleen (figure 7.17B) from mice vaccinated with pVAX1-CMVgag and 

challenged with mock virus. In the PEC samples, there was a significant reduction in the 

viral load in mice vaccinated with pVAX1-CMVgag (p=0.02) but not pVAX1-

CMVgag-pol-vaccinated mice compared with pVAX1-vaccinated mice after EcoHIV 

challenge (figure 7.17A). However, the viral load in the spleens demonstrated no 

significant differences in mice vaccinated with pVAX1, pVAX1-CMVgag or pVAX1-

CMVgag-pol after EcoHIV challenge (figure 7.17B). Overall, these results 

demonstrated a significant increase in protection in mice vaccinated with pVAX1-

CMVgag compared with pVAX1 after EcoHIV challenge, which was lost in mice 

vaccinated with pVAX1-CMVgag-pol.  

 

7.4 Discussion 

The experiments in this chapter compared the immune responses and the protection 

induced in mice vaccinated with pVAX1, pVAX1-CMVgag or pVAX1-CMVgag-pol. 

Vaccination with pVAX1-CMVgag-pol results in equimolar expression of the gag and  
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Figure 7.16. Frequency of IFN-γ secreting T cells in splenocytes from vaccinated 

and challenged mice, determined by IFN-γ EliSpot. Mice were vaccinated with 

pVAX1, pVAX1-CMVgag or pVAX1-CMVgag-pol and challenged with EcoHIV or 

mock virus 60 days later. Spleens were harvested 7 days after challenge and the 

splenocytes were either unstimulated (top left panel) or re-stimulated with gag peptide 

pools 1, 2, 3 and 4 that encompass the entire gag protein or the CD4 or CD8 

immunodominant peptide pools (all remaining panels in which the unstimulated 

background in splenocytes from the 4 respective vaccination groups in the top left panel 

was subtracted). Results are graphed from 6-7 individual mice per group with the mean 

± SEM. Note the scale of the Y axes may differ.   
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Figure 7.17. The viral loads in mice vaccinated and challenged with EcoHIV, 

determined by qRT-PCR. Mice were vaccinated with pVAX1, pVAX1-CMVgag or 

pVAX1-CMVgag-pol and challenged with EcoHIV or mock virus 60 days later. The 

spleens and PECs were collected 7 days after challenge and MLV RNA was detected in 

A) PECs and B) spleens, by qRT-PCR. The results are graphed from 7 individual mice 

per group with the mean ± SEM, with significance shown as * when p<0.05. 

 

 

pol proteins as the sequences which encode the frameshift have been mutated. Short 

term immune responses demonstrated a significant decrease in IL-2 producing CD4
+
 T 

cells and in the frequency of IFN-γ secreting T cells in peptide pool 2 after EcoHIV 

challenge in mice vaccinated with pVAX1-CMVgag-pol compared with pVAX1-

CMVgag. Interestingly, peptide pool 2 contains CD4
585,586

 but not CD8
587

 

immunodominant peptides. Furthermore, the long term immunological assays 

demonstrated a significant reduction in the CD8
+
 T cell population in the spleens of 

mice vaccinated with pVAX1-CMVgag-pol. Finally, the long term EcoHIV challenge 

of vaccinated mice demonstrated significant reductions in the viral load in mice 

vaccinated with pVAX1-CMVgag compared with pVAX1-vaccinated mice after 

EcoHIV challenge, however this significance was lost in mice vaccinated with pVAX1-

CMVgag-pol.  

A B 
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7.4.1 Immune responses and protection against EcoHIV challenge 

Short term immune responses demonstrated gag-specific IFN-γ secreting T cells in mice 

vaccinated with pVAX1-CMVgag or pVAX1-CMVgag-pol, but pol-specific responses 

were only observed in pVAX1-CMVgag-pol-vaccinated mice, as would be expected. 

Furthermore, the SFU were similar in gag-peptide stimulated splenocytes and the pol-

stimulated splenocytes from mice vaccinated with pVAX1-CMVgag-pol, consistent 

with a previous report
584

.  

The long term memory responses demonstrated a significant decrease in the CD8
+
 T 

cell population in the spleen of mice vaccinated with pVAX1-CMVgag-pol compared 

with pVAX1-CMVgag-vaccinated mice. 

There was no difference in the viral load after short term EcoHIV challenge in mice 

vaccinated with pVAX1-CMVgag compared with pVAX1-CMVgag-pol. Furthermore, 

long term EcoHIV challenge demonstrated no difference in the viral load in mice 

vaccinated with pVAX1-CMVgag-pol compared with pVAX1-vaccinated mice, 

however there was a significant reduction in the viral load in mice vaccinated with 

pVAX1-CMVgag after EcoHIV challenge. These results suggest that the decrease in 

CD8
+
 T cells in pVAX1-CMVgag-pol-vaccinated mice correlates with the loss of 

protection after long term EcoHIV challenge and that the immune responses waned 

more significantly in pVAX1-CMVgag-pol-vaccinated mice compared with pVAX1-

CMVgag-vaccinated mice. Although the differences in the viral load in the long term 

challenge are not significant, these results may be amplified in larger animals and, 

importantly, in humans.  

In contrast, a previous study suggested that multiple HIV and SIV antigens were more 

effective at protecting macaques than vaccines containing a single antigen
588

. That study 

compared macaques vaccinated 3 times with DNA encoding tat, env and gag, and 

boosted with ISCOMS containing tat, env and gag protein and compared this strategy 

with macaques vaccinated three times with DNA encoding tat and ISCOMS containing 

tat protein only
588

. The results demonstrated increased protection in macaques 

vaccinated with the multiple antigen vaccine after challenge with SHIV. However, 

when the immune responses were compared, greater numbers of tat-specific IFN-γ, IL-2 
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and IL-4 producing T cells were detected in macaques vaccinated with tat only 

compared with macaques vaccinated with tat, env and gag
588

. This reduction in immune 

responses to a specific antigen after the inclusion of additional antigens correlates with 

the results in this chapter.  

The level of protection may be increased by administering multiple vaccines encoding a 

single antigen rather than a single vaccine encoding multiple antigens as these antigens 

may compete for the immune response.  

7.4.2 Conclusions 

The results in this chapter demonstrated that mice vaccinated with DNA encoding the 

pol antigen in addition to gag showed significantly decreased gag-specific immune 

responses, although it is important to note that the addition of gag and pol responses 

may be higher than gag only. There is also reduced long term protection compared with 

mice vaccinated with DNA encoding gag only. Previous studies have demonstrated that 

a broad immune response that includes multiple antigens may be beneficial for 

protection
588

. Therefore, these results suggest that a vaccination strategy consisting of 

multiple DNA vaccines encoding a single antigen may be more beneficial for protection 

than a single DNA vaccine encoding several antigens.  
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Chapter 8 : General Discussion 

The results in this study have shown that the inclusion of genes encoding membrane-

bound or secreted HSP70 into a DNA vaccine encoding gag significantly increased the 

gag-specific T cell responses in vaccinated mice. However, the addition of the pol gene 

into the vaccine significantly reduced gag-specific immune responses.  

8.1 DNA vaccines and protein expression 

DNA vaccines have numerous advantages over other vaccine strategies including ease 

of manufacture and stability that make them attractive vaccine candidates
425

. Although 

DNA vaccines have performed well in small animal models, they have lacked 

immunogenicity in humans
511

. Increasing the immune responses to immunogens 

encoded by DNA vaccines may require an increase in the localised inflammatory 

response and DNA uptake by dendritic cells. The heat shock protein HSP70 has been 

defined as a DAMP that binds to- and activates- DCs
12

. Previous studies with HSP70 

focused predominantly on DNA vaccines which encoded an immunogenic antigen-

bacterial HSP70 fusion protein
16,36

. However, the use of mammalian HSP70, rather than 

the bacterial protein, may be beneficial as it is less likely to compete for the immune 

response. Furthermore, a direct comparison between DNA vaccines encoding bacterial 

or human HSP70 demonstrated that human HSP70 induced a stronger CD8
+
 T cell 

response
20

. Therefore, the human form of HSP70 was used in this study.  

The use of a DNA vaccine ensured the intracellular expression of gag that mimics a 

natural HIV infection in this regard
589

 and the inclusion of HSP70 permitted a novel 

comparison of the adjuvanticity of cytoplasmic, fusion, membrane-bound or secreted 

HSP70. Gag and HSP70 were encoded in a bicistronic vector containing the CMV and 

SV40 promoters, ensuring that HSP70-enhanced responses targeted gag-positive cells. 

The study showed that the CMV promoter is approximately 10-fold stronger than the 

SV40 promoter and thus these two promoters were used to evaluate the effect of 

differential gag and HSP70 expression on the immune response in vaccinated mice. 

Different promoters were included in the DNA vaccine to avoid promoter occlusion that 

may have resulted in suboptimal expression if the CMV promoter was used to drive 

expression of gag and HSP70
521

.  
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8.2 Increased vaccine efficacy resulting from HSP70 

expression 

The IFN-γ EliSpot assay performed in this study was shown to be reproducible and 

resulted in comparable numbers of SFU in pJ-CMVgag-vaccinated mice in different 

experiments, that correlated with previous studies
541,590

. Furthermore, the frequency of 

triple cytokine-producing T cells in this study, examined as a marker of multifunctional 

T cells, correlated with that in a previous study
591

.  

Mice vaccinated with DNA encoding gag plus membrane-bound or secreted HSP70 

significantly increased T cell functionality, multifunctionality and proliferation 

compared with mice vaccinated with gag-only DNA. These responses, which are 

crucial for the quality and quantity of T cell immunity, also highlight the efficacy of 

these forms of HSP70 as an adjuvant. In mice vaccinated with DNA encoding gag plus 

membrane-bound HSP70, these responses resulted in reductions in the viral load after 

EcoHIV challenge, suggesting that the significant increases in these T cell responses 

corresponded with increased protection. These results raise the possibility of using 

human HSP70 as an effective adjuvant in DNA vaccines in studies in larger animals. 

The optimum model for testing vaccine efficacy is the macaque, using SIV challenge. 

However, due to the expense, a more cost-effective animal model should be examined 

initially. The pig model is appropriate as pigs possess similar organ function to humans, 

relatively similar immune responses, as well as similarities in the skin that are 

beneficial for intradermal vaccination
592

. Successful results in pigs may result in the 

vaccination strategy progressing to macaques and eventually humans.  

8.3 Improving DNA vaccine potency 

To understand the potential impact that the results in this study may have on the 

progression of DNA vaccine research, it is important to compare the results with those 

from previous studies. However, direct comparisons are difficult due to variations in 

techniques and immune assay protocols, therefore the ideal standard should be a 

challenge model. The EcoHIV model
30

 is convenient as the virus can infect 

conventional mice, avoiding the need for humanised mice, and is technically simple to 
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produce; only requiring a PC2 facility. However, it may be difficult to persuade 

research groups to adopt this model. 

Previous studies examined a DNA vaccine encoding IL-12 and HIV gag that progressed 

to clinical trials
453

. However the results were disappointing as fewer than half the 

vaccinated individuals produced detectable gag-specific responses
453

. The use of a 

single cytokine may have restricted the breadth of immunity and attributed to the 

limited response (figure 8.1A). This explanation was confirmed more recently in studies 

which compared DNA vaccines encoding one or two cytokines and showed that the 

latter vaccine, which encoded IL-15 and IL-21, increased the antigen-specific T cell 

responses
454

. DNA vaccines are bacterial plasmids and thus have the advantage of 

naturally encoding CpG motifs that are TLR9 agonists and result in the up-regulation of 

pro-inflammatory cytokines
593

. However, DNA vaccines encoding additional CpG 

motifs as a component of vaccines against infectious diseases predominantly targeted 

antibody responses
594,595

, and similar cancer vaccines resulted in mixed responses as 

only a few vaccinated individuals produced tumour-specific responses
596,597

. This may 

have resulted from saturation of the CpG-TLR9 interaction even by the vaccines which 

did not contain the additional CpG motifs.  

Administration of the yellow fever vaccine resulted in the induction of a broad innate 

immune response through binding of multiple TLRs that culminated in a broad and 

protective adaptive immune response
598

. Crucially, membrane-bound HSP70 can bind 

to TLR2 and 4
14

, and a DNA vaccine that contains CpG motifs which bind to TLR9 

provide the potential for an increased localised inflammatory response (figure 8.1B) and 

greater vaccine efficacy.  

8.4 DNA vaccines as part of an HIV vaccine strategy 

Although the inclusion of membrane-bound HSP70 into a DNA vaccine encoding gag 

resulted in a significant increase in immune responses and protection, the response 

waned with time and correlated with a reduction in protection against EcoHIV 

challenge. Therefore, additional doses may increase the gag-specific memory response 

and thus increase long term protection. However, if this vaccine is to progress to 

clinical trials, it may be necessary to develop a vaccine strategy that requires fewer 
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doses to increase patient compliance. Consequently, it may be beneficial to include a 

vaccine delivered via a mucosal route as a component of the regimen. 

    

Figure 8.1. Signalling of cytokines and TLR agonists. A) Signalling of IL-12 and IL-

4, adapted from
599

. B) Binding of HSP70 to TLR 2 and 4 and CpG to TLR 9 and the 

resultant signalling culminating in inflammatory cytokine production, as well as type I 

IFN and IL-10, adapted from
600

. 

 

DNA vaccines are most commonly used in a prime/boost setting in which the DNA 

prime is followed by a viral vector boost
433

.Human adenovirus replication-defective 

vaccine vectors have been used previously
601

, however safety concerns were raised 

about their use in humans due to pre-existing immunity
409

. Nevertheless, adenoviruses 

are transmitted via the respiratory tract and consequently, intranasal delivery of a 

vaccine is likely to elicit pan-mucosal immunity
602

 and thus prevent mucosal 

transmission of HIV at the site of infection. An adenovirus from an alternative species 

such as bovine, porcine or chimpanzee adenovirus may overcome the safety concerns 

associated with human adenovirus, and these have shown promising results in small 

animal studies
421,422

 and in clinical trials
419,420

. Therefore, a vaccination strategy 

A B 
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consisting of a systemic prime using a DNA vaccine encoding gag plus membrane-

bound HSP70 that can induce a strong immune response followed by intranasal delivery 

of an adenovirus vector encoding HIV specific antigens as a boost has the potential to 

elicit robust systemic and mucosal immunity, similar to that suggested for DNA 

vaccines in a previous study
603

.  

The results in this study demonstrated increased immune competition in mice 

vaccinated with DNA vaccines that encoded a gag-pol fusion rather than gag alone. 

Previous studies have demonstrated that including multiple antigens in an HIV vaccine 

resulted in protection of macaques against SHIV challenge
588

, but these were not 

compared with vaccination with single antigens. Therefore, it may be beneficial to use a 

vaccination regimen that consists of multiple vaccines encoding single antigens to result 

in cumulative antigen responses, rather than administering a single vaccine that encodes 

multiple antigens. Further research is required into the optimum antigen combination 

for an HIV vaccination strategy.  

8.5 HIV vaccines in a clinical context 

Vaccines used in HIV clinical trials have predominantly induced humoral responses, 

but failed to protect vaccinated individuals against infection. However, the STEP trial 

that aimed to induce T cell responses also failed to induce protection. More recently, the 

RV144 Phase III trial is the only HIV vaccine that demonstrated some efficacy, albeit 

modest, and this has re-energised the field
381

. The results of this trial failed to detect 

differences in T cell responses between individuals vaccinated with vaccine or placebo, 

and the modest results were attributed to ADCC
383

. Despite these promising results, 

further vaccine research is required to increase the levels of protection against HIV.  

Interestingly, the live attenuated SIV
604

 and a replication-competent rhesus CMV vector 

encoding SIV genes
605

, were reported to elicit long-lived and broad immune responses 

that protected macaques against SIV challenge. Although these strategies are too risky 

for use in humans, they provide proof of principle that T cell responses can result in 

protection.   

Recent studies demonstrated that certain broadly neutralising antibodies isolated from 

HIV-positive patients are capable of protecting macaques from SHIV challenge after 
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passive immunisation
293,606

. These results show proof of principle in regards to 

highlighting the protection induced by broadly neutralising antibodies. However, 

identifying the appropriate immunogen to induce these responses is proving difficult, 

although there has been recent progress in understanding the immunological pathway 

required to produce these antibodies
607

. 

Although broadly neutralising antibodies represent an efficient method to elicit 

protection, HIV generates an infection synapse, resulting in cell-to-cell spread and is 

thus able to evade neutralising antibodies
608

. Consequently, for the foreseeable future, it 

may be pertinent to pursue a vaccination strategy which is designed to elicit broadly 

neutralising antibodies and robust cell-mediated immunity. The latter component could 

be elicited by vaccination with a DNA vaccine which encodes gag plus membrane-

bound HSP70 followed by a boost with a recombinant viral vector as described above.  

8.6 Future studies 

The results showing the adjuvanticity of membrane-bound HSP70 are promising and 

thus warrant further research to elucidate the optimum vaccination strategy that would 

incorporate a DNA vaccine encoding membrane-bound HSP70 as a prime. This may 

include i) a heterologous prime/boost with an intranasally delivered adenovirus boost to 

increase mucosal immunity that is thought to be important for protection against 

mucosal transmission of HIV at the site of infection, ii) incorporating the DNA vaccine 

prime in a lipoplex
609

 that is bound to a molecule, e.g. flagellin
610

, that can target 

specific cells in vivo, and thus may increase vaccine uptake and result in increased T 

cell responses and protection or iii) a combination of vaccines encoding secreted and 

membrane-bound HSP70 to elucidate whether this combination would increase the 

breadth of the immune response and thus increase protection against EcoHIV challenge. 

The optimum prime-boost regimen may combine the strategies mentioned above, and 

once this combination has been elucidated, the vaccination regimen should progress to 

pigs for the reasons outlined previously. If the results are promising in pigs then the 

vaccination regimen might progress to macaques and humans. However, in order to 

satisfy the human ethics research committee, it will be important to elucidate the 

mechanism of increased adjuvanticity by the membrane-bound or secreted HSP70. 

Initially, the use of TLR2 and 4 -/- mice would confirm that the mechanism was due to 
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the interaction of HSP70 with these TLRs on DCs. Furthermore, it should be possible to 

compare the level of cross-presentation from vaccine targeted cells to DCs after 

vaccination with pJ-CMVgag, pJ-CMVgag+SV40memHSP70 or pJ-

CMVgag+SV40secrHSP70. This might be achieved by exposure of BM-DCs to 

autologous somatic cells transfected with the different constructs followed by a measure 

of gag-specific CD8
+
 T cell proliferation after incubation with the DC/somatic cell 

culture. This will prove that secreted and membrane-bound HSP70 can increase gag-

peptide presentation to CD8
+
 T cells.  

In summary, the inclusion of membrane-bound or secreted HSP70 genes in a DNA 

vaccine as part of an HIV vaccine regimen may represent an attractive strategy to prime 

a strong immune response required to increase HIV protection.  
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Appendices 

Appendix I  

          Table of Reagents 

Chemical/Reagent Manufacturer 
Tryptone Becton, Dickinson and Company 

Yeast extract Becton, Dickinson and Company 

Sodium Chloride ChemSupply 

Agar AMRESCO 

Potassium chloride Thermofisher Scientific 

Magnesium chloride VWR International 

Magnesium sulphate VWR International 

Glucose Sigma-Aldrich 

Potassium acetate ACE chemical company 

Calcium chloride Sigma-Aldrich 

Manganese chloride Sigma-Aldrich 

Glycerol Sigma-Aldrich 

Acetic acid Thermofisher Scientific 

MOPS Sigma-Aldrich 

Potassium hydroxide Thermofisher Scientific 

Ampicillin Sigma-Aldrich 

Kanamycin Sigma-Aldrich 

IPTG Life Technologies 

Agarose AMRESCO 

Trizma-base Sigma-Aldrich 

Boric acid Sigma-Aldrich 

EDTA Sigma-Aldrich 

Sodium acetate AMRESCO 

Ethanol Sigma-Aldrich 

Fetal calf serum (0.1um 

filtered) 

ThermoScientific (Hyclone) 

Penicllin/streptomycin Life Technologies (Gibco) 

2-mercaptoethanol Sigma-Aldrich 

Trypsin Life Technologies (Gibco) 

DMSO Sigma-Aldrich 

DMEM ThermoScientific (Hyclone) 

optiMEM Life Technologies (Gibco) 

Sodium dihydrogen phosphate Thermofisher Scientific 

Imidazole Sigma-Aldrich 

Sodium hydroxide Sigma-Aldrich 

Triton-X BioRad 

Sodium Dodecyl Sulphate Sigma-Aldrich 

Bromophenol blue Sigma-Aldrich 
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Table of Equipment 

Equipment Manufacturer 
Platform shaker Heidolph Instruments 

Heat block BioRad Digital dry bath 

Bacterial shaker Ratek Orbital mixer incubator 

Bacterial spectrophotometer BioRad Smartspec 3000 

Small table-top centrifuge Sigma 1-15PK 

Large table-top centrifuge Eppendorf centrifuge 5810R 

Large centrifuge Beckman T2-21M/E centrifuge 

Bacterial incubator Labmaster Anax Division 

Cell culture incubator SANYO CO2 incubator 

Real-time PCR cycler Corbett Rotor-Gene 3000 

Western blot imager FujiFilm LAS-4000 

Flow cytometer BD Biosciences FACScanto 

Fluorescence microscope Zeiss AxioLab inverted 

microscope 

Agarose gel imager BioRad Gel DocXR system 

EliSpot plate reader Autoimmun DiagnostikaELISPOT 

reader 

 

Glycine Sigma-Aldrich 

30% Acrylamide/Bis Solution BioRad 

PVDF membrane Millipore 

Whatmann filter paper Whatmann International Ltd 

Non-fat dried milk Black and Gold 

TEMED Sigma-Aldrich 

Ammonium persulfate Sigma-Aldrich 

Sodium azide Sigma-Aldrich 

Phosphate-buffered saline Life Technologies 

Albumin (bovine) Sigma-Aldrich 

Ammonium chloride Sigma-Aldrich 

Potassium bicarbonate Sigma-Aldrich 

RPMI 1640 Life Technologies 

Sodium pyruvate Life Technologies 

HEPES Life Technologies 

Hydrogen chloride Sigma-Aldrich 

Trizol Life Technologies 

GenElute Life Technologies 

Isopropanol Sigma-Aldrich 

Chloroform Sigma-Aldrich 
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Appendix II 

Bacterial growth media 

1. Luria Broth (LB) Media  

(Final volume 400 ml using MQ H20) 

Tryptone  4g     

Yeast Extract  2g    

NaCl    4g   

For LB-Agar add 

Agar   6g   

Luria Bertani (LB) media was used for growing up bacteria for DNA minipreps, 

maxipreps and endofree megapreps. LB agar was used for colony growth of 

transformed bacteria. 

2. SOC Media  

(Final volume 1 L using MQ H20) 

Tryptone   20g 

Yeast Extract   5g 

NaCl    0.58g 

KCl    0.19g 

MgCl2    2.03g 

MgSO4   2.46g 

Glucose   3.6g 

SOC media was used for growing DH5α E. coli bacteria after heat shock transformation 

3. 2XYT Media  

(Final volume 1 L using MQ H20) 

 Tryptone   16 g 

 Yeast Extract   10 g 
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 NaCl    5 g 

2XYT media was used for growing up BL21 (DE3) bacteria for protein over-expression 

Cultures for Producing Heat Competent Bacteria 

4. TfbI solution  

(Final volume 1 L using MQ H20) 

KAc  30mM  2.94g 

KCl  100mM 7.45g 

CaCl2  10mM  1.47g 

MnCl2  50mM  9.85g 

Glycerol 15%  150ml 

Adjust the pH to 5.8 with acetic acid 

TfbI was used for preparing heat competent bacteria  

5. TfbII solution  

(Final volume 100 ml using MQ H20) 

MOPS  10mM  0.209g 

CaCl2  75mM  1.1g 

KCl  10mM  0.075g 

Glycerol 15%  15ml 

Adjust the pH to 6.5 with KOH 

TfbII solution was for preparing heat competent bacteria 

6. Psi-a Media  

(Final volume 1.2 L using MQ H20) 

Yeast Extract  6g 

Tryptone  24g 

MgSO4  6g 

Adjust the pH to 7.6 with KOH 
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Psi-a media was used for growing up heat competent bacteria 

For psi-b Agar take 200ml of psi-a and add 2.8g of agar. Psi-b agar plates were used for 

streaking out BL21 (DE3) cells for protein overexpression. 
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Appendix III 

 

The entire sequence of pJ (3.9 kb):  

CMV promoter, MCS, BGH polyA 

SV40 promoter, MCS, SV40 poly adenylation 

GACTCTTCGCGATGTACGGGCCAGATATACGCGTTGACATTGATTATTGACTAGTTATTAAT

AGTAATCAATTACGGGGTCATTAGTTCATAGCCCATATATGGAGTTCCGCGTTACATAACTT

ACGGTAAATGGCCCGCCTGGCTGACCGCCCAACGACCCCCGCCCATTGACGTCAATAATGAC

GTATGTTCCCATAGTAACGCCAATAGGGACTTTCCATTGACGTCAATGGGTGGACTATTTAC

GGTAAACTGCCCACTTGGCAGTACATCAAGTGTATCATATGCCAAGTACGCCCCCTATTGAC

GTCAATGACGGTAAATGGCCCGCCTGGCATTATGCCCAGTACATGACCTTATGGGACTTTCC

TACTTGGCAGTACATCTACGTATTAGTCATCGCTATTACCATGGTGATGCGGTTTTGGCAGTA

CATCAATGGGCGTGGATAGCGGTTTGACTCACGGGGATTTCCAAGTCTCCACCCCATTGACG

TCAATGGGAGTTTGTTTTGGCACCAAAATCAACGGGACTTTCCAAAATGTCGTAACAACTCC

GCCCCATTGACGCAAATGGGCGGTAGGCGTGTACGGTGGGAGGTCTATATAAGCAGAGCTC

TCTGGCTAACTAGAGAACCCACTGCTTACTGGCTTATCGAAATTAATACGACTCACTATAGG

GAGACCCAAGCTGGCTAGCGTTTAAACTTAAGCTTGGTACCGAGCTCGGATCCACTAGTCCA

GTGTGGTGGAATTCTGCAGATATCCAGCACAGTGGCGGCCGCTCGAGTCTAGAGGGCCCGTT

TAAACCCGCTGATCAGCCTCGACTGTGCCTTCTAGTTGCCAGCCATCTGTTGTTTGCCCCTCC

CCCGTGCCTTCCTTGACCCTGGAAGGTGCCACTCCCACTGT 

CCTTTCCTAATAAAATGAGGAAATTGCATCGCATTGTCTGAGTAGGTGTCATTCTATTCTGGG

GGGTGGGGTGGGGCAGGACAGCAAGGGGGAGGATTGGGAAGACAATAGCAGGCATGCTGG

GGATGCGGTGGGCTCTATGGCTTCTACTGGGCGGTTTTATGGACAGCAAGCGAACCGGAATT

GCCAGCTGGGGCGCCCTCTGGTAAGGTTGGGAAGCCCTGCAAAGTAAACTGGATGGCTTTCT

CGCCGCCAAGGATCTGATGGCGCAGGGGATCAAGCTCTGATCAAGAGACAGGATGAGGATC

GTTTCGCATGATTGAACAAGATGGATTGCACGCAGGTTCTCCGGCCGCTTGGGTGGAGAGGC

TATTCGGCTATGACTGGGCACAACAGACAATCGGCTGCTCTGATGCCGCCGTGTTCCGGCTG

TCAGCGCAGGGGCGCCCGGTTCTTTTTGTCAAGACCGACCTGTCCGGTGCCCTGAATGAACT

GCAAGACGAGGCAGCGCGGCTATCGTGGCTGGCCACGACGGGCGTTCCTTGCGCAGCTGTG

CTCGACGTTGTCACTGAAGCGGGAAGGGACTGGCTGCTATTGGGCGAAGTGCCGGGGCAGG

ATCTCCTGTCATCTCACCTTGCTCCTGCCGAGAAAGTATCCATCATGGCTGATGCAATGCGGC

GGCTGCATACGCTTGATCCGGCTACCTGCCCATTCGACCACCAAGCGAAACATCGCATCGAG

CGAGCACGTACTCGGATGGAAGCCGGTCTTGTCGATCAGGATGATCTGGACGAAGAGCATC

AGGGGCTCGCGCCAGCCGAACTGTTCGCCAGGCTCAAGGCGAGCATGCCCGACGGCGAGGA

TCTCGTCGTGACCCATGGCGATGCCTGCTTGCCGAATATCATGGTGG 

AAAATGGCCGCTTTTCTGGATTCATCGACTGTGGCCGGCTGGGTGTGGCGGACCGCTATCAG

GACATAGCGTTGGCTACCCGTGATATTGCTGAAGAGCTTGGCGGCGAATGGGCTGACCGCTT

CCTCGTGCTTTACGGTATCGCCGCTCCCGATTCGCAGCGCATCGCCTTCTATCGCCTTCTTGA

CGAGTTCTTCTGAATTATTAACGCTTACAATTTCCTGATGCGGTATTTTCTCCTTACGCATCTG

TGCGGTATTTCACACCGCATACAGGTGGCACTTTTCGGGGAAATGTGCGCGGAACCCCTATT

TGTTTATTTTTCTAAATACATTCAAATATGTATCCGCTCATGAGACAATAACCCTGATAAATG

CTTCAATAATAGCACGTGTGTCAGTTAGGGTGTGGAAAGTCCCCAGGCTCCCCAGGCAGGCA

GAAGTATGCAAAGCATGCATCTCAATTAGTCAGCAACCAGGTGTGGAAAGTCCCCAGGCTC

CCCAGCAGGCAGAAGTATGCAAAGCATGCATCTCAATTAGTCAGCAACCATAGTCCCGCCCC

TAACTCCGCCCATCCCGCCCCTAACTCCGCCCAGTTCCGCCCATTCTCCGCCCCATGGCTGAC

TAATTTTTTTTATTTATGCAGAGGCCGAGGCCGCCTCTGCCTCTGAGCTATTCCAGAAGTAGT

GAGGAGGCTTTTTTGGAGGCCTAGGCTTTTGCAAAAAGCTCCCGGGGGCGCGCCTGTTCGA

ACAGTCGACTTCAATTGTGTTAATTAACTGGCCGAGAGGGCCGGATTTAAATCCCGGGA

GATGGGGGAGGCTAACTGAGCGGGACTCTGGGGTTCGAAATGACCGACCAAGCGACGCCCA

ACCTGCCATCACGAGATTTCGATTCCACCGCCGCCTTCTATGAAAGGTTGGGCTTCGGAATC
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GTTTTCCGGGACGCCGGCTGGATGATCCTCCAGCGCGGGGATCTCATGCTGGAGTTCTTCGC

CCACCCCAACTTGTTTATTGCAGCTTATAATGGTTACAAATAAAGCAATAGCATCACAAATT

TCACAAATAAAGCATTTTTTTCACTGCATTCTAGTTGTGGTTTGTCCAAACTCATCAATGTAT

CTTATCATGTCTGTAAACTTGTTTATTGCAGCTTATAATGGTTACAAATAAAGCAATAGCATC

ACAAATTTCACAAATAAAGCATTTTTTTCACTGCATTCTAGTTGTGGTTTGTCCAAACTCATC

AATGTATCTTATCATGTCTGGATCTGATCACTGCTTGAGCCTAGGAGATCCGCACGTGCTAA

AACTTCATTTTTAATTTAAAAGGATCTAGGTGAAGATCCTTTTTGATAATCTCATGACCAAAA

TCCCTTAACGTGAGTTTTCGTTCCACTGAGCGTCAGACCCCGTAGAAAAGATCAAAGGATCT

TCTTGAGATCCTTTTTTTCTGCGCGTAATCTGCTGCTTGCAAACAAAAAAACCACCGCTACCA

GCGGTGGTTTGTTTGCCGGATCAAGAGCTACCAACTCTTTTTCCGAAGGTAACTGGCTTCAG

CAGAGCGCAGATACCAAATACTGTCCTTCTAGTGTAGCCGTAGTTAGGCCACCACTTCAAGA

ACTCTGTAGCACCGCCTACATACCTCGCTCTGCTAATCCTGTTACCAGTGGCTGCTGCCAGTG

GCGATAAGTCGTGTCTTACCGGGTTGGACTCAAGACGATAGTTACCGGATAAGGCGCAGCG

GTCGGGCTGAACGGGGGGTTCGTGCACACAGCCCAGCTTGGAGCGAACGACCTACACCGAA

CTGAGATACCTACAGCGTGAGCTATGAGAAAGCGCCACGCTTCCCGAAGGGAGAAAGGCGG

ACAGGTATCCGGTAAGCGGCAGGGTCGGAACAGGAGAGCGCACGAGGGAGCTTCCAGGGG

GAAACGCCTGGTATCTTTATAGTCCTGTCGGGTTTCGCCACCTCTGACTTGAGCGTCGATTTT

TGTGATGCTCGTCAGGGGGGCGGAGCCTATGGAAAAACGCCAGCAACGCGGCCTTTTTACG

GTTCCTGGGCTTTTGCTGGCCTTTTGCTCACATGTTCTT 
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Appendix IV 

Primers used for producing the DNA vaccine constructs.  

Restriction enzymes, start and stop codons, kozak sequence 

Gene  Primer Name Primer Sequence          (5’ to 

3’) 

Restriction Site 

 

SV40 promoter, 

TK and polyA 

SV40 Promoter 

fwd*
¶
 

ATATATCACGTGTGTCAGT

TAGGGTGTGGAAAGTCCC 

Pml I 

SV40 Promoter 

rev*
¶
 

AGGGCTCACGTGCGGATCT

CCTAGGCTCAAGCAGT 

Pml I 

 

 

 

 

MCS 

Synthetic Oligos 

SV40 MCS fwd 

GAGAGACCCGGGGGCGCG

CCTGTTCGAACAGTCGACT

TCAATTGTGTTAATTAACT

GGCCGAGAGGGCCGGATTT

AAATCCCGGGGAGAGA 

Xma I 

Synthetic Oligos 

SV40 MCS rev 

TCTCTCCCCGGGATTTAAA

TCCGGCCCTCTCGGCCAGT

TAATTAACACAATTGAAGT

CGACTGTTCGAACAGGCGC

GCCCCCGGGTCTCTC 

Xma I 

 

 

eGFP 

eGFP fwd GAGAGAGGCGCGCCGCCA

CCATGGTGAGCAAGGGCG

AGGA 

Asc I 

eGFP rev GAGAGACAATTGTCAGTTA

TCTAGATCCGGTGG 

Mfe I 

 

 

 

 

 

 

 

Gag 

CMV gag fwd* ATATAGCTAGCTGCCACCA

TGGGCGCCCG 

Nhe I 

CMV gag rev* ATATAGAATTCTTATTGTG

ACGAGGGGTCG 

Eco RI 

SV40 gag fwd GAGAGAGGCGCGCCGCCA

CCATGGGCGCCCG 

Asc I 

SV40 gag rev GAGAGATTAATTAATTATT

GTGACGAGGGGTCGC 

Pac I 

Gag CMV HindIII 

fwd 

GAGAGAAAGCTTGCCACC

ATGGGCGCCCG 

Hind III 

Gag-HSP70 gag 

fwd 

GAGAGAGGCGCGCCGCCA

CCATGGGCGCCCG 

Asc I 

Gag-HSP70 gag rev GAGAGATTAATTAATTGTG

ACGAGGGGTCGC 

Pac I 

HSP70-gag gag fwd GAGAGATTAATTAAGATGG

GCGCCCG 

Pac I 
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HSP70-gag gag rev GAGAGAATTTAAATTTATT

GTGACGAGGGGTCGC 

Swa I 

 

 

 

 

 

 

 

 

HSP70 

HSP70 cytoplasmic 

fwd 

GAGAGACAATTGGCCACCA

TGGCCAAAGCCGCGGC 

Mfe I 

HSP70 cytoplasmic 

rev 

GAGAGATTAATTAACTAAT

CCACCTCCTCAATGGTAGG

G 

Pac I 

Secretion HSP70 

fwd 

GAGAGACAATTGATGGCC

AAAGCCGCGGC 

Mfe I 

Gag-HSP70 HSP70 

fwd
Ŧ
 

GAGAGATTAATTAAGATGG

CCAAAGCCGCGGC 

Pac I 

Gag-HSP70 HSP70 

rev
Ŧ
 

GAGAGATTAATTAACTAAT

CCACCTCCTCAATGGTAGG

G 

Pac I 

HSP70-gag HSP70 

rev 

GAGAGATTAATTAAATCCA

CCTCCTCAATGGTAGGG 

Pac I 

 

 

Human transferrin 

receptor (hTfR) 

hTfR HSP70 fwd GAGAGAGGCGCGCCGCCA

CCATGGCCAATGTCACAA

AACCAAAAAG 

Asc I 

hTfR HSP70 rev GAGAGACAATTGCTCAGTT

TTTGGTTCTACCCC 

Mfe I 

 

 

 

 

 

Tissue 

plasminogen 

activator      (t-

PA) 

Synthetic Oligo 

TPA fwd 

GAGAGAGGCGCGCCGCCA

CCATGGATGCAATGAAGA

GAGGGCTCTGCTGTGTGCT

GCTGCTGTGTGGAGCAGTC

TTCGTTTCGGCTAGCCAAT

TGGAGAGA 

Asc I 

Mfe I 

Synthetic Oligo 

TPA rev 

TCTCTCCAATTGGCTAGCC

GAAACGAAGACTGCTCCAC

ACAGCAGCAGCACACAGC

AGAGCCCTCTCTTCATTGC

ATCCATGGTGGCGGCGCGC

CTCTCTC 

Mfe I 

Asc I 

 

 

 

 

V5 tag 

Synthetic Oligo V5 

tag fwd 

GAGAGAGGCGCGCCGCCA

CCATGGGTAAGCCTATCCC

TAACCCTCTCCTCGGTCTC

GATTCTACGCAATTGGAGA

GA 

Asc I, Mfe I 

Synthetic Oligo V5 

tag rev 

TCTCTCCAATTGCGTAGAA

TCGAGACCGAGGAGAGGG

TTAGGGATAGGCTTACCCA

TGGTGGCGGCGCGCCTCTC

TC 

Mfe I, Asc I 

 CMV secretion 

HSP70 fwd 

GAGAGAAAGCTTGCCACCA

TGGATGCAATGAAGAG 

Hind III 
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t-PA+ HSP70 CMV secretion 

HSP70 rev 

GAGAGAGAATTCCTAATCC

ACCTCCTCAATGGTAGGG 

Eco RI 

hTfR+ HSP70 CMV membrane 

HSP70 fwd 

GAGAGAAAGCTTGCCACCA

TGGCCAATGTCACAAA 

Hind III 

*Designed by Tessa Gargett, used for colonyPCR                                                                                                                                      

¶ Primer used for DNA sequencing                                                                                                                                                             

Ŧ InFusion Homologous Recombination Kit 

 

 

 

Appendix V 

   Antibodies used for western blotting. 

   Antibodies were purchased from Becton, Dickinson and Company 

Primary Antibody Primary 

Antibody 

Dilution 

Secondary 

Antibody  

Secondary 

Antibody Dilution 

HIV pooled 

patient serum 

1:10,000 Goat anti-human 

HRP 

1:20,000 

β-actin* 1:5000 Anti-mouse HRP 1:20,000 

HSP70 1:5000   

V5 1: 5000   

      * A β-actin loading control was included for all cell lysate samples 
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Appendix VI 

EcoHIV primers 

MLV fwd   5’- tagggccaaaccccgttctg -3’ 

MLV rev   5’- gccggtggaagttgggtagg -3’ 

RPL13a fwd   5’- gaggtcgggtggaagtacca -3’ 

RPL13a rev   5’- tgcatcttggccttttcctt -3’ 
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Appendix VII 

Sequencing Reaction 1:  

This reaction used the primer SV40 Promoter fwd (see Appendix IV) and sequenced 

HSP70 from bp 1 to 695.  

Query = HSP70 sequencing results 

Sbjct = HSP70 sequence 
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Sequencing Reaction 2: 

This reaction used the primer HSP70 cytoplasmic fwd (see Appendix IV) and 

sequenced HSP70 from bp 427 to 1146 

Query = HSP70 sequencing results 

Sbjct = HSP70 sequence 
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Sequencing Reaction 3: 

This reaction used the primer SV40 promoter rev (see Appendix IV) and sequenced 

HSP70 from bp 1386 to 1932. Note that the sequencing results have been reversed 

before aligning the sequences in BLAST.  

Query = HSP70 sequencing results 

Sbjct = HSP70 sequence 
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