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Abstract 

Novel Immunogens and Mucosal Vaccination For Improving Protection Against HIV-1 

By Andrew T. Jones 

 

 Despite continuous efforts since its initial discovery, an effective prophylactic 
vaccine against Human Immunodeficiency Virus (HIV) -1 has yet to be developed.  
Insights from vaccine efficacy trials in both animal models and humans, as well as basic 
research to understand the complexities of HIV-1, have greatly informed current efforts 
in HIV-1 vaccine design.  Current efforts are focused on the design and characterization 
of novel immunogens that promote protective antibody responses.  Many immunogens 
are designed to better recapitulate the trimeric structure of the native HIV-1 Envelope, 
composed of heterotrimers of gp120 and gp41, which mediates viral entry. 

 This dissertation will characterize the immunogenicity and efficacy of a novel 
trimeric HIV-1 gp120 immunogen, named cycP-gp120, in rabbits and rhesus macaques.  
We demonstrate cycP-gp120 to be robust vaccine immunogen, generating high titers of 
cross-reactive antibodies targeting the variable loops 1 and 2 (V1V2) of gp120, a key 
correlate of protection in the RV144 vaccine efficacy trial in humans.  We show that 
cycP-gp120 in conjunction with priming with the poxvirus vector modified vaccinia 
Ankara (MVA-HIV) promotes both V1V2-directed antibodies and antibody-dependent 
cellular cytotoxicity (ADCC) in rabbits. 

 As HIV-1 is primarily transmitted across mucosal surfaces via sexual contact, 
generating mucosal immunity to HIV-1 is thought to be a crucial component to an 
effective HIV-1 vaccine.  Here we describe a novel method of oral immunization in 
which we immunized the sublingual and buccal tissue of rhesus macaques with a needle-
free injector.  Needle-free immunization resulted in a large expansion of both systemic 
and mucosally localized vaccine-specific antibodies, demonstrating this route as an easy 
and effective method of mucosal vaccination. 

 To test the protective efficacy of MVA-HIV/cycP-gp120 immunization in rhesus 
macaques, as well as the needle-free oral vaccination route, we challenged immunized 
animals with a weekly low dose of pathogenic SHIV-SF162P3.  We observed significant 
protection in rhesus macaques immunized with via needle-free oral immunization or 
intradermally/subcutaneously.  Protective efficacy correlated with anti-gp120 binding 
IgG, anti-V2 peptide antibodies, and antibody-dependent cell-mediated viral inhibition 
(ADCVI).  These studies thus describe cycP-gp120 as an attractive vaccine immunogen 
for further studies in non-human primates and humans, as well as the needle-free oral 
immunization route as mucosal vaccination technique.  
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Chapter 1:  Introduction 

 

Since its initial discovery almost 40 years ago, the Human Immunodeficiency 

Virus-1 (HIV-1) pandemic has caused millions of deaths worldwide.  As of 2017 there 

are approximately 37 million people living with HIV-1, and more than 1 million 

individuals became newly infected with HIV-1 in 2016 (1). Despite major successes at 

combating HIV-1 and acquired immune deficiency syndrome (AIDS), including the 

development of highly antiretroviral drugs (HART) which drastically improve the 

outcome of HIV-1 infected individuals, an effective prophylactic vaccine has yet to be 

developed.  The need for an effective HIV-1 vaccine remains important as access to 

HART is limited to many HIV-1 infected individuals due to economical, technological, 

and societal factors (2).  Numerous HIV-1 vaccine efficacy trials have been tested in 

humans, with the majority failing to confer any significant protection from infection, and 

none being licensed for further use (3).  Lessons learned from these trials, as well as a 

continuous effort to understand the virology and pathogenesis of HIV-1, have greatly 

informed researchers of the requirements for a protective HIV-1 vaccine.  This 

dissertation focuses on two areas of active HIV-1 vaccine research:  the development of 

novel immunogens to serve as potential vaccine candidates, and the design and 

evaluation of a novel mucosal immunization route for HIV-1 vaccination.  Implementing 

these concepts in future studies may potentially aid in the development of more 

efficacious HIV-1 vaccines.  Additional background and context is provided in the 

following sections. 
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A.  Virology and Pathogenesis of Human Immunodeficiency Virus-1 (HIV-1) 

 

Structure and Virology of HIV-1 

HIV-1 is an enveloped RNA virus within the Lentivirus genus and Retroviridae 

family.  Other members of the Lentivirus genus include HIV-2, a more rare and less 

pathogenic virus in humans, and simian immunodeficiency virus (SIV), a Lentivirus 

found in non-human primates and thought to be the zoonotic origin of HIV-1. The 

genome of HIV-1 consists of three major genes, gag (structural proteins), pol, 

(polymerase), and env (viral glycoprotein) as well as number accessory genes tat, rev, 

nef, vif, vpr, vpu, all of which have various roles in viral replication and pathogenesis 

(Fig. 1a) (4). 

Lentiviruses consist of a single-stranded positive-RNA genome, which is 

converted to double-stranded DNA upon entry to host cells by the viral enzyme reverse 

transcriptase.  The viral DNA is then trafficked to the nucleus and integrated into the host 

genome by the viral enzyme integrase.  The integrated viral DNA can then be transcribed 

by hose cell machinery and new viral RNA genomes and proteins can be packaged to 

form new virions and be released from the cell.  Alternatively, the integrated DNA can 

become latent, silencing the production of new virions, forming a viral reservoir 

undetectable by the immune system (5).  The ability of HIV-1 to form these viral 

reservoirs is a crucial component of its longevity in the host, and a major area of HIV-1 

research is in the identification and elimination of the viral reservoir in infected 

individuals.  A hallmark of HIV-1 is its immense genetic diversity, due largely to the 

error prone reverse transcriptase which can cause 0.2-2 mutations per genome per cycle 
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(6).  HIV-1 can easily mutate away from immune pressure, especially once a viral 

reservoir has been established and the immune pressure is focused on a non-conserved 

region.  The diversity of HIV-1 is so great that some studies have compared the diversity 

of HIV-1 isolates within one infected individual to an entire year of world-wide influenza 

isolates. 

 

HIV-1 Envelope and Viral Entry 

HIV-1 Envelope (Env), the viral glycoprotein responsible for binding and entry 

into host target cells, is the major target of antibody-based HIV-1 vaccines (7).  HIV-1 

Env is first expressed as a gp160 precursor peptide of approximately 850 amino acids, 

forming homotrimers before furin-mediated cleavage into gp120 (~480 amino acids) and 

gp41 (~345 amino acids) subunits, resulting in a non-covalently linked heterotrimeric 

spike (8).  Native infectious HIV-1 Env exists in this trimeric state, a complex of gp41 

stalks linked to the viral envelope and gp120 head units at the apex of the complex (Fig. 

1b). 

Viral entry occurs through a series of steps.  Initially, HIV-1 Env will bind to the 

CD4-receptor on a target cell, primarily CD4+ T-cells, via the CD4-binding site located in 

gp120.  Additionally, viral entry requires HIV-1 Env binding to a co-receptor, primarily 

the CCR5 or CXCR4 chemokine receptors.  There is evidence that gp120 also binds to 

α4β7, an integrin expressed on CD4+ target cells, inducing a conformational change and 

activation of LFA-1, an integrin involved in the virological synapse between infected and 

non-infected cells (9).  Binding of HIV-1 Env to CD4 induces a conformational change to 

gp120, exposing the co-receptor binding site, which can then bind to the CCR5 or 
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CXCR4 co-receptor.  This binding to the co-receptor induces another conformational 

change in gp41, which inserts its fusion peptide into the host membrane, triggering a 

fusion of the host and viral membranes, and delivery of the HIV-1 capsid to the target 

cell.  

HIV-1 Env is a heavily glycosylated and antigenically complex glycoprotein (Fig. 

2a, b) (10), with each gp120 subunit containing approximately 25 N-linked glycans, 

accounting for up to half of its mass (6, 11).  Initial studies characterizing the structure of 

HIV-1 Env were hindered by the general instability and flexibility of gp120 (12).  The 

gp120 subunits of native HIV-1 Env will readily dissociate from the gp41 stalks as they 

are not covalently linked, and the hypervariable regions within gp120 rendered the 

protein highly flexible, making efforts difficult in solving its structure (13).  Recently, 

studies on a modified BG505 clade A gp140 (a truncated gp160 lacking the trans-

membrane domain of gp41) cleaved trimer, stabilized via disulfide bonds have allowed 

for the first time high resolution imaging of the native trimeric HIV-1 Env (14, 15).  This 

modified gp140, named SOSIP, revealed native HIV-1 Env to resemble a pin-wheel or 

propeller structure, with the gp120 subunits as the wings of the propeller and gp41 a 

pillar-like structure in close association with the inner domains of the gp120 subunits 

(Fig. 2c).  The CD4-binding site is located on the side of each gp120 subunit, forming a 

pocket within the outer domain.  The variable loops 1, 2, and 3 (V1, V2, V3) are located 

near the head of the trimer, the V1 and V2 loops reside at the apex, and the V3 loops 

buried underneath the V1 and V2 loops.  Residues within the V2 loops of one gp120 

interact with the adjacent promoter, aiding in the formation and stabilization of the 

trimeric complex.  Much of the inner domain of gp120 is buried within the trimer 



5 
	  

complex, in close association with gp41 and inaccessible to the immune system.  The 

glycan shield covers much of the trimeric surface, limiting access of antibodies to the 

protein backbone to much of the structure (Fig. 2d).  This data shows that the native 

HIV-1 Env exists as complex and quaternary structure, distinctly different than 

monomeric gp120. 

 While HIV-1 Env is related to SIV Env, HIV-1 vaccine development, especially 

antibody-based vaccines, should primarily focus on antibodies generated toward HIV-1 

Env epitopes.  However, HIV-1 does not typically infect common non-human primates, 

such as rhesus macaques, used in vaccine trials.  To overcome this, chimeric viruses 

encoding HIV-1 Env and with a SIV backbone (known as SHIV) can be used to 

effectively challenge and infect non-human primates with an HIV-1 Env containing virus 

(16).  The use of SHIVs in animal challenge models is now crucial component to testing 

an HIV-1 vaccine’s efficacy 

 

Broadly Neutralizing Antibodies to HIV-1 

 The generation of broadly neutralizing antibodies (bNAbs) capable and binding to 

and inhibiting a wide array of HIV-1 strains is a long-sought goal for HIV-1 vaccine 

development.  While these antibodies do naturally develop in up to 50% of infected 

people (17), these responses take multiple months and years to develop and are unable to 

clear the established and diverse chronic infection (18).  Furthermore, these bNAbs are 

often highly somatically hypermutated and often contain longer HCDR3 regions, 

allowing the antibodies to extend into hard to reach areas on HIV-1 Env.  The difficulty 
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of developing broadly neutralizing antibodies is due to multiple factors, mainly 

concerning the nature of HIV-1 Env.  The low number of HIV-1 Env spikes on virions 

(8-14 spikes) hinders B-cell activation as the B-cells often requires multiple cross-linking 

of their receptors to activate (19, 20).  The extensive glycosylation of HIV-1 Env, often 

referred to as the “glycan shield” obfuscate the protein backbone from antibody binding.  

Essential regions for HIV-1 Env infectivity, such as the CD4-binding site are in poorly 

accessible areas on HIV-1, surrounded by glycans or non-essential structures that can 

easily be mutated.  Regions that are exposed, such as the variable loops, may be 

hypervariable (with some notable exceptions) and can easily be mutated under immune 

pressure. 

 The CD4-binding site (CD4bs) is an obvious target for neutralizing antibodies, as 

blocking CD4 binding by HIV-1 Env would prevent viral entry (Fig. 3a, b).  However, 

the CD4bs is found in a hard to reach area on gp120, a recessed pit on the side of each 

gp120 subunit.  Furthermore, the site is surrounded by numerous glycans that further 

conceal the binding site (21), such as glycans at position 276 and N197 (14).  These 

features cause the CD4bs, while conserved and essential for viral infectivity, to be 

obscured from conventional antibody binding. 

 An additional feature of HIV-1 Env is its ability to naturally exist in different 

conformational states, a form of “breathing”.  In this “breathing” the HIV-1 Env spike 

moves between differing degrees of openness.  In the closed conformation, HIV-1 Env is 

in its most shielded state, with neutralizable epitopes guarded by the glycan shield and 

the CD4bs in its native, recessed state.  The “breathing” occurs between this closed state 

and a more relaxed state in which the apex of the trimer becomes somewhat open, 
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exposing some antibody epitopes that are not accessible on the closed conformation. The 

propensity of HIV-1 Env to transition between these two states is highly variable and 

depends on the subtype and strain, as well as determining the neutralization sensitivity a 

given HIV-1 strain (22).  Upon receptor binding, the Env spike shifts to an open 

conformation, exposing the V3 loop which contains the co-receptor binding site (CCR5 

or CXCR4), and co-receptor binding triggers the insertion of the fusion peptide from 

gp41 into the host membrane.  This open state exposes the inner domains of the gp120 

subunits as well as other neutralizable epitopes.  It is hypothesized that many bNAbs, 

especially ones that target sites other than the CD4bs, act by stabilizing the closed 

conformation of HIV-1 Env, blocking the opening of the HIV-1 Env spike required for 

viral fusion (22). 

 The isolation and characterization of bNAbs is divided into two generations.  The 

first generation occurred in the 1990s using phage display libraries and human 

hybridomas (12), and monomeric gp120 was used for antibody screening.  First 

generation bNAbs isolated targeted the CD4bs (b12 (23)), a glycan on the outer domain 

of gp120 (2G12 (24)), and the membrane-proximal external region (MPER) on gp41 

(4E10 and 2F5 (25)). These bNAbs, while not as potent and broadly-reactive as second 

generation bNAbs, demonstrated the high levels of somatic hypermutation and long 

heavy chain complementary determining region (HCDR3) that is characteristic of most 

HIV-1 directed bNAbs.  Studies in non-human primates showed that passive 

immunization with first generation bNAbs can confer protection from infection, 

demonstrating that it is possible to achieve sterilizing immunity from HIV-1 infection 

(26, 27). 
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 The second generation of bNAbs, beginning in the late 2000’s, is marked by a 

much greater breath and potency, their discovery aided by improvements to the 

methodology of screening sera from infected individuals for neutralization activity, and 

technological advancements in the cloning of human monoclonal antibodies (28).  Early 

second-generation bNAbs include PG9 and PG16, two bNAbs that target the apex of the 

Env trimer, within the V1V2 loop (29).  Additionally, these bNAbs were found to 

preferentially bind to trimeric HIV-1 Env over monomeric gp120, demonstrating the 

unique conformational epitopes found on the native trimeric HIV-1 Env.  Other isolated 

second-generation bNAbs include potent CD4bs-directed bNAbs such as VRC01 (30, 

31), bNAbs against V3 high-mannose patch glycans such as PGT121 (32), V2-apex 

binding bNAbs such as PGT145 and PGDM1400 (33, 34), and gp120-gp41 interface 

binding bNAbs such as PGT151 (35).  Many of these bNAbs, such as PGT145 bind to or 

accommodate glycans via their light chain and use a long HDCR3 region on the heavy 

chain to extend through the glycan shield and interact with the protein backbone.  

Second-generation bNAbs have been shown to also elicit sterilizing immunity when 

passive immunized to non-human primates against SHIV challenge (36), and can induce 

transient viral control when given to chronically infected non-human primates (37).  

These bNAbs are also being considered for use in humans as prophylactic therapies as 

well aiding in viral control in infected individuals (38).  A major goal of HIV-1 vaccines, 

like most viral vaccines, is to induce these broadly neutralizing antibodies via 

vaccination.  However, no vaccine candidate to date has induced these responses in 

humans.  Our understanding of the intricacies and complexities of both bNAbs and the 

HIV-1 Env they target have grown substantially over the last ten years, and the 
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development of novel immunogens to induce bNAbs continues to be a major area of 

focus for HIV-1 vaccine development. 

 

Pathogenesis of HIV-1 

HIV-1 is primarily transmitted across the mucosal epithelium through sexual 

contact.  Heterosexual transmission is the most common route of HIV-1 transmission 

globally, but this incidence varies by region.  In the United States, for example, the most 

HIV-1 transmissions occur in men who have sex with men (MSM) (39).  The relative risk 

of HIV-1 infection is highly dependent on the exposure sites.  Receptive anal intercourse 

has an infection probability of 0.04%-3.0% risk of infection, while exposure in the male 

genital tract has a probability of 0.03% risk of infection in MSM (40).  Exposure to the 

female genital tract has a probability of 0.5% - 0.30% risk of infection (41).  Other 

factors heavily influence the risk of infection, such as high vs. low risk behaviors, the 

infection state of the transmitting partner, the immune activation state in the mucosal 

exposure site, and the viral characteristics of the HIV-1 clade being transmitted. 

During the first week of infection HIV-1 replication is localized to the site of 

transmission before rapid dissemination in the subsequent weeks (42).  This 

dissemination is marked by a massive depletion of CD4+ T-cells in the gut lamina 

propria, detection of HIV-1 in the plasma, and the generation of HIV-1 specific T-cell 

and antibody responses.  After 6-12 weeks post-acute infection, viral loads within the 

plasma stabilized to a chronic level known as the set-point viral load.  During chronic 

infection, in the absence of antiviral therapy, an infected individuals CD4+ T-cell levels 
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will steadily decline to the point of AIDS, once CD4+ T-cell counts are less than 200 

cells per ul blood.  The transition to AIDS marks a surge in plasma viremia, and the 

inability of the immune system to combat opportunistic infections, often leading in death. 

A hallmark of chronic HIV-1 infection is the presence of chronic immune 

activation.  The depletion of gut resident CD4+ T-cells, due to a majority of these cells 

expressing high levels of CCR5, results in a breakdown of the healthy gut barrier 

allowing microbial translocation from the microbiota into the lamina propria.  This influx 

of bacteria results in a systemic increase in activation, which in term promotes the 

generation of additional target cells for HIV-1. 

 

B. Protective Immunity from HIV-1 infection.  Lessons from Vaccine Trials 

 

History of HIV-1 Vaccine Development 

When HIV-1 was first isolated and understood to be the cause of AIDS in the early 

1980’s, it was widely believed than an effective vaccine would be easily developed.  The 

United States Secretary of Health and Human Services, Margaret Heckler stated in 1984 

that “a vaccine (will be) ready for testing in approximately two years” (43). Researchers 

were optimistic about the prospects of an HIV-1 vaccine due to the success of other viral 

vaccines against pathogens such as smallpox and polio, and at the time there was seen 

success in generating vaccines against another retrovirus, feline-leukemia virus, which 

causes AIDS-like disease in cats (44).  However, despite clinical trials in humans, 
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including five phase-IIb vaccine efficacy trials (45) , an effective prophylactic vaccine 

has yet to be developed (Fig. 4). 

 At the outbreak of the HIV-1 pandemic most viral vaccines consisted of either 

inactivated or live-attenuated viruses, and today still many vaccines such as the influenza 

vaccine and the MMR (measures, mumps, and rubella) vaccine are based on these 

concepts.  This strategy was not pursued in HIV-1 vaccine development, however, due to 

safety concerns with attenuated viruses and their ability to potentially integrate into target 

cells (46).  With the development of the yeast derived, protein-based hepatitis B vaccine 

in 1984 (47, 48), it became possible for researchers to express recombinant HIV-1 

proteins and test them in humans as potential vaccines.  The rapid advancement of the 

understanding of the structure and pathogenicity of HIV-1, as well as the development of 

animal models for HIV-1 infection has spurred about large number of vaccine candidates.  

Additionally, the consensus among the scientific community regarding what an effective 

prophylactic HIV-1 vaccine must provide has evolved over time between three different 

paradigms: (1) the induction of neutralizing antibodies, (2) the induction of cell-mediated 

immunity, (3) a combination of humoral and cellular responses (43), all leading to a 

variety of vaccine strategies. 

 

Paradigm 1: Induction of neutralizing antibodies, the VaxGen trials  

 As the mechanism of protection in most viral vaccines is the generation of 

neutralizing antibodies that effectively bind to and inhibit viral entry into target cells, 

researchers initially thought this would be a simple and easily achievable goal using HIV-
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1 Env subunit-based vaccines.  The most obvious immunogen to use for an HIV-1 

vaccine would be either gp120 or gp160, the full-length HIV-1 Env containing both 

gp120 and gp41.  During the late 1980s and early 1990s, much effort was made in 

developing and testing gp120 and gp160 immunogens in animal models and humans.  

From this effort two potential gp120 vaccine candidates emerged to be tested in an 

efficacy trial in humans in 1994, with notable skepticism among some in the scientific 

community (49).  Previous studies in chimpanzees have shown that immunization of 

chimpanzees with gp120 can induce protection when challenged with homologous strains 

of HIV-1 (50), and passive transfer of V3-loop specific monoclonal antibodies can also 

induce protection in chimpanzees (51).  Initial phase-I trials in humans showed that 

gp120 subunit vaccines were safe, immunogenic, and induced neutralizing antibodies in 

the majority of immunized individuals	  (52).  The controversy surrounding these results 

stemmed from the experimental models of infection and the use of laboratory-adapted 

strains of HIV-1, cultured and grown in human cell lines, in both the chimpanzee 

protection studies and in testing neutralizing antibody responses in humans.  At the time, 

it was not fully understood the antigenic complexity of HIV-1 Env and primary isolates 

of HIV-1, which are grown only in fresh human peripheral blood mononuclear cells 

(PBMCs), but it was becoming clear that laboratory-adapted strains of HIV-1 have 

several biological differences from primary isolates.  Researchers found that laboratory-

adapted strains are highly sensitive to neutralizing antibodies in vitro (53) and while sera 

from gp120 immunized recipients could neutralize laboratory-adapted strains, the sera 

did not neutralize primary isolates of HIV-1 (49).  The scientific community was met 

with a dilemma; did the urgency of HIV-1 pandemic [in 1993 the United States Congress 
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voted to codify the U.S. HIV immigration exclusion policy, barring entry of HIV-1 

infected individuals into the United States (54)] justify the risks of a failed vaccine?  

After all, some researchers argued, vaccines for pathogens such as smallpox were 

developed, tested, and shown to be protective without fully understanding the mechanism 

of protection (49).  Ultimately, in 1994 the governmental advisory groups within the 

National Institute of Allergy and Infectious Disease (NIAID) decided to not support the 

proposed efficacy studies in humans.  However, the same year the World Health 

Organization (WHO) did make a recommendation to further pursue the trials (55), and 

four years later two efficacy studies were started by VaxGen, in North America 

(VAX004) and Thailand (VAX003) (56). 

To address the growing knowledge about the genetic diversity of HIV-1 strains, 

VAX003 and VAX004 were designed to each include two gp120 immunogens:  VAX004 

(North America and Europe) contained AIDSVAX B/B and VAX003 (Thailand) 

contained AIDSVAX B/E.  The AIDSVAX B/B consisted of gp120 proteins derived 

from the CCR5-tropic clade-B HIV-1GNE8 and the CXCR4-tripic clade-B HIV-1MN.  To 

account for the prevalence of the different clades of HIV-1 in Thailand, the AIDSVAX 

B/E consisted of clade-B HIV-1MN and the CCR5-tropic clade-E HIV-CRF01_AE gp120.  

The vaccinated population differed between VAX003 and VAX004 as well, VAX033 

was given to primarily to high risk men (men who have sex with men) and women, the 

VAX004 was directed towards intravenous drug users.  The two trials took place between 

1998 and 2003 and consisted of seven injections given over 30 months. 

 In 2003 the final results of the trials were announced, neither trial conferred any 

protection from infection despite both vaccines being immunogenic.  In the VAX003 
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trial, HIV-1 incidence was 6.7% in vaccinated individuals and 7% in the placebo group 

(57).  In VAX004, incidence was 8.4% in vaccinated individuals and 8.3% in the placebo 

group (58).  Further analysis suggested that there was some protective benefit in the 

VAX003 trial when analyzing results based on race and gender, with women and African 

Americans showing some protection (59, 60), however these results were largely met 

with skepticism and confusion by the scientific community.  The results confirmed to 

some the inherent flaws in previous assays to characterize the antibody responses to HIV-

1, as sera from VAX003 and VAX004 vaccinated individuals failed to neutralize primary 

isolates of HIV-1(61).  The failure of these trials demonstrated the complexity and 

difficulty of generating an effective antibody-based HIV-1 vaccine, leading researchers to 

pursue other avenues of vaccination, in particular, cell-mediated immunity based 

vaccines. 

Paradigm 2:  Cell-mediated Immunity and the STEP trial 

The induction of cell-mediated immunity, primarily through strong cytotoxic 

lymphocyte (CTL) responses in infected individuals has been well established and was 

considered a possible strategy for vaccination (62, 63).  This immunity stems from 

cytotoxic CD8+ and CD4+ T-cells recognizing and killing HIV-1 infected cells.  While 

the CTL responses in infected people did not cause complete clearance of the virus, it 

was proposed that the CTL’s did play a role in controlling viral replication.  The 

possibility of pre-existing CTL-mediated immunity, generated via vaccination, protecting 

from HIV-1 infection was unknown at the time.   

 The development of CTL-based vaccines was primarily based around other viral 

vectors and DNA-vaccines.  DNA-based vaccines consist of a DNA plasmid that is 
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injected into the skin or muscle, transfecting the local cell populations (such as 

fibroblasts) and expressing the engineered viral genes (64, 65), and initial studies in 

rhesus macaques with DNA-SIV alone immunization, while not inducing sterilizing 

immunity against SIV challenge, did induce some reductions in pathology and viral loads 

(66).  To increase the immunogenicity in non-human primates, DNA-based vaccines have 

been used in conjunction with other viral vectors (such as Modified Vaccinia Ankara 

(MVA)) and recombinant proteins to boost the immune responses, resulting in much 

better control of viral replication (67, 68).  DNA/MVA vaccines are still being developed 

with phase-I clinical trials showing immunogenicity in humans, and phase-II trials are 

currently being planned (69). 

 In addition to DNA-based approaches, research was also heavily focused on 

developing other viral vector-based vaccines such as poxvirus and adenoviruses.  Most 

poxvirus vectors are based on various attenuated strains of vaccinia, engineered to 

express HIV or SIV antigens.  Several vaccine candidates based on poxviruses have been 

developed and tested in humans, namely the NYVAC, ALVAC, and MVA strains (70-

72).  Adenoviruses have been studied heavily has vectors for inducing HIV-1 cellular 

immunity (73), and in 2001 Merck & Co, Inc. announced they were pursuing a 

replication-defective adenovirus 5 (Ad5) vector as a vaccine candidate for HIV-1 (74).  

Rhesus macaques immunized with Ad5 expressing SIV gag showed high viral control, 

but not sterilizing immunity, and low to no depletion of CD4+ T-cells (75).  To improve 

this vector for testing in humans, Merck developed a mixture of Ad5 vectors expressing 

HIV-1 clade-B gag (HIVCAM-1), pol (HIVIIIB) and nef (HIVJR-FL ) genes (MRKAd5), 

which was tested and found to be safe and immunogenic in a phase-I clinical trial (76). 
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 In 2004 enrolling began for the STEP trial to test the protective efficacy of 

MRKAd5 in North America, Brazil, and Australia, mainly in high risk women and MSM 

populations.  The immunization was given in three doses on weeks 0, 4, and 26, and 

initial immunogenicity studies showed that the majority (72%) of vaccinated individuals 

generated interferon (IFN)-g responses to peptides from at least two of the genes in the 

vaccines (76).  However, the STEP trial was stopped in September 2007 when an interim 

analysis revealed that no protective efficacy was induced by vaccination [24 infections 

(3%) in vaccinated and 21 infections (3%) in the placebo-treated individuals] (77, 78).  

Further analysis revealed that in some cases, such as men who had pre-existing Ad5-

directed neutralizing antibodies and/or were uncircumcised, vaccination even increased 

the risk of infection (79).  These results caused much disappointment in the scientific 

community, which expected the trials to at least confer some degree of viral control in 

infected vaccinated individuals (77).  The mechanism of increased susceptibility is 

unknown, some suggesting that MRKAd5 led to an increased number of CCR5+CD4+ T-

cells in the mucosa (HIV-1 target cells) of vaccinated individuals, though since mucosal 

samples were not collected in the trial, this cannot be confirmed.  The failure of the 

STREP trial led many to believe Adenovirus based vaccines, or CTL-based vaccine 

strategies in general should no longer be pursued, and instead the scientific community 

should refocus efforts on basic understandings of HIV-1 pathogenesis to better inform 

future vaccine discovery. 

 In addition to the STEP trial, the recent HVTN 505 vaccine efficacy trial 

consisting of a DNA/Ad5 vaccine was halted early in 2013 due to lack of vaccine 

efficacy in immunized individuals (80).  The failure of the HVTN 505 trial furthered the 
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notion that an alternative strategy for HIV-1 vaccination may need to be pursued, with an 

increased focus on antibody-based vaccine strategies. 

 

Paradigm 3:  The RV144 Trial 

 The RV144 trial began in September 2003, around a year before the STEP trial, 

and concluded in October 2009.  This trial tested a prime-boost approach in which 

individuals, primarily high-risk men and women, were immunized first with a canarypox 

vector ALVAC (vCP1521) expressing HIV-1 clade-B gag (HIVLAI) and gp120 

(HIVCRF01_AE) linked to the transmembrane anchoring region of gp41 (HIVLAI) on weeks 

0, 4, 12, and 24.  Individuals were then boosted with AIDSVAX B/E (the same bivalent 

gp120 mixture from VAX003) on weeks 12 and 24 (45, 81).  Initial immunogenicity 

studies in phase I/II trials showed modest antibody and T-cell responses.  Most 

vaccinated individuals developed neutralizing antibodies, like those in the VAX003 trial, 

against lab-adaptive strains of HIV-1, but the negative results of the VAX003 trial 

suggested these responses wouldn’t aid in protection (82).  The canarypox component of 

the vaccination was intended to induce CD8 T-cell responses, however initial data 

suggested that immunization resulted in only 24% of vaccinated individuals developing 

detectable responses (82). 

 In 2009 the results of the RV144 trial were published, demonstrating a modest yet 

significant vaccine efficacy of 31.2%, with almost 60% efficacy within the first year of 

the trial (83).  This result was met with a much skepticism from the scientific community.  

At face value, the immunogenicity data suggested the RV144 trial would not be any more 

efficacious than the VAX003 or the STEP trial (84).  In 2012, immune-correlates of 
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protection for the RV144 trial were published, indicating that non-neutralizing antibodies 

directed towards the V1V2 loop of gp120 are associated with decreased risk of infection, 

while high levels of gp120-specific serum IgA were associated with increased risk of 

infection (85).  The lack of neutralizing antibodies, which are very difficult to generate 

against HIV-1 by vaccination, as the correlate of protection suggests that some other 

antibody effector function such as antibody-dependent cell-mediated cytotoxicity is 

responsible for protection (86, 87).  The modestly positive results of the RV144 trial and 

the negative results of the STEP trial have reinvigorated the paradigm that antibodies are 

a crucial component to an effective vaccine.  The RV144 trial, being the first trial to show 

vaccine efficacy, is considered a landmark in HIV-1 vaccine development.  While the 

results are still questioned by some in the scientific field (88), many believe that studying 

and replicating the results from the RV144 trial will greatly aid in the development of an 

effective vaccine .  

 

The Role of V1V2-loop directed antibodies in protection from infection. 

 The results of the RV144 trial suggested that antibodies directed towards the 

variable loops 1 and 2 (V1V2) on gp120 may be a correlate of protection (85).  The 

V1V2-loop region of gp120 spans an approximately 70 amino acid region in gp120, 

located on towards the apex of the HIV-1 Env trimer (Fig. 5a) (15).  This region contains 

four major beta-strands (A, B, C, D) and two hypervariable loops V1 and V2, as well as 

several conserved glycans (Fig. 5b) (89).  The V1 hypervariable loop is formed between 

the A and B beta strands, and a disulfide bond between the A and B strands stabilizes this 

loop (Fig. 5c).  A hairpin loop between strands B and C reaches into the trimer apex and 
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is recognized by numerous broadly neutralizing antibodies such as PGT145 and 

PGDM1400.  This hairpin is relatively more conserved than the V1 and V2 hypervariable 

loops (Fig. 5d).  The second V2 hypervariable loop connects the C and D stands together, 

a second disulfide bond between strand D and A stabilize the entire region.  Within the C 

strand exists a putative α4β7 binding site, the significance of which is currently being 

investigated by multiple groups (90). 

 The targeting of the V1V2 locus in vaccinated individuals was suggested by data 

showing sera binding to gp120 could be blocked by V1/V2 and V2 specific monoclonal 

antibodies (91).  The major correlate of protection, however, was found by measuring 

sera reactivity against a gp70-V1V2 scaffold protein, which is composed of the V1V2 

region of the Case.A2 (HIV clade-B) attached to the murine leukemia virus gp70 protein, 

which presents the V1V2 region in a more conformational manner (92).  Binding to 

Case.A2 gp70-V1V23 showed a significant inverse correlation (p = 0.02, Multivariate 

Logistic Regression) with the rate of HIV-1 infection, and stratifying the vaccinated 

individuals based on their reactivity to gp70-V1V2 showed that the highest responders 

had the lowest incidence of infection (85). 

 Further analysis revealed sera binding to a core linear sequence within the V2 

loop is also associated with decreased risk of infection in the RV144 trial.  This region, 

called by some as the “V2 Hotspot” spans the hairpin loop between beta strands B and C, 

as well as beta strand C itself within the V1V2 loop region (residues 166-178 of strain 

HIV strain HxB2) (Fig. 6a, b, c) (93).  While several residues within this region are 

potentially covered by the glycan shield, much of the V2 hotspot protein backbone is 

exposed at the apex.  Interestingly, this sequence immediately precedes the putative α4β7 
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binding site on gp120 (9, 90).  Analysis of the consensus sequences across HIV-1 clades 

reveal a pattern of conservation of the V2 hotspot with several residues, such as N156 

and N160 glycosylation sides and a heavy lysine rich motif between residues 166-172, 

both having implications in vaccine design (Fig. 6d) (94). 

Residues within the V2-hotspot region are contact sites for multiple V1V2-apex 

directed broadly neutralizing antibodies such as CH03 (89) and PG9 (95).  Additionally, 

analysis of the HIV-1 strains found in infected individuals in the RV144 trial showed that 

strains that matched the vaccine sequence with a lysine at position 169 within the V2 

loop region were not found in vaccinated infected individuals, suggesting immune 

pressure and selection of strains that mismatch the vaccine strain (96).  Monoclonal 

antibodies isolated from vaccinated individuals against the V1V2 loop, CH58 and CH59, 

overlapped with binding by the bNAbs CH01 and PG9, and while they only had weak 

neutralization activity, they did mediate ADCC activity, suggesting that non-neutralizing 

antibody functions may have an important role in protection (87).  Additional studies in 

non-human primate models also demonstrated a correlation between anti-V1V2 

antibodies and protection from neutralization resistant SIV (97-99), demonstrating the 

relevance of studying these antibody responses for vaccine development. 

 As both the RV144 trial and the VAX033 trial used AIDSVAX B/E as a protein 

immunization, the discrepancy of vaccine efficacy between the two trials, VAX003 

showing no efficacy, raises questions about the differences between the two trials.    The 

RV144 trial consisted of priming with the poxvirus ALVAC before boosting with the 

gp120 protein AIDSVAX B/E, while the VAX003 trial was repeated immunizations with 

AIDSVAX B/E alone.  One major difference between the trials is that the VAX003 was 
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mainly given to intravenous drug users, while the RV144 trial was mainly given to high 

risk men and women, and studies have shown that intravenous transmission differs highly 

from mucosal transmission (100).  Upon closer analysis of the subtypes of IgG responses 

showed that the RV144 induced statistically higher levels of HIV Env and V2-specific 

IgG3 than VAX003, and these high IgG3 levels were determined to be a correlate of 

protection (101).  The VAX003 trial, however, induced a larger level of IgG4 subclass 

antibodies.  IgG3 has a high affinity for the Fcγ receptor, suggesting enhanced 

functionality in Fc-mediated effector functions.  The use of the poxvirus ALVAC as a 

priming agent, which would promote high antiviral activity, may aid in the skewing of 

IgG subclasses to IgG3 (102), a finding which supports the use of poxvirus vectors in 

future vaccine trials. 

 The role of V1V2 and V2-loop directed antibodies in decreasing the risk of 

infection is still not completely understood.  The lack of neutralizing activity in 

vaccinated individuals suggest that non-neutralizing antibodies are responsible for 

protection (3).  Non-neutralizing antibodies against HIV-1 have been shown to have 

several antiviral functions, including capturing viral particles and promoting opsonization 

and sequestration, Fc-mediated effector functions such as antibody-dependent cellular 

phagocytosis (ADCP) and antibody-dependent cellular cytotoxicity (ADCC) (Fig. 3c) 

(103).  Some data suggests that the V2 loop region is important in viral transmission and 

fitness, as HIV-1 viruses isolated from chronically infected people have highly mutated 

V1V2 sequences, suggesting viral escape and immune pressure (104).  Additionally, the 

proximity of the α4β7 binding site on gp120 may have relevance, as the initial 

interactions between HIV-1 virions and host target cells may be aided by gp120 binding 
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to α4β7, activating other integrins, and stabilizing the viral synapse (Fig. 3d) (9, 105).  

Recent studies in treating SIV-infected rhesus macaques under ART with a α4β7 targeting 

monoclonal antibody resulted in low or undetectable viral loads after ART treatment was 

discontinued, indicating some crucial role of α4β7 in viral replication (106).  

  

Current HIV-1 Vaccine Strategies:  Development of Novel Immunogens and Prime-

Boost Regimens 

 

The failures of the VAX003, VAX004, and the STEP trial, as well as the modest 

efficacy of the RV144 trial, spurred about a call to renew focus on the basic science of 

HIV-1, answering fundamental questions surrounding both the virus and its pathogenicity 

(107).  One major area of focus has been in the development of improved HIV-1 Env 

immunogens that better resemble the native HIV-1 Env trimer or promote potential 

protective antibody responses.  With an increased understanding of the structure of native 

HIV-1 Env, and the epitopes on Env targeted by broadly neutralizing antibodies, targets 

on HIV-1 Env for neutralization or other antibody-mediated effector functions have been 

discovered (8).  Many novel immunogens are designed with the intention of presenting 

neutralizable epitopes while blocking non-neutralizing epitopes.  Other immunogens are 

designed to engage the germline precursors of certain bNAb lineages, such as VRC01.  

Scaffold-based immunogens aim to prime the antibody response against a specific 

epitope, which can then be boosted by a full length Env.  Many of these novel 

immunogens will be entering phase-I trials in humans to access their immunogenicity. 
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Monomeric gp120 

Monomeric gp120 has historically been the most evaluated protein immunogen in 

HIV-1 efficacy trials.  Studies characterizing the antigen properties of gp120 have shed 

light on possible improvements that could be made to the immunogen.  Monomeric 

gp120 readily binds numerous bNAbs, such as VRC01 and b12 (CD4bs), and PGT121 

(V3-gylcan), but it does not bind to V1V2-apex binding bNAbs such as PGT145 and 

PG16, indicating that monomeric gp120 lacks the expression of quaternary epitopes 

found on native HIV-1 Env (108).  Immunization with monomeric gp120 primarily 

results in antibodies capable of neutralizing Tier-1 (neutralization sensitive) isolates but 

not Tier-2 or -3 (neutralization resistant) isolates (109).  The lack of more effective 

neutralizing antibody responses against monomeric gp120 may be due to numerous non-

neutralizing, yet immunogenic, epitopes found on monomeric gp120, especially within 

the inner domain of gp120 that is inaccessible on native trimeric HIV-1 Env.  The CD4bs 

on monomeric gp120, while accessible, can be approached by antibodies at angles that 

are incompatible with native HIV-1 Env, leading to the generation of non-neutralizing 

CD4bs-directed antibodies (110).  

 Efforts to improve monomeric gp120 immunogens involve altering the protein to 

not express certain regions, such as the variable loops, or by attaching N-linked glycans 

to certain sites to hide non-neutralizing antibodies.  This strategy has been shown to be 

effective for reducing non-neutralizing V3-loop directed antibodies via glycosylation of 

the V3-loop (111).  Other modifications of gp120 involve separating the outer domain 

(OD) from the inner domain.  The OD makes up the exposed region of gp120 on trimeric 

Env, and contains the variable loops, the glycan shield, and the CD4bs (112).  OD-based 
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immunogens have been tested in rabbits in which they generated binding titers against 

gp120 and neutralizing antibodies against tier-1 and tier-2 viral isolates (113).  Additional 

modifications of OD-based immunogens included engineered OD (eOD) immunogens 

that bind to the inferred germline precursors of CD4bs class antibodies (114).  These 

immunogens can be used as a priming agent to engage the germ-line precursors, which 

can then be expanded and matured with other immunogens to induce bNAbs (115). 

 

Native-like Env trimers 

 Soluble Env immunogens that resemble the Native HIV-1 Env in structure and 

antigenicity are considered strong candidates for the induction of protective antibody 

responses.  To generate soluble Env trimers, the cytoplasmic and transmembrane tail of 

gp41 can be removed from the gp160, leaving the complete gp120 and ectodomain of 

gp41 (gp41ECTO).  However, cleaved soluble gp140 proteins are very unstable and will 

readily dissociate into the gp120 and gp41 subunits (116).  Early efforts to stabilize 

gp140 trimers involved removing the native furin cleavage site and adding heterologous 

trimerization motifs to the C-terminus to generate uncleaved trimeric gp140 (gp140UNC) 

(117).  While gp140UNC does form trimers, structurally they do not adequately resemble 

the native HIV-1 Env spike, as the gp120 subunits do not form the propeller-blade 

structure and instead suspend from gp41 like “drooping flowers in a vase (118).  

Furthermore gp140UNC trimers were found to have exposed non-neutralizing epitopes, 

and the CD4bs on gp140UNC trimers does not accurate recapitulate the CD4bs found on 

native trimeric HIV-1 Env (110). 
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 The lack of proper folding in gp140UNC suggests that cleavage of gp120 from 

gp41 is required to have correct folding.  One approach to generating cleaved but 

stabilized trimeric gp140 is to introduce a disulfide bond (SOS) that covalently links 

gp120 and gp41 together in a proper configuration (116).  To improve the folding of this 

SOS-gp140, stabilizing the pre-fusion state of HIV-1 Env, a mutation was added in a 

gp41 (I559P) helix region, forming SOSIP-gp140 (119).  Further improvements included 

truncating the gp140 at position 664 to remove a domain of the MPER that caused 

aggregates to form, generating SOSIP.664-gp140 (20), and these SOSIP.664 based gp140 

proteins were found to closely resemble the native HIV-1 Env (120).  SOSIP.664 gp140 

proteins can be expressed from cell lines but need to be affinity-purified with bNAbs to 

select properly folded trimers and remove aggregates (121) 

 Studies with a HIV-1 clade A strain BG505 SOSIP.664 gp140 trimer, using cryo-

EM and crystallography, generated the first high resolution images of the HIV-1 Env 

trimer, a landmark for structure-based HIV-1 vaccine development (14, 15).  

Furthermore, immunization of rhesus macaques with BG505 SOSIP.664 gp140 induces 

tier-2 neutralizing antibodies (against the autologous BG505 isolate), a first in non-

human primate vaccine studies (122), however no heterologous tier-2 neutralizing 

activity was generated.  Further analysis has attributed autologous tier-2 neutralizing 

activity to a glycan hole on BG505, located at residue 241, that is present in fewer than 

3% of global isolates (123), and restoring this glycan be site-directed mutagenesis ablated 

the neutralizing activity.   The importance of glycan holes for generating neutralizing 

antibodies via SOSIP.664 gp140 immunization has now been well documented, and 
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novel immunogens are being designed to direct antibody responses toward specific 

regions with conserved glycan holes to improve neutralization breadth (21, 94, 124). 

 One issue with gp140 based HIV-1 Env immunogens is the immunodominance of 

gp41 over gp120 in antibody responses.  During acute infection, humans first make 

antibodies to gp41, eight days after detectable viremia, but gp120 specific antibodies are 

delayed by an additional two weeks (125).  These gp41 antibodies were shown to not 

impact the control of viremia, suggesting they have little functionality.  Furthermore, 

early gp41-directed antibodies have been shown to be polyreactive, originating from 

memory B-cells primed against non-HIV antigens such as host or bacterial antigens, and 

polyreactive gp41-binding antibodies have been isolated from uninfected individuals 

(126).  The immunodominance of gp41 can also be seen in the vaccine setting.  A series 

of human trials evaluated a DNA prime adenovirus serotype 5 (Ad5) boost regimen in 

which Ad5, in addition to gag, pol, and nef genes, expressed a trivalent mixture of clade 

A, B, and C env gp140.  Analysis of the Env antibody response revealed that 93% of 

HIV-1 specific antibodies derived from memory B-cells were specific for gp41, and these 

antibodies were often polyreactive and reacted to host and intestinal microbiota antigens 

(127).  This data suggests that gp140 immunogens may not be ideal for human 

immunization, and other immunogens that either remove gp41 or mutate regions 

associated with polyreactive responses should be investigated. 

 

Trimeric gp120 immunogens via cyclic permutation 

 An alternative approach to generating trimeric HIV-1 Env immunogens without 

the incorporation of gp41 is via heterologous trimerization domains.  These domains can 
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be used to covalently link together three gp120 subunits into a trimeric configuration.  An 

initial study designed and characterized gp120s with two different trimerization domains, 

SUM02a, and human cartilage matrix protein (hCMP) (128).  The N- and C-termini of 

gp120 are positioned in such a way that allows for cyclic permutation in which the native 

N- and C-termini are joined by an amino acid linker chain, and a de novo N- and C-

termini is created at a different position on the protein.  The insertion of the hCMP trimer 

domain into the hypervariable V1 loop of a cyclically permutated gp120 resulted in a 

gp120 that exists primarily as a trimer, binds CD4, the CD4bs-directed bNAb b12, and 

V2-apex binding bNAbs PG9 and PG16 (128) (Fig 7).  An additional studied 

characterized an HIV-1 clade B strain JRFL gp120 cyclically permutated with the hCMP 

trimer domain inserted into the V1 loop (JRFL-hCMP-V1cyc) (Fig. 8).  This protein, 

here-after named cycP-gp120, exists primarily as a trimer, confirmed by both BN-PAGE 

western blotting and negative stain electron microscopy, and binds to CD4bs-directed 

(VRC01, VRC03) and V2-apex trimer specific bNAbs (PGT145, PGDM1400).  

Additionally, cycP-gp120 contains the E168K mutation to allow for binding by PG9 and 

PG16 (29).  Immunogenicity studies in guinea pigs demonstrated that cycP-gp120 

generates anti-gp120 antibodies, and tier-2 neutralizing antibodies against multiple 

isolates (129).  The characterization of cycP-gp120 in rabbits and rhesus macaques, as 

both a priming and boosting immunogen, is further investigated in this dissertation. 

 

Modified Vaccinia Ankara (MVA) as a priming and boosting vector 

 The modest protective efficacy of the RV144 trial and the failures of the VAX003 

and VAX004 trials suggest that the utilization of a poxvirus prime may be important for 
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generating protective immune responses.  One poxvirus vector, modified vaccinia Ankara 

(MVA) has been extensively studied as a potential HIV-1 vaccine vector, and is currently 

being tested in human clinical trials (68, 69, 98).  MVA62Bsm is an MVA vector which 

expresses HIV-1 gag (HIV-1HXB-2) pol (HIV-1BH10) and clade-B strain ADA gp150, a 

truncated cleaved gp160 lacking the gp41 cytoplasmic domain (130).  Upon 

immunization, MVA-62BSm (here after referred as MVA-HIV), like other MVA vectors, 

will infect dendritic cells, monocytes, and B-cells (131). Infected cells will then present 

HIV-1 on the cell surface, and as secreted virus like particles (VLP).  To characterize the 

ADA gp150 presented by MVA-HIV, we infected DF-1 cells with MVA-HIV and 

measured the binding of different Env-specific bNAbs and non-neutralizing antibodies by 

flow.  Cell-surface gp150 on infected cells bound preferentially to bNAbs over non-

neutralizing antibodies, including quaternary specific bNAbs such as PGT145 and 

PGT151, indicating that HIV-1 Env displayed by MVA-HIV is trimeric and properly 

folded (Fig. 9).  MVA62B is currently being tested in humans as a boosting vector after 

priming with a DNA vaccine (JS7) which expresses HIV-1 gag, pol, and strain ADA 

gp160.  MVA62B is a robust boosting vector, eliciting both durable T-cell and antibody 

responses, demonstrating it was a safe, effective vector in humans (132).  This 

dissertation will examine MVA-HIV as a priming immunization before boosting with a 

protein.  The use of MVA-HIV may promote beneficial antibody responses, as 

comparisons between the RV144 trial and the VAX003/VAX004 showed that the highest 

IgG3 (the subtype of antibody that correlated with decreased risk of infection) responses 

were directed toward the HIV-1 92TH023 strain Env, which is expressed by the ALVAC 
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poxvirus, but similar trends weren’t seen with the MN and A224 HIV-1 Env, which were 

derived from the protein boosts (101). 

 

Mucosal Vaccine Development for HIV-1 

  

HIV-1 is primarily transmitted across mucosal surfaces via the genital or 

gastrointestinal route.  Immediately post transmission, in the initial hours and days of 

infection, HIV-1 is considered to be in a vulnerable state as  it replicates within local 

target cells and establishes a viral reservoir (42).  Viral dissemination is marked by CD4+ 

T-cell depletion in the gastrointestinal tract resulting in loss of important IL-17 and IL-22 

producing CD4+ T-cells and a subsequent breakdown of the gut barrier (133).  The 

resulting immune activation leads to disease progression.  An effective vaccine capable 

of preventing the transmission and establishment of infection therefore would most likely 

require mucosal immunity (134).  However, most licensed vaccines are administered 

systemically by the intramuscular or subcutaneous route, which would result in primarily 

a systemic immune response.  Mucosal vaccination offers multiple advantages over 

systemic delivery, such as non-invasive administration, the generation of mucosal and 

systemic immune responses, and practicality for mass vaccination (135).  Disadvantages 

of mucosal vaccine development stem from the difficulty in effectively characterizing 

immune responses at mucosal sites as well as developing effective vaccine routes that 

will reliably generate the desired mucosal response.  Nevertheless, an effective mucosal 

vaccine for HIV-1 may provide an easy and practical method of generating protective 

immune responses at the site of transmission. 
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Mucosal immunity to HIV-1 infection 

 Both cellular and humoral immunity at mucosal sites are thought to be important 

for preventing and/or controlling HIV-1 infection.  Numerous studies have implicated 

mucosal antibodies in protection from SIV or SHIV infection in rhesus macaques (136-

139).  In addition to local mucosal antibody response, transudated IgG may also play a 

role in preventing infection.  Passive immunization with IgG1 subclass monoclonal 

bNAbs in rhesus macaques, delivered intravenously, protects from vaginal challenge with 

a pathogenic SHIV challenge (140).  The role of SIV-specific T-cell responses in the 

mucosal tissue has also been documented, as vaccine induced T-cell responses in 

colorectal and vaginal tissue have both mediated resistance to SIV infection and viral 

control (141-143).  Additionally, recent studies have emphasized the importance of the 

inflammatory state within the vaginal tissue in risk of HIV-1 infection.  One study 

monitoring HIV-1 acquisition in South African women found that women mono-

colonized with Lactobacillus crispatus were at a significantly decreased risk of HIV-1 

infection, while women with diverse vaginal microbiome populations were at increased 

risk (144).  This discrepancy was attributed to decreased numbers of HIV-1 target cells 

and pro-inflammatory cytokines in women mono-colonized with L. crispatus.  In another 

study examining the efficacy of Tenovir (an antiretroviral drug) gel microbicide as a pre-

exposure prophylactic agent in high-risk women found that Tenovir was significantly 

more efficacious in women with Lactobacillus-dominated vaginal microbiomes (145).  

The combination of mucosal vaccination and probiotic therapy may thus further enhance 

protection from infection. 
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Routes of Mucosal Vaccination for HIV-1 

 Several routes of mucosal vaccination have been tested in non-human primate 

models.  Most mucosal routes aim to deliver antigens to the mucosal-associated lymphoid 

tissue (MALT), which includes sites such as the nasal-associated lymphoid tissue 

(NALT) and the gut-associated lymphoid tissue (GALT).  While these sites are 

anatomically separated, the immune responses primed within them are functionally 

linked, with adaptive responses primed in the MALT often acquiring mucosal-homing 

features.  For example, vaccination targeting the NALT can result in effectors within the 

female reproductive tract. Systemic immunization, such as intramuscular and 

subcutaneous immunization, can result in mucosal immune responses, however the 

magnitude of the mucosal response is generally not as high as mucosal vaccination (146).  

Numerous routs of mucosal vaccination have been investigated for HIV-1 vaccines, such 

as intranasal, intratracheal, intrarectal, intravaginal, and oral. 

 The intranasal (IN) route is attractive due to the ease and practical administration 

of the immunization, the low dose of immunogen required to induce immune responses, 

and the ability to generate both systemic and mucosal responses via IN delivery (135).  In 

a study examining a combination of IN and intramuscular (IM) immunization, rhesus 

macaques immunized via IN and IM combined with gp41-subunit grafted virosomes 

were protected from intravaginal challenge with pathogenic SHIVSF162P3 (139).  Another 

study in which rhesus macaques were immunized IN with an Ad5 vector and boosted IM 

with envelope proteins resulted in significant protection from mucosal challenge with 

SIV or SHIV (147, 148).   
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DNA/MVA vaccine modalities have also been used in IN immunization studies.  

DNA encoding HIV/SIV genes along with DNA encoding IL-2, IL-12, or IL-15  

delivered nasally before boosting with MVA elicited both systemic and mucosal immune 

responses (149).  Upon intrarectal challenge with SHIV89.6 all animals were infected, but 

animals immunized with DNA + IL-12 were protected from CD4+ T-cell loss and AIDS 

progression.  A similar control of viremia was seen in female rhesus macaques 

immunized IN with DNA/MVA and challenged intra-vaginally with SIV (143).   While 

IN immunization is effective at generating mucosal responses, there are disadvantages of 

this route as high inflammatory responses in the nasal tissue can cause neurological side 

effects such as Bell’s palsy (150).  The potential for neurological side effects is a major 

hindrance for IN vaccination, and vaccine candidates must be extensively tested for 

safety for use in this route. 

Intratracheal (IT) immunization delivers vaccines directly to the trachea, which 

can then be taken up by the bronchoalveolar lymphoid tissue containing large B-cell 

follicles inducing IgA antibody responses (151).  This route has been investigated for 

HIV/SIV immunization, though not as heavily as the IN route.  In one study evaluating 

immunization with formalin-treated SIV in biodegradable microspheres found that 

priming intramuscularly and boosting IT induced SIV-specific vaginal IgA responses 

(152).   Another study found that priming rhesus macaques IN with an Ad5 vector 

expressing HIV-1 Env gp140 and subsequently boosting IT with the same vector 

resulting in protection of 3 out 4 animals from rectal SHIV challenge (148).  While IT 

immunization may be an effective route to generate mucosal responses, the 
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administration of immunizations IT is somewhat impractical, which limits its application 

for human use. 

 Intrarectal (IR) vaccination, while having practicality limitations, is an effective 

route for generating local antibody responses in the colorectal tissue (153).  Rectal 

immunization has some advantages over oral delivery as IR delivered vaccines avoid the 

harsh conditions of the stomach which can easily degrade immunogens not formulated to 

survive such conditions.  In one study rhesus macaques were immunized rectally with a 

synthetic-HIV/SIV-peptide vaccine along with the mucosal adjuvant LT (R192G), 

derived from the E. coli heat labile-enterotoxin.  Following intrarectal SHIV challenge 

animals immunized IR controlled viremia and protected animals from infection more 

than effectively than subcutaneously immunized or control animals (154).  

 Intravaginal (Ivag) vaccination has similar practical limits as IR inoculation, but 

this route has also been studied extensively for HIV-1 vaccine development.  The 

mucosal epithelium in the female reproductive tract (FRT) is more varied than in the 

rectum, ranging from stratified squamous epithelia in the ectocervix and vagina and 

simple columnar epithelium in the endocervix and upper reproductive tract.  Intravaginal 

immunization has some additional limitations over IR immunization.  The menstrual 

cycle induces changes to the epithelial layers of the FRT, which can cause 

immunogenicity of the vaccines to vary depending on when they are administered.  

Additionally, the menstrual cycle can have effects on viral challenges and infectivity.  

The lack of dedicated secondary lymphoid tissue in that takes up antigens in the FRT can 

also lead to Ivag delivered immunizations to be less immunogenic.  However, it is 

possible to achieve vaginal immune responses via this route.  In one study recombinant 
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trimeric HIV-1CN54 clade C gp140 was administered in Carbogel (an excipient licensed 

for vaginal use in women) vaginally and boosted IM the same gp140 resulted in both 

systemic and mucosal antibodies (155)  Priming IM and then boosting Ivag also 

promoted the same result.  In a study that compared Ivag, oral, and nasal administration 

of a DNA/MVA SIV vaccine, all routes generated mucosal T-cell and antibody responses 

in the vaginal secretions (141).  However, protective efficacy was better in the oral and 

nasally administered groups. 

 Oral vaccination primarily involves delivery of antigens orally through the 

stomach to reach the GALT (Intragastric, IG).  Oral vacation can generate high levels of 

mucosal homed antibodies, especially within the gastrointestinal tract.  However, 

antigens must be able to survive degradation by enzymes within the saliva and the 

stomach, as well as effects of dilution and inadequate uptake in the GALT.  Additionally, 

many antigens administered orally will induce immune tolerance in the GALT, which 

must be overcome if a strong immune response is desired (156).  One approach to 

overcome the harsh stomach conditions is the use of enteric-coated capsules, which will 

resist stomach acid and dissolve in the small intestine, allowing for uptake within the 

GALT.  Orally delivery of capsules containing an Ad5 vector expressing HIV-1 gag and 

HIV-1 env peptides was shown to prime cellular immune responses in the intestine upon 

boosting IN with the env peptides plus mutant cholera toxin adjuvant (157) 

 Another strategy to bypass the stomach is to deliver vaccinations directly to the 

oral tissues.  The oral tissue is composed of the sublingual tissue, located below the 

tongue, as well as the buccal tissue, which is the inner lining of the cheeks.  The mucosal 

epithelium of both the sublingual and buccal tissue consists of squamous epithelium, 
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thicker than the single columnar epithelium seen in the intestinal tract, but not keratinized 

like the dermis of the skin (158).  The sublingual and buccal tissues contain numerous 

dendritic cell subtypes, and delivery of ovalbumin along with the cholera toxin adjuvant 

to the sublingual tissue has shown to induce systemic and mucosal antibodies in mice 

(159).  A study in rhesus macaques comparing different mucosal routes of an Ad5-

HIVgag and gp120 protein boost found that sublingual immunization was as effective at 

generating antibody responses as IN, IR, and IVag immunization, though protective 

efficacy from rectal SIV challenge was similar between groups (137).  This dissertation 

will further investigate the sublingual and buccal tissue was a route of mucosal HIV-1 

vaccination in rhesus macaques. 

 

Double-mutant heat-labile toxin as a mucosal adjuvant 

The double-mutant heat-labile enterotoxin (dmLT) is a mutated form of the heat-

labile enterotoxin (LT) produced by enterotoxigenic Escherica coli (ETEC), and is an 

experimental mucosal adjuvant and potential vaccine candidate for ETEC (160).  This 

enterotoxin, along with the related cholera toxin, are composed of an enzymatically 

active A-subunit which is in close association with a pentameric B-subunit (161).  Wild-

type LT induces diarrhea through the ADP-ribosylation activity of the A-subunit, 

however two mutations to LT (R192G/L211A) (dmLT) removes enterotoxicity while 

retaining adjuvant activity (162).  While the exact mechanism of adjuvant activity is not 

completely understood, numerous studies show that dmLT is a potent mucosal adjuvant 

and promotes both the generation of intestinal antigen-specific IgA responses and TH17-

responses (163).  Additionally, when compared to other adjuvants, such as the TLR-9 
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agonist CpG, dmLT has been shown to induce α4β7 on antigen-specific CD4+ cells, and 

promotes a balance of TH1 and TH17 responses in contrast to CpG inducing primarily a 

TH1 responses (164).  Clinical trials in humans characterizing dmLT as both a mucosal 

adjuvant and a vaccine antigen are currently underway, and initial results from one study 

indicate that oral administration of dmLT is safe and immunogenic in humans, with doses 

up to 100 ug being well tolerated (165). 

 

Summary 

  

 The past ten years of HIV-1 vaccine development has seen major advancements 

in our understanding of the structure and pathogenicity of HIV-1.  The modest success of 

the RV144 trial and the associated correlates of V1V2-directed antibodies in decreasing 

risk of infection, as well as the crystal structures of the native HIV-1 Env spike informing 

the design of novel immunogens to aid in developing broadly neutralizing antibodies 

have brought about new efforts for a protective HIV-1 vaccine.  Additionally, increased 

knowledge about the needs for mucosal immunity to block HIV-1 from establishing 

infection has brought about the need for novel approaches of generating mucosal immune 

responses.  This dissertation will investigate two aspects of active HIV-1 research, the 

characterization of a novel HIV-1 Env immunogen in rhesus macaques, and method of 

sublingual and buccal vaccination to induce strong mucosal responses. 
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Figure 1:  Structure of HIV-1.  (A). HIV-1 viral particle, composed of trimeric HIV-1 

Env (gp160) linked to the viral plasma membrane.  The viral capsid encloses the viral 

RNA, which is covered with a nucleoprotein and is packaged with reverse transcriptase 

(yellow).  (B). Schematic of HIV-1 Env, consisting of a heterotrimer of gp41 and gp120.  

The CD4-binding site is located on gp120. In green, the position of the variable loops 1 

and 2 (V1V2). 
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Figure 2:  Structure of HIV-1 Envelope, BG505 SOSIP.664 gp140.  (A)  gp120 

subunit and associated gp41 subunit (red).  The conformational CD4 binding site in 

orange.  The V1V2 locus in purple.  (B)  Glycans on gp120:gp41 subunit in green.  Side 

views and top view of gp120:gp41 showing positioning of glycans. (C)  Trimeric gp140 

from side and top.  Gp120 subunits in blue, cyan, and orange.  Gp41 subunits in 

red.  (D)  Same structure in (C) with glycans shown in green.  Structures derived from 

PDB 5T3Z. 
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Figure 3:  Neutralizing and non-neutralizing antibody effector functions.  (A).  

Schematic of HIV-1 viral particle and a CD4+ T-cell expressing CD4 and CCR5.  

Binding to CD4 via the CD4bs on gp120 mediates viral entry and infection.  (B). 

Neutralizing antibodies which target the CD4bs block binding of gp120 to host CD4, 

inhibiting infection.  (C). Non-neutralizing antibody effector functions include viral 

capture by antibodies, antibody dependent cellular phagocytosis (ADCP) by phagocytic 

cells, complement activation, and antibody dependent cellular cytotoxicity (ADCC) by 

natural killer (NK) cells.  (D). Non-neutralizing antibodies binding to gp120 and blocking 

a4b7 binding by gp120 inhibits the formation of a viral synapse and cell-to-cell infection.  
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Figure 4:  Timeline of HIV-1 Vaccine efficacy trials (43). 
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Figure 5:  The V1V2 region of HIV-1 gp120.  (A) V1V2 region of BG505 SOSIP.664 

gp140.  Disulfide bond forming residues in yellow.  The hypervariable V1 and V2 loop 

are unresolved.  (B) Glycan shield in the V1V2 region.  Glycans as N156, and N160, 

important for binding by multiple V2-directed bNAbs (166).  (C) Cartoon showing the 

structure of the V1V2 loop including the A, B, C, D sheets and the V1 and V2 

hypervariable loops. (D).  Protein sequence logo of the V1V2 loop derived from a panel 

of 15 gp70-V1V2 scaffold proteins, showing conservation and variability of specific 

residues at different position (167).   V2 hotspot and putative α4β7 binding site indicated.  

HXB2, HIV-1 reference strain.  
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Figure 6:  The V2-hotspot region of gp120.  (A). The V2 hotspot, composed mainly of 

the C-strand within the V1V2 locus, depicted in red within each gp120 subunit of the 

BG505 SOSIP.664 gp140 trimer without glycans (left) or with the glycans (right) in 

green.  (B). V2-hotspoted visualized from an angle to show accessibility by antibody 

recognition without (left) and with (right) glycans.  (C). BG505 V2-hotspot sequence 

isolated from gp120 subunit, showing orientation of specific amino acid residues.  (D). 

Alignment of consensus sequences from major clades of HIV-1, with relevant sites of 

glycosylation (N156, N160), and the V2-hotspot (position 166-178) indicated.  HxB2:  

HIV-1 reference sequence.  Sequences derived from the Los Alamos National Laboratory 

(Consensus and Ancestral Sequence Alignments, 2004).  
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Figure 7:  Generation of trimeric gp120 (cycP-gp120).  (A) To generate a trimeric 

gp120 immunogen, the trimerization domain of human matrix cartilage protein (hCMP) 

was fused to the de novo N-terminus proximal to the V1 loop of a cyclic permutated 

gp120. (B). Native PAGE gel electrophoresis of monomeric gp120 and cycP-gp120, 

detected via coomassie staining.  cycP-gp120 exists primarily as a trimer.  (C). Binding 

affinity for neutralizing (VRC01, VRC03, VRC-PG04, PGT128, PGT145, PGDM1400) 

and non-neutralizing antibodies (F105, B6) to monomeric gp120 or cycP-gp120, 

measured by surface plasmon resonance ND (No-Dissociation), NB (No Binding).  

Adapted from previous studies (129). 
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Figure 8:  V1V2 loops in cycP-gp120.  (A) Schematic of gp120 (left) and cycP-gp120 

(right) depicting the amino acid linker to the native N- and C- termini.  The trimerization 

domain is then inserted in the de novo N-terminus proximal to the V1-hypervariable loop.  

(B) Sequences of the V1V2 region of cycP-gp120 (top) overlaid on monomeric gp120 

(bottom, red). 
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Figure 9:  MVA-HIV expresses trimeric HIV-1 Env.  DF-1 cells were infected with 

MVA-HIV (MVA-62BSm) expressing HIV-1 gag, pol, and env (strain ADA, cell-surface 

trimeric gp150).  The broadly neutralizing antibodies PGT121, and trimer specific 

PGT145 and PGT151 were incubated with infected cells.  Antibody binding dected by 

anti-human IgG-Biotin, PE-streptavidin, and analyzed by flow cytometry.  Mock, 

uninfected controls. 
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Abstract 

Trimeric HIV-1 envelope (Env) immunogens are attractive due to their ability to 

display quaternary epitopes targeted by broadly neutralizing antibodies while obscuring 

unfavorable epitopes.  Results from the RV144 trial highlighted the importance of 

vaccine induced HIV-1 Env V1V2 directed antibodies, with key regions of the V2 loop 

as targets for vaccine-mediated protection.  We recently reported that a trimeric JRFL-

gp120 immunogen, generated by inserting a N-terminal trimerization domain in the V1 

loop region of a cyclically permuted gp120 (cycP-gp120), induces neutralizing activity 

against multiple tier-2 HIV-1 isolates in guinea pigs in a DNA prime/protein boost 

approach.  Here, we tested the immunogenicity of cycP-gp120 in a protein prime/boost 

approach in rabbits and as a booster immunization to DNA/MVA vaccinated rabbits and 

rhesus macaques.  In rabbits, two cycP-gp120 protein immunizations induced 100-fold 

higher titers of high avidity gp120-specific IgG compared to two gp120 immunizations, 

with four total gp120 immunizations being required to induce comparable titers.  CycP-

gp120 also induced markedly enhanced neutralizing activity against tier-1A and -1B 

HIV-1 isolates, substantially higher binding and breadth to gp70-V1V2 scaffolds derived 

from a multi-clade panel of global HIV-1 isolates, and antibodies targeting key regions of 

the V2-loop region associated with reduced risk of infection in RV144.  Similarly, 

boosting MVA or DNA/MVA primed rabbits or rhesus macaques with cycP-gp120 

showed a robust expansion of gp70-V1V2-specific IgG, neutralization breadth to tier-1B 

HIV-1 isolates and ADCC activity. These results demonstrate that cycP-gp120 serves as 

a robust HIV Env immunogen that induces broad anti-V1V2 antibodies and promotes 

neutralization breadth against HIV-1.  
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Importance 

 Recent focus in HIV-1 vaccine development has been the design of trimeric HIV-

1 envelope (Env) immunogens that closely resemble native HIV-1 Env, with a major goal 

being the induction of broadly cross-reactive neutralizing antibodies (bNAbs).  While the 

generation of bNAbs are considered a gold-standard in vaccine-induced antibody 

responses, results from the RV144 trial showed that non-neutralizing antibodies directed 

towards the V1V2-loop of HIV-1 gp120, specifically the V2 loop region, were associated 

with decreased risk of infection demonstrating the need for the development of Env 

immunogens that induce a broad anti-V1V2 antibody response.  In this study, we show 

that a novel trimeric gp120 protein, cycP-gp120, generates high titers of high avidity and 

broadly cross-reactive anti-V1V2 antibodies, a result not found in animals immunized 

with monomeric gp120. These results reveal the potential of cycP-gp120 as a vaccine 

candidate to induce antibodies associated with reduced risk of HIV-1 infection in 

humans. 
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Introduction 

While great progress has been made in developing anti-retroviral therapies, and 

preventative measures such as pre-exposure prophylaxis have aided in reducing new 

infections, an effective vaccine remains crucial to the eradication of Human 

Immunodeficiency Virus -1 (HIV-1) (168).  Continuous efforts to understand HIV-1 

pathogenesis and acquisition have aided in combating the HIV/AIDS pandemic, however 

an effective prophylactic vaccine has yet to be developed. As with most conventional 

vaccines, a strong humoral response is critical for providing protection from infection.  

Many successful vaccines provide protection by inducing neutralizing antibodies, which 

act by binding to and inhibiting infectious virions from entering their target cell.  

However, the generation of broadly neutralizing antibodies (bNAbs) that recognize 

diverse HIV-1 isolates has been difficult, with non-neutralizing antibodies being the 

predominant response in both vaccinations and natural infection (169).  While 

uncommon, the spontaneous generation of bNAbs in naturally infected people has been 

well documented (17, 170), and passive transfer experiments with isolated bNAbs have 

provided protection in non-human primates from SIV/HIV (SHIV) chimeric infections 

(171, 172), demonstrating the importance of bNAbs in preventing HIV-1 infection. 

However, no current HIV-1 vaccine candidate has been able to induce bNAbs in humans. 

The main target of antibodies in an HIV-1 vaccine is the HIV-1 Envelope (Env) 

glycoprotein, which mediates the initial attachment and fusion to host target cells.  HIV-1 

Env is first expressed as a precursor peptide, gp160, which forms homotrimers before 

furin-mediated cleavage separates gp160 into its gp120 and gp41 subunits, resulting in a 

non-covalently linked heterotrimeric spike (8). Monomeric gp120 has been used in 
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multiple HIV-1 vaccine efficacy trials, with many failing to induce broadly cross-reactive 

neutralizing antibodies and confer protection from infection (173).  However, in the 

RV144 vaccine efficacy trial, consisting of an ALVAC-HIV virus vector prime followed 

by a monomeric gp120 protein boost resulted in a short-term vaccine efficacy of 60% and 

long-term efficacy of 30% (83).  This trial demonstrated for the first time the potential for 

vaccine-induced protection in humans at risk for HIV-1 infection.  Surprisingly, 

protection was not related to the presence or generation of bNAbs.  The major correlate 

of protection was instead found to be non-neutralizing antibodies specific for the 

scaffolded V1V2 region of gp120 (85, 174), a finding supported by recent non-human 

primate (NHP) trials in which protection from neutralization resistant simian 

immunodeficiency virus (SIV) infection also correlated with anti-V1V2 antibodies (97-

99, 101).  Further studies have revealed a key role of V2-targed antibodies in RV144 

vaccine-mediated protection (96), as vaccine efficacy was higher against viruses 

matching the vaccine V2 loop at key residues, and antibodies directed towards linear V2-

peptides correlated with lower risk of infection (93, 175). Collectively, these results 

highlight the need for the development of HIV Env immunogens that induce broadly 

cross-reactive anti-V1V2 antibodies. 

We recently described the design and immunogenicity of a novel trimeric gp120 

immunogen in guinea pigs (129).  This immunogen, hCMP-v1-cyc-gp120 (referred to as 

cycP-gp120 hereafter), is based on a cyclically permuted gp120 in which a de novo N-

terminus is generated within the V1 loop region with the native N- and C- termini joined 

via an amino acid linker chain (129).  To induce a trimeric complex, the human matrix 

cartilage protein (hCMP) coiled-coil trimerization domain was fused to the de novo N-
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termini, resulting in a stabilized, disulfide bond linked trimeric gp120 (128).  Binding 

studies with monoclonal antibodies showed that cycP-gp120 binds to bNAbs with a 

higher affinity than gp120, similar to gp140 based trimeric immunogens, including 

quaternary epitope specific bNAbs such as PG9, PG16, and PGT145, demonstrating the 

existence of well-folded trimers (129).  Immunization of guinea pigs with cycP-gp120 

using a DNA prime/protein boost modality showed induction of neutralizing antibodies 

against neutralization resistant (tier-2) HIV-1 isolates.  However, the ability of cycP-

gp120 immunogen to induce the potentially protective anti-gp70-V1V2 responses is not 

known. Thus, in this study we tested the immunogenicity of cycP-gp120 protein 

prime/boost immunizations in rabbits and characterized the neutralizing Ab responses 

and V1V2 loop-directed responses. In addition, we tested the ability of cycP-gp120 

protein to enhance the immunogenicity of our DNA/MVA vaccines in rabbits and rhesus 

macaques. Our results show that priming and/or boosting with cycP-gp120 induces high 

levels of high avidity HIV-1 Env specific antibodies, tier-1A and -1B neutralizing 

antibodies, and the induction of antibody dependent cellular cytotoxicity (ADCC) activity 

in MVA-primed rabbits.  In addition, we show that cycP-gp120 induces a remarkable 

anti-gp70-V1V2 antibody response, promoting antibodies recognizing V1V2 sequences 

from a diverse, multi-clade panel of global HIV-1 isolates, as well as antibodies directed 

towards a core V2-loop region.  
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Results 

Trimeric cyclically permuted gp120 induces high levels of high avidity anti-HIV 

binding and neutralizing antibodies in rabbits 

To characterize the immunogenicity of cycP-gp120 vs. monomeric gp120, we 

immunized rabbits intramuscularly with 20 ug of either HIV-1 clade B strain JRFL-

gp120 or JRFL-cycP-gp120 on weeks 0 and 8 (Fig. 1a).  The gp120 group received two 

additional immunizations at weeks 16 and 32.  Sera were collected for both groups at 

weeks 0, 2, 10, and 16.  Additional sera collections for gp120 immunized animals were 

taken at weeks 18, 24, 32, and 34.  Antibodies specific for JRFL-gp120 were determined 

using ELISA in sera taken two weeks post the specified immunization.  Rabbits receiving 

two cycP-gp120 immunizations generated a strong anti-JRFL gp120 serum IgG response 

(geomean titer, 6.1 log), two logs higher than rabbits receiving two monomeric gp120 

immunizations (geomean titer, 3.5 log) (Fig. 1b,c).  Impressively, two additional gp120 

immunizations were required (geomean titer, 5.6 log) to generate equivalent JRFL-gp120 

specific antibody responses elicited by the two cycP-gp120 immunizations. 

Neutralizing antibody responses (NAb) induced by either gp120 or cycP-gp120 

immunization was measured against a multi-clade panel of pseudoviruses that have high 

(SF162.LS, MW965.26), moderate (BaL.26), or low (ADA, JR-FL, TRO.11) 

neutralization sensitivity (tier-1A, -1B, -2, respectively). Two cycP-gp120 immunizations 

generated a strong cross-clade NAb response against tier-1A clade B (SF162.LS) and 

clade C (MW965.26) viruses (ID50 range, 1.8-3.2 log) (Fig. 1d).  In contrast, two gp120 

immunizations did not induce detectable NAbs against either tier-1A isolates.  The 

additional two gp120 boosts did generate NAbs against SF162.LS but only in two of the 
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four animals, and only one animal generated neutralizing activity against clade C 

MW965.26.  Immunization with cycP-gp120 also induced NAbs against the more 

resistant tier-1B clade B BaL.26 virus (ID50 range, 1.5-2.3 log; mean ID50, 1.6 log).  No 

neutralizing activity against BaL.26 was observed in gp120 immunized rabbits, and no 

neutralizing antibodies against tier 2 pseudoviruses, including JR-FL, were observed in 

any of the immunized animals (Table 1). However, it is possible that additional 

immunizations with cycP-gp120 may help to generate these responses as previous studies 

found that repeated germinal center reactions aid in the generation of autologous tier-2 

neutralization activity (122, 176, 177). 

Antibody avidity plays an important role in protection from HIV/SIV infection 

(178-182).  To measure antibody avidity against JRFL-gp120, we performed an ELISA in 

which rabbit sera bound to JRFL-gp120 was incubated with 1.5M sodium thiocyanate 

(NaSCN), which dissociates weakly bound antibodies, or PBS prior to detection. Rabbits 

immunized twice with gp120 had low avidity anti-JRFL gp120 antibodies (mean avidity 

index of 17.3), which modestly increased upon subsequent gp120 immunizations (mean 

avidity index of 33.4) (Fig. 1e).  However, immunization with cycP-gp120 resulted in 

very high avidity antibodies (mean avidity index of 78.2) that were markedly higher than 

animals immunized with monomeric gp120.  As cycP-gp120 is both antigenically distinct 

from monomeric gp120, as well as a trimeric protein, we also tested antibody avidity 

against cycP-gp120.  As with monomeric gp120, rabbits immunized with cycP-gp120 

generated very high avidity antibodies against cycP-gp120 (mean avidity index of 93), 

significantly higher than gp120 immunized rabbits (mean avidity index of 73) (Fig. 1f).  

Taken together, these data suggest that cycP-gp120 is a robust HIV-1 Env immunogen, 
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capable of generating very high titers of high avidity antibodies, as well as tier-1A and -

1B neutralizing antibodies after only two immunizations in rabbits. 

 

CycP-gp120 induces a robust antibody response against V1-V2 variable loops 

derived from global HIV-1 isolates 

Recent vaccine studies in both non-human primates and humans have emphasized 

the importance of antibodies targeting the V1V2 loop region of gp120 in protecting from 

HIV-1 infection (85, 97, 98, 101). To test for the presence of binding antibodies to 

diverse HIV-1 isolates we measured binding to gp120, gp140, and gp70-V1V2 scaffold 

proteins derived from a global panel of tier-2 HIV-1 isolates from acute/early infection 

representing multiple clades of HIV. The gp70-V1V2 scaffold proteins included case A2 

and C.1086 strains as the presence of binding Abs to these proteins was shown to be 

associated with reduced risk of infection in RV144 trial (174). 

Rabbits immunized twice with cycP-gp120 or four times with gp120 showed 

comparable binding to gp120/gp140 proteins from multiple isolates including cross-clade 

reactivity against non-clade B isolates (Fig. 2a). The cycP-gp120 immunized animals 

showed higher binding activity against some isolates and lower binding activity against 

others compared to animals immunized with four gp120 immunizations. These results 

demonstrate that both monomeric gp120 and trimeric cycP-gp120 induce comparable 

titers of binding antibody response against gp120/gp140 proteins from diverse panel of 

HIV-1 isolates. However, in sharp contrast to binding to gp120/gp140 proteins, rabbits 

immunized twice with gp120 showed no detectable responses against gp70-V1V2 
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scaffolds (data not shown), and further gp120 immunizations resulted in only a weak 

response with 9 out of 16 tested isolates being recognized by all vaccinated animals, 

suggesting that monomeric JRFL gp120 elicits poor V1V2 scaffold directed antibody 

responses even after multiple immunizations. Impressively, two cycP-gp120 

immunizations resulted in a robust induction of anti-V1V2 antibodies against 15 of the 16 

isolates tested (Fig. 2b), A strong trend was observed between the overall anti-gp120 

response and V1V2-directed antibodies in cycP-gp120 immunized rabbits, a correlation 

not found in gp120 immunized rabbits (Fig. 2c), indicating that cycP-gp120 can 

preferentially promote V1V2 antibodies as part of the overall antibody response against 

HIV-1 Env. These results demonstrate that cycP-gp120 serves as an excellent 

immunogen to induce broadly cross reactive antibody response against V1V2 scaffolds 

from diverse HIV-1 isolates from multiple clades. 

 

CycP-gp120 induced antibody response is targeted against the V2 hotspot peptide 

The generation of cross-clade binding antibodies to gp70-V1V2 scaffolds 

suggests that these antibodies are targeted against a conserved epitope in the V1V2 

region or against a specific conformation found on these scaffolds. Recent studies have 

identified V2-directed antibody responses as a correlate of protection in the RV144 trial, 

with antibodies targeting a core “hotspot” region within the V2 loop associating with a 

decreased risk of infection (93).  This region corresponds to residues 166-178 (strain 

HxB2) of gp120, a region proximal to the putative α4β7 binding site motif (90).  To test 

for the generation of cross-clade reactive V2-targeting antibodies, we measured binding 

of rabbit sera to five 15-mer peptides overlapping by 12 amino acids corresponding to the 
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V2 hotspot region of the clade C.1086 HIV-1 gp120 (Fig. 3a).  The hotspot region of 

C.1086 shares 61% identity to clade-B JRFL sequence. Surprisingly, despite incomplete 

homology, sera from rabbits immunized with cycP-gp120 showed strong binding to two 

of the five peptides tested, with three of the four animals binding to a core peptide 

encoding the entirety of the hotspot region, and one rabbit responding to the subsequent 

overlapping peptide (Fig. 3b).  In contrast, no measurable binding activity was detected 

in rabbits immunized with monomeric gp120 (Fig. 3c). Furthermore, we found a direct 

association (trend) between binding to V2 peptides (peptide #3 or #4) with the overall 

binding to C.1086 gp70-V1V2 scaffold (Fig. 3d). 

To further characterize the V2 hotspot-directed response, we synthesized V2 

hotspot peptides from multiple clade-B and clade-C viral strains that represent the 

immunogen strains (JR-FL, ADA) and potential SHIV strains (clade-B SF162P3, clade-C 

1157 and 1157-Y173H that are currently being used in non-human primate vaccine 

protection studies (183).  As with C.1086, cycP-gp120 immunized rabbits developed a 

broad anti-V2 hotspot antibody response to multiple V2 hotspot peptides (Fig. 3e).  Very 

low or no reactivity was found in gp120-immunized rabbits against any of the peptides.  

The V2 peptide sequences show great diversity and differ from the JR-FL vaccine strain 

at several residues (Fig. 3f), suggesting that V2-hotspot directed antibodies induced by 

cycP-gp120 are flexible and capable of binding to multiple diverse HIV-1 isolates.  As 

V2 directed antibody responses have been shown to correlate with protection in both 

human and non-human primate vaccine studies, the ability of cycP-gp120 to induce a 

strong cross-reactive V2-hotspot response greatly adds to its potential as a vaccine 

candidate. 
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CycP-gp120 serves as a strong booster immunization in rabbits primed with MVA-

HIV 

The results from the VAX003 and RV144 trials suggest that the implementation 

of a poxvirus vector prime in the RV144 trial may be important for promoting protective 

immune responses, and recent studies suggest these responses can be attributed to the 

promotion of distinct IgG subclasses between the two trials (101, 184).  There is now a 

concerted effort in the HIV-1 vaccine field to evaluate the use of protein booster 

immunizations in viral vector priming immunizations, in particular for protein 

immunogens that strongly induce gp70-V1V2 responses.  In light of this, we evaluated 

the ability of cycP-gp120 to boost humoral immune responses primed by another 

recombinant poxvirus, Modified Vaccinia Ankara (MVA), engineered to express trimeric 

membrane bound gp150 derived from HIV-1 clade B strain ADA (MVA-HIV) (130) on 

infected cells and virus like particles, a vector currently being evaluated in human trials 

(69). 

To test the use of MVA-HIV and cycP-gp120 in a poxvirus prime – protein boost 

scheme, we immunized rabbits intramuscularly with MVA-HIV on weeks 0 and 8 (130) 

followed by cycP-gp120 immunizations on weeks 16 and 32.  Two MVA-HIV 

immunizations induced strong binding antibodies against JRFL-gp120 (mean titer, 5.1 

log), and these responses were boosted by approximately one log upon subsequent 

immunization with cycP-gp120 before contracting over the next 14 weeks before a final 

cycP-gp120 boost (mean titer, 5.7 log) (Fig. 4a).  Neutralizing antibody responses were 

measured at week 10, post the second MVA-HIV immunization, week 18, post the first 

cycP-gp120 boost, and week 34, post the final cycP-gp120 boost.  Encouragingly, 
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boosting once with cycP-gp120 expanded both tier-1A and -1B neutralizing antibodies 

(Fig. 4b). However, the second protein boost did not efficiently recall the antibody 

response and thus the neutralizing antibody titers were also not boosted following the 2nd 

protein boost (Fig. 4b). Analysis at week 34, two weeks post the second cycP-gp120 

immunization, showed an expansion of binding to the global panel of HIV-1 

gp120/gp140 proteins, highlighting the ability of cycP-gp120 to promote and expand 

antibodies with multi-clade breath (Fig. 4c).  While MVA-HIV immunization induced 

strong gp120 binding antibodies, responses against gp70-V1V2 scaffolds were much 

weaker with only 1 out 16 isolates tested, Case.A2, showing 100% positive binding in 

MVA-HIV immunized animals.  However, boosting with two cycP-gp120’s greatly 

expanded in both magnitude and breath of gp70-V1V2 directed response, with 15 out of 

16 isolates showing positive binding by all animals (Fig. 4d), demonstrating cycP-

gp120’s propensity for inducing V1V2-directed antibody responses.   As with rabbits 

immunized only with cycP-gp120, boosting MVA-primed rabbits with cycP-gp120 also 

promoted the generation of V2-hotspot binding antibodies, responses not observed after 

the initial MVA-HIV immunizations (Fig. 4e).  These data show that cycP-gp120 acts as 

a strong boosting immunogen in MVA-HIV primed animals, promoting both V1V2-

scaffold and V2-hotspot directed responses. 

A major effector function of non-neutralizing antibody responses is antibody 

dependent cellular cytotoxicity (ADCC), and recent studies examining antibody 

responses from the RV144 trial suggest that ADCC may be involved with vaccine 

efficacy (101). To measure ADCC activity in rabbits, we co-cultured HIV-1 JRFL-

infected target cells with effector NK cells and serial dilutions of rabbit sera, taken at 
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different time points.  While MVA-HIV immunization lead to a low level of ADCC 

activity, this activity was boosted after the two cycP-gp120 boosts (Fig. 5a), with all four 

rabbits developing ADCC activity against HIV-1 infected cells.  In contrast, 

immunization with cycP-gp120 alone resulted in only one animal out of four developing 

ADCC activity (Fig. 5b), despite having similar if not greater levels of anti-JRFL gp120 

serum IgG titers compared to MVA-HIV primed, cycP-gp120 boosted rabbits (Fig. 

5c,d).  Additionally both groups have strong V1V2-directed breadth and JRFL-gp120 V2 

hotspot directed antibodies.  While the difference in ADCC titers in animals immunized 

with cycP-gp120 or MVA-HIV prime cycP-gp120 boost does not reach statistical 

significance, this data suggests that the development of ADCC activity is not based solely 

on the magnitude or specificity of the antibody response.  Additionally, this data suggests 

that the utilization of a poxvirus vector prime prior to a protein boost could aid in the 

development in ADCC functionality. 

 

CycP-gp120 serves as a strong booster immunization to MVA primed antibody 

responses in rhesus macaques 

 Our clade B DNA/MVA vaccine has completed phase 2a immunogenicity 

studies in humans and plans are underway for phase 2b efficacy studies (132). To test the 

immunogenicity of cycP-gp120 in the non-human primate model, we vaccinated four 

rhesus macaques intramuscularly with our clade B DNA/MVA HIV vaccine, followed by 

two subcutaneous boosts with HIV-1 JRCSF cycP-gp120 (Fig. 6a).  Similar to our results 

in rabbits, cycP-gp120 served as a potent immunogen in rhesus macaques, boosting both 

gp140-specific serum IgG as well as neutralizing antibodies against tier-1A and -1B HIV-
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1 isolates, with neutralizing antibodies against the moderately resistant HIV-1 BaL.26 

being detected only after boosting with cycP-gp120 (Fig. 6b, c).  Boosting with cycP-

gp120 enhanced the magnitude of cross-reactive antibodies specific for gp120 and gp140 

antigens, and greatly expanded the global gp70-V1V2 response, with all animals reacting 

against all scaffolds tested after the second protein boost (Fig. 5d,e).  Taken together, 

these data show that cycP-gp120 can serve as a potent vaccine immunogen in rhesus 

macaques, warranting future studies to further examine its efficacy in HIV/SHIV 

challenge studies. 
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Discussion 

 

Recent efforts in HIV-1 vaccine design have focused on the design and 

implementation of novel trimeric HIV-1 Env immunogens with the goal of generating 

protective antibody responses, such as bNAbs (185) and V1V2-directed antibodies (186).  

In this study, we characterized the immunogenicity of a trimeric cycP-gp120 protein in 

rabbits and rhesus macaques and demonstrate that cycP-gp120 is a robust HIV-1 Env 

immunogen, capable of generating high titers of high avidity HIV-1 Env specific 

antibodies, tier-1A and -1B neutralizing antibodies, broadly cross-reactive V1V2 and V2 

hotspot directed antibodies, and induces ADCC activity in MVA primed rabbits. These 

results highlight the potential of cycP-gp120 protein to serve as an optimal protein 

immunogen for homologous and heterologous prime/boost HIV-1 vaccines. 

A striking feature of cycp-gp120 is the ability to induce broadly cross-reactive 

V1V2-directed antibody responses, a major correlate of decreased HIV-1 risk in the 

RV144 trial (85, 174, 184), measured against a global panel of multi-clade HIV-1 gp70-

V1V2 scaffolds.  Furthermore, we show that cycP-gp120 induces heterologous, cross-

clade reactive antibodies targeting specific regions of the V2 loop that are associated with 

decreased risk of infection (96).  The mechanisms by which anti-V1V2 antibodies 

mediate protection from HIV-1 infection are not completely understood, however it was 

hypothesized that non-neutralizing effector functions such as antibody dependent cellular 

cytotoxicity (ADCC) or Fc-mediated phagocytosis may be important.  The lack of ADCC 

activity in the cycP-gp120 immunized rabbits despite high V1V2 suggests that V1V2-

directed antibody responses alone may not be an indicator of ADCC potential.  Both 
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cycP-gp120 alone immunized and MVA-HIV primed cycP-gp120 boosted rabbits have 

similar levels of V1V2-directed breath and JRFL-V2 hotspot directed antibody responses, 

yet MVA-HIV primed cycP-gp120 boosted rabbits generated enhanced ADCC activity 

against HIV-1 JRFL infected target cells, suggesting some other parameters are necessary 

for ADCC activity.   

While ADCC is thought to be a potential function in which non-neutralizing 

antibodies aid in protection from infection, there have been other proposed mechanisms 

by which these antibodies act.  It has been reported that the V2 loop of HIV-1 gp120 

binds to the integrin α4β7 expressed on activated CD4+ T-cells, mediating viral uptake 

and infection (9, 90), which could potentially be abrogated by anti-V1V2 antibodies, 

although this may not be applicable for all HIV-1 strains (187).  As discussed above, 

multiple studies have demonstrated the importance of the V2-region for generating 

protective antibody responses. Alignment analysis of the gp70-V1V2 scaffolds tested in 

this study show that the V2 region proximal to the beta-strand C of the V1V2 region is 

generally more conserved than the hypervariable V1 loop, suggesting that the cross-

reactive gp70-V1V2 binding antibodies induced by cycP-gp120 may be focused to this 

more conserved region in V2 (data not shown).  Furthermore, the design of cycP-gp120 

involves the introduction of hCMP trimerization domain within the V1 loop, which may 

result in focusing the antibody response away from the V1 loop to the V2 region (129). 

One of the potential issues with gp41 containing HIV-1 Env immunogens in 

humans is the induction of gp41-biased antibody responses. Thus, a major limitation of 

gp140-based immunogens, including the SOSIP versions, could be the strong induction 

of gp41 specific binding antibody response as they may promote cross-reactive 
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antibodies specific for host proteins as well as microbiota derived antigens (127).  A key 

feature of cycP-gp120 is the lack of the gp41 domain, and we predict that immunization 

with cycP-gp120 in humans would not induce and potentially diverge the antibody 

response towards these non-protective epitopes, and instead promote antibody responses 

to relevant epitopes found on the outer domain of gp120.  Additionally, antibody 

responses primed by viral vectors presenting full-length gp160 would preferentially be 

boosted towards gp120 localized epitopes rather than gp41 epitopes in a prime/boost 

vaccination model, which could result in an overall more protective antibody response. 

Currently, most soluble trimeric HIV-1 Env protein immunogens are based on 

HIV-1 Env gp140, a modified version of gp160 lacking the trans-membrane domain of 

gp41.  Most notably, the SOSIP.664 gp140 trimer has been well characterized as a 

properly formed trimeric gp140 immunogen that displays epitopes for bNAbs, and recent 

work has shown induction of autologous tier-2 neutralizing antibodies in non-human 

primates (121, 122, 188).  While immunization with cycP-gp120 trimer induced tier-1B 

neutralizing antibodies, we did not see generation of tier-2 neutralizing antibodies. 

However, our previous studies with cycP-gp120 in guinea pigs did show induction of 

tier-2 neutralizing antibodies (129). This discrepancy could be due to differences in 

immunization regimen, lack of adequate number of immunizations or the species used. In 

the guinea pig study, we used two DNA primes and two protein boosts with cycP-gp120 

whereas in the current study we used only two cycP-gp120 protein boosts. Indeed, recent 

evidence indicates that repeated germinal center reactions during multiple immunizations 

help with the generation of neutralizing antibodies (176). In our study neutralizing 

activity was often developed in conjunction with a strong boost in the overall anti-gp120 
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binding antibody response, suggesting that the generation of tier-1A and -1B neutralizing 

antibodies could be a consequence of the overall increase in the magnitude of the 

response.  However, rabbits immunized with monomeric gp120 did not develop tier-1B 

neutralizing antibody responses, even after repeated immunizations and titers similar to 

cycP-gp120 immunized rabbits, indicating that the anti-Env titers alone do not predict 

neutralizing activity. 

It is important to note that cycP-gp120 based trimeric immunogens provide 

multiple advantages compared to SOSIP or NFL gp140 trimeric immunogens.  First, 

since nearly 100% of the expressed protein exists in the trimeric form, purification can be 

done in a single step using lectin affinity compared to multiple laborious steps required to 

purify gp140 trimers. As a result, the protein yields will be significantly greater with 

cycP-gp120 immunogens, which is a critical factor for clinical translation. Second, as 

described above, cycP-gp120 immunogens lack gp41 region and thus can avoid gp41 

dominant antibody response in humans. Third, we do not yet know if gp140 trimeric 

immunogens can induce a broadly cross-reactive anti-V1V2 antibody response, antibody 

response against the V2 hotspot region or generate ADCC activity against HIV-infected 

cells.  

The vaccine-mediated protection seen in RV144 trial demonstrated the 

effectiveness of poxvirus prime/protein boost vaccine strategy over a protein alone 

vaccine used in Vaxgen trial (101).  In this study we show that cycP-gp120 is an effective 

boosting immunogen in animals rabbits with poxvirus (MVA-HIV) vectors, promoting 

neutralizing antibodies, broad V1V2 breath, V2-hotspot directed antibodies, and ADCC 

activity.  Similarly, in rhesus macaques cycP-gp120 acts as a potent boosting 
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immunogen, inducing neutralizing antibodies and desirable V1V2-directed antibody 

responses.  Going forward, it would be important to compare cycP-gp120 to other 

promising trimeric protein immunogens such as SOSIP and NFL versions that can induce 

autologous tier 2 neutralizing antibody response. In addition, it would also be important 

to test the effects of other recently described Env trimer stabilizing mutations in cycP-

gp120 background on its immunogenicity. Nevertheless, given our highly encouraging 

immunogenicity results combined with its relative ease of purification, we believe cycP-

gp120 has great potential as a vaccine candidate. Thus, we believe these results warrant 

further studies to characterize cycP-gp120 in non-human primate challenge models. 
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Methods: 

Ethics Statement 

All housing and experiments involving rhesus macaques were conducted at the Yerkes 

National Primate Research Center, and protocols were approved by the Emory University 

Institutional Animal Care and Use Committee (IACUC) protocol YER-2002080.  

Experiments were carried out in accordance to USDA regulations and recommendations 

derived from the Guide for the Care and Use of Laboratory Animals.  Rhesus macaques 

were housed in pairs in standard non-human primate cages and provided with both 

standard primate feed (Purina monkey chow) fresh fruit, and enrichment daily, as well as 

free access to water.  Immunizations, blood draws, and other sample collections were 

performed under anesthesia with ketamine (5-10 mg/kg) or telazol (3-5 mg/kg) 

performed by trained research staff.  Rabbits were housed and immunized by Bioqual 

Inc. (Rockville, MD) in accordance with IACUC protocol 14-R133. 

Animals and Immunizations 

Rabbits - Twelve female (4 animals/group) New Zealand White rabbits (age 10-12 

weeks) were immunized intramuscularly with 20 ug of recombinant JRFL-gp120 (weeks 

0, 8, 16, 32) or JRFL-hCMP-V1cyc-gp120 (cycP-gp120) (weeks 0, 8).  Both JRFL-gp120 

and cycP-gp120 contain the E168K mutation.  An additional group was immunized 

intramuscularly with 1x108 pfu MVA-62BSm (weeks 0, 8) followed by boosting with 

cycP-gp120 (weeks 16, 32).  JRFL-gp120 and cycP-gp120 immunizations were given 

with the adjuvant Adjuplex (Sigma).  The production of cycP-gp120 was as described 
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previously (129).  JRFL-gp120 was a kind gift from Dr. Richard Wyatt at the Scripps 

Research Institute. 

Rhesus macaques - Four Indian rhesus macaques were immunized intramuscularly with 

two DNA primes (weeks 0, 12) followed by two MVA-62Bsm boosts (weeks 16, 24), 

both vaccines encoding HIV-1 clade B HxB2 gag/pol and ADA env. In addition, animals 

were boosted subcutaneously with 100 ug of JRCSF-cycP-gp120 with Adjuplex at weeks 

56, 58.   

ELISA and Avidity Assays 

Rabbit sera IgG binding to recombinant JRFL-gp120 was measured using JRFL-gp120 

(immune-tech) coated ELISA plates and reacted against serial dilutions of sera before 

detection with anti-rabbit IgG HRP (Southern Biotech).  Endpoint titers were measured 

by calculating the serum dilution required to reach an optical density (O.D) of 0.16, four 

times the background level of detection. Antibody avidity was calculated by incubating 

JRFL-gp120 or cycP-gp120 coated ELISA plates with serial dilutions of rabbit sera 

before incubation for 10 minutes with PBS or 1.5M sodium thiocyanate (NaSCN).  Plates 

were then washed and bound antibodies detected using anti-rabbit IgG HRP.  The avidity 

index was determined by measuring the ratio of the area under curve (AUC) values for 

PBS or NaSCN treated sera.  For rabbit sera binding to V2 peptides, 15-mer peptides 

corresponding to the HIV-1 C.1086 V2 region were synthesized (Genemed Synthesis 

Inc.) and diluted in PBS before coating onto ELISA plates (1 ug/ml).  Serial dilutions of 

rabbit sera were reacted against V2 peptides and area under curve analysis (AUC) was 

used to measure binding.  Additional peptides corresponding to the V2-hotspot region of 

HIV-1 strains JR-FL-E168K (N-RDKVQKEYALFYKLD-C), ADA (N-
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RDKVKKDYALFYRLD-C), SF162P3 (N-GNKMQKEYALFYRLD-C), 1157 (N-

RDKKQKVYALFYRLD-C), and 1157-Y173H (N-RDKKQKVHALFYRLD-C) (183) 

were synthesized (Genemed Synthesis Inc.), and binding by rabbit sera diluted 1:100 was 

measured by OD450 reading.  Rhesus macaque serum IgG binding to recombinant HIV-1 

SF162 (clade-B) gp140 (immune-tech) was measured by ELISA against serial dilutions 

of sera and detected with anti-rhesus IgG HRP (Southern Biotech), before quantification 

against a standard curve against rhesus IgG. 

 

Neutralization Assays 

Neutralizing antibody activity was measured in 96-well culture plates by using Tat-

regulated luciferase (Luc) reporter gene expression to quantify reductions in virus 

infection in TZM-bl cells.  TZM-bl cells were obtained from the NIH AIDS Research and 

Reference Reagent Program, as contributed by John Kappes and Xiaoyun Wu.  Assays 

were performed with HIV-1 Env-pseudotyped viruses as described previously (189). Test 

samples were diluted over a range of 1:20 to 1:43740 in cell culture medium and pre-

incubated with virus (~150,000 relative light unit equivalents) for 1 hr at 37 oC before 

addition of cells. Following 48 hr incubation, cells were lysed and Luc activity 

determined using a microtiter plate luminometer and BriteLite Plus Reagent (Perkin 

Elmer).  Neutralization titers are the sample dilution at which relative luminescence units 

(RLU) were reduced by 50% compared to RLU in virus control wells after subtraction of 

background RLU in cell control wells. Serum samples were heat-inactivated at 56oC for 1 

hr prior to assay. Positive values were reported as being at least 3x baseline values 

standardized against the negative control virus, SVA-MLV. 
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Binding Antibody Multiplex Assay (BAMA) measuring gp120, gp140, gp70-V1V2 

scaffold binding 

BAMA assays were performed as described previously (85, 125).  Briefly, serial dilutions 

(starting at 1:80, six five-fold dilutions) of rabbit or rhesus macaque sera were reacted 

against beads conjugated to a panel of gp120 (strains 51802, BORI, BJOX002, 254008, 

CNE20, TT31P.2792, B.6240, A244), uncleaved trimeric gp140 (strains RHPA4259, 

AE.01.con_env03, 1086.C, C.CH505TF, WITO4160, BF1266, 9004S, SC42261), and 

gp70-V1V2 scaffold proteins (strains B.CaseA, 7060101641, CM244.ec1, TV1.21, 

001428.2.42, CAP210.2.00.E8, C2101.c01, BJOX002000.03.2, BF1266_431a, 

96ZM651.02, RHPA4259.7, Ce1086_B2, 62357.14, 700010058, 191084_B7, 

TT31P.2F10.2792) representing the global panel of HIV-1 Envs.  Binding of sera to 

beads was detected using a secondary biotin-conjugated anti-rabbit IgG and measured via 

Bio-Plex.  Binding is reported as Area Under Curve (AUC) analysis generated from 

measured MFI’s at different serial dilutions.  Criteria for positive reactivity was as 

follows:  MFI at 1:80 > 100, MFI at 1:80 > Ag-specific cutoff (95th percentile of all pre-

bleed for study for each antigen), MFI > 3-fold that of matched pre-bleed before and after 

blank bead subtraction. 

 

Antibody Dependent Cellular Cytotoxicity (ADCC) assays 

ADCC activity was measured using a luciferase (Luc) based assay against HIV-1 subtype 

B JR-FL IMC-infected target cells performed as previously described (190).  Target and 

effector cells were co-cultured with serial dilutions of rabbit sera taken from week 0, 10, 
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18, and 34.  Killing activity was detected by reduction in Luciferase activity in each well. 

Results were considered positive if the % specific killing was >15% after subtraction of 

activity observed at baseline. ADCC Ab titers were defined as the reciprocal of the 

highest dilution indicating a positive response.   

 

Statistical analysis.  

Statistical analysis was performed using Graphpad Prism v7.0.  A two-tailed non-

parametric t-test (Mann-Whitney Test) was used for all comparisons unless otherwise 

noted (*p < 0.05).  Spearman correlations were used to analyze relationships between 

multiple variables. 
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Chapter 2 Figures 

 

Figure 1: CycP-gp120 induces high titers of high avidity anti-gp120 antibodies and 

tier-1A and -1B neutralizing antibodies in rabbits. (A) Schematic of immunogens and 

trial design.  Rabbits were immunized with cycP-gp120 on weeks 0 and 8, or monomeric 

gp120 on weeks 0, 8, 16, and 32.  Serum was collected on weeks 0, 2, 10, and 16 for both 

groups, and additionally on weeks 18, 24, 32, and 34 for monomeric gp120 immunized 

rabbits. (B) Kinetics of anti-JRFL gp120 specific IgG titers in serum, measured by 

endpoint titer.  Black dotted lines indicate week of immunization.  (C) Comparison of 

JRFL-gp120 specific IgG titers in serum at two weeks post the indicated immunization.  

(D) Neutralizing antibodies measured using TZM-bl cell-based assays against tier-1A 

(SF162.LS, MW965.26) and -1B (BaL.26) viral isolates.  (E) Avidity of JRFL-gp120 and 

(F) cycP-gp120 specific IgG measured using 1.5M sodium thiocyanate (NaSCN).  
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Avidity Index was calculated by measuring the ratio of area under curve (AUC) values of 

NaSCN to PBS treated samples multiplied by 100. *, p < 0.05 (Mann-Whitney Test); 

ID50, 50% viral infectivity. 
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Figure 2:  Binding Antibody Multiplex Assay (BAMA) analysis of rabbit immune 

sera reactivity to a global panel of HIV-1 gp120, gp140, and gp70-V1V2 scaffolds. 

Serial dilutions of sera from rabbits immunized with gp120 (4x) or cycP-gp120 (2x) were 

reacted against a multi-clade panel of gp120/gp140 (A), and gp70-V1V2 (B) scaffold 

proteins and detected by a binding antibody multiplex assay (BAMA).  Data reported as 

area under curve (AUC) analysis.  Individual animal data points are plotted over box-and-

whiskers plot.  Combined AUC values were measured by calculating average AUC for 

each animal against all gp70-V1V2 scaffold proteins.  Shaded area represents threshold 

for positive reactivity. (C) Correlation analysis of gp70-V1V2 Combined AUC of each 

immunized animal with their respective anti-JRFL endpoint titers (Fig. 1c). *, p < 0.05 

(Mann-Whitney Test), Spearman correlation test. 
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Figure 3:  V2-directed antibodies generated by cycP-gp120. (A) Alignment of V2 

regions of cycP-gp120 and C.1086 gp120.  V2 hotspot is indicated in red.  (B) 

Overlapping 15-mer peptides derived from C.1086 were reacted against sera from rabbits 

immunized with gp120 (4x) or cycP (2x) and antibody binding detected by ELISA.  

Lines represent individual animals, animal number indicated in legend.  (C) Area under 

curve analysis of binding to peptide 3.  (D) Correlation analysis of gp70-V1V2 1086C 

scaffold binding (Fig. 2b) for each cycP-gp120 immunized animal with their respective 

binding to the indicated V2 peptide.  Rabbits #29, 30, and 31 are matched against peptide 

#3.  Rabbit # 32 is matched against peptide #4.  (E) V2-hotspot binding to peptides 

derived from different HIV-1 strains, detected by ELISA binding, measured by OD450.  

(F) Sequences of V2-hotspot peptides used in (E).   *, p < 0.05 (Mann-Whitney Test), 

Spearman correlation test. 
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Figure 4:  Boosting MVA-primed rabbits with cycP-gp120 promotes neutralizing 

antibodies, increased gp120/gp140, and gp70-V1V2 directed antibodies. Rabbits were 

immunized twice with MVA-HIV on weeks 0 and 8, and boosted with cycP-gp120 

protein on weeks 16 and 32. (A) Kinetic analysis of JRFL-gp120 specific IgG endpoint 

titers measured via ELISA. (B) Neutralizing antibodies measured at weeks 10, 18, and 34 

against tier-1A and -1B viruses, reported as ID50 concentrations. (C-D) BAMA analysis 

of sera from week 10 and 34 against gp120/gp140 proteins (C) and gp70-V1V2 (D) 

scaffold proteins, reported as area under curve (AUC) analysis. Shaded area represents 

threshold for positive reactivity.  (E) V2-hotspot binding, detected by ELISA, from week 

10 and week 34 sera. 
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Figure 5:  ADCC activity in rabbits immunized with cycP-gp120 or MVA-HIV 

prime cycP-gp120 boost.  ADCC activity against JRFL-infected target cells measured 

against sera from weeks 10, 18, and 34 in rabbits immunized MVA-HIV followed by 

boosting with cycP-gp120 (A) and week 10 from rabbits immunized with cycP-gp120 

alone (B). % Specific killing values were subtracted from week 0 sera to remove 

background ADCC activity.  (C) ADCC titer and (D) anti-gp120 serum IgG titer 

comparison between cycP-gp120 (2x) and MVA-HIV (2x) – cycP-gp120 (2x) immunized 

rabbits.  ADCC Ab titers were defined as the reciprocal of the highest dilution indicating 

a positive response. 
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Figure 6:  Boosting rhesus macaques primed with a DNA/MVA vaccine with cycP-

gp120. (A) Study design.  Four Rhesus macaques were immunized with a DNA 

expressing HIV-1 gag/pol/env on weeks 0 and 12 and boosted with MVA-HIV on weeks 

16 and 24 before boosting with recombinant JRCSF cycP-gp120 protein on weeks 56 and 

80. (B)  Kinetic analysis of sera IgG specific for HIV-1 SF162 gp140 (ug/ml).  (C) 

Neutralizing antibodies against tier-1A (SF162.LS, MW965) and -1B (BaL.26).  (D)  

BAMA analysis of week 26 and week 82 sera against a global panel of HIV-1 gp120, 

gp140 or gp70-V1V2 (E) scaffold proteins, reported as area under curve (AUC).  
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Table 1:  Neutralizing antibody titers against tier-1A, -1B, and -2 HIV-1 isolates.  

Neutralizing antibodies generated by gp120 (2x), gp120 (4x), or cycP-gp120 (2x) 

immunization in rabbits measured by TZM-bl assay against a panel of tier-1A, -1B, and -

2 HIV-1 isolates.  Data reported as ID50, dilution of sera required to inhibit 50% of viral 

infectivity.  Positive values reported as > 3x the background signal against SVA-MLV.  

**Cell toxicity noted in first two dilutions of animal # 31 with all viruses, titers of up 

1:180 may not reflect true neutralizing activity. 

!

Group Animal ID 

HIV-1 Isolate 
SVA-MLV MW965.26 ADA/293T JR-FL SF162.LS BaL.26 TRO.11 

Neg. Ctrl. Tier 1A Tier 2 Tier 2 Tier 1A Tier 1B Tier 2 

 Clade C Clade B Clade B Clade B Clade B Clade B 

gp120(2) 

17 <20 <20 <20 <20 <20 <20 <20 

18 <20 <20 <20 <20 <20 <20 <20 

19 <20 <20 <20 <20 <20 <20 <20 
20 <20 <20 <20 <20 <20 <20 <20 

gp120 (4x) 

17 <20 109 <20 <20 273 <20 <20 
18 <20 <20 <20 <20 250 <20 <20 

19 <20 20 <20 <20 <20 <20 <20 
20 <20 <20 <20 <20 <20 <20 <20 

cycP-
gp120 (2x) 

29 <20 340 <20 <20 218 31 <20 

30 <20 625 <20 <20 1116 79 <20 
31** <20 1267 <20 <20 1637 198 41** 
32 <20 63 <20 <20 150 36 <20 
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Abstract 

 In the immediate hours and days post mucosal transmission, HIV-1 is at a 

vulnerable state due to localized replication and low or unestablished viral reservoirs.  

Thus, vaccines that induce strong mucosal immune responses are ideal for targeting HIV-

1 at this state.  Here we evaluate the sublingual and buccal tissues (SL/B) as a route of 

oral mucosal vaccination in rhesus macaques compared to systemic vaccination.  To aid 

in antigen uptake we utilized a modified needle-free injector to deliver immunizations 

across the mucosal epithelium into the underlining tissue.  Rhesus macaques were 

immunized twice with a modified vaccinia Ankara (MVA) vaccine expressing HIV-1 

Gag, Pol and Envelope antigens, followed by two immunizations with the recombinant 

trimeric cycP-gp120 immunogen along with the mucosal adjuvant dmLT.  Animals were 

immunized via three different routes, needle-free sublingual and buccal injection (n = 5), 

topical application to the sublingual and buccal tissue (n = 4), or the conventional 

intradermal (MVA) and subcutaneous (protein) routes (ID/SC).  All animals were 

challenged intrarectally approximately 5 months after the final immunization with a 

pathogenic SHIV-SF162P3 for a maximum of 6 challenges. Systemic immunization 

(ID/SC) induced strong IgG responses in serum and mucosal secretions but failed to 

induce IgA responses. Impressively, needle-free oral immunization generated a robust 

HIV Env-specific IgG and IgA antibody response both in blood and mucosal 

compartments that are at least 10-fold higher compared to responses in ID/SC immunized 

animals. Following intrarectal challenge, all 5 controls became infected by 3 challenges 

and we observed a significant delay in acquisition of infection in both vaccinated groups 

(p= 0.02 for oral, p= 0.007 for ID/SC and p= 0.002 for combined with an estimated 
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vaccine efficacy of ~70% per exposure) compared to unvaccinated controls. Two of the 

six ID/SC animals remained uninfected at the end of 6 challenges.  Correlates of 

protection include binding antibodies to a key region of the V2-loop associated with 

protection in the RV144 trial, as well as antibody-mediated cell-mediated virus inhibition 

at the pre-challenge timepoint.  Our results show that SL/B immunization via a needle-

free injector is a practical route to generate both systemic and mucosal antibodies, as well 

as the protective efficacy of MVA prime followed by gp120 trimer boost. 
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Introduction 

 Human Immunodeficiency virus (HIV) -1 is most commonly transmitted across 

mucosal surfaces via sexual contact.  Within in the first days and weeks of infection, 

HIV-1 is localized to the mucosal tissue, replicating in close-by target cells, before 

systemic dissemination, seroconversion,  and massive CD4+ T-cell depletion (42).  

During this early phase, however, HIV-1 is in a vulnerable state.  The viral reservoir is 

limited in size or unestablished, and the genetic bottleneck and host factor derived 

pressure reduces the viral founder population (191).  The induction of immune effectors 

present at mucosal tissues via vaccination may therefore be critical in preventing HIV-1 

infection.  This hypothesis is supported by numerous studies in non-human primates.  

The vaccine-mediated protection from simian immunodeficiency virus (SIV) via rhesus 

cytomegalovirus vectors (RhCMV) expressing SIV genes is attributed to a strong effector 

memory T-cell response present in both blood and mucosal tissues which can 

immediately target and kill SIV-infected cells upon mucosal transmission (192).  

Furthermore, passive transfer studies with broadly neutralizing antibodies (bNAbs) 

demonstrate that bNAbs transferred to non-human primates before or during the initial 

acute phase can confer sterilizing immunity and eliminate viral reservoirs, but 

transferring bNAbs post the acute phase will result in a transient control of viremia and 

selection for escape viral variants (140, 193).  These studies suggest that an effective 

HIV-1 vaccine should combat and clear the virus before dissemination and viral escape 

can occur. 

 Mucosal vaccination is an effective method of generating both mucosal and 

systemic immune responses.  Mucosal vaccines are also attractive as they are relatively 
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non-invasive and can be administered on a large scale 	  (135).  Mucosal vaccines for HIV-

1 have been heavily studied in animal models but there have been few human clinical 

trials evaluating mucosal vaccination and mucosal responses have rarely been 

characterized in previous clinical trials (194).  Multiple routes of mucosal HIV/SIV 

immunization have been investigated in non-human primates, including intrarectal, 

intravaginal, intranasal, intratracheal, oral, and sublingual delivery.  While these routes 

have been shown to induce mucosal responses, each have disadvantages such as 

intrarectal and intravaginal being impractical for mass vaccination and generating 

primarily local immune responses, neurological risks associated with intranasal 

immunization, and the degradation of antigens in of oral immunizations, as well as the 

induction of oral tolerance. 

 Oral vaccination conventionally involves the ingestion of an antigen which must 

survive the harsh conditions of the stomach to be taken up in the gut-associated lymphoid 

tissue (GALT) to prime immune responses.  Examples of licensed oral vaccinations for 

humans include the live-attenuated polio vaccine, Rotarix and RotTeq for rotavirus 

infections, and the cholera vaccine (195).  Current strategies in oral vaccine development 

involve using enteric-coated capsules that survive through the stomach intact to be 

dissolved in the small intestine (196) and engineering commensal bacteria to express 

vaccine antigens on the cell wall (197).  An alternative strategy for oral vaccination is to 

target the sublingual (below the tongue) and buccal (inner cheek) tissue within the oral 

mucosa for antigen delivery, bypassing the need for the antigen to travel through the 

stomach and small intestine.  While this method does not directly result in antigen uptake 

in the GALT, studies have shown that sublingual immunization can result in cellular and 
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humoral immune responses in the female genital tract, demonstrating that immunization 

of the oral mucosa can induce gut-homing adaptive responses (198, 199). 

 Unlike the single cell columnar epithelium in small intestine, the sublingual and 

buccal epithelium consists of a stratified squamous epithelium that may inhibit the natural 

uptake of vaccine antigens (158).  Delivery of antigens into the sublingual and buccal 

tissue can be aided by needle-free injectors, which drive the immunizations through the 

epithelium into the underlining tissue.  Needle-free injectors have been extensively 

studied as a tool to deliver drugs and vaccinations through the skin without the use of a 

needle (48, 200).  Most needle-free injectors are designed to deliver injections 

intramuscularly through the arm, however needle-free injectors for sublingual 

immunization are also being developed (201).  There are multiple advantages of needle-

free injectors over needle-based delivery, especially in the oral tissue, as they are non-

invasive and allow for dispersal of vaccine antigens into the underlying tissue rather than 

concentrated at an injection site.  In this study, we will evaluate a needle-free injector in 

the delivery of HIV-1 vaccines to the sublingual and buccal tissue of rhesus macaques 

and compare this delivery to topical application of immunizations to the oral tissues, as 

well as systemic immunization via intradermal and subcutaneous injection. 

 A major focus of HIV-1 vaccine research is the design and characterization of 

novel immunogens that can promote favorable antibody responses.  While the generation 

of broadly neutralizing antibodies (bNAbs) is a major goal of HIV-1 vaccine research, 

results from the RV144 trial demonstrated that non-neutralizing antibodies against the 

V1V2 loop of HIV-1 gp120 correlates with decreased risk of HIV-1 infection (85).  The 

association of V1V2-directed antibodies in decreased risk or delayed acquisition of 
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HIV/SIV infection has been shown in non-human primate studies (97-99), demonstrating 

the importance of V1V2-directed antibodies in protection.  Mechanisms of protection via 

V1V2-directed antibodies are hypothesized to be non-neutralizing antibody effector 

functionality such as antibody dependent cellular cytotoxicity (ADCC), as V1V2-directed 

monoclonal antibodies isolated from RV144 vaccinated individuals showed ADCC 

activity (87).   Further studies have identified a key region within the V2 loop, the “V2 

Hotspot”, which is associated with decreased risk of infection in the RV144 trial (93), 

and it was found that RV144 vaccinated individuals had increased protection against 

HIV-1 viruses matching the vaccine strain at position 169, located within the hotspot 

(96).  Thus, vaccine immunogens that generate V1V2-directed antibodies, with an 

emphasis on V2-loop directed antibodies, are of great interest for HIV-1 vaccine 

development. 

 Chapter II of this dissertation characterized the immunogenicity in vivo of a novel 

trimeric gp120 immunogen, generated by the fusion of the trimerization domain of the 

human matrix cartilage protein (hCMP) to the V1 loop of a cyclically permutated gp120.  

This immunogen, named cycP-gp120, exists as a trimer and binds to trimer specific V2-

apex directed bNAbs such as PGT145 and PGDM1400 (129).  In rabbits and non-human 

primates we found that cycP-gp120 is a robust immunogen, generating highly cross-

reactive V1V2-directed antibodies and V2 hotspot directed antibodies (167).  As a 

boosting immunogen for rabbits primed with modified vaccinia Ankara (MVA), a 

poxvirus engineered to express HIV-1 (MVA-HIV), cycP-gp120 promoted V1V2 and V2 

hotspot directed antibodies, as well as ADCC activity. 
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 In this study we characterize further the MVA-HIV prime cycP-gp120 boost 

regimen in rhesus macaques, delivering vaccines mucosally via needle-free injection to 

the sublingual and buccal tissue, topical application to the sublingual and buccal tissue, or 

intradermal and subcutaneous (ID/SC) injection.  Immunizations with cycP-gp120 will be 

adjuvanted with the mucosal adjuvant double mutated heat-labile enterotoxin (dmLT), 

derived from Escherichia coli, which has been shown to boost mucosal immune 

responses (163, 164).  We show that needle-free injection to the sublingual and buccal 

tissue generates strong systemic and mucosal antibody responses within the rectal and 

vaginal secretions, significantly higher than ID/SC animals.  To test the vaccine efficacy 

of MVA-HIV/cycP-gp120 immunization, we challenged immunized animals intrarectally 

with a heterologous pathogenic SHIVSF162P3.  Both needle-free delivery and ID/SC 

injection resulted in a significant delay of SHIV infection, with correlates of protection 

consisting of peak serum IgG binding titers to gp120, rectal IgG specific for gp120 at pre-

challenge, antibodies directed towards the SHIVSF162P3 V2-hotspot, and antibody 

dependent cell-mediated viral inhibition (ADCVI).  These results demonstrate the 

potential of MVA-HIV/cycP-gp120 as a possible vaccine candidate in future HIV-1 

vaccine trials, as well as needle-free injection to the sublingual and buccal tissue as an 

effective and easy route to generate strong systemic and mucosal antibody responses. 
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Results 

Antigen presenting cells in the sublingual and buccal tissue 

 While antigen presenting cells in the sublingual and buccal tissue have been 

described for mice and humans, they have not been extensively characterized in rhesus 

macaques (202).  Langerhans cells (LCs) are a major subset of migratory dendritic cells 

in the epidermis and have multiple roles in immunity, from maintaining immune 

homeostasis in the epidermis to activation and presentation of antigens upon 

inflammation (203, 204).  To characterize LCs in the sublingual and buccal tissue in 

rhesus macaques, we stained paraffin-embedded sections of rhesus macaque sublingual 

and buccal tissue with hematoxylin and eosin (H&E) stain to image the general 

architecture of the epidermis and underlying lamina propria (Fig. 1a) and 

immunohistochemistry with an anti-langerin monoclonal antibody (Fig. 1b).  LC’s could 

be detected in both the sublingual and tissue, primarily residing in the mucosal 

epithelium.  To further characterize dendritic cell subsets in the sublingual and buccal 

tissue, biopsied tissue samples were homogenized and analyzed via flow cytometry.  

Antigen presenting cells were gated as HLA-DR+CD45+CD3-CD20- live cells.   In both 

the sublingual and buccal tissue, we detected a population of CD14+DC-Sign+ dendritic 

or macrophage like cell (203, 205) (Fig. 1c).  Additionally, we detected conventional 

myeloid dendritic cells (CD14-CD16-CD123-BDCA1+), but not plasmacytoid dendritic 

cells (CD14-CD16-CD123+BDCA1-) which may only be present during inflammation 

(202).  These data show there is a diverse population of antigen presenting cells in the 

sublingual and buccal tissue, ranging from Langerhans cells to conventional myeloid 

dendritic cell subsets. 
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 The vitamin A metabolite, retinoic acid, is important for the generating of gut-

homing adaptive immune responses (206, 207).  Dendritic cells process vitamin A to 

retinoic acid via retinal dehydrogenase (RALDH) enzymes (208, 209), the activity of 

which can be detected via the ALDEFLUORTM kit (STEMCELL) (Fig. 2a).  To 

characterize the expression of RALDH enzymes in the sublingual and buccal tissues, as 

well oral mucosa draining submandibular and submental lymph nodes, we homogenized 

tissue biopsies, incubated with the ALDEFLUORTM reagent, and stained for flow 

cytometry analysis.  We found that BDCA1+ DCs, gated on CD45+CD3-CD20-HLA-DR+ 

live cells in the submandibular, submental, and the inguinal showed RALDH activity 

(Fig. 2b).  However, this activity wasn’t found in DCs within the sublingual and buccal 

tissue themselves, suggesting that tissue DCs activate RALDH activity upon activation 

and migration to the lymph node, or lymph node resident DCs express RALDH at a basal 

level.   Taken together, this data demonstrates that the oral mucosa contains numerous 

antigen presenting cell subsets, and the draining lymph nodes contain gut-homing 

features, suggesting the oral mucosa is a viable route for mucosal vaccination. 

 

Needle-Free Injector for sublingual and buccal vaccination 

 The stratified squamous epithelium of the sublingual and buccal tissue may hinder 

the efficient uptake of vaccine antigens.  To aid in antigen delivery, needle-free injectors 

can be used to effectively drive immunizations through the epithelium and into the 

underlying tissue without the use of a needle stick.  In this study we used a modified 

version of the Syrijet Mark-II Needless Injector (Keystone Industries), designed for the 

use in dentistry to inject local anesthesia to the oral mucosa (210) (Fig. 3a).  The caps of 
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sterile water cartridges used to flush the Syrijet were removed, the water extracted and 

replaced with immunization preps, and finally replaced with a new sealed cap (Fig. 3b).  

To test the efficiency of using the Syrijet to inject into the sublingual and buccal tissue, 

we injected an uninfected rhesus macaque with 100 ul of sterile PBS and visualized the 

injection site before and after injection (Fig. 3c).  The Syrijet injects effectively into both 

the sublingual and buccal tissue with minimal damage and bleeding, and no additional 

swelling or damage was reported in the following days post injection.  

 

Immunization of rhesus macaques 

 Female rhesus macaques (n = 15) were immunized twice with 1x108 pfu of 

modified vaccinia Ankara (MVA) expressing HIV-1 clade B gag, pol, env (strain ADA, 

trimeric gp150 on MVA-infected cells and virus like particles) (MVA-HIV) (130) and 

boosted twice with 100 ug of the recombinant trimeric gp20 (strain JRFL, E168K 

mutation), cycP-gp120, along with the mucosal adjuvant dmLT (130, 164) (Fig. 4)  

Immunizations were separated into three groups:  topical application (n = 4) of 

immunizations to the buccal and sublingual tissue to allow for the natural uptake of 

antigens, needle-free injection (n = 5) via Syrijet to the buccal and sublingual tissue, and 

intradermal (MVA-HIV) and subcutaneous (cycP-gp120 + dmLT) (n = 6) injection to the 

right and left thighs as a systemic control (ID/SC).  Doses were split between the 

sublingual and buccal tissue or the left and right thigh.  Immunizations were done on 

weeks 0 and 15 for MVA-HIV, and 23 and 31 for cycP-gp120 (for some topical and 

ID/SC animals, immunizations were done on weeks 0, 5, 17, and 25 though this did not 

impact the immunogenicity outcome).  The mucosal adjuvant dose for the two oral 
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groups was 25 ug per site injection for the first protein boost, and 1 ug per site for the 

second protein boost in needle-free injected animals.  The ID/SC immunized animals 

received 1 ug per site of dmLT for both protein immunizations.  19 weeks after the 

second boost, animals were challenged weekly with an intrarectal challenge of a 

pathogenic clade-B SHIVSF162P3 virus (211).  Five unimmunized female macaques were 

used as an unvaccinated control. 

 

Needle-free injection of the sublingual and buccal mucosa induces a strong systemic 

and mucosal antibody response 

 To track the antibody responses to the immunizations in the sera, we performed 

ELISAs against HIV-1 gp120 (strain ADA) on the day of immunization and two weeks 

post immunization.  MVA-HIV immunization induced gp120-specific serum IgG in both 

needle-free oral and ID immunized macaques, however we did not detect antibody 

responses in the topically immunized animals, indicating that needle-free oral injection 

greatly enhance vaccine uptake (Fig. 5a).  Surprisingly, upon the first cycP-gp120 boost, 

we saw a massive expansion in gp120-specific serum IgG in the needle-free oral injected 

animals (mean titer, 1289 ug/ml), almost a log higher than ID/SC (mean titer, 131 ug/ml).  

The antibody responses contracted in both groups before being boosted a second time and 

contracting to the pre-challenge timepoint (mean titer, 30 ug/ml vs. 10 ug/ml).  Similar to 

serum IgG, anti-gp120 serum IgA was significantly expanded in needle-free orally 

immunized animals upon cycP-gp120 boost (Fig. 5b).  This data shows that needle-free 

oral immunization is an effective route to generate high titers of vaccine-specific serum 

IgG and IgA. 
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 Along with the systemic antibody responses, we monitored the induction of 

mucosally localized IgG and IgA in the rectal, vaginal, and salivary secretions.  Due to 

the variable amount of total IgG and IgA isolated from secretions, we measured HIV-1 

Env specific antibodies as specific activity, calculated as the ratio of ng anti-gp120 IgG 

or IgA to ug total IgG or IgA.  As with what was seen in sera, boosting with cycP-gp120 

via needle-free oral injection resulted in a large expansion of rectal, vaginal, and salivary 

IgG, significantly higher than ID/SC immunization (Fig. 6a).  Impressively, needle-free 

oral immunization also induced significant levels of rectal, vaginal, and salivary vaccine-

specific IgA, with vaginal IgA remaining significantly higher than ID/SC immunized 

animals until the pre-challenge timepoint (Fig. 6b, c).  Additionally, we detected very 

low to no antibody responses in the topically immunized animals, demonstrating the 

effectiveness of the needle-free injector in delivering the immunizations across the opal 

epithelium.  From these results we have shown that needle-free oral delivery to the 

sublingual and buccal tissue is an easy and practical method of generating substantial 

systemic and mucosal antibody responses. 

 

Neutralizing Antibody Responses 

 The generation of neutralizing antibodies to HIV-1 is a long-sought goal of HIV-1 

vaccination.  To test the presence of neutralizing antibodies generated by MVA-

HIV/cycP-gp120 immunization, we measured the neutralizing activity of sera against a 

multi-clade panel of pseudoviruses that have high (SF162.LS, MW965.26), moderate 

(BaL.26), or low (ADA, JR-FL, TRO.11) neutralization sensitivity (tier-1A, -1B, -2, 

respectively).  Needle-free oral immunization induced a significantly higher titer of 
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neutralizing antibodies against the neutralization sensitive clade-B SF162.LS and the 

moderately resistant clade-B BaL.26 isolate after the first and second protein boosts (Fig. 

7) than ID/SC immunization.  At the pre-challenge time point, however, both responses 

were not significantly different.  Additionally, we detected no tier-2 (neutralization 

resistant) neutralizing antibody responses, which is in line with our previous results 

(167), suggesting that mutations to cycP-gp120, or additional homologous immunizations 

(129), may be required to generate tier-2 neutralizing activity. 

 

Boosting with cycP-gp120 induces broadly cross-reactive antibodies to gp120 and 

gp140 antibodies, and strong cross-reactive V1V2- and V2 hotspot- directed 

antibody responses 

 To address the global diversity of HIV-1, an effective vaccine should ideally 

recognize HIV-1 isolates from multiple strains and clades.  To characterize the cross-

reactivity of cycP-gp120 induced antibodies, we measured antibodies binding to a global 

panel of gp120, gp140 and gp70-V1V2 scaffold proteins via binding antibody multiplex 

assay (BAMA) (212). Upon boosting with cycP-gp120 we observed a strong cross-

reactive antibody response against multiple clades of gp120 and gp140 antigens, reacted 

to by all immunized animals (Fig. 8a).  Responses trended higher for needle-free orally 

immunized animals, however at the pre-challenge timepoint both groups had similar 

levels of reactivity (Fig. 8b).  These results show the high broadly-reactive antibody 

response generated by cycP-gp120, a crucial component to an HIV-1 vaccine candidate. 

As results from the RV144 trial suggest that antibodies directed towards the 

V1V2 loop of gp120 are associated with protection (85), the generation of these 
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antibodies, especially broadly reactive V1V2-directed antibodies, is of great interest in 

HIV-1 vaccine development.  We measured antibody response to Case.A2 gp70-V1V2 

(clade-B), the antigen reported in the RV144 analysis, in the serum as well as rectal and 

vaginal secretions.  Needle-free oral immunization resulted in significantly higher titers 

of anti-gp70-V1V2 responses in the sera following the first protein boost, with similar 

trends observed in the rectal and vaginal secretions (Fig. 9a).  To further measure the 

cross-reactivity of V1V2-directed antibodies, sera was screened against beads conjugated 

to a panel of 16 gp70-V1V2 scaffolds representing the global diversity of HIV-1, with 

binding quantified via binding antibody multiplex assay (BAMA).  Two weeks post the 

first protein boost, needle-free orally immunized animals generated a substantial broadly 

cross-reactive gp70-V1V2 response against multiple clades of isolates, significantly 

higher that ID/SC immunization, demonstrating not only the high immunogenicity of the 

sublingual and buccal route, but also the maturation of the antibody responses upon 

needle-free oral delivery (Fig. 9b).  At the pre-challenge timepoint, responses to gp70-

V1V2 scaffolds have contracted in both groups, with no significance between the groups, 

suggesting that through contraction and further boosting in ID/SC immunized animals the 

V1V2 response leveled to a setpoint (Fig. 9c) 

 To measure antibody responses to the V2 Hotspot peptide (spanning positions 

166-178 of HIV-1 stain HXB2) (93), we synthesized 13 amino-acid peptides 

corresponding to the V2 hotspot of cycP-gp120 (clade-B JRFL, E168K), MVA-HIV 

(clade-c ADA), SHIVSF162P3 (clade-B) (211), and SHIV1157(QNE)Y173H (clade-C) (183). 

Needle-free oral immunization generated a strong cross-reactive V2 hotspot response, 

recognizing not only the MVA-HIV and cycP-gp120 vaccine strains (ADA, JRFL 
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E168K), but also the heterologous SHIVSF162P3 and to a lesser extent SHIV1157(QNE)Y173H 

(Fig. 10a).  ID/SC immunization did result in detectable V2 hotspot binding responses, 

but at a much lower level than needle-free oral immunization, and responses between the 

two groups were similar after the second protein boost (Fig. 10b).  The cross-reactivity of 

V2 antibody responses to heterologous strains (Fig. 10c) demonstrate the remarkable 

ability of cycP-gp120 to generate V2-hotspot binding antibodies. 

 

Needle-free sublingual and buccal injection and ID/SC immunization generates 

significant protection from SHIVSF162P3 challenge 

 To test the vaccine efficacy of MVA-HIV/cycP-gp120, we challenged animals 19 

weeks after the second protein boost with a weekly intrarectal challenge (1:100 dilution) 

of SHIVSF162P3 for maximum of six weeks (211).  Five unvaccinated female macaques 

were used as a control group.  All unvaccinated animals were infected by the third 

challenge, however we detected a significant delay in acquisition in infection in both the 

needle-free orally immunized (p = 0.019) and ID/SC (p = 0.0074) immunized animals, 

with two ID/SC immunized animals remaining uninfected after the sixth challenge (Fig. 

11a, b).  Upon combining the two groups together, we detect an even greater significant 

protection (p = 0.0022) (Fig. 11c).  Tracking viral loads following infection, we detected 

a trend for lower set-point viral loads in immunized animals, but these did not reach 

significance (Fig. 11d).  This data demonstrates the protective efficacy of MVA-

HIV/cyc-gp120 immunization against a heterologous pathogenic SHIV challenge, a 

crucial feature of a protective HIV-1 vaccine candidate, achievable through either 
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mucosal vaccination of the sublingual and buccal tissue, or through intradermal and 

subcutaneous injection. 

 

Immune-correlates of protection from SHIVSF162P3 infection 

 Due to the low sample size in the immunization groups, elucidating clear 

correlates of protection can be challenging.  However, several parameters of the immune 

response correlated or highly trended with protection from infection.  Additionally, as the 

routes and adjuvant doses for the needle-free oral and ID/SC group have varied, the 

groups have been separated for many analyses due to confounding factors, such as high 

vaccine-specific serum IgA, unique each group (85).  Binding titers against gp120 (strain 

ADA) after the first protein boost, the peak of the overall antibody response, trended with 

delayed acquisition in the needle-free orally immunized, and was significantly correlated 

with protection in the ID/SC immunized animals (r = 0.8827, p = 0.0333) (Fig. 12a).  

Similarly, we observed a positive trend in the gp120-specific rectal IgG levels taken at 

pre-challenge, indicating that mucosally localized rectal IgG may be important for 

protection from infection (Fig. 12b). 

 Binding antibodies to gp70-V1V2 scaffolds did not correlate with protection (data 

not shown).  However, the peak binding to the JRFL-E168K V2 hotspot strongly 

correlated with protection in needle-free orally immunized animals (r = 0.9747, p = 

0.0333), peak binding in the ID/SC immunized animals showed a high positive trend 

towards protection (r = 0.7945, p = 0.0667) (Fig. 12c).  A similar trend was seen in 

binding to the SHIVSF162P3 challenge virus V2 hotspot, in which both groups showed a 

strong positive trend toward protection (Fig. 12d).  This data suggests that V2-hospot 
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antibodies do play a role in protection from infection, supporting the finding from the 

RV144 study as well as studies in non-human primates showing the importance of the V2 

region in vaccine protection (93, 96, 97, 183). 

 Interestingly, we found a strong positive trend in protection in binding to a gp120 

antigen from the BAMA assay measuring global cross-reactivity (Fig. 8a).  Post the first 

cycP-gp120 boost we found a positive correlation (r = 0.9747, p = 0.033) in needle-free 

orally immunized and a strong positive trend (r = 0.7945, p = 0.0667) in ID/SC 

immunized macaques with reactivity to B.6240 gp120 and vaccine protection (Fig. 13a).  

Upon alignment of protein sequences from the gp120 and gp140 antigens used in the 

BAMA assay and the SHIV challenge virus sequence, we found that SHIVSF162P3 was 

most closely related to B.6240 (Fig. 13b).  Furthermore, we found that of all the gp120 

and gp140 antigens tested, only B.6240 and SHIVSF162P3 shared the same V2 hotspot 

region (Fig. 13c), providing more evidence of the importance of the V2 region in 

vaccine-mediated protection.  None of the gp70-V1V2 scaffolds contained a matching V2 

hotspot sequence to the SHIVSF162P3, possibly explaining the lack of correlation between 

gp70-V1V2 binding and protection. 

 As neutralizing antibodies against tier-1A or -1B did not correlate with protection, 

and we did not detect detectable neutralization of the SHIVSF162P3 challenge virus, non-

neutralizing antibody effector functionality may be involved with protection.  To access 

the functionally of vaccine-induced antibodies, we cultured infected target cells with 

vaccine sera and measured viral output in an antibody dependent cell-mediated viral 

inhibition (ADCVI) assay.  We found a strong inverse correlation with protection, in 

which sera from protected or late infected animals inhibited viral grown and infection 
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(Fig. 14).  The mechanism of inhibition could be multiple antibody-mediated 

functionalities, including Fc-mediated phagocytosis, opsonization, ADCC, or blocking of 

the cell-to-cell viral synapse.  Taken together, this data shows that MVA-HIV/cycP-

gp120 induce strong antibody-mediated protection associated high binding titers to HIV-

1 Env in the sera and rectal secretions, V2 hotspot binding antibodies, and ADCVI 

functionality. 
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Discussion 

 This study demonstrates for the first-time protective efficacy of a trimeric gp120 

immunogen, cycP-gp120, against a heterologous tier-2 neutralization resistant SHIV 

intra-rectal challenge (213).  Vaccine-mediated protection was found to be associated 

with non-neutralizing antibodies directed towards the V2 region of the challenge virus, 

and ADCVI activity.  Furthermore, this study describes the use of needle-free injectors 

targeting the sublingual and buccal tissue for vaccine delivery as a viable and practical 

approach for generating strong systemic and mucosal antibody responses.  These findings 

suggest that MVA-HV and cycP-gp120 vaccine platforms should be investigated further 

in clinical trials. 

 Needle-free sublingual and buccal immunization generated substantial titers of 

HIV-1 Env binding antibodies, neutralizing antibodies, and V1V2- and V2 hotspot- 

directed antibodies upon boosting with cycP-gp120, significantly higher than ID/SC 

immunization.  Additionally, needle-free immunization induced high levels of mucosally 

localized vaccine-specific IgG and IgA.  Notably, Env-specific vaginal IgG appeared to 

be robust and long-lasting, supporting previous studies indicating sublingual 

immunization promotes vaginal responses (158, 198).  The larger magnitude of the 

antibody response in needle-free immunized animals could be due to having a higher 

dose of adjuvant in the needle-free oral immunized group compared to ID/SC for the first 

protein boost, and thus we cannot say that needle-free oral immunization is superior to 

ID/SC without further studies comparing the rotes.  However, the ability of needle-free 

injection to the sublingual and buccal tissue to generate strong systemic and mucosal 

antibody responses highlight the attractiveness of this route for mucosal vaccine 
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development, as this route is as easy and practical as intranasal delivery, yet does not 

carry any risks of CNS-related side effects (150). 

 In this study we also tested the double mutated heat-labile enterotoxin (dmLT), 

derived from Escherichia coli, as a mucosal adjuvant.  dmLT has been tested extensively 

as a mucosal adjuvant, promoting IgA and TH17 responses in vivo (163).  Adjuvanting 

cycP-gp120 with dmLT resulted in the generation of rectal and vaginal IgA responses 

when delivered through needle-free oral injection.  Additionally, dmLT is being tested as 

a vaccine candidate for Enterotoxigenic Escherichia coli (ETEC) (165).  In our study 

adjuvanting cycP-gp120 wit dmLT induced anti-dmLT antibodies in both the needle-free 

oral immunization group and the ID/SC group (Fig. 15), suggesting the needle-free 

sublingual and buccal route may be advantageous in generating anti-dmLT antibody 

responses by vaccination.   

Despite generating significantly higher systemic and mucosal antibodies post 

cycP-gp120 boost in needle-free immunized animals compared to ID/SC immunized 

macaques, we did not see significantly enhanced vaccine protection in needle-free orally 

immunized animals.  This could be due to several factors.  At the pre-challenge 

timepoint, 19 weeks after the second protein boost, gp120-specific serum and rectal IgG 

levels are comparable between both needle-free orally immunized and ID/SC immunized 

animals.  Results from the RV144 trial suggested that Env-specific sera IgA may mitigate 

the otherwise protective antibody responses (85).  Needle-free oral immunization resulted 

in significantly higher vaccine-specific sera IgA than ID/SC immunization, responses of 

which did not correlate significantly with protection (Fig. 16).  Similarly, rectal IgA 

responses against gp120 also did not correlate with protection, suggesting that these 
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responses may not be desirable in rectal transmission.  Previous studies have 

demonstrated that HIV-1 Env specific vaginal IgA can inhibit HIV-1 transcytosis across 

the mucosal epithelium (139, 214).  As needle-free oral immunization resulted in a 

significant vaginal IgA response, this route may provide enhanced protection in an intra-

vaginal challenge model.  The dichotomy between the requirements to protect from 

vaginal vs rectal transmission presents a challenge for HIV-1 vaccine research, as an 

ideal vaccine should be able to protect both males and females from infection.  Future 

studies will evaluate needle-free oral immunization in the context of intra-vaginal 

challenge to fully characterize this route in vaccine-mediated protection. 

In addition to the antibody responses, we tracked the cellular immune responses 

generated by vaccination over time.  While we did not detect strong CD8+ T-cell 

responses, we did detect CD4+ T-cell responses against HIV-1 antigens, which peaked 

after the first protein boost (Fig. 17a, b).  Interestingly, we measured strong IFN-γ, TNF-

α, and IL-2 cytokine production by CD4+ T-cells in PBMCs when stimulated with 

Envelope peptides, indicating that this vaccine regimen can generate multifunctional T-

cell responses.  Additionally, we did not detect any skewing towards an activated target 

cell phenotype within the rectal tissue (CCR5+HLA-DR+ CD4+ T-cells) at the pre-

challenge timepoint, suggesting that needle-free oral immunization, while generating 

high levels of mucosal immune responses, does not result in the generation of higher 

levels of HIV-1 target cells (Fig. 17c). 

A current major focus of HIV-1 vaccine research is the design characterization of 

novel HIV-1 Env immunogens that generate protective antibody responses with an 

emphasis on broadly neutralizing antibody responses.  Modified gp140 trimers, such as 
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the BG505 SOSIP.664 gp140 trimer, are of key focus as they resemble native HIV-1 

Env, bind to bNAbs, and can induce autologous tier-2 neutralizing antibodies in non-

human primates (8, 122).  While neutralizing antibodies generated by SOSIP gp140 have 

generally been restricted to autologous strains, targeting specific glycan holes, 

improvements to the immunogens show promise in generating heterologous tier-2 

neutralization (215).  In this study, MVA-HIV/cycP-gp120 immunization did not 

generate tier-2 neutralizing antibodies, despite being highly immunogenic.  This may be 

due to the vaccine strains being heterologous rather than homologous, and most studies 

with SOSIP gp140 immunization were based off multiple homologous immunizations to 

mature the antibody response.  Recent studies have shown the requirement of multiple 

germinal center reactions for the development of tier-2 neutralizing antibodies, 

supporting the hypothesis that high levels of antibody maturation are required to generate 

these responses (176).  However, the ability of SOSIP gp140-based immunogens to 

protect against a heterologous pathogenic SHIV challenge has yet to be determined.  

There are several advantages of the cycP-gp120 to gp140-based trimers.  The purification 

of cycP-gp120 does not require affinity purification to remove improperly folded trimers, 

which is necessary for gp140 immunogens (121).  Additionally, the gp41 region has been 

reported to be immunodominant, targeted by polyreactive antibody responses in humans 

that cross-react with microbial antigens (127).  This immunodominance may diverge the 

antibody response away from favorable, relevant epitopes on gp120.   

 Major correlates of protection in this study involved not only the serum and rectal 

IgG response, but responses directed towards a key region within the V2-loop of gp120.  

The importance of the V1V2 region in protection from infection was demonstrated in the 
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RV144 trial in which non-neutralizing V1V2-directed antibodies correlated with 

decreased risk of infection (85).  Further studies determined that a region within the V2-

loop, termed the V2-hotspot, correlated highly with decreased risk of infection and 

contained sites of vaccine-mediated immune pressure (93, 96).  Antibodies against the 

V1V2 loop have been isolated and characterized as having ADCC activity, which have 

informed further immunogen design to induce these antibodies (87, 183).  The 

mechanism V2-directed antibodies from protecting from infection is not completely 

understood.  The V2-hotspot peptide backbone is exposed at the apex of the trimer, with 

certain residues possibly masked by N156 and N160 glycans (216), indicating it may be 

accessible to antibody binding on the native trimeric Env spike.  In addition to V2-

hotspot directed antibodies, we show that antibody-dependent cell-mediated viral 

inhibition (ADCVI) correlates with delayed acquisition of infection.  The mechanisms of 

ADCVI could include several antibody-mediated effector functions such as opsonization, 

Fc-mediated phagocytosis, and ADCC.  Binding to the trimeric spike by V2-directed 

antibodies could potentially mediate these responses without directly neutralizing the 

virus.  Furthermore, proximal to the V2-hotspot is a putative α4β7 binding site, the 

importance of which in SIV/HIV infection has been demonstrated by anti-α4β7 

monoclonal therapy reducing mucosal transmission or viral rebound of SIV (105, 106, 

217).  It is hypothesized that gp120 binding to α4β7 may initialize contact with a target 

cell, promoting the formation of the viral synapse, which is crucial for cell-to-cell 

transmission (218, 219).  

 Taken together, this study demonstrates the vaccine-mediated protection of MVA-

HIV/cycP-gp120 as well as the viability of the needle-free sublingual and buccal route.  
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Furthermore, correlates of protection support V1V2-directed antibodies, in particular, 

V2-directed antibodies, as desirable antibody responses.  Future studies will further 

characterize the MVA-HIV/cycP-gp120 vaccine platform in non-human primates and 

humans, as well as needle-free oral delivery in generating protective antibody responses 

against other mucosal routes of transmission.  
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Methods 

Ethics Statement 

All housing and experiments involving rhesus macaques were conducted at the 

Yerkes National Primate Research Center, and protocols were approved by the Emory 

University Institutional Animal Care and Use Committee (IACUC) protocol YER-

2003491.  Experiments were carried out in accordance to USDA regulations and 

recommendations derived from the Guide for the Care and Use of Laboratory Animals.  

Rhesus macaques were housed in pairs in standard non-human primate cages and 

provided with both standard primate feed (Purina monkey chow) fresh fruit, and 

enrichment daily, as well free access to water.  Immunizations, blood draws, and other 

sample collections were performed under anesthesia with ketamine (5-10 mg/kg) or 

telazol (3-5 mg/kg) performed by trained research staff 

 

Animals and Immunization 

 Indian rhesus macaques were immunized on weeks 0 and 15 with 1x108 pfu 

MVA-62Sm expressing HIV-1 gag, pol, and env (strain ADA gp150) (130), and boosted 

with 100 ug of recombinant JRFL-hCMP-V1cyc (cycP-gp120) (129) in combination with 

the mucosal adjuvant double mutated heat-labile enterotoxin (dmLT) (162).  Animals 

were separated into three groups based on the route of immunization.  Group 1, Topical 

application:  Immunizations were applied topically by pipette to the buccal and 

sublingual tissue, with the animals remaining in upright position for one minute to allow 

for natural absorption.  dmLT dose was 25 ug per tissue site for each timepoint.  The dose 

of MVA-HIV and cycP-gp120 was split between both tissue sites.  Group 2, Needle-free 
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oral injection:  Immunizations were delivered via the Syrijet Mark-II Needless Injector 

(Keystone Industries) to the sublingual and buccal tissues.  MVA-HIV and cycP-gp120 

doses were split between both tissue sites.  dmLT dose was 25 ug per tissue site for the 

first cycP-gp120 boost, and 1 ug per tissue site for the second cycP-gp120 boost.  Group 

3, Intradermal and subcutaneous injection:  MVA-HIV was delivered intradermally and 

cycP-gp120 was delivered subcutaneously to the right and left thigh, the dose being split 

between each thigh.  dmLT dose for each timepoint was 1 ug per site.  The production of 

cycP-gp120 was described previously (129). 

 

Intrarectal SHIV challenge 

 Rhesus macaques were challenged intra-rectally with HIV-1 clade-B Env 

expressing neutralization resistant SHIV-SF162P3 (1:100) diluted in sterile RPMI weekly 

for a maximum of six challenges as previously described (211).  Plasma samples taken 

one week post each challenge were analyzed by PCR for detection of viremia ( >60 

copies/ml).  Viral loads were monitored up to 12 weeks post infection to determine the 

peak and set-point viral loads. 

 

Antibody Detection Assays 

 Rhesus macaque sera IgG binding to recombinant ADA-gp120 was measured 

using ADA-gp120 (immune-tech) coated ELISA plates and reacted against serial 

dilutions of sera before detection with anti-rhesus IgG HRP (Southern Biotech).  Titers of 

gp120-specific IgG was quantified using an anti-rhesus IgG standard curve.  Peptides 

corresponding to the V2-hotspot region of HIV-1 strains JR-FL-E168K (N-
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RDKVQKEYALFYKLD-C), ADA (N-RDKVKKDYALFYRLD-C), SF162P3 (N-

GNKMQKEYALFYRLD-C), and 1157-Y173H (N-RDKKQKVHALFYRLD-C) (183) 

were synthesized (Genemed Synthesis Inc.) and binding of macaque sera (1:100 dilution) 

was measured by ELISA (OD 450 reading). 

 For mucosal antibody responses, IgA and IgG were isolated from Weck-Cel 

swabs as previously described (220).  Anti-gp120 (strain ADA) ng IgG and IgG was 

quantified in rectal, vaginal, and salivary secretions and divided to ug of total IgG or IgA 

isolated from the secretions to calculate the specific activity.  Specific activities are 

considered significant if values are greater than the mean specific activity in pre-

immunization samples plus three standard deviations. 

 

Neutralization Assays 

 Neutralizing antibody activity was measured in 96-well culture plates by using 

Tat-regulated luciferase (Luc) reporter gene expression to quantify reductions in virus 

infection in TZM-bl cells.  TZM-bl cells were obtained from the NIH AIDS Research and 

Reference Reagent Program, as contributed by John Kappes and Xiaoyun Wu.  Assays 

were performed with HIV-1 Env-pseudotyped viruses as described previously (189). Test 

samples were diluted over a range of 1:20 to 1:43740 in cell culture medium and pre-

incubated with virus (~150,000 relative light unit equivalents) for 1 hr at 37 oC before 

addition of cells. Following 48 hr incubation, cells were lysed and Luc activity 

determined using a microtiter plate luminometer and BriteLite Plus Reagent (Perkin 

Elmer).  Neutralization titers are the sample dilution at which relative luminescence units 

(RLU) were reduced by 50% compared to RLU in virus control wells after subtraction of 
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background RLU in cell control wells. Serum samples were heat-inactivated at 56oC for 1 

hr prior to assay. Positive values were reported as being at least 3x baseline values 

standardized against the negative control virus, SVA-MLV. 

ADCVI Assays 

Antibody dependent cell-mediated viral inhibition assays were done as previously 

described (136, 221).  Briefly, PHA and IL-2 stimulated rhesus peripheral blood 

mononuclear cells (PBMCs) were infected with SHIV-SF162p3 and plated in a 96-well 

round bottom plate.  To these cells rhesus primary NK effectors cells were added with or 

without immune sera from immunized rhesus macaques.  After seven days incubation, 

supernatants were collected and viral output was measured via p27 capture ELISA. 

 

Binding Antibody Multiplex Assay (BAMA) measuring gp120, gp140, gp70-V1V2 

scaffold binding 

BAMA assays were performed as described previously (85, 125).  Briefly, serial dilutions 

(starting at 1:80, six five-fold dilutions) of rabbit or rhesus macaque sera were reacted 

against beads conjugated to a panel of gp120 (strains 51802, BORI, BJOX002, 254008, 

CNE20, TT31P.2792, B.6240, A244), uncleaved trimeric gp140 (strains RHPA4259, 

AE.01.con_env03, 1086.C, C.CH505TF, WITO4160, BF1266, 9004S, SC42261), and 

gp70-V1V2 scaffold proteins (strains B.CaseA, 7060101641, CM244.ec1, TV1.21, 

001428.2.42, CAP210.2.00.E8, C2101.c01, BJOX002000.03.2, BF1266_431a, 

96ZM651.02, RHPA4259.7, Ce1086_B2, 62357.14, 700010058, 191084_B7, 

TT31P.2F10.2792) representing the global panel of HIV-1 Envs.  Binding of sera to 
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beads was detected using a secondary biotin-conjugated anti-rabbit IgG and measured via 

Bio-Plex.  Binding is reported as Area Under Curve (AUC) analysis generated from 

measured MFI’s at different serial dilutions.  Criteria for positive reactivity was as 

follows:  MFI at 1:80 > 100, MFI at 1:80 > Ag-specific cutoff (95th percentile of all pre-

bleed for study for each antigen), MFI > 3-fold that of matched pre-bleed before and after 

blank bead subtraction. 

Flow Cytometr and T-cell responses 

PBMCs were stimulated with Gag (clade-B) or Env (clade-B consensus) peptides along 

with anti-CD28 and anti-CD49d co-stimulatory molecules for two hours before the 

addition of GolgiStop and GolgiPlug and incubated for an additional four hours.  PBMCs 

were then stained for analysis by flow cytometry with antibodies against CD3 (BD), CD4 

(BD), CD8 (BD), IFN-γ (BD), TNF-α (BD), and IL-2 (BD).  Live-cells were detected 

using the LIVE/DEAD (Life) reagent.  Rectal Biopsy samples were digested with 

collagenase and stained for phenotypic markers, CD3, CD4, CD8, CD45RA, CCR7, 

CCR5, HLA-DR, Ki67, and LIVE/DEAD for flow cytometry analysis 

 

Statistical analysis.  

Statistical analysis was performed using Graphpad Prism v7.0.  A two-tailed non-

parametric t-test (Mann-Whitney Test) was used for all comparisons unless otherwise 

noted (*p < 0.05).  Spearman correlations were used to analyze relationships between 

multiple variables.  Alignment of protein sequences done in MegAlign Pro (DNASTAR). 
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Chapter 3 Figures 

 

Figure 1:  Dendritic Cells in the Sublingual and Buccal Tissue.  Paraffin embedded 

sublingual and buccal tissue sections were stained with Hematoxylin and eosin (A) and 

imaged by light microscopy or anti-Langerin (B) and analyzed by 

immunohistochemistry.  Langerin+ cells are stained red.  (C) Flow cytometry analysis of 

PBMC, sublingual, and buccal cells stained for dendritic cell markers.  (C) CD45+CD3-

CD20-HLA-DR+ cells gated for CD14 and DC-Sign (Dermal DCs).  (D) CD45+CD3-

CD20-HLA-DR+CD14-CD16- cells gated for CD123 and BDCA-1 (Plasmacytoid DCs, 

CD123+BDCA-1-) (Myeloid DCs, CD123-BDCA-1+). 
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Figure 2:  Detection of aldehyde dehydrogenase (aldh) activity in dendritic cells in 

oral tissue and lymph nodes.  (A) Vitamin A is metabolized to Retinoic Acid via aldh 

activity, which then mediates the generation of gut-homing markers, IgA class switching, 

and TREG generation.  Aldh+ cells can be labeled with the ALDEFLUORTM kit 

(STEMCELL).  (B) CD45+CD3-CD20-HLA-DR+BDCA-1+ cells stained with the test 

ALDEFLUORTM reagent or a control reagent.  ALDEFLUOR+ cells contain alhd 

activity.  
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Figure 3:  Sublingual and buccal immunization with a needle-free injector   (A) 

Needle-free injector used to deliver immunizations to the sublingual and buccal 

tissue.  (B)  Water cartridges were modified to contain immunizations.  (C) Sublingual 

and buccal tissue of a rhesus macaque before and five minutes after PBS injection with 

the needle-free injector. 
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Figure 4:  Vaccine scheme.  Rhesus macaques (n = 15) were immunized twice with 

MVA-HIV (1x108 pfu) and boosted twice with recombinant trimeric gp120 (cycP-gp120) 

(100 ug) with the mucosal adjuvant dmLT (ug dose in green).  19 weeks after the second 

boost the animals were challenged intra-rectally with pathogenic SHIV-

SF162P3.  Animals were immunized via topical application to the buccal and sublingual 

tissue (n = 4), needle-free injection to the sublingual and buccal tissue (n = 5), or 

intradermally (MVA-HIV) and subcutaneously (protein) (n = 6).  MVA-HIV and cycP-

gp120 doses were split between the buccal and sublingual tissue, or the right and left 

thighs. 
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Figure 5:  Anti-gp120 antibodies in the sera.  Kinetics of the IgG (A) and IgA (B) anti-

gp120 (ADA) antibody response in the sera, measured by ELISA.  * p < 0.05, **p  < 

0.01, *** p < 0.001 (Two-Way ANOVA). 
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Figure 6:  Anti-gp120 antibodies in the mucosal secretions.  Kinetics of specific 

activity of anti-gp120 rectal, vaginal, and salivary IgG (A) or IgA (B) in mucosal 

secretions.  Specific activity calculated as the ratio of ng anti-gp120 IgG or IgA to total 

IgG or IgA isolated from the secretions. (C) Specific activities of rectal, vaginal, and 

salivary IgG and IgA two weeks after the first protein boost. * p < 0.05, **p  < 0.01, *** 

p < 0.001, **** p < 0.0001 (Two-Way ANOVA) (A-B) (Mann-Whitney) (C).  
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Figure 7:  Neutralizing Antibodies:  Serum neutralizing activity against neutralization 

sensitive MW965.26 (clade C) and SF162.LS (clade B) or moderately resistant BaL.26 

(clade B) HIV-1 isolates measured by TZM-bl assay.  ID50, sera dilution required to 

reduce virus infectivity by 50%. * p < 0.05, ****p < 0.0001 (2-Way ANOVA, multiple 

comparisons). 
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Figure 8:  Anti-Env antibody breadth and cross-reactivity.  Binding of immune sera 

to a panel of gp120 and gp140 antigens, measured at the protein-1 week 2 timepoint (A) 

or the pre-challenge timepoint (B).  Sera reactivity to gp120 and gp140 antigen-

conjugated beads measured by Binding Antibody Multiplex Assay (BAMA), and 

quantified as Area Under Curve (AUC) analysis. 
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Figure 9:  Anti-V1V2 antibody response.  (A) Anti-gp70-V1V2 (Case.A2) antibody 

response in serum, rectal, and vaginal IgG in topically immunized, needle-free orally 

immunized, and ID/SC immunized macaques.  Serum responses quantified as ug/ml, 

rectal and vaginal responses measured as specific activity.  Serum IgG binding to a panel 

of gp70-V1V2 scaffolds representing the global diversity of HIV-1 across multiple 

clades, measured by BAMA analysis at the protein-1 week 2 (B) and pre-challenge (C) 

time point.  *p < 0.05 (Two-Way ANOVA, multiple comparisons).  
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Figure 10:  Anti-V2 Hotspot antibodies.  Serum IgG binding to peptides corresponding 

to the V2-hotspot of HIV-1 strain JRFL-E168K (cycP-gp120), ADA (MVA-HIV), 

SHIVSF162P3, and SHIV-1157-Q(N)E-Y173H (clade-C) measured by ELISA and 1:100 

dilution at protein-1 week 2 (A) and protein-2 week 2 (B) time points.  (C) Sequences of 

V2-hotspots used in (A, B). (Two-Way ANOVA, multiple comparisons)  
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Figure 11:  Intra-rectal challenge with pathogenic SHIV-SF162P3.  Animals were 

challenged weekly with an intra-rectal low dose (1:100 dilution) of SHIV-SF162P3.  5 

unvaccinated macaques were used as a control.  Acquisition of infection in needle-free 

orally immunized (A), ID/SC immunized (B), or needle-free oral + ID/SC combined 

immunized (C) macaques.  (D) Kinetics of viral loads in control, needle-free oral, and 

ID/SC immunized infected macaques.  Right, viral loads at week 6 post infection. 

Animals were considered infected upon plasma viral load being above background for 

two consecutive weeks post the indicated challenge.  Log-rank (Mantel-Cox) test.   

0 1 2 3 4 5 6
0

20

40

60

80

100

0 1 2 3 4 5 6
0

20

40

60

80

100

0 1 2 3 4 5 6
0

20

40

60

80

100

Needle-Free Oral ID/SC Combined
Unvaccinated

%
 U

ni
nf

ec
te

d

# Challenges

0 5 10 151 2 3 6 12
101

102

103

104

105

106

107

108

0 5 10 151 2 3 6 12
101

102

103

104

105

106

107

108

0 5 10 151 2 3 6 12
101

102

103

104

105

106

107

108

Week Post Infection

Controls Needle-Free Oral ID/SC

Contro
l

Nee
dle-

Free
 O

ral
ID

/SC
10

100

1000

10000

100000

1000000
Week 6

p = 0.019 p = 0.0074 p = 0.0022

SH
IV

 v
ira

l l
oa

d 
(c

op
ie

s/
m

l)

A. C.B.

D.



121 
	  

 

Figure 12:  Immune-correlates of protection.  Correlations with immune parameters 

and acquisition of infection.  (A) Binding titers against gp120 (ADA) at protein-1 week 2, 

(B) gp120-specific anti-gp120 IgG at pre-challenge, (C) Serum IgG against JRFL-E168K 

and SHIV-SF162P3 (D) hotspot peptides, measured at their peak response, protein-1 WK 

2 for needle-free oral immunization, and protein-2 week 2 for ID/SC immunization.  

Outlier animal in needle-free oral group (RKy16) indicated.  Spearman correlations.  
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Figure 13:  Binding to B.6240 gp120 correlates with protection.  (A) Correlation 

analysis of binding to B.6240 at the protein-1 week 2 timepoint measured by BAMA vs. 

acquisition of infection.  (B) Phylogenetic analysis of SHIV.SF162P3 Env and 

gp120/gp140 antigens used in BAMA anaylsis.  (C) V2 hotspot alignment of 

SHIV.SF162P3 gp120 and gp120/gp140 antigens used in BAMA analysis.  Spearman 

correlation  
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Figure 14.  Antibody dependent cell-mediated viral inhibition (ADCVI) correlates 

with protection.  Immune sera from the pre-challenge timepoint was added to activated 

rhesus PBMCs infected with SHIV-SF16P3 and incubated with effector NK cells,  Seven 

days after incubation viral outgrowth was measured using p24 viral capture assay.  

Correlation analysis of viral p24 in supernatatnat and number of challenges to infection 

UI (Uninfected).  Spearman Correlation. 
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Figure 15:  Anti-dmLT antibodies generated by immunization with cycP-gp120 with 

dmLT.  (A) Anti-dmLT antibodies in macaques immunized with MVA-HIV and boosted 

with cycP-gp120 with mucosal adjuvant dmLT.  ELISA binding data of sera reacted 

against dmLT measured two weeks post cycP-gp120 and dmLT immunization.  (B) Anti-

dmLT (ug/ml) in animals before and after immunization with cycP-gp120 and dmLT.  

A

B
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Figure 16:  Serum and rectal IgA responses do not correlate with protection. 

Correlation analysis of serum and rectal IgG and IgA at protein-1 week 2 and pre-

challenge time points with acquisition of infection.  Spearman correlation. 
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Figure 17:  Peak CD4+ T-cell responses and phenotype of rectal CD4+ T-cells at the 

pre-challenge time-point.  (A) Flow plots of NS, Gag, and Env peptide stimulated 

PBMCs, gated on Live CD4+CD3+ cells isolated two weeks after the first protein boost.  

(B) Percent cytokine positive CD4+ T-cells reacting to Env peptide stimulation.  NS 

background subtracted from Env responses.  (C) HLA-DR and CCR5 expression levels 

of central memory (TCM), naïve (TNaive), transitional memory (TTransitional), and effector 

memory (TEM) rectal CD4+ T-cells taken at the pre-challenge time-point.  
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Chapter IV:  Discussion 

 

 The work in this dissertation characterized in vivo the immunogenicity of a novel 

HIV-1 Eng trimer immunogen in rabbits and rhesus macaques.  While the design and 

initial characterization of this immunogen, cycP-gp120, has been previously reported 

(129), this work is the first to characterize this immunogen in rabbits and rhesus 

macaques, establish the ability of cycP-gp120 to induce broad cross-reactive V1V2-

antibody responses, and induce protection against challenge with a pathogenic SHIV 

virus.  These findings add to the field a new class of Env-immunogens to be studied and 

improved upon, and further substantiates anti-V2 antibodies as a goal of vaccination. 

 Additionally, this work established a novel route of mucosal immunization for 

HIV-1, via needle-free injection to the sublingual and buccal tissue, as a viable method of 

generating robust systemic and mucosally localized antibody responses.  While mucosal 

vaccination offers many advantages over systemic vaccination, such as ease of use and 

the efficiency of generating mucosal responses, disadvantages can stem from routes being 

impractical to vaccinate on a large scale, unwanted inflammation in intranasal 

immunizations, and immune responses being limited to local sites (135).  We show in this 

work that needle-free oral immunization of the sublingual and buccal tissue offers an 

easy, practical, and safe method of generating potent systemic and mucosal responses to 

HIV-1.  Furthermore, this work suggests this technique could be expanded to vaccine 

development for other mucosal pathogens in which strong mucosal immunity is essential 

for protection. 
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The RV144 trial and V1V2-directed antibody responses 

 Results from the RV144 vaccine efficacy trial in Thailand showed for the first-

time vaccine-mediated protection from HIV-1 infection (83).  While long-term protection 

was modest at approximately 30% protection (efficacy in the first year was 60%), all 

other HIV-1 efficacy trials have shown no protection, or in some cases increased risk of 

infection via vaccination (43).  The results of the RV144 trial were met with skepticism, 

some of which remains to this day (88), however in 2012 a major study was published 

reporting on the immune correlates of protection (85).  This study postulated that non-

neutralizing antibody responses to the V1V2 loop region of gp120 is associated with 

decreased risk of infection, a finding which propelled forward a new paradigm in HIV-

1vaccine-development.  V1V2-directed antibodies can be generated by immunization and 

don’t require the high levels of somatic hypermutation and/or long HCR3 regions of 

broadly neutralizing antibodies.  Because of these features, V1V2-directed antibodies 

may be a realistic and practical goal of HIV-1 vaccines. 

 In the time since results from the RV144 trial were published, numerous studies in 

non-human primates have again demonstrated the importance of V1V2-directed 

antibodies in protecting from HIV-1 or SIV infection.  One study by Barouch et al. found 

that antibodies directed toward the V2-loop correlated with protection from SIV infection 

in immunized rhesus macaques (97).  In another study, rhesus macaques generating high 

titers of rectal anti-V2 antibodies by immunization similar to the RV144 trial were 

significantly protected from SIV infection when the adjuvant alum was used with the 

gp120 boosts (99).  Additional analysis of the immune responses in the RV144 trial 
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indicated that antibodies toward the V2-hotspot (residues 166-178) were associated with 

vaccine-mediated protection (93). 

 As the V1V2 loops are inherently variable (hence the name variable loops 1 and 

2), targeting them by vaccination may not appear to be the optimal strategy.  The V1V2 

loop region does indeed contain two hypervariable loops.  However, there are several 

regions of general conservation within the V1V2 region, with several residues being 

highly conserved across multiple strains and clades (Chapter 1, Fig.5).  Many of this 

conservation lies around the V2-hotspot, toward the apex of the trimer (Chapter 1, Fig. 

6).  Furthermore, several residues within the V2 hotspot are not buried by the glycan 

shield, making them a prime target for antibody recognition.  The conservation of this 

region suggests these residues cannot be easily mutated without sacrificing viral fitness. 

 One issue with antibodies directed toward the V2-hotspot is the specificity of the 

antibodies toward a specific linear epitope.  Initial studies isolating V1V2-directed 

antibodies, CH58 and CH59, from RV144 vaccinated individuals showed high specificity 

against K169 and H173 (AE.244 peptide 165-LRDKKQKVHALFYKLDIVPIED-186), 

as alanine substitutes as each of these positions ablated antibody binding (87).  Analysis 

of the V2 region across clades shows that the predominant amino acid residue at position 

173 is a tyrosine (Y) instead of a histidine (H), therefor the induction of V2-directed 

antibodies with high specificity for H173 may be unfavorable for HIV-1 vaccine 

development.  This finding also has implications for human clinical trials.  The recently 

announced HVTN-702 vaccine efficacy trial, taking place in South Africa, will attempt to 

repeat the results of the RV144 trial.  This vaccine will be composed of ALVAC-HIV 

and bivalent subtype C gp120 (1086.C and TV-1 gp120) with the adjuvant MF59 (222)	  
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(223).  Clade-C is predominant in South Africa and the clade-C consensus contains a 

tyrosine (Y) at position 173 (Chapter 1, Fig. 6).  However, 1086.C contains a histidine 

(H) at this position (Chapter 2, Fig. 3) (166-KDKKHKVHALFYK-178).  Furthermore, 

1086.C lacks an asparagine (N) at position 160, which could expose the V2-hotspot loop 

to B-cells and promote higher binding to the 1086.C hotspot (224).  The other clade-C 

strain in HVTN-702 is TV-1, which does contain a tyrosine (Y) at position 173, may aid 

in the generation of antibodies recognizing the clade-C consensus sequence.  However, 

this strain does contain the N160 glycosylation site, which may obstruct the V2-hotspot 

of TV-1 more than 1086.C (166-RDKKHKEYALFYR-178).  Both 1086.C and TV-1 also 

contain a positively charged histidine (H) at position 170 (H170), while the clade-C 

consensus contains a polar uncharged glutamine at this position (Q170) (222)  (Chapter 

1, Fig. 6).  Unlike the Y173 residue, though, this residue doesn’t seem to be as important 

as Y173 binding by CH58 and CH59 (87), suggesting some flexibility in antibodies 

recognizing this epitope. 

The importance of V2-hotspot matching between vaccine and challenge viruses 

has been shown in published studies.  One study found that by mutating SHIV-

1157ipd3N4, which contains a Y173, to SHIV-1157(QNE)Y173H containing an H173 to 

improve V2 hotspot binding by a pentavalent vaccine containing both Y173 and H173 

immunogens resulted in significant vaccine efficacy (183).  This suggests the V2-hotspot 

sequence is an important consideration for vaccine design, however this study did not 

compare vaccine efficacy between the wild-type SHIV-1157ipd3N4 and the mutated 

strain.  Another study in which rhesus macaques were immunized with 1086.C gp120 

showed no protection upon challenge with SHIV-1157ipd3N4, even though the vaccine 
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was highly immunogenic (225).  These studies indicate that the V2-hotspot in vaccine 

strains, especially at position 173, should be taken into consideration and reflect the 

regional clade in which they are designed for. 

 A striking feature of cycP-gp120 is the ability to generate very strong, cross-

reactive V1V2-directed antibody responses.  Upon immunization with cycP-gp120 

(clade-B) in rabbits or rhesus macaques we detect V1V2-binding antibodies against 

clade-C, A, AE, and BC isolates.  Furthermore, cycP-gp120 generates a robust V2-

hotspot directed antibody response.  In rabbits immunized with cycP-gp120, V2-hotspot 

directed antibodies recognized heterologous clade-C 1086.C V2 peptides (Chapter 2, 

Fig. 3).  Monomeric gp120 generated no binding activity towards these peptides.  

Interestingly, cycP-gp120 induced antibodies recognized H173 containing 1086.C 

peptides, even though cycP-gp120 contains a Y173 residue.  This indicates that cycP-

gp120 can induce antibodies that recognize both Y173 and H173 containing V2-hotspot 

sequences, and this cross-reactivity was observed in rhesus macaques immunized with 

MVA-HIV and cycP-gp120 (Chapter 3, Fig. 10).  Further studies will fully characterize 

the key regions within the V2 loop that are targeted by cycP-gp120 immunization. 

 A key correlate of protection from SHIV-SF162P3 challenge in MVA-HIV/cycP-

gp120 immunized rhesus macaques was binding to the V2-hotspot of the challenge virus 

(Chapter. 3 Fig. 12).  The challenge virus and cycP-gp120 have several common 

residues within the V2-hotspot.  Both contain a Y173, Q170, K168, and a hydrophobic 

non-polar residue at position 169.  Likewise, binding to the B.6240 gp120 antigen in the 

BAMA analysis also correlated with SHIV protection, and sequence analysis of all the 

gp120 and gp140 antigens used in the assay revealed that only B.6240 and SHIV-
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SF162P3 share the same V2 hotspot sequence.  While MVA-HIV/cycP-gp120 

immunization generated very strong anti-gp70-V1V2 antibody responses, binding to 

these scaffolds did not correlate with protection.  Interestingly, none of the gp70-V1V2 

scaffolds tested by BAMA analysis contained a matching V2-hotspot sequence to SHIV-

SF162P3, possibly explaining why binding to these scaffolds did not so correlations with 

protection.  These findings demonstrate a key role of the V2-loop region, focused on the 

hotspot sequence (positions 166-178) in vaccine-mediated protection.   

The mechanism behind cycP-gp120, or any Env immunogen, directing antibody 

responses toward this region is still unclear.  The generation of cycP-gp120 in which the 

V1 loop has been interrupted and into it fused the hCMP trimer domain, may push 

antibody responses away from the V1 loop towards the V2 loop (Chapter 1, Fig. 8).  

Furthermore, as the crystal structure of cycP-gp120 has yet to be solved, the structure of 

the V2-hotspot could potentially be oriented in a way that is highly assessable by B-cells.  

Addressing these questions, as well as investigating potential mutations to cycP-gp120 to 

bolster V2-responses, will aid in fully evaluating cycP-gp120 as a vaccine immunogen. 

 

Neutralizing vs. non-neutralizing antibody responses 

 Results from the RV144 trial, and subsequent studies investigating V1V2-directed 

antibodies, have rekindled a debate in the HIV-1 vaccine field between non-neutralizing 

and neutralizing antibodies, and which (or both?) should be a goal of vaccination (226). 

While historically a gold standard in vaccine development, the generation of broadly 

neutralizing antibodies (bNAbs) against primary isolates of HIV-1 has long been a 

challenge in vaccine development (12).  bNAbs occur naturally in some infected people, 
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often the result of heavily somatic hypermutation with many bNAbs featuring long 

HCDR3 regions capable of penetrating the glycan shield (169).  Despite the difficulty in 

generating bNAbs by vaccination, their ability to prevent infection of SHIV infection via 

passive transfer into non-human primates demonstrates their appeal in vaccine-elicited 

antibody responses  (171, 227).  Neutralization activity against HIV-1 is most commonly 

characterized against HIV-1 isolates separated into three tiers of neutralization resistance 

(228).  Tier-1A viruses are the most neutralization sensitive, often derived from 

laboratory-adapted strains, and their Env primarily exists in an open conformation, 

exposing otherwise buried neutralizable epitopes.  Tier-1B viruses are moderately 

resistant to neutralization and represent a small fraction of circulating viral isolates.  

Their envelopes are thought to exist primarily in an intermediate stage between open and 

closed conformation.  Tier-2 viruses represent the majority of circulating viral strains and 

are considered neutralization resistant, with their envelopes existing primarily in the 

closed conformation, shielding many neutralizable epitopes.  Hence, an ultimate goal of 

HIV-1 vaccine mediated bNAbs would be the induction of broadly cross-reactive 

antibodies capable of neutralizing diverse tier-2 HIV-1 viral isolates. 

 One of the most heavily researched immunogens for the generation of tier-2 

neutralizing antibodies is the clade-A BG505 SOSIP.664 trimer from which the first 

native-like crystal structures of trimeric HIV-1 have been solved (8, 14). Immunization 

with BG505 SOSIP.664 in non-human primates results in autologous tier-2 neutralization 

of the BG505 viral isolate, one of the first reports to show that vaccine-induced tier-2 

neutralizing antibodies is possible in non-human primates (122).  However, neutralizing 

antibody responses induced by SOSIP.664 gp140 immunogens are primarily limited to 
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the autologous parent strain, often target glycan holes found within the HIV-1 Env 

specific to the vaccine strain (123).  Additionally, the ability of BG505-SOSIP.664 

generated antibody responses to prevent a heterologous SHIV challenge in non-human 

primates has yet to be published.  Current efforts in SOSIP-based gp140 immunogen 

designs are in optimizing the immunogen via stabilizing mutations to eliminate exposure 

of unwanted epitopes, with the goal of inducing heterologous tier-2 neutralizing 

antibodies (215). 

 In our studies with cycP-gp120, we reliably observed the induction of tier-1B 

neutralizing antibodies after immunization in both rabbits and rhesus macaques.  

However, we did not generate tier-2 neutralizing antibodies in these experiments. In the 

original study describing cycP-gp120, homologous immunization with DNA encoding 

cycP-gp120 followed by cycP-gp120 protein boost did generate tier-2 neutralizing 

antibodies in guinea pigs (129).  One major difference from this study and what is 

described in this dissertation is that in our studies we utilized a heterologous prime-boost 

vaccine regimen in which animals were first immunized with MVA-HIV encoding strain 

ADA gp150 before boosting with strain JRFL-cycP-gp120.  While this may aid in the 

generation of broadly cross-reactive antibodies against HIV-1 Env, a heterologous prime-

boost may not be favorable for generating the high antibody maturation needed for tier-2 

neutralizing antibodies.  Most studies characterizing SOSIP-gp140 induced tier-2 

neutralizing antibodies are based on repeated immunizations with the same recombinant 

protein (122, 177).  Repeated germinal center responses have also been shown to be 

crucial for the generation of tier-2 neutralizing antibodies (176).  Hence the ability of 

cycP-gp120 to generate tier-2 neutralizing antibodies may still be possible by 
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vaccination, and current efforts in designing MVA vectors which express cycP-gp120 

should allow for a homologous MVA/cycP-gp120 immunization regimen to be tested. 

 Other major efforts in generating neutralizing vaccination involve sequential 

immunizations with immunogens designed to first engage bNAb precursor antibodies and 

guide their maturation into bNAb functionality by modified immunogens (114, 229).  

This strategy has been demonstrated in knock-in mice expressing bNAb-class precursor 

genes, however the feasibility of this approach in complex animals such as non-human 

primates and humans has yet to be shown (230-232).  A major limitation to this vaccine 

strategy, and SOSIP-gp140 repeated immunization-based strategies, is the requirement of 

numerous immunizations in humans to induce the desired result, which has practicality 

issues when considering the economic and social requirements an effective HIV-1 

vaccine would demand.  Furthermore, for germline-targeting immunogens, the 

immunized individual needs to not only contain the correct alleles to express the bNAb-

precursor B-cells, but they must be engaged and expanded over other, potentially more 

prevalent, naïve B-cells which may recognize the immunogen at an unwanted epitope.  

This is compounded by the observation that gp140 based immunogens tend to highly 

skew the antibody response towards the gp41 region due to cross-reactivity of 

polyreactive antibodies also specific for microbial antigens (127).  These hurdles cause 

the generation of bNAbs by vaccination, while likely still possible, a major resource 

intensive endeavor of HIV-1 vaccine research.  

 Research of non-neutralizing antibodies against HIV-1 have seen resurgence of 

interest since the results of the RV144 trials were published.  While seemingly counter-

intuitive, the role in non-neutralizing antibodies has been shown to be a correlate of 
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protection from HIV, SIV, and SHIV infection in both human and non-human primate 

studies (226).  An Ad26 prime and MVA boost expressing SIVsme543 Env prime/boost 

regimen in rhesus macaques resulted in significant vaccine protection from the 

neutralization-resistant SIVmac251 (97). Protection correlated with V2-binding responses 

and tier-1 neutralizing antibodies.  Another study by the same group demonstrated a 

mosaic Ad26-MVA vaccine regimen induced protective responses against a pathogenic 

SHIV-SF16P3 challenge (211).  While this study did generate antibody responses that 

could neutralize the challenge virus, most protective efficacy was observed against 

binding titers against Env itself, as well as tier-1 neutralizing antibodies against a 

sensitive SF162 strain.  Finally, numerous analysis of the RV144 vaccinated individuals 

revealed a strong association of non-neutralizing antibody effector functions as correlates 

of protection (101), and only weak neutralizing responses were detected in vaccinated 

individuals (233). 

 There are several proposed mechanisms for non-neutralizing antibody mediated 

protection from HIV-1 infection (Chapter 1, Fig. 3).  These include mechanisms to trap 

HIV-1 virions in the lumen of the genital or gastrointestinal tract by capturing viral 

particles and inhibiting them from transcytosis.  Fc-receptor mediated functions include 

antibody-dependent cellular cytotoxicity (ADCC), antibody-dependent cell-mediated 

viral inhibition (ADCVI), antibody-dependent cellular phagocytosis (ADCP), and 

complement activation (226).  It is likely that a combination of these mechanisms would 

be at work in preventing HIV-1 infection, and several of these functions may depend on 

the compartment in which HIV-1 is transmitted.  Inhibition of viral transcytosis was 

reported a major correlate of protection in a study evaluating mucosal vaccination and 



137 
	  

intra-vaginal SHIV challenge (139).  Additional studies examine the mucin layers outside 

the cervio-vaginal epithelium suggest they may hinder HIV-1 movement, and antibodies 

which can bind to both mucin and HIV-1 may bolster this hindrance (234, 235).  ADCC 

activity is thought to primarily be mediated by NK-cell killing, though monocytes may 

also be involved (236).  Studies in RV144 vaccinated individuals found that higher titers 

of V1V2-directed IgG3 antibodies correlated with higher ADCC activity and decreased 

risk of infection (101).  ADCP is thought to be mediated by macrophages, immature 

dendritic cells, and neutrophils and is directed by binding to FcγRII to antibodies bound 

to viral antigens (237).  ADCVI is thought to be a combination of multiple antibody-

mediated effector functions, including ADCC, phagocytosis, and innate immune 

activation (238).  ADCVI has been associated with vaccine-mediated protection in 

numerous vaccine studies, suggesting it may be a crucial metric in the overall assessment 

of the antibody functionality against HIV-1 (136, 138, 239, 240). 

 The studies in this dissertation describe cycP-gp120 as a potent immunogen in 

generating non-neutralizing antibody effector functionality.  In rabbits, we found that 

using a combination of MVA-HIV prime and cycP-gp120 boost generated ADCC 

functionality, which was not seen in cycP-gp120 alone immunization.  This discrepancy 

could be due to the poxvirus MVA-HIV prime, which is also hypothesized to be an 

importance distinction between the RV144 trial (ALVAX + AIDSVAX) and the 

VAX003/VAX004 trials (AIDSVAX alone) (101).  Furthermore, while we did not detect 

neutralization of the challenge virus in the vaccine efficacy trial, we found a strong 

inverse correlation with ADCVI activity and risk of infection, indicating that non-

neutralizing antibody functionality is a principal component of vaccine-mediated 
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protection.  The relationship between cycP-gp120 inducing V1V2, and V2-hotspot 

binding antibodies and non-neutralizing antibody functionality may be due to multiple 

mechanisms.  Anti-V1V2 antibodies exhibiting ADCC functionality have been 

extensively described as a leading mediator of anti-viral antibody functionality (87, 101, 

174).  Additionally, antibodies directed towards the V2-hotspot are in close proximity to 

the putative α4β7 binding site on gp120, and may block initial interactions between viral 

particles or virally infected cells and uninfected target cells express α4β7 (105, 217). 

 One of the key advantages of non-neutralizing antibodies over neutralizing 

antibodies in the context of HIV-1 vaccine design is that they are easily generated via 

vaccination.  Historically these antibodies have had limited functionality for numerous 

reasons.  Monomeric gp120 immunogens could induce antibodies primarily directed 

toward the inner domain of gp120, irrelevant epitopes when these regions are shielded in 

the native HIV-1 Env trimer.  Trimeric gp140 immunogens may shield these regions but 

in return display non-neutralizing epitopes in the gp41 region, highly immunogenic due 

to polyreactive antibodies which react to both gp41 and microbial productions.  CycP-

gp120 averts both these issue as it is a trimeric gp120 immunogen that does not express 

gp41.  Because of this, antibody responses are primarily driven toward the outer domain 

of gp120, residues also observed on native trimeric HIV-1 Env.  Additionally, we believe 

cycP-gp120 has a unique ability in presenting V2 epitopes to B-cells for the development 

of V2-directed antibodies, a mechanism potentially due to the disruption of the V1 loop 

in cycP-gp120, which could promote antibody responses towards the V2 loop.  As our 

knowledge of the mechanisms and specificities of non-neutralizing antibodies against 

HIV-1 Env have grown significantly over the past decade, this knowledge can be used to 
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inform future designs and optimizations of current immunogens to aid in boosting these 

highly anti-viral effector functions. 

 

Mucosal vaccination for HIV-1 via sublingual and buccal immunization 

 A major component of this dissertation was the evaluation of a novel mucosal 

route of vaccination for HIV-1.  As HIV-1 is primarily transmitted across the mucosal 

epithelium, mucosal immunity to HIV-1 is thought to be crucial in protecting from 

infection (42).  Historically multiple mucosal routes have been tested for HIV-1 

vaccination, including intranasal, intrarectal, intravaginal, and oral immunization (194).  

While sublingual and buccal vaccination has been proposed for a potential route of 

mucosal HIV-1 vaccination (198), most studies involved applying immunizations 

topically to the oral tissue and allowing their natural uptake.  In this study we used a 

needle-free injector to aid in antigen transport across the oral epithelium.  We show this is 

an easy and practical route of oral immunization, generated robust titers of systemic and 

mucosal antibodies with minimal damage to the oral tissue.   

 Needle-free injectors have been tested extensively for vaccine delivery.  

Primarily, needle-free injectors have been used in intradermal delivery of vaccines for 

pathogens such as Influenza (200, 241).  Multiple side-effects were reported in 

intradermal needle-free injections, mostly involving local inflammation and soreness.  

However, these local injection site reactions occurred more often in people receiving 

needle-free administration than with a conventional needle and syringe.  In our study we 

did not report any inflammation in rhesus macaques following MVA-HIV immunization 
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in the sublingual or buccal tissue, even though this was a live vaccina injection.  The 

discrepancy could be due to immunizations been held in the subcutaneous and muscle 

tissue in needle-free injection into the arm, while sublingual and buccal needle-free 

injection may result in more rapid drainage to the draining lymph nodes.  However, this 

hypothesis needs to be further investigated. 

 While this study is the first to report a needle-free oral injection for HIV-1 

vaccination in rhesus macaques, other studies have described devices designed for 

needle-free oral injection (201, 242).  The needle-free injection device used in this study, 

the Syrijet Mark-II, was designed for use in dentistry to deliver anesthetics.  

Modifications were required to instead deliver immunizations.  Additionally, this device 

is no longer commercially available, and manufacturer support will soon end, indicating 

that an alternative device will need to be adopted soon for future studies. We believe this 

study demonstrates the feasibility and practicality of the sublingual and oral tissue as a 

site for mucosal immunization, and future experiment will build upon this study with new 

devices and vaccine formulations. 

 Despite seeing higher immune responses in needle-free orally immunized rhesus 

macaques, we did not detect higher protection from SHIV infection than macaques 

immunized via the ID/SC pathway (Chapter 3, Fig. 11).  A major issue with HIV-1 

vaccination is the generation of detrimental vaccine responses in the quest to generate 

favorable responses.  Vaccines which generate high levels of mucosally localized 

activated  CD4+CCR5+ T-cells are prime targets for HIV-1 infection, especially within 

the rectal tissue (243).  However, we did not detect any differences in CD4+CCR5+ T-

cells in the rectal tissue at the pre-challenge time point between needle-free orally 
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immunized and ID/SC immunized macaques, indicating that needle-free injection did not 

result in higher levels of target cells. 

 Another key finding from the RV144 trial is the negative association of vaccine-

induced sera IgA and protection from infection.  This study, we found similar results 

suggesting that the high sera and rectal IgA was either not associated or negatively 

associated with protection for SHIV infection (Chapter 3. Fig. 16).  This lack of 

protection could be due to the majority of antibody-mediated effector functionality being 

caused by IgG-associated functions.  Furthermore, IgA responses may have a larger 

importance in intravaginal challenge than intrarectal challenge, as IgA-inhibition of viral 

transcytosis has been a reported correlate of protection from SHIV infection (139).  The 

high vaginal IgA responses observed in needle-free orally immunized rhesus macaques 

may thus be crucial for blocking intra-vaginal transmission (Chapter 3. Fig 6).   

 In summary, this dissertation has added to the field of HIV-1 vaccine research in 

the characterization of a novel immunogen which generates high levels of desirable anti-

V1V2 and V2 directed antibody responses as well as vaccine-mediated protection from a 

pathogenic SHIV-SF162P3 challenge, a crucial feature of a potential vaccine candidate.  

Furthermore, we describe the use of the sublingual and buccal immunization pathway, 

aided by the use of needle-free injection, as a practical and viable approach to not only 

HIV-1 vaccine design, but for multiple vaccinations that require a strong systemic and 

mucosal immune response.  We believe these finding will great inform future studies to 

optimize not only cycP-gp120 as a vaccine candidate, but the oral tissue as an ideal 

mucosal vaccination route. 
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