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Abstract
Considerable progress has been made in recent years, reinvigorating the HIV
NAb field. Nevertheless, important questions remain concerning Env structure that can
lead to the development of an immunogen that can elicit hNAbs. In this regard, recent
evidence demonstrates that sequential immunization with HIV-1 Envs that evolved in a
macaque infected with pathogenic SHIV leads to broadening of NAbs in rabbits, and that
these NAbs are more similar to the NAbs generated durig SHIV infection (253). The aim
of the work presented here is to extend these data using human-derived envs. I
hypothesize that envs derived from the viral quasispecies of HIV-infected subjects that
develop broad NAbs contribute to the development of this response; moreover, these
Env variants develop particular immunogenic features that drive Env-specific B cells
down a particular maturation pathway as they diverge over the course of infection,
leading to broad NAbs. In Chapter Two, I explore the using a rational method of
selecting vaccine candidate Env clones based on the quasispecies molecular evolution
as it occurs in vivo. Here, I explore the concept of using increasing env sequence
divergence as a means to emulate Env evolution in an HIV-infected subject that
developed modestly broad hNAbs in fewer than five years (subject QA255). The focus of
Chapter Three is developing the novel DNA plus protein co-immunization approach
shown in Chapter Two to accelerate and enhance the NAb response. Using model
antigens, I explore whether co-immunizations of Env-encoding plasmid DNA plus
recombinant trimeric gp140 protein accelerate and enhance NAbs compared to
recombinant trimeric gp140 protein immunizations; additionally I explore the relative
contribution of each of the vaccine components to the overall NAb response as well as
the effect of combining empty plasmid DNA with subunit protein. In Chapter Four, I
x

expand the combination of DNA plus protein approach and return to using Env derived
from HIV-infected subjects that develop broad NAb activity. Here I discuss the rationale
for using in silico phylogenetic analyses of quasispecies env sequences in combination
with neutralization phenotype and antigenic profiles as criteria for selecting Env
immunogens. This work begins to ask mechanistic questions about the development of
NAbs in this patient as well to address the relationship between antigenicity and
immunogenicity of selected Env variants while comparing related, directed immunization
strategies in rabbits. Finally, in Chapter Five, I discuss the significance of these findings
and present suggestions for future research.
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Chapter I – Introduction
The HIV/AIDS Pandemic and the Need for a Vaccine
Human immunodeficiency virus (HIV), the causative agent of acquired
immunodeficiency syndrome (AIDS) has become one of the most widespread and
devastating infections in recent history (22, 134, 398). Intensive campaigns of education
and public health interventions such as needle-exchanges and condom distribution have
led to very significant reductions in the spread of HIV where they have been
implemented. Antiretroviral treatment (ART) that includes HIV-specific drug cocktails
targeting multiple viral targets has had the greatest impact in reducing morbidity and
mortality. Despite enhanced access to antiretroviral treatment (ART), the development of
drug-resistance, toxicity issues, and limited access in developing regions of the world
underscore the necessity for a viable vaccine candidate against this disease. Preexposure prophylaxis (PrEP) shows encouraging promise to cost effectively limit viral
transmission (144, 191). However, this approach raises several ethical issues regarding
possibly encouraging risky behavior as well as moral and ethical issues regarding
access of treatment to low-income individuals (158, 191, 201). Successful immunization
campaigns have significantly reduced the morbidity and mortality of once-prevalent
diseases (5, 139, 187). Traditional approaches such as inactivated or live-attenuated
vaccines are not indicated for HIV, because of the either low efficacy or high risk of
introducing virulent HIV to healthy individuals due to incompletely inactivated virus or
pathogenic reversion of a genetically attenuated vaccine. Additionally, HIV vaccine
design is hindered by the ability of the virus to establish a persistent infection, as well as
a multitude of mechanisms employed to evade host immunity and unprecedented
sequence diversity (185).
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HIV origin and spread of the HIV/AIDS pandemic
Animal models have been invaluable for all aspects of HIV research; nonhuman
primates (NHP) have been particularly useful to study virus infections (243). The HIV
retrovirus was identified as the causative agent of AIDS a few years after the disease
was first recognized in the early 1980s (22, 134, 142, 398). HIV infection studies
employed chimpanzees as a model (133, 243) because it supports persistent infection,
but the virus rarely causes disease, and disease was observed only after over ten years
(299). Coincidentally, an AIDS-like disease was detected in Asian macaques in the mid
1980s, resulting from inadvertent exposure to African macaques infected with endemic
strains of lentiviruses. These transmissions resulted in the identification of a simian
lentivirus related to HIV (84) termed simian immunodeficiency virus (SIV). Because SIV
is endemic to African macaque species, including the African green monkey and sooty
mangabeys, infection is nonpathogenic in these species. In contrast, SIV species
derived from sooty mangabeys (SIVsm) are highly pathogenic to the non-adapted Asian
macaque species. Pathogenic SIVmac (SIV derived from Asian macaques) and SIVsm
viruses recapitulate all aspects of HIV/AIDS disease in humans, including route of
transmission, pathogenic biology, and disease progression, but in a compressed time
course (228). Chimeric molecular clones expressing the Envelope proteins of HIV on an
SIV replicative core have established an invaluable disease model to study the biology
of transmission, dissemination, pathogenicity, and host immunity (233). Chimeric SHIV
viruses allowed the use of different HIV Env proteins with a single SIV replicative core to
address Env-specific questions. Pathogenesis of SHIV is construct-specific and requires
passage in vivo in macaques for adaptation and acquisition of persistence in vivo (71,
160).
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Two events of SIV cross-species infections are hypothesized to have led to the
two families of HIV currently circulating (HIV-1 and HIV-2). SIVsm transmission to
humans and Asian macaques resulted in HIV-2 and SIVmac, respectively, while SIV
transmission from other species of African monkeys to chimpanzees resulted in SIVcpz
the subsequent transmission to humans in HIV-1 (153, 367, 368). Although the exact
transmission event in which humans acquired the ape precursor virus is not known, the
biology of the viruses suggest that bush meat hunting creates the mucus and/or body
fluid exposure required for transmission (116, 368). Thus, human-ape encounters
occurring in west central Africa appear to have resulted in four independent transmission
events at the beginning of the 20th century (368).
Phylogenetic and molecular epidemiological analyses of the sequences of
various HIV strains have identified the probable date and location of the pandemic origin
(204, 423). The last common ancestor of circulating HIV viruses is believed to have
appeared near Kinshasa between 1910 and 1930 (368). The growing population and
urbanization of this region, which served as a hub for travel and commerce created a
route for the spread of the AIDS pandemic (368). According to these data, the HIV virus
had been circulating and spreading globally for at least 50 years before it was identified.
The virus continued to diversify, leading to the emergence of numerous viral lineages as
new infections create a population bottleneck (3, 43, 98, 189, 190, 370). While HIV-2 is
restricted to regions of Western Africa, HIV-1 is primarily responsible for the AIDS
pandemic. Several subgroups of HIV-1 arose from rapid viral evolution (367). Group M
HIV-1 causes the most cases of AIDS worldwide. There are several viral lineage clades
of genetically distinct viruses within this group, referred to subtypes, which are each
given a letter (A – K). Each subtype is predominantly found circulating in different
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regions of the world. Circulating recombinant forms (CRF) derived from recombination
events also exist. Currently, there are nine subtypes and over 40 recombinant forms that
are circulating worldwide; moreover, each virally infected individual contains a myriad of
genetically related, yet distinct viral quasispecies.

The Human Immunodeficiency Virus
HIV is a member of the Lentivirus genus of the Retroviridae family. The HIV
retrovirus is a membrane-enveloped virus, comprised of two single-stranded RNA
molecules, Reverse Transcriptase, Integrase, and Protease enzymes encapsulated in
the virion particle by mature Gag proteins (116, 231). The HIV genome is characterized
by the presence of gag, pol, and env genes encoded in two copies of single-stranded
RNA molecules (344) (Figure 1.1). The gag gene encodes the Gag polyprotein that
engenders the structural proteins of the viral core which recruit and compress the viral
RNA and assemble into virions; the pol gene encodes the enzymes required for
replication of the virus, including the Reverse Transcriptase (RT), which transcribes
double-stranded DNA from the viral RNA; the Integrase enzyme, which facilitates
integration of viral DNA into the host chromosomal DNA; and the Protease enzyme that
cleaves the Gag and Pol protein precursors into each of their respective derivatives
(113, 116). The env gene encodes the Env gp160 glycoprotein precursor that mediates
host cell receptor and co-receptor binding and membrane fusion events (101).
Additionally, the HIV genome encodes six other regulatory (Rev, Nef and Tat) and
accessory (Vif, Vpu, Vpr) proteins flanked by two LTR regions. HIV Rev and Tat facilitate
replication by ushering unspliced viral mRNA from nucleus and transactivating
expression of the LTR promoter (188). The Nef protein provides long-term survival of the
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virus by modulating host signal transduction proteins and mediating host evasion by
downmodulating CD4 and MHC molecules (63), as well as intrinsic host restriction
factors (326). Vif, and Vpu, mediate host evasion by antagonizing intrinsic host
protective factors that interfere with replication and budding, respectively (366). Vpr
mediates nuclear import of viral DNA (along with Integrase) and induces cell cycle arrest
(53, 254, 327)

The HIV Envelope
The Envelope glycoprotein complex (Env) is most variable HIV-encoded protein
(92, 137, 240). As it projects from the virion surface, it is solely responsible for
determining HIV target cell tropism and is the facilitator of cell-cell fusion. HIV Env is the
only target of antibodies that can block infection in vitro, termed neutralizing antibodies
(NAbs) (309). Thus, Env sequence and structure requires high conservation for
functionality; concurrently, having highly variable protein sequences and transient
exposure of conserved regions serve as protective mechanisms against immune
recognition (202, 214).

Figure 1. 1: Schematic diagram of the HIV genome. Gray rectangles represent
open reading frames and are labeled with the gene names. LTR regions are shown
as blank boxes.
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HIV Env is synthesized in the host rough endoplasmic reticulum as a precursor
protein (gp160) (69). This precursor protein is co-translationally glycosylated with Asn
(N)- and O-linked oligosaccharides. These are further modified in the trans-Golgi
network as it trimerizes and progresses through the secretory pathway toward the
plasma membrane for incorporation into virions (35, 67, 69, 222, 231). These
modifications affect various aspects of Env biology, including its ability to induce an
immune response (immunogenicity) and its ability to bind to components of an immune
response (antigenicity) (67, 247, 250, 333, 427), as well as folding and trafficking (222,
236). HIV Env is cleaved in the Golgi by furin and furin-like proteases, yielding the gp120
and gp41 subunits. This cleavage event is essential for viral infectivity (36, 194, 292).
Individual virions contain 10-18 hetero-trimeric Env spikes on their surface composed of
three gp120 subunits non-covalently bound to three gp41 subunits (72, 244, 438, 439)
(Figure 1.2). The trimerization domain is located within the gp41 subunit (365).
Extensive structural studies using modified versions of Env bound to specific
human neutralizing monoclonal antibodies (hnMAbs) have greatly facilitated our

Figure 1.2: Schematic of the HIV Envelope spike. HIV is synthesized as a
gp160 precursor protein. It is cleaved by cellular proteases into a surface gp120
subunit non-covalently bound to the viral surface by the transmembrane subunit
(gp41). The functional Envelope spike exists as a heterotrimeric protein composed
to three gp120 subunits bound to viral membrane by three gp41 subunits
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understanding of the structure of the trimer. This information is as yet incomplete due to
the technical obstacles in crystallizing a highly glycosylated and membrane-bound
protein. X-ray crystallography and tomography of various species of recombinant Env
with and without bound antibodies and variable regions have revealed aspects of the
structure of the Env spike and it interactions with receptor and co-receptor, NAbs, and
entry inhibitors (215, 217, 218, 427). The gp120 subunit maintains gp41 in a high-energy
folded state until it is released by engaging two different host receptors (214). Prior to
engaging, however, the gp120 subunit samples various structural conformations (214,
328). As the most surface-exposed subunit, gp120 also serves as a major antigenic and
immunogenic target on Env; correspondingly, it contains high sequence diversity with
regions of conservation (174, 343, 437). The gp120 glycoprotein contains five constant
regions (C1-C5) and five hypervariable regions (V1-V5), identified by alignment of
several env gene sequences (418). Discontinuous conserved residues present in the
C1, C3, and C4 domains –the core—form the binding pocket for the primary attachment
receptor, CD4, when the protein is properly folded (437). Despite the high sequence
diversity in the hypervariable regions, they possess various conserved motifs, including
some Cys residues that are important for the tertiary structure of the folded protein (217,
219).
The transmembrane gp41 glycoprotein mediates fusion between the viral and
host membranes (390). Receptor engagement by gp120 causes structural changes in
Env that release the major fusogenic determinants in the ectodomain that were
previously buried within the gp120/gp41 quaternary complex (263, 381). The membraneproximal external region (MPER) region is a highly conserved region that is required for
fusogenicity and infectivity (384). The transmembrane subunit anchors the protein to the
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plasma membrane and is highly conserved and influences Env-mediated fusion (390,
419, 443). Lastly, the C-terminal domain of gp41 plays a major role in Env biology and
immunogenicity, including Env incorporation into virions, viral infectivity, cell-surface Env
expression, gp120 shedding, and Env-mediated fusion (231).

Viral replication
Upon Env-mediated virus-cell membrane fusion, the viral core is released into
the host cytoplasm, initiating the replication cycle (135) (Figure 1.3). The viral core
uncoats in the host cytoplasm, freeing the viral RNA and associated enzymes. The viral
RNA is then reverse transcribed into double-stranded DNA in an error-prone way,
introducing one error per genome per replication cycle (314). The error-prone nature of
the RT and high viral turnover rate result in the extreme viral diversity has proven to be
the biggest hurdle in HIV vaccine design (137, 202, 225). This phenomenon is shared by
all RNA viruses (225), and contributes to the vast diversity of HIV, as each infection
results in genetically related, yet distinct population of viruses, called the viral
quasispecies. The Integrase enzyme then chaperones the provirus into the host cell
nucleus (along with Vpr), where it uses the LTR regions to integrate the viral DNA into
the host chromosome. The integrated provirus is the source of persistent, long-lived HIV
reservoirs (74, 122, 373). Control of HIV gene expression depends on the Tat and Rev
regulatory proteins (116, 188). HIV Tat transactivates viral transcription by stimulating
the elongation from the LTR region. Tat binds to the TAR RNA element encoded in the
leader sequence of the genome and recruits elongation factors (116). Rev ushers
unspliced and incompletely spliced viral mRNA out of the nucleus by interacting with the
RRE element encoded in the env gene (116). This circumvents the host cell
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mechanisms that degrade incompletely spliced transcripts, allowing transcription of the
Genome, gag, and pol genes (188). The HIV Gag polyprotein coordinates the assembly,
budding, and maturation processes required for retroviruses to assemble into infectious
particles (387). HIV Gag is cleaved by the viral protease into various derivatives (matrix,

Figure 1.3: HIV replication, integration, assembly, and maturation.
Schematic illustration showing the different stages of the HIV lifecycle
and the viral accessory proteins that mediate this process.
capsid, and nucleocapsid) that function as the major structural proteins. The Matrix layer
targets Gag to assembly sites on the plasma membrane and binds to the viral envelope
glycoprotein (6). Viral assembly is initiated by Gag, which assembles around two viral
RNA copies and associated enzymes forming a lattice and curving outward (6). A lipid
membrane then envelops this viral core as it buds from the host cell that is studded with
an average of 10-15 viral-encoded Envelope trimeric complexes (Env) (72, 197, 244,
438, 439). The host ESCRT protein releases the immature particle to bud from the
plasma membrane, acquiring the lipid envelope, and subsequently undergoes
9

maturation steps in which the viral Protease enzyme cleaves the precursor molecules,
making new infectious virions (273).

Viral transmission and mechanisms of pathogenesis
HIV transmission can occur in various ways but require exposure of mucosal
tissue or blood to infected blood or secretions, because HIV cannot survive outside the
bloodstream or lymphatic tissue (135). The majority of new HIV-1 infections occur
through heterosexual exposure as mucosal tissues become exposed to infected
secretions. Additional mechanisms of exposure include contaminated blood during
needle sharing, during transfusion or occupational exposure, and vertically from mother
to child via blood or breast milk (152). Transmission is an inherently inefficient event; it
depends on the biologic properties of the virus isolate, the viral load in the infected
patient during contact, and host susceptibility (148). While multiple viruses can be
transmitted through infected blood, sexual contact typically results in only one or two
founder viruses that are transmitted (3, 149, 189, 190, 370). NHP models for AIDS have
greatly facilitated the understanding of routes of infection (blood, mucosa), the relative
efficiency of these routes, and an understanding that tissue damage is not required for
mucosal uptake.
Mucosal tissues are a natural barrier against HIV; in fact, low-dose rectal/vaginal
challenge studies in NHP and human epidemiological data of mucosal transmission
following sexual intercourse suggest that not every challenge or coital act results in
infection (166, 190, 293). In this case, the first tissues being infected are the cervix
mucosa, the male foreskin, and the rectal mucosa (116, 152, 293). The epithelial cells
lining these surfaces act as the first barrier to infection. The vaginal mucosa, ectocervix,
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inner foreskin, glans, fossa navicularis, and rectum are lined with stratified squamous
epithelium. This epithelial surface creates a brick wall pattern of cells with no direct route
between cells through the lining, making it a more resistant surface than the single-layer
columnar epithelium of the ectocervix (260). The ectocervix, however, contains a mucus
layer that can trap HIV, forming an extra-epithelial barrier (221). The mechanism by
which HIV penetrates an intact epithelium remains unknown, but transcytosis, direct
contract with Langerhans cells and dendritic cells (DCs), capture by or infection of DCs,
or direct infection of intraepithelial lymphocytes may be involved (89, 90, 128-130, 397).
Single-genome analysis of the earliest detected virus shows that most mucosal
infections arise from a single virus (3, 189). Such “founder viruses” have particular
tropism characteristics differentiating them from the other circulating quasispecies
variants (97, 132, 189, 190, 267). Additionally, neutralization-sensitive phenotypes have
been associated with transmitted variants (97, 98, 303). Once the virus transits the
epithelium, dissemination occurs rapidly (2, 270). The widespread availability of target
cells at mucosal sites of transmission facilitates efficient transmission and local spread of
infection (271, 293, 374). The genital and gastrointestinal mucosae are rich in
CD4+CCR5+ target cells, and activation of the inflammatory response further facilitates
dissemination of the by virus by recruiting and activating T cells (151). The first few days
after transmission leads to infection of local CD4 T cells, resulting in enough viral
progeny to establish productive infections both locally and in lymphoid tissues (321). It is
well documented that sexually/mucosal transmitted HIV infections in humans and NHPs
after limiting-dose mucosal challenges require local viral amplification before
dissemination and production infection is established (321). The viral expansion
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occurring after this “eclipse phase” between day 7 and day 14 marks the irreversible,
progressive, systemic infection of HIV (257, 321).
The primary site of viral replication and pathogenesis is the gut-associated
lymphoid tissue (GALT), which is rich in CD4+CCR5+ target cells (234, 321). Most of the
CD4 T cells are depleted at this site in the first few weeks of infection as a result of direct
HIV infection as well as indirect activation and apoptosis of uninfected cells (50-52). This
initial depletion of CD4 T cells stimulates a regenerative immune response driven by
homeostasis and inflammation, providing more target cells for the virus, facilitating high
levels of viral replication (51, 320). Over time, the virus continues to exert pathogenic
effects throughout the chronic phase of the disease through immune activation,
inflammation, and destruction of lymphoid tissue that eliminate the precursor T cell
population necessary for CD4 T cell replenishment, leading to homeostatic failure of the
CD4 memory compartment (51, 116, 302, 306, 337). This continuous lymphocyte
depletion, immune activation, and exhaustion eventually lead to a state of
immunodeficiency, during which the patient succumbs to opportunistic fungal, bacterial
and viral infections not regularly seen in immunocompetent people (229). Although
typical progression to AIDS varies between patients, it is strongly associated with
plasma viral loads (117) and levels of chronic immune activation (299, 341).
Although the hallmark of HIV pathogenicity is CD4 T cell depletion, viral
replication significantly and directly impairs the development of functional B cell
responses (180, 181, 274, 280, 371, 406), resulting in weakened antibodies (275, 276,
278, 279). B cell dysfunction occurs early in infection and is not recoverable by ART
treatment (319, 371). Mechanisms of dysfunction include polyclonal activation by Nefmediated cytokine expression in macrophages (256, 389), natural increased levels of
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serum cytokines (162), and Complement proteins bound to HIV virions that stimulate B
cell activation by interacting with CD21 on B cells (278). Additionally, proliferation and
differentiation of resting B cells to plasma cells (275, 276, 279) and aberrant class
switching is mediated by HIV Nef and host molecules incorporated into budding virions
(278, 371). SIV studies in NHPs demonstrate irreversible destruction of germinal centers
in Peyer’s patches, profound apoptosis in B and T cell populations in follicles, as well as
follicular lysis (232, 272, 371). Notably, a recent study suggests that NAb activity in
infected patient sera is not affected by B cell dysfunction, however. In fact, the level of
hypergammaglobulinemia was directly correlated with hNAbs in this study (44),
suggesting NAbs can still be generated despite this dysfunction.

Host responses against HIV
Similarly to transmission and pathobiology of HIV, much information about the antiviral
response against HIV infection has been acquired through studies of SIV infection in
NHP models (12, 155, 243, 359, 369, 403). HIV elicits a robust immune response
involving both innate and adaptive immune components. However, in naïve hosts, the
first adaptive immune effector responses appear well after the peak viremia in acute HIV
infection (321). Thus, the ability of antiviral T cell and B cell immunity to clear this rapidly
replicating virus is minimal. Primarily because it establishes a latent reservoir of virus
that can easily escape immune responses with little loss of replicative fitness. A
successful vaccine will likely need to rapidly stimulate both arms of antiviral immunity to
intercept the developing infection before rampant viral amplification and diversification
(80, 358). Antiviral effector mechanisms need to act on a much smaller, localized, and
less diverse viral population (261, 321). Understanding the immune response to HIV and
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boundaries that limit the genetic plasticity of HIV would guide the design of such a
vaccine.

Intrinsic host factors and innate immunity
Mammals possess intrinsic restriction factors that suppress viral replication by
blocking various steps in the viral lifecycle. SAMHD1 and APOBEC3 act on the reverse
transcription step of viral replication. SAMHD1 reduces the nucleotide pools to render
the cell poorly permissive to reverse transcription (383) and blocks early-stage HIV-1
replication in DCs and other myeloid cells (140). The interferon inducible APOBOEC3
protein system changes the viral nucleotide sequence by editing cytidine residues to
uridine (209, 251). The Trim5α protein acts in an incompletely elucidated mechanism
after viral entry by binding to capsid proteins (254, 323). The Tetherin protein blocks the
release of mature virions from infected cells by linking the host plasma and viral
membranes together, causing viral retention (273). Additionally, protective MHC alleles
(HLA-B57 and –B27 in humans and Mamu-B*08 and –B*17 in rhesus macaques) and
defective CCR5 receptors control viral replication by inducing strong CTL responses to
Gag and hindering viral entry, respectively (7, 118, 177, 245, 361). On the other hand,
the initial immune response to HIV is a double-edged sword. While it poses a great
barrier to initial infection, it also facilitates viral replication and dissemination (112, 235,
266). Innate immune cells produce antiviral immunomodulatory type I interferons that
activate adaptive immunity (224, 266). However, these antiviral cytokines and proinflammatory signals also inadvertently contribute to viral amplification and immune
dysfunction by reducing numbers of APCs, induction of Treg cells, CD4 and CD8 T cell
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exhaustion, B cell dysfunction, enhanced HIV acquisition, and pro-apoptotic effects
resulting in bystander T and B cell destruction (224, 341).
HIV has evolved methods of circumventing these restriction factors, however,
primarily mediated by accessory proteins Nef, Vif, Vpr and Vpu (and Vpx in the HIV-2
lineage). HIV Vif antagonizes the antiviral activity of APOBEC3 protein inducing its
polyubiquitination and subsequent degradation (347) HIV-2 and SIV Vpx, alleviating
restriction by targeting SAMHD1 (140). Vpu, Nef, and Env proteins counteract the action
of Tetherin. In HIV-1, Vpu is the main antagonist of Tetherin, Nef and Env do this in most
SIVs, since they do not encode a Vpu gene (254).

Adaptive Immunity – cellular and humoral anti-HIV responses
Extensive experimental data in SIV infection of NHPs and correlative information
from HIV-infected human subjects show that CD8 T cells are the first adaptive effector
cells that are detected following infection (47, 48, 301, 321, 342, 407) and constitute the
most important line of defense in early control of viremia (358). The earliest CD8 T cell
activity is detected during the first few days of infection (208) and has been associated
with the initial decline of viral loads occurring after peak viremia (359). CD8 T cells exert
selective pressure on HIV resulting in loss of replicative fitness (227, 262, 315).
Additional evidence for the role of cellular immune responses in protection from disease
progression comes from studying individuals that naturally maintain either undetectable
viral RNA (<50 copies/mL), termed “elite controllers, ” or low but detectable viral RNA
(<2000 copies/mL), termed “viremic controllers.” Studies implicating human (HLA-B57,
HLA-B27, HLA-B5701, and HLA-B2705) and monkey (Mamu-B*08 and Mamu-B*17)
MHC alleles have been associated with broader CD8 T cell responses (245, 268).
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Despite this association, however, protective alleles are neither necessary nor sufficient
to mediate control, suggesting additional undefined mechanisms are responsible for
such profound control of viral replication (34). The vast majority of HIV-infected subjects,
however, eventually progress to disease due to T cell exhaustion as well as viral escape
(87, 346).
Unlike cellular immunity, the initial B cell response does not appear to put
selective pressure on HIV due to its relatively delayed appearance. The earliest HIVspecific antibodies are detected just over one week after initial viremia as antigenantibody complexes (17, 162, 303, 393). The initial B cell plasma IgG and mucosal IgA
appears almost one week after that, and is specific for the gp41 subunit of Env (393) and
subsequently for the gp120 V3 region of Env (162, 303). These antibody responses
target non-native, non-neutralizing epitopes on Env, thus have no discernible effect on
viremia (162, 189, 286, 303, 393). Thus, these early studies suggest that antibodies
elicited by HIV infection cannot protect from infection or disease progression (37, 38,
115, 248, 318). The first effector antibody response (with neutralizing or ADCC activity)
arises during the first three months after transmission (146, 162, 303, 338) and
neutralize the previously encountered early viruses, termed autologous NAbs (aNAb).
While these early NAbs impose selection pressure on the early-transmitted virus, escape
variants that are resistant to neutralization rapidly arise (17, 49, 54-58, 91, 186, 252,
288, 338, 417). Evidence suggests that various cycles of antigenic stimulation of aNAbs
and viral escape results in the evolution of the NAb response and circulating viral
quasispecies population (45, 91, 172, 357, 426).
Similarly to the initial non-neutralizing response aNAbs appear sequentially,
targeting different regions of the Env protein as the antibodies grow in conformational
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dependence and undergo affinity maturation (64, 75, 78, 79, 212, 282, 283, 338). This
may be because of changes in predominant epitopes exposed in the viral quasispecies
or the existence of an immunological hierarchy of NAb responses (303). The early Nab
response targets primarily the variable region of Env, primarily V1V2, and the base of
the V3 region (287, 288, 324). These sites are highly malleable and incur escape
mutations through various mechanisms to avoid NAbs (56, 67, 304, 417).
Recent studies of large cohorts of HIV-infected subjects have reinvigorated the
NAb field by demonstrating that HIV-infected subjects develop heterologous NAbs
(hNAbs) much more than previously thought (102, 104, 105, 216, 357). These studies
reveal that hNAbs are produced in 10% to 30% of HIV-1 infected subjects (145, 249,
318, 354, 391). Moreover, a subset of these subjects, called “elite neutralizers”, generate
hNAbs that can neutralize a large majority of circulating viruses at low concentrations
(114, 269, 375, 408). Although the ontogeny of hNAbs is not well understood,
longitudinal studies of such HIV-infected subjects have identified several factors
associated with hNAb development. HNAbs develop slowly—usually within the first three
years of infection—and are positively correlated with high plasma viral loads, low CD4 T
cell count, length of time since infection, and perhaps specific T cell activation markers
(91, 102, 114, 145, 164, 249, 269). They are highly dynamic, changing in target
specificity and potency with time over the course of infection, suggesting that their
ontogeny may be due in part to continuous viral replication and escape (115, 145, 252).
Although cross-neutralization (another term for the activity of hNAbs) is often first
mediated by CD4bs-directed antibodies (16, 237, 249, 322, 357, 425, 426, 436), hNAbs
in any given subject can be directed to multiple conserved epitopes (86, 141, 238, 265,
285, 308, 312, 408-410, 428, 441, 442).
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The reason why while nearly every individual develops aNAbs, yet only a small
subset of HIV-infected subjects becomes elite neutralizers remains unknown. Critical
structural information of human hnMAbs isolated from such subjects bound to Env
underscore the minute differences in target recognition between non-neutralizing,
moderately neutralizing, and potently broad hNAbs (70, 238, 436). Further, phylogenetic
and bioinformatics analyses of B cells that produce such hnMAbs suggest that particular
immunogenic qualities are required to trigger their amplification and maturation. More
importantly, recent studies suggest that hNAbs may develop through parallel pathways
in different subjects, as they share a common ancestral heavy chain Ig sequence and
arise independently from related genes despite extensive hyper-mutation (357, 426)
and, furthermore, share conservation of the contact sites to the HIV Env. This indirect
evidence suggests that host genetics, characteristic of the transmitted viral variants, and
the dynamic interplay between the diverging quasispecies and aNAbs are likely
contributing factors to the development of NAb breadth (45, 420, 426).

HIV Vaccine Design – “Finding 1000 ways it won’t work”
In over 25 years of research, only three vaccine concepts have made it to phase
II/III clinical trials out of over 30 candidate HIV vaccines with varying degrees of immune
responses in NHPs (200, 267). Only the most recent of which, the RV144 Thai trial,
demonstrated a marginal positive effect (31%) in protection from risk of acquisition of
infection (277, 329). However, numerous studies have produced invaluable information
regarding the optimal immune response to aim for and the field has begun to decipher
the methods to optimize the vaccination strategy and the immunogen to achieve this. In
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this regard, NHP models of disease have been instrumental in design, development, and
evaluation of potential vaccine candidates (154, 243, 415).

Brief introduction to vaccines
Immunizations—the practice of administering antigenic material, such as live
attenuated pathogens or components of surface proteins—to protect against infectious
disease have been exercised for over 300 years (119). The first modern immunizations
used fluid taken from milder cases of smallpox and cowpox to protect from full smallpox
disease (9) upon the observation that survivors of a mild form of smallpox were
protected from severe disease (5). The concept of immunization is predicated on the fact
that the immune system detects foreign material in the body and develops a response
that is maintained in the body for years, a phenomenon known as immunological
memory (4, 332, 377, 424).
Vaccines have prevented a significant number of deaths t by eradicating
smallpox and drastically reducing diseases caused by measles, polio, and several other
pathogens. Thus they are considered one of the best successes of modern medicine (5,
300). Over the course of the 20th century, successful vaccination campaigns have
mitigated the burden from numerous childhood infections by recapitulating the immunity
engendered through infection without causing disease. Different types of vaccines vary
in their safety and immunogenicity (42). While subunit and conjugate vaccines have
shown to elicit protection against certain pathogens and toxins, the broad and potent
immunogenicity of live-attenuated vaccines are required to engender protection against
viruses (1). Indeed, the Sabin attenuated poliovirus vaccine showed a significant
advantage over the Salk inactivated poliovirus vaccine in preventing transmission of
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poliomyelitis (42). Live-attenuated vaccines preserve enough replicative capacity to
induce a robust and broad immune response similar to natural infection without causing
the fulminant disease (42). However, pathogens that cause chronic infections or that
successfully evades host immunity, such as tuberculosis, HCV, and malaria, present a
complex hurdle for vaccine design (42). In such cases when natural immunity to the wild
type disease cannot engender protection or instead mediates immunopathogenesis,
vaccines must modify the natural immune response rather than recapitulate it,(42).
A major challenge for vaccine design and development is the diversity of the
targeted microorganism (73, 187). Multivalent vaccines have successfully been
developed against select bacterial and viral pathogens such as pneumococcus and
human papillomavirus (42). However, despite the success of such vaccines against
pathogens with limited numbers of serotypes and divergence, pathogens with high rates
of antigenic evolution, such as influenza and HIV, pose a significant hurdle (73, 137,
203, 262). Unlike seasonal influenza, HIV does not circulate each year as a predominant
serotype (139) and its unprecedented diversity dwarfs that of influenza (137, 187, 202).
Additionally, HIV has evolved a myriad of protective mechanisms that evade the immune
response (185).
Because of the various limitations of using traditional vaccine modalities for HIV,
many vaccine design studies have explored different methods of modifying traditional
approaches to circumvent the hurdles posed by HIV. Optimizing antigen expression
through recombinant vector modification is a large area of research. Modalities explored
in these studies include viral vector-based vaccines, such as adenovirus (21, 65),
poxvirus vectors (163, 173, 183). DNA vaccines have also been tested against HIV (103,
143, 176, 246, 335, 413) because of their ease of manipulation—providing an attractive
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platform to study immunogenic properties of particular antigens, safety, and endogenous
production and processing of chosen antigen (76, 77). Although DNA vaccines have
limited expression and immunogenicity in NHP and humans, much work has been
invested to enhance their in vivo transfection efficiency, antigen production, and
immunogenicity (176, 413, 414). The prime-boost approach, particularly when
incorporating heterologous components, holds the most promise (11, 207, 336, 353) (19,
107, 108). This approach is usually comprised of a DNA prime followed by either viral
vector or protein boosts (103, 108, 193, 207, 255, 336, 395). Although modest
improvements over traditional methods have been achieved, none are “silver bullets,”
largely due to the numerous evasive mechanisms of HIV.

Mechanisms of evasion of HIV Env
Much effort has been invested to study HIV Env and dissect its structure to find
vulnerabilities that may be exploited by vaccine candidates (293). Human MAbs isolated
from subjects that develop hNAbs have been thoroughly studied postulating that
elucidating the binding sites targeted by these MAbs and dissecting the mechanisms of
their development can guide vaccine design. Indeed, such studies reveal few sites on
Env that that are vulnerable to neutralization and mechanisms of structural evasion (60,
70, 214-216, 220, 284, 356). Recent studies using high throughput technology and wellorganized HIV-infected cohorts have identified many more human MAbs (81, 82, 408,
425). New MAb specificities have been found including various CD4bs (16, 322, 425),
glycan moieties and quaternary epitopes on gp120 (265, 312, 408, 409). Several
topological characteristics affecting NAb evasion have also been described using this
approach (215, 216, 265, 307, 308, 427). For instance, in the unliganded state, Env
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samples various high-energy structures, which can only be quenched by precise CD4
binding (214). In this state, the Env spike is coated with glycan moieties that host B cell
receptors (BCR) recognize as “self” (29, 427). Additionally, although the CD4bs is
glycan-free, it formed as a pocket that is shielded by highly glycosylated variable loops
(70, 215, 265, 349, 433). The extreme sequence diversity facilitates not just shifting
epitopes on the variable loops, but also shifting glycans that indirectly affect NAb binding
(66, 71, 199, 247, 334, 417). In addition, having a low Env spike density on the virion
surface has been postulated to affect both the immunogenicity of Env as well as
reducing antibody avidity (197, 198, 216). Upon CD4 engagement, several NAb epitopes
become exposed both on gp120 and gp41 (214, 396); however, the close proximity
between virus and target cell membrane sterically occludes access to these epitopes
(150, 220, 350).
Another significant breakthrough in elucidating vulnerabilities in Env has been the
development of technology to isolate clonal B cells that secrete hnMAbs. These studies
have been facilitated by the development of probes optimized to bind to hnMAbs
targeting the Env CD4bs (294, 425). By using X-ray crystallography to construct a
CD4bs resurfaced core (RSC3) and optimize molecular interactions between the RSC3
and potent hnMAbs while occluding other antigenic sites, investigators have been able
to clone CD4bs recognizing B cells (425). Functional, structural, and genetic analyses of
B cells and hnMAbs isolated from such patients demonstrate that despite having
uncharacteristically long CDRH3 chains. Aside from a large number of somatic
mutations, these hnMAbs have have similar affinity maturation pathways and originate
from a common gene family (45, 68, 307, 312, 313, 425, 426). Later studies analyzing
the evolution of thousands of heavy and light chain sequences from isolated B cells
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suggested a mechanism of focused evolution from putative unmutated ancestor through
maturation intermediates to final hnMAbs (426). Such a mechanism suggests that
successive selection of antibody variants, possibly driven by escape variants, may be
occurring (252, 274).

Evidence for the role of NAbs in HIV infection
Whether or not anti-HIV antibodies can control viral replication and affect disease
progression has been a hotly debated topic (10, 121). Disease progression has been
shown to be unaffected by HIV-specific antibodies elicited by natural infection (37, 38).
This is not surprising considering the damage that HIV inflicts on both individual B cells
as well as the microenvironment which they need to effectively produce anti-HIV
antibodies, combined with the daunting viral diversity (371). Numerous studies have
explored whether having a pre-existing hNAb response would protect from infection or
disease progression, and these have clearly shown success in NHP models, but they
point to levels of NAbs that have been difficult to achieve and sustain by vaccination (30,
120, 123, 124, 156, 157, 165, 167, 170, 257, 258, 296, 310, 311, 440).
Studies of individuals who naturally maintain very low viral loads and normal CD4
T cell counts, so called long term non-progressors (LTNP), showed conflicting results
regarding the role of antibodies in disease progression. While some studies showed a
positive correlation between NAbs and control of viremia (252), others showed the
opposite, and yet others found no consistent evidence either way (37, 316, 318).
Longitudinal studies of a more typical population of HIV-infected individuals showed that
NAb breadth did not impact progression to AIDS, and higher antigenic stimulation and
envelope diversity were causing the broadening of the NAb response (114, 354). More
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recently, B cells were shown to control chronic viremia in an HIV-infected patient
suffering from B cell lymphoma (175). Plasmablast depletion using the anti-CD20
antibody Rituximab in this subject resulted in a temporary decline of autologous NAbs
and a concomitant rise in viral load; levels were restored to pretreatment levels after
decay of the Rituximab. Moreover, the recovery of NAbs resulted in Envelope sequence
divergence and the emergence of NAb-resistant HIV variants, as has previously been
documented (35, 56, 59, 71, 131, 252, 295), demonstrating that B cells may be
important in controlling chronic HIV viremia (175).
Early evidence in chimpanzees showed a positive correlation between NAbs and
protection of HIV-1 infection (27, 243, 264). Furthermore, in this early study, the NAb
titer also inversely correlated with post-challenge virus load (27), demonstrating
antibody-mediated control of viral replication. B cell depletion studies in NHP have also
demonstrated the role antibodies in limiting infection in vivo (243). Moreover, there is
overwhelming evidence in various animal models that passive transfer of high-titer NAbs
can prevent or limit SIV, HIV, and SHIV infection when given either prophylactically (14,
259, 310, 372) or shortly after infection (429, 430). More importantly, using low-dose
viral challenges—a more physiologically relevant model—demonstrates a lower
threshold of NAbs required for protection (166, 167). Other passive studies have been
performed in the setting of superinfection and vertical transmission, from mother to child
(303). In superinfection, one study shows that strong NAb activity against the incoming
variant does not protect against super infection by this variant (38), demonstrating that
even variant-specific NAbs cannot block infection. Alternatively, studies of vertical
transmission demonstrate some level of NAb-mediated protection (296), as autologous
NAb potency in the mother is associated with lower viral transmission to the infant (352).
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Divergent conclusions, however, have been reached depending on the timing of the
transmission event (37, 303).
Antibodies can mediate antiviral activities through several mechanisms. While
the antibody variable domain (Fab) mediates neutralization activity by binding to Env and
interfering with the fusion process (303), the constant domain (Fc) has also been shown
to be important for optimal protection (165). Upon antibody binding to its target, the Fc
region can mediate effector functions that inhibit virus spread of both cell-free and cellassociated virus (303). The Fc region mediates inhibition of cell-free virus (ADCVI) either
by directly activating the complement cascade, or indirectly by inducing expression of
antiviral cytokines by effector cells through interactions with their Fc receptors (FcR).
This Fc-FcR interaction can also induce effector cell-mediated killing of infected cells
(ADCC) (8, 303). While the Fc-mediated effector functions have been correlated with
positive vaccine responses in both humans and NHPs (125-127, 165), the effect of preexisting NAbs has been the primary focus of passive transfer studies. Although these
studies demonstrate neutralizing activity is the primary method of protection, a recent
study suggests that HIV-specific antibodies devoid of neutralizing activity may protect
from risk of acquisition of HIV infection. In the Phase III RV144 Thai trial, canarypox
virus (ALVAC) prime-recombinant Env gp120 boost (ALVAX) vaccine resulted in a 31%
vaccine efficacy in the modified intent-to-treat analysis, which correlated with nonneutralizing anti-Env antibodies (161, 336). Furthermore, a recent pre-clinical vaccine
study in NHP demonstrates a reduction in acquisition from infection against repetitive,
intrarectal, heterologous neutralization-resistant SIV challenge (19). Inclusion of an Env
component in addition to Gag-Pol was required for protection, although both the Gag-Pol
and Gag-Pol-Env arms had lower plasma viremia than controls. In the Gag-Pol-Env

25

group, non-neutralizing V2-directed antibodies were correlated with protection in this
study, demonstrating the importance of activating both arms of the immune system
through vaccination (19).

Cellular Vaccines strategies for HIV-1
Many vaccine constructs, delivery methods, and vaccines strategies have been
designed to elicit strong CTL responses against HIV (243). Early SIV studies in the NHP
primates showed that using live-attenuated viral vaccines conferred the best protection
(83, 138, 184). However, NHP primate studies showed that such live-attenuated
vaccines are highly pathogenic in newborn macaques despite being well tolerated in
adults (171, 421). This, compounded with the possibility of recombination events in
vaccine recipients resulting in fully pathogenic virus quickly shifted the focus into less
efficacious, yet safer vaccine modalities (13, 15, 171). Thus, other vectors, such as DNA
plasmids, virus-like particles (VLP), and recombinant viral vectors had to be developed
due to safety concerns with the live-attenuated vaccines (293). One of the most
promising candidates was a recombinant adenovirus serotype 5 (Ad5) vector (147). Two
Phase IIb test-of-concept vaccines studies were designed to assess protection mediated
by and Ad5 vector expressing gag/pol/nef in two different populations (the STEP study
and the Phambili trial). Both studies failed to demonstrate a decrease in HIV acquisition
or early plasma viral load in vaccinees compared with placebo recipients (110, 147). The
disappointing outcome of these studies underscored the fact that eliciting a rapid
immune response is as important, if not more so, than potent immunogenicity. This
observation is further supported by a recent NHP vaccine study showing that an effector
T cell response elicited by a persistently replicating CMV vector expressing SIV antigens
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mediate profound, yet partial viral control (159). In this study, early, stringent control of
pathogenic SIV infection was observed in 50% of NHPs receiving a CMV vector
encoding SIV antigens (159). Although the mechanisms mediating this effect remain to
be elucidated, these results highlight and confirm a major vulnerability in HIV that must
be exploited by vaccine design. Overall, while the CMV vector vaccine shows immense
promise, these studies confirm that a B cell component will likely be required for a
successful vaccine (80).

Humoral Vaccines strategies for HIV-1
Despite three decades of research, it is not until recently, that there has been
some success in the development of Env-based vaccine development. Seemingly
successful early vaccine studies performed in NHPs vaccinated with subunit protein in
aluminum hydroxide adjuvant led to the first clinical trials (26). While recombinant gp120
protein vaccines elicited T cell and NAbs in chimpanzees protection from infection was
detected only in certain experiments (25, 27, 28). When this approach was tested in
Phase III clinical trials, however, there was no difference detected between vaccinated
and unvaccinated individuals despite the presence of binding and neutralizing antibodies
against the homologous virus (26). Choosing vaccine immunogens that are more
representative of geographically circulating viral strains also produced similar results.
The failure of these early vaccine attempts could be a consequence of the immunogens
chosen to elicit broad NAbs, since the intrinsic immunogenicity of a given Env clone has
been shown to affect the quality of the antibody response it induces (400). Since then,
an enormous amount of effort has been invested in designing both immunogens and
immunization strategies to optimize the stimulation of NAb responses.
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In efforts to address the vast sequence diversity of HIV, artificial Env proteins
derived from centralized sequences were produced and tested in animal models.
Several consensus sequences were artificially created—Group M consensus (136, 242),
Subtype B consensus (205) and subtype C consensus (206)—as well as ancestral
sequences derived by inferring most recent common ancestors (MRCA) using
phylogenetic analyses of circulating viruses—subtype B ancestral (106) and subtype C
ancestral (206). Although some of these constructs showed enhanced NAb potency and
increased breadth compared to other Env immunogens, they did not achieve broad,
potent hNAbs.
A prominent defense mechanism of HIV is to divert Env immunogenicity away
from the conserved regions of Env. This is achieved through protein trimerization, highly
immunodominant variable regions, and shielding glycan moieties (60-62). Vaccine
studies in NHPs have shown that protein immunizations induce non-protective antibody
specificities directed toward V1/V2, while experimental infection with SHIV expressing
the same Env elicits NAbs directed toward more conserved regions (96). This indicates
that the immunodominance of the variable loops is more prominent in protein subunit
vaccines compared to infections with viruses expressing the same Env. Compounding
these observations, recent data show that related Env species have different
immunogenic characteristics, eliciting NAbs of different quality and specificity (39, 41,
399). Because predicting immunogenic characteristic a priori based on antigenic
phenotype has proven challenging (41, 172, 404, 405), numerous different methods of
altering the Env immunogen have been empirically designed to refocus elicited
antibodies away from the variable regions toward conserved regions. Studies exploring
structural modifications include: (1) mosaic proteins that focus on conserved epitopes
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(20); (2) variable loop deletions in various forms of Env protein and DNA to remove
variable loop-specific antibodies altogether (18, 96, 246, 379, 380, 432); (3)
glycosylation mutants, both removing glycans to alleviate steric hindrance in important
epitopes and addition glycans to shield irrelevant domains (250, 364, 365, 434); (4)
stabilized Env protein trimers, including engineering of di-sulfide bridges and
trimerization motifs (24, 32, 33, 100, 109, 194, 360, 364)}; (5) anti-idiotype antibodies
and proteins engineered to optimize CD4bs-specific MAbs (100, 289, 441); and (6)
grafting neutralization epitopes onto immunodominant regions of Env, such as V1/V2
(226, 241), or onto heterologous proteins to make VLPs (178) and chimeric proteins
(223, 394). Although these studies were successful in eliciting antibodies targeting
conserved epitopes, there was only a marginal enhancement in either potency and/or
breadth of NAbs, and this was usually isolate-dependent.

Recent Key Findings
The inability of HIV vaccine candidates to achieve protection in clinical trials and
the seemingly impenetrable defensive properties of HIV Env coupled with the extremely
rare characteristics of isolated human hnMAbs caused a bleak outlook in the HIV
vaccine field. However, resurgence has been fueled by a wealth of information regarding
various aspects of HIV transmission (98, 190) and the natural host response (45, 105,
357, 426) that suggests developing a successful vaccine is yet attainable. Recent preclinical NHP and phase 3 clinical studies demonstrate that a successful HIV vaccine
candidate will need to induce a well orchestrated and balanced immune response to
protect from HIV acquisition (161) and post-infection viremia (159), as has been shown
in NHPs (19).
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Chapter II
Motif-Optimized Subtype A HIV Envelope-based DNA Vaccines Rapidly Elicit
Neutralizing Antibodies When Delivered Sequentially
Franco Pissani, Delphine C. Malherbe, Harlan Robins, Victor R. DeFilippis, Byung Park, George
Sellhorn, Leonidas Stamatatos, Julie Overbaugh, Nancy Haigwood. Vaccine 30(2012) 5519-5526

Abstract
HIV-1 infection results in the development of a diverging quasispecies unique to
each infected individual. Envelope (Env)-specific neutralizing antibodies (NAbs) typically
develop over months to years after infection and initially are limited to the infecting virus.
In some subjects, antibody responses develop that neutralize heterologous isolates, a
phenomenon termed broadening of the NAb response. Studies of co-crystalized
antibodies and proteins have facilitated the identification of some targets of broadly
neutralizing monoclonal antibodies (NmAbs) capable of neutralizing many or most
heterologous viruses; however, the ontogeny of these antibodies in vivo remains elusive.
We hypothesize that Env protein escape variants stimulate broad NAb development in
vivo and could generate such NAbs when used as immunogens. Here we test this
hypothesis in rabbits using HIV Env vaccines featuring: (1) use of individual
quasispecies env variants derived from an HIV-1 subtype A-infected subject exhibiting
high levels of NAbs within the first year of infection that increased and broadened with
time; (2) motif optimization of envs to enhance in vivo expression of DNA formulated as
vaccines; and (3) a combined DNA plus protein boosting regimen. Different
combinations of motif-optimized DNA and trimeric Env gp140, administered
simultaneously by different routes, elicited rapid NAb responses against neutralizationsensitive Clade A and B viruses. Combination DNA plus protein immunization with
naturally occurring quasispecies env antigens from an individual who developed broad
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NAbs represents a promising strategy to rapidly activate the host B cell response, thus
advancing vaccine design
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Introduction
The generation of potent, broad neutralizing antibodies (NAbs) effective against
HIV-1 from diverse clades remains a key objective for HIV vaccines. Numerous
Envelope (Env) immunization studies have resulted in NAbs of limited potency and
breadth [reviewed in (262, 400)] (378, 399, 441), and these observations are found both
for subtype A and B Envs (211). The extreme variability of this protein renders empirical
searches for an ideal Env immunogen virtually impossible; thus a bioinformatics-based
approach may be an attractive alternative (362). Much progress has been made in
developing and validating predictive T- and B cell peptide epitopes for HIV (376).
Furthermore, some improvements in NAb induction have been achieved using rationally
designed immunogens that display neutralization epitopes (290, 441). Recent studies
have shown that extremely broad hnMAbs typically undergo a high degree of affinity
maturation (230, 262, 339, 386, 402). Using bioinformatics tools to compare the env
genes in the evolving quasispecies population in subjects who develop HNAbs (146,
317, 354, 375) may reveal key mutations involved in Env escape and increasing affinity.
This knowledge could guide the choice of variants that are more effective in generating
broad NAbs.
HIV-1 Env is a membrane-bound trimer, rendering it technically challenging to
produce an authentic Env vaccine. A theoretical advantage of DNA vaccines expressing
Env is the in vivo expression of trimers that more closely mimic the native structure
present on the virion surface (103, 412, 422), and these vaccines can be delivered
repeatedly, with no anti-vector immunity. Despite limited immunogenicity in humans,
DNA vaccines have elicited strong immune responses in small mammals (93, 412) and
modest responses in non-human primates (18, 291). Codon-optimization of DNA from
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non-mammalian sources increases immunogenicity, and motif-optimization further
addresses the problem by optimizing short nucleotide motifs differentially found in viral
and host genomes (176). Immunogenicity of DNA can also be enhanced by combining it
with viral vectors (108) or proteins in prime-boost strategies (392, 402).
We recently reported that Env quasispecies antigens derived from a SHIVinfected macaque that developed moderate neutralization breadth partially replicated the
response observed in that animal (253). The vaccine was a codon-optimized DNA-based
immunization delivered in the order that recapitulated the appearance of the natural
variants. Here, we describe a vaccine that incorporates naturally occurring env variants
isolated from a Clade A-infected human subject who developed HNAbs within the first
year of infection, and who continued to broaden and increase in potency over the next
several years (49, 317). We characterized the mutational pathway of these envs and
selected key variants to recapitulate the order of presentation for vaccination. We
compared the immunogenicity of vaccines delivered to rabbits as a DNA prime followed
by simultaneous protein plus DNA boosts. Vaccines consisted of env variants delivered
sequentially and a simpler regimen that utilized only the least and most divergent clones.
The simpler regimen was as effective as the more complex approach in generating
modest HNAbs and was more efficient when modified, motif-optimized DNA was used.
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Materials and Methods
Motif-Optimization of Env genes.
The motif optimized (MO) HIV env sequences were generated through an
application of the information theoretic motif-finding Robins-Krasnitz algorithm (345).
Briefly, motifs of seven or fewer nucleotides are identified which are either under or overrepresented in a subset of genes from any organism’s genome, controlling for amino
acid order and codon usage, and these are ranked by degree of bias. The algorithm is
iterative and has been mathematically proven to converge. To generate the MO
sequences, we applied the Robins-Krasnitz algorithm to the set of highly expressed
genes in rabbit genome. As a proxy, we took the rabbit genes homologous to the 500
most highly expressed human genes. The top 100 under and over-represented motifs
were identified and ranked. The env sequence was replaced with the set of sequences
that maximizes the motif weights.

Sequence analysis.
Full length envelope sequences from subject QA255, obtained from blood at
multiple times post-infection from 189 through 1729 days were described elsewhere
(49). In silico analyses were performed on a total of 25 full-length envelope variants.
Nucleotide sequences were aligned using HIVAlign
(http://www.hiv.lanl.gov/content/sequence/HMM/HmmAlign.html) and manually
annotated on Geneious Pro software 5.4.4 (Biomatters, Ltd). Sequences were aligned
after the signal sequence and labeled according to HXB2 Env numbering. Potential Nlinked glycosylation sites (PNGs) were identified using N-Glycosite
(http://www.hiv.lanl.gov/content/sequence/GLYCOSITE/glycosite.html). We tested for
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the effects of directional selection pressure, estimating the ratio of nonsynonymous to
synonymous nucleotide substitutions [ω=dN/dS (also denoted KA/KS)] using Datamonkey
(331). Positive selection is inferred when dN/dS > 1. Selecton Webserver
(http://selecton.tau.ac.il/) was used to detect adaptive codon substitutions (382) using
the HKY85 model of nucleotide substitution and performing a likelihood ratio test on the
M8 + beta (431) versus M8a (388). Lineage-specific analysis was performed using the
GA-Branch program (http://www.datamonkey.org/) (331). Diversity and Divergence
analyses, and prediction of the Most Recent Common Ancestral (MRCA) sequence were
performed using the DIVEIN program available from the University of Washington
Center For AIDS Research (http://indra.mullins.microbiol.washington.edu/DIVEIN(94).

DNA and trimeric protein vaccines
MO vaccine clones (n=19) were created by performing site-directed mutagenesis
on a synthesized MO consensus sequence (GenScript USA Inc. Piscataway, NJ) (253).
Wild type recombinant gp140 derived from the most divergent clone 1729O (LCONS)
was prepared as described (379).
Immunizations.
Twenty-four female New Zealand White rabbits (>2.5 kg) were housed at R&R
Research, Marysville, WA. All procedures followed IACUC-approved protocols by the
Oregon Health & Science University and R&R Research. DNA was delivered
intradermally by Gene Gun (Bio-Rad, Hercules, CA) (253). All animals were vaccinated
with either MO or WT DNA at weeks 0, 4, 12, and 20. Boosts included 36 µg of 1729O
(most divergent) plasmid DNA concurrently with 50 µg recombinant LCONS gp140
protein mixed with an equal volume of polyethylenimine (PEI, branched; Sigma-Aldrich,
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St. Louis, MO) (416), were delivered intramuscularly by needle injection at weeks 29 and
35. Blood was collected two weeks after each immunization; serum was separated and
heat inactivated (1-hour at 56 C).

Antibody Assays
Binding antibodies were quantified by kinetic ELISA using recombinant LCONS
trimeric gp140 (rgp140) protein. Avidity Indices was measured against recombinant
LCONS trimeric gp140 (rgp140) Env (386). Viral neutralization assays were performed
as previously described (253, 281). The IgG concentration/serum dilution necessary to
block viral infectivity by 50% was reported as IC50/ID50 (inhibitory concentration/dilution).
In some cases, percent neutralization achieved by single serum dilutions was recorded.
A pool of pre-immune sera was used as a negative control. Values were calculated with
respect to virus only wells [(virus only - cells only) - (serum - cells only)] / (virus - cells
only).

Statistical Analyses.
Statistical analysis was performed using SAS statistical software, version 9.2.
Binding antibody titers were transformed using natural logarithm due to data skew.
Repeated measures ANOVA was used to explore differences in log titers between
groups. First order autoregressive covariance structure was used to account for withinsubject correlation. Pre-planned comparisons were performed using contrast t-test.
Bonferroni method for multiple comparison adjustment was applied to control overall
type I error. Statistical significance was inferred if P < 0.05. The association of the
immunization strategy with the heterologous variant neutralization was analyzed using
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an Area Under the Curve (AUC) approach, using the neutralization value achieved by
single dilution sera (1:20) at each time point and computed using the trapezoid rule. The
neutralization AUC of each subject was calculated using the formula below: where D(Ti)
is the baseline neutralization value at time point i, and i=0, 2, 6, …, 37 (week) and

negative data was considered zero. One-way ANOVA was used to explore if differences
in AUC exist between groups. Pair-wise comparisons with Bonferroni method for multiple
comparison adjustment were applied. For avidity analysis of rabbit sera, repeated
measures ANOVA was used to explore for differences in avidity indices between groups.
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Results
Rational selection of immunogens using in silico analyses
Subject QA255 was identified as having the greatest NAb breadth among 70
women at five years post-infection in a previous study (318). We performed in silico
analyses to identify patterns in the molecular evolution of HIV quasispecies envs derived
from this subject (49). Analysis of diversity, divergence, and potential N-linked
glycosylation site (PNG) distribution between QA255 clones isolated at different time
points showed that six amplicons from the earliest and latest time points shared similar
sequence characteristics to each other, but not to other clones from their respective
isolation times (data not shown). These six amplicons were excluded. Relatedness of
the remaining 19 clones is shown in the phylogenetic tree (Figure 2.1A). These 19
clones and show a pattern of increasing diversity at each time point as well as increasing
divergence based on cumulative changes from the theoretical most recent common
ancestor (MRCA) (Figures 2.1B and C).
We next examined these clones to understand whether lineages evolved under
differing categories or intensities of selective pressure. Reconstruction of the
evolutionary history of dN/dS ratios along individual lineages showed a higher signal of
response to diversifying selection imposed on amplicons collected from later time points.
Two categories of diversifying and two categories of purifying selection were identified
as the best fitting (Figure 2.2B). Positive selection was detected on 34% of branches that
were segregated into two categories of dN/dS (dN/dS = 10000; dN/dS = 2.212). Similar
to the ML phylogeny, most of the early amplicons clustered together with an ancestral
branch (node 5) that showed neutral evolution. The branch leading to the cluster of late
and intermediate late amplicons showed a high probability of positive selection (node
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Figure 2.1. Phylogenetic analysis of QA255-derived Env quasispecies. (A) Maximum
Likelihood (ML) phylogeny illustrating the inferred relationships between env variants
isolated from subject QA255 and chosen as vaccines. Wild type nucleotide sequences of
the gp160 envelope were codon aligned, manually annotated, and used to reconstruct the
phylogeny rooted using a Clade A sequence. Variants from different time points are colorcoded as day 189: purple; day 560: red; day 662: blue; day 1729: green. (B) Genetic
diversity between clones within each time point was calculated as number of nucleotide
substitutions per site between each pair of sequences (i.e. pairwise distance) (C) Genetic
divergence based on pairwise distance between clones from each time point and the
theoretical Most Recent Common Ancestor illustrates the evolution of subject QA255’s
quasispecies over time.
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19), although some late amplicons were not positively selected after that point. We
combined the lineage selection analysis with an analysis of the accumulation of nonsynonymous mutations of each amplicon (Figure 2.3A) to infer a pattern of evolving
neutralization escape, illustrated by increasing diversifying selection and accumulating
non-synonymous mutations. From these analyses, clones 189J and 1729O were
confirmed to be the least and most divergent amplicons. Several residues in env were
evolving under strong positive selection, and these were predominantly concentrated in
the V1/V2 loops and C3 regions of gp120, with a few occurring in the C1 and C4
regions, and in V3 and gp41 (Figure 2.2A).

Sequential inoculation of motif-optimized DNA elicits strong antibody responses
Three groups of eight rabbits were immunized with longitudinally isolated QA255
env genes administered sequentially to mimic the gradual divergence in QA255
quasispecies (Figure 2.3A). All rabbits received two immunizations with a combination of
motif-optimized (MO) DNA (most divergent d1729O) and cognate protein (trimeric
LCONS) (Figure 2.3B). Rabbits in the MO Multi-clone Sequential group were primed with
the nineteen gp160 env genes given sequentially in four time point-specific subgroups,
and then boosted with the DNA and protein combination described above. To assess the
effects of motif optimization, we immunized a group of rabbits with non-optimized DNA
(WT Multi-clone Sequential) using the same immunization regimen as the MO Multiclone Sequential group. To determine the impact of the intermediate clones on the
development of NAbs, rabbits in the MO Dual-clone Sequential group were primed with
a single clone of least divergence (relative to the MRCA) isolated early in infection
(d189) and boosted as described.
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Figure 2.2: QA255 quasispecies variants evolving under diversifying selection. (A)
Codon-specific analysis of positive selection. The red * indicates a posterior probability
greater than 95% of dN/dS >1 (dN/dS described as Ka/Ks). Variable regions are highlighted
in yellow. Boundary between gp120 and gp41 regions of gp160 is outlined beneath graph.
(B) Phylogeny showing the distribution of estimated dN/dS per lineage. Four categories of
dN/dS values (10000, 2.212, 0.633, and 0.219) were approximated according to the bestfitting model. Lineages are color-coded based on their assignment to each of these dN/dS
categories and the percentage represents the posterior probability that dN/dS > 1.
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Figure 2.3. QA255 Env vaccine sequences, immunization approaches and Envspecific binding antibodies. (A) Highlighter plot illustrates accumulating nonsynonymous changes in the sequence occurring longitudinally in the WT quasispecies
variants incorporated in the various immunizations. Nucleotide differences from the Most
Common Recent Ancestor sequence are indicated by tick marks (green, silent; red, nonsilent; grey, gap). Codon location of the env gene is shown on the X-axis. Brackets to
the right outline clones used for immunization on respective weeks. (B) Immunization
Strategies. Rabbits were vaccinated with four either MO or WT DNA primes (brown
arrows) at weeks 0, 4, 12, and 20, followed by two combination MO 1729O DNA plus
LCONS protein boosts in the presence of PEI adjuvant (green arrows) on weeks 29 and
35. (C) LCONS Envelope-specific binding antibodies elicited by the immunization
strategies. Relative binding antibody concentrations of serum samples collected two
weeks after each immunization were measured by kinetic ELISA against trimeric LCONS
gp140. MO Dual-clone Sequential, black; MO Multi-clone Sequential, blue; WT Multiclone Sequential, red. Dotted line represents 2.5x pre-immune titers.

Binding antibodies were detected during the DNA primes using MO DNA only but
not with WT prime (Figure 2.3C). Despite differences in responses to the prime, the first
combined MO DNA plus protein boost increased antibody responses in all three groups
to nearly comparable levels. The most notable increase between the final DNA prime
(week 22) and first DNA plus protein boost (week 31) was in the WT Multi-clone
Sequential group than either of the MO groups (P=0.0006 and P=0.0024 versus MO
42

Figure 2.4. Heterologous rabbit humoral response against sensitive Clade A and B
viruses. Serial dilutions of sera from week 31 (post first DNA plus protein boost) was
tested for neutralization against sensitive Clades A and B heterologous clones HIV-1Q461d1
(A-C) and HIV-1SF162 (D-F). Individual rabbit samples are shown with different symbols for
inter-virus comparison. Thick broken line indicates pool pre-immune serum neutralization
values. Thin dotted line demarks 50% neutralization. (G & H) Mean ± SEM neutralization
values obtained at single dilution (1:40) of rabbit sera was plotted longitudinally. Columns:
MO Dual-clone Sequential, black/left; MO Multi-clone Sequential, blue/middle; WT Multiclone Sequential, red/right. Black arrows represent DNA immunizations, gray arrows
represent DNA plus protein boosts.blue/middle; WT Multi-clone Sequential, red/right. Black
arrows represent DNA immunizations, gray arrows represent DNA plus protein boosts
Dual-clone and MO Multi-clone Sequential, respectively), suggesting that the boosting
strategy combining MO DNA and trimeric protein could greatly enhance the poor priming
by WT DNA. Significant differences in binding antibody responses were only observed
between the MO Dual-clone Sequential and WT Multi-clone Sequential group
(P=0.0062); the difference between the two Sequential groups trended towards
significance (P=0.0811, unadjusted p-value = 0.0270). Thus MO DNA was a more
effective priming agent than WT, and two immunizations with combined MO DNA plus
protein was as effective at raising Env-specific antibodies as four MO DNA primes
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effective priming agent than WT, and two immunizations with combined MO DNA plus
followed by two combined MO DNA plus protein boosts. Immunizing with the least and
most divergent clones led to similar levels of Env-specific binding Abs as immunizations
with all clones given sequentially.
Modest heterologous NAbs were elicited against neutralization-sensitive Clade A
and Clade B viruses and, to a lesser degree, against a subset of viruses from a more
resistant heterologous panel. NAbs against HIV-1Q461d1 and HIV-1SF162 were detectable
after the third DNA immunization and thereafter in the MO- but not WT-primed groups
(Figure 2.4). The first combination MO DNA plus protein immunization boosted week 31
titers above 50% neutralization in 13/16 MO primed rabbits (Figure 2.4A-F).

TABLE 2.1: Neutralization of selected heterologous HIV isolates measured by AUC.

**
*
***
**
*
*

*
***
**

The second combined MO DNA plus protein boost resulted in similar levels of
NAbs in all immunization groups. MO Dual-clone- and MO Multi-clone Sequential
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immunization groups had stronger NAbs against Q461d1 than the WT Multi-clone
Sequential group (P<0.0001 and P<0.001, respectively), thereby showing the advantage
of using MO sequences. These groups also had significantly stronger SF162-NAbs than
the WT Multi-clone Sequential (Table 1, P=0.0001 and P<0.05, respectively).
Neutralization of three subtype A and one subtype D viruses did not reach 50%
levels; AUC analyses performed on longitudinal, single-dilution (1:20) neutralization
values were significantly different between all three immunization groups against a
subset of HIVIG-C sensitive clones (Table 2.1) (169). The Dual-clone Sequential
strategy was consistently the most effective when tested against this panel of
heterologous viruses (Table 2.1), with higher AUC values in all cases.

MO DNA in Sequential inoculations elicit increasingly high avidity antibodies
We compared the antibody avidity indices following the fourth MO DNA prime
(week 22) and the second MO DNA plus protein boost (week 37) for MO Multi-clone and
MO Dual-clone Sequential Groups (Figure 2.5a). Since no Env-specific antibodies were
detectable after the fourth WT DNA prime for the WT Multi-clone Sequential Group, we
compared responses following the first and second MO DNA plus protein boost (week
31 and 37). Both of the MO-primed groups have a higher avidity index at week 22 after
only DNA than that of the WT-primed rabbits at week 31 after receiving DNA plus protein
(P<0.005, Dual-clone Sequential; P<0.05, Sequential). However, no differences in
avidity indices were identified between the two MO-primed groups after two DNA plus
protein boosts. The avidity index of WT Multi-clone Sequential sera determined at week
37 increased significantly, surpassing that of MO Dual-clone Sequential group (P<0.01)
(Figure 2.5b, top). A comparison of the change in avidity index between week 22 and 37
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for MO-primed groups and week 31 and 37 for WT-primed groups shows that only the
WT Multi-clone Sequential group increased significantly (P<0.001) (Figure 2.5B).
Consistent with binding antibody and NAb data, combination DNA plus protein
immunization induces high avidity after just two immunizations and is greater than that
observed in the MO Dual-clone Sequential group.

Figure 2.5. Qualitative assessment of rabbit humoral responses. (A) Avidity ELISA.
Avidity indices against LCONS gp140 in samples collected after the final DNA prime for MO
groups (week 22) and after the first DNA plus protein boost for WT Multi-clone Sequential
(week 31) and after the final DNA plus protein boost (week 37). (B) Comparison of avidity
indices between week 37 and week 22 (MO-primed group) and between week 37 and week
31 (WT-primed group) in samples as in top to determine affinity maturation. Asterisks
indicates P<0.05 using tests described in the Methods.
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Discussion
During HIV-1 infection, the appearance of broad NAbs follows that of the
autologous response, which is a primary driving force in the divergence of the host
quasispecies (131). The specific amino acid sequences that accompany the broadening
of this response are intensively studied in an effort to identify neutralization determinants
(55, 56, 146, 287, 288, 348). We hypothesize that one or more of these escape variants
could effectively stimulate the development of heterologous NAbs. We thus chose
multiple immunogens from the quasispecies of a subject who developed modest
neutralization breadth. Selection of individual envs was guided by analyzing both
lineage- and population-specific selection pressures, which showed that they represent a
predominant population of the viral quasispecies.
The env genes selected by this strategy were highly immunogenic in rabbits
when delivered as MO DNA vaccines, resulting in moderate levels of heterologous Tier 1
NAbs after DNA vaccines alone that were boosted when with combined MO DNA plus
trimeric gp140 protein. These levels are similar to those obtained in vaccine studies with
a poxvirus prime, protein boost approach using the most immunogenic of the subtype A
early transmitted Envs (211). Similar to that study, this sequential DNA and protein
strategy was only effective in eliciting NAbs against sensitive heterologous Tier 1 viruses
in the absence of significant autologous NAbs. The inherent neutralization resistance of
these clones may explain these results; we confirmed that these variants were
neutralization resistant, typical of recently isolated HIV-1 (298) and observed in prior
vaccine studies (399). Because these immunization regimens are not effective in
generating NAbs that are as potent as those seen in infection, only responses against
the most sensitive isolates can be measured. The MO Dual-clone Sequential approach
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was more immunogenic than the Multi-clone Sequential approach based on NAbs
against four additional subtype A and D heterologous viruses. Both MO and WT Multiclone Sequential vaccines resulted in higher avidity following the combination DNA plus
protein boosting, yet the WT DNA did not elicit any NAbs. However, the strong boosting
of binding antibodies by the MO DNA plus protein in all groups revealed the
effectiveness of delivering these components together. We are currently examining
these effects to understand the mechanisms involved.
This study shows the potential to exploit natural evolutionary variants to generate
HNAb development in vivo. Moreover, a streamlined vaccine regimen using only two env
clones to represent the quasispecies evolutionary divergence that occurred in vivo was
as effective as the multi-clone presentation of groups of diverging envs for this subject.
At this level of resolution, there is no apparent advantage to the multicomponent vaccine
using these specific sequences. Other differences between these immunization
strategies may also be occluded by the enhanced expression achieved by motif
optimization of the vaccine clones. Taken together, our results indicate that modest
NAbs can be elicited by a relatively simple vaccine strategy combining DNA and trimeric
Env. Further work is clearly needed to predict the relationships between antigenicity and
immunogenicity of Env vaccines in vivo and to understand the role of individual Env
proteins in influencing B cell maturation and the development of NAbs. This strategy
may hold substantial promise when incorporated with Env immunogens from subjects
with greater neutralization potency.
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Chapter III
Co-Immunization with HIV Env trimeric gp140 and DNA Enhances Antibody
Avidity and Potency of Neutralizing Antibodies
(Franco Pissani, et al. manuscript in preparation)

Abstract
Developing HIV Envelope (Env) vaccine components that can elicit durable and
effective neutralizing antibody (NAb) responses is an urgent priority, requiring
optimization of immunogens and vaccination strategies. We showed previously that two
co-immunizations with motif-optimized DNA plus trimeric gp140 protein could accelerate
the development of NAbs after inefficient priming with DNA. Here, we further explore the
co-immunization strategy by characterizing the elicited Ab response, and the relative
contribution of each vaccine component, and (3) assessing the role of empty plasmid
DNA. We co-immunized rabbits with representative subtype A or B HIV Env gp140
trimeric protein and gp160 plasmid DNA vaccines to compare the elicited responses to
those obtained by immunizing rabbits with protein alone or in combination with empty
vector. DNA and protein co-immunization was superior to immunization with protein
alone and enhanced the overall antibody kinetics, magnitude, avidity, and NAb potency.
Modest breadth of neutralization was achieved. In addition, the DNA vector alone did not
contribute to these responses. Therefore, our data show that responses to Env can be
augmented by co-immunization by these orthogonal delivery systems. The rapidity and
magnitude of immune responses suggest that the approach has the potential to
streamline vaccine regimens by eliciting higher antibody responses using fewer
vaccinations, an advantage for a successful HIV vaccine design.
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Introduction
There is a large consensus in the HIV vaccine field that stimulating both the
humoral and cellular arms of the immune system will be imperative for a successful
vaccine candidate. In RV144, immunization with ALVAC (canarypox virus) and
AIDSVAX (B/E/) gp120 protein subunits in a prime boost regimen that included coadministration of these components for the last two immunizations resulted in reduction
of viral acquisition that was associated with antibodies directed to the HIV Envelope
protein (161, 336). A recent pre-clinical vaccine study in NHPs provided further support
for this, as inclusion of an Env component was required for protection from acquisition of
heterologous viral challenge, and correlated to anti-V2 antibodies (19). Humoral
responses directed to Env are an important component of adaptive antiviral immunity
(330). NAbs have been experimentally demonstrated to block infection in NHP studies
(14, 259, 297, 372) and contribute to control of post-infection viremia in naturally infected
humans (175). Despite multiple evasion mechanisms employed by HIV Env (203, 214,
286), a large subset of infected subjects develop hNAbs, which are capable of
recognizing conserved Env regions across viral subtypes (105). Thus, a major goal of
HIV vaccine development is the design of immunogens that elicit such hNAbs (277).
Although several key targets of hNAbs have been identified (269, 338), efforts to
stimulate responses to these regions via vaccination have been unsuccessful, largely
due to unpredictable immunogenic characteristics that vary between individual Env
isolates (172, 399).
Numerous studies have achieved low-level NAbs by vaccinating with Env protein
subunits, DNA, and viral vectors using Envs empirically selected for various antigenic
and biological characteristics (41). Env protein subunits stimulate antibodies that are
50

directed primarily toward linear epitopes found in variable regions (96). In this regard, the
prime-boost immunization strategy has augmented the overall potency and quality of the
immune response (399) with the caveat of requiring prolonged immunization schedules.
To circumvent this, recent vaccines have focused on rationally designing immunogens to
redirect NAbs toward conserved antigenic sites on Env such as the core and V3 loop
(289, 294, 441). Recent data demonstrate that related Env isolates vary in the NAb
specificities and potency that they stimulate (41, 399). In the recent RV144 clinical trial,
non-neutralizing, V2-directed antibodies were associated with reduced viral acquisition
(161). These findings have spurred the design of immunogens that target specific
conserved regions on the viral protein. In addition, other groups have explored
immunization strategies that can accelerate the development of polyclonal Env-specific
antibodies by testing the immunogenic properties of empirically selected Envs in an
accelerated schedule (405).
Our lab has been exploring the potential to elicit hNAbs through sequential
vaccinations that mimic the natural divergence of the Env species isolated from natural
HIV infection (253, 325). The relative ease of manipulation and low cost of production
make plasmid DNA ideal to test these concepts; additionally, they may express Env
trimeric antigens that more closely mimic the native structure present on the virion
surface (103). More recently we demonstrated that co-immunization with Env-expressing
plasmid DNA and recombinant gp140 protein accelerates the NAb response using
trimeric protein (325) and elicits both NAbs and T cell responses when using E2 scaffold
proteins (178). Herein, we demonstrate that co-immunizations with DNA and trimeric
protein enhance the overall antibody response in rabbits by accelerating antibody
binding avidity, augmenting the amount of Env-specific antibodies levels, and enhancing
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and modestly broadening the NAb response. Further, we examined the effectiveness of
combinations of Envs from two different clades to stimulate heterologous NAbs. Our
results suggest that combining Envs derived from different sources may enhance the
breadth of binding Abs and NAbs.
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Materials and Methods
Animals.
All rabbit studies were performed in accordance with the standards outlined by
the National Institutes of Health Guide for the Care and Use of Laboratory animals. The
Oregon National Primate Research Center (ONPRC) is an AAALAC-accredited
institution. Rabbit studies were performed according to the rules approved by the
Institutional Animal Care and Use Committee (IACUC) at the Oregon Health & Science
University. Female New Zealand White rabbits (Western Oregon Rabbit Company,
Philomath, OR) were housed at the ONPRC at Oregon Health & Science University.

HIV-1 Env Immunogens and Rabbit Immunizations
HIV-1 SF162 (subtype B) and Q461e2TAIV (subtype A) gp160 DNA was motif
optimized, cloned into the pEMC* expression vector, and precipitated onto gold bullets to
immunize rabbits intradermally by Gene Gun (Bio-Rad, Hercules, CA) as described
(176, 325). Fifty µg of recombinant trimeric gp140 protein mixed with an equal volume of
polyethylenimine adjuvant (PEI, branched; Sigma-Aldrich, St. Louis, MO) (416), was
concurrently delivered intramuscularly by needle injection. Blood was collected every
two weeks; serum was separated and inactivated by 1-hour incubation at 56 C.

Antibody Assays
Longitudinal binding antibody responses in immunized rabbits to HIV-1 SF162
and Q461e2TAIV trimeric gp140 were measured by kinetic ELISA as previously
described (325). Serial dilutions of purified chimpanzee IgG were used as standards in
every assay to extrapolate the relative Env-specific antibody concentrations. Indirect
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endpoint ELISA assay was used to determine the avidity index of immune sera to
autologous (Q461d1 and SF162) and heterologous subtype A and B trimeric gp140
antigens as previously described (385) with minor modifications. Briefly, the half-max
binding titers (OD50) for each sample was calculated by interpolation from mean OD50
values calculated from an immunized control serum using the formula ([(ODmaxODmin)/2] + ODmin). The avidity of rabbit antisera against each antigen was determined
by calculating the antibody titer remaining bound to each antigen after treatment with 8M
Urea (OD50UREA) compared to PBS (OD50PBS) treatment. Avidity Index was calculated
by the equation (OD50UREA/OD50PBS)*100.

Surface Plasmon Resonance Assays
Antibody concentrations were determined by surface plasmon resonance (SPR)
on a Biacore T200 (GE Healthcare) at 25°C. All samples were diluted into HBS-EP+
buffer (GE Healthcare) with 0.2 mg/ml BSA and maintained at 15°C during the
experiment. A suitable antibody standard that bound to SF162 and Q461d1 could not be
found. A standard was created by determining the concentration of a high expressing
sample using calibration-free concentration analysis (CFCA). Trimeric envelope proteins
SF162 and Q461d1) were immobilized to flow cells 2 and 3 respectively on a CM5
sensor chip using amine coupling chemistry. Each envelope protein was diluted to 20
the sensor chip. Protein A was
immobilized on flow cell 4 by diluting to 50 µg/ml in 10mM acetate buffer (pH=4.5). Each
immobilization used a contact time of 7 minutes. The reference flow cell was activated
and blocked with ethanolamine. CFCA experiments were performed by injecting a late
time-
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T200 evaluation software using a value of 8.526 E11 m2/s for the translational diffusion
coefficient for IgGs at 25°C. Experiments were performed at 2 dilutions, 1:100 for
determining envelope specific antibody concentrations and 1:1600 for determining total
antibody concentration. Concentration values are an average of two separate
experiments, each performed in duplicate. Once the concentration of envelope specific
antibody and total antibody was determined for this standardized sample, those values
were used to create a calibration curve to determine the concentration for all samples.
Each sample was diluted into running buffer at 2 dilutions, 1:100 and 1:400 to determine
envelope specific and total antibody concentrations. Samples were injected for 3 min. at

evaluation software to determine concentrations of antibody specific for SF162 and
Q461d1 and total IgG.

Neutralization assay.
Serum samples collected every 2 weeks were tested for neutralization activity as
previously described (281). Briefly, virus was added to duplicate wells of single dilution
rabbit immune sera and incubated in a total volume of 150 µl medium (DMEM, 10% fetal
calf serum, 1% L-glutamine, 1% penicillin-streptomycin) for 1 h at 37°C. Each well then
received 100 µL of TZM-bl cells resuspended in medium at 1 x 105 cells/mL in the
presence of 7.5 µg/mL DEAE-dextran. Forty-eight hours later, 150 µL of medium was
removed from each well and cells were lysed for 2 min directly in the neutralization plate,
using 100 µL of Bright-Glo luciferase assay substrate (Promega, Madison, WI), and
immediately analyzed for luciferase activity on a luminometer (Victor, PerkinElmer,
Waltham, MA). A pool of pre-bleed sera was used as a negative control. All values were
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calculated with respect to virus only wells [(virus only - cells only) - (serum - cells only)] /
(virus - cells only). Data is reported as the serum dilution necessary to block viral
infectivity (neutralize) by 50% (ID50, inhibitory dilution) value.

Statistical Analyses
Two-way Repeated Measures Analysis of Variance was used to determine
statistical significance in longitudinal assays. The area under the curves (AUC) was
calculated for longitudinal NAb titers and relative binding antibody concentrations against
each antigen following the Trapezoid rule after baseline subtraction. The Kruskal-Wallis
test was used for comparison among multiple groups followed by multiple comparisons
using Dunns adjustment to control for family-wise error rate. Fisher’s exact test was
used for 2 x 2 tables to test for neutralization activity and antibody binding avidity at
week 6. In all cases differences were considered statistically significant when p-value
<0.05. Analyses were performed in Prism, version 5.0. For the Biacore analyses, a
Linear mixed model, repeated measures ANOVA, was used to access the effect
of different combinations of DNA and protein immunogens on the antigen-specific
response over time. The vaccine groups and antigens are between group factors and
the time (weeks) after vaccination is the within group factor. Tukey-Kramer method for
multiple comparison adjustment was applied to control overall type I error. First order
autoregressive covariance structure was used to account for within subject correlation.
Due to the small sample size, other complicate covariance was not considered.
Statistical significance was determined at the significant level of 0.05.
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Results
Env-DNA plus gp140 protein co-immunizations boost binding antibody response
Five groups of New Zealand female white rabbits (n=4 per group) were
immunized four times on weeks 0, 4, 12, and 20 with Env trimeric gp140 protein either
alone or in combination with plasmid DNA, using five different immunization schemes
described in detail in Table 3.1. Three groups of rabbits were co-immunized with plasmid
DNA encoding gp160 and protein: (i) subtype B DNA plus subtype B protein (Matched B;
HIV-SF162 (71); (ii) subtype B DNA plus subtype A protein (Mismatched); (iii) subtype A
DNA plus subtype A protein (Matched A; HIV-QA461e2TAIV (40)). Two groups of rabbits
were immunized with subtype B protein as controls: (iv) empty vector DNA plus subtype
B protein (empty vector); and (v) subtype B protein alone (Protein Alone). All rabbits
received 50 μg of recombinant trimeric gp140 emulsified in PEI adjuvant and delivered
intramuscularly (IM). DNA was delivered intradermally (ID) using the Gene Gun at a
dose of 36 μg and was motif optimized (MO).

TABLE 3.1. Evaluation of co-immunizations with DNA and trimeric gp140 protein
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We measured Env-specific antibody responses longitudinally by kinetic ELISA
against trimeric subtype A and B antigens to monitor the kinetics of this response. Envspecific antibodies were detected in all groups after one or two immunizations,
depending on individual rabbits (Figure 3.1 top). High amounts (~103 elisa units) of Envspecific antibodies were achieved after the third immunization (week 14) in all groups,
then slightly decayed and were subsequently boosted after the final immunization to
maximum levels (Figure 3.1 top). The overall potency was determined by calculating the
Area Under the Curve (AUC) (Figure 3.1 bottom).

Figure 3.1. Binding antibody response. Autologous Env-binding response. Top:
Longitudinal analysis of binding antibody concentration values of individual rabbits
as measured by kinetic ELISA against autologous (vaccine) subtype A (Left) and
B (Right) trimeric gp140 are plotted. Arrows represent co-immunization time.
Bottom: Area Under the Curve analysis of longitudinal binding curves.
Immunization groups are denoted in different colors. Empty Vector and protein
only control values plotted as single control group
58

The Matched B group developed the most potent subtype B-specific binding
antibody response compared to the protein controls (P=0.02). The Mismatched group
had significantly stronger subtype B binding antibodies than the Matched A group
(P=0.02) and similar to the Matched B group (P=0.06) (Figure 3.1 bottom right). Similar
results were detected against the subtype A antigen. As expected, the Matched A and
Mismatched groups developed the strongest response, both significantly higher than the
Matched B. Notably, the Matched B groups had stronger Subtype A-specific antibodies
than both controls (P=0.02) (Figure 3.1 bottom left).

Enhanced avidity achieved with DNA plus protein co-immunizations
The strength of interactions occurring between polyclonal antibodies and antigen,
termed antibody avidity, has recently emerged as a central feature of antibody-based
vaccines (385, 435). We measured binding avidity by comparing the ELISA binding titers
after treatment with 8M urea and PBS of antisera collected two weeks after each
immunization (weeks 6, 14, and 22). The overall magnitude of binding avidity was
calculated by combining the Ab binding titer with the corresponding Avidity Index value.
This normalized Ab avidity with total Env-specific Abs in each sample (Figure 3.2). Both
groups that received the subtype A protein immunogens (Mismatched and Matched A)
developed the strongest binding avidity towards the A antigen at all time points (Figure
3.2, left panels) compared to the Matched B group (P=0.03), confirming the results
obtained from the kinetic ELISA assays. Interestingly, there were no differences between
the Matched A and Mismatched group at any time. Three of the four rabbits in the
Matched B group, however, developed significant binding avidity against the subtype A
antigen after just two co-immunizations (week 6), while the protein alone controls had no
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detectable binding avidity at this time (data not shown, P=0.04, Fisher’s exact test).
Overall, there was a trend of stronger avidity in the Matched B group compared to
protein alone controls against the subtype A antigen

Figure 3.2. Potency of antibody avidity to autologous (vaccine) Envs. Avidity
measured by displacement ELISA. Half max binding titers against autologous
(vaccine) of subtype A and B Envs were determined by endpoint ELISA (OD50).
Avidity Index of individual rabbits was measured as binding titers remaining bound
after 8M urea incubation compared to PBS. Overall potency of antibody avidity was
derived by multiplying the OD50 titers after PBS treatment (OD50PBS) with the Avidity
Index value (%). Overall potency of binding avidity was derived from sera collected
two weeks after each immunization (weeks 6, 14, and 22) against subtype A
(Q461e2TAIV, left) and B (SF162, right) vaccine gp140 Envs (top). Area Under the
Curve of binding avidity values of individual rabbits is plotted (bottom). Immunization
groups are denoted in different colors.
Comparable experiments were performed with rabbit antisera collected two
weeks after the final immunization (week 22) against heterologous (non-vaccine)
subtype A and B antigens to ascertain whether combination DNA plus protein
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immunizations also enhance overall avidity to shared epitopes on heterologous antigens.
These data are displayed in Figure 3.3 showing the binding titers of sera treated with

Figure 3.3. Binding antibody titers, avidity index, and potency of antibody
avidity to heterologous (non-vaccine) Envs. Rabbit antisera collected two weeks
after the final immunization (week 22) against in-house heterologous (non-vaccine)
subtype A and B antigens. Half max binding titers of sera treated with PBS
(OD50PBS) (top), Avidity Index (middle), and Overall Magnitude of Binding Avidity
(bottom) from all vaccine groups against heterologous subtype A (QA255.LCONS)
and B (VC10014.G4) gp140 Envs are shown. Immunization groups are denoted in
different colors. Empty Vector and protein only control values plotted as single
control group
PBS (OD50-PBS) (top), Avidity Index (middle), and overall magnitude of binding avidity
(bottom) of antisera from all vaccine groups against heterologous subtype A (left) and B
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(right) antigens. Similar to the results obtained with the vaccine antigens, sera collected
from the Matched B group had stronger antibody binding avidity against the
heterologous subtype A antigen compared to the protein controls (P=0.004) (Figure 3.3
bottom left). Matched A antisera developed stronger binding avidity compared to the B
group. Similarly, both Matched B and Mismatched antisera had significantly stronger
binding avidity for the heterologous subtype B antigen than for the controls (P=0.004 and
0.03, respectively). As expected, sera from the Matched B antisera had stronger binding
avidity to the heterologous B antigen compared to the Matched A sera (P=0.03) (Figure
3.3 bottom right). The Mismatched rabbits developed Ab avidity of intermediate potency
between Matched A and B groups against cognate antigens. Surprisingly, the
Mismatched group had stronger Ab avidity to the heterologous subtype B antigen
compared to controls (P=0.03). There was no difference in Ab avidity between the
Mismatched group and either of the Matched groups to the heterologous proteins.

Total Env-specific antibodies enriched through DNA plus protein co-immunizations
To evaluate the relative contribution of each component of the co-immunization
strategies we used surface plasmon resonance (SPR) to measure the total amount of
subtype A- or B- trimeric gp140-specific antibody responses, and we reported the data
as percent of total IgG in rabbit antisera (Figure 3.4). We assessed these responses at
three time points, two weeks after immunization at weeks 6, 14 and 22. Overall, we
found that the antigen-specific responses are significantly higher in the Mismatched and
the Matched B groups than in the protein only group (P=0.0035 and P=0.003,
respectively). In addition the two former groups are trending towards significance versus
the Matched A group (unadjusted P=0.0563 and unadjusted P=0.0507, respectively).
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Interestingly, the Mismatched group and the Matched B group are not significantly
different from each other.
When assessing the responses of the different vaccine strategies against the

Figure 3.4. Total Subtype A and –B autologous Env-specific antibodies. The total
amount of subtype A- or B-Env-specific antibodies present in rabbit antisera was
assessed by surface plasmon resonance, reported as percent of total IgG. Trimeric
gp140 Envs (Subtype A, closed bars; or subtype B, open bars) and Protein A were
immobilized on separate flow cells. Diluted rabbit sera collected two weeks after each
the second, third, and fourth immunizations (weeks 6, 14, and 22, respectively) were
diluted and injected into each flow cell at two dilutions to determine envelope-specific
and total antibody concentrations. Subtype-specific antibody response is plotted as
mean (n=4) percent of total IgG present in each serum sample in each group.

specific antigens, we found that the vaccine groups elicited higher antigen-specific
responses against their cognate antigens (Figure 3.4). By comparing the responses
elicited against the two antigens within each vaccine group, we saw that the responses
elicited against the B antigen versus the A antigen were higher in all groups that were
vaccinated with a B antigen component (P<0.0001 for Matched B; unadjusted P=0.0168
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for protein only) except the Mismatched group, which elicited similar responses against
both antigens. Furthermore, the Matched A group elicited higher antigen-specific
responses to its cognate A antigen than the B antigen (P=0.034).
We also compared responses between groups and observed that the Matched A
group elicited higher antigen-specific responses against the A antigen than two other
vaccine groups (P=0.0035 versus protein only; P=0.0421 versus Matched B) but were
not higher than the responses elicited by the Mismatched group. The Matched B group
elicited higher antigen-specific responses against the B antigen than the other three
groups (P<0.0001 versus Matched A; P=0.0013 versus protein only; and P=0.0051
versus Mismatched). To further assess the contribution of each vaccine component to
the antigen-specific response, we focused on the Mismatched group. It elicited stronger
antigen A-specific responses than the Matched B group (P=0.0063) but no different than
the Matched A group (P=0.9981). Furthermore, the Mismatched group induced stronger
antigen B-specific responses than the Matched A group (unadjusted P=0.032), however
these responses were lower than the ones elicited by the Matched B group (P=0.0051).
Finally, we looked at the effect of time on these responses and found that the
overall antigen-specific responses are significantly higher at weeks 14 and 22 than at
week 6 (unadjusted P=0.0311 and unadjusted P=0.0241, respectively). In addition, at
weeks 14 and 22, the Matched B and the Mismatched groups elicited stronger antigenspecific responses than the protein only group (unadjusted P=0.02). At week 22, the
Matched A group elicited significantly higher responses against the A antigen than the B
antigen (unadjusted P=0.044) whereas the opposite was true for the Matched B group
(unadjusted P=0.0006).
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Co-immunizations improve NAb temporal development and overall potency
We measured neutralization activity against the two autologous subtype A
(Q461e2TAIV) and subtype B (SF162) viruses by TZM-bl assay (Figure 3.5A). Modest
Subtype A-NAbs were detected (ID50 titers) after two immunizations in all rabbits coimmunized with gp160 DNA and gp140 protein (data not shown). Surprisingly, more
rabbits in the Matched B achieved low ID50 titers against the subtype A virus compared
to controls (data not shown; P=0.005, Fisher’s exact test), despite this being a
heterologous (non-cognate) virus to these groups. Additional immunizations failed to
boost this response except in the Mismatched group, which had the strongest subtype
A-NAb response, with mean ID50 titers ranging in the low to mid hundreds (Figure 3.5A,
top left). Most rabbits in the Matched A group (75%) had ID50 titers in the in the low tens
(one rabbit had ID50 titers between 200-500, data not shown). In contrast, all
immunization groups developed ID50 titers against the subtype B virus after two
immunizations including the Matched A group, albeit at low titers (data not shown).
Subsequent co-immunizations greatly potentiated NAbs in the Matched B group,
achieving higher NAb titers (~103) after the third and fourth immunizations, compared to
mean ID50 titers around 300 in controls (Figure 3.5A, top right). Surprisingly, a similar
effect was observed in the Mismatched group, which also had ID50 titers in the mid to
high hundreds after the third and fourth immunizations, while the Matched A group had
ID50 titers only in the low hundreds after the fourth immunization (Figure 3.5A, top right).
Area under the curve analysis was performed on the longitudinal ID50 NAb values
to measure the overall potency of elicited NAbs (Figure 3.5 bottom). The Mismatched
group developed the strongest overall NAbs against the subtype A virus over the course
of the study compared to controls (P=0.02). Surprisingly, the Matched A group receiving
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Figure 3.5. Neutralization activity of rabbit immune sera. Serial dilutions of rabbit
antisera were tested for neutralization against autologous subtype A (Q461e2TAIV, left
panels) and B (SF162, right panels) viruses by TZM-bl neutralization assay. (A) 50%
neutralization (ID50) of rabbit immune sera plotted over time (top). Area Under the Curve
of neutralization ID50 values of individual rabbits over time (week 0 – week 24) was
calculated and plotted (bottom). Symbol shapes represent individual rabbits. (B) 50%
neutralization (ID50) of rabbit immune sera from two weeks after the final bleed was
tested against a limited panel of four heterologous (non-vaccine) viruses. Colors
represent immunization groups. Dotted line represents limit of detection. Empty vector
plus subtype B protein and subtype B protein alone controls were combined as single
control group
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DNA plus protein had stronger subtype A NAbs compared to subtype B protein alone
controls (P=0.05). No differences were detected between the Mismatched and Matched
A groups (Figure 3.5A, bottom left). Similarly, the Matched B group developed stronger
NAbs against the subtype B virus compared to controls (P=0.04). Surprisingly, the
Mismatched group developed stronger subtype B-NAbs compared to Matched A
(P=0.03), and had stronger NAbs compared to controls (P=0.05), while only two of the
four rabbits in the Matched A group showed significant neutralization of the subtype B
virus (data not shown and Figure 3.5A, bottom right).

Co-immunizations modestly expands breadth of NAbs
The model immunogens used in this study have been shown to be unable to
elicit hNAbs (96, 168, 379). Considering the enhancement in avidity and neutralization
potency mediated by the DNA plus protein co-immunizations, we nevertheless assessed
the breadth and potency of heterologous neutralization elicited by this approach.
Heterologous neutralization of rabbit antisera from the final bleed (week 22) was tested
using a limited panel of four Tier 1B and 2 viruses (Figure 3.5B). All rabbits in the
Matched B and Mismatched groups developed modest neutralization of the subtype B,
tier 1B viruses BaL.26 and SS1196.1, with titers ranging from 25 to 100, and three of the
four rabbits neutralized the subtype C, tier 1B virus ZM109F.PB4 at low titers. Sera from
only two rabbits in the control and the Matched A groups developed neutralization
against these viruses, with titers below 30. Interestingly, one rabbit in the Matched A
group showed modest neutralization of all four viruses tested at titers ranging from 30 to
110, including YU-2, a subtype B, tier 2 virus.
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Discussion
A successful HIV vaccine continues to elude the scientific field. There has been
progress in developing vaccines that can elicit strong T cell responses (159), but the
development of components and delivery systems to invoke strong B cell responses is
lagging (172). Nevertheless, activating both the cellular and humoral arms of the
immune system will most likely be an important requirement, and these responses will
need to be directed to multiple, shared epitopes in order to prevent or control infection,
given the large genetic diversity of HIV-1. It is therefore critically important to develop
Envelope immunogens that will induce heterologous NAbs. Previously, we reported that
co-immunizations using gp160-encoding plasmid DNA and a scaffold protein or Env
gp140 trimers accelerated and enhanced the anti-HIV neutralizing antibody responses
and induced Env-specific CTLs (178, 325). In the present study, we characterized the
anti-HIV antibody response elicited by co-immunizations of DNA expressing model
gp160 antigens and trimeric gp140 proteins to assess the relative contribution of each
component to antibody specificities. We found that co-immunization with gp160-DNA
and trimeric gp140 protein enhanced the temporal development and overall potency and
breadth of NAbs, in addition to increasing antibody avidity. Moreover, we found that the
protein component strongly influences the antibody specificity, although the DNA
component also exerts significant influence. Our data suggest that the DNA component
enhances the immunogenicity of the protein and directs responses towards conserved
antigenic regions. Further work is required to provided conclusive evidence of this effect
and address the underlying mechanisms.
Numerous immunization studies have used Envelope immunogens to elicit NAbs
in various animal models, and, these Env variants have induced fairly weak NAbs
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developing only after multiple immunizations (41, 111, 168, 298, 379, 385, 386, 399,
441). DNA vaccines are distinct from conventional subunit vaccines as they stimulate
both humoral and cellular responses directed against antigenic determinants expressed
in vivo in a manner similar to natural exposure to the pathogen (76). Despite their low
immunogenicity, DNA vaccines mediate the production of type 1 interferons to induce
both antigen-specific B cells and CD4 and CD8 T cells (76), acting as an intrinsic
adjuvant. Thus, use of DNA expression plasmids in prime-boost regimens is among the
most successful approaches to increase their immunogenicity, although this does
prolong immunization schedules. Nevertheless, DNA priming improves the magnitude
and quality of antibody against primary HIV-1 isolates as well as the immunogenicity of
Env, which is not accomplished with protein alone (411). The ability of the DNA
component to focus the NAb response on conserved regions and enhance avidity
against HIV Env protein vaccines (401) may mediate this effect. Furthermore, the NAb
breadth can be increased by using multimeric protein boosts (402). Similarly, in the
present study, we demonstrate that co-immunizations with DNA and protein enhances
the overall antibody response, including modest expanded breadth and potency of
NAbs, enhanced binding avidity to autologous and heterologous proteins, and
accelerated temporal development of hNAbs. Moreover, our SPR analysis of rabbit sera
demonstrates that co-immunizations increase the total Env-specific antibodies in rabbit
antisera after three and four immunizations compared to controls. Supporting our ELISA
data, the SPR results confirm that the DNA and protein combination elicits higher
antigen-specific responses, especially towards its cognate antigen(s) and mismatching
the DNA and protein components is advantageous to the vaccinee. It is also noteworthy
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that in the RV144 trial, reduction of acquisition risk was correlated to binding antibodies
and not to NAbs (161).
The enhanced antibody response elicited by co-immunizations may be indicative
of antibodies being directed towards conserved regions on Env—whether structural or
functional—that were stimulated by the co-immunization strategy, as was suggested
previously (411). Although this study was not designed to explore the mechanism by
which this is accomplished, since the empty vector plus protein immunizations did not
enhance the antibody response, we hypothesize that the Env gp160-expressing plasmid
DNA may have stimulated additional cellular receptors via in vivo expression and
production of a native trimeric viral protein. Notably, in a recent adjuvant study, the NAb
response to SF162 gp140 protein vaccines was compared between MF59,
Carbolpol971P, and combination adjuvants (99). While using gp140 protein in
combination MF59 and Carbopol971P adjuvant elicited stronger NAbs and binding
avidity than protein in either adjuvant alone in this study, the neutralization titers
achieved after two and three immunizations against the autologous SF162 and a subset
of heterologous Tier 1B viruses using MF59 were comparable to those reported here
and similar to other reported studies using analogous immunogens delivered by various
methods (41, 96, 178, 211, 441). Considering that only a single adjuvant was used in
this study, it would be interesting to explore the effect of combining other more potent
adjuvants with the protein in the co-immunization approach to determine if further
enhancement of the antibody responses can be achieved.
There are many major obstacles to eliciting NAbs through Env vaccinations, but
the two most challenging ones are the poor immunogenicity of the Env spike and its
unprecedented diversity. Recent studies demonstrate that individual Env variants vary in
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their immunogenic properties (41, 96, 399) and, furthermore, immunogenicity cannot be
predicted by antigenicity or any other known criteria (172, 405). In this regard, the design
of immunogens to focus antibodies toward conserved regions are in progress (216);
however, recent human and NHP vaccine studies suggest that variable regions have
conserved structural features that elicit hNAbs (441) and may reduce HIV acquisition
(19, 161), supporting the assessment of immunogenic properties of candidate Env
variants. As such, finding Envs capable of eliciting antibodies that are directed to
conserved regions is imperative for future vaccine candidates. To this end, we
characterized the contribution of each component of the co-immunization strategy to
various aspects of the antibody response to vaccines. Our results suggest that the
protein component of the vaccine imposes a strong influence on the cross-reactivity of
elicited antibodies against vaccine antigens of either subtype. Co-immunizations with
matched DNA and protein of either subtype elicited higher titers and increased avidity to
antigens of cognate subtype (i.e., Matched B to subtype B antigens and Matched A to
subtype A antigens). These results underscore the importance of choosing Env
immunogens with a high degree of immunogenicity, as the Matched A group elicited very
weak subtype A and B NAbs—similar to subtype B protein alone controls—despite
receiving DNA and protein co-immunizations. More importantly, we found that this effect
does not overshadow the contribution of the DNA component; in fact, mismatching the
DNA and protein components seems to expand the cross-reactivity of rabbit antisera.
The Mismatched group displayed strong binding titers and avidity against autologous
and heterologous antigens of both subtypes. Moreover, the mismatched DNA seemed to
improve subtype A NAbs, shown by the Mismatched group having the highest titers of
subtype A NAbs, while maintaining stronger subtype B-NAbs compared to both controls
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and the Matched A group. These results were supported by our SPR analysis of rabbit
antisera, demonstrating that the Mismatched group possess similar amounts of subtype
A-and –B-specific antibodies. We are currently exploring the ability of Envs isolated from
HIV-infected subjects that develop potent neutralization breadth to induce hNAbs using
this co-immunization approach. This study begins to address some of the obstacles to
eliciting potent, broad NAbs through Env immunizations by streamlining the vaccine
design process, both by accelerating the rate at which NAbs are induced and enhancing
the immunogenic characteristics of the vaccine components. This approach has
translational potential for vaccine design when used with other, more ideal protein
components and Env immunogens.
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Chapter IV
Evaluating the Relationship Between Immunogenicity, Antigenicity, and Role of
Quasispecies Envs in the Temporal Development of HNAbs in vivo
(Franco Pissani, et al. manuscript in preparation)
Abstract
Understanding the humoral response against HIV-1 is critical for vaccine design
and development. Nearly one third of individuals infected with HIV of numerous subtypes
eventually develop hNAbs. Although much is known about the binding sites and
characteristics of monoclonal hNAbs, the events and interactions that culminate in their
development remain unknown, although observed correlations may implicate the host
quasispecies viruses. Here we explore the role of diverging viral Envelope species
isolated from one such subject in influencing host B cells to develop hNAbs. We
characterized various aspects of envelope variants extracted from an HIV-infected
subject with hnNAbs and explored their immunogenicity when used as vaccines in
rabbits. The humoral response elicited by different combinations of these Env species
was characterized for neutralization activity and Env-binding properties. Preliminarily, all
immunizations groups were highly immunogenic, eliciting high Env-binding antibody
titers and modest avidity. Immunizations with Env variants isolated prior to host hNAb
activity that are resistant to PG9/16 elicted the strongest NAb and Env-binding response
after two and three immunizations. These experiments begin to address the complex
interactions occurring between hNAbs and cognate Env variants in natural infection and
may guide selection or design of candidate Env immunogens. Our results demonstrate a
significant enhancement in the NAb response elicited by vaccination in rabbits, both in
terms of rapidity and breadth and potency of response.
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Introduction
An HIV-1 Envelope component to stimulate the humoral arm of the adaptive
immune response will be a critical element in future HIV vaccine candidates (19, 161,
329, 336). Unfortunately, the NAb activity elicited by numerous vaccine strategies have
shown weak potency and narrow breadth despite employing various Env sequences
exhibiting diverse characteristics (95, 289, 441). Yet, recent evidence suggests that
nearly one third of HIV-infected individuals eventually develop potent hNAbs (105),
demonstrating the ability of the immune system to develop such antibodies. The
disparity between the humoral response to infection and immunization is also observed
in animals models; immunizations with Env proteins derived from a subtype B virus elicit
antibodies preferentially targeting the variable regions of Env, while infection of monkeys
with a virus containing the same Env primarily target conserved, functional regions (96).
Such observations were thought to be the result of improper presentation of the Env
protein, but may also implicate the viral evolution that occurs within each individual.
Thus, understanding the humoral response in infected individuals that naturally develop
hNAbs will be critical to guide the selection and design of candidate Env immunogens.
Several studies have demonstrated that prolonged antigenic exposure is a major
clinical parameter associated with the natural development of hNAbs in these subjects
(102, 252, 269, 354). Consistent with these observations, studies dissecting the
interactions between the HIV-1 Envelope protein and monoclonal hNAbs isolated from
such subjects underscore the unusual characteristics these antibodies must employ to
circumvent the evasive mechanisms of HIV Env. These include long CDR3 regions and
extensive somatic hypermutation, to recognize Env glycans (425), surface quaternary
epitopes formed by neighboring variable loops (265, 408), and exquisite simulation of
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interactions with CD4 (436). However, despite these unusual characteristics, hNAbs
commonly develop in natural infection in about one third of chronically infected
individuals, and antibodies of a single or a few specificities can account for much of the
neutralization activity detected in these subjects (31, 238, 249, 354, 409). Recent studies
of the heavy and light chains of the series of antibodies targeting the HIV-1 Env CD4bs
have revealed these antibodies share a common germ-line ancestor gene and
maturation pathway (420, 426). The dynamic interactions occurring between viral
quasispecies and host antibodies have been shown to result in continuously changing
antibody specificities in vivo (210, 252, 338); further, multiple pathways to neutralization
breadth have been shown in different patients (269, 354, 355). However, whether this
interplay shapes a particular maturation pathway toward neutralization breadth remains
unknown.
To address the role of the host quasispecies in the development of hNAbs, our
laboratory has been exploring the concept of using sequential immunizations with Env
variants isolated from subjects with breadth to program B cells for hNAbs. We
hypothesize B cells may be programmed to target conserved, functional regions on Env
by viral evolution and this process can be recapitulated by sequential immunizations
using the viral quasispecies extracted from these subjects. We previously reported that
sequential immunizations with Env vaccines isolated from a SHIV-infected macaque
more closely mimic the humoral response developed in vivo (253). We expanded this
approach to using immunogens extracted from a subtype A-infected human subject, and
characterized the use of bioinformatics-based methods to select vaccine clones that
recapitulate natural molecular evolution of quasispecies variants (325). Moreover, we
also showed that co-immunization with Env-expressing plasmid DNA and recombinant
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Env proteins more effectively generated Env-specific antibodies in rabbits, as well as
activate CD8 T cell responses in mice (Pissani manuscript in preparation)(178). Herein,
we describe the humoral response elicited by a vaccine that incorporates sequential coimmunizations of HIV-1 Env variants isolated from a subtype B-infected subject who
developed hNAbs within 1.2 years post-infection (YPI) (354), a very rapid timeframe
relative to most HIV-positive subjects. We used Single Genome Amplification (SGA) to
clone quasispecies gp160 genes isolated from longitudinal plasma samples and
assessed their evolutionary, antigenic, and neutralization sensitivity profiles with in silico
and in vitro methods. We then compared the humoral response of vaccines
incorporating multiple Envs with distinct characteristics given in different programs.
These experiments address key questions regarding the relationship between antigenic
profiles and Env divergence with its ability to elicit hNAbs in rabbits.
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Materials and Methods
VC20013 quasispecies env genes
Full-length envelope genes were extracted from longitudinal plasma samples of
an HIV+ subject (VC CI20013) with evidence of hNAb development in fewer than 1.5
years post infection. Samples were collected from before the development of hNAbs
(354). This is an HIV+ subject from the Vanderbilt/CFAR cohort with CD4+ T cell counts
≥250 per μl without antiretroviral therapy and with no AIDS-defining illness during the
period of observation (354).
Viral RNA was extracted from VC20013 plasma with the QiaAmp viral RNA
extraction kit (Qiagen) per manufacturer’s instructions. Any Genomic DNA contamination
was removed by DNase I treatment with the DNA-free kit (Ambion). cDNA was
generated with the envB3out (TTGCTACTTGTGATTGCTCCATGT) specific 3’primer
using the SuperScript III first-strand synthesis system (Invitrogen). Single Genome
Amplification (SGA) of full-length gp160 envelope was performed according to the
CHAVI standard operating procedure (351) using High Fidelity Platinum Taq
(Invitrogen). First-round primers for gp160 SGA amplification are envB5out
(TAGAGCCCTGGAAGCATCCAGGAAG) and envB3out
(TTGCTACTTGTGATTGCTCCATGT). The first round conditions are as follows:
denaturation at 94°C for 2 min; 35 cycles of 94°C for 15 s, 58°C for 30 s, 68°C for 4 min;
and a final elongation at 68°C for 15 min. Second-round primers for gp160 SGA
amplification are 013N envB5in NheI (insert primer sequence) and envB3in MluI
(GATCGACGCGTGTCTCGAGATACTGCTCCCACCC). The second round conditions
are as follows: denaturation at 94°C for 2 min; 45 cycles of 94°C for 15 s, 58°C for 30 s,
68°C for 4 min; and a final elongation at 68°C for 15 min. Upon satisfying the SGA
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criteria of fewer than 30% positive results, the 2.95kb PCR products were treated with
exoSAP (Affymetrix) and analyzed by DNA sequencing using BigDye terminator v3.1
sequencing kits on an Applied Biosystems 3730XL DNA analyzer. The sequencing
primers were: 218 (ATCATTACACTTTAGAATCGC), ED5P3mod
(ATGGGATCAAAGTCTAGAGCCATGTG), KK1 (GCACAGTACAATGTACACATGGAA),
env8R (CACAATCCTCGCTGCAATCAAG) and env6For
(GAATTGGATAAGTGGGCAAG). Sequences with early stop-codons or with double
peaks were discarded. Full-length contigs were built with the Geneious Pro software
5.4.6 (Biomatters, Auckland, New Zealand). Unique full-length nucleotide sequences
were aligned to HxB2 (accession # K03455) with HIVAlign
(http://www.hiv.lanl.gov/content/sequence/VIRALIGN/viralign.html).
To maximize the number of envelope clones generated, the 2.95kb inserts were
first cloned into a TOPO cloning vector (Invitrogen) per manufacturer’s instructions.
TOP10 bacteria were transformed and grown at 30°C for 24h. Colonies were restreaked
to get a clonal population. Restreaked colonies were screened by colony PCR with
GoTaq DNA polymerase (Fermentas) and primers ED5P3mod
(ATGGGATCAAAGTCTAGAGCCATGTG) and ED8 (CACTTCTCCAATTGTCCCTCA).
The conditions are as follows: denaturation at 95°C for 5 min; 35 cycles of 95°C for 30 s,
60°C for 30 s, 72°C for 1.5 min; and a final elongation at 72°C for 10 min. Positive
colonies giving a 1078bp band were grown in small liquid cultures at 30°C for 24h.
Glycerol stocks and plasmid minipreps were made (Promega miniprep kit). Once stably
inserted in the cloning vector, envelopes were amplified by PCR with Phusion HS II Taq
(Fisher) and primers 013N envB5in NheI pEMC*
(TATGATCTGTAGTGCTAGCGTAGAAAATTTGTGG) and envB3in MluI
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(GATCGACGCGTGTCTCGAGATACTGCTCCCACCC) to introduce the NheI restriction
site for in frame cloning with the t-PA signal contained in the pEMC* vector. The
conditions are as follows: denaturation at 98°C for 30 s; 35 cycles of 98°C for 10 s, 62°C
for 30 s, 72°C for 1.5 min; and a final elongation at 72°C for 10 min. The 2.5kb fragment
was gel extracted and digested with NheI and MluI enzymes (New England Biolabs)
before ligation to the SAP-treated pEMC* vector with a Roche rapid DNA ligation kit
(Roche Diagnostics). MAX Efficiency Stbl2-competent cells (Invitrogen) were
transformed and grown at 30°C for 24 h. Colonies were restreaked to get a clonal
population. Restreaked colonies were screened by colony PCR with with GoTaq DNA
polymerase (Fermentas) and primers ED5P3mod and ED8 as described above. Positive
colonies (1078bp band) were grown in small liquid cultures at 30°C for 24h. Glycerol
stocks and plasmid minipreps were made with the Promega miniprep kit per
manufacturer’s instructions. The functionality of extracted clones was assessed by their
ability to complement the ΔEnv-pSG3 env-deleted HIV genome to produce functional
pseudotype virus (253). Functional sequences (over seventy sequences isolated from
five time points) were subsequently used for in silico and in vitro analyses to select
vaccine candidates, which were then motif-optmized as described previously (325).

Envelope Immunogens
Twelve functional Env clones were selected as vaccine immunogens based on a
combination of in silico phylogenetic properties and in vitro neutralization sensitivity to
autologous VC CI20013 sera and hnMAbs (Noah Sather, personal communication). The
nucleic acid sequence of these clones was motif-optimized (325) and artificially
synthesized (Blue Heron, Bothell, WA) for vaccinations. Six vaccine clones were
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selected to generate gp140 proteins based on their antigenic profiles (neutralization
sensitivity to hnMAbs) and overall neutralization sensitivity. Recombinant gp140
constructs were generated as previously described (379) and proteins were purified as
previously described (363).

Animals and Rabbit Immunizations
All rabbit studies were performed in accordance with the standards outlined by
the National Institutes of Health Guide for the Care and Use of Laboratory animals. The
Oregon National Primate Research Center (ONPRC) is an AAALAC-accredited
institution. Rabbit studies were performed according to the rules approved by the
Institutional Animal Care and Use Committee (IACUC) at the Oregon Health & Science
University. Female New Zealand White rabbits (Western Oregon Rabbit Company,
Philomath, OR) were housed at the ONPRC at Oregon Health & Science University.
Rabbits were co-immunized four times at weeks 0, 4, 12, and 20 with motif-optimized
gp160 DNA (n=12) delivered intradermally by Gene Gun (Bio-Rad, Hercules, CA) and
simultaneously injected with recombinant trimeric gp140 protein mixed with an equal
volume of polyethylenimine adjuvant (PEI, branched; Sigma-Aldrich, St. Louis, MO) as
described previously (Pissani, in prep). Blood was collected every two weeks; serum
was separated and inactivated by 1-hour incubation at 56 C.

Antibody Assays
Longitudinal binding antibody responses to HIV-1 SF162 in immunized rabbits
were measured by kinetic ELISA as previously described (325). Serial dilutions of
purified rabbit IgG (325) were used as standards in every assay to extrapolate the
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relative Env-specific antibody concentrations. Indirect endpoint ELISA assay was used
to determine binding activity against heterologous Env proteins and avidity index of
immune sera to SF162 trimeric gp140 antigens as previously described (Pissani, in
prep). Briefly, the half-max binding titers (OD50) for each sample was calculated by
interpolation from mean OD50 values calculated from an immunized control serum using
the formula ([(ODmax-ODmin)/2] + ODmin). The avidity of rabbit antisera against each
antigen was determined by calculating the antibody titer remaining bound to each
antigen after treatment with 8M Urea (OD50UREA) compared to PBS (OD50PBS)
treatment. Avidity Index was calculated by the equation (OD50UREA/OD50PBS)*100.

Neutralization assays
Serum samples collected every 2 weeks were tested for neutralization activity as
previously described (281). Briefly, pseudotype virus expressing env derived from either
autologous viruses (vaccine clones) or a panel of heterologous viruses was added to
duplicate wells of single dilution rabbit immune sera and incubated in a total volume of
150 µl medium (DMEM, 10% fetal calf serum, 1% L-glutamine, 1% penicillinstreptomycin) for 1 h at 37°C. Each well then received 100 µL of TZM-bl cells
resuspended in medium at 1 x 105 cells/mL in the presence of 7.5 µg/mL DEAE-dextran.
Forty-eight hours later, 150 µL of medium was removed from each well and cells were
lysed for 2 min directly in the neutralization plate, using 100 µL of Bright-Glo luciferase
assay substrate (Promega, Madison, WI), and immediately analyzed for luciferase
activity on a luminometer (Victor, PerkinElmer, Waltham, MA). A pool of pre-bleed sera
was used as a negative control. All values were calculated with respect to virus only
wells [(virus only - cells only) - (serum - cells only)] / (virus - cells only). Data is reported
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as the reciprocal dilution necessary to block viral infectivity (neutralize) by 50% (ID50,
inhibitory dilution) value, calculated as the original serum dilution, irrespective of overall
volume in the experimental well.
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Results and Discussion
In silico characterization of VC CI20013 quasispecies env clones
Subject VC CI20013 was previously reported to have 84% (16/19) NAb breadth
against a panel of heterologous Clade B and A viruses at 1.19 years post infection (YPI)
(3/3/05) and 63% (12/19) at 2.28 YPI (4/12/06) (Table 4.1 and (354)). We isolated fulllength env sequences from longitudinal sera samples: two samples collected before the
appearance of hNAbs, which were grouped together and termed preNAb (both 0.75 YPI)
and three samples collected after the appearance of NAbs at 1.2, 2.3, and 3.0 YPI
(termed postNAb1.1YPI, postNAb2.3YPI, and postNAb3.0YPI, respectively).

TABLE 4.1. HNAbs in VC CI20013 sera. (Adapted from (354))

We first characterized these clones by in silico methods (325) to identify patterns
in the molecular evolution that may be associated with the development of hNAb activity
in vivo (Figure 4.1). Over seventy envelope sequences were extracted from five plasma
time points, 55 of which were shown to be functional by the ability to complement envdeleted HIV genomes to make infectious pseudotyped virus (data not shown). The
relatedness of these 55 clones is shown in the Maximum Likelihood phylogenetic tree
and quantified by the DIVEIN program (Figure 4.1A). Nucleotide env sequences
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Figure 4.1. Phylogenetic Analysis of VC CI20013-derived env sequences.
(A) Maximum Likelihood (ML) phylogeny illustrating the inferred relationships
between functional env variants isolated from subject VC CI20013. Wild type
nucleotide sequences of the gp160 envelope were codon aligned, manually
annotated, and used to reconstruct the phylogeny rooted using env sequences
from a different person (not shown). The clone number of the vaccine sequences
and the time of isolation are shown next to its inferred position on the tree.
Variants from each time point are depicted in different shapes and colors as in B.
(B) Genetic divergence based on pairwise distance between clones from each
time point and the theoretical Most Recent Common Ancestor illustrates the
evolution of subject VC CI20013’s quasispecies over time. (C) Viral loads in VC
CI20013 plasma
extracted from preNAb0.75YPI and postNAb1.1YPI sera showed almost no divergence which
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all clones are directly decended) (Figure 4.1B). As would be expected for this (<0.5%)
from the extrapolated Most Recent Common Ancestor (the most clone from time after
infection, envelope divergence greatly increased to 1.4% in the time points after the
appearance of host hNAbs again consistent with the literature. These in silico
observations likely represent a change in the genetic identity of the quasispecies
population rather than the number of variants, as the viral loads in VC CI20013 remained
relatively stable throughout this time (Figure 4.1C). An enhanced accumulation of nonsynonymous changes (red) on the envelope genes isolated from postNAb2.3YPI and
postNAb3.0YPI sera are illustrated from a Highlighter analysis, supporting the divergence
data (Figure 4.2). Previous studies have shown that accumulating amino acid changes
driven by autologous antibodies can account for the extensive variability of env in
comparison to other HIV genes (131, 252, 338). Interestingly, development of hNAbs in
VC CI20013 sera correlates with the accumulation of non-synonymous changes and
evolutionary divergence of quasispecies envelope genes. Further, no aNAbs were
detected against pseudovirus expressing the earliest Envs (Figure 4.3A), suggesting that
VC CI20013 quasispecies envs were naturally evolving without the selective pressure of
NAbs until the appearance of hNAb activity (1 YPI). HIV envs isolated after this time
showed an increased rate of divergence, implying the presence of selective pressure by
NAbs. However, while the other studies have identified amino acid positions that are
associated with resistance, the changes in VC CI20013 envs were scattered throughout
the gene and concentrated on V1/V2, C2, C3, V4 and V5. Many changes accrued in
gp41 as well (Figure 4.2). Further, Potential Asn-liked Glycosylation (PNG) sites
remained relatively stable (data not shown), which is in contrast to some studies
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Figure 4.2. Highlighter analysis of synonymous and non-synonymous
changes in functional VC CI20013 env sequences. Highlighter plot illustrates
accumulating non-synonymous changes in the sequence occurring longitudinally in
the VC CI20013 quasispecies. Nucleotide differences from the inferred most recent
common ancestor sequence are indicated by tick marks (green, silent; red, nonsilent; gray, gap). Codon location of the env gene is shown on the x-axis. Symbols
on the right indicate time of isolation as shown in Figure 4.1.

associating the addition, subtraction, and relocation of PNGs with resistance to
neutralization (305, 417).
Once NAb activity appeared, the quasispecies population endured strong
selection pressure, as well as rapid and pronounced divergence. Indeed, env sequences
diverged 0.5% in the six months between postNAb2.3YPI and postNAb3.0YPI sera while env
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sequences only diverged 0.1% in the same time frame as that between preNAb0.75YPI
and postNAb1.2YPI sera. Of note, a recent study reports NAbs appearing as early as two
weeks after initial transmission and imposing selective pressure on quasispecies Envs
(17). However, we could not detect aNAbs against the earliest variants that we cloned in
VC CI20013; perhaps deep sequencing technology may be required to detect the
sensitive autologous viruses present in the quasispecies.

In vitro characterization of VC CI20013 env clones
The antigenic phenotypes of extracted variants were determined to assess
whether there is a relationship between antigenicity and sensitivity to autologous sera.
This was determined by neutralization sensitivity to autologous VC CI20013 serum
(Figure 4.3A) and a panel of well-characterized heterologous neutralizing monoclonal
antibodies (hnMAb) (Figure 4.3B). Neutralization data obtained through collaborative
studies suggested that hNAb activity was developed in a six-month period between
preNAb0.75YPI and postNAb1.1YPI time points, as preNAb0.75YPI sera possessed no hNAb
activity (Table 4.1 and Noah Sather, personal communication). In fact, the
hypersensitive SF162 virus was neutralized at the very modest titer of 1:50, as normal
titers for neutralization of this virus by infected serum is >10,000 (Table 4.1).
The aNAb activity temporally coincided with the appearance of hNAb activity.
Neutralization activity against any autologous variants was first detected in sera obtained
from postNAb1.2YPI. This serum neutralized all autologous clones isolated from previous
time points (ID50 range between 100 and 2560), a few contemporaneous viruses (ID50
range between 70 and 700) and some viruses isolated from the ensuing time point (ID50
<600) (Figure 4.3A). Sera from subsequent time points displayed increased
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neutralization potency against the earliest autologous variants, as well as detectable
activity against previous and concurrent variants (Figure 4.3A). Interestingly, Env
variants isolated from postNAb2.3YPI and postNAb3.0YPI time points showed neutralization

Figure 4.3. Antigenic and aNAb neutralization phenotypes of VC CI20013
env variants. (A) Sensitivity of VC CI20013 env variants to aNAb-mediated
neutralization. Values represent the reciprocal plasma dilution at which 50%
neutralization was detected. Warmer colors represent increasing sensitivity: ND,
not determined; green, 10 – 100; yellow, 100 – 1,000; orange, 10,000 – 20,000;
red, >20,000. Symbols on the left depict the hNAb activity of VC CI20013 serum
and estimated time (in years) since infection from whicht the plasma sample was
obtained. (B) Values represent the IgG concentration (μg/mL) at which by a panel
of well-characterized hnMAbs reached 50% neutralization against VC CI20013
env variants. Warmer color represent increasing sensitivity: ND, not determined; (-), undetected neutralization; green, >10.0 μg/mL; yellow, 5.0 – 10.0 μg/mL;
orange, 1 – 5.0 μg/mL; red, <1.0 μg/mL. Courtesy of Noah Sather and Leonidas
Stamatatos, personal communication.
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resistance to both contemporaneous and subsequent autologous sera, as well as
pronounced signatures of immune selection—both characteristics of escape mutants
(131). This pattern of NAb response is consistent with the continuous selection and
escape described in the literature (146, 252, 288, 340).
The antigenic characterization of VC CI20013 Env clones by hnMAb
neutralization showed a range of sensitivities, although only five clones were sensitive to
PG9 and PG16, which recognize a quaternary epitope formed by the V2 and V3 loops
(408). Interestingly, the PG9/16-sensitive variants were also sensitive to neutralization
by serum from the earliest time point. These two clones, isolated from preNAb0.75YPI
serum, were neutralized at low titers by serum from an earlier time point (preNAb0.75YPI),
despite being resistant to contemporaneous neutralization (Figure 4.3B). The fact that
these were the only clones present prior to the appearance of hNAb (and aNAb) activity
in VC CI20013 sera prompted the question of whether preNAb0.75YPI clones possessed
characteristics that generated the NAb activity detected in later sera. We used these in
silico and in vitro characteristics to design immunization groups to determine the
immunogenicity of these Env variants individually and in combinations.

Rabbit immunizations and humoral response to VC20013 vaccines
As this immunization study was on going at the time of writing, this section
describes the grouping rationale and only an interim analysis of the humoral response
generated after the third co-immunization.
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We designed four immunization strategies to test the hypothesis mentioned
above and to determine the contribution of VC CI20013 quasispecies env clones to the
development of hNAbs in vivo (Table 2 and Figure 4.4). Two groups were co-immunized

Figure 4.4. Immunization concepts. Four groups of rabbits were immunized in
different manners to assess immunogenicity of VC CI20013 env variants for NAbs.
Isolation date of env immunogen used in each group is outlined in red squares.
Groups 1 and 2 assess immunogenicity of preNAb envs and effect of delivery order.
The role of escape mutants is explored in Groups 3 and 4. Group 3, engender new
NAbs; Group 4, provide additional stimulation to existing NAbs elicited by earliest
envs. The diagrams at the top of the figure illustrate a ball cascading down a slope
with intervening stops, representing different scenarios of stimulating NAbs by
vaccination with Envs collected longitudinally from natural infection. The balls
represent Env variants (immunogens) isolated from different time points in infection.
NAbs are reached at the bottom. The left figure depicts a single immunogenic “push”
to reach NAbs, wheras the middle and right figures depict the requirement for multiple
immunogenic “pushes” to get the balls to the bottom.

with DNA and proteins derived from preNAb clones (Early Sequential) to assess their
immunogenicity using env variants that existed before host hNAb appearance.
Considering that variants isolated from preNAb0.75YPI and postNAb1.2YPI displayed minimal
env sequence diversity, we reasoned that difference in neutralization by hnMAbs PG9
and PG16 might reflect structural differences. We immunized one group of rabbits
sequentially with clones of increasing neutralization resistance (Early SequentialSR) and
the second group with the same clones in reverse order, from resistant to sensitive
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(Early SequentialRS). The remaining two groups were designed to explore the role of
the later escape mutants in the induction of NAbs. The third group (Late Sequential)
addressed whether escape mutant Envs isolated after host hNAb appearance contribute

TABLE 4.2. Immunization Strategy

to the generation of NAbs or are just byproducts of the existing hNAb activity, in which
case we could expect no difference in NAb titers. The final immunization group
(Early/Late Sequential) addressed whether sequential delivery of escape mutant envs is
important to broaden NAbs originally induced by preNAb0.75YPI clones (Figure 4.4).
The quality of the humoral response elicited by each vaccination strategy
described above was explored to assess the differences in the immunogenic properties
of the vaccine clones. Binding antibody characteristics and development of NAbs were
monitored longitudinally against the heterologous neutralization-sensitive virus, SF162
(Figure 4.5). Two co-immunizations with DNA and trimeric protein resulted in detectable
Env-specific binding (Figure 4.5A) and SF162 neutralizing (Figure 4.5B) antibodies in all
groups, supporting our previously reported observations described in Chapter 3. As
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previously observed, this response quickly waned until the subsequent immunization.
NAbs reached peak binding and NAb titers after the third co-immunization (week 14).
High variability was observed between individual rabbits within each group, suggesting
that the individual rabbit B cells may differentially recognize the various env clones
present in the vaccine formulations. However, preliminary analyses suggest that the
Early SequentialRS Group may have developed the strongest peak SF162 binding
antibodies and a trend toward strongest peak NAbs (Figure 4.5B).

Figure 4.5. Characterization of rabbit antibody response. (A) Env-specific antibodies
were longitudinally monitored by kinetic ELISA to SF162 recombinant trimeric gp140. Mean
concentrations of six rabbits per group ± SEM. (B) Longitudinal monitoring of NAbs elicited
by each immunization. Mean reciprocal serum dilution at which 50% neutralization was
achieved is plotted. (C) Relative antibody avidity of rabbit sera collected two weeks after
the second and third immunizations (week 6 and 14, respectively) determined by
displacement ELISA. Red, Early SequentialSR; Green, Early Sequential RS; black, Late
Sequential; Blue, Early/Late Sequential. Individual rabbits depicted by symbols as in 4.4C.
Arrows represent co-immunization point.
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Antibody avidity was also monitored by displacement ELISA against SF162
trimeric gp140 protein (Figure 4.5C). Overall antibody avidity in sera collected after the
second co-immunization (week 6) was relatively low for all groups and with similarly high
variability between rabbits. The overall avidity in Late Sequential Group sera, however,
had the lowest response, at undetectable median values. Since the Late Sequential
group did not receive preNAb0.75YPI clones, this suggests that they may be better
immunogens, at least as detected by avidity. Following the third co-immunization (week
14), however, most groups showed a strong enhancement in overall antibody avidity,
although this was much more pronounced in the two Early Sequential groups and
Early/Late Sequential Group (Figure 5C), supporting the previous conclusions.

Breadth of humoral response to heterologous Envs
Modest hNAbs were elicited against a panel of 11 viruses from various subtypes
(6 Clade B, 3 Clade A, 1 Clade C, and 1 Clade A/D). The activity after the second and
third co-immunization is shown against a subset of these in Figure 4.6. As described
longitudinally above, modest SF162-NAbs were elicited after two co-immunizations in all
groups (geometric mean titers >100) (Figure 6A). Importantly, two co-immunizations
resulted in modest hNAbs against four additional viruses, albeit at low titers (2 Clade B:
BaL.26 and JRCSF; and two Clade A: Q461d1 and Q842d16) (Figure 6B, D, E, and F,
respectively). A heat gram was constructed using the ID50 NAb titers against an
extended panel of heterologous viruses on week 14 (post three co-immunizations). Each
rabbit was scored based on the breadth of reactivity and potency of neutralization
(Figure 4.7). This analysis revealed that most immunization strategies elicited NAbs
effective against subtype B and A viruses. Most groups had strong and weak
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Figure 4.6. Heterologous rabbit humoral response against panel of Clade
B and A viruses. Values represent the reciprocal plasma values at which 50%
neutralization was detected. Plasma samples collected two weeks after the
second and third immunizations (week 6 and week 14, respectively) were tested
in a dilution range of 1:10 to 1:7,290. Symbols represent individual rabbits in
each immunizations group. Immunization groups are illustrated in different
colors. Red, Early SequentialSR; Green, Early SequentialRS; black, Late
Sequential; Blue, Early/Late Sequential.
responders, although the weakest responder was rabbit 2 in Early SequentialSR group
(27% breadth). Breadth scores ranged from 27% to 55%, while potency scores (ID50 titer
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range) was between 7 and 14 (Figure 4.7). The Early SequentialRS group seems to
have developed the strongest response, as three rabbits had a potency score of 14,
while only 1 rabbit had such a score in all of the three remaining groups combined. While
it seems that the Early SequentialRS strategy elicited the better response than the Early
SequentialSR strategy, additional studies are required to reach substantial conclusions.
If confirmed, these results may have significant implications regarding the use of
quaternary structure of Env proteins to guide vaccine design, as it may provide a link
between the currently unresolved divide between antigenicity and immunogenicity.
Geometric mean NAb titers were enhanced following the third co-immunization (week
14), although this was also dependent on immunization group and virus; again with no
clear patterns emerging. Future analyses will compare the neutralization activity of rabbit
antisera to that of VC CI20013 – this analysis may elucidate whether any of the
immunization strategies more closely recapitulate the NAb response observed in VC
CI20013. Although no significant differences between the immunization groups were
detected, these data suggest that the VC CI20013 vaccine clones are highly
immunogenic for NAbs, as hNAbs against this panel of viruses has not been detected in
previous studies after 2 immunizations (23, 39, 41, 96, 109, 211, 239, 325). Of note,
although neutralization potency seemed to correlate with the SF162 binding titers and
overall antibody avidity for individual rabbits, the total group responses did not. An
association between the amount of gp120-specific Abs and NAbs has recently been
made (44, 441). Our analysis also alludes to such a pattern in which rabbits with higher
total potency have greater breadth. It is interesting to speculate that the breadth of
hNAbs may be related to a greater total amount of overall NAbs present in sera.
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To address the question of whether autologous neutralization is required to reach
heterologous neutralizing activity, we tested the ability of rabbit antisera to neutralize
viruses with Envs proteins used in the vaccines. Supporting previously published data

Figure 4.7. Heterologous NAb activity in rabbit immune sera after three coimmunizations (week 14). Neutralization ID50 values of individual rabbit immune
sera obtained after the third co-immunization (week 14) was plotted in matrix
against panel of heterologous Clade B, A, and C viruses. Color-coding was based
on ID50 value (potency of neutralization): Gray, below Limit Of Detection (L.O.D);
Green, 10 – 50; Yellow: 50 – 200; Orange, 200 – 1000; and Crimson, >1000.
Percent breadth was calculated as fraction of viruses effectively neutralized X 100.
Potency score was based on color: Grey, 0; Green, 1; Yellow, 2; Orange, 3;
Crimson, 4. Cumulative score was calculated as % breadth X Score.
(298, 325); we found no evidence of autologous neutralization, despite NAb activity
against heterologous viruses. The only neutralizing activity detected was against the
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preNAb0.75YPI clone preNAb0.75YPI c5 (data not shown) by three of the four immunization
groups that were not exposed to this clone. It is noteworthy to mention that preNAb0.75YPI
c5 was more sensitive to neutralization mediated by hnMAbs 4E10, PG9 and PG16 than
preNAb0.75YPI c1 (Figure 3A), as well as to early preNAb0.75YPI and postNAb1.2YPI
autologous sera, because this may explain it being the only clone neutralized by rabbit
sera (Figure 3B). However, the neutralization sensitivity of the vaccine variants does not
fully explain these results, as postNAb1.2YPI c5 that was not neutralized by rabbit antisera,
yet was more sensitive to PG9/16 hnMAbs, but not 2F5 or 4E10. Future analyses will
determine whether these immunogens generated CD4bs-directed antibodies. Overall,
these observations may indicate that the immunogens in the Early SequentialRS group
elicit a better NAb response that is more readily detectable against this particular variant.
Taken together, these results underscore the complexity of designing HIV Env
vaccine candidates that elicit hNAbs and elucidating how HIV neutralization relates to
other antibody properties such as binding and avidity. However, this immunization study
begins to address these issues by dissecting the NAb response elicited by
immunizations with Envs with different structural and temporal properties and comparing
these with those elicited in the person from whom they were isolated. Our results show
that NAbs against heterologous viruses were rapidly developed after two coimmunizations, validating prior work demonstrating the potential of using the DNA plus
protein co-immunization strategy with vaccine clones derived in vivo. Co-immunizations
with VC CI20013 clones stimulated a much stronger NAb response against SF162 than
that obtained by SF162 Env DNA and protein co-immunizations. This demonstrates the
potential of using quasispecies Envs isolated in vivo as vaccine immunogens.
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Overall, we can preliminarily conclude that all immunization groups elicited
modest NAbs against multiple virus. This response was of greater potency and breadth
than any vaccine that we have tested to date in rabbits. The antigenic profile of the
preNAb0.75YPI-extracted clones does seem to affect their immunogenicity for NAbs, as
beginning immunizations with PG9/PG16-resistant clones seems to result in a better
NAb response, although this observation requires further analysis. The disparity
between binding and avidity with the NAb results may underscore the differences in
protein conformation on ELISA wells to that on the viral surface. The differences
between particular neutralization sensitivities of individual viruses are highlighted in
these assays and suggest that dissecting the targeting specificities of antibodies present
in sera from different groups may elucidate undetected differences between
immunogenic properties of VC CI20013 quasispecies Env immunogens used in this
study. Our results demonstrate a significant enhancement in the NAb response
generated by vaccines incorporating naturally derived Env immunogens in rabbits, both
in terms of temporal development, as well as breadth and potency of the response.
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Chapter V
Implications and Future Directions
The development of an HIV vaccine provides the best means of providing longterm impact on the AIDS epidemic. However, the biology of the HIV virus and its effects
on the immune response present considerable obstacles to the development of an
effective vaccine. There is a large consensus that an ideal HIV vaccine should stimulate
both arms of adaptive immunity to eradicate any infected cells that result from the
evasion of NAbs. Indeed, much progress has been made in regards to the T cell
component by developing a CMV vector expressing SIV antigens. This persistently
replicating viral vector engenders very high levels of effector T cells that can control
viremia in NHPs (159). However, a large body of data suggests that cellular immunity
cannot directly protect from initial acquisition of infection despite the impressive control
of viremia mediated by persistently replicating T cell vaccines. Thus, addition of Env is
an important component to activate both arms of the immune system (19).

Implications
The immune system of many, but not all individuals can generate hNAbs (104,
354). Evidence suggests that the dynamic interplay occurring between B cells and
mutating virus may be associated in the natural development of NAbs, and further
implicates a role for the diverging viral quasispecies in this process. However, whether
the autologous quasispecies that continues to diverge is the result of or the cause of this
response remains unknown. In the work presented in this dissertation, I attempt to
address this gap in knowledge by testing immunization strategies to determine whether
Envs with specific motifs exist in the quasispecies variants of HIV-infected subjects that
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can be used to stimulate the development or maturation of hNAbs in vivo. Specifically, I
used a two-pronged approach: (1) optimizing the vaccination approach to potentiate the
vaccine-elicited antibody response; (2) combining bioinformatics and in vitro analyses to
select vaccine candidates. I used this strategy to develop and test vaccines that could
mimic the divergence of quasispecies Envelopes as it occurred in vivo. These
experiments were performed in rabbits, a widely accepted model for antibody studies.
We discovered that native env sequences are highly immunogenic and are promising
immunogens to test in NHP models. We also found that including too many distinct env
clones in any single immunization may be detrimental to the NAb response. We
established the use of in silico and in vitro based methods of immunogen selection.
Additionally, we found that co-immunizations with DNA and protein enhance the overall
antibody response induced by vaccination. Each component appears to influence the
antibody response equally, and mismatching components may broaden the response
and/or enhance the intrinsic immunogenicity of bad immunogens.

Improving vaccine delivery methods for optimal antibody response
One of the many hurdles that HIV vaccine design faces is the low
immunogenicity and complexity of the HIV Envelope protein. Further, the desired
protective NAbs are apparently the minority of the broad spectrum of Abs elicited by this
complex glycoprotein (441). In Chapter II, we used a modified version of the DNA prime
– protein boost immunization strategy. One of the main advantages of using DNA
immunizations is that the host cell machinery translates and traffics the antigen of
interest, producing a native cell-associated trimeric Env in the case of HIV-1. Intrinsic
processing of the antigenic protein allows for proper cleavage, modifications, and
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expression on the cell surface in its native conformation (76), akin to how it is presented
on the viral surface. This presumably presents structural motifs as they occur on the viral
surface, likely allowing antibodies to bind to conformational determinants (196). This
process likely also allows for proper proteasome processing and presentation on MHC-1
molecules. We modified this strategy to further enhance the immunogenicity of the
QA255 vaccine clones. First we used a recoding algorithm (motif-optimization) that has
been previously shown to enhance both T and B cell responses to HIV Gag in mice
compared to wild type and codon-optimized DNA vaccines (176). The second
modification was combining the DNA and protein components for the boost phase of the
immunizations, as rabbits were simultaneously co-immunized with DNA and protein.
We found that co-immunizing with env-expressing plasmid DNA and trimeric Env
gp140 protein enhanced the overall antibody response. In Chapter II, we showed that
co-immunizations rapidly elicited potent NAbs in rabbits that were improperly primed with
wild type DNA. In Chapter III, we characterized the co-immunization approach using
model Env antigens to dissect the contribution of each component to the overall NAb
response, including Envs from different clades. Our results showed that more total NAbs
were induced in an accelerated manner using the co-immunization strategy compared to
studies that use a DNA prime – protein boost approach. Previous studies have found
that co-immunizations with DNA and protein did not appreciably improve the prime –
boost approach; further, the immunogenic influence of the DNA component was found to
be overshadowed by the protein component (Michael Vaine, personal communication).
Motif optimization has been shown to enhance expression and immunogenicity of
plasmid DNA vaccines in mice to a greater extent than codon optimization (176). The
lower immunogenicity of codon optimized DNA used in the above studies compared to
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the motif optimized DNA used in our studies may explain the difference in results. In our
study, in contrast, we found that the motif-optimized DNA and protein components
complemented each other and together elicited antibodies of greater breadth, potency
and avidity. Since these authors regularly used codon-optimized DNA in their studies, it
is interesting to speculate that the enhanced expression of motif-optimized DNA allows it
to complement the protein component, rather than being overshadowed by it.
Simultaneous delivery of DNA and protein vaccines may be more closely
recapitulating the immune activation induced by viral infection. This would create a more
favorable environment for Ab-secreting cells with appropriate T cell help, as has been
recently described for EBV infection (182). Indeed, the saw-tooth pattern of Env-specific
Abs and NAbs suggest that long-lived plasma cells are not being generated (46, 195).
The combined effect of different pathways being activated by each component of the
DNA plus protein strategy may affect the immunological milieu and partially explain the
enhancement of the antibody-producing B cells. Anecdotal evidence for this effect has
recently reported using combinations of different adjuvants to enhance antibody
responses to vaccines in NHP and rabbits (99, 213). Of note, the latter report used the
same model Env clone as in Chapter III. Our results are very encouraging, since we
obtained similar NAb titers with co-immunization as those obtained with MF59, an oil-inwater immersion adjuvant shown to improve the immune response to vaccines by
inducing qualitative and quantitative expansion of the antibody repertoires with protective
potential (192). Further, we show that co-immunization with DNA plus protein enhanced
the breadth of Ab and NAb-reactivity. Co-immunization with mismatched DNA and
protein immunogens demonstrated greater breadth and potency of binding Abs and
NAbs. The prime – boost approach has been shown to be much more effective at
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inducing NAbs targeting conformational epitopes than vaccine regimens consisting of
protein alone (401).
Because the rabbit model is not permissive to HIV infection, we cannot discern
whether the co-immunization strategy, on its own, can elicit protection from HIV
acquisition. However, the predictive potential to in vivo neutralization assays has been
shown to be variable and limited (85). The overall potency of NAbs against
pseudoviruses has recently been associated with breadth (441), suggesting that perhaps
NAb breadth may be more related to overall amount of NAbs in sera than particular
specificities. Further, a recent study correlated the level of hypergammaglobulinemia and
total gp120-specific Abs with the development of NAbs in vivo (44). These observations
suggest that the total amount of Env-specific antibody in immune (or infected) sera may
be beneficial to achieve broad neutralization potency and breadth. Thus the coimmunization strategy has obvious implications in Env-based vaccine design. Moreover,
co-immunization with DNA and a scaffold protein elicited strong CD8 T cell activity in
addition to NAbs (178), underscoring the potential of this strategy to target both arms of
the adaptive immune system.

In silico and in vitro-based immunogen selection
Structural studies of hnMAbs bound to Env have demonstrated that the Env
protein has little vulnerability (215, 265), yet it is possible to develop Abs targeting these
sites. Despite detailed knowledge of Env biology and sites of vulnerability, vaccine
studies using various Env proteins have mostly produced NAbs of low potency or narrow
breadth (392). Recent studies have identified correlates of hNAb developments that
implicate a role for the autologous quasispecies (210, 354), yet whether particular
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structural or sequence motifs exist on the quasispecies variants of HIV-infected subjects
that may facilitate the development or maturation of hNAbs in vivo remains elusive.
In Chapter II, we established the feasibility of using bioinformatics-based inferred
molecular evolution to guide the choice of immunogens to mimic this process. I used this
strategy to explore whether the autologous quasispecies clones existing within a patient
with NAbs can elicit hNAbs when used as vaccines. The concept of using bioinformatics
is well described for identifying and predicting T cell epitopes (376), but the
discontinuous nature of B cell epitopes complicates this approach. Yet, bioinformatics
has been used to determine and optimize Env antigenicity (441). Further, signature
motifs can predict co-receptor usage and NmAb sensitivity (179); however, a vast body
of evidence demonstrates that antigenic profiles of Env proteins are different from their
immunogenicity and optimizing one cannot predict the breadth of NAbs elicited through
vaccination (172, 404, 405).
Rather than predicting immunogenicity of Env variants a priori, we used
bioinformatics to infer the natural divergence of these Env variants and reduce the
complexity of the experiment. Numerous studies exploring the immunogenicity of Envs
with diverse properties have shown that most Envs elicit NAbs, but immunogenicity
varies (41, 211, 399). We hypothesized that the evolution of the viral quasispecies in
patients with hNAbs engenders structural or sequence motifs that may stimulate the
hNAbs in vivo. Thus we tested whether immunizations with diverging Env clones would
stimulate hNAbs – perhaps through the maturation of aNAbs – in Chapter II. These
observations lead us to establish the feasibility of using bioinformatics-based selection
criteria to select vaccine candidates and underscored the requirement for further
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characterization of the Env immunogens to complement the bioinformatics-based
approach.
In Chapter IV we incorporated the observations of Chapters II and III. Here we
used env immunogens derived from a subject who developed hNAbs more rapidly than
that used in Chapter II and could allow us to explore potential associations between env
sequence divergence, in vitro antigenicity, and in vivo immunogenicity. By further
dissecting the various characteristics of Envs extracted from patient plasma, I designed
immunization strategies to address whether the degree of divergence affects
immunogenicity of the Env quasispecies variants.
Our data suggest that hNAbs can be induced without prior development of
aNAbs. This is in contrast to the natural response in which aNAbs usually appear much
earlier than hNAbs. Additionally, while nearly all HIV-infected people become
neutralizers (have aNAbs), only a ~30% have hNAbs and very few (~1%) are
categorized as elite neutralizers (having extremely potent hNAbs) (115, 145, 249, 354).
While purely speculative, a possible explanation may be that we may not be measuring
true autologous neutralization in infected sera. Natural HIV infection results in the rapid
production of innumerable related, yet slightly divergent progeny virus (225), thus the
small subset that are extracted through molecular methods are most likely a fraction of
circulating viruses. Correspondingly, the autologous NAbs that we detect may or may
not have been induced by the sensitive viruses. This would make sense from the
perspective of the virus, which may induce NAbs against other viruses while occluding
its own vulnerable sites. The NAb response elicited by this strategy is consistent with
that seen in other immunizations that elicit polyclonal NAbs; i.e., not focused on a single
neutralization site, such as V3. We have indirect evidence for this in Chapter IV, wherein
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NAbs were detected against one of the variant Envs used to immunize the Early
Sequential groups. Yet, the group that was immunized with this Env possessed the
weakest response.
Another interesting conjecture is that subtle sequence variability affecting
quaternary structure somehow influences the specificity of induced NAbs. Our
preliminary observations suggest that immunizations with these Env variants elicit
antibodies of different overall binding and neutralizing potency, and some immunogens
elicit better NAbs than others. While this has been shown previously (211, 399), this is
the first time that this has been shown using Envs isolated from the same time point and
that correspondingly have a high degree of sequence homology. On-going experiments
to characterize the NAb response elicited by these vaccines will establish whether any of
these immunogens induce NAbs targeting different Env sites and will clarify the
relationship between antigenicity and immunogenicity. Such information will be crucial to
correlate the targeting specificities of NAbs elicited through infection with those elicited
through vaccinations.

Future Directions
Recent key technological advancements (196) and clinical vaccine trial results
(336), combined with the data obtained in this work yield exciting avenues of future
investigation; particularly in regards to two main areas: (1) the protective potential of
NAbs induced by sequential co-immunizations with env sequences derived from in vivo
sequences; and (2) further characterization of the ontogeny and maturation of hNAbs
that naturally occur in HIV-1 infected subjects.
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Protective potential of NAbs co-immunization strategy
Env-specific antibodies – yet with low hNAb activity – have been associated with
protection from acquisition of HIV and SIV infection (19, 161). Further, the predictive
potential of in vivo protection by in vitro neutralization assays is variable and affected by
numerous parameters (85). Thus the modest hNAb breadth detected in vitro in our
studies does not necessarily preclude the protective ability of the sequential coimmunization strategy. Testing the sequential co-immunization strategy in other
immunogenicity and challenge models such as NHPs or humanized mice is important to
distinguish subtle differences in the functionality of the vaccine-induced antibodies that
may not be detectable in the in vitro assay. Furthermore, exploring this vaccine strategy
in the NHP model would clarify whether the co-immunization strategy affects other
antibody-mediated protective mechanisms that are undetectable through in vitro
neutralization assays, such as T cell responses and effector cell-mediated lysing of
infected cells that have been shown to contribute to overall protective capacity of
hnMAbs (165).
Another interesting avenue of exploration is whether motif-optimized DNA can
potentiate other, more immunogenic vaccine modalities. Combining a replicationdeficient poxvirus vector with gp120 protein has recently shown to mediate marginal
protection from acquisition, which was associated with V2-specific antibodies and CD4 T
cells (88, 161). Furthermore, a larger NHP challenge study using the same vaccines
showed a correlation between SIV V2-specific antibodies with protection from acquisition
and T cells with control of subsequent viremia (19). A neutralization-resistant SIV virus
was used to challenge the vaccinated NHPs in this study; further analysis showed that
the antibodies raised were only effective against more neutralization-sensitive viruses.
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Testing the co-immunization strategy with gp140 in NHPs either alone or in combination
with a recombinant viral vector expressing viral genes – such as CMV – to stimulate both
arms of adaptive immunity may yield a more balanced response capable of blocking
virus entry as well controlling viral replication. Additionally, using mucosal targeting
delivery methods to administer combination immunizations, such as micro-needles and
intranasal immunizations may further enhance the protective capacity of this
immunization strategy by concentrating HIV-specific responses at the site of viral entry.

Characterization of in vivo hNAb ontogeny and maturation
One key stipulation of our hypothesis is that the complex and dynamic interplay
between virus and host ultimately yield hNAbs in vivo. Yet, these studies focus solely on
the evolution of Env variants. Although this bioinformatics-based approach is a good
starting point, there are two major limitations: (1) the lack of programs that can easily
predict structural changes in Env; and (2) that there were numerous factors affecting the
evolution of virus in vivo. The technology to explore the evolution of host Env-specific B
cells and their binding specificities is now available (196). Thus, by exploring the
evolution of host B cell specificities together with that of the env quasispecies would
provide a more complete picture of this dynamic process and, more specifically, the
characteristics of the Env variants that trigger the germ-line B cell receptor and ensuing
maturation pathway that culminates in hNAb development (45, 420).
Another seminal yet elusive concept relevant to the mechanisms by which certain
HIV-infected persons become elite neutralizers is the role of host genetics and
characteristics of transmitted/early variants in this process. NmAbs targeting the CD4bs
have been shown to share ontogeny in different individuals (426). Recently, data have
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emerged providing structural evidence explaining why CD4bs-directed Abs arise from a
common germ-line ancestor receptor – which is not present in all species, including
rabbits (420). Previous studies have documented that the specificities of NAbs elicited
through SHIV infection of macaques differs from that elicited through immunization with
proteins derived from the matched virus (96). Importantly, however, not all infected
NHPs developed hNAbs (210). Sustained plasma viremia was associated with hNAb
development in the subject used in this study; however, it seems unlikely that continuous
antigenic stimulation is the sole factor responsible for this activity since hNAbs share
common genetic features. It would be interesting to revisit this concept and assess the
NAb response elicited by infection with SHIV expressing the inferred transmitted Env
from a subject that developed hNAbs. Such a study might elucidate whether NHP germline B cell receptors affect the development of NAbs by HIV infection. Further,
correlations between Env variants and hNAb development may be possible by
comparing the quasispecies env genes that result from the SHIV infection.

Final Thoughts
The immune system has demonstrated its ability to develop NAbs that can
protect from acquisition of HIV infection and control viremia. Further, information from
clinical studies of HIV-infected patients that develop neutralization breadth has begun to
inform vaccinologists on how this response develops. The work presented here
establishes a new way of rationally selecting Env immunogens while maintaining the
value of empirical studies to determine their immunogenicity. Future work dissecting the
fine specificities of the NAb response elicited by various immunization strategies in
NHPs compared to those elicited in infected subjects will be important. Such analyses
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may help guide the design of a vaccine component to stimulate a potent B cell response
to complement the T cell component, both of which will be required for a successful HIV
vaccine.
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