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Abstract
Maternal vaccination protects infants through transplacental transfer of vaccinespecific maternal IgG and milk transfer of IgG and IgA antibodies from mother to child.
I performed experiments in the rabbit model, which models human maternal antibody
transfer, to determine how maternal HIV vaccine formulations impact the passive
transfer of maternal gp120-specific antibodies and to investigate potential side effects of
vaccine-elicited maternal antibodies. Since the mammary gland is part of the mucosal
immune system, mucosal administration of maternal vaccines may enhance milk
transfer of maternal antibodies; however, the tendency of mucosal vaccines to induce
lower serum IgG responses than injected vaccines could decrease transplacental transfer.
Optimized intranasal boosting during pregnancy resulted in similar concentrations of
gp120-specific IgG in infant serum, however milk gp120-specific IgA concentrations
were not enhanced. Furthermore, intranasal boosting with chitosan-adjuvanted
vaccines resulted in significantly higher transplacental transfer of maternal antibody
than MPL-adjuvanted vaccines even though both formulations induced similar levels of
gp120-specific IgG in maternal serum, indicating that maternal vaccine adjuvants may
alter transplacental transfer of maternal antibodies.
Infant rabbits born to mothers that received the IM and IN maternal vaccine
regimens were vaccinated with gp120 with or without adjuvant to investigate maternal
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antibodies interference with infant antibody responses to vaccination. Maternal gp120specific IgG inhibited infant vaccination with unadjuvanted gp120, however inclusion of
either alum or GLA-SE, a TLR4 agonist in an oil-in-water emulsion, was able to induce
active antibody responses in infants. Furthermore, infant rabbits that received an alumadjuvanted vaccine in the presence of maternal antibodies had enhanced serum gp120specific and V1V2-specific IgG that infants vaccinated without maternal gp120-specific
IgG present. GLA-SE did not enhance infant antibody responses to vaccination. Thus,
maternal anti-gp120 IgG can enhance or inhibit infant antigen-specific responses to
vaccination depending on the infant vaccine adjuvant.
While maternal antibodies protect the infant, there is evidence that some viruses,
including HIV and Zika, use maternal antibodies to be transferred across the placenta,
facilitating mother-to-child-transmission. As HIV infects and replicates poorly in rabbits,
a rabbit model of Zika virus challenge was established and the impact of maternal
vaccination or anti-flavivirus monoclonal antibody on pathogenesis was investigated.
While Zika virus-specific antibodies altered maternal cytokine response to challenge,
and there was an increased risk for fetal resorption in vaccinated rabbits compared to
naïve rabbits, there was no significant impact on placental Zika virus RNA
concentration. While further refinement is needed, Zika virus challenge of rabbits is a
promising in vivo model for investigating the transplacental transfer of maternal
antibody-pathogen complexes.
v
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1. Introduction
Maternal vaccination is one of the few areas where the standard of care in
veterinary medicine surpasses what is even available for use in human medicine. The
lack of a licensed maternal vaccine and the relatively little information on how maternal
vaccination can impact the passive transfer of maternal antibodies to infants came as a
shock to me coming from a veterinary medicine background that emphasizes the
importance of maternal antibodies. This discrepancy was highlighted in a recent
landscape analysis of the field which found “more than 100 knowledge gaps…attesting
to the underdevelopment of the underlying science of maternal immunization” [1]. In
this dissertation, I present experiments that address four of the top 20 knowledge gaps
identified in that landscape analysis, with a focus on the passive transfer of maternal
antibodies and the impact of maternal antibodies on infant responses.
This chapter contains background information on vaccines and introduces
concepts unique to maternal vaccination. The passive transfer of maternal antibodies is
described and important gaps in knowledge are identified. The rabbit model and its
potential benefits and limitations for use in maternal vaccine development are
discussed.
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1.1 Vaccines
Vaccination at its core is the deliberate exposure of an individual to a substance
to induce an immune response that reduces the severity of disease. While Edward
Jenner is often accredited with the development of the first vaccine, there are records of
induction of protection to smallpox through the nasal inhalation of scabs dating back to
900 AD [2]. Vaccines are considered one of the most significant advances in public
health and are believed to save 2-3 million lives each year [3].

1.1.1 Vaccine Components
Vaccines typically have two main components: the antigen(s) and the
adjuvant(s). Antigens are the substance to which protection is elicited and the term
antigen is derived from “antibody generator” [4]. When whole pathogens are used as
antigens, they are either killed or an attenuated version is used. Instead of using a whole
pathogen, subunit vaccines contain parts of the pathogen, typically proteins or
carbohydrates.
Adjuvants are the other main component of a vaccine. They are included for
their function-to enhance the immune response to the antigen. While initially adjuvants
were used for essentially a brute force stimulation of the body’s innate defense
mechanisms, research is showing that adjuvants not only provoke a response but can
also provide instructions for how the body should respond to the antigen [5, 6].
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Adjuvants can help an antigen overcome innate defense mechanisms that would prevent
a protective response from being developed.

1.1.2 Vaccine Induced Protection
At the most simplistic level, the goal of vaccination is simply to prevent
suffering. Historically, vaccines have been used to prevent mortality or otherwise
reduced the severity of disease in the vaccinated individual. Some vaccines are used to
prevent infection altogether. Vaccines can also be used to reduce the transmission of a
pathogen, a disease-causing agent, to others. Herd immunity, or protection of a certain
percentage of the population, can prevent an infectious pathogen from being effectively
transmitted in a population [7]. Eventually herd immunity can result in infectious
pathogens being eradicated, thus providing protection to even future generations. Other
vaccines, such as the shingles vaccine, prevent an individual from developing disease
again when they already have the pathogen. Cancer vaccines may have goals such as
directing the immune system to kill cancer cells or may focus on prolonging remission
by inducing antibody responses to proteins overly expressed on cancer cells [8, 9]. Thus,
what type of protection a vaccine provides to an individual or a community can vary
based on the nature of the pathogen and on the disease.
1.1.2.1 Antigen Presentation
One of the first types of immune cells to interact with the vaccine are the
professional antigen presenting cells (APCs). Professional APCs are white blood cells,
3

including dendritic cells and macrophages, that act as sentinels, screening the
environment through the internalization and processing of antigens for display on the
major histocompatibility complexes (MHC) on the cell surface where other cells,
particularly T cells, can interact with the antigen-MHC complex [10]. In addition to
displaying antigen, APCs also provide the costimulatory signals necessary for activation
of T cells and produce cytokines which can impact many immune cells including B cells
[11].
1.1.2.2 T cells
T cells are a type of white blood cell that is antigen-specific. There are many
types of T cells distinguished by the expression of certain proteins on their cell surface
and/or differences in function. With new subsets being identified, categorization by
either method is being challenged, yet the field continues to try to identify rigid
categorization schemes based on a few cell surface proteins or the expression of soluble
proteins [12]. Tissue-specific changes and species-specific differences further exacerbate
the issue.
Helper T cells, historically defined as CD4+ T cells, provide support to B cells
through CD40 signaling which induces B cell proliferation, survival factors such as BCL2, and the production of secretory proteins such as cytokines and chemokines [13]. There
are many subtypes of helper T cells which vary in cytokines they produce. The original
classification scheme developed in 1986 separated helper T cells into Th1 cells based on
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the production of IFNγ or Th2 cells if IL-4 was produced [14, 15]. Evidence against this
binary classification scheme emerged in 2000, and it is now well established that T
helper responses are more aptly viewed as a continuous spectrum [13]. Currently, the
following subsets are recognized: Tfh, Th1, Th2, Th9, Th17, Th22, iTreg, Treg, Tr1, and
Th3 [12, 16]. Additionally, T cells have some ability to change between subtypes [17, 18],
providing further support for viewing T helper cells as a continuum. Unfortunately,
adjuvants are still referred to as Th1 or Th2 skewing even though this is an overly
simplified and misleading classification.
There are other categories of T cells besides helper T cells. Killer T cells, initially
defined as CD8+ T cells, destroy cells that display their cognate antigen on the cell’s
surface in association with MHC Class 1, as this is an indication that the cell is infected
or affected by the pathogen [19, 20]. Memory T cells are long-lasting cells (decades) that
upon antigenic stimulation replicate and produce the other types of T cells [21]. There
are also several subtypes of T cells termed unconventional T cells that do not recognize
antigen-MHC complexes, some of which have helper T cell-like functions [22]. Again,
many of these historical categorization attempts are not as discrete as originally
proposed, and careful consideration of the specific cytokines and cell markers measured
in each study is warranted rather than use of archaic categorization.
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1.2 Antibodies
Antibodies, also known as immunoglobulins, are a type of protein secreted by B
cells, a type of white blood cell. Antibodies bind to an antigen at a particular short (5-6)
amino acid sequence called an epitope. Antigens have multiple epitopes, but each
antibody can only bind to one epitope. The portion of the antibody that binds to the
antigen is called the Fab region. The Fc region of an antibody is used by the antibody to
bind to receptors expressed on other cells in the body.

1.2.1 Development
B cells are derived from hematopoietic stem cells in the bone marrow develop in
secondary lymphoid organs such as the spleen. B cells undergo a process of maturation
during which genetic (VDJ) recombination occurs resulting in a unique B cell receptor
(BCR). BCRs are essentially antibodies bound to the B cell’s cellular membrane and are
specific for a single epitope. Since this is when BCRs develop epitope specificity, this
process determines the specificity of the antigen binding portion (Fab) of an antibody.
Mature B cells that express a BCR on their membrane circulate through the body,
acting as sentinels for their specific epitope. When they come in contact with their
epitope, and receive co-stimulation, they enter a process of replication [23]. This cycle of
replication produces a large number of B cells specific for that epitope that then compete
for the epitope. This replication/competition cycle results in a process called affinity
maturation where BCRs that bind the antigen stronger are selected for [24]. The slight
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differences in the strength of antigen binding are due to a mechanism called somatic
hypermutation which introduces point mutations in the V gene [25]. Thus, this process
affects the strength of Fab binding.
Mature B cells that encounter their antigen and receive additional stimulation by
T cells or antigen presenting cells (APCs) also undergo a process called class switch
recombination (CSR). This process results in changes to the Fc region of the antibody,
determining the antibody class (IgG, IgA, or IgE) [25]. The type of secondary
stimulation by T cells or APCs influences which class is selected. Antibody classes, and
subclasses vary in the number and type of amino acids composing the hinge region
between the Fab and Fc portion of the antibody, as well as in the presence or absence of
joining chains [26, 27]. Antibodies with joining chains (IgA and IgM) have a higher
number of binding sites available to bind to an antigen, thus increasing overall strength
of binding between an antibody and antigen (termed avidity), without altering the
strength of Fab binding to its specific antigen (affinity). The relatively length of the hinge
region and flexibility of IgG binding is as follows: IgG3 > IgG1 > IgG4 > IgG2 [26].

1.2.2 Function
There are many types of antibody receptors which are expressed on different cell
types and in different quantities. Binding of Fc receptor triggers a signaling cascade
within the cell displaying the Fc receptor and results in effector functions such as killing
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of infected cells (cytotoxicity) or ingestion and breaking down of the antigen
(phagocytosis) [28, 29].
1.2.2.1 Antibody Receptors
The neonatal Fc receptor (FcRn) was discovered when scientists sought to
understand the transfer of maternal antibody. FcRn controls transcytosis of IgG through
the cell andacross anatomical barriers [30]. FcRn is expressed on many cell types
including epithelial, endothelial, and immune cells [31]. Importantly, FcRn regulates IgG
transfer across the placenta and across mucosal surfaces [32]. FcRn also plays a role in
antigen sampling and presentation [33].
Unlike FcRn, Fcγ receptors (FcγR) tend to mediate what are traditionally thought
of as the effector functions of antibodies. In general, binding strength between
antibodies and FcγRs increases with increasing hinge flexibility of IgG subclasses [27].
FcγRI is expressed on immune cells and binding can lead to antibody-dependent
cellular phagocytosis (ADCP), cell activation, and respiratory burst [27] [27, 28, 34].
FcγRIIa binding can also result in ADCP as well as the degranulation of eosinophils
while FcγRIIb binding inhibits immune cells [27, 28, 34]. FcγRIIIA is most commonly
associated with antibody-dependent cell-mediated cytotoxicity (ADCC) [27, 28, 34].
The polymeric Ig receptor (pIgR) allows active transport of polymeric IgA across
mucosal surfaces [35]. At the end of transport, the extracellular portion of the pIgR is
cleaved resulting in the secretory component (SC) [36]. SC can exist freely or bound to
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IgA forming SIgA. SC bound to IgA stabilizes IgA and makes it more resistant to
enzymatic degradation [28]. pIgR can also transport IgA into epithelial cells allowing for
IgA mediated intracellular neutralization of viruses [37, 38].
In addition to the above receptors, there are many other types of antibody
receptors including: FcαRI which induces IgA-mediated ADCC and ADCP [39], C1q
which mediates complement-dependent cytotoxicity [40], and Fc-receptor like proteins
whose function is still being defined [41-43].
1.2.2.2 Fc Receptor Binding
The ability of an antibody to bind to a particular receptor varies based on its
antibody class, the flexibility of the hinge region, and glycosylation [27]. Glycosylation is
a post-translational modification of proteins, including antibodies, in which a
carbohydrate chain is attached to the protein. Glycosylation affects protein folding,
stability, and interactions. By altering glycosylation patterns, antibody affinity to specific
Fc receptors, or even to all receptors, may be altered, thus influencing antibody effector
functions [44-46]. Additionally, multiple reports claim that Fc glycosylation does not
influence FcRn binding [47, 48] while another clearly demonstrates an effect of
glycosylation on IgG1 binding to FcRn [47], thus Fc glycosylation may also effect FcRn
binding and efficiency of passive transfer.
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1.2.2.3 Neutralization
Antibodies can have a protective effect even without binding to receptors. If the
antibody can block the attachment proteins of a pathogen, either through direct binding
or steric hindrance, the pathogen will be unable to bind to host cells [49]. In many ways,
neutralizing antibodies are the gold-standard for vaccines, as they can provide
sterilizing immunity and also result in limited activation of the immune system
preventing immunopathology, with the exception of risks associated with immune
complexes.
1.2.2.4 Antibody-dependent enhancement
The same mechanisms through which an antibody protects the immune system
can be coopted by pathogens to enhance pathogenicity, a process termed antibodydependent enhancement (ADE). For example, antibodies can result in the phagocytosis
of viruses into immune cells where the virus can escape the phagosome and infect the
immune cell even though on its own the virus has no ability to bind to and infect
immune cells [50]. The most well-studied example of ADE is dengue virus where prior
exposure to other serotypes of dengue virus or even other flaviviruses can result in
significantly more severe and lethal symptoms when infected with a different serotype
of dengue virus [51]. ADE has also been reported with HIV [52, 53].
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1.2.3 Adjuvants Influence Antibody Response
While adjuvants have been traditionally included in vaccines to increase immune
response to the vaccine antigen, it is becoming apparent that they also shape the
immune response to antigens. Adjuvants can impact not only the amount and type of
antibodies produced, but also impact the function of those antibodies. Adjuvants impact
antibody class switching through the cytokine responses they induce from antigen
presenting cells and T cells [54-58]. In fact, adjuvants are recognized as a method to
modulate pathogenic antibody responses, such as IgE responses in allergic conditions, to
nonpathogenic classes of antibodies [59-62]. Adjuvants are also able to impact other
antibody properties such as affinity maturation [63-65] and glycosylation [66, 67] as well
as plasma cell properties such as lifespan [68] and homing ligand expression [67]. The
ability to impact class switching, affinity maturation, and antibody glycosylation
indicates that adjuvants are able to impact antigen-antibody binding as well as antibody
effector functions.
1.2.3.1 Antibody Glycosylation
Recent studies suggest that vaccine adjuvants are also able to influence Fc
glycosylation. One study showed significant differences in glycosylation of gp120specific antibodies after an adenovirus-vectored vaccine compared to an alumadjuvanted vaccine [69]. The authors showed that HIV-1 gp120 glycosylation patterns
were significantly different from bulk circulating antibody Fc glycosylation and that the
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glycosylation pattern on antibodies specific to a different antigen did not change after
administration of gp120 vaccines [69]. Another study noted glycosylation differences
after administration of gp120 adjuvanted with MF59 compared to alum-adjuvanted
vaccines [67]. These studies support the hypothesis that vaccine adjuvants induce
antibody glycosylation patterns unique to specific adjuvants or classes of adjuvants.
Since glycosylation can influence antibody binding to Fc receptors, adjuvant-associated
alterations in glycosylation may be a mechanism through with adjuvants can impact the
passive transfer of maternal antibodies and their function in the infant.

1.3 Maternal/Infant Vaccination
In order for an individual to develop a protective immune response to an
antigen, the individual must first be exposed to that antigen. Ideally vaccination is that
initial exposure. However, newborns can be exposed to pathogens prior to being
vaccinated or prior to forming a protective immune response after vaccination.
Fortunately, mothers can transmit antibodies to their offspring providing protection as
was shown in 1892 when Paul Ehrlich demonstrated that maternal antibodies are
transferred from mother to offspring, allowing mice pups to survive lethal challenge [2].
Vaccination of potential, expecting, or breast-feeding mothers with the goal of protecting
mother and child is called maternal vaccination. Ideally, maternal vaccination will
provide passive protection of infants until the infant is no longer at risk or until the
infant achieves a protective immune response after vaccination [1].
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1.3.1 Benefits of Maternal Vaccination
Maternal vaccination allows for infants to have antibody-mediated protection
from disease prior to birth due to transplacental transfer of antibodies. This early
protection is ideal as there are many diseases infants are exposed to as soon as they are
born either through environmental exposure or due to individuals around them,
including mom, shedding the pathogen. Specifically, 2.4 million infants die from
infectious diseases before their first birthday, with approximately 30% of these deaths
due to pathogens for which there is a licensed vaccine [70].
In addition to establishing antibody-mediated protection prior to birth, maternal
vaccination induces maternal B cells to undergo class switching and affinity maturation
which results in higher avidity antibodies being transferred to the infant than the infant
is capable of producing [71]. Finally, maternal antibodies may be able to train or imprint
the infant’s immune system in ways that minimize adverse effects, such as allergic
sensitization, while enhancing the strength of specific immune responses [72, 73]. Thus,
maternal antibodies can protect infants from disease better than the infant’s own
antibodies in the first few months of life, while also educating the infant’s immune
system.

1.3.2 Passive Transfer of Maternal Antibodies
The designation of mammals refers to the mammary gland which is believed to
have evolved for the immunologic transfer of protection to offspring [74, 75]. Thus, the
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passive transfer of maternal antibodies is the defining feature of mammals. While some
species receive maternal antibodies solely through milk, only a couple species, including
humans and rabbits, transfer IgG during gestation with milk antibodies providing local
mucosal protection [76, 77].
1.3.2.1 Transplacental Transfer
Maternal IgG is transferred across the placenta during gestation through the
neonatal Fc receptor (FcRn). FcRn is expressed on placenta macrophages and endothelial
cells in the syncytiotrophoblast where it binds to IgG that has been endocytosed and
transports the IgG molecule to the fetal side of the placenta where the IgG can enter fetal
circulation [78]. Due to different FcRn binding affinities between IgG isotypes in
humans, there is preferential transport of IgG subclasses (IgG1>IgG4>IgG3> IgG2) across
the placenta [71].
Besides IgG isotype, other factors are known to influence transplacental transfer
of IgG. Most obvious is that transfer of antigen-specific IgG requires the induction of
serum antigen-specific IgG in the mother. While higher concentrations of maternal
antigen-specific IgG tend to result in higher levels of antigen-specific IgG in the infant, it
is not necessarily a linear relationship. For example, high maternal total IgG levels result
in less transfer of antigen-specific antibodies [71]. This is likely due to competition for
FcRn binding as saturation of FcRn receptors on placenta occurs around a total IgG level
of 15g/L [79].
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Other factors that affect IgG binding to FcRn may also influence the amount of
antigen-specific IgG transfer such as antibody glycosylation [80]. Additionally, diseases
such as malaria and HIV are well known to reduce total and antigen-specific IgG
transfer. Decreased transplacental transfer due to malaria is associated with impairment
of FcRn to bind to the placental membrane [81]. It is possible that FcRn expression plays
a role in decreased placental transport of IgG in HIV-infected women as a recent study
showed that SHIV infection decreased FcRn expression in mucosal tissues [82]. In all,
several factors that affect FcRn expression, function, or antibody binding characteristics
can impact the transfer of maternal IgG to the infant.
1.3.2.2 Milk Antibodies
After birth, maternal antibodies are transferred to the infant through milk. IgA is
the predominant antibody found in milk, with low levels of IgG and IgM also detectable
[77]. While there is some evidence that immunoglobulins can be absorbed from the
infant’s GI tract, it is considered “negligible” in full term infants [83]. Rather, maternal
antibodies in milk provide local protection of mucosal tissues, including protection from
pathogens that can be transmitted in milk, and can help train the infant’s immune
system [72].
IgA is produced by plasma cells residing in the breast and is transported into the
milk by the polymeric Ig receptor (pIgR) [84]. The plasma cells that home to the breast
predominately make antibodies to respiratory and gastrointestinal pathogens, indicating
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that the respiratory and GI tract are inductive sites for these B cells [83]. FcRn is also
expressed on epithelial cells of human mammary gland [85] where it is believed to
transport IgG from the serum, however transportation of locally produced IgG or
transudation from serum cannot be ruled out [86].
Several factors are known to influence the amount of antibodies in breast milk
including: mastitis [87], probiotics [88], autoimmune diseases [89], infectious diseases
[90], nutrition [91-94], maternal age [90], and even mood [95]. Of these maternal age,
symptoms of infection, and serum IFNγ predicted 41% of variance between milk SIgA
levels [90]. Thus, the immune system plays a role in regulating SIgA levels in milk. Less
is known about what factors may affect antigen-specific antibody levels in milk [84].
However, a 2013 study in non-human primates demonstrated that intranasal booster
vaccines induced higher levels of milk IgA than intramuscular booster vaccines,
potentially indicating the need to induce mucosal immune responses for optimal
induction of antigen-specific antibodies in milk [96].

1.3.3 Infant Vaccination
1.3.3.1 Infant Immune System
While the infant immune system has traditionally been described as immature
[97], or skewed towards Th2 responses [98], there has been a shift towards describing it
as tolerogenic [99, 100]. These immune alterations, as well as exposure to a large number
of pathogens for the first time, make infants particularly vulnerable to disease [101].
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The differences in the immune system between infants and older children or
adults can also impact vaccine efficacy. Vaccine adjuvants have altered efficacy in
infants, in part due to altered expression of pattern recognition receptors and alterations
in cytokine production [102, 103]. Furthermore, there are reduced numbers of
professional APCs for antigen presentation and co-stimulation of other immune cells
[104]. Infants may have a delay in antibody response to vaccination due to delayed
formation of germinal centers in lymphoid follicles [105] in part due to alterations in the
number and function of T follicular helper cells [106]. Often repeated vaccinations are
needed to induce a protective and durable antibody responses in infants [107]. Until
such a response can be achieved, the infant is unable to protect itself and is susceptible.
Combined maternal/infant vaccination regimens utilize passively transmitted maternal
antibodies to provide protection until infant vaccination can induce protection in the
infant.
1.3.3.2 Maternal Antibody Interference
While combined maternal/infant vaccination regimens use passively transmitted
maternal antibodies to provide protection to the infant, maternal antibodies also interact
with the infant’s immune system. Maternal antibodies have the potential to both
enhance or inhibit infant vaccine responses, and the exact mechanisms of maternal
antibody interference are highly controversial [71]. Maternal antibody-mediated
inhibition can be separated into two major camps. The first prevents the infant’s
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immune system from seeing the vaccine antigen through mechanisms such as epitope
masking, while the second involves the maternal antibodies inhibiting infant cells such
as FcRγIIb suppression of B cell responses (see Table 1). Maternal antibodies can inhibit
responses to the antigen they are
Table 1: Proposed mechanisms of maternal antibody inhibition of infant
vaccination
Mechanism of Inhibition

Fc Receptor

Phagocytosis[108]

FcγRII

Neutralization[109]

FcγRI

Epitope masking[108, 110]

n/a

Inhibition of infant B cell activation[111, 112] FcγRIIb
Inhibition of APCs[113]

DC-SIGN*

Catabolism of infant IgG[114, 115]

FcRn

Inhibition of DCs[116, 117]

FcαRI

Inhibition of B cells/DCs/macrophages[118]

Fcα/μR

Impaired homing of B cells[119]

n/a

*denotes a class II Fc receptor [27]

specific for, but maternal antibodies have also been demonstrated to inhibit responses to
nearby epitopes through steric hinderance [120]. Conversely, it has been reported that
the presence of maternal antibodies may enhance infant responses to certain epitopes
[121] and may enhance antibody avidity [122].

1.4 Maternal Vaccine Development
While doctors and scientists have begun to recommend maternal vaccination for
diseases such as flu and tetanus, the vaccines administered to pregnant women are not
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specifically developed for use in pregnant women. This is problematic for three reasons:
1) physiologic and hormonal differences between pregnant women and non-pregnant
adults may alter vaccine efficacy between these two populations [1]; 2) potential for
adverse effects on the fetus cannot be evaluated in non-pregnant individuals; and 3)
mechanisms which influence passive transfer of maternal antibodies are unknown and
therefore unlikely to be evaluable in non-pregnant individuals [123]. Thus, vaccines that
are safe and effective in non-pregnant adults may not be safe or effective as maternal
vaccines.
An example of an adult vaccine falling short when used as a maternal vaccine is
the currently Centers for Disease Control-recommended combined maternal/infant
influenza regimen. The “maternal” vaccine is the same injectable killed virus vaccine
used in non-pregnant adults. While this does result in some maternal antibody transfer,
the level of maternal antibodies transferred only protects the infant for eight weeks
[124]. Unfortunately, there is not a flu vaccine approved for use in infants under six
months of age. Therefore, the current combined maternal/infant influenza vaccination
regimen is a good example of how maternal antibodies can be induced and provide
some protection, yet also demonstrates the need for vaccines developed for use in nonpregnant individuals to be adapted for use in pregnant women for the induction and
transfer of maternal antibodies.
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In addition to diseases for which there is a vaccine currently available, there are
several diseases for which maternal vaccines have been tested in humans. Clinical trials
of novel maternal vaccines have been completed for: group B streptococcus [125],
respiratory syncytial virus [126], and Haemophilus influenzae [127]. The vaccines were
shown to be safe and were able to increase maternal serum antibodies; however, the
majority of the studies discuss issues with weak immunogenicity as infant serum levels
of maternal antibodies or the ability of those antibodies to neutralize the pathogen were
not ideal.

1.4.1 Route of Vaccination
Traditional injected vaccines tend to excel at the production of serum IgG
responses and thus should be ideal for inducing high vaccine-specific IgG responses in
maternal serum that can then be transferred across the placenta to the fetus. However,
injected vaccines do not tend to induce high levels of mucosal antibodies. A vaccine
regimen that incorporates mucosal vaccination may be able to enhance maternal
antibody transfer across the placenta and in milk. In fact, a non-human primate (NHP)
study found that intranasal boosting with gp120 resulted in significantly higher milk
gp120-specific antibodies than intramuscular boosting, with no difference in serum
antibody concentrations [128].
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1.4.2 Maternal Vaccine Adjuvants
Due to changes in the innate and adaptive immune systems that occur during
pregnancy, adjuvants may have altered safety and efficacy profiles when used in
pregnant women compared to use in non-pregnant individuals [129]. Furthermore,
vaccine adjuvants may impact maternal antibody passive transfer rates by altering
receptor expression in the placenta and mammary gland or by affecting the strength of
antibody-Fc receptor binding through altered antibody glycosylation. Due to these
proposed different mechanisms of action that would not be apparent in non-pregnant
individuals, it is clear that adjuvants used in maternal vaccines need to be tested in
pregnant animals for both safety and efficacy prior to clinical trials.
1.4.2.1 Altered Mechanism of Action
Some adjuvants may be less effective in maternal vaccines due to pregnancyinduced up or down regulation of immune responses to the adjuvant’s mechanism of
action. Since pregnancy has also been described as a Th2 skewing and
immunoregulatory environment [130, 131], it follows that Th skewing adjuvants may
have altered efficacy when used in an already Th2/Treg skewed environment. For
example, the use of a Th2 skewing adjuvant in the Th2/Treg environment of pregnancy
may enhance Treg immunomodulation. Alternatively, the Th1 stimuli from GLA-SE
may induce an even stronger Treg response due to the “threat” to the necessary
tolerogenic environment required to maintain pregnancy. Since the immune

21

environment is altered during pregnancy and adjuvants can impact antibody-antigen
binding and antibody-receptor binding through slight alterations of immune
mechanisms and environment adjuvants used in maternal vaccines may induce different
antibody characteristics than when used in non-pregnant individuals.
1.4.2.2 Selective Transport of Maternal Antibodies
Even though enhancing vaccine-specific antibody binding to pIgR and FcRn may
be beneficial for increasing the amount of maternal antibody transferred to the offspring,
it could result in enhanced transfer of maternal antibodies that have altered binding to
other Fc receptors, particularly class I Fc receptors (includes FcγRI, FcγRIIa-c, and
FcγRIIIa-b). This concept is supported by a recent report that mutations at the FcRn
binding site of a monoclonal antibody enhanced FcRn binding, but also resulted in the
loss of antibody-dependent cellular cytotoxicity (ADCC) [132]. A potentially even more
important outcome was that through the use of random mutagenesis to identify IgG
variants with increased FcRn binding, they found that mutations in the hinge regions
and in the non-FcRn binding regions of CH2 were able to enhance FcRn binding while
also altering binding to other Fc receptors and altering antibody functions [132]. Another
potential mechanism that could enhance passive transfer while diminishing Fc receptormediated effector function is sialylation, a type of glycosylation, of maternal antibodies,
which as previously discussed results in a conformation change that closes the hingeCH2 region binding site that is required for binding to type I Fc receptors as well as
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Fcα/μR and opens the binding site at CH2-CH3 required for FcRn, pIgR, FcαR, and type
II Fc receptor binding [27]. Therefore, antibodies that have higher rates of passive
transfer due to enhanced FcRn or pIgR binding may have reduced class I Fc receptor
binding, this would reduce protective antibody effector functions such as ADCC and
antibody-dependent cellular phagocytosis (ADCP).
On the other hand, selective transfer of antibodies with enhanced FcRn or pIgR
receptor binding may enhance class II Fc receptor-mediated function, which may result
in prolonged immune regulation. Persistence of maternal antibodies in infant serum
depends on many factors including initial level, specificity, and avidity[133]. Since FcRn
is known to regulate IgG half-life, it follows that enhanced FcRn binding that results in
increased passive transfer is likely to also result in increased half-life in the infant.
Additionally, antibody characteristics that enhance FcRn binding may also enhance
binding of class II Fc receptors such as DC-SIGN which is known to exert
inhibitory/regulatory functions on antigen presenting cells [113].

1.4.3 Commandeering FcRn Transport to Enhance Fetal Infection
Pathogens are known to adapt to host immune responses and to even use those
host immune responses to benefit their replication and spread. Therefore, it should be of
no significant surprise that viruses have found a way to use the transplacental transfer
of antibodies to their advantage. In vitro studies have demonstrated that maternal
antibodies can mediate transplacental transfer of antibody-pathogen complexes across
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the placenta via FcRn [134-136]. This is an example of Fc-mediated antibody-dependent
enhancement of infection. Not only can transplacental transfer of antibody-pathogen
complexes result in fetal infection, but it could exacerbate the severity of fetal pathology
due to intrinsic antibody-dependent enhancement (ADE). Intrinsic ADE is where
antibody-pathogen complexes downregulate innate immune responses to viral infection,
thus enhances pathogenesis by downregulating the host immune response, while
extrinsic ADE enhances the host or tissue range which the pathogen can infect [137].
If maternal vaccine-elicited antibodies were able to enhance fetal infection, even
in a small percentage of cases, it would be a severe adverse event. It could also decrease
trust in maternal vaccines, as potential harm to the fetuses is a common reason for not
receiving vaccines during pregnancy [138]. Public skepticism and distrust of vaccines is
reported to affect at least ¼ of parents in the US [139] and both infant and maternal
vaccination rates may suffer if reports of maternal antibody enhancement of fetal
infections are reported by the media, even if those reports are unfounded. Well-designed
studies to understand the potential risk for and mechanisms involved in maternal
antibody mediated enhancement of transplacental transmission to the fetus are needed
to prevent further distrust of vaccines.

1.5 Rabbit Model for Maternal Vaccine Development
Prior to commercial availability, vaccines must be proven safe and effective. This
begins with non-clinical development. During non-clinical development, potential
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antigens and adjuvants are identified and characterized through in silico and in vitro
modeling. Pre-clinical development often occurs simultaneously or iteratively with nonclinical development. During this phase of development, the vaccine components are
tested in animal models. Clinical development is where the vaccine is tested in the target
species.

1.5.1 Passive Transfer of Maternal Antibodies
Only a few mammals primarily transfer IgG from mother to child through the
placenta. The groups of mammals that do include humans, primates, rabbits, and guinea
pigs. Of all small animal models, rabbits most closely model human maternal antibody
transfer as evident in the fact that infant rabbits have similar serum antibody levels as
their mother at the time of birth, as do humans and non-human primates (see Figure 1).
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Figure 1: Rabbits are an ideal small model for transplacental transfer of
maternal antibodies.
Rabbits transmit maternal IgG across the placenta resulting in newborns having
similar serum IgG concentrations at birth. This is similar to newborn humans and nonhuman primates. Conversely, newborn guinea pigs tend to have a higher serum
antibody concentration than their mothers, while newborn rodents have antibody
concentrations less than 10% of maternal concentrations. Adapted from [76].
Rabbits also closely model the passive transfer of maternal antibodies in milk
[77]. In both rabbits and humans, >90% of the antibodies in colostrum and milk are IgA
(Figure 2). Similar to humans, rabbits have no absorption of maternal antibodies from
the gastrointestinal tract [140]. This is different from other small animal models where
the primary method of maternal antibody transfer is through milk [77]. Rabbits only
feed their offspring once on day and thus have a highly concentrated milk. Rabbit milk
has an estimated 26.4% total solids and 10.4% protein, compared to human milk which
is approximately 12.6% total solids and 1.1% protein [141].
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1.5.2 Immune System
Rabbits have been widely used in basic antibody research and in vaccine
development [142, 143]. At least genetically, the rabbit immune system is more similar to
humans than that of rodents [144, 145]. However, unlike most other species including
humans, rabbits do not have subclasses of IgG [142, 146]. While this means that they
cannot model preferential transplacental transfer of IgG subclasses, it should result in
equal rate of transfer for all maternal IgG. Therefore, rabbits are the only model with
significant transplacental IgG transfer that does not have to consider IgG subclass as a
variable, this may result in the rabbit being a sensitive model for determining
characteristics of maternal antibodies that impact transplacental transfer efficiency.
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Figure 2: Rabbit milk has similar relative antibody composition as human
milk.
IgA is the predominant antibody isotype (>80% of total immunoglobulins) in
both human and rabbit colostrum and milk. Figure prepared by Steve Conlon and
adapted from data presented in [77].
Rabbits have a complex mucosal immune system, particularly IgA. Last year a
new IgA gene was identified in rabbits bringing the total to 15 Cα genes, of which 13 are
expressed in vivo [147]. An earlier study which only looked at 10 of the 13 Cα genes
capable of in vivo expression reports that Cα4 constitutes the majority of IgA genes
present in the tonsil and in the lung and is present in the mammary gland [148]. Rabbit
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IgA4+ plasma cells were located in the respiratory tract and in the duodenum and
jejunum, but not in the ileum, similar to the distribution of IgA1 in humans [149].
Rabbits are an ideal small animal model for vaccine development as they tend to
have similar antibody responses to vaccines as primates [150]. While the rabbit mucosal
immune system is not adequately understood, anatomically they are an ideal model for
the development of nasal vaccines due to similar nasal cavity anatomy as primates [151153].
A previous study demonstrated similar levels of mucosal and systemic gp120-specific
antibody responses in rabbits and Rhesus macaques after administration of an
intramuscular or combined intranasal/intramuscular HIV vaccine regimen [154]. Rabbits
are also a useful model for testing ADCC responses induced by HIV vaccines [155].
Rabbit HIV-1 Env-specific monoclonal antibodies have also been shown to have a
similar structure as human antibodies to the same epitope [156].
While there are many benefits to using the rabbit model for maternal vaccine
development, there is a significant negative for the use of rabbits in developing infant
vaccines. Rabbits lack TLR7 [142] and have relatively decreased responses to TLR8
signaling [157], indicating they may have diminished responses to TLR7/8 adjuvants
such as R848, one of the more promising TLR adjuvants for infant vaccination [102].
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1.5.3 Reproduction
Rabbits are commonly used to test for developmental toxicity. One of the benefits
to using the rabbit model is that they are induced ovulators [158]. This allows any rabbit
to be bred at any time with an estimated 85% conception rate. Therefore, investigators
know precisely when the rabbit was bred. Rabbit gestation is approximately 30 days
with an average of 8 infant rabbits, called kits, per litter [159]. Rabbits can become
pseudopregnant after unsuccessful matings. Pseudopregnancy is characterized by
increased progesterone levels, mammary development, and nest building behavior
[160]. It is unclear if there are similar immune changes and skewing during
pseudopregnancy as during pregnancy.

1.6 Experimental Approach
The following chapters detail experiments conducted to address critical gaps in
knowledge, specifically the impact of maternal vaccination regimens on transplacental
transfer, impact of maternal antibodies on infant responses, and modulation of milk
antibodies by maternal vaccination [1], in a human-relevant animal model.
Chapter 3 details initial experiments to optimize antigen dose and vaccination
route selection in non-pregnant rabbits prior to testing in pregnant rabbits. In chapter 4,
intramuscular and intranasal vaccine regimens utilizing different vaccine regimens are
tested for their ability to affect passive transfer of maternal antibodies. Chapter 5 and 6
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investigate how maternal antibodies impact the infant, specifically interference with
infant vaccination and the potential for antibody-mediated enhancement of infection.

1.6.1 Adjuvants Tested
1.6.1.1 Modified Vaccinia Ankara
While not traditionally considered an adjuvant, viral-vectored vaccines, such as
modified vaccinia Ankara (MVA), are often used to increase the immune response to the
insert immunogen, and thus could be considered to fulfil the role of an adjuvant. MVA
may be more easily adapted to mucosal administration than subunit vaccines as they
have pre-existing mechanisms to overcome the innate immune defenses at mucosal sites.
However, MVA-vectored vaccines have shown variable efficacy in HIV vaccine clinical
trials [161-167]. Strategies that enhance insert-specific immune responses and/or
minimize vector-specific responses may enhance efficacy of MVA vaccine vectors. One
such approach may include altering the prevalence of the different types of infectious
particles in the vaccination. MVA has three types of infectious particles: mature virus
(MV), enveloped virus (EV) which is essentially an MV with an additional envelope, and
A-type inclusions (ATIs) which are large aggregations of matrix proteins and MVs [168,
169]. While conventional MVA immunization consists of MVs and EVs, inclusion of
ATIs may be beneficial as ATIs could protect the MVs from environmental stressors
while also acting like a depot by slowly releasing MVs resulting in prolonged antigen
exposure [168, 170].
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While many experts believed MVA was incapable of replication in human cells
[171], recent studies have shown that there is the potential for limited replication in
select human cell lines [172] and there is the possibility of reversion to a less attenuated
state [173]. Due to the desire to have a universal HIV vaccine that can be used in all
individuals, including those that are pregnant or may become pregnant, or those that are
immunocompromised, we tested a nonreplicating MVA that is incapable of replication
in human cells as it is lacking the udg gene that codes for uracil DNA glycosylase.
Nonreplicating MVA viral vectors have been reported to have enhanced
immunogenicity compared to conventional MVA due to removal of immunodominant
vector-specific epitopes that may compete against insert-specific epitopes [174-176].
1.6.1.2 Alum
Alum is the most common vaccine adjuvant in FDA-approved vaccines and has
served as a ‘gold-standard’ for adjuvant evaluations for decades [177]. It is used in doses
of 200-850µg of aluminum per vaccine and comes in various forms including aluminum
hydroxide and aluminum phosphate. The two forms have slight differences in
pharmacokinetics, with aluminum phosphate being absorbed and eliminated more
rapidly than aluminum hydroxide [178]. Proposed mechanisms of action include: local
antigen depot resulting in prolonged antigen release, enhanced antigen uptake by
antigen presenting cells, NALP3 inflammasome activation resulting in IL-1β, IL-18, and
IL-33 production, and cell necrosis resulting in the release of uric acid and host DNA
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which activate danger associated molecular pattern (DAMP) receptors [179, 180]. While
alum is able to induce strong IgG and Th2 responses, a common criticism is that it is
unable to drive Th1 responses, CTL responses, or mucosal responses [179-181].
Alum has been used in clinical trials as a maternal vaccine adjuvant with no
adverse effects on the fetus [182]. The CDC recommends pregnant women receive the
Tdap vaccine during pregnancy and the vaccine contains <0.39µg aluminum in the form
of aluminum hydroxide or 1.5mg aluminum phosphate (0.33µg aluminum) depending
on the brand. However, aluminum can be transported across the placenta and
accumulate in fetal brain tissue where it can have neurotoxic effects at high doses[183].
Aluminum can also be transported in breast milk, but oral exposure limits absorption in
infants[184]. Thus, while no adverse effects have been seen with alum-adjuvanted
maternal vaccines thus far, it would be prudent to assess the impact on fetal
neurodevelopment if several alum-adjuvanted vaccines will be given immediately
before or during pregnancy. Additionally, it is unclear if the different rate of absorption
of the two alum formulations could impact fetal exposure. Even if there is no significant
effect of alum-adjuvanted vaccines on fetal neurodevelopment, it would still be
beneficial to consider other vaccine adjuvants for maternal vaccines due to public
misconceptions and fear surrounding alum and thiomersal and the rise of vaccine
hesitancy [139, 185].
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1.6.1.3 Stable Emulsion
Stable emulsion (SE) is a squalene-based oil-in-water emulsion adjuvant
currently in clinical trials[186]. Squalene emulsion adjuvants are believed to enhance the
recruitment of macrophages and granulocytes through local production of chemokines,
inducedendritic cell differentiation, and enhance antigen presentation by increasing
phagocytosis [187]. Squalene emulsion induces more balanced Th1/Th2 responses and
enhances T cell responses compared to alum, which may enhance antibody responses
[187]. Antibody responses are enhanced both in overall amount of antigen-specific
antibody induced, but also qualitatively through enhanced breadth of epitopes
recognized and enhanced binding avidity [188]. Thus, squalene emulsions may enhance
somatic hypermutation [188].
Squalene emulsions may be more immunogenic in immunocompromised
populations such as infants, geriatric individuals, and transplant recipients [186]. While
a direct comparison of alum and squalene emulsion for use in pregnant and lactating
women has not been conducted to my knowledge, the ability of squalene emulsions to
enhance vaccine responses in immunocompromised populations indicates that it may be
ideal for use in maternal vaccines. Furthermore, squalene emulsions have a proven
safety record as over 200 million doses of squalene-based oil-in-water emulsions have
been administered [187]. Additionally, MF59 has not been associated with adverse
effects when used during pregnancy [189, 190]. Thus, squalene emulsion may be safe to
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use in maternal vaccines and may be able to induce higher vaccine responses in
pregnant individuals than alum.
1.6.1.4 TLR4 agonists
Toll-like receptor (TLR) 4 is a transmembrane receptor that recognizes the Lipid
A portion of lipopolysaccharide (LPS) displayed on the cell surface [191, 192]. While LPS
is associated with toxicity, derivatives and mimetics of LPS such as glucopyranosyl lipid
A (GLA) and monophosphorylated lipid A (MPL) can also activate TLR4 signaling and
are less toxic [192]. Activation of TLR4 results in the production of IL-6, IL-8, IL-12, TNFα, and type 1 interferon resulting in Th1 skewing [191, 192]. TLR4 agonists enhance
antigen presenting cell recruitment, activation, and cytokine production [192]
Additionally, TLR4 agonists enhance antigen presentation to T cells [191]. It is unclear if
TLR4 agonists affect B cells directly, or enhance activation, isotype switching, and
antibody production through indirect mechanisms such as enhanced antigen
presentation and T cell help [192]. TLR4 agonists are able to increase both pIgR [193]
and FcRn [194] expression and thus may enhance passive transfer of maternal antibodies
to infants.
There are several regulatory mechanisms in the TLR4 signaling cascade and
repeated exposures to TLR4 agonists attenuate cytokine production [192]. It is likely that
the immune or hormonal changes associated with pregnancy can also regulate cytokine
production by TLR4 agonists through mechanisms such as suppressor of cytokine
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signaling 1 (SOCS-1) [192] which is upregulated during late pregnancy by estrogen and
prolactin [195, 196]. It is unclear if the adjuvant activity of TLR4 agonists is significantly
diminished or altered when used in pregnant or lactating individuals.
50µg of MPL combined with 500µg alum has been approved by the FDA for over
a decade. In addition to approved vaccines, several clinical trials have used MPL in
squalene emulsion as an adjuvant [197-200].The inclusion of MPL has been
demonstrated as safe, although there is an increase in adverse effects at the injection site
due to inflammation [192]. Use of MPL in pregnant women did not increase the risk of
adverse pregnancy outcomes [201]. While GLA is a newer LPS mimetic, it offers several
advantages over MPL such as being synthetically produced and more homogenous than
MPL and having enhanced human dendritic cell activity [202].
1.6.1.5 Mastoparan 7
This work builds upon mastoparan 7, a derivative of wasp venom protein,
research performed by Moses Wanyonyi. His work demonstrated that a 64µg dose of
M7-NH2 was an effective intranasal vaccine adjuvant in rabbits. The efficacy of
Mastoparan 7 is not surprising as vaccines adjuvanted with compound 48/80, another
mast cell activator, have induced antibody titers in mice and rabbits similar to cholera
toxin-adjuvanted vaccines [203-205]. While Mastoparan 7 does activate mast cells,
adjuvant activity has been observed in mast cell-deficient mice [206]. In fact, the
mechanism of action of Mastoparan 7 is convoluted as we have shown inflammasome
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activation. However, adjuvant activity is not caspase 1 and MyD88 dependent at high
doses, yet does not activate TLRs or NLRs (in preparation, [206]). In this regard
Mastoparan 7 is similar to MF59 [207]. Additionally, there was a 250-400% increase in
nasal retention of Mastoparan 7-adjuvanted vaccines in mice (in preparation, [206]).
1.6.1.6 Chitosan
Chitosan is a cationic linear polysaccharide made by de-acetylation of α-chitin
found in crustacea and fungi [208]. Chitosan likely impacts many different innate
immune mechanisms. Intranasal administration of chitosan impacts mucociliary
transport and is molecular weight- and volume-dependent [209]. In addition to
prolonging clearance time from the nasal cavity [210], it also enhances permeability by
opening tight junctions [211]. However, its adjuvant effects are not limited to
overcoming physical innate immune barriers in the nasal cavity since chitosan was as
effective when administered subcutaneously as an unspecified dose of alum [212]. It has
recently been reported that chitosan induces host mitochondrial DNA release which
then activates the cGAS-STING pathway resulting in type 1 interferon production and
activation of dendritic cells [213]. However, others report that activation of dendritic
cells by chitosan is TLR4-dependent [214]. Additionally, there are reports that chitosan
activates the NLRP3 inflammasome resulting in release of IL-1β [215]. It is even unclear
if chitosan is Th-skewing as while the vaccine clinical trial that used chitosan alone
reported an enhancement of Th2 responses [216], it has been reported as Th1-skewing in
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mice [213] as well as capable of inducing a balanced Th response [217]. It is unclear if
this discrepancy is due to the vaccine used in the clinical trial or reflects a species
difference.
Chitosan has undergone numerous biodistribution, metabolism, and clearance
studies, and is generally recognized as safe [216]. Phase 1 clinical trials have been
completed with intranasal administration of chitosan alone with only mild erythema
and rhinorrhea noted [208]. Clinical trials have also been conducted with chitosan as the
sole adjuvant [218] or combined with MPL [219, 220] with all studies finding the
vaccines were immunogenic and well tolerated. To my knowledge, use of chitosan as a
maternal vaccine adjuvant has not been reported. However, a study of feed
supplementation with 30mg/kg chitosan oligosaccharide was conducted in pregnant
sows and they observed an increase in antioxidants, a decrease in pro-inflammatory
cytokines [221], and an increase in the growth rate of infant pigs [222]. A reproductive
toxicity study determined a no observable adverse effects limit (NOAEL) of <125mg/kg
of high molecular weight chitosan, likely due to emaciation [223], and a developmental
NOAEL of 125 mg/kg in mice [224]. Studies assessing the potential of chitosan as a
weight loss drug have used doses up to 15 grams/person/day with no adverse effects
[223]. Proposed dose for using chitosan as a vaccine adjuvant is <0.2 mg/kg, a dose that
is expected to be below the NOAEL.
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1.6.1.7 Methylcellulose
Hydroxypropyl methylcellulose (MC) is another mucoadhesive that has been
shown to prolong nasal retention of vaccines [225]. MC was shown in one study to
induce higher serum IgG responses as well as higher mucosal IgA responses than
chitosan [225]. Another study indicates that methylcellulose does not have adjuvant
activity on its own, but when used as part of an adjuvant system it can have an antigensparing effect [226]. However, in one clinical trial that used glychocolate (a bile salt) and
methylcellulose as mucoadhesives for intranasal administration of insulin, nasal burning
and sinusitis with increased number of eosinophils seen on histopathology, which the
authors attributed to the inclusion of methylcellulose, even though they noted that other
studies have observed increased nasal infections and nasal burning with bile salts [227].
Furthermore, since the study required intranasal administration three times a day for six
months, it is unlikely that the same level of irritation would occur with methylcellulose
used in maternal vaccines.
Hydroxypropyl methylcellulose in doses up to 20 grams/person/day is
recognized as safe by the FDA [228] and is used in ophthalmic solutions, food, and as an
excipient in medications, with no adverse effects reported in pregnant women.

1.6.2 Vaccine Antigens and Challenge Models
In chapters 3-5, the rabbit model was used to test maternal/infant HIV vaccine
formulations. To date, the only HIV vaccine clinical trials that showed protective efficacy
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was the RV144 trial (NCT00223080) [229]. In this clinical trial a canarypox-virus vectored
vaccine expressing HIV-1 env, gag and pol genes was used as the priming
immunization. Two booster immunizations of 600µg of recombinant gp120 adjuvanted
with 600µg alum were administered IM [229]. From this trial gp70 V1V2 Case A2specific IgG responses were identified as a correlate of protection [230]. Env-specific IgA
was shown to inhibit vaccine efficacy, particularly plasma C1-specific IgA was able to
inhibit ADCC responses [231]. When low Env-specific IgA was present, virus
neutralization and ADCC responses were correlated with protection [232, 233].
Antibody responses induced in the RV144 trial targeted V2, V3, C1, and C5 domains of
gp120, with V2-specific and to a lesser extent V3-specific responses correlated with
protection [233]. C1-specific IgG has since been shown to act synergistically with V2specific IgG [234].
There is an impressive body of knowledge about gp120 and there are many wellcharacterized reagents available. Furthermore, extensive functional assays have been
developed to assess function of vaccine-induced antibodies in rabbits, including viral
neutralization assays against various pseudoviruses with varying resistance to
neutralization, antibody-dependent cellular cytotoxicity (ADCC) assays, and antibodydependent cellular phagocytosis (ADCP) assays [154, 155]. As previously described, a
couple studies have reported different gp120-specific antibody glycosylation patterns
after various vaccines [67, 69], indicating that it should be a sensitive model for assessing
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if there are adjuvant induced differences in antibody characteristics between maternal
antibodies isolated from maternal or infant serum. Finally, research on maternal HIV
vaccines fulfills a public health need, as mother-to-child transmission of HIV can occur
in utero or while breastfeeding and infant HIV infection progresses more rapidly to AIDs
than adult infections [235].
While maternal HIV vaccination could decrease the risk of mother to child
transmission (MTCT) of HIV, there is a chance that HIV can form complexes with
maternal antibodies and cross the placenta via FcRn, resulting in MTCT. Fc-mediated
enhancement of HIV was shown to be mediated by gp120-specific antibodies in vitro
[134]. This is unfortunate as most vaccination trials, including the RV144 trial, use gp120
as a vaccine antigen. While V1V2 responses correlated with protection in the RV144 trial,
maternal V1V2 responses were positively correlated to increased transplacental MTCT
of HIV [236], potentially indicating V1V2 antibodies may have a role in transplacental
ADE of MTCT.
While the rabbit is an ideal model for testing the ability of maternal antibodies to
mediate ADE of MTCT, they cannot be infected with HIV. However, rabbits have been
infected with a variety of flaviviruses, which are perhaps the most studied genus for
ADE due to Dengue virus. Zika virus is an ideal flavivirus for testing the potential for
maternal antibodies to enhance MTCT as infection is asymptomatic in adults, but can
cause significant fetal pathology. Furthermore, there is evidence of FcRn mediated
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transplacental transfer of antibody-flavivirus complexes resulting in placental infection
[135, 136].
The two studies to date that have attempted to infect rabbits with Zika virus
demonstrated immunogenicity but not infection [237, 238]. However, there is hope as
neither study used pregnant rabbits and recent studies have demonstrated that guinea
pigs, can be infected with Zika virus [239-241]. Therefore, in Chapter 6 the ability to
infect rabbits with Zika virus and the impact of anti-flavivirus antibodies on challenge
outcomes will be assessed.
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2. Materials & Methods
An extensive technical description and discussion of procedures is described
within this chapter. Sufficient detail is provided to meet the ARRIVE guidelines, which
were developed to improve the reporting of in vivo experiments [242]. Specifics of the
experimental design for each experiment (vaccine dose, number of animals, timeline) is
provided in subsequent chapters and summarized in Appendix A. A list of materials
used in these experiments is available in Appendix B.

2.1 Vaccine Formulations
2.1.1 Antigens
The antigen used for gp120 protein vaccines consisted of either C.1086
delta7gp120K160N (gp120) [236, 243] or a fusion protein between C.1086
delta7gp120K160N and the Ad2F adhesin (gp120-Ad2F). Gp120-Ad2F constructs were
produced by Drs. David Pascual and Massimo Maddaloni (University of Florida) as
previously described [154, 244].
Dr. David Pickup (Duke University) developed and produced the MVA vectors
expressing HIV-1 C.1086 gp120. Drs. David Pickup, Sallie Permar, and Cody Nelson
(Duke University) designed the MVA vector expressing Zika virus antigens including the
capsid sequence, precursor to the membrane protein, and the envelope protein
(nucleotides 412-2490) of the Zika virus strain SPH2015 [245]. Construction of
conventional MVA and non-replicating MVA expressing gp120 has been described
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elsewhere [154, 155]. Non-replicating MVA was made unable to replicate in cells not
supplemented with uracil-DNA-glycosylase (udg), which is essential for viral replication
[176, 246].

2.1.2 Adjuvants
For intramuscular vaccines, Addavax (a generic version of MF59; Invivogen),
alum (Alhydrogel; ,Invivogen) and squalene emulsion with or without GLA were used
as adjuvants. Addavax was mixed 1:1 with antigen for total vaccine volume, per
manufacturer’s recommendations. 200 or 800µg alum was used in adult vaccines and
800µg alum was used in infant vaccines. 2% SE and 10µg GLA in 2% SE was tested in
adults, while 5 µg GLA in 2% SE was tested in infant rabbits.
For intranasal vaccines, mastoparan 7 (M7), MPL, chitosan, and methylcellulose
were used as adjuvants. 64µg mastoparan 7 NH-2, a dose previously shown to be an
effective intranasal vaccine adjuvant in rabbits and NHPs [154, 206], was used in nonpregnant adult rabbits. A dose of 50µg of MPL formulated in VesiVax© conjugatable
adjuvant lipid vesicles [247] was used per rabbit. Both chitosan and methylcellulose
were used at 0.5% w/v concentrations.

2.2 Rabbit Procedures
2.2.1 Study Design
Rabbits were assigned to treatment group based on their ID number or name
with consideration of group assignments in previous studies were applicable. Rabbits
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purchased from Covance arrived with an ID number, while kits born at Duke received
an ID number between 2 and 5 weeks of age. Prior to placement of an ear tag,
permanent markers were used to identify kits within a litter. Names were given to the
rabbits by husbandry personnel. For Zika virus challenge experiments, proclivity
towards development of aggressive behavior was considered to minimize the risk of
exposure of personnel to Zika virus. Poor maternal behavior in previous studies also
excluded rabbits from being used in Zika virus experiments. The largest and smallest kit
from each litter was selected for terminal blood collection.
Animal husbandry personnel had access to an alphabetical representation of
group designation for each rabbit but did not have access to information about the
vaccines for each group. Clinical veterinarians were blinded to treatment group unless
there was concern that treatment could be impacted by or causing the health incident.
Experimental procedures were performed by laboratory personnel and/or veterinary
technicians. Procedures typically began around 10am and were performed in room
order, ID order, cage order, or occasionally in order of treatments group due to
anesthetic differences.
Animals were removed from the study if they did not receive a vaccine due to
adverse health events (described below). Rabbits remained in the study if they received
a partial vaccine dose and/or if a sample collection day had to be skipped due to an
adverse health event.
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2.2.1.1 Husbandry
New Zealand White rabbits that weigh at least 2 kg were obtained from Covance.
The female rabbits bred in the IM regimens and the female rabbits bred for the first
infant study were purchased as >2kg and were housed at Duke for months prior to
being bred. Rabbits used in the maternal IN adjuvant study and for all other infant
studies were purchased as proven breeders from Covance. The majority of the rabbits
that were bred during the maternal HIV vaccination studies were reused in Zika virus
challenge experiments after a rest period of about 4 weeks off-study. Animals that had
health concerns or who had displayed aggression were generally not reused in Zika
virus experiments.
Rabbits were fed Purina LabDiet Laboratory Rabbit Diet 5321 or 5326 and
timothy hay. Alfalfa hay was also provided to pregnant rabbits. Weekly food
enrichment consisting of a variety of vegetables was used, with daily vegetables being
offered late during pregnancy and for the first few weeks of lactation. Papaya was used
as a treat reward for habituation. Critical care or other food with high calorie density
was needed to support body condition and lactation in some pregnant or lactating
rabbits. Water was provided by a Lixit system, and water bottles were hung low in the
cage for 2-5 week old kits.
All adult rabbits were single housed and received weekly environmental
enrichment consisting of time in a playpen. Rabbits were transferred to double cages 3

46

weeks after breeding. Adult rabbits were transferred back to single cages when
confirmed nonpregnant or after weaning. Cages were changed twice weekly. Due to the
number of animals per experiment, rabbits in vaccination experiments were housed in
multiple rooms on the 2nd floor of the Vivarium expansion. Differences in pregnancy
rates and maternal behavior were observed between the two rooms, and differences in
noise and vibration were thought to be factors. Additional information is provided in
the adverse events section. Vaccination with MVA was performed using ABSL2
precautions. For Zika virus challenge experiments, rabbits were housed in enhanced
ABSL2 facilities at the Regional Biocontainment Laboratory at Duke, with all animals
being housed in the same room but in three different bays. All procedures, except the
possible exception of breeding, were performed in the same room in which the animals
were housed. Rabbits were transferred between rooms prior to being housed in double
cages and based on room density at the discretion of husbandry staff.
A 12-hour light/dark cycle was used by all facilities. Red light lamps were used
when rabbits needed to be examined during the dark phase of the light cycle.
Rabbits were bred by live cover with the female being placed in the male’s cage
for 5-10 minutes. Typically, 2-3 breedings occurred in this period of time. Males bred 2
or 3 females per day over a 2 to 3 day period. As fertility exams were not performed
prior to breeding, pairs were assigned based on treatment group to limit impact of an
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infertile male. All male rabbits used for breeding sired offspring. Females were placed
on exercise enrichment restriction for 48 hours after breeding.
Nest boxes were placed in the cage a week prior to expected parturition or when
the mothers started displaying nesting behavior. Due to the high rate of dystocia and
poor maternal care of newborn kits observed in initial studies (discussed in adverse
events), oxytocin (1-5IU SQ or IM) was used to induce labor after gestational day 28 in
later studies. At 2 weeks of age, critical care and/or a mash made from the LabDiet was
offered to kits. A water bottle was hung in a cage at an appropriate height for the kits.
Leafy greens were provided daily. At 6 weeks of age, infant rabbits were weaned.
Littermates remained together in their home cage. Nest boxes remained in the cage for
an additional week after weaning to provide a continuous exposure to the maternal
microbiome and minimize the risk for dysbiosis. At 8 weeks of age, littermates were
separated by gender.
2.2.1.2 Sedation/Anesthesia
For sample collection and/or premedication for anesthesia, rabbits received 12mg/kg acepromazine administered subcutaneously into the interscapular area
(“scruff”). The only exception to this was 5-week-old infants who did not receive
sedation for blood collection due to safety concerns. For intranasal vaccination, rabbits
were anesthetized via a nose cone with 3-4% isoflurane at a flow rate of 4L/min of
oxygen. As anesthetics are known to impact immune responses [248-250], and as the
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impact of isoflurane on intranasal vaccination has not been investigated, this is a
recognized experimental variable that may have significant impact on study outcome.
For gastric immunization, rectal immunization, IV catheter placement, and Zika
virus challenge, rabbits were anesthetized with ketamine/xylazine administered SQ.
When the substances were administered simultaneously, 35 mg/kg ketamine and 5
mg/kg xylazine was often used. However, xylazine was often administered IM or SQ as
a premedication up to an hour before anesthesia was induced with ketamine, in which
instances up to 10mg/kg xylazine was administered with up to 35mg/kg ketamine
administered IM for induction. An additional quarter dose of ketamine/xylazine was
administered IM or IV if the desired plane of anesthesia was not reached within 20
minutes of induction. Anesthesia was reversed with 0.2mg/kg of yohimbine or 1mg/kg
of atipamezole.
2.2.1.3 Vaccination
Rabbits were vaccinated intramuscularly in the quadriceps using 25-gauge
needles. While anesthesia or sedation was not required for IM vaccination, if sample
collection was also occurring that day, rabbits were vaccinated while sedated or while
recovering from anesthesia.
Intranasal vaccination was performed on isoflurane-anesthetized rabbits. Once a
surgical plane of anesthesia was reached, the rabbit was placed in dorsal recumbency. A
total volume of up to 500µL vaccine was administered in aliquots of up to 85µL per
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nostril by a laboratory pipette. A 15-30 second rest period was instituted between
administrations of aliquots to the same nostril. During the rest period, isoflurane was
administered via a nose cone as needed. Rabbits were maintained in dorsal recumbency
for 20-30 seconds after the last aliquot was administered before being placed in sternal
or lateral recumbency depending on the stage of recovery.
For rectal vaccination, rabbits were anesthetized with ketamine/xylazine and
placed in dorsal recumbency. The vaccine was administered by an oral gavage needle
that was inserted 1.5 inches into the rectum. After administration, the syringe was
disconnected from the gavage needle, and 500µL of room air was administered prior to
removal of the needle from the rectum. Anesthesia was not reversed, and rabbits were
maintained in a pediatric incubator until recovered.
Gastrically-vaccinated rabbits were anesthetized with ketamine/xylazine and
placed in sternal recumbency. Orogastric intubation was performed with a #12 french
catheter and 5mLs of 12% w/v sodium bicarbonate was administered along with a 10mL
bolus of air. The tube was removed, and 20-30 minutes were allowed to pass for the
bicarbonate to have full effect prior to the rabbit being reintubated and the vaccine
administered. Again, 10mL of room air was administered prior to removal of the
orogastric tube. Rabbits were maintained in a pediatric incubator until recovered from
anesthesia.
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2.2.1.4 Sample Collection
Prior to collecting blood from s rabbits 5 weeks of age or older, lidocaine was
topically applied over the site. Blood was collected from the central auricular artery
from adults, and from the saphenous vein from kits. A 21-25 gauge butterfly catheter, a
25 gauge needle and syringe, or direct sampling from an IV catheter were used for blood
collection. To collect blood from 2-week-old infant rabbits, kits were anesthetized and
cardiac puncture was performed with an 18 or 25 gauge needle. Kits were humanely
euthanized with Euthasol after sample collection. Euthanasia could not be performed
prior to sample collection due to extensive hemolysis. Blood was collected in or placed
in commercial serum separator tubes which were centrifuged per manufacturer’s
recommendations to isolate serum. Serum was stored at -20C.
22 or 26 gauge catheter was placed in the central auricular artery. The catheters
were secured with suture and skin glue. Vet wrap and/or mole skin [251] was placed
over the catheter. Heparin lock solution was used to prevent clotting. Blood samples
were obtained every 12 to 24 hours.
Vaginal lavage was performed only in experiments with non-pregnant adult
females. Rabbits were premedicated with acepromazine and anesthetized with
isoflurane for the procedure. A pediatric nasal speculum was inserted into the vagina
and 0.5mL PBS was introduced by laboratory pipette.
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1-3 units of oxytocin was administered IM or IV to facilitate milk collection. Milk
was collected by manually expression from all of the mammary glands unless there was
apparent trauma to the nipple. Milk was mixed 1:1 with PBS to decrease viscosity.
Feces were collected by manual expression from the rectum or by checking for
voided samples at less than two-hour intervals. Collected samples were placed on ice
and fecal extract buffer (1% protease inhibitor cocktail set V, 0.5% Igepal in 0.25%
BSA/PBS) was added.

2.2.3 Adverse Events
All adverse events were reported to institutional and/or federal authorities as
appropriate.
Local irritation and inflammation occasionally occurred with subcutaneous
administration of acepromazine. Veterinary care was provided if there was a break in
skin integrity, such as the development of an open wound. Care consisted of clipping
the affected area, topical application of green clay, topical antibiotic, or in rare cases a
topical steroid.
GI stasis and/or decreased fecal production is always a concern with rabbits and
as such the rabbits were monitored closely. Several instances occurred during the
experiments or when the rabbits were “off-study” with most cases resolved in 1-3 days
with supportive care. Supportive care typically consisted of: increase exercise
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enrichment in the playpen, fresh vegetables offered daily, metoclopramide, SQ fluids,
Oxbow critical care, and/or simethicone.
During the MVA prime/gp120 boost experiment conducted in 2015 in Chapter 3,
several rabbits developed severe GI stasis and/or diarrhea 7-14 days after administration
of the MVA prime. 4 rabbits that did not respond to treatment and were humanely
euthanized. One rabbit was found dead. Clostridium spp. were isolated at necropsy from
some of the affected rabbits, and coccidia was found in a fecal sample. Surviving rabbits
that received the MVA prime IM were redistributed among the experimental groups
receiving an IM prime. In 2017, five male rabbits that were being used for breeding were
used to repeat 2 experimental groups from this study (IM/IM and IN/IM+IN). While
replication of only half of the experimental groups and inclusion of male rabbits
introduces significant biases in the study design, it does enhance the power of this
experiment. Since antibody responses were similar between the experiments, this
indicates that the results are reproducible. Additionally, inclusion of male rabbits
allowed for a less biased comparison of the IM/IM and IN/IM+IN vaccines performed in
rabbits to identical IM/IM and IN/IM+IN regimens performed in male and female NHPs
as reported elsewhere [154].
Trichobezoars (hairballs) caused inappetence, poor fecal output, and/or GI stasis
during the conclusion of the maternal immunization study and the Zika virus challenge
study that were conducted in 2018. Affected rabbits received additional fresh vegetables,
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SQ fluids, metoclopramide, laxatone, and/or Oxbow critical care. Unsymptomatic
rabbits in the Zika virus study were administered one dose of laxatone to prevent the
development of trichobezoars. Severity of symptoms resulted in one animal not being
used in the Zika virus challenge study as planned, resulting in a rabbit that had
previously displayed aggressive behavior being used in the Zika virus study and
necessitating assignment of that rabbit to the naïve/unchallenged control group to
minimize risk of Zika virus exposure of lab personnel. Another rabbit was euthanized
the morning on which Zika virus challenge was to be administered. While that rabbit
had displayed decreased fecal output, the decision to remove her from the study was
due to the presence of bloody vaginal discharge. Upon necropsy, she was found to be
aborting her litter, and a large trichobezoar was present in her stomach. This rabbit had
been radiographed 4 months prior to confirm she was not pregnant, and no
abnormalities were noted on radiograph. One previous case of trichobezoars occurred in
early 2017 where decreased fecal output occurred off and on for 10 days progressing in
severity and unresponsive to treatment. This rabbit had received the Zika virus
vaccination regimen, and was in the 15-week rest period between the last vaccination
and Zika virus challenge. Radiographs with contrast showed a non-obstructive ileus
with barium still present in the stomach 20 hours after administration. On necropsy a
3x4 cm trichobezoar was found.
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2.2.3.1 Breeding
Breeding success rate greatly varied between experiments. The intramuscular
boosting experiment presented in chapter 4 resulted in 10 pregnancies in the 12 rabbits
bred for a breeding success rate of 83%. The intranasal experiment in the same chapter
resulted in only 24 of 40 breedings being successful for a rate of 60%, which is not
significantly different from the IM breeding success rate (p=0.1). Furthermore, the naïve
(unvaccinated) rabbits that were bred simultaneously with the IN vaccine experiment
had a successful breeding rate of 56% (5 successful out of 9 bred). In the Zika virus
experiments presented in chapter 6, 41 out of 54 rabbits were successfully rebred from
the IM or IN experiment, for success rate of 76%.
An average of 8.5 kits/litter were born in the vaccination studies. In these studies,
there was an ~1% incidence of stillbirth with many of the stillbirths associated with
dystocias. In rabbits, labor typically lasts less than 30 minutes and dystocias are reported
to be rare in non-obese rabbits. However, out of 80 litters born, there were 5 cases of
dystocia, a rate that implies a “common” adverse event. Dystocias resulted in kits being
born 12-24 hours after their littermates were born. While the first kit born after a
dystocia was stillborn in all 5 cases, there were cases where live kits were then born. Due
to the prevalence of dystocias, oxytocin was used to induce labor in later studies and
was also administered to all rabbits who gave birth without induction of labor by
oxytocin.
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In addition to a higher rate of dystocias than reported in the literature, there
were also 4 instances of extrauterine pregnancy, with a prevalence of 10% of
multiparous rabbits. Extrauterine pregnancy is the presence of kits outside of the uterus
and is also called an abdominal pregnancy and up to 5% prevalence have been reported
in rabbits used in production systems [252]. Surprisingly, two of the extrauterine
pregnancies were incidental findings. One of those cases was identified at necropsy,
and the other after abdominal radiographs were obtained when dystocia was suspected
as fetuses could be palpated. In the cases were the extrauterine pregnancy was
symptomatic, one mother had reduced milk production and was unable to feed the 4
kits she gave birth to, while another rabbit failed to conceive.
A high rate of maternal trauma or cannibalism was also observed in the IN
vaccination and Zika virus experiments. After a review of environmental changes
affecting the first IN experiment, increased vibrations from nearby construction was
suspected to have caused maternal stress. The replicate study was delayed until the
following year and husbandry changes such as white noise and red-light filters on doors
were added in an attempt to reduce overall maternal stress level.
In initial experiments with primiparious rabbits, there were several instances of
failure to thrive. These mothers often had large litters (up to 18 kits) and did not seem to
be able to produce sufficient milk. These rabbits received high calorie supplements and
semi-solid foods were offered to the kits daily to encourage the transition to solid foods.
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In subsequent experiments, multiparous rabbits were used and the rabbits were fed a
higher calorie diet during pregnancy and lactation and litters were reduced to 10 kits
within a few days of birth.
2.2.3.2 Incidents involving a single animal
During the IM adjuvant study conducted in 2015, one of the rabbits in the 200µg
alum group, Bambi #5937, developed lameness in the right hind leg the evening after
enrichment in the playpen. She received meloxicam for three days, starting at the
beginning of experimental week 2.
During a fecal screening of the rabbits used in the IM maternal vaccine study in
2015, Zoey #3349, assigned to the 200µg alum vaccine group was found to have
pinworms. Unfortunately, she had been bred the week prior and Fenbendazole
treatment could not be instituted.
Connie #714, a part of the chitosan vaccine group in the 2018 IN experiment,
developed a topical lesion that grew methicillin-resistant coagulase negative
Staphylococcus spp. She was treated with topical anti-inflammatories and topical
antibiotics.
A member of the low dose challenge group in the Zika virus challenge
experiments, Gwen #723, developed hypothermia several hours after reversal of
ketamine/xylazine administration. External heat was provided, and fluids were
administered subcutaneously. No adverse effects were noted upon recovery.
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2.2.4 Necropsy
Necropsies were performed on rabbits challenged with Zika virus. Rabbits were
anesthetized with ketamine/xylazine. Lidocaine was applied over the auricular artery on
both ears. After the medications had taken effect, a butterfly catheter was placed in the
auricular artery and 10mL of blood was obtained. The line was flushed with saline and
Euthasol was administered IV.
Necropsies were performed in a biological safety cabinet (BSC) under aseptic
conditions. CSF collection was performed on a subset of adults using a 25G neonatal
short spinal needle inserted between cervical vertebrae. A midline incision was made,
and the reproductive tract removed by clamping and then incising through the vagina
and rupture of the suspensory ligament. A brief exploration of the abdominal cavity was
performed noting any extrauterine fetuses or pathologic findings.
Non-gravid uteri were photographed, incised and placed in formalin. Samples
were collected of any vaginal or uterine fluid if present.
Gravid uteri were photographed then an incision was made through the wall
along the length both uterine horns. Placentas were photographed in situ. Amniotic fluid
was obtained by cutting a small (<1cm) incision into the placenta and placing an
ophthalmic spear inside the placenta. Once fully expanded, spears were removed and
placed in 15mL conical tubes. Placentas were separated from the uterine wall then
incised and separated from the fetus. Placentas were placed in 50mL conical tubes. A
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subset of placentas were bisected and a portion placed into a tissue cassette and formalin
fixed. Fetuses were photographed as a litter. Fetal brains were removed using bone
rongeurs to open the skull. One hemisphere of the brain was placed in a tissue cassette
and formalin fixed. The other hemisphere was placed in a 1-5mL tube depending on
size. Following tissue collection, an abdominal incision was made, and the fetus was
formalin fixed.
Brain and placenta samples to be assayed for viral RNA by PCR were placed on
ice or frozen at -20C upon collection. Within 6 hours of collection all samples were
stored at -80C. Viral RNA isolation and PCR for Zika virus RNA was performed by the
virology unit of the Regional Biocontainment Laboratory at Duke.
All tissues in cassettes were fixed in formalin for 48-72 hours before being placed
in ethanol. Tissues were paraffin-embedded, sectioned, and stained with hematoxylin
and eosin by the Duke Research Immunohistology Lab.

2.3 Performance and Analysis of ELISAs
How ELISAs were performed and analyzed changed during the performance of
the experiments described here. In chapter 3, ELISA titers were determined as the serum
dilution at which the post-vaccination serum sample had a fluorescence value 3-fold
over the pre-vaccination sample from the same individual. However, several factors
indicated that it would be desirable to switch to a different method of ELISA analysis.
During initial maternal/infant studies, it was noted that infant serum had a significantly
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lower level of background binding, to the point that 0 relative light units were detected
for several samples on different plates. Since a three-fold increase over 0 RLUs is still 0,
an arbitrary cut off would have to be assigned for dilutions where naïve samples had a
value of 0. Additionally, naïve serum would not be available from infants born to
mothers that had received a maternal vaccination. A four-parameter curve fitting
approach was used for Chapters 4-6.

2.3.1 Performance of ELISAs
Commercial kits for cytokine analysis and Zika virus-specific antibodies were
performed per manufacturer’s recommendations. For in house assays, 384-well black
Nunc ELISA plates were coated with 2µg/mL of the target antigen and the assay was
performed as previously described [253] with the following modifications.
For experiments presented in Chapter 3, serum samples were plated at a 1:32
dilution while mucosal samples were plated at a 1:16 dilution. Serial 2-fold dilutions
were performed. A pre-immune sample was included for each rabbit so that a three-fold
change in RLU over naïve serum could be determined
For experiments in other chapters, samples were plated at 1:3 and serial threefold dilutions were performed. For gp120 and V3-specific IgG assays, a recombinant
rabbit gp120-specific (Group M, subtype CRF07_BC) monoclonal antibody (Sino
Biologics, #11233-R011) was used as a standard. The antibody was plated at 1,000 ng/mL
and serial three-fold dilutions were performed. For all other antigen/antibody
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combinations a hyperimmune sample was used as a standard. An in-house positive and
negative control was included on each plate. All standard and controls were run in
replicate on each plate. Samples incubated overnight at 4C.
Rabbit antibodies were detected using alkaline phosphatase-conjugated goat
anti-rabbit IgG at 1:3,000 (Southern Biotech, Cat. #4030-04) or IgA at 1:4,500 (Novus, Cat.
#NB7167). For milk samples, anti-NHP IgA at 1:1,000 (Rockland, cat. #617-105-006) was
used. For secretory IgA, the secondary antibody was mouse anti-human secretory
component at 1:8,000 (Sigma-Aldrich Cat#I6635). Attophos, a fluorescent substrate
system, was added at 15uL/well and allowed to develop for 15 minutes. Plates were read
using a Biotek Synergy 2 at 560nm after excitation at 440nm with a read height of 7mm
and a gain of 40. 2 readings were taken per well after a delay of 50ms to reduce
variations within the plate due to differences in development times.
2.3.1.1 Detection of Milk IgA
Raw milk was mixed 1:1 with PBS to reduce viscosity and allow for accurate
pipetting. On assay optimization experiments, separation of milk by centrifugation and
use of the supernatant in ELISA assays did not reduce background levels when
compared to whole milk. Thus, whole milk was used for all assays. High background
binding was observed with the goat anti-rabbit IgA secondary antibody, resulting in
milk from naïve rabbits having detectable gp120-specific responses (data not shown).
Since there is some cross reactivity between rabbit and primate antibodies and antibody
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receptors, both anti-human and anti-NHP antibodies were tested for cross-reactivity
with rabbit IgA. Goat anti-NHP IgA gave slightly higher signal to noise ratio than the
anti-human antibody tested, and neither antibody showed significant background
binding with naïve milk. Time-matched serum and milk samples were tested with both
goat anti-rabbit IgA and goat anti-NHP IgA and the data presented in chapter 4.

2.3.2 Analysis
2.3.2.1 Three-fold Over Naïve
Endpoint titers are the last immune sample dilution that was three-fold higher
than that animal’s pre-immune sample at the same dilution. Immune samples that were
not three-fold higher than the naïve sample at the starting dilution were assigned the
value of the one log2 dilution lower than the starting dilution.
2.3.2.2 4-Parameter Curve Fitting
A four-parameter nonlinear regression is a well-established model for ELISA
data. The median RLU of the wells that received diluent alone instead of a sample was
subtracted from all standards, controls, and samples on that ELISA plate. Using the
median allowed all RLU values to be considered (including 0) and allowed for any
potentially contaminated background wells to be included without a significant change
to the summary value as would have occurred if the mean was used.
To determine the weighting factor for each antigen/secondary antibody
combination, the mean and standard deviation for each concentration of the standard
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from a minimum of 20 ELISA plates for each antigen/secondary antibody combination
was obtained. A linear regression of the log 2 value for the mean and standard
deviation of each concentration of the standard was performed and the identified slope
was multiplied by 2 to determine k [254]. A 4-parameter nonlinear regression analysis
was performed on the RLU values for the standards from each plate using a least
squares approach and weighting by 1/yk. Outliers were removed using Q=1% and the
bottom plateau was set to 0 as the data was background-subtracted. Using the cleaned
data, the process of k determination and outlier removal was iteratively repeated until
no additional outliers were detected. The k and ec50 value that resulted in no additional
outliers detected was determined to be the best fit values for that antigen/secondary
antibody combination and are reported in table 2.
Table 2: Weighting factor, EC50, and interpolation range for each ELISA
antigen and secondary antibody combination.
Antigen Antibody
Gp120
V3
V2
Gp120
Gp120

N=

(1/yk) k= EC50 Interpolation Range
(ng/mL or U/mL)
IgG
152 1.5364
2.419 0.0006< x <333.33
IgG
62 1.5546
21.45 0.0019< x <333.33
IgG
24 0.06482
6611 0.45725< x <3000
Anti-rabbit IgA 10 0.09448
169.3 0.0508< x <333.33
Anti-NHP IgA 10 0.16856
1924 0.0169< x <1000

Using the background subtracted RLU values for the standard (not the cleaned
data previously generated), a 4-parameter nonlinear regression was fit to the data set
using the k value and constraining for bottom=0 and EC50 that was the best fit for that
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antigen/secondary antibody combination. Again, outliers were removed using a
sensitivity of Q=1%. Returning to the original data set rather than using the iteratively
cleaned data prevents any bias from outliers that were removed while obtaining the best
fit values, but that would not be removed when fitting with the best fit values. For each
standard concentration the RLU of each replicate, with outliers removed, was used to
interpolate an “observed” concentration. This observed concentration was then
compared to the actual concentration for each standard concentration. Concentrations
that varied by more than 30% were excluded from the “accepted interpolation range” of
detection for a sample dilution.
For example, although the monoclonal antibody used as a standard for gp120specific IgG was plated at 1,000ng/mL, both the 1,000 and 333.33ng/mL dilutions had
observed values greater than 70% different from the actual concentration. This is
common for values approaching the plateaus. Thus, any well that reported values of
333.33ng/mL or higher for a sample dilution, prior to being multiplied by its dilution
factor, was excluded. Likewise, for that antigen/antibody combination 0.0006ng/mL was
determined to be outside of the acceptable interpolation range. Since sample dilutions
started at 1:3, this indicated the limit of detection for gp120-specific IgG is 0.0018 ng/mL.
It is important to note that the standard dilutions which fall outside of the accepted
interpolation range were not excluded from the curve fit, but rather interpolation of that
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value was considered not sufficiently reproducible for inclusion when calculating the
concentration of unknowns.
2.3.2.3 Sample Interpolation
For each ELISA plate, the replicates of the standard were used to fit a 4parameter nonlinear regression using the EC50 and k values for the antigen/antibody
combination. The bottom plateau was set to 0. Outliers were removed using a sensitivity
of 1%. Additionally, once the peak RLU for that sample was reached, any dilution that
was not less than one of the two preceding dilutions was eliminated from the values
used to interpolate that sample. This criterion was used to identify possible
contamination from outside of the dilution series.
Background-subtracted relative light units (RLUs) for each sample dilution were
interpolated using the standard curve for that plate. If the interpolated values for a
dilution fell within the accepted interpolation range for the antigen/antibody
combination, the interpolated value for that well was multiplied by its dilution factor.
The median of all tested dilutions was then taken.
The median was then compared to the expected median based on the greatest
dilution the sample was within the range of interpolation. For samples where there were
less dilutions than expected for the estimated concentration of the sample, data from
wells below the limit of interpolation were included as left-censored data. For samples
where the concentration was less than expected based on the last dilution the sample
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was detectable at, if there were concentrations where the sample exceeded the range of
interpolation, those dilutions were included as right-censored data.
Inclusion of censored data is a helpful approach to prevent bias in samples. For
example, if a sample is within the interpolation range for the first three dilutions but is
below the interpolation range for the 4th dilution and has an estimated concentration that
should still be detectable on the 4th dilution, the 4th dilution was included as a leftcensored data point. The value used for the left-censored data point was the lowest
sample concentration that the assay was able to interpolate (within the acceptable range
of interpolation of the 1st tested dilution) multiplied by the dilution factor.
To obtain the median of a sample that includes a left-censored data point, a
Monte Carlo analysis was performed in Prism. Since Prism can only analyze rightcensored data, the inverse of the interpolated concentration of each sample dilution or
the limit of interpolation multiplied by the dilution factor was inputted. The inverse was
taken of the median that Prism calculated to arrive at that samples estimated
concentration.

2.3.3 Statistical Comparison
Graph preparation and all non-parametric comparisons were performed in
Graphpad Prism (https://www.graphpad.com; San Diego, CA). Comparisons between
experimental groups were performed by the Kruskal-Wallis test with the Benjamini &
Hochberg method of limiting the false discovery rate [255]. The individual p value is
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reported unless otherwise stated. There has recently (March 2019) been a renewed call to
stop the use of dichotomous terminology such as “statistically significant” and to stop
the use of asterisks in graphs to reduce cognitive biases associated with categorization
[256-258]. Therefore, p values are included on graphs where possible.
When the same type of sample collected at multiple timepoints from the same
animal was compared, a matched one-way ANOVA (Friedman) was used. When
different sample types collected from the same animal at the same timepoint were
compared, for example when comparing antibody concentrations in two different bodily
fluids, a Wilcoxon matched pairs signed rank test was used.

2.4 Additional Assays
2.4.1 HIV-1 Env-specific Binding Antibody Multiplex Assay
A binding antibody multiplex assay was performed by Maria Dennis (Duke
University) as previously described [155, 259]. Serum was tested at a 1:500 dilution and
hyper-immune pooled rabbit serum was used as a positive control. 2µg/mL of goat antirabbit IgG-PE was used as the secondary antibody and responses are measured in mean
fluorescent intensity (MFI). Relative frequency for each antigen specificity was
determined by dividing the MFI for that antigen specificity by the total MFI for all
specificities.
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2.4.2 Zika Virus RNA Detection by qRT-PCR
qRT-PCR on serum, placenta, and fetal brains was performed by the Regional
Biocontainment Lab at Duke University. Placentas were homogenized in 5mL of lysis
buffer with an Omni tissue homogenizer. Brain tissue >400mg was homogenized in
1.5mL PBS using the Omni tissue homogenizer while brain tissue <400mg was
homogenized with 1mm or 2.8mm zirconium oxide beads in a Precellys bead
homogenizer. Viral RNA was isolated for 140uL of sample using the QIAamp Viral
RNA mini kit. The Liferiver ZIKV RT-PCR kit was used for amplification and detection
of Zika virus RNA per manufacturer’s protocol. Baseline threshold fluorescence was
calculated using the fluorescence values of cycles 2-15. The theoretical lower limit of
quantification was 85.7 copies/mL.
The heparin lock solution used in the indwelling intravenous catheters inhibited
PCR analysis of contaminated serum samples. 2 units of Bacteriodes Heparinase 1 per
PCR reaction was added to prevent inhibition. Yeast carrier RNA was also added to
protect the template RNA from degradation by any RNAse that may be present.

2.4.3 Zika Virus Env-specific ELISAs
Zika virus Env-specific IgG was determined using a commercially available kit
manufactured by Alpha Diagnostics (see Appendix B). Pre-challenge serum and serum
collected 7 days after challenge was tested at a 1:100, 1:200, 1:400, and 1:800 dilution. OD
values were background subtracted and u/mL concentrations interpreted using a
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standard curve. Interpolated concentration was multiplied by the dilution factor and the
average taken of all dilutions that were within the interpolation range of the standard
curve. The interpolated concentration of cross reactive pre-immune anti-Zika virus Env
IgG was subtracted from the interpolated concentration of post-challenge anti-Zika virus
Env IgG.

2.4.4 Rabbit Cytokine Array
Serum samples collected one day after Zika virus challenge were inactivated by
the addition of 0.5% Tween. Inactivated serum was tested by Fang Wang (Duke
University) in the Raybiotech Rabbit Cytokine Array. The assay was performed per
manufacturer’s recommendations and sent to the manufacturer for development and
analysis.
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3. Vaccine Optimization in the Rabbit Model
Contributions. Gp120-Ad2F constructs were produced by Drs. David Pascual
and Massimo Maddaloni (University of Florida). Dr. David Pickup (Duke University)
developed and produced the MVA vectors described within. The initial experiment for
the gp120 dose response study was performed by Grey Monroe and Dr. Moses
Wanyonyi, and I performed the repeat experiment. Viral neutralization assays were
performed by Dr. David Montefiori’s lab (Duke University). Antibody dependent
cellular cytotoxicity assays were performed by Dr. Justin Pollara (Duke University).
Statistical modeling of the immunogenicity of non-replicating MVA and replicating
MVA was performed by Dr. Camden Bay (University of North Carolina).

3.1 Introduction
28% of human infants born to untreated HIV-infected women become infected
with HIV due to mother-to-child transmission (MTCT) of HIV [260]. MTCT can occur in
utero, during birth, or by breastfeeding. While antiretroviral therapy has been able to
reduce the risk of transmission to 14% [260], issues with adherence, toxicity, and
resistance prevent it from eliminating MTCT of HIV [261]. While the lack of detectable
plasma HIV RNA results in no sexual transmission of HIV [262, 263], infection via
breastmilk has been observed in mothers without detectable RNA in serum or milk
[264]. Maternal HIV vaccination may be able to further reduce the risk of MTCT.
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The only moderately successful HIV clinical trial to date has been the RV144 trial
where a canarypox-vectored prime followed by gp120 protein boosts were able to
induce moderate protection [229]. In that study, serum gp120-specific IgG responses that
mediated ADCC were correlated with protection, while serum C1-specific IgA responses
were shown to negate that protection [231]. The overall goal of experiments presented
in chapter 3 was to use to adapt the viral vector prime/gp120 boost regimen that was
used in the RV144 trial to a maternal vaccine regimen. The two main goals for adapting
the RV144 regimen for use during pregnancy were enhancement of milk antibodies
without reduction of passively transferred serum antibodies, and the reduction of
perceived risk of vaccination.
The rabbit model was used as a small animal model for identifying vaccination
routes, antigen doses, and adjuvants that resulted in the highest amount of maternal
antibody transferred to the infant. Experiments presented in this chapter were
performed in the non-pregnant rabbit to identify vaccination strategies that enhanced
serum gp120-specific IgG which could then be evaluated in pregnant rabbits for their
impact on the passive transfer of maternal antibodies (Chapter 4).

3.1.1 Mucosal Vaccination for Enhanced Milk Antibodies
Since HIV can be transferred from mother to child through breastmilk, HIVspecific maternal antibodies present in milk may be able to reduce transmission. While
systemic vaccine regimens are poor inducers of mucosal antibodies, mucosal vaccination
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may be able to enhance breast milk antibodies [265]. In fact, most T and B cells found in
milk contain mucosal homing ligands, indicating they originated from mucosalassociated lymphoid tissues prior to traveling to the mammary gland [101]. A NHP
study provided proof of concept that mucosal vaccination can enhance HIV-specific
antibodies in milk as macaques that received intranasal boosting with gp120-adjuvanted
vaccines had significantly higher milk gp120-specific IgA titers than those that were
boosted intramuscularly [128]. However, the group that received the intranasal booster
vaccine had a trend towards lower serum gp120-specific IgG responses than the group
that was boosted intramuscularly. Reduced serum antibodies with mucosally
administered vaccines compared to injected vaccines are well documented in the
mucosal vaccine field, and higher doses or a greater number of immunizations are
needed for mucosal vaccines to induce similar serum antibody responses as injected
vaccines [266, 267]. Therefore, experiments were performed to determine which mucosal
route resulted in the higher serum gp120-specific antibody response, and to identify
antigen doses and number of vaccinations needed for the selected mucosal route to
induce serum antibody titers similar to intramuscular vaccination.

3.1.2 Reduction of Perceived Risk
Since research and development of maternal vaccines had been undermined for
decades inpart due to liability concerns [268], and there are negative perceptions
surrounding infant vaccination [139], there is likely to be a decreased risk tolerance
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during the approval process and by consumers. Therefore, adapting the RV144
vaccination regimen design is problematic as it uses a canarypox-vectored prime.
Traditionally, live and attenuated vaccines are not recommended for use in pregnant or
nursing women due to concerns that the immunoregulatory environment may enhance
replication of the vaccine resulting in pathology in the mother or in the fetus [269-271].
HIV-infected pregnant women may be at an increased risk of adverse effects.
Modified vaccinia Ankara (MVA) is another pox virus that has been highly
attenuated and while not a part of an FDA licensed vaccine, it has been extensively
tested in clinical trials, including in immunocompromised individuals [161, 163, 166,
167]. While many experts believed MVA was incapable of replication in human cells
[171], studies have shown that there is the potential for limited replication in select cell
lines [172] and there is the possibility of reversion to a less attenuated state [173].
Fortunately, a non-replicating version of MVA lacking the udg gene, which is required
for viral replication, has been developed [174-176]. Due to the ability of vaccinia virus,
the replication competent virus MVA was derived from, to cause severe reactions
including fetal infection and death [270], and the ability of other attenuated pox viruses
to have adverse fetal outcomes [272], the additional “peace of mind” a replicationdefective MVA vector may provide to parents, healthcare providers, regulatory
agencies, and manufacturers could impact the availability and acceptance of a
maternal/infant vaccination regimen. Thus, non-replicating MVA was compared to
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conventional MVA for the ability to induce serum gp120-specific antibodies in the rabbit
model.
Vaccine adjuvants, especially mucosal vaccine adjuvants [273, 274], are another
area of potential risk for a maternal HIV vaccine candidate. Since there are
intramuscular adjuvants that have been used extensively in a wide variety of people
including pregnant individuals, initial adjuvant selection for intramuscular vaccines was
performed in non-pregnant rabbits. Due to the desire to mitigate safety concerns, only
intramuscular adjuvants that have been licensed as part of a vaccine, or their biosimilars,
were tested. This includes aluminum hydroxide at both the high and low end of the
dose range used in approved vaccines, stable emulsion (SE) which is similar to MF-59,
and GLA which is a TLR4 agonist like MPL. An extensive discussion of these adjuvants
can be found in Chapter 1. Selected intramuscular adjuvants, as well as intranasal
adjuvant selection, were examined in pregnant rabbits as described in Chapter 4.

3.2 Results
3.2.1 Selection of a Mucosal Route for Vaccination
To determine which route was most immunogenic for mucosal vaccination, 3 x
108 PFUs of MVA expressing HIV-1 C.1086 gp140 was administered nasally, gastrically,
or rectally. 1 x 108 PFUs of MVA expressing HIV-1 C.1086 gp140 administered
intramuscularly was used as a positive control. 3-4 rabbits per route were vaccinated on
day 0 and 28 and serum collected on day 42 was assessed for vaccine-specific antibodies
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by ELISA. In the following sections “titer” is used to refer to serum gp120-specific IgG
responses in an effort to improve conciseness and readability.
There were no detectable serum gp120-specific IgG responses in any of the
gastrically or rectally immunized animals. 2 of the 3 intranasally immunized animals
had detectable serum gp120-specific responses, along with all four of the
intramuscularly vaccinated rabbits. IM vaccinated rabbits had a GMT of 3,526,975 and
IN vaccinated rabbits had a GMT of 1,024 (p=0.1).

Figure 3: Vector and insert-specific serum IgG responses after administration
of MVA expressing gp120 by various routes.
Rabbits were vaccinated by various routes (IM, IN, gastric, or rectal) with MVA
expressing gp120 on days 0 and 28. Serum was collected on day 42 and assessed for
vector and insert-specific IgG titers by ELISA. Gp120-specific IgG and antibodies to
vector proteins A27, A33, and B5 are not significantly different between rabbits
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vaccinated IM or IN while L1-specific IgG responses were significantly different.
*significantly different than group vaccinated IM p<0.05.
Vector-specific antibody responses were also assessed due to their potential to be
a more sensitive comparison of MVA vector immunogenicity administer by different
routes. All of the IM and IN vaccinated rabbits had detectable antibody responses to the
proteins A33 and B5, and there was no significant difference in the geometric mean titers
for A33-specific IgG (IM-67,108,864; IN-6,658,043) or B5-specific IgG (IM- 189,812,53; IN10,568,984) between the two routes (Figure 3). Conversely, all 4 of the IM vaccinated
rabbits developed L1-specific antibody responses (GMT of 131,072), while 0 of the 3 IN
vaccinated rabbits developed detectable L1-specific antibody responses (GMT <16,
p=0.008). Gastrically-immunized animals had no detectable antibody responses to any
of the 4 MVA vector proteins tested. One of the 4 rectally immunized animals had a
detectable antibody response to the proteins A27, A33, and L1, resulting in a GMT that
was only significantly different from IM vaccinated rabbits for B5 (p=0.01) and A33
(p=0.03).
While serum L1-specific IgG responses was the only significant difference
between IM and IN vaccinated rabbits, geometric mean titers for IN vaccinated rabbits
were at least one order of magnitude less than the GMT of IM vaccinated rabbits for all
antigens tested. While there was no significant difference in the GMT of rectally or
nasally vaccinated rabbits for any of the antigens tested, a chi-squared analysis indicates
that IN vaccinated rabbits were significantly more likely to have a detectable B5-specific
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antibody response than rectally vaccinated rabbits (p=0.01). Intranasal administration
was the most immunogenic mucosal route of vaccination out of the routes tested and
was the route selected for use in later experiments.

3.2.2 Immunogenicity of non-replicating MVA
While MVA was thought not to replicate in most mammalian cell lines, in recent
years there have been reports of replication in rabbit, primate, and even a human cell
line [171-173]. Due to concerns with the administration of live viral vaccines during
pregnancy [271], and reports of fetal vaccinia when vaccinia virus was administered
during pregnancy [270], a modified MVA that is incapable of replication in mammalian
cells may have reduced regulatory hurdles to overcome to get to market, and may have
wider acceptability to parents due to the additional reassurance that it cannot replicate
in the fetus. However, since the immunogenicity of viral vectors is often correlated to
their replication in the host [275], there is the potential for decreased immunogenicity
with a replication-defective MVA.
To compare the immunogenicity of conventional MVA to MVA lacking the
uracil-DNA-glycosylase (udg), which is essential for viral replication [246], a dose
response study of intramuscularly administered MVA vectors expressing C.1086 gp120
was performed in rabbits. Rabbits were vaccinated with 5x106 or 1x108 PFUs of
conventional MVA or with 5x106, 1x108, 1x109, or 1x1010 PFUs of non-replicating MVA on
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Figure 4: Insert (gp120) and vector-specific (B5 and L1) IgG titers after vaccination with conventional or non-replicating
MVA expressing gp120.
Rabbits were vaccinated with conventional or non-replicating MVA expressing gp120 on days 0 and 21. Serum was
collected on day 35 and tested for vector- and insert-specific responses by ELISA. There was a significant difference (p<0.05) in
gp120-specific IgG but not B5 or L1-specific IgG between conventional and non-replicating MVA at 5x106 and 1x108 PFUs.

days 0 and 21. Serum was collected on day 35 and tested for vector- and insert-specific
responses by ELISA.
As shown in Figure 4, non-replicating MVA induced lower serum gp120-specific
responses than conventional MVA. Gp120-specific IgG titers were significantly different
between the two forms of MVA at both 5x106 and 1x108 PFUs (p= 0.01, 0.0009
respectively, Mann Whitney). After fitting a 4-parameter nonlinear regression to the
gp120-specific titers induced by the four doses of non-replicating MVA, the gp120specific titer induced by 5x106 PFU of conventional MVA was interpolated to be most
similar to the titer expected after administration of 1.037x109 PFU of non-replicating
MVA. The gp120-specific titers induced by 1x108 PFU conventional MVA was above the
interpolation range, consistent with greater than 200-fold increase needed for nonreplicating MVA to induce similar serum gp120-specific IgG as conventional MVA.
Conversely, both conventional and non-replicating MVA induced similar vectorspecific responses. Both 1x108 PFUs of conventional MVA and 1x1010 PFUs of nonreplicating MVA induced significantly different B5-specific IgG responses than 5x106
PFUs of non-replicating MVA (p= 0.0005 and 0.005 respectively), but there were no other
significant differences between any of the doses or forms of MVA tested. L1-specific
titers increased with increasing doses of MVA, with no significant difference between
the two types of MVA.
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3.2.3 Intranasal dose estimation with non-replicating MVA
While 3 x 108 PFUs of conventional MVA administered IN induced gp120specific IgG that was not significantly different from the anti-gp120 IgG titers induced
by 1 x 108 PFUs administered IM, these two vaccines were not shown to be equivalent. In
fact, the IN vaccine induced significantly lower L1-specific titers than IM vaccination.
The generation of a dose response curve in the non-replicating MVA study provided the
unique opportunity to calculate a dose equivalency for IM and IN vaccination.
To capitalize on this opportunity, four rabbits were vaccinated with 1x109 PFUs
of non-replicating MVA IN on days 0 and 21 and serum was collected on day 35. This
pilot IN dose-finding experiment was performed simultaneously as the IM nonreplicating MVA study described above. While all 4 of the rabbits had detectable B5specific responses, only 2 rabbits developed detectable gp120-specific responses. Using
the 4-parameter nonlinear regression of gp120-specific IgG responses to non-replicating
MVA administered IM, the gp120 titers observed after 1x109 PFUs of non-replicating
MVA was administered IN were similar to gp120-responses estimated after
administration of 7.62x106 PFUs IM, a 130-fold difference from the dose administered IN
(Figure 5). All doses of non-replicating MVA administered IM induced higher B5specific IgG than that observed in the IN vaccine group, indicating that a 200-fold
increase is needed for IN administration to induce similar titers as IM. Conversely, only
a 25-fold difference was estimated between the L1-specific response induced by IN
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Figure 5: Estimation of intranasal and intramuscular dose equivalencies for
non-replicating MVA.
4 parameter nonlinear regression was fit to serum vaccine-specific IgG responses
observed in IM vaccinated rabbits. 95% confidence interval for the curve is indicated by
dotted lines. Titers of individual rabbits vaccinated intranasally with 1x109 PFUs of nonreplicating MVA are indicated by a X at the estimated dose equivalency to IM
administration (as calculated by gp120 titers).
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administered and the interpolated IM dose. The differences between the L1 and
B5 based calculations could indicate that the route of administration of MVA may affect
vector antigen expression or immunogenicity. Based on the above calculations, a 130fold increase in non-replicating MVA may be required for IN administration to induce
similar serum antibody titers as IM administration. Additional studies are needed to
determine the accuracy of this estimation and to establish if intranasal administration of
conventional MVA would require a similar fold increase.

3.2.4 Gp120 dose for intranasal vaccination
Higher antigen doses or an increased number of vaccinations has been shown
necessary for intranasal vaccination to induce similar serum antibody responses as
intramuscular vaccination [154, 276]. Due to the short duration of rabbit pregnancy
(average of 30 days), there is only enough time for two immunizations using a humanrelevant vaccination interval. Since the duration of rabbit pregnancy restricts the number
of increased vaccinations that can be performed to induce similar serum antibody
responses with intranasal vaccination as is observed with intramuscular vaccination, a
higher antigen dose would likely be needed.
To determine the dose of gp120 needed for two doses of an intranasal vaccine to
induce similar serum gp120-specific IgG responses as rabbits immunized with a single
intramuscular immunization, an intranasal dose response study was performed. Rabbits
were intranasally vaccinated with 100, 200, or 300µg of gp120 adjuvanted with 64µg M7
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on days 0 and 28. The intramuscular vaccine group was vaccinated with 100µg gp120
adjuvanted with Addavax on Day 0. Serum was collected 2-3 weeks after vaccination
and assessed for gp120-specific IgG titers by ELISA.

Figure 6: Rabbits that received two intranasal vaccines containing 200µg gp120
had similar serum gp120-specific responses as rabbits vaccinated once with 100µg
gp120 IM.
Rabbits were vaccinated IM with 100µg gp120 adjuvanted with Addavax on day
0 or were vaccinated IN with 100, 200, or 300µg gp120 adjuvanted with Mastoparan 7 on
day 0 and 21. Blood was collected 2-3 weeks after the last vaccination and serum gp120specific IgG concentrations were determined by ELISA. Rabbits vaccinated with 300µg
gp120 had significantly higher serum gp120-specific IgG concentration than IM
vaccinated rabbits (p=0.009, by Kruskal-Wallis non-parametric ANOVA). Rabbits
vaccinated with 100µg gp120 had significantly lower prevalence of detectable gp120specific IgG titers than IM vaccinated rabbits (p=0.02, Chi-squared).
As shown in Figure 6, after two vaccinations 100µg gp120 IN failed to induce
detectable serum gp120-specific IgG response in 4/8 rabbits vaccinated. Thus, rabbits
vaccinated with 100µg gp120 IN had a lower likelihood of having detectable serum
gp120-specific IgG after vaccination than rabbits that were vaccinated IM with 100µg
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gp120 (p=0.02, chi-squared). 300µg gp120 IN induced a mean serum gp120-specific IgG
response significantly greater than the mean serum gp120-specific IgG response induced
by 100µg gp120 IM (p=0.009). Thus, two doses of 200µg gp120 delivered IN induced a
serum antibody response most similar to a single dose of 100µg gp120 delivered IM and
was the dose selected for future experiments.

3.2.5 Prime/Boost Regimens Containing IN Vaccines
Since intranasal vaccines may be able to more efficient at boosting serum
vaccine-specific IgG responses than inducing serum vaccine-specific IgG responses in
naïve individuals, serum gp120-specific IgG titers after administration of an IN boost
were compared to serum gp120-specific IgG titers after administration of an IM boost in
rabbits that received a priming immunization administered intramuscularly. All rabbits
received the same intramuscularly administered prime consisting of 1x108 PFU MVA
expressing gp120 on week 0. The IM/IM group received an intramuscular booster
vaccine of 100µg gp120 adjuvanted with Addavax administered on week 12. To test if a
single IN booster vaccine could be as effective as an IM booster vaccine, 300µg of gp120
was used in the IN vaccine. Additionally, gp120 was fused to adenovirus type 2 fiber
domain protein (Ad2F), as Ad2F has shown the ability to enhance nasal retention and
act as an adjuvant [154, 203, 244, 277]. Therefore, the intranasal booster vaccine
contained 435µg gp120-Ad2F (equimolar to 300µg gp120) and was adjuvanted with
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64µg M7. Serum was collected 3 weeks after administration of the booster vaccine and
serum gp120-specific responses were determined by ELISA.

Figure 7: Intranasal boosting with gp120 required two booster vaccines to
induce similar serum titers as a single IM boost.
Rabbits were primed with 100µg gp120 IM on week 0. IM boosted rabbits
received the same formulation on week 12 while IN boosted rabbits received 435µg
gp120-Ad2F adjuvanted with 64µg M7 on week 12. Due to a trend towards lower serum
gp120-specific IgG responses (p=0.05) in the IM/IN group compared to IM/IM vaccinated
rabbits, an additional intranasal booster vaccine was administered on week 16 (shown as
IM/2xIN).
As shown in Figure 7, rabbits that received an intranasal booster vaccine (IM/IN)
had a trend towards lower serum gp120-specific IgG after boosting than rabbits that
received an intramuscular booster vaccine (IM/IM, p=0.05, Mann-Whitney t-test with
one-tailed p value). Due to the low serum antibody responses observed after a single IN
boost, the rabbits in the IM/IN group received a second IN boost with the same IN
formulation on week 16. Serum was collected again on week 19 and the results after the
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second IN boost are shown as IM/2xIN on Figure 7. After receiving two IN booster
vaccines, the rabbits did have similar serum anti-gp120 IgG titers as the IM/IM group
(p=0.3, Mann-Whitney non-parametric t-test with one-tailed p value), indicating that an
increased number of vaccinations is needed for intranasal vaccines to induce similar
serum antibody responses as intramuscular vaccines, even after an intramuscular prime.

3.2.6 Intramuscular Vaccine Adjuvants
Rabbits were vaccinated intramuscularly with 100µg gp120 with or without
adjuvant on week 0 and 3. Adjuvants tested included 2% stable emulsion (SE), 10µg
GLA in 2% SE (GLA-SE), 200µg alum, 800µg alum, or no adjuvant. All vaccine
formulations were 500µL per animal with 250µL administered bilaterally into the
quadriceps. Sample collections were performed on weeks 3 and 5 with blood, feces, and
vaginal lavage collected at both time points. In addition to determining serum and
mucosal antibody responses, viral neutralization and binding antigen multiplex assay
(BAMA) was performed on serum collected on week 5.
All rabbits that received an adjuvanted vaccine and 3 of 4 rabbits that received
and unadjuvanted vaccine had detectable serum gp120-specific IgG responses after a
single vaccine. All of the rabbits that received an adjuvanted vaccine had a trend
towards higher serum gp120-specific IgG responses three weeks after the initial
administration, with rabbits receiving vaccines adjuvanted with 800µg alum or
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GLA-SE having a trend towards the highest titers. None of the rabbits had detectable
serum gp120-specific IgA responses on week 3.

Figure 8: Adjuvanted intramuscular vaccine enhances serum IgG responses
and tier 1A virus neutralization.
Rabbits were vaccinated IM with 100µg gp120 and the indicated adjuvant on
weeks 0 and 3. Gp120-specific IgG and IgA responses were determined by ELISA on
serum samples collected on weeks 3 and 5. V1V2-specific IgG titers and viral
neutralization assays were performed on serum collected on week 5. P values for
comparisons to the group that was vaccinated with unadjuvanted gp120 indicated.
On week 5, all of the rabbits that received an adjuvanted vaccine had higher
serum gp120-specific IgG responses than the group that was vaccinated with
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unadjuvanted gp120. There was minimal detectable difference in gp120-specific IgG
responses between the adjuvanted vaccines. As for anti-gp120 specific IgA responses,
detectable responses were observed in 1 rabbit receiving the unadjuvanted vaccine, 2
rabbits each in the SE, 200µg alum, and 800µg alum-adjuvanted groups, and 3 rabbits in
the GLA-SE-adjuvanted group (n=4 for all groups). There was no significant difference
in the number of rabbits with detectable versus non-detectable IgA responses (p=0.7),
nor in the anti-gp120 IgA titers (p=0.3). As with anti-gp120 IgG responses on week 3, the
rabbits that received GLA-SE-adjuvanted or 800µg alum-adjuvanted vaccines had a
trend towards higher V1V2-specific IgG responses compared to the other groups that
received an adjuvanted vaccine, and all rabbits receiving an adjuvanted vaccine had
higher serum V1V2-specific IgG concentrations compared to those that received the
unadjuvanted vaccine. Additionally, all of the adjuvanted vaccine groups enhanced tier
1A viral neutralization compared to the unadjuvanted vaccine group.
In contrast to the serum antibody responses, there was no significant differences
in mucosal gp120-specific antibody titers in any of the groups or samples tested (Figure
9). The 1 rabbit that developed a detectable fecal anti-gp120 titer after receiving an
unadjuvanted vaccine had both IgG and IgA responses. The SE adjuvanted group had 3
rabbits with a detectable fecal IgG response, and the other rabbit in the group had a
detectable fecal IgA response. In both the GLA-SE and the 200µg alum group, one rabbit
had fecal IgG titers but not IgA, two rabbits had both fecal IgG and IgA, and one rabbit
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had neither detectable. In the 800µg alum group, all 4 rabbits developed fecal gp120specific IgA titers with two rabbits also developing IgG titers. While 1-4 rabbits per
group developed fecal gp120-specific IgA responses, vaginal gp120-specific IgA was not
detectable in any rabbit. Conversely, all rabbits that received an adjuvanted vaccine, and
2 of the 4 rabbits that received an unadjuvanted vaccine developed vaginal gp120specific IgG responses.

Figure 9- Mucosal gp120-specific antibody responses were inconsistently
induced and highly variable within IM vaccine groups.
Rabbits were vaccinated IM with 100µg gp120 and the indicated adjuvant on
weeks 0 and 3. Gp120-specific IgA and IgG concentrations were determined on fecal
and vaginal lavage samples collected on week 5. Fecal and vaginal gp120-specific IgG
and IgA were not significantly different between vaccine groups.
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3.3 Conclusions
3.3.1 Route of Administration
In the MVA routes of administration experiment, IN vaccination was more
immunogenic than gastric or rectal vaccination, but less immunogenic than
intramuscular vaccination (Figure 3). This is similar to what was observed with an HIV
peptide vaccine; in both studies nasal vaccination was the most immunogenic mucosal
route of the routes tested [278]. Even though intranasal administration of MVA was
effective for priming, we did not achieve similar immunogenicity between the IM and
IN priming immunization, even when three times more MVA was administered
intranasally. These results are consistent with a previously published study in NHPs
which saw a significant difference in serum IgG titers when MVA was administered
intramuscularly versus nasally, however, nasal vaccination had higher T cell responses
and a longer disease-free interval than the intramuscular vaccination [279].

3.3.2 Antigen Dose
In the non-replicating MVA experiment, significantly higher amount of nonreplicating MVA were needed to induce serum gp120-specific responses similar to
conventional MVA. This is in contrast to others who reported similar vector-specific and
insert-specific titers between nonreplicating and conventional MVA [176]. There were
several significant differences between the studies as they varied in the animal model
used (NHPs vs rabbits), MVA dose (2x108 vs 1x108 PFUs), route of administration of the
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vaccine (ID+IM vs IM), and the HIV antigen used (gag vs gp120). Additionally, how
ELISA titers were determined varied between the studies (OD of single serum dilution
vs endpoint titer determined from serial dilutions). The observed trend towards lower
vector-specific responses agrees with a study in macaques that saw significantly lower
B5 titers when udg was deleted from a novel MVA which had four viral
immunomodulatory genes removed [280]. Since greater than 20 times more
nonreplicating MVA was needed to induce serum gp120-specific IgG titers as
conventional MVA, which would likely be cost prohibitive, and since concerns over the
use of live viral vaccines in pregnant women could stall approval of a maternal
vaccination regimen, only recombinant gp120 vaccines will be further developed in
pregnant rabbits for use in a maternal vaccine.
In the gp120 dose experiments, two IN vaccines were needed to induce similar
serum gp120-specific IgG titers as those induced by a single IM vaccine, regardless of if
MVA expressing gp120 was administered as a priming vaccine. When a priming
immunization was not given, 200µg gp120 resulted in a serum gp120-specific geometric
mean titer most similar to that induced by a single IM vaccination with 100µg gp120.
When administered after the MVA prime, a single IN boost containing 435µg gp120Ad2F, equimolar to 300µg gp120, was not sufficient to induce similar serum anti-gp120
titers as were induced by the intramuscular boost even though the IN booster contained
higher antigen doses and used gp120-Ad2F.
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Fusion of Ad2F to vaccine antigens has been previously reported to enhance
vaccine immunogenicity [203, 244, 281]. Ad2F enhances retention at mucosal sites by
binding to the coxsackie and adenovirus receptor expressed on epithelial cells [282],
inducing the release of proinflammatory cytokines and chemokines [283, 284]. Since
gp120-Ad2F has not been tested in clinical trials, and since inclusion of the fusion
protein did not abate the need for two intranasal booster vaccines to be administered to
induce similar serum antibodies as a single intramuscular boost, future experiments in
pregnant rabbits will not use gp120-Ad2F. While the Ad2F fusion protein does appear to
enhance immunogenicity, the low risk tolerance with maternal vaccines would make
enhancement of serum antibody responses by increased number of vaccines or increase
antigen dose preferable.
The need for an increased number of vaccines and an increased antigen dose for
IN vaccination to induce similar serum titers is in agreement with what has been
observed by others. Other studies have compared IN to systemic vaccination using the
same dose [285-287], two-fold higher [128], three-fold higher[288], or five-fold higher
[287], and with an varying number of administrations. There is no clear consensus in the
field for equivalent doses for IN and IM regimens in part because of the use of different
animal models, vaccine formulations, and endpoints.
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3.3.3 Intramuscular Adjuvants
SE-adjuvanted vaccines failed to enhance antibody titers compared to the
unadjuvanted vaccine. A comparison between two clinical trials that used alum and
MF59-adjuvanted vaccines demonstrated lower peak V1V2 responses in the MF59 trial
[289]. A NHP study saw enhanced serum and rectal HIV-specific antibodies with an
MF59 adjuvant vaccination regimen compared to an alum-adjuvanted regimen, yet only
the alum-adjuvanted regimen demonstrated protective efficacy [67].
While GLA-SE enhanced serum gp120-specific IgG and V1V2-specific IgG
compared to the unadjuvanted group, it failed to significantly enhanced antibody
responses when compared to the alum-adjuvanted vaccines. A study in NHPs found
that even though an MF59-adjuvanted vaccine induced higher serum and mucosal
antibody responses than a similar vaccine adjuvanted with alum, only the alumadjuvanted vaccine provided protection against SIV challenge [67]. The authors of that
study identified adjuvant-associated innate immune signatures that were associated
with protection from challenge. Since alum adjuvanted vaccines are more common and
have a proven safety record when used in pregnant women, and since alum provided
superior protection against SIV challenge, the alum-adjuvanted vaccines were selected
for further study in pregnant rabbits.
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4. Passive Transfer of HIV-1 Env-specific Antibodies
Contributions: BAMA assay performed were performed by Maria Dennis (Duke
University). Figure 10 prepared by Steve Conlon (Duke University). Methylcellulose and
chitosan were provided by Research Triangle International.

4.1 Introduction
4.1.1 Protection from MTCT
Although the RV144 study found that serum V1V2-specific IgG correlated with
protection from infection, in HIV-infected women anti-V1V2 IgG was correlated with
increased in utero MTCT [236], indicating that correlates of protection may be different
V3 IgG to be correlated with reduced peripartum MTCT [290]. The differences between
the two studies in HIV+ women may indicate that there are different correlates of
protection for transplacental transmission compared to transmission while breastfeeding
[236].
Similar to correlates of protection for in utero and intrapartum MTCT, there is
little consensus on correlates of protection for the prevention of MTCT while
breastfeeding. Studies have reported similar concentrations of HIV antibodies in
transmitting and non-transmitting mothers [101, 291, 292] . One study of HIV-infected
mothers reported that gp140-specific IgA in milk correlated with a decreased risk of
MTCT, but milk env-specific IgG, viral neutralization, and ADCC activity did not [293].
Another study found ADCC activity correlated with reduced transmission [291] and an
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in vitro study using milk antibodies isolated from HIV-infected and uninfected women
demonstrated that milk HIV-specific antibodies can inhibit uptake, transport, and
replication of HIV in intestinal cells [294].

4.1.2 Transplacental Transfer
Few studies have compared vaccine formulations for their impact on passive
transfer of maternal antibodies, especially milk antibodies, in a human-relevant model.
Not only could pregnant individuals respond different to adjuvants due to pregnancy
associated immune and hormonal changes, but adjuvants may have mechanisms of
action that impact passive transfer (see section 1.4.2).

4.1.3 Adjuvants for Maternal Intranasal Vaccination
Mucosal vaccine adjuvants are potential source of risk for a maternal vaccine
candidate. There are no currently approved mucosal vaccine adjuvants and some
mucosal adjuvants have been found to have pathologic effects [273, 274, 295-299]. Since
nasal vaccine efficacy is enhanced by vaccine retention in the nasal cavity [150, 300-303],
nasal vaccine adjuvants that enhance nasal retention and uptake of the vaccine antigen
may enhance antibody responses to nasal vaccination without causing toxic effects. To
this end, two substances, chitosan and methylcellulose, that can act as mucoadhesives
and are categorized as “Generally Recognized as Safe” were tested for their ability to
enhance passive transfer of maternal antibodies. MPL was also tested as it is part of a
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licensed intramuscular vaccine and has been found to be safe when used as a nasal
vaccine adjuvant in human clinical studies [199, 220].
The following studies were designed to assess the impact of the vaccine adjuvant
on passive transfer of maternal antibodies. For the IM boosting study, rabbits received
two vaccinations with the same adjuvant. For the IN boosting study, rabbits were
primed with an IM gp120 vaccine shown to induce low levels of serum-gp120 IgG, then
the rabbits received two intranasal booster vaccines during pregnancy. In the following
sections “titer” is used to refer to serum gp120-specific IgG responses in an effort to
improve conciseness and readability.

4.2 Results
4.2.1 Intramuscular Boost
Rabbits were vaccinated intramuscularly with 100µg gp120 either without an
adjuvant, or with 200 or 800µg alum (Figure 10). Rabbits received the priming
immunization two weeks prior to being bred and were boosted one week after breeding.
Both the prime and booster used the same adjuvant dose, similar to the experiment in
section 3.3.2.6.
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Figure 10: Timeline of intramuscular and intranasal vaccination and sample
collection for passive transfer experiments.
IM/IM vaccinated rabbits (Section 4.2.1) were vaccinated on week 0 and 3 and
bred on week 2. IM/IN vaccinated rabbits (Section 4.2.2) received the IM prime on week
0, and IN boosts on weeks 3 and 6. Gestation ranged from 28 to 32 days. Figure prepared
by Steve Conlon.
4.2.1.1 Antibody Response in Maternal Serum
Serum was collected at week -1, 3, 5, and 8 and serum gp120-specific antibody
responses for all rabbits regardless of pregnancy status were determined by ELISA.
Rabbits that did not give birth were included in this analysis as rabbits enter a
“pseudopregnant” state after breeding. Not only is it unclear if pseudopregnancy
models the immune changes associated with pregnancy, but it also makes determining if
a rabbit is pregnant difficult. Since pregnancy testing did not occur, it is possible that
some of the rabbits that were assumed non-pregnant actually lost their litter during the
study. Due to these considerations, all bred rabbits were included for antibody response
to vaccination in the “mother”.
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Figure 11: Serum gp120-specific IgG concentrations in rabbits intramuscularly
vaccinated with gp120 alone or adjuvanted with alum.
Rabbits received an IM prime and boost consisting of 100µg gp120 with either no
adjuvant or 200 or 800µg alum. * Rabbits vaccinated with gp120 and 800µg alum had
significantly higher serum gp120-specific IgG concentrations after the booster vaccine
than rabbits that received gp120 without an adjuvant (p=0.008). **All groups had an
increased in serum gp120-specific IgG after receiving the booster vaccine (p=0.001).
As shown in Figure 11, all groups had similar serum gp120-specific IgG
concentrations prior to vaccination (p=0.1). At week 3 after receiving the priming
vaccine, no group had a significant increase in serum gp120-specific IgG titers compared
to pre-immune titers (unadjuvanted p=0.2, 200µg alum p=0.2, 800µg alum p=0.1).
However, rabbits that were vaccinated with the vaccine adjuvanted with 800µg alum
had higher serum anti-gp120 IgG than the rabbits who were vaccinated with antigen
alone (p=0.006), while those vaccinated 200µg alum did not enhance antibody titers
compare to the unadjuvanted group (p=0.4).
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On week 5, after having received the booster vaccine, all groups had significantly
higher gp120-specific IgG concentrations than they had prior to vaccination (p=0.001 for
all groups). Again, the 800µg alum group had significantly higher gp120-specific IgG
titers than the unadjuvanted group (p=0.008), while the group receiving 200µg alum was
not significantly different from then unadjuvanted group (p=0.07). Likewise, five weeks
after receiving the booster vaccine (week 8), the 800µg alum group had gp120-specific
IgG significantly greater than the unadjuvanted group (p=0.006), while the 200µg alum
group did not (p=0.09). However, the 200µg alum and unadjuvanted groups had serum
gp120-specific IgG concentrations significantly greater than their respective pre-immune
concentrations (p=0.008 and p=0.006 respectively), while 800µg alum was not
significantly different (p=0.05).
4.2.1.2 Transplacental Transfer
Serum from kits born to the vaccinated mothers was collected on week 8 and
assessed for gp120-specific as well as V2 and V3 specific IgG responses (Figure 12). Since
maternal serum was collected at the same time point, a ratio of infant to maternal serum
vaccine-specific antibody concentrations could be determined as an estimate of passive
transfer (Figure 13).
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Figure 12: Infant serum vaccine-specific maternal IgG was enhanced in infant
rabbits born to mothers that received the 800µg alum adjuvanted vaccine.
Rabbits received an IM prime and boost consisting of 100µg gp120 with either no
adjuvant or 200 or 800µg alum. Gp120, V2, and V3-specific IgG concentration in the
serum from 2 week old infant rabbits born to the vaccinated mothers was determined by
ELISA. P values after adjustment for multiple comparisons are shown for comparisons
between infant born to mothers receiving either alum dose and mothers receiving the
unadjuvanted vaccine.
Gp120-specific IgG concentration in infant serum was reflective of maternal
serum gp120 titers, with no significant differences in the transfer ratio (p=0.4), and
infants born to mothers vaccinated with 800µg alum, but not 200µg alum, having
significantly higher gp120-specific IgG than infants born to mothers that received the
unadjuvanted vaccine (p=0.01, p=0.2 respectively). There was also no significant
difference between transfer rates of V3-specific IgG (p=0.9), and Kruskal-Wallis nonparametric ANOVA of infant V3-specific IgG did not reach significance (p=0.06)
although there was a trend for higher infant serum V3-specific IgG concentrations in
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groups receiving alum adjuvanted vaccines. A difference in transplacental transfer rates
was seen with V2-specific IgG, with infants born to mothers vaccinated 800µg alum
having a significantly increased (p=0.02) geometric mean transfer ratio compared to
infants born to mothers that received the unadjuvanted vaccine.

Figure 13: Transplacental transfer of V2-specific but not gp120 or V3-specific
was enhanced by alum.
Rabbits received an IM prime and boost consisting of 100µg gp120 with either no
adjuvant or 200 or 800µg alum. Each data point is a ratio of the average of antigenspecific IgG in serum of infants born to vaccinated mothers (2 infants/litter) and antigenspecific IgG in maternal serum collected on week 8, approximately two weeks after
birth.
Overall, there is a clear trend for higher concentrations of maternally-derived
vaccine-specific IgG in the serum of infants born to mothers vaccinated with alum
adjuvanted vaccines. For gp120-specific and V3-specific IgG, there were no significant
differences in transplacental transfer rates between the experimental groups, but alum
adjuvanted vaccines appear to enhance V2-specific IgG transplacental transfer.
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Furthermore, vaccination with 800µg alum resulted in a V2-specific transfer rate
significantly higher than the V3-specific transfer rate (p=0.01), indicating preferential
transfer of V2-specific antibodies. Therefore, maternal vaccination with 800µg alum
significantly enhanced V2-specific maternal antibody transfer, but not gp120-specific or
V3-specific transfer when compared to administration of antigen alone, indicating
selective enhancement of transplacental transfer of maternal antibody associated with
the antigen specificity of the maternal antibodies.
4.2.1.3 Antigen specificity of transplacentally-transferred antibodies
To further investigate the potential for altered transplacental transfer of maternal
antibodies due to antigen specificities, the relative frequency of IgG specific for five
domains of gp120 in time matched maternal and infant serum (week 8) was investigated
using a binding antigen multiplex assay (BAMA). The five domains to which antibody
responses were investigated are V1V2, V2, V3, C1 and C5. Previous experiments in
rabbits and non-human primates vaccinated with gp120 demonstrated that V3-specific
IgG responses predominate, but that rabbits have higher V1V2 and C5-specific IgG
responses and lower C1-specific IgG responses than rhesus macaques [155]. To
determine relative frequency, the mean fluorescent intensity (MFI) for each domain
specificity was compared to the sum of MFIs for the five specificities. Since MFIs follow
a nonlinear regression, the resulting percentages have limited value other than to aid
understanding. However, the relative ranks of the MFI for each domain specificity is
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meaningful and is what was compared statistically though the use of non-parametric
analysis.
The relative frequency of IgG responses to each of the five tested domains of
gp120 is shown in Figure 14. Mothers vaccinated with 800µg alum had significantly
higher frequencies of V3-specific IgG than V2-specific (p=0.009) or C1-specific (p=0.004)
IgG responses (Figure 14). Their infants had enhanced frequency of V3-specific IgG
compared to C1-specific IgG (p=0.004). Mothers vaccinated with 200µg alum had no
statistical differences in the relative frequency of any antigen-specificity tested, but there
was a trend towards higher C5-specific responses than V2-specific (p=0.09). Infants born
to these mothers also did not have any statistical differences in relative frequencies of
vaccine antigen-specific IgG. Rabbits that received the unadjuvanted vaccine had
significantly higher frequencies of V3-specific IgG responses compared to C1-specific
IgG responses (p=0.008). Again, their infants did not have any statistical differences in
relative frequencies of antigen-specificity.
When the frequencies of each epitope specificity were compared between
mothers and infants regardless of the vaccine administered, there was an increased
frequency of C5-specific antibodies in infant serum (p=0.01) and a decreased frequency
of V1V2-specific IgG (p=0.01). There were no specific differences in the frequency of V2specific (p=0.8), V3- specific (p=0.9), or C1-specific (0.7) IgG in infant and maternal
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serum. In all, this shows there can be antigen-specific differences in transplacental
transfer unrelated to the maternal vaccine adjuvant.

Figure 14: Percentage of 5 antigen specificities in maternal serum and infant
serum.
Rabbits received an IM prime and boost consisting of 100µg gp120 with either no
adjuvant or 200 or 800µg alum. Time-matched serum from mothers and their infants
was diluted 1:500 and tested for binding to five domains of gp120 (V1V2, V2, V3, C1 and
C5) using an env-specific binding antigen multiplex assay. The relative frequency of
each antigen-specificity as determined by a ratio of the mean fluorescent intensity (MFI)
of that antigen-specificity to the sum of MFIs to each of the domains.
4.2.1.4 Milk Antibodies
Milk collected on week 8 was assessed for gp120-specific IgG and IgA responses
and the concentration present in milk was compared to that present in maternal serum
collected at the same timepoint. As shown in Figure 15, vaccination with 800µg alum
significantly enhanced both serum and milk gp120-specific IgG compared to vaccination
with antigen alone (p=0.02, 0.01 respectively), while gp120-specific IgG was not
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significantly enhanced in either fluid by inclusion of 200µg alum (p=0.1, 0.2). There were
no significant differences in gp120-specific IgG concentration between milk and serum
in any of the groups (p>0.5).

Figure 15: Alum enhanced milk gp120-specific IgG responses compared to
gp120 alone.
Rabbits received an IM prime and boost consisting of 100µg gp120 with either no
adjuvant or 200 or 800µg alum. Milk and serum were collected approximately 2 weeks
after birth (week 8) and assessed for gp120-specific IgG responses by ELISA. A nonparametric Kruskal-Wallis test was performed for each fluid and p values adjusted for
multiple comparisons by the false discovery rate (FDR) method are shown.
As previously mentioned, both goat anti-rabbit and goat anti-NHP IgA
secondary antibodies were used to determine milk gp120-specific IgA concentrations
due to high non-specific binding of the goat anti-rabbit IgA in milk samples. Antibody
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concentrations as detected with both secondary antibodies are reported. For serum
gp120-specific IgA the relative ranks of the vaccine groups were maintained between
secondary antibodies with 800µg alum showing significantly enhanced anti-gp120 IgA
compared to the unadjuvanted group (p=0.02 for both secondary antibodies). 200µg
alum tended to increase serum gp120-specific IgA (0.07 anti-rabbit, 0.06 anti-NHP).
Although the relative ranks of the milk anti-gp120 IgA concentrations in the vaccine
groups were not maintained between the two secondary antibodies, there were no
significant differences between the vaccine groups in milk gp120-specific IgA results
regardless of the secondary antibody used (p>0.1). Evidence of the limitations using goat
anti-rabbit IgA to detect milk gp120-specific IgA responses is more clearly demonstrated
in the following experiment (section 4.2.2.4) and will be discuss there.
There was no significant difference within the vaccine groups between serum
and milk anti-gp120 IgA titers (p>0.1 for both secondary antibodies). Thus, while there
was a trend for milk to contain higher gp120-specific IgA concentrations than serum
after IM vaccination, there were no significant differences between the two fluids.
Furthermore, while 800µg alum enhanced anti-gp120 IgA in the serum, there was no
significant enhancement of milk anti-gp120 IgA with either alum dose indicating that
even if IM vaccines are optimized to induce serum anti-gp120 IgA responses, they will
be poor inducers of milk gp120-specific IgA responses.
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Figure 16: Gp120-specific IgA responses in the milk and serum of
intramuscularly vaccinated rabbits.
Rabbits received an IM prime and boost consisting of 100µg gp120 with either no
adjuvant or 200 or 800µg alum. Milk and serum were collected approximately 2 weeks
after birth (week 8) and assessed for gp120-specific IgA responses by ELISA. A nonparametric Kruskal-Wallis test was performed for each fluid and secondary antibody
combination and p values adjusted for multiple comparisons by the false discovery rate
(FDR) method are shown.

4.2.2 Intranasal Boosting
All rabbits were primed intramuscularly prior to pregnancy, as in many
instances human mothers will have an antibody response prior to pregnancy, whether
from previous vaccination or previous infection. Intramuscular priming with 100µg
gp120 adjuvanted with 200µg alum was selected based on the week 3 results from the
intramuscular boosting experiment presented previously as this vaccine formulation
effectively primed rabbits for a strong gp120-specific IgG response to the booster
vaccine, but did not result in significantly enhanced serum antibody titers which would
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reduce the experiments’ sensitivity to assess IN booster-mediated enhancement of serum
antibody responses.
Based on the IM/IN regimen immunogenicity experiments presented in Chapter
3 which demonstrated that two intranasal boosters were needed to achieve serum
antibody titers similar to a single intramuscular booster, rabbits received two intranasal
booster vaccines during pregnancy, one administered at breeding and one administered
three weeks later. 200µg gp120 was selected as the antigen dose for the intranasal
vaccines based of the experiment in chapter 3 which demonstrated that two vaccinations
with 200µg gp120 IN resulted in serum antibody responses more similar to IM
vaccination with 100µg gp120, than did IN boosting with 100 or 300µg gp120. Due to
concerns about intranasal adjuvant toxicity and the likelihood of increased safety
standards for maternal vaccines, only adjuvants that are currently approved or
adjuvants that are compounds the FDA categorizes as “Generally Recognized as Safe”
were used. Therefore, the IN boosters contained either gp120 alone, 50µg of MPL in a
liposomal formulation, 0.5% chitosan, or 0.5% methylcellulose (MC). In addition to the
groups that received the IN booster vaccines, there was a negative control group that
did not receive any booster vaccines during pregnancy but was anesthetized and saline
was administered intranasally. This group did receive the IM prime and as such may be
reflective of women that have preexisting antibodies prior to pregnancy, but who do not
receive maternal vaccination to enhance antibody responses during pregnancy.

108

4.2.2.1 Antibody Response in Maternal Serum
As in the IM booster experiment, serum was obtained from all rabbits regardless
of if they were successfully bred. Serum gp120-specific IgG concentrations at each
timepoint are shown in Figure 17. The impact of each IN boost as well as the impact of
the 2 IN vaccines combined were assessed for each group by comparing pre- and postvaccination titers using a Friedman’s test. A Friedman’s test was also performed to
assess antibody waning in each experimental group. Comparisons between vaccine
groups at the same timepoint were performed using a Kruskal-Wallis test. Due to the
number of statistical comparisons performed on data summarized in Figure 17, a
summary of statistical results is not included in the figure, but is described in depth in
the following text.
In the saline group, there was no significant difference in gp120-specific IgG
responses associated with either IN boost (p=0.9, 0.1 respectively), and there was no
increase in titers after completion of the IN boost series compared to post-prime titers
(p=0.1). Many of the rabbits had a decrease in serum gp120-specific IgG concentrations
after the post-prime timepoint as was expected as these rabbits did not receive antigen
or adjuvant in their intranasal boosts. Furthermore, titers 8 weeks after completion
(week 14) were not significantly different from post-prime or pre-immune titers (p=0.06
for both), but there was a trend towards lower anti-gp120 IgG compared to post-prime
and a trend for higher anti-gp120 IgG titers compared to pre-immune, consistent with
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the induction of low serum gp120-specific IgG responses induced by the IM prime that
then gradually wane over time.

Figure 17: Serum gp120-specific IgG responses in rabbits that received
intranasal booster vaccines during pregnancy.
All rabbits were primed with 100µg gp120 adjuvanted with 200µg alum IM on
week 0. Rabbits were bred on week 3, and were boosted intranasally on weeks 3 and 6.
IN boosting consisted of 200µg gp120 either unadjuvanted or adjuvanted with MPL,
chitosan, or methylcellulose (MC). Serum was collected three weeks after each
immunization and eight weeks after completion of the prime/boost regimen and serum
gp120-specific IgG concentration was determined by ELISA. Each point represents an
individual animal with the line connecting the geometric mean titer at each timepoint
for the various experimental groups.
For rabbits that were vaccinated with gp120 alone, gp120-specific IgG was
significantly increased with the 1st IN boost (p=0.03) but not the second boost (p=0.5).
Overall, IN boosting did increase serum anti-gp120 IgG (p=0.01), indicating that IN
110

boosting during pregnancy with antigen alone is sufficient to enhance gp120-specific
IgG. There was not a significant decline in gp120-specific IgG between 3 and 8 weeks
after the last IN boost (p=0.06). Titers at week 14 were not significantly different from
titers post-prime (p=0.3) and were not significantly different from pre-immune titers
when adjusted for multiple comparisons (p=0.05).
Rabbits receiving the MPL-adjuvanted vaccine did not exhibit a significant
increase in serum gp120-specific IgG with either of the two IN boosts (p=0.09, 0.2
respectively), but the combination of the two IN boosting vaccines was effective at
increasing serum gp120-specific IgG titers compared to post-prime titers (p=0.002).
There was a trend towards antibody waning between 3 and 8 weeks after the last IN
boost (p=0.05). Week 14 serum gp120-specific IgG concentration was not significantly
different compared to week 3 (post-prime, p=0.07), but was significantly different from
pre-immune concentrations (p=0.005).
Chitosan-adjuvanted vaccines did not induce a significant increase in serum
gp120-specific IgG concentration with the 1st (p=0.05) nor with the 2nd boost (p=0.2).
However, titers after completion of the 2nd boost were significantly greater than postprime titers (p=0.002), indicating that the boosting regimen was effective at increasing
serum antibody gp120-specific IgG concentrations even though each boost alone did not
significantly enhance antibody concentrations. The chitosan-adjuvanted group did have
significant antibody waning between 3 and 8 weeks after completion of the vaccination
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series (p=0.04). While titers at week 14 were not significantly different than titers postprime (p=0.1), they were significantly different from pre-immune titers (p=0.03).
Rabbits that received the MC adjuvanted booster vaccines did not have a
significant increase in serum gp120-specific IgG with either the first (p=0.2) or the second
(p=0.5). Unlike the other groups that received IN boosts containing gp120, the combined
boosts did not significantly enhance titers from post-prime concentrations in the MC
group (p=0.1). However, a lower number of animals in the MC group is at least partially
responsible for the inability to detect differences between timepoints. There was no
significant antibody waning after completion (p=0.1), but antibody titers 8 weeks after
completion were also not significantly different than titers after priming (p=0.3) or even
pre-immune titers (p=0.07).
As evident in Figure 17, there was a clear trend for rabbits that were boosted IN
with gp120 with or without adjuvants to have higher serum gp120-specific IgG titers
than rabbits who received only saline IN. Therefore, comparisons were performed
between the experimental groups at each timepoint. There was no significant difference
between the groups for serum gp120-specific IgG titers in samples collected prior to
vaccination or three weeks after administration of the priming vaccine (p=0.3, p=0.9
respectively), indicating that neither the intramuscular prime nor pre-existing crossreactive antibody responses are responsible for observed differences between
experimental groups after administration of the IN booster vaccines.
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After the first boost, all of the groups that received an intranasal boost had
significantly higher serum gp120-specific IgG responses than the group that received
saline instead of an intranasal boost (gp120 alone p=0.007, MPL p=0.0002, chitosan
p<0.0001, MC p=0.04). After the second IN boost, MC no longer induced significantly
higher serum gp120-specific IgG than the saline group (p=0.1), but IN boosting with
gp120 alone (p=0.01) or adjuvanted with MPL or chitosan (p<0.0001 for both) did result
in significantly higher serum gp120-specific IgG. Again, the lower number of rabbits in
the MC group and the use of non-parametric analysis affected the ability to detect
statistical differences in the MC group. Eight weeks after receiving the 2nd IN boost, only
rabbits that were vaccinated with MPL or chitosan-adjuvanted vaccines had higher
serum gp120 titers than the saline group (p<0.0001, p=0.0002 respectively). Overall, IN
boosting was able to enhance peak serum gp120-specific IgG responses, while IN
vaccines adjuvanted with chitosan or MPL offer durable enhancement of serum antigp120 IgG responses.
4.2.2.2 Transplacental Transfer
Infant serum antibody concentrations were determined using samples collected
on week 9 (approximately 2 weeks of age). Time-matched maternal serum was also
collected, and transfer ratios were determined by comparing infant to maternal antibody
concentrations (Figure 18). Infant serum gp120, V2, and V3-specific IgG concentrations
are shown in Figure 19.
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Figure 18: Passive transfer rates were significantly different between vaccine
groups and between antigen specificity.
All rabbits were primed with 100µg gp120 adjuvanted with 200µg alum IM on
week 0. Rabbits were bred on week 3, and were boosted intranasally on weeks 3 and 6.
IN boosting consisted of 200µg gp120 either unadjuvanted or adjuvanted with MPL,
chitosan, or methylcellulose (MC). Each data point is a ratio of the average of antigenspecific IgG in the serum of infants born to vaccinated mothers (2 infants/litter) and
antigen-specific IgG in maternal serum collected on week 9, approximately two weeks
after birth.
Infants born to mothers who received the priming immunization prior to
pregnancy but saline only during pregnancy had gp120-specific titers similar to
maternal titers with a geometric mean transfer ratio of 0.8769 for anti-gp120 IgG. Five of
the 7 litters had lower V2-specific IgG antibody concentrations than their mothers with a
geometric mean transfer ratio of 0.4417. Conversely, 5 of 7 litters in the saline group had
higher V3-specific antibody concentrations than their mothers with a geometric mean
transfer rate of 1.789, which is higher than the V2 transfer rate (p=0.02), indicating
enhanced transfer of antibodies with certain epitope specificities. This is surprising due
to the trend for higher V2-specific IgG transfer compared to V3-specific IgG transfer in
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rabbits that received two IM vaccines adjuvanted with alum (Figure 12), while these
rabbits received a single alum-adjuvanted IM vaccine prior to pregnancy and had higher
V3-specific IgG transfer than V2-specific IgG transfer.

Figure 19: Serum vaccine-specific antibody titers were enhanced in infants
born to mothers that received intranasal booster vaccines during pregnancy.
All rabbits were primed with 100µg gp120 adjuvanted with 200µg alum IM on
week 0. Rabbits were bred on week 3, and were boosted intranasally on weeks 3 and 6.
IN boosting consisted of 200µg gp120 either unadjuvanted or adjuvanted with MPL,
chitosan, or methylcellulose (MC). Gp120, V2, and V3-specific IgG concentration in the
serum from 2 week old infant rabbits born to the vaccinated mothers was determined by
ELISA. P values for comparison to the saline group is shown.
Infants born to mothers intranasally boosted with gp120 alone had higher serum
gp120-specific IgG transfer rates than the saline group (p=0.005) and higher infant serum
gp120-specific antibody concentration (p=0.02), indicating that boosting with antigen
alone during pregnancy is sufficient to alter transplacental transfer rates of gp120specific antibodies. Boosting with antigen alone also enhanced V3-specific IgG transfer
(p=0.009), but the differences in infant serum V3-specific IgG concentrations between the
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gp120 and saline-boosted groups failed to reach significance when adjusted for multiple
comparisons (p=0.09). V2-specific IgG transfer rates also tended to be enhanced (p=0.06).
1 litter (of 4) had a V2-specific IgG transfer ratio of less than 1, the only instance in all
three specificities where infant serum did not have a higher concentration than maternal
serum. This mother had the lowest serum antibody concentrations in the group for all
three antigens tested. Overall, boosting with gp120 alone was sufficient to induce an
increase in passive transfer rates of all three antigens to a geometric mean of 4.1-4.8 with
no significant differences in transfer rates between antigens (p=0.9).
Surprisingly, the enhanced passive transfer seen with intranasal boosting with
gp120 alone was not observed in the group that received the MPL-adjuvanted vaccine,
even though the MPL vaccine enhanced maternal serum titers. In fact, the highest
geometric mean transfer ratio was observed with V3-specific IgG at a rate of 1.31,
decreased with gp120-specific IgG (1.157), and V2-specific transfer was only 0.7949.
These transplacental transfer rates were not significantly different from the saline group
(p=0.6, 0.8, 0.4 for gp120, V3, and V2 transfer respectively). While there were no
significant differences in transfer rates between the three epitopes (p=0.1), a separate
exploratory analysis testing for enhanced V3-specific IgG transfer compared to V2specific IgG transfer, as was observed in the saline group, showed differences (p=0.03,
Wilcoxon matched-pairs signed rank test with one-tailed p value). Even though MPLadjuvanted vaccines induced a rate of transfer most similar to the saline group of all
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vaccines tested, the quantity of antibody in maternal serum was sufficient to induce
significantly greater gp120-specific and V3-specific IgG concentrations in infant serum
compared to the saline group (p=0.007, 0.009 respectively). However, infants born to
mothers that received the MPL-adjuvanted vaccine did not have significantly different
V2-specific IgG concentrations than infants born to mothers that received saline (p=0.1).
Unlike MPL, vaccines adjuvanted with chitosan enhanced the transfer of
maternal antibodies as well as enhancing the quantity of vaccine-specific IgG in
maternal serum. Chitosan enhanced the transfer of maternal antibodies of gp120-specific
IgG (p=0.002) and V2-specific IgG (0.006) when compared to the saline group. While
chitosan was the only group that significantly enhanced anti-V2 IgG transfer, it did not
significantly enhance V3-specific IgG transfer (p=0.1). There were no significant
differences in transfer rates between antigen specificities (p=0.3), with geometric mean
transfer rates ranging from 2.915 (V3-specific) to 5.118 (V2-specific). Since chitosan
significantly enhanced anti-gp120 IgG concentration in maternal serum, and
significantly enhanced transfer rates, it follows that infant serum IgG concentration was
significantly greater than infants born to mothers that received saline (p<0.0001,
p=0.0004, p=0.0003 for gp120, V3, and V2 specific IgG respectively).
While methylcellulose induced maternal serum gp120 titers most similar to the
gp120 alone group, it achieved the middle rank of transplacental transfer rates for all
three antigens tested with chitosan and gp120 alone always inducing a higher rank and
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saline and MPL always inducing a lower rank. Regardless of this, use of MC as an
adjuvant did not significantly enhance passive transfer rates (p= 0.1, 0.4, 0.05 for gp120,
V3, and V2-specific transfer) nor did it significantly enhance antibody concentrations in
infant serum (p=0.1, 0.05, 0.3 for gp120, V3, and V2-specific IgG concentrations). While
this lack of observed differences is at least partially due to it being the most
underpowered group with only 3 litters born, there was no trend towards any benefit
over antigen alone, making it a highly underwhelming candidate for inclusion in
maternal vaccines.
4.2.2.3 Antigen specificity of transplacentally-transferred antibodies
As with the rabbits that received the IM booster vaccine, the relative frequency of
maternal antibodies specific for 5 domains of gp120 was determined for rabbits boosted
IN and the infants born to the vaccinated rabbits (shown in Figure 20).
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Figure 20: Comparison of prevalence of fine specificity of maternal antibody
present in maternal and infant serum.
All rabbits were primed with 100µg gp120 adjuvanted with 200µg alum IM on
week 0. Rabbits were bred on week 3, and were boosted intranasally on weeks 3 and 6.
IN boosting consisted of 200µg gp120 either unadjuvanted or adjuvanted with MPL,
chitosan, or methylcellulose (MC). Time matched serum was collected from mothers
and infants approximately two weeks after birth. IgG specificity to each of the 5 tested
domains of gp120 was assessed in a BAMA assay. Relative frequency of the 5 domains
is displayed.
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In the rabbits that received only the IM priming vaccine with saline administered
IN during pregnancy, the only significant difference in antigen specificity in maternal
serum was significantly higher V3-specific IgG than C1-specific IgG (p=0.006). V1V2 and
V2-specific IgG tended to be present at a lower frequency than V3-specific IgG (p=0.1 for
both), and C5-specific IgG tended to be present at a higher frequency than C1-specific
IgG (p=0.1). Infants born to these mothers had higher V3-specific IgG than V1V2, V2,
and C1-specific IgG (p=0.01, 0.004, 0.004 respectively). There was also a trend for higher
V3-specific IgG than C5-specific IgG (p=0.1). Clearly, V3-specific IgG predominated in
these infants.
In rabbits that were boosted IN with gp120 alone there was significantly higher
V3-specific IgG than V1V2 and C1-specific IgG (p=0.01 for both). The was also a trend
for higher frequency of V3-specific IgG than V2-specific IgG, and for higher C5-specific
IgG than V1V2 or C1-specific IgG (p=0.08 for all). Infants had similar relative frequencies
as their mothers with significantly higher V3-specific IgG than V1V2 and C1-specific IgG
(p=0.01 for both). Infants also had a trend for higher frequency of V3-specific IgG than
V2-specific IgG (p=0.06), and for higher C5-specific IgG than V1V2 or C1-specific IgG
(p=0.07, 0.06 respectively).
Rabbits that received the MPL-adjuvanted IN booster vaccines had significantly
higher V3-specific IgG than V1V2, V2, and C1-specific IgG (p=0.01 for all). The frequency
of C5-specific IgG was also significantly greater than V1V2, V2, and C1-specific IgG
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(p=0.02, 0.02, 0.01 respectively). While the infants had lower frequencies of V1V2-specific
IgG than V3 and C5-specific IgG (p=0.008 for both), and lower frequency of C1-specific
IgG than V3 and C5-specific IgG (p=0.008 for both), V2-specific IgG failed to be
significantly different than V3 and C5-specific IgG (p=0.06 for both).
Rabbits that received the chitosan-adjuvanted boosters had the same overall
trend as those vaccinated with the MPL-adjuvanted boosters. V3-specific IgG was
present at a significantly higher rate than V1V2, V2, and C1-specific IgG (p=0.006, 0.02,
0.02 respectively). C5-specific IgG was significantly greater than V1V2-specific IgG
(p=0.02), but only tended to be higher than V2 and C1-specific IgG (p=0.07, 0.08
respectively). Their infants had the same relative frequencies with significantly higher
rates of V3-specific IgG than V1V2, V2, and C1-specific IgG (p=0.009, 0.02, 0.02
respectively). Likewise, C5-specific IgG was significantly greater than V1V2-specific IgG
(p=0.02), but only tended to be higher than V2 and C1-specific IgG (p=0.08, 0.05
respectively) in infants born to mothers that received the chitosan-adjuvanted booster
vaccines. Overall, there was a trend towards lower relative frequency of C5-specific IgG
in the group receiving the chitosan-adjuvanted vaccines than the group receiving the
MPL-adjuvanted vaccines. This is supported by the MFI values for each group as C5specific IgG MFI was similar between the groups receiving MPL-adjuvanted or chitosanadjuvanted vaccines, while the chitosan-adjuvanted group had a 3.4-6.7- fold increase in
MFI over the MPL-adjuvanted group for all of the other tested domains. Furthermore,
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C5-specific IgG was the only domain specificity tested that had a lower MFI in infant
serum than in the serum of the mothers receiving the chitosan-adjuvanted vaccine.
The group that received MC-adjuvanted booster vaccines had significantly
higher V3-specific IgG than V1V2-specific IgG and C1-specific IgG (p=0.04 for both).
There was a trend for higher C5-specific IgG than V1V2 or C1-specific IgG (p=0.1), and a
trend for higher V3-specific IgG than V2-specific IgG (p=0.1). In the infants, the only
significant difference in relative frequencies was between V3 and C1-specific IgG
(p=0.04). However, there was a trend for lower frequency of V1V2 and V2-specific IgG
compared to V3-specific IgG (p=0.05, 0.1), and lower C1-specific IgG than C5-specific
IgG (p=0.1).
When the mean fluorescent intensity (MFI) of responses to each of the domains
were compared between vaccine groups, IN vaccination with gp120 alone or adjuvanted
with MC failed to significantly enhance maternal serum antibody responses to any of the
5 domains tested compared to the rabbits that received saline. Conversely, the MPLadjuvanted vaccines enhanced V3-specific IgG (p=0.01), C1-specific IgG (p=0.03), and
C5-specific IgG (p=0.01) compared to the saline group. There was also a trend towards
higher V1V2-specific IgG (p=0.06) and higher V2-specific IgG (p=0.1) in rabbits that
received the MPL-adjuvanted boosters compared to saline. Chitosan-adjuvanted
vaccines had increased IgG responses to all 5 of the tested domains compared to the
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saline group (V1V2- specific p=0.04, V2-specific p=0.001, V3-specific p=0.006, C1-specific
p=0.01, C5-specific p=0.01).
Likewise, infants born to mothers that received the chitosan adjuvanted vaccine
had higher IgG responses to all five tested domains (V1V2- specific p=0.01, V2-specific
p=0.0009, V3-specific p=0.004, C1-specific p=0.002, C5-specific p=0.002). None of the
other vaccine groups had V1V2-specific IgG (p=0.2 for all groups), but there was a trend
for higher V2-specific IgG and C1-specific IgG (p <=0.07 for both specificities and all
groups). Infants born to mothers that received gp120 alone of MPL-adjuvanted boosts
had significantly higher V3-specific IgG (p=0.04), and infants born to mothers that
received the MC-adjuvanted vaccine had a trend towards higher V3-specific IgG
(p=0.07) compared to saline. Infants born to mothers vaccinated with MPL-adjuvanted
vaccines had higher C5-specific IgG than the saline group (p=0.01).
4.2.2.4 Milk Antibodies
Serum and milk were collected on week 9 and assessed for gp120-specific
antibodies by ELISA. As shown in Figure 21, only the MPL and chitosan-adjuvanted
groups had significantly higher serum gp120-specific IgG than the saline group (p=0.001
and 0.0009 respectively), while the antigen alone and MC group had a trend towards
higher serum gp120-specific IgG than the saline group (p=0.1 and 0.08 respectively). All
of the groups that received an adjuvanted gp120 vaccine had enhanced milk gp120specific IgG concentrations compared to the group boosted with saline (p=0.001, 0.006,
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0.02 for MPL, chitosan, and MC respectively), while antigen alone group failed to
significantly enhance milk gp120-IgG concentrations (p=0.07). In the saline and chitosan
groups, serum gp120-specific IgG concentration was significantly higher in serum than
in milk (p=0.04, 0.03). When serum and milk gp120-specific concentrations were
compared between all IN vaccinated rabbits, there was a general trend towards higher
serum gp120-specific IgG concentrations (p=0.06).

Figure 21: Adjuvanted intranasal vaccination enhances milk gp120-specific
IgG concentration.
All rabbits were primed with 100µg gp120 adjuvanted with 200µg alum IM on
week 0. Rabbits were bred on week 3, and were boosted intranasally on weeks 3 and 6.
IN boosting consisted of 200µg gp120 either unadjuvanted or adjuvanted with MPL,
chitosan, or methylcellulose (MC). Milk and serum were collected approximately 2
weeks after birth (week 8) and assessed for gp120-specific IgG responses by ELISA. A
non-parametric Kruskal-Wallis test was performed for each fluid and p values adjusted
for multiple comparisons by the false discovery rate (FDR) method are shown.
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As shown in Figure 22, only the MPL-adjuvanted group had enhanced serum
anti-gp120 IgA titers compared to the saline group (p=0.009 anti-rabbit, p=0.02 antiNHP). All three of the adjuvanted IN vaccine groups had a trend towards higher milk
gp120-specific IgA than the saline boosted group when the anti-NHP secondary
antibody was used (MPL p=0.1, chitosan p=0.2, MC p=0.1). However, all of the
experimental groups had similar milk gp120-specific IgA responses when the goat antirabbit IgA secondary antibody was used (p=0.9).
When attempts were made to measure total IgA in milk, samples did not
demonstrate a decrease in high relative light unit (RLU) values after over twenty 3-fold
dilutions (data not shown). Therefore, there is a high likelihood that milk IgA
concentrations detected with the goat anti-rabbit IgA antibody are not specific for IgA.
However, it is also unclear if the goat anti-NHP antibody can detect all subclasses of
rabbit IgA, or if only a portion are being measured.
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Figure 22: Intranasal maternal vaccination did not enhance milk gp120-specific IgA.
All rabbits were primed with 100µg gp120 adjuvanted with 200µg alum IM on week 0. Rabbits were bred on week 3, and were
boosted intranasally on weeks 3 and 6. IN boosting consisted of 200µg gp120 either unadjuvanted or adjuvanted with MPL,
chitosan, or methylcellulose (MC). Milk and serum were collected approximately 2 weeks after birth (week 8) and assessed for
gp120-specific IgA responses by ELISA. A non-parametric Kruskal-Wallis test was performed for each fluid and secondary
antibody combination and all pairwise comparisons were performed with adjustments made for multiple comparisons by the
false discovery rate (FDR) method. P values for comparisons between groups that received saline IN and groups boosted with
gp120 alone or with a vaccine adjuvant are shown.

To determine if IN boosting during pregnancy had a positive impact on milk
gp120-specific IgA concentrations, the three groups that received adjuvanted IN
vaccines (MPL, chitosan, and MC) were analyzed as a single group in an exploratory
analysis. The two adjuvanted IM regimens (200 and 800µg alum) were pooled into a
group, as were the groups that were boosted with antigen alone (IN or IM) during
pregnancy. When the pooled groups were compared to the group that received saline,
only the adjuvanted IN group had significantly increased serum gp120-specific IgA
(p=0.002, using the anti-NHP antibody) when corrected for multiple comparisons
(adjuvanted IM p=0.03, q=0.05). Both the IN and IM adjuvanted groups had significantly
enhanced milk gp120-specific IgA titers compared to the saline group when the antiNHP secondary antibody was used (p=0.01, 0.001 respectively). While the unadjuvanted
booster group tended to have higher milk anti-gp120 IgA concentrations than the saline
group, the difference did not reach statistical significance (p=0.08). None of the pooled
groups had a significant difference in gp120-specific IgA concentrations between serum
and milk (p>0.1), however the adjuvanted IN group was the only group to not have a
higher geometric mean titer in milk than in serum.

4.3 Conclusions
In this chapter, vaccine adjuvants were assessed for their ability to impact the
rate of passive transfer of maternal antibodies. Overall, IM maternal vaccines adjuvanted
with 800µg alum and IN maternal vaccines adjuvanted with chitosan showed the most
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promise for inducing high levels of antigen-specific IgG that were passively transferred
to infants. . Unfortunately, the lower breeding success rates than expected, particularly
in the IN boosting experiments where multiparious rabbits were used, limited the power
of the experiments to detect significant differences between adjuvant groups.

4.3.1 Adjuvants Impact Transplacental Transfer
This study demonstrates differences in transplacental transfer associated with
the use of different adjuvants in maternal vaccines that is not attributable to the
magnitude of vaccine-induced antibodies or different transfer rates associated with IgG
isotypes. While higher concentrations of antigen-specific IgG in maternal serum is
known to result in increased transplacental transfer, differences in maternal serum
antigen-specific antibody concentration only account for 48% of the difference observed
in transfer ratios in rabbits that received an adjuvanted vaccine (Pearson, p=0.001,
r=0.6905). Furthermore, rabbits have a single IgG class removing that as a potential
influence on transplacental transfer rates. A HIV vaccination study in NHPs also found
poor correlations, and in the case of anti-V1V2 IgG a significant inverse correlation, of
maternal antigen-specific titers and transplacental transfer [304].
While chitosan and MPL-adjuvanted vaccines induced similar gp120-specific
titers in maternal serum, chitosan enhanced the passive transfer of IgG specific for all
three antigen specificities, while MPL did not have enhanced passive transfer of any of
the three antigen specificities tested. Even vaccination with gp120 alone was
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significantly more likely to result in infants having serum antibody concentrations the
same as or higher than maternal serum concentration (p=0.02, chi-squared).
Furthermore, the MPL group had the highest geometric mean milk gp120-specific IgG
concentration out of the IN vaccine regimens. Since FcRn is thought to mediate transfer
of serum IgG into milk, it is unclear why transport into milk would be unaffected while
transport across the placenta was decreased.

4.3.2 Differences in Transplacental Transfer of Maternal Antibodies
with Different Antigen Specificities
These results support the idea that maternal vaccine regimens can alter
transplacental transfer of maternal antibodies of different epitope specificities.
Interestingly, the difference in V2 and V3-specific antibody transfer was first noticed in
the group that received an IM prime with 200µg alum prior to pregnancy. When all
other vaccine groups were tested for the same trend, only MPL showed a similar
increase in V3-specific transfer over V2-specific transfer. However subsequent analysis
of V2 and V3 -specific transfer in the IM experiment demonstrated that IM prime and
boost with 800µg alum had the opposite effect and enhanced V2-specific transfer
compared to V3-specific. Since both MPL and 800µg alum resulted in high levels of
gp120-specific IgG in maternal serum, the differences in transfer rates between these
specificities cannot be explained by maternal antibody concentration. Furthermore, since
a 200µg alum prime enhanced V3-specific transfer, while priming and boosting with
200µg alum did not result in a significant difference in transfer but priming and
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boosting with 800µg alum enhanced V2-specific transfer, it does not appear to be easily
explained by adjuvant selection either.
The rate of passive transfer of maternal antibodies to their infants observed in
this study disagrees with other reports that found that infant rabbits do not have serum
antibody titers similar to or higher than maternal titers [76]. However, this discrepancy
can easily be explained by differences in transfer rates of antibodies with different
epitope specificity. Furthermore, while most vaccine groups resulted in infant serum
achieving titers greater than those present in maternal serum, not only did individual
litters often have titers lower than maternal serum, but V2-specific transfer for the
unadjuvanted IM group and gp120 and V3-specific transfer in the saline IN group had
geometric mean transfer rates less than 1. Thus, not only are rabbits able to model infant
serum concentrations several fold higher than maternal concentrations, but there is also
variability in transfer rates. For each of the three antigens tested there was a geometric
mean difference of 0.51-0.7 in the transfer rates between littermates that had a Spearman
r value of 0.1856 with maternal serum concentration (p=0.06). Thus, rabbits may have
additional utility as a model of transplacental transfer due to the ability to assess
differences in transfer between littermates.

4.3.3 Induction of Milk Antibodies
In the IM adjuvant study, rabbit milk antigen-specific IgG responses were less
than one log lower than serum concentrations of IgG for the same antigen. While
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experimental groups in the IN experiments that had lower anti-gp120 IgG responses also
had less than a log difference between serum and milk concentrations, IN boosted
rabbits with high serum gp120 titers had milk titers 1-2 orders of magnitude lower. In
HIV-infected women, milk anti-HIV IgG titers were 2.2 logs lower than plasma titers,
and milk IgA responses were 0.59 log lower than plasma responses [291]. As for IgA
concentrations, rabbits that received intranasal boosting with gp120 alone or adjuvanted
with MPL had higher serum anti-gp120 IgA geometric mean titers than in milk, all other
groups including the IM boosted rabbits had higher milk than serum geometric mean
titers. Interestingly, 4 of the 6 rabbits that received alum-adjuvanted booster vaccines
had the highest milk gp120-specific IgA responses out of all of the rabbits in either
study, consistent with previous reports that IM vaccines adjuvanted with alum induced
the mucosal homing ligand α4β7 [305, 306].
Unlike the NHP study previously mentioned [128], milk gp120-specific IgA was
not enhanced with intranasal boosting compared to intramuscular boosting in rabbits.
There are several significant differences between the two studies that could account for
the differences in milk IgA. The NHP study primed with MVA while the rabbits were
primed with gp120 adjuvanted with alum. The intranasal booster vaccines administered
to the NHPs were adjuvanted R848 and MF-59 was used in intramuscular vaccines. In
that study, the MF59-adjuvanted boosters enhanced milk gp120-specific IgA responses
by less than 100-fold over pre-immune concentrations, while alum-adjuvanted boosters
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enhanced milk gp120-specific IgA 2,492-fold over responses observed in milk from
gp120-naïve rabbits. Therefore, while IN vaccination failed to enhance milk gp120specific IgA responses compared to IM boosting in this study, this was in part due to
enhanced milk antibody responses with alum-adjuvanted IM vaccines.
Although higher milk anti-gp120 IgA responses when alum is used as an
adjuvant can potentially explain why IN vaccines did not enhance milk IgA responses in
this study, there was a trend for adjuvanted IN boosting to induce lower milk gp120specific titers than the concentrations found in the milk of rabbits that received an alum
adjuvanted IM vaccine (p=0.08). Specifically, the adjuvanted IN vaccines only enhanced
milk anti-gp120 IgG by 122.5-fold over naïve, compared to the almost 2,500-fold increase
in rabbits that received alum IM. In a follow up to the 2013 NHP study, macaques that
received the IN booster vaccines were administered an additional combined IM and IN
booster, and achieved milk gp120-specific IgA responses almost 5 orders of magnitude
higher than pre-immune concentrations [243]. Unfortunately, the intranasal vaccine
adjuvant used in that study was R848, a TLR7/8 ligand to which rabbits are known to
have a diminished response [157]. Therefore, testing an identical vaccine regimen in
rabbits would not be sufficient to indicate if R848 is superior to the adjuvants tested in
this study for the induction of milk antibodies, or if the rabbit model has attenuated milk
antibody responses to IN but not IM vaccination.
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At least some of the variation between the studies is likely due to differences in
the rabbit mucosal IgA system which is poorly understood. It is known that IgA
subclasses are differentially expressed at different mucosal sites. While IgA4 is the
primary IgA found in the tonsils and respiratory tract of rabbits, a previous study
showed expression of α4 was less than 1/3 of total α chains expressed in the mammary
gland [147]. However, α chain expression at the inductive site for intranasal vaccines,
the nasal associated lymphoid tissue, was not assessed and it was not clear if the
mammary gland was collected from lactating rabbits in that study and if so what stage
of lactation they were in. Expression of the different alpha chains during different stages
of pregnancy and lactation as well as expression in milk at different stages of lactation is
needed. Furthermore, the goat anti-NHP IgA secondary antibody used in the ELISA
assays may not recognize all rabbit IgA subclasses, particularly the recently identified
α15 subclass which has a unique hinge region with no Pro or Thr residues [147].
Due to concerns with the secondary goat anti-rabbit antibody, a Spearman
correlation was performed on milk and serum gp120-specific IgA concentrations
detected with anti-NHP or anti-rabbit antibody for all rabbits. Milk gp120-specific
responses as detected by anti-NHP IgA were correlated to serum gp120-specific
responses as detected by anti-NHP IgA (p=0.006, r=0.45) or anti-rabbit IgA (p=0.03,
r=0.35) but not with milk responses as detected by anti-rabbit IgA (p=0.95, r=-0.01).
Conversely, milk gp120-specific IgA responses as detected by anti-rabbit IgA was not
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correlated to serum responses detected by anti-NHP IgA (p=0.8, r=0.02) or anti-rabbit
IgA (p=0.3, r=0.17) in addition to the lack of correlation with milk responses detected
with anti-NHP IgA reported above. Therefore, milk titers detected by the two secondary
antibodies were statistically different and not correlated. Conversely, serum gp120specific IgA responses measured with the two antibodies were strongly correlated
(p<0.0001, r=0.92). Therefore, it appears that the two secondary antibodies are similar in
their ability to detect serum gp120-specific IgA responses, but there are differences
between the antibodies for the detection of milk gp120-specific IgA responses.
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5. Maternal Antibodies Influence Infant Vaccine
Responses
Contributions. BAMA assays performed by Maria Dennis (Duke University).

5.1 Introduction
Combined maternal/infant vaccination utilizes passively transferred maternal
antibodies to protect the infant until the infant can mount its own protective immune
response to vaccination. While maternal antibodies protect the infant, they can also have
undesired effects. Maternal antibody interference with active vaccination of infants is a
well-studied but poorly understood phenomenon. Proposed mechanisms of interference
are summarized in Table 1 and can be generalized into antigen sequestration or Fcmediated inhibition of infant immune responses.
Maternal antibody-mediated inhibition of infant vaccination is a common
occurrence as a recent meta-analysis found that maternal antibody inhibited infant
responses to 20 out of 21 antigens [123]. However, passive administration of antibodies
has shown the potential to enhance or inhibit immune responses in an epitope-specific
manner [307, 308]. Therefore, vaccination in the presence of maternal antibodies may
enhance infant responses to some epitopes while inhibiting responses to other epitopes.

5.1.1 Infant HIV Vaccination
Two pediatric clinical trials have demonstrated that HIV vaccination was safe
and immunogenic in infants who had HIV-specific maternal antibodies [121, 309, 310].
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Vaccinated infants developed V1V2-specific IgG responses that were significantly higher
than those observed in adults vaccinated in the RV144 trial [121]. The MF59-adjuvanted
vaccine showed enhanced breadth of responses and higher V1V2 titers compared to the
alum-adjuvanted vaccine. HIV vaccine adjuvants have been demonstrated to impact the
magnitude and breadth of vaccine-induced antibody responses in the infant NHP model
[311].
In one of the pediatric HIV vaccine trials, development of V1V2-specific antibody
responses was not inhibited by maternal V1V2-specific antibodies [121]. However, other
antigen-specificities were not reported. In the other clinical trial, it was noted that infants
did not develop antibody responses to the pox virus-vectored priming immunization
[310]. To further investigate the ability of maternal HIV antibodies to inhibit infant
response to HIV vaccination, infant rabbits from unvaccinated mothers or mothers that
had received 1-3 gp120 vaccines were used in this study to evaluate the impact of a
range of maternal gp120-specific antibody levels on infant antibody response to
vaccination. While one strength of this study design was the ability to analyze maternal
antibody concentrations as a continuous variable, analysis was also performed with the
presence or absence of maternal antibody being a binary variable.
Infant rabbits were vaccinated at 2 and 5 weeks of age. At two weeks of age
rabbits have decreased lymphocyte proliferation after stimulation with a mitogen and
have decreased antibody responses to vaccination [312], similar to human infants. The
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vaccines administered contained 15µg of gp120 either unadjuvanted or adjuvanted with
800µg alum or with 5µg GLA in a 2% stable emulsion (GLA-SE). While alum is the most
common adjuvant in infant vaccines, in one of the pediatric HIV vaccine clinical trials,
an MF59-adjuvanted vaccine showed enhanced breadth of responses and higher V1V2specific IgG compared to an alum-adjuvanted vaccine [121]. In the following sections
“titer” is used to refer to serum gp120-specific IgG responses in an effort to improve
conciseness and readability.

5.2 Results
5.2.1 Maternal Antibody Half-Life
The half-life of gp120-specific maternal antibodies transferred from vaccinated
mothers was calculated using serum collected from unvaccinated infants at 5, 7, +/-9 and
11 weeks of age as well as the gp120-specific IgG concentration in their naïve 2-week-old
littermates. If samples from multiple naïve infants were available from the same litter,
the infants were considered replicates. A one phase decay curve was calculated in
Graphpad Prism with outliers eliminated (Q=0.01%), weighting of 1/yk with k=1.5364 as
calculated for the gp120 IgG standard curve, a shared k value for all data sets, and a
bottom plateau value set between 0 and 1 ng/mL as determined by the maximum value
observed in 2 week old infants born to unimmunized mothers was 0.82ng/mL. Based on
these curves, a half-life of 0.3389 weeks (95% asymptotic CI of 0.2928-0.4022) was
calculated for maternal gp120-specific IgG, as shown in Figure 23.
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Figure 23: Maternal antibody waning in unvaccinated infants born to
vaccinated mothers.
Serum gp120-specific IgG was measured in infant rabbits born to mothers that
were vaccinated 1 to 3 times with a gp120 containing vaccine. A one phase decay curve
was calculated resulting in a half-life calculation of 0.3389 weeks for serum gp120specific IgG.

5.2.2 Maternal Anti-gp120 IgG Inhibits Infant gp120-specific IgG
Responses
When infants received an unadjuvanted vaccine at 2 weeks of age, no infant with
maternal antibodies had a detectable antibody response to vaccination at 5 weeks of age
while 7 of 8 infants born to naïve mothers had a detectable increase in serum anti-gp120
IgG concentrations (Figure 24). When infants were vaccinated again at 5 weeks of age,
most infants had the same or higher concentrations of serum anti-gp120 IgG at 7 weeks
of age as they had at 5 weeks of age, but infants with the highest maternal antibody
concentrations continued to have a decline in serum anti-gp120 titers, indicating
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Figure 24: Time course of serum gp120-specific IgG responses in vaccinated
infants.
Infant rabbits were vaccinated at 2 and 5 weeks of age and serum gp120-specific
IgG responses were determined at 5, 7, +/- 9 weeks of age by ELISA. Maternal gp120specific IgG was measured in unvaccinated littermates at 2 weeks of age.
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maternal antibody mediated inhibition of infant responses to vaccination with gp120
alone.
To determine if adjuvanted infant vaccines could overcome maternal antibody
mediated inhibition, infants were vaccinated with gp120 adjuvanted with alum or GLASE. Infants born to naïve mothers, as well as some of the infants that had low levels of
maternal antibody had an increased serum gp120-specific IgG concentration after
vaccination at 2 weeks of age. All infants regardless of their maternal antibody
concentration, maintained or increased serum anti-gp120 IgG titers after the second
vaccination. GLA-SE showed a similar effect as alum with infants that had low maternal
antibody concentrations responding occasionally after the first vaccine was
administered, and all infants developing an antibody response to the second vaccine.
In infants vaccinated in the absence of maternal antibodies, there was a
significant difference in gp120-specific titers at 7 weeks of age between each of the infant
vaccine groups with the exception of alum versus GLA-SE (p=0.2). In infants vaccinated
in the presence of maternal antibodies, there was also a significant difference in serum
gp120-specific titers at 7 weeks of age between all vaccine groups, with the exception of
unvaccinated versus vaccinated with antigen alone (p=0.1) and vaccinated with alum
versus GLA-SE (p=0.8) adjuvanted vaccines.
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5.2.3 Adjuvanted vaccines overcome maternal antibody-mediated
inhibition of the generation of antibodies for specific epitopes
Samples collected at 7 weeks of age after completion of the infant vaccination
series were assessed for gp120-, V2-, and V3- specific IgG responses by ELISA. The
presence of absence of maternal HIV-specific IgG antibodies was analyzed as a binary
variable based on maternal antigen-specific antibody concentration at the time of first
vaccination. Infants were divided into low/no maternal antibodies or high maternal
antibodies, with 1,000 ng or U/mL being the threshold between the two groups. This
threshold corresponds to mothers that were unvaccinated or only received one vaccine
prior to pregnancy whose infants had less than 50ng/mL of gp120-specific IgG present at
the first infant vaccination, or mothers that received booster vaccinations during
pregnancy and whose infants had at least 10,000ng/mL of gp120-specific IgG present at
the first infant vaccination. Thus, there was a clear separation of mothers receiving 1 or
few vaccines and mothers vaccinated at least twice with gp120.
Overall, all vaccinated infants had an increase in serum gp120-specific IgG
compared to unvaccinated infants (p=0.08 for gp120 alone, p<0.0001 for alum and GLASE groups). However, as evident in Figure 25, infants vaccinated with gp120 alone in the
presence of high maternal antibody titers did not have serum gp120-specific IgG
antibody responses greater than the unvaccinated infants (p=0.18), while infants
vaccinated with an adjuvanted vaccine in the presence of high maternal antibody titers
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Figure 25: Vaccine-specific antibody responses in infants vaccinated in the
presence of low/no maternal antibodies or high maternal antibody concentrations.
Infants received 2 vaccines with gp120 unadjuvanted or adjuvanted with alum or
GLA-SE.. P values for infants receiving the same vaccine formulation in the presence or
absence of high maternal gp120-specific IgG concentrations indicated above, with
differences between vaccine formulations discussed in the text.
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did have significantly enhanced serum gp120-specific IgG responses (p<0.0001 for both
groups). This indicated adjuvanted infant vaccines, but not unadjuvanted vaccines, are
able to significantly enhance serum gp120-specific IgG concentrations in infants with
gp120-specific IgG maternal antibodies.
Even though vaccination with alum-adjuvanted gp120 significantly increased
serum gp120-specific IgG concentrations even in the presence of high maternal antibody
titers, there was still a significant difference in gp120-specific IgG concentrations
between infants with low maternal anti-gp120 IgG titers and those with high maternal
anti-gp120 IgG titers (p=0.02). While vaccination with alum-adjuvanted gp120 in the
presence of maternal antibodies could enhance gp120-specific IgG responses, it could be
argued that the increase is due to the combination of active gp120-specific IgG
production by the infant and remaining gp120-specific maternal antibodies as the
unvaccinated group also demonstrated a significant difference in serum gp120-specific
IgG titers between infants that had low and high maternal antibodies present (p<0.0001).
However, the difference in the geometric mean titer between infants vaccinated with
alum adjuvanted vaccines in the presence or absence of maternal antibodies is 667-fold
higher than the amount of passively transferred gp120-specific IgG present in
unvaccinated infants born to vaccinated mothers. Thus, maternal antibodies increased
infant gp120-specific responses to alum-adjuvanted vaccines.
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Neither vaccination with gp120 alone nor gp120 adjuvanted with GLA-SE was
significantly impacted by the presence or absence of maternal antibodies (p=0.6 for
both). While not significant by non-parametric analysis which looks at differences in
rank rather than magnitude of difference in the measured outcome, the difference in
geometric mean titer of infants vaccinated with gp120 adjuvanted with GLA-SE in the
presence or absence of maternal antibodies was 395-fold higher than the concentration
of passively transferred antibodies present in unvaccinated infants born to vaccinated
mothers.
Adjuvanted vaccines also significantly enhanced serum anti-gp120 IgA
responses compared to unvaccinated infants (p<0.0001 for both groups), while
vaccination with gp120 alone was not sufficient to enhance IgA responses (p=0.2). Again,
the serum gp120-specific IgA concentration in both the unvaccinated group and the
alum vaccinated group was significantly different in infants with low or high maternal
antibodies (p=0.02 for both). Since IgA is not transferred across the placenta, the gp120specific IgA response is an active antibody response by the infant. However, as
discussed in the previous chapter there some non-specific binding by goat anti-rabbit
IgA, potentially leading to the differences observed in the unvaccinated group.
Both the alum and the GLA-SE groups had significantly higher V2-specific IgG
than the unvaccinated infants (p<0.0001 for both groups), while the group vaccinated
with antigen alone did not, although those infant rabbits had a trended towards higher
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anti-V2 titers than unvaccinated infants (p=0.05). When infants vaccinated in the
presence of high levels of maternal V2-specific antibodies were analyzed separately,
infant vaccination with alum or GLA-SE still induced significantly higher serum anti-V2
titers than those found in unvaccinated infants (p<0.0001 for both groups), while infants
vaccinated with antigen alone did not have enhanced anti-V2 titers (p=0.25). Only the
unvaccinated infants had a significant difference in serum V2-specific IgG between
infants with low concentrations of maternal antibodies and those with high
concentrations (p=0.0001 unvaccinated, p=0.4 for antigen alone and GLA-SE groups,
p=0.1 for the alum group). When all vaccines administered in the presence of high
maternal anti-V2 antibodies were compared, both alum and GLA-SE vaccinated infants
had anti-V2 IgG titers higher than infants vaccinated with gp120 alone (p<0.0001,
p=0.001 respectively), indicating that adjuvanted vaccines administered to infants with
maternal antibodies may enhance V2-specific responses.
Similarly, infant vaccination with gp120 adjuvanted with alum or GLA-SE
significantly enhanced V3-specific IgG responses compared to unvaccinated infants
(p<0.0001 for both groups), and while vaccination with antigen alone again tended to
induce higher anti-V3 responses, the difference failed to reach significance (p=0.07).
Again, the only group that displayed a significant difference in serum V3-specific IgG
concentrations between infants with low and high levels of maternal antibody was the
unadjuvanted group (p<0.0001). However, infants vaccinated with GLA-SE in the
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presence of high concentrations of maternal antibodies had a trend towards lower serum
V3-specific IgG than infants that received a GLA-SE vaccine in the presence of maternal
antibodies (p=0.05).

5.2.4 Correlation of Maternal Antibodies Present at Vaccination with
Infant Antibody Response to Vaccination
While dividing infants into low or high maternal antibody groups highlights
differences between infants vaccinated in the presence of maternal antibodies, one of the
benefits of the experimental design of this study is the ability to consider maternal
antibody concentrations as a continuous variable due to the range of maternal antibody
concentrations passively transferred after 0-3 maternal vaccinations. The range of
maternal antibodies is ideal for determining correlations between the amount of
maternal antibody present at vaccination and the infant’s antibody response to
vaccination. Since the infant serum antibody concentrations were found to have a
lognormal distribution, the serum antibody concentrations were log transformed and
the Pearson correlation coefficient was determined.
A summary of the correlation coefficient and statistical significance for all
correlations is shown in Table 3, while figure 26 displays infant antigen-specific
antibody responses compared to maternal IgG of the same specificity present at the first
infant vaccination. For unvaccinated infants, the amount of maternal antibody
remaining at 7 weeks of age was positively correlated to the amount of antibody present
at 2 weeks of age, with the exception that V3-specific titers at 7 weeks of age (post146

vaccination for the other groups) was not significantly correlated to V2-specific titers at 2
weeks of age (p=0.1, r=0.27). Gp120-specific IgA responses were not significantly
correlated with any maternal antibody specificity tested, further indicating that the
gp120-specific IgA measured was non-specific background binding. In infants
vaccinated with antigen alone, only maternal V3-specific antibodies were significantly
correlated with infant antibody responses, specifically with gp120-specific and V3specific IgG responses.
In alum-adjuvanted infants, maternal gp120-specific IgG antibodies were
positively correlated with the concentration of gp120-specific IgG in infant serum after
vaccination. Maternal V3-specific antibodies present at vaccination were also correlated
to both the gp120-specific IgG and IgA concentration in the infants that received the
alum adjuvanted vaccine. Since IgA is not passively transferred from mother to child, a
positive correlation between anti-gp120 IgA and maternal V3-specific antibodies
indicates that the infants are producing more anti-gp120 antibodies when vaccinated in
the presence of maternal V3-specific antibodies. However, if the goat anti-rabbit IgA
secondary antibody is cross-reacting with gp120-specific IgG or IgM, then the increased
concentration of gp120-specific IgG in the infant serum may artificially be enhancing the
measured gp120-specific IgA concentration. One of the more interesting potential
correlations, was the positive, but not significant, correlation between infant V2-specific
responses and maternal gp120 and V3-specific IgG present at vaccination.
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Figure 26: Association between maternally derived antibody present at
vaccination and infant serum antibody concentration after vaccination.
Infants received 2 vaccines with gp120 unadjuvanted or adjuvanted with alum or
GLA-SE. Maternally-derived antigen-specific IgG present at infant vaccination as
measured in the serum of unvaccinated 2 week old littermates is plotted as a continuous
variable on the x axis. Infant serum concentrations of antigen-specific antibodies present
at 7 weeks of age is plotted on the y axis. Correlation coefficients and p values are
available in Table 3.
Interestingly, infants vaccinated with gp120 adjuvanted with GLA-SE did not
have any of the same correlations with maternal antibodies that infants that received the
alum-adjuvanted gp120 vaccine did. In GLA-SE-adjuvanted infants, the serum V3-
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specific concentrations after vaccination were negatively and significantly correlated to
maternal gp120-specific and V2-specific IgG present at vaccination. Maternal V3-specific
IgG present at vaccination was also negatively correlated to anti-V3 responses after
vaccination but failed to reach significance (p=0.07). Thus, it appears that maternal
vaccine-specific antibodies are inhibiting infant V3-specific responses, but not impacting
the concentration of gp120-specific IgG in infants vaccinated with GLA-SE. This
indicated maternal antibodies can impact the specificity of infant antibody responses
without impacting the magnitude of vaccine-specific IgG.
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Maternal antibodies present at
vaccination

Table 3: Correlation coefficients and statistical significance for maternal antibody concentrations present at vaccination
and post-vaccination antibody concentrations.
Unvaccinated Infants
Antigen (gp120) alone
Alum
GLA-SE
gp120 gp120
gp120 gp120
gp120 gp120
gp120 gp120
Specificity: IgG
IgA
V2
V3
IgG
IgA
V2
V3
IgG
IgA
V2
V3
IgG
IgA
V2
V3
r= 0.9142 0.3232 0.6920 0.7772 0.3275 0.1084 0.2490 0.3303 0.4507 0.4489 0.3190 0.1258 0.1065 -0.5300 -0.0568 -0.5066
gp120 p= <0.0001 0.1529 <0.0001 <0.0001 0.0721 0.7006 0.1845 0.0746 0.0109 0.1239 0.0858 0.5076 0.6842 0.1421 0.8286 0.0380
n=
39
21
39
39
31
15
30
30
31
13
30
30
17
9
17
17
r= 0.5871 -0.0031 0.6827 0.2700 0.0654 -0.4654 -0.0900 0.1988 0.2081 0.6483 0.0469 -0.0949 -0.0810 0.3133 -0.0530 -0.5375
V2
p= 0.0003 0.9910 <0.0001 0.1225 0.7723 0.2926 0.6905 0.3750 0.3407 0.2368 0.8359 0.6746 0.7832 0.5454 0.8571 0.0475
n=
34
16
34
34
22
7
22
22
23
5
22
22
14
6
14
14
r= 0.9113 0.3310 0.6429 0.7580 0.3670 0.1727 0.2097 0.3883 0.4933 0.5572 0.3220 0.1780 0.1085 -0.4708 0.0224 -0.4406
V3
p= <0.0001 0.1427 <0.0001 <0.0001 0.0422 0.5382 0.2660 0.0340 0.0048 0.0479 0.0827 0.3468 0.6786 0.2008 0.9320 0.0767
n=
39
21
39
39
31
15
30
30
31
13
30
30
17
9
17
17

Infants received 2 vaccines with gp120 unadjuvanted or adjuvanted with alum or GLA-SE. Pearsons correlation analysis was
performed on log-transformed antibody concentrations present at 2 weeks of age (1st infant vaccination) and at 7 weeks of age (after
receiving 2 infant vaccines) in unvaccinated infants, infants vaccinated with gp120 alone, infants receiving an alum-adjuvanted
vaccine, and infants receiving the GLA-SE adjuvanted vaccine. The correlation coefficient, p value, and number of values analyzed
are shown for each comparison. P values <0.1 are bolded.

5.2.5 Active Infant Antibody Responses to Different Antigens
In the previous assays the total amount of gp120, V2, and V3-specific IgG was
compared between infants vaccinated in the presence of low/no maternal gp120-specific
IgG or in the presence of high concentrations of maternal gp120-specific IgG. However,
this approach cannot distinguish between maternal antibody and active antibody
responses produced by the infant. To clarify the role of maternal antibody still present in
the serum of vaccinated infants, the average concentration of maternal antibody present
in unvaccinated littermates was subtracted from the concentration present in vaccinated
infants. This analysis was performed on data obtained from a gp120-specific Binding
Antigen Multiplex Assay (BAMA) [155, 259] which allowed the quantification of
antibody responses to additional antigen specificities. 0.1 MFI was used as the lower
limit for MFI to allow for calculation of geometric mean. Results from the BAMA assay
are shown in Figure 27.
While infants that were vaccinated with gp120 alone tended to have higher antigp120 IgG titers when vaccinated in the presence of maternal antibody as measured by
ELISA (Figure 25), when remaining maternal antibody was subtracted those vaccinated
in the presence of maternal antibody had lower Con6 gp120 titers (p=0.02) and had a
trend towards lower 1086D7 gp120-specific titers (p=0.08). This indicates that remaining
maternal antibody may be masking the lack of active gp120-specific IgG responses in
infants vaccinated with gp120 alone.

151

152
Figure 27: Concentration of antigen-specific IgG in vaccinated infants after correction for maternal antibody concentration
present in unvaccinated littermates.
Infants received 2 vaccines with gp120 unadjuvanted or adjuvanted with alum or GLA-SE. MFI for each antigen specificity in
unvaccinated infant rabbits was subtracted from the MFI of their vaccinated littermates to estimate the maximum likely
concentrations of maternal antibody remaining in the serum of vaccinated infants. The remaining MFI values are indicative of active
antigen-specific IgG responses in the vaccinated infants. Zero or negative values were assigned a value of 0.1 to allow for log
transformation. P values for each vaccine formulation administered in the presence or absence of maternal antibodies is indicated.

As previously described, infants that were vaccinated with the alum-adjuvanted
gp120 had significantly higher serum gp120-specific IgG titers compared to infants
vaccinated with gp120 alone (Figure 25), and the difference between infants vaccinated
in the presence or absence of maternal gp120-specific IgG was higher than the
concentration of maternally derived gp120-specific IgG present in the serum of
unvaccinated infants. In the BAMA assay when maternal antibody MFI detected in
unvaccinated littermates was subtracted from their MFI, there was increased Con6
gp120-specific IgG titers when vaccinated in the presence of maternal antibodies
(p=0.01). There was also a trend towards increased 1089D7 gp120-specific IgG (p=0.2).
This supports the conclusion that infants vaccinated with alum-adjuvanted vaccines had
enhanced gp120-specific responses compared to those vaccinated in the absence of
maternal gp120-specific IgG.
The enhancement of gp120-specific IgG responses by the presence of maternal
gp120-specific IgG is specific for infants vaccinated with alum-adjuvanted vaccines.
Infants vaccinated with GLA-SE adjuvanted vaccines in the presence of maternal
antibody had significantly lower anti-1086D7 gp120 titers (p=0.002). However, Con6
gp120-specific titers were not significantly different (p=0.4) but the geometric mean did
have a trend towards decreased MFIs in infants vaccinated in the presence of maternal
antibodies. This is consistent with the no significant difference in gp120-specific IgG in
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infants vaccinated with GLA-SE-adjuvanted vaccines in the presence or absence of
maternal gp120-specific IgG as measured by ELISA (Figure 25).
In addition to elucidating infant gp120-specific IgG responses when vaccinated
in the presence of maternal antibodies, the BAMA assay allowed for the assessment of
IgG responses to different domains of gp120. While infants vaccinated with gp120 alone
or adjuvanted with alum had a trend towards higher geometric mean V3-specific IgG
titer when vaccinated in the presence of maternal antibodies, in the BAMA assay all 3
vaccine groups had lower V3-specific IgG antibodies when vaccinated in the presence of
maternal antibodies. In fact, V3.C-specific IgG responses were significantly lower in
infants vaccinated in the presence of maternal antibody (gp120 alone p=0.01, alum
p=0.02, GLA-SE p=0.004). Thus, while serum V3-specific IgG was not significantly
different in infants vaccinated in the presence or absence of maternal antibody, when the
concentration of maternal V3-specific IgG remaining in unvaccinated littermates is
subtracted it is clear that infant V3-specific IgG response is decreased in infants
vaccinated in the presence of maternal antibody.
C5-specific IgG was also statistically lower in infants in the adjuvanted vaccine
groups that were vaccinated in the presence of maternal antibody (alum p=0.0001, GLASE p=0.03), and a similar trend was observed in the infants that received gp120 alone
(p=0.09). Conversely, infants that were vaccinated with the unadjuvanted vaccine in the
presence of high maternal gp120-specific IgG had a trend towards lower C1-specific IgG
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responses after vaccination (p=0.09). The geometric mean C1-specific IgG response had a
slight trend towards decreased responses in infants vaccinated with alum or GLA-SE
adjuvanted in the presence of maternal gp120-specific IgG compared to infants receiving
the same vaccine in the absence of maternal gp120-specific IgG (p=0.4 for both
adjuvants).
Unlike the IgG response to the other gp120 domains discussed so far, infants that
received the alum-adjuvanted vaccine in the presence of maternal gp120-specific IgG
tended to have higher V2-specific IgG responses than those receiving the vaccine in the
absence of maternal gp120-specific IgG (p=0.1 for V2.B, p=0.5 for V2 1086C). The
presence of maternal antibodies did not have a significant impact on V2-specific IgG
responses in infants receiving the GLA-SE adjuvanted vaccine (p=0.7 for V2.B, p=0.9 for
V2 1086C), while infants vaccinated with gp120 alone in the presence of maternal
antibodies tended to have decreased V2-specific IgG responses (p=0.2 for V2.B, p=0.3 for
V2 1086C). Thus, only the alum-adjuvanted vaccine has a trend towards enhancement of
V2-specific IgG when administered in the presence of maternal antibodies.
alum-adjuvanted vaccines also significantly enhanced 1086.C V1V2-specific
responses in infants vaccinated in the presence of maternal gp120-specific IgG compared
to those vaccinated in the absence of gp120-specific IgG (p=0.04), and there was also a
trend towards enhanced case A2 V1V2-specific IgG responses (p=0.07). It is unclear if
this is specific for alum-adjuvanted vaccines as there was a slight trend towards
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enhanced V1V2-specific IgG responses in infants that received the GLA-SE adjuvanted
vaccine in the presence of maternal antibodies (p=0.5 for 1086.C V1V2, p=0.3 for case A2
V1V2). However, infants vaccinated with gp120 alone in the presence of maternal
antibodies tended to have decreased V1V2-specific responses (p=0.1 for 1086.C V1V2,
p=0.5 for case A2 V1V2).

5.3 Conclusions
Differences in the number and immunogenicity of the maternal HIV vaccine
formulations tested in Chapter 4 resulted in a range of maternal antibody concentrations
present in infant rabbits. The infant rabbits born to these mothers were vaccinated at 2
and 5 weeks of age with the same vaccine antigen as the maternal vaccine to determine
if maternal gp120-specific antibodies interfere with infant vaccination.

5.3.1 Half Life of Gp120-specific IgG Maternal Antibodies in the Rabbit
Model
Previous studies report IgG has a half-life of 5-6 days in rabbits [313, 314]. Since
the half-life calculation for gp120 IgG presented here was based on serum concentrations
and no correction was included for the increasing blood volume of the growing kit, 3
days is an underestimation of the true half-life. A concentration-catabolism effect, where
half-life is reduced in infants with high serum IgG concentrations, has been reported in
infants [315]. Glycosylation also has a significant impact on antibody half-life [80, 315]
and the different maternal vaccine formulations may have imparted different
glycosylation patterns altering the half-life of gp120-specific IgG in infant rabbits.
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5.3.2 Adjuvanted Vaccines Overcome Maternal Antibody Inhibition
Maternal antibodies inhibited responses to infant vaccination at 2 weeks of age
and inhibited responses to vaccination with gp120 alone at 5 weeks of age. This is
consistent with a metanalysis of infant vaccine inhibition which found maternal
antibody-mediated inhibition of most vaccine antigens and a decrease in the impact of
maternal antibody inhibition with increased age of the infant [123]. While the current
study cannot determine if infant age or undetected priming of infant responses to the 1st
vaccination was the cause, maternal antibody titers that inhibited response the 1st
vaccination did not inhibit responses to the 2nd vaccination.
Adjuvanted vaccines were able to induce infant antibody responses in the
presence of maternal antibodies. There was a significant increase in post-vaccination
serum gp120-specific IgG concentrations in infants with maternal antibodies indicating
that antibody responses to vaccination with gp120 adjuvanted with alum was enhanced
in the presence of maternal gp120-specific antibodies. Infants vaccinated with GLA-SE
adjuvanted vaccines has similar levels of post-vaccination anti-gp120 titers regardless of
the presence or absence of maternal antibodies at the time of vaccination. There was no
significant difference in serum gp120-specific responses in infants vaccinated with alum
or GLA-SE containing vaccines. This is in contrast to what is observed in human infants
born to HIV+ women where a slight benefit was reported for MF59-adjuvanted vaccines
compared to alum-adjuvanted HIV vaccines [309, 316].

157

Others have reported overcoming maternal antibody inhibition of infant
antibody responses to vaccination. One proposed method uses TLR-3 and TLR-9
agonists as adjuvants to induce IFNα to induce signaling through the interferon receptor
and CD21 to overcome inhibitory FcγRIIB signaling by maternal antibodies [317-319].
Intranasal administration of vaccines is also reported to bypass maternal antibodymediated inhibition of infant antibody responses [320, 321]. Furthermore viral-vectored
and DNA vaccines have showed potential for overcoming maternal antibody-mediated
inhibition [322, 323].

5.3.3 Infant Vaccine Adjuvant Influences Impact of Maternal
Antibodies
Two different methods and two different assays were used for determining
infant antigen-specific IgG responses to vaccination. The concentration of gp120, V2, and
V3-specific IgG in infant serum was determined by ELISA and compared between
infants that had different concentrations of maternal gp120-specific IgG present at
vaccination. In the BAMA assay presented in section 5.2.5, the MFI of antigen-specific
IgG present in unvaccinated littermates was subtracted from the MFI of antigen-specific
IgG in vaccinated infants. The method of comparing total antigen-specific IgG in the
serum of vaccinated infants without subtracting maternal antigen-specific IgG present in
the serum of unvaccinated littermates likely overestimates the active antigen-specific
IgG response in vaccinated infants. However, the method of subtracting the antigenspecific IgG responses observed in unvaccinated littermates from the antigen-specific
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IgG responses observed in vaccinated infants likely overestimates the amount of
maternal antibody present in the serum of vaccinated infants thereby underestimating
the antigen-specific IgG responses of vaccinated infants. This is likely as in the
vaccinated infants immune complexes of maternal antibody and vaccine antigen would
have formed resulting in degradation of maternal antibodies. Thus, statistical differences
between vaccine regimens and maternal antibody concentrations at vaccination detected
in both assays and using the different methods of estimating active infant antigenspecific IgG responses are likely more biologically meaningful.
Infants that received the alum-adjuvanted vaccine in the presence of maternal
antibody had enhanced serum gp120-specific IgG titers at seven weeks of age compared
to infants that received the same vaccine but did not have maternal antibody present.
The increase in anti-gp120 IgG between those vaccinated in the presence or absence of
maternal antibody was over 600-fold greater that the concentration of maternallyderived gp120-specific IgG present in unvaccinated infants indicating that the increased
titers observed in infant rabbits vaccinated in the presence of maternal antibodies is not
due to residual maternally-derived antibody. This was supported by the BAMA assay
where maternal gp120-specific IgG responses present in unvaccinated littermates were
subtracted from gp120-specific IgG responses in infants receiving an alum-adjuvanted
vaccine (Figure 27). Furthermore, the significantly increased serum gp120-specific IgA
responses seen in infants vaccinated in the presence of maternal antibody supports that
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enhanced gp120-specific responses are not maternally derived as IgA is not
transplacentally transferred.
Enhancement of gp120-specific antibody responses when vaccinated in the
presence of maternal antibodies depended on the adjuvant used for infant vaccination as
infants receiving a GLA-SE-adjuvanted did not show significant enhancement of gp120specific antibody responses. In fact, infant vaccination with GLA-SE-adjuvanted
vaccines resulted in significantly lower 1086D7 gp120-specific IgG responses when the
vaccine was administered in the presence of maternal antibodies (Figure 27). Correlation
analysis showed no significant association between serum gp120-specific IgG
concentrations in infants vaccinated with GLA-SE and gp120 or V3-specific maternal
antibodies present at the time of vaccination. Thus, maternal antibody mediated
enhancement of infant gp120-specific IgG occurs with alum-adjuvanted vaccines but not
with GLA-SE adjuvanted vaccines.
The enhancement of gp120-specific IgG responses when alum-adjuvanted
vaccines were administered in the presence of maternal antibodies resulted in serum
gp120-specific IgG responses that were not significantly different between infants that
received GLA-SE or alum-adjuvanted vaccines in the presence of maternal antibodies
(p=0.7), while GLA-SE adjuvanted vaccines significantly enhanced serum gp120-specific
IgG compared to alum-adjuvanted vaccines when administered to infant rabbits that did
not have high concentrations of maternal gp120-specific IgG present (p=0.03, Figure 25).
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This indicates that adjuvant selection for use in infant vaccines may need to be
optimized for maternal antibody concentration present. Additional experiments are
needed to determine at what concentration of maternal gp120-specific IgG is it more
beneficial to use alum-adjuvanted vaccines than GLA-SE adjuvanted vaccines.

5.3.4 Maternal Antibodies Decrease V3 and C5-specific Responses in
Vaccinated Infants
Although vaccination in the presence of maternal antibodies did not inhibit
gp120-specific IgG responses, and even enhanced them in alum-adjuvanted infants,
infant V3-specific and C5-specific responses were significantly decreased in infants
vaccinated with a adjuvanted vaccine in the presence of maternal gp120-specific IgG
compared to those vaccinated with low/no maternal gp120-specific IgG present (Figure
25 & 27). It is unclear why V3 and C5-specific IgG responses are inhibited by maternal
antibody while gp120-specific responses are not. In the correlation analysis (Table 3),
post-vaccination V3-specific responses were not significantly correlated to prevaccination gp120, V2, or V3-specific titers in infants that received an adjuvanted
vaccine. V3-specific and C5-specific responses have been shown to be the predominant
specificity elicited after gp120 vaccination in both rabbits and NHPs. Therefore, maternal
gp120-specific IgG appears to diminish immunodominant antigen responses, but not
responses to other domains of gp120.
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5.3.4 Infant Vaccination with Alum-adjuvanted Vaccines in the
Presence of Maternal Antibodies Enhances V1V2-specific IgG
V1V2-specific IgG was a correlate of protection in the only moderately successful
HIV vaccine clinical trial to date [230]. Thus, there is the potential for enhanced
protection for infants that are vaccinated with gp120 adjuvanted with alum in the
presence of maternal antibodies as infant rabbits who received the alum-adjuvanted
vaccine in the presence of maternal antibodies had higher V1V2-specific IgG than those
vaccinated in the absence of maternal antibodies. Therefore, vaccination with alumadjuvanted vaccines in the presence of maternal antibody significantly enhanced gp120specific IgG, significantly decreased V3 and C5-specific responses, induced a trend
towards increased V2-specific IgG responses, and enhanced V1V2-specific responses.
The mechanism behind the interaction of maternal antibody and alumadjuvanted vaccines in the induction of enhanced V1V2-respones, and the potential
correlation to inhibition of V3 and C5-specific responses needs to be investigated further.
A simplistic potential explanation may be that lower maternal antibody concentrations
to V1V2 relative to V3 and C5 resulted in the induction of V1V2-specific IgG responses
in the infant after the first infant vaccine while V3 and C5-specific responses were still
inhibited. However, maternal antibodies have been reported to inhibit vaccine responses
to nearby epitopes [108, 324, 325], thus it is unclear why V1V2 and V2-specific responses
were not inhibited by maternally derived V3-specific IgG. Additionally, the MFI for C1specific IgG tended to be lower than for V1V2-specific IgG in the serum of 2 week old
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infants (not shown), yet C1-specific IgG responses were not significantly impacted by
the presence or absence of maternal antibodies at vaccination.
A recent study in mice demonstrated that immune complexes (IC) formed by
polyclonal HIV antibodies complexed with gp120 and adjuvanted with alum enhanced
the magnitude and avidity of gp120-specific IgG responses [326]. Additionally, when
sialylated monoclonal antibodies were used in ICs they enhanced the magnitude and
avidity of gp120-specific IgG responses compared to ICs formed with agalactosyated or
non-sialylated galactosylated ICs. The ICs that included sialylated antibodies had higher
uptake by B cells and follicular dendritic cells and had greater deposition in the
germinal center, and that this activity was at least partially mediated by complement.
Since sialylated antibodies bind to FcγRIIb, since IL-4 and IL-10 production
induced by alum [181, 327] upregulates FcγRIIb [34], and since cross-linking of FcγRIIb
blocks naïve B cells from differentiating into plasma cells [328], one would expect
decreased antibody responses with alum-adjuvanted vaccines administered in the
presence of antibody. However, signaling through both the BCR and FcγRIIb attenuates
apoptosis and may be important for affinity maturation [329]. Furthermore, while IL-4
upregulates FcγRIIb on most cell types, it has been shown to reduce FcγRIIb expression
on B cells and prevent FcγRIIb mediated suppression [330]. Thus, ICs of maternal
antibody and gp120 that signal through both FcγRIIb and the BCR should decrease
infant antibody responses in the absence of IL-4, but may enhance infant antibody
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responses in the presence of IL-4. Such a mechanism may partially inhibit the
development of epitope-specific responses that are the predominant specificities present
in the maternally derived IgG as the maternal antibody is bound to that epitope and
steric hinderance may prevent or reduce the avidity of binding with other copies of that
epitope. Theoretically, steric hindrance could also partially inhibit infant antibody
responses to adjacent epitopes while enhancing the avidity of interactions with nearby
but nonadjacent epitopes, potentially explaining the enhancement of V2-specific and
V1V2-specific IgG. Additional studies are needed to better understand interactions
between alum adjuvanted vaccines and maternal antibodies and to investigate the role
of the complement system and complement receptors in maternal antibody interference
with infant vaccination.
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6. Maternal Antibodies Influence Fetal Zika Virus
Pathogenesis
Contributions: Dr. Charles McGee (Duke University) supplied the Zika virus
challenge inoculum. Viral RNA isolation and PCR for Zika virus RNA was performed
by the virology unit of the Regional Biocontainment Laboratory (RBL) at Duke, and RBL
personnel assisted in sample collection and performed euthanasia during the 2018
study. Drs. David Pickup, Sallie Permar, and Cody Nelson (Duke University) designed
and provided the MVA expressing Zika virus proteins used for vaccination.

6.1 Introduction
Zika virus is a reemerging pathogen, first detected in the 1950s but thought to be
of little clinical significance until the 2015 outbreak in Brazil [331]. While Zika virus
infection causes transient mild influenza-like illness or is asymptomatic in the majority
of adults [332], fetal exposure to Zika virus can cause severe birth defects including
microcephaly [333-335]. Like HIV, Zika virus mother-to-child transmission (MTCT) can
occur in utero [336] and by breastfeeding [337, 338]. However, unlike HIV, Zika virus
infects the placenta, specifically the Hofbauer cells and cytotrophoblasts [339-341]. Zika
virus vaccines are currently in development, however, there is the potential for adverse
effects in pregnant women due to antibody dependent enhancement (ADE) of fetal
infection.
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6.1.1 Antibody-Dependent Enhancement of Infection
Zika virus belongs to the Flavivirus genus of viruses which include viruses such
as dengue that have the best documented cases of antibody-dependent enhancement
(ADE) of infection. Fc-mediated ADE occurs when non- or sub-neutralizing antibody
and virus immune complexes bind to an Fc receptor and are taken up into the cell. Once
in the cell, the virus can infect the cell and/or alter immune responses such as cytokine
production; therefore, ADE mechanism can expand the range of cells viruses can infect
or alter pathogenesis [137]. Mice, but not NHPs, challenged with Zika virus in the
presence of dengue antibodies had enhance pathology [342-344], however none of the
studies used pregnant animals.
Recently, anti-flavivirus antibodies complexed to Zika virus have been
demonstrated to be transplacentally transported via FcRn to then infect Hofbauer cells
in an FcγR-dependent fashion [136] and result in earlier placental infection and higher
infection rates than Zika virus challenge administered without antibodies[135]. Similar
FcRn-mediated ADE across the placenta has been identified for cytomegalovirus [345]
and HIV [134]. Thus, the same antibody modifications that enhance transplacental
transfer of vaccine-induced maternal antibodies may result in transplacental transfer of
maternal antibody-virus complexes enhancing fetal infection. Such enhancement of fetal
infection after maternal vaccination, or even vaccination earlier in life, would be a
significant adverse event.
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6.1.2 Rabbit Model of MTCT of Zika Virus
While rabbits are not susceptible to HIV infection, they have been infected with a
variety of flaviviruses including: West Nile Virus [346], Murray Valley Encephalitis
Virus, St. Louis Encephalitis Virus, and Powassan Virus [347]. However, two studies
were unable to show infection after Zika virus challenge was administered to rabbits,
even though the rabbits did develop Zika virus antibodies [237, 238]. Importantly, these
studies were performed in adult non-pregnant rabbits. Studies in guinea pigs were able
to demonstrate transient infection, but did not find any evidence of fetal infection [239241]. While this indicates that maternal vaccine efficacy studies could also be done in
guinea pigs, their gestation is twice as long as rabbits, making them a less efficient
model to test maternal vaccine immunogenicity and passive transfer of maternal
antibodies to offspring. The benefits of using the rabbit model for the development of
Zika virus therapeutics is summarized in Table 4.
To test if pregnant rabbits or fetuses could be infected with Zika virus,
intravenous Zika virus challenge was administered under the assumption that this route
would provide the highest exposure to fetal tissues. Rabbits were challenged on
gestational day 14 as at gestational day 18, rabbit fetuses have similar cortical neurologic
development as human fetuses exposed at the end of the 1st trimester [348], a time
period during which Zika virus infection has been associated with microcephaly [349].
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Table 4: Potential benefits of a rabbit model for the development of Zika virus
therapeutics.
Characteristic
Perinatal
developers,
humans [350]

Potential Benefits
brain • Can model equivalent of 3rd trimester brain development
like
in humans prenatally
• May more accurately model fetal Zika virus susceptibility
and pathogenesis
Develops neurological • May more accurately model of pathogenesis in human
deficits after pediatric
babies
brain injury [351]
• Identification of affected vs unaffected offspring
• Localization of symptoms for pathologic exam may
increase sensitivity
Preferred small animal • Extensive background data on rabbit fetal development
model for teratology
and pathology
studies [352]
Fetuses & newborns are • Fetal ultrasound possible [353]
larger than rodents
• Serial sample collection with no need to sacrifice animals
• Allows for investigation into neurologic deficits that
appear during development (incl. postnatal development
of microcephaly)
Accurately
models • Accurate testing of maternal vaccine induced protection
passive
transfer
of
in offspring
maternal antibodies [77] • Determine if maternal antibodies contribute/exacerbate
Zika virus associated pathology
Easy to bred and • Easier to extrapolate susceptible period of Zika virus
gestational days are
infection during pregnancy to primates (incl. humans)
precisely known
• Increased reproducibility- not limited by technical skill
Gives birth to 7-10 • Allows for comparison of affected & unaffected
offspring/litter
littermates
• Identification of factors that increase fetal susceptibility of
Zika virus associated pathology
Gestational length is • Shortest of all domesticated non-rodent small animals
about one month
[354]
• Quicker experimental timelines may lead to quicker
development of therapeutics and thus save lives
Accurate model for • Mucosal vaccines may be needed for optimal induction
nasal vaccines [151]
of maternal antibodies [128]
• Mucosal vaccination may decrease or prevent viral
shedding [355]
• Nasal vaccines may be able to induce antibody
responses in the central nervous system, potentially
providing superior protection over serum antibodies
which cannot cross the blood-brain barrier [356, 357]
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After establishing that rabbits can be infected with flavivirus, the impact of Zika
virus vaccination or administration of a monoclonal antibody on fetal infection and
pathogenesis was determined. Rabbits were primed with MVA expressing Zika virus
envelope protein and boosted with recombinant Zika virus envelope protein then
antibody responses were allowed to decline for 15 weeks prior to Zika virus challenge.
Other experimental groups received a recombinant rabbit anti-flavivirus 4G2 IgG
monoclonal antibody which recognizes domain II of protein E, an envelope protein. It
was selected as a recombinant mouse antibody with an identical specificity enhanced
Zika virus infection in vitro [358].

6.2 Results
6.2.1 Determination of Challenge Dose
Rabbits received either high (5x106 PFU), middle (5x105 PFU), or low dose (5x104
PFU) challenge with a Puerto Rico isolate (PRVABC59) of Zika virus on gestational day
14. 5x106 PFU of heat-inactivated virus served as a negative control. Rabbits in the first
experiment had an IV catheter implanted prior to challenge, and blood was obtained
five minutes after the challenge inoculum was administered in the other ear, and then at
12-hour increments until the catheter was removed (on or by the 4th day). Blood was also
drawn 7 days after challenge. In the second experiment conducted in 2018, an IV
catheter was not placed, and blood was drawn 5 minutes after challenge and on postchallenge day 1, 3, and 7.
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None of the rabbits in either experiment displayed clinical symptoms of Zika
virus infection. One rabbit did develop inflammation at the site of the IV catheter, but
this was not thought to be associated with challenge. There was no significant weight
change or change in temperature after challenge in any of the rabbits (data not shown).
6.2.1.1 Zika virus RNA Detected in Maternal Serum
PCR analysis of Zika virus RNA detectable in serum (non-pregnant rabbits
included) indicates transient infection did occur (Figure 28). Five minutes after
challenge, 3 of 8 rabbits that were challenged with the low dose had detectable levels of
Zika virus RNA in their blood, while 3 of 4 rabbits that received the middle dose had
detectable levels. All 4 of the rabbits that received the heat-inactivated challenge and all
4 of the rabbits that received the high dose challenge had detectable amounts of Zika
virus RNA in their serum. Since these two groups received similar amounts of challenge,
the amount of RNA detected immediately post-challenge is expected to be similar
between the groups. There was no significant difference in the prevalence of detectable
Zika virus RNA between challenge groups (p=0.05, chi-squared).
One day after challenge none of the rabbits tested that received the heat
inactivated (n=3) or low dose challenge (n=7) had detectable Zika virus RNA in their
serum. 1 of the 4 rabbits that received the middle challenge dose had detectable Zika
virus RNA as did 4 of the 7 rabbits tested from the high challenge dose group. There was
no significant difference in the prevalence of detectable Zika virus RNA between
170

171
Figure 28: Zika virus RNA is detectable in maternal serum up to two days after challenge.
Rabbits received either high (5x106 PFU), middle (5x105 PFU), or low dose (5x104 PFU) challenge with a Puerto Rico isolate
(PRVABC59) of Zika virus on gestational day 14. 5x106 PFU of heat-inactivated virus served as a negative control. The challenge
inoculum was administered into one ear and blood was collected from the other ear approximately 5 minutes after challenge. Blood
was also collected one and two days after challenge and Zika virus RNA copies per mL was determined using a commerciallyavailable kit.

challenge groups (p=0.05, chi-squared). The clearance of viral RNA from the serum of
rabbits that received the heat-inactivated challenge provides some indication that Zika
virus RNA should have been cleared from the serum if infection did not occur. Only one
rabbit tested had detectable Zika virus RNA 2 days after challenge, and none of the
rabbits had detectable Zika virus RNA 3 days after challenge indicating that infection
was transient.
6.2.1.2 Maternal Immune Response
Maternal blood was collected one day after challenge and serum tested for
cytokine concentrations from 3 pregnant rabbits that received the low dose, the middle
dose, and the high challenge dose (Figure 29). The low dose challenge group had higher
IL-1β serum concentrations than the middle (p=0.01) and high (p=0.01) challenge dose
groups. Serum leptin concentrations were greatly increased in the low dose group
compared to both the high (p=0.01) and middle challenge doses (p=0.03). The low dose
challenge group had a trend to higher IL-17A concentrations compared to the high
(p=0.05) and had significantly greater concentrations than the rabbits that received the
middle challenge dose groups (p=0.01), but failed to maintain significance after
corrections for multiple comparisons by false discovery rate. The low dose group had
significantly enhanced MIP-1β levels compared to the middle challenge dose (p=0.01).
The low dose challenge group had a trend for lower NCAM-1 concentrations that the
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high (p=0.02, q=0.05) and middle (p=0.07, q=0.07) challenge dose groups. In all, there
were significant differences in cytokine concentrations after low dose challenge,
compared to the middle and high dose challenge groups.

Figure 29: Cytokines present in serum 24 hours after challenge varied by
challenge dose.
Rabbits received either high (5x106 PFU), middle (5x105 PFU), or low dose (5x104
PFU) challenge with a Puerto Rico isolate (PRVABC59) of Zika virus on gestational day
14. Blood was collected one day after challenge and inactivated with 0.05% Tween.
Serum cytokine concentrations were determined with a cytokine array manufactured by
Raybiotech.
Serum anti-Zika virus Env IgG concentrations were determined from serum
collected 7 days after challenge. Serum from both pregnant and non-pregnant rabbits
were included in this analysis. 3 of 4 rabbits that received the high challenge dose had
detectable env-specific IgG responses, while 1 of the 4 rabbits that received the heatinactivated challenge had detectable titers (Figure 30). None of the 4 rabbits in either the
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low or middle challenge dose groups had a detectable anti-env IgG response. The
geometric mean anti-env titer was significantly greater in the group that received the
high challenge dose than in the groups that received the low or middle challenge dose
(p=0.02). There was no significant difference in the antibody titer between the group that
received the high challenge dose and the heat- inactivated challenge (p=0.1).

Figure 30: High dose ZIKV challenge of rabbits resulted in detectable Zika
virus env-specific IgG titers seven days after challenge.
Rabbits received either high (5x106 PFU), middle (5x105 PFU), or low dose (5x104
PFU) challenge with a Puerto Rico isolate (PRVABC59) of Zika virus on gestational day
14. Serum collected prior to challenge and seven days after challenge was assayed for
Zika virus Env-specific IgG was determined using a commercially available kit
manufactured by Alpha Diagnostics (see Appendix B). The difference between anti-Zika
virus Env IgG present pre-challenge and at 7 days post challenge is shown.
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6.2.1.3 Fetal Impact
Seven days after challenge rabbits were euthanized and the number of
apparently healthy, viable fetuses and the number of fetal resorptions was determined.
Most striking about the fetal viability and resorption rates is the higher number of
resorbed fetuses than viable fetuses in the group that received the low challenge dose,
with an average of 3.2 viable and 5.2 resorbed fetuses per litter (Figure 31). This is in
contrast to the groups that received either the middle or high dose challenges which had
an average of 1 resorbed fetus and either 6.7 or 5.7 viable fetuses per litter respectively.
An historical control group of 7 rabbits was included to provide an estimate of
resorption rates in unaffected animals. In this group, there was an average of 9 viable
fetuses and 0.14 resorbed fetuses per litter. There was a trend towards higher resorption
rates in the low dose challenge group with a mean of 61% resorbed than in the middle
(p=0.13) or high dose (p=0.05) challenge group where both groups had a mean of 16%
resorbed fetuses. When compared to the historical control, the low dose challenge group
had higher rates of fetal resorption (p=0.002).
The group that received the heat- inactivated Zika virus challenge had a mean
resorption rate of 32% with an average of 3 resorbed fetuses and 6.25 viable fetuses per
litter. When compared to the historical control, the heat-inactivated group had higher
rates of fetal resorption (p=0.003). Zika virus-associated pathology has been linked to
cytokine responses, particularly IFNλ [359, 360], to Zika virus even when direct viral
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pathogenesis is not observed. A similar effect may be enhancing fetal resorption in the
heat-inactivated and/or low dose challenge groups, but a study designed to directly
compare fetal resorption rates between these groups and a control group would be
needed before conclusions could be made.

Figure 31: Number of viable and resorbed fetuses per litter by challenge.
Rabbits received either high (5x106 PFU), middle (5x105 PFU), or low dose (5x104
PFU) challenge with a Puerto Rico isolate (PRVABC59) of Zika virus, or 5x106 PFU of
heat-inactivated Zika virus on gestational day 14. A historical control group of 7 litters is
included as a comparison. Seven days after challenge the number of apparently viable
fetuses and the number of resorbed fetuses per litter was determined.
Both placentas and fetal brains collected 7 days after challenge were tested for
the presence of Zika virus RNA. Only 2 of the 67 tested placentas had detectable Zika
virus RNA. The two affected placentas came from separate mothers, both of whom
received the high dose challenge. None of the fetal brains had detectable Zika virus
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RNA. While there is a low prevalence of tissues with detectable Zika virus RNA, this
demonstrates that pregnant rabbits and fetuses can be infected with Zika virus.

6.2.2 Impact of Pre-existing Antibodies on Pathogenesis
Two experiments were performed to determine the impact of pre-existing antiZika virus antibodies on pathogenesis in the rabbit model. Rabbits in both experiments
were challenged with 5x106 PFU IV, same as the high dose challenge previously
presented. In the first experiment, vaccinated rabbits were primed with 1x108 PFU MVA
expressing Zika virus proteins (see section 2.1.1) IM and 1x109 PFU MVA expressing
Zika virus proteins IN four weeks later. Five weeks later the rabbits were boosted with
100µg Zika virus Env protein adjuvanted with 500µg R848. While R848 tends to have
decreased activity in rabbits compared to other species due to the lack of TLR7
signaling, there is detectable activity of adjuvants that are TLR8 agonists [157]. Thus,
while rabbits may not be ideal models for evaluating TLR7/8 signaling adjuvants for use
in humans, these adjuvants can be effective in rabbits. Rabbits were challenged 15 weeks
after the last vaccination. IV catheters were placed prior to challenge and blood was
collected as in the challenge dose experiment described above.
In the second experiment, two experimental groups received the anti-flavivirus
monoclonal antibody. One group received 10µg of 4G2 per rabbit mixed with the
challenge inoculum containing 5x106 PFU PRVABC59, based on the in vitro
concentration of 4G2 required for observable ADE activity [358]. Direct mixing insured
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that the antibody interacted with the challenge inoculum, but may have prevented either
from reaching the fetus. To maximize the transfer of anti-flavivirus antibody to the fetus
and since previous reports indicated that maternal antibody transfer primarily occurs
between day 20 and 25 of gestation [76], the rabbits in the other group that received 4G2
was administered 70µg of the monoclonal antibody IV on gestational day 20. 70µg of
4G2 was needed to achieve an estimated serum concentration of 200-250ng/mL, similar
to the amount that induce ADE activity in vitro [358]. Challenge was administered on
gestational day 22. Rabbits that had no flavivirus antibody were also challenged on
gestational day 22 to control for challenging at different times during pregnancy. IV
catheters were not placed in these rabbits and blood was collected 5 minutes after
challenge and on post-challenge days 1, 3, and 7.
6.2.2.1 Zika virus RNA
To aid in the determination of Zika virus RNA clearance and evaluation of
infection in challenged rabbits, serum was collected 5 minutes after challenge and 1 and
3 days post-challenge. As shown in figure 32, the vaccinated group had a trend towards
decreased viral load 5 minutes after challenge (p=0.1) compared to naive rabbits in the
same experiment that received the high dose challenge. Neither of the groups that
received 4G2 showed a decline in detectable RNA copies (p≥0.5) when compared to the
naïve rabbits challenged with high dose Zika virus in the same experiment. While the
naïve rabbits in both experiments were challenged with the same challenge dose, there
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was a significant difference in detectable Zika virus RNA 5 minutes after challenge
(p=0.02) preventing any pooled comparisons at 5 minutes post-challenge. These
differences could be due to slight differences between the experiments performed in
2017 and in 2018 (see Appendix A) such as in the timing of the post-challenge blood
collection and sample handling, or due to longer anesthetic duration and IV catheter
insertion in the experiment with vaccinated rabbits. For example, beginning to attempt
venipuncture five minutes post-challenge may result in a sample being successfully
obtained approximately 6 to 9 minutes post challenge if the first attempt was not
successful, while obtaining blood via an indwelling IV catheter in the lateral ear vein
was more consistent, but the sample had to be drawn slowly (less than 1 mL/min) or the
vein would collapse delaying sample acquisition.
Regardless of the differences affecting the quantification of viral RNA five
minutes after challenge, there were no significant differences in Zika virus RNA
concentrations between the challenged naïve rabbits in the two experiments on postchallenge day 1 (p=0.1). Therefore, Zika virus RNA concentrations in rabbits that
received 4G2 or vaccination were compared to all naive rabbits that received either the
high dose or low dose challenge. Naïve rabbits were pooled from all Zika virus
experiments regardless of the gestational day on which the challenge was administered.
Rabbits that did not have fetuses at necropsy, and thus were assumed to be non-
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pregnant at challenge, were not excluded from this analysis, but were indicated in
Figure 33 as filled diamonds compared to the open circle of pregnant rabbits.

Figure 32: Zika virus vaccination decreases the concentration of Zika virus
RNA detectable after challenge.
Zika virus RNA concentrations in the serum of rabbits challenged with 5x106
PFU PRVABC59 in the presence or absence of anti-Zika virus antibodies. Serum was
collected five minutes and one day after challenge administration and Zika virus RNA
concentration was determined by PCR. Experimental groups from the 2017 and 2018
study (see Appendix A) are shown on different graphs.
As shown in Figure 33, one day after challenge none of the 3 tested vaccinated
rabbits had detectable RNA in serum, while 4 of the 5 rabbits that received challenge
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mixed with 4G2 and all 4 of the rabbits that received 4G2 two days prior to challenge
had detectable RNA present. In rabbits that were naïve at the time of challenge, 7 of 11
rabbits that received the high dose challenge, and 0 of 7 rabbits that received the low
dose challenge had detectable Zika virus RNA present in serum one day after challenge.
When the prevalence of detectable Zika virus RNA was compared between groups
using Fisher’s exact test, naïve rabbits that received the low dose challenge were
significantly less likely to have detectable RNA present one day after challenge than
naive rabbits challenged with the high dose (p=0.01), rabbits that received 4G2 mixed
with challenge (p=0.01), or rabbits that received 4G2 prior to challenge (p=0.003). There
was no significant difference in Zika virus RNA concentrations between naïve rabbits
that received the low dose challenge and vaccinated rabbits that received the high dose
challenge (p=0.003). Likewise, rabbits that received high dose challenge without
flavivirus antibody, with 4G2 administered two days prior, or 4G2 mixed with the
challenge inoculum prior to administration had significantly higher serum
concentrations of Zika virus RNA that the group that received the low challenge dose
(p=0.04, 0.002, 0.02 respectively), vaccinated rabbits that also received the high challenge
dose did not have significantly different serum concentrations (p>0.9). Thus, the
increased prevalence and concentration of Zika virus RNA in serum induced by high
dose challenge was abrogated by vaccination but not by the monoclonal antibody 4G2.
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Figure 33: Zika virus vaccination resulted in serum Zika virus RNA
concentrations significantly lower than rabbits challenged in the presence of 4G2.
Rabbits were challenged with 5x106 PFU (high dose) or 5x104 PFU (low dose) of
PRVABC59 in the presence or absence of anti-Zika virus antibodies in the form of a
monocolonal antibody (4G2) or polyclonal antibody response to vaccination. Serum was
collected one day after challenge and assessed for Zika virus RNA by PCR.
Concentration in the serum of individual rabbits shown with non-pregnant rabbits
indicated by filled diamonds.
In direct comparison to rabbits that received the same high challenge dose,
vaccination resulted in significantly lower prevalence of Zika virus RNA in the serum
one day after challenge compared to the group that received 4G2 prior to challenge
(p=0.02), but failed to reach significance when compared to the group where 4G2 was
mixed with the challenge inoculum (p=0.1). Serum Zika virus RNA concentrations were
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significantly lower in vaccinated rabbits than in rabbits that received 4G2 prior to
challenge (p=0.004) and also tended to be lower than concentrations in rabbits that
received the challenge mixed with 4G2 (p=0.04, q=0.09). There were no significant
differences between vaccinated and naïve rabbits that received the high dose challenge
(p=0.1 for both concentration and prevalence).
There was no significant difference in the prevalence of detectable Zika virus
RNA in serum one day after challenge in the naïve rabbits or in either of the 4G2 groups
(p≥0.5). However, there was a trend for rabbits who receive 4G2 prior to challenge to
have higher serum Zika virus RNA concentrations on PCD 1 than naïve rabbits (p=0.04,
q=0.06). Therefore, prior administration of 4G2 may be a more sensitive model for
studying ADE of Zika virus in pregnant rabbits than mixing 4G2 with the challenge
inoculum. However, since no significant differences were noted between the 4G2
groups, these groups have been pooled for exploratory statistical analysis.
No rabbit in any of the groups had detectable Zika virus RNA present in serum
three days after challenge.
6.2.2.2 Maternal Immune Response
As in the challenge dose experiment, serum was collected from rabbits one day
after challenge and cytokine concentration was determined. Initially, all experimental
groups were compared. IL-21 and NCAM were significantly different between groups,
but failed to reach significance after adjustment for multiple comparisons. An
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exploratory analysis was performed on pooled groups to increase the power to detect
differences due to the presence of antibody at challenge. Naïve rabbits challenged on
gestational day 14 or 22 were pooled into a single naïve group, and both of the 4G2
groups and the vaccinated groups were pooled into the antibody group.

Figure 34: Serum concentration in pregnant rabbits challenged in the presence
or absence of anti-Zika virus antibodies.
Rabbits were challenged with 5x106 PFU (high dose) of PRVABC59 in the
presence or absence of anti-Zika virus antibodies. Serum was collected one day after
challenge, inactivated by the addition of 0.5% Tween and assessed for indicated
cytokines. Cytokine concentration between rabbits naïve at challenge or had anti-Zika
antibodies present were compared and P values are shown.
As shown in Figure 34, there were only two cytokines that were significantly
different between pregnant rabbits challenged in the presence or absence of anti-Zika
virus antibodies. Both IL-21 (p=0.007) and Leptin (p=0.01) were increased in rabbits
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challenged when antibody was present. MMP-9 (p=0.05) and TNFα (p=0.07) had a trend
towards higher concentrations in rabbits with antibody present at challenge. When nonpregnant rabbits were included in the comparisons, NCAM-1 expression was
significantly enhanced in rabbits challenged in the presence of antibody (p=0.03).
6.2.2.3 Fetal Impact

Figure 35: Number of absorbed and viable fetuses present seven days after
Zika virus challenge.
Rabbits were challenged with 5x106 PFU (high dose) PRVABC59 on gestational
day 14 (D14) or 22 (D22) in the presence or absence of anti-Zika virus antibodies in the
form of a monoclonal antibody (4G2) or polyclonal antibody response to vaccination.
The number of absorbed or viable fetuses was determined seven days after challenge.
As in the challenge dose experiment, seven days after challenge the uterus was
opened, and the number of apparently healthy fetuses and the number of resorbed
fetuses was determined. The rate of fetal resorption was not significantly different in
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naïve rabbits that were challenged on gestational day 14 (15%) or 22 (7.14%) (p=0.3,
Figure 35). Vaccinated rabbits had a resorption rate of 42.1% which is significantly
different from naïve rabbits challenged on gestational day 14 (p=0.02). Neither the group
that received the mAb mixed with challenge nor the group that received mAb two days
prior to challenge had a significantly different rate of fetal absorption compared to naïve
rabbits challenged on the same gestational day (15.79%, p=0.9; 9.09% p=0.8 respectively).
Thus, vaccination but not the presence of the 4G2 monoclonal antibody increased the
rates of fetal resorption.

Figure 36: Percentage of placentas with detectable Zika virus RNA was higher
in rabbits challenged on gestational day 22.
Rabbits were challenged with 5x106 PFU (high dose) PRVABC59 on gestational
day 14 (D14) or 22 (D22) in the presence or absence of anti-Zika virus antibodies in the
form of a monoclonal antibody (4G2) or polyclonal antibody response to vaccination.
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Placentas were collected seven days after challenge and assessed for Zika virus RNA by
PCR.
A total of 23 out of 79 placentas tested positive for Zika virus RNA, which is a
higher rate than expected based on the results from the challenge dose experiments. The
increased rate of detectable viral RNA in the placenta may be attributable to challenging
on gestational day 22 versus 14. When separated by the presence or absence of 4G2 at
challenge and the gestational day on which challenge was administered, rabbits that
were challenged on gestational day 22 tended to have higher rates of detectable Zika
virus RNA in the placenta than rabbits challenged on gestation day 14 (p=0.07). When
challenged on gestational day 14, 18% (6/33) of placentas had detectable Zika virus
RNA, while challenging on gestational day 22 resulted in 36% (17/46) of placentas with
detectable Zika virus RNA. When separated based on the presence or absence of 4G2,
naïve rabbits had 28% (12/43) of placentas test positive for Zika virus RNA while rabbits
that received 4G2 had 31% (11/36) of placentas test positive (p=0.8). There was no
significant difference in the percentage of placentas per litter that tested positive of Zika
virus RNA between the experimental groups (p=0.6). Additionally, there was no
significant difference in the concentration of Zika virus RNA detected in placental tissue
between rabbits that were naïve at challenge or those that received the 4G2 mAb at
challenge or two days prior to challenge (p=0.4 for both, Figure 37).
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Figure 37: Presence of 4G2 at challenge did not impact the amount of viral
RNA in infected placentas.
Rabbits were challenged with 5x106 PFU (high dose) PRVABC59 on gestational
day 14 (D14) or 22 (D22) in the presence or absence of anti-Zika virus antibodies in the
form of a monoclonal antibody (4G2) or polyclonal antibody response to vaccination.
Placentas were collected seven days after challenge and assessed for Zika virus RNA by
PCR.
When resorption rates and rates of Zika virus RNA detection in placentas are
compared in rabbits that were challenged with 5x106 PFUs IV, there becomes an
apparent inverse association between fetal resorption and detection of RNA in the
placenta. Thus, when challenged on gestational day 14, any fetus or placenta that
becomes infected may be more likely to be absorbed, while fetuses/placentas infected on
gestational day 22 are less likely to be absorbed. When the rates of fetuses affected
(absorbed or detection of Zika virus RNA in placenta) are compared between rabbits
challenged on gestational day 14 or 28, 32% of fetuses exposed to Zika virus on
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gestational day 14 and 40% of fetuses exposed to Zika virus on gestational day 22 are
affected.

Figure 38: Percentage of affected (resorbed or Zika virus RNA in placenta) and
unaffected fetuses when challenge is administered on gestational day 14 or 22.
Rabbits were challenged with 5x106 PFU (high dose) PRVABC59 on gestational
day 14 (D14) or 22 (D22). The number of apparently unaffected fetuses, resorbed fetuses,
and fetuses with detectable Zika virus RNA was detectable was compared between
rabbits challenged on D14 or D22 regardless of the presence or absence of anti-Zika
virus antibodies present at challenge. Percentage in graph is percent of fetus/placental
pairs that were apparently unaffected.

6.3 Conclusions
Previous attempts to determine if rabbits could be infected with Zika virus
detected an antibody response to challenge, but did not detect any evidence of infection
[237, 238]. To my knowledge, the experiments presented here are the first to
demonstrate transient infection in pregnant rabbits and detection of virus in placentas.
However, a few may argue that infection was not definitively shown. Many of
the traditional standards for demonstrating viral infection in animal models are not
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applicable to Zika virus. Zika infection in both humans and animals is often
asymptomatic [332, 361, 362]. While virus isolation was not attempted, Zika virus RNA
was detected in the serum one and two days after challenge in rabbits that were
challenged IV with 5x106 PFU PRVABC59 strain of Zika virus (Figures 28 & 32). Zika
virus RNA was not detected at any timepoint other than five minutes after challenge
when 5x106 PFU of heat-inactivated PRVABC59 was administered, thus detection of
Zika virus RNA one and two days after challenge is indicative of infection. Furthermore,
Zika virus RNA was detected in placental tissues seven days after challenge with 5x106
PFU PRVABC59, a timepoint at which Zika RNA was cleared from serum, indicating
uptake and replication in placental tissue. In fact, placenta concentrations of Zika RNA
exceed concentrations of Zika virus RNA in the serum one day after challenge, and all of
the challenged rabbits that had a placenta with detectable Zika virus RNA also had
placentas where Zika virus RNA was not detected. Thus, if infection did not occur, some
placentas in the same litter would have concentrations of up to 1.5x105 Zika RNA
copies/placenta while others had less than 400 copies/mL. Transient viremia and
detection of viral RNA in tissues 3 days after challenge was sufficient to support Zika
virus infection in other studies [363].
While there was no evidence of infection in the group that received the low
challenge dose, there was a significant increase in fetal resorptions compared to a
historical control group, and there was a trend for increased resorptions compared to the
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high dose challenge group (p=0.5), potentially indicating a role for immunopathology
rather than direct fetal infection after low dose challenge. In mice, type I interferons have
been reported to cause fetal demise without active fetal infection [360]. Additional
studies are needed to determine the cause of fetal demise in rabbits administered a low
challenge dose of Zika virus and compare to challenge with an equivalent dose of heat
inactivated Zika virus.
When Zika virus challenge was administered on gestational day 22 instead of
day 14, there was a trend towards higher rates of placentas with detectable Zika virus
RNA. However, the fetal resorption rate was half the rate when challenged on
gestational day 14. While a decrease in fetal resorptions as gestation progresses is not
surprising, it is surprising that there was not a significant decrease in the number of
fetuses affected. Mice challenged on gestation day 9.5 had a 90% rate of fetuses affected,
while challenge on gestational day 12.5 had only a 13% rate of fetuses affected [364].

6.3.1 Antibody Dependent Enhancement of Fetal Infection
There is in vitro evidence for maternal antibody mediated enhancement of MTCT
for both Zika virus and HIV [134-136]. However, an in vivo model has yet to be
established. Dengue virus, a flavivirus related to Zika virus, is the most well studied
example of ADE of infection due to the severity of the syndromes associated with ADE.
However, the severity of those syndromes also reduces the applicability of a Dengue
model for assessing the potential for ADE of MTCT as significant maternal morbidity
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would occur. However, since Zika virus is associated with mild symptoms, if any [332],
it may be a useful model for assessing maternal antibody enhancement of transplacental
infection.
In this study the ability of the monoclonal antibody, 4G2, to enhance fetal
infection was tested. The 4G2 rabbit monoclonal antibody was selected as it is
commercially available and thus more conducive for independent replication of results,
and as a recombinant mouse antibody with an identical specificity enhanced Zika virus
infection in vitro [358]. Antibody was either mixed with challenge inoculum and
administered at a timepoint where transplacental antibody transfer was thought not to
occur, or the antibody was administered two days prior to challenge during a time
where maternal antibody has been detected in the fetus [76]. There was no significant
difference between rabbits that received challenge alone or with 4G2 present in
detectable concentrations of Zika virus RNA in maternal serum, number of resorbed
fetuses, number of fetuses with detectable RNA in the placenta, or concentration of Zika
virus RNA detected in the placenta. Thus, there was no detectable ADE of MTCT of Zika
virus with 4G2.
The potential of a Zika virus vaccination regimen was also assessed for potential
enhancement of infection. Unfortunately, one of the rabbits was removed from the study
prior to challenge due to a trichobezoar (see section 2.2.3), and two of the remaining
rabbits were not successfully bred. Of the two rabbits that were bred, the entire litter of
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one rabbit was resorbed, while none of the fetuses in the other litter were resorbed.
Nonetheless, the rate of fetal resorption was significantly higher in the vaccinated group
than naïve rabbits that were challenged, indicating that maternal immunity had a
negative impact on fetal viability after Zika virus challenge. Additional experiments are
needed to replicate this experiment and to compare the immune responses between
rabbits that lost their entire litter and those who experienced no incidences of fetal
demise.
When the serum concentrations one day after challenge were compared between
pregnant rabbits challenged in the presence or absence of anti-flavivirus antibodies (4G2
or vaccination), concentrations of IL-21 and leptin were significantly increased in serum
of pregnant rabbits with anti-flavivirus antibodies. Furthermore, there was a trend
towards increased MMP-9 and TNFα. Guinea pigs had increased TNFα concentrations 3
days after challenge [241]. There was also a trend towards higher concentrations of IL-8
which is in contrast to in vitro ADE of placental cells which show a decrease in IL-8
production [136].
Now that a rabbit model for Zika virus infection has been established, future
investigations can investigate the in vivo potential for antibodies to enhance
transplacental MTCT.
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7. Conclusions
7.1 Comparing Intramuscular and Intranasal Vaccination
Mucosal vaccination commonly requires higher antigen doses or an increased
number of vaccines to induce serum antibody responses similar to injected vaccines
[154, 276]. This is partially due to additional innate immune defenses that mucosal
vaccines have to overcome, as discussed in section 7.1.3, but also due to differences in
the mucosal versus systemic immune system. While mucosal vaccination may be less
inclined to induce serum antibody responses, mucosal antibody responses are often
induced which can potentially provide additional protection beyond that provided by
serum antibodies. For maternal vaccination, serum IgG responses are important as they
can be transplacentally transferred to the infant, but milk antibody responses can
provide additional protection to the infant. For example, milk antibodies can neutralize
pathogens before they infect the infant via the respiratory or GI tract. This can prevent
infant infection with typical respiratory and GI pathogens, but can also prevent motherto-child transmission of pathogens, such as HIV and Zika virus, while breastfeeding.
Using the rabbit model, intranasal immunization with a MVA vector expressing
gp120 was demonstrated to be more immunogenic than gastric or rectal immunization,
but did not induce similar serum gp120-specific IgG responses as IM administration
even when three-fold higher doses were used (Figure 3). Intranasal vaccination with a
non-replicating MVA vector expressing was compared to a dose-response performed
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with the vector administered IM, and an estimated 130-fold increase in concentration of
non-replicating MVA would be required for IN administration to induce similar serum
gp120-specific IgG responses as IM administration (Figure 5). This is surprising as
previous work in rabbits demonstrated that 300µg of gp120 IN was sufficient to induce
serum gp120-specific IgG responses similar to 100µg of gp120 IM [154].
Several factors likely affect these different dose estimations including MVA
biology, which is discussed in section 7.1.1. There was also differences in the statistical
method used to determine the IN dose required. The study evaluating gp120
administered IN identified 300µg of gp120 IN as the dose at which serum gp120-specific
IgG responses were not significantly different from those induced by 100µg of gp120 IM.
300µg of gp120 IN was the highest dose tested, thus is one concentration in a range of IN
gp120 doses that would induce similar serum gp120-specific responses as IM
vaccination, and this dose range would be impacted by the power of the experiment to
detect differences of a given magnitude. It is important to remember that the statistical
testing of the null hypothesis only determines that the vaccines being compared are not
different. Failure to reject the null hypothesis does not mean the vaccines being
compared are equivalent. In that regard, mathematical modelling of antibody responses
to different doses of MVA administered IM and interpolation of dose equivalency for
the measured gp120-specific IgG responses after IN vaccination with the same vector
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attempts to identify a dose equivalency between IM and IN administration, rather than
non-inferiority.
The experiment to select a gp120 dose for two IN vaccines to induce similar
serum gp120-specific IgG responses as a single IM vaccine was slightly more
informative that the previous study as both 100 and 300µg of gp120 IN were shown to
be significantly different than 100µg of gp120 IM (Figure 6). Thus, a gp120 dose between
100-300µg induces similar serum gp120-specific IgG when administered twice
intranasally as a single administration of 100µg of gp120 IM. One weakness of this
experiment was the use of different vaccine adjuvants for IM and IN vaccination, and
ideally this experiment would be repeated with gp120 alone.
Based on the potential for decreased antigen doses to be required to IN
vaccination to boost pre-existing gp120-specific IgG responses to comparable levels as
those induced by an IM boost, an attempt was made to induce serum gp120-specific IgG
responses comparable to an IM boost with 100µg gp120 using a single IN booster
vaccine. 300µg of gp120 fused to the adenovirus type 2 fiber domain (Ad2F) was
selected as AD2F fusion proteins have shown increased immunogenicity when
administered IN [154, 203, 244, 277]. Unfortunately, this IN booster formulation was not
sufficient to induce similar serum gp120-specific IgG responses as the IM booster when
only a single IN boost was administered (Figure 7). However, administration of an
additional IN boost resulted in serum gp120-specific IgG titers that were not
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significantly different from the single IM boost, providing additional support to using
two IN vaccinations to induce similar serum gp120-specific IgG responses as an IM
vaccine in both naïve and immune individuals.
Based on these studies in non-pregnant rabbits, pregnant rabbits that received
either a single IM booster vaccine containing 100µg gp120 adjuvanted with alum or two
IN booster vaccines containing 200µg gp120 adjuvanted with MPL or chitosan had
similar concentrations of gp120-specific IgG in both maternal and infant serum. This
indicates that optimized mucosal vaccines could be used in a maternal vaccine regimen
without negative impacts on the passive transfer of maternal gp120-specific IgG. While
no immunologic benefit was detected for IN compared to IM maternal vaccination in
these studies, this does not indicate that there is not an immunologic benefit of IN
vaccination over IM vaccination. Furthermore, IN vaccines may be a preferred route of
immunization for patients with needle phobias and could be viewed as a more natural
approach to immunizations for those hesitant about vaccinations. Nasal formulations
may also not require refrigeration or sterility for administration, increasing their utility
to curb the HIV epidemic in resource poor areas [225, 365].

7.1.1 Differences in IM and IN Administration of MVA
Immune response to pox viruses is known to be significantly impacted by the
route of administration. For example, while <1 PFU of rabbitpox virus causes disease,
approximately 10x that dose is needed to cause disease when administered
197

subcutaneously, intratesticularly, or by aerosol, yet 100x increase is needed for
intravenous infection, and 1,000 PFUs is the low dose reported for intranasal challenge
[366]. Similarly, administration of 1,000 PFUs of vaccinia virus to rabbits by intradermal
injection resulted in 80% mortality, while administration of about 107 PFUs by
scarification resulted in 25% mortality [367]. Interestingly, that study went on to
demonstrate that it was the activation of the innate immune system through the act of
scarification that was protective. Immune responses to MVA are higher when
administered by intradermal [368] or scarification [369] than by intramuscular routes.
Since pox viruses have a variety of genes that regulate the host’s immune response [169],
these administration route-specific effects, especially when nearby scarification confers
protection against a lethal intradermal dose [367], may be partially attributable to hostpathogen interactions varying due to tissue-specific environmental factors.
If MVA immunogenicity can be altered by the mucosal route by which it is
administered, further development of vaccination regimens that utilize mucosal
administration of MVA may be significantly hampered if MVA is not optimized for the
route of administration. Immunomodulatory gene depletion is being extensively studied
with systemically administered MVA, with some very promising results [280, 370-372].
It is unclear if the same immunomodulatory genes will enhance, or conversely even
inhibit, immunogenicity when MVA is administered by mucosal routes. Furthermore,
the different forms of infectious particles (MV, EV, ATI) may impact immunogenicity
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when MVA is administered by different routes. It has been hypothesized that the EV
form is most important for transmitting infections between individuals [373]. If this form
is better adapted for infecting hosts, which naturally occurs at mucosal sites, it follows
that the same characteristics could affect its efficacy when administered as a mucosal
vaccine. This could indicate that the ratio of MV/EV is important for efficient mucosal
vaccination and/or that insertion of gp120 needs to be altered for mucosally
administered MVA.

7.1.2 Biological Equivalency
While serum gp120-specific IgG responses were used to determine IM and IN
vaccine formulations that were not significantly different, there are many ways that
intranasal and intramuscular vaccines can be compared. The simplest, and least
biologically relevant, is to argue that identical formulations are equivalent. Since
vaccines require an adaptive immune response for efficacy, the vaccine must overcome
innate immune defenses at the different sites of administration to initiate adaptive
immune responses. Intranasal vaccination must overcome innate immune defenses such
as mucus, mucociliary clearance, and enzymatic degradation which are not present
intramuscularly. In all, innate immune defenses result in clearance of a portion of the
vaccine. Thus, it is clear that identical intranasal and intramuscular vaccine formulations
are not equivalent.
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Even if vaccine formulations were optimized for equivalent antigen uptake,
differences in the immune system at these two sites of administration would impact
vaccine responses. Therefore, optimizing vaccine formulations for the induction of
known correlates of protection may be ideal. However, using correlates of protection
biases equivalency determinations based on the limits of our current knowledge, and
therefore even if there were no statistical differences in correlates of protection between
the vaccine formulations, any differences in efficacy could be due to limitations in our
knowledge. For example, while serum V1V2-specific IgG responses were shown to
correlated with protection in the RV144 clinical trial, serum Env-specific IgA was shown
to mitigate vaccine efficacy [230]. Later studies demonstrated a positive correlation
between V2, V3, and C1-specific IgG responses and protection from infection when high
concentrations of Env-specific IgA were not present [374] [233, 234]. Antibody
glycosylation patterns have also been shown to influence efficacy [69, 326, 375, 376].
Thus, for this study gp120-specific IgG responses were used to optimize IN vaccine
regimens.

7.1.3 Statistical Equivalency
There is increasing concern regarding science culture and the overemphasis of p
values and under emphasis of external validity [377, 378]. The publication of only
statistically significant data results in both outcome reporting bias and publication bias
[379]. There has recently (March 2019) been a renewed call to stop the use of
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dichotomous terminology such as “statistically significant” and to stop the use of
asterisks in graphs to reduce cognitive biases associated with categorization [256-258].
Unfortunately, the reporting of p values, confidence intervals, and sample size in tables
allowing, or forcing, the reader to make their own judgements and think critically about
the data [257] is antithetical to the concept of “leading” a reader through a “story” and is
perhaps too optimistic.
It was particularly heartening to see a discussion of p values in relation to sample
size in the recent outcry against p values as a binary study outcome [380]; however, the
relatedness (genetically and environmentally) of individuals in pre-clinical studies
should also be considered. The lack of acknowledgement that intrasubject variation is
lower in inbred animals that are raised in highly regulated environments is at least
partially responsible for the criticism that animal models have low predictive value of
efficacy in humans and thus low external validity [347, 381]. Emphasizing “statistically
significant” p values is biasing research towards small animal models that have low
variation between individuals and can be performed in a large number of animals at
once, thereby reducing variation in outcome measurements. Thus, the pressure to
produce a low p value, and the increase credibility given to studies that do achieve this
arbitrary p value, reduces or eliminates any incentive to replicate experiments in other
strains or in outbred models, which is in contrast to studies that recommend the
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replication of experiments and comparison in multiple species to increase translatability
[382].
The rabbit model is an ideal small animal model for bridging the gap between
rodent and NHP experiments. Previous work with gp120-vaccines in the rabbit model
demonstrated gp120-specific antibody responses were similar between species [154],
with slight differences in antigen-specificity and in certain functional assays [155]. Since
rabbit antibodies are recognized by human and NHP Fc receptors, and rabbit Fc
receptors can recognize human and NHP antibodies, functional assays can be
standardized across all three species and species-specific differences established and
accounted for. Thus, the rabbit model can fill a niche within pre-clinical vaccine
development to enhance the translation of findings into humans.
Adopting a non-inferiority experimental design [383] for comparing candidate
interventions in animal models may prevent readers from concluding that two vaccines
are the same instead of recognizing that a study was not sufficiently powered to detect a
difference of a certain magnitude. Non-inferiority testing may also emphasize that a
single animal model has little external validity for predicting efficacy in humans. The
non-inferiority design tests the hypothesis that the experimental therapy is inferior, and
statistical significance indicates that the experimental therapy is similar or superior to
the standard, thus preventing incorrect conclusions that a lack of significance indicates
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two interventions are similar, which is observed with conventional statistical testing
[384].

7.2 Maternal Vaccine Adjuvants
In rabbits that received the IM boost during pregnancy, there was an apparent
dose response to alum in maternal and infant gp120, V2, and V3-specific IgG responses
(Figure 11&12). Furthermore, V2-specific IgG transplacental transfer but not gp120 or
V3-specific IgG also increased with increasing doses of alum (Figure 13). There was also
a trend towards increased C5-specific responses in rabbits that received gp120
adjuvanted with 200µg alum but not with 800µg alum (Figure 14). As infants had
higher serum concentrations of C5-specific IgG than their mothers, and C5-specific IgG
is thought to have minimal protective efficacy, inclusion of 800µg alum would be more
beneficial than using 200µg alum for maternal vaccination with gp120.
Intranasal vaccine adjuvants had a significant impact on the immunogenicity of
maternal IN vaccines and the transplacental transfer of gp120-specific IgG. To begin
with, intranasal vaccination with gp120 alone was able to enhance serum gp120-specific
IgG responses in maternal and infant serum (Figure 17 & 19). While others have
reported adjuvant activity with 0.5% methylcellulose [225, 226], rabbits that received
MC-adjuvanted maternal vaccines had gp120-specific IgG concentrations in maternal
and infant serum, transplacental transfer ratios, relative frequency of IgG responses to
the five tested domains of gp120 that were indistinguishable from rabbits that were
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vaccinated with gp120 alone. Thus, there was no detectable adjuvant activity associated
with MC.
Conversely, gp120 vaccines adjuvanted with either MPL or chitosan increased
maternal and infant serum gp120-specific IgG concentrations compared the saline group
(Figure 17 & 19). However, the chitosan-adjuvanted vaccine significantly enhanced
transplacental transfer of gp120-specific and V2-specific IgG compared to the saline
group, while the MPL-adjuvanted vaccine did not significantly enhance transplacental
transfer compared to the saline group (Figure 18). When an exploratory repeated
measures 2-way ANOVA was performed on the log transformed infant serum IgG
concentrations, chitosan-adjuvanted vaccines was associated with a significant increase
in vaccine-induced IgG responses in infant serum.
An exploratory analysis (Kruskal-Wallis) into differences in gp120-specific IgG
passive transfer ratios showed that both alum (200 and 800µg pooled) and chitosanadjuvanted vaccines enhanced passive transfer (p=0.007, 0.03 respectively) while MPLadjuvanted vaccines did not enhance passive transfer (p=0.7) compared to rabbits that
received an IM vaccine prior to pregnancy and saline IN during pregnancy.
Furthermore, there was a minimal difference in the transplacental transfer rates of
gp120-specific IgG between alum and chitosan-adjuvanted vaccines (p=0.6), but there
was an appreciable difference in the transplacental transfer rate between alum and MPLadjuvanted vaccines (p=0.02). There was a trend for increased gp120-specific IgG
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transplacental transfer rates with chitosan-adjuvanted vaccines compared to MPLadjuvanted vaccines (p=0.08). Thus, maternal vaccine adjuvants can significantly impact
transplacental transfer of vaccine-elicited antibody through mechanisms other than
altered concentrations of vaccine-specific IgG in maternal serum.
The observed differences in the transplacental transfer of maternal antibodies
provide sufficient rationale for exploring mechanisms that may alter the passive transfer
of antibodies in the rabbit model. While observations in the rabbit model cannot be
assumed translatable to humans, the rabbit may be a sensitive model for assessing
potential impacts on transplacental transfer rates due to the lack of multiple IgG
subclasses introducing additional variance in transfer rates. Thus, the rabbit may be
more sensitive to differences in factors such as antibody glycosylation, which may not
cause smaller magnitude of differences between experimental groups in humans or
NHPs, requiring experiments to have higher statistical power to identity confounding
differences between glycosylation and IgG isotype. Furthermore, rabbit antibodies can
be tested in assays using human Fc receptors and/or human cells [155]. Therefore,
rabbits may be an ideal animal model to bridge the gap between in vitro glycosylation
changes induced by adjuvants and the impact of glycosylation on FcRn binding with
observed transplacental transfer rates in NHPs or humans.
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7.2.1 Impact on Fc Glycosylation
Further testing of combined maternal/infant vaccination is needed to determine
if glycosylation changes due to vaccinating during pregnancy impact maternal antibody
mediated inhibition of infant responses. Antibody Fab and Fc glycosylation has been
shown to be altered during pregnancy and glycosylation impacts Fc receptor binding.
Since many proposed mechanisms for maternal antibody mediated inhibition of infant
vaccination are mediated by Fc receptors (see Table 1), it would follow that antibody
responses developed during pregnancy, or modified during pregnancy, could impact
infant response to vaccination to different degrees if not in different ways altogether.
In addition to vaccine adjuvants altering Fc glycosylation, it has also been
recently reported that estrogen modulates galactosylation of the Fc portion of IgG [385].
Since estrogen levels increase throughout pregnancy, it would follow that the timing of
vaccination during pregnancy could result in different amounts of galactosylation on
maternal antibodies. It is not yet clear if glycosylation patterns on vaccine induced
antibodies change over time or with additional vaccinations, so it is not clear if
vaccination during early pregnancy would result in an adjuvant-induced effect on
antibody glycosylation that will be altered in late pregnancy due to estrogen levels.
Since antibody glycosylation patterns have been demonstrated to change on subsequent
exposures, the impact of passively transfer maternal antibodies induced by vaccination
prior to pregnancy, during pregnancy, and boosted during pregnancy be compared for

206

different effects on infant immune responses to vaccination. Ideally correlations would
be made to any differences in glycosylation patterns. Furthermore, glycosylation
patterns on infant vaccine-specific antibody responses should be assessed as well as the
protective efficacy of the passively transferred maternal antibodies.
Additionally, while IgA glycosylation is not as extensively studied as IgG
glycosylation, it is known that IgA Fc glycosylation is altered during pregnancy and for
at least 6 weeks post-partum [386]. It is not clear if estrogen is also responsible for
alterations in IgA glycosylation during pregnancy. However, if would appear that
glycosylation patterns can change over time as pregnancy-associated changes in IgA
glycosylation wane.
One important question that may be critical to maternal/infant vaccination is if
glycosylation patterns influence whether maternal antibodies enhance or inhibit infant
responses, particularly if infant cells are able to alter the glycosylation pattern of
maternal antibodies. This may be especially important for galactosylated antibodies as it
is the substrate for sialyltransferases and sialylation is known to result in a conformation
change that closes the hinge-CH2 region binding site that is required for binding to type
I Fc receptors and opens the binding site at CH2-CH3 required for type II Fc receptor
binding [27]. Increased type II Fc receptor binding could inhibit the activation of
immune cells in the infant, resulting in downregulation of infant immune responses to
antigen.
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7.2.2 Impact on Fab Glycosylation
One potential way maternal vaccine adjuvants may be able to regulate antibody
characteristics and function is through the development of asymmetric antibodies.
Asymmetric antibodies are Fab-glycosylated IgG antibodies that are effectively
univalent due to a mannose-rich oligosaccharide reside on one of their Fab regions [387,
388]. Asymmetric glycosylation results in the antibody being unable to activate effector
functions as the unmodified Fab arm can bind to antigens with high affinity, but the
modified Fab arm cannot bind due to steric hindrance, resulting in the inability to form
antigen-antibody complexes [389].
It is estimated that 15-25% of total serum IgG is asymmetric in non-pregnant
individuals [387]. However, during pregnancy, asymmetrical antibodies accounted for
up to 50% of serum IgG during the second trimester [390]. Thus, maternal vaccination
during the second trimester may enhance asymmetric antibodies. One mechanism that
may be responsible for the increase in asymmetric antibodies during pregnancy is the
upregulation of oligosaccharyltransferase by IL-6 and progesterone [391-393]. If this is
the case, adjuvants that elicit IL-6 responses may be contra-indicated during pregnancy
as asymmetrical antibody production is already enhanced. Furthermore, it may indicate
that maternal vaccine efficacy, and even all maternal antibodies, could be impaired by
IL-6 production by placental macrophages (Hofbauer cells) infected with viruses such as
HIV [394] or Zika virus [395, 396]. Thus, the regulation of asymmetrical antibodies
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during pregnancy is multi-factorial and may have significant effects on fetal tolerance as
well as maternal antibody mediated protection within the mother.
Asymmetric IgG could potentially protect fetuses from MTCT of pathogens or
could reduce maternal antibody-mediated protection within the infant. As Fc binding of
asymmetric antibodies is not altered, asymmetric antibodies should be able to be
transplacentally transferred to the infant where they would have limited ability to
provide protection, unless the infant can alter maternal antibody glycosylation. There is
one report that asymmetrical antibodies are able to bind to the Fc region of other IgG
antibodies [388]. If this is the case, binding of “normal” symmetric IgG to an Fc receptor
may be altered due to binding of asymmetrical IgG to its Fc region. The resulting
complex of asymmetric IgG bound to symmetric IgG bound to antigen could allow
maternal antibody mediated neutralization of pathogens, while minimizing other
effector functions that are associated with inflammatory responses that may be
detrimental in mother or child. Furthermore, the inability of asymmetric IgG to form
immune complexes could provide protection against mother-to-child transmission of
pathogens as it would limit the formation of immune complexes between maternal
antibodies and the pathogen.
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7.2.3 Altered Ig Receptor Expression
In addition to altering maternal antibody characteristics, maternal vaccine
adjuvants may be able to directly affect the transfer of maternal antibodies to the
offspring. As previously mentioned, maternal serum IgG is transported across the
placenta by FcRn, and maternal IgA and IgG are transported into milk by pIgR and
FcRn. Transport across the placenta or into milk is a rate-limiting factor in the passive
transfer of maternal antibodies. Several studies have shown high levels of total serum
IgG in pregnant women can result in lower amounts of vaccine-specific IgG being
transferred to the infant [397]. Furthermore, transgenic animal models demonstrate that
increasing the expression of FcRn or pIgR enhances transplacental and milk IgG [398,
399] or milk IgA [400], respectively.
It appears that bacterial and viral infections mediate their effects on pIgR and
FcRn at least partially through TLRs and cytokines (Table 1). Therefore, vaccine
adjuvants or viral-vectored vaccines may be able to regulate pIgR and FcRn expression
thereby enhancing or decreasing passive transfer of both total and vaccine-specific
antibody levels. Of particular note, TLR4 agonists are able to increase both pIgR [193]
and FcRn [194] expression, potentially indicating that inclusion of a TLR4 agonist in a
maternal vaccine may be able to enhance passive transfer. Thus, while modulation of
placental FcRn expression, but not FcRn expression in the mammary gland would
explain why decreased transplacental transfer occurred in the MPL adjuvant group
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relative to the chitosan-adjuvanted group, with milk gp120-specific concentrations
similar in the groups, downregulation of placental FcRn is not consistent with known
activity of TLR4 agonists. Examination of placenta FcRn expression is needed to rule out
altered receptor expression between the MPL and chitosan-adjuvanted groups.
Table 5: Immune regulators of FcRn and pIgR expression
Infections
Regulation: Increase

pIgR

Reovirus
[401],
chlamydia
[402]

FcRn

TEGV [409]

TLR ligands

Cytokines

Decrease

Increase Decrease Increase
Decrease
IFNγ [405],
SHIV [82,
TNFα [406], ILTLR 3 &
403], N.
1β [407], IL-4
4 [193]
fowleri [404]
[405], IL-8, IL-17
[408]
TLR 4 &
TNFα, IL-1β
IFNγ
SHIV [82]
9 [194]
[194]
[410]

7.3 Induction of Milk Antibodies
Since mucosal vaccination is thought to enhance mucosal antibodies, particularly
IgA responses, and since enhanced milk gp120-sepecific IgA was observed in NHP
boosted intranasally compared to intramuscularly [128], it was surprising that IN
vaccination did not result in higher geometric mean milk gp120-specific IgA titers
(Figure 22). An exploratory analysis (repeated measures 2-way ANOVA) was
performed on log transformed serum and milk gp120-specific IgG and IgA responses in
rabbits that received an IM prime only with no booster vaccine administered during
pregnancy (saline control group), an alum-adjuvanted booster vaccine IM during
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pregnancy, or a chitosan or MPL-adjuvanted booster vaccine IN during pregnancy.
Serum and milk gp120-specific IgA (p=0.01 for both fluids) and IgG (p<0.0001 for both
fluids) was increased in rabbits that received IM or IN booster vaccines compared to the
saline group. Therefore, maternal vaccination with gp120 during pregnancy can enhance
both serum and milk gp120-specific antibody responses. While serum gp120-specific IgA
responses were similar between rabbits that received an adjuvanted IM or IN booster
vaccine during pregnancy (p=0.9), there was a trend for lower milk gp120-specific IgA
responses in rabbits that received an adjuvanted IN booster vaccine (p=0.07) compared
to those that received and adjuvanted IM booster vaccine during pregnancy. This is in
contrast to the gp120 vaccine study in NHPs that saw increase milk gp120-specific IgA
responses with intranasal boosting compared to intramuscular boosting [128]. As
discussed in section 4.3.3, while differences in the mucosal immune system of the rabbit
may have caused the observed differences, differences in vaccine formulations are also a
potential cause. Factors affecting the induction of breast milk antibodies need to be
elucidated for future maternal vaccine development.

7.3.1 Optimizing Induction of Milk Antibodies Without Increasing the
Risk of Infant Infection
While the induction of milk antibodies is thought to reduce the risk of MTCT,
simultaneous induction of CD4+ T cells with mucosal vaccination that then migrate to
the mammary gland may increase the risk of MTCT. The mucosal homing ligand α4β7 is
known to interact with V2 and enhance HIV infection of those cells [305, 306]. Ideally
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selection of a mucosal route of vaccination and adjuvant would maximize the induction
of B cells that migrate to the mammary gland, while minimizing the risk of CD4+ T cells
homing to the mammary gland in infected women. For example, alum-adjuvanted IM
vaccines induced higher α4β7 expression than MF59 [67]. However, a more practical
approach may be use of mucosal vaccination that induces T and B cell homing to the
mammary gland with intramammary delivery of antiretrovirals to minimize local viral
replication. Thus, co-development of maternal vaccination regimens and antiretroviral
therapy should be considered for HIV.
Furthermore, timing of intranasal vaccination to induce milk antibody responses
has not been well studied. Not only is it unclear when vaccination should begin to
induce high quantities of IgA in milk, but vaccination interval is also unknown. In infant
NHPs, prolonging vaccine intervals increased the induction of mucosal env-specific IgA
[411]. However, that may also be due to the duration of antigen exposure. NHP studies
are needed to determine if intranasal vaccination starting at the beginning of pregnancy
and using longer vaccination intervals is superior to a rapid intranasal vaccination
regimen at the end of pregnancy. NHP are the model best suited for this type of study as
both the rabbit and guinea pig gestation are too short for completion of a vaccination
series using prolonged vaccination intervals without starting immunizations prior to
pregnancy, which might alter glycosylation. Ideally, high HIV-specific IgA titers would
be present prior to parturition as HIV viral loads are reported to be higher in colostrum
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than in mature milk [412]. The longer lactation period in the NHP is also ideal for
determining intervals needed to maintain IgA titers while nursing.
The rabbit model would be an ideal model for determining if maternal antibody
complexed with Zika virus in milk could infect infants. Zika virus has recently been
detected in milk present in the stomach of mouse pups born to Zika virus-challenged
mothers, but vertical transmission was not detected [337]. However, it is unclear if
vertical transmission could occur if sub-neutralizing quantities of antibody were present
in milk.

7.3.2 Protective Efficacy Within the Mammary Gland
While most studies evaluating maternal vaccination regimens to prevent MTCT
of viral pathogens in milk concentrate on the ability of milk antibodies to prevent infant
exposure to the pathogen, maternal mucosal immune responses may also work within
the mother to prevent viral shedding into the milk. Local replication of HIV in the
mammary gland is responsible for at least some of the cell-free HIV particles found in
milk [413], and Zika virus replication has been observed in mammary tissue [337].
Therefore, local T and B responses capable of limiting viral replication in mammary
tissue may reduce the amount of virus shed in milk. Future studies should evaluate the
ability of IM and IN vaccination regimens to reduce viral shedding in milk.
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7.4 Maternal Antibody Interference with Infant Vaccination
Using infant rabbits born to mothers that received 0 to 3 vaccinations with gp120,
and thus who had a range of maternal gp120-specific IgG present when the first infant
vaccine was administered, was an ideal model for determining the impact of maternally
derived gp120-specific IgG on infant antibody responses to vaccination. Infant rabbits
born to vaccinated mothers had decreased serum gp120-specific IgG concentrations after
receiving a single unadjuvanted gp120 vaccine while infants born to naïve mothers had
increased serum gp120-specific IgG concentrations after vaccination with a single
unadjuvanted gp120 vaccine (Figure 24), indicative of maternal antibody mediated
inhibition of infant vaccination. Alum-adjuvanted vaccines also induced a detectable
serum gp120-specific IgG response after the first vaccination in all infants born to naïve
mothers (n=8), but none of the infants vaccinated in the presence of maternal antibodies
(n=22). Thus, both adjuvant and unadjuvanted vaccines administered to 2 week old
infant rabbits were inhibited by maternal antibodies.
After receiving a second vaccine, 5 of 16 infant rabbits that were vaccinated with
gp120 alone in the presence of high maternal gp120-specific IgG concentrations failed to
have a detectable gp120-specific IgG response to vaccination. All infants that received
two doses of an adjuvanted vaccine (n=34) had a detectable gp120-specific IgG response
to vaccination. Use of an adjuvanted vaccine increased the likelihood that infants with
maternally derived gp120-specific IgG present at vaccination would have a detectable
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gp120-specific IgG response after administration of 2 vaccines (p=0.0006). Therefore,
maternal gp120-specific IgG responses were able to inhibit the development of gp120specific IgG responses in vaccinated infants, but inclusion of either GLA-SE or alum in
the infant vaccine was able to overcome maternal antibody inhibition after 2
immunizations.
After completion of the two-dose vaccine series vaccination with gp120 alone
enhanced gp120, V2, and V3-specific IgG responses compared to unvaccinated infants
when less than 50ng/mL of gp120-specific IgG present at 2 weeks of age, but failed to
enhance gp120, V2, and V3-specific IgG responses compared to unvaccinated infants
when more than 10,000ng/mL of gp120-specific IgG was present in the serum of 2 week
old infants (Figure 25). Alum-adjuvanted and GLA-SE-adjuvanted vaccines were able to
enhance serum gp120, V2, and V3-specific IgG responses compared to unvaccinated
infants regardless of the amount of maternal antibody present. These results support the
conclusion that maternal antibodies can inhibit infant vaccination with gp120, but use of
adjuvants can help overcome that inhibition.
Use of an env-specific binding antigen multiplex assay and subtraction of
responses measured in the serum of unvaccinated littermates who only had maternal
derived env-specific IgG from the responses measured in the serum of vaccinated
infants showed several significant results (Figure 27). Infant serum C5-specific and V3specific IgG responses were decreased when infants were vaccinated in the presence of
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maternal antibodies. V3 and C5-specific responses have previously been reported to be
dominant antigen-specific responses induced in rabbits vaccinated with gp120 [155], so
it is tempting to hypothesize a maternal antibody dose-dependent effect. However,
infants that were vaccinated with an alum-adjuvanted vaccine in the presence of
maternal antibodies had enhanced gp120-specific and V1V2-specific IgG responses
compared to infants that received the alum-adjuvanted vaccine with low or no maternal
gp120-specific IgG present. GLA-SE-adjuvanted vaccines did not see an enhancement in
gp120 or V1V2-specific IgG when administered in the presence of maternal antibodies.
Therefore, not only is there evidence of maternal env-specific IgG enhancing infant IgG
responses to certain gp120 domains, but simultaneous maternal antibody inhibition of
infant IgG responses to other domains of gp120. Furthermore, this was only observed in
infants receiving the alum-adjuvanted vaccine, thus indicating the potential for
interactions between maternal antibodies and infant vaccine adjuvants.
To my knowledge, this is the first report of maternal antibodies enhancing and
inhibiting infant IgG response to vaccination in an antigen-dependent manner, and the
first report of interaction between maternal antibodies and infant vaccine adjuvants.
These findings support the development of combined maternal/infant vaccine regimens;
however, further investigation is needed to determine how maternal vaccine
formulation impact the transplacentally transferred maternal antibodies that then can
interact with within infant vaccine adjuvants and the infant immune system.
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7.4.1 Combined Maternal/Infant Vaccine Development
Since there has not been a vaccine specifically developed to enhance the passive
transfer of maternal antibodies to offspring, it should come as no surprise that there
have been limited attempts to co-develop a combined maternal/infant vaccine regimen
for use in humans. This is unfortunate as maternal antibodies are known to inhibit infant
vaccination. Thus, enhanced maternal antibody concentrations may decrease infant
vaccine efficacy. Furthermore, antigen-specific and adjuvant-associated differences in
transplacental transfer and infant vaccine responses support the development of
combined maternal/infant vaccination regimens and indicate that adjuvant selection for
both regimens can impact overall immunogenicity.
Rabbits are an ideal model for developing a combined maternal/infant vaccine
not only due to how the transfer maternal antibodies, but also because they are litter
bearing. With an average litter size of around 8 kits, it is relatively easy to test a variety
of infant vaccines in each maternal vaccine group and have unvaccinated littermates to
serve as controls to determine maternal antibody concentrations at each timepoint. Due
to the ability to have littermates as controls, the rabbit model may be preferable to even
the NHP model.

7.4.2 Harnessing Maternal-Antibody Mediated Inhibition to Shape
Infant Antibody Response to Vaccination
Combined maternal/infant vaccination development is ideal for pathogens such
as HIV where induction of responses towards a non-immunodominant epitope is
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beneficial but challenging to induce. In such cases, the goal of maternal vaccination may
be to inhibit infant antibody responses towards specific epitopes and drive the induction
of protective responses towards the non-immunodominant epitopes. While not
discussed in this document, the rabbitpox model may be ideal for such studies as there
are two different “forms” of pox viruses with different envelope proteins and thus a
wide range of antigen specificities. Protein vaccination with a combination of pox
proteins can protect against pox virus challenge [414] and two vaccinations with MVA
can protect adult rabbits from lethal challenge even nine months after vaccination [415].
By vaccinating mothers with immunodominant proteins to induce infant inhibition to
those proteins when the infant is vaccinated with a single dose of MVA, it may be
possible to alter the infant’s immune response to MVA towards protective, but not
immunodominant epitopes.

7.4.2 Proposed Combined Maternal/Infant HIV Vaccine Regimen
While different protective mechanisms for different transmission routes of MTCT
may complicate determining correlates of protection, it also means that there are
temporal differences in protective responses that maternal vaccination may be able to
address. For example, if the different correlates of protection in the studies mentioned
above are only due to different transmission routes and not due to other differences in
the study populations, enhancement of anti-V3 responses later in pregnancy and during
breastfeeding may reduce MTCT.
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Base on the data presented here and the above discussion, a strategy for
combined maternal/infant HIV vaccine development may be to enhance maternal V3specific IgG responses during gestation to optimize passive transfer of anti-V3 specific
IgG to the fetus. This could be accomplished by vaccinating with V3 adjuvanted with
800µg alum IM and gp120 with 0.5% chitosan IN prior to pregnancy, and boosting
during pregnancy. 800µg alum induced high transplacental passive transfer rates
(Figures 13 & 14) and milk gp120-specific antibodies (Figure 15 & 16). Early and
sustained V3 titers during pregnancy should enhance transplacental transfer in HIV
infected women who are known to have lower transplacental transfer rates [416], and
enhance the amount of maternal IgG infants born prematurely receive.
As milk IgA antibodies have been shown to have different antigen-specificities
than serum HIV IgG and IgA [417], and since two IN priming (Figure 6) or booster
(Figure 7) vaccinations are needed to induce similar serum gp120-specific IgG
concentrations as a single intramuscular vaccination with gp120, there is the potential
for IN vaccination to minimize the induction of serum V1V2-specific responses which
may enhance MTCT, potentially through transplacental ADE, while maximizing the
induction of milk gp120-specific responses. Since vaccinating with gp120 adjuvanted
with chitosan induced high serum gp120-specific IgG responses in maternal serum
(Figure 17) and high transplacental transfer rates for gp120-specific antibodies (Figure
18), it may be beneficial for intranasal boosters administered during pregnancy to be
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unadjuvanted, especially if a large number of booster vaccines are needed to optimize
milk gp120-specific IgA concentrations or if mothers have detectable viral loads.
Furthermore, studies are needed to determine if IN vaccine adjuvants induce similar
responses when administered post-partum and when administered during gestation.
Additional studies are needed to evaluate strategies to enhance milk antibodies.
Vitamin A supplementation has proven beneficial for the induction of milk antibodies
[418], and retinoic acid administration increases IgA class switching [419] thus inclusion
of Vitamin A or retinoic acid in a mucosal vaccine may be a novel adjuvant to enhance
IgA responses with minimal impact on serum responses. Additional studies are needed
to determine if alternating sites of mucosal vaccination, for example between intranasal
and sublingual or oral vaccination, enhances milk IgA production.
Since a NHP study demonstrate that HIV vaccines administered at 3 week
intervals induced a similar magnitude of peak plasma env-specific IgA as vaccinating a
6 week intervals [311], and as shorter infant tetanus vaccination intervals reduced the
impact of maternal antibodies [123], a priming regimen with 800µg alum- adjuvanted
vaccines using shortened vaccine intervals should be evaluated for the induction of
infant antibody responses in the presence of maternal antibodies. Infant responses to
vaccines adjuvanted with 800µg alum were positively correlated with maternal V3specific responses, with the exception of infant V3-specific responses (Figure 27) while
GLA-SE-adjuvanted vaccines had no correlation or were inversely correlated with V3-
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specific IgG present at the time of vaccination (Table 3). While not investigated in
rabbits, TLR7/8 agonists have been successfully used as adjuvants for infant HIV
vaccines in NHPs [311], and combined IM+IN vaccination using GLA-SE and a TLR7/8
adjuvant may be beneficial for inducing high antibody titers even in the presence of
maternal antibodies.

7.5 Rabbit Model
The rabbit is a critical model for maternal vaccine research. As previously
mentioned, the rabbit is an ideal small animal model for studying transplacental transfer
of maternal antibodies. While their relatively short gestation (compared to guinea pigs
and primates) can be a benefit for timely experiments, it also limits the ability to
complete full prime/boost regimen during gestation. The shorter gestation also limits
investigations into the impact of timing of vaccine administration during pregnancy on
passive transfer.
While it was a popular model for immunology research in the 1980s, mouse
models have decreased its use in the last few decades and there are now significant gaps
in knowledge and reagents that are burdens of entry for the rabbit model for maternal
vaccine research. There is a notable lack of reagents for rabbit immune responses
compared to rodents, NHPs, and humans. Fortunately, while there are limited rabbitspecific reagents, rabbit antibodies can cross react with human and NHP Fc receptors. A
recent study demonstrated that Fc-mediated functions of rabbit antibodies such as
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ADCC and ADCP can be assayed with human or NHP reagents and cell lines and
compares rabbit and NHP antibody functionality in these assays [155]. A variety of
cytokine ELISA kits and PCR assays have become available in the last 5 years, but
reagents to study innate immune responses and T cell responses are still significantly
diminished.
The pregnant rabbit model of Zika virus infection can provide insight into MTCT
of viral diseases. Specifically, questions such as the ability of intranasal and
intramuscular vaccination to induce mucosal immune responses that home to the
lactating mammary gland for protection from local viral shedding can be addressed in
the rabbit model. Furthermore, if maternal antibody mediated ADE of MTCT is
established in the rabbit model of Zika virus challenge, and further investigations into
HIV antibodies enhancing transplacental infection are desired, a transgenic rabbit model
expressing human CD4 was reported to be susceptible to HIV [420]. More recently, yet
still pre-CRISPR-Cas9 era, expression of human CD4 and CCR5 and modification to the
HIV-1 gag gene resulted in production of HIV particles similar to humans, but rabbit
macrophages were not infected [421]. While there are no reports of this final roadblock
being overcome, the transgenic rabbit model seems to have more promise for being a
fully permissive model for HIV than a transgenic rodent model [421, 422]. A transgenic
rabbit model would significantly accelerate the ability to test maternal/infant HIV
vaccine regimens.
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Section
3.2.1

Dates

Sex Supplier n=

Bled
Weeks

Bred
on Week Route
week

4
4
4
4
Robinson 4
4

9-11/2014

12/20151/2016

IM
IN
0&4
Rectal
Gastric

4
4 0, 3, 5

3.2.2 & 3

F

IM

4
0&3

4
5-6/2016

Covance

4
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4

4
4
2013
0, 3, 6
4
Robinson
4
M
4
2014
-1, 3, 7
4
4
8-9/2016
Covance 4 -2, 3, 6
4
3
3/2015F Robinson 4
7/2015
0, 6, 15,
4
19
2
2/2017M Covance
6/2017
3
F
4 -1, 3, 5

3.2
.6

3.2.5

3.2.4

4

IN
IM
0&4

0&5
0&4

IN
IM
IN
IM
IN

Antigen

Adjuvant

1x108 PFU MVA

1x108 PFU MVA
5x106 PFU MVA
8
1x10 PFU Non-replicating
MVA
5x106 PFU Non-replicating
MVA
1x108 PFU MVA
1x108 PFU Non-replicating
MVA
1x109 PFU Non-replicating
MVA
1x1010 PFU Non-replicating
MVA
1x109 PFU Non-replicating
MVA
Addavax
100µg gp120
200µg gp120 64µg M7-NH2
300µg gp120
100µg gp120
Addavax
300µg gp120 64µg M7-NH2
Addavax
100µg gp120
64µg M7-NH2
300µg gp120

IM

1x108 PFU MVA

IN

3x108 PFU MVA

0&3

Adjuvant

Total
µL/ µL/ Rest
Volume
leg nostril (s)
(µL)

200
50

30

50

30

85

20

73

15

73

15

200
200

230

230

200
400

200

340
400
440
400

200
200

440

12
12 +
16

200
200

IM
IM

Antigen

3x108 PFU MVA

0

n/a

Total
µL/ µL/ Rest Week
Volume
Route
leg nostril (s) (s)
(µL)

1x108 PFU MVA
100µg gp120
none

50

500

200
250

30

12

IM

Addavax

400

IN

100µg gp120
435µg gp120Ad2F
100µg gp120
IM+
435µg gp120IN
Ad2F
IM 100µg gp120

64µg M7-NH2

440

Addavax

400

64µg M7-NH2

440

Addavax

400

200

200
200

73

15

73

15

Section

Dates

Sex Supplier n=

Bled
Weeks

Bred
on Week Route
week

4

4.2.2

4.2.1

9/201511/2015
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5.2

4

4
4
4
8/2016-1, 3, 5
4
2
10/2016
&8
4
4
4
1/20174
5/2017
F Covance
4
0, 3, 6, 9
4
3
& 14
4
5
11/20174/2018
5
5
3
6/20165
7/2016
5
2
4
4/20175/2017
3
3
5
10/2016Born @ 5
11/2016 Both
3&5
n/a
Duke
5
16
7
4/20175/2017
6
6
15
12
3/20184/2018
14
8

0&3

IM

Antigen

Adjuvant

2% SE
10µg GLA-2%
SE
200µg Alum
800µg Alum
none
100µg gp120 200µg Alum
800µg Alum

Total
µL/ µL/ Rest Week
Volume
Route
leg nostril (s) (s)
(µL)

500

Antigen

Adjuvant

250
saline
200µg gp120

0

IM

100µg gp120 200µg Alum

500

250

3&6

IN

250
50µg CALV MPL
0.5% Chitosan
0.5% Methylcellulose

500

50µg CALV MPL
0.5% Chitosan

500
250

saline
200µg gp120
none
15µg gp120
none
15µg gp120
none
0&3

IM

15µg gp120
none
15µg gp120
none
15µg gp120

none
800µg Alum
none
800µg Alum
5µg GLA- 2% SE
none
800µg Alum
none
800µg Alum
5µg GLA- 2% SE
none
800µg Alum
5µg GLA- 2% SE

100

Total
µL/ µL/ Rest
Volume
leg nostril (s)
(µL)

50

250

63

30

Section
6.2.1
6.2.2

Dates Sex Supplier n= Antibody
4
4
4
4
6-8/2017
4
4
Used in
4
F
Ch 4
6/20184
7/2018
5
4

D 0-4
q12h; D 5
&7

5/20176/2017

12/20166/2017

no

Bred on
Week Route
week

0

2

IV

D 1,3 & 7

Vaccine or Challenge
5x106 PFU Heat Inactivated
5x104 PFU
5x105 PFU
5x106 PFU
5x106 PFU
5x104 PFU

Total
Volume µL/ leg
(µL)
500
500
500
500
500

µL/
Rest (s)
nostril

Week (s) Route Challenge

3

yes
4

Bled
Weeks

5 mins;
day 1, 3 &
7

0

2
D 20
-24
-20
-15

IV
IM
IN
IN

10µg 4G2 mixed with challenge
70µg 4G2
8

1x10 PFU MVA Zika Env
1x109 PFU MVA Zika Env
100µg Zika Env+500µg R848

150
500
200
200
500

2
3
200
n/a
n/a

n/a
50
62.5

n/a
15
30

2

IV

5x106 PFU
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Appendix B

Material

Provider/Manufacturer

Location

Cat #

Lot #

#12 French catheter

Use(s)
Gastric vaccination
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0.9% Saline

APP Pharmaceuticals

918610

384-well plates

Nunc

ELISAs

4G2 mAb

Novus

A27L protein

BEI Resources

Manassas, VA

460518
NBP252666
NR-2622

many- 6012206, 6009256 Excipient

A33R protein

BEI Resources

NR-545

ELISA coating antigen

Actilife software

Actigraph

Activity monitors

Actigraph

Manassas, VA
Pensacola, FL
32502
Pensacola, FL
32502

Addavax

Anti-Zika mAb
ELISA coating antigen

analysis of activity monitor data
GT3XPB

activity monitoring post-Zika virus challenge

Invivogen

vac-adx-10 ADX-36-02

IM adjuvant in Chapter 3

Alhydrogel

Invivogen

Vaccine adjuvant

anti-NHP IgA AP

Rockland

Vac-Alu-250 4999
617-105006

Attophos

Promega

B5 protein

BEI Resources
DHVI Protein Production
Facility
Molecular Express

C.1086_D7gp120K160N/293F
VesiVax TLR4 CALV kit

ELISA secondary antibody
ELISA development

Manassas, VA

NR-546

ELISA coating antigen
111MKS

Vaccine & ELISA antigen
Vaccine adjuvant

70 µm Cell strainer

lymphocyte isolation

Chitosan

Sigma-Aldrich

448877

Vaccine adjuvant- 2017 studies

Chitosan

Sigma-Aldrich

417963

Vaccine adjuvant- 2018 studies

Con A

Sigma

C0412

lymphocyte restimulation

GLA-SE

IDRI

EM082

IM adjuvant

goat anti-rabbit IgA AP

Novus

NB7167

goat anti-rabbit IgG AP

Southern Biotech

4030-04

Anti-gp120 IgG rabbit mAb

Sino Biological

11233-R011

gp120-Ad2F

Dr. Pascual

Heparin Lock Solution

Fresenius Kabi

504501

IV catheter maintenance

Goat anti-rabbit IgG (H+L)

Southern Biotech

4050-04

ELISA coating antigen
Temperature monitoring post-Zika virus
challenge
ELISA coating antigen

C.1086 gp120 K160N
University of
Florida

ELISA secondary antibody
G1314-Q506Z, L2415MC67
PB14277 & PB13163

Vaccine & ELISA antigen
ELISA standard

PB14264

IPTT 300 temperature transponders BioMedic Data Systems
882948

ELISA secondary antibody

CR-09-00774

Vaccine antigen
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K160N V2_2_MAPS

CPC scientific

L1R protein

BEI Resources

Manassas, VA

Mastoparan 7

CPC Scientific

Sunnyvale, CA

0.5% Methylcellulose

Sigma-Aldrich

M0262

Vaccine adjuvant

mouse anti-human SC

Sigma-Aldrich

I6635

ELISA secondary antibody

NR-2625

ELISA coating antigen
CO-01-00556 & CL-0302431

Moxi Cell counter
MVA strain A681

IN adjuvant in Chapter 3

lymphocyte isolation
Dr. Pickup

MVA vector A722
Dr. Pickup
Neonatal Short Spinal Needles 25G
BD
1"
Normal rabbit serum
Millipore Sigma

Duke

conventional MVA

Duke

non-replicating MVA
405073

CSF collection

NS01L

ELISA control

9915

Rectal vaccination

Oral gavage needle 15G x 3"

Cadence

Synergy 2

Biotek

ELISA plate reader

ELx405

Biotek

ELISA plate washer

Prism

Graphpad

Purified rabbit IgA

Cedarlane

CLFA04

Quantibody

Raybiotech

QAL-CYT-1

R848

Enzo

La Jolla, CA

statistical analysis & graphing
ELISA control
10211615

Zika virus vaccination

Rabbit IFN-y ELISA

Raybiotech

ELL-IFNg-2

Rabbit IgA

Alpha Diagnostic

3/1/2009

ELISA control

rabbit IL-2 DuoSet ELISA

R&D systems

DY6994

ELISA

rabbit IL-4 DuoSet ELISA

R&D systems

DY6939

ELISA

rabbit IL-6 DuoSet ELISA

R&D systems

DY7984

ELISA

rabbit TNF-alpha DuoSet ELISA

R&D systems

DY5670

ELISA

RBC lysing buffer

sigma

R7757

lymphocyte isolation

SE

IDRI

EM081

IM adjuvant

V1V2 tags

NIH AIDs reagent program

12568

ELISA coating antigen

V3 peptide

Duke

ELISA coating antigen
collection of bodily fluids including amniotic
fluid
lymphocyte restimulation
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Ophthalmic PVA spear

Beaver-Visitec International

WNV EDIII protein

Genscript

Zika Env IgG kit

Alpha Diagnostic

Zika Env IgM kit

Alpha Diagnostic

Zika virus Protein

MyBioSource

Zika Virus strain PRVABC59

ATCC

VR-1843

Zika virus RT-PCR kit

Liferiver

ER-0360-02

Zika virus PCR

QIAamp Viral RNA mini kit

Qiagen

52904

Viral RNA isolation

RV-4031301
RV-4031351

Anti-Zika virus IgG
Anti-Zika virus IgM
MBS596088

Zika virus vaccination

VR1843-20160611

Viral challenge
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