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Immunogenicity and Cross-reactivity of Human and Rhesus Adenoviral Vectors
Abstract

Preexisting adenovirus immunity in humans limits the use of adenoviruses vectors
for gene therapy and vaccines. Therefore, in this thesis, a newer class of adenovirus (Ad)
vectors belonging to the poorly understood species G of adenoviruses, rhesus
adenoviruses (RhAds), are investigated for their viability as vaccine vectors and for their
ability to evade preexisting human adenovirus (HuAd) immunity. Moreover, we
investigate the extent of cross-reactive adenovirus immunity. RhAd vectors exhibited
potent humoral and cellular immunogenicity as both priming and boosting vectors and
induced favorable immunological phenotypes with high anamnestic capacity. Moreover,
RhAds vectors were not hindered by preexisting human adenovirus immunity in the
mouse model. In humans, we detected extensive CD4*, but limited CD8* T cell cross-
reactivity between RhAd and HuAd vectors, and cross-reactive CD8* T cells were largely
driven by single immunodominant epitopes in conserved regions. Minimal to no cross-
reactive neutralizing antibodies were detected. These data suggest the potential utility of
RhAd vectors for vaccines or gene therapy and define cross-reactive T cell epitopes
between phylogenetically distinct adenoviruses that may be useful in future vector

design.
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CHAPTER 1:

Introduction



ADENOVIRUS-BASED VACCINE VECTORS
Adenovirus biology

Adenovirus, belonging to the Adenoviridae family, are non-enveloped, icosahedral, double-
stranded DNA viruses that are roughly gonm in diameter. Adenovirus begins its infectious
lifecycle with attachment to the primary host cell receptor via a fiber knob component of
the viral capsid (1, 2). The fiber knob attachment allows for close proximity of a second
interaction between the adenovirus penton base RGD binding motif and cellular oy
integrins, which promotes viral internalization (1, 3, 4). After viral entry there are two
separate phases in adenovirus replication, which begins with the expression of the early
genes (E1A, Ei1B, E2, E3, and E4) (5). These early genes encode proteins that can alter cell
cycle phase, initiate viral replication, and modulate the host immune system (1). The late
genes are encoded by a single promoter, the Major Late Promoter (MLP), that is responsible

for forming the 11 structural proteins of the adenovirus required for viral assembly (3, 5).

Within the adenovirus family, there are many distinct types and to date there are go
human adenoviruses (HuAds) discovered (HAdV Working Group; November, 2018). These
90 HuAds are separated into seven species, species A to G (6, 7). Interestingly, the grouping
of adenovirus species also displays a tendency to cause certain diseases (8). Many members
of species D, the largest species, cause keratoconjunctivitis, whereas members of species B
often cause respiratory illness (6, 8). Historically, when a potential new adenoviruses was
discovered, it was deemed novel with serology-based typing (9). Within serology-based

typing there are two methods: serum neutralization and hemagglutination inhibition (8-



10). The serum neutralization technique relies on recognition of specific epitopes within
the hexon protein, whereas hemagglutination inhibition relies on recognition of the fiber
knob (10). However, both of these methods have fallen out of favor in the adenovirus
community as they rely on very small portions of the genome to identify new adenoviruses
without considering the vast majority of the adenovirus’ genome itself (10). More recently,
the adenovirus community has shifted to typing adenoviruses based on complete genome
sequence rather than serotyping (9-u). This method enables detection of novel

adenoviruses even when hexon genes are identical or nearly identical (10).

The paradigm shift within the adenovirus field to switch to identifying new
candidate adenoviruses by genotyping and phylogeny has allowed for higher resolution
studies into the biology of adenoviruses. Analyzing genome sequences has revealed various
traits of adenoviruses, such as the importance of recombination in creating viral diversity
and potentially escaping immune pressure, which is a trait heavily attributed to species D
viruses (6, 7). As mentioned previously, each species of adenovirus generally conforms to
certain properties, and species A — F have been heavily analyzed over the years to elucidate
these various factors. However, species G is a comparatively newer phylogenetic species.
Among human adenoviruses, species G only harbors a sole member, HuAds52, and this

species as a whole remains poorly understood (12, 13).

Outside of humans adenoviruses also infect a broad range of other vertebrate hosts,
including non-human primates (14). Interestingly, many of these non-human
adenoviruses, such as some simian and all identified rhesus adenoviruses (RhAds), also

cluster into species G (13, 15, 16). While these different adenovirus genotypes share most of



the viral replication characteristics detailed above, adenovirus species (and individual
adenoviruses) can also differ substantially in other aspects, such as primary attachment
receptor, which affects tissue tropism, intracellular trafficking patterns, fiber number, and
the type of innate and adaptive immune responses they elicit (13, 17, 18). This consistency
of adenovirus replication among different adenovirus genotypes, but their differing tropism
and immune activation, make adenoviruses an attractive target for gene therapy and viral

vaccine vectors.

Adenoviruses as gene therapy and vaccine vectors

Some of the first uses of adenoviruses as a viral vector came in the gene therapy field (19,
20). Adenovirus was targeted for use in gene therapy because its biology has been well-
characterized, its safety profile in vivo, ease of genetic manipulation, efficient gene
transduction, and genetic stability (21-24). Adenovirus vectors in gene therapy were used
to treat conditions such as cystic fibrosis and antitrypsin (AAT) deficiency (19, 23, 25).
Many of the initial studies utilizing these vectors quickly found that adenoviruses were
effective at transferring genes to tissues, even to therapeutic levels, however the level of
this gene expression would quickly wane due to the vector’s immunogenicity and
subsequent administrations of the vector would be limited by vector-elicited immunity
(23). This reduction in gene expression was due to clearance of the viral vector by CD8* T
cells, either generated by preexisting adenovirus immunity or by the natural immune

response to the vector upon administration (26-28).



Interestingly, some of the issues hindering adenoviral vectors for gene therapy are
attractive from a vaccine vector standpoint. The goal of vaccine vectors is to stimulate a
potent and effective immune response to delivered vaccine antigens. As with gene therapy,
adenoviruses efficiently deliver vaccine antigens into cells (29). This, coupled with their
ability to potently activate the immune system and create a transgene-specific immune

response, equates to adenoviruses being excellent vaccine vector candidates (22, 29).

The construction of adenoviral vectors begins with the deletion of the E1 gene, which
renders the vector replication-incompetent (22, 30). E1 is required for adenovirus
replication, however during vector production E1 complementing cell lines can be used to
propagate the vector (31). Removal of the E1 gene alone allows for approximately skb of
space for transgene insertion (1). To further increase transgene capacity, the deletion of
the E3 gene is often used. The E3 portion of the adenovirus encodes for immune evasion
genes, such as reducing the expression of MHC I on the infected cell, and is dispensable for
replication (32). The removal of E1 and E3 together increases the transgene capacity for
insertion of up to approximately 8.2kb (1). Lastly, the promoter chosen to control the
transgene expression can largely affect the efficiency of an adenoviral vector. In the past,
an MLP promoter was used, but eventually this was replaced with a CMV promoter. The
CMV promoter has been found to be much more efficient and this is the promoter widely
used in vector constructs today, however other promoters have been investigated (32, 33).
Taken together, the ease of genetic manipulation and safety of adenoviruses, coupled with
the improvements made on vector construction, make adenoviruses of particular interest

for the development of therapeutic viral vectors.



Vaccination strategies to control the HIV-1 pandemic

Human immunodeficiency virus type 1 (HIV-1) remains to this day a large, global public
health threat. Millions of people are currently infected worldwide and new infections
happen with high frequency. Due to the scale and dangers of HIV-1, there has been an
international interest in methods to combat its spread and to ultimately eradicate this

disease.

The discovery of antiretroviral therapy (ART) has been a major breakthrough in the
treatment of HIV-1. ART can suppress HIV-1 viral loads to undetectable levels, preventing
transmission and progression of disease. However, ART therapy is costly and requires
identification of those that are infected with the virus. Moreover, many of these ART
regimens cause various unwanted side-effects. To eliminate HIV-1, and end the global

pandemic this virus causes, a safe and effective vaccine will be required.

Vaccination strategies for HIV-1

Some of the first vaccination strategies used for HIV-1 were conventional methods
that had been used successfully against previous viruses. One such method utilized in the
early years of HIV-1 research was inactivated viruses. Early efficacy tests of this strategy
relied on the non-human primate model where inactivated simian immunodeficiency virus
(SIV), the simian version of HIV-1, was used in rhesus macaques (34). Other early methods
used live-attenuated viruses in macaques to assess for protection (35). However, both of

these methods were found to not be translatable to humans, especially the live-attenuated



vaccines, which saw severe safety concerns in that some monkeys had the virus revert to a

more pathogenic strain ultimately causing AIDS (36).

Another vaccination strategy employed the use of recombinant proteins, tested in
both monkeys and humans. Many of these studies looked at vaccination with recombinant
gp120 envelope proteins in the presence of an adjuvant, however many of these studies

failed to see a prevention in disease or delay of progression (37, 38).

Recombinant viral vectors are an area of very active research for vaccination
strategies against HIV-1. Many different combinations of adenoviral vectors looking to
protect against HIV-1 have been used. These strategies included the use of adenovirus and
poxvirus prime-boosts, heterologous prime-boost regimens using different adenovirus
vectors, and adenovirus in combination with recombinant protein vaccines. The use of
adenoviruses as vaccine vectors for HIV-1 will be discussed in more detail in the following

section.

As mentioned, poxviruses are another viral vector that have been extensively studied
and these vaccination strategies have had more success than the inactivated virus and live-
attenuated virus methods. Some of these strategies included using modified vaccinia
Ankara (MVA) with a protein boost, or prime-boosts using MVA vectors, and showed
homologous virus strain protection or reduction of viral load and disease progression to
more neutralization-sensitive viruses (39-41). In humans, a clinical trial, RV144, which used
an ALVAC pox virus vector and two booster injections of recombinant gpi2o (AIDSVAX)

saw a vaccine efficacy of 31.2% (42). While the results from RVi144 reinvigorated the HIV-1



vaccine field, this protective efficacy was far too low for an HIV-1 vaccine. Taken together,
it is clear that a great deal has been learned from the various vaccine strategies so far
attempted to combat the spread of HIV-1. Thus, moving forward will require novel
approaches and improvements upon existing methodologies that have shown promise,

such as the use of viral vaccine vectors.

Adenoviral vaccine vectors in pre-clinical and clinical settings

Adenoviruses have been extensively used as vaccine vectors to try and address numerous
pathogens such as HIV-1, Ebola, Zika, Malaria, and many others (43-51). Recently, an
adenoviral vaccine vector was developed expressing prM-Env (pre-membrane and
envelope proteins) of Zika virus as a transgene (52). In the non-human primate model, this
vector was shown to confer complete protection against a Zika virus challenge from a single
priming immunization for at least a year. Immune protection against Zika virus is strongly
correlated with a robust antibody response and the magnitude, as well as breadth, of the
antibody response elicited by this adenovirus vector was more substantial than other tested

vaccine regimens (51, 52).

In addition to Zika virus, there has been a lot of work with adenoviral vaccine vectors
to try and combat Ebola. One strategy being investigated is single-cycle adenoviruses,
which can replicate their viral DNA up to 10,000 times the initial level, but fail to create
infectious progeny virus (53). In non-human primates this vaccine resulted in a robust and
durable EBOV-specific antibody response (53). Moreover, another Ad-based (replication-

incompetent) vaccine was safe and effective in non-human primates and phase I clinical



trials, which was based on the Chimpanzee Adenovirus 3 (ChAd3) genotype (48, 53-55).
This vaccine regimen also incorporated the poxvirus, MVA, in a prime-boost regimen,
which increased the potency and durability of the antibody and T cell responses generated
by vaccination (55). Phase II clinical trials using vesicular stomatitis virus (VSV) with an
adenovirus boost were shown to be well-tolerated and created EBOV-specific responses in

all volunteers; this vaccine regimen has been approved for Phase III trials (48).

Malaria is another pathogen where the adenovirus vector platform has found
popularity. In an early-stage clinical trial, a heterologous prime-boost regimen with an Ad-
vector prime and a MVA boost was found to impart sterilizing protection in some
volunteers, whereas others had a significant delay until parasite levels were detectable (46).
Unlike vaccine regimens for Zika and Ebola, this effect was exclusively attributed to IFN-y*
CD8* T cells and not antibody levels (46). In addition to this trial, there are many other

adenovirus-based malaria vaccine trials in various stages of development (56-59).

As mentioned in the previous section, HIV-1 remains a critical public health problem
and while ART has greatly improved the longevity and quality of life in HIV-infected
patients, the need for a global HIV-1 vaccine remains critical. Extensive research has gone
into the use of viral vectors, especially adenoviruses, in an attempt to vaccinate against
HIV-1. Adenovirus 5 (Ads) has been, and still is, a popular adenovirus chosen to vectorize
and create candidate vaccines from. Two highly publicized HIV-1 clinical trials in which
Ads was used as a vaccine vector were the STEP/Phambili and HVTN5os5 trials (60). The
STEP/Phambili trial aimed to create a T-cell based vaccine with a homologous prime-boost

using Ads with the idea that the T cells would target more conserved regions of HIV-1 and



either be protective or reduce viremia (60-62). However, the STEP and Phambili trials both
failed to achieve either of these criteria and post hoc analysis revealed that CD8* T cells
were targeting variable, rather than conserved, regions of HIV-1 (60, 62, 63). Moreover, in
the STEP trial, it was revealed that there was actually an increase in HIV-1 acquisition in
vaccinees, however the reason for this is not yet known (60, 61). HVTN505 was a DNA
prime with an Ads boost, which attempted to elicit both cellular and humoral immunity
(60, 61). While there was no observed increased HIV-1 acquisition, the study failed to show
any vaccine efficacy as well, potentially due to viral escape mechanisms preventing

neutralization (60).

There are multiple reasons that these two studies likely failed to achieve protection.
In both, they used Ads as their vector choice. However, Ad5 has been shown to have very
high seroprevalence, especially in the developing world (21, 64). These neutralizing
antibodies (NAbs), which seroprevalence experiments assess for, can severely attenuate
vaccine immunogenicity (29, 56, 65, 66). The concept of pre-existing immunity to
adenoviruses, its effects, and strategies to circumvent it, will be discussed in more detail in
the following section. Multiple studies have also shown Ads may induce an impaired
adaptive immune response (67, 68); this will also be discussed in more detail in the next
section. Furthermore, the choice of immunogens and vaccine antigens, especially in the
STEP trial, likely contributed to the failure seen in these trials as T cell and antibody

breadth were insufficient (60).

Moving forward from the failure of these trials, many new strategies have been

developed to tackle the HIV-1 vaccine problem. These strategies include using mosaic

10



antigens in an attempt to increase immune recognition of global HIV-1 diversity and the
use of alternative adenoviruses (69-74). Studies with these alternative adenoviruses, such
as Ad26, have been promising by showing a reduction in viral load and reduced per-
exposure acquisition risk in non-human primates (72-74). Furthermore, these vectors have
been used in clinical trials due to their encouraging non-human primate data and they were
shown to be safe and elicit robust cellular and humoral immunity, indicating their promise
in later phase clinical trials (44, 75). Together, these studies highlight the importance of
fully understanding the interface between different adenovirus genotypes and the immune
system as well as the promising potential adenoviral vaccine vectors have to the vaccine

field as a whole.

IMMUNE RESPONSES TO ADENOVIRUS VECTORS
Differential immune phenotypes among adenoviral vectors

The type of adenovirus selected for vectorization is an important factor to take into
consideration. As mentioned previously, different adenoviruses can use different entry
receptors, which can greatly affect tropism and have different endosomal trafficking
patterns. The Coxsackievirus B and Adenovirus Receptor (CAR) has been shown to be a
main entry receptor for many different adenoviruses in species A, C, D, E, and F (76).
Another common adenovirus receptor is CD46, a complement regulatory protein, that has
been shown to facilitate entry for adenoviruses belonging to species B and D (76). These

receptors mediate what type of cell the adenovirus using them may enter and thereby can
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greatly influence the immune response elicited in response to infection. Moreover,
differences in endosomal trafficking can alter the type, or exposure levels to, certain pattern

recognition receptors (PRRs), which may influence the ensuing innate immune response

(77, 78).

Initial studies investigating the utility of adenoviruses as gene therapy or HIV
vaccine vectors focused on Ads (30). Indeed, pre-clinical and clinical studies to assess the
effectiveness of Ads as a vaccine showed great promise. In these studies, Ad5 surpassed
DNA plasmids and many poxvirus vectors in terms of cell-mediated immunogenicity and
also performed the best in some, but not all, challenge studies in non-human primates (39,
62, 79, 80). The optimism resulting from these various studies led to Ad5 being one of the

most widely used adenoviral vectors to date (81)

However, the failure of the STEP/Phambili trial led to an increased interest in
alternative adenovirus vectors to be used for vaccination and a more in-depth
characterization of the immune response Ads elicits and how alternative Ad vectors
compare. To date, a myriad of research has reported a vast difference between the Ads
elicited immune response and those of alternative genotype Ad vectors, such as Ad26 and
Ad3s. In the mouse and non-human primate models, Ad5 vaccination has been reported
to elicit CD8* T cells that are functionally exhausted and have decreased anamnestic
potential (68, 82, 83). T cell exhaustion is generally a feature of chronic viral infections,
such as HIV, and is characterized by sustained higher levels of inhibitory receptors, like
PD-1, and decreased cytokine production (84, 85). However, the mechanism behind Ads’s

induction of phenotypically exhausted T cells is not yet fully known. Furthermore, the

12



CD4* T cell response elicited by Ads vaccination is also impaired in terms of decreased
recall response and impairment in Th1 differentiation, which help orchestrate anti-viral
immunity, possibly relating to high magnitudes of regulatory T cells (Tregs) post
immunization reducing IL-2 concentrations (81). In contrast to Ads, alternative vectors,
like Ad26 and Ad3s, presented with much lower levels of sustained exhaustion markers and
divergent transcriptional profiling inconsistent with the molecular signature of exhaustion
seen with Ads (16, 68, 82). These alternative vectors also induced T cells with higher
cytokine polyfunctionality (67). In mice and monkeys, Ads, compared to Ad26, induced a
significantly larger population of antigen-specific inhibitory IL-10* CD4* T cells that

suppressed CD8* T cells, which was dependent on IL-27 production (82).

The functional consequences of the aberrant immune phenotype elicited by Ads is
readily apparent in prime-boost vaccine regimens. There are two types of prime-boost
methods: homologous and heterologous. In homologous prime-boosting the priming
immunization is the same as the boosting immunization, such as an Ads prime and an Ads
boost, whereas in heterologous prime-boosting they differ, such as an Ads prime and an
Ad26 boost. While from a clinical standpoint homologous prime-boost regimens are
cheaper and easier to produce, in non-human primates heterologous prime-boosts were

shown to be more immunogenic and support increased virologic control to SIV challenge

(16, 74).

When Ads is used as a priming vector in a heterologous prime-boost it induces a
high magnitude of transgene-specific cells similar, or even greater than, alternative vectors

Ad26 and Ad35. However, when these cells are boosted with Ad26 or Ad3s the post-boost

13



recall response was very modest. In contrast, when Ad26 or Ad3s were used as priming
vectors and then boosted with Ads there was a massive expansion of transgene-specific
cells (67). Indeed, when the transgene-specific cells elicited by these two vaccine regimens
were analyzed it was demonstrated that CD8* T cells generated in response to priming with
Ad26 and Ad3s expressed more memory and survival markers coupled with increased
cytokine polyfunctionality compared to priming with Ads (67). Moreover, many other
reports also indicate different genotypes of Ad vectors can elicit different adaptive immune

phenotypes (16, 17, 86-88).

In order to assess the effectiveness of vaccine regimens against HIV, the non-human
primate model is often employed. The NHP model allows for in-depth analyses of various
vaccine regimens. Moreover, SIV’s pathogenic course in rhesus macaques is very similar to
HIV’s course in humans. While there are obviously differences in biology between NHPs
and humans, challenge studies in NHPs remain a crucial step in validating many vaccine
candidates. In stringent NHP challenge models with SIV, Ads had inferior protective
efficacy when used as a priming vector compared to vaccine regimens using Ad26 as a
priming vectors (61, 74). Taken together, these data show that while Ads vaccination
induces a high magnitude of antigen-specific cells, these cells result in an impaired adaptive

immune response, which is in contrast to what is seen with alternative genotype Ad vectors.

The innate immune response is an important factor influencing the type of adaptive
immune response that results from vaccination. Asalluded to earlier, like with the adaptive
immune responses, the innate immune response between Ads and other genotype of Ad

vectors differ. In non-human primates, Ad26 induced significantly higher levels of innate

14



antiviral and proinflammatory cytokines, such as [FN-y, IP-10, IL-1RA, and IL-6, than Ads
(17). Moreover, in human PBMCs stimulated with Ad vectors there were significantly
higher levels of innate anti-viral cytokines IFN-o2, TNF-a, and of pro-inflammatory
cytokines/chemokines IL-6, MIP-1o, and MIP-13 when Ad26 and Ad35 were used as
compared to Ads (17). The differential activation of these innate cytokines is hypothesized
to partly be a result of the Ad fiber binding to its receptor (CD46 for Ad26/Ad35 and CAR
for Ads), however this does not fully account for all the differences seen (17). Taken
together, all these data underscore the importance of fully characterizing and
understanding the immune responses and phenotypes elicited by an Ad vector to gauge its
potential as a vaccine vector as some Ad vectors may not perform as optimally against

certain pathogens.

Preexisting and cross-reactive immunity to adenoviruses

Adenoviruses are an extremely common naturally circulating virus that infect people with
regularity. As mentioned previously, there are currently 9o distinct human adenovirus
genotypes, and due to this large number of circulating viruses and their relative ease of
transmission, the vast majority of people have been infected by multiple Ad types during
childhood and continue to be infected throughout the course of their lives (6, 89, 9o). This
cycle of natural infection poses a chronic problem for the use of adenoviruses as gene
therapy or vaccine vectors, which is preexisting humoral and cellular immunity against the

vector itself (21, 29, 65, 66, 91, 92).

Humoral preexisting immunity:

15



Upon natural infection with an adenovirus, or vaccination with a specific adenovirus
vector, the person will develop type-specific neutralizing antibodies against that adenoviral
type. These NAbs are largely type-specific and will generally only recognize the adenovirus
that they were elicited in response to (91, 93). However, some reports show evidence of
cross-reactive neutralizing antibodies between heterologous adenovirus types, even
between human and chimpanzee adenoviruses, which appears to be in cases of high
sequence homology in the hexon or fiber regions. This appears to be a rare phenomenon
with only a few reports in the literature (92, 94, 95). Moreover, these NAbs can severely
attenuate vaccine immunogenicity and gene therapy utility largely due to neutralization of
the vector following injection (3, 16, 29, 56, 65, 66, 91). The NAbs mainly responsible for
negatively impacting vector utility in vivo target the hexon protein of the adenovirus as
fiber-directed NAbs appear to be weaker in potency (91, 96-98). The hexon protein of the
adenovirus is the most immunogenic portion and the hexon genome has 7 hypervariable
regions (HVRs), with two exposed hypervariable loops, which are the most prominent
target of these hexon-directed NAbs (91). The HVRs contain large sequence diversity and
are part of an evolutionary mechanism to evade host humoral immune response by
mutating viral surface proteins (99). Furthermore, these HVRs also harbor most of the
serotype-specific residues for human adenoviruses, which is largely the basis for the

aforementioned outdated serotyping method of adenovirus classification (100).

Prior exposure to an adenovirus, predominately due to natural infection, is generally
reported by seroprevalence rates. The seroprevalence of any given adenovirus can vary

greatly depending on the geographical region assessed. For example, the highly used Ads

16



is a common human pathogen with rates of 35-50% seroprevalence in the USA, but in sub-
Saharan Africa these rates spike to 70-95% (21, 56, 64, 101). These high rates of
seroprevalence towards Ads can severely hamper its utility as a gene therapy or vaccine
vector. Indeed, as mentioned previously, one of the reasons cited for negatively impacting

the STEP trial was the high seroprevalence of Ads, which reduced immunogenicity (93, 102,

103).
Cellular preexisting immunity:

In contrast to the more type-specific immunity imparted by the humoral arm of the
immune system to adenoviruses, the cellular immune response tends to be more cross-
reactive across Ad types due to the targeting of more conserved epitopes (66, 104-106).
Unlike preexisting NAbs, preexisting Ad-specific T cells tend to target the C-terminus of
the hexon region of the adenovirus, with much less targeting the hypervariable, fiber, or

penton regions (89, 107, 108).

Multiple negative consequences have been attributed to the presence of preexisting
Ad-specific T cells, such as reduced CD8* T cell breadth and decreased magnitude of the
CD4* and CD8* T cells targeting the vector transgene (91, 93, 109-111). Additionally, these
preexisting Ad-specific T cells do not just restrict the vector homologous to the Ad type
that generated them, but also have been shown to suppress heterologous vectors as well
(92). However, despite these issues, much less focus has been placed on the role of

preexisting Ad-specific T cells as compared to Ad-specific NAbs (91).
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An important distinction between preexisting humoral and cellular Ad-specific
immunity is the frequency in which preexisting cellular immunity is stimulated. As
mentioned, cross-reactive NAbs to adenoviruses are quite rare, but it is a very common
feature of the preexisting cellular immune response. Therefore, repeated natural infections
with different adenovirus types throughout life can bolster preexisting adenovirus-specific
T cells, whereas NAbs would usually only be re-stimulated by re-infection with the
homologous Ad type. Furthermore, these cells are mainly characterized as being primed
effector memory T cells (112, 13). Taking this into consideration, it is possible that acute
infections with an adenovirus, or a large number of repeated prior adenoviral infections,
may cause a more severe negative effect on Ad vectors than if a person had very little
natural Ad exposure previously. An in-depth evaluation of Ad-specific cellular immunity

would be warranted to probe this possibility.

Preexisting cellular immunity to adenoviruses may present more of a problem in the
context of gene therapy than for vaccination. This is due to the preexisting Ad-specific T
cells recognizing a wide breadth of Ad genotypes and obviating prolonged transgene
expression due to clearance of the transduced cells (29, 108). The nature of the cross-
reactive cellular immune response against adenoviruses and potential ways to reduce
recognition will be discussed in Chapters 3 and 4. Together, these data show the
importance of considering the effects of both preexisting humoral and cellular immunity

when designing adenovirus-based vaccine or gene therapy vectors.

Methods to circumvent preexisting adenovirus immunity

18



The failure of the STEP trial and various gene therapy trials with Ads highlighted the issue
of preexisting immunity and led to research into how best to get around this (23, 105). Since
then, multiple methods to circumvent preexisting immunity have been put forward and
tested. Some of the first attempts involved oral tolerization and blocking CD4* T cell
activation (114). However, these methods did not see much progress. Another early
method that gained traction was using a vector, like Ads, but altering the capsid protein
with that of another serotype (105, 14, 115). This was focused on trying to package Ads into
the capsid of a different adenovirus serotype and these methods were shown to be able to
effectively get around preexisting NAbs (115). Unfortunately, while these methods provided
increased immunogenicity by unrestricting these chimeric viruses from NAbs, they were
plagued by developmental issues. Exchanging the capsid required use of serotypes that
were closely related phylogenetically, like Ads and Adz (both species C), as attempts with
more distantly related Ad types failed to grow (114, 115). Furthermore, many other attempts
to create different chimeric viruses were unviable. Chimeric viruses that were successfully
constructed often had a significant loss of infectivity and reduced transgene expression,

possibly because of defective hexon and penton interactions (115).

More recently a targeted approach has been taken to hexon switching. As discussed
above, the HVRs of the hexon region hold most of the neutralizing epitopes targeted by the
host humoral immune response. In place of switching the entire hexon region, chimeric
viruses with one, or all, of the HVRs replaced with that of another Ad type have been
constructed (16, 117). There are conflicting reports as to the effectiveness of partially

swapping the HVRs in evading preexisting Ad immunity. Some studies have reported
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success in circumventing preexisting immunity when only swapping one of the seven HVR
(16, 18). Whereas another study in mice showed that swapping all seven of Ads's HVRs
with that of another adenovirus (in this case Ad48) was necessary to see the largest
reduction in restriction via NAbs (117). Moreover, in monkeys, swapping all seven of Ads’s
HVRs with that of Ad48 was shown to successfully evade preexisting Ads immunity and

was immunogenic (99).

Heterologous prime-boost regimens are another method used to help evade
preexisting immunity in the vaccine field. This approach is used because adenoviruses
typically develop anti-vector immunity to the priming vector. Therefore, subsequent
attempts to use that vector as a boost are limited as the vector is largely neutralized upon
secondary exposure (16, 119). Moreover, prime-boost strategies allow for the generation of
unique immune responses due to the distinctive immune responses generated by each virus
(17, 120). There are many combinations possible with heterologous prime-boost regimens,
such as a DNA prime and an adenovirus boost, an adenovirus prime and a non-adenoviral
vector boost (like a pox virus vector), or a prime-boost with two different genotypes of
adenoviral vectors. Furthermore, as discussed, different genotypes of adenoviruses can
elicit distinct immune responses, therefore prime-boost regimens using two different
adenoviruses not only aid in circumventing preexisting immunity, but also allow for
altering and optimizing an immune response against a given pathogen. Going forward it

will be critical to expand the repertoire of adenovirus vectors for use in vaccine regimens.

Another method employed to avoid preexisting immunity issues is the use of so

called alternative and/or rare adenoviruses. As with other viruses, certain genotypes of
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adenoviruses are more common than others, which is measured via seroepidemiology
studies. Natural infection with Ads is very common all over the world, however other
adenoviruses, like Ad26 and Ad3s, have substantially lower seroprevalence in many large
international cohorts (64). These lower levels of seroprevalence found in rarer
adenoviruses enables them to be more freely used in many different human populations
without as much concern for reduced immunogenicity due to preexisting NAbs. However,
it is worth nothing that while these rare human adenoviral vectors have less issues with

preexisting humoral immunity, cross-reactive T cells still remain an issue.

Non-human adenoviruses are also an area of research. Adenovirus vectors based on
bovine and avian species have been investigated, but their different genomic structure may
impede their clinical development due to the need to develop novel manufacturing
methods (15, 121). Therefore, the vast majority of research into the use of non-human
adenoviral vectors has focused thus far on chimpanzee adenoviruses due to their close
genetic relatedness. These adenoviruses typically have even lower NAbs in humans (122-
124), but there is some evidence of cross-reactive NAbs and T cells that can restrict

chimpanzee Ads (110, 125, 126).

Rhesus adenoviruses are another type of non-human adenoviruses that have
recently started to gain traction. These adenoviruses have a greater degree of phylogenetic
distance from human and chimpanzee adenoviruses, but retain similar enough genomic
structure to aid in vectorization (15). Furthermore, these adenoviruses appear to have even
lower seroprevalence than other human and chimpanzee adenoviruses in human

populations (15). Most adenoviral vectors to date, including chimpanzee vectors, have been
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constructed based on adenoviruses from species B, C, D, and E, however these rhesus
adenoviruses all group into species G, a poorly characterized species in terms of virologic
and immunologic properties (15, 16). Due to their distant phylogeny to human and
chimpanzee adenoviruses, it is hypothesized that rhesus adenoviruses may confer a greater
ability to evade preexisting immunity (15). However, as discussed previously, it is
imperative to fully understand the immunologic properties elicited by each adenovirus
genotype. The immune properties of RhAds and how they interface with preexisting
human adenovirus immunity will be discussed in Chapters 2 and 3. Taken together, it is
clear that preexisting immunity remains a significant problem for the use of adenoviruses
as gene therapy and vaccine vectors. Moreover, should adenoviruses become clinically
approved as gene therapy or vaccine vectors, the need to expand the portfolio of genotypes
at hand becomes critical to avoid re-administration of the same adenoviruses within a

population.
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ABSTRACT:

Adenovirus (Ad) vectors are being investigated as vaccine candidates, but baseline anti-
vector immunity exists in human populations to both human Ad (HuAd) and chimpanzee
Ad (ChAd) vectors. In this study, we investigated the immunogenicity and cross-reactivity
of a panel of recently described rhesus adenoviral (RhAd) vectors. RhAd vectors elicited T
cells with low exhaustion markers and robust anamnestic potential. Moreover, RhAd
vector immunogenicity was unaffected by high levels of pre-existing anti-HuAd immunity.
Both HuAd/RhAd and RhAd/RhAd prime-boost vaccine regimens were highly
immunogenic, despite a degree of cross-reactive neutralizing antibodies (NAbs) between
phylogenetically related RhAd vectors. We observed extensive vector-specific cross-
reactive CD4 T cell responses and more limited CD8 T cell responses between RhAd and
HuAd vectors, but the impact of vector-specific cellular responses was far less than vector-
specific NAbs. These data suggest the potential utility of RhAd vectors and define novel

heterologous prime-boost strategies for vaccine development.
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INTRODUCTION
Adenoviruses have been explored as vaccine vectors due to their safety profile and

immunogenicity (1, 2). However, baseline neutralizing antibodies (NAbs) exist in human
populations to commonly used human and many chimpanzee Ad vectors (1, 3). High titers
of vector-specific NAbs have been shown to attenuate humoral and cellular immune
responses elicited by these vectors due to neutralization of the vaccine vector following
immunization (2, 4-6). Developing Ad vectors for which there is minimal to no baseline
seroprevalence is therefore important. Vector-specific humoral immunity is largely
serotype-specific, whereas vector-specific cellular immunity has been reported to be highly
cross-reactive among serotypes (1-4, 7-16). These considerations have led to interest in rare

human and non-human adenoviral vectors in an effort to circumvent baseline immunity

(7,16, 17).

Many different adenovirus serotypes exist and most human adenoviruses are from
species A to F (18). Chimpanzee Ads (ChAd) typically fall into species B, C, or E and thus
are phylogenetically similar to human Ads (19). Our laboratory and others have shown that
the Ad type impacts the phenotype of the resulting innate and adaptive immune responses
induced by these vectors (20-22). These observations highlight the importance of
understanding and characterizing each Ad vector serotype for use as potential vaccine

vectors.

We previously described three rhesus adenoviruses (RhAds) that cluster into the
poorly characterized adenovirus species G (18). In addition, we recently reported 14

additional RhAd vectors that also cluster with species G (23). In the present study, we
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investigate the immunogenicity and vector-specific cross-reactivity of a panel of RhAd
vectors. We show that RhAd vectors potently induce both humoral and cellular immune
responses and that RhAd vectors were unaffected by high levels of pre-existing HuAd-
specific immunity. We also assessed the extent of humoral and cellular cross-reactivity
between RhAd and HuAd vectors and between different RhAd vectors. Our data suggest
the potential of RhAd vectors for vaccine development and outline strategies for the

development of robust heterologous prime-boost regimens.
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MATERIALS AND METHODS

Phylogenetic Trees. Phylogenetic trees were constructed using MEGA 7

(www.megasoftware.net). Whole genome and hexon DNA sequences were aligned using
ClustalW. Maximum likelihood phylogenetic trees were based on the General Time
Reversible model and were bootstrapped 50 times. The trees with the highest log
likelihoods are shown. The tree is drawn to scale, with branch lengths measured in the

number of substitutions per site.

Mice and immunizations. Female C57BL/6 mice (Jackson Laboratories) were used for all
immunization experiments. Mice were vaccinated with Ei1/E3-deleted Ads, Ad26, ChAd24,
RhAds2, RhAds3, or RhAds6 vectors (18). Vectors were either empty (containing no
transgene) or expressed SIVmac239 Gag or HIV-1 clade C Env 459C gpi40 (24) transgenes
and were injected intramuscularly in the quadriceps at a dose of 109 viral particles in a
volume of 10opL divided equally between the two legs. All animal experiments were
performed in accordance with Beth Israel Deaconess Medical Center Institutional Animal

Care and Use Committee guidelines.

ELISA. Enzyme-linked immunosorbant assays (ELISAs) were performed as described
previously (25). Briefly, ELISA plates (ThermoScientific) were coated overnight at 4°C with
HIV-1 clade C Env 459C gpi4o. The following day, mouse serum was added to the plates
and serially diluted. After a one-hour incubation, HRP-conjugated rabbit anti-mouse
secondary antibody (Jackson ImmunoResearch Laboratories) was added to the plates for

another one-hour incubation. Finally, plates were developed and analyzed using the
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Spectramax Plus ELISA plate reader (Molecular Devices) and Softmax Pro-6.5.1 software.
End-point titers were determined to be positive at the highest dilution that maintained an

absorbance greater than 2-fold above the background levels.

Mouse tissue processing and flow cytometry. Mice were bled submandibularly and
PBMCs from whole blood were isolated using Ficoll-Hypaque density centrifugation at 1900
RPM for 20 minutes. Spleens were processed as previously described (26). MHC class 1
tetramer staining was performed using H-2DP tetramer loaded with the immunodominant
ALun peptide (AAVKNWMTQTL) as described previously (26). Biotinylated class I
monomer was provided by the National Institutes of Health Tetramer Core Facility (Emory
University, GA). PBMCs were surfaced stained with anti-PD-1 (RMP1-30), anti-CD8a (53-

6.7), anti-CD44 (IM7), and anti-KLRG1 (2F1).

Splenocytes were stimulated with 1 pg/mL of an overlapping SIVmac239 Gag peptide
pool. At the time of stimulation, Brefeldin A (BD Biosciences) was added and samples were
incubated for 5 hours at 37 °C. After the incubation, cells were washed and stained with
the surface stain antibodies (mentioned above) and permeabilized with Cytofix/Cytoperm
(BD Biosciences) and stained with anti-IFN-y (XMGu.2) antibodies for half an hour. Vital
exclusion dye was purchased from Invitrogen. All antibodies were purchased from either
BioLegend or BD Biosciences. All samples were acquired using an LSR II flow cytometer

(BD Biosciences) and data were analyzed using FlowJo version 9.6.4 (Tree Star).

Neutralization assays. Adenovirus-specific neutralization antibody (NAD) titers using

mouse serum samples were conducted as previously described (27). Briefly, serum was 2-
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fold serially diluted in a 96-well flat bottom plate with the exception of the last column that
served as the maximum infection control. Replication-incompetent rAd-Luc reporter
construct viruses were added to the plate followed by the addition of A459 cells. Plates
were incubated for 24 hours at 37 °C 10% CO,. After incubation, the media was removed
and 100 pl of Phosphate-buffered saline (PBS) and 100opL of Steady-Glo substrate (Promega)
were added to the wells. Luciferase activity was measured in the cells with a Victor 3
multilabel counter (PerkinElmer, Waltham, MA). Neutralization titers were defined as the

maximum serial dilution where 90% of the virus was neutralized by the serum.

IgG purification. IgG was purified from mouse serum using the IgG purification NAb Spin
Kits (ThermoScientific) according to manufacturer’s instructions. Serum was bound to the
spin column and washed with binding buffer (ThermoScientific). Bound IgG was then
eluted using elution buffer (0.1M Glycine, pH 2-3) and neutralized with neutralization
buffer 1M Tris, pH 8.5-9). IgG was then buffer exchanged into 1X PBS via spin columns

(Amicon Ultra 10k Device).

Adoptive transfers. Adoptive transfer studies were performed essentially as previously
described (13). Donor mice were immunized twice, 4 weeks apart, with RhAds2-Empty to
generate baseline vector immunity. Recipient mice received either 5 x 107 splenocytes or
purified IgG from either the RhAds2 donor mice or naive donor mice via the intravenous
route. One day following adoptive transfer, mice were vaccinated with RhAds2, RhAdss3,
RhAds6, or Ad26 vectors expressing SIV Gag. Following vaccination, mice were followed

weekly for tetramer binding responses as mentioned above.
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Statistical analysis. Statistical analyses were performed using two-tailed nonparametric

Mann-Whitney U T-test using GraphPad Prism version 7.0 (GraphPad Software).
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RESULTS
Cellular immune phenotypes induced by rhesus adenoviruses

We initiated studies to investigate the immunogenicity of a panel of RhAd vectors in
comparison with the chimpanzee Ad24 (ChAd24) and human Ads and Ad26 vectors (Fig
2.1A) (18). Groups of C57BL/6 mice (n = 8-12/group) were injected intramuscularly (i.m.)
with 109 viral particles (vp) of ChAd24-Gag, RhAd52-Gag, RhAds53-Gag, RhAd56-Gag, Ads-
Gag, or Ad26-Gag, and cellular immune responses were assessed by DP/ALn tetramer

binding and intracellular staining (ICS) assays (26).

As shown in Figure 2.1B, all vectors were immunogenic, although Ad5-Gag induced
the highest frequency of DP/AL11* CD8* T cells at set point after day 28 with a mean of 9.5%
tetramer-positive CD8* T cells at day 49 compared to a mean of 5.3% - 6.7% for all other
vectors (Ad5-Gag vs. Ad26-Gag, RhAds2-Gag, RhAds3-Gag, and ChAd24-Gag, P < o0.01).
However, Ad26-Gag, ChAd24-Gag and all RhAd-Gag vectors expressed lower levels of the
exhaustion marker PD-1 (3.6 - 17.1%) than did Ads-Gag (25.9%) at the terminal time point
(Ads-Gag vs. all other vectors, P < 0.03) (22, 28). Moreover, Ads-Gag vaccination resulted
in higher expression of KLRG1* vaccine-elicited T cells than Ad26-Gag, ChAd24-Gag, and
RhAd-Gag vectors, which suggests a more effector-like, rather than memory-like,
phenotype (29, 30). Responses in the spleen were similar to PBMCs on day 63 (Fig 2.1C).
ICS on splenocytes also showed that Ads-Gag and RhAds56-Gag induced the highest

frequencies of IFN-y* CD8* T cells (Fig 2.1D). These data suggest that the RhAd vectors
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induce T cells with a phenotype similar to Ad26 and different than the high frequency,

exhausted, effector phenotype T cells induced by Ads (22, 28).
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Figure 2.1: RhAd vector induced cellular immunologic phenotype. Mice were
immunized IM with 10° vp of the indicated adenoviral vectors. (A) Phylogenetic trees
showing full genome (left) and hexon (right) relationships among various HuAds, ChAdz4,
RhAds2, RhAds3, and RhAds6. (B) Longitudinal analysis of DP/ALn1 tetramer positive,
PD-1*, and KLRG1* CD8* T cells from PBMCs. (C) Frequency of D?/ALn, PD-1*, and KLRG1*
CD8* T cells from splenocytes. (D) Frequency of IFN-y* CD8* T cells from splenocytes.
Blue bars indicate splenocytes stimulated with SIVmac239 gag peptide pool and red bars
are unstimulated samples. Box and whisker plots indicate min and max values. For all
experiments, n = 8-12 mice per group. Lines above graphs denote significance: solid bars,
P < 0.0001, dotted lines, P < 0.01. Error bars indicate standard error of the mean (SEM).
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Figure 2.1: RhAd vector-induced cellular immunologic phenotype (Continued)
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Cellular immunogenicity of RhAd vectors in prime-boost regimens

We next sought to evaluate the immunogenicity of HuAd/RhAd and RhAd/RhAd
heterologous prime-boost vaccine regimens. Groups of C57BL/6 mice (n = 40-50) were
primed with 109 vp Ad26-Gag or RhAd52-Gag at week o. At week 8, mice were boosted (n
= 8-10/group) with 10% vp of ChAd24-Gag, RhAds52-Gag, RhAds3-Gag, RhAds56-Gag, or
Ad26-Gag, and CD8* T cell responses were assessed by DP/ALn1 tetramer binding assays.
As shown in Fig 2.2A, mice primed with Ad26-Gag were not boosted efficiently by Ad26-
Gag due to anti-vector pre-existing immunity generated by the priming immunization. In
contrast, mice primed with Ad26-Gag were robustly boosted with ChAd24-Gag, RhAd52-
Gag, RhAd53-Gag, and RhAds56-Gag. In Ad26-Gag primed mice, the RhAd53-Gag boost
induced the highest peak responses of 31.1% at week 9, followed by RhAds52-Gag and
RhAds56-Gag. These data show the potency of HuAd/RhAd vaccine regimens. In RhAds52-
Gag primed mice, the RhAd53-Gag and ChAd24-Gag vectors induced the highest responses
post-boost of 30.5% and 28.4% respectively at week 9 (RhAd53-Gag vs. Ad26-Gag, P =
0.0142; ChAd24-Gag vs. Ad26-Gag, P = 0.0625), followed by RhAds6-Gag, RhAds2-Gag, and

Ad26-Gag. These data show the potency of RhAd/ChAd and RhAd/RhAd vaccine regimens.

We assessed NAD titers to Ad26, RhAds2, RhAds53, and RhAds6 in this experiment
following both immunizations. Four weeks post-prime, only Ad26-Gag primed mice had
Ad26 NAD titers, as expected (Fig 2.2B). In contrast, mice primed with RhAd52-Gag had
detectable NAD titers against both RhAds2 and RhAds6, indicating a degree of cross-
reactive humoral immunity between RhAds2 and RhAd56 (Fig 2.2B). Similarly, at four

weeks post-boost, we observed that only mice receiving an Ad26-Gag priming or boosting
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induced Ad26-specific NAD titers (Fig 2.2C). We observed cross-reactive NAD titers among
mice boosted with RhAds2-Gag, RhAds53-Gag, and RhAds56-Gag. RhAds52/RhAds2
vaccinated mice generated detectable NADb titers to RhAds3, although RhAd52/RhAds53
generated higher RhAds53-specific NAbs. These data suggest similar potency of HuAd-
RhAd and RhAd-RhAd prime-boost vaccine regimens despite a degree of cross-reactivity

among RhAds.
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Figure 2.2: RhAd vectors in prime-boost regimens. Cs57BL/6 mice (n = 8-10/group)
were primed with 109 vp of indicated adenoviral vector. After 8 weeks, mice were boosted
with the vector shown in the legend. (A) Longitudinal analysis of D?/ALu1* CD8* T cells in
PBMCs of vaccinated mice. Ad26 prime: RhAds3 versus Ad26 (****, P < 0.0001); RhAds3
versus ChAd24 (*, P = 0.0464); RhAds2 prime: RhAds3 versus Ad26 (¥, P = 0.0142) (B) Ad-
specific neutralization titers 4 weeks after prime, before boosting vaccinations were
administered. (C) Ad-specific neutralization titers four weeks after the boosting
vaccinations were administered. Dotted lines indicate limit of detection. Error bars
indicate standard error of the mean (SEM). For tetramer analysis n = 8-10 mice per group
and for neutralization data n = 4-8 mice per group were used.
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Humoral immunogenicity of RhAd vectors in prime-boost regimens

To investigate the ability of RhAds to induce humoral immunity to encoded transgenes,
C57BL/6 mice (n = 5/group) were immunized with ChAd24-Env, RhAds2-Env, RhAds53-
Env, RhAds6-Env, Ads-Env, or Ad26-Env encoding HIV-1 clade C Env 459C gp140 (24). As
shown in Fig 2.3A, after a single injection, all vectors induced Env-specific binding
antibodies, although Ads-Env induced faster kinetics and peak titers than the other vectors
(Fig 2.3A). To evaluate prime-boost regimens, C57BL/6 mice (n = 5/group) were primed
with Ad26-Env at week o and boosted with ChAd24-Env, RhAds2-Env, RhAds3-Env,
RhAds56-Env, or Ad26-Env at week 8. As shown in Fig 2.3B, all groups had similar levels of
Env-binding antibody titers post-prime as expected. The Ad26-Env boost did not increase
titers efficiently presumably as a result of anti-vector immunity induced by the priming
immunization. In contrast, all of the RhAds efficiently boosted antibody titers. In
particular, the Ad26-Env/RhAds6-Env regimen elicited the highest peak antibody titers of
6.93 mean log,, titer at week 10 (Ad26-Env vs. all other vectors, P = 0.0079) (Fig 2.3B). These
data show that RhAd vectors induce antibody responses, both alone and in the context of

prime-boost regimens.
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Figure 2.3: RhAd vector induced antibody binding titers. (A) C57BL/6 mice were
immunized with 109 vp of the indicated adenoviral vectors (n = 5/group). Antibody binding
titers are shown for weeks o, 2, 4, and 8 after vaccination. (B) C57BL/7 mice were primed
with Ad26-Env and 8 weeks later were boosted with the indicated adenoviral vectors (n =
5/group). Antibody binding titers are shown for weeks o, 2, and 8 post-prime and weeks
10, 12, and 22 post-boost. Dots represent individual animals. Lines above graphs denote
significance: dotted lines, P < 0.01. Error bars indicate standard error of the mean (SEM).
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Figure 2.3: RhAd vector induced antibody binding titers (Continued)

57



Effects of HuAds pre-existing immunity on RhAd vectors

The extent of immunologic cross-reactivity between Ads and RhAd vectors is not yet
known, but it has been previously reported that pre-existing Ads immunity can impede
immune responses generated by certain non-human adenovirus vectors (12). Moreover, as
baseline Ads seroprevalence is nearly universal in the developing world (1, 6), it is
important to evaluate whether high levels of Ads pre-existing immunity may impact RhAd

vector immunogenicity.

To model the effects of Ads pre-existing immunity on RhAd vector immunogenicity,
C57BL/6 mice (n = 5/group) were injected twice with 109 vp of Ads-empty at weeks -8 and
-4 (Fig 2.4A). As shown in Fig 2.4B, these injections raised median log,, Ads NAD titers of
3.3 by week o. At week o, mice were primed with Ad vectors encoding either SIVGag or
459C-Env gpi40, and responses were evaluated by DP/ALu tetramer binding assays and
Env-specific ELISAs. As shown in Fig 2.4C-2.4D, all RhAds and ChAdz24 were unaffected
by the presence of high levels of Ads pre-existing immunity. In contrast, the
immunogenicity of Ad5-Gag and Ads-Env were ablated by high baseline Ads NAb titers, as

expected.
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Figure 2.4: RhAd vector immunogenicity in mice with baseline Ad5 immunity. (A)
Experimental schema. C57BL/6 mice (n = 50) were immunized at week -8 and week -4 with
109 vp of Ads-empty. At week o, mice were injected with the indicated vector either
expressing Gag or Env (n = 5/group). (B) Ads neutralizing antibody titers at weeks -8, -4,
and o. (C) Longitudinal analysis of DP/ALui* tetramer binding responses following the
priming immunization with the indicated Gag-encoding vector. (D) Antibody binding
titers for weeks 1, 2, and 4 after priming immunization with the indicated Env-encoding
vectors. Error bars indicate standard error of the mean (SEM).
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We next conducted prime-boost immunization experiments in mice with high levels
of baseline Ads immunity. C57BL/6 mice (n = 40) were pre-immunized with two injections
of 109 vp Ad5-empty at week -8 and week -4 prior to vaccination (Fig 2.5A). All mice had
high levels of Ads NAD titers following the second Ad5-empty injection (median log,, titer
2.7). Four weeks after the second Ads-empty injection, mice were primed with Ad26-Gag
or RhAds52-Gag at week o and were boosted with ChAd24-Gag, RhAds52-Gag, RhAds53-Gag,
Ad26-Gag, or Ads-Gag at week 8 (n = 4/group). As shown in Fig 2.5B, Ads-Gag boosting
was poorly immunogenic presumably due to baseline anti-vector immunity, and Ad26-Gag
boosting was poorly immunogenic presumably due to anti-vector immunity generated by
the priming immunization. In contrast, we observed robust boosting by RhAds53-Gag,
RhAds52-Gag, and ChAd24-Gag with D*/ALn tetramer binding responses, reaching 31.9% of
CD8* T cells at week 10 (RhAd53-Gag vs. Ads-Gag and Ad26-Gag, P = 0.028). In RhAd52-
Gag primed mice, all vectors except for Ads5-Gag result in effective boosting responses
reaching 26.0% CD8* T cells at week 10, particularly the heterologous vectors RhAd53-Gag
and ChAd24-Gag (RhAds3-Gag and ChAd24-Gag vs. Ads-Gag, P = 0.028). As shown in Fig
2.5C, Ad26-specific NAbs were only elicited in mice that received Ad26-Gag either as the
prime or boost and we observed cross-reactivity among the three RhAds. Moreover, as
expected, all mice had high levels of Ad5 NAbs due to the Ad5-Empty pre-immunization.
These data demonstrate that high levels of Ads pre-existing immunity did not impair

Ad26/RhAd or RhAd/RhAd prime-boost regimens.
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Figure 2.5: RhAd prime-boost regimens in mice with baseline Ads-immunity. (A)
Experimental study design (n = 4/group). C57BL/6 mice were primed with indicated vector
and then boosted 8 weeks later with the boosting vector denoted by the legend. Both
immunizations were done at 109 vp. (B) Frequency of D’/ALu* CD8* T cells. Priming
responses were pooled together and displayed as one line (brown) for Ad26-Gag and
RhAds2-Gag respectively. (C) Ad-specific neutralizing antibody titers 4 weeks after
boosting immunization for Ads, Ad26, RhAds2, and RhAds3. Dotted horizontal lines
indicate limit of detection. Error bars indicate standard error of the mean (SEM).
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Impact of cross-reactivity among RhAds on vaccination

We next explored the biological significance of the cross-reactive NAb responses among
RhAds in this model. C57BL/6 mice (n = 5/group) were pre-immunized with either one or
two injections of 109 vp Ad26-empty, RhAds2-empty, RhAds3-empty, RhAd56-empty, or
PBS (Fig 2.6A). Four weeks after the second Ad-Empty pre-immunization, mice received
109 vp of RhAds52-Gag. As seen in Fig 2.6B, pre-immunization with PBS and Ad26-empty
did not blunt the immunogenicity of RhAds2-Gag (PBS vs. RhAd52-Gag, P = 0.0079; Ad26-
Gag vs. RhAds2-Gag, P = 0.0079). However, we observed substantial suppression of the
homologous RhAds52-Gag vector with one RhAd52-Empty pre-immunization and complete
suppression with two RhAd52-Empty pre-immunizations (Fig 2.6B), which raised potent
baseline RhAds2 NAbs (Fig 2.6C). We also observed minimal attenuation of RhAds2-Gag
responses following one RhAds53-Empty or RhAd56-Empty pre-immunization, but
substantial suppression of RhAds52-Gag following two RhAd53-Empty or RhAds56-Empty
pre-immunizations, demonstrating that the cross-reactive NAbs among RhAd vectors can
be functionally suppressive if induced to particularly high levels (Fig 2.6B-2.6C). Taken
together, these data suggest that cross-reactivity amongst RhAds can suppress a

heterologous RhAd vector vaccination when induced to supra-physiologic levels.
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Figure 2.6: Suppression of RhAd52 immunogenicity with baseline RhAd immunity.
(A) Experimental study design (n = 5/group). C57BL/6 mice were injected with 109 vp of
various Ad-empty vectors either once or twice to induce low or high levels of pre-existing
immunity. Mice were then vaccinated with 10% vp of RhAds2-Gag. (B) Frequency of
DP/ALn* CD8* T cells following RhAds2-Gag vaccination following one injection of Ad-
empty (left) or two injections of Ad-empty (right). Two injections: PBS versus RhAds2 (**,
P = 0.0079); PBS versus RhAds6 (*, P = 0.015); PBS versus RhAds3 (P = 0.055). (C)
Neutralizing antibody titers four weeks after first (top) or four weeks after second (bottom)
empty vector injection, but before RhAds2 vaccination. Dotted horizontal lines indicate
limit of detection. Error bars indicate standard error of the mean (SEM).
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Adoptive transfer studies with purified IgG

To explore the suppressive potential of cross-reactive RhAd-specific NAbs in greater detail,
we conducted adoptive transfer studies with purified IgG. Donor mice were immunized
twice, four weeks apart, with 109 vp of RhAds2-empty (Fig 2.7A). IgG was then purified
from serum, pooled and soopg purified IgG was adoptively transferred into naive recipient
mice. As a control, additional groups of recipient mice received IgG purified from
unvaccinated control mice. One day after transfer, mice were vaccinated with 10% vp of
RhAd52-Gag, RhAd53-Gag, RhAds6-Gag, or Ad26-Gag (n = 5/group). Serum collected one-
day post IgG transfer prior to Ad-Gag vaccination verified RhAds2 NAbs in mice that
received RhAds2 IgG, but not sham IgG (Fig 2.7B). Asshown in Fig 2.7C, RhAds2 IgG nearly
completely suppressed RhAds2-Gag (Week 2: P =0.0079; Week 6: P =0.0079) and partially
suppressed RhAd56-Gag (Week 6: P = 0.0159), but did not significantly impair RhAds3-

Gag or Ad26-Gag, thus confirming the suppressive potential of these cross-reactive NAbs.
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Figure 2.7: Suppression of RhAd immunogenicity by adoptive transfer of RhAds2-
specific IgG. (A) Experimental schema (n = 5/group). IgG was purified from pooled serum
from mice injected with RhAds2-empty or naive mice, and 500 pg of IgG was transferred
to naive recipient mice. One day after transfer, recipient mice were vaccinated with 10° vp
of RhAds52-Gag, RhAds3-Gag, RhAd56-Gag, or Ad26-Gag (n = 5/group). (B) Neutralizing
antibody titers one day after adoptive transfer, but before vaccination. (C) Frequency of
Db/ALu* CD8* T cells following adoptive transfer for each vaccine group (*, P < 0.05; **, P
< 0.01). Error bars indicate standard error of the mean (SEM).
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Adoptive transfer studies with splenocytes

Cross-reactive cellular responses have previously been reported to be extensive among
HuAd serotypes (7, 8). To investigate cellular immune cross-reactivity among RhAd
vectors, groups of naive C57BL/6 mice (n = 5/group) were injected twice with 109 vp of Ads-
empty, Ad26-empty, RhAds2-empty, or RhAds3-empty four weeks apart. Four weeks after
the final injection, spleens were harvested and stimulated with overlapping 15-mer hexon
peptides spanning the entire hexon region of each serotype. As shown in Figure 2.8A, CD4*
T cells exhibited extensive cross-reactivity to homologous and heterologous peptide pools.
In contrast, CD8* T cells were more restricted in their cross-reactivity. These data suggest
broad cross-reactivity for CD4 responses and less extensive cross-reactivity for CD8

responses induced by RhAd vectors.

Finally, we performed a cellular adoptive transfer study to evaluate the biological
significance of these cross-reactive T cell responses in this model. Cs57BL/6 mice were
injected twice with 10° vp RhAds52-empty or saline four weeks apart raising median NAb
log,, titers of 2.3 among the RhAds2-Empty groups (Fig 2.8B). Groups of naive recipient
mice (n = 5/group) received 5x107 pooled splenocytes from RhAd52-immune or naive-donor
mice and then were vaccinated with either RhAd52-Gag or RhAd56-Gag. As shown in Fig
2.8C, mice that received splenocytes from mice injected with RhAds52-Gag demonstrated a
trend towards partial attenuation of the homologous RhAds52-Gag vaccine, but not to the
heterologous RhAd56-Gag vaccine. These data suggest a modest effect of RhAd-specific

cellular immune responses, but less striking than RhAd-specific NAb responses.
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Figure 2.8: Partial suppression of RhAd immunogenicity by adoptive transfer of
RhAds2-specific splenocytes. (A) Frequency of IFN-y* CD4*and CD8* T cells responding
to peptide pools of 15-mers overlapping by 11 from the hexon regions of Ads, Ad26, RhAds2,
and RhAds53 from mice injected twice with the indicated Ad-empty vector or PBS control.
(B) Experimental schema (n = 5/group). Splenocytes were pooled from mice that were
injected twice with RhAd52-empty or from naive mice. Donor splenocytes were transferred
into naive host and one day later they were vaccinated with either RhAd52-Gag or RhAd56-
Gag (n = 5/group). (C) Frequency of D°/ALu* CD8* T cells following cell transfer and
vaccination. Error bars indicate standard error of the mean (SEM).
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DISCUSSION

In this study, we evaluated the immunogenicity and cross-reactivity of a panel of RhAd
vectors, which all cluster phylogenetically into the poorly studied species G of Adenoviridae
(23). We demonstrate that these RhAd vectors were highly immunogenic in the presence
of high levels of pre-existing HuAd-specific immunity, and could be combined into potent
HuAd/RhAd and RhAd/RhAd prime-boost vaccine regimens. Moreover, we defined a
degree of cross-reactive NAbs among the RhAds as well as extensive cellular cross-reactivity
between HuAds and RhAds. Nevertheless, RhAd-RhAd prime-boost regimens remained
highly immunogenic, although suppression by supraphysiologic titers of cross-reactive
NAbs could impair immunogenicity. These data demonstrate the immunogenicity of RhAd

vectors and their potential utility as candidate vaccine vectors.

Species G of Adenoviradae remains poorly characterized compared to other species
of adenoviruses (18). Since its classification, only one human adenovirus has been assigned
to this species, HuAds2, which interestingly was isolated from a primary monkey cell line
(31). All the RhAds discovered to date have clustered into species G (18, 32). Our data show
that the RhAds induced a cellular immune phenotype more similar to Ad26 than Ads and
were highly immunogenic despite high levels of HuAd pre-existing immunity (Fig 2.1, 2.2
and 2.5). To our knowledge, this is the most in-depth assessment of vaccine-elicited

immune responses by species G-based adenoviral vectors.

Pre-existing immunity to adenoviral vectors, particularly baseline NAbs, has been

shown to suppress the immunogenicity of Ad vectors (1, 4, 5,16). These NAbs are typically
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serotype-specific, although we previously identified cross-reactive NAbs between human
Adu and Ad3s (16). Here we observed a degree of cross-reactive NAbs between RhAd52,
RhAds3, and RhAds56, although the cross-reactive NAbs were lower than homologous NAbs
and did not impair the immunogenicity of RhAd-RhAd prime-boost regimens (Fig 2.2 and
2.5) unless induced to very high titers (Fig 2.6). The extent of cross-reactivity among the
RhAds reflected their phylogenetic relatedness (Fig 2.1A). For example, RhAd52 and
RhAds6 are more closely related in terms of their full genomes and more readily induce
cross-reactive NAbs to each other than RhAds3. RhAd seroprevalence is exceedingly low

in the human population and NAb titers when present are very low (18).

Cellular immune responses to adenoviruses are extensively cross-reactive across
genotypes (7, 14, 15) and may have a secondary role in suppressing vaccine-elicited immune
responses (3, 7,16). We show here that RhAds conform to this paradigm as well, with broad
CD4 T cell cellular cross-reactivity and more limited CD8 T cell cross-reactivity. However,
cross-reactive NAbs are likely more critical in attenuating vector immunogenicity than are

cross-reactive cellular responses (Fig 2.7 and 2.8) (16).

In conclusion, our data demonstrate the potent immunogenicity of RhAd vectors in
mice. We observed a degree of humoral cross-reactivity and extensive cellular cross-
reactivity among RhAd vectors. Nevertheless, HuAd/RhAd and RhAd/RhAd prime-boost
regimens were highly immunogenic, and all the RhAds effectively circumvented high levels
of baseline Ads-specific immunity. These data suggest the potential of RhAd vectors and

prime-boost regimens as candidate vaccines.

72



REFERENCES:

1. Abbink P, Lemckert AAC, Ewald BA, Lynch DM, Denholtz M, Smits S,
Holterman L, Damen I, Vogels R, Thorner AR, O'Brien KL, Carville A,
Mansfield KG, Goudsmit J, Havenga MJE, Barouch DH. 2007. Comparative
seroprevalence and immunogenicity of six rare serotype recombinant adenovirus
vaccine vectors from subgroups B and D. ] Virol 81:4654-4663.

2. Ertl HC. 2016. Viral vectors as vaccine carriers. Curr Opin Virol 21:1-8.

3. Fausther-Bovendo H, Kobinger GP. 2014. Pre-existing immunity against Ad
vectors: humoral, cellular, and innate response, what's important?. Hum Vaccin
Immunother 10:2875-2884.

4. Shiver JW, Emini EA. 2004. Recent advances in the development of HIV-1 vaccines
using replication-incompetent adenovirus vectors. Annu Rev Med 55:355-372.

5. Dudareva M, Andrews L, Gilbert SC, Bejon P, Marsh K, Mwacharo J, Kai O,
Nicosia A, Hill AVS. 2009. Prevalence of serum neutralizing antibodies against
chimpanzee adenovirus 63 and human adenovirus 5 in Kenyan children, in the
context of vaccine vector efficacy. Vaccine 27:3501-3504.

6. Limbach K, Stefaniak M, Chen P, Patterson NB, Liao G, Weng S, Krepkiy S,
Ekberg G, Torano H, Ettyreddy D, Gowda K, Sonawane S, Belmonte A, Abot E,
Sedegah M, Hollingdale MR, Moormann A, Vulule ], Villasante E, Richie TL,
Brough DE, Bruder JT. 2017. New gorilla adenovirus vaccine vectors induce potent
immune responses and protection in a mouse malaria model. Malar ] 16:263.

7. Frahm N, DeCamp AC, Friedrich DP, Carter DK, Defawe OD, Kublin JG,
Casimiro DR, Duerr A, Robertson MN, Buchbinder SP, Huang Y, Spies GA, De
Rosa SC, McElrath M]J. 2012. Human adenovirus-specific T cells modulate HIV-
specific T cell responses to an Ads-vectored HIV-1 vaccine. ] Clin Invest 122:359-

367.

8. O'Brien KL, Liu J, King SL, Sun Y-H, Schmitz JE, Lifton MA, Hutnick NA, Betts
MR, Dubey SA, Goudsmit ], Shiver JW, Robertson MN, Casimiro DR, Barouch
DH. 2009. Adenovirus-specific immunity after immunization with an Ads HIV-1
vaccine candidate in humans. Nat Med 15:873-875.

9. Chen H, Xiang ZQ, Li Y, Kurupati RK, Jia B, Bian A, Zhou DM, Hutnick N,
Yuan S, Gray C, Serwanga J, Auma B, Kaleebu P, Zhou X, Betts MR, Ertl HC]J.
2010. Adenovirus-based vaccines: comparison of vectors from three species of

73



10.

11.

12.

13.

14.

15.

16.

17.

18.

adenoviridae. ] Virol 84:10522-10532.

Smith CA, Woodruff LS, Rooney C, Kitchingman GR. 1998. Extensive Cross-
Reactivity of Adenovirus-Specific Cytotoxic T Cells. Human Gene Therapy 9:1419-

1427.

Leen AM. 2004. Conserved CTL epitopes on the adenovirus hexon protein expand
subgroup cross-reactive and subgroup-specific CD8+ T cells. Blood 104:2432-244o0.

Fitzgerald JC, Gao G-P, Reyes-Sandoval A, Pavlakis GN, Xiang ZQ, Wlazlo AP,
Giles-Davis W, Wilson JM, Ertl HCJ. 2003. A simian replication-defective
adenoviral recombinant vaccine to HIV-1 gag. ] Immunol 170:1416-1422.

Sumida SM, Truitt DM, Kishko MG, Arthur JC, Jackson SS, Gorgone DA,
Lifton MA, Koudstaal W, Pau MG, Kostense S, Havenga MJE, Goudsmit J,
Letvin NL, Barouch DH. 2004. Neutralizing antibodies and CD8+ T lymphocytes

both contribute to immunity to adenovirus serotype 5 vaccine vectors. ] Virol
78:2666-2673.

Barouch DH, Liu ], Peter L, Abbink P, lampietro MJ, Cheung A, Alter G,
Chung A, Dugast A-S, Frahm N, McElrath MJ, Wenschuh H, Reimer U,
Seaman MS, Pau MG, Weijtens M, Goudsmit J, Walsh SR, Dolin R, Baden LR.
2013. Characterization of humoral and cellular immune responses elicited by a
recombinant adenovirus serotype 26 HIV-1 Env vaccine in healthy adults (IPCAVD
oo1). ] Infect Dis 207:248-256.

Heemskerk B, Veltrop-Duits LA, van Vreeswijk T, Dam ten MM, Heidt S, Toes
REM, van Tol MJD, Schilham MW. 2003. Extensive cross-reactivity of CD4+
adenovirus-specific T cells: implications for immunotherapy and gene therapy. J
Virol 77:6562-6566.

Lemckert AAC, Sumida SM, Holterman L, Vogels R, Truitt DM, Lynch DM,
Nanda A, Ewald BA, Gorgone DA, Lifton MA, Goudsmit J, Havenga MJE,
Barouch DH. 2005. Immunogenicity of heterologous prime-boost regimens
involving recombinant adenovirus serotype 11 (Ad11) and Ad35 vaccine vectors in
the presence of anti-ad5 immunity. ] Virol 79:9694-9701.

Michael NL. 2012. Rare serotype adenoviral vectors for HIV vaccine development. ]
Clin Invest 122:25-27.

Abbink P, Maxfield LF, Ng'ang'a D, Borducchi EN, lampietro MJ, Bricault CA,
Teigler JE, Blackmore S, Parenteau L, Wagh K, Handley SA, Zhao G, Virgin
HW, Korber B, Barouch DH. 2015. Construction and evaluation of novel rhesus

74



19.

20.

21.

22,

23.

24.

25.

26.

monkey adenovirus vaccine vectors. ] Virol 89:1512-1522.

Roy S, Vandenberghe LH, Kryazhimskiy S, Grant R, Calcedo R, Yuan X,
Keough M, Sandhu A, Wang Q, Medina-Jaszek CA, Plotkin JB, Wilson JM.
2009. Isolation and characterization of adenoviruses persistently shed from the
gastrointestinal tract of non-human primates. PLoS Pathog 5:e1000503.

Teigler JE, lampietro MJ, Barouch DH. 2012. Vaccination with adenovirus
serotypes 35, 26, and 48 elicits higher levels of innate cytokine responses than
adenovirus serotype 5 in rhesus monkeys. ] Virol 86:9590-9598.

Tan WG, Jin HT, West EE, Penaloza-MacMaster P, Wieland A, Zilliox M]J,
McElrath MJ, Barouch DH, Ahmed R. 2013. Comparative Analysis of Simian
Immunodeficiency Virus Gag-Specific Effector and Memory CD8+ T Cells Induced
by Different Adenovirus Vectors. ] Virol 87:1359-1372.

Penaloza-Macmaster P, Provine NM, Ra J, Borducchi EN, McNally A,
Simmons NL, [ampietro MJ, Barouch DH. 2013. Alternative serotype adenovirus
vaccine vectors elicit memory T cells with enhanced anamnestic capacity compared
to Ads vectors. J Virol 87:1373-1384.

Abbink P, Kirilova M, Boyd M, Mercado N, Li Z, Nityanandam R,
Nanayakkara O, Peterson R, Larocca RA, Aid M, Tartaglia L, Mutetwa T, Blass
E, Jetton D, Maxfield LF, Borducchi EN, Badamchi-Zadeh A, Handley S, Zhao
G, Virgin HW, Havenga M]J, Barouch DH. 2018. Rapid Cloning of Novel Rhesus
Adenoviral Vaccine Vectors. ] Virol JVI.01924-17.

Bricault CA, Kovacs JM, Nkolola JP, Yusim K, Giorgi EE, Shields JL, Perry J,
Lavine CL, Cheung A, Ellingson-Strouss K, Rademeyer C, Gray GE,
Williamson C, Stamatatos L, Seaman MS, Korber BT, Chen B, Barouch DH.
2015. A multivalent clade C HIV-1 Env trimer cocktail elicits a higher magnitude of
neutralizing antibodies than any individual component. ] Virol 89:2507-2519.

Nkolola JP, Peng H, Settembre EC, Freeman M, Grandpre LE, Devoy C, Lynch
DM, La Porte A, Simmons NL, Bradley R, Montefiori DC, Seaman MS, Chen B,
Barouch DH. 2010. Breadth of neutralizing antibodies elicited by stable,
homogeneous clade A and clade C HIV-1 gp140 envelope trimers in guinea pigs. J
Virol 84:3270-3279.

Provine NM, Larocca RA, Penaloza-Macmaster P, Borducchi EN, McNally A,
Parenteau LR, Kaufman DR, Barouch DH. 2014. Longitudinal requirement for
CD4+ T cell help for adenovirus vector-elicited CD8+ T cell responses. The Journal

75



27.

28.

29.

30.

3L

32.

of Immunology 192:5214-5225.

Sprangers MC, Lakhai W, Koudstaal W, Verhoeven M, Koel BF, Vogels R,
Goudsmit J, Havenga MJE, Kostense S. 2003. Quantifying adenovirus-
neutralizing antibodies by luciferase transgene detection: addressing preexisting
immunity to vaccine and gene therapy vectors. ] Clin Microbiol 41:5046-5052.

Larocca RA, Provine NM, Aid M, Iampietro MJ, Borducchi EN, Badamchi-
Zadeh A, Abbink P, Ng'ang'a D, Bricault CA, Blass E, Penaloza-Macmaster P,
Stephenson KE, Barouch DH. 2016. Adenovirus serotype 5 vaccine vectors trigger
IL-27-dependent inhibitory CD4(+) T cell responses that impair CD8(+) T cell
function. Sci Immunol 1:eaaf7643.

Joshi NS, Cui W, Chandele A, Lee HK, Urso DR, Hagman ], Gapin L, Kaech SM.
2007. Inflammation directs memory precursor and short-lived effector CD8(+) T
cell fates via the graded expression of T-bet transcription factor. Immunity 27:281-

205.

Henson SM, Akbar AN. 2009. KLRGi--more than a marker for T cell senescence.
Age (Dordr) 31:285-291.

Jones MS, Harrach B, Ganac RD, Gozum MMA, Cruz Dela WP, Riedel B, Pan
C, Delwart EL, Schnurr DP. 2007. New adenovirus species found in a patient
presenting with gastroenteritis. ] Virol 81:5978-5984.

Abbink P, Kirilova M, Boyd M, Mercado N, Li Z, Nityanandam R,
Nanayakkara O, Peterson R, Larocca RA, Aid M, Tartaglia L, Mutetwa T, Blass
E, Jetton D, Maxfield LF, Borducchi EN, Badamchi-Zadeh A, Handley S, Zhao
G, Virgin HW, Havenga M], Barouch DH. 2017. Rapid Cloning of Novel Rhesus
Adenoviral Vaccine Vectors. ] Virol 1-37.

76



CHAPTER 3:

Cross-reactive Epitopes Between Rhesus and Human Adenoviral Vectors in
Humans



This chapter represents an on-going study with final experiments currently being

conducted for completion of a manuscript
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ABSTRACT

Preexisting immunity is a common, long-standing problem facing the use of adenovirus
(Ad) vectors in clinical settings. In this study, we examine the extent of T cell cross-
reactivity between HuAd vectors and species G RhAd vectors and define a novel cross-
reactive epitope in humans. We used intracellular staining (ICS) assays to assess donors
for preexisting T cells to adenovirus hexon peptide pools. Humans were shown to have
extensive CD4* and limited CD8* T cell cross-reactive immunity between HuAd and RhAd
vectors. The CD8* T cell responses were largely driven by a single immunodominant
epitope, and we found instances of cross-reactive and non-cross-reactive epitopes. These
data suggest that more distantly related non-human adenoviruses are still recognized by
HuAd-generated preexisting immunity and also add a novel adenovirus epitope that can

be used to improve clinical uses of adenoviruses.

79



INTRODUCTION

Adenoviruses are frequently used for their utility as gene therapy and vaccine vectors
against numerous pathogens (1-7). However, a common problem facing their use is pre-
existing immunity, both in the form of humoral and cellular immunity (2, 8-12). Pre-
existing humoral immunity to adenoviruses, largely in the form of neutralizing antibodies,
can severely attenuate vaccine immunogenicity, but these antibodies usually tend to be
serotype-specific (9, 13). In contrast to the more type-specific recognition by antibodies,
the pre-existing cellular immunity to adenoviruses tends to be more broadly cross-reactive
due to the targeting of more conserved epitopes (13-17). Prior studies have shown multiple
negative effects of adenovirus-specific cellular immunity on the vaccine-elicited immune
responses. Frahm et. al,, reported higher baseline adenovirus-specific cellular immunity
resulted in the suppression of vaccine-elicited CD4* T cell magnitude as well as a reduction
in CD8* T cell epitope breadth (13). Moreover, others have reported reductions in vaccine
immunogenicity attributed to pre-existing cellular immunity (11,13, 16,18,19). Taking these
factors into consideration, it highlights the need to consider the effects of adenovirus-

specific pre-existing cellular immunity when designing adenoviral vaccine vectors.

In an effort to circumvent pre-existing immunity and increase vaccine
immunogenicity, many groups have employed rare human and chimpanzee adenoviral
vectors (2, 9, 20, 21). However, these vectors maintain close phylogenetic proximity to one
another resulting in higher levels of seroprevalence, which still leaves them susceptible to
humoral and cellular pre-existing immunity (9, 18, 22, 23). With a greater phylogenetic

separation in species G of adenoviridae, rhesus adenoviral (RhAd) vectors better evade pre-
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existing humoral immunity, especially in the developing world, but whether or not this
expanded evolutionary separation confers them the ability to evade pre-existing T cells

remains largely unexplored (22, 24).

A stronger understanding of the mechanisms underlying the recognition of pre-
existing adenovirus-specific T cells may help to optimize vector design. Elucidating the
epitopes that drive recognition by cross-reactive T cells can help inform ways to increase
or prolong transgene expression and increase potency of vaccine immunogenicity (1, 23, 25,
26). There are currently go human adenoviruses identified, and due to their relative ease
of transmission, the vast majority of people have been repeatedly infected multiple times
throughout their lives (27, 28). These repeated infections can bolster pre-existing
adenovirus-specific cellular immunity, which are mainly primed effector memory T cells
(9). Furthermore, it is possible that infection with certain genotypes may preferentially
induce immunodominant cross-reactive epitopes to only a select number of differing
genotypes, which could assist in the selection of which adenoviral backbone could perform

best in certain geographical regions.

In the present study, we investigate the extent of cross-reactivity between various
human and rhesus adenoviruses in a panel of 20 human donors. We show that while there
is substantial cross-reactivity, CD8* T cells largely respond to only one immunodominant
epitope (per donor). In addition, we finely map the epitopes of these immunodominant
responses and identify donor HLA-type. Our data identify new adenovirus hexon epitopes
that could be used to inform vector design or assist in treatment of adenovirus infections

in immunosuppressed patients
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MATERIALS AND METHODS

Blood processing and flow cytometry. Fresh whole blood was obtained from
anonymous, healthy human donors (Research Blood Components, LLC, Boston, MA).
PBMCs were isolated using Ficoll-Hypaque density centrifugation at 3000RPM for 20
minutes. All samples used in these studies were approved by our Institutional Review

Board (IRB).

Human PBMCs were plated at a concentration of 1 x 10° cells/well and stimulated
with the indicated peptide pools. These peptides were 15mers overlapping by 11 amino acids
spanning the hexon region of various adenovirus genotypes and were purified to > 80%
(standard purity) (JPT Peptide Technologies GmbH). The hexon peptides were divided
into two pools, Hexon-1 and Hexon-2. Brefeldin A (BD Biosciences) was added at the time
of stimulation. Samples were incubated for 5 hours at 37°C and then cells were washed and
stained with the surface stain antibodies anti-CD4 (OKT4) and anti-CD8 (SK1) and a vital
exclusion dye for half an hour. Subsequently, cells were permeabilized with
Cytofix/Cytoperm (BD Biosciences) and stained with anti-CD69g (FN50), anti-CD3
(UCHT1), and anti-IFN-y (B27) for half an hour. Cells were then washed and fixed to await
acquisition and analysis. All antibodies were purchased from either BioLegend or BD
Biosciences. All samples were acquired using an LSR II flow cytometer (BD Biosciences)

and data were analyzed using Flow]Jo version 9.6.4 (Tree Star).
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Epitope Mapping. Epitope mapping was conducted via intracellular staining (ICS) assay
as described above. Peptide subpools used for stimulation consisted of ten peptides each
spanning all of the peptides in Hexon-1 pool (for 12 subpools per genotype). For fine-
mapping, dilution experiments peptides were synthesized at >95% (high purity). Peptides
were log-fold serially diluted down the plate. All peptides were used at a starting
concentration of ipg/mL. Positive subpools and individual peptides were indicated by IFN-

Y secretion.

Neutralization Assays. Ad-specific neutralization antibody (NAbs) titers using human
plasma or serum samples were conducted as previous described (30). Briefly, plasma or
serum was 2-fold serially diluted in a 96-well flat bottom plate with the exception of the
last column, which served as the maximum infection control. Subsequently, replication-
incompetent rAd-Luc reporter construct viruses were added to the plate, followed by A459
cells. Virus and cells were incubated for 24 hours at 37°C 10% CO.,. After incubation,
supernatant was removed and 10ouL of Phosphate-buffered saline (PBS) and 10opL of
Steady-Glo substrate (Promega) were added to the wells. Luciferase activity was measured
in the cells with a Victor 3 multilabel counter (PerkinElmer, Waltham, MA). Neutralization
titers were defined as the maximum serial dilution where 90% of the virus was neutralized

by the serum.
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RESULTS

CD4* and CD8* T cell adenovirus-specific cross-reactivity

We have previously shown Ad-specific cellular cross-reactivity between human and rhesus
adenoviruses in mice (19). However, as mice process antigen differently, we wanted to
evaluate if this observation was translatable to humans (29). We initiated studies to
investigate the extent of cellular cross-reactivity between HuAds and RhAds in human
PBMCs. PBMCs were isolated from fresh whole blood from twenty donors and stimulated
with overlapping 15-mer peptides spanning the entire hexon region of Ads, Ad26, RhAds2,
or RhAds3 and assessed by intracellular staining (ICS). As shown in Fig 3.1A, CD4* T cells
exhibited extensive cross-reactivity among all tested peptide pools. Within each donor the
magnitude of response across all peptide serotype pools was very similar indicating
consistent recognition of each Ad type. In contrast, CD8* T cells displayed a more limited
phenotype of cross-reactivity (Fig 3.1B). In some cases, as with Donors 4, 6, and 7, there is
more extensive cross-reactivity across all tested serotype peptide pools, but in other cases,
as with Donors 1 and 18, there is selective specificity for a particular genotype. These data
are consistent with our prior findings in mice and suggest broad cross-reactivity among

CD4* T cells and more limited cross-reactivity for CD8* T cells in humans.
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Figure 3.1: T cell responses to adenovirus hexon peptides. Donor PBMCs were
stimulated with overlapping hexon peptide pools for Ads, Ad26, RhAds2, and RhAds3
serotypes. (A) Frequency of IFN-y* CD4* T cells and (B) frequency of IFN-y* CD8* T cells.
Dotted horizontal lines indicate the limit of detection.
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Adenoviral serostatus of human donors

Donors 1and 18 had detectable CD8* adenovirus-specific T cells only to RhAds53 among the
Ad types tested (Fig 3.1B). RhAd seropositivity in humans is extremely rare, less than that
of rare HuAds and chimpanzee adenoviruses (ChAds) (20, 22). To assess the serostatus of
these 20 human donors and observe if any were positive for RhAds, serum, isolated at time
of PBMC isolation, was used in a luciferase-based neutralization assay to quantify NAb
titers as previously described (30). As shown in Fig 3.2, all donors were seronegative for
Ad26, RhAds52, and RhAds3. In contrast, 9 out of 20 donors had detectable titers to Ads,
which is consistent with previous reports on Ads seroprevalence in the USA (8, 31). These
data recapitulate prior findings that NAb titers are not a predictor for the presence of
vector-specific T cells (32, 33) and suggest the generation of RhAd-specific T cells from a

prior adenovirus, presumably HuAd, natural infection.
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Figure 3.2: Ad-specific neutralizing antibody titers of human donors. Serum from
each human donor was used in a luciferase-based neutralizing assay for Ads, Ad26,
RhAds2, and RhAds3. Antibody titers are graphed to show maximum serum dilution that
neutralizes 9o% of the virus. Horizontal dotted line indicates limit of detection for the

assay.

87



Subpool mapping of adenovirus-specific cross-reactive T cells.

We next sought to get a more detailed look at the nature of the CD8* T cell response by
peptide subpool analysis. Peptides were combined into subpools consisting of 10 peptides
each for a total of 12 subpools per type and IFN-y secretion was used to denote positive
subpools in ICS assays. For the subpool analysis we proceeded with Donors 1, 4, 6, 7, 9, and
18 as these donors had clear responses with a mix of cross-reactive and more specific
responses (Fig 3.1B). As shown in Fig 3.3, the cross-reactive responses seen in Donors 4, 6,
and 7 were driven by one subpool for each donor. Moreover, Donors 1, 9, and 18, which
only responded to one genotype, only responded to one subpool as well. Donors 4 and 7
also responded to one additional subpool, but it appears this was not responsible for the
cross-reactive responses seen by these donors. These data strongly suggest that cross-

reactive CD8* T cells may be driven by a singular immunodominant epitope.
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Figure 3.3: Donor CD8" T cell responses to subpool peptides. Subpools consisting of
10 peptides each were constructed from the peptides in the Hexon 1 peptide pools (first
half of hexon protein) for Ads, Ad26, RhAds2, and RhAds3. PBMCs from Donors 1, 4, 6, 7,
9, and 18 were stimulated with the subpool peptides. Responses are gated on CD8* T cells
and IFN-y secretion was used as a marker for positive subpools. Dotted horizontal lines
indicate the limit of detection.
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Individual epitope mapping of human adenovirus-specific T cells

To confirm whether CD8* Ad-specific, cross-reactive T cells are responding to a singular
epitope, we initiated studies to deconvolute the subpools used in the previously described
experiments. Positive subpools had their individual ten 15-mers peptides reconstituted and
IFN-y responses were assessed by ICS. As shown in Fig 3.4, all donors responded to a single
peptide within their positive subpool or two consecutive peptides indicating that the CD8*

T cells were responding to the overlapping 11-mer.
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MHC I is well known to bind to peptides between 8 - 11 amino acids in length.
Elucidating the optimal epitope can help improve vector design by reducing the cellular
immune response to the vector itself, which could improve transgene expression (23, 25).
Therefore, we next fine-mapped the epitope for Donor 4 from the two consecutive 15-mers
found in the preceding experiment by generating combinations of 8-mers, 9-mers, and 10-
mers. Peptides were used in an ICS experiment and serially diluted 7 times to see which
peptide maintained a positive [FN-y response at the farthest dilution. As shown in Fig 3.5,
the 8-mer peptide ATDTYFSL induced the strongest IFN-y response and maintained a
higher magnitude to the farthest dilution. In addition to finding the optimal epitope, we
also HLA typed all donors for HLA-A, B, and C (Table 3.1). This information, coupled with
MHC Class I peptide binding motifs, can help give insight into the MHC restriction for the
optimal epitope of each donor. For Donor 4, only their HLA-A*3201 allele has a peptide
binding motif matching the epitope ATDTYFSL, indicating this epitope may be HLA-
A*3201 restricted (45). These data show that the cross-reactive CD8* T cell responses are
indeed very restrictive, can be fine-mapped down to an optimal epitope, and that their
ability to recognize heterologous adenovirus genotypes, at least in this case, is driven by
this single epitope. Experiments are on-going to find the optimal epitopes for the

remaining donors tested above.
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Table 3.1: HLA Class I alleles of select donors. The HLA alleles for HLA-A, HLA-B, and
HLA-C for each of the donors that were analyzed in the subpool analyses are listed. The
first two numbers are the allele group, followed by the specific HLA protein.

HLA-A1 HLA-A2 HLA-B1 HLA-B2 HLA-C1 HLA-C2
Donor 1 24:02 30:02 35:01 35:01 04:01 04:01
Donor 4 30:02 32:01 18:01 44:02 07:04 07:04
Donor 6 11:01 24:02 07:02 15:17 07:01 07:02
Donor 7 23:01 34:02 44:03 53:01 04:01 08:02
Donor 9 01:01 02:01 07:02 14:02 07:02 08:02
Donor18 | 02:01 02:05 35:01 51:01 04:01 15:02
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DISCUSSION

In this study, we investigated the mechanisms of cross-reactivity of adenovirus-specific T
cells in humans between HuAd and RhAds. RhAd vectors cluster into species G of
adenoviruses and have a large evolutionary distance from HuAd vectors (22). However,
despite this phylogenetic distance, HuAd and RhAd vectors still share a significant overlap
in sequence homology, including many conserved regions, which most likely explains their
recognition by human adenovirus-specific T cells. Moreover, we demonstrate that human
CD4* T cells have broad recognition of adenovirus genotypes, whereas CD8* T cells were
more restrictive in their recognition, including to genotypes they have never been exposed
to (Fig 3.1 and 3.2). The cross-reactivity seen among the CD8* T cells was driven by the
recognition of a single immunodominant epitope, which resulted in the targeting of

heterologous genotypes.

To date, most studies looking at adenovirus epitopes have used peptide binding
motifs or in silico-directed epitope prediction methods (34-37). However, as we have
shown here, sometimes humans respond to more than one adenovirus epitope, but that is
not necessarily the one driving cross-reactivity between serotypes or the most
immunodominant (37). Here we take an unbiased approach to discovering

immunodominant, physiologically-relevant adenovirus cross-reactive T cell epitopes.

The finding of novel adenovirus epitopes, especially cross-reactive ones, has many
translatable uses to the clinic and in vector development. Adenoviruses are one of the most

clinically relevant viruses that can cause fatal complications in patients undergoing stem
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cell transplants due to viral reactivation (34, 35, 38-42). Successful strategies to combat
these complications could incorporate expansion of donor T cells using previously
discovered immunogenic peptides if HLA restriction is known (35, 38). Not all epitopes
drive cross-reactivity and there are examples of Ad-specific T cells that can restrict specific
types and ones that can cross-react (35, 43, 44); in our donors we see both of these
phenotypes (Fig 3.3). The novel cross-reactive epitope found in Donor 4, ATDTYFSL, may
be clinically beneficial or this, and other cross-reactive epitopes, can be used to improve
vector design for vaccines and gene therapy. Cellular immunity directed against the
adenovirus vector has been shown to reduce transgene expression and impair vaccine
immunogenicity (23, 25). With new rapid cloning techniques reducing construction time
of new vectors down to approximately a week (22), it is possible we can rapidly make
vectors without immunodominant cross-reactive epitopes, which may reduce their

recognition and restriction by the cellular immune response.

In conclusion, our data shows substantial CD4* T cell and limited CD8* T cell
adenovirus-specific cross-reactive immunity between HuAds and RhAds in humans. We
found a physiologically-validated, novel, cross-reactive adenovirus hexon epitope in a
conserved region of the hexon protein, which is also found in many other adenovirus
genotypes, including those not tested here. Further identification of additional novel,
cross-reactive epitopes could lead to next generation vector development or vaccination

strategies.
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CHAPTER 4:

General Conclusions



Rhesus adenoviruses are immunogenic viral vaccine vectors

Adenoviruses within a species generally conform to certain parameters, such as receptor
use, fiber number, and type of pathogenesis, but intra-species variability certainly exists,
especially as it relates to immunogenicity. However, there remained a paucity of virologic
and immunological data on species G vectors as compared to species A - F (1-3).
Furthermore, previous reports have demonstrated a hierarchy of immune potency among
adenoviruses of different species, but how species G vectors related to this was unknown
(4). The second chapter of this dissertation defined the immunogenicity, elicited immune
phenotypes, and cross-reactivity among a panel of RhAd vectors, augmenting our

knowledge about species G adenoviruses.

As demonstrated previously, it is imperative to understand the immune phenotype
of vectors prior to their widescale use, which is exemplified by Ad5. Ads potently
stimulates the innate immune system creating high magnitudes of antigen-specific cells,
however these cells have impaired anamnestic capacity (5, 6). We show here that RhAd
vectors induce robust innate and adaptive immune responses, in both the cellular and
humoral compartments of the immune system. While we see potent immunogenicity from

the RhAd vectors analyzed here, we do see variability in their immunogenicity.

Examination of cellular prime-boost experiments conducted herein revealed an
interesting trend. RhAd53 reached a statistically significant higher peak response than all
other vectors tested when Ad26 was used as a priming vector. Conversely, when RhAds52

was used as a priming vector, RhAds53, and now ChAdz24, were significantly higher than all
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other vectors (Fig 2.2A and 2.5B); this same observation was seen across multiple studies.
Therefore, prime-boost regimens including RhAds53 appear to be superior, however further
studies probing the effectiveness of RhAds3 as a boosting vector and whether or not it will

impart increased protection are warranted.

The reason for the elevated magnitude of transgene-specific CD8* T cells when using
RhAds3 as a boosting vector in response to either an Ad26 or RhAds2 prime compared to
the other RhAd vectors is not known. However, one possible explanation could be the
primary receptor usage. As mentioned previously, the primary attachment receptor of an
adenovirus is one of the major factors that can determine the type of immune response it
elicits. This can be due to multiple factors, such as more efficient DC transduction or
altered endocytic trafficking patterns that lead to increased or decreased exposure to

various pattern recognition receptors (7-11).

Preliminary studies have begun to elucidate the primary receptors for these RhAds,
but not much is known yet (1, 3). RhAds1, a very low immunogenic RhAd compared to the
ones tested here (data not shown), was completely blocked from entering CAR knock out
cells, suggesting its primary receptor is the same as Ad5. Conversely, blockade of CAR and
CD46 had little, if any, effect on RhAds 52, 53, and 56 suggesting that they do not use either
of these receptors (1). While this data is not yet conclusive, it does show that despite being
in the same species, species G, not all RhAd vectors use the same primary attachment
receptor. This may begin to explain some of the differences in immunogenicity we see
between them. However, this probably does not explain why the ChAd24 vaccine-elicited

response seems impaired with Ad26 priming compared to RhAds52. As ChAd24 is
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phylogenetically closer with Ad26 compared to the RhAds, it is possible there could be
some preexisting immunity generated against Ad26 that is cross-reacting with ChAd24.
Indeed, evidence of cross-reactive NAbs between HuAd and ChAd adenoviruses have been
reported (12). Furthermore, non-neutralizing, binding antibodies (13, 14) or cellular

immunity may also explain its less effective boosting.

Taken together, the data presented here show the potential for RhAd vectors to be
used as vaccine vectors. Importantly, RhAds appear to perform very well in the presence
of high levels of preexisting HuAd immunity and we see less overall background immune
suppression in humans to RhAds compared to other vectors tested (2, 3). Furthermore,
their ability to be potently used in prime-boost strategies, including potentially

homologous prime-boosting, is appealing from a clinical standpoint.

Neutralizing antibodies to RhAd vectors

In Chapter 1 of this thesis I discussed that NAbs elicited by adenovirus infections, or from
clinical applications, are very type-specific and reports of potent cross-reactive NAbs are
rare. Here we show a degree of cross-reactive antibodies between RhAds 52, 53, and 56.
Interestingly, these cross-reactive NAbs were more readily generated between RhAds 52
and 56, which share a significant portion of their genome compared to RhAds3 (Fig 2.1A).
While the generation of cross-reactive NAbs between RhAds was not anticipated, given the
rarity in the literature, the incidence of this will probably increase. With the shift in the

adenovirus field to discovering new viruses via genotyping, it allows for the discovery of
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novel viruses that share significant overlap in their hexon regions. Therefore, this will most
likely increase the chances of cross-reactive NAbs from distinct Ad types as the hexon
region holds most of the NAb-targeted epitopes. Thus, in addition to fully investigating
the immune phenotypes elicited by an Ad vector, it will become increasingly necessary to
also investigate the many facets of preexisting humoral immunity and cross-reactivity

among Ad vectors targeted for vector use.

Interestingly, despite the presence of these cross-reactive NAbs, they did not seem
to impair prime-boost regimens using RhAds. It has been reported that prime-boost
regimens do not necessarily bypass preexisting immunity, but the robustness of the
responses are of sufficient magnitude to still provide protection and show a boosting
response (when vectors are not neutralized by high titers of NAbs) (13). We show that
while these cross-reactive NAbs amongst the RhAds do not suppress prime-boosting, if
they are induced to high enough levels we do see suppression. To raise sufficient titers to
actually suppress mice had to be injected 2-3 times. Interestingly, a RhAds2 (and RhAds3;
data not shown) homologous prime-boost did not appear to have reduced immunogenicity,
whereas most other homologous prime-boost regimens with Ad vectors result in poor
boosting responses, usually due to the presence of NAbs against the priming vector (Fig

2.2A and 2.5A) (15, 16).

The reason for this is most likely due to the in vivo effectiveness of the NAbs induced
in response to RhAd vectors. Despite eliciting similar levels of NAbs as Ad26, RhAds2 was
not impaired where Ad26 was (Fig 2.2B), but if these NAbs are raised higher (about 1log in

our experiments) we start to see suppression. While the potential ability for RhAds to
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homologously prime-boost is appealing, this phenomenon may be isolated to the mouse

model and further experimentation is therefore warranted to investigate this.
Preexisting cellular immunity is less potent, but broader, than humoral immunity

The cellular immune response elicited against the adenoviral vector itself is much less
studied than the humoral response. This is most likely due to the humoral immune
response, specifically the NAbs, being incredibly potent in suppressing the adenoviral
vector and impairing its ability to express an exogenous gene for gene therapy or vaccine
antigens. However, as discussed in Chapters 1 and 3, the preexisting cellular immune
response should not be overlooked. Furthermore, understanding the nature and extent of
cellular cross-reactivity among adenoviruses is valuable in its own right and may have

implications for design of vectors.

In terms of vaccines, some pathogens have certain thresholds that are required for
durable protection and a slight reduction in vaccine immunogenicity could impair a
vector’s ability to meet this threshold (17). Moreover, for gene therapy, preexisting cellular
immunity is even more important to consider as the cellular response can rapidly eliminate
transduced cells and suppress gene expression (4). Taking this into consideration, it
further highlights the importance of more in-depth investigations into the nature of

preexisting cellular immunity against adenoviruses.

As discussed previously, prior studies have shown broad, cross-reactive T cells
directed against adenoviruses, mostly to the hexon region, in a large number of sampled

humans (18-21). Moreover, in addition to previous reports on the negative consequences
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of Ad-specific T cells discussed earlier, previous work has shown the suppressive potential
of cross-reactive T cells on heterologous adenoviruses (12, 22). Here, we show homologous
Ad-specific T cell suppression of vaccine immunogenicity, but not heterologous
suppression (Fig 2.8C). An important caveat to note in this experiment is the time between
generation of Ad-specific T cells and vaccination. Mice were injected with empty vector to
model preexisting immunity about 1 year before transfer into naive recipient mice that
received either the RhAds2 or 56 vaccine injections (Fig 2.8). The level of preexisting
immunity most likely waned during this 1-year period and it is possible if cells were
transferred at an earlier time point we would have seen heterologous vaccine suppression.
As Ad-specific T cells are repeatedly activated in humans due to natural infections and are
in a primed state (13, 23, 24), it is a likely scenario that preexisting cellular immunity in
humans would be higher than in our mouse experiment and more in-depth studies looking
at the magnitude and thresholds for Ad-specific T cells to suppress homologous or
heterologous vaccine vectors are needed. As mentioned above, it will be very important to
continue to investigate multiple components of preexisting immunity before widespread

use of a vector, especially closely related genotyped vectors.

Considering the suppressive potential of T cells to adenovirus immunogenicity and
transgene persistence, the adenovirus field has looked for ways to circumvent this
immunity. It has been proposed to investigate non-human primate derived Ad vectors as
a way to potentially mitigate recognition by human adenovirus cross-reactive T cells (25).
Previously, mostly chimpanzee vectors were investigated for their potential to evade

preexisting cellular immunity and the extent of cross-reactivity towards RhAds was
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unknown. We show here that despite a greater degree of phylogenetic separation, RhAd
vectors still succumb to recognition by cross-reactive T cells (Fig 2.8A and 3.1) and their
recognition is most likely driven by interspecies conserved epitopes. Further investigation
into the mechanism of the cross-reactive responses may help in addressing the issue of

cellular adenovirus immunity.
Harnessing adenovirus-specific, cross-reactive CD8* T cell epitopes

In the Chapter 3 of this thesis, work that is still on-going, I focused on an in-depth analysis
to better define the nature of the cross-reactive T cell responses to adenoviruses. The
identification of adenovirus T cell epitopes has been an area of research for some time.
Adenovirus infections have caused many deaths, and not just in immunosuppressed people
(26), however the frequency of complications is higher in immunosuppressed individuals
and hemopoietic stem cell transplant patients, as mentioned in Chapter 3. Thus,
discovering Ad-specific cross-reactive CD8* T cell epitopes may prove clinically relevant to
treating people with adenovirus complications, fatal or otherwise (18, 26-29). This is
especially relevant given the poor treatment methods currently available for adenovirus
infections (26, 29). The inefficiency of drugs, such as Cidofovir, in controlling Ad infections
and the limited availability of Ad vaccines, highlight the need to develop additional,

effective methods to help patients with severe adenovirus infections (26).

One method to generate viral-specific cells and use them therapeutically in patients
suffering from Ad infections, or undergoing HSCT, is to stimulate PBMCs with

immunogenic peptides from the virus to activate and expand them (28). The epitope found
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herein, as well as the methods outlined here to discover additional epitopes, could have
direct applications to this type of immunotherapy treatment of adenovirus infections.
Moreover, Ad-specific T cells have been shown to be crucial for the clearance of human
adenovirus infections (27), which underscore the need for T cell-based therapies for

adenoviruses.

Furthermore, as discussed, another application of these epitopes is for use in gene
therapy and vaccination. Considering preexisting adenovirus-specific CD8* T cells can
directly remove cells transduced by adenoviral vectors, which can cause a decrease of
transgene expression (4), if potent cross-reactive CD8 epitopes were removed this could
potentially render the vector more immunologically silent (to preexisting immunity) and
increase effectiveness and transgene persistence. Together these data, and potential
applications of cross-reactive epitopes, emphasize both the upside and downside of cross-
reactivity. For immunotherapy cross-reactive epitopes can aid in the clearance of many
different adenovirus type infections, whereas for vaccination this cross-reactivity restricts
alternative adenovirus vectors and can decrease their effectiveness due to pre-existing

immunity generated by infection from a different adenovirus.

In silico approaches, the main method used by most studies to identify these
adenovirus T cell epitopes, are immensely helpful and present a more targeted approach to
discovering novel epitopes. However, a large limitation of this approach is not surveying
all potential epitopes (30). In Chapter 3 we show evidence of immunodominant cross-

reactive epitopes and non-cross-reactive epitopes (Fig 3.3 and 3.4) and these in silico
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approaches may miss epitopes or not identify the most immunodominant or cross-reactive

epitopes.

Human leukocyte antigen (HLA) diversity is a complicating factor when looking at
adenovirus epitopes as distinct HLA alleles will generate responses to different epitopes.
When a novel adenovirus epitope is discovered it is necessary to identify the HLA allele(s)
it interacts with (28). Inherently, the most useful epitopes will be those that interact with
common HLA allele within a targeted population, or that interact with a broad array of
HLAs (31, 32). However, with the era of personalized medicine on the rise, and new
techniques to construct new adenoviruses in one week (1), even peptides interacting with

rarer alleles may find their place therapeutically, especially in the gene therapy field (3, 33).

While bioinformatics does have its limitations, it can be a very useful tool in HLA
binding predictions. Bioinformatic methods are able to predict whether or not a peptide
will interact with a given HLA allele with an accuracy in the range of 90-95% (30). The
relatively newer field of vaccinomics, based on peptide vaccines, relies heavily on these
techniques to assess the HLA coverage within a population, or global coverage, for a given
peptide (34-36). However, how this affects immunodominance of the peptide between

differing HLA alleles would need to be assessed.

Considering the complexity of humans in terms of HLA, mice would be a great
model as a proof of concept for engineering vectors without immunodominant, cross-
reactive adenovirus cellular immunity. Mice can be exposed to various adenoviruses and

mapped for immunodominant, cross-reactive epitopes using the same methods outlined in
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Chapter 3. Mice with preexisting immunity could then be tested with wildtype vectors
versus these newly engineered vectors devoid of the most immunodominant, cross-reactive

epitopes and assessed for immunogenicity among other parameters.

Bioinformatic approaches have been used to try and eliminate predicted T cell
epitopes in an adenovirus before (unpublished data), however these vectors were unable
to be cloned as there were too many possible epitopes that needed to be targeted resulting
in a large number of mutations and the vectors were not viable. The experiments presented
herein hone in on physiological-relevant epitopes and employ an unbiased approach to
vector engineering. However, an important caveat to consider is whether or not the
removal of immunodominant epitopes in an adenovirus will create new immunodominant

epitopes.

Summary

The unifying theme of this dissertation is the impact of preexisting immunity on
adenoviruses and ways to circumvent it. Data presented in Chapter 2 give an in-depth
assessment of a novel class of adenoviral vaccine vectors and how they interface with
human preexisting immunity. These studies bolstered our understanding of these vectors
and their potential to be used as viral vectors. Prior to this work, a comprehensive view of
vaccine-elicited immune responses generated by species G vectors had not been done.
Furthermore, as adenoviruses show increasing promise in various fields for therapeutic

reasons there is a critical need to expand the portfolio of viruses available for use to avoid
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re-administration of the same vector to the same population due to issues of preexisting

immunity.

The data in Chapter 3 provide insight into the workings of Ad-specific cross-reactive
T cells and how we can use this knowledge to improve therapeutic uses of adenoviruses.
This work is still on-going and experiments to discover additional epitopes among the
panel of presented donors is underway. Moreover, matching these epitopes to their HLA
allele and looking for redundancies in epitopes among different donors will be conducted.
These studies will provide a deeper understanding of adenovirus T cell responses, which is
necessary to further understand adenovirus immunology as well as vector biology, and
could lead to more efficient immunotherapy strategies for those suffering from adenovirus-

related complications and to help inform next generation vector development.
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