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Abstract

African Swine Fever (ASF) is a virulent disease in domestic swine and wild boar that is caused by
the African Swine Fever Virus (ASFV), a complex enveloped DNA virus in the family
Asfarviridae. Epidemics caused by the ASFV have an overwhelming economic influence on
impacted areas and jeopardize swine commerce globally with nearly 100% mortality in naive
populations. There is no vaccine or treatment available and current control measures focus on the
use of antiquated regulatory methods such as quarantine, limiting transport, and depopulation of
affected swine. Previous studies have shown that some ASFV mutants can confer protection, but
safety and vaccine virus scale-up need to be addressed. Development of a subunit vaccine would
be more attractive: however, the actual protective antigen(s) have not yet been identified. The first
study aimed to identify ASFV subunit vaccine candidates that contain CD8+ T cell epitopes by
using lymphocytes from pigs that had been immunized with an antigen cocktail, which included
the largest ASFV protein (pp220 polyprotein) that is processed to generate p5, p34, pl14, p37, and
p150 individual proteins. The results from this study showed that four predicted SLA-I binding
nonamer peptides (p34161-169 p3789-867 15013631371 and p1501463-1471) elicited robust IFN-y+
responses in peripheral blood mononuclear cells (PBMCs) and splenocytes. These peptides are
highly conserved among different ASFV genomes. The role played by these epitopes in immune
protection will need to be determined in challenge studies. In the second study, an adjuvanted or
non-adjuvanted adenovirus-based subunit vaccine candidate containing nearly all of the proteins
in the ASFV proteome (which included pp220 antigens) was evaluated in pigs in a homologous
prime-boost-boost immunization regimen followed by challenge using a natural transmission
model. The results of this second study showed that this adenovirus-vectored ASFV vaccine

cocktail induced robust antibody responses in swine, but only one pig survived. Future studies will



entail the development of a porcine-specific granzyme B (PGB) monoclonal antibody to screen
PBMCs from immunized pigs to identify novel IFN-y+/granzyme B+ T cell epitopes present in
ASFV vaccine candidates by using flow cytometric analyses following intracellular staining. More
screening is required to identify additional novel IFN-y+/granzyme B+ T cell epitopes for inclusion
in a rationally designed prototype subunit vaccine to be tested for protective efficacy in pigs.
Altogether, the knowledge generated in these and future studies will inform the design of an
efficacious ASFV subunit vaccine that is needed to safeguard the pork industry against the risk

posed by ASFV.
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PBMCs from immunized pigs to identify novel IFN-y+/granzyme B+ T cell epitopes present in
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Chapter 1 — Current Progress and Limitations in ASFV Vaccine

Development

1.1 African Swine Fever Virus (ASFV)
African Swine Fever (ASF) disease is the result of infection with a large, complex Asfivirus in the
family Asfarviridae (Dixon et al. 2020; Alonso et al. 2018). The causative agent, African Swine
Fever Virus (ASFV) is a double-stranded enveloped DNA virus transmitted via soft-bodied ticks
or nose-to-nose contact in both domestic and wild pigs (Dixon et al. 2020; Alonso et al. 2018).
Typical disease presentation ranges from mild clinical symptoms to rapid death and hemorrhage.
The complexity of ASFV and its ability to encode for much of its replication machinery has led to
difficulty in combating this viral disease (Duan et al. 2022; Cackett et al. 2020; Wang et al. 2021).
The ASFV replicates in the host cell cytoplasm and it targets macrophages and other mononuclear
cells as the primary sites of infection (Martins et al. 1993). This is key to one of the main
mechanisms involved in viral evasion resulting in dysregulation of the type I interferon response
and exhaustion of the cytotoxic T-lymphocyte (CTL) subset responsible, partly, for viral clearance
(Martins et al. 1993; Yu et al. 2023). It is important to understand this for rational and targeted
delivery of vaccine material to antigen-presenting cells (APCs) (Alvarez et al. 2013). This
approach leads to the critical induction of the memory response and expansion of ASFV-specific
lymphocytes responsible for both the cellular (T-cell driven) and humoral (antibody-driven)
immune responses (Alvarez et al. 2013; Argilaguet et al. 2012).

Since ASFV surveillance began in 2005, it has spread from Africa to Georgia and Eastern
Europe (2007), the European Union (2014), Asia (2018), Oceania (2019-2020), the Americas
(2021), and more recently increased its territory in Asia and Europe (2022) (Dixon et al. 2020;

Spinard et al. 2023; Gallardo et al. 2023). A majority of the most severe outbreaks and disease



have recently been caused by the genotype 1l strains (Ankhanbaatar et al. 2021; Beltran-Alcrudo
et al. 2019; Calkins and Scasta 2020). The ASFV is highly stable, allowing it to remain viable and
infectious under multiple harsh natural conditions making this virus capable of effortless
transmission, thus, stringent biosecurity and biocontainment must be followed to counteract
transmission (Lewis et al. 2000).

The accomplishment of whole genome sequencing from multiple isolates has increased
ASFV knowledge and improved the predictive capabilities for the design and generation of novel
vaccines and efforts toward innovative control approaches (Yariez et al. 1995; Blome, Gabriel, and
Beer 2014; Portugal et al. 2015; Herrera-Uribe et al. 2018; Zhu and Meng 2020). Control of ASFV
and development of an effective vaccine will require identification of protective antigens as well
as understanding viral infection and evasion mechanisms (Borca et al. 1998; Correia, Ventura, and
Parkhouse 2013; Takamatsu et al. 2013). There are twenty-four ASFV genotypes identified so far,
as determined by the C-terminal sequence of its p72 surface protein transcribed from the B646L
gene ("African Swine Fever" 2019; Qu et al. 2022; Cackett et al. 2020). Greater than sixty
structural proteins and over one hundred proteins associated with infection have been identified,
which complicates vaccine development (Alejo et al. 2018; Sanchez et al. 2012; Montaner-Tarbes
et al. 2019; Wohnke et al. 2022). Presently, mass culling of affected and neighboring swine herds
followed by appropriate sanitation of farms are the only countermeasures for controlling the spread
of the disease (Dixon et al. 2020; "African Swine Fever" 2019). Historically, vaccine efforts have
remained largely unsuccessful with no current vaccine or treatment available (Chathuranga and
Lee 2023). Despite this, numerous prototype vaccines including novel ASFV antigens and

strategies are in various stages of evaluation and development.



1.2 Recent ASFV Vaccines

Multiple ASFV mutants, natural isolates or generated by targeted gene deletion, have been tested
for their protective efficacy in domestic and wild swine. These viral strains have low virulence due
to loss of specific DNA sequences associated with transmission and infectivity, but they retain
ability to stimulate a protective immune response (Leitao et al. 2001) (Arias et al. 2017; Revilla,
Perez-Nunez, and Richt 2018; Borca et al. 2021; Zhang et al. 2021; Ramirez-Medina et al. 2022;
Lopez et al. 2020; Monteagudo et al. 2017; Attreed et al. 2022; Sanford et al. 2016; Neilan et al.
2002; Abrams et al. 2013; Gallardo et al. 2018; Fernandez-Sainz et al. 2019; O'Donnell et al. 2017;
Chen et al. 2020; Tran et al. 2021; Barasona et al. 2021; Teklue et al. 2020; Gladue and Borca
2022). Inactivation traditionally involves the employment of heat or chemical treatment to
abrogate infectivity while retaining the immunogenic protein characteristics (Cadenas-Fernandez
et al. 2021; Pikalo et al. 2022). Direct delivery methods of known antigens can be through the
administration of recombinant DNA that result in ASFV gene expression, or through packaging
these nucleic acids into a non-pathogenic live vector for delivery (Abrams et al. 2013; Gomez-
Puertas et al. 1998; Barderas et al. 2001; Neilan et al. 2004; Ruiz-Gonzalvo, RodriGuez, and
Escribano 1996; Argilaguet et al. 2013; Argilaguet et al. 2011; Lacasta et al. 2014; Netherton et

al. 2019; Lokhandwala et al. 2019; Murgia et al. 2019; Jancovich et al. 2018; Goatley et al. 2020).

1.2.1 Inactivated ASFV vaccines

Attempts to establish an immunization strategy using inactivated ASFV antigens have proven to
be largely unproductive with little to no protection despite the induction of robust ASFV-specific
antibodies (Blome, Gabriel, and Beer 2014; Cadenas-Fernandez et al. 2021; Pikalo et al. 2022).

One study revealed that immunization with an inactivated Armenia08 strain using adjuvants was



not protective after homologous challenge despite the robust production of specific antibodies
(Blome, Gabriel, and Beer 2014). Another efficacy study reported a similar negative survival
outcome using inactivated Pol16/DP/OUT21 formulated in multiple adjuvants. (Cadenas-
Fernandez et al. 2021). More recently, an alternative study utilized gamma-irradiated Estonia 2014
(with adjuvant) as the immunogen and determined protective efficacy using a heterologous virus
for challenge (Pikalo et al. 2022). This study revealed that again, while post-immunization IgG
antibodies were present, no protection was achieved with a notable increase in clinical disease
presentation (Pikalo et al. 2022). These outcomes suggest that antibodies may cause an
enhancement of disease. This information brings to light the ongoing knowledge gap of the
functions, types, and mechanisms of ASFV-specific antibodies in conferring protection that still

needs to be addressed (Sanchez-Corddn et al. 2018).

1.2.2 Live attenuated ASFV vaccines (LAVS)

One potential way to circumvent vaccine ineffectiveness associated with stimulating antibodies
alone is to target stimulation of both the humoral and cellular immune responses. Live attenuated
vaccines can simultaneously activate these immune responses due to their ability to replicate in
the host and also encode a majority of the native genes that act as antigenic targets (Lacasta et al.
2015; Carlson et al. 2016). While vaccination with live attenuated virus under laboratory
conditions has failed to yield the desired outcome, promising results from isolates obtained from
the field suggest that further investigation is warranted (Lacasta et al. 2015; Balysheva et al. 2015;
Krug et al. 2015; Leitdo et al. 2001; Gallardo et al. 2018; Portugal et al. 2015). Field isolates with
varying virulence ranging from low to high levels result in a broad presentation of clinical

symptoms and disease (Blome, Gabriel, and Beer 2013). Wild boar and domestic pigs are



susceptible, and they display anywhere between peracute form of ASF with sudden onset of death
to the chronic form with little to no signs of disease (Blome, Gabriel, and Beer 2013). One finding
consistent across multiple studies that tested low virulent strains of ASFV revealed the correlation
between increased cellular activity and a robust antibody response with a positive survival outcome
(Leitdo et al. 2001; Onisk et al. 1994; Zheng, He, and Baker 1997; Oura et al. 2005; de Leon,
Bustos, and Carrascosa 2013; Lokhandwala et al. 2019; Borca et al. 2021; Tran et al. 2022). One
specific example is immunization with the low-virulent NH/P68 (NHV) strain that can confer
protection against challenge with the highly virulent Lisboa60 (L60) (Leitdo et al. 2001). While
there is a risk of reversion to virulence when employing naturally attenuated strains as vaccines
and the possibility of increased post-vaccination side effects, there is a need for further studies to
address these limitations in order to generate a safe and efficacious live attenuated ASFV vaccine
(Gallardo et al. 2018).

To circumvent this increased risk of reversion, gene deletion techniques are the next logical
steps in vaccine development. Numerous ASFV gene deletion mutants have been developed and
tested for their ability to elicit immune protection from disease. Genes associated with virulence
and replication, such as DP96R and DP71L, are rational targets for ASFV deletions (Gallardo et
al. 2018; Abrams et al. 2013). Genes associated with the reduction of IFN-y (A276R, DP148R,
MGF360, MGF530/505, 1329L, and K205R) are also rational targets (Gallardo et al. 2018; Reis et
al. 2016; Reis et al. 2017; Correia et al. 2023; Lokhandwala et al. 2017; Wang et al. 2022). These
deletions could lead to generation of progeny virus that retains the ability to elicit a cytotoxic T-
cell (CTL) response against ASFV. The encoded proteins from these genes are involved in a range
of immune processes including but not limited to: hemadsorption of red blood cells on infected

target cells; inhibiting apoptosis and transcription; endonuclease activity; as well as other



processes such as oxidative phosphorylation that all impact viral pathogenesis (Dixon et al. 2013;
Lewis et al. 2000; Gomez-Puertas et al. 1998). Immunization of pigs with an EP402R gene deletion
mutant resulted in a notable reduction in tissue viremia following homologous and heterologous
challenge (Argilaguet et al. 2013; Monteagudo et al. 2017). In some instances, immunization with
certain gene deletion mutants resulted in viremia but limited protection upon challenge (Abrams
et al. 2013; Fernandez-Sainz et al. 2019). Variable results were also noted when MGF360,
MGF505, or B119GL genes were deleted from ASFV Georgia 2007/1 (O'Donnell, Holinka,
Gladue, et al. 2015; O'Donnell, Holinka, Krug, et al. 2015; O’Donnell et al. 2016; O'Donnell et al.
; Wang et al. 2018; Lewis et al. 2000). Individual deletion mutants induced protection against
homologous challenge, but reduced protection was noted with deletion of MGF360/505 and
B119GL. Enhanced protection was noted when DP96R/UK (inhibits the cGAS-STING pathway)
and B119GL (oxidative phosphorylation/growth in macrophages) were deleted (O'Donnell,
Holinka, Gladue, et al. 2015; O'Donnell, Holinka, Krug, et al. 2015; O’Donnell et al. 2016;
O'Donnell et al. ; Wang et al. 2018; Lewis et al. 2000). The success of the latter gene deletion is
likely due to a reduction in viral fitness in host macrophages and the ability to retain the
functionality of the IFN- pathway for crosstalk between the innate and adaptive immune Systems.
Data suggests that the variability in the protective potential is strain specific as noted in the
outcomes obtained from Thymidine kinase gene deletions comparing Malawi (protective) and
Georgia 2007/1 (non-protective) strains (Moore et al. 1998; Sanford et al. 2016; Monteagudo et
al. 2017).

Recent work by Borca et. al. reported the first deletion mutant (ASFV-G-AI177L) capable
of stimulating a robust sterilizing immunity in domestic pigs (Borca et al. 2020; Borca et al. 2021;

Tran et al. 2021; Attreed et al. 2022). Despite claims of work towards commercializing this



prototype vaccine by two Vietnamese companies, no vaccine was manufactured (Urbano and
Ferreira 2022). A derivative strain (ASFV-G-AI177L/ALVR) capable of replication in swine
epithelial cells was developed with similar immunogenicity and efficacy leading to commercial
vaccine development of NAVET-ASFVAC by NAVETCO (Borca et al. 2021; Tran et al. 2022).
Unfortunately, this vaccine was pulled from the market less than 6 months post-release due to
adverse reactions and deaths in domestic pigs. While unconfirmed, it was likely due to incorrect
vaccine usage. Additional vaccine development efforts have resulted in generation of promising
candidates (ASFV-G-A9GL, ASFV-G-AMGEF, and ASFV-G-A9GL/AUK) (Gladue et al. 2020;
Ramirez-Medina et al. 2022; Deutschmann et al. 2022; O’Donnell et al. 2016; Silva et al. 2022).
More recently, complete protection was achieved using the following ASFV gene deletion mutant
strains: ASFV-SY18-ACD2v/AUK; SY18AI226R; ASFV-G-AA137R; and ASFV-G-AE184L
(Teklue et al. 2020; Zhang et al. 2021; Gladue et al. 2020; Ramirez-Medina et al. 2022). The
ASFV-G-AE184L mutant is DIVA compatible, which would make it more attractive for
deployment in countries that are still free of ASFV (Ramirez-Medina et al. 2022). While progress
has been made in development of live attenuated ASFV prototype vaccines, safety and vaccine

virus scalability are still limitations that need to be addressed.

1.2.3 Protein-based Subunit Vaccines

Protein-based subunit vaccines consist of defined antigen(s) that are used to elicit protective
immune responses and offer increased safety compared to live attenuated pathogens (Gaudreault
and Richt 2019). The target antigen can be generated as a purified recombinant protein that is
formulated in adjuvant and used to immunize target host(s). The key ASFV antigens that have

been evaluated using this methodology include, p54, p30, p72, and CD2v, and similar to the LAVS,



they also vary in their immunogenicity and protective capabilities when used individually or in
combined formulations (Angulo, Vinuela, and Alcami 1993; Gomez-Puertas et al. 1996; Ruiz-
Gonzalvo, RodriGuez, and Escribano 1996; Gomez-Puertas et al. 1998; Neilan et al. 2004;
Burmakina et al. 2016). The most positive data arose from studies that were conducted using
baculovirus-expressed p54/p30 or CD2v proteins of which both achieved some degree of
protection despite contradictory immunogenicity data (Barderas et al. 2001; Ruiz-Gonzalvo,
RodriGuez, and Escribano 1996). Another candidate vaccine formulated using p30, p54, and p72
antigens did not confer protection following challenge despite induction of strong antigen-specific

antibodies (Neilan et al. 2004).

1.2.3.1 DNA-based subunit vaccine candidates

This approach involves immunization with recombinant mammalian expression plasmid DNA
constructs encoding vaccine target antigen. DNA vaccines have increased stability, are scalable,
do not use infectious vectors for delivery, and are capable of stimulating B-, T-helper, and CTL
cellular responses (Argilaguet et al. 2008; Takamatsu et al. 2013). Several ASFV antigens (p30,
p54, hemagglutinin extracellular domain) have been tested in a DNA vaccine format with partial
protection following challenge (Argilaguet et al. 2012; Argilaguet et al. 2011). Interestingly,
increased protection and cellular immune responses were noted when these genes were
ubiquitinated (Argilaguet et al. 2011; Argilaguet et al. 2012). Following these encouraging results,
a large (4,000 fragments) DNA expression library, again fused to ubiquitin, conferred partial
protection against virulent challenge (Lacasta et al. 2014). A combination DNA-recombinant
protein prime-boost immunization strategy followed by challenge with the Armenia 2007 strain

did not confer protection, and early death and increased pathology were noted (Sunwoo et al.



2019). In contrast, a recent investigation targeting ASFV genes M448R and MGF505-7R
improved protection in pigs when administered using a DNA prime-attenuated virus boost
approach (Bosch-Camos et al. 2021). There is evidence to support the utility of DNA or protein

vaccination, but the mode of delivery lacks consistent immunogenicity and protective efficacy.

1.2.3.2 Live-vectored subunit vaccine candidates

This vaccine development approach involves in vivo antigen delivery using a live vector
expressing vaccine target antigen. Live-vectored ASFV subunit vaccines have been developed
using Baculovirus (BacMam), modified Vaccinia virus Ankara (MVA), Alphavirus, Adenovirus
Type 5, and more recently poxvirus and Lactobacillus (Argilaguet et al. 2013; Lopera-Madrid et
al. 2017; Murgia et al. 2019; Lokhandwala et al. 2016b; Lokhandwala et al. 2017; Lokhandwala
et al. 2019; Netherton et al. 2019; Zhang et al. 2022; Lopera-Madrid et al. 2021; Zajac et al. 2022).
Several live-vectored antigen cocktails have been tested for immunogenicity and safety with
increased antibody production and T-cell responses noted (Lopera-Madrid et al. 2017; Murgia et
al. 2019; Netherton et al. 2019; Zhang et al. 2022; Lopera-Madrid et al. 2021). These studies did
not challenge the vaccinees and therefore, efficacy was not determined and thus, further studies
are needed. Immunization of pigs with MV A- and adenovirus-vectored subunit vaccine candidates
elicited robust humoral and cellular immune responses, but variable levels of protection was noted
following challenge (Argilaguet et al. 2013; Lokhandwala et al. 2016; Lokhandwala et al. 2017;
Lokhandwala et al. 2019; Netherton et al. 2019). In one study, an increase in protection was
associated with low antibody response, while high antibody levels were associated with poor
survival which would be consistent with antibody-dependent enhancement (Lokhandwala et al.

2019). Other studies have shown that prime-boost immunization with multiple ASFV antigens



resulted in a significant reduction of viremia post-challenge (Jancovich et al. 2018; Netherton et
al. 2019). Even though no protection was noted, this methodology warrants further investigation
to identify the protective ASFV antigens required to develop an efficacious subunit vaccine
(Netherton et al. 2019). Alternative vectors have been explored, and are in early developmental
phases, but show great promise as novel delivery systems for ASFV antigens (Lopera-Madrid et

al. 2021; Zhang et al. 2022).

1.3 Future directions

Improvements are necessary for continued progress in the research and development of a
successful ASFV vaccine. To date, much is still unknown and remains to be tested for the most
efficacious immunization route, prime-boost vaccine schedules, challenge models, and protective
antigen targets. Multiple studies support mucosal routes of vaccination versus the traditional
intradermal inoculation, and these are more appealing for the mass immunization of wild boar
populations (Sanchez-Corddn et al. 2017; Barasona et al. 2019; Deutschmann et al. 2022; Bosch-
Camés et al. 2022; Borca et al. 2021). Similarly, mimicking the natural route of ASFV
transmission and infectious dose are equally important in designing an appropriate challenge
efficacy study to assess the level of protection induced by immunization. Typically, immunization
and challenge are achieved through direct needle inoculation; however, while ASF is an arthropod-
associated disease, many endemic areas do not support the survival of these tick populations and
transmission occurs via pig to pig contact, oral-fecal route or spread through contaminated fomites
and feed (Guinat et al. 2016; Sanchez-Corddn et al. 2017; Niederwerder et al. 2019). Empirical
identification of the antigen(s) that elicit protective immunity against ASF is yet to be determined.

Bioinformatic approaches can predict and narrow CTL target antigens for further analysis in
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immunization and challenge experiments and are critical in the development of a safe and
efficacious ASFV vaccine (Bosch-Camos et al. 2021; Mima et al. 2020; Herrera and Bisa 2021;

Imdhiyas et al. 2022; Dixon et al. 2013; Lokhandwala et al. 2016; Zajac et al. 2022).

1.4 Conclusion

Food security and animal health depend on the reduction in high swine mortality through
prevention, diagnosis, and control of ASFV infection and spread. Whole genome sequencing and
comparison of natural mutants versus gene deletion mutants has generated new knowledge
regarding the factors involved in viral survival and spread. Computer-aided in silico prediction is
a useful tool that can inform prioritization of the ASFV antigens that can induce protective
immunity. Specifically, CD8+ T-cell epitope identification is lacking as well as the determination
of the protective role of 1gG antibodies. Given the recent negative outcomes from live attenuated
ASFV vaccines, a safer alternative remains to be developed. Live-vectored subunit vaccine
candidates have the best potential due to the relative ease of scale-up, ability to include multiple
antigens, induction of antibody and T cell responses, and DIVA capability. Understanding the
epidemiology, transmission, and correlates of protection is key to the successful design and

deployment of a rationally designed ASFV vaccine.
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Table 1.1 Naturally attenuated ASFV strains used for vaccination.

Infection strain(s)

ASFV Immunization Strain Homologous Heterologous #1 Heterologous #2 Survival Reference
100% (Abrams et al. 2013)
OURTS88/1 OURTS88/1 75%
OURTS88/3 OURTS88/3 . .
OURTS88/1 Benin 97/1 100% (King et al. 2011)
OURTS88/1 Uganda 65 100%
100% -
(Leitdo et al. 2001; Gallardo et al. 2018)
NH/P68 L60 100%
Armenia 07 100% (Gallardo et al. 2018)
Pol16/DP/OUT21 Pol16/DP/OUT21 x2 0% (Cadenas-Fernandez et al. 2021)
Estonia 2014 Armenia 2008 0% (Pikalo et al. 2022)
. 50% (Gallardo et al. 2018)
Lv17/WB/Riel
Armenia 2007 9295 (Barasona et al. 2019)
Congo KK-262 K49 20% (Burmakina et al. 2016)
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Table 1.2 ASFV vaccines attenuated by gene-deletion.

Challenge strain(s)

Heterologous

ASFV Strain Deleted gene(s) Homologous Heterologous #1 49 Protection Reference
OURT/88/3 DP71L and DP96R  OURTS8/3ADP2 fgg%‘ (Abrams et al. 2013)
L60 Armenia 07 Full
AZ38L Armenia 07 None
L60 Armenia 07 Full
NH/p68 EPIS3R Armenia 07 None (Gallardo et al. 2018)
L60 Armenia 07 Full
A224L . Partial
Armenia 07 (50%)
MGF Benin 97/1 Partial (Reis et al. 2016)
Benin97/1 . Partial .
DP148R Benin 97/1 (94%) (Reis et al. 2017)
. Partial (O'Donnell, Holinka, Gladue, et al.
9GL Georgia 07/1 (80%) 2015)
MGF Georgia 07/1 Partial (Deutschmann et al. 2022)
(50%) '
9GL & UK Georgia 07/1 Full (O’Donnell et al. 2016)
NL Georgia 07/1 (P;(;gza)l
. (Ramirez-Medina et al. 2020)
Georgia 07/1 UK Georgia 07/1 None
9GL, NL, and UK Georgia 07/1 None
9GL & CD2v Georgia 07/1 None
9GL, CD2v, & EP153R Georgia 07/1 None (Gladue et al. 2020)
Georgia 07/1 Full (Zhu et al. 2019)
11771 TTKN/ASFV/DN/20 Partial
19 (80%) (Tran et al. 2021)
1177L & LVR Georgia 07/1 Full (Borca et al. 2021)
Al37R Georgia 2010 Full (Gladue et al. 2020)
Georgia 2010 . Partial
E184L Georgia 2010 (60%) (Ramirez-Medina et al. 2022)
Partial
Ba71 EP402R E75 (72%) (Monteagudo et al. 2017)
Georgia 07/1 Full
Sv18 1226R SY18 Full (Zhang et al. 2021)
CD2v & UK SY18 Full (Teklue et al. 2020)
Arm/07/CBM/c  EP402R (CD2v) &
2 Arm/07/CBM/c2 Full (Pérez-Nufiez et al. 2022)

UK=DP96R; CD2v=EP402R; MGF=Multigene family; 9GL=B119L; NL=DP171L; C-type Lectin=EP153R

13



Table 1.3 ASFV antigen-based vaccine formulations.

Expression system or

vector
Immunogen ASFV proteins /genes Prime Boost Total Challenge Protection Reference
Type Doses
. . (Ruiz-Gonzalvo, RodriGuez, and
CD2v Baculovirus 3 E75 Partial Escribano 1996)
Protein p30 or p54 Baculovirus 1 E75 Full (GOmez-Puertas et al. 1998)
p30 & p54 (chimeric) Baculovirus 5 E75 Partial (Barderas et al. 2001)
p22, p30, p54, & p72 Baculovirus 1 Pr4 None (Neilan et al. 2004)
CD2v & C-type Lectin France FK-32/135 2&5 K49 Full (Burmakina et al. 2016)
p30, p54, & sHA BacMam-sHAPQ 2&4 E75 Partial (Argilaguet et al. 2013)
p72, CD2v, & EP153R MVA 2 :)T]‘Eunoge”'c'ty IFN-y T-cell+  (Lopera-Madrid et al. 2017)
. . . immunogenicity e (Lokhandwala et al. 2016b;
7 and 12 antigen cocktails Adenovirus 2 only IFN-y T-cell+ Lokhandwala et al. 2017)
7 antigen cocktail Adenovirus Partial
Vectored . . . .
7 antigen cocktail Adenovirus 2 Georgia 2007/1 None (Lokhandwala et al. 2019)
12 antigen cocktail Adenovirus None
i Alphavirus  Attenuated immunogenicity  antibody .
p30, p54 and pHA-72 (x2) OURTS8/3 3 only correlation (Murgia et al. 2019)
18 antigen cocktail Adenovirus  MVA 2 OURTS88/1 IFN-y T-cell+ (Netherton et al. 2019)
pp220 Adenovirus 2 L’;‘{;””Oge”'c'ty IFN-y T-cell+  (Zajac et al. 2022)
DNA expression library DNA 1 E75 Partial (Lacasta et al. 2014)
DNA p54/E183L, p30/CP204L DNA 3 E75 None (Argilaguet et al. 2012)
Subunit it
Ubiquitin-CD2v/pEP402R-p54/E183L- . .
030/CP204L DNA 2& E75 Partial (Argilaguet et al. 2012)
47 antigen pool DNA MVA 2 Georgia 2007/1 Partial (Jancovich et al. 2018)
Combination 31135233;“(?%}_;?(71 pl7 & p32, p72, DNA & protein 3 Arm07 None (Sunwoo et al. 2019)
M448R, MGF505-7R & BA7IACD2  DNA (x2) gﬁ?}fggz 3 Georgia2007/1  Partial (Bosch-Camés et al, 2021)

MVA=Modified Vaccinia Virus Ankara; CD2v=EP402R; C-type Lectin=EP153R
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Abstract

African Swine Fever Virus (ASFV) poses a serious threat to the pork industry worldwide,
however, there is no safe vaccine or treatment available. Development of an efficacious subunit
vaccine will require identification of protective antigens. The ASFV pp220 polyprotein is essential
for virus structural integrity. This polyprotein is processed to generate p5, p34, p14, p37, and p150
individual proteins. Immunization of pigs with a cocktail of adenoviruses expressing the proteins
induced significant 1gG, IFN-y-secreting cells, and cytotoxic T lymphocyte responses. Four
predicted SLA-1 binding nonamer peptides, namely p34161-169 37859867 n1501363-1371  and
p1501463-1471 recalled strong IFN-y* PBMC and splenocyte responses. Notably, peptide p34161-16°
was recognized by PBMCs isolated from 7/10 pigs and by splenocytes isolated from 8/10 pigs.
Peptides p378-¥7 and p150%63-1371 stimulated recall IFN-y* responses in PBMCs and splenocytes
isolated from 8/10 pigs, whereas peptide p150%4¢*14™1 recalled responses in PBMCs and
splenocytes isolated from 7/10 and 9/10 pigs, respectively. The results demonstrate that the pp220
polyprotein contains multiple epitopes that induce robust immune responses in pigs. Importantly,
these epitopes are 100% conserved among different ASFV genotypes and were predicted to bind
multiple SLA-I alleles. The outcomes suggest that pp220 is a promising candidate for inclusion in

a prototype subunit vaccine.
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2.1 Introduction

High-consequence transboundary animal diseases, such as African Swine Fever [ASF], have an
enormous socio-economic impact on both animal and public health sectors (Ebwanga, Ghogomu,
and Paeshuyse 2021; Gogin et al. 2013; Fasina et al. 2012; Chenais et al. 2017). Development and
deployment of rationally designed treatments and vaccines is crucial in combating and preventing
the effects of such diseases (“ASF Situation Report” 2021). Since the introduction of the African
Swine Fever Virus [ASFV] into Georgia from Africa, the virus has spread to Europe, Asia and
Oceania, and more recently the Dominican Republic and Haiti. In some countries, the disease has
become endemic to the extent of endangering food security (Kim et al. 2019; Liu et al. 2020;
Sugiura et al. 2020; Zhao et al. 2019; Zhou et al. 2019; Gale, Bowen, and Perrin 2021; Gonzales
et al. 2021; Paulino-Ramirez 2021). Since there is no vaccine, surveillance by testing with
subsequent removal of infected and in-contact animals, and enhanced biosecurity measures are the
primary control and elimination methods for ASF (“Infection” 2021; “ASF Situation Report”
2021). These methods are moderately effective, but not ideal, since they are expensive and labor-
intensive. Thus, development of a safe and efficacious vaccine is a high priority (Lewis and Roth
2021).

The ASFV is a complex double-stranded DNA virus in the family Asfarviridae with the
genome encoding more than 150 ORFs. More than twenty ASFV genotypes have been reported
so far based on the c-terminal sequence of the gene encoding the p72 capsid protein (Achenbach
etal. 2017; Alonso et al. 2018). The virus can infect all members of the Suidae family, but clinical
manifestations of a hemorrhagic disease only occur in wild boars and domestic pigs (Sus scrofa)
of all ages and sexes. The virus has been detected in oral/nasal secretions, blood, feces, urine, along

with raw meat or carcasses of infected pigs (“Infection” 2021; “ASF Situation Report” 2021).

29


https://ksuemailprod-my.sharepoint.com/personal/amthauer_ksu_edu/Documents/Academic/Graduate%20School/PhD%20Pathobiology/ASFV_pp220_Frontiers%20in%20Vet%20Sci%20Final%20Reviewer%20Edits%20Formatted%20for%20Discertation.docx#_ENREF_34
https://ksuemailprod-my.sharepoint.com/personal/amthauer_ksu_edu/Documents/Academic/Graduate%20School/PhD%20Pathobiology/ASFV_pp220_Frontiers%20in%20Vet%20Sci%20Final%20Reviewer%20Edits%20Formatted%20for%20Discertation.docx#_ENREF_34
https://ksuemailprod-my.sharepoint.com/personal/amthauer_ksu_edu/Documents/Academic/Graduate%20School/PhD%20Pathobiology/ASFV_pp220_Frontiers%20in%20Vet%20Sci%20Final%20Reviewer%20Edits%20Formatted%20for%20Discertation.docx#_ENREF_45
https://ksuemailprod-my.sharepoint.com/personal/amthauer_ksu_edu/Documents/Academic/Graduate%20School/PhD%20Pathobiology/ASFV_pp220_Frontiers%20in%20Vet%20Sci%20Final%20Reviewer%20Edits%20Formatted%20for%20Discertation.docx#_ENREF_39
https://ksuemailprod-my.sharepoint.com/personal/amthauer_ksu_edu/Documents/Academic/Graduate%20School/PhD%20Pathobiology/ASFV_pp220_Frontiers%20in%20Vet%20Sci%20Final%20Reviewer%20Edits%20Formatted%20for%20Discertation.docx#_ENREF_29
https://ksuemailprod-my.sharepoint.com/personal/amthauer_ksu_edu/Documents/Academic/Graduate%20School/PhD%20Pathobiology/ASFV_pp220_Frontiers%20in%20Vet%20Sci%20Final%20Reviewer%20Edits%20Formatted%20for%20Discertation.docx#_ENREF_11
https://ksuemailprod-my.sharepoint.com/personal/amthauer_ksu_edu/Documents/Academic/Graduate%20School/PhD%20Pathobiology/ASFV_pp220_Frontiers%20in%20Vet%20Sci%20Final%20Reviewer%20Edits%20Formatted%20for%20Discertation.docx#_ENREF_55
https://ksuemailprod-my.sharepoint.com/personal/amthauer_ksu_edu/Documents/Academic/Graduate%20School/PhD%20Pathobiology/ASFV_pp220_Frontiers%20in%20Vet%20Sci%20Final%20Reviewer%20Edits%20Formatted%20for%20Discertation.docx#_ENREF_63
https://ksuemailprod-my.sharepoint.com/personal/amthauer_ksu_edu/Documents/Academic/Graduate%20School/PhD%20Pathobiology/ASFV_pp220_Frontiers%20in%20Vet%20Sci%20Final%20Reviewer%20Edits%20Formatted%20for%20Discertation.docx#_ENREF_91
https://ksuemailprod-my.sharepoint.com/personal/amthauer_ksu_edu/Documents/Academic/Graduate%20School/PhD%20Pathobiology/ASFV_pp220_Frontiers%20in%20Vet%20Sci%20Final%20Reviewer%20Edits%20Formatted%20for%20Discertation.docx#_ENREF_97
https://ksuemailprod-my.sharepoint.com/personal/amthauer_ksu_edu/Documents/Academic/Graduate%20School/PhD%20Pathobiology/ASFV_pp220_Frontiers%20in%20Vet%20Sci%20Final%20Reviewer%20Edits%20Formatted%20for%20Discertation.docx#_ENREF_98
https://ksuemailprod-my.sharepoint.com/personal/amthauer_ksu_edu/Documents/Academic/Graduate%20School/PhD%20Pathobiology/ASFV_pp220_Frontiers%20in%20Vet%20Sci%20Final%20Reviewer%20Edits%20Formatted%20for%20Discertation.docx#_ENREF_41
https://ksuemailprod-my.sharepoint.com/personal/amthauer_ksu_edu/Documents/Academic/Graduate%20School/PhD%20Pathobiology/ASFV_pp220_Frontiers%20in%20Vet%20Sci%20Final%20Reviewer%20Edits%20Formatted%20for%20Discertation.docx#_ENREF_46
https://ksuemailprod-my.sharepoint.com/personal/amthauer_ksu_edu/Documents/Academic/Graduate%20School/PhD%20Pathobiology/ASFV_pp220_Frontiers%20in%20Vet%20Sci%20Final%20Reviewer%20Edits%20Formatted%20for%20Discertation.docx#_ENREF_46
https://ksuemailprod-my.sharepoint.com/personal/amthauer_ksu_edu/Documents/Academic/Graduate%20School/PhD%20Pathobiology/ASFV_pp220_Frontiers%20in%20Vet%20Sci%20Final%20Reviewer%20Edits%20Formatted%20for%20Discertation.docx#_ENREF_76
https://ksuemailprod-my.sharepoint.com/personal/amthauer_ksu_edu/Documents/Academic/Graduate%20School/PhD%20Pathobiology/ASFV_pp220_Frontiers%20in%20Vet%20Sci%20Final%20Reviewer%20Edits%20Formatted%20for%20Discertation.docx#_ENREF_12
https://ksuemailprod-my.sharepoint.com/personal/amthauer_ksu_edu/Documents/Academic/Graduate%20School/PhD%20Pathobiology/ASFV_pp220_Frontiers%20in%20Vet%20Sci%20Final%20Reviewer%20Edits%20Formatted%20for%20Discertation.docx#_ENREF_11
https://ksuemailprod-my.sharepoint.com/personal/amthauer_ksu_edu/Documents/Academic/Graduate%20School/PhD%20Pathobiology/ASFV_pp220_Frontiers%20in%20Vet%20Sci%20Final%20Reviewer%20Edits%20Formatted%20for%20Discertation.docx#_ENREF_61
https://ksuemailprod-my.sharepoint.com/personal/amthauer_ksu_edu/Documents/Academic/Graduate%20School/PhD%20Pathobiology/ASFV_pp220_Frontiers%20in%20Vet%20Sci%20Final%20Reviewer%20Edits%20Formatted%20for%20Discertation.docx#_ENREF_61
https://ksuemailprod-my.sharepoint.com/personal/amthauer_ksu_edu/Documents/Academic/Graduate%20School/PhD%20Pathobiology/ASFV_pp220_Frontiers%20in%20Vet%20Sci%20Final%20Reviewer%20Edits%20Formatted%20for%20Discertation.docx#_ENREF_1
https://ksuemailprod-my.sharepoint.com/personal/amthauer_ksu_edu/Documents/Academic/Graduate%20School/PhD%20Pathobiology/ASFV_pp220_Frontiers%20in%20Vet%20Sci%20Final%20Reviewer%20Edits%20Formatted%20for%20Discertation.docx#_ENREF_1
https://ksuemailprod-my.sharepoint.com/personal/amthauer_ksu_edu/Documents/Academic/Graduate%20School/PhD%20Pathobiology/ASFV_pp220_Frontiers%20in%20Vet%20Sci%20Final%20Reviewer%20Edits%20Formatted%20for%20Discertation.docx#_ENREF_3
https://ksuemailprod-my.sharepoint.com/personal/amthauer_ksu_edu/Documents/Academic/Graduate%20School/PhD%20Pathobiology/ASFV_pp220_Frontiers%20in%20Vet%20Sci%20Final%20Reviewer%20Edits%20Formatted%20for%20Discertation.docx#_ENREF_12
https://ksuemailprod-my.sharepoint.com/personal/amthauer_ksu_edu/Documents/Academic/Graduate%20School/PhD%20Pathobiology/ASFV_pp220_Frontiers%20in%20Vet%20Sci%20Final%20Reviewer%20Edits%20Formatted%20for%20Discertation.docx#_ENREF_11

Ancestrally, transmission occurs via a sylvatic cycle involving the Ornithodoros ticks and African
wild suids. However, once domestic or feral pigs are infected, transmission occurs primarily by
contact and ingestion of contaminated feed, pork products or soil. Infection with highly virulent
ASFV isolates can be lethal to nearly 100% of infected pigs in naive populations (Pietschmann et
al. 2016; Carlson et al. 2020; Dixon et al. 2020; “Infection” 2021; "African Swine Fever" 2019;
Juszkiewicz et al. 2020). Pigs that recover from infection with ASFV of low to moderate
virulence; and animals vaccinated with attenuated strains or gene-deletion mutants are protected
to varying degrees against either homologous or heterologous virulent strains (Ruiz-Gonzalvo F
1983; King et al. 2011; Hamdy and Dardiri 1984; Lewis et al. 2000; Leitao et al. 2001; Lacasta et
al. 2015). Development of a subunit vaccine requires definition of correlates of protection and
identification of cognate antigen(s). Most naive animals infected with highly virulent ASFV
succumb to the disease before the immune system can intervene (Rodriguez-Bertos et al. 2020;
Zhuo et al. 2021). Macrophages, monocytes and to some extent DCs support ASFV replication,
and the impaired APC function are potential mechanisms of immune evasion (Schafer et al. 2022;
Wang et al. 2020; Franzoni et al. 2022). Infection occurs via the upper respiratory tract where the
virus replicates in tonsils and draining lymph nodes in the head and neck region. Cross-talk
between innate and adaptive immune responses is facilitated in the lymph nodes, which makes the
regions they drain ideal sites for immunization with ASF vaccines (Herrera-Uribe et al. 2018;
Salguero 2020; Sehl et al. 2020; Woodruff et al. 2014). The draining lymph nodes are key to the
development of mature B cells, cytotoxic T lymphocytes (CTLs), and natural killer (NK) cells,
which are involved in clearance of infected cells (Bosch-Camds, Lépez, Navas, et al. 2021;
Franzoni et al. 2022; Gerner, Kaser, and Saalmiller 2009; De Pelsmaeker et al. 2019; Butler,

Wertz, and Sinkora 2017).
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Several studies have demonstrated a role for both ASFV-specific antibodies and cellular
immunity in protection. However, conflicting data have generated the view that high levels of
circulating antibodies do not correlate with protection (Netherton, Goatley, Reis, Portugal, Nash,
Morgan, Gault, Nieto, Norlin, Gallardo, Ho, Sanchez-Cordon, et al. 2019; Carlson, O'Donnell, et
al. 2016; Onisk et al. 1994; Neilan et al. 2004; Escribano, Galindo, and Alonso 2013). Experiments
conducted using porcine PBMCs have demonstrated cross-protection between differing ASFV
strains, which is associated with an increase in IFN-y producing cells (Takamatsu et al. 2013;
Dixon, Sun, and Roberts 2019). In the early stages of infection, clearance of virus-infected cells
generally requires CD8" T cell activation (Schafer et al. 2022; De Pelsmaeker et al. 2019).
Depletion of T cells in pigs immunized with a low virulence ASFV isolate resulted in lack of
protection following challenge with a virulent strain, which suggests that CD8" T cells are required
for protection (Oura et al. 2005). A connection between IFN-y secretion and CD8" T-cell activity
has been observed in several studies in response to antigenic stimulation or natural infection. Thus,
IFN-y response and CTL activities are logical indicators of immune responses to vaccination
(Franzoni et al. 2022; Gao et al. 2018; Huhr et al. 2020). However, IFN-y levels may not reflect
protection since the cytokine can be produced by macrophages, CD4*, CD8", y8* T cells, innate B
cells, and NK cells on antigen activation (Schafer et al. 2022; Franzoni et al. 2022; Carlson,
O’Donnell, et al. 2016).

Induction and expansion of CTLs by either high or low virulence ASFV strains is still little
understood. However, CTL responses probably provide the best immune readout for protection
induced by ASFV antigens (Argilaguet et al. 2012; Bosch-Camos, Lopez, Navas, et al. 2021;
Burleson, Burleson, and Dietert 2010; Lokhandwala et al. 2017). Several structural, non-structural,

multi-gene-encoded, and uncharacterized ASFV antigens have been evaluated for their potential
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to elicit protective immunity, however, they did not induce adequate protection to justify
development as candidate vaccines, without further research (Argilaguet et al. 2012; Netherton,
Goatley, Reis, Portugal, Nash, Morgan, Gault, Nieto, Norlin, Gallardo, Ho, Sanchez-Cordon, et
al. 2019; Sunwoo et al. 2019; Cadenas-Fernandez et al. 2020; Lokhandwala et al. 2019).

The pp220 (pCP2475L) and pp62 (pCP530R) are two major polyproteins that are cleaved
into mature structural proteins for formation of the core shell and make up about a third of the
ASFV protein mass (Andres, Alejo, et al. 2002). The pp220 polyprotein is initially processed into
a p150 protein and a pp90 preprotein. The latter is cleaved into p34 protein and a precursor pp55
protein, from which p5, p14, and p37 proteins are eventually generated (Simon-Mateo, Andres,
and Vinuela 1993; Alejo et al. 2018). The cytosol of infected cells contains processed forms of
pp220 and all the pp220 proteins are also found in the mature virions (Alejo et al. 2018; Heath,
Windsor, and Wileman 2003). Both the p14 and p37 proteins have been localized to the cellular
nuclei, however, p37 is also found in the cytoplasm, which implies a role in nucleocytoplasmic
transport of viral DNA and its protection from DNA sensors of the inflammasomes, which is
critical for ASFV replication in the viral factories within the cells (Eulalio et al. 2006; Eulalio et
al. 2004; Andrés et al. 2020; Andres, Garcia-Escudero, et al. 2002; Andres, Simon-Mateo, and
Vinuela 1993, 1997; Andres, Alejo, et al. 2002; Suarez, Salas, and Rodriguez 2010). The
abundance of the pp220 antigens in the cytosol means that the antigens are amenable for
breakdown by the proteasome, which results in generation of peptides that could be loaded onto
MHC-1 molecules for presentation to CD8" T cells. In the current study, immunization of pigs with
an adenovirus-vectored pp220 polyproteins (ASFV Georgia 2007/1) using two different adjuvants
induced antigen-specific antibodies, strong IFN-y responses, and CTL responses. Lymphocytes

from the pigs were used to map T cell epitopes by screening peptides identified by in silico
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prediction using well-characterized SLA-I alleles. Empirical identification and validation of ASFV
antigens containing CD8" T cell epitopes, as performed in this study, will be important to inform

future subunit vaccine development.

2.2 Materials and Methods

2.2.1 Plasmid and virus construction: p5-34-14-37, p150-1, and p150-11

Three polypeptide sequences from the ASFV pp220 polyprotein (Georgia 2007/1: Genebank
Accession FR682468) were designed and used to generate expression constructs. The polypeptide
sequences were designated p5-34-14-37, p150-1 and p150-11 (p150 was split into two due to its
large size). Genes encoding the polypeptides were synthesized (GenScript) and then cloned into
pcDNA3.3-TOPO TA (K8300001, Invitrogen). Following validation of protein expression, the
genes were subcloned into pAd/CMV/V5-DESTGateway (V49320, Invitrogen) for generation of
recombinant adenovirus. The genes were also subcloned into pFastBac HBM TOPO (A11338,
Invitrogen) for generation of baculovirus that were used to produce recombinant proteins needed
for immune response readouts. Replication-incompetent adenoviruses encoding ASFV proteins,
Ad-p5-34-14-37, Ad-p150-1, and Ad-p150-11 were generated using the Invitrogen ViraPower
Adenoviral Expression System (K493000). An adenovirus encoding Luciferase (Ad-Luc) was also
generated to serve as negative control. Quality control and validation of protein expression was
confirmed by immunocytometric analyses as previously described (Lokhandwala et al. 2017;
Lokhandwala et al. 2016; Lokhandwala et al. 2019). Viral titers, in infectious focus units per mL
(IFU/ml), was determined by immunoassay as previously described (Lokhandwala et al. 2017,
Lokhandwala et al. 2016; Lokhandwala et al. 2019). To generate recombinant antigens, Bacmids

encoding HA-tagged p5-34-14-37, p150-1 or p150-11 were transfected into Sf-9 insect cells to
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produce recombinant baculoviruses and protein expression was confirmed by immunocytometric
analyses as previously described (Lokhandwala et al. 2017; Lokhandwala et al. 2016;
Lokhandwala et al. 2019). A single clone of each recombinant baculovirus was amplified, titrated,
and used to infect High-Five cells (B85502, Invitrogen) to express recombinant proteins that were

purified by using Anti-HA Agarose affinity purification gel (Sigma).

2.2.2 Validation of Protein Expression

2.2.2.1 Immunocytometry

Protein expression validation and quality control were assayed by immunocytometric analyses as
previously described (Lokhandwala et al. 2017; Lokhandwala et al. 2016; Lokhandwala et al.
2019). Briefly, duplicate 12-well plates of Human Embryonic Kidney (HEK) 293A cells were
transfected (plasmids), mock transfected (negative controls), or infected (adenoviruses containing
each respective construct) with luciferase serving as the negative control for infection. At 48 hr.
post-transfection and 24 hr. post-infection, the cell monolayers were fixed with cold methanol,
rinsed with 1x PBS, blocked for 1 hr. at room temperature with 1x PBS plus 5% fetal bovine serum
(blocking buffer) and then probed with a 1:200 dilution of ASFV-specific convalescent swine
serum (E.J. Kramer, Plum Island Animal Disease Center) (Lokhandwala et al. 2016). For the cells
probed with the convalescent serum, goat anti-porcine 1gG-AP conjugate (Southern Biotech),
diluted 1:1000 in blocking buffer, was used as the secondary antibody. Cell staining was visualized

with Fast-Red TR/Naphthol AS-MX (Sigma, F4523) AP substrate.
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2.2.2.2 Western blot

To generate proteins, HEK 293A cells were transfected as above in section 2.2.2.1 and cells were
washed at 48 hr. post-transfection with 1x PBS then lysed in RIPA buffer supplemented with
protease inhibitor (Sigma). Following clarification by centrifugation supernatants were prepared
under reducing conditions in Laemmli buffer (Bio-Rad) containing 10% [-Mercaptoethanol
followed by heat denaturation at 95°C for 5 minutes, fractionated by SDS-PAGE using a 7.5%
Acrylamide/bis gel (ProtoGel, National Diagnostics), transferred to PVDF membranes
(Amersham), and blocked for 1.5 hrs. at room temperature in SuperBlock (PBS) Blocking Buffer
(ThermoFisher). The membranes were incubated with a 1:10,000 dilution of ASFV-specific
convalescent swine serum followed by exposure to a 1:8,000 dilution of horseradish peroxidase-
conjugated swine secondary antibody followed by chemiluminescence development (Pierce
Chemiluminescent Plus Substrate Kit, Invitrogen) and detection using the Invitrogen iBright 1500
imaging system. Purified proteins TMSP7 and p62 that were previously validated served as the

negative and positive controls respectively.

2.2.3 Immunization of pigs

A cocktail of Ad-pp220 consisting of 10 ifu of Ad-p5-34-14-37, Ad-p150-1, and Ad-p150-II
(total 3 x 10! ifu) formulated in an adjuvant was used to immunize pigs intramuscularly as
previously described (Lokhandwala et al. 2016). The pigs were boosted with the same dose and
via the same route fourteen weeks post-priming. Control pigs received 3 x 10*! ifu of the Ad-Luc
virus. Each treatment group contained randomly selected age-matched commercial piglets (n=5)

that received either: 1) Ad-pp220 cocktail plus ENABL® adjuvant (from BenchMark Biolabs); 2)
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Ad-pp220 cocktail plus an experimental adjuvant ZTS-01, from Zoetis; or 3) Ad-Luc plus

ENABL® adjuvant (Table 1). The study was terminated after 8 weeks post-boost.

2.2.4 Sample Collection

During acclimatization of piglets, skin biopsies were collected using 4-mm tissue punches
(3785707; American Screening Corp.) and processed to generate skin fibroblasts for use as
autologous CTL targets. Blood was collected in EDTA-treated or untreated vacutainers tubes once
before immunization and then weekly post-prime and post-boost for isolation of peripheral blood
mononuclear cells (PBMCs) and serum, respectively. Spleens were collected for isolation of
splenocytes beginning on day 8 post-boost (Figure 2) as previously described (Lokhandwala et al.

2016).

2.2.5 Enzyme-linked Immunosorbent Assay (ELISA)

Antigen-specific 1gG responses were evaluated by ELISA using Costar (3590) 96-well plates
coated with 2.5 pg/mL of the affinity-purified antigens in 0.5% bicarbonate buffer as previously
described (Lokhandwala et al. 2017; Lokhandwala et al. 2016). The antigen-coated wells were
blocked with 10% nonfat dry milk in PBST (1x PBS + 0.1% Tween 20) prior to the addition of
1:100 diluted serum samples for the screening assay and two-fold serial dilution for endpoint titer
determination. Plates were incubated for 1 hr. at 37°C, washed 6x using PBST before adding
1:5000 dilution of anti-porcine IgG-POD (peroxidase) antibody (114-035-003, Jackson Immuno-
Research) to each well. The plates were further incubated at 37°C for 1 hr. and then washed 6x
with PBST and 3x with PBS. Peroxidase activity was measured by adding Sure Blue
tetramethylbenzidine (TMB) substrate (53-00-02, KPL). The reaction was stopped with 1N HCI,

the optical density (OD) was measured at 430 nm using a spectrophotometer (BioTek Epoch).
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End-point titers were calculated by comparing the mean OD of the post-boost serum to that of the
baseline at day zero post-immunization (DPI) for each animal. A positive result was determined
by selecting the mean value which was higher than the cognate DPI 0 plus 3x the standard

deviation (SD).

2.2.6 Immunohistochemistry

Paraffin embedded formalin-fixed spleen tissue from a high titer (as determined by gPCR) animal
receiving ASFV challenge from a subsequent study was used to ensure that the positive signal
represented was authentic. Naive and ASFV-infected tissues were used for IHC following two 5-
minutes dewaxing in Xylene (Sigma) and rehydration using gradient ethanol (2x 100%, 90%, 80%)
followed by distilled water (all 5 minute each). Antigen retrieval was achieved using a 0.1%
Protease solution (Sigma) at 37°C for 30 minutes followed by washing (2x distilled water, 3x 0.1%
PBST). Slides were blocked using 5% goat sera (diluted in 0.1% PBST) incubated at room
temperature for 40 minutes. Following a quick wash in 0.1% PBST, a 0.5% solution of Bovine
Serum Albumin (BSA) was added for a secondary blocking step at room temperature for 30
minutes. Primary antibody was tested at 1:200-1:10,000 with the most ideal dilution being 1:2,500
for ASFV-specific convalescent sera and 1:250 for swine sera from immunized pigs (0.5% BSA
also used as mock for FITC only control). Primary antibody was added following a quick wash
(0.1% PBST) and incubated overnight at 4°C. Slides were washed 3x for 7 minutes each in 0.1%
PBST. Secondary antibody was diluted at 1:200 in 0.5% BSA (goat anti-swine 1gG-FITC, Jackson
ImmunoResearch) and incubated for 1 hr. at room temperature. Ten-minute washes in 0.1% PBST
were repeated a total of 3x. DAPI staining, and mounting were performed as per the manufacturer’s

instructions for the VectaTrueVIEW Autofluorescence Quenching Kit w/DAPI (VectorLabs; SP-
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8500). The use of the Autofluorescence Quenching Kit aided in reducing the potential for
autofluorescence and background for clear IFA readouts. Slides were visualized and images

acquired using an Olympus fluorescent microscope paired with CellSens software.

2.2.7 Peptide Prediction and Selection

NetMHCpan version 2.8 data base (http://www.cbs.dtu.dk/services/NetMHCpan-2.8/) was
initially used for in silico prediction of nonamer peptides from the ASFV pp220 polyprotein that
can bind strongly (percent rank less than 0.5; the default setting for targeting MHC class | binders)
to all available Swine Leukocyte Antigen class | (SLA-I) alleles within this comprehensive
software database to generate a peptide library as previously described (Sangewar et al. 2021).
After sorting the predicted nonamers based on their predicted scores, a total of eighty-eight
putative epitopes were selected and synthesized (Peptide 2.0, Inc). Conservation of the putative
epitopes among ASFV genotypes was determined by multi-sequence alignment of the available
pp220 polypeptide sequences. The crude nonamer peptides were reconstituted in ultrapure sterile
water with 25% DMSO at 10 mg/mL concentration and stored in aliquots at -80°C until use in

EliSpot assays.

2.2.8 IFN-y EliSpot Assay

The number of IFN-y-secreting T-cells was determined by Porcine IFN-y EliSpot BASIC kit
(3130-2A, MabTech) using PBMCs and splenocytes pulsed with peptides as previously described
(Lokhandwala et al. 2017; Lokhandwala et al. 2016). Briefly, each sample was assayed in triplicate
in MultiScreen-HA 96-well plates (MAIPS4510, Millipore) with 2.5 x 10° cells/mL cells pulsed

with 2.5 pg/mL of each peptide in cRPMI 1640 media. Peptide screening was carried out using
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four pools [A-D] containing eighteen 9-mer peptides and a final pool [E] contained the remaining
16 peptides (Table 2). Reactive pools were then tested at the individual peptide level at the same
concentration indicated above. For each test, positive and negative controls were
Phytohemagglutinin (PHA) mitogen at a concentration of 5 pug/mL and media alone, respectively.
After a 48-hr. incubation at 37°C in 5% CO: atmosphere, plates were developed as per the
MabTech protocol, the membranes air dried in the dark, and spots detected using EliSpot reader
(MabTech) and AID software (version 3.4; Autolmmun Diagnostica, Strasburg, Germany). Data
is presented as Spot Forming Cells (SFC)/10® PBMCs or splenocytes based upon the mean number
of peptide-specific IFN-y producing cells after subtracting the negative control mean counts as

background.

2.2.9 CTL Chromium Release Assay

Lytic activity of antigen-specific cells was determined by using the traditional *'Cr release assay
as previously described (Lokhandwala et al. 2016). To generate effectors, PBMCs collected at four
weeks post-boost were seeded at a density of 4 x 10° cells/mL per well in a 24-well plate in 1 ml
RPMI 1640 medium (12-167Q, Lonza) containing 45% Click’s medium (9195, Irvine Scientific),
10% fetal bovine serum (FBS), 50mM Mercaptoethanol, 200mM GlutaMAX (35050061, Gibco),
50 pg/mL Gentamicin, and Penicillin (100 1U/mL)/Streptomycin (100 pg/mL). The PBMCs were
stimulated with each adenovirus at a MOI of 1,000. Ten days post-stimulation, the cells were
harvested, viable cells were purified by Ficoll-Histopaque centrifugation, washed with 1x PBS and
then resuspended in complete RPMI for use as effector cells. For generation of target cells, skin
punch biopsies were minced using sterile technique to generate primary skin fibroblasts which

were cultured in 1 mL of Dulbecco’s modified Eagle’s medium (DMEM) with 10% FBS, 200mM
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GlutaMAX, 50 pg/mL Gentamicin, and Penicillin (100 IU/mL)/Streptomycin (100 pg/mL) per
well in 12-well plates, as previously described (Lokhandwala et al. 2016). Twenty-four hrs. prior
to the °1Cr release assay, autologous skin fibroblasts were transfected with the plasmid construct
encoding target antigen using Gene-In transfection reagent (GST-1000, MTI-Global Stem) as per
manufacturer’s instructions. To prepare the transfected fibroblasts as target cells, the fibroblasts
were detached with Accutase, rinsed 3x with DMEM supplemented with 10% FBS and then
labeled with 100 pCi of Na2°1CrO, (Perkin Elmer) per 10° cells for 1 hr. at 37°C in 5% CO2. The
labeled fibroblasts were washed 3x and resuspended in cRPMI 1640 medium. The °ICr release
assay was performed in duplicates at effector-to-target (E:T) ratios of 25:1 and 50:1 in a final
volume of 100 pL/well using a round-bottom 96-well plate. Following a 6-hr. incubation at 37°C
in 5% COg, the cells were centrifuged for 4 minutes at 1,000 rpm and supernatants were collected
to measure chromium release. Spontaneous (targets without effectors) and maximum chromium
release (lysis with 5% Triton-X detergent solution) were also measured for all target cells. A
plasmid construct encoding a Foot and Mouth Disease Virus (FMDV) VP1 and 3D polymerase
chimeric antigen was used as negative control. Chromium release percent specific lysis values

were determined as previously described (Ceppi et al. 2005).

2.2.10 Statistical Analysis

GraphPad Prism, version 6.05 with significance (P-value) of 0.05 was used to analyze all data. A
one-way ANOVA followed by the Tukey’s multiple-comparison test was used to compare the 19G
titers of each immunization group. The IFN-y responses between the treatment groups and the
negative control group was determined by one-way ANOVA followed by Bonferroni’s multiple-

comparison test.
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2.2.11 Ethics Statement

Texas A&M University Institutional Animal Care and Use Committee (IACUC) (permit#
2009067) approved Animal Use Protocol 2012-59 that follows the regulations, policies, and
guidelines put forth by the Animal Welfare Act, United Stated Department of Agriculture (USDA)
Animal Care Resource Guide, and the Public Health Service (PHS) Policy on Humane Care and
Use of Laboratory Animals. All protocols outlined in this document were followed including use
of clinical scoring for daily monitoring and assessment of animal health. Termination was
performed using a lethal dose of sodium pentobarbital and confirmation of euthanasia by lack of

heartbeat.

2.3 Results

2.3.1 Design, expression, and validation of pp220 constructs

Three recombinant plasmid and adenovirus constructs encoding the components of the pp220
polyprotein from the ASFV Georgia 2007/1 isolate, designated p5-p34-p14-p37, p150-1, and p150-
Il (each combined encode for the entire pp220 antigen) (Figure 1), were validated for protein
expression in transfected and adenovirus-infected HEK 293A cells using ASFV-specific
convalescent swine serum (Figure 2A). Authenticity of the antigens was validated by Western Blot
using ASFV-specific convalescent serum. Previously validated purified ASFV p62 antigen served
as a positive control, whereas an irrelevant antigen, TMSP7, was used as a negative control (Figure

2B).
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2.3.2 Ad-pp220 cocktail primed strong 1gG responses

Following prime-boost immunization (Table 1), pp220-specific immune responses were evaluated
in pigs at defined timepoints (Figure 3). All pigs immunized with the Ad-pp220 cocktail
seroconverted and had detectable post-prime pp220-specific 1gG responses (Figure 4A). The
highest mean 1gG responses against all the three pp220 antigens were observed in pigs immunized
with the Ad-pp220 cocktail formulated in ZTS-01 adjuvant (Figure 4A). Both treatment groups,
pp220-ENABL® (p < 0.01) and pp220-ZTS-01 (p < 0.001), had significantly higher p5-p34-p14-
p37-specific 1gG responses than the negative control group, Ad-Luc-ENABL® (Figure 4A). The
Ad-pp220 cocktail formulated in ENABL® adjuvant elicited low levels of post-prime 1gG
responses against p150-1 in pigs (Figure 4A). However, the Ad-pp220-ZTS-01 treatment group
had significantly higher mean IgG responses against p150-1 compared to the Ad-pp220-ENABL®
(p < 0.001) treatment group and the Ad-Luc-ENABL® control group (p < 0.0001) (Figure 5A).
Similar to the p5-p34-p14-p37-specific responses, significantly higher p150-11-specific mean IgG
responses were primed in the Ad-pp220-ENABL® (p < 0.001) and the Ad-pp220-ZTS-01 (p <
0.0001) treatment groups compared to those in the Ad-Luc-ENABL® negative control group
(Figure 4A). Following boosting, significantly higher (p < 0.0001) 1gG responses were recalled
against all the three pp220 antigens in pigs from both the treatment groups compared to the

negative controls (Figure 4B).

Post-boost, pp220-specific 1gG end-point titers elicited in the pigs primed with the Ad-
pp220-ENABL® and the Ad-pp220-ZTS-01 formulations were higher than the 1gG titers detected
in the ASFV-specific convalescent porcine serum (Figure 5). All pigs in both treatment groups
developed high levels of IgG titers, in the range of 0.1 x 10° to 4.0 x 10°, against p5-p34-p14-p37,

p150-1, and p150-11 antigens (Figure 5). In comparison, 1gG titers detected in the ASFV-specific
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convalescent serum for p5-p34-p14-p37, p150-1, and p150-I1 antigens were 1: 2.5 x 10°, 1: 3.2 x

10% and 1: 3.2 x 10%, respectively (Figure 5).

2.3.3 Antibodies induced by the Ad-pp220 cocktail recognize wildtype ASFV

Sera from the pigs immunized with the adenovirus-vectored pp220 antigens (Ad-pp220-ENABL
and Ad-pp220-ZTS-01) recognized cells infected with wildtype ASFV (Georgia 2007/1) following
immunohistochemical analysis of ASFV-infected spleen tissue slides using sera obtained two
weeks post-boost (Figure 6). The ASFV-specific convalescent serum served as a positive control,
whereas negative control sera from the mock-immunized pigs as well as secondary FITC controls
did not result in antigen detection. The IHC outcome confirmed that immunization with the

adenovirus-vectored pp220 antigens elicited ASFV-specific antibody responses (Figure 6).

2.3.4 Ad-pp220 cocktail induced IFN-y responses

The Ad-pp220 cocktail formulated in ENABL® adjuvant elicited the highest cellular IFN-y
responses against pp220 antigens in pigs (Figure 7). Post-prime, the mean p5-p34-p14-p37- (p <
0.0001) and p150-I-specific (p < 0.001) IFN-y responses detected in PBMCs from the Ad-pp220-
ENABL® treatment group were significantly higher than those detected in the Ad-pp220-ZTS-01
treatment group and the Ad-Luc-ENABL® control group (Figure 7A). Pigs in the Ad-pp220-
ENABL® treatment group also had the highest post-prime mean IFN-y response detected in
PBMCs against the p150-11 antigen. However, no significant differences were detected among the

treatment and negative control groups (Figure 7A).

After boosting, p5-p34-p14-p37- (p < 0.05) and p150-I-specific (p < 0.001) IFN-y responses

in PBMCs were significantly expanded in the Ad-pp220-ENABL®-immunized pigs compared to
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the IFN-vy responses in the Ad-pp220-ZTS-01-immunized pigs (Figure 7B). Mean IFN-y responses
against p5-p34-p14-p37 (p < 0.01) and p150-1 (p < 0.0001) antigens in the Ad-pp220-ENABL®
treatment group were also significantly higher than the responses in the negative control Ad-Luc-
ENABL® group (Figure 7B). Surprisingly, very low levels of post-boost IFN-y responses against
the p150-11 antigen were detected in PBMCs from the Ad-pp220-ENABL®-immunized pigs,
suggesting that the post-prime responses did not amplify after boosting (Figure 7B). Pigs in the
Ad-pp220-ZTS-01 treatment group had no detectable post-boost p150-11-specific responses in

PBMCs (Figure 7B).

Consistent recall IFN-y responses against the p5-p34-p14-p37 and p150-1 antigens were
detected in the splenocytes from the Ad-pp220-ENABL®- and the Ad-pp220-ZTS-01-immunized
pigs (Figure 7C). Significantly higher mean p5-p34-p14-p37-specific IFN-y* splenocytes were
recalled in pigs from the Ad-pp220-ENABL® (p < 0.001) and the Ad-pp220-ZTS-01 (p < 0.05)
treatment groups compared to the pigs in the negative control Ad-Luc-ENABL® group (Figure
7C). Mean IFN-y response recalled in splenocytes against the p150-I antigen in the Ad-pp220-
ENABL®-immunized pigs was significantly higher than the responses detected in the pigs from
the Ad-pp220-ZTS-01 (p < 0.01) and the Ad-Luc-ENABL® (p < 0.001) groups (Figure 7C). Pigs
in the Ad-pp220-ZTS-01 treatment group also had p150-1-specific recall IFN-y* splenocytes,
however, this response was not significantly higher than that detected in the Ad-Luc-ENABL®-
immunized pigs (Figure 7C). Similar to the post-boost responses detected in PBMCs, very low
levels of p150-I1-specific IFN-y* splenocytes were detected in the two treatment groups (Figure

70).
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2.3.5 Cytotoxic T-lymphocytes (CTLs) responses were elicited against pp220 antigens
Post-boost, PBMCs collected from the pigs immunized with the Ad-pp220-ENABL® and the Ad-
pp220-ZTS-01 formulations showed strong lytic activities against autologous skin fibroblasts
expressing the pp220 antigens (Figure 8). Mean background lytic activity against the negative
control FMDV antigen in both the treatment groups was at or below 20% (Figure 8). In the Ad-
pp220-ENABL® group, 3/5 pigs had p5-p34-pl4-p37-specific lytic responses that were higher
than the FMDV negative control antigen at both tested effector-to-target ratios (25:1 and 50:1),
whereas 3/5 and 2/5 pigs had detectable p150-I-specific lytic responses at the 25:1 and the 50:1
ratio, respectively (Figure 8A). One Ad-pp220-ENABL®-immunized pig had a 100% specific
Iytic response against the p150-1 antigen at the 50:1 ratio (Figure 8A). Against the p150-11 antigen,
3/5 and 2/5 Ad-pp220-ENABL®-immunized pigs had lytic activity above the FMDV negative

control antigen at the 25:1 and 50:1 ratio, respectively (Figure 8A).

Lytic activity against the p5-p34-p14-p37 antigen was detected in 2/5 and 3/5 pigs from the
Ad-pp220-ZTS-01 treatment group, at the 25:1 and 50:1 ratio, respectively (Figure 8B). For the
p150-I1 antigen, high levels of lytic responses were detected in 4/5 pigs from the Ad-pp220-ZTS-
01 treatment group at both effector-to-target ratios used (Figure 8B). Notably, one Ad-pp220-ZTS-
01-immunized pig (number 37) had a consistently high response (>80% specific lysis) against the
p150-1 antigen at the 25:1 and 50:1 ratio (Figure 8B). In the Ad-pp220-ZTS-01-immunized pigs,
2/5 pigs had consistently high p150-1I-specific lytic responses at both the effector-to-target ratios
used (Figure 8B). Two pigs (humbers 37 and 93) had consistently high lytic responses against all
the three antigens at both the effector-to-target ratios tested (Figure 8B). Overall, the Ad-pp220

cocktail formulated in ZTS-01 adjuvant primed stronger and consistent CTL responses in pigs

45



against all the three pp220 antigens that were detectable at the lower effector to target ratio (Figure

8B).

2.3.6 IFN-y-inducing nonamer peptides were identified within ASFV pp220

Five pools of predicted SLA-I binding nonamer peptides from the ASFV (Georgia 2007/1) pp220
polyprotein (Pools A-E) were screened for their ability to stimulate IFN-y responses in PBMCs
and splenocytes from the pigs immunized with the Ad-pp220-ENABL® formulation since this
group had the highest pp220-specific cellular IFN-y responses (Table 2, Figures 7, and 9). The
peptide pools A, B, and C stimulated high levels of IFN-y responses in terminal PBMCs (Figure
9A) as well as splenocytes (Figure 9B) from a majority of the Ad-pp220-ENABL®-immunized
pigs. Individual peptides from the three selected pools were then evaluated for their ability to
stimulate pp220-specific recall IFN-y* responses in PBMCs and splenocytes from pigs in the Ad-

pp220-ENABL® and the Ad-pp220-ZTS-01 treatment groups.

Four IFN-y inducing peptides, namely p34161-169 n37859-867 15013631371 anq n15(1463-1471
recalled high numbers of IFN-y+ PBMCs and splenocytes in the pp220-immunized pigs (Figure
10). The first peptide, p34%1-1%° was recognized by PBMCs (Figure 10A) as well as splenocytes
(Figure 10B) from 4/5 pigs belonging to the Ad-pp220-ENABL® treatment group. This peptide
was also recognized by PBMCs isolated from 3/5 pigs (Figure 10A) and splenocytes from 4/5 pigs
(Figure 10B) immunized with the Ad-pp220-ZTS-01 formulation. The second peptide, p378-867,
stimulated recall IFN-y* responses in PBMCs (Figure 10A) and splenocytes (Figure 10B) from 5/5
and 4/5 pigs, respectively, from the Ad-pp220-ENABL® treatment group. This peptide was also
recognized by PBMCs from 2/5 pigs (Figure 10A) and splenocytes from 4/5 pigs (Figure 10B)

immunized with the Ad-pp220-ZTS-01. The third peptide, p150%%63-1371 recalled IFN-y* PBMC
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and splenocyte responses in 4/5 Ad-pp220-ENABL®- and Ad-pp220-ZTS-01-immunized pigs
(Figure 10), whereas the fourth peptide, p15014631471 recalled IFN-y* PBMCs in 4/5 and 3/5
(Figure 10A) and IFN-y* splenocytes in 5/5 and 4/5 pigs (Figure 10B) in the Ad-pp220-ENABL®
and Ad-pp220-ZTS-01 treatment groups, respectively. Interestingly, these four epitopes are 100%
conserved among different ASFV genotypes isolated from domestic pigs, wild boars, Warthog,
and ticks (Supplemental Figure 1 and Supplemental Table 1). In addition, in silico analyses showed

that the peptides bind strongly to multiple SLA-1 alleles (Supplemental Table 2).

2.4 Discussion

The development of efficacious ASFV subunit vaccines is hindered by the lack of definition of the
correlates of immune protection and identification of protective antigens (Sang et al. 2020). Since
ASFV mutants can confer immune protection (Barasona et al. 2019; Borca et al. 2020),
identification of the protective determinants will allow development of rationally designed
prototype subunit vaccines. In this study, pigs were immunized with a cocktail of three
adenoviruses encoding the pp220 polyprotein (Ad-p5-p34-p14-p37, Ad-p150-1, and Ad-p150-I1).
The pp220 polyprotein and pp62 are key components of the ASFV core shell and the processing
of these proteins requires the presence of the major capsid protein p72 (Andres, Alejo, et al. 2002).
The adenovirus cocktail formulated in adjuvant induced robust pp220 antigen-and wildtype ASFV
specific 1gG responses (Figure 5 and Figure 6). The endpoint titers of the p5-p34-p14-p37, p150-
I, and pl150-11 antigen-specific IgG titers primed and expanded by both adjuvants are
unprecedented and were significantly higher than those detected in the convalescent serum (Figure
5). These outcomes were consistent with previous antibody responses against all the three antigens

in sera from pigs immunized with adenovirus cocktail formulated with BioMize (ENABL)
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adjuvant. However, strong antibody responses were only observed against p5-p34-p14-p37 in the
sera from pigs immunized with the cocktail formulated with ZTS-01 adjuvant (Lokhandwala et al.
2019). Whether anti-pp220 antibodies have a protective function is yet to be determined
empirically by challenge. The role of ASFV-specific antibodies in protection is contentious as
neutralization of virus has been reported, but it may not be mutually exclusive for protection, and
this may relate to the target antigens or subtype of immunoglobulin being measured (Onisk et al.
1994; Ruiz-Gonzalvo F 1983; Ruiz Gonzalvo et al. 1986; Leitao et al. 2001). A previous study
showed that, even though pigs succumbed to the disease following challenge, the pigs that had
significantly lower antigen-specific 1gG response had better survival rate and lesser clinical scores
(Lokhandwala et al. 2019). An immune-mediated enhancement (ADE) of the disease may explain
the higher clinical scores observed in the pigs that had high antibody responses than those of the
control pigs. Other studies have reported similar findings, and no alternative explanation of the
underlying mechanism for enhanced disease has been outlined (Jancovich et al. 2018;

Lokhandwala et al. 2016; Blome, Gabriel, and Beer 2014).

The adenovirus cocktail formulated in adjuvant induced strong IFN-y-secreting cells
following intramuscular immunization of pigs. The ENABL-adjuvanted recombinant adenovirus
cocktail generated a significantly higher mean number of antigen-specific IFN-y secreting cells
than the ZTS-01 adjuvanted adenovirus cocktail in response to the p5-p34-p14-p37 and the p150-
| antigens. However, both adjuvants elicited poor IFN-y responses against the p150-11 antigen.
This trend was observed in PBMCs post-priming and post-boost, as well as in splenocytes at study
termination (Figure 7). The outcome suggests that the p5-p34-p14-p37 and the p150-1 antigens
are rich in IFN-y-inducing epitopes. Strong recall IFN-y* responses to adenovirus-vectored ASFV

antigens have previously been observed (Lokhandwala et al. 2017; Jancovich et al. 2018).
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Cytokine response to ASFV infection is highly dependent on the antigen, genotype, level of
attenuation, and dose of the virus (Karalyan et al. 2012; Leitao et al. 2001; Lacasta et al. 2015).
The level of protection of immunized or recovered pigs following ASFV challenge is associated
with the frequency of ASFV-specific T cells producing IFN-y (Sun et al. 2021). The importance
of IFN-y in immune protection is further supported by the demonstration that ASFV antigen-
specific CD8" T cells and/or CD4*CD8" T cells with cytotoxic ability produce high levels of IFN-
y in response to attenuated virus and can be related to cross-protection between different isolates
(Netherton, Goatley, Reis, Portugal, Nash, Morgan, Gault, Nieto, Norlin, and Gallardo 2019; King
et al. 2011; Oura et al. 2005). It has also been shown that immunization of pigs with a pool of 8
live-vectored ASFV antigens induced high IFN-y spot forming cells and conferred 100% survival

of animal post-challenge (Goatley et al. 2020).

Immunization of pigs with the adenovirus cocktail also induced strong CTL responses.
However, the cocktail formulated in the ZTS-01 adjuvant primed unprecedented, stronger and
more consistent CTL responses against all the pp220 antigens (Figure 8). This outcome suggests
that CTL epitopes are present in the p5-p34-p14-p37, p150-1, and p150-11 antigens. This outcome
also suggests that these antigens may play a role in eliciting protective immunity, but this will need
to be determined empirically. Immunization of pigs with a five-antigen cocktail that included
adenoviruses expressing the pp220 antigens conferred protection in 5/9 pigs following challenge
(Lokhandwala et al. 2019). Induction of CTLs capable of eliminating infected cells could be the
key to complete protection since ASFV-infected cells are cleared specifically by CTLs induced by
live attenuated ASFV (Schafer et al. 2022; Franzoni et al. 2022). It has previously been shown
that, CD8" cells from pigs that recovered from ASFV infection are cytotoxic to macrophages

infected with vaccinia virus expressing p32 antigen (Alonso et al. 1997). It has also been shown
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that pigs immunized with an avirulent isolate are immune to challenge with the corresponding
virulent strain. However, when such pigs are depleted of CD8" lymphocytes, they develop severe
ASF and succumb to the disease upon challenge, suggesting that the CD8" T cells are involved in
reducing viremia (Oura et al. 2005). Several studies support the role of cellular immunity in
protection against ASFV wherein specific T cell responses were present in the absence of

measurable antibodies (Argilaguet et al. 2012; Lacasta et al. 2014).

The IFN-y EliSpot assay is commonly used to enumerate antigen-specific IFN-y* T cells
following stimulation with one or multiple peptide antigens (Schmittel, Keilholz, and
Scheibenbogen 1997; Barabas et al. 2017; Mwangi 2007.; Sangewar et al. 2020), and epitopes
presented in the context of MHC | can be identified ex vivo (Anthony and Lehmann 2003). A CTL
epitope in ASFV p72 antigen was previously mapped using the cumbersome procedure of
expressing peptides in a plasmid vector and transfecting target cells (Leitao et al. 1998).
Assessment of T-cell responses against CD2v (EP402R) and C-type lectin proteins conducted
using 15-mer overlapping peptides showed that 6 of the 132 total predicted peptides resulted in a
high frequency of IFN-y producing cells (Burmakina et al. 2019). Bioinformatic platforms in
conjunction with EliSpot and CTL assays provide a more practical approach to map key epitopes
that may be useful for vaccine development (De Groot et al. 2003; Martin, Shai, and De Groot
2003; Sangewar et al. 2020; Herrera and Bisa 2021). The application of in silico screening of
sequence data combined with experimental methods to develop synthetic vaccines based on
defined epitopes presents a theoretical advantage over traditional approaches to vaccine design
(Palatnik-de-Sousa, Soares, and Rosa 2018). Multiple IFN-y*-inducing epitopes were identified
by screening predicted strong SLA-I binding nonamer peptides using the IFN-y EliSpot assay. Out

of the eighty-eight putative epitopes, four peptides, namely p34161-169 37859867 11501363-1371 ‘and
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p1501463-1471  recalled very strong IFN-y* responses in PBMC and splenocytes from pigs
immunized with the Ad-pp220 cocktail formulated in either ENABL or ZTS-01 adjuvants (Figure
10). The p3461-169 and p3789-87 peptides are present in the p5-p34-p14-p37 antigen, whereas the
p1501363-1371 and p1501463-1471 peptides are present in the p150-1 antigen, which might explain the
poor IFN-y responses against the p150-11 antigen (Figure 7). Thus, multiple T cell epitopes are
present in the pp220 polyprotein that can induce robust IFN-y* responses in domestic pigs. In
addition, the epitopes, are 100% conserved among different ASFV genotypes isolated from Suids
and ticks (Supplemental Figure 1 and Supplemental Table 1). Furthermore, the peptides bind
strongly, in silico, to multiple SLA-I alleles, (Supplemental Table 2). Future challenge studies will
determine whether these peptides are also CTL epitopes produced from natural infection and
whether they play a role in protection. The peptide ITKTFVNNI (number 68 in Table 2) was also
previously identified by Bosch-Camos et al. and assessed for immunogenicity in pigs when
expressed using a plasmid vector; however, it did not elicit an immune response (Bosch-Camos,
Lépez, Collado, et al. 2021). More recent prediction data indicated peptides IADAINQEF,
QIYKTLLEY, and SLYPTQFDY (numbers 2, 4-5 in Table 2) which are highly conserved
cytotoxic T-cell epitopes in the ASFV genome (Herrera and Bisa 2021). The high level of
conservation and binding to multiple alleles suggests that the epitopes identified in this study are
ideal for inclusion in a prototype subunit vaccine since they have potential to elicit broad immune
responses in outbred pigs. Overall, the use of bioinformatics tools to predict epitopes from the
large ASFV proteome followed by empirical identification of relevant determinants that have
potential to contribute to immune protection is a rational subunit vaccine development approach

(Ros-Lucas et al. 2020; Herrera and Bisa 2021).
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In conclusion, the results generated in this study demonstrate that the pp220 ASFV polyprotein
induced ASFV-specific antibody responses as well as antigen-specific IFN-y* cellular and CTL
responses. These immune responses are important in the clearance of ASFV, given that ASFV-
infected cells are cleared by CTLs induced by live attenuated ASFV and inhibition of IFN-y has
been tied to persistence and replication of ASFV particles (Fan et al. 2020; Lacasta et al. 2015;
Zhuo et al. 2021; Schafer et al. 2022; Franzoni et al. 2022). Since attenuated ASFV can confer
protection, future studies will entail empirical identification of novel antigens that induce IFN-y*
and CTL responses, and evaluation of their protective potential to allow selection of a minimal

number of validated antigens for the development of a rationally designed ASFV subunit vaccine.
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Table 2.1. Swine Immunization Protocol

Groups Swine ID Immunogen (prime-boost dose per pig) Adjuvant

34

41
Ad-pp220- 43 Ad-pp220 cocktail: Ad-p5-34-14-37 (10 ifu),

ENABL e Ad-p150-1 (10 ifu) and Ad-p150-11 (10 ifu)

48

ENABL

31
37
Ad-pp220-ZTS-01 93
94
96

Ad-pp220 cocktail: Ad-p5-34-14-37 (10! ifu),

Ad-p150-1 (10 ifu) and Ad-p150-11 (10 ifu) Z75-01

32
38
Ad-Luc-ENABL 39 Ad-Luciferase (3 X 10! ifu) ENABL
44
45
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Table 2.2. Predicted SLA-I binding peptides from ASFV pp220 (Georgia 2007/1).

Pool A Pool B Pool C Pool D Pool E

Peptide ID Sequence Peptide ID Sequence Peptide ID Sequence Peptide ID Sequence Peptide ID Sequence
1 AINTFMYYY 19 SQWDLVQKF 37 INMRHHTSY 55 YSFEEIACL 73 YVYKTPRWL
2 QIYKTLLEY 20 YGIQNNRSM 38 KSMAAKIFI 56 RRLLNEQNL 74 VSAENIAEF
3 RVFSRLVFY 21 IGMNAVYSL 39 LTTETLFAW 57 LRLRLNLEL 75 FYTHAIQAL
4 SLYPTQFDY 22 SLSNFQALK 40 ETEDVFFTF 58 ASICRQIVL 76 EAMQWFMTM
5 IADAINQEF 23 YTHAIQALR 41 NTLSYWDNI 59 EQYGRVFSR 77 IAASVANKI
6 SAMEVLHEL 24 FIINIRSFK 42 KEIALTPNI 60 RRFYRALEG 78 MAAKIFIVL
7 RLDRKHILM 25 GMNAVYSLR 43 RQMVPMSPL 61 TRLIRNLIF 79 AVNLLRQTF
8 ALDLSLIGF 26 LTHGLRAEY 44 FEHFYTHAI 62 NALMRSIPL 80 KLIQGSESL
9 YTDIVQKKY 27 IYQHFNLEY 45 REFMLKLLI 63 RLLRLRLNL 81 GLISLIDSL
10 TVSAIELEY 28 SYWDNIALR 46 SYEENYATI 64 RYRLYGSDY 82 YYYYVAQIY
11 HIDKNIIQY 29 AGYMSRIFR 47 VMMYNENTF 65 SRLLQIIDF 83 VENQLIASY
12 LLSKGNAGY 30 LMADTKYFL 48 RTMNDFGMM 66 FYWLEEHLI 84 IYLNLINAF
13 KTLQDVISF 31 MMMVENQLI 49 IQNNRSMMM 67 YDPLLYPNL 85 NYRANLPLF
14 AGAQLTALF 32 STQAYNDFL 50 TLAQVFESF 68 ITKTFVNNI 86 NYDYSFEEI
15 SLMADTKYF 33 NTFMYYYYV 51 SMMMVENQL 69 ALIHFVNEI 87 LYDSCSRLL
16 AQEENTLSY 34 TLFAWIVPY 52 NIYNYDYSF 70 LIASYITRF 88 LMPFSLSLY
17 MPFSLSLYY 35 AVMEMGYAH 53 YATILGDAI 71 YINSLTHGL
18 YTENSVLTY 36 INMRLSMVY 54 YPDPTTEAA 72 YVAQIYSNL
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Table 2.3. IFN-y inducing nonamer peptides from ASFV pp220 (Georgia 2007/1).

Peptide ID pp220 Peptide Sequence Predicted SLA-I Allele
26 p34161-169 LTHGLRAEY SLA-2*01:01
38 p37859-867 KSMAAKIFI SLA-2*05:01
11 p1501363-1371 HIDKNIIQY SLA-1*04:01
3 p1501463-1471 RVFSRLVFY SLA-1*02:01
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pp220

i) p5-34-14-37 p5 | p34 | p14 | p37 | HA
p150
ii) p150-1 p150-1 HA
iii) p150-11 p150-I1 HA

Figure 2.1. ASFV pp220 expression constructs.

Ilustration of synthetic genes encoding ASFV pp220 polyprotein. p5-34-14-37 constitute genes
encoding structural proteins p5, p34, p14, and p37. Due to its large size, the sequence encoding
p150 was split into two genes: p150-1; and p150-I1. Synthetic genes had an HA tag added in-frame

at the 3’ end for tracking protein expression.
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Figure 2.2. ASFV pp220 construct antigen expression.

(A) Antigen expression was evaluated by immunostaining of HEK 293A cells transfected with
pcDNA or infected with adenovirus encoding each pp220 construct, and (B) Western Blot, using
proteins produced by transfected HEK 293A cells, probed with ASFV-specific convalescent
porcine serum. Recombinant ASFV p62 antigen served as a positive control, whereas an irrelevant
recombinant antigen, TMSP7, served as a negative control.
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ACQUIRE START
PIGLETS PRIME BOOST TERMINATIONS

l Acclimatization l Weeks post-prime l Weeks post-boost l

1 24 6 810141 2 3 45 6 7 8 9 1011 12

Col.l ect.skin Collect blood for sera and PBMC >
biopsies >
Collect
splenocytes
Figure 2.3. In vivo study timeline.

Piglets were acclimatized, and skin biopsies were collected prior to immunization. Piglets in
treatment groups were primed at week 0 and then boosted at week 14 post-prime with the Ad-
pp220 cocktail as shown in Table 1. Negative control piglets were similarly primed and boosted,
but with Ad-Luciferase. Pigs from all the groups were terminated after week 8 post-boost. Blood
samples were collected weekly post-prime and post-boost for PBMCs and sera. During
termination, blood samples were collected, and spleens were harvested.
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Figure 2.4. Antibody responses against pp220 antigens.
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IgG responses against p5-34-14-37, p150-1 and p150-11 in (A) week 4 post-prime sera; and (B)
week 1 post-boost sera were evaluated by ELISA. Mean responses for the groups are denoted by
bars and statistically significant differences between groups is denoted by asterisks (**p < 0.01,

**%p < 0,001 and ****p < 0.0001).
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Figure 2.5. Antibody titers for pp220 antigens.

IgG end-point titers were determined by ELISA for p5-34-14-37, p150-1, and p150-11 in sera from
week 1 post-boost and in ASFV-specific convalescent porcine serum. Mean 1gG titers for the

groups are denoted by bars, whereas IgG titers in the convalescent serum are denoted by the pink
star.
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A) Ad-pp220-ENABL B) Ad-pp220-ZTS-01 FITC only Positive Negative

Figure 2.6. Validation of Induced anti-pp220 antibodies.

Authenticity of the antibodies elicited by the adenovirus-vectored pp220 antigens was confirmed
by Immunohistochemistry. Formalin-fixed ASFV (Georgia 2007/1) infected swine spleen tissues
were probed with sera that was obtained from each group two weeks post-boost: (A) Ad-pp220-
ENABL,; (B) Ad-pp220-ZTS-01; (C) Secondary (FITC) antibody control: secondary antibody is
probed in the absence of primary sera, (D) Positive control serum: ASFV specific convalescent
swine serum, and (E) Negative control serum: Ad-Luc-ENABL.
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Figure 2.7. IFN-y responses against pp220 antigens.

p5-34-14-37, p150-1- and p150-11-specific IFN-y responses were detected by EliSpot assay using
PBMCs from (A) Two weeks post-priming; (B) One-week post-boost; and (C) in splenocytes.
Data is presented as Spot Forming Cells (SFC)/10% PBMCs or splenocytes. Medium alone served
as the negative control, and the data shown is minus media background counts. Mean responses
for the groups are denoted by bars, and statistically significant differences between groups are
denoted by asterisks (*p < 0.05, **p < 0.01, ***p < 0.001 and ****p < 0.0001).
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Figure 2.8. Cytotoxic T-lymphocyte (CTL) responses against the pp220 antigens.

At four weeks post-boost, p5-34-14-37-, p150-I-, and p150-I1-specific CTL responses in PBMCs
collected from (A) Ad-pp220-ENABL®-immunized; or (B) Ad-pp220-ZTS-01-immunized pigs
were evaluated at effector to target ratios of 25:1 and 50:1 using the standard %'Cr release assay.
Data are represented as the percent specific lysis against each antigen and a negative-control
FMDYV antigen (Ag). Mean responses for each antigen are denoted by bars.
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Figure 2.9. Screening of the predicted pp220 peptide pools.

Five pools (Pool A-E) of predicted SLA I-binding peptides from the ASFV (Georgia 2007/1) pp220
polyprotein (Table 2) were used to stimulate (A) PBMCs or (B) splenocytes isolated from pigs
immunized with the Ad-pp220-ENABL® formulation, which were then evaluated for antigen-
specific recall IFN-y responses by EliSpot. Data is presented as Spot Forming Cells (SFC)/10°
PBMCs or splenocytes for each pig. Medium alone served as the negative control, and the data
shown is minus media background counts.
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Figure 2.10. IFN-y-inducing peptides from ASFV pp220.

Four IFN-y-inducing nonamer peptides from ASFV pp220 that stimulated recall IFN-y responses
in (A) PBMCs or (B) splenocytes isolated from pigs immunized with the Ad-pp220-ENABL® or
the Ad-pp220-ZTS-01 formulation were identified by EliSpot (Table 3). Data for each pig is
presented as Spot Forming Cells (SFC)/10° PBMCs or splenocytes. Medium alone served as the
negative control and the data shown is minus media background counts. Mean responses for the
two groups are denoted by bars.
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Supplementary Table 2.1 Alignment of polyprotein 220 (CP2475) amino acid sequences of the ASFV isolates listed in Supplementary Table

2.2. Conservation of the IFN-y-inducing nonamer peptides is highlighted in bright green color.
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Supplementary Table 2.2 List of ASFV isolates used as the source of the pp220 sequences (https://www.ncbi.nlm.nih.gov/) and aligned in the

Supplementary Table 2.1.

Accession # Isolate; Country Genotype; Source of References

isolation
NC 044959.2 ASFV Georgia 2007/1 Genotype Il (Chapman et al., 2011)
YP_009927216/ Georgia Domestic Pig
CAD2068454
MH910496.1 Georgia 2008/2 Genotype lI; (Farlow et al., 2018)
AZP54139.1 Georgia Domestic Pig
MN393476.1 ASFV Wuhan 2019-1 Genotype Il (Xiong, Zhang, Yu, & Wei, 2019)
QIE06881.1 China Domestic pig
MN172368.1 China/CAS19-01/2019 Genotype Il (Jia et al., 2020)
QGJ83454 China Domestic pig
MK128995.1 China/2018/AnhuiXCGQ Genotype Il (Bao et al., 2019)
AYW34063.1 China Domestic pig
MT496893.1 GZ201801 Genotype Il (Tran et al., 2022)
QLF78620.1 China Domestic pig - serum
MW521382.1 HuB20 Genotype Il (Tran et al., 2022)
QTP96400.1 China Domestic pig
MK333181.1 DB/LN/2018 Genotype II (Wen et al., 2019)
QBH90765.1 China Domestic Pig - Blood
MT180393.1 ASFV_NgheAn_2019 Genotype Il (Nguyen et al., 2021)
Q0Y24398.1 Vietham Domestic pig
MW465755.1 VNUA-ASFV-05L1/HaNam/VN/2020 Genotype Il (Truong et al., 2021)
QSG73791.1 Vietnam Domestic pig -spleen
MW396979.1 ASFV/Timor-Leste/2019/1 Genotype I (Mileto et al., 2021)
QTE18752.1 Timor-Leste Domestic pig
LR536725.1 ASFV Belgium 2018/1 Genotype I (Jan H. Forth et al., 2019)
VFV48026.1 Belgium Domestic Pig
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https://www.ncbi.nlm.nih.gov/nuccore/NC_044959.2
https://www.ncbi.nlm.nih.gov/nuccore/MH910496.1
https://www.ncbi.nlm.nih.gov/nuccore/MN393476.1
https://www.ncbi.nlm.nih.gov/nuccore/MN172368.1
https://www.ncbi.nlm.nih.gov/nuccore/MK128995.1
https://www.ncbi.nlm.nih.gov/nuccore/MT496893.1
https://www.ncbi.nlm.nih.gov/nuccore/MW521382.1
https://www.ncbi.nlm.nih.gov/nuccore/MK333181.1
https://www.ncbi.nlm.nih.gov/nuccore/MT180393.1
https://www.ncbi.nlm.nih.gov/nuccore/MW465755.1
https://www.ncbi.nlm.nih.gov/nuccore/MW396979.1
https://www.ncbi.nlm.nih.gov/nuccore/LR536725.1

MT847623.2 Pol19 53050_C1959/19 Genotype Il (Mazur-Panasiuk, 2020)
QOW03225.1 Poland Domestic pig
MT847622.1 Poll7_31177_081 Genotype Il (Mazur-Panasiuk, 2020)
QOW03039.1 Poland Domestic pig
LR722599.1 ASFV Moldova 2017/1 Genotype Il (J. H. Forth et al., 2019)
VVW94185.1 Moldova Domestic pig - spleen
LR813622.1 Tanzania/Rukwa/2017/1 Genotype Il (Njau et al., 2021)
CADO0059543.1 SW Tanzania Domestic pig
MW856068.1 MAL/19/Karonga Genotype Il (Hakizimana et al., 2020)
QXP50051.1 Malawi Domestic pig
LR899193.1 ASFV Germany 2020/1 Genotype I (Sauter-Louis, 2021)
CAD7112603.1 Germany Wild Boar
MG939587.1 Pol17_03029 C201 Genotype Il (Mazur-Panasiuk, Wozniakowski, & Niemczuk, 2019)
AXZ96054.1 Poland Wild boar
MK543947.1 Belgium/Etalle/wb/2018 Genotype Il (Garigliany et al., 2019; Gilliaux et al., 2019)
QED90535 Belgium Wild Boar
LR722600.1 ASFV CzechRepublic 2017/1 Genotype Il (Forth, 2020)
VVW94190.1 Czech Republic Wild Boar
MK628478.1 ASFV/LT14/1490 Genotype |I (Gallardo et al., 2014)
QEY87898.1 Lithuania Wild Boar - Blood
MN715134.1 ASFV_HU_ 2018 Genotype I (Olasz et al., 2019)
QGV56805.1 Hungary Wild Boar - alveolar
macrophages
MT459800.1 ASFV/Kabardino-Balkaria 19/WB-964 | Genotype Il (Malogolovkin, Yelsukova, Gallardo, Tsybanov, &
QPB67618.1 Russia Wild Boar - spleen Kolbasov, 2012; Mazloum et al., 2021)
MW306191.1 ASFV/Primorsky 19/WB-6723 Genotype Il (Mazloum et al., 2021)
QUQ60377.1 Russia Wild Boar - spleen
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https://www.ncbi.nlm.nih.gov/nuccore/MT847623.2
https://www.ncbi.nlm.nih.gov/nuccore/MT847622.1
https://www.ncbi.nlm.nih.gov/nuccore/LR722599.1
https://www.ncbi.nlm.nih.gov/nuccore/LR813622.1
https://www.ncbi.nlm.nih.gov/nuccore/MW856068.1
https://www.ncbi.nlm.nih.gov/nuccore/LR899193.1
https://www.ncbi.nlm.nih.gov/nuccore/MG939587.1
https://www.ncbi.nlm.nih.gov/nuccore/MK543947.1
https://www.ncbi.nlm.nih.gov/nuccore/LR722600.1
https://www.ncbi.nlm.nih.gov/nuccore/MK628478.1
https://www.ncbi.nlm.nih.gov/nuccore/MN715134.1
https://www.ncbi.nlm.nih.gov/nuccore/MT459800.1
https://www.ncbi.nlm.nih.gov/nuccore/MW306191.1

MW306190.1 ASFV/Amur 19/WB-6905 Genotype Il (Mazloum et al., 2021)
QUQ60197.1 Russia Wild Boar - spleen
LS478113.1 Estonia 2014 Genotype Il (Nurmoja et al., 2020; Zani et al., 2018)
SPS73515.1 Estonia Wild Boar
MK645909.1 ASFV-wbBS01 Genotype Il (Bao et al., 2019);(Njau et al., 2021)
QDL88123.1 China Wild Boar
MK940252.1 CN/2019/InnerMongolia-AES01- Genotype Il (Tran et al., 2022)
QIA61506.1 China Wild Boar
MW701371.1 ASFV-G-deltall77LdeltaLVR synthetic construct — (Borca, 2021)
QTZ19752.1 Plum Island deletion mutant of
Georgia2007//1

MN270973.1 85/Ca/1985 Genotype | (Torresi et al., 2020)
QIMO07715.1 Italy: Cagliari, Sardinia Domestic pig
MN270974.1 141/Nu/1990 Genotype | (Nix, Gallardo, Hutchings, Blanco, & Dixon, 2006;
QIM07948.1 Italy: Nuoro, Sardinia Domestic pig Torresi et al., 2020)
MN270975.1 142/Nu/1995 Genotype | (Torresi et al., 2020)
QIM08183.1 Italy: Nuoro, Sardinia Domestic pig
NC 044942.1 BA71V Genotype | (Yanez, 1995)
YP_009702497.1 Spain: Badajoz Domestic pig - spleen
NC 044958.1 E75 Genotype | (de Villiers et al., 2010)
YP_009703860.1 Spain Domestic pig - spleen
NC 044941.1 L60 Genotype | (Bastos et al., 2003)
YP_009702339.1 Portugal Domestic pig
NC 044943.1 NHV Genotype | (Portugal et al., 2015)
YP_009702658.1 Portugal Domestic pig
NC 044956.1 Benin 97/1 Genotype | (Bastos et al., 2003)

Benin Domestic Pig
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https://www.ncbi.nlm.nih.gov/nuccore/MW306190.1
https://www.ncbi.nlm.nih.gov/nuccore/LS478113.1
https://www.ncbi.nlm.nih.gov/nuccore/MK645909.1
https://www.ncbi.nlm.nih.gov/nuccore/MK940252.1
https://www.ncbi.nlm.nih.gov/nuccore/MW701371.1
https://www.ncbi.nlm.nih.gov/nuccore/MN270973.1
https://www.ncbi.nlm.nih.gov/nuccore/MN270974.1
https://www.ncbi.nlm.nih.gov/nuccore/MN270975.1
https://www.ncbi.nlm.nih.gov/nuccore/NC_044942.1
https://www.ncbi.nlm.nih.gov/nuccore/NC_044958.1
https://www.ncbi.nlm.nih.gov/nuccore/NC_044941.1
https://www.ncbi.nlm.nih.gov/nuccore/NC_044943.1
https://www.ncbi.nlm.nih.gov/nuccore/NC_044956.1

YP_009703544.1/

CAN10191
MZ202520.1 K49 Genotype | (Bastos et al., 2003)
QZK26792.1 Zaire - Katanga Serogroup 2
NC 044957.1 OURT 88/3 Genotype | (Boinas, Hutchings, Dixon, & Wilkinson, 2004)
YP_009703699.1 Portugal Tick
MN913970.1 Livl3/33 (OmLF2) Genotype | (Chastagner et al., 2020)
QID21266.1 Zambia, Livingstone Tick
0i|229891462 Namibia/Wart80/1980 Genotype IV (Bastos et al., 2003; Zsak et al., 2005)
AY261366.1 Namibia Warthog
POCAO4.1
AY261361.1 Malawi LIL 20/1 Genotype VIII; Haplotype 8a | (Haresnape, 1989)
POCA02.1 Malawi Ticks
NC 044946.1 Ken06.Bus Genotype IX (Bishop et al., 2015; Gallardo et al., 2009)
YP_009702990.1 Kenya Domestic Pig
MH025920.1 R35 Genotype IX (Masembe et al., 2018)
AXB50010.1 Uganda: Tororo district Domestic pig
Blood
MH025918.1 R25 Genotype IX (Masembe et al., 2018)
AXB49666.1 Uganda: Tororo district Domestic pig
Blood
LR899131.1 ASFV Ken.riel Genotype X (Forth et al., 2020)
CAD7112308.1 Domestic Pig - Blood
MT956648.1 Uvira B53 Genotype X (Bisimwa et al., 2020)
QRY19118.1 Kivu — DR Congo Serogroup 7
Domestic pig - spleen
AY261360.1 KEN-50/1950 Genotype X Kutish G.F. and Rock D.L, 2003

POCA01.1gi|229891459

Kenya

Domestic Pig
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https://www.ncbi.nlm.nih.gov/nuccore/MZ202520.1
https://www.ncbi.nlm.nih.gov/nuccore/NC_044957.1
https://www.ncbi.nlm.nih.gov/nuccore/MN913970.1
https://www.ncbi.nlm.nih.gov/nuccore/AY261366.1
https://www.ncbi.nlm.nih.gov/nuccore/AY261361.1
https://www.ncbi.nlm.nih.gov/nuccore/NC_044946.1
https://www.ncbi.nlm.nih.gov/nuccore/MH025920.1
https://www.ncbi.nlm.nih.gov/nuccore/MH025918.1
https://www.ncbi.nlm.nih.gov/nuccore/LR899131.1
https://www.ncbi.nlm.nih.gov/nuccore/MT956648.1
https://www.ncbi.nlm.nih.gov/nuccore/AY261360.1/_

NC 044945.1 Ken05/Tk1 Genotype X (Bishop et al., 2015; Gallardo et al., 2009)
YP_009702825.1 Kenya Ticks

HM745253

0i|229891461 Pretoriuskop Pr4/1996 Genotype XX (Kleiboeker, Burrage, Scoles, Fish, & Rock, 1998)
AY261363.1 South Africa Haplotype 20a

POCA03.1 Ticks
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Supplementary Table 2.3 Defined IFN-y-inducing pp220 peptides are predicted to bind to
multiple SLA-I alleles.

Peptide Sequence  Aff(nM) Bind Level SLA-IAllele
p34161-169 | THGLRAEY  1486.83 SB SLA-1*02:01
p34161-169 | THGLRAEY  1486.83 SB SLA-1*02:02
p34161169 | THGLRAEY  270.87 SB SLA-1*07:01
p34161-169 | THGLRAEY  270.87 SB SLA-1*07:02
p34161-169 | THGLRAEY  1495.02 SB SLA-1*08:01
p34161169 | THGLRAEY 53861 SB SLA-1*LWH
p3416:-169 | THGLRAEY  2054.49 SB SLA-2*01:01
p34161-169 | THGLRAEY 1397.84 SB SLA-2*01:02
p34161-169 | THGLRAEY  2046.26 SB SLA-2*03:02
p34161-169 | THGLRAEY  306.17 SB SLA-2*04.01
p34161-169 | THGLRAEY  1828.05 SB SLA-2%04:02
p34161-169 | THGLRAEY  1903.42 SB SLA-2*10:01
p34161169 | THGLRAEY  1005.50 SB SLA-2*10:02
p34161-169 | THGLRAEY  451.91 SB SLA-2*HB:01
p34161-169 | THGLRAEY  4407.40 SB SLA-2*LWH:AA
p34161-169 | THGLRAEY  3744.41 SB SLA-2*TPK:AA
p37859867  KSMAAKIFI  1177.68 SB SLA-2*05:01
p37859867  KSMAAKIFI  7913.59 SB SLA-2*12:01
p37859867  KSMAAKIFI  1586.28 SB SLA-2*YC:AA
p378%9-867  KSMAAKIFI  1201.01 SB SLA-3*01:01
p378%9-867  KSMAAKIFI  2335.79 SB SLA-3*06:02

p1501363-1371  HIDKNIQY  9776.79 SB SLA-1*01:01
p1501363-1371  HIDKNIIQY 520.01 SB SLA-1*02:01
p1501363-1371  HIDKNIIQY 520.01 SB SLA-1*02:02
p1501363-1371  HIDKNIIQY 13.25 SB SLA-1*04:01
p1501363-1371  HIDKNIIQY 926.75 SB SLA-1*06:01
p1501363-1371  HIDKNIIQY 420.20 SB SLA-1*07:01
p1501363-1371  HIDKNIIQY 420.20 SB SLA-1*07:02
p1501383-1371  HIDKNIIQY 554.29 SB SLA-1*08:01
p1501383-1371  HIDKNIIQY  3350.95 SB SLA-1*12:01
p1501383-1371  HIDKNIIQY 303.44 SB SLA-1*13:01
p1501363-1371  HIDKNIIQY  2759.77 SB SLA-1*HB:01
p1501363-1371  HIDKNIIQY  2038.59 SB SLA-1*HB:02
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Peptide Sequence  Aff(nM) Bind Level  SLA-I Allele
p1501363-1371 - HIDKNIQY  2038.59 SB SLA-1*HB:03
p1501363-1371  HIDKNIQY  2759.77 SB SLA-1*HB:04
p1501%63137t  HIDKNIIQY  1181.03 SB SLA-1*LWH
p1501363-1371  HIDKNIIQY  3227.75 SB SLA-1*YC
p1501363-1371  HIDKNIIQY 13.25 SB SLA-1*YDL:01
p1501363137L  HIDKNIQY  7612.26 SB SLA-2*01:01
p15013¢3-1371  HIDKNIQY  3376.90 SB SLA-2*01:02
p1501363-1371  HIDKNIQY  1348.91 SB SLA-2*03:02
p15013¢3-1371  HIDKNIQY  6358.65 SB SLA-2*04:01
p1501363-137L  HIDKNIIQY  5207.98 SB SLA-2*10:01
p1501363-1371  HIDKNIIQY 220.50 SB SLA-2*10:02
p1501363-1371  HIDKNIIQY 213.00 SB SLA-2*HB:01
p1501363-1371  HIDKNIQY  8411.18 SB SLA-2*LWH:AA
p1501363137L  HIDKNIQY  14014.36 SB SLA-2*TPK:AA
p1501363-1371  HIDKNIQY 13.25 SB SLA-2*YDL:AA
p1501363-1371 - HIDKNIQY 13.25 SB SLA-2*YDL:02
p1501363-1371  HIDKNIQY  20574.55 SB SLA-3*03:02
p1501363-187L  HIDKNIIQY  2759.77 SB SLA-3*LWH
p1501463-1471  RVESRLVFY  168.64 SB SLA-1*02:01
p1501463-1471 RVFSRLVFY  168.64 SB SLA-1*02:02
p1501463-1471 RVFSRLVFY  157.58 SB SLA-1*04:01
p1501463-1471  RVFSRLVFY  1041.78 SB SLA-1*05:01
p1501463-1471  RVFSRLVFY 125539 SB SLA-1*06:01
pl501463-1471  RVFSRLVFY 84.92 SB SLA-1*07:01
pl501463-1471  RVFSRLVFY 84.92 SB SLA-1*07:02
p1501463-1471  RVFESRLVFY  402.78 SB SLA-1*08:01
p1501463-1471  RVFSRLVFY  319.31 SB SLA-1*12:01
p1501463-1471  RVFSRLVFY  1212.39 SB SLA-1*13:01
p1501463-1471 RVFSRLVFY  1181.63 SB SLA-1*HB:01
p1501463147t  RVFSRLVFY  808.38 SB SLA-1*HB:02
p1501463147t  RVFSRLVFY  808.38 SB SLA-1*HB:03
p15014631471  RVFSRLVFY  1181.63 SB SLA-1*HB:04
p1501463-1471  RVFSRLVFY  248.15 SB SLA-1*LWH
p1501463147t  RVFSRLVFY  813.92 SB SLA-1*YC
p1501463147t  RVFSRLVFY  157.58 SB SLA-1*YDL:01
p1504631471  RVFSRLVFY  548.67 SB SLA-2*01:01
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Peptide Sequence  Aff(nM) Bind Level SLA-I Allele
pl5014631471  RVESRLVFY  130.67 SB SLA-2*01:02
pl5014631471  RVFSRLVFY  463.66 SB SLA-2*03:02
p150M4631471  RVFSRLVFY  314.89 SB SLA-2*04:01
p1501463-1471  RVESRLVFY  1264.22 SB SLA-2*04:02
p15014631471  RVFSRLVFY  730.71 SB SLA-2*10:01
p1501463-1471  RVFSRLVFY  108.09 SB SLA-2*10:02
p1501463-1471  RVFSRLVFY 61.50 SB SLA-2*HB:01
p150T* T RVESRLVEY 1145 60 SB SLA-2*LWH:AA
p150%4631471  RVFSRLVFY  5781.27 SB SLA-2*TPK:AA
p1501463-1471  RVFSRLVFY  157.58 SB SLA-2*YDL:AA
p150M4631471  RVFSRLVFY  814.61 SB SLA-2*YDY:AA
p150%463-1471 RVFSRLVFY 15758 SB SLA-2*YDL:02
p1501463-1471  RVFSRLVFY  2479.14 SB SLA-3*03:01
p15014631471  RVFSRLVFY  3692.27 SB SLA-3*03:02
p15014631471  RVESRLVFY  2479.14 SB SLA-3*03:03
p15014631471  RVESRLVFY  3223.21 SB SLA-*03:04
p1501463-1471  RVESRLVFY  1229.98 SB SLA-3*04:01
p1501463-1471  RVFSRLVFY  814.61 SB SLA-3*06:01
p150M4631471  RVFSRLVFY  4138.02 SB SLA-3*06:02
p1501463-1471  RVFSRLVFY  1871.42 SB SLA-3*07:01
p150%4631471  RVFSRLVFY  814.61 SB SLA-3*CDY
p150%4631471  RVFSRLVFY  1181.63 SB SLA-3*LWH
p15014631471  RVFSRLVFY  1301.51 SB SLA-3*YC
pl5014631471  RVFSRLVFY  814.61 SB SLA-3*YDY:01
p150M4631471  RVFSRLVFY  814.61 SB SLA-3*YDY:02
p1501463-1471  RVFSRLVFY  1871.42 SB SLA-3*YTH

The mapped IFN-y-inducing nanomer peptides from ASFV pp220 (Georgia 2007/1) were
SLA-I NetMHCpan 4.1
(https://services.healthtech.dtu.dk/service.php?NetMHCpan-4.1). Input type used was “Peptide”

predicted for binding using version
with the threshold for strong binders set at less than 0.5% Rank and for weak binders less than 2%
Rank, but greater than 0.5% as are the default binding thresholds proven for MHC class I. Binding

affinity and sorting were applied to filter for strong (SB) allele binders shown in the above table.
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Chapter 3 - Immunization of pigs with replication-incompetent
Adenovirus-vectored African Swine Fever Virus multiantigens
induced humoral immune responses but no protection following

contact challenge
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Abstract
African Swine Fever Virus (ASFV) is a pathogen of great economic importance given that it
continues to threaten the pork industry worldwide, but there is no safe vaccine or treatment
available. Development of a vaccine is feasible since immunization of pigs with some live
attenuated ASFV vaccine candidates can confer protection, but safety concerns and virus
scalability are challenges that need to be addressed. Identification of protective ASFV antigens is
needed to inform development of efficacious subunit vaccines. In this study, replication-
incompetent adenovirus-vectored multicistronic ASFV antigen expression constructs that covered
close to a 100% of the ASFV proteome, were generated and validated using ASFV convalescent
serum. Immunization of pigs with a cocktail of the expression constructs, designated Ad5-ASFV,
alone or formulated with either Montanide ISA-201 (Ad5-ASFV ISA-201) or BioMize adjuvant
(Ad5-ASFV BioMize), primed strong B cell responses as judged by p62-specific 1gG responses.
Notably, the Ad5-ASFV and the Ad5-ASFV ISA-201, but not the Ad5-ASFV BioMize,
immunogens primed significantly (p<0.0001) higher p62-specific 1gG responses compared to
Ad5-Luciferase formulated with Montanide ISA 201 adjuvant (Ad5-Luc ISA-201). The p62-
specific IgG responses underwent significant (p<0.0001) recall in all the vaccinees after boosting
and the induced antibodies strongly recognized ASFV (Georgia 2007/1)-infected primary swine
cells. However, following challenge by contact spreaders, only one pig that had been immunized
with the Ad5-ASFV cocktail survived. The survivor had no typical clinical symptoms, but it had
viral loads and lesions consistent with chronic ASF. The outcome suggests that in vivo antigen
expression, but not the antigen content, might be, in part, the limitation of this immunization

approach since the replication-incompetent adenovirus does not amplify in vivo to effectively
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prime and expand protective immunity. Addressing the in vivo antigen delivery limitation will

likely yield promising outcomes.

3.1 Introduction

African Swine Fever (ASF) is a virulent disease in domestic swine and wild boar that is caused by
the African Swine Fever Virus (ASFV) (Dixon et al. 2020). The ASFV is a complex enveloped
DNA virus in the family Asfarviridae (Alonso et al. 2018). Epidemics caused by the ASFV have
an overwhelming negative economic impact on the affected regions and jeopardize swine
commerce globally with nearly 100% mortality in naive populations ("ASF Situation Report"
2022; Ebwanga, Ghogomu, and Paeshuyse 2021). The global spread of ASFV (Georgia 2007/1)
has occurred rapidly since its introduction from Africa and into the Russian Federation in the same
year (Rowlands et al. 2008). Since then, the spread has occurred in several countries including
Belgium (2018), the People’s Republic of China (2018), the Dominican Republic and Haiti (2021),
and has recently spread to Italy (2022) with additional reports in Northern Macedonia and Thailand
(Kolbasov et al. 2018; "ASF Situation Report 2022).

Eradication of ASFV is not currently achievable given its presence in domestic and wild
suids in many countries including Sub-Saharan African where it is also present in ticks (Dixon et
al. 2020). Management of this pathogen is a much more feasible option. Control of ASFV
dissemination traditionally has been through stomping out practices, and implementation of
biosafety and security measures (Sanchez-Cordon et al. 2018; "ASF Situation Report™ 2022;
"Infection™ 2022). Despite encouraging outcomes from studies that have evaluated vaccine
candidates, including attenuated and inactivated ASFV, there are still safety concerns, such as the

possibility of reversion, and poor efficacy (Gladue and Borca 2022; Tran et al. 2021; Xie et al.
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2022; Deutschmann et al. 2022; Ding et al. 2022; Liu et al. 2023). These vaccine development
approaches need to overcome multiple challenges including poor induction of protective
immunity, shedding of vaccine virus, increased post-vaccination reactions, and unpredictability
in the effects these viral modifications will have (Urbano and Ferreira 2022). Most recently, the
modified live vaccine NAVET-ASFVAC, a joint commercial venture between USDA/ARS, the
Vietnamese Ministry of Agriculture, and the Vietnamese Navetco Company, was suspended by
Vietnamese agricultural officials less than two months after the launch of a 600,000-dose pilot
vaccination program. It is believed that deaths in vaccinated swine are attributed to incorrect
product utilization, which is currently under investigation (Tran et al. 2022; Borca et al. 2021;
McDowell et al. 2022).

Subunit ASFV vaccines have historically included limited antigens with varied success,
ranging from a complete lack of protection to full protection in a limited number of immunized
animals (Gémez-Puertas et al. 1998; Barderas et al. 2001; Neilan et al. 2004). Antigen delivery
platforms such as DNA vaccines and recombinant proteins or a combination of the two
administered with or without adjuvant, have been evaluated (Argilaguet et al. 2012; Lacasta et al.
2014; Sunwoo et al. 2019). These approaches can induce robust immune responses, but variable
protective efficacy has been reported (Argilaguet et al. 2012; Lacasta et al. 2014; Sunwoo et al.
2019). More recent innovations incorporate viral vectors for antigen delivery that stimulate strong
and specific cellular immune responses and, in some instances, they have been shown to confer
partial protection from ASF (Lokhandwala et al. 2016; Lokhandwala et al. 2017; Lokhandwala et
al. 2019; Jancovich et al. 2018). Replication-deficient adenovirus type 5 (Ad5) and recombinant
Vaccinia virus (r'VACV) have recently been demonstrated as the most promising vector platforms

for ASFV vaccination (Lokhandwala et al. 2019; Jancovich et al. 2018). However, challenges
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remain such as: 1) determination of correlates of immune protection; 2) identification of protective
antigens; and 3) development of an efficacious formulation and determination of the most
appropriate immunization route.

Development of an efficacious ASFV subunit vaccine has not been successful due, in part,
to the large viral genome which encodes more than 150 proteins and the protective antigens are
yet to be identified (Dixon et al. 2013). While numerous immunodominant ASFV antigens have
been characterized to date, empirical determination as to which antigen is required for protection
has yet to be resolved (Kollnberger et al. 2002; Argilaguet et al. 2012; Lokhandwala et al. 2016;
Lokhandwala et al. 2017; Lokhandwala et al. 2019; Dixon et al. 2013; Carlson et al. 2016). Some
experimental vaccines utilizing this approach were able to achieve delayed viremia and death (and
in some cases limited protection from disease) using one to multiple ASFV antigens (Argilaguet
et al. 2013; Neilan et al. 2004; Lokhandwala et al. 2019). Recombinant Vaccinia virus encoding a
combination of ASFV antigens (formulated without adjuvant) generated promising results with
reduced blood and tissue viremia, even though protection from infection was not achieved
following challenge (Jancovich et al. 2018). Available data suggest that, the design of a viral
vectored vaccine for ASFV is expected to require the inclusion of multiple protective antigens.
The major drawback to this design is in the time needed to: 1) empirically determine which
antigen(s) to be included; 2) generate the expression constructs; and 3) test and determine the most
efficacious formulation in domestic swine. Despite these limitations, the use of defined ASFV
antigens for vaccination may offer a safer immunization option and has shown great potential in
stimulating antigen-specific immune responses when packaged in a viral vector (Jancovich et al.
2018; Netherton, Goatley, et al. 2019; Lokhandwala et al. 2019; Murgia et al. 2019). Delivery of

multiple antigens can be achieved by use of multicistronic expression cassettes that utilize the 2A
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cleavage motif to allow generation of multiple independent antigens from a single mRNA
molecule (Shaimardanova et al. 2019; Luke and Ryan 2018; Meas, Mekvichitsaeng, and Roshorm
2021).

In the current study, safety, immunogenicity, and protective efficacy of a replication-
incompetent Ad5-vectored prototype subunit vaccine encoding ASFV multicistronic expression
cassettes was evaluated in piglets. The experimental vaccines were formulated with no adjuvant
or with either Montanide ISA-201 or BioMize adjuvant and used to immunize domestic piglets in
a homologous prime-boost strategy. Vaccine efficacy was evaluated using a natural ASFV
transmission model by exposure to comingled naive ASFV-infected spreaders (Argilaguet et al.
2013; Burmakina et al. 2016; Gallardo et al. 2018; Jancovich et al. 2018 Argilaguet et al. 2013;
Burmakina et al. 2016; Gallardo et al. 2018; Jancovich et al. 2018Guinat et al. 2016; Lokhandwala

et al. 2019).

3.2 Materials and Methods

3.2.1 Generation of Recombinant Plasmid and Adenovirus Constructs

Selected ASFV Georgia 2007/1 open-reading-frames (Gene bank Accession FR682468) were used
to design and generate multicistronic expression cassettes (Table 1). The pp220 polypeptide was
split into two due to its large size. The polypeptide sequences were used to generate codon-
optimized synthetic genes (GenScript, NJ, USA) that were cloned into pcDNA3.3 vector
(Invitrogen, K8300001, CA, USA) with N-terminal HA and C-terminal FLAG tags, respectively.
Protein expression by the recombinant plasmid constructs was evaluated by immunocytometric
analyses as previously described (Lokhandwala et al. 2017; Lokhandwala et al. 2019;

Lokhandwala et al. 2016; Zajac et al. 2022). The outcome was used to select the best expressers
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that were used as templates to PCR amplify the genes, which were then used to assemble cognate
recombinant replication-incompetent adenoviruses using the Invitrogen ViraPower Adenoviral
Expression System (K493000, CA, USA) as previously described (Lokhandwala et al. 2017,
Lokhandwala et al. 2019; Lokhandwala et al. 2016; Zajac et al. 2022). A recombinant replication-
incompetent adenovirus expressing luciferase (Ad5-Luciferase) was similarly generated. The
recombinant adenoviruses were scaled up and viral titers (IFU/mL) were determined by
immunocytometric analyses as previously described (Lokhandwala et al. 2016; Lokhandwala et

al. 2017).

3.2.2 Validation of Protein Expression by the Recombinant Ad5 virus Constructs

Flow cytometry was used to evaluate protein expression by each recombinant adenovirus
construct. Briefly, Human Embryonic Kidney (HEK) 293A cells were infected with Ad5-ASFV
constructs and harvested after 24 hours using 2 mM EDTA to lift cells from the bottom of the
culture vessel. Cells were then distributed at 1 x 10° cells per 5 mL polystyrene snap cap tube for
each construct, followed by washing 2X using the Cyto-Fast™ Fix/Perm Buffer Set (BioLegend,
426803, CA, USA). Briefly, following the manufacturer’s instructions, 1 mL wash buffer was
added to each tube, gently vortexed, and centrifuged at 900 rpm for 5 minutes, after which the
supernatant was discarded. Duplicate tubes were probed with a 1:200 dilution of ASFV-specific
convalescent swine sera (26-28, 42) for 20 minutes at 4°C (kept in the dark). After washing as
above, the cells were then probed with goat anti-porcine IgG FITC secondary antibody (Jackson
ImmunoResearch, 114-095-003, PA, USA) diluted 1:250 in wash buffer for 20 minutes in the dark
at 4°C. The cells were washed and fixed as per the manufacturer’s instructions and resuspended in

2% goat sera (prepared in 1X PBS) before data acquisition using the BD LSRFortessa™ flow
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cytometer and BD FACSDiva™ followed by analyses using FlowJo software (BD Biosciences,
OR, USA). Negative mock-infected cells (media alone) were included and probed with ASFV

convalescent serum and secondary antibody as controls for infection and gating.

3.2.2.1 Immunization of pigs

Twenty-eight piglets were acquired from a commercial vendor, housed at the BSL-2 Large Animal
Research Center (LARC) at Kansas State University (KSU), and acclimatized for one week before
immunization (Figure 1). The Ad5-ASFV cocktail (10 ifu/construct, 4.1 x 10* ifu total) was
formulated with either 1X Phosphate Buffered Saline (PBS), Montanide ISA-201™ (Seppic, NJ,
USA), or BioMize (VaxLiant, NE, USA) adjuvant and used to immunize pigs (n=5)
intramuscularly as shown in Figure 2 and Table 3, and as previously described (Lokhandwala et
al. 2019). Negative control pigs were similarly immunized, but with an equivalent dose of the Ad5-
Luciferase (4.1 x 10 ifu total) formulated with Montanide ISA-201 adjuvant. The pigs were
boosted twice with the same priming dose and cognate formulation via the same route, three- and
seven weeks post-priming. Each group had an additional 2 naive pigs that were included to serve

as contact spreaders in the challenge phase (Fig. 2 and Table 3).

3.2.2.2 Sample collection and clinical scoring post-immunization

During the immunization phase, blood, body temperatures, and weights were collected before
vaccination and weekly thereafter. Following immunization, vaccine safety and tolerability was
determined by observing the pigs daily and the following parameters were monitored and recorded: body
weight, injection site reaction, rectal temperature, coughing, nasal and ocular discharges, and signs for

depression.
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3.2.3 Evaluation of Antibody Responses

Immunogenicity of the Ad5-ASFV immunogens in pigs was determined by tracking p62-specific
IgG responses by ELISA since this antigen is highly immunogenic and sufficient amounts of
mammalian cell-expressed recombinant protein can readily be generated (Lokhandwala et al.
2019). The ELISA was conducted using a p62 concentration of 1 pug/mL (100 puL/well) to coat
microplates and a 1:100 dilution of serum samples as previously described (Lokhandwala et al.
2016; Lokhandwala et al. 2017; Lokhandwala et al. 2019; Zajac et al. 2022). In brief, plates were
first blocked with 5% nonfat dry milk (diluted in PBST: 1X PBS + 0.1% Tween 20) followed by
the addition of diluted serum (in triplicate) for 1 hour at 37°C. After 6 repeated washes (using
PBST), a 1:5000 dilution of anti-porcine IgG-POD (Jackson ImmunoResearch, 114-035-003, PA,
USA) secondary antibody was added to each well and the plates incubated at 37°C for 1 hour. The
plates were washed 6X with PBST followed by 3X with PBS, and the POD colorimetric reaction
was developed by adding Sure Blue tetramethylbenzidine (TMB) substrate (53-00-02, KPL, MA,
USA). A 1IN HCI solution was added to stop color development after 10 min. and the optical
density (OD) was measured at 430 nm using a BioTek Epoch spectrophotometer (VT, USA). An
irrelevant antigen, TMSP7, was used as a background control to establish the baseline for each
sample which was subtracted from the p62 OD value. Additionally, a previously validated ASFV
convalescent serum was included in each plate as a positive control alongside a validated naive

swine serum.
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3.2.4 Validation of Ad5-ASFV-induced antibodies

Recognition of wild type ASFV by the antibodies induced by the Ad5-ASFV immunogens was
determined by indirect fluorescence antibody (IFA) using ASFV (Georgia 2007/1)-infected and
mock-infected naive swine peripheral blood mononuclear cells (PBMCs) as previously described
with the following modifications (Lokhandwala et al. 2016; Lokhandwala et al. 2017). Briefly,
PBMCs were thawed from liquid nitrogen, washed using cold complete RPMI (cRPMI) plated at
a density of 1 x 108 cells/well in a 96-well plate, and incubated overnight at 37°C. The cells were
infected using a MOI of 0.001 of ASFV (Georgia 2007/1) prepared in cRPMI and incubated at
37°C for 1 hour after which, infection media was discarded and replaced with fresh cRPMI. Non-
infected cells were included to serve as negative controls. After 48 hours, the cells were washed
twice using 1X PBS, fixed using ice-cold methanol (100%) and air dried before blocking.

To perform the IFA, the plates were washed 2X using 1X PBS and incubated with blocking
buffer (2% bovine serum albumin (BSA) in 1X PBS) for 1 hour at 37°C. After blocking, the cells
were probed with a 1:20 dilution of serum (from 1-week post-boost 2) prepared in the blocking
buffer for 1 hour at 37°C. ASFV-specific convalescent serum diluted at 1:500 was used as a
positive control, and a 1:20 dilution of normal swine serum (Vector Laboratories, S-4000-20, CA,
USA) was used as a negative control. Following three rinses with 1X PBS, the wells were then
incubated with 1:200 goat anti-swine IgG FITC (Jackson ImmunoResearch, 114-095-003, PA,
USA) alongside additional FITC only wells as secondary only controls for 45 min. at 37°C. Two
more washes were performed using 1X PBS followed by the addition of 100 pL to each well before
microscopic examination. The cells were visualized and images were acquired using an EVOS

fluorescent imaging system (ThermoFisher, MA, USA).
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3.2.4.1 ASFV Challenge

Two weeks after the final boost, the pigs were moved to the ABSL-3Ag biocontainment facility
within the BRI on the KSU campus, acclimatized, and then challenged by exposure to contact
spreaders infected with ASFV (Georgia 2007/1) (Figure 2). The two contact spreaders in each
group were inoculated intramuscularly (IM) with a dose of 102 TCIDso/mL as determined by our
previous study (Lokhandwala et al. 2019). The challenge of the comingled vaccinees in each group
(n=5) occurred via the natural transmission where infection occurs through direct contact with the
infected spreaders or virus shedding in the pens which mimic the natural course of infection in

field settings (Guinat et al. 2016; Lokhandwala et al. 2019).

3.2.4.2 Sample collection and clinical scoring post-challenge

Prior to initiation of challenge in the ABSL-3Ag biocontainment, baseline nasal swabs, whole
blood, and blood for serum were collected. Following challenge, blood, nasal swabs, weights, and
rectal temperatures were collected on days 0, 5, 7, 11, and 14 with clinical signs monitored twice
daily using a scoring rubric (Table 4). The surviving pig had additional collections on days 18, 21,
25, 28, 32, 35, and 37. Pigs that developed severe ASF were humanely euthanized followed by
necropsy. The following tissues were collected: cranial mediastinal, gastrohepatic, mandibular,

mesenteric, and renal lymph nodes; kidney, liver, lung, spleen, and tonsil.

3.2.5 Tissue Pathology
Formalin-fixed tissues were processed for histological analysis using standard procedures (37).
Histological lesions were evaluated and scored for all animals utilizing the standardized

parameters established previously by Galindo-Cardiel et al. with adaptations as per Sunwoo et al.
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(Sunwoo et al. 2019; Galindo-Cardiel et al. 2013). Systematic histological assessment was
performed blindly on the spleen, tonsil, mandibular, cranial mediastinal, mesenteric, gastrohepatic,
renal lymph nodes, lung, liver, and kidney. The scoring matrix was as follows: absent (0) or
minimal (1), mild (2), moderate (3), or severe (4). Lesion categories scored included: tissue
necrosis (such as infarction) and cellular necrosis (such as lymphocytolysis); fibrin thrombi, fibrin
deposition in tissue or fibrinoid degeneration of vessels, congestion and/or hemorrhage, and
inflammation such as infiltrates of macrophages, eosinophils, or neutrophils. Overall total organ
and lymphoid organ score ranges are represented as minimal (0-30); mild (31-60); moderate (61-
90); or severe (above 90). The total score ranges for viscera (lung, liver, and kidney tissue) are

indicated as minimal (0-10); mild (11-20); moderate (21-30); or severe (above 30).

3.2.6 Evaluation of ASFV Viremia

The detection and quantification of the ASFV genome in blood, swabs, and tissue samples from
all pigs was performed using DNA purification followed by viral load assessment using a validated
ASFV p72-specific quantitative real-time PCR (qPCR) assay. Briefly, ASFV DNA was extracted
and purified from samples using the automated magnetic bead KingFisher Flex equipment
(ThermoFisher, 5400610, MA, USA) that utilize the Total DNA Extraction Kit (GeneReach,
Taiwan) as previously described (Sunwoo et al. 2019). Quantitative real-time PCR for the
detection of the ASFV gene encoding the p72 antigen (primers: Integrated DNA Technology, IA,
USA, and probe: ThermoFisher, MA, USA) was performed in duplicate wells using PerfeCTa®
FastMix®Il (Quanta Biosciences, MA, USA) and following reagent and cycle parameters as
previously described on the Stratagene Mx3005p Real-Time PCR Detection System (Agilent, CA,

USA) (Sunwoo et al. 2019; McDowell et al. 2022).
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For the quantification of ASFV copy number (CN), serial dilutions (10X) of the positive control
(ASFV p72 plasmid) were used to generate an 8-point standard curve (10° to 10* copies) using 16
gPCR well replicates performed as 2 scientific replicates. The ASFV p72 CN/reaction was
mathematically determined using the mean cycle threshold value (Ct) and the slope and intercept
of the DNA standard curve. A cycle threshold (Ct) cutoff of 38 for both PCR replicates was used
as the positive cut-off. Each extraction and qPCR run included a standardized ASFV sample for
the extraction and PCR positive control as well as a negative control sample (molecular grade

water) as an extraction negative and PCR no template control.

3.2.7 Statistical analysis

GraphPad Prism, version 9.5.0, was used to analyze the data as follows: the percent survival
significance was determined by the Mantel-Cox test; antibody responses were assessed using the
Ordinary one-way ANOVA followed by Tukey’s multiple comparisons test, and Vvirus titers and
histological scores were analyzed using the two-way ANOVA followed by Tukey’s multiple
comparisons test. Each comparison evaluated the treatment groups against the mock-immunized
negative control (Ad5-Luciferase) group as well as each immunization group against each other
(Ad5-ASFV No Adjuvant vs Ad5-ASFV ISA-201 and Ad5-ASFV BioMize; Ad5-ASFV ISA-201
vs Ad5-ASFV BioMize). For histological evaluation, all groups including the contact spreaders
were compared for statistical significance. FlowJo, version 10.8.1, was used to gate and calculate

the protein expression in the cells infected with the recombinant Ad5 virus constructs.
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3.2.8 Ethics statement

Kansas State University Institutional Animal Care and Use Committee (IACUC) (Protocol # 3871
and #4411) and Institutional Biosafety Committee (IBC) (registration #1481) follows the
regulations, policies, and guidelines put forth by the Animal Welfare Act, United States
Department of Agriculture (USDA) Animal Care Resource Guide, and the Public Health Service
(PHS) Policy on Humane Care and Use of Laboratory Animals. All protocols outlined in this
document were followed including the use of clinical scoring for daily monitoring and assessment

of animal health with weight and temperature included in this evaluation.

3.3 Results

3.3.1 Design, expression, and validation of ASFV antigen expression constructs

Recombinant pcDNA3 plasmid constructs encoding forty-one ASFV expression cassettes, with
HA and FLAG tags at the 5’ and 3’ ends, respectively, were generated (Table 1). The pp220
polyprotein was split into two constructs due to its large size, whereas one construct was generated
for each one of the next two largest antigens, NP1450L and G1340L (Table 1). The pcDNA3
constructs expressed the encoded antigens as judged by immunocytometric analyses of transfected
HEK?293A cells probed with tag-specific mAbs or ASFV convalescent serum (data not shown).
The ASFV antigen expression cassettes from the pcDNA3 constructs were used to generate
recombinant replication-incompetent adenoviruses (Table 1) and protein expression was
confirmed by flow cytometric analyses of infected HEK293A cells probed with the ASFV
convalescent serum (Fig. 1). Protein expression by the recombinant adenoviruses was

heterogenous with low, medium, and high expression levels noted (Fig. 1 and Table 2). Notable
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low expressers include Ad5-05 and Ad5-13, medium expressers include Ad5-04 and Ad5-29,

whereas Ad5-09 and Ad5-19 were high expressers (Table 2).

3.3.2 The Ad5-ASFV cocktail was well tolerated

Homologous prime-boost immunization of piglets with a cocktail of the recombinant adenoviruses
expressing multiple ASFV antigens, designated Ad5-ASFV, alone or formulated in adjuvant (Fig.
2 and Table 3), was well tolerated since there was no adverse effect observed. Notably, the
vaccinees, the negative controls, and the comingled non-immunized piglets that were included to
serve as contact spreaders at the challenge stage were healthy, had normal weight gain and

maintained normal body temperatures throughout the immunization phase (Fig. 3).

3.3.3 Ad5-ASFV cocktail induced strong antibody responses that recognized ASFV

Immunization of piglets with the Ad5-ASFV cocktail, but not the negative control Ad5-Luciferase
formulated in Montanide ISA-201, primed ASFV-specific humoral immune responses in all the
vaccinees as judged by p62-specific 1gG responses, which were used to evaluate immunogenicity
(Figs. 4A and B). Compared to the negative control Ad5-Luciferase Montanide I1SA-201
immunogen, the priming dose of the Ad5-ASFV cocktail alone or formulated with the Montanide
ISA-201 adjuvant elicited significantly (p<0.0001) higher p62-specific 1gG responses, but the IgG
responses primed by the Ad5-ASFV cocktail formulated in BioMize adjuvant was not significant
(Fig. 4B). The p62-specific 1gG responses primed by the Ad5-ASFV cocktail alone or the Ad5-
ASFV cocktail formulated with the Montanide ISA-201 adjuvant were significantly (p=0.002 and
p=0.005, respectively) higher than the p62-specific 1gG responses induced by the Ad5-ASFV

cocktail formulated in BioMize adjuvant (Fig. 4B). The 1gG responses primed by all the three
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formulations were significantly (p<0.0001) amplified in all the vaccinees following the second
booster dose (Fig. 4C). Compared to the p62-specific IgG responses induced by the priming dose,
the second booster dose significantly (p<0.0001) amplified the primary response (Fig. 4B and C).
However, following boosting, there was no significant difference in p62-specific 1gG responses
between the pigs immunized with the Ad5-ASFV cocktail alone and the pigs immunized with the
Ad5-ASFV cocktail formulated with either the Montanide ISA-201 or the BioMize adjuvant,
suggesting that these adjuvants did not enhance p62-specific IgG responses (Fig. 4C).
Immunization of piglets with the Ad5-ASFV cocktail, but not the Ad5-Luciferase immunogen,
elicited antibodies that strongly recognized primary swine cells infected with wildtype ASFV

(Georgia 2007/1) as judged by IFA using post-boost sera (Fig. 5).

3.3.4 Ad5-ASFV Cocktail did not confer protection

Following challenge by comingling with naive contact spreaders, which had received IM injection
of the ASFV (Georgia 2007/1), the mean pig weights in all the groups was stable for one week
(Fig. 6A). As expected, the contact spreaders developed high fever, rapid onset of high viremia in
blood as well as nasal fluids, and severe clinical disease by the time they were terminated on day
8 post-challenge (Figs. 6B and 7). Histopathology of two representative contact spreaders showed
tissue lesions that were consistent with severe acute ASF (Fig. 8). Multiple organ and tissue
samples had high virus loads, which was consistent with acute ASF observed in naive pigs and
these values were statistically significant (p<0.0001) compared to all other groups (Fig. 9). One
week after the initiation of contact challenge, the pigs immunized with the Ad5-ASFV cocktail
formulated in BioMize adjuvant had rapid weight loss that was accompanied by elevated rectal

temperature, viremia in blood and nasal fluid, and they were terminated after developing severe
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clinical disease (Figs. 6 and 7). BioMize immunized pigs had significantly lesser (p=0.0439)
viremia in blood as compared to the contact spreaders (Fig. 9). Histopathology of one
representative pig from this group revealed lesions that were consistent with moderate subacute
ASF (Fig. 10), but all the tissue samples collected at termination had high levels of ASFV (Fig.
9). The mean weight of the negative control pigs immunized with the Ad5-Luciferase Montanide
ISA-201 formulation and the pigs immunized with the Ad5-ASFV cocktail formulated in
Montanide ISA-201 remained unchanged post-challenge, but the pigs developed high fever in the
second week and severe clinical disease as well as high viremia in blood and nasal fluids that
necessitated termination (Figs. 6 and 7). Viremia in blood was found to be significantly (p=0.0417)
lower for the Montanide ISA-201 pigs compared to contact spreaders. (Fig 9). High levels of
ASFV were also detected in multiple organs and tissues (Fig. 9).

Although the mean weight of the pigs immunized with the Ad5-ASFV cocktail without
adjuvant was stable for eleven days, it declined thereafter as the pigs developed high fever and
rapid onset of viremia in blood and nasal fluids that peaked on day seven after the initiation of
contact challenge (Figs. 7A and B). Four out of the five vaccinees developed clinical disease that
necessitated termination by day fourteen and histopathology of one representative pig revealed
lesions that were consistent with moderate subacute ASF (Figs. 7C and 10). However, tissue
samples collected from the four pigs at termination had high levels of ASFV that mirrored
outcomes from the other treatment groups (Fig. 9). It was noted that, compared to the other groups,
pigs from this group had the lowest mean viremia in the spleen (Fig. 9). It was also noted that the
pigs immunized with the Ad5-ASFV formulated with or without adjuvant, had the lowest mean

viremia in mandibular lymph nodes (Fig. 9). Overall, there was no significant difference in total
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tissue viral load in the pigs immunized with the Ad5-ASFV formulated with or without adjuvant,

when compared to the Ad5-Luciferase negative controls (Fig. 9).

3.3.5 Survivor had chronic ASF

One of the five pigs (number 6892) immunized with the Ad5-ASFV cocktail without adjuvant
seroconverted and had rapid increase in antibody response within the first two weeks, but unlike
the other four vaccinees in this group, boosting did not significantly amplify p62-specific 1gG
responses (Fig. 11A). Interestingly, this pig had the lowest post-boost p62-specific 1gG responses
compared to the other vaccinees in this group (Fig. 11A). Following exposure to contact spreaders,
viremia in blood and nasal fluid peaked on day seven in this pig, whereas fever peaked on the
eleventh day (Fig. 11B). The weight of the pig declined from day seven, but on day fourteen when
the other four vaccinees in this group were terminated due to severe clinical disease, the pig started
to gain weight and sustained weight gain until the study was terminated at thirty-nine days after
initiation of contact challenge (Figs. 7C and 11B). The weight gain was accompanied by resolution
of fever and gradual decrease of viremia in blood until study termination (Fig. 11B). Although the
pig was clinically healthy at termination, it had recurrent episodes of high viremia in nasal fluid
(Fig. 11B). Necropsy revealed that the pig had evident inflammation and marked thickening of the
epicardium with an accumulation of fibrino-hemorrhagic fluid in the pericardial sac due to chronic-
active pericarditis (Fig. 12). In addition, histopathology revealed lesions consistent with moderate
subacute ASF, but viremia in tissue samples collected at termination had much lower levels of
ASFV (tonsil, 3.9 x 10> CN/mL; mandibular LN, 2.2 x 10® CN/mL; cranial mediastinal LN, 7.7 x
10* CN/mL; mesenteric LN, 2.9 x 103 CN/mL; gastrohepatic LN, 3.9 x 10 CN/mL; renal LN, 5.7

x 102 CN/mL; spleen, 2.0 x 10* CN/mL; lung, 3.6 x 103 CN/mL; kidney, 9.5 x 10° CN/mL; liver,
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1.1 x 10* CN/mL) compared to the average tissue viremia detected in the contact spreaders (tonsil,
1.9 x 10° CN/mL; mandibular LN, 3.0 x 10° CN/mL; cranial mediastinal LN, 1.8 x 10° CN/mL;
mesenteric LN, 6.3 x 10° CN/mL; gastrohepatic LN, 1.8 x 108 CN/mL; renal LN, 1.4 x 10 CN/mL;
spleen, 1.7 x 10" CN/mL; lung, 1.1 x 10% CN/mL; kidney, 1.1 x 10° CN/mL; liver, 7.9 x 10°
CN/mL) as well as the other treatment and control pigs (Figs. 9 and 11C). The viremia in tissue
samples for the survivor was significantly lower than the contact spreaders in the mandibular LN
(p=0.0012), cranial mediastinal LN (p=0.0029), gastrohepatic LN (p=0.0344), and liver
(p=0.0088) (Figs. 9 and 11C). Significantly lower viremia in the mandibular LN was also found
compared to the Montanide ISA-201 (p=0.005) group, and the four no adjuvant pigs (p=0.0421)

who succumbed earlier in the study (Figs. 9 and 11C).

3.3.6 Clinical disease and histopathology at termination

Following initiation of challenge by contact with naive ASFV-infected pigs, which were
terminated on day eight, the mean survival of the negative control pigs (Ad5-Luciferase Montanide
ISA-201 formulation) was 11.4 days compared to 12.2 to 17 days for Ad5-ASFV vaccinees (Ad5-
ASFV cocktail without adjuvant, Ad5-ASFV cocktail Montanide ISA-201 formulation, and Ad5-
ASFV cocktail BioMize formulation) with the exemption of one vaccinee that survived (Ad5-
ASFV cocktail without adjuvant) until study termination on day thirty nine (Fig. 7C). Typical
symptoms for all animals that succumbed to the disease consisted of high fever, lethargy,
reddening of the skin, anorexia and weight loss. Analysis of clinical presentation of ASF at
termination showed that the vaccinees which were immunized with the Ad5-ASFV cocktail
formulated with Montanide ISA-201 or BioMize had an average clinical score of 3.2, while the

vaccinees that were immunized with the Ad5-ASFV cocktail without adjuvant had average clinical
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score of 3.4 (Table 5). Although these scores were less than the average clinical score of 3.6 for
the naive contact spreaders, the difference was not significant (Table 5). The negative controls
(Ad5-Luciferase Montanide ISA-201 formulation) were a notable exemption with an average
clinical score of 1.4 and the lone survivor (Ad5-ASFV cocktail without adjuvant) that had no
clinical symptoms at termination (Table 5).

Compared to the contact spreaders, the mean histopathological scores of lymphoid tissues
from the Ad5-Luc controls and the vaccinees immunized with the Ad5-ASFV formulated with or
without adjuvant were significantly (p<0.0001) lower (Fig. 13A). It was also noted that the mean
histopathological scores of lymphoid tissues from the pigs immunized with Ad5-ASFV without
adjuvant or the Ad5-ASFV Montanide ISA-201 vaccinees were significantly (p<0.0001) lower
than the mean scores for lymphoid tissues from the Ad5-Luc controls and the Ad5-ASFV BioMize
vaccinees (Fig. 13A). There was no difference between the mean scores for the lymphoid tissues
from the pigs immunized with the Ad5-ASFV without adjuvant and the Ad5-ASFV Montanide
ISA-201 vaccinees (Fig. 13A). The mean histopathological scores for visceral organs (liver, lungs,
kidney, and heart) from the contact spreaders were significantly (p=0.0014) higher than the mean
score for Ad5-Luc Montanide ISA-201 controls and the Ad5-ASFV Montanide ISA-201 vaccinees
as well as the mean score for the vaccinees that received the Ad5-ASFV without adjuvant
(p=0.0057) (Fig. 13B). There was no difference between the contact spreaders and the Ad5-ASFV
BioMize vaccinees (Fig. 13B). However, analyses of individual lymphoid tissues as well as
visceral organs showed that there was extreme variation in histopathological scores between the

groups and among the controls as well as the vaccinees (Figs. 14 and 15).
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3.4 Discussion

Promising results have been obtained from recent studies that evaluated protective efficacy of
ASFV prototype vaccines, primarily attenuated virus (Gladue and Borca 2022; Tran et al. 2021;
Xie et al. 2022; Deutschmann et al. 2022; Ding et al. 2022; Liu et al. 2023). Despite these
advancements, the need for safe and more efficacious ASFV vaccines has been made increasingly
evident given the poor performance of the vaccine candidates, the threat posed by continued virus
global spread, and significant economic losses associated with this disease (Urbano and Ferreira
2022; Nguyen-Thi et al. 2021). This study evaluated safety, tolerability and efficacy of
experimental subunit vaccines that were formulated, with and without adjuvant, using a cocktail
of forty-one replication-deficient adenovirus-vectored multicistronic expression cassettes
encoding ASFV antigens. Since protective ASFV antigens are yet to be identified, immunization
with a cocktail of the multicistronic expression cassettes was a strategy to deliver nearly 100% of
the ASFV Georgia 2007/1 proteome to mimic antigen delivery by some ASFV mutants that have
been shown to confer protection and if successful, this approach could lead to identification of the
protective determinants needed for the development of rationally designed prototype subunit
vaccines (Gladue and Borca 2022; Tran et al. 2021; Xie et al. 2022; Deutschmann et al. 2022; Ding
et al. 2022; Liu et al. 2023). The multicistronic expression cassettes were stable after multiple
passages of the recombinant adenoviruses as judged by expression of the FLAG tag at the C-
terminal of the last gene in the cassette. More importantly, the proteins expressed by the
recombinant adenoviruses were shown to be authentic ASFV antigens as judged by flow
cytometric analyses using ASFV convalescent serum (Fig. 1 and Table 1). However, in vitro
expression of the ASFV antigens by the recombinant adenoviruses was heterogenous ranging from

low (e.g. Ad5-05, Ad5-13), medium (e.g. Ad5-18, Ad5-39), to high (e.g. Ad5-09, Ad5-19)
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expression (Fig. 1 and Table 1). This outcome could have been influenced by the gene combination
or arrangement in each cassette, but it was noted that protein expression by the majority of the
cassettes was comparable or better than the positive control recombinant adenovirus encoding the
p62 antigen alone (Fig. 1 and Table 1). Itis possible that the heterogenous expression of the ASFV
antigens could have had an impact on the magnitude of priming B cell and T cell responses, but
this study did not ascertain whether this was reflected in the resultant immune responses.

Three doses of a cocktail of the recombinant adenoviruses expressing the ASFV antigens
(Ad5-ASFV), formulated with or without adjuvant, were well tolerated since all the pigs in the
treatment groups remained healthy throughout the immunization phase (Fig. 3). The Ad5-
Luciferase negative control construct formulated with the Montanide 1ISA-201 adjuvant (Ad5-Luc
ISA-201), was also well tolerated (Fig. 3). Notably, the priming dose of the Ad5-ASFV cocktail
alone or formulated with the Montanide ISA-201 adjuvant (Ad5-ASFV ISA-201), but not the Ad5-
ASFV cocktail formulated in BioMize adjuvant (Ad5-ASFV BioMize), elicited significant
(p<0.0001) p62-specific 1gG responses compared to the Ad5-Luc ISA-201 negative control
immunogen (Fig. 4B). Boosting significantly (p<0.0001) recalled p62-specific IgG responses in
the vaccinees, but there was no difference in p62-specific 1gG responses between the pigs
immunized with the Ad5-ASFV cocktail alone and the pigs immunized with either the Ad5-ASFV
ISA-201 or the Ad5-ASFV BioMize formulations, suggesting that the adjuvants were not
necessary (Fig. 4C). This outcome cannot be used to imply that the adjuvants did not have an
effect on the antibody isotype or T cell responses and/or functions of the induced effectors since
these were not evaluated in this study. More importantly, the induced antibodies strongly
recognized ASFV-infected, but not uninfected, primary swine cells (Fig. 5). This outcome

confirmed that the Ad5-ASFV immunogens generated using synthetic genes induced authentic
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IgG responses, which was consistent with previous findings in domestic pigs and wild boars
(Pikalo et al. 2022; Obradovic et al. 2021; Blome, Gabriel, and Beer 2014; Lokhandwala et al.
2016; Lokhandwala et al. 2017; Zajac et al. 2022; Cadenas-Fernandez et al. 2020) .

Although homologous prime-boost immunization of pigs induced and significantly
(p<0.0001) expanded antibody responses as judged by tracking p62-specific IgGs, all the controls
and the vaccinees, with one exemption, succumbed to ASF within fourteen days following
exposure to comingled naive contact spreaders that had received IM injection of ASFV (Georgia
2007/1) (Figs. 6 and 7). The challenge by contact to infected pigs, as opposed to needle challenge,
is the ideal model for natural infection given that transmission of ASFV by ticks is limited to Sub-
Saharan Africa, while in other regions of the world, the spread of virus to naive pigs is by ingestion
of contaminated materials or exposure to infected pigs (Guinat et al. 2016). In this natural ASFV
transmission model, the infection may occur via the mucosal route through direct animal to animal
contact or oral-fecal route, likely with multiple low-dose repeated exposures more representative
of non-tick ASFV transmission (Guinat et al. 2016). This challenge model has previously been
shown to be effective by other investigators using ASFV (Arm07 genotype 11 isolate) (Cadenas-
Fernandez et al. 2020). Seven days after the initiation of the challenge, the pigs immunized with
the Ad5-ASFV cocktail formulated with or without adjuvant, lost weight, developed high fever
and viremia in blood as well as in nasal fluids (Figs. 6, 7A and B). The pigs were terminated by
day fourteen after they developed clinical ASF (Fig. 7C). There was no significant difference in
clinical presentation of ASF at termination between the naive contact spreaders and the treatment
groups (Table 5). The Ad5-Luc ISA-201 controls with an average clinical score of 1.4 and the
survivor (immunized with the Ad5-ASFV cocktail without adjuvant) which had no clinical

symptoms at termination, were the only exemptions (Table 5). The low clinical score noted for the
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Ad5-Luc controls could have been due to the presentation of peracute ASF where animals are
viremic but can show little to no outward signs of disease (Li et al. 2022; Salguero 2020).
Histopathology of representative pigs revealed lesions that were consistent with moderate
subacute ASF (Figs. 7C and 10). These outcomes were consistent with the observations made from
the naive spreaders as well as the Ad5-Luc ISA-201 negative controls (Figs. 6 - 8, 10 and 12). At
termination, the mean viremia in tissues from the naive contact spreaders was significantly
(p<0.0001) higher compared to the mean viremia in tissues from the Ad5-Luc ISA-201 negative
controls and the pigs immunized with the Ad5-ASFV cocktail alone or formulated in adjuvant
(Fig. 9). However, there was no significant difference in tissue viral load in the Ad5-ASFV
vaccinees when compared to the Ad5-Luc negative controls (Fig. 9). In contrast, it was observed
that the mean histopathological scores of tissues from the contact spreaders were higher than the
mean scores for the Ad5-Luc controls and the Ad5-ASFV vaccinees (Figs. 13 and 14). However,
at the individual level, there was wide variation in total tissue histopathological scores between
the treatment groups and among the individual control and vaccinated pigs (Figs. 14 and 15).
Overall, the outcome showed that immunization of pigs with the experimental Ad5-ASFV
formulation was not protective even though the immunogens induced antibody responses that
recognized ASFV-infected cells. However, only anti-p62 antibody responses were evaluated and
therefore, it is not known whether the vaccinees mounted antibodies against the other antigens
included in the cocktail. Although ASFV neutralization has been reported, the role of antibodies
in protection against ASFV infection is yet to be determined, but it might depend on the target
antigens or subtype of immunoglobulin induced (Onisk et al. 1994; Ruiz-Gonzalvo F 1983; Ruiz

Gonzalvo et al. 1986; Leitdo et al. 2001).
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One pig (number 6892) immunized with the Ad5-ASFV cocktail without adjuvant was the
only survivor (Fig. 7C). Although the pig mounted a rapid increase in p62-specific 1gG responses
after priming, there was no significant increase in antibody response after boosting and it had the
lowest antibody responses compared to the other four pigs in this group (Fig. 11A). It was also
noted that viremia peaked one week after initiation of contact challenge, followed by weight loss
and high fever that peaked on the twelfth day (Fig. 11B). By day fourteen when all the other pigs
in this group were terminated, the pig started to gain weight and sustained it for the next twenty-
five days during which time the fever resolved and viremia in blood gradually decreased, but there
were recurrent episodes of high viremia in nasal fluid until study termination (Figs. 7C and 11B).
The pig did not exhibit typical ASF clinical symptoms, but necropsy revealed that it had chronic
pericarditis and lesions consistent with moderate subacute ASF (Table 5 and Fig. 12). At
termination, tissue samples had the lowest amount of ASFV compared to the average viremia
detected in the contact spreaders as well as the pigs from all the other groups (Figs. 9 and 11C).
The recurring virus shedding, low viremia in tissues, and the lesions observed were consistent with
outcomes reported in pigs with chronic ASF (Sehl-Ewert et al. 2022; Sehl et al. 2020; Salguero
2020; Lai et al. 2022; Pornthummawat et al. 2021; Rodriguez-Bertos et al. 2020; Lohse et al. 2022).
Although this pig had the lowest p62-specific antibodies, B cell responses against other antigens
included in the Ad5-ASFV cocktail were not determined and in addition, T cell responses were
not evaluated. A previous study has shown that, following immunization, vaccinees that mounted
the lowest, but not the highest, antigen-specific 1gG responses had better survival rate and lower
clinical scores (Lokhandwala et al. 2019). It is possible that the survivors mounted low antibody
responses that were directed against protective determinants, whereas the non-survivors had strong

responses against non-protective antigens. It is also likely that the sole survivor had unique genetic
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traits that enabled it to resolve the virus which would be consistent with the observation that
infection of naive pigs with the most virulent ASFV isolates does not always result in 100%
mortality (Reiner 2009; Proudfoot, Lillico, and Tait-Burkard 2019; Pastoret et al. 2012; Netherton,
Connell, et al. 2019).

In conclusion, the results from this study showed that immunization of pigs with a cocktail
of forty-one multicistronic ASFV antigen expression constructs, formulated with and without
adjuvant, primed humoral immune responses as judged by p62-specific 1gGs, which underwent
significant recall after boosting. However, none of the Ad5-ASFV formulation conferred
protection upon challenge except one sole survivor that had been immunized with the Ad5-ASFV
cocktail without adjuvant. Even though the survivor had no typical clinical symptomes, it had viral
loads and lesions consistent with chronic ASF. Given the near 100% coverage of the ASFV
proteome, the outcome from this study suggests that in vivo antigen expression, but not the antigen
content, might be the limitation of this immunization approach. This could be due, in part, to the
fact that the replication-incompetent adenovirus does not mimic replication of attenuated ASFV
since it does not amplify and persist in pigs to effectively prime and expand protective immunity.
Addressing this limitation of the in vivo ASFV antigen delivery will likely yield promising

outcomes.
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Table 3.1 Ad5-ASFV constructs.

Construct  ASFV Antigens Construct  ASFV Antigens

Ad5-01 CP2475 (p220) (1-1256aa) Ad5-22 B962L, H233R, E75, H171R

Ad5-02 CP2475 (p220) (1190-2476aa) Ad5-23 C962R, MGF505-3R, C147L

Ad5-03 072, p15, B602L, Ad5-24 A859L, B318L, B169L

Ad5-04 P62, p32, p54, EP153R, p10 AdS-25 C717R, H350L, F317L

Ad5-05 géggg, A104R, EP402R, A151R, B119L, K196R, BA71V- | Ad5-26 MGF505-10R, B475L. MGF360-4L

Ad5-06 B438L, R298L, NP419L, K145R Ad5-27 MGF505-2R, B407L, MGF360-13L, E111R

Ad5-07 B385R, CP312R, F165R Ad5-28 K421R, EP424R, D339L, S183L

Ad5-08 F778R, S273R Ad5-29 EP296R, B263R, C257L, 1243L, A179L, B117L

Ad5-09 NP868R, H339R Ad5-30 Q706L, D205R, E184L, 1177L, C84L, L60L, DP60R

Ad5-10 1329L, A224L, MGF505-6R AdS-31 MGF505-10R, MGF300-1L, E199L, DP96R, EP84R, DP79L, DP71L, X69R

Ad5-11 C475L, B354L, D345L, H124R Ad5-32 MGF505-11L, 1267L, 1196L, C129R, MGF100-1R, MGF110-3L

e cose |5 ot e oo, s o

AdS-14 MGF360-4L, MGF360-15R, A238L, H240R, B125R AdS-34 QP509L, QP383R, MGF360-16R, 1226R

Ad5-15 NP1450L Ad5-35 MGF505-4R, MGF360-9L, MGF360-8L, A240L

Ad5-16 G1340L Ad5-36 MGF505-9R, EP364R, E248R, A137R, D129L

AdS-17 M1249L, A118R, 173R AdS-37 MGF505-5R-MGF360-3L-MGF360-18R-DP238L-DP63R

Ad5-18 EP1242L, I9R, C62L. Ads-38 M448R-E423R-MGF505-1R

Ad5-19 G1211R, I7L, L83L. Ad5-39 MGF505-6R-CP123L-110L-18L-MGF110-12L-19R-L11L-MGF110-7L-
MGF110-2L

Ad5-20 P1192R, EP152R, E66L, Ad5-40 MGF360-4L-MGF360-2L-MGF360-11L-MGF110-9L

Ad5-21 D1133L, E165R, C122R Ads-41 MGF505-5R, DP238L

Ad5-22 F1055L, E146L, 18L
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Table 3.2 ASFV Antigen expression.

Construct % Positive cells
None (negative control) 0.07
Ad5-p62 (positive control) 2.97
Ad5-05 0.53
2.6 Ad5-13 0.75
0N O 0
<23 Ad5-34 1.53
= ca
g x Ad5-03 1.71
Ad5-01 1.92
c Ad5-04 2.38
> 2
1 g Ad5-29 2.87
g L% Ad5-11 3.08
S - Ad5-10 3.14
235 Ad5-18
= 3.29
© Ad5-39 3.44
- g Ad5-21 4.55
50 5% Ad5-09 7.78
T<Eg Ad5-19 8,92

Values are expressed as a percent of the total parental cell population as measured using ASFV convalescent
serum by the Ad5-ASFV constructs using flow cytometric analyses.
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Table 3.3 Immunization protocol.

Groups

Pig ID

Dose per
Construct

Total Dose per
Pig

Adjuvant

CS* Group 1

Luc-ISA-201

6908
6886
6894
6909
6896
6897
6888

4.1 x 10M ifu

none

4.1 x 10M ifu

Montanide
ISA-201™

CS* Group 2

ASFV-No Adjuvant

6915
6901
6898
6903
6893
6892
6900

1 x 10% jfu

none

4.1 x 10M ifu

No Adjuvant

CS* Group 3

ASFV-1SA-201

6887
6906
6884
6885
6883
6902
6910

1 x 10% jfu

none

4.1 x 10M ifu

Montanide
ISA-201™

CS* Group 4

ASFV-BioMize

6912
6907
6913
6891
6890
6899
6904

1 x 10 jfu

none

4.1 x 10 ifu

BioMize

Gray shading indicates no inoculum or adjuvant received and direct intramuscular challenge.

*CS: Contact Spreaders
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Table 3.4 Clinical Score Rubiric.

Parameter Score  Description

o

Normal breathing, no coughing/sneezing

Slightly labored breathing, mild coughing/sneezing
Labored, increased rate, moderate coughing/sneezing
Highly labored, rapid rate, frequent coughing/sneezing

Breathing

Attentive (curious, stands up immediately)

Slightly reduced (stands up hesitantly but without help)
Tired, get up only when forced to, lies down again
Dormant, will not stand up

Liveliness

Well-coordinated movements

Stiffness while standing up, afterward normal
Distinct lameness, able to walk

Massive lameness, unable to walk

Walking

Evenly light pink, flat hair coat
Reddened skin areas

Purple/blue discolored areas (ears, legs)
Black-red discoloration of the skin

Skin

Light pink

Reddened, clear secretion

Highly inflamed, turbid secretion

Highly inflamed, secretions prevent eyes from opening

Eyes/conjunctiva

Ideal, smooth, and rounded with an even feel

Mildly Thin, easy to feel with pressure

Moderately Thin, easy to feel with pressure, and beginning to see
Emaciated, obvious/easy to see

Body Condition
[detection of ribs, back bones,
hip bones, and pin bones]

normal

None

Diarrhea

Mucus or bloody diarrhea

Feces

W NP OWMNPEFPOWMNPEPOIWNPEOWNEOWNPEOWDN P

Maximum score: 21
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Table 3.5 Terminal clinical scores.

Groups

Pig ID

Adjuvant

Terminal
Clinical
Score

Group Mean Clinical Score

Contact Spreaders

Luc-ISA-201

6908
6886
6915
6901
6887
6906
6912
6907
6894
6909
6896
6897
6888

none

1

3.6

Montanide
ISA-201™

14

ASFV-No Adjuvant

6898
6903
6893
6892
6900

No Adjuvant

3.4

ASFV-ISA-201

6884
6885
6883
6902
6910

Montanide
ISA-201™

3.2

ASFV-BioMize

6913
6891
6890
6899
6904

BioMize

ONDNPEFE AOIWNEFEPREPLOIWOWMNOOIFPFNEPEDNRFPFOWLWLWWAEEEEO

3.2
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Figure 3.1 Flow cytometric analyses of protein expression by the Ad5-constructs.

Dot plot presentation of forward scatter (FSC) versus FITC for HEK293A cells infected with representative low
(Ad5-03), medium (Ad5-10 and Ad5-21), and high (Ad5-19) antigen expressing Ad5-ASFV constructs followed
by staining using ASFV convalescent serum. Ad5-p62 served as the positive control and noninfected cells served
as the negative control. Protein expression by representative Ad5-ASFV constructs is presented in Table 3.1.
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Figure 3.2 Study design and timeline.

(A) Pigs were randomly assigned to four treatment groups: 1) Ad5-Luciferase plus Montanide ISA-201™
adjuvant (Luc-ISA-201); 2) Ad5-ASFV cocktail (ASFV-No Adjuvant); 3) Ad5-ASFV cocktail plus Montanide
ISA-201™ adjuvant (ASFV-ISA-201); or 4) Ad5-ASFV cocktail plus BioMize adjuvant (ASFV-BioMize). (B)
Animals were acclimatized for one week and baseline serum and PBMC samples were collected with weekly
collections thereafter. Pigs in all the treatment groups were primed after acclimatization followed by boosting at
weeks 3 and 7 post-priming as shown in Table 2. The pigs were challenged by contact with comingled ASFV-
infected naive pigs at week 9. Blood and nasal swabs were collected until termination. The survivor from the
ASFV-No Adjuvant group was terminated 37 days post-challenge. Created with BioRender.com (accessed on 9
March 2023).
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Figure 3.3 Post-immunization body temperatures and weights.

Post-lImmunization Temperature

& Luc-ISA-201

# ASFV-No Adjuvant
& ASFV-ISA-201

* ASFV-BioMize

© Contact Control

w =~

— T T T T 1r1r. 1 1T 1T 1T 1T 1T 1T 1 1
12 15 18 21 24 27 30 33 36 39 42 45 48 51 54 57

Day Post Immunization

(A) Weekly weight gain and (B) temperature change post-immunization. Average weekly weight gain and
temperature change as clinical indicators of immunization effects for each group were plotted as group averages.
Prime-boost immunizations are indicated on the days of administration. Contact Spreaders were not immunized

and are indicated with a red open octagon.
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Figure 3.4 Ad5-ASFV elicited antibody responses.

Following priming and boosting, recombinant p62 antigen was used to track IgG responses by ELISA using sera from blood collected: (A) one-week
post-priming; (B) three weeks post-priming; or (C) one week after the second boost. Mean responses for the treatment groups are denoted by bars and
statistically significant differences between the groups are denoted by asterisks, *p=0.002, **p=0.005, ***p< 0.0001, any groups not denoted with an
asterisk were not statistically significant.
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Figure 3.5 Antibodies elicited by Ad5-ASFV recognized ASFV-infected cells.

Antibodies induced by the Ad5-ASFV formulations recognized ASFV-infected swine PBMCs as judged by IFA
using sera from blood collected one-week after the second boost. Data for representative pigs from the negative
control and the vaccinees is shown.
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Figure 3.6 Post-challenge body temperatures and weights.

Post-challenge weights (A) and temperatures (B) were collected bi-weekly and plotted as group means. Contact
Spreaders were not immunized and are indicated with a red open octagon. ASFV-No Adjuvant 14 DPC weight
indicates the surviving animal only. Parameters were monitored as a clinical indicator of ASFV infection and

disease progression for each group.
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Figure 3.7 . Survival and viremia post-challenge.

Viremia (CN/mL) in (A) blood and (B) nasal swabs from contact non-immunized spreaders on days 0, 5, and 7; and blood from the treatment groups
on days 0, 5, 7, 11, and 14 which includes the day of euthanasia for the animals that developed severe clinical disease. The mean viremia was
significantly different between the contact spreaders and Montanide ISA-201 (*p=0.417) and BioMize (**p=0.0439) treatment groups, any groups not
denoted with an asterisk were not statistically significant and the survivor is not represented here. (C) Pigs were monitored and euthanized based on
the severity of the disease. All the non-immunized contact spreaders (CS) are shown in red with dashed lines. Average survival is indicated in
parenthesis for each group
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Figure 3.8 Lesions characteristic of severe acute ASF.

Representative histopathology of acute ASF in pigs
infected intramuscularly with ASFV strain Georgia
2007/1: Contact Spreaders 6889 (A-C) and 6901 (D). (A)
Severe lymphoid depletion, lymphocytolysis, and
follicular loss accompanied by edema, fibrin, and
hemorrhage. (Insert A) Vascular fibrinous degeneration
(arrow), lymphocytolysis, edema, and hemorrhage
(submandibular lymph node). (B) Marked splenic
lymphoid necrosis and loss of periarteriolar sheaths with
by marked diffuse red pulp hemorrhage. (Insert B)
Macrophages, plasma cells, degenerate lymphocytes,
eosinophils, and fibrin mats remain as periarteriolar
sheaths (spleen). (C) Severe centrilobular necrosis of
hepatocytes and marked congestion of sinusoids
accompanied by moderate non-suppurative inflammation
in portal regions. (Upper Insert C) Inflammation in portal
regions consists of macrophages, degenerative
lymphocytes, and lesser numbers of plasma cells and
eosinophils. The inflammation extends beyond the portal
plate into adjacent hepatic cords forming small clusters
associated with hepatocyte necrosis. (Lower insert C)
Junction of centrilobular hepatocyte necrosis and viable
hepatocytes (liver). Necrotic hepatocytes are shrunken
with hypereosinophilic cytoplasm and pyknotic nuclei,
arranged in irregular cords (arrow). (D) Alveolar septa are
congested and variably thickened by mononuclear cell
infiltrates. Alveolar spaces irregularly contain aggregates
of large foamy macrophages and degenerate inflammatory
cells, fibrin, and edema (Insert D) (lung).



701

o
<

B
o
1

[
L=
1

Mean ASFV p72 CN/mL LOG,,

[*]
o
1

u.-
Luc-ISA-201 ASFV-No Adjuvant ASFV-ISA-201 ASFV-BioMize Contact Spreaders
= Tonsil 1 Gastrohepatic LN 3 Kidney
= Mandibular LN ~~ Renal LN = Liver
3 Cranial Mediastinal LN =3 Spleen
= Mesenteric LN =3 Lung

Figure 3.9 Viremia in infected tissue.

Tissue CN/mL was quantified by gPCR from the samples collected on the day of euthanasia for the vaccinees
and Contact Spreaders. Respective tissue types are denoted by separate colors. Each plotted value is stacked and
represents the mean for each tissue. The Log base 10 was calculated for each mean CN/mL and plotted in a
stacked bar graph. Total mean ASFV p72 genomic DNA was statistically significant different between the contact
spreaders and all other groups denoted by asterisks, *p< 0.0001, any groups not denoted with an asterisk were not
statistically significant.
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Figure 3.10 Lesions characteristic of
moderate subacute ASF.

Representative ASFV histopathology in pigs
vaccinated with Ad5-ASFV constructs and then
challenged by contact. Data from two
representative pigs [6903: ASFV-No Adjuvant
(A-C) and 6904: ASFV- BioMize (D)] are
shown. (A) Minimal lymphoid depletion with
variable lymphocytolysis (Insert A) and
expansion of cords and sinuses with large
foamy macrophages, plasma cells, and
eosinophils (submandibular lymph node). (B)
Mild to moderate splenic lymphoid necrosis
and thinning of periarteriolar sheaths
accompanied by multifocal hemorrhage of the
red pulp. (Insert B) Lymphocytolysis and
necrotic cellular debris, macrophages, plasma
cells, and eosinophils (Insert B) (spleen). (C)
Moderate to severe, non-suppurative periportal
hepatitis. Inflammation in portal regions
consists of  macrophages, degenerative
lymphocytes, plasma cells, and lesser numbers
of eosinophils (Insert C). (D) Alveolar septa
are markedly congested and variably thickened
by mononuclear cell infiltration and cellular
debris. Alveolar spaces multifocally contain
aggregates of large foamy macrophages and
degenerate inflammatory cells, fibrin, and
edema (Insert D) (lung).
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Figure 3.11 Ad5-ASFV-vaccinee that survived.

(A) Antibody response by the lone survivor that was immunized with the Ad5-ASFV without adjuvant. The half-circle indicates the p62-specific IgG
responses by the survivor compared to the mean IgG responses (solid square) by the other four group mates that succumbed after challenge. Post-

prime is indicated by PP and post-boost by PB. (B) Temperature, weight change, and viremia in blood and nasal fluid post-challenge. (C) Total tissue
viremia expressed in Log base 10 of the CN/mL in a stacked bar graph.
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Figure 3.12 Lesions observed in chronic ASF.

Atypical ASF histopathology in the survivor pig (6892)
vaccinated with ASFV-No Adjuvant then challenged by
contact. (A) Moderate lymphoid hyperplasia with the
expansion of follicles and cords. Variable yet infrequent
lymphocytolysis occurs within germinal centers (Insert A)
(lymph node). (B) Moderate splenic lymphoid hyperplasia
with the expansion of periarteriolar sheaths accompanied by
hyperplasia of the reticular cells forming nodular bundles
dispersed within the red pulp (arrow) and expansion of the red
pulp with myeloid cell clusters (Insert B) (spleen). (C)
Moderate, non-suppurative hepatitis with moderate hepatocyte
atrophy. Marked thinned hepatic cords are comprised of large
irregularly arranged atrophied hepatocytes with foamy to
vacuolated cytoplasm. Variable fibrosis occurs among cords
and widens portal plates while multifocal, small aggregates of
cellular debris, phagocytic cells, lymphocytes, and plasma
cells occur among hepatic cords and in portal regions (left and
right Insert B, respectively) (liver). (D) Left ventricular
myocardium (lower left) overlaid by markedly thickened and
inflamed epicardium. Dense highly vascular fibrotic
granulation tissue extends from the myocardium to the outer
surface and contains numerous irregular clefts and cavitations
with mixed inflammatory cells within these spaces and
scattered among the edematous to fibrotic stroma (arrow). The
outermost surface of the granulation tissue consists of a
delicate network of capillaries, reactive fibroblasts, and
numerous, often multinucleate, large histiocytic-like cells
admixed with lymphocytes and plasma cells and variable
numbers of eosinophils (Insert D) (heart).
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Figure 3.13 Tissue histopathology.

Mean histological scores per group for (A) lymphoid tissue and (B) other tissues (liver, lungs, kidney, heart). Group comparisons are indicated by
*p=0.0014, **p=0.0057, ***p<0.0001, and any groups not denoted with an asterisk were not statistically significant.
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Figure 3.14 Lymphoid tissue histopathology.

Individual lymphoid tissue histological scores for each pig in the treatment and control groups,
whereas the Contact Spreaders (CS) are plotted as group mean. Histological scores are stacked

and reflected

as the overall total per animal.
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Figure 3.15 Visceral tissue histopathology.

Individual visceral tissue histological scores for each pig in the treatment and control groups,
whereas the Contact Spreaders (CS) are plotted as group mean. Histological scores are stacked
and reflected as the overall total per animal.
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Chapter 4 - Conclusion

There is no safe and efficacious treatment for ASFV and thus swine production is at risk. Lack of
knowledge needed to inform development of a safe vaccine has contributed to a significant delay
in achieving this goal (Dixon et al. 2020). Additionally, due to its Federal Select Agent status,
difficulties in performing efficacy studies are also a consideration in this shortcoming.
Traditionally, antibody and neutralization responses have been one of the immunological measures
for vaccination success. However, confounding studies for ASFV have supported both disease
enhancement and the potential protective role of ASFV-specific 1gG- antibodies (Neilan et al.
2004; Pérez-Nufiez et al. 2019; Zhang et al. 2021; Zsak et al. 1993). Immunogenicity studies
looking specifically at the CD8+ CTL response have shown utility in the identification of ASFV
antigens that induce a strong cellular immune response without the disease enhancement effects
and are hypothesized to play a key role in ASF clinical disease reduction and prevention
(Lokhandwala et al. 2017; Afonso et al. 2004; Argilaguet et al. 2012; Childerstone et al. 1998;
Lokhandwala et al. 2016; Bosch-Camos et al. 2021; Netherton, Goatley, Reis, Portugal, Nash,
Morgan, Gault, Nieto, Norlin, Gallardo, et al. 2019; Zhu et al. 2019). Prototype ASFV
immunogens show great promise in the protective efficacy elicited using live-attenuated versions
of the virus, specifically gene-deletion mutants (Borca et al. 2021; Tran et al. 2022). Some studies
have also correlated a robust CTL response to this success (Attreed et al. 2022; Franzoni et al.
2022; Schafer et al. 2022). Safety is of utmost importance and despite the protective results
achieved using virus attenuation, vaccine-related side effects or reversion are clear drawbacks of
this vaccine development approach as proven by the recent failure of the NAVET-ASFVAC
commercial vaccine. Thus, live-vectored subunit vaccine technology warrants further

development as this delivery method has no chance of reversion to virulence while inducing
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comparably robust cellular immune results (Netherton, Goatley, Reis, Portugal, Nash, Morgan,
Gault, Nieto, Norlin, and Gallardo 2019; Lokhandwala et al. 2016; Lokhandwala et al. 2017; Zajac
et al. 2022). Hence, the three main gaps in the field of ASFV vaccine immunology are: 1) lack of
knowledge regarding correlates of protection; 2) identification of protective antigens; and 3)
identification of an effective antigen delivery vector capable of inducing protective immunity in
pigs. Addressing these limitations is expected to result in development of a safe and DIVA-
compatible ASFV vaccine for protection of domestic pigs and wild boar and thereby increase

productivity of the swine industry.
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Chapter 5 Future Directions

Great strides have been made in improving ASFV diagnostic techniques as well as in monitoring
the immune response to vaccination and infection. Much of the focus has been on molecular
techniques such as real-time quantitative polymerase chain reaction (RT-qPCR), genotyping, and
improved modes of detection. Detection of ASFV alone lacks correlation to which arm of the
immune system is responsible for vaccination and infection outcomes. For this, methodologies in
immune response readouts are key and in order to wholly assess the immune response due to
vaccination, development of contemporary readout platforms is required for ASFV. Despite
confounding results in the role neutralizing antibodies have in protection, improvements have been
made in the assessment of ASFV-specific antibodies and the cellular correlation to this response
(Sereda et al. 2022). Cellular immunity, specifically IFN-y producing CD8+ lymphocytes, has
been directly associated with protection against ASFV (Lithgow et al. 2014; Takamatsu et al.
2013). Traditionally, cellular immune readout techniques such as IFN-y EliSpot and chromium
(°1Cr) release assays have been used in the assessment of CD8+ T-cell response (Svitek et al.
2022). These, however, typically require a combinatorial approach to fully phenotype and verify
the cytotoxic T lymphocyte (CTL) status. More modern techniques involve the use of a cocktail
of fluorescent probes to be able to fully phenotype and classify the CTL response by flow
cytometry (Svitek et al. 2022). Flow cytometric analysis also allows the quantification of specific
effector molecules and cytokines that facilitate the CTL response such as perforin and granzyme
B (Chavez-Galan et al. 2009). Studies assessing the granzyme B response (as a measure of CTL)
in humans and mice are more frequently performed due to the readily available antibodies for these
two species (Troscher et al. 2022; Xu et al. 2022; Sun et al. 2021). Additional improvements in

the assessment of the antigen-specific memory response involve bioinformatic prediction of major
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histocompatibility complex type I-restricted Swine Leukocyte Antigen (SLA-1) epitopes
(Reynisson et al. 2020). When these predicted nonamer peptides are presented to CD8+ T
lymphocytes the antigen-specific memory response is triggered and amplification of this cell
subset is measurable (Schafer et al. 2022). Tetrameric MHC-peptide complexes have aided in a
more rapid and direct characterization of antigen-specific CTLs simultaneously (Sims, Willberg,
and Klenerman 2010). Computational prediction methodologies are key to narrowing the vast
selection of ASFV-specific antigenic targets and have proven utility in identifying ASFV specific
CTLs (Netherton et al. 2019; Sun et al. 2021; Schéfer et al. 2022; Ros-Lucas et al. 2020; Bosch-
Camos et al. 2021; Herrera and Bisa 2021). These techniques combined have the potential to
completely redefine the knowledge related to ASFV pathogenesis and vaccine development
through rapid, empirical determination of ASFV antigen function(s) and how those relate to
specific immune phenotypes.

Despite these strides, vaccine development is limited by the availability of porcine-specific
antibodies for these targeted readouts. In response to this, our laboratory has developed a porcine-
specific granzyme B monoclonal antibody. Preliminary assay validation (not published)
demonstrates the utility of classifying the more targeted CD8af+granzyme B+ cell subsets using
porcine peripheral blood monocytes (PBMCs) and splenocytes from immunized ASFV-challenged
animals in combination with ASFV-specific epitope mapping techniques using SLA-I restricted
computationally predicted peptides (Zajac et al. 2022). This antibody paired with flow cytometric
assay development will allow for rapid, high throughput screening ideal for use in high-level
containment facilities for the assessment of the memory CTL response in ASFV-infected animals.
The knowledge gained from this will be instrumental in identifying relevant determinants that have

the protective potential for rational ASFV subunit vaccine development. A protective subunit
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vaccine is required to build onto the tools available for swine health and the ability to control this

economically devastating disease and completely change the outlook of future outbreaks.
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