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Abstract

Introduction: Traditional inactivated and protein vaccines generate strong antibodies, but
struggle to generate T cell responses. Attenuated pathogen vaccines generate both, but risk of
causing the disease they aim to prevent. Newer gene-based vaccines drive both responses and
avoid the risk of infection. While these vaccines work well in small animals, they can be weak in
humans because they do not replicate antigen genes like more potent replication-competent (RC)
vaccines. RC vaccines generate substantially stronger immune responses, but also risk causing
their own infections. To circumvent these problems, we developed single-cycle adenovirus (SC-
Ad) vectors that amplify vaccine genes, but that avoid the risk of infection. This review will
discuss these vectors and their prospects for use as vaccines.

Areas covered: This review provides a background of different types of vaccines. The benefits
of gene-based vaccines and their ability to replicate antigen genes are described. Adenovirus
vectors are discussed and compared to other vaccine types. Replication-defective, single-cycle,
and replication-competent Ad vaccines are compared.

Expert commentary: The potential utility of these vaccines are discussed when used against
infectious diseases and as cancer vaccines. We propose a move away from replication-defective

vaccines towards more robust replication-competent or single-cycle vaccines.
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Introduction

Goals for Vaccines.

One simple goal for a vaccine is to produce antibodies that can neutralize pathogens or flag
them for destruction by the immune system. A second goal is to drive strong T cell
responses to support antibody production and to kill any intracellular viral or bacterial
pathogens that have escaped the antibodies.

Inactivated and Attenuated Whole Pathogen Vaccines.

Towards these goals, vaccines have historically been made first by inactivating the pathogen
or attenuating it (1). Inactivated vaccines are generally safe and drive strong antibody
responses, but usually drive weak T cell responses. This can be improved by the use of
adjuvants, but these can increase vaccine side effects. Attenuated pathogen vaccines are
some of our most potent vaccines, since they drive both antibody and cellular immune
responses. However, they also run the real risk of causing the disease that they aim to
prevent. For example, there are polio virus outbreaks in Africa and other regions that were
not caused by wild virus, but were actually caused by the oral polio vaccine (2)

1.3. Recombinant Protein Vaccines.

Proteins from pathogens can be used rather than the pathogen itself. This removes the risk of
infection, but provide similar immune responses as inactivated vaccines. Protein vaccines are
good at generating antibodies, but usually do not generate robust T cell responses.

1.4. Gene-based Vaccines.

In the late 1980’s and '90s, it became possible to use single genes from pathogens as
vaccines that could drive both antibody and T cell responses. These approaches were called
various names including: "genetic immunization" (3), "genetic vaccines" (3), "DNA
vaccines" (4), "DNA-based vaccines" (5), "polynucleotide vaccines" (6), or "gene-based
vaccines" (7).

Gene-based vaccines mimic attenuated vaccines since their delivered DNA or RNA is
expressed by host cells to make vaccine antigens intracellularly (8-10). These in situ-
produced proteins could be detected by B cells to drive antibody responses. Uniquely, these
intracellular proteins could also be displayed on major histocompatibility molecules to drive
both CD4 and CDS8 T cell to support antibody production and to kill intracellular pathogens.
Only one or a few pathogen genes are delivered. Therefore, the pathogen cannot be
reconstructed and so there is no risk of infection with gene-based vaccines.

While gene-based vaccines worked well in small animals, they have been less impressive in
humans, particularly in terms of driving robust CD8 T cell responses and neutralizing
antibodies (11, 12)). Gene delivery and vaccine effects can be improved to some degree with
methods like electroporation. However, these approaches have their own problems (e.g.
using electrical shock in vaccine recipients).
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1.5. Viral Vectors as Gene-based Vaccines.

When naked DNA efficacy did not meet expectations in non-human primates and in humans,
many investigators began testing viral gene delivery vectors as vaccines (11, 12).
Historically popular viral gene-based vaccine platforms include adenovirus (Ad) and pox
virus vectors. More recent interest has been devoted to replication-competent viruses like
cytomegalovirus (CMV) and vesicular stomatitis virus (VSV).

1.6. Amplifying Antigen Production and Immune Responses Using Viral Replication.

Wild viruses replicate (Fig. 1). One virus or DNA entering a cell delivers one copy of an
antigen gene. A wild virus will replicate and amplify its genome up to 10,000 times (13).
This not only amplifies its genome, but it also amplifies any antigen genes that it carries
(14). These amplified genes can then be further amplified by transcription and translation
within that infected cell. This translates into the production of massive amounts of vaccine
antigens to more strongly drive T cell and antibody responses (15).

A truly wild virus will also replicate new progeny viruses. This can be either good or bad.
The good is that these progeny viruses can go forth and infect more cells and further amplify
antigen production and vaccine effects (15-17). The bad is that unchecked amplification of
progeny viruses can actually cause the disease that the virus originally causes (2). But in this
case, we would be intentionally injecting a disease-causing agent into healthy humans.

Plasmid DNA or a replication-defective (RD) vector will also deliver one copy of a vaccine
gene into a cell (Fig. 1). However, these non-replicating vectors do not replicate antigen
genes and do not amplify antigen production effects (15-17). The good is that RD vaccines
are safe. The bad is that they are not very potent.

1.7. The Downside of Replicating Vectors in Humans.

Replication-competent vaccines not only amplify genes and immune responses, but they also
produce infectious progeny viruses (Fig. 1). Depending on the virus, this may mediate no
side effects or substantial ones. For example, the replication-competent rVSV-ZEBOV
vaccine that was used after the Ebola virus outbreak in 2014 was associated with significant
side effects including viral replication in peripheral tissues, rash, vasculitis, and dermatitis
(18). Viremia was detected in 20% of volunteers receiving low-dose rVSV-ZEBOV (18) and
13.2% and 17.9% reported muscle pain and arthralgia (19).

Replicating CMV vaccines are also not without potential side effects. Human
cytomegalovirus infects 60% to 100% of humans (20-22). It is able to establish latency, but
is controlled by persistent and robust immune responses. CMV is the “C” in the TORCH
anagram used by clinicians to remember which viruses cause congenital anomalies.
Approximately 1 in 150 babies are born in the U.S. with congenital CMV infections (23-31)

Approximately, 8,000 of these babies will be born with microcephaly (similar to that caused
by Zika virus), hearing or vision loss, seizures, and intellectual disabilities, and 400 may die
(24, 25). Attenuated CMV vaccines are potent, but this may be related to their ability to
establish latent infections. CMV vaccine safety in humans will likely be determined by
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which key CMV genes are deleted to attenuate the vaccines and if there is a risk of vertical

transmission.

2. Adenovirus (Ad) Vaccines.

2.1.

Ad Vaccines against Ad.

Natural “wild” RC-Ad infections are generally transient without lasting consequences (32).
In contrast, RC-Ads can be dangerous in immunocompromised individuals and are
associated with morbidity and death during stem cell and organ transplantation. For
example, in the stem cell transplant patients, the incidence of Ad disease ranges from 3 to
47% (32). Ad infections also occur in liver transplant recipients, pediatric transplant
recipients, albeit to a lesser degree than in the stem cell transplantation setting. Interestingly,
CMV infections are actually more problematic in solid organ transplant recipients than Ad
(33). Since VSV comes from farm animals, it is unclear how it may affect

immunocompromised hosts.

Unlike VSV and CMYV, “Wild" fully replication-competent Ads have been used as vaccines
against respiratory adenovirus infections in nearly a half million military recruits (34).
Safety monitoring of 100,000 recruits that received RC-Ad showed no significant greater
risk of specified medical events within 6 weeks of vaccination (34). Psoriasis and serum
reactions occurred more frequently in the vaccinated group (psoriasis occurred in 21 vs 7
vaccinated vs. control cases and serum reactions in 12 vs 4 vaccinated vs. control cases), but
a causal relation of these rare events could not be established (34).

These data are for RC-Ad vector vaccines. Most Ad vector vaccines are E1 deleted RD-Ads
that also have deletions in E3 immune evasion genes, making them likely to be safer than
wild RC-Ad vector vaccines.

2.2. RD-Ad Vector Vaccines vs. Other Replicating and Non-replicating Vaccines.

Replication-defective Ad (RD-Ad) vectors are one of the most potent gene-based vaccine
platforms (11, 35-37). In head to head comparisons, replication-defective RD-Ad vector
vaccines are generally more robust than DNA vaccines or vaccinia vaccines (38).

These vaccine comparisons are not usually equal comparisons of different platforms. In most
cases, two vectors are not compared based on the number of antigen genes injected. For
example, one might compare 2 mg of DNA vaccine to 10!! viral particles of RD-Ad in a
human. Under these conditions, 1 mg of DNA would deliver 10!4 vaccine genes whereas the
RD-Ad vaccine would deliver one thousand times less antigen genes. Of course, vaccine
efficacy involves many complicated processes and sometimes unclear efficacy metrics, so
relative vaccine efficacy is not measured only on a “per gene” basis. Yet under these apples
and oranges comparisons RD-Ads remain more potent.

One indication of RD-Ad vaccine potency can be found in the response to the 2014 Ebola
outbreak. Only two gene-based vaccines were tested in humans. One was a replication-
competent VSV. The second was a RD-Ad vaccine. Both RD-Ad and VSV mediated
significant immune responses (18, 39, 40). After considering phase I trial data VSV-ZEBOV
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was chosen as the better candidate for phase II and III testing over RD-Ad. This may suggest
that VSV is generally a better vaccine than Ad. However, one vector replicates and the other

does not. This is therefore a misleading vaccine comparison. A more appropriate one would

be RC-Ad vs. VSV.

Similar comparisons are made in discussing promising CMV vaccines for HIV (41). CMV
mediates substantial control of SIV in non-human primates (42) and these results are
frequently compared in meetings to the results obtained when using plasmid DNA and/or
RD-Ad vector vaccines in macaques.

Again, this is a misleading comparison as DNA and RD-Ad have no capacity to amplify SIV
antigen genes and spread, whereas CMV replicates SIV antigens and actually becomes a
latent virus in the host.

2.3. Head to Head Comparisons of Replicating and Non-Replicating Ad Vector Vaccines.

RD-Ads are potent when compared to other vaccines. However, these comparisons likely
under-estimate Ad vaccine potency because RD-Ads the weakest version of all adenovirus
vaccines.

This premise is supported by abundant data from Dr. Marjorie Guroff's group, our lab, and
others (15-17,43-55). For example, when chimpanzees were immunized twice with RD-
Ads, this generated no detectable antibodies against HIV (15). In contrast, two
immunizations with RC-Ads generated significant HIV antibodies. This is notable, since

chimps can be nearly as large as humans.

We see similar effects when comparing replicating Ads vs. RD-Ads in mice, hamsters,
cotton rats, and in rhesus macaques (16, 17, 55).

2.4. New Single-cycle Ad Vector Vaccines Amplify Antigen Genes without the Risk of

Infection.

In 2014, we reported the development of a new adenovirus vector called single-cycle Ad
(SC-Ad) (14). SC-Ads retain the genes needed to amplify DNA and vaccine antigen genes,
but are deleted for viral late genes involved in making functional progeny viruses (Fig. 2).
SC-Ad vectors take advantage DNA replication, but avoid the risk of causing frank
adenovirus infections (Fig. 1).

SC-Ads replicate their genomes and antigen genes as well as RC-Ads (up to 10,000-fold)
(14). SC-Ad produces 30 to 300-fold more antigen than RD-Ad (14, 16, 17). This
improvement in antigen expression per unit virus by SC-Ad could translate into getting
30-300 times as many vaccine doses out of an SC-Ad GMP production than an RD-Ad
production. Alternately, if the same doses are used in humans, SC-Ad should drive markedly
stronger immune responses than RD-Ad.

SC-Ads generate more robust and more persistent immune responses than either RD-Ad or
RC-Ads (16). For example, after single mucosal intranasal immunization of Ad permissive
hamsters, only SC-Ad generated antibodies in vaginal washes that rose over 6 months. RD-
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Ad did not do this. RC-Ad also surprisingly did not do this. This weak response by RC-Ad
may be due to the fact that this nearly wild virus induces stronger antiviral responses than
SC-Ad (56)) which may blunt its efficacy in vivo.. Similar effects are seen with single-cycle
flavivirus vaccines (57).

After intranasal immunization, SC-Ad expressing influenza hemagglutinin antigen produced
markedly higher binding and hemagglutination inhibition (HAI) antibody titers than RD-Ad
in Syrian hamsters and cotton rats (17). SC-Ad mediated better protection than RD-Ad in
cotton rats after challenge with influenza.

In larger rhesus macaques, SC-Ads generate significant antibodies after single intranasal,
sublingual, or intramuscular immunization against antigens from HIV, Ebola, and other
sources ((16) and data not shown). These data demonstrate that SC-Ads are reproducibly
more potent vaccine platforms that conventional RD-Ad vectors. These data also
demonstrate that the platform can be used by intramuscular, nasal, or oral routes of
immunization.

To generate SC-Ads, we deleted or selectively repressed several different late genes of the
virus to preserve DNA replication, but block production of infectious progeny viruses. Of
these, deleting the gene for the viral cement protein pIIIA seems to be optimal, since cells
can tolerate expressing this protein better than other viral proteins and sufficiently high
amounts can be produced to compliment the deletion. Like RD-Ads, SC-Ads propagate
somewhat slower than RC-Ads in normal cells and in first generation 293-1ITA
complementing cell lines ((56) and unpublished data). With RD-Ads there is concern with
rescuing replication-competent Ad by recombination and capture of E1 from cell lines into
the E1-deleted vector (58, 59). This is not a concern with SC-Ads because they already have
E1 in their genome. In addition, there is no homology between the pIIIA gene in the cells
and the plIIIA flanking region in SC-Ad, so pIIIA cannot be rescued into the viral genome
from the cells.

3. Opportunities and Challenges Confronting SC-Ad Translation

3.1.

Challenge: Misleading Public Relations (PR) for Ad Vector Vaccines from HIV Trials

(The STEP Trial).

For most pathogens, generating antibodies and T cell responses are all beneficial and confer
protection. In contrast, generating these responses against pathogens that infect immune
cells may actually increase infection rather than protection.

HIV infects CD4 T cells. CD4 T cells are pivotal for the production of antibody and killer T
cell responses needed to protect against the virus (60). It is essentially impossible to generate
CD4 responses when the immune response is exposed to an active vaccine. Therefore, for
HIV, any vaccine may at least transiently generate the very cells that this virus naturally
infects (60). This poses a unique safety risk for any HIV vaccine.

RD-Ad vectors expressing HIV antigens were tested in the STEP and HVTN-505 trials.
These trials were halted when increases in HIV-1 infections were observed in men with
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higher anti-Ad5 antibodies before vaccination (61-64). This led to concerns of a special side
effect associated with Ad vector vaccines.

3.2. Reality Check: All HIV Vaccines Have the Same Problem.

Emerging data indicate that this side effect is not unique to Ad vector vaccines, but is instead
a side effect shared by any HIV vaccine that generates CD4 T cell responses (60).

For example, attenuated SIV and VSV vaccines increase SIV infection in non-human
primates (65, 66). Even simple DNA vaccines combined with simple protein vaccines also
increases SIV infections (67). Therefore, it is not Ad vector vaccines that have this problem.
Any HIV vaccine can have this side effect.

While this might present an intractable problem, this side effect may be a transient
phenomenon that peaks soon after immunization (e.g. 2 weeks) and declines with time (65).
After this decline, protective immune responses can prevail and the vaccines can protect. A
weak vaccine might have the early risk without ever mediating protection. A potent HIV
vaccine may run an early risk, but be protective later. If so, it will be key to avoid HIV
exposure at times soon after any HIV vaccination. Alternately, if high numbers of protective
T cells are produced by a robust vaccine this may mediate protection, whereas a weak T cell
response may increase HIV infection.

3.3. Opportunity: Improving Results in the RD-Ad Vaccine Landscape.

As mentioned, RD-Ad vector vaccines are more robust than DNA or vaccinia vaccines (38).
RD-Ad vector vaccines have been shown to mediate protection against difficult analogs of
HIV in non-human primates (68, 69). The use of RD-Ad (ChAd3-EBO-Z or CAd3-EBO-Z)
as one of two Ebola vaccines in accelerated human trials against Ebola virus (18, 39, 40)
supports the premise that Ads are robust vaccine platforms. ChAd3-EBO-Z generated
significant antibodies and T cells against Ebola with no serious adverse events (18). These
immune responses observed in humans would be protective in non-human primates. While
immune responses by VSV-EBOV responses were somewhat stronger that ChAd3-EBO-Z,
this replication-competent vaccine also generated troubling side effects as discussed above.

3.4. Challenge: Immunity to Adenoviruses.

Neutralizing antibodies against Ads can attenuate their ability to deliver genes (70). Humans
may have pre-existing neutralizing antibodies that were produced by natural infection with
certain Ad serotypes (71). These antibodies are serotype-specific. There are more than 60
human and many non-human Ad serotypes. So, a person infected with one Ad serotype may
only neutralize that serotype and not affect a vaccine made from one of the other 59
serotypes.

Ad neutralizing antibodies are also produced after one inoculation of a given Ad serotype
vector into a naive host. These vaccine-induced antibodies can block subsequent re-use of
the same Ad serotype in the same person. Because of this, each Ad serotype vaccine be a
"one-off" in each vaccinated individual. You might only be able to use it once, but its
efficacy may be reduced upon second use. This is not an entirely yes or no issue, since Ads
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can be effective even in Ad immune animals (72-74). This can also be evaded by changing
the route of Ad delivery between boosts (e.g. switching between IM and oral delivery (75)).

3.5. Opportunity: Use Lower Seroprevalence Adenoviruses.

Species C Ads (Adl, 2,5, and 6) are some of the most robust Ad vector vaccines when
compared to other human Ads and non-human primate Ads (76). Unfortunately, most
species C Ads are also prevalent in humans, so many humans are already immune to these

most potent vaccines.

For example, Ad5 has seroprevalence of 27% in Texas (77). In contrast, equally robust Ad6
has seroprevalence that is only 3% in Texas (77). Therefore, you could theoretically use
lower seroprevalence Ad6 in more Texans than AdS. Other human Ads like Ad26 and Ad35
have even lower seroprevalence than Ad6 and for this reason are being tested in human trials
based to avoid problems with pre-existing immunity (71, 78).

Chimpanzee and other non-human Ads have been championed to avoid immunity against
human Ads for clinical trials (79-83). While this makes good sense (assuming vaccinees do
not have close contacts with primates...), neutralizing immune responses against
chimpanzee Ads can be observed in humans (40). This was a concern regarding ChAd3-
EBO-Z vaccine In Ebola vaccine trials. However, when ChAd3 was tested empirically, there
was no correlation between pre-existing anti-ChAd3 antibody levels on the production of
antibodies or CD4 T cells against Ebola glycoprotein (18). However, there was a correlation
to reduced CD8+ T cell responses.

More recent seroprevalence comparisons with sera from volunteers in the U.S. and Europe
showed neutralizing antibody (NADb) titers of 38% and 22% against Ad5 and Ad6,
respectively (76). Interestingly, 10% of these same volunteers described above had NAb
titers above 200 against the more distant chimpanzee derived ChAd3 vaccine (76).
Therefore, the rank order of pre-existing antibodies against AdS, Ad6, and ChAd3 were
38%,22%, and 10%. Notably, when Ad6 and ChAd3 were used head to head as hepatitis C
(HCV) vaccines in humans, both generated robust immune responses (76). This suggests
that human and non-humans Ads still have utility even in the face of some level of pre-
existing immunity.

3.6. Opportunity: Do Serotype Switching.

To evade vector-induced antibodies, one can use the palette of more than 60 Ad serotypes to
“serotype switch” vaccines. In this approach, one serotype is used in the first vaccination and
a different serotype is used for subsequent immunizations. Each immunization will generate
anti-pathogen responses as well as responses against that one Ad serotype. To avoid this, one
simply uses a different Ad serotype for vaccine boost in a vaccine “shell game”. This
premise is supported by data from Drs. Barouch and Ertl’s groups, our (55, 73, 74, 80, 81,
84, 85).

RC and SC-Ad generate stronger antibody responses against their target pathogens than RD-
Ads. It is therefore not surprising that they also generate stronger antibodies against
themselves than RD-Ad. Fortunately, these stronger anti-Ad responses do not create bigger
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problems for RC or SC-Ad in prime-boost studies. For example, prime-boost with RC-Ad5
and RC-Ad7 strongly boosts anti-HIV responses in chimpanzees (86).

3.7. Opportunity: Most Other Vaccine Platforms Do Not Have the Luxury of Having Many
Other Serotypes to Avoid this Problem.

This luxury of many Ad serotypes is not available for some other vaccine vectors. For
monotypic viruses like VSV or measles, they can be "one offs", but with no direct palette of
serotypes to turn to as a backup. For measles, the problem is compounded by the fact that
most humans have been actively immunized against the virus.

VSV or measles virus can made somewhat variable by pseudotyping it with different surface
glycoproteins. However, these glycoproteins are frequently the intended target for the
vaccine itself. For example, VSV-EBOV displays the Ebola glycoprotein to generate
antibodies against the Ebola glycoprotein (87-92). One vaccination with VSV-EBOV will
blunt any second use of the same vaccine. If you pseudotype VSV to avoid neutralizing the
Ebola glycoprotein, you are no longer vaccinating against Ebola. While this is good from the
standpoint of generating the immunity needed, it reduces efficacy if the vaccine needs to be
used again. In contrast, Ad is a gene-based vaccine, so it carries the Ebola glycoprotein
“hidden” as a gene and not a protein to generate immune responses (11), so productive
antibody production against the target glycoprotein has no effect on subsequent rounds of
immunization. One can pseudotype VSV with other glycoproteins that are related to similar
pathogens like those from Marburg, Sudan, etc., but this is limited subset of shell game
proteins when compared to Ad.

3.8. Challenge: The Need to Make Multiple Ad Serotypes Vectors to Avoid Antibodies

It is relatively easy to change the coat of Ads to evade antibodies, so pre-existing immunity
to Ads is a minor engineering problem moving forward. The down-side is that one needs to
make more than one Ad vaccine to immunize against the same pathogen more than once.
This means making more than one GMP vaccine a single disease.

This is less of an issue if your Ad is potent and can mediate protection after a single
immunization. Using an RC or SC-Ad rather than RD-Ad reduces or obviates the need for
multiple vaccine boosts, so using these replicating vaccines may allow you to make fewer
GMP vaccines products for the same indication. If one wants to develop multiple Ad vector
vaccines against different pathogens, you will probably need to use a different serotype for
each pathogen. For example, use Ad6 for influenza, Ad26 for Ebola, chimpanzee Ad for
Zika, etc.

3.9. Opportunity: Shield Ad from Antibodies with Polymers.

Polyethylene glycol (PEG) is an FDA-approved polymer that shields protein therapeutics
from proteins including antibodies. PEG and other polymers can be conjugated to the
particle surface to shield the virus from neutralizing antibodies (93-95). A potent polymer
shield that protects against antibodies without reducing vaccine efficacy may enable the use
of one Ad serotype and avoid the need to make multiple serotype platforms.
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3.10. Opportunity: Combine Ads with Other Vaccines.

3.11.

In most cases, gene-based vaccines are used as prime-boost regimens (10, 96). An all-Ad
prime boost involves serotype-switching between boosts (80, 81, 84, 85). In contrast, most
prime-boost strategies usually change vectors between immunizations. This is observed
most frequently in HIV-1 vaccine studies, where it can be difficult to raise protective levels
of antibodies against the HIV envelope. Many groups have used plasmid DNA as the
priming agent and followed with Ad or another vector (97). One rationale for this is that
DNA is relatively weak when compared to viral vectors and the more potent vector is
reserved to produce more protein at the end of the process to drive better antibody titers.
Another rationale is that DNA has no protein coat and therefore produces no neutralizing
antibodies against itself. It can therefore be used for more than one round of immunization
without blocking its later uses. Like RD- and RC-Ads, SC-Ads are also useful in
combination with DNA. For example, in comparing vaccines against Ebola glycoprotein,
SC-Ad was markedly stronger than DNA as priming agents (unpublished data). When both
were boosted, SC-Ad then DNA was slightly better than SC-Ad then SC-Ad. In contrast,
DNA then DNA was weak and DNA then SC-Ad was intermediate.

Current HIV prime-boost strategies almost always finish immunizations with a protein
boost, since one can flood the immune system with more antigen via recombinant protein
than by gene-based vaccination (10, 96).

Recent data from Dr. Haigwood’s group suggests that there may even more value in
combining the vaccines at the same time in co-immunization strategies (98, 99). When co-
immunization and prime-boost strategies are compared head to head, co-immunization
increases the speed and level of HIV antibody responses and improves HIV neutralization
breadth (98, 99).

There is also good merit in combining two or more robust viral vaccine vectors in prime-
boost (10, 96). For example, Ad and vaccinia virus have been combined in a number of
studies (38, 100).

Opportunity: Make Safe Replicating Vaccines.

In the few examples where replicating and non-replicating vaccines have been compared,
those that replicate usually win. Therefore, it is likely that non-viral and viral vaccine
platforms that have some ability to replicate antigen genes and/or themselves will ultimately
be superior in humans over non-replicating vaccines.

The trick is making replicating vaccines safe so that they do not cause infections in
vaccinees. Some of the questions that remain include: Will a RC vaccine cause infections in
vaccinees? Will a RC vaccine viremic and spread to organs and joints? Will it be shed to
family members? Will it infect medical care staff, particularly the nurse who administer
hundreds of vaccines?

Adenovirus vaccines have a luxury of safety data since RC-Ads have been administered to a
half million military recruits. Interestingly, when live RC-Ad4 and Ad7 were used to
vaccinate recruits, they were delivered in oral capsules. This complex delivery system was
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not used to increase vaccine potency. Rather, they were delivered encased in oral capsules
specifically to protect health care personnel and vaccinees from accidental respiratory
infections by the Ad vector vaccines themselves [Robert Couch, Baylor College of
Medicine, personal communication and (101)].

Therefore, our RC vaccines need to be safe not only for patients, but for health care workers
who can potentially be exposed hundreds of times to these vaccines. We do not want
vaccine-derived outbreaks like those seen with polio vaccines.

4. Expert Commentary

Single-cycle Ads have as good or better potency as RC-Ads, but without risk of infection in
animal models. Until SC-Ad is tested in clinical trials, it is uncertain if this will hold up in
humans. All indications are that they will actually be more robust in humans than in the
animal models where they have been tested. This is based on the fact that SC-Ad replication
is invariably weaker in animal cells than in human cells. For example, SC-Ad does not
replicate in most mouse cells, but will replicate its DNA 500-fold in Ad-permissive hamster
cells (16). In contrast, human Ads can replicate their genomes up to 10,000-fold in human
cells (102). This suggests that promising preclinical data in animals may under-estimate SC-
Ad potency in humans.

SC-Ads do not benefit from a second wave of infection like RC-Ads, so they may not be as
potent as RC-Ad vector vaccines in humans. While this may be the case, to date we have not
observed second waves of RC-Ad propagation in adenovirus-permissive animals like Syrian
hamsters. Instead, we see stronger antiviral responses against RC than SC-Ad that may
negatively impact RC when compared to SC. It is therefore possible that SC-Ad would be
equal to or better than RC-Ad in humans.

While RC vs. SC-Ad is an open question in humans, it is unlikely that this type of
comparison will be done in the context of vaccines against infectious agents in the general
population. SC-Ad cannot cause uncontrolled adenovirus infections. These are a legitimate
risk with RC-Ad vector vaccines. If they are administered intramuscularly, they can leak into
the blood and infect the liver. If they are administered intranasally, they risk retrograde
transport into the olfactory bulb with potential to drive side effects like Bell’s palsy. It is
therefore unlikely that RC-Ads will be tested in the general population unless they are
deployed as oral vaccines as in military Ad vaccines.

While RC-Ad vs. SC-Ad may not be directly compared as prophylactic vaccines in humans,
it is possible that they may be used as cancer vaccine therapies. While one could use an
oncolytic RC-Ad to express these potent immunostimulatory proteins, it should be noted that
many cancer patients are immunosuppressed due to the disease or multiple cycles of
cytotoxic therapy. Therefore, deploying RC-Ad or another replication-competent virus in
these immunosuppressed individuals risks uncontrolled viremia and disease as in
immunodeficient transplant recipients. SC-Ad is oncolytic and kills infected cells (56), but
that does not spread beyond the first infected cell. Therefore, one argument for using SC-Ad
rather than fully RC oncolytic viruses in cancer is that it can still kill cancer cells, liberate
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cancer antigens, and express immunostimulatory proteins, but that it cannot spread to
potentially endanger the patient, health care staff, or family members of the patient.

To summarize, there is good scientific merit for giving Ad vector vaccines the ability to
replicate and amplify transgenes. This will make them functionally equivalent to competitor
vaccines like VSV and CMV. It will be interesting to perform controlled head to head
comparisons of VSV, CMV, and SC or RC-Ad to avoid previous misleading apples and
oranges comparisons. There is also a good basis, to restrict replication of replication-
competent vectors in settings where they may endanger patients receiving prophylactic
vaccines or oncolytic cancer gene therapy.

5. Five-year view

We first reported SC-Ads in 2014, so we are just now moving some of these forward towards
clinical translation. While SC-Ad against Ebola appears equal or better than VSV, the
absence of a large outbreak makes its testing unlikely within 5 years. In contrast, we have a
very robust SC-Ad against Clostridium difficile that may be sufficiently compelling to move
rapidly into human testing. Given the quite different cost/benefit ratio of cancer vaccines vs.
prophylactic infectious disease vaccines, we may see SC-Ad expressing immunostimulatory
genes in humans before it is tested as a vaccine against infectious agents. Given the superior
immune responses by RC and SC-Ads when compared to current RD-Ads, we believe
moving forward with RD-Ads is not a good strategy. This is not a good strategy particularly
when Ad vaccines must compete against replication-competent vectors like VSV and CMV.
However, many RD-Ad vaccine clinical trials are in process and cannot be aborted mid-
stream. It will therefore take some time to introduce these more robust SC-Ads vaccines in
place of RD-Ads in human trials.
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Key Issues:

Do not be misled by bad public relations for adenovirus vaccines from HIV
Vaccine Trials (i.e. The STEP Trial).

Reality check: All HIV vaccines have the same problem.

Pre-existing immunity to certain adenoviruses, but this is easily countered by
using lower seroprevalence adenoviruses.

Most other vaccine platforms are “one-offs” that do not have the luxury of
having many other serotypes to avoid anti-vector immunity.

Use antigen gene replicating vaccines rather than non-replicating vaccines.

Make these replicating vaccines safe to avoid vaccine-derived infections and
epidemics.

For global vaccines, use needle-free vaccines to avoid leaving behind
biohazard sharps “landmines”.

Single-cycle adenoviruses may have utility as safe antigen gene replicating

vaccines.

Single-cycle adenoviruses may have utility as needle-free mucosal vaccines
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Vaccine Type Effects on Production of
(gene replication) Antigen Genes Infectious Progeny

Replication-competent (RC)

¥* *# @

1copy == 10,000 copies — ~10,000 viruses

Single-cycle (SC)

* 3 @

1copy == 10,000 copies ==» no infectious viruses

Replication-defective (RD)

# 3 @

1copy == 1 copy ==» no infectious viruses

Figure 1:
Effects of Vector Genome Replication on Antigen Gene Amplification and Production of

Infectious Progeny Viruses.
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Figure 2: Adenovirus Vaccines.
Schematic diagram showing Ad genes key to relevant vaccine functions. RC-, SC-, and RD-

A ds all carry most Ad ORFs (not shown). Helper-dependent Ads (HD-Ads) are deleted for
all of these adenovir us ORFs.
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