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Abstract of the Dissertation

Engineering tumor-specific oncolytic adenoviruses with small molecule-
controlled expanded tropisms

by

Shigeki Joseph Miyake-Stoner

Doctor of Philosophy in Biology

University of California, San Diego, 2016

Professor Clodagh O’Shea, Chair

A promising new strategy for cancer therapy is the use of engineered
oncolytic viruses, adapted from their natural properties of seeking out and
destroying cells to effectively find and specifically eliminate cancer cells. The
overarching goal of the work presented here is to engineer powerful new
adenoviruses that can preferentially infect cancer cells via disparate receptors,

and replicate exclusively in cells that have lost tumor suppressor pathways.
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Since the creation of adenoviruses with novel tropism is limited by the
ability to build and test new genetic designs, we desired targetable oncolytic
adenoviruses with a modular platform that would enable rapid identification of
new and controllable targeting moieties. We employed the property of
rapamycin-induced FRB/FKBP heterodimerization to construct adenoviruses
with chemically-controlled tropism by inserting FRB into the adenovirus and
genetically encoding a functionalized FKBP fusion protein. We validated the
targeting of this new class of viruses in culture using a panel of NCI breast
cancer cell lines, targeting the frequently-upregulated cancer marker EGFR. We
demonstrate that our targeting components are compatible with other virus
modifications and that new adenoviruses with these mutations are able to infect
and destroy a model of intractable triple negative breast cancer. Based on our
findings, rapid discovery of effective targeting moieties for oncolytic
adenoviruses should be possible, and we should avoid limiting the potency of

future vectors by disrupting the highly evolved adenovirus capsid structure.

While oncolytic adenoviruses have already shown to be safe in clinical
trials, we have improved the replication specificity of an oncolytic virus based
on the function of adenovirus genes that overlap with frequent tumor mutations.
It has been shown that mutation in adenovirus E1A can prevent its inactivation
of cell cycle-regulator retinoblastoma protein (Rb), and this mutation is the basis
of selectivity for an oncolytic adenovirus in clinical trials. However, adenovirus
also encodes E4orf6/7, which acts downstream of Rb by activating the cellular

transcription factor E2F1 that also drives the cell cycle. We have combined

Xiv



mutations in E1A and E4orf6/7 and discovered highly selective oncolytic
adenoviruses that have the promise to be the basis for safe and potent oncolytic

cancer therapies.
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Chapter 1. Introduction

Cancer continues to be an intractable disease and accounts for more
than half a million deaths each year in the US. There is a profound need for
more effective, selective and safe treatments. In the last century, our knowledge
about the origins of cancer and cancer biology has greatly advanced. However,
despite our new understanding of cancer as a genetic disease, the standard of
care for non-resectable, disseminated disease remains genotoxic therapies,
such as chemotherapy and irradiation, which often exhibit deleterious side-
effects such as intolerable and toxic side-effects that can outweigh therapeutic

benefit.

1.1 The role of the retinoblastoma tumor suppressor pathway in cancer

The Rb tumor suppressor pathway is deregulated in almost every form
of human cancer (1, 2) through either loss of function mutations in Rb, p16 point
mutations or epigenetic silencing, mutations or amplification of cyclin dependent
kinases (CDKs), mutations that down-regulate CDK inhibitors, or mutations that
up-regulate E2F transcription factor activity (Figs. 1 & 2). Alterations in this
pathway are prognostic markers for therapy (e.g. reviewed in (3)). Most current
chemotherapies that inhibit E2F transcriptional targets are proliferative poisons
that are also toxic to normal cells and frequently result in iatrogenic

complications.



1.1.1 Retinoblastoma

Retinoblastoma (Rb) is a tumor suppressor protein that binds to and
represses the activity of E2F1, the critical S-phase transcription factor that is
also required for activation of Ad genes. The function of Rb tumor suppressor
was first elucidated by the study of adenovirus and SV40 (reviewed in (4)). Rb
is part of a protein family (Rb, p107, and p130) that have numerous cell binding
partners, which include interaction and repression of E2F transcription factor
family members (5). In normal, non-dividing cells, Rb remains
hypophosphorylated and binds to transcription factor E2F at its target
promoters, suppressing transcription by masking the E2F transactivation
domain (6, 7) as well as recruiting chromatin-remodeling complexes and
histone-modifying activities (8-14). During the G1-S transition of the cell cycle,
CDKs phosphorylate Rb which releases E2F to induce cell cycle gene
transcription (15) (Fig. 1). When Rb is misregulated, it leads to a loss of cell
cycle control and allows aberrant E2F activity which leads to uncontrolled

replication and can give rise to cancer. The role of Rb in cancer is reviewed in

).

1.1.2 E2F/DP

E2F1 is a member of a family transcription family, and is the cell-cycle
actuator controlled by the Rb tumor suppressor pathway. The E2F family of

transcription factors play a diverse role in transcriptional regulation of the cell



(16). E2F1 was first described as an element that bound to the adenovirus E2a
promoter (17). At active E2F promoters, E2F forms a heterodimer with
transcription factors DP1 and DP2 to enhance DNA binding and transcriptional
activation (18). In normal non-dividing cells, E2F1 is under tight regulation by
Rb to arrest the cell cycle. When E2F1 is amplified or no longer regulated by
Rb, as itis in almost every proliferating cancer, the cell has exited from cell cycle
control and can lead to pathogenesis (reviewed in (19)). DP1 is also be amplified
in many cancers (20-22), and may act as an oncogene downstream of Rb to

drive cell proliferation through E2F target transcription.



The Rb tumor suppressor and E2F are misregulated by tumor
mutations and adenovirus oncogenes to drive replication
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Figure 1. Tumor mutations and adenovirus early proteins converge to inactivate
the Rb pathway to elicit uncontrolled replication.
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Figure 2. The Rb tumor suppressor pathway is misregulated in almost every

form of human cancer. Alteration summary of top 35 frequency hits are shown

for CCND1, CDK4, CDK6, CDKN2A, E2F1, and RB1 from the cancer genome
portal (cbioportal.org). Notably almost all glioblastoma (GBM) and more than

half of the NCI-60 cell lines contain alterations in this pathway.



1.2 Oncolytic Adenovirus

One approach that has the potential to address many of the
shortcomings of current cancer treatments is oncolytic adenoviral therapy.
Oncolytic viruses are designed to replicate specifically in cancer cells, but leave
normal cells unharmed (Fig. 3) (reviewed in (23) and (24)). Most oncolytic
viruses must be engineered to have tumor selectivity and while they are not
limited to one order of viruses, adenovirus is an attractive oncolytic agent due
to its extensive characterization, potential for genetic manipulation, and
demonstration of safety and feasibility in ongoing and completed clinical trials
for bladder cancer (25), glioma (26), melanoma (27), ovarian cancer (28), and
other solid tumors (29-31). In October 2015, the U.S. Food and Drug
Administration approved the first oncolytic virus Imlygic® (talimogene
laherparepvec) for treatment of melanoma in the skin and lymph nodes, which
demonstrates not only the future promise, but the practical application of

oncolytic viruses to treat cancer (32).

Adenovirus (Ad) is a self-replicating biological machine. Ad consists of a
linear double-stranded 36 kb DNA genome sheathed in a protein coat. Like all
viruses, Ad requires a host cell to replicate. Ad invades the cell and hijacks the
cellular replicative machinery with multiple encoded gene products that drive
the cell cycle to enable efficient viral replication. Upon virus assembly, Ad
induces lytic cell death to escape the cell and spread and invade surrounding

cells (Fig. 4). No ab initio system has come close to mimicking the autonomy



and efficiency of Ad, so with the ability to manipulate the Ad genome, we can
take the virus by the horns and redesign it to perform the oncolytic virus

functions of tumor-specific infection and replication.

Tumor mutations and adenovirus proteins converge in inactivating
retinoblastoma (Rb) (Fig. 1). Adenovirus expresses early viral oncoproteins that
inactivate the Rb tumor suppressor pathway to force cells to replicate and

concomitantly reproduce the viral genome.
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Figure 3. Model of the paradigm of selective oncolytic adenovirus replication.
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pathway and continues to proliferate, consequently driving the virus lifecycle
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Figure 4. Diagram of the adenovirus lifecycle. 1. Adenovirus fiber knob binds to
cellular receptor CAR. RGD peptides in adenovirus penton base interact with
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Adenovirus escapes the endosome and is released into the cytoplasm where it
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enters the nucleus. 2. Adenovirus gene transcription encodes for proteins that
take over cell functions and drive the cell cycle. 3. The adenovirus genome is
replicated to high copy concomitantly with cellular genome, and late structural
adenovirus proteins are expressed and assemble into genome-packaged
capsids in the nucleus. 4. The last stage of the lifecycle where adenovirus lyses
the nuclear and plasma membrane, releasing progeny for subsequent rounds
of infections.
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1.2.1 E1A

Studies with adenovirus E1A led to early discovery and insights into Rb
and E2F functions (reviewed in (5)). Ad E1A is the first gene transcribed and
expressed during Ad infection, and the E1A isoforms activate cellular and viral
gene expression by multiple mechanisms (reviewed in (33)). E1A binds and
inactivates Rb through its conserved LXCXE motif (34), which releases the E2F
transcription factor (35-37) (Fig. 5). This is considered to be the mechanism by
which E1A activates E2F to drive expression of cellular and viral genes
necessary for cellular and viral genome replication. It was thought that deletion
of the LXCXE motif would be sufficient to generate an oncolytic Ad that would
selectively replicate in cancer cells with defects in the Rb tumor suppressor
pathway (38), but it is still able to activate E2F and replicate in primary cell

culture (39).
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Figure 5. Adenovirus infection activates E2F and S-phase genes. (Left) In
uninfected cells, Rb forms a repressive transcriptional state at E2F-binding
sites, blocking the cell from entering the cell cycle. (Right) In adenovirus
infection, E1A binds to Rb, releasing E2F, allowing for the activation of
transcription at E2F targets. Independently, adenovirus E4orf6/7 binds to and
stabilizes inverted repeats of E2F/DP1 heterodimer at viral gene promoters, and
at cellular gene promoters, including the E2F1 promoter itself.
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1.2.2 E4dorf6/7

There is another Ad protein, E4orf6/7, that independently binds to active
E2F1 transcription complexes at cell and Ad promoters (40-42), and can
independently displace Rb from E2F (43) (Fig. 5). Adenovirus E4orf6/7 drives
heterodimerization of E2F/DP1 to enhance Ad early E2a (40) and cellular E2F1
promoter transcription (41), and may also directly compete with suppressive
Rb/DP1 interactions (44). Therefore, we hypothesized that an adenovirus
bearing both E1A ALXCXE and lacking E4orf6/7 function would be a selective

oncolytic viral therapy for cancer cells lacking Rb tumor suppressor function.

1.3 Expanding the limited tropism of Ad5

Oncolytic viral therapy has the potential to destroy a tumor mass of
unlimited size, but only if the virus can cross through tumor vasculature, infect
the cancer cells, and spread from one cell to another. Adenovirus (Ad) particles
primarily interact with host cells through protein interactions between the knob-
domain of fiber on the surface of the capsid and a cell surface molecule.
Currently Ad vectors rely on a single cellular receptor for their uptake, and are
primarily based on the most widely studied serotype 5 of Ad species C (Ad5).
Ad5 primarily targets epithelial cells via interactions between the fiber protein
on the outer viral capsid and the coxsackie and adenovirus receptor (CAR) (45,
46) (Fig. 4). Unfortunately, many cancer cells do not express CAR, such as

mesenchymal and deadly metastatic cancer cells (47). Since viral replication
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and cancer cell killing will be limited by the ability to infect cells, we need viruses
that infect cancer cells via receptors other than CAR, ideally those specifically

upregulated on cancer cells.

While myriad approaches to genetically modify and chemically coat
adenovirus to target new receptors has been met with some success, there are
systemic limitations of these approaches. The adenovirus capsid cannot
tolerate large insertions, so it is risky and laborious to identify and confirm
sequences that are both functional and do not disrupt capsid structural integrity.
While chemical modifications to purified capsids are theoretically limitlessly
customizable, a prepared virus delivered into a host will lose all of the
modifications by the first round of replication, and will be reduced to genetically

encoded tropism for subsequent rounds of infection.

To overcome these limitations of tropism manipulation, we employed the
use of new genome engineering methodologies that enable rapid modification
of the sequence with high precision to build and demonstrate a novel
methodology that expands adenovirus tropism in an easily adaptable and highly

controlled manner.

1.4 Generation of novel adenovirus mutants

For many years adenovirus genomes have been modified using standard
molecular cloning techniques, which present many challenges due to the length
and complexity of sequence. Consequentially, many oncolytic and vector

adenoviruses are descendants of genomes bearing unwanted genetic
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mutations along with the desired changes. While more precise methodologies
have been developed, such as homologous recombination in bacteria (48-50)
or CRISPR-Cas9-mediated modification (51), these approaches are still time

consuming, frequently require multiple steps, and lack modularity.

Our lab sought to apply the principle of modularity to adenovirus genome
engineering in order to break the sequence down into workable parts that could
organized into libraries, selected and combined into whole genomes. Dr. Colin
Powers split he adenovirus genome into four parts, representing an evolutionary
modularity of the adenovirus gene architecture. He developed two strategies to
assemble any of the parts to create full genomes. In a strategy termed
“‘Adsembly,” we use Multisite Gateway technology to combine the four parts in
vitro to reassemble a complete genome as quickly as 1 hour. A parallel
approach to genome assembly termed “AdSLIC,” uses sequence and ligation-
independent cloning (SLIC) is a hybrid restriction enzyme, PCR-based

approach that reassembles the parts in a nearly seamless fashion.

These approaches enable rapid assembly of virus genomes that
exclusively contain sequences of interest, increasing our ability to study viral
genes, and enabling a rapid design, build, test lifecycle for the engineering of
oncolytic viruses with compound modifications. This technology was crucial for
the construction of all the adenoviruses described in this work. A list of viruses

described in this work are listed in Table 1.
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15

Virus El EfEOZr-EI}A) E3 Fiber | E4 Construction
é‘ésly;(‘) wt wt wt wt wt Adsembly
é%sz%ns (ESEE wt élé?:BRVHHT E:Elzr wit Adsembly
FKBP
AdSyn- | GFP- |\ ég?:??VHHT wt|wt Adsembly
CO206 | E1A FKBP
e R O v R
ol I R R
é%sl%nz_ wt wi wt wt wt AdSLIC
/écéséylrg wi wt wt wt AE4orf6/7 | AdSLIC
écészxgg wi wt wt wt Egggo, AdSLIC
AE4orf6/7
A Twe fm |w W | AEaorigry | AdSUC
ol i O N R O
écci)szxgg EllA A2- 1 i wt wt AE4orf6/7 | AdSLIC
écci)szxgnl- EllA A2 | wt wt igggo, AdSLIC
AE4orf6/7
Coop |11 W |w W | eaoriery | AGSHC
Som [Soe|m  |w |w lw e
é%sisgnl- EiQCXE wt wt wt AE4orf6/7 | AdSLIC
AdSyn- | E1A e
coz85 | ALXCXE | M W W ARDZE, | AGSHC
Cosm6 | Aixcxe | ™ wt W | GEaorgy | AdSLIC
A R R O PR
/é%szsg; 51246 wt wt wt AE4orf6/7 | AdSLIC
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were constructed and described in this work,

continued.
; Core . _
Virus El (E2-L4) E3 Fiber | E4 Construction
E4orfl
é((j:)szygng- 51246 wit wt wit APDZDb, AdSLIC
AE4o0rf6/7
AdSyn- | E1A AE4orfl,
coz289 |cizac |M wt Wt | AE4ortel7 | AdSHIC
E1A
Oy | YaTH, | wt wt wt | wt AdSLIC
C124G
E1A
égszéns' Y4TH, | wt wt wt AE4orf6/7 | AdSLIC
C124G
Adsvn- | E1A E4orfl
COsas | YATH, | wt wt wt APDZb, | AdSLIC
C124G AE4orf6/7
E1A
AdSyn- AE4orfl
Y4TH, | wt wt wt | AdSLIC
CO295 | 1o AE4orf6/7
E1A
AdSyn- | Y47H,
coz44 |ci24G, |M wt wto | wt AdSLIC
A2-11
E1A
AdSyn- | Y47H,
co206 | ciz4aG, | M wt wt AE4orf6/7 | AdSLIC
A2-11
E1A
Edorfl
AdSyn- | YATH, | y o Blofl | esLic
C0297 | C124G, APDZD,
A2-11
E1A
AdSyn- | Y4TH, AE4orf1,
co208 |c124G, | M wt Wt | AE4orfe/7 | AISHIC
A2-11
AE3B  +
AdSyn- | E1A FRB*-
coaL2 | ALXCXE | Wt EGFRVHH- | .= " | AE4orf6/7 | AdSLIC
FKBP
AE3B  +
AdSyn- | E1A Hexon FRB*-
CO335 | ALXCXE | E451Q | Eot RVHH- | pipey | AR4CTTOI7 | AdSLIC
AdSyn- | E1A Hexon FRB*-
CO442 | ALXCXE | E451Q | Fiper | AE40r6/7 | AdSLIC




Chapter 2. Engineering a modular and chemically-controlled mode of
novel virus tropism

2.1 Introduction

Currently adenovirus (Ad) vectors rely on a single cellular receptor for
their uptake, and are primarily based on the most widely studied Ad serotype 5
(Ad5). Ad5 is not a naturally blood-borne virus and does not actively target and
cross the vasculature. Ad5 infects epithelial cells via interactions between the
fiber protein on the outer viral capsid and the coxsackie and adenovirus receptor
(CAR), primarily found at epithelial cell junctions (45, 46). Unfortunately,
metastases are responsible for the death of most cancer patients, in which an
epithelial to mesenchymal transition (EMT) results in downregulation of
cadherin and CAR, instigating invasion and spread to distant sites (47). Thus,
many malignant cells do not express CAR and are not susceptible to infection
by Ad5 (47, 52, 53). Since oncolytic therapy is limited by the ability to infect
cancer cells, we need viruses that infect cells via receptors other than CAR,
ideally those specifically upregulated on cancer cells. To overcome this
challenge, we developed a genetically-encoded switchable targeting moiety,

enabling Ad to infect cancer cells independently of CAR-expression.

17
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Myriad approaches have been attempted to control adenoviral targeting.
One mode of adenoviral targeting includes the use of chemical adapters that
link viral capsids to retargeting ligands (Fig. 6). For example, the capsid can be
polymer coated or biotinylated to provide a chemical linker for high affinity
binding to avidin-fused retargeting ligands (54) (other related methods reviewed
in (55) and (56)). However, retargeting is only achieved with exogenously
prepared virus, since the chemical modifications are lost upon viral replication.
To overcome this drawback, genetically encoding retargeting adapter fusions to
viral coat proteins is desirable, but also more challenging. Many studies have
focused on the modification of the Ad fiber protein (57). Unfortunately, the
incorporation of large ligands in capsid proteins frequently disrupts their
folding/assembly. To avoid misfolding, smaller polypeptides can be inserted into
the fiber HI loop (58) (also referred to as the H1 loop) (Fig. 7C). For example,
insertion of some receptor-targeting peptides have shown some promise (59),
and inserted RGD peptides have been shown to generally integrin-mediated
uptake viral uptake (60, 61), but are not sufficient to alter viral tropism. Fiber
fusions to single chain antibodies (scFVs) are attractive as well, but the former
require processing in the endoplasmic reticulum (ER) or cytosol while fiber
assembles in the nucleus (62). In an example of using fiber/receptor bridging
molecules to control adenovirus tropism, Dreier et al. have explored the use of
designed ankyrin repeat proteins (DARPins) (63). By using engineered
bispecific trimeric DARPin adapters that bind both the adenovirus fiber and

targeted receptors, they circumvent the problem with direct genetic modification
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of fiber, however the original tropism of Ad is lost, and the DARPins have not
been engineered in a fashion that is compatible with replicating virus. Thus,
despite ongoing efforts to retarget infection, in vivo studies and gains have been

modest (64).

An ideal virus would genetically encode an adapter that could be used to
enhance viral tropism within the body via multiple retargeting moieties, without
compromising viral replication and patient safety. Here | describe the
development of a novel, inducible, genetically encoded chemical adapter
system that targets infection to multiple cell types, and is not lost upon viral
replication. This overcomes the limitations of current approaches and has
several advantages. Any unanticipated toxicities associated with induced
receptor-targeting could be stopped by drug withdrawal. Ultimately, this system
could enable targeting of receptors in angiogenic tumor vasculature (e.g. TEMs,
TVMSs) to eliminate aggressive tumors, and upregulated markers in high-risk

tumors (e.g. EGFR, HER2, TfR) such as breast cancer.
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chemical modification direct insertions or fusions targeting-ligand association
lost on replication often result in particle assembly defects allows for any size protein fusion

(controllable with drug)
2 polypeptides
(p
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Figure 6. Limitations to conventional adenovirus modification and
advancements for engineering tropism. Chemical modification of purified
adenovirus particles can alter tropism of the initial infection, but progeny viruses
will not bear the same properties. Systematic genetic modification of adenovirus
is challenging since generation and testing of new sequences is slow and the
capsid does not tolerate sequence modifications that disrupt particle assembly.
An ideal system combines the strengths of the two previous strategies, where a
stable genetic change to the virus provides a chemically-controllable handle for
attaching new targeting polypeptides.

libraries
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2.2 Rapamycin, FRB, and FKBP12

We modified the Ad capsid protein fiber to enable binding to alternate
cellular receptors using a known property of the immunosuppressive and anti-
tumor drug rapamycin (rap). Rapamycin (rap) is an approved macrolide
antibiotic that inhibits the kinase activity of mechanistic target of rapamycin
(mTOR), which is activated in many cancer cells. Unlike many kinase inhibitors,
rap is not an ATP structural homolog, and instead blocks mMTOR kinase activity
by forming a stable heterodimer between the FK506-binding protein (FRB)
domain of mTOR and cellular FKBP12 (65). Rap can be used to induce
heterodimers of heterologous proteins if one is fused to an FKBP12 domain and
the other contains the FRB domain (65). The high affinity and stability of rap-
induced heterodimerization has been used with great success in several
applications including phage display of receptor-ligand complexes (66),
transcriptional activation (67), and reconstitution of bi-functional proteins (68).
Importantly, heterodimerization of FRB and FKBP12 by rapamycin has been

shown to function in vivo (69).

Here we show a novel application of this system, which also takes
advantage of our previous studies of rap as a rational combination with oncolytic
viruses (70). Since rap already has anti-tumor properties (71, 72), and can
induce the dimerization of heterologous proteins with the FKBP12 and FRB
domains, | engineered the fiber protein of Ad5 to incorporate a minimal FRB

domain in the fiber knob HI loop. Unlike other insertions, such as ligands that
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directly bind transferrin (73), av integrin, or heparan sulfate (74), the Ad5 with
fiber bearing inserted FRB replicates to wild type levels. In principle, any protein
or polypeptide fused to FKBP12 that can bind to a cell surface molecule should
direct the virus to infect the targeted cell by increasing affinity of the virus particle
to the surface of the cell (Fig. 4). Since the FKBP-fusion protein is not part of
the assembly of the base adenovirus particle, it should not inhibit the replication
of engineered Ads with this mechanism of expanded tropism. The rap-
dependent FRB-FKBP heterodimerization-controlled Ad tropism is highly
modular and should enable rapid identification of new targeting moieties while
retaining control and safety of viruses with novel tropisms by controlling rap

administration.

2.3 Epidermal Growth Factor Receptor

Epidermal growth factor receptor (EGFR) is a transmembrane protein
that is activated by the extracellular mitogen epidermal growth factor (EGF).
Alterations in EGFR much as mutation or overexpression that result in elevated
or constitutive signaling can drive cell proliferation. EGFR is upregulated in
many cancers of epithelial origin such as breast (75), head and neck (76),
prostate (77), lung (78), skin (79), and bladder carcinomas (80). Upregulation of
EGFR is also associated with the progression of metastatic disease due to
upregulation of caveolin-1 function (81) that results in the loss of cell-cell
adhesion protein E-cadherin (E-cad), a hallmark of the epithelial to

mesenchymal transition (EMT) (reviewed in (82)). The importance of this cancer
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target is corroborated by its routine assessment in preliminary cancer diagnosis
and the growing list of approved drugs such as the EGFR agonist Tarceva®
(erlotinib), the EGFR-inhibiting antibodies Erbitux® (cetuximab) and Vectibix®
(panitumemab), and the development of an EGFRuvlll-targeted oncolytic

adenovirus (83).

As a proof of concept, we fused FKBP to a single-domain camelid
antibody with specificity for EGFR (84). Upon rap treatment, this virus is induced
to infect cells via EGFR. This is a rational and powerful synergy of chemical and
viral weapons that can be combined with the enhanced replication specificity of
E1A/E4orf6/7 mutants (described in Chapter 3) to create a new safe form of
effective, self-amplifying therapy that breaks the paradigm of systemic

genotoxic treatments for cancer.

2.4 Adenovirus fiber tolerates FRB insertion in the HI loop

The fiber protein which infers tropism to Ad has been extensively
targeted for modification in attempts to control Ad tropism. We wished to exploit
the use of the known heterodimerizing properties of rapamycin with the FRB
domain from mTOR and its cellular partner FKBP12 (Fig. 7A). Polypeptides can
be fused to the N-terminus of FKBP to further functionalize protein complex
assembly. By inserting the FRB domain into fiber, we sought to expand the
tropism of adenovirus beyond its native receptor CAR by using rapamycin to

bring FKBP12 fused to a targeting ligand to the surface of the virus particle,
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therefore directing the virus to attach to the alternatively targeted receptor (Fig.

7B).

Fiber is generally not permissible to large insertions or modifications,
because the correct folding and assembly of fiber trimers into Ad particles are
critical to produce viable progeny. Despite defects in replication due to large
inserted ligands that directly bind their targets such as transferrin (73) or
heparan sulfate (74), and reported loss in infectivities of Ads with >50 aa
insertions in the HI loop (85), we were able to insert the 90 aa FRB domain of
MTOR (Glu2025-GIn2114) into the fiber HI loop between residues Thr546 and
Pro567 (FRB-Fiber) (Fig. 7C). We constructed a virus bearing this insertion as
well as a genetically encoded GFP-reporter (AdSyn-C0O207) using a multi-site
gateway reaction method we have termed Adsembly (Fig. 7D). The insertion of
FRB did not inhibit viral replication or infection as evidenced by GFP reporter
fluorescence, observed cytopathic effect of virally induced cell lysis, and by
expression of late adenovirus proteins (Fig. 7E). We confirmed the FRB
insertion by immunoblot to detect fiber expressed during infection, and observed
the expected ~11 kDa change in migration of FRB-fiber (72.4 kDa) versus wt

fiber (61.6 kDa) in SDS-PAGE (Fig. 7E).
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Figure 7. Our strategy using the chemical-induced heterodimer FRB-rapamycin-
FKBP to create a modular platform to target adenovirus. A) Crystal structure of
FRB/rap/FKBP12 complex (PDB ID: INSG). FKBP12 shown as gray ribbon with
N-terminus in green, C-terminus in red. Rap shown as black sticks. FRB domain
shown as orange ribbon with N-terminus in green, C-terminus in red. B) Diagram
illustrating strategy of how to employ rapamycin to expand engineered
adenovirus tropism to new receptor targets. C) Site of FRB domain insertion into
Ad5 fiber. (Left) Structure of adenovirus modeled from capsid structure (PDB
ID: 3IYN), shaft (PDB ID: 1V1H), and knob (PDB ID: 1KNB). (Right) Site of
insertion of FRB domain. D) Map of Ad genome and sites of modification to
create engineered-tropism viruses by Adsembly. E) Immunoblot of protein
expression in infected 293-E4 from synthetic adenoviruses bearing rapamycin-

dependent EGFR-targeting components.



26

2.5 FRB-containing AdSyn-CO207 can be targeted with ectopically co-
expressed FKBP-fusion protein

An ideal targeting protein for virus infection is a stable molecule with
strong affinity for an upregulated cancer cell surface molecule. A class of
proteins that best fits the ideal criteria for targeting are the heavy chain domains
(VHH) from single-domain antibodies (sdAbs). Camelids and sharks encode
sdAbs which have specificity for their target from one variable chain domain,
instead of the conventional two found in most other mammals (e.g. rodents,
humans) (62). The application of sdAbs for targeting adenovirus infection has

been tested in a fiber-mutant Ad (86).

Although small single-chain variable fragments (scFVs) have been more
widely used, the smaller and more stable VHHs have the distinct advantage of
not requiring post-translational disulfide bond formation to function. Notably,
since virion assembly occurs in the nucleus, the formation of disulfide bonds is

not available to Ad capsid proteins.

As a proof of principle, | fused FKBP to a VHH (7C12) with specificity for
epidermal growth factor receptor (EGFR) identified by Gainkam et al (84). The
gene sequence encoding EGFRVHH was human codon optimized for
expression and synthesized by Blue Heron Biotechnologies based on the
protein sequences identified by Gainkam et al. (84). Based on our structural

modeling using PyMol, the EGFRVHH domain was fused to the N-terminus of
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FKBP with a GSGSGST linker sequence for the least steric hindrance for

VHH/target interactions and the FKBP/rap/FRB dimerization interface.

To test the hypothesis that an FKBP-fusion protein would change the
tropism of an adenovirus containing an FRB domain in the capsid in the
presence of rapamycin, we ectopically expressed EGFRVHH-FKBP in cells
infected with AdSyn-C0O207. We cloned the EGFRVHH-FKBP fusion protein
into a mammalian expression plasmid, and transfected 293 E4 cells with this
vector 24 h prior to infection with AdSyn-C0O207. 24 h following infection,

rapamycin or solvent control was added to the cells.

We anticipated that progeny virus assembling in the presence of
EGFRVHH-FKBP and rapamycin would gain the ability to infect cells via EGFR.
We harvested viruses assembled in the presence and absence of rapamycin 48
h after infection and tested their ability to infect breast cancer cells. We found
that indeed, AdSyn-C0O207 prepared with EGFRVHH-FKBP and rapamycin had

an enhanced ability to infect cultured MDA MB 453 breast cancer cells (Fig. 8).
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Figure 8. Infection can be targeted with ectopically expressed FKBP-fusion
protein. A) Scheme of strategy to prepare targeted Ad using ectopically
expressed FKBP-fusion protein. B) Immunoblot of ectopically expressed
EGFRVHH-FKBP, in 294 E4 cells, 24 h post-transfection. The ligand-FKBP
fusion (or GFP as a control) was transiently expressed in 293 E4 cells, then
infected with AdSyn-C0207. C) FACS analysis of MDA MB 453 infection by
virus prepared in the presence of absence of 100 nM rapamycin.
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2.5.1 Importance of VHH-FKBP fusion orientation

We also attempted fusing EGFRVHH to the C-terminus of FKBP using
the GSGSGST linker, but we were unable to detect improved targeting
functionality with this construct, suggesting that the orientation of the domains

is important for protein-protein interactions.

2.5.2 Direct fusion of VHH to FKBP does not allow for viable virus replication

We tested if we could fuse EGFRVHH directly to fiber, with the objective
to generate a “constitutively” EGFR-targeted adenovirus, however a virus
genome with direct C-terminal fusion of EGFRVHH to fiber was unable to
generate productive virus in 293E4 (data not shown). This failure underscores
the importance of the modular design using the chemically controlled
heterodimerization strategy to control adenovirus targeting, since the direct

fusion likely caused a defect in protein folding and adenovirus particle assembly.

2.6 FKBP retargeting moiety can be expressed from adenovirus E3 promoter

While ectopic expression of a targeting FBKP-fusion protein can yield
progeny with expanded tropism, the virus would not carry this property through
multiple rounds of replication in cancer cells unless it encoded the FKBP-fusion

protein.

We attempted a variety of strategies to encode FKBP expression in the
adenovirus genome. Our first attempt was to link FKBP expression with fiber

expression by using a Furin-2A autocleavage site at the C-terminus of fiber (87).
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While this strategy could have afforded a potentially ideal 1:1 stoichiometry
between fiber and FKBP, the virus exhibited practically no replication. Our
second strategy was to transcriptionally link FKBP expression with the fiber
protein by adding an internal ribosome entry site (IRES) following the fiber ORF
on the adenovirus L5 transcript. These viruses were able to replicate, however

we were unable to detect accumulation of FKBP expression by immunoblot.

When engineering the Ad genome, the size of the genome must be taken
under consideration, because genomes that are significantly larger than the wild
type sequence result in decreased particle stability (88). Other work in our lab
has also revealed that extra promoter and terminator sequences can disrupt the
virus lifecycle. To avoid inserting additional exogenous promoter and terminator
sequences, we ultimately attempted to use the natural architecture of the Ad E3
region to express the FKBP-fusion retargeting protein. The E3 region contains
genes that are involved in host immune response evasion, and they have been
shown to be dispensable for viral replication in tissue culture. Other groups have
also described use of this Ad genomic region to express transgenes (89), and
many Ad vectors have deletions or modifications of the E3 region, and in the
context of replicating oncolytic adenovirus therapy, it may actually be beneficial
to avoid suppressing or even recruit a host immune response at the site of the

tumor.

We removed the sequence of the E3B transcript encoding RI/Da, RIDg,

and 14.7k and replaced it with EGFRVHH fused to FKBP12 (EGFRVHH-FKBP)
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as the targeting gene (Fig. 7D). The VHH sequence was inserted at the N-
terminus of FKBP with a GSGSGST linker sequence. We constructed the virus
AdSyn-C0O205 using Adsembly, containing the FRB-fiber insertion, the
EGFRVHH-FKBP gene, as well as the genetically encoded GFP reporter fused
to the N-terminus of E1A (Fig. 7D). The expression of the fusion protein was
verified by immunoblot by probing for FKBP12 (Fig. 7E). A control virus is shown
that expresses EGFRVHH-FKBP, but retains the wt fiber (AdSyn-C0206). A
timecourse of late protein expression shows that there is no obvious defect in
replication of the fiber-mutant, or EGFRVHH-FKBP expressing viruses

compared to our wild type Ad5 (AdSyn-CO170) (Fig. 7E).

2.7 Retargeting with EGFRVHH-FKBP and rapamycin

As afirst test to evaluate AdSyn-CO205 targeting, we infected the breast
cancer cell line MDA MB 453. Although reports consistently identify that MDA
MB 453 lacks expression of estrogen-receptor and progesterone-receptor, there
is conflicting evidence of EGFR expression levels. However, we and others
have detected EGFR by immunoblot and by immunofluorescence in agreement

with expression (Fig. 11A) (90).

AdSyn-C0O205 was prepared by first infecting two plates of 293 E4 cells
with MOI 10 AdSyn-C0O205. In one plate, the media was replaced 24 h post-
infection (hpi) with fresh media containing 500 nM rapamycin. The other plate

served as the solvent control. The media was collected 48 hpi and passed
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through a 0.22 pm filter to remove 293 E4 cells, then used directly to infect the
target cancer cell lines with equal volumes of infectious media. We avoided
freezing/thawing the 293 E4s to simulate a more representative passage of
progeny virus from a lysed host cell to infect new cells. Infection efficiency of
the MDA MB 453 was quantified by FACS using an LSRII® (BD) (Fig. 9A), and
the results were corroborated using high-content imaging on an ImageXpress®

(Molecular Devices) (Fig. 9B).

We compared the AdSyn-C0O205 and control viruses AdSyn-C0O206 and
AdSyn-C0O207 for their rapamycin-induced infection of MDA MB 453 cells. The
luminal MDA MB 453 cells were moderately transduced by non-targeted AdSyn-
C0O205, while we observed a 1.5 fold improvement in infection with the rap-
treated virus (Fig. 9A). We did not observe an effect on infection with rapamycin

alone with the control viruses AdSyn-C0O206 or AdSyn-CO207

We did not anticipate that the insertion of the FRB domain into fiber would
eliminate CAR-binding by fiber. Supporting this prediction, we did not observe
a reduction of infection of MDA MB 453 by AdSyn-C0O205 or AdSyn-C0O207 in
the absence of rapamycin when compared to AdSyn-C0O206 (Fig. 9A). In this
experiment with MDA MB 453, we actually see an increased baseline level of
infection, suggesting that the FRB insertion alone may enhance the tropism of

Ad to this cell line.
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Figure 9. Rapamycin targeting of synthetic adenovirus AdSyn-C0O205 infection
of MDA MB 453. A) MDA MB 453 cells were seeded at equal density in 12-well
plates, and infected with equal volumes of viruses in the presence or absence
of 50 nM rapamycin. 24 hours following infection, FACS for GFP-positive cells
was used to quantify infection with EGFR-targeted AdSyn-C0O205, and control
viruses AdSyn-C0O206 (no FRB domain) and AdSyn-CO207 (no EGFRVHH-
FKBP). B) Representative high-content fluorescence microscopy pictographs of
MDA MB 453 infected with AdSyn-CO205 in the presence or absence of 50 nM

rapamycin.
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2.8 Retargeting AdSyn-C0O205 with rapamycin is dose responsive

A range of concentrations of rapamycin were tested for targeting MDA
MB 453 infection by AdSyn-C0O205. We observed a peak efficiency of infection
at low concentrations of rapamycin (25-50 nM), while at higher concentrations
there was a diminished targeting, potentially due to a saturation effect of excess

rapamycin (Fig. 10).
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Figure 10. AdSyn-CO205 targeting of MDA MB 453 infection by rapamycin is

dose-dependent. Infection of MDA MB 453 with AdSyn-C0O205 and a range of
rapamycin concentrations was quantified by FACS.
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2.9 Retargeting with EGFRVHH-FKBP is EGFR-dependent

To test the specificity of AdSyn-CO205 to infect via EGFR upon
rapamycin treatment, we knocked down EGFR expression in MDA MB 453 by
short hairpin RNA (shRNA). We used the validated EGFR shRNA B sequence
from Engelman et al. (91) and cloned it into the pLentiX2 puro backbone with

two different hairpin linkers.

These vectors were used to generate lentivirus, which were used to
transduce MDA MB 453 cells. We selected for a population of cells to generate
cell lines with stable EGFR knockdown. EGFR knockdown was verified by
immunoblot and immunofluorescence microscopy (Fig 11A & B). We tested the
rapamycin targeting of AdSyn-CO205 in the context of the loss of EGFR
expression.

The loss of targeting in the EGFR knockdown cells, but not in luciferase
shRNA control cells suggests that the targeting is relies on the presence of cell

surface EGFR and is EGFR-dependent (Fig 11C).
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Figure 11. The targeting of AdSyn-C0O205 is EGFR-dependent. MDA MB 453
cells were transduced with lentiviruses expressing short hairpin RNAs (ShRNA)
to knock down EGFR expression. A) Knock down efficiency shown by
immunostaining of EGFR in photomicrographs of MDA MB 453. EGFR staining
(anti-EGFR ab2430, Abcam) shown in green, nuclei staining (Hoechst 33258,
Molecular Probes) shown in blue. B) Knock down efficiency shown by
immunoblot for EGFR expression (anti-EGFR ab2430, Abcam). B-actin used as
loading control (A5441, Sigma). C) Results of MDA MB 453 infection by AdSyn-
C0205 in the presence of absence of 50 nM rapamycin quantified by FACS.
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2.10 Rapamycin induces improved infection of breast cancer cell lines by
AdSyn-CO205

To explore the general efficacy of the EGFR targeting of AdSyn-C0O205
with rapamycin, we queried a panel of clinically validated breast cancer cell
lines, including MDA MB 453 (92, 93). These cell lines are classified by cancer
subtype by gene clustering and morphology (basal A, B, or luminal), and by
status of receptor expression (ER, PR, HER2). Luminal cells appear more
differentiated and form tight cell-cell junctions like epithelial cells, while Basal B
cells have a mesenchymal appearance, and Basal A cells have intermediate
appearances. In general, Basal B cells are more frequently highly invasive in
Boyden chamber assays than luminal or Basal A cells. We selected a subset of

these cell lines to cover the different subtypes and clinical prognoses (Table 2).

We predicted efficient Ad5 infection of the basal and luminal epithelial-
like cells which express CAR, but a much lower level of infection of invasive
cells that have undergone epithelial-to-mesenchymal transition (EMT) with
decreased CAR expression. As predicted, basal MDA MB 468 and luminal MDA
MB 415 were transduced with high efficiency, and infection was not enhanced
with rapamycin-induced targeting (Fig. 12). The cell lines that were
characterized to have undergone EMT were poorly transduced by non-targeted
AdSyn-C0O205, and as predicted they all were more efficiently infected by rap-

targeted virus.
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Table 2. Breast cancer cell lines used in this study. Table adapted from Neve et

al. 2006 (92).
Cell line Gene
Cluster ER | PR | HER2 | Tumor Type
MDA MB 468 Acar_ltholytlc squamous
Basal A - - normal | carcinoma
Acantholytic squamous
MDA MB 415 Luminal + - normal | carcinoma
Acantholytic squamous
MDA MB 453 Luminal - - normal | carcinoma
Acantholytic squamous
MDA MB 231 Basal B - - normal | carcinoma
BT549 Basal B - - normal | Invasive ductal carcinoma
HS578T Basal B - - normal | Invasive ductal carcinoma
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Figure 12. Rapamycin-targeted AdSyn-C0O205 infection efficiency of a panel of
breast cancer cell lines. Infected cells were fixed and quantified by FACS.
Cancer cell lines of epithelial origin (basal, luminal) were generally infected well
by non-targeted Ad. The infection of luminal MDA MB 453 was modest with non-
targeted Ad, but was substantially improved in the presence of 50 nM
rapamycin. The invasive breast cancer cell lines, which have undergone EMT
and lost CAR expression, are able to be more effectively infected with the
rapamycin induced AdSyn-C0O205.
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2.11 Engineered adenovirus can be targeted with biologically orthogonal
rapalog AP21967

Although rapamycin is a rational combination with oncolytic therapy,
there are cases where it may be desirable to avoid the cellular and organismal
effects of rapamycin. To further improve the targeted adenovirus tool, we
explored the use of a rapamycin structural homolog AP21967. AP21967 is able
to form stable heterodimers with FKBP12 and a mutant FRB* domain (mTOR
mutation T2098L), but not with the wt FRB domain (94). Below the targeting-
concentration of rapamycin (50 nM), phosphorylation of S6K1 is blocked, while
higher concentrations of AP21967 (100 nM) does not inhibit mMTOR (Fig. 13A).
AP21967 does not affect Ad replication, and at the functional concentration of
rapamycin (50 nM), there is no effect on virus replication despite the inhibition
of mTOR (Fig. 13B). The mutation of FRB in the adenovirus (AdSyn-C0O220)
results in the ability to induce targeting with either rapamycin or AP21967 (Fig.
13C). The effect of EGFR-targeting with AP21967 is dose-responsive (Fig.
13D), and interestingly does not exhibit a decrease in effectiveness at high

concentrations like rapamycin (Fig. 10).
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Figure 13. Targeted infection of MDA MB 453 using AP21967 and FRB-mutant
fiber adenovirus AdSyn-C0220. A) Immunoblot showing the activity of the
kinase mTOR to phosphorylate its target S6K1 under a range of rapamycin and
rapalog AP21967 concentrations. B) Quantification of adenovirus replication
when grown in the presence of rapamycin or AP21967. C) FACS quantification
of MDA MB 453 infection with AdSyn-C0O205 and AdSyn-C0220 prepared with
either 50 nM rapamycin or 100 nM AP21967. D) Dose-dependent targeting of
MDA MB 453 with AP21967-treated AdSyn-C0O220.
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Chapter 3. Mutation of both E1A and E4orf6/7 is necessary to create a
replication-specific oncolytic virus

3.1 Introduction

We currently have no approved therapies that rationally target loss of
tumor suppressor functions specifically. The tumor suppressor p53 is
inactivated in many human cancers. In Ad infected cells, the Ad E1B-55K
targets p53 for proteosomal degradation. Thus, it was proposed that an E1B-
55K deleted Ad5 (ONYX-015) would replicate specifically in cancer cells lacking
p53. While clinical trials with ONYX-015 demonstrated the safety of oncolytic
Ad therapy (95), ONYX-015 was not p53 selective (96). Contrary to
expectations, despite the induction of high p53 levels in ONYX-015 infected
cells, p53 fails to activate transcription of downstream targets. Hence, its
replication in cancer cells is not dependent on loss of p53. Our lab discovered
that there is a another Ad protein, E4orf3, that prevents high p53 levels
activating transcription of downstream targets by inducing heterochromatin
silencing of p53 targets (97), which our lab is now exploiting to develop true p53
selective viral cancer therapies. In addition to developing new p53-selective
viruses, it is also of utmost importance to pursue other routes for replication-

selectivity.

44
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Adenovirus E1A binds Rb via an LXCXE motif in its conserved region 2
(CR2) domain, deregulating its tumor suppressor activities (35, 36) (Fig. 1). It
was proposed that deleting the LXCXE motif in EL1A would eliminate Rb
inactivation, and make a selectively replicating virus (ONYX-838). However, in
our hands, this mutation alone was found to not be sufficient for selective
replication. Johnson et al. (39) also provide evidence that Ad E1A LXCXE
mutation is not sufficient to prevent S-phase entry, viral DNA replication, and
late adenovirus protein expression. Even though the Rb-selectivity of the E1A
CR2 mutant is controversial, this mutation has been carried forward as the basis
for an oncolytic virus (DNX-2401, DNAtrix) that has completed a phase 1 clinical
trial and is entering a phase 2 clinical trial for glioma. To address this
shortcoming and achieve Rb-selectivity, Johnson et al. replaced the promoters
for the Ad E1 and E4 regions with E2F promoters, and combined it with the E1A
LXCXE deletion to generate a selective virus ONYX-411 (39, 98). However, the
homologous E2F sequences precluded use in clinical trials due to the risk of

recombination within the virus.

We have identified another Ad protein, E4orf6/7, that also deregulates
the Rb pathway to drive cell and adenovirus gene transcription (40, 41). Given
that the E1A LXCXE mutant still activates E2F and replicates in primary cells, it
was hypothesized that E4orf6/7 activates E2F-dependent cellular targets to
drive S phase entry and viral replication, independently from E1A. Therefore to
design viruses that selectively replicate in tumor versus normal cells, we

engineered adenoviruses with compound mutations in both E1A and E4orf6/7.
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The functional mutations for specific oncolytic replication we discovered can be
combined with other mutations or new genetic sequences to enhance the

infection and potency of a therapeutic oncolytic adenoviruses.

3.2 Generation of adenovirus mutants

To generate the E1A ALXCXE mutation, the codons encoding LXCXE
were removed from the E1A gene on the wild type E1 module by sequence and
ligation-independent cloning (SLIC) to generate a new E1 module bearing the

E1A ALXCXE mutation.

To generate the AE4orf6/7 mutation, the sequence between the stop
codon of E4orf6 and the stop codon of the E4orf6/7 second exon was removed
from the wild type E4 module by SLIC to generate the E4 module bearing the

AE4o0rf6/7 mutation (Fig. 14).

AdSLIC was used to seamlessly combine either wild type or mutant

modules to generate complete virus genomes (see Table 1).
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Figure 14. Deletion of E4orf6/7 exon to generate AE4orf6/7 mutant Ads. E4
gene expression is controlled by alternative splicing of mRNA from the E4
promoter. Coding sequences are denoted by arrows. A) Ad5 wild type E4
region. B) Ad5 AE4orf6/7 region lacking second E40f6/7 exon used in this study.
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3.3 E1A ALXCXE/AE4orf6/7 double mutant AdSyn-CO181 has defective late
adenovirus protein expression and fails to induce cyclin A and B expression in
small airway epithelial cells

Since Ad E1A has been found to block Rb-tumor suppressor function via
LXCXE binding, and E4orf6/7 has been shown to enhance E2F transcription
factor activity, we hypothesized that the E1A ALXCXE/E4orf6/7 double mutant
virus AdSyn-CO181 should be defective in inducing S-phase relative to wild
type adenovirus in infected normal cells. Additionally, there should be a defect
in Ad late protein expression, which is linked to Ad genome replication, and has
a profound effect on production of infectious virus progeny (99). Conversely, in
cells lacking functional Rb, we hypothesize that the functions of E1A and
E4orf6/7 would not be necessary to lead to S-phase entry and late protein
expression. To test these hypotheses we infected quiescent primary human
small airway epithelial cells (SAEC, ATCC) and A549 lung adenocarcinoma
cells and evaluated S-phase-associated cyclin expression, as well as Ad late

protein expression by western blot.

As hypothesized, AdSyn-C0O181 showed reduced levels of late protein
expression in SAEC infection relative to wild type, and fails to induce
accumulation of cyclin A or B (Fig. 15). In mammalian somatic cells, cyclin A is
a transcriptional target of E2F and is required for S-phase (100). While viruses
bearing either mutation alone (AdSyn-C0O189 E1A ALXCXE and AdSyn-C0210
AE40rf6/7) appear to have lower levels of late protein expression relative to wild

type, neither mutation alone appears to be sufficient to prevent cyclin induction.
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These data suggest a defect in the ability of AdSyn-CO181 to efficiently induce
S-phase due to reduced cyclin expression relative to wild type. The lower levels
of Ad late protein expression also suggest a defect in Ad genome replication,

which is required for late protein expression.

Even if a virus has reduced replication in normal cells, it should be able
to effectively replicate in cancer cells to be a useful and effective oncolytic virus.
A549 cells have been characterized to bear a mutation in p16, which causes
the deregulation of Rb (Fig. 1). Accordingly, we observed a rescue of cyclin and
late protein expression in infected A549, regardless of Ad mutation (Fig. 16).
These data suggests that the loss of Rb function in A549 compliments the S-

phase induction defect in AdSyn-CO181.
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Figure 15: Ad5 E1A ALXCXE/AE4orf6/7 double mutant AdSyn-CO181 has
protein expression defects in SAEC. Quiescent SAEC were infected (MOI 10)
with adenoviruses bearing the E1A and E4orf6/7 mutations alone or together.
Onyx-838 infection was included to compare with an existing proposed oncolytic
adenovirus model. Late protein expression in AdSyn-C0O181 infection is delayed
and reduced relative to wild type infection. AdSyn-CO181 fails to induce
expression of cyclin A and B, markers of S-phase initiation.
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protein expression defects in A549 infection. Confluent A549 were infected
(MOI 30) with adenoviruses bearing the E1A and E4orf6/7 mutations alone or
together. Onyx-838 infection was included to compare with an existing proposed
oncolytic adenovirus model. Late protein and cyclin expression in AdSyn-
C0181 infection matches wild type infection levels.
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3.4 AdSyn-C0O181 fails to induce efficient DNA replication in SAEC

Adenovirus requires the cell to enter the S-phase to enable efficient
replication of the Ad DNA genome. We hypothesized that there would be a
decreased amount of DNA synthesis in AdSyn-CO181 infected SAEC, since it
should be defective at initiating S-phase transition via Rb/E2F deregulation. To
evaluate DNA replication, we directly quantified the amount of DNA in infected
cells 48 hpi by propidium iodide (PI) staining and analyzed by FACS. Indeed,
while a wild type (AdSyn-C0O102) infection strongly induces DNA replication as
evidenced by the dramatic peak shift to the right, AdSyn-CO181 has a
dramatically decreased amount of DNA replication with a DNA content profile
similar to mock infected SAEC (Fig. 17A). These data show that the cells
infected with viruses bearing single mutations show no obvious defect in DNA
replication relative to wild type infected cells, suggesting that E1A and E4orf6/7
have some redundant function to enhance DNA replication. Since we saw no
defect in cyclin expression in infected A549 by the single mutant Ads, we did
not expect to see a DNA replication defect in these infected cells, and
accordingly observed a similar increase in DNA content following A549 infection

with all of the viruses tested (Fig. 17B).
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Figure 17. DNA replication quantified 48 h p.i. by Pl FACS shows a defect in
E1A ALXCXE/AE4orf6/7 double mutant AdSyn-CO181 infection in SAEC, but
not in A549 infection. DNA content of uninfected cells shown in background
yellow profile. The Y-axis is the relative abundance of cells, and the X-axis is
the PI fluorescence of the cell which is proportional to the amount of nucleic
acid. A) Quiescent SAEC-hTERT infected MOI 10. B) Confluent A549 infected

MOI 30.




54

3.5 AdSyn-CO181 has defective replication in SAEC, but replicates to wt Ad5
levels in A549

We expected a decreased number of virus progeny for AdSyn-C0181,
due to the observed defects in late protein expression and decreased DNA
synthesis. To evaluate replication, we collected and titered virus by ELISA 48
hours following infection. There was a clear defect at with more than a 15-fold
defect in AdSyn-C0O181 replication relative to wild type (Fig. 18). Notably, there
was a similar defect seen with AdSyn-CO210 (AE4orf6/7) infection, which
exhibited wild type DNA replication levels despite having slightly lower cyclin
levels relative to wild type (Fig. 15). Since there was a rescue of late protein
expression and DNA synthesis in A549 infected cells, we expected to see

similar amounts of virus progeny from mutant virus infections.
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Figure 18. The replication defect of the E1A ALXCXE/AE4o0rf6/7 double mutant
AdSyn-CO181 infection in normal SAEC-hTERT is rescued in A549
adenocarcinoma cells. Total adenovirus was harvested at 48 hpi and titered by
ELISA (see methods). Each total mutant virus quantified was normalized to the
amount of wild type virus produced in that respective cell line.
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3.6 CDK4/6 inhibitor PD0332991 (PD) strongly inhibits AdSyn-CO181
replication in normal cells

Adenovirus requires the host cell to support the replication of its genome,
achieved primarily by Rb inactivation by E1A, and activation of E2F by E4orf6/7
(Fig. 1). To test the dependence of E1A, E4orf6/7 double mutant AdSyn-
CO181’s dependence on the cell cycle, we used a pharmacological approach

to inhibit the cell cycle.

PD0332991 (PD), also known as Palbociclib, trade name Ibrance
(Pfizer®) is a drug used to treat ER-positive and HER2-negative breast cancer,
and is currently being evaluated as a combination therapy for other indications.
PD is a selective inhibitor of CDK4 and CDK6, which phosphorylate and
inactivate Rb, and by this mechanism is thought to slow the progression of
advanced cancers (101). In agreement with its mechanism of action, it was
reported that ovarian cancer cell lines that were Rb-proficient with low pl6

expression were the most responsive to PD (102).

It has been shown that CDK4/6 inhibition by PD can be partially relieved
by E1A expression, which requires the LXCXE motif of E1A (103). PD has been
shown to limit cell killing by dI922-947, an E1A ACR2 virus, which lacks the
LXCXE motif (104). We hypothesized that inhibition of CDK4/6 would limit wild
type adenovirus replication in normal cells that are sensitive to PD, would inhibit

AdSyn-CO189 (E1A ALXCXE) replication, and would block replication of
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AdSyn-CO181 with both the Rb-binding mutation E1A ALXCXE and the

AE4orf6/7 mutation.

In low-passage normal small airway epithelial cells immortalized with
hTERT (SAEC-hTERT), treatment with PD results in a 50% loss in infectious
virus production at 48 hours after wild type (AdSyn-C0102) infection relative to
no drug treatment (Fig. 19A). This result agrees with the partial rescue of the
CDKA4/6 inhibition with E1A seen by Rivadeneira et al (103). Strikingly, the
AE4orf6/7 mutant AdSyn-CO210 has a 65% reduction in infectious virus
production at 48 hpi relative to no CDK inhibition, suggesting that the
contribution of E2F activation alone plays its own significant role in adenovirus
replication in the context of repressive tumor suppressor Rb. Infectious virus
production is even more severely inhibited in PD-treated cells for the E1A
ALXCXE mutant AdSyn-C0O189 which has an 80% reduction in infectious virus
production at 48 hpi. Infectious virus production for the double mutant AdSyn-
CO181 is reduced 99% when CDK4/6 are inhibited, demonstrating that this

virus cannot overcome an active and repressive Rb.

We tested the ability of these viruses to replicate in cancer cells that are
insensitive to CDK inhibition, to determine if there was any unanticipated
interaction between PD and the virus mutants and to see if the oncolytic
mutations of AdSyn-CO181 were compatible with this clinical therapeutic. In the
non-small cell cancer (NSCLC) model A549 cells, which lack p16 and express

high levels of CDK4 (105), we did not observe a significant inhibition of wild type
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or mutant virus replication in the presence of 1 yM PD (Fig. 19B). This
demonstrates that the oncolytic AdSyn-CO181 can retain its potency even in
the presence of a drug that acts in opposition to its mechanism of selective

replication.
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Figure 19. The CDKA4/6 inhibitor PD0332991 (PD) potently blocks mutant
adenovirus replication. The total plaque forming units (PFU) quantified by ELISA
(96) were normalized for each virus to their replication without PD treatment in
each cell line. A) In low-passage normal lung cells immortalized with hTERT
(SAEC-hTERT), when CDKA4/6 is inhibited by PD, Rb blocks E2F activation and
the cells cannot enter S-phase. The double mutant AdSyn-CO181 (E1A
ALXCXE, AE40rf6/7) has the greatest loss of viral replication in the presence of
PD relative to no treatment when compared to the either of the single mutants
AdSyn-CO189 (E1A ALXCXE), AdSyn-C0O210 (AE4orf6/7) or AdSyn-C0O102
(wt). B) In A549 lung cancer cells, which express Rb but have aberrantly high
expression of CDK4, the tumor suppressor Rb is inactivated by CDK4. PD has
no significant effect on the replication of any viruses compared to no drug
treatment, since this concentration of PD is not sufficient to restore normal Rb
activity.
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3.7 RNA-Seq shows AdSyn-CO181 is defective for inducing G1/S cell cycle
transition pathway in normal cells

One of the hallmarks of adenovirus infection is the transcriptional control
over the cellular program of proliferation (106). A large number of cell cycle
genes are induced, including E2F targets, which leads to the induction of the
G1/S phase transition. Since we observed a defect with the double mutant
AdSyn-C0O181 in the induction of E2F targets cyclin A and cyclin B (Fig. 15),
and a defect in the induction of DNA synthesis (Fig. 17), we sought to gain a
more detailed view in the differences in cellular gene transcription regulation

between the Ad mutants and wild type virus infection.

We performed an RNA-Seq experiment in normal small airway epithelial
cells (SAEC), collecting total RNA at 12 and 24 hours post-infection. Our data
agrees with results from previous studies of adenovirus-infected human foreskin
fibroblasts (HFF) (106) and primary lung fibroblasts (IMR-90) (107, 108). Using
pathway enrichment analysis, we compared the “cell cycle G1/S phase
transition” between SAEC infected with our mutant viruses. This biological
process (G0:0044843) contains 259 different gene products, and is defined as

"The cell cycle process by which a cell in G1 phase commits to S phase.”

Notably, at 24 hpi AdSyn-C0O181 and 335 do not significantly differ from
mock infection for the G1/S transition pathway genes (Table 3). However,
AdSyn-C0O102 (wild type) is significantly enriched for G1/S transition pathway

genes relative to AdSyn-CO181, 335, and mock. This data suggests that
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AdSyn-C0O189 (and AdSyn-C0210) is not selective on the basis of G1/S phase
transition, since it is also enriched for this biological process relative to mock
and AdSyn-CO181 and AdSyn-CO335. Interestingly, AdSyn-CO335 skirts an
edge with AdSyn-C0210, where there is a trend (P = 0.0545) of difference in

the G1/S transition pathway expression.



62

Table 3. Adjusted P-values comparing the cell cycle G1/S phase transition
(G0:0044843) in infected SAEC at 24 hours post infection by mutant viruses.

VS VS VS VS S

24 hpi [AdSyn- |AdSyn- JAdSyn- |AdSyn- [AdSyn- [vs Mock
C0O102 C0O189 C0210 C0O181 C0O335

Up in not not

AdSyn- enriched lenriched 7.89E-06 |4.45E-12 [1.12E-06

C0O102

Upin ot not

AdSyn- enriched enriched 1.44E-05 |4.89E-13 [7.63E-06

C0189

Upin ot not

AdSyn- enriched  lenriched 0.0031 0.055 2.72E-05

C0210

Xgé;n_ not not not not not

CcO181 enriched |enriched [enriched enriched |enriched

Xgé;n_ not not not not not

CO335 enriched [enriched |enriched |enriched enriched

Upin [not not not not not

Mock |enriched |enriched |enriched [enriched |enriched
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3.8 Deletion of pl16 in normal cells partially rescues double mutant AdSyn-
C0O181 replication

We hypothesized that in cells that were specifically defective in the
regulation of the Rb tumor suppressor pathway, the double mutant AdSyn-
C0181 virus would exhibit a rescue in replication. p16 is an important regulator
of the Rb tumor suppressor pathway, acting upstream of the CDKs to regulate
Rb (Fig. 1). P16 inhibits the activity of CDK4 and CDK6 to regulate the
phosphorylation of Rb and consequentially the control of progression into S
phase (109, 110). Loss of p16 is frequently an early event in tumor progression
(reviewed in (111)). We used CRISPR/Cas9 gene editing technology (112) to
target pl16 for indel mutation in low passage telomerase-immortalized normal

small airway epithelial cells (SAEC-hTERT).

Although p16'Nk4A shares exons 2 and 3 with a different gene p142RF, we
were able to specifically target the pl6-specific exon 1 using a pair of guide
RNAs and the Cas9 nickase (113) (Fig. 20A). After transfection of
CRISPR/Cas9 constructs with guide RNAs directed towards the first exon of
pl6'NK4A the SAEC-hTERT were diluted to single cells to select for clonal
populations. Clones were evaluated by sequencing both alleles of p16 to identify
indel mutants. One of the clones (#13) exhibited a 5 bp deletion on one allele,
and a 32 bp insertion on the other allele. Both of these mutations resulted in a
frame shift and early termination of the p16 coding sequence (Fig. 20C) which

resulted in undetectable p16 expression in confluent cells (Fig. 20D).
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When we quantify the DNA content of confluent Ap16-SAEC-hTERT, we
see a clear increase in DNA content per cell, demonstrating that these cells do
not undergo contact inhibition and have misregulated cell cycle control (Fig.
20E). While the DNA content appears to increase in AdSyn-CO181 infected
cells over mock infection of Ap16-SAEC-hTERT, it does not appear to rescue to

wild type levels of induction (Fig. 21).

We quantified and compared the amount of productive viral replication in
SAEC-hTERT and Ap16-SAEC-hTERT. Total virus from media and from cells
was harvested, and virus production was measured against a known standard
Ad5 by infecting the complementing cell line 293E4 which expresses E1 and E4
proteins in trans. The standard was serially diluted to generate a curve to
calculate the number of infectious viruses in our samples. Adenovirus infection
was quantified 48 hours after infection in situ by ELISA using a polyclonal

antibody that recognizes adenovirus late proteins.

There was a modest increase (2-3 fold) in replication of wild type and
single mutant viruses, but strikingly there was nearly a 15-fold increase in
AdSyn-CO181 replication, showing that the misregulation of the Rb tumor
suppressor pathway by deletion of p16 specifically overcame the replication
defect engineered into oncolytic AdSyn-CO181 (Fig. 22). This partial rescue due
to the deletion of p16 alone is consistent with the fact that adenovirus targets
this pathway. It is interesting we did not observe a complete rescue like we see

in pl6-null A549 cancer cell line infection (Fig. 18), suggesting that the
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additional accumulated mitogenic mutations that occur during oncogenesis
further enhance the proliferative phenotype that supports AdSyn-CO181
replication. Taken together, this data demonstrate that the mechanism of
oncolytic replication specificity is due to the overlapping functions of Rb tumor
suppressor pathway misregulation by adenovirus genes and cellular cell cycle

regulatory genes.
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Figure 20. Generation of Ap16-SAEC-hTERT by CRISPR/Cas9. A) Structure of
the p142RF/p16'NK4A Jocus. The p14“RF unigue exon is shown in blue, the
p16'NK4A unique exon is shown in purple. B) The tumor-suppressor pathways of
p14ARF and p16'NK4A  Stimulatory pathways are indicated by green arrows,
inhibitory pathways are shown in red. Panels A and B adapted from Rocco and
Sidransky 2001 (111). C) Wild type sequence of p16 exon 1 region of interest,
followed by 5 bp deletion allele and 32 bp insertion allele of Ap16 SAEC-hTERT
clone #13. D) Immunoblot for pl6 expression (ab81278, Abcam). P16 is
detected in quiescent SAEC-hTERT, but is at very low levels in proliferating
SAEC-hTERT. P16 is undetectable in Ap16 SAEC-hTERT clone #13. E)
Histograms of FACS quantified PI staining for DNA content in cells grown to
confluence. The cell cycle is misregulated in Ap16-SAEC-hTERT cells shown
by a dramatic increase in the percentage of cells in S, G2, and M phase.
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SAEC-hTERT
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SAEC-hTERT Ap16
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Figure 21. FACS quantification of DNA content per cell by propidium iodide
staining of adenovirus-infected SAEC-hTERT or Ap16-SAEC-hTERT. Cells
infected with MOI 10 adenovirus, and collected at 48 hpi to quantify DNA. DNA
content of infected cells under colored curve overlaid on uninfected cells in
yellow. DNA synthesis is induced in SAEC-hTERT infected with wild type
(AdSyn-C0102), or single mutant AdSyn-CO189 (E1A ALXCXE) or AdSyn-
C0O210 (AE4orf6/7), but is not induced by mock infection or double mutant
AdSyn-CO18L1 infection.
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A) Total productive virus replication in SAEC-hTERT
and Ap16-SAEC-hTERT
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Figure 22. Rescue of AdSyn-CO181 replication by deletion of p16. A) Total
productive virus replication from infected SAEC-hTERT and Ap16-SAEC-
hTERT, 72 hours post-infection (hpi). B) Productive viral replication of each
adenovirus at 72 hpi in infected Ap16-SAEC-hTERT relative to its productive
viral replication in infected SAEC-hTERT.
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3.9 Further evaluation of E1A and E4 mutations to enhance oncolytic specificity

E1A contains multiple regions that regulate host gene expression.
Although the LXCXE domain in the CR2 region of E1A is thought to be the
primary interaction site with pocket proteins and Rb, a double mutation of E1A
C124G (the C of LXCXE) and Y47H has been shown to abrogate all E1A
interaction with Rb (114). Wang et al. describes mutations in the N-terminus of
E1A that block its interaction with transcriptional activator p300 (114). E1A has
also been reported to antagonize the anti-viral cGAS-STRING DNA-sensing
pathway through its LXCXE motif (115). Other features and binding-partners of

the multi-functional E1A are reviewed in (116).

The E4 region encodes a protein E4orfl that is thought to induce a
metabolic signaling cascade that is representative of one of the hallmarks of
cancer (117). Edorfl contains a PDZ binding motif at its C-terminus through
which it upregulates PI3K signaling and prevents negative regulation of cellular
proliferation. We have reviewed this pathway as a preview to an article on this
subject (118). We hypothesized that abrogating the metabolic stimulation by
E4orf1l might yield this additional aspect of cancer cell-specific replication due

to the Warburg effect found in many cancer cells.

Our continuing goal is to continue developing increased levels of
replication specificity in cancer cells, but also to maintain the tumor-killing
potency of adenovirus. To explore this possibility of further increasing the

replication specificity of an oncolytic adenovirus, we combined deletion of the
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N-terminus of E1A (d2-11) with point mutations, as well as the combination of

mutation or deletion of E4orf1 with AE40orf6/7 (Table 1).

We infected quiescent and proliferating normal small airway epithelial
cells (SAEC), normal human astrocytes (NHA), and a small panel of cancer cell
lines and evaluated cell viability to compare the potency and safety of our matrix
of virus mutations. In a serial dilution experiment, cell viability was determined
7 days following infection. While all the adenoviruses in this series replicate
robustly in the A549 adenocarcinoma cell line, two sub-classes of viruses clearly
emerged from the cell viability assay of infected SAEC (Fig. 23). The “lower”
group that exhibited more cell killing (or non-oncolytic selectivity) included
viruses that either had a wild type E1A or E1A d2-11, or had a wild type E4. The
“‘upper” group that exhibited less cell killing of SAEC included our double mutant
AdSyn-CO181, viruses that had E1A Rb-binding mutations and AE4orf6/7.
Interestingly the one acceptation in the “upper” group was AdSyn-C0244, which
had E1A Y47H C124G d2-11 mutations with a wt E4, although it was the least

selective of this group.

We visualized the metabolic activity in the panel of cell lines and viruses
over three of the initial MOls (10, 3.33, and 1.11) in a heat map (Fig. 24). All of
the viruses in this panel robustly replicated in the A549 adenocarcinoma cell
line. The double mutation of E1A ALXCXE and AE4orf6/7 (AdSyn-C0181)
appeared to maintain an ideal balance between cancer-specificity (high

metabolic activity in normal cells), while retaining potency (low metabolic activity
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in cancer cells). While AdSyn-C0O293 had more targeted E1A mutations Y47H
C124G compared to AdSyn-C0O181 (deletion of LXCXE residues), it exhibited a
similar phenotype, so we moved forward with the better characterized AdSyn-
CO181. The additional E4orfl mutations may increase replication selectivity in
some cases, such as in highly proliferative tumor tissue environments such as
colon cancer, but the general decreased potency we observed in cancer cells

will not be desirable as a therapeutic in most cases.

We have published the use of these mutations as compositions of
oncolytic adenoviruses in a US patent entitled, “Oncolytic adenovirus

compositions,” PCT/US2014/029587.
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Chapter 4. Therapeutic application of an oncolytic adenovirus with
inducible expanded tropism to infect triple negative breast cancer
xenografted cells via EGFR

4.1 Oncolytic AdSyn-C0O312 has enhanced breast cancer cell killing when
targeted to EGFR

To evaluate the efficacy of retained EGFR-targeting to kill cancer cells
with replicating adenovirus, we selected HS578T cells as a model. In our panel
of breast cancer cell lines, they are the most poorly infected with wild type
adenovirus, but we are able to infect via EGFR when we prepare AdSyn-CO205
with rapamycin. We constructed an EGFR-targeted oncolytic adenovirus
(AdSyn-C0O312), which bears the EGFRVHH-FKBP gene and FRB*-fiber in
combination with a deletion of the LXCXE motif from E1A and deletion of
E4orf6/7 described in the previous chapter with AdSyn-CO181. We performed
a metabolic activity assay using WST-1 to quantify cell viability after 9 days of
infection of HS578T with AdSyn-CO312 at different initial multiplicity of
infections (MOI). The metabolic activities were normalized to uninfected cells
receiving the same concentration of rapamycin or solvent. When AdSyn-C0312
is grown in the presence of targeting rapamycin or AP21967, it able to kill more
cells than in untargeted drug conditions (Fig. 25). This suggests that the
increase in cell killing is due to the expanded tropism of AdSyn-CO312 to be

able to infect HS578T via EGFR.
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Figure 25. Cell viability of infected HS578T metastatic breast cancer cells after
9 days of infection with AdSyn-C0O312. Cells were infected with a range of
AdSyn-C0O312 MOI. At 24, 48, 72 and 96 hours after infection, fresh rapamycin
or AP21967 was added to 50 nM. The metabolic activity was quantified by
WST-1 assay, and was normalized to uninfected cells with a matching drug
treatment. AdSyn-CO312 bears the oncolytic mutations of E1A ALXCXE,
AE40rf6/7, AE3-RIDa/B, AE3-14.7k, and expresses the rapamycin- or AP21967-
dependent EGFR-targeting genes EGFRVHH-FKBP and FRB*-fiber. There is
enhanced killing of cells infected with the EGFR-targeted oncolytic virus that
receive either rapamycin or AP21967 versus without the targeting molecule.
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4.2 Rapamycin-induced EGFR-targeting of AdSyn-CO335 increases efficacy of
oncolytic therapy of HS578T xenografts in mice

To test the efficacy of the targeted delivery of adenovirus progeny via
EGFR to treat tumors in vivo, we treated subcutaneous HS578T xenografts
established on both flanks of nu/nu mice (Fig. 26). When tumors reached 264 +
16 mm3 (mean + SEM), mice were randomized into treatment groups with
similar mean-sized tumors. Mice received intratumoral injections of mock
(vehicle only), AdSyn-C0O335, or AdSyn-C0442. AdSyn-C0O335 is an oncolytic
virus bearing the features of AdSyn-C0O312, and an additional mutation in
capsid protein hexon, which eliminates accumulation of adenovirus in the liver
(119). AdSyn-C0O442 is a control virus which bears the features of AdSyn-
C0O335, but does not express EGFRVHH-FKBP. Rapamycin (rap) was co-
administered every other day during the course of therapy to enable EGFR-

targeting of virus progeny.

With mock treatment (n = 8 tumors) and no rap, tumors grew unchecked,
with a mean tumor volume of 1300 + 448 mm? at 28 days after the start of mock
treatment, after which mice were sacrificed due to large tumor dimensions in
agreement with our protocol approved by the Salk Institutional Animal Care and
Use Committee. For comparison, data described below are from this time point

in the therapy.

We first tested a dose of 8 mg/kg rap every other day in combination with

adenovirus administration, but found that the high rap concentration masked the



78

effect of the virus infection. The 8 mg/kg rap administration alone (no virus
infection) was sufficient to slow the tumor growth compared to no treatment (P
=4.50 x 107?), resulting in a mean tumor volume of 229 + 49 mm3. Administration
of 2 mg/kg rap alone (n = 8) was not sufficient to block the growth of the tumors

(P=0.144).

Oncolytic AdSyn-CO335 alone (n = 11) did not significantly affect the rate
of tumor growth compared to no treatment, resulting in a mean tumor volume of
948 + 207 mm?3. This is likely due to the limitation of HS578T infection by
untargeted AdSyn-CO335 progeny. When both AdSyn-CO335 and 2 mg/kg
rapamycin were co-administered (n = 11), there was a dramatic and significant
reduction in tumor volume when compared to virus alone (P = 8.54 x 104) or 2
mg/kg rapamycin (P = 1.49 x 10°?) treatment alone, resulting in a reduced mean
tumor volume of 133 + 22 mm?3. Our data suggests this reduction in tumor
volume is dependent on the rapamycin-induced EGFR-targeting of virus
progeny, since treatment with 2 mg/kg rapamycin and the control virus AdSyn-
C0442 (n = 9) resulted in a mean tumor volume of 401 + 89 mm?3 which did not
bear significant (P = 0.449) difference in mean tumor volume compared to 2
mg/kg rapamycin treatment alone, and resulted in significantly (P = 4.92 x 10-3)
larger tumors than the co-administration of 2 mg/kg rapamycin and AdSyn-

CO335.

Significant differences between the 2 mg/kg rapamycin treatment and co-

administration of 2 mg/kg rapamycin and AdSyn-CO335 were measured as
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early as 14 days after the start of treatment (P = 2.25 x 1072). At this time point,
the rapamycin-treated tumors infected with AdSyn-C0O442 were measurably

outgrowing the AdSyn-C0O335-infected tumors (P = 1.54 x 1072).

Notably, most of the tumors in the groups that received AdSyn-CO335

and rapamycin had a hollow, fluid filled core rather than solid tissue mass.
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Figure 26. Rapamycin-induced EGFR-targeting of AdSyn-CO335 is more
efficacious than rapamycin alone or with untargeted oncolytic adenovirus in
HS578T xenograft therapy. A) Waterfall plot showing tumor response after
injection of oncolytic adenovirus with 3 weeks of co-administration of rapamycin
treatment at 2 mg/kg every other day. Each column represents one individual
tumor, with data expressed relative to the pre-treatment tumor volume. B) Box
plot showing tumor response after injection of oncolytic adenovirus with 3 weeks
of co-administration of rapamycin treatment at 2 mg/kg every other day. Lines
depict median response, open circles represent outliers. C) Mean tumor volume
change for HS578T xenograft treatment groups. Mice with established tumors
received three intratumoral injections every 4 days or vehicle, AdSyn-CO335,
or AdSyn-C0O442. They subsequently received vehicle or 2 mg/kg rapamycin
treatment on each of the days following virus infection, then on every other
following day after the final virus injection. Error bars represent standard error
of the mean.
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4.3 Immunohistochemistry analysis on xenograft tissue sections

4.3.1 Extensive fibrosis revealed by Gomori staining

Upon virus infection, we see large amounts of fibrosis as the tumors are
regressing. In damaged tissues, macrophages recruit fibroblasts as “scar
tissue” to support a failing structure (reviewed in (120)). This activity of
macrophages is not blocked even at high dosages of rapamycin (8 mg/kg) (Fig.
27). Where the rate of cell death exceeded the ability of fibroblasts to infiltrate
the tumors, we frequently discovered fluid-filled compartments in the tumors
upon resection. At a virus-targeting dose of rapamycin, we don’t anticipate that
the drug would compromise immunogenic activity in the tumor

microenvironment.



82
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Figure 27: Co-administration of AdSyn-C0O335 with rapamycin leads to large
fibrotic scars in tumor tissue. Subcutaneous HS578T xenograft tumors in nude
mice were treated with intratumoral injection of either vehicle or AdSyn-C0O335
on day 1 and 4, and were treated with IP injection of either vehicle, 2, or 8 mg/kg
rapamycin on day 2, 5, and 7. Tumors were resected on day 7, 1 h following
final rapamycin injection and were fixed in 10% formalin. Fixed tumors were
embedded in paraffin wax and sectioned, then stained with Gomori Trichrome.
Images shown at 20x magnification. The nuclei of cells are stained in red, while
fibrotic tissue is stained in blue. A distinct loss of cohesion and heavy fibrosis is
noted in the tumors which were treated with both AdSyn-C0O335 and rapamycin.
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4.3.2 Non-canonical cell death in addition to apoptosis seen in infected cancer
cells

When we stained xenograft tissue sections for cleaved caspase 3, a
marker of apoptotic cell death, we saw an increased number of cells staining
with AdSyn-C0O335 and rapamycin treatment (Fig. 28). Interestingly, we saw a
mix of cells undergoing canonical apoptosis, as well as clusters of large,
rounded, dying cells that are morphologically representative of cells undergoing
viral lysis. We anticipate that both of these forms of cell death are immunogenic,
and may have the benefit of stimulating tumor immunogenicity due to the activity

of viral lysis.
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Figure 28: Co-administration of AdSyn-CO335 with rapamycin shows cell
clearance beyond canonical apoptosis. Subcutaneous HS578T xenograft
tumors in nude mice were treated with intratumoral injection of either vehicle or
AdSyn-CO335 on day 1 and 4, and were treated with IP injection of either
vehicle, 2, or 8 mg/kg rapamycin on day 2, 5, and 7. Tumors were resected on
day 7, 1 h following final rapamycin injection and were fixed in 10% formalin.
Fixed tumors were embedded in paraffin wax and sectioned, then stained for
cleaved caspase 3. Images shown at 100x magnification.
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4.3.3 Effective rapamycin dose does not inhibit S6 phosphorylation

One concern of using rapamycin in a patient are the pleiotropic effects of
the drug, including metabolic inhibition via mTOR and its immunosuppressive
effects. In cell culture, rapamycin has been shown to potently inhibit mMTOR and
subsequently its downstream substrate S6K1. We used S6 phosphorylation as
a sensitive readout for the activity of rapamycin in xenograft tissue sections. In
the low dosage of rapamycin (2 mg/kg) that was able to enhance tumor killing
with AdSyn-CO335, the phosphorylation of S6 is not blocked, which suggests
that the virus can be targeted without invoking some of the canonical inhibitory

effects of rapamycin (Fig. 29).
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Figure 29. Co-administration of AdSyn-C0O335 with rapamycin shows ribosomal
S6 phosphorylation is not inhibited by the low, adenovirus targeting dose of
rapamycin. Subcutaneous HS578T xenograft tumors in nude mice were treated
with intratumoral injection of either vehicle or AdSyn-CO335 on day 1 and 4,
and were treated with IP injection of either vehicle, 2, or 8 mg/kg rapamycin on
day 2, 5, and 7. Tumors were resected on day 7, 1 h following final rapamycin
injection and were fixed in 10% formalin. Fixed tumors were embedded in
paraffin wax and sectioned, then stained for phospho-S6. Images shown at
100x magnification.
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Chapter 5. Discussion and Future Directions

In an ideal scenario of oncolytic virus therapy for cancer, a patient could
receive a systemic injection of a selectively replicating oncolytic virus that could
surveil the body for cancer cells. Shortcomings of such an agent are the
persistence in the blood, and the ability for the virus to infect the cancer cells, in
particular deadly metastatic cancer cells that have undergone epithelial to
mesenchymal transition (EMT) and have lost the native virus receptor. Efforts
to avoid clearance of oncolytic adenovirus from the blood include capsid swaps
to avoid immune recognition, as described in the work by Powers et al. and in
this work we show application of the liver-detargeting mutation in hexon first
described by Alba et al. (119). However, as new types of cancer are identified,
and as existing tumors develop resistance to current therapies, we must be able
to quickly identify and target their weaknesses and lyse them before new

resistance pathways arise.

The engineering of specific mutations in the 36 kb adenovirus genome
has been challenging until recently (Powers et al.), but even with the advent of
powerful molecular cloning techniques, adenovirus is a biological machine that
can only be manipulated up to a point before beginning to lose its potency. We
designed the platform for targeting adenovirus with the goal in mind to preserve
the lytic power of this pathogen that has coevolved with humans for millennia to
be an efficient cell-killing machine. By adding a chemically-controlled targeting

domain on the exterior of the virus particle, we have retained the normal tropism
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and structural integrity of the virus particle, and have gained a new guidance
system that can target the virus, be it oncolytic or gene delivery vector, to any

tissue of choice.

We have demonstrated a proof of principle for a genetically-encoded
switch for adenovirus retargeting in cell culture and in vivo. If this method is
generally applicable, we should be able to target adenovirus to other relevant
tumor, vascular, and other cancer-relevant receptors. This potentially enables
an unprecedented level of control for targeting adenovirus infection, and should
help overcome current limitations in oncolytic adenovirus therapy without

compromising patient safety.

Independently of its potential use as an oncolytic virus, adenovirus is a
widely used gene delivery vector. Its utility would is greatly enhanced by the
ability to target disparate receptors on cells in culture or in animals. A single
amino acid mutation in the rapamycin binding site of FRB eliminates its ability
to bind rapamycin, but allows it to bind rapamycin-homolog AP12953 and form
a heterodimer with FKBP. AP21967 does not inhibit mMTOR, so this retargeting
molecule would be ideal for retargeting Ad infection in applications where the
MmTOR pathway is better left unperturbed. We have constructed the virus
encoding the FRB mutant inserted into fiber, in combination with the EGFRVHH-
FKBP retargeting fusion, and have demonstrated that we can target infection to

EGFR with the rapalog AP21967. We anticipate that this platform can be used
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to target any other desired receptor target where gene delivery is the primary
objective.

In addition, we can target adenovirus tropism independently of genetic
incorporation of the targeting molecule, as we demonstrated by the transient
transfection of the EGFRVHH-FKBP construct into cells that we infected with
AdSyn-C0O207. We show that testing of targeting moieties is possible without
the cloning of new adenovirus genomes and without the need of further capsid
manipulation.

Since the complexity of the targeting domain is independent of
adenovirus assembly, the targeting of adenovirus is unlimited in the translated
peptide space. For example, in addition to nanobodies, which we employed as
a proof of principle in this work, the use of designed akryin repeat proteins
(DARPIns) have also matured as a method to target adenoviruses. Recently
Dreier at al used engineered bispecific trimeric DARPIns expressed in E. coli to
bridge the adenovirus fiber to targeting HER2, EGFR, and EpCAM (63). We
anticipate that like the single-chain antibodies, DARPins could also be ideal
FKBP fusion partners for targeting adenovirus infection. We have yet to tap into
the great deal of resources available for targeting desirable receptor or cell-

surface markers to direct adenovirus tropism.

We have published the strategy of adenovirus targeting using chemically-
induced heterodimers in a US patent entitled, “Selective cell targeting using

adenovirus and chemical dimers,” PCT/US2013/031002.
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The prevalence misregulation of Rb/E2F in almost every human cancer,
including breast cancers, has led to this pathway becoming the subject of great
therapeutic interest (121). We have identified virus mutations in E1A and E4
that mechanistically converge on this pathway that results in highly selective
oncolytic replication, without decreasing the potency of virus replication. We
explored further mutations in E1A and E4 mutations that demonstrate that
greater selectivity can be achieved, but it may decrease the potency of the
oncolytic virus in certain cases. Here we have found a balance where a desired

activity has been met without the need for over-engineering adenovirus.

We anticipate that the oncolytic mutations we describe here can serve
as the foundation on which we can explore limitless potential modification and
arming of the virus to keep it safe and make it a more effective cancer
therapeutic. We have published the method of combining these rational
mutations for the basis of oncolytic adenoviruses in a US patent entitled,

“Oncolytic adenovirus compositions,” PCT/US2014/029587.

We have recently collected a rich RNA-Seq data set to help us more
deeply understand the mechanism of the AdSyn-CO181 selectivity. For
example, we observed that even in proliferating normal cells (Fig. 24), AdSyn-
C0O181 replication is blocked. Additionally, we observed that p16 deletion in
normal cells partially rescues AdSyn-CO181 replication, consistent with the
proposed mechanism of selective oncolytic replication. However, it is known

that while phosphorylation of Rb is thought to release E2F (15), during S phase
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Rb can be found at E2F target promoters (122), and may play a different role
during the normal cell S phase and by the S phase induced by adenovirus
infection. Additionally, the recently reported interaction between E1A and the
anti-viral cGAS-STRING DNA-sensing pathway through its LXCXE motif (115)
may also be another hint as to why the E1A mutation causes such a profound
block in oncolytic replication in normal cells. This introduces the intriguing
possibility that adenovirus may have evolved this binding motif in E1A as a way
to overcome a cellular anti-viral function which resulted in the gain of a
secondary function of driving the cell cycle. Using our RNA-Seq data set from
normal cells and RNA-Seq data we will generate from infected cancer cells, we
hope to more deeply understand how normal cells block replication of AdSyn-

CO181 while cancer cells still fully support replication of this oncolytic virus.

Having a better understanding of the mechanism of selectivity of AdSyn-
CO0O181 should also provide rationale for selecting biomarkers that are the most
relevant for potent oncolytic replication. For example, during this work we have
realized that the E2F-activating function of E4orf6/7 may be phenocopied in a
number of cancers by the amplification of TFDP1 and TFDP2, which are not
canonically considered to be a part of the cell cycle control pathway. In the
cancer genome atlas (TCGA), as examples, we can see that TFDP1 and TFDP2
are upregulated in as much as 3% and 23% in lung squamous cell carcinoma
respectively (Fig. 30). The amplifications of TFDP1 and TFDP2 tend to be
mutually exclusive with other driving mutations, suggesting that they may be

sufficient to drive oncogenesis in some cases. TFDP1 and TFDP2 biomarker
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data can inform on when an oncolytic virus like AdSyn-CO181 will be most
effective, since the cancer cells have rescued the deletion of E4orf6/7 by a
parallel mechanism. Additionally, amplification of these new biomarkers in a
patient would also suggest that they would not benefit from a CDK-inhibiting

drug like Palbociclib (PD0332991) since it acts upstream of the driving mutation.

This work describes the treatment of a challenging metastatic triple
negative breast cancer model HS578T in mouse xenograft tumors, a cell line
that is already very poorly infected by wild type adenovirus. We have tested
retargeting in this in vivo model with the EGFR-targeted oncolytic virus AdSyn-
CO335 to show the utility of retargeting in the most relevant context for oncolytic
adenovirus therapy. We are currently evaluating relevant toxicology models,
exploring the different routes of virus administration, titrating the effective dost
of rapamycin, and testing efficacy of AdSyn-CO335 in another metastatic triple
negative breast cancer (TNBC) model MDA MB 231. We hope to extend these
studies eventually to the clinic to help treat cancers that have not been

responsive to available drugs.

In summary, by applying principals of synthetic biology to engineer new
functions into viruses, we have demonstrated druggable control of therapeutic
oncolytic adenovirus infection with rapamycin or an orthogonal rapalog,
designed and constructed enabling platform technology with modular
components to design vector targeting to specific receptors, discovered new

combination mutations that enhance the replication specificity without



94

decreasing the potency of an oncolytic adenovirus, specifically targeted a
replicating oncolytic virus to cancer cells in vivo using nanobodies, and have

shown a new approach to treating poor-prognosis triple-negative breast cancer.
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Case Set: Tumor Samples with sequencing and CNA data (177 patients / 177 samples)

Altered in 110 (629%) of 177 cases/patients
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Figure 30. Subset of cell cycle control mutations in lung squamous cell
carcinoma in the cancer genome atlas (TCGA) including TFDP1 and TFDP2.



Chapter 6. Experimental Procedures

Cell culture

293 E4 plIX cells (293 E4; Microbix Biosystems Inc.) and human small
airway epithelial cells (SAEC; Lonza) were cultured using established methods
(97). SAEC were rendered quiescent by growing them to 100% confluency
followed by prolonged (8 days) incubation (96). Cancer cell lines MDA MB 231,
MDA MB 415, MDA MB 453, and MDA MB 468 were all maintained in DMEM
(Cellgro) with 10% FBS (HyClone). BT549 and HS578T cells were maintained
in RPMI 1640 (Life Technologies) media with 10% FBS (HyClone).
MDA MB 453 cells were infected with lentivirus, and populations of cells with
stable EGFR knockdown were selected with puromycin (2 pg/ml).
Virus growth and purification

Plasmids containing self-excising whole Adenovirus genomes were
transfected into 75% confluent 293-E4 cells on 6-well plates using XtremeGene
9 (Roche) according to instructions. 2 ug of DNA and 4 ul of transfection reagent
were combined in 100 ul serum free MEM and used to transfect a single well.
Plaques were typically visible 5-6 days post transfection, and the cells and
supernatant from the well were collected together and snap frozen in dry
ice/ethanol. After 3 rounds of quick freeze/thaws, alternating between dry
ice/ethanol and 37°C, cell debris was pelleted at 2000 xg for 10 min. Half
(typically 1 mL) of the supe was then passaged to a 90% confluent 10 cm dish

of 293-E4 cells. Infected cells were typically detached by 48-72 hours post-

96
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infection, and total cells and supernatant collected and snap frozen. After 3
rounds of quick freeze/thaws, cell debris was pelleted at 2000 xg for 10 min and
supernatant passaged to 15x 15 cm dishes of 90% confluent 293-E4 cells.
Infected cells were typically detached by 48-72 hours post-infection, and total
cells and supernatant collected. Cells were pelleted at 300 xg and the
supernatant was discarded. The cell pellet was resuspended in 10 mL of TMN
buffer (10 mM Tris pH 7.5, 150 mM NaCl, 1 mM MgClz2), frozen/thawed 3x, cell
debris pelleted at 2000 xg for 10 min, supernatant removed and spun again at
2500 xg for 10 min, and virus containing supernatant removed. It was then spun
twice over layered CsCI gradients. Virus was diluted to 28 mL total by addition
of 10 mM Tris pH8 buffer and layered onto a gradient of 10 mL of light CsClI
solution (1.2 g/mL density; 22.39 g CsCl + 77.61 mL Tris pH8) underlayed with
10 mL of heavy CsCl solution (1.45 g/mL density; 42.33 g CsCl + 57.77 mL Tris
pH8) in an SW32 rotor tube (Beckman). This was spun at 20K rpm for at least
4 h (no more than 16 h) at 4°C. The lowest formed viral band was pulled using
an 18 gauge needle, diluted to 4 mL with 10 mM Tris pH8, and layered onto a
gradient of 4 mL of light CsClI solution underlayed with 4 mL heavy CsCl solution
in an SW41 rotor tube (Beckman). This was spun at 20K rpm for at least 4 h (no
more than 16 h) at 4°C. The lowest formed viral band was pulled as before and
dialyzed in 3 L of TMN buffer with 10% glycerol for 16-24 h at 4 °C. The virus

was then aliquoted and stored at -80 °C.
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Virus titration

Ad5 viruses were titered by ELISA as previously described (96). Total
virus from media and from cells was harvested, and virus production was
measured against a known standard Ad5 by infecting the complementing cell
line 293E4 which expresses E1 and E4 proteins in trans. The standard was
serially diluted to generate a curve to calculate the number of infectious viruses
in our samples. Adenovirus infection was quantified 48 hours after infection in
situ by ELISA using rabbit polyclonal anti-Adenovirus Type 5 antibody (ab6983,

Abcam).

EGFR-specific nanobody (EGFRVHH)
The gene sequence encoding the EGFR-specific nanobody (EGFRVHH)
was human codon optimized for expression and synthesized by Blue Heron

Biotechnologies based on protein sequences identified by Gainkam et al. (84).

EGFR knockdown with shRNAs

We used the EGFR shRNA B sequence from Engelman et al. and cloned
it into the pLentiX2 puro backbone with two different hairpin linkers (91). These
plasmids were co-transfected with packaging plasmids pRSV.Rev and
pMDLg/p-RRE, and envelope plasmid pVSVg into 293T cells using Xtreme
Gene 9 transfection reagent. Lentivirus-containing media was collected 48 h
post-transfection, and filtered through a sterile 0.45 um filter. Polybrene was

added to 8 pg/ml.
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Retargeting adenovirus tropism with rapamycin

293E4 cells were seeded on to 6-well plates the day before infection at
1EG6 cells/well. The next day cells were counted and infected with MOI 10 virus
(typically AdSyn-C0O205). 24 hours after infection, media was replaced with
growth media containing rapamycin or solvent control. 48 hours after infection,
cells and media were collected and frozen at -80 °C. Target cells were seeded
on 12-well plates at 1E5 cells/well the day before infection with targeted
adenovirus. The next day, frozen aliquots of targeted virus were thawed, and
centrifuged at 1000 RPM for 5 minutes to remove cells and cell debris. Media
was removed from target cells and replaced with 300 ul fresh growth media. 200
ul of virus-containing supernatant was added to each well and the media was
replaced with 1 ml normal growth media after 1 h. 24 h after infection, cells were
washed with PBS, and suspended in trypsin. Cells were pelleted by gentle
centrifugation at 1000 RPM for 3 minutes, and resuspended in 1% PFA for 5
minutes. Cells were pelleted again and resuspended in 500 uL PBS then

guantified for GFP expression by FACS.

CDK4/6 inhibition by PD0332991

A549 (ATCC) lung adenocarcinoma cells were cultured in DMEM
(Cellgro) with 10% FBS. SAEC (Lonza) were grown using established methods
(97). Cells were grown to confluency in 6-well tissue culture plates. 24 hours
before infection, media was replaced containing 1 yM PD 0332991 or with

solvent control. A549 wells were each infected with one of the viruses (AdSyn-
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C0O102, 181, 189, 210) with a multiplicity of infection (MOI) of 10 for total
infection. One hour after infection, media was replaced containing 1 yM PD
0332991 or with solvent control. SAEC were infected similarly with an MOI of
30 for total infection. 24 hours after infection, media was replaced with fresh 1
MM PD 0332991 or solvent control. 48 hours after infection, media and cells
were harvested from each well, and cells were lysed by flash freezing in liquid
nitrogen and stored at — 80° C. Cellular debris was cleared by centrifugation at
1.5K RPM for 5 minutes at 4° C. The plaque forming units (PFU) in the

supernatant was titered by ELISA as previously described (96).

Virus infections and transductions

To examine Ad5 virus growth and protein expression, 6-well plates of
cells were seeded 24 hrs prior to infection so as to be ~90% confluent. In the
case of experiments in SAEC, cells were grown to confluence, and maintained
in growth media for 7-10 d to reach senescence before infection. The day of
infection, one well of cells was counted and virus diluted to the appropriate MOI
in DMEM with 2% FBS. The MOlIs of infection for 293-E4 cells, A549, cells were
10, 30 PFU/cell, respectively. Cells were infected in triplicate in a volume of 1mL
for 2hrs at 37°C, after which the inoculum was removed, cells washed once in
1mL PBS-/- (no Mg?* or Ca?*), and 2mL of fresh media with 10% serum added.
For virus growth, the entire well of cells and supernatant was collected at the

indicated time points, frozen/thawed 3 times, debris pelleted at 2000xg for
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10min, and supernatant aliquoted and stored at -80°C. Aliquots were thawed

and titered via ELISA.

Antibodies and Immunoblotting

Rabbit anti-Adenovirus type 5 (ab6982, Abcam) was used at 1:10000
dilution, mouse anti-B-actin clone AC-15 (Sigma) was used at 1:5000 dilution,
rabbit polyclonal anti-EGFR antibody (ab2430, Abcam) was used at a 1:500
dilution, rabbit monoclonal anti-CDKN2A/p16INK4a antibody EP4353Y(3)
(ab81278, Abcam) was used at 1:2000 dilution, rabbit polyclonal anti-E2F1
antibody (ab14768, Abcam) was used at 1:1000 dilution, rabbit monoclonal anti-
CDK1 antibody [EPR165] (ab133327, Abcam) was used at 1:10000 dilution.
Secondary Alexa Fluor conjugated antibodies (Life Technologies) were used at
1:20000 dilution.

To prepare cellular samples for immunoblotting, cells were placed on ice
and washed 2x with cold PBS-/-. Cells were then lysed in RIPA buffer (10mM
Tris pH7.4, 150mM NaCl, 1mM EDTA, 1% Triton X-100, 1% deoxycholic acid,
1mM NaF, 0.1mM NasVO4, 1ImM DTT, 0.1% SDS, and complete mini protease
cocktail (Roche)) for 30min on ice. After lysis, cell debris was pelleted at
20,000xg and supernatant removed to a new tube. Protein was quantified with
Bio-Rad DC Protein Assay according to manufacturer’s instructions and an
equal protein amount was run on a Novex 4-20% Tris-Glycine gel (Life
Technologies). Proteins were transferred to nitrocellulose, membranes blocked

for >1hr in TNT buffer (50mM Tris-Cl pH8, 150mM NacCl, 0.1% Tween-20) with
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5% dry milk, probed with primary antibody in TNT buffer with 1% dry milk,
washed 1x15min and 4x5min with TNT buffer, probed with secondary
antibodies in TNT buffer with 1% dry milk and 0.01% SDS, washed 1x15min
and 4x5min with TNT buffer, and imaged using an Odyssey Imager (Li-Cor). To
prepare purified viral particles for immunoblot or coomassie, an equal particle
number of each virus was diluted in viral lysis buffer to a final concentration of
10mM Tris pH 7.5, 1mM EDTA, and 0.1% SDS. SDS-PAGE loading dye was

added and samples run on gels and processed for immunoblot as above.

PCR and self-ligation

Standard PCR conditions were as follows unless otherwise noted: 50pl
final volume including 1x Phusion HF Buffer, 200 uM each dNTP, 0.5 uM each
primer, 20 ng template, and 1U Phusion High-Fidelity DNA polymerase (NEB).
Thermocycler conditions were 98°C for 1min, 35 cycles of 98°C for 10sec, 55°C
for 30sec, and 72°C for 20sec/kb, with final extension of 72°C for 5min and hold
at 12°C. PCR products were designed to have 22 bp homology for combining
with Gibson assembly. Assembled plasmids were transformed into DH10B

competent cells, plasmids are screened by restriction digest and sequencing.

Mice and Tumors
HS578T (ATCC-HTB-126; American Type Culture Collection, Manassas,
CA) breast cancer cells were cultured as recommended by the supplier. Female

5-week-old athymic mice (J:NU #007850; The Jackson Laboratory, Bar Harbor,
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ME) were housed under protocols approved by the Salk Institutional Animal
Care and Use Committee. Xenografts were initiated by subcutaneously injecting
HS578T cells (5E6 cells suspended in 0.2 ml of BD Matrigel Matrix; BD
Biosciences, Bedford, MA) into the left and right flank under anesthesia
(Isoflurane).

Two perpendicular tumor diameters (I and w) were measured weekly to
follow tumor progression. Tumor volumes were calculated by use of the
modified ellipsoid formula where vol = 1/2 (I * w?) (123, 124).

Two months after implantation, 48 mice with 86 tumors with a volume of
270 + 17 mm?3 (mean + SEM) were included in the study and randomized into
treatment groups with similar mean-sized tumors (n=6 to 8). Not all injections of
HS578T successfully established tumors. On days 0, 3, and 6, mice were
injected intratumorally with 2E8 PFU of adenovirus diluted in 50 ul PBS. AdSyn-
CO335 is an oncolytic adenovirus that expresses a fiber protein with an inserted
FRB sequence and expresses FKBP fused to a nanobody which recognizes
EGFR (EGFRVHH). AdSyn-C0O442 has all the features of AdSyn-C0O335, but
does not express EGFRVHH. Rapamycin (Lot ASC-127; LC Laboratories,
Woburn, MA) diluted in 100 uL 5% Tween 80/5% PEG400 was administered by
I.P. injection on days 1, 4, 7, and every other day thereafter at either 2 or 8
mg/kg dosages. Body weight was monitored for toxicity, and tumor sizes were
measured while blinded to treatment groups. Mice were sacrificed if tumors
were greater than 20 mm in any dimension or showing other signs of significant

tumor burden.
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Statistical Analysis

Statistical analyses were performed using R Statistical Software 3.2.0 (The R
Foundation, Vienna, Austria) with guidance from the NIST/SEMATECH e-
Handbook of Statistical Methods (http://www.itl.nist.gov/div898/handbook,
5/28/2015). Outliers were identified using the extreme studentized deviate
procedure with 95% confidence interval, assuming normal distribution verified
visually by a Q-Q plot. Analysis of variance (ANOVA) was used to test for
significant differences between mean tumor volumes of treatment groups at

each time point data was collected.
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