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Abstract

Checkpoint inhibitors have been regarded as a milestone in cancer therapy due to the
imminent success in the clinics. Among such checkpoint inhibitors, PD-L1 antibodies
have shown outstanding clinical efficacy and have been approved for the treatment
of more than 14 different type of cancers. Despite the success, only 14% of patients
are eligible for PD-L1 antibody therapy and from them only 44% respond. Therefore,
a clear improvement of such therapy is required. Such antibodies are not able to elicit
effector mechanisms due to point mutations in the IgG Fc-region removing binding to
Fc-y receptors. This is done because of safety concerns, since PD-L1 expression is not
solely limited to the tumor but widely expressed on different types of healthy cells.
Nevertheless, in vivo studies have shown that arming PD-L1 checkpoint inhibitors with
Fc-regions able to elicit effector mechanism leads to increased tumor killing. In need
of enhanced PD-L1 checkpoint inhibitors, in this thesis we developed two powerful
PD-L1 checkpoint inhibitors able to elicit Fc-effectors mechanisms of both an IgG1 and
IgAl. Moreover, to limit side effects we used oncolytic adenoviruses as biological
carries to express and limit the secretion of the PD-L1 checkpoint inhibitors to the

tumor.

Oncolytic adenoviruses have a specific tumor-tropism that can be utilized to
express any desired gene of interest to the tumor microenvironment. Nevertheless,
the current methods using homologous recombination to clone oncolytic
adenoviruses are time-consuming and inefficient. In Study |, we designed and tested
a novel cloning method, called GAMER-Ad, which utilizes the Gibson assembly method
rather than homologous recombination for cloning. To test GAMER-Ad, we designed
three oncolytic adenoviruses to express CXCL9, CXCL10 or IL-15. GAMER-Ad was
shown to be a viable strategy to clone oncolytic adenoviruses in the period of 2-3 days.
Also, the cloning method did not affect the oncolytic/replication fitness of the viruses
and yielded functioning viruses able to express the corresponding gene. GAMER-Ad

was then used in the following studies to clone all oncolytic adenoviruses.
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In Study Il, we developed an oncolytic adenovirus (Ad-Cab) able to secrete a
PD-L1 checkpoint inhibitor able to elicit Fc-effector mechanisms of an IgG1 and IgA1l.
The expressed checkpoint inhibitor consisted of PD-1 ectodomain (able to bind to
murine and human PD-L1) connected to a cross-hybrid IgGA Fc-region (contains heavy
chain regions of an IgG1 and IgA1). The virally released cross-hybrid Fc-fusion peptide
was able to activate PBMCs, PMNs, complement proteins and macrophages not
usually done by either IgG1 or IgA antibodies solely. The engagement of multiple
effector mechanisms did lead to an enhanced tumor killing by Ad-Cab compared to
PD-L1 antibodies with an IgG1 or IgA Fc-region when all immune components were
present. This enhancement was also translated in vivo since Ad-Cab outperformed
conventional PD-L1 antibodies with various tumor models (4T1, CT26 and A549). This
enhancement was attributed to an increased activation of NK cells and reduction of
myeloid derived suppressor cells in vivo. Moreover, Ad-Cab was shown not to require
CD8+ T cells for in vivo efficacy unlike the conventional PD-L1 antibodies used. As
expected, no signs of toxicity were observed since no reduction in weight was
observed in mice and the Fc-fusion peptide was limited to the tumor. Therefore,
arming PD-L1 antibodies with Fc-effector mechanisms of an IgG1 and IgAl leads to
higher tumor-killing and safety concerns can be circumvented using oncolytic

adenoviruses.

Further building on Ad-Cab, in Study Il we designed Ad-Cab FT which had the
same Fc-fusion peptide designed in Study Il but with four-point mutations in the IgG
region. These point mutations increased the affinity towards activating Fc-y receptors
leading to higher NK cell activation. At higher concentrations, Ad-Cab FT had similar
levels of tumor lysis as Ad-Cab when PBMCs were added. However, at lower
concentrations Ad-Cab FT induced higher tumor killing than Ad-Cab with PBMCs. This
enhancement was not shown with PMNs or complement activation. Due to the high
activation of PBMCs at lower concentration, Ad-Cab FT outperformed Ad-Cab in vivo
when low doses and reduced administrations of the virus was given. With Ad-Cab FT
treated mice, a higher activation of NK cells in the tumor microenvironment was
observed compared to Ad-Cab treated mice. Hence, Ad-Cab FT represents a

potentiated therapy with potential use in the clinic.
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Taken together, this thesis has highlighted the importance of eliciting multiple
immune populations to enhanc tumor killing with PD-L1 checkpoint inhibitors and
potentially with other therapies. The IgGA Fc-region may be used in other antibody-
based therapies to further increase tumor killing and subsequently clinical efficacy.
Finally, oncolytic adenoviruses have demonstrated in this thesis to be excellent

biological carriers, limiting the toxicity of dangerous anti-tumor agents.
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1. Introduction

The pronunciation of the word cancer may alarm the majority, if not all, of the people. This is
simply because of its serious health effects which has brought it to be the second leading
cause of death, after cardiac conditions'?. Scientific surveys from the UK in 2019 have
observed that the public’s main support for scientific research concerned cancer research’.
Analysts perceive this wide support towards the subject as an eager awaited miracle drug that
could cure cancer. Yet, as our understanding of cancer grows the discovery of such miracle

drug seems to be lost hope.

Cancers have shown to have a dense complexity regarding its biology. In 2000,
Hanahan and Weinberg published one of the most cited reviews in the cancer biology field
describing the hallmarks of cancer®. Six hallmarks were described to oversimplify the needed
characteristics for a successful tumor growth. Based on such hallmarks, traditional therapies

were developed ranging from radiation, chemotherapy, and targeted therapies.

To this day, radiation and chemotherapy represent one of the most used therapies for
the treatment of cancer’. The main mode of action of such therapies is the direct tumor cell
lysis via different mechanisms. This may be perceived as old fashioned since the mode of
action has seen not to be that effective in eradicating full tumors and accompanies serious
adverse effects. Moreover, these therapies have a growing list of serious side effects
detrimental to patients. In spite of this and as our understanding of cancer biology grew,
targeted therapies took the stage since they were more effective and saferS. Targeted
therapies consist of molecules that exploit certain biological difference among healthy and
cancer cells allowing for selective targeting. Nevertheless, advancements in genomic
sequencing have demonstrated that cancer is not a monogenic disease yet a complex and
heterogenous disease’. This explains why the use of targeted therapies targeting single

molecules have not shown an overwhelming success as once expected.

After a decade from the Hanahan and Weinberg review, the authors updated the list
of hallmarks by adding two new hallmarks: reprogramming energy metabolism and evading

immune responses®. The latter hallmark consists of a crucial interplay where the immune

21



system has the capabilities to recognize and kill cancer cells. Hence, tumor cells have
developed multiple strategies to overcome immune recognition. Also, tumor cells have
shown to induce a tumor-promoting inflammation. As a result of this, a novel era of
treatments was developed enhancing the immune system to recognize cancer. In 2013, the
world-renowned science journal, Science, dubbed such treatment as “breakthrough of the
year” due to the significant impact in the clinic’. These treatments offer the use of the
patient’s own immune system to induce anti-tumor response able to sustain a long-lasting

anti-tumor killing.

As successful as immunotherapies have been described, looking at the statistical
numbers a very small minority (20-40%) of people do benefit from them!®. Multiple reasons
have been formulated over the years concerning why most of the patients do not respond.
Nevertheless, a need to improve such treatments is required. This thesis will provide novel
strategies to further improve immunotherapies using both antibody structures and oncolytic

adenoviruses.

2. Cancer Immunotherapies

Our immune system has a significant role in keeping the integrity of our health. Besides its
obvious role in protecting against pathogens, it has a more unobtrusive but highly crucial role
in cancer prevention and defence. Already in 1909, Paul Ehrlich postulated that the power of
the immune system may be harnessed to control cancer. It was proposed that immune cells
are constantly surveilling cells throughout the body, able to recognise and eliminate incipient
cancer cells and therefore halt the production of nascent tumours'!. This was validated by
striking results where immunocompromised individuals had an increased risk in developing
certain cancers'2. Furthermore, mice models with defective T cells and NK cells were shown
to be more susceptible to cancer'3. However, according to such logic, tumours that appear
and progress in otherwise healthy individuals should be able to somehow resist or evade
elimination by the immune system. Further research indeed indicated that the tumour

microenvironment was immunosuppressive and cancer cells are able to develop multiple
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immune evasion strategies!“. In spite of this, boosting the immune system has been the major

target for drug development in the treatment of cancers for the past decade.

Our immune system has a well-known ability to distinguish between self and non-self,
especially in the case of infection or malignancy. This process is called immune surveillance
and it is crucial in eliminating hundreds of newly formed malignant cells on a daily basis. This
process is divided into three parts; elimination, equilibrium and escape'. The first phase
consists of a dynamic process of cancer immunoediting in which immune cells recognize
tumor cells expressing immunogenic antigens'®. This then allows the immune cells to
recognize and kill tumor cells. However, not all of tumor cells are immunogenic leading them
to not be recognized by immune cells. This adds a bottle neck pressure inducing a positive
selection of tumor cells with reduced immunogenicity. These cells then enter the final stage
of escape since they are unharmed by the immune system and can proliferate

uncontrollably!®-!8,

In spite of this, the main objective for cancer immunotherapies is to redirect the
immune system towards these cells with reduced immunogenicity!®. The current cancer
immunotherapies in the clinic can be divided into two groups based on mechanism of actions:
passive or active immunotherapies. Active immunotherapies involve the direct activation of
a tumor-specific immune response. While passive immunotherapies are molecules that are

given to patients that cannot induce them on their own.

2.1. Passive immunotherapies

In many patients, the ability to induce a proper anti-tumor immune response is hindered by
factors of immunosuppression. Thus, passive immunotherapies try to overcome such
limitation by fighting cancer directly. These molecules endow intrinsic antitumoral activity
and can indirectly or directly target tumor cells. In this section these types of molecules will

be further explained.
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2.1.1. Cytokines

Cytokines are small molecules expressed by both inflammatory and non-inflammatory cells
to coordinate inflammation and other immune responses. In cancer, these molecules have
been administered to patients in order to stimulate anti-cancer immune responses in an un-
specific way. Two main cytokines that will be discussed are interleukin-2 (IL-2) and

granulocyte and macrophage colony stimulating factor (GM-CSF).

IL-2 is a pluripotent cytokine able to stimulate the immune system in many ways.
However, one of its crucial roles is in the activation of both natural killer (NK) cells?® and T-
cells?23, In specific, high levels of -2 can induce T cell expansion and activation for interferon
gamma (IFN-gamma) production?*. A recombinant form of II-2, marketed as Proleukin®, has
received FDA approval for the use in metastatic renal cell carcinoma (RCC)* and metastatic
melanoma?®. Clinical data has shown that from 270 metastatic melanoma patients, 16% of
patients showed objective responses while 6% showed complete response?’. Similar results
also were seen in metastatic RCC, objective responses were seen in 15% of patients and 8%
of patients showed complete responses?®. Moreover, a clear increase in NKand T cell
activation was observed in most of the treated patients. Hence, currently in the clinic
Proleukin® is still being tested with other potential synergistic molecules to further improve
clinical responses. Nevertheless, systemic administration of IL-2 has been associated with
several life-threatening toxicities due to an increased inflammation?. In spite of this, several

strategies are being developed to ensure a targeted release in the tumor microenvironment.

One other widely used cytokine in the clinic is GM-CSF. Compared to IL-2, GM-CSF
works with other types of cells in specific antigen presenting cells (APCs). For example, mice
defective in GM-CSF had a decrease proliferation and maturation of dendritic cells (DC) and
macrophages leading to an increase susceptibility to bacterial infections. In 2005, Kurbacher
et al. treated 19 cancer patients suffering from breast and female reproductive tract
carcinomas with recombinant GM-CSF3!. Only one patient had a complete response while six
others had a partial response. The main mode of action was shown to be attributed to the
activation of DCs and increased antigen presentation. A recombinant protein of GM-CSF

(called Sagramostim) showed a 100% overall response rate with chronic lymphocytic
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leukemia patients when combined with chemotherapy??. Yet, with chronic myeloid leukemia
it was discontinued in all patients due to severe adverse events33. Currently, Sagramostim is
not used in the treatment of cancer but as a supportive care medicine. Multiple clinical trials

are on-going testing Sagramostim with different cancer immunotherapies combination.

2.1.2 Adoptive cell therapy (ACT)

One other form of passive cancer immunotherapy may come in the form of infusing activated
immune cells into patients. This is called adoptive cell therapy**3® and can be divided into two
subtypes: adoptive tumor-infiltrating lymphocytes (TILs) and genetically engineered T cells
expressing specific T cell receptors (TCRs)/chimeric antigen receptors (CARs). Both these
therapies share a common step which is the preconditioning lymphodepletion regimen
before treatment. With the use of cyclophosphamide, patients undergo lymphopenia and
neutropenia in order to prevent such endogenous cells from attacking injected activated

immune cells3®.

TIL therapy is not a novel form of treatment but can be dated back to 1994 being used
in metastatic melanoma?’. This therapy consists of isolating tumor-specific T cells within the
tumor microenvironment and further expand them ex-vivo. Various regimens for expansion
have been described, but the most common is the use of high doses of IL-2. Currently such
therapy has been approved by the FDA for metastatic melanoma. Yet, multiple clinical trials
are undergoing with different type of expansion regimens or in combination with other

treatments.

Other than TILs, scientists have tried to increase the armamentarium of T-cells by
genetically engineering them to express specific TCRs or CARs>®. In both cases, T cells are first
isolated through leukapheresis using peripheral blood. Once T cells have been isolated, using
a lentiviral vector a transduction is performed to facilitate expression of a TCR or CAR.
Following transductions, these cells are then expanded using high doses of IL-2 and are then

ready to be re-infused in patients.
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Other than the structure, TCRs and CARs give T cells a different way of killing tumor
cells. TCRs are made of a3 heterodimers with each chain consisting of variable and constant
region domains. These receptors associate with CD3 in the surface membrane and recognize
major histocompatibility complexes (MHC) loaded with an antigen which induces activation
and killing of the tumor cell?*#%, As for CARs, these receptors consist of an antigen binding
domain, consisting of single-chain variable fragment (scFv) from an antibody, which is
connected to an intracellular signaling domain causing cell activation*’. Thus, killing of a
tumor cell occurs in a MHC-independent fashion where the scFv portion of the receptor binds
to its specific epitope it triggers T cell activation via its signaling domain*®. This is a clear
advantage over the conventional TCR killing since one of the most prominent immune-escape
mechanisms a tumor poses the downregulation of MHC from its surface*!. Yet, CAR-based T
cells are more toxic than TCR based*2. Both forms of treatments can cause neurotoxicity and

cytokine release syndrome (CRS), yet with CAR-based T cell therapy it is more severe®?.

From this kind of treatments the only form that has been accepted currently for use
in the clinics is a CAR-based T cell, Kymriah®. Its consists of a CAR receptor binding to CD19

and is used for B-cell acute lymphoblastic leukemia.

2.2.3 Antibody Therapy

Antibody therapy in cancer has been one of the most successful types of therapies used in
the clinic to treat hematological and solid tumors. The advancement of antibodies in cancer
therapy can date back to 1890 when first described as neutralizing substances against
diphtheria®’. It was later seen that these substances had a specific property in recognizing
specific epitopes and were secreted by our own cells, in specific plasma B cells**. It was then
hypothesized that each plasma B cell clone was able to produce one specific antibody*®. This
concept led to the discovery of novel methods able to sequester unique B cell clones in order
to obtain monoclonal antibodies*”*8. This technology allowed for the screening of thousands
of monoclonal antibodies to identify high-affinity monoclonal antibodies against any desired
tumor-associated antigen. The first clinical trial using an antibody began in 1980 for
lymphoma patients***. Sadly, such antibodies provided poor clinical efficacy since a human

anti-mouse antibody (HAMA) response was elicited once infused into patients. Therefore, to
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optimize antibody therapy, techniques to humanize antibodies originating from mice were
developed. These techniques included cloning the murine derived variable chains (chimeric)
or complementary determining regions (humanized) into human antibody formats. Recent
techniques have now allowed for the generation of full human antibodies by using transgenic
mice or yeast-phage display®'2. As a result of such advancements, antibody therapy has
become the most type of drug sold for pharmaceutical purposes.

Antibodies are able to directly kill target cells by disrupting or activating receptor
signaling. This activity is pertinent to the Fab regions of an antibody which are responsible for
binding. However other than direct cell killing, antibodies are also able to orchestrate host-
immune response to induced immune-mediated cell death. This dual mechanism of action
has made antibody therapy powerful and safe compared to other conventional therapies. This

section will describe the structure of an antibody and its use in cancer therapy.

2.2.3.1 Antibody structure

Antibodies are large structures made up of four polypeptides, two heavy and two light chains,
joined together via disulfide bonds to give a “Y” shaped structure (Figure 1). Both heavy and
light chains are made up of two regions: the variable and constant domains. Light chains
consist of one variable domain (VL) and one constant domain (C.) while heavy chains
compromise of one variable domain (Vu) and four constant domains (Cu1, Cu2, C43 and Cud).
Furthermore, based on structure, antibodies can be classified into two Fab (Fragment
antigen-binding) regions and an Fc (Fragment crystallizable) region. The Fab region
compromises of the full light chain and part of the heavy chain (Vi and Cy1) which give the
tips of the “Y” shape. The rest of the constant heavy chain domains make up the Fc region
which forms the stalk of the “Y” shape.

The variable regions of both the heavy and light chain are then subdivided into four
framework regions and three hypervariable regions. The amino-acid composition of the
hypervariable regions is the most varied from antibody-to-antibody. Once these regions fold
into three B-strands they are then referred to as complementary-determining regions (CDR)
since the shape complements the targeted epitope. The CDRs from the heavy and light chains
determine the antibody-binding side but the framework regions also play a minor role. As for

the Fc region, it compromises of Cu2- Cud and has a vital role for modulating immune cell
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activity. Immune effector cells can bind to the Fc-region of an antibody through the Fc-

receptors subsequently activating effector functions.

e
Fab Regions
—_— \
Complementary
g Deterimining
&} Regions
Fc Regions

CH3

Figure 1. The structure of an antibody. Antibodies are made up of two identical heavy chains and light
chains. The heavy chains are connected to each other via disulfide bridge and the light chains are connected
to the upper part of the heavy chains. Both heavy and light chains consist of variable (V) and constant
regions (C). The heavy chain contains three constant domains (CH1-CH3) and one variable domain
(VH) while the light chain has one constant domain (CL) and one variable domain (VL). Moreover, the
variable chains have three complementary determining regions which dictate the specificity of the
antibody. Antibodies can also be classified into two structures; the Fc and Fab region. The Fc regions
contains the CH2 and CH3 domains and is important to elicit Fc-effector mechanisms. The Fab regions
compromise of CH1, VH, CL1 and VL regions and are important for epitope binding. Figures were created
with BioRender.com.

2.2.3.2 Heavy and Light chains of Antibodies

In mammals, two types of light chains of an antibody exist called lambda and kappa.
No functional differences have been described for both these chains which are used to build
an antibody complex. However, the antibody complex contains two identical light chains, and
no mix of kappa and lambda chains usually occurs within one antibody. The proportions of
each chain used varies among species and can serve as markers of abnormal proliferation of

B cell clones?3.
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As for heavy chains, in mammals there exists five different chains called alpha, gamma,
delta, epsilon and micro which give rise to five different antibody classes such as IgA, IgG, IgD,
IgE and IgM, respectively. Contrary to light chains, the antibody classes differ in many
functional activities, biological properties, and location. This is mostly due to the differential
binding of different Fc-receptors since IgA, 1gG or IgE bind to Fc-a, Fc-y, or Fc-g receptor
respectively. These receptors are distinguished based on what type of immune cells express
them and signaling properties, explaining the antibody class functions (Figure 2). For example,
Fc-€ receptors are found on eosinophils, mast cells and basophils explaining the associated

role in allergic responses.

Name
Fc-yRI Fc-yRlla FcyRIlb FcyRllc FcyRllla Fc-yRIlb Fc-aR
CDe64 CD32a CD32b CD32c CD16a CD16b CD89
Structure n “
ITAM ITIM
Function | Activating Activating Inhibitory Activating Activating Inhibitory Activating
Monocytes Monocytes B-cell
Macrophages| Macrophages| Monocytes Monocytes NK cells Basophils | Macrophages
Expression Neutrgphlls Neutrophils Macmph?ﬁes Macrophages | Monocytes Neutrophils | Monocytes
Dendritic bc Neutrophils | “Neutrophils | Macrophages Neutrophils
cells Basophils DC Eosinophils
Mast cell Mast cell Basophils
Eosinophil
Platelet

Figure 2. The distrubion, structure and function of Fc receptors. The different types of Fc-y and Fc-a
receptors found in humans. All activating Fc receptors contain an immunoreceptor tyrosine-based
activation motif (ITAM) while inhibitory Fc receptors have an immunoreceptor tyrosine-based inhibitory
motif (ITAM) or none. Figures were created with BioRender.com.

2.2.3.3 Direct tumor killing using monoclonal antibodies

As previously mentioned, cancer antibodies have a dual mechanism of action consisting of
either direct killing or inducing immune-mediated cell death of opsonized cancer cells. Cancer
cells heavily depend on pro-tumor growth and survival signaling provided by different growth
factor receptors. Antibodies can perturb such signaling by manipulating the activation or
blocking ligand binding subsequently leading to cell death. An example of ligand blocking is

the clinically approved Cetuximab, a monoclonal antibody binding to epidermal growth factor
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receptor (EGFR). EGFR is highly overexpressed on many different types of cancers and when
activated can induce proliferation, migration, and invasion of tumor cells>*>’, Cetuximab
binding to EGFR has been seen to disrupt ligand binding and consequently lead to apoptosis
of tumor cells®®>°, Human epidermal growth factor receptor 2 (HER2) is another growth
receptor overexpressed by tumor cells to sustain proliferation®. In specific, HER2
overexpression has been highly seen in ovarian and breast cancer®. Unlike EGFR, HER2 has
no known ligand and is activated by heterodimerization to other growth receptors®!.
Trastuzumab, a clinically approved monoclonal antibody against HER2, has been shown to
disrupt this heterodimerization, consequently leading to tumor cell death®2. Trastuzumab has

been a clinical success in in treating HER2+ breast cancer patients®.

2.2.3.4 Complement-dependent cytotoxicity

Antibodies can interact with the complement system through the Fc-region to activate the
classical component cascade®?4. Once antibodies bind to the target ligand, the available Fc-
regions are then able to bind complement protein, C1q. Hexamerization of near-by antibodies
allows for efficient C1q binding, which then activates C1r and C1s%>%, Activation of C1r and
C1s leads to the proteolytic cleavage of C4 and C2 to initiate the complement cascade and
subsequently complement dependent cytotoxicity (CDC)%%, However, only 1gG and IgM
antibodies are able to elicit CDC since they are the only antibody isotypes that have a Clq
binding site. Nevertheless, IgA antibodies have also been observed to elicit CDC via the
classical pathway, despite not having a Clq site%”:%, Yet, this has only been seen in B-cell
lymphoma cells and the mechanism has been attributed to other receptors in the B-cell able
to bind to Clq.

As an effector function, CDC has been shown to be required for in vivo efficacy. Mice
having the genes encoding for C1q knocked out showed no clinical efficacy with anti-CD20
antibody, rituximab®. Also, follicular lymphoma patients with known polymorphisms in the
C1gA gene reducing CDC activity have been correlated with low clinical response to
rituximab?. Despite these results, Fc-engineering to increase CDC activity has been
extensively done and a successful example of this has been anti-CD20 antibody, ofatumumab.
Ofatumumab has been engineered to have an increased ability to hexametrize and bind to

Clq subsequently leading to higher CDC activity’'. This enhancement translated into better
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clinical outcomes since ofatumumab outperformed rituximab in chronic lymphocytic

leukemia patients’.

2.2.3.5 Antibody-dependent cell phagocytosis

Macrophages express a variety of Fc receptors and in concrete Fc-yRIl (CD32) and Fc-yRI
(CD64) allowing for interaction with 1gG antibodies against cancer (Figure 2)73. This interaction
can then lead to cell death through a process called antibody-dependent cell mediated
phagocytosis (ADCP)’*. The role of ADCP in clinical efficacy has not been very well studied but
there has been some evidence demonstrating a role in antibody efficacy. For example, rats
having their macrophages depleted lost significant response towards monoclonal antibody
therapy against colon carcinoma’. Similar results were also shown with SCID-BEIGE mice
transplanted with xenografts and treated with monoclonal antibody therapy’®. These specific
mice do not have B or T cells and defective NK cells which then makes macrophages a primary
effector immune cell and ADCP the main effector mechanism. These mice showed an in vivo
clearance of leukemic cells when treated with daratumumab, an anti-CD38 antibody. ADCP
efficacy in the clinic was also shown when 11 out of 12 of multiple myeloma patients showed
ADCP when cells were cultured and treated with daratumumab in vitro’®.

A reason for why ADCP has not been so clearly correlated with antibody efficacy could
be due to the expression of SIRPc. and CD47 on macrophages and tumor cells, respectively.
The interaction among both receptors leads to a “don’t eat me” signal which downregulates
ADCP activity”’. Blockage of this axis has been shown to increase antibody therapy by
enhancing ADCC activity. Currently, SIRPc and CD47 blockers are being tested in the clinic

together with various antibody therapies’”.

2.2.3.6 Antibody dependent cell mediated cytotoxicity

In 1965, antibody opsonized cancer cells were shown to be killed via a non-phagocytic
mechanism termed antibody-dependent cell mediated cytotoxicity (ADCC)’%. This effector
mechanism can be elicited from different types of immune cells such as NK cells, neutrophils,
monocytes, and eosinophils”. However, the way cell death is elicited differs among cells and

can range from release of cytotoxic granules, reactive oxygen species release or Fas/FasL
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signaling®®-%2. The clinical relevance of ADCC was first described in 2000 where Clynes and
colleagues showed that rituximab and trastuzumab relied on ADCC for efficacy®’. Moreover,
it was later seen that mice lacking FcyRs or certain mutations limiting ADCC did not respond
to monoclonal antibody therapy®*. Within the population, polymorphisms in Fc-yRIIA
(CD32a)% and Fc-yRIIIA (CD16a)® exist causing an increase in IgG affinity and subsequently
ADCC activity. In several clinical trials with rituximab, it was seen that patients with such
polymorphisms had a better clinical response®’%°. Similar results were also shown with
cetuximab?® and trastuzumab®'?? treating colorectal cancer and metastatic breast cancer,
respectively. Further confirming such results, patients with higher response to trastuzumab
also demonstrated higher ADCC activity compared to patients not responding®.

Since all the cancer antibodies in the clinic are of the IgG isotype, Fc-yRs are the main
receptors that mediate ADCC. In humans there exists six different types of Fc-yRs which can
be divided into activating (Fc-yRI, Fc-yRIIA, Fc-yRIIC and Fc-yRIIIA) and inhibitory (Fc-yRIIB and
Fc-yRIIIB) receptors®. As the name indicates, the activating receptors elicit ADCC while the
inhibitory receptors downregulate effector mechanisms. With IgG therapy, NK cells are the
main population that elicit ADCC and this due to type of Fc-yR expression (Figure 3). NK cells
express only one Fc-yR which is the activating Fc-yRIIIA explaining its importance for ADCC
mediated by 1gG®. Other myeloid and granulocytic cells also express activating Fc-yR but also
higher levels of inhibitory Fc-yR. For example, inhibitory Fc-yRIIB expression on neutrophils is
seven to five times higher than Fc-yRIIA%. This has been shown to have a negative role on
mediating ADCC because of the competition with Fc-yRIIA?"%8, This heavy reliance on NK cell
for ADCC has been shown to limit efficacy. This is because NK cells have been seen to undergo
exhaustion fast and not able to elicit ADCC*. Only 24 hours later NK cells gain the ability to
elicit ADCC again®.
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Figure 3. IgG1 effector mechanisms. When an IgG antibody opsonizes a cancer cell it can elicit various
effector functions. It can interact with C1q complement protein leading to the formation of membrane
attack complex (MAC) leading to CDC. The Fc region can also bind to activating Fcy-Rs on NK cells or
macrophages to elicit ADCC or ADCP, respectively. Neutrophils express a high level of inhibitory Fcy-Rs
leading to very little activation. Figures were created with BioRender.com.

2.2.3.7 IgA for cancer therapy

Due to the limitations the I1gG isotype poses, preclinical studies have been conducted
on the development of cancer therapeutic mAbs with isotypes different from IgG. A potential
candidate isotype is IgA (Figure 4). This antibody is the most prominent immunoglobulin
isotype found in mucosal sites and the second most frequent antibody isotype in serum, after
1gG!%, It consists of two different isotypes; IgAl and IgA2 with the latter comprising three
allotypes; IgA2m(1), IgA2m(2) and IgA2m(n). IgA interacts with immune cells via binding to
Fc-aR (CD89)'%, Such receptor is expressed on cells of the myeloid lineage such as
neutrophils, monocytes, distinct macrophage populations and eosinophils'®. Initial ADCC
experiments with bispecific IgG1-antibodies where one of the F(ab’), fragments was directed
at the FcaR receptor and the other to a target antigen highlighted the potential use of IgA

antibodies in the context of malignancies!°!. Various reports have also shown that IgA mAbs
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directed at different tumour antigens showed an increased ability to recruit PMNs as effector
cells compared to 1gG'9%1%, This emphasises that IgA antibodies are able to employ a distinct
effector population of immune cells against tumour cells compared to IgG. Furthermore, IgA
antibodies mediate macrophage dependent tumour cell killing comparable to 1gG!?. It has
been suggested that IgA mAbs are not able to activate the complement system due to the
lack of a C1g-binding site!'%. However, certain studies have shown that IgA antibodies'? or
lgG-fab fragments directed against CD20'!° have been able to elicit CDC of malignant B-cells
through the classical pathway. The mechanism behind it is thought to be due to

rearrangements in the IgM or IgG B-cell receptor (BCR) of malignant B-cells'!?

exposingits Clq
binding site mediated by the clustering of CD20 after IgA binding. The FcaR represents an
advantage over FcyRs since it does not have any inhibitory receptors and no polymorphisms

have been reported. This implies that more predictable responses are

NK cells

Neutrophils

Y
IgA antibody Activating
Fca-R

Figure 4. IgA effector mechanisms. IgA effector mechanisms differ from IgG antibodies. IgA antibodies do
not activate CDC, since they do not have a C1q binding site, or NK cells since they do not express Fca-R.
The Fc region of IgA binds to Fca-R on neutrophils cells or macrophages to elicit ADCC or ADCP,
respectively. However since NK cells do not express Fca-R, IgA antibodies do not activate such immune
population. Figures were created with BioRender.com.
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achievable with IgA. Finally, antibody internalisation occurs less frequently with IgA compared
to IgG. These advantages highlight the potential use of the IgA isotype in the development of

therapeutic mAbs.

2.2.3.8 IgA and IgG combinational therapy for cancer

Despite the advantage of IgA, this isotype is not able to capitalize on NK cells or complement
activation. To maximize on every effector population possible, scientists have tested whether
combining 1gG and IgA enhanced tumor killing. Bradsma and colleagues showed that using
both IgG1l and IgAl antibodies directed at different TAAs (Tumor Associated Antigens)
induced higher killing than the individual antibodies when NK cells and neutrophils were
present'!'. However, when the IgG and IgA antibodies were directed towards the same TAA
this enhanced effect was not seen. It is hypothesized that it could be due to the competition
towards the same TAA leading to one isotype dominating in binding. Further building on this
work, TrisomAB was then developed which consisted of an IgG1 antibody directed towards a
TAA and Fc-aR!'%. TrisomAB was shown to increase tumor killing when both NK cells and
neutrophils were present. This data then further supports the use of both antibody isotypes

in the treatment of cancer.

2.2.3.9 Fc-fusion peptides

Antibodies are large complexes which make them very hard to diffuse into large tumors'!3.
Moreover, production is very complex and costly which inflate the price in the clinic!'3.
Regarding such issues, a novel type of antibody-based therapeutics have been developed
compromising of peptides fused to an Fc region!!*!1¢, These peptides can be of very small
size and bind to any desired target. However, when these peptides are administered
systemically, they have a very short half-life due to rapid renal filtration. Attaching Fc-regions,
in specific of the IgG region, increases the half-life of the peptides due to binding of Fc-
neonatal receptors'!’. Moreover, the Fc-regions can also provide Fc-effector mechanisms
such as CDC, ADCC or ADCP. Currently, there are six Fc-fusion peptides approved in the clinic
used for thrombocytopenia, kidney transplants and inflammatory diseases such as arthritis or

psoriasis''*. Currently, no Fc-fusion peptides have been approved for the treatment of cancer.
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However, many Fc-fusion peptides against cancer have been described and entered clinical
testing. For example, a bispecific peptide fused to a Fc of an IgG against HER-1 or HER-2 has
showed high anti-tumor efficacy'!%. Moreover, the IgG Fc portion was able to elicit Fc-effector

mechanisms of a normal IgG antibody.

2.2 Active Immunotherapy

In contrast to passive, active immunotherapies are molecules that are used to induce or
revitalize anti-tumor responses in vivo. This then requires patients to have an active and

responsive immune system for successful treatment.

2.2.1 Checkpoint inhibitory therapy

In the thymus, the life of a T cell begins by proliferating and creating a diverse repertoire of
TCRs. In order to maintain homeostasis, the immune system needs to distinguish between
self and non-self. T-cells go through an initial selection process called central tolerance. In this
process T-cells that strongly react to self-peptides, presented by thymocytes, undergo
apoptosis. T-cells that weakly respond to self-peptides are released as naive cells to circulate
into secondary lymphoid organs. Antigens presenting cells (APC), specifically dendritic cells
(DC), are then able to present naive T-cells either with foreign antigens (under infection
conditions) or mutated self-proteins (under malignancy conditions) resulting in T-cell
activation. However, some of the activated T-cells have TCRs which are still able to cross-react
with self-antigens. To prevent cross-reactivity to self, multiple checkpoint pathways are
present during the steps of activation to prevent autoimmunity. Also, checkpoints prevent
the immune system to over activate during the course of infection. This process has been
termed peripheral tolerance and two main constituents that take the centre of this process
are the membrane receptors CTLA-4 and PD-1. Although CTLA-4 and PD-1 have a common
function, they are present in different stages of T-cell activation. CTLA-4 is called the “leader”
of the immune checkpoints since it regulates the activation of naive T-cells in lymph nodes.
Contrary to CTLA-4, PD-1 acts in later stages since it regulates already activated T-cells in the

peripheral tissues.
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2.2.1.1 The CTLA-4 axis

Activating naive T-cells in the thymus is a complex process that requires more than one signal.
In addition to TCR binding to peptide-loaded MHC, several co-stimulatory signals are required
for full T-cell activation. An appropriate amount of co-stimulation from either B7-1 (CD80) or
B7-2 (CD86), expressed on APCs and binding to CD28 on T cells, is required for activating naive
T-cells which then leads to IL-2 production. Stimulatory signals from CD28:B7 also lead to the
localisation of CTLA-4 to the surface of T-cells!'?. Even though CTLA-4 is a homologue to CD28,
it has a higher affinity towards B7 providing competitive binding that results in decreased
CD28:B7 interactions (Figure 5). The interaction between CTLA4 and B7 does not produce a
stimulatory signal required for naive T-cell activation'?’. Some data has suggested that CTLA-
4 has signalling capabilities able to counteract CD28:B7 stimulatory signals. Other inhibitory
mechanisms have also been proposed such as direct inhibition at the TCR immune synapse'?°
or causing an increased T-cell mobility causing a decreased contact frequency with APCs!?!,
Thus, CTLA-4 is seen as an inhibitor of the co-stimulation usually supplied by the interaction
of CD28 and B7. Whether a naive T-cell undergoes activation or anergy is dependent on the
balance between CD28:B7 and B7:CTLA4 signalling. What determines this balance still
remains a mystery but multiple mechanisms such as ligand competition between B7 and
CTLA-4, regulatory cytokines and CTLA-4 signalling has been proposed!??. When the balance
is tilted towards the negative B7:CTLA-4 signalling, IL-2 production is halted preventing cell

cycle progression'?3,
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Figure 5: CTLA-4 suppression. Naive T-cells migrate to lymph nodes to become activated. Activation is
usually provided by both MHC (loaded with an antigen) and co-stimulation from B7 (interacting with CD28)
provided by a DC. After early stimulation, CTLA-4 is translocated to the surface of DCs which then competes
with B7 to bind to CD28 and downregulates T-cell activation. Whether a naive T-cells undergoes activation
or anergy is dependent on the balance of between CD28:B7 and B7:CTLA4 signalling. Figures were created
with BioRender.com.

As previously mentioned, CTLA-4 is upregulated on the surface of naive T-cells after
CD28:B7 or TCR:MHC binding. Before such stimulation is provided, CTLA-4 is present in the
cytoplasm of the cell within vesicles'?*. CD28 and TCR stimulation causes the exocytosis of the
CTLA-4-containing vesicles, leading to the upregulation of CTLA-4 on the surface. This process
is under a positive and graded feedback loop where stronger TCR and CD28 stimulation

increases CTLA-4 translocation.

The importance of CTLA-4 in maintaining homeostasis was shown in adult mice, where
abrogating CTLA-4 expression caused a systemic inflammation and formation of organ-
specific autoantibodies. Moreover, congenital CTLA-4 deficient mice died due to
lymphoproliferation!?>. Similar observations were also shown in humans where patients with
CTLA-4 deficiencies suffer from various autoimmune and autoinflammatory diseases. CTLA-4
is not only expressed on naive T-cells but also on regulatory T cells (Tregs). Unlike in naive T-
cells, CTLA-4 is constitutively expressed on Treg cells!?®. This constitutive expression of CTLA-
4 makes Treg cells key players in maintaining peripheral tolerance. For example, mice with

Treg cells with impaired CTLA-4 had impaired suppressive functions'?’

2.2.1.2 CTLA-4 inhibiton for the treatment of cancer

The rationale behind inhibiting CTLA-4 for treating cancer is not a novel idea but has been
reported back in 1996'?7. Using preclinical models, it was shown that the blockade of CTLA-4
led to anti-tumour immunity. Mice administered with CTLA-4 antibodies rejected pre-
established or injected tumours. Moreover, the rejection resulted in immunity against a
second tumour challenge. This was further supported by other studies where administering
CTLA-4 antibodies to mice with a pre-established B16-BL6 melanoma resulted in tumour
clearance!?®. Based on such preclinical evidence, two CTLA-4 antibodies, ipilimumab and
tremelimumab, were developed and entered clinical development. Despite acceptable

tolerance and durable responses in patients!?>!3°, tremelimumab did not show statistical
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significance in overall survival (0S) in a phase llI trial with advanced melanoma patients'3!.
However, it is disputed that this may have been due to the crossing over of patients from the
chemotherapy-only treatment arm to the chemotherapy and tremelimumab treatment arm.
Ipililumab on the other hand has been successful in two phase Il trials with advanced
melanoma patients'?%133, While the median survival improved minimally, the success of
ipililumab was in the remarkable increase in landmark survival after treatment. After 2 years,
18% patients treated with ipililumab in combination with vaccination against the cancer-
specific protein gp100 were alive compared to 5% of patients receiving gp100 vaccination
alone. In addition, pooled data from clinical trials testing ipililumab in advanced melanoma
patients showed that 20% of patients had a long-term survival of at least 3 years!3*. Not only
confined to advanced melanoma, ipililumab has also succeeded with other malignancies.
Pancreatic cancer patients receiving ipililumab had an increase in OS compared to patients
receiving chemotherapy only'33. In addition, it also resulted in responses with prostate cancer

patients!3°,

While the anti-tumour mechanisms of CTLA-4 antibodies are not well understood,
the generally believed hypothesis is that blocking CTLA-4 causes an increased activation of
proliferation of effector T-cells accompanied with a decrease in activated Treg cells!*’.
Supporting this hypothesis, good responses in melanoma patients was attributed to a wide
and diverse pool of T-cells'*®. However, other studies observed that a baseline T-cell diversity,
before treatment, was associated with higher OS in metastatic melanoma patients!3.

Therefore, pre-existing conditions might be prognostic markers for CTLA-4 blockade anti-

tumour efficacy rather than post-treatment induced artifacts.

2.2.1.3 PD1/PD-L1 axis

Similar to CTLA-4, PD-1 is part of the CD28/B7 family of co-stimulatory receptors. It is
expressed on effector T cells and regulates them by binding to its ligands, PD-L1 and PD-L2,
which are expressed by both hematopoeitic and non-hematopoeitic cells (Figure 6).
Activation of PD-1 leads to the phosphorylation of both its intracellular immunoreceptor
tyrosine-based switch motif (ITSM) and immunoreceptor tyrosine-based inhibitory motif

(ITIM). The phosphorylation of these motifs attracts phosphatases, such as SHP-2, that are
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able to terminate signalling cascades of both CD28 and TCR!'“’. This then inhibits the
proliferation and survival of T-cells and production of IL-2, INF-y and tumour necrosis factor-
o (TNF-a). Hence, PD-1 is able to terminate TCR signalling and reduce T-cell activation. PD-1
is not constitutively expressed on T-cells but rather is a marker of “exhaustion”. After high
levels of stimulations from CD4+ T-cells, effector T-cells start to express PD-1 in order to

prevent over-activation'*!

. This exhaustion state is commonly observed both in chronic
infections and cancer. Therefore, this causes the suboptimal control of infections and cancer
progression. For example, mice chronically infected with cytomegalovirus had virus specific
CD8+ T-cells present. Yet the T-cells were ineffective since they did not produce cytokines
upon antigen challenge. This was also shown in metastatic melanoma patients where

exhausted CD8+ T-cells were ineffective in tumour clearance.

Effector
T cell Tumor

DC cell

Figure 6: PD-1 inhibition. PD-1 is usually expressed on effector T-cells and binds to either PD-L1 or PD-L2.
PD-L1 can be expressed both on immune cells and tumours. Therefore, PD-1 can inhibit effector T-cells at
different stages of an immune response. After PD-L1 is activated by the receptor, they can initiate a
signalling complex able to counteract MHC and B7 signalling. Figures were created with BioRender.com.

Expression and the location between PD-L1 and PD-L2 are different. PD-L1 is expressed
on many types of tumours and associated with poor prognosis and high TILs!4?. PD-L2 resides
on DC and monocytes but also on non-immune cells depending on the microenvironment.
This contrasting distribution of PD-L1 and PD-L2 causes distinct biological effects when each
ligand is bound to PD-1. For example, natural killer T cell (NKT) activation under PD-L1 or PD-
L2 signalling were opposing'**. Moreover, PD-L1 and CD80 interaction decreased T-cell

response unlike when PD-L2 was blocked, an increased T-helper 2 cell (Th2) activity was
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noted'**. These opposing biological effects provide an explanation on the toxicity levels

caused by inhibiting PD-1 and has highlighted the use of PD-L1 inhibitors.

Even though CTLA-4 and PD-1 have similar negative effects on T-cells, there are key
differences between the checkpoints. CTLA-4 controls the activation of naive T-cells in lymph
nodes whereas PD-1 controls T-cells in the effector phase in the periphery tissues. CTLA-4
expression is confined to T-cells, unlike PD-1 that is expressed on T-cells, B-cells and myeloid
cells. Furthermore, the expression and distribution of checkpoint ligands differs. B7 is
restricted to professional APCs while PD-L1 and PD-L2 are expressed on leukocytes, non-
hematopoeitic cells, and non-lymphoid tissues!4’. These differences indicate that CTLA-4
down regulates T-cell responses early on in an immune response while PD-1 limits T-cell
response later during the effector stage. This then causes different effects in vivo when each
receptor is inhibited. Blocking CTLA-4 causes an increase in activation and proliferation of
effector T-cells regardless of TCR specificity while PD-1 inhibition leads to restoring proper T-

cell functions.

2.2.1.4 Targeting the PD-1 axis in cancer therapy

After the success in targeting CTLA-4 during cancer, many antibodies have been designed to
disturb the PD-1 axis for a similar purpose. Although the antibodies differ in structure
(antibody isotype and chimerised/humanised), they can be categorised in two main groups:
antibodies targeting the PD-1 receptor and antibodies targeting the ligand PD-L1. PD-1
antibodies such as nivolumab and pembrolizumab were shown in a phase | clinical trial with
advanced melanoma, non-small cell lung cancer, renal cell carcinoma and other tumours to
be tolerable and result in high durable responses!4®147, Results from three phase Il clinical
trials with advanced melanoma have been published'#®10 |n all three trials the OS was
significantly higher in patients receiving nivolumab. In addition to melanoma, renal cell
carcinoma patients treated with nivolumab had an OS of 25 months compared to 19.6 months
in patients receiving the current standard treatment, everolimus (mTOR inhibitor). Similar
results were also shown in a phase IlI trial with non-small cell lung cancer. The mechanism
behind the anti-tumour effects of PD-1 blockade, which occurs during the effector stage of T-

cells, involves re-activating peripheral T-cells that have been “exhausted” due to the high
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exposure of tumour antigens. Many studies have reported that PD-1 is expressed on
TILs'#7151, Thus, PD-1 inhibition allows the suppressed TILs to gain back their anti-tumour
properties. However, a recent study indicated that ipililumab response was associated with
levels of expression of PD-L1 on tumour cells'>2, When PD-1 is inhibited, the interaction
between PD-1:PD-L1 is blocked yet PD-L1 is still able to inhibit T-cells by binding to CD80, a
second receptor for this ligand. To overcome such limitation, PD-L1 antibodies have been
generated and are able to disrupt both PD-1:PD-L1 and PD-L1:CD80 interactions. These
antibodies are also able to keep intact the interaction between PD-1 and PD-L2, required for
self-tolerance and thus leading to lower toxicities. Three PD-L1 antibodies (Atezolizumab,
Durvalumab and Avelumab) have been clinically approved and have shown durable responses

and less toxicity levels in a variety of tumours!'3.

2.2.1.5 Fc silencing of checkpoint inhibitors

The Fc-region of antibodies provides the ability to elicit Fc-effector mechanisms which are
crucial for clinical efficacy. With respect to checkpoint inhibitors, it has been a subject of
debate. For CTLA-4 checkpoint inhibitor, ipilimumab, Fc-effector mechanisms pertinent to the
IgG1 isotype has been correlated with clinical efficiency. Advanced melanoma patients with
Fc-yIlIA polymorphism V158F increasing IgG1 affinity, have been shown to respond better to
ipilimumab!%. Silencing Fc-effector mechanisms by changing the Fc-isotype or adding point
mutations have seen to reduce in vivo activity of CTLA-4 inhibitors. The mechanism behind
this has been argued to be the depletion of immunosuppressive Treg populations. However,
opposite results were seen with PD-1 checkpoint inhibitors where Fc-effector mechanisms
have lowered the in vivo anti-tumour activity'>>. PD-1 checkpoint inhibitors with competent
Fc regions able to elicit Fc-effector mechanism were shown to deplete crucial CD8+T cell and
CD4+ T cell populations'>®. These results explain why all of the PD-1 checkpoint inhibitors
approved in the clinic are of the IgG4 isotype, an isotype that elicits low levels of ADCC and
CDC, and have a S228P mutation decreasing Fc-yR binding. This reduction in Fc-effector
activity then prolongs CD8+T cell binding which subsequently increases anti-tumour activity.

As for PD-L1 checkpoint inhibitors, a safety concern over the addition of Fc-effector
mechanisms exists. This is because PD-L1 expression is not solely limited to tumor cells but

also can be expressed on healthy cells!*°. In result, the opsonisation of healthy cells with an
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antibody able to elicit Fc-effector mechanism can be deleterious. Out of the three approved
PD-L1 inhibitors, atezolizumab and durvalumab have point mutations in the IgG1 Fc-region
that remove Fc-yR binding. However, in vivo data has shown that arming such checkpoint
inhibitors can increase anti-tumor efficacy!>. This was attributed to an increased clearance
of tumor cells but also immunosuppressive immune populations. Therefore, a strategy to

increase Fc-effector mechanism while maintaining safety concerns is required.

2.2.2 Cancer Vaccines

Vaccines have been a major milestone in preventing life threatening infectious diseases. The
concept of being able to induce an immune response resulting in a protective immunological
memory against cancer is ideal. Not only could this prevent or treat cancer but also help in
tumour relapse. Nevertheless, cancer genomics has shown the complexity in achieving this
since most of the tumour antigens being highly expressed on tumours are also shared among
healthy cells. TAAs such as HER-2, glycoprotein (gp) 100, Telomerase and others are ideal
antigen candidates due to their immunogenic properties, yet are expressed on healthy
tissue!¥”-138_ This lack of specificity is concerning due to the “off-target” effects that can be
very toxic to a patient. However, in 2010 the first therapeutic cancer vaccine, Sipuleucel-T,
was approved by the FDA for asymptomatic or mildly symptomatic metastatic prostate
cancer'>, This vaccine consisted of isolating the patients PBMCs and expanding/activating
them ex-vivo using the commonly known TAA called prostatic acid phosphatase (PAP). The
approval of such cancer vaccine stimulated other vaccine platforms to be investigated in the
clinic. For example, BioNTech have developed a novel RNA lipoplex complex, called FixVac,
coding for different TAAs'®, Such platforms are able to selectively target dendritic cells to

induce an appropriate antigen presentation allowing for an effective T-cell immune response.

The perfect type of cancer vaccine would include an antigen selectively expressed on
tumour cells. The genome of cancer cells is unstable and undergoes many genetic
modifications such as somatic mutations, deletions, duplications and other processes. Due to
such instability, neoantigens arise from cancer cells that are not found in healthy cells. Hence,

such antigens then represent ideal targets for cancer vaccines. Nonetheless, these antigens
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are not very immunogenic and fail to induce a sustainable immune response. The first clinical
trial evaluating a neoepitope based vaccine was with stage Ill cutaneous melanoma patients.
These patients were injected with A*02:01-specific neoepitopes and a specific CD8+ T cell
response was observed!¢!, Yet, this activation was modest and was not very effective in
controlling tumor growth. This field is still a hot topic with multiple type of strategies trying

to further strengthen immunogenicity.

2.2.3 Oncolytic viruses

Oncolytic viruses are able to selectively replicate in tumor cells, while leaving healthy cells
unharmed, where malignant pathways have been activated or disrupted!'®?. Additionally,
since these viruses are able to stimulate systemic host immune responses, via the interactions
with pathogen pattern receptors'®?, they can modify the immunosuppressive tumor
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microenvironment and enhance anti-tumor immune responses. '°*. This dual mechanism OV

possess makes them interesting therapy agents.

These viruses have been genetically modified to conditionally replicate in cells in
which specific cellular pathways are disrupted. This then allows OVs to infect both healthy
and tumor cells and only replicate in tumor cells in which cellular pathways are compromised,
but be recognized and cleared by healthy cells by the intrinsic immune system. However,
studies using immunocompetent and immunocompromised mice have shown that the direct
oncolysis of such viruses is not enough to induce tumor clearance!>. After tumor lysis, various
TAAs are released and made accessible by nearby DCs'%. Such TAAs are then able to be taken
up, processed and presented on MHC complexes allowing for adaptive tumor-specific tumor
responses to be formed. This mechanism of action has been shown to be key for a successful
response. Many different types of DNA and RNA oncolytic viruses have and are currently
under clinical development and testing. In this literature review, a specific focus will be drawn

into adenoviruses to be used as OVs.

3. Adenoviruses and their roles as cancer therapies
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3.1 Adenoviruses

Adenoviruses were first discovered when scientists were investigating adenoid cells'®’. They
observed that these viruses featured a double-stranded DNA genome of about 36kb packaged
into a capsid with an icosahedral shape. Adenoviruses are medium sized, around 100nm,
particles with a non-envelope capsid composed of a penton, hexon and fiber knob domain all
required for attachment and entry. There has been 57 different serotypes identified to date

which can be subdivided into 6 groups (A-F).

Unlike many other viruses, adenoviruses circulate through humans during the whole
year and are endemic in children. The mode of transmission of the virus is through water and
fomites. Owing to their success of infection, adenoviruses are resilient to harsh environments
due to their resistance to chemical and physical agents. For example, the resistance to gastric
acid and biliary secretions has allowed such viruses to infect the gastrointestinal tracts'¢®.
Moreover, adenoviruses can withstand being outside the host for up to three weeks. To our
advantage, despite causing flu-like symptoms these viruses rarely induce serious disease in
healthy human but can be generate illness in immune-compromised patients. No animal

reservoirs have been identified making the virus hard to study due to low animal models to

mimic disease!®’.

The infection process starts off with the protein-interactions between the adenovirus
capsid and host-cellular membranes. The adenovirus capsid is comprised of 240 hexons and
12 pentons. Other minor components such as plX, pVIIl, pVI and Illa are also present in the
capsid. The pentons, which consists of complex of five polypeptide lll, provide the base for
the trimeric fiber to attach. The fiber contains the knob-fiber domain that is then responsible
for attaching to host-cellular membranes. The receptor that the fiber binds to depends on the
serotype but the main ones include the coxsackie adenovirus receptor (CAR), desmoglein-2
or CD46!7-173 After initial binding, the pentons in the adenovirus interact with the host-cell
integrins (cwPs or auPs), leading to activation of certain signaling proteins (GTPases,
phosphoinositide-3-OH kinase and MAPK) which induce the uptake of the virus particles via

clathrin-coated vesicles!.
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Once inside the vesicles, the acidification of the endosome cues for dismemberment
of the viral capsid by proteolytically cleaving protein VI'73. After endosomal escape, the
resulting virion is released and transported to the nucleus with the help of dynein and
microtubules which interact with capsid proteins (mu, proteins VIl and V). Once the
adenovirus genome reaches the nucleus, the transcription of genes begins and is divided into
two phases; early and late. The early phase consists in the transcription and translation of
early gene products (E1A, E1B, E2, E3 and E4) which help in the replication of the adenovirus
DNA genome. Moreover, the products of the early genes also then induce the expression of
late genes (L1, L2, L3, L4 and L5). The late gene products are required for virion assembly since
they represent the structural proteins.

After the genome has been replicated and the structural proteins expressed, virion
assembly begins with the hexons and pentons clustering with multiple scaffolding proteins
(L4 22-33K)!7°, This induces the insert of the viral DNA inside the virion structure and the final
maturation of the virus by the release and cleavage of precursor proteins (L1 52-55K)!7°. The
whole replication process of the adenovirus usually takes 24-36 hours and can yield about

10,000 virions per cell to be released'”>.

3.1.1 Adenovirus genome, replication, and machinery behind it

Despite the small genome of 30-36 kb in length, adenoviruses can encode for multiple genes
due to the overlapping open reading frames, alternate splicing, and ability of transcription
from both strands of the genome.!”” As described previously, the early gene products are
responsible for genome replication and mainly consist of the preterminal protein (pTP), DNA
polymerase (Ad Pol) and DNA-binding protein (DBP). The late genes of the adenovirus include
proteins involved in virion assembly and encapsulation and are only expressed once the early
genes are. The multiple late genes are usually arranged in the adenovirus major late
transcription unit (MLTU) which consists of five regions, L1-L5, and are under transcriptional
control of the major late promoter (MLP)!78-182 Other than the early and late genes, the
adenovirus has also two other gene products, pIX and 1Va2, which are often described as
intermediate genes since they are not in the MLTU but facilitate the expression of the late

genes.
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The adenovirus genome is flanked by inverted terminal repeats (ITR) which
compromise of around 100 bp each. These ITRs contain a ~50 bp origin of replication which
is made up of a core origin and auxiliary origin'®3. The core region provides the binding site to
pTP and and Ad Pol while the auxiliary region provides for cellular transcription factors nuclear
factor 1 (NF1) and OCT-1!%%. Moreover, near the ITR regions the adenovirus genome has a
packaging sequence () which is required for encapsulation in virions!>1%0, Finally, to the 5’
ends of the genome terminal proteins (TP) is covalently attached which protects the DNA
from degradation.

Genome replication starts with the formation of the pre-imitation complex which
consists of multiple protein-protein and protein-DNA interactions (Figure 7). Firstly, Ad Pol
will covalently attach to pTP via the dCMP nucleotide on its S580 amino acid position!87-188,
Following Ad pol binding, DBP then binds to the core origin which then further facilitates the
binding of Ad Pol and NF1 to core origin and auxiliary origin, respectively. NF1 and OCT-1 are
not necessarily required for genome replication but rather enhance replication. After, Ad Pol
dissociates from pTP and the formation of the nascent strand can then begin. This is marked
with the dissociation of the pre-initiation complex and allowing DBP to unwind the dsDNA
and allowing Ad Pol to form the nascent strand. Interestingly, displaced ssDNA can anneal to
itself via the intramolecular/intermolecular interactions of the ITR regions which create
dsDNA origins of replications. Hence, both dsDNA and ssDNA can be used as replication

intermediates to increase the genome copy number.
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Figure 7. Adenovirus genome replication. DNA replication begins with the pTP-Pol complex invades and
serves as a primer to begin DNA replication (1). Pol protein then begins to synthesize the new DNA strand
and displaces the original strand (2) which is then coated with DBP. As soon as the first strand is completed
it can then be used for template recycling (3). The displaced strand covered in DBP then circularizes because
of the complementary ITR regions (4). The circularized DNA strand is then used as a template and evaded
by the pTP-Pol complex to begin the synthesis of the complementary strand (5 & 6) until completion (7).
Figures were created with BioRender.com.

3.1.2 Adenovirus-host cell interactions and selective replication

Adenoviral replication cycle is facilitated by the interactions between viral and cellular-host
proteins . During the replication cycle of adenovirus, the virus must sequester various cellular
proteins to help in genome replication, transcription, and translation. Moreover, while doing
so it also has to fight off the intrinsic pathways of the host cell that are designed to shut off
cell machinery, induce apoptosis and clear the virus. Therefore, adenoviruses have multiple
proteins aiding in facilitating all these processes. Due to the understanding of such
mechanisms, scientists have been able to come up with genetic modification allowing
adenovirus to conditionally replicate in tumor cells'®. This section will describe these crucial
interactions and how scientists have taken advantage of them to create conditionally

replicating adenoviruses (CrAd).
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For the adenovirus to start replicating its genome, the cell must be directed into S-
phase!'?’. The adenovirus expresses Ela protein which is responsible in doing so by interacting
with retinoblastoma protein (pRb). Under normal conditions, pRb can control the cell-cycle
by interacting with DNA-binding transcription factor E2F'°!. This interaction restricts E2F from
binding to DNA and promoting cell replication. E1la can bind to pRB and restrict its interaction
with E2F!2, This then leads to E2F to be dissolved and bind freely to DNA and promoting
transition into S-phase. Usually in malignant cells, the mechanisms controlling cell replication
are defective to sustain cell growth. The majority of cancers have a deficient pRb protein and
consequently an E2F roaming freely!®. In consequence, adenoviruses do not require Ela to
replicate in tumor cells and it becomes non-essential. Therefore, removing or rendering E1A
defective can lead to a selective replication of adenoviruses in tumor cells (deficient in pRb
proteins) while unable to replicate in healthy cells due to pRb. A 24 base pair deletion in the
E1A protein has been previously described causing the protein unable to bind to pRb!®2.
Various clinically tested oncolytic adenoviruses apport this mutation making them selectively
replicate in tumor cells and have been shown to be safe.

After adenovirus infection pushes cells into the S-phase, p53 accumulates as a
response to induce apoptosis to control cell growth!®. To circumvent this, adenoviruses
express E1B 55k, E4 orf6 and E1B 19K which are all able to interact with p53 directly or
indirectly to avoid apoptosis!®>. Nevertheless, apoptosis might be disrupted but E1B 19K
induces autophagy at the end of the viral replication cycle to release virions. Like pRb, p53 is
also mutated in most cancers which prompts for a different strategy to induce selectivity in
replication for adenoviruses. Deletion of the E1B gene induces adenoviruses to replicate in
tumor cells while leaving healthy cells free!*°. This deletion has also been noted to be clinically
safe with different oncolytic viruses, such as ONYX-015 and H101, and in some countries they

have been approved as therapy'?1%7.

3.1.3 Arming oncolytic adenoviruses

As mentioned previously, even though oncolytic adenoviruses can directly infect selectively
tumor cells and induce oncolysis this is not enough for clinical efficacy. The release of TAAs

from oncolysis leading to a vaccination effect is required for a successful treatment. However,
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a major limitation from achieving such clinical efficacy is the absence of anti-tumor immune
cells and/or preventing their anti-tumor functions. One of the key advantages of using
oncolytic adenoviruses is the ability to turn “cold” tumors with poor immune infiltration into
“hot” tumors with high immune infiltration'®. Yet, the amount of immune stimulation
provided seems not to be enough to sustain clinical efficacy or tumor elimination. Despite
this, researchers have armed oncolytic adenoviruses with various molecules ranging from
cytokines, antibodies, bi-specific antibodies (BiTEs) and more (Figure 8). Other than
expressing adequate levels of immunomodulatory molecules, the oncolytic tropism of the
virus may help in circumventing toxicity issues by limiting expression in the tumor

microenvironment with minimal leakage to the periphery.

One class of molecules that has been used to arm oncolytic adenoviruses are co-
stimulatory molecules. An example is the arming of oncolytic adenoviruses with two immune-
activating ligands CD40L and OX40L!°*2%2, CD40L when secreted can interact with CD40
present on APCs and enhance their antigen presentation and co-stimulation capacity®®.
Moreover, OX40L binds to OX40 found on T cells and induces the survival and homeostasis of
memory T-cells?**, Another strategy, was arming oncolytic adenovirus LOAd703 with CD40L
and 4-1BBL*%. The interaction of 4-1BBL with 4-BBL among T cells and APC lead to the
increase of T-cell proliferation and activation. LOAd703 has been tested in clinical trials
against many solid tumors and, interestingly, with pancreatic cancer it has been seen to
reduce myeloid derived suppressed cells (MDSC) and increase memory T cells in many

patients.

The release of cytokines and chemoattractants from oncolytic viruses are a successful
strategy to increase immune cell homing to the tumor. The only FDA approved oncolytic virus
in the clinic, T-VEC, compromises of a herpes simplex virus expressing GM-CSF?%, This
cytokine helps in the maturation and antigen presentation of APC, leading to better induction
of T-cell immune responses. A similar version of T-VEC exists, but rather than a herpes simplex
virus an adenovirus is used with the 24 base pair deletion in its E1A, previously described, to
express GM-CSF2%7, Such virus, called ONCOS-102, is under clinical evaluation and was seen
to increase CD8+T cells circulation but more importantly antigen-specific CD8+ T cells in

mesothelioma and multiple peritoneal malignancies?®®. Many oncolytic adenoviruses have
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been used to locally express various cytokine such as IL-2 and tumor necrosis factor o (TNF-
a), IL-18, IL-24 or IL-12 in order to potentiate anti-tumor immune responses. Other than
cytokines, chemokines such as CXCL9 and CXCL10 have also been cloned in oncolytic

adenoviruses to recruit T-cells2%.

BiTEs are small molecules which consist of two scFv directed at different tumor
antigens. Convential BiTEs usually have one of their scFV directed towards CD3 while the
other towards a TAA. These BiTE’s main mechanism of action is bringing CD3+ T cells into
close proximity of tumor cells and induce MHC-independent killing?!. These BiTEs have been
shown to be excellent therapies for the treatment of lymphomas and leukaemias. For
example, Blinatumomab, against CD3 and CD19, is the first BiTE to be approved by the FDA
for the use of B-maligancies®'!. However, for solid tumors it has been seen not to be effective
since their half-life in blood is short-lived, which consequently requires constant infusion of
treatment leading to systemic toxicities. Yet, oncolytic adenoviruses have shown to provide
excellent platforms to deliver BiTEs locally and persistently in solid tumors. Enadenotucirev is
one of the first oncolytic adenoviruses to express a BIiTE, which was directed towards TAA
epithelial cell adhesion molecule (EpCAM) and CD32?!'2. Other than just targeting TAA, a similar
oncolytic adenovirus expressing BiTE was also constructed but directed towards fibroblast
activation protein(FAP) which is found on cancer-associated fibroblasts?!3. The combination
of both viruses demonstrated enhanced anti-tumor efficacy and T cell recruitment and

function.

The systemic administration of checkpoint inhibitor has been associated with many
adverse events. To further improve the safety profile, checkpoint inhibitors have been
packaged into the genome of oncolytic adenovirus. Checkpoint inhibitors against CTLA-4214
and PD-L1%" have been cloned into oncolytic adenoviruses and have shown to be effective in
controlling tumor growth with a high safety profile. Yet, a limiting factor that needs to be
addressed with this strategy is that adenovirus has low capacity for cloning long transgenes
in the genome. Hence, cloning whole antibodies consisting of a heavy and light chain can

affect the viral fitness.
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Figure 8. Enhancing oncolytic adenoviral therapy. Oncolytic adenoviruses have a specific tumor-tropism
which can be utilized to arm such viruses with immunomodulatory genes. This then leads to the
expression and secretion of the immunomodulatory proteins in the tumor microenvironment which
increases immune infiltration. Figures were created with BioRender.com.

3.1.4 Construction of adenoviral vectors

The use of adenoviruses for gene therapy, vaccines and cancer immunotherapies has
increased throughout the years. This entails the engineering of adenovirus to express any
gene of interest (GOI), a process that has been modified several times in order to optimize
the procedure. The classical approach that many scientists have used, is the cloning the GOI
in a shuttle plasmid containing a 5’-ITR, a packaging signal and sequence of homologous
recombination?'®2!7, This shuttle plasmid is then transfected into HEK293 cells with an
adenovirus vector for homologous recombination to occur and create an adenovirus genome
incorporating the GOI. Another used method is the cloning of the GOI into a similar shuttle
plasmid but the homologues recombination sequence is substituted with LoxP site(s)?!8. This
shuttle is then transfected into HEK293 cells with an adenovirus genome containing LoxP
sites. The shuttle vector and adenovirus genome are then joined via Cre recombinase-

mediated recombination. A separate cloning method is the use of shuttle vector containing a
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5’-ITR, a packaging signal and sequence of homologous recombination flanking a kanamycin
resistance gene. After the GOI is added to this shuttle, it is linearized and transfected into
bacterial cells (BJ5183) along with an ampicillin-resistant adenovirus backbone?!°. Colonies
are then screened based on kanamycin resistance and the final adenovirus containing the GOI
product is linearized and transfected into HEK293 cells.

Each cloning system presented here are well characterized, reproducible and easy to
design and carry out. However, these methods are very time consuming and it can take up to
6 months or more to obtain the final product. This is because homologous recombination has
very low efficiency and can take multiple rounds for a positive colony. Moreover, secondary
recombination can occur leading to the incorporation of unwanted repeated regions or
secondary structures. Hence, the need of novel cloning methods that are faster, easier and

reliable are required.

4. Aims of the Study

The main goal of this thesis was to further improve oncolytic adenoviruses to be used in
cancer immunotherapies by inducing a simultaneous activation of multiple immune effector

populations. To achieve this goal, the thesis was divided into three aims:

1. Develop a novel cloning method which is faster, easier, and more practical than

traditional methods, to engineer adenoviruses to express any given GOI. (l)
2. Design and engineer an oncolytic adenovirus expressing a cross-hybrid IgGA Fc
fusion peptide against PD-L1 able to activate multiple immune-effector

populations. (I1)

3. Further improve the cross-hybrid IgGA Fc fusion peptide ability to elicit immune

effector populations and evaluate its safety and bio-distribution in vivo. (ll1)
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5. Methods and Materials

5.1 Cell lines

All the cell lines used in the studies were grown at 37°C and 5% CO,. A549 (human lung
adenocarcinoma) cells were cultured in low glucose Dulbecco’s Modified Eagle Medium
(DMEM) (Gibco) supplemented with 10% fetal bovine serum (FBS) (Gibco), 1% L-glutamine
and 1% penicillin-streptomycin antibiotics (Gibco). B16-K1 (murine melanoma) and MDA-MB-
436 (human triple negative breast cancer) cells were cultured in high glucose DMEM
supplemented with 10% FBS, 1% L-glutamine and 1% penicillin-streptomycin. B16F10 (murine
melanoma) and CT26 (murine colorectal cancer) were grown in low glucose Roswell Park
Memorial Institute (RPMI) supplemented with 10% FBS, 1% L-glutamine and 1% penicillin-
streptomycin. 4T1 (murine triple negative breast cancer) cells were given high glucose RPMI
supplemented with 10% FBS, 1% L-glutamine and 1% penicillin-streptomycin. B16F1 (murine
melanoma) cells were grown in Eagle’s minimum essential medium (EMEM) supplemented
with 10% FBS, 1% L-glutamine and 1% penicillin-streptomycin. These cells were thawed at
passage 5-6 and kept in culture until reaching passage 15. Moreover, mycoplasma
contaminations were regularly preformed. All cells were purchased from the American Type

Culture Collection (ATCC).

5.2 Oncolytic adenoviruses

All the adenoviruses used in these studies were of the human serotype 5. Some of the viruses
have the knob domain replaced with the knob-domain of serotype 3, which are termed 5/32%.
Also, all viruses have a 24 base-pair deletion (A24) in the E1A protein which induces a selective
tropism towards cells defective in the Rb-pathway. Oncolytic adenoviruses used in the studies

can be seen in table 1.

Table 1: Oncolytic adenoviruses used in studies

Virus (Name) Fiber Modifications Transgenes Study
Ad5/3-(A24) Ad 5/3 A24 bpin E1A - I, 11 &1
Ad5-(A24) RFP Ad 5 A24 bp in E1A RFP Il
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Ad5/3-(A24) Ad5/3 A24 bp in E1A CXCL9

CXCL9

Ad5/3-(A24) Ad 5/3 A24 bp in E1A CXCL10

CXCL10

Ad5/3-(A24) IL- | Ad5/3 A24 bpin E1A IL-15

15

Ad-Cab Ad 5/3 A24 bp in E1A IgGA Fc-fusion | Il & llI
peptide against
PD-L1

Ad-Cab FT Ad 5/3 A24 bp in E1A Enhanced IgGA | llI
Fc-fusion
peptide against
PD-L1

5.3 Transgene insertion into Adenovirus genome

To equip oncolytic adenoviruses with a GOI, the gp19k+7.1 region was removed and
subsequently replaced by the GOI. First, oncolytic adenovirus 5/3 plasmids (pAd5/3-A24)
were cut with Srfl (New England Biolabs) and Barl (SibEnzyme) to remove the E3 region. After
digestion, poly(A) and cytomegalovirus promoters (CMV) were synthesized by Thermofisher
containing a 40-nucleotide overlapping sequence. The poly(A) sequence had an overlapping
sequence to the 3’ of the cut pAd5/3-A24 while CMV had the overlapping sequence to the 5’
end. Moreover, the poly(A) fragment also contained all other E3 regions except for gp19k+7.1.
The GOI were then synthesized with a 40-nucleotide sequence that was overlapping to CMV
and poly(A) on its 5" and 3’ ends, respectively. Following synthesis, CMV, poly(A) and GOI
fragments were assembled using the Gibson assembly (GA) master mix (New England Biolabs)
according to the manufacturer’s guidelines. In the assembly process, a 3:1:1 (polyA: CMV:
GOI) molar ratio was used in which 50ng of poly(A) was used. Assembled products were then

amplified with PCR and then assembled to the cut pAd5/3-A24 using the GA mix. The molar
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ratios used were 3:1 (insert:vector) in which 1.3ug of vector was used. Succeeding the
assembly, 2ul of the assemble products were used to transform DH5-alpha E.coli
(Thermofisher). Since pAd5/3-A24 vectors contained a kanamycin resistance gene,
transformed bacteria were spread on kanamycin-containing agar plates. Colonies were then
grown in liquid lysogeny broth (LB) containing kanamycin and then assembled plasmids were

isolated for restriction enzyme analysis and/or sanger sequencing.

5.4 Amplification and purification of oncolytic adenoviruses

Kanamycin resistance gene from the assembled pAd5/3-A24 + GOl was removed by Pac/
digestion overnight. After digestion, 3ug of digested linear genomes, isolated using ethanol
precipitation, were transfected into A549 cells seeded in T25 flask using Effectene (QIAGEN).
In the wake of cytopathic effects, cells were collected and put through four freeze-thaw cycles
to liberate viral particles into the supernatant. The virus containing supernatant was then
used for the next round amplification by infecting a T175 flask cultured with A549 cells. After
cytopathic effects, the same amplification round was done but with a 10-layer cell culture
multi-flask.

When cytopathic effects were observed in the multi-flasks, cells were collected and
pelleted by centrifugation at 400g for 20 minutes. Cell pellets were resuspended in medium
and underwent four freeze-thaw cycles to liberate viral particles into the supernatant. Viral
particles were then isolated using a double CsCl gradient and ultracentrifugation. Isolated

viral particles were dialyzed overnight with A195 buffer, composed by Evans et al*?!.

5.5 Particle tittering

Viral particles were measured by first mixing viral preparations with virus lysis buffer (VBL)
made up of 10 mM Tris-HCL, 1 mM EDTA and 0.5% SDS. Virus preparations and VBL were
mixed in 1:2 and 1:3 ratio (virus:VBL) and kept at 95°C for 15 minutes and then absorbance
at 260 nm was measured. Using the following the viral particles were determined:

Viral particles/ml= OD260 x dilution factor x 1.1x10*?
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5.6 Infectivity assay

In a 24-well plate, cultured A549 cells were infected with virus in a series of 10-fold dilution
and incubated for 48 hours at 37°C. Infected cells were then fixed using ice-cold methanol
and washed with 1% bovine serum albumin (BSA) containing PBS. Viral infection was stained
using first mouse anti-hexon antibody and then secondary anti-mouse conjugated with
horseradish peroxidase (HRP). Binding was then detected by using 3,3’ Diaminobenzidine
(DAB) solution and color formation was observed under bright field microscope. Infectious

titer was then calculated using the following formula:

AWell) 1 1ml

A(Field) " d” Vv

Infectious units/ml = X x

X= Average number of infected cells

A(well)= Area of the well

A(field)= Area of the field in which infected cells were counted
d= Dilution factor used

V= Volume of virus used

5.7 Viability assay

Cells were first seeded at 1x10% per well in a 96-well plate overnight and then infected with
different viral dilutions. After 3 days, cell viability was then analysed using MTS according to
the manufacturer’s guidelines (Cell Titer 96 Aqueous One Solution Cell Proliferation Assay:
Promega). Optical densities were then read at 490nm using the Varioskan LUX multimode

microplate reader (Thermo Fisher).

5.8 PBMC migration assay

Migration of PBMCs was analyzed using a Transwell (Corning) system containing a S5um pore
membrane. In the apical side, cells were cultured and infected with virus at 100 MOI. In the

basolateral side, PBMCs stained with calcein green (Thermo Fisher), according to
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manufacturer’s guidelines, were added. After two days, green PBMC cells in the apical side

were counted manually.

5.9 Determining concentrations of biological molecules

Cytokines and Fc-fusion peptide concentrations were determined either from in vitro cell
cultures or in vivo tumor, liver, and blood samples. For in vitro samples, 100,000 cells were
cultured and infected with virus at 100 MOI. After indicated time points, cell supernatant was
taken and frozen at -80°C until further analysis. As for in vivo tumor and liver, samples were
passed through a 0.22uM cell strainer to create a single cell suspension. Supernatants were
then collected from samples centrifuged at 500g for 10 minutes.

Cytokine concentrations were then measured using the respective ELISA Dup set test
(R&D Systems) according to manufacturer’s guidelines. Since a His tag is found in the C-
terminal end, concentrations of Fc-fusion peptides were determined using a HIS-tag ELISA kit

(Cell Biolabs).

5.10 Competition assay

In a 96-well, A549 cells were cultured at 100,000 cells per well and then incubated with
different concentrations of purified Fc-fusion peptides for 30 minutes one ice. After binding,
Atezolizumab was given at 10pg/ml and incubated again for 30 minutes on ice. Atezolizumab
binding was then measured by staining samples with anti-human IgG PE (BioLegend) and

analyzed using flow cytometry.

5.11 PBMC, PMN, monocyte and complement active serum isolation

For active serum isolation, 40ml of blood was taken from 11 healthy volunteers in BD
Vacutainer tubes (BD Biosciences) and allowed to clot for 30 minutes at room temperature.
Samples were then centrifuged for 5 minutes at 500g. Serum fractions from blood were
isolated and mixed from all volunteers to compensate any complement deficiencies.

As for PBMC and PMN isolation, buffy coats were first diluted in PBS in a 1:1 dilution

and then mounted on top of a Ficoll (Cytiva) and Histopaque (Sigma Aldrich) double density
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layer. Samples were centrifuged at 400g for 20 minutes with low acceleration and no brakes.
PBMCs and PMNs were susbsequently collected from the respective layer and cultured in low
glucose RPMI.

Monocytes were isolated by seeding 10x10° isolated PBMC cells in a T75 flask and
cultured for two hours at 37°C. Floating cells were removed and attached monocytes were

washed with PBS.

5.12 Mixed leukocyte reaction (MLR)

Isolated monocytes were first differentiated into DC by culturing cells for seven days in low
glucose DMEM supplemented with 10% FBS, 500 U/mL of IL-4 (Peprotech) and 250 U/mL of
GM-CSF (Abcam). Differentiated DCs were then co-cultured with PBMCs, stained with CFSE
(Thermo Fisher), from a different donor for five days and untreated or treated with either
20ug/ml of Fc-fusion peptides or Atezolizumab. T-cell proliferation was then measured by
staining cells with anti-human CD8 (BioLegend) and observing CFSE staining in such cell

population with flow cytometry.

5.13 Complement dependent cytotoxicity

In a 96 well plate, 100,000 cells were first seeded and then treated with indicated amounts of
antibodies/Fc-fusion peptides or virus. Virally infected cells were incubated for 48 hours and
then 15.5% of complement active serum was added. As for cell treated with either antibodies
or Fc-fusion peptides, 15.5% of complement active serum was added after 30 minutes of
incubation. After 4 hours of incubation with serum, cell lysis was measured by staining with

7AAD (eBioscience) and measured with flow cytometry.

5.14 Antibody dependent cell mediated cytotoxicity

In a 96 well plate, 15,000 of target cells were plated and then treated with antibodies/Fc-
fusion peptides or virus. Cell infected with virus were incubated for 48 hours and then PBMCs
or PMNs were added at a 100:1 or 40:1 (Effector: Target) ratio, respectively. As for cells

treated with antibodies/Fc-fusion peptides, effector populations were added after 30
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minutes. Lysis was then measured by quantifying the amount of LDH released into the
supernatant using a colometric assay (CyQUANT LDH Cytotoxicity Assay). Specific lysis was

measured using the following formula:

Experimental LDH—No treatment LDH
Maximum LDH—No treatment LDH

x 100

%Specific lysis=

Experimental LDH= LDH released from treated sample
No treatment LDH= LDH released from samples with effector and target cells but no
treatment

Maximum LDH= LDH released from target cells treated with lysis buffer

5.15 Antibody dependent cell mediated phagocytosis

Monocytes were first differentiated into macrophages by culturing cells in RPMI
supplemented with 50ug/ml of M-CSF (Sigma Aldrich) for 7 days at 37°C. In a 96 well plate,
10,000 target cells were then plated per well and then stained with CFSE. Stained cells were
then infected with virus with either 10 or 100 MOI and incubated for 48 hours. After
incubation, unstained differentiated macrophages were added in a 5:1 (Effector: Target) ratio
for 4 hours. Phagocytosis was then calculated by measuring uptake of CFSE from

macrophages using flow cytometry.

5.16 Trogocytosis

Trogocytosis was performed by first plating 5,000 target cells per well in a 96-well plate and
then infecting cells with virus at 100 MOI for 48 hours. The lipid cell membranes were then
stained with 5uM of DiO (ChemCruz) for 30 minutes at 37°C. After staining and washing with
PBS, PMNs were then added at a 40:1 (Effector:Target) ratio for four hours. Neutrophil uptake

of DiO was then measured using flow cytometry

5.17 Real-time quantitative analysis (xCELLigence assay)

Real time killing was assessed using the the xCELLigence system (ACEA Biosciences). Per well,

25,000-100,000 cells were plated for 24 hours. After incubation, designated amount of
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antibody/Fc-fusion peptide was added along with PBMCs and PMNs. Cell index was then
measured every 5 or 30 minutes. Killing rates was then calculated by drawing a linear

trendline and analysing the slope.

5.18 Live cell imaging

For target and effector cell contacts, A549 cells were imaged by first seeding 150,000 cells per
well in a 24 well plate overnight. Cells were then imaged for the first 30 minutes and then
10ug/ml of Fc-fusion peptide or antibody was added along with PBMCs at 10:1
(Effector:Target) ratio. Images were then acquired every 5 minutes with the ANDOR Spinning
Disc Microscope equipped with a Zyla camera (SR Apochromat x100 Objective).

For live-killing videos, 100,000 cells were seeded in a 24 well plate in each well and
left to grow overnight. After incubation, 3uM of Incucyte Caspace3/7 green apoptotic assay
reagent (Sartorius) was added and cells imaged with the IncuCyte S3 system for one hour.
Later, 5ug/ml of Fc-fusion peptides or antibodies were added along with PBMCs and PMN at
100:1 and 40:1 (Effector:Target) ratios, respectively. Cells were imaged for 23 hours, and
videos were constructed and processed with the IncuCyte analysis software (IncuCyte

Chemotaxis Software).

5.19 Whole blood assays

Blood from 3 healthy volunteers were collected in BD Vacutainer Heparin plasma tubes and
200pl of blood from each volunteer was plated in a 96-well plate. Unmanipulated blood was
then treated with 20pug/ml of Fc-fusion peptides or antibodies for 24 hours. After incubation,
cells were then stained with CD3 (BioLegend), CD15 (BioLegend), CD14 (BioLegend), CD56
(BioLegend) and CD11c (BiolLegend). Moreover, to determine absolute numbers counting

beads (BioLegend) were added according to manufacturer’s guidelines.

5.20 Patient derived cancer organoid cultures
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Renal cell carcinoma samples delivered from Peijas Hospital (Vantaa, Finland) from four
patients were collected, dissociated in cell suspension. Cells were first frozen and stored at -
80°C until further use.

Frozen dissociate cells were first thawed and grown in ultralow attachment plates
(ULA Corning) with DMEM/F12 medium supplemented with 30% Matrigel (Corning). Cells
were then split using gentle cell disassociation media (Stemcell) and counted. Then, 10,000
cells were mixed with 30% Matrigel and dome like structure was created in a 24-well plate.
Organoid cultures were grown in DMEM/F12 supplemented with 5%FBS, 8,4 ng/ml of cholera
toxin (Sigma), 0.4ug/ml hydrocortisone (Sigma), 10ng/ml epidermal growth factor (Corning),
24 pg/ml Adenine (Sigma), 5 pg/ml insulin (Sigma) and 10 uM of Y-27632 RHO inhibitor

(Sigma).

5.21 Immunofluorescence and flow cytometry analysis on organoids

For immunofluorescence analysis, organoids were first dissociated with gentle cell
disassociation media (Stemcell) and then plated on a 8 well Nunc Lab-Tek Il Chamber slides
and cultured for 4 days. After culturing, cells were fixed using 4% cold paraformaldehyde and
stained with CAIX (Novus), Vimentin (Novus), Cytokeratin pan (Novus) or Alexa Fluor 633
Phalloidin (Invitrogen). Staining was then examined using the EVOS FL cell imaging system
(Thermo Fisher).

As for flow cytometry, organoids were dissociated as mentioned previously and
stained with anti-human CD3 (Biolegend), anti-human CD4 (Biolegend), anti-human CD8
(Biolegend), anti-human PD-L1(Biolegend) and anti-human CD45 (Biolegend). Staining was

analyzed with flow cytometry.

5.22 Organoid viral infection, PBMC co-culture and ADCC experiments

Organoids plated in a 24 well-plated were infected with 100,000 viral particles of Ad-5 A24
RFP virus by adding the virus on top of the media. RFP expression was then monitored using
the EVOS FL cell imaging system and cell viability was determined by using 1uM of Calcein AM

(Thermo fisher).
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As for co-culture, PBMCs were first stained with 1uM of Calcein AM and 15,000
stained PBMCs were added on top of the media culture. After 4 hours, PBMC infiltration was
then seen under the EVOS FL cell imaging system.

ADCC experiments were conducted by first infecting organoids with virus, as
previously mentioned, or treating with 10ug/ml of antibody. After 72 hours, PBMCs and/or
PMNs were added at 100:1 and 40:1 (Effector:Target) ratio, respectively. When four hours of
killing was done, supernatants were collected to determine the amount of LDH released using

the colometric assay (CyQuant LDH Cytotoxicity Assay).

5.23 Syngenic mousemodels

All mouse experiments performed in this thesis were approved by the Experimental Animal
Committee of the University of Helsinki and Provincial Government of Sothern Finland
(license number ESAVI/11895/2019). Moreover, all mice used were of 4-6 weeks of age. For
Balb-C mice, they were injected with either 500,000 CT26 cells or 300,000 4T1 cells
subcutaneously (sc) in the right flank. As for C57BL/6 mice, they were injected with 500,000
B16K1 cells sc in the right flank. Mice were treated with either 1x10° or 1x108 viral particles
per dose intratumorally in final volume of 25ul or 100ug of antibody intraperitoneally in a
final volume of 100ul. Dosing scheduled depended on the tumor model but are mentioned in
the results section. Every second day tumor volumes were measured and calculated using the

following formula:

(Long side) x (Short side)?
2

5.24 In-vivo immune cell depletion

One day before treatment, mice were first administered with 500ug of depleting CD8
antibody (Bio X cell) and then every two days 100ug of the depleting antibody until the end
of the experiments. To check for depletion, peripheral blood from the saphenous vein was

collected and subjected to ACK lysis buffer (Gibco) to remove red blood cells according to
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manufacturer’s guidelines. Then, samples were stained with anti-mouse CD3, anti-mouse CD8

and anti-mouse CD4 and analyzed under flow cytometry.

5.25 Humanized mouse studies

Humanized mice were done by injecting 5x10° freshly isolated PBMCs intraperitoneally in
Nod.CB17-Prkdcs““/NCrCrl purchased from Charles river. Immediately after PBMC injection,
mice were also implanted with 5x108 A549 sc in the right flank. When tumors were palpable,
two rounds, separated by three days of break, of viral treatments were given intratumorally

at a concentration of 1x108 viral particles per mouse.

5.26 Flow cytometry

Murine and human samples were subjected to two antibody panels. Starting with murine
samples, the first antibody panel included FITC anti-mouse NK1.1 (Thermo Fisher), PE anti-
mouse PD-1 (BioLegend), PeCy7 anti-mouse CD4 (Thermo Fisher Scientific), PerCp/Cy5.5 anti-
mouse CD107a (BioLegend) and Pacific Blue anti-mouse CD3 (BioLegend). The second panel
was made up of APC anti-mouse Ly6C (BioLegend), PE anti-Ly6G (BD Biosciences), PerCP Cy5.5
anti-mouse CD11b (Thermo Fisher Scientific), BV650 anti-mouse F4/80 (BD Biosciences) and
PECy7 anti-mouse CD11c (Thermo Fisher Scientific). With the human samples the first panel
consisted of FITC anti-human CD56 (BioLegend), PerCP anti-human CD8alpha (BioLegend), PE-
Cy5 anti-human CD4 (Thermo Fisher Scientific), PE-Cy7 anti-human CD3 (BioLegend), Pacific
blue anti-human PD-1 (BioLegend) and APC anti-human CD107a (BioLegend). The second
panel had PE-Cy7 antihuman CD3 (BioLegend), APC anti-human CD11c (BioLegend), Pacific
Blue anti-human CD15 (BioLegend) and PE anti-human CD14 (BioLegend).

5.27 Statistical analyses

Statistical analyses were all done with GraphPad Prism 7 (GraphPad Software). Statistical tests
used were either unpaired t-test or Two-way ANOVAs with a post-hoc (Tukey’s multiple
comparison test). All n 23 and significance were set at *p<0.05, **p<0.01, ***p<0.001 and

***%*p<0.0001. Error bars represent standard error of mean (SEM).
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6. Results and Discussions

6.1 Study I: GAMER-Ad: An enhanced and faster cloning method for oncolytic
adenoviruses

Oncolytic adenoviruses have been shown to be excellent vehicles for selective release of anti-
cancer molecules due to the specific tumor tropism. However, the current cloning methods
are sub-optimal due to their complexity and are time consuming. The current method used is
the AdEasy method which utilizes a shuttle plasmid containing the GOI flanked by
homologous regions to the adenovirus genome. Then through homologous recombination,
the GOl is added to the genome. In our first study, we designed a novel cloning method which
utilizes the Gibson assembley???. Our method, which we have called GAMER-Ad (Gibson
Assembly MEdiated Recombination for Adenovirus), is faster compared to the AdEasy system
(Study 1; figure 1). In this study we described the method in detail by engineering three
oncolytic adenoviruses (Ad-5/3 A24) to express CXCL9, CXCL10 or IL-15.

6.1.1 Designing and executing the GAMER-Ad cloning method

The GAMER-Ad cloning method consists of removing the gp19k+7.1k region and substituting
it with a GOI (Study 1; figure 2). This region encodes for multiple proteins involved in immune
evasion by downregulating MHC-1 complexes. Hence, the removal of this region attenuates
the virus further from immune evasion which is favorable to be used as a cancer
immunotherapy. To do this, firstly the full E3 region of the adenovirus (Ad-5/3 A24) was
removed by using Srf1 and EcoRl restriction enzymes since the region is flanked by such sites
(Study 1; figure 3 a). To verify that the restriction enzyme digest was successful, products
were run in an agarose gel to check for the excised E3 region. The agarose gel indicated a
clear band between 3kb and 4kb, showing that the E3 region of 3,398 bases was cut from the
genome (Study 1; figure 3 b).

After removing the E3 region, we constructed the GOI that would replace such region.
The GOI consisted of a region encoding for IL-15 flanked with a CMV promoter and polyA
region. The CMV and polyA region had 40 overlapping nucleotides to the 5’ and 3’ of the

excised adenovirus genome, respectively. As for the IL-15 gene, the 5’ and 3’ ends were given
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40 nucleotides overlapping with the CMV and polyA, respectively. Moreover, the polyA also
contains all the essential genes of E3 except for the gp19k+7.1k region. All the regions were
first amplified using PCR and then checked using an agarose gel. In lanes 2, 3 and 5 bands
were observed corresponding to the sizes of CMV, polyA and IL-15 indicating that the
amplification was successful (Study 1; figure 3 c). Using the overlapping nucleotides of IL-
15, all three fragments were assembled using Gibson Assembly (Study 1; figure 3 d). The
assembled products were then ran on agarose and a band corresponding to the size of the
complete GOI was observed implying that the assembly was successful (Study 1; figure 3 e).
Also, the ability to assemble the IL-15 gene with the CMV and polyA fragment provides a plug-
in/out system. Meaning that IL-15 can be substituted with any desired gene having the 40-
nucleotide homology region making GAMER-Ad versatile and adaptable.

As for the final step of the cloning method, the assembled GOI and excised adenovirus
genome were assembled together using the Gibson Assembly. This was possible due to the
40 nucleotide overlapping regions to the adenovirus genome found in the polyA and CMV.
After assembly, products were transformed, and bacterial cells were plated in agar containing

kanamycin since the adenovirus genome contains the kanamycin-resistance gene.

6.1.2 Quality control of assembled adenovirus genome products

After adenovirus genomes assembled with the GOl were transformed into bacteria, eight
colonies were picked and underwent colony PCR. Primers used flanked the CMV and polyA
region which are not found in the adenovirus genome but only in the GOI. Out of eight
colonies, six showed a band with a corresponding size of the GOI (Study 1; figure 4 a). To
further assess the presence of the GOI, three positive colonies were grown in LB and the
isolated DNA was subjected to restriction enzyme analysis and Sanger sequencing. With
restriction enzyme analysis, EcoRI enzyme was used due to the unique pattern of cutting with
assembled adenovirus compared to unassembled adenovirus genomes. With assembled
adenovirus genomes, a clear band with a size of 2,075 base pair should be observed while
with unassembled adenovirus a band of 2,718 base pairs should be seen when EcoRl is added
(Study 1; figure 4 b). As expected, when EcoRl was added all three colonies presented a
smaller band compared to wild-type unassembled adenovirus genome (Study 1; figure 4 c).

To further compliment these results, sanger sequencing also showed that all three colonies

66



did have the gp19k+7.1k region replaced with the GOI (Study 1; figure 4 d). This was then
repeated with two different genes, CXCL9 and CXCL10, to demonstrate the versatility of
GAMER-Ad. This data implies that GAMER-Ad cloning method is a viable strategy to be used
to engineer oncolytic adenoviruses to express any desired gene. Moreover, these results also
comment on the efficiency of the assembly since 75% of the colonies chosen had the GOI.
This is a clear advantage since with the commonly used homologous recombination-based
method the efficiency is much lower compared to GAMER-Ad.

Following assembly, adenovirus genomes were transfected into A549 cells for viral
production. Seven days post transfection, plaques could be observed with cells transfected
with assembled adenovirus genomes containing IL-15 demonstrating viral production (Study
1; figure 5 a). Viral particles were then collected, expanded, and successfully purified using a
CsCl gradient. One of the major hurdles with homologous recombination is the possibility of
wild-type contamination due to unwanted recombination events. To assess for wild-type
contamination in viral products assembled using the GAMER-Ad method, purified viral
preparation underwent PCR analysis. Two different PCR reactions were done in which the first
reaction primers flanking the gp19k+7.1k regions were used while the second reactions
primers binding to CMV and poly-A were added. If no wild-type virus is present then no bands
should be found with the first PCR reaction with CXCL9-,CXCL10- and IL-15-expressing virus
preparations since the gp19k+7.1k region has been replaced. However, only in the second
PCR reaction bands should be found due to the presence of the GOI. As expected, in the first
PCR reaction no bands were found in any of the viral preparations but only in the wild-type
adenovirus genome. Furthermore, corresponding bands of the GOI were observed in the
second reaction with all viral preparations and not in the wild-type adenovirus genome. This
then implies that the GAMER-Ad cloning method seems not to lead to wild-type

contamination, which could be a vital issue in therapy development.

6.1.3 Oncolytic fitness and functionality of adenovirus engineered by GAMER-Ad

Succeeding viral production, the oncolytic fitness of CXCL9-, CXCL10- and IL-15 expressing
viruses was examined to analyze whether GAMER-Ad affected such properties. Viruses
engineered with GAMER-Ad have a 24 base pair deletion in the E1A region rendering them to

selectively replicate in Rb-deficient tumor cells. Despite this, all three engineered viruses were
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used to infect human cancer cell lines, A549 and MDA-MB-436 at different MOls. Moreover,
murine melanoma cancer cells, B16F10 and B16F1, were also infected with such viruses as a
negative control since human adenoviruses do not replicate in murine cells. To examine the
oncolytic fitness wild-type adenovirus containing the 24-base pair deletion was used to
compare. All engineered viruses were able to kill both human cancer cell lines at MOls of 10
and 100 after three days similarly to wild-type virus. Also, no killing was observed with murine
cell lines as expected. This implies that the GAMER-Ad cloning method does not affect the
oncolytic fitness of viruses.

Finally, the functionality of the engineered viruses was tested by measuring the
expression of cytokines released and PBMC migration. After infecting MDA-MB-436 cells, the
amount of cytokines was quantified by ELISA. All viruses expressed the corresponding levels
of cytokines ranging from 1ng to 38ng. Since the cytokines cloned in this study can induce
PBMC migration, the functionality of the expressed cytokines was then tested using a trans-
well system. Calcein-green labeled PBMCs were placed in the apical side while cells infected
with cytokine expressing virus were placed in the basolateral side. After 48 hours of
incubation, migrated PBMCs on the basolateral side were then manually counted. A clear
increase in migrated PBMCs could be seen in all cytokine expressing viruses compared to wild-
type virus. The CXCL9 expressing virus was shown to have the highest migrated PBMCs
followed by the CXCL10 expressing virus. In conclusion, GAMER-Ad produces oncolytic fit and
functional adenoviruses. Previous studies have used Gibson assembly to clone
adenoviruses??322%, however what makes this method unique is the site of cloning. The
substitution of the gp19k+7.1k region with a GOl is highly desirable for cancer therapies but
also vaccine platforms. This is because this regions codes for proteins able to down-regulate
MHC-1 which can attenuate any clinical efficacy either for cancer treatment or vaccinations.
For example, the novel adenoviruses created in this study can be used in combination with
other therapies activating T cell tumor killing (like checkpoint inhibitor therapy) since they
increase T-cell infiltration. Yet, with an intact gp19k+7.1k region this could potentially hamper

efficacy since MHC-1 is required for checkpoint inhibitory therapy.
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6.2 Study II: Activating multiple immune effector populations using a cross-hybrid
IgGA Fc fusion peptide against PD-L1

Immune checkpoint inhibitors have had a strong positive impact in the clinic for many cancer
patients. In specific, checkpoint inhibitors against PD-L1 have been clinically approved for
more than 14 different types of cancer??’. Nevertheless, only 14% of patients benefit from
such therapy?%%. In need to improve such therapy, a viable strategy would be equipping PD-
L1 checkpoint inhibitors with a competent Fc able to activate effector mechanisms. Yet, the
expressing of PD-L1 is not limited to the tumor but also to healthy cells. This explains why the
majority of the PD-L1 checkpoint inhibitors are not able to induce or have a reduced ability to
elicit effector mechanisms. To circumvent this safety issue, oncolytic adenoviruses have been
used to limit expression to the tumor microenvironment.

In this study we designed a checkpoint inhibitor against PD-L1 which consists of a PD-
1 ectodomain connected to a cross-hybrid IgGA Fc. This IgGA Fc contains regions of both an
IgG1 and IgA1 able to induce effector mechanisms of both Fc-regions. Using the novel cloning
method developed in study one, we cloned the Fc-fusion peptide against PD-L1 in oncolytic

adenovirus to limit its release to the tumor microenvironment and prevent off-target effects.

6.2.1 Characterizing oncolytic adenovirus expressing cross-hybrid IgGA Fc fusion
peptide

We designed a novel checkpoint inhibitor consisting of a PD-1 ectodomain connected via a
GGGS linker to a cross-hybrid IgGA Fc. The hybrid IgGA Fc can elicit effector mechanisms of
both an IgG1 and IgA potentially leading to higher tumor killing (Study 2; figure 1 a). In order
to circumvent safety issues, release of the Fc-fusion peptide was restricted to the tumor
microenvironment by cloning it into an oncolytic adenovirus using GAMER-Ad. The gp19k+7k
region was replaced by the Fc-fusion peptide and the oncolytic adenovirus was called Ad-Cab
(Adenovirus-ChimericAntibody). Similar to results from study I, the genetic modifications did
not alter the oncolytic fitness of the virus (Study 2; supplementary figure 1 b). We then tested
the secretion of the Fc-fusion by infecting A549 with Ad-Cab or unarmed oncolytic virus (Ad-
5/3 A24) at 100 MOI. After 48 hours, western blot analysis showed a 100kDa band from the
supernatant from Ad-Cab infected cells under native conditions (Study 2; supplementary

figure 1 b). As expected, the Fc-fusion peptide consisted of homodimer since the band shifted

69



from 100kDa to 50kda under denaturing conditions (Study 2; supplementary figure 1 c). This
is to be expected since the Fc heavy chains form a homodimer via disulfide bridges. After
observing that the Fc-fusion peptide was released, the amount released into the supernatant
was quantified and a clear increase can be observed over time with Ad-Cab. After 24 hours,
Ad-cab was able to secrete 2ug and reached 7ug after 72 hours (Study 2; figure 1 c). This
amount should be enough to activate immune cells to elicit effector mechanisms. The
secreted Fc-fusion peptide was then tested to see it was able to bind to PD-L1. This was done
by using a competitive assay where A549 cells expressing PD-L1 were first incubated with
various Fc-fusion concentrations and then Atezolizumab, a well-known binder to PD-L1, was
added. To quantify Atezolizumab binding, an anti-human IgG tagged with fluorophore PE able
to only recognize Atezolizumab and not the Fc-fusion peptide was added. At high
concentrations of the Fc-fusion peptide, Atezolizumab binding was not observed but only at
lower concentrations (Study 2; figure 1 d). This signifies that the secreted Fc-fusion peptide
can bind to PD-L1 and compete for binding with Atezolizumab. To finally characterize the Fc-
fusion peptide, we performed a mixed leucocyte reaction to assess the ability of the Fc-fusion
peptide to block the PD-1/PD-L1 axis. DC from one donor were mixed with CFSE-labelled CD8+
T cells from a second donor and proliferation was then assessed due to the existing HLA-
mismatch. When samples were untreated very limited proliferation of CD8+ T cells was
observed due to the PD-1/PD-L1 axis (Study 2; figure 1 e). When Atezolizumab was added a
higher proliferation was observed due to the disruption of the axis (Study 2; figure 1 e).
Similar results were also shown when the Fc-fusion peptide was added indicating a disruption
of the axis as well (Study 2; figure 1 e). Moreover, the expansion index further indicated that
both Atezolizumab and Fc-fusion peptide induced CD8+ T cell expansion (Study 2; figure 1 e).
The data demonstrates that Ad-cab secretes a Fc-fusion peptide able to bind to PD-L1 and
disrupt the binding to its PD-1 ligand.

6.2.2 Ad-Cab induces Fc-effector mechanisms of both IgG1 and IgAl

Once we observed that Ad-cab can bind PD-L1 and disrupt its axis, the ability to elicit Fc-
effector mechanisms was tested. Since the Fc-fusion peptide could bind to both murine and
human PD-L1, we chose six different cell lines from both murine (B16F10, B16F1, 4T1 and
CT26) and human (MDA-MB-436 and A549) setting expressing varying levels of PD-L1 (Study
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2: figure 2 a). Cells were infected either with 10 or 100 MOI of unarmed virus or Ad-Cab and
incubated for 48 hours to minimze oncolysis from the virus in human cell lines and allow
adequate levels of Fc-fusion peptide to be released. Following incubation, effector
populations such as complement active serum, PBMCs, PMNs and macrophages were added.
IgG1 or IgAl are not able to activate all effector mechanisms individually but in combination
they can. When complement active serum was added, very minimal levels of lysis could be
seen with all cell lines infected with Ad-Cab at 10 MOI (Study 2: figure 2 b). No lysis was seen
with the unarmed virus, attributing the cell lysis to complement activation. When the MOI
increased to 100, a higher cell lysis level could then be observed with all cell lines with Ad-Cab
(Study 2: figure 2 b). This meant that the IgG portion of the Fc-fusion peptide was able to
interact with complement proteins and induce CDC.

We then tested the ability of Ad-Cab to activate ADCC by PBMCs and PMNs. With both
effector populations, no specific cell lysis could be observed with 10 MOI when cells were
infected with either Ad-Cab or unarmed virus (Study 2: figure 2 c). Yet when cells were
infected with 100 MOI of Ad-Cab, specific cell lysis can be noticed with both PBMCs and PMNs
(Study 2: figure 2 d). This then indicated that Ad-Cab was able to activate both effector
populations which neither IgG1 nor IgA1 antibodies can do individually. The mechanisms in
which PBMCs exert ADCC has been extensively characterized by the release of granzymes and
perforins. Nevertheless, the mechanism PMNs induce ADCC has not been very well
understood. We hypothesize that PMNs can induce ADCC by inducing trogocytosis. This
mechanism includes the disruption and endocytosis of the plasma membrane which induces
a necrotic type of cell death??’. To explore this, we labelled cells with a lipid dye, DiO, and
measured the uptake of DiO from added PMNs. When PMNs where added on their own
(Study 2: figure 3 a) or exposed to DiO-labelled cells (Study 2: figure 3 b), no uptake of DiO
was seen, indicating that no transfer of membrane took place. However, when cells were
infected with Ad-Cab and incubated for 48 hours a clear uptake of DiO in PMNs was observed
(Study 2: figure 3 c). This was not seen when cells were infected with unarmed virus which
attributes to the transfer of DiO to the released Fc-fusion peptide. This was tested with all six
cell lines previously used (Study 2: figure 3 d). This data indicates a transfer of DiO inferring
the possibility of trogocytosis occurring but does not necessary assure of the process

occurring. The uptake of DiO could have been due to the release of exosomes or pieces of
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membrane after apoptosis picked up by the PMNs. Live imagining should be performed to
further test this out.

Finally, we tested the ability of macrophages to elicit ADCP with Ad-Cab, by labelling
infected cells with CFSE (Study 2: figure 2 e). If macrophages elicited ADCP then a transfer in
CFSE should be observed. When cells were infected at 100 MOI with Ad-Cab a clear transfer
in CFSE was noted and this was not seen with unarmed virus. Overall, the data demonstrates
that Ad-Cab can induce Fc-effector mechanisms of both an IgG1 and IgA1. This is in line with
other studies showing that different cross-hybrid IgGA formats can be used to elicit effector
mechanisms of both antibody isotypes. Yet, what has not been tested whether in the
presence of all immune components, could the IgGA activate all effector mechanism
synchronously??$?2°_ If that is not possible then there is no use of the hybrid and the

combination of IgG1 and IgA antibodies should be used.

6.2.3 Activation of multiple effector mechanisms elicit high tumor killing

Previously, we showed that Ad-Cab can activate multiple effector populations individually.
Yet, whether these effector populations could be activated synchronously and lead to higher
tumor killing was then tested. Therefore, we repeated the ADCC experiments with the same
six cell lines (Study 2; figure 4 a) but added different combinations of effector populations;
PBMCs+PMNs or PMBCs+PMNs+Serum. Moreover, we also compared the degree of killing of
Ad-Cab to PD-L1 antibodies with an IgG1 or IgA1l competent Fc with the six previously tested
cell lines. Atezolizumab was also used as a negative control since it contains an N298A
mutation removing Fc-effector mechanisms. Firstly, we compared the degree of oncolysis of
the viruses and antibodies when each component was added individually. Coinciding with our
previous results, Ad-Cab was able to elicit cell lysis with all components and to a similar degree
as the 1gG1 and IgA antibodies (Study 2; supplementary figure 3 a-d). As expected, 1gG1
antibodies were only able to induce cell lysis when serum or PBMCs were added. As for IgA,
cell lysis was observed only with PMNs and not with either PBMCs or serum. Atezolizumab
and unarmed virus were not able to elicit cell lysis. This data aligns with previous studies

demonstrating that IgG1 antibodies are not able to activate PMNs?30-233,
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After testing killing when each component was added individually, PBMCs and PMNs
were added together (Study 2; figure 4 b). In B16F10, B16F1, CT26 and A549 there was clear
increase in killing with Ad-Cab compared to 1gG1 or IgA. This indicates that Fc-fusion peptide
was able to activate both PMNs and PBMCs at the same time. With 4T1 and MDA-MB-436
this was not noted since majority of PD-L1 expressing cells were killed. To further explore this,
we treated cells with INF-y before treatment to increase PD-L1 expression. The increase in
PD-L1 expression lead Ad-Cab to induce higher tumor killing compared to I1gG1 and IgA. This
meant that the enhanced tumor killing observed from Ad-Cab requires a certain level of PD-
L1 expressing cells. To further examine this enhancement, we then added serum to the
combination of PBMCs and PMNs (Study 2; figure 4 c). Similar to previous results, Ad-Cab
killing was further enhanced, outperforming all other treatment groups. Interestingly, 1gG1
antibodies were shown to induce higher killing than IgA. This is mostly likely due to the dual
activation of both PBMCs and serum which IgA antibodies lack. Moreover, this demonstrates
that the activation of more than one effector mechanism induces higher tumor killing.

Other than using LDH assay to measure tumor killing, we also performed live-cell
imagine and impedence-based real-time quantitative analysis (XCELLigence) to quantify Ad-
Cab tumor killing. With live-cell imaging, A549 cells were treated with isolated Fc-fusion
peptides or 1gG1 antibodies and then PBMCs+PMNs were added (Study 2; Supplementary
figure 4 a). Killing was measured by adding a caspase3/7 dye and measuring the phase area
confluence over the space of 24 hours (Study 2; Supplementary figure 4 b). As shown before,
Ad-Cab induced a higher level of killing compared to IgG1 further reinforcing the tumor-killing
enhancement. Carefully examining the videos and pictures, it can be noted that with Ad-Cab
treated cells, a large portion of dying cells seem not to be labeled with caspase 3/7. This is not
seen as much with IgG1 or Atezolizumab treated cells. This could be due to the induction of
trogocytosis by Ad-Cab, which does not signal caspase3/7 cleavage. We then finally tested
cell killing with XCELLigence using a similar setup with five different cell lines (Study 2;
Supplementary figure a-f). Ad-Cab was shown to have a higher level of killing and rate
compared to 1gG1l or Atezolizumab. In conclusion, we have demonstrated using various
methods that Ad-Cab can activate multiple effector populations which enhance its tumor-

killing properties.
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6.2.4 In-vivo efficacy of Ad-Cab with CT26 and A549 tumor models

In-vitro testing demonstrated the augmented tumor killing of Ad-Cab which prompted us to
examine this in vivo. Mice do not endogenously express Fc-aR rendering the testing of the
IgA region in the Fc-fusion peptide futile. However, mice do express Fc-y receptors which are
able to bind to the Fc of human IgG and be activated?*¢. Therefore, mice models can be used
to test the efficacy of Ad-Cab to a certain extent. We, decided to use a CT26 model since it
has been previously shown not to effectively respond to conventional PD-L1 checkpoint
therapy?*723, Mice bearing CT26 tumors were either treated with PBS (mock), unarmed virus
(Ad-5/3 A24), Ad-Cab or mPD-L1 for a total of seven treatments (Study 2: figure 5 a). Ad-Cab
demonstrated to have the best tumor control compared to all other treatments with tumors
sizes not exceeding 200mm? (Study 2: figure 5 b & supplementary figure 7 a). This tumor
control also translated to a better overall survival for Ad-Cab treated mice (Study 2: figure 5
c). After sacrificing mice, the biodistribution of the Fc-fusion peptide was tested. No Fc-fusion
peptides could be found in the peripheral blood (Study 2: figure 5 d) of any treated mice but
with Ad-Cab treated mice around 3ug/ml of Fc-fusion peptides can be seen in the tumor
(Study 2: figure 5 e). This bio-distribution seems to reassure safety concerns since no leakage
of the Fc-fusion peptide could be detected. The lack of a Fc-neonatal biding region in Ad-Cab
could possibly explain why no Fc-fusion peptides could be found in blood due to the rapid
clearance??®. Surviving mice from Ad-Cab treated and mPD-L1 treated groups were then re-
challenged again with CT26 along with naive mice (Study 2: figure 5 f). Surprisingly, mPD-L1
treated mice had a lower tumor growth compared to naive mice. Yet, Ad-Cab treated mice
completely rejected the CT26 rechallenge. It has been previously mentioned that mice treated
with PD-L1 checkpoint inhibitory therapy can induce a specific immune response against the
tumor?®. It is hypothesized that the oncolytic effect exerted by Ad-Cab or mPD-L1 led to the
release and availability of TAA for APCs. Moreover, the enhanced tumor killing exerted from
Ad-Cab could have induced a more robust memory response compared to mPD-L1 treated
mice. Future studies should collect the T-cells from the treated mice and investigate if a
memory response was formed.

After observing the in-vivo efficacy of Ad-Cab in syngenic mice models, we tested the
efficacy in a semi-humanized model. We developed a PBMC humanized mouse model by

injecting immunocompromised NS (NOD/SCID) mice with human PBMCs (Study 2: figure 5 g).
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PBMC engraftment was successful since hCD45+ hCD3+ cells were shown to circulate in the
peripheral blood of treated mice (Study 2: supplementary figure 8). During the same day of
PBMC engraftment, mice were also implanted with A549 tumor cells. When tumors were
palpable, mice were treated either with PBS (Mock), unarmed virus (Ad-5/3 A24) or Ad-Cab
for a total of two treatments. Like CT26, Ad-Cab treated mice had the lowest tumor growth
compared to all other treatment groups in A549 bearing mice (Study 2: figure 5 h). A similar
bio-distribution of the Fc-fusion peptide is seen with no release in the blood (Study 2: figure
5 i) but a high amount (4pg/ml) present in the tumor (Study 2: figure 5 j). We then analyzed
the activation status of the human PBMCs engrafted in the mice (Study 2: figure 5 k). Ad-Cab
treated mice had a higher upregulation of both CD107a and PD1 in the CD8+T cell
compartment. CD107a upregulation denotes a degranulation marker of perforins and
granzyme while as for PD1 upregulating it signifies an exhausted profile. With NK cells, a high
upregulation of CD107a can also be observed in Ad-Cab treated mice. Hence, this data
demonstrates the efficacy of Ad-Cab in controlling tumor growth in xenograft models which
can be attributed to the activation of CD8+ T cells and NK cells.

As a final tumor model, 4T1 cell line was used due to its fast growing, highly metastatic
and immunosuppressive model in dire need for novel treatments. With similar treatment
groups and schedule to the CT26 model (Study 2: figure 6 a), Ad-Cab treated mice had the
best tumor growth control compared to the rest of the treatment groups (Study 2: figure 6
b). Due to the highly immunosuppressive tumor microenvironment 4T1 models induce, we
analyzed the immune infiltration in the treated mice. A high infiltration of both MDSC cells of
the granulocytic and monocytic lineage can be seen in most groups (Study 2: figure 6 c). To
our surprise, a significant reduction in both populations can be observed in Ad-Cab treated
mice (Study 2: figure 6 d & e). A reduction in TAMs (Study 2: figure 6 f), CD4+ T-cells, CD8+ T-
cells or DCs was not observed (Study 2: supplementary figure 9 a). This specific reduction in
MDSCs has been observed with PD-L1 checkpoint inhibitors with competent IgG1 Fc!3. This
might be due to the high expression of PD-L1 in MDSCs and the low expression in other
immune cells?*, Interestingly, in the Ad-Cab treated group a higher infiltration of NK cells was
seen which was accompanied with a higher activation due to the upregulation of CD107a
(Study 2: figure 6 h). Other than NK cells, CD8 +T cells were also more activated in Ad-Cab
treated mice since such cells had higher levels of PD1 and CD107a (Study 2: figure 6 i & j). All

in all, the effectiveness of Ad-Cab can clearly be seen in all three in-vivo models with a very
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safe bio-distribution. This effectiveness can be attributed to its high degree of activation of

NK and CD8+ T cells along with the downregulation of immunosuppressive MDSCs.

6.2.5 Ad-Cab does not solely require CD8+ T cells like conventional checkpoint
inhibitory therapy.

Conventional PD-L1 checkpoint inhibitory therapy requires CD8+ T cells to be
effective. In-vivo data has shown that Ad-Cab can activate NK cell cytotoxicity which prompt
us to examine whether CD8+T cells are also required. We then repeated the same experiment
with the 4T1 model but before treatment a high dose of CD8+ T-cells depleting antibody was
administered (Study 2: figure 6 k). Moreover, CD8+T cell depletion was sustained by
continuous administration of the depleting antibody. Before treatment, mice treated and
untreated with the depleting antibody were sacrificed and had their CD8+ T cell compartment
examined in the peripheral blood. Mice given the depleting antibody did not have circulating
CD8+T cells while the CD4+ T cells were unharmed (Study 2: figure 6 ). After CD8+ T cell
depletion was verified, treatment began. As expected, mPD-L1 did not have a therapeutic
effect since tumor growth resembled mock mice (Study 2: figure 6 m). Yet, Ad-Cab treated
mice still were able to control tumor growth and increase the overall survival (Study 2: figure
5 n). Intriguingly, the activation of multiple effector populations has allowed Ad-Cab not to
solely rely on a single immune population. Further experiments should still be conducted to

pinpoint what crucial immune populations are required for Ad-Cab efficacy.

6.2.6 Generation and testing of patient derived organoids with Ad-Cab

As mentioned, mice are not the most appropriate model to test the efficacy of Ad-Cab due to
the lack of Fca-R expression. To test the full efficacy of Ad-Cab, we developed patient derived
organoids from renal cell carcinoma (RCC) patient material. Four RCC patients (RCC1-4)
undergoing nephrectomies had pieces of their tumor collected and dissociated. RCC1 was the
only sample classified as chromophobe RCC while the rest were classified as clear cell RCC.
Dissociated tumor cells were then grown on a 2D surface or by embedding it on a Matrigel to
allow 3D growth(Study 2: figure 7 a) . Once the patient-derived organoids, PDOs, were grown,

they were dissociated and stained with commonly used RCC stains (Vimentin, CAIX and
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Cytokeratin) (Study 2: figure 7 b). RCC2-4 were strongly positive for either stain which is
consistent with clear cell RCC. However, RCC1 had focal expression or very weak expression
of either stain since chromophobe RCC is usually negative for such stains. This then indicated
that PDOs consisted of the appropriated tumor cells. To further test this platform, we added
Ad-5 A24 expressing RFP on top of the Matrigel to see if viral infection was possible (Study 2:
figure 7 c). Overnight incubation demonstrated that infection was possible to the expression
of RFP in the PDOs and intensified as the incubation increased. Since the adenovirus added
was oncolytic, we also analysed the viability of the PDOs by adding a live marker, calcein.
Death could be observed at day 4 due to the morphology of the PDOs but also loss of calcein
staining. Finally, to test whether immune infiltration was also possible we added on top of the
Matrigel T cells labeled in calcein green (Study 2: figure 7 d). After 4 hours, T-cells were seen

around the PDOs indicating that infiltration was possible.

After seeing that PDOs can be infected with adenoviruses and infiltrated with immune
cells, we repeated the ADCC experiments (Study 2: figure 7 e & f). When PBMCs and PMNs
were added individually it can be seen that Ad-Cab could activate both populations, while IgG
and IgA activated PBMCs or PMNSs, respectively. When both effector populations were added,
Ad-Cab was shown to be more effective in killing PDOs from RCC2-4 further elaborating the
advantage of activating multiple effector populations. With RCC1, no enhancement could be
seen, and this can be attributed to the low expression of PD-L1. In conclusion, PDOs have
further reinforced the added advantage of Ad-Cab in activating Fc-effector mechanisms of an

IgG1 and IgAl.

In conclusion, the in vitro, in vivo and ex-vivo data of Ad-Cab indicate the possibility of
clinical testing. Nevertheless, further analysis should be done with more other different types
of models. For example, the use of transgenic mice expressing Fca-R should be used to test
Ad-Cab. Other than testing efficacy, safety can also be further analyzed since a high activation
of neutrophils could induce long lasting inflammations potentially being toxic. Moreover,

other models which should be used is the implantation of the PDOs in NS mice to test efficacy.
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6.3 Study lll: Controlled release of enhanced cross-hybrid IgGA Fc fusion peptide
against PD-L1

In Study I, we observed that the use of a cross-hybrid IgGA Fc able to elicit Fc-effector
mechanisms of an IgG1 and IgAl leads to an increased tumor killing. The ability to increase
efficacy while maintaining safety is owed to the controlled released of the Fc-fusion peptide
to the tumor microenvironment. Using such advantage, we wanted to further build on such
progress by increasing the 1gG1 Fc-effector mechanisms by adding four well known point
mutations increasing NK cell activation. The four-point mutations (H268F/S324T/
$239D/1332E) added to the 1gG portion of the IgGA Fc increased the affinity towards both
activating receptors, Fc-ylla and Fc-yllla 2*!. CD16a is the only Fc-gamma receptor found on
NK cells and expressed relatively at high levels. So, we hypothesized that these mutations
would increase tumor killing of the Fc-fusion peptide by increasing the activation of NK cells.
Moreover, these mutations also increase the affinity towards Clq, a crucial component
required to activate the complement system through the classical pathway.

Therefore, in Study Il we characterized the efficacy and biodistribution of the Fc-

fusion peptide against PD-L1 in study Il with the point mutations in the IgG portion.

6.3.1 Cab FT induces high tumor killing at lower concentrations when PBMCs are
added

In study Il we developed an Fc-fusion peptide consisting of a cross-hybrid IgGA Fc connected
to a PD-1 ectodomain, which we have called Cab (Cross-hybrid Antibody). Cab was shown to
be very effective in killing tumor cells by activating Fc-effector mechanisms of an IgG1 and
IgAl. To increase efficacy, we added four-point mutations (H268F/S324T/ S239D/1332E) in
the IgG portion that are well known to increase NK cell activation and called it Cab-FT. To test
the enhanced efficacy of Cab FT, we performed ADCC experiments with four different murine
(B16K1 and B16F10) and human (A549 and MDA-MB-436) cells and using PBMCs as effector
cells (Study 3: figure 1 a). We treated cells with different concentrations of Cab and Cab-FT
and measured lysis. At high concentrations, Cab and Cab FT induced very similar levels of lysis
with all cell lines. Yet, at lower concentrations from 2.5ug/ml-0.3125ug/ml Cab-FT
outperformed Cab. We repeated these experiments but adding PMNs as effector cells (Study

3: figure 1 b). Both Cab and Cab-FT induced tumor lysis at very similar levels with all different
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concentrations. This was expected since despite PMNs expressing Fcy-lla, inhibitory receptors
such as Fcy-llb and Fcy-lllb are overexpressed possibly limiting Fcy-1la activation. Interestingly
when we added both PBMCs and PMNs (Study 3: figure 1 c), Ad-Cab FT induced higher levels
of cell lysis at lower concentrations than Ad-Cab. This implied that the enhanced activation of
NK cells provided from the point mutations can lead to an increased tumor killing under

psychological conditions.

We then finally tested if there was an increased activation of CDC, since the point
mutations did increase Clq binding (Study 3: supplementary figure 1 ). To our surprise, no
increase in CDC was noted from Ad-Cab FT since the levels of lysis was like Ad-Cab. This could
be explained by the fact that the Fab regions of an antibody have been implicated in the aid
of activating the complement classical pathway. The Fc-fusion peptides do not possess Fab
regions and could subsequently lead to poor activation of CDC, which has been seen with

other Fc-fusion peptides.

6.3.2 Cab and Cab FT do not induce cell death of certain leukocyte population while
blocking the PD-L1/PD1 axis

Various leukocyte populations such as DCs, monocytes and neutrophils have shown to
express PD-L1. We hypothesized that even though Cab and Cab-FT would bind to these cells,
no cell death would be induced. This is because the copy-number of an epitope is a key
determinant for antibodies to elicit effector mechanisms. The copy number PD-L1 on such
immune cells are relatively low which then possibly limits the Fc-fusion peptides from
inducing cell death. To test this, we treated whole blood from three healthy volunteers with
Cab and Cab-FT for 24 hours. In whole-blood, all effector populations that the Fc-fusion
peptide can activate are present allowing us to analyze if any death of certain leukocyte
population is possible (Study 3: figure 2 a). After incubation, we determined the absolute
numbers of various leukocyte populations and compared them to untreated whole-blood or
treated with Trastuzumab (IgG1 against Her2, used as a negative control). No difference
between cell percentages (Study 3: figure 2 b) or absolute numbers (Study 3: figure 2 c) could
be observed among whole-blood samples untreated or treated with Fc-fusion peptides or

Trastuzumab in any of the leukocyte populations (Neutrophils, monocytes, DC, T and NK
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cells). This data then indicates that the Fc-fusion peptides does not elicit cell death to certain

leukocyte populations which are essential for efficacy.

Once observed that Fc-fusion peptides do not harm important leukocyte populations,
we tested whether they could block the PD-L1/PD1 axis by using a MLR test (Study 3: figure
2 d). Both Cab and Cab-FT were shown to block the PD-L1/PD1 axis in a similar degree since
the expansion index of CD8+T cells were very similar. Also, the level of inhibition also seems
to be comparable to the clinically approved PD-L1 blocker, Atezolizumab. Moreover, this data
further attributes the enhanced activity of Cab-FT to NK activation. An enhanced PD-L1/PD1
disruption could have caused the enhanced efficacy shown with Cab-FT compared to Cab at
low concentrations when PBMCs were added. This is because T cells are present in the PBMC

cultures and an enhanced blocking of PD-L1 could induce a higher tumor killing.

6.3.3 Engineering Fc-fusion peptides into oncolytic adenoviruses for controlled
release and induction of Fc-effector mechanism

As mentioned previously, the systemic administration of the Fc-fusion peptides could have
various off-target effects which could be detrimental to patients. To avoid such side-effects,
we decided to clone Cab and Cab FT in oncolytic adenoviruses to restrict the release to the
tumor microenvironment. Using the cloning method from Study I, we were able to clone the
Fc-fusion peptides into Ad-5/3 A24 genomes and subsequently characterized them. Viruses
expressing Cab or Cab-FT were then called Ad-Cab or Ad-Cab FT, respectively. Using an MTS
assay, we saw that the genetic manipulation did affect the oncolytic fitness of Ad-Cab or Ad-
Cab FT (Study 3: figure 3 a). With human cell lines, cell death was only observed with MOls of
10 and 100 and the level of cell death of Ad-Cab and Ad-Cab FT were like unarmed Ad-5/3
A24. With murine cell lines, as expected no cell death observed was seen with any of the
viruses since replication is limited in such settings. This data further assures that the cloning
method, GAMER-Ad, does not affect the oncolytic/replication fitness of adenoviruses. We
then tested the amount of Fc-fusion peptide released from each virus from murine and
human cell lines. With human cell line, A549, around 7pug of Fc-fusion peptide was released
with both Ad-Cab an Ad-Cab FT (Study 3: figure 3 b). A lower amount of Fc-fusion peptide

was shown (1.3 pg) with murine cell line, B16K1, but the levels were almost the same among
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Ad-Cab and Ad-Cab FT (Study 3: figure 3 c). This implies that both Ad-Cab and Ad-Cab FT can
infect and express the corresponding Fc-fusion peptide in human and murine cells lines and
with very similar levels. This is mostly since both viruses have the same CMV promoter and
poly-A tail controlling the expressing of the Fc-fusion peptide.

Since both viruses expressed similar levels of Fc-fusion peptides, we tested level of cell
lysis induced from each virus at different concentrations. We used the same cell lines
previously used. When either PMNs (Study 3: supplementary figure 2 b) or complement
active serum (Study 3: supplementary figure 2 c) was added, the level of cell lysis among
different MOls between Ad-Cab and Ad-Cab FT were comparable. This further supported
previous data that the four-point mutations in Cab FT did not increase PMN or complement
activation. When PBMCs were added, a clear difference in cell lysis can be seen in which Ad-
Cab FT had higher levels of cell lysis than Ad-Cab at lower MOls (Study 3: supplementary
figure 2 a). With human cell lines (A549 and MDA-MB-436) this enhanced activation could be
seen at MOIs from 20-60 while for murine (B16K1 and B16F10) from 100-200. The difference
between murine and human cell lines can be explained by the lower levels of Fc-fusion
peptides being secreted in murine cells compared to human cells. This increased cell lysis was
also shown when both PBMCs and PMNs were added together where Ad-Cab FT had higher
cell lysis levels than Ad-Cab at low MOIs (Study 3: figure 4). In line with previous data, other
than decreasing the amount of Fc-fusion peptide but also decreasing amount of virus can

maintain the level of tumor killing with Ad-Cab FT when PBMCs are present.

6.3.4 Kinetics of tumor cell killing with Ad-Cab and Ad-Cab FT using XCELLigence

Having observed the increase killing efficacy of Ad-Cab FT, we further analyzed this by
conducting a real-time killing assay using the XCELLigence system (Study 3: figure 5 ). This
would allow us to get a detailed look into the kinetics of killing of Ad-Cab FT. We chose A549
and B16K1 as target cells and cells were infected with 30 or 100 MOI of Ad-Cab, Ad-Cab FT or
Ad-5/3 A24. Also, PBMCs and PMNs were used as effector cells and added directly after viral
infection. With A549 cells, cell death was noted at 18 hours with Ad-Cab FT while no death
was seen with the other conditions. After reaching 24 hours, Ad-Cab FT had reached its final
level of tumor killing while no cell death was recorded for Ad-Cab. Only after 32 hours was

cell death observed with Ad-Cab while for Ad-5/3 A24 at 40 hours. A similar trend was also
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observed with B16K1 in which Ad-Cab FT had the highest tumor death levels and occurred
faster compared to other conditions. The only difference between A549 and B16K1 cells was
that death was noted much later in B16K1 cells. Hence, other than reaching higher killing
levels Ad-Cab FT was able to induce faster tumor killing than Ad-Cab. The faster tumor killing
kinetics observed could be due to the higher affinity of Cab-FT towards Fcy-lla, found on NK
cells. This high affinity could then result in lower amounts of the Fc-fusion peptide required

for activation.

6.3.5 Lower amounts and dosages are required for Ad-Cab FT for in vivo efficacy.

In-vitro data showed that Ad-Cab FT could maintain high levels of tumor killing at low
concentrations when PBMCs were present. We then tested whether this was also the case in
vivo. We used B16K1 as a tumor model and injected mice with a lower dose of virus
corresponding to 108 viral particles compared to 10° viral particles used in Study Il. Moreover,
previously mice were given 7 doses while in this case we decreased the total amount of doses
to four (Study 3: figure 6 a). This would then allow to test the efficacy of Ad-Cab and Ad-Cab
FT at low concentrations. Mice receiving Ad-Cab FT had the best tumor control compared to
all other groups (Study 3: figure 6 b). A significant tumor control could still be seen with Ad-
Cab but was significantly lower compared to Ad-Cab FT. After sacrificing the mice, the
biodistribution of the Fc-fusion peptides was analyzed and no leakage to the liver (Study 3:
figure 6 e) or serum was noticed but rather an accumulation in the tumor microenvironment
was noticed (Study 3: figure 6 f). Similar levels of Fc-fusion peptides were present in mice
treated with Ad-Cab or Ad-Cab FT. This implied that the improved tumor control of Ad-Cab FT
is not caused by higher levels of Fc-fusion peptide. The enhancement could be attributed to
the increased NK activation since mice treated with Ad-Cab FT had higher levels of CD107a+
NK cells compared to other groups (Study 3: figure 6 c). This was not seen with CD8+ T cells,
since the expression of CD107a in such cells was similar among Ad-Cab, Ad-Cab FT or mPD-L1
treated mice (Study 3: figure 7 d). This also strengthens the attribution of NK cell activation
leading to better tumor control with Ad-Cab since CD8+ T cell activation seems to be similar
among treatment groups.

To further confirm such results, we repeated this experiment with a harder tumor

model to treat, 4T1 (Study 3: figure 7 g). As expected, Ad-Cab FT treated mice had the best
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tumor control among all other treatment groups (Study 3: figure 7 h). Moreover, Ad-Cab was
also shown here to induce some tumor control but still lower than Ad-Cab FT. The level of
activation of CD8+ T cells (Study 3: supplementary figure 4 d & e) was similar in Ad-Cab, Ad-
Cab FT and mPD-L1 treated mice but NK cell activation (Study 3: supplementary figure 4 c)
was more pronounced in Ad-Cab FT treated mice. Other than higher NK cell activation, Ad-
Cab FT treated mice also had a lower infiltration of MDSCs of the granulocytic (Study 3: figure
6 i) and monocytic (Study 3: figure 6 j) lineage in the tumor microenvironment. Contrary to
Study Il, Ad-Cab treated mice in this case did not have this decrease in MDSCs seen with Ad-
Cab FT. It might have been due to the fact a lower level of NK activation is noticed

subsequently leading to lower targeting of such populations.

As a final tumor model to test the efficacy of Ad-Cab FT, we used a humanized murine
model. NS mice were implanted with human A549 cells and PBMCs isolated from a healthy
control (Study 3: figure 7 a). Before treatment, peripheral blood was collected from mice to
test whether human PBMC engraftment was successful. Mice injected with human PBMCs
were shown to have a hCD45+ and hCD45+ CD3+ cell population in peripheral blood
compared to mice not given PBMCs (mock) (Study 3: figure 7 b). Mice were then administered
with two doses of either PBS (Mock), Ad-5/3 A24, Ad-Cab or Ad-Cab FT and tumor volumes
were regularly checked. Similar to syngenic mouse models, Ad-Cab FT clearly controlled the
tumor growth better than the other treatment groups with A549 (Study 3: figure 7 c). This
enhanced tumor control was accompanied with a higher NK cell activation in Ad-Cab FT
treated mice (Study 3: figure 7 d). Yet, both Ad-Cab and Ad-Cab FT treated mice showed a
similar level of CD8+ T cell activation (Study 3: figure 7 e & f). Again, further strengthening
the attribute of efficacy towards NK cell activation. Other than efficacy, both Ad-Cab and Ad-
Cab FT mice showed an excellent safety profile since no Fc-fusion peptide could be found in
the serum (Study 3: figure 7 g) or liver (Study 3: figure 7 i) but only in the tumor
microenvironment (Study 3: figure 6 h). In conclusion, the addition of for point mutations to
the Fc-fusion peptide engineered in Study Il increased its efficacy at lower levels in both in
vitro and in vivo settings. Ad-Cab FT is an enhanced version of Ad-Cab which could be
potentially used in the clinic. This could help in reducing the dosage since Ad-Cab FT works
efficiently at lower concentrations. A dose escalation study should be the first conducted to

determine if this is the case in the clinic.
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7. Conclusions and Future Prospects

Oncolytic viruses have been regarded as direct tools for tumor lysis due to their tumor-specific
tropism. Nevertheless, the oncolytic properties of viruses are not enough for tumor clearance
but rather the ability of the virus to activate the immune system. Hence, scientists have
equipped oncolytic viruses with multiple immune-stimulatory molecules which have
enhanced anti-tumor effects. Other than enhancing anti-tumor effects, this has also had a
positive effect regarding limiting toxicities since the expression/release of the molecules is
limited to the tumor. Yet, all of these molecules target PBMCs. Many studies have shown that
targeting solely PBMCs does not cause full clearance since the cytotoxic effects mediated are

finite.

PMNs have been a neglected cell population despite being the largest leukocyte
population in blood and highly infiltrated in tumors. This has been mostly due to the use of
IgG antibodies which sub-optimally activates neutrophils. This is simply because PMNs highly
express CD32b and CD16b which downregulate effector functions or act as a molecular “sink”,
respectively. This can be dangerous since immune cells have shown to be malleable
depending on the microenvironment and stimulus provided. For example, researchers found
relatively normal levels of Treg cells in the joints of rheumatoid arthritis patients compared
to healthy individuals?*?. However rather than promoting immune resolution, Tregs cells from
the patients were programmed to secrete a powerful pro-inflammatory cytokine IL-17. The
mechanism behind was speculated to be most probably due to the influence of the highly
inflammatory microenvironment. Despite this, it could explain why the infiltration of
neutrophils to the tumor is associated with a poorer prognosis since they are not adequately
activated?®®. This then calls for appropriate molecules able to capitalize such population to be

used as an effector population.

To address this, in this thesis we equipped oncolytic adenovirus with immune-
stimulatory molecules able to activate PBMCs as effector cells as well as PMNs. We were able
to activate PMNs by designing PD-L1 checkpoint inhibitors with a cross-hybrid Fc region
containing both IgG1 and IgA1 heavy regions. We have further enhanced antibody cytotoxicity
by adding IgA1 regions, since PMNs highly express the IgA Fc receptor Fcci-R. Such receptor

has been shown to be one of the most powerful activators of PMNs and has shown to increase
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tumor cytotoxicity from 20%, using IgG, to 90%, when using IgA to activate it. In, this thesis
we show that when PMNs and PBMCs are used as effector cells, exhaustion effects are
minimized, and full clearance of tumors is achieved. This has been done using various in vitro,
in vivo and ex-vivo models. Yet, in-vivo murine models are not able to optimally test the
efficacy of the IgGA Fc due to the lack of Fc-a receptor expression. In the future, transgenic
mice expressing Fc-a receptors should be used to thoroughly investigate the IgGA Fc. Also,
with these models it can also be investigated whether the IgGA Fc can re-direct
immunosuppressive immune populations towards a tumor-killing phenotype. MDSC of the
granulocytic lineages express a high level of Fc-a receptors and with appropriate stimulation
could lead to anti-tumor properties. If this is so, the IgGA Fc region should then be used in

tumors highly infiltrated with MDSCs in order to achieve efficient clinical responses.

The cross-hybrid IgGA Fc-region was tested in the context of PD-L1 checkpoint
inhibitory therapy. A therapy for which almost all approved antibodies have the Fc-effector
functions silenced due to safety reasons. The addition of Fc-effector mechanisms of an IgG1
and IgA1 showed to increase the efficacy and with the help of oncolytic viruses limit toxicity.
In the future, this cross-hybrid IgGA could be used for any clinical therapy which targets
tumors or immunosuppressive populations. For example, one of the main mechanisms of
action of CTLA-4 antibodies has been shown to be the targeting of Treg cells. The IgGA Fc
could in this instance increase clinical efficacy by enhancing the depletion of Treg cells. Other
than just adding point mutations to increase tumor killing, one other strategy to do so is by
further engineering the Fc region to contain IgE domains. The use of IgE domains in cancer
has been investigated due to its ability to activate eosinophils and basophils against cancer.
We have clearly shown that the simultaneous activation of multiple effector populations is
optimal for tumor clearance. Therefore, the creation of another cross-hybrid Fc containing

regions of an IgG, IgA and IgE can further increase tumor killing.

The path of clinical approval for cancer therapies has yielded many failures where the
majority do not reach the clinics. This is no different with immunotherapies and the reasons
vary. Ad-Cab and Ad-Cab FT present a strong case for clinical approval since unconventional
to majority of cancer immunotherapies, it capitalizes on multiple immune effector

mechanisms. This could prevent exhaustion of immune cells which has been attributed to a
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reduction in clinical efficacy. Moreover, the safety profile seems to be outstanding since the
expression and secretion of the potent Fc-fusion peptides is restricted to the tumor. What
would be interesting is to test with what type of tumor could Ad-Cab or Ad-Cab FT be
successful in treating clinically. Based on the data, it should be tumors with a high expression
of PD-L1 and possibly high PMN and PBMC infiltration. With the further experiments,

discussed above, Ad-Cab and Ad-Cab FT should undergo clinical testing.
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Oncolytic adenoviruses have become ideal agents in the path
toward treating cancer. Such viruses have been engineered to
conditionally replicate in malignant cells in which certain
signaling pathways have been disrupted. Other than such onco-
lytic properties, the viruses need to activate the immune system
in order to sustain a long-term response. Therefore, oncolytic
adenoviruses have been genetically modified to express various
immune-stimulatory agents to achieve this. However, geneti-
cally modifying adenoviruses is very time consuming and labor
intensive with the current available methods. In this paper, we
describe a novel method we have called GAMER-Ad to geneti-
cally modify adenovirus genomes within 2 days. Our method
entails the replacement of the gp19k gene in the E3 region
with any given gene of interest (GOI) using Gibson Assembly
avoiding the homologous recombination between the shuttle
and the parental plasmid. In this manuscript as proof of
concept we constructed and characterized three oncolytic ade-
noviruses expressing CXCL9, CXCL10, and interleukin-15 (IL-
15). We demonstrate that our novel method is fast, reliable, and
simple compared to other methods. We anticipate that our
method will be used in the future to genetically engineer onco-
Iytic but also other adenoviruses used for gene therapy as well.

INTRODUCTION

In the clinic, anti-cancer agents target rapidly dividing cells or single ge-
netic mutations. Advancements in genome sequencing have led us to
understand that cancer is not monogenic but rather a complex and het-
erogeneous disease.' This explains why the use of single genetic muta-
tion agents over the past decades have not yielded significant full
response rates or cures as once expected. Therefore, scientists have
stopped hunting for individual tumor suppressor genes or oncogenes
and started investigating methods in disrupting whole tumorigenic bio-
logical pathways.” Oncolytic viruses are the ideal agents in achieving
this, because such viruses are able to thrive in tumor cells, where such
malignant pathways have been activated or disrupted, and exploit meta-
bolic pathways that characterize tumorigenesis.” Also, oncolytic viruses
have extensively been shown to stimulate systemic host immune re-
sponses. The tumor microenvironment is immunosuppressive and

boosting the immune system has been observed to have significant
anti-tumor effects.” Hence, the dual mechanism oncolytic viruses
possess makes them interesting therapy agents.

To date, only one oncolytic virus has been granted US Food and Drug
Administration (FDA) approval for treatment despite years of exten-
sive investigation.” One of the reasons is that oncolytic viruses have
been generally seen as direct tools for killing cancer due to their tu-
mor-specific tropism. A growing body of evidence has shown that
the ability of the virus to activate the immune system is a key attribute
with regard to long-term antitumor effects.* Therefore, to make more
significant advances with such therapies there has been a shift in focus
from viewing oncolytic viruses not solely as direct oncolytic tools but
also as immunotherapies. Scientists have equipped oncolytic viruses
with multiple immune-stimulatory molecules that have enhanced
anti-tumor effects. For example, oncolytic viruses have been engi-
neered to express molecules like interleukins (IL-2, IL-12, IL-15,
and IL-18), chemokines (CCL5, CCL19, CCL20, and CCL21), im-
mune-activating ligands (CD40L), bi-specific T cell engager mole-
cules, and much more (all reviewed in Ylésmaki et al.?).

Such oncolytic viruses range from adenoviruses, herpes simplex vi-
ruses, vaccinia, Newcastle disease virus, and much more. However,
adenoviruses have drawn much of the attention due to their
numerous advantages. First, the adenoviral genome is highly stable,
which leads to easier large-scale production.5 Also, they are able to
infect most human cells due to the high expression of the viral cox-
sackievirus and adenovirus receptor (CAR) throughout the human
body. This high infectivity subsequently leads to higher expression
levels and sustainability of transgenes. Moreover, anti-adeno immu-
nity can be circumvented by attenuating adenovirus vectors. In
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GAMER-AD Figure 1. GAMER-Ad versus homologous
recombination
A schematic representation comparing the time required to
Days genetically engineer adenoviruses using GAMER-Ad or the
0 1 2 3 4 5 commonly used homologous recombination. The GAMER-
[ T T Ad method starts by first excising E3 using Barl and Srfl
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following the amplification and insertion of 40 overlapping
nucleotides to the fragment to be inserted (GOI) into the
adenovector. Both components are then assembled using
the Gibson Assembly (GA) reaction and transformed in
competent E. coli. To select positive colonies, screening of
recombinant plasmids can be done using a colony PCR.
This technique considerably simplifies and speeds up the
process and shows very high efficiency. As for homologous
recombination, the optimized procedure requires the
cloning of the shuttle plasmid with homologous arms by
PCR, linearization of the shuttle plasmid, transformation of
E. coli BJ5183 (a recombination proficient E. coli strain) with
the shuttle plasmid and backbone plasmid by electropo-
ration, screening for positive bacteria colonies, and finally
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addition, because of the extensive research done on adenoviruses, the
safety dosing and routes of administrations have been established.®
Finally, the tropism of the virus can be easily manipulated by modi-
fying its viral capsid.” For example, Zsolt and colleagues™'' were
able to redirect adenoviruses to expand solely in tumor cells by replac-
ing the adenoviral fiber knob (responsible for binding to CAR on
target cells) with a T cell receptor specific to a unique class of tumor

antigens.

Despite all the advantages, starting from a cDNA of interest to modi-
fying an adenovirus able to express such genes involves many steps
and significant time to be invested. The most common method
used is homologous recombination using a shuttle plasmid and the
full adenovirus genome. However, this methodology is very time
consuming, inefficient, and labor intensive. Here we present
GAMER-Ad (Gibson Assembly Mediated Recombination), a novel
method for engineering recombinant viruses that is simple, highly
efficient, and takes around 4 days to obtain an adeno full genome
with the gene of interest (GOI) inserted (Figure 1). Our method is
based on directly substituting the GOI into the E3-gp19k region via
the well-known molecular cloning method Gibson Assembly
(GA).”"° Gibson Assembly is a molecular cloning method allowing
the assembly of multiple DNA fragments in one isothermal reaction
containing three enzymes: exonuclease, DNA polymerase, and DNA
ligase. The method requires a base overlap of 20-40 nucleotides
among the fragments to be assembled. This overlap will allow the exo-
nucleases to chew the 5 ends, allowing the seamless joining of

transformation of the successfully recombined plasmid into
arecombination-incompetent strain of E. coli to obtain high
vyields of plasmid DNA.

adjacent fragments. In this study, we added over-
lapping regions of the adenovector backbone into
the 3’ and 5’ ends of the GOI, and, using the
already commercially available GA Master Mix,
we were able to replace the gp19k gene in the E3 region of the adeno-
vector backbone with our GOL In this paper, we describe the use of
this method for the creation of three genetically modified adenovi-
ruses to express CXCL9, CXCL10, and IL-15.

Plasmid rescue

RESULTS

Excising the E3 region and constructing the GOI

The genetic modification of the described viruses was possible by usinga
vector containing the Ad5/3-A24-E3+ genomic DNA. Our novel meth-
odology consists of replacing the gp19k region of the E3 gene with our
GOl using the GA method. First, the E3 region from the adenovirus was
removed by taking advantage of the convenient and inherent restriction
enzymes flanking the gene, Barl and Srfl (Figure 3A). After digestion,
products were loaded on an agarose gel, and a clear band between 3
kb and 4 kb can be observed, indicating that the E3 gene (3,398 bp)
was excised successfully (Figure 3B).

The GOI to replace the gp19k region consisted of a Citomegalovirus
(CMYV), coding sequence of IL-15, and a poly(A). The CMV and
poly(A) entailed 40 overlapping nucleotides to the 5’ and 3’ ends of
the excised Ad-5/3-A24-E3+, respectively, to ensure a correct assem-
bly. Additionally, the poly(A) fragment also contained all the coding
sequences of the E3 region except for the gp19k gene. As shown in
Figure 2, all three components were amplified via PCR. Moreover, us-
ing our primers, 40 overlapping nucleotides were added to the 5" and
3’ ends of the IL-15 fragment allowing assembly with poly(A) and
CMV fragments (Figure 3C). Using the GA Master Mix, all three
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The GOI was constructed made up of three components: a CMV starting sequencing, followed by the coding sequencing of the chemokines, and finally ending in a poly(A)
tail. The chemokine coding sequences contained 40 nucleotides in their 5’ and 3', which are homologous to the ends of the CMV and poly(A) fragment, respectively. The CMV
and poly(A) tail also contain all the genes required for E3 except the gp19k gene. All three fragments were then assembled together using the GA method. The Ad-5/3 genome
was excised with Barl and Srfl to liberate the E3 region. The GOl was then inserted into the excised genome, again using the GA.

components were assembled together. A PCR using a forward primer
flanking the 5" end of the CMV and reverse primer flanking the 3" of
poly(A) demonstrated that assembly was successful and in the correct
orientation (Figure 3D).

Assembling the GOl into the adenovirus genome

Following adenovector digestion and GOI construction, the two com-
ponents were assembled together using again the GA Master Mix.
The GA products were transformed in E. coli cells, and eight colonies
were taken for colony PCR. Using primers flanking the CMV and
poly(A) tail (only found in the GOI), we saw that from eight colonies,
six of them had the GOI (Figure 4A). Three positive colonies (based
on colony PCR) were selected, grown in Lysogeni Broth (LB) medium,

and the DNA was isolated. To further check whether replacement of E3
with the GOI in the adenovector was successful, constructs underwent
restriction enzyme analysis and Sanger sequencing. Isolated DNA from
the three colonies and unmodified adenovector were digested using
EcoRI. In case of success in replacing gp19k with the GOI, a band should
be observed at 2,075 bp, compared to a 2,718 bp band when gp19k re-
mains (Figure 4B). Digestion with EcoRI demonstrated that gp19k was
replaced in all three selected colonies (Figure 4C). Sanger sequencing
was then performed and confirmed that all the three selected clones
had the gp19k gene replaced by the GOI (Figure 4D). To further illus-
trate the rapidness and simplicity of our method, we engineered two
new Ad5/3 viruses expressing CXCL9 and CXCL10. The same process
was used, and each virus took an average of 2 days to be cloned.
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(A) A schematic representation of the linearization of the Ad5/3 genome using Barl and Srfl. (B) Ad5/3 was linearized using the mentioned restriction enzymes and loaded onto
an agarose gel in lane 2. Lane 1 represents a 1 kb gene ruler from Thermo Fisher. (C) The CMV, poly(A), and chemokine fragments were amplified and loaded onto an agarose
gelinlanes 2, 3, and 5, respectively. Lanes 1 and 4 were loaded with 1 kb gene ruler from Thermo Fisher. (D) Schematic representation of the assembly of the GOI. (E) After
assembling all three fragments of the GOl using the GA, the final fragment containing CMV-cytokine-poly(A) was amplified using PCR and loaded on a gel. Lane 2 represents

the amplified GOI, while lane 1 represents a 1 kb gene ruler from Thermo Fisher.

Viral production and Ad5/3-A24 contamination check

After successfully constructing adenovectors expressing CXCL9,
CXCL19, and IL-15, we linearized the genomes with Pacl to
release the vector sequence and expose the viral ITRs required
for the initiation of the viral DNA replication in the host cell.
The digestion product was transfected into A549. Viral plaques ap-
peared on the cell layer 7 days post transfection, suggesting suc-
cessful rescue of recombinant viruses (Figure 5A). Packaging cells

628

were lysed to release the virus, and the viral crude was utilized for
further amplification of the virus. Viruses were successfully puri-
fied using CsCl, and the viral particle titer and infectious unit titer
were determined.

After, we sought to determine whether there was an Ad5/3-A24
contamination in the purified preparations of the cloned chemokine
expressing Ad-5/3. We designed two different PCR protocols, with
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(A) After transformation of GA products, eight colonies were chosen (lanes 2-9) and a colony PCR was conducted. Primers flanking the CMV and IL-15 coding region were
used. As a positive control, the GA of CMV-IL-5-poly(A) (lane 10) was used. Lane 1 represents a 1 kb gene ruler from Thermo Fisher. (B) Simulation of expected lanes where
unmodified adenovector is cut with EcoRl (lane 3) compared to positive adenovirus clones successfully having the gp19k replaced with the GOI (lane 2). Lane1 represents a 1
kb gene ruler from Thermo Fisher. (B) Actual representation of three colonies transformed with the assembled adenovirus containing the GOI (lanes 2, 3, and 4). Lane 5
represents wild-type adenovirus cut with EcoRlI, while lane 1 represents a 1 kb gene ruler from Thermo Fisher. (C) Three samples of Sanger sequencing from one of the

positive sequences. Original sequence represents the reference sequence of IL-15.

the first protocol having primers flanking the gp19k gene and the
second having primers binding to CMV and poly(A) (only found
in the cloned Ad5/3-A24) (Figure 5B). Purified virus samples
from the cytokine-expressing viruses and unmodified Ad5/3-A24
were boiled to release the DNA from the viral capsid and were
used as template for the PCRs. When primers flanking the gp19k
gene were used, a band was only seen with the Ad5/3-A24 virus.
As expected, when primers binding to the CMV and poly(A) were
added, corresponding bands were seen in all cloned Ad-5/3 viruses,
but no band was observed with the Ad-5/3-A24 virus (Figure 5C).
Hence, this demonstrates that our method does lead to Ad5/3-
A24 virus contamination.

Viral replication and fitness of cloned viruses

Following the cloning and purification of Ad-5/3 viruses expressing
CXCL9, CXL10, or IL-15, we wanted to check that method and modi-
fication used did not affect the oncolytic fitness or replication of the
viruses. All viruses have a well-known 24-bp deletion in the E1A re-
gion conditioning such viruses to replicate only in Rb-deficient cells.
As a result, two tumor models, lung carcinoma cell (A549) and triple-
negative breast cancer cells (MDA-MB-436), were infected with our
cloned viruses and unmodified Ad5/3-A24 virus. Oncolysis was
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observed at day 3 post infection in a dose-dependent fashion in
both cell lines (Figures 6A and 6B). Oncolysis levels of the cloned vi-
ruses resembled those of the unmodified virus, indicating that our
cloning method did not affect oncolytic potency or virus replication.
To further corroborate this, two murine cell lines, B16F10 and 4T1,
were also studied. Human adenoviruses serotype 5 can infect murine
cell lines but are unable to replicate. As expected, no cell death was
observed with either murine cell line when infected with the unmod-
ified and cytokine-expressing Ad-5/3 viruses (Figures 6C and 6D).
These data illustrate that our novel cloning methodology does not
affect oncolytic fitness or replication.

Chemokine expression and migration induction from cloned
viruses

The next step of the cloned viruses’ in vitro characterization was to
investigate the levels of expression of the cytokine upon virus infec-
tion. MDA-MB-436 cells were infected with the unarmed and the
cytokine viruses, separately. The cell’s supernatant was collected at
day 2 post infection. All cloned viruses were able to induce expression
and secretion of the designated chemokine or cytokine at levels
ranging from 0.9-37 ng (Figure 7A).
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CXCL9, CXCL10, and IL-15 have a common role in T cell migra-
tion. To test whether the secreted chemokines/cytokines from our
viruses were functional, we infected MDA-MB-436 cells with the
cytokine-encoding viruses and tested peripheral blood mononuclear
cell (PBMC) migration using a Transwell system. Calcein green-
labeled PBMCs were placed on top of Transwells and migrated
green PBMCs were then counted on the lower chamber. When
MDA-MB-436 cells were infected with our cloned viruses, an in-
crease in migratory PBMCs was observed compared to uninfected
cells or cells infected with the unarmed virus (Figures 7B and
7C). The highest increase in PBMC migration was observed with
Ad5/3-CXCLY, followed by Ad5/3-CXCL10. In conclusion, our
cloned viruses are able to express functional chemokines/cytokines
that induce lymphocyte migration.

A
Ad-5/3 I-15
10x Magnificaiton
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Figure 5. Viral production with lack of Ad5/3-A24
contamination

(A) Representative images of A549 cells transfected with IL-
15-expressing adenovirus and wild-type virus. Images were
taken 9 days post-transfection at two different magnifica-
tion, 10x and 40x. (B) Ad5/3-A24 contamination was
checked by amplifying the gp19k region (Ad5/3-A24) or the
CMV and poly(A) region (GOI). A simulation of what should
be expected is presented and type of samples are anno-
tated. Lane MW represents a 1 kb gene ruler from Thermo
Fisher. Lanes 4 and 9 represent Ad5/3-A24 virus. Lanes 1
and 6 represent CXCL9-expressing adenovirus. Lanes 2
and 7 represent CXCL10-expressing adenovirus. Lanes 3
and 8 represent IL-15-expressing adenovirus. (C) The
actual representation of the wild-type contamination PCR
assay. Lane 1 represents a 1 kb gene ruler from Thermo
Fisher. Lanes 5 and 9 represent the unmodified Ad5/3-A24
virus. Lanes 2 and 6 represent CXCL9-expressing adeno-
virus. Lanes 3 and 7 represent CXCL10-expressing
adenovirus. Lanes 4 and 8 represent IL-15-expressing
adenovirus.

DISCUSSION

Oncolytic adenoviruses have become ideal agents
to treat cancer due to their specific tumor tropism.
To achieve a long-term response, such viruses need
to induce an anti-tumor response.” In doing so, sci-
entist have armed oncolytic adenoviruses with
various immune-stimulating agents. Yet, the cur-
rent methods to genetically modify the adenovi-
. g b ruses are rather complex, time consuming, and
. expensive. In spite of this, we adapted a novel
method to genetically modify oncolytic adenovi-
ruses using GA, which is faster, cheaper, and
more convenient than other methods.

.

GA has been previously used, to a certain extent, to

construct adenovirus genomes. However, the nov-

elty of GAMER-Ad is that it can be done with

routinely used Ad-5, Ad-5/3, and Ad-3 viruses.
Moreover, the method entails replacing the gp19k gene from E3 region
with a GOI, which has not been done before by using GA. Usually, ge-
netic manipulations are done in limited regions that are not essential
for viral production, such as E1, E2A, E3, and E4.”' ' Yet, much atten-
tion has been drawn to the E3 region for genetic manipulation. The E3
region is a complex region, with multiple-gene transcription units ex-
pressing around seven different E3 proteins."® This complexity causes
such proteins to be expressed at varying times and levels during the
course of infection. If these genes were to be substituted by a therapeu-
tic GOL this would provide a flexible system in which multiple
transgenes could be expressed in varying and predictable levels."* Addi-
tionally, the E3 proteins have well-known roles in immunomodulation;
hence, removing such genes creates an opportunity to direct the im-
mune responses to synergize with the therapeutic GOL '
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Currently, many labs replace the adenoviral genes with GOI via ho-
mologous recombination using a shuttle plasmid and full-length
adenoviral backbones.'® However, this process has a low efficiency,
has wild-type (WT) contamination, and is time and labor intensive.
Moreover, recombination takes place in a specialized E. coli strain,
BJ5183, containing a Rec-A deﬁciency.”"x Even though higher yields
of homologous recombination are achieved, there is also a higher
chance of secondary recombination events giving rise to unwanted
repeat regions or secondary structures to the adenoviral genome.
Hence, scientists have directed their efforts in developing easier and
more efficient methods for generating recombinant adenoviruses.
These methods include directly ligating cDNA into E1-deleted adeno-
viral genomes using Cre-loxP shuttles' and E. coli-recombinant
systems.”’ These methods have simplified this process and fixed
wild-type viral DNA input problems. Nevertheless, these methods
are still time consuming and not very efficient and require several
steps in planning.

We have shown that our method is robust, with minimal false posi-
tives during the screening stage. An average of 75% of the colonies
from the transformed GA products of Ad5/3-I1-15 tested had IL-15
assembled to the excised adenovirus genome. Usually, the official
GA method entails that the overlapping ends have around 15-
20 bp.”' In our method, 40 overlapping nucleotides seem to be very
efficient in assembling products onto the adenovirus genome.
Whether this could be further optimized by increasing or decreasing
the overlapping region remains to be tested. Moreover, we have
shown that no Ad5/3-A24 contamination is found while expanding
the viruses. Finally, with three different viruses we demonstrated
that our method is rapid and time efficient.

The full GOI fragments to be inserted into the adenovirus genome
had a size of more than 4,000 bp. Designing a GOI every time can
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AN

Figure 6. Oncolytic fitness

(A-D) Cell viability assay of (A) A549, (B) MDA-MB-436, (C)
B16F10, and (D) B16F1 cell lines. Cell lines were infected
with CXCL9 (blue), CXCL10 (red), and IL-15 (green)-ex-
pressing adenoviruses along with wild-type virus (purple).
Cell viability was checked after 3 days using an (3-(4,5-di-
methylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sul-
fophenyl)-2H-tetrazolium) (MTS) assay. The data are pre-
P sented as mean + SD (n = 3).

-e- CXCL9
= CXCL10
a 115
- WT

be inconvenient with respect to time and eco-
nomic efficiency. To help overcome this, we
amplified the CMV and poly(A) fragments sepa-
rately and assembled them with the three
different cytokine/chemokine coding sequences.
This was done to demonstrate the flexibility of
this method and the adaptability of it where
only the coding sequence of the therapeutic
gene is required for future manipulations.

-e- CXCL9
-= CXCL10
* 115
- WT

Beyond being one of the most widely studied vi-

ruses in clinical development for cancer therapy
(source: ClinicalTrials.gov, URL: https://clinicaltrials.gov/; search
criteria: condition or disease: cancer; other terms: oncolytic virus;
search date: November 26, 2019), adenoviruses have taken the main
stage as the most effective vector for gene delivery due to their
numerous advantages. Due to the appealing advantages adenoviruses
provide, they have become the most-used gene-delivery vectors in clin-
ical trials, accounting for more than 20% of all gene therapy trials.””
Due to the presence of the inherent restriction enzymes Srfl and Barl
on multiple adenovirus serotypes (such as Ad5, Ad3, Ad6, and Ad2),
our method can be applied in most adenoviruses used for gene therapy.

In conclusion, we have demonstrated a novel method to replace the
gp19k gene with a therapeutic GOI The present work compiles and
describes the main steps necessary, from cloning to the production
of three novel armed oncolytic adenoviruses, followed by an exten-
sive characterization of the constructed viruses. Considering the dis-
cussed improvements, this methodology can be adopted for the
generation of a limitless range of viruses to be used for different ap-
plications. We believe that our method will help the scientific com-
munity progress in the design and construction of novel armed
oncolytic adenoviruses.

MATERIAL AND METHODS

Cell lines and viral genomes

Human lung cancer cell line A549, human breast cancer cell line MDA-
MB-436, and murine skin cancer cell lines BI6F1 and B1610 were pur-
chased from the American Type Culture Collection (ATCC). All cell
lines were cultured under appropriate conditions and regularly checked
for mycoplasma contamination. In brief, A549 and MDA-MB-436 cells
were cultured in Dulbecco’s modified Eagle’s medium (DMEM), while
B16F1 and B16F10 were cultured in Roswell Park Memorial Institute
(RPMI) 1640 medium. All media were supplemented with 10% fetal
bovine serum and 1% penicillin/streptomycin.
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In this study, a plasmid containing the adenovirus genome pAd5/3-
A24-E3+ was used as starting material. The plasmid contains all ma-
chinery necessary for plasmid amplification, including kanamycin
resistance gene, and the genome of adenovirus serotype 5. This
plasmid in particular contains a 24 bp deletion in the viral early
gene E1A (A24) that enables the virus to replicate in Rb-deficient
cells, and the knob of the fiber in the late gene L5 is replaced by the
knob of a serotype 3 adenovirus.
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Figure 7. FL
expressing viruses

(A) Chemokines from CXCL9, CXCL10, and IL-15-ex-
pressing viruses were measured using an ELISA. A549
cells were infected with 100 MOI of the viruses indicated,
and at day 2 post-infection the supernatant was collected
and tested. (B) Migration was assessed using a Transwell
system. Chemokine-expressing viruses were added to
MDA-MB-436 cells at MOI 100 at the lower chamber. To
the top chamber, calcein green-labeled PBMCs were
added, and at day 2 the number of cells at the bottom
(migrated cells) were counted manually. (C) Visual repre-
sentation of migrated green labeled PBMCs. Scale bar,
400 nm.
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Plasmid construction

A schematic of the plasmid construction can be
found in Figure 2. First, poly(A) and CMV se-
quences were synthesized by Thermo Fisher.
The poly(A) and CMV sequences contained 40
overlapping nucleotides to the adenovirus
genome in the 3’ and 5’ ends, respectively. Also,
the poly(A) fragment contained in all the genes
of the E3 region except for the gp19k gene. Se-
quences of the poly(A) and CMV fragments
can be found in Figure S1. The poly(A) and
CMV fragments were amplified with CMV-Fwd
and poly(A)-reverse (Rv) primers Phusion
High-Fidelity DNA  Polymerase (Thermo
Fisher). Coding sequences of CXCL9, CXCL10,
and IL-5 were synthesized and cloned in pcDNA
3.3 topo vector by Thermo Fisher. CXCL9,
CXCL10, and IL-5 were then amplified, and 40
overlapping nucleotides to the CMV and poly(A)
fragments were added to the 5 and 3’ ends,
respectively, using the primers mentioned in Ta-
ble 1 using Phusion High-Fidelity DNA Poly-
merase (Thermo Fisher). Each chemokine frag-
ment was then assembled with the poly(A) and
CMV fragments as one fragment using the GA
Master Mix (New England Biolabs) and accord-
ing to manufacturer’s instructions. Products
were added in a 3:1:1 (poly[A]:CMV:chemokine)
molar ratio, where 50 ng of poly(A) was added.
The assembled products were further amplified
with the CMV-Fwd and poly(A)-Rv using Phu-
sion High-Fidelity DNA Polymerase (Thermo Fisher) to produce
enough DNA quantities to proceed to the next step.

At the same time, the pAd5/3-A24-E3+ was then linearized with Srfl
(New England Biolabs) and Barl (SibEnzyme), releasing the E3
region, and DNA was recovered by ethanol precipitation. The assem-
bled CMV-cytokine-poly(A) fragments were inserted into the linear-
ized adenovirus genome using the GA Master Mix (New England
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Table 1. Primers used for cloning the chemokine-expressing viruses

Primer name Primer sequence, 5'-3'

Product (bp) Aim

Fw-CXCL9 GATAGGCAGCCTGCACCTGAGGAGTGCGGCCGCTTTATCAGGTGGTCTTCTTCTGCCT amplify CXCLO sequence
461
Rv-CXCL9 gataggegtgtacggtgggaggtctatataageagagctgGCCACCATGAAGAAGAGCGGCGTGCT and add overlaps
Fw-CXCLI10 GATAGGCAGCCTGCACCTGAGGAGTGCGGCCGCTTTATCAGGGGCTCCTCTTGCTCCT amplify CXCLI0 sequence
374
Rv-CXCL10 cgtgtacggtgggaggtctatataagcagagctg GCCACCATGAACCAGACCGCCATC and add overlaps
Fw-IL15 GATAGGCAGCCTGCACCTGAGGAGTGCGGCCGCTTTATCAGCTGGTGTTGATGAACAT amplify IL-15 sequence
568
Rv-IL15 cgtgtacggtgggaggtctatataagcagagctg GCCACCATGAGGATCAGCAAGCCCCA and add overlaps
Rv-CMV ATAGTGGGTGCGGATGGACAG
692 amplify CMV sequence
Fw-CMV cagctctgcttatatagacctcccaccg
Fw-PolyA GCCGAAGTTCAGATGACTAACTCAG
2,543 amplify poly(A) sequence
Rv-polyA TGATAAAGCGGCCGCACTCCTCAGGTGC

Biolabs) according to manufacturer’s instructions. A 3:1 (insert:vec-
tor) molecular ratio was used, where 1.3 ug of the linearized adeno-
virus genome was added. Approximately 2 puL of assembled products
were transformed into DH5-alpha E. coli cells, spread on kanamycin-
containing LB agar and incubated overnight at 37°C. Positive colonies
were picked and grown on kanamycin selection LB medium. Plasmid
DNA was isolated from each colony and analyzed using Sanger
sequencing or restriction enzyme analysis using EcoRI.

Packaging and amplification of adenoviruses

Adenovirus genomes were first digested with Pacl to release the kana-
mycin resistance gene. The linearized genome was then rescued by
ethanol precipitation, and approximately 3 pg was transfected into
A549 cells seeded in a T25 cell culture flask using Effectene (QIAGEN).
When cytopathic effect (CPE) was observed, cultures were harvested,
subjected to four freeze-thaw cycles, and centrifuged to remove the
cellular debris, and the supernatant was preserved at 80°C and used
as the seed virus. The next round of amplification was performed simi-
larly, but this time using a T175 cell culture flask, and the last round of
amplification was performed in a 10-layer cell culture multi-flask.

Purification of adenoviruses

Cells infected with the different adenoviruses were observed under
the microscope daily, and once they displayed a clear CPE, cells
were further detached from the flask by strongly tapping the cell cul-
ture flask. Cells were collected by centrifugation, and the cell pellets
were resuspended in 7 mL of cultured medium and subjected to
four freeze-thaw cycles. The lysates were further centrifuged to re-
move cell debris, and supernatant was collected. Viruses were purified
using a two-stage CsCl gradient procedure followed by ultracentrifu-
gation. The purified adenoviruses were dialyzed overnight against
A195 buffer, formulated by Evans et al.** Dialyzed viruses were ali-
quoted and stored at —80°C for further use.

Colony PCR

Single colonies were picked and added to 20 pL of MilliQ (MQ) water.
Samples were then boiled at 95°C for 5 min. One microliter was used as a
DNA template, and the following primers were used to conduct the PCR:

Forward (FW) primer: 5'-TGATGTTCTTCTCCTCCAGC-3'
RV primer: 5-ATTATGCCCAGTACATGACC-3

Viral particle titering

Viral particles were titered by measuring the optical density (OD) at
260 nm. First, virus preparations were mixed with virus lysis buffer
(VBL) containing 10 mM Tris-HCL, 1 mM EDTA, and 0.5% SDS
in a 1:3 (virus:VBL) ratio. Samples were incubated at 95°C for
15 min and absorbance at 260 nm was measured. VP was calculated
using the following formula:

Viral particle / ml=0D260 x dilution factor x 1.1 x 10'%.

Infectious titer determination

A549 cells were seeded in a 24-well plate and infected with series of
10-fold dilutions of the virus. After 48 h of incubation at 37°C, cells
were fixed with ice-cold methanol and washed with PBS containing
1% bovine serum albumin. Cells were incubated with mouse anti-
hexon antibody, followed by secondary horseradish peroxidase
(HRP)-conjugated antibody against mouse. Cells were incubated
with 3,3' Diaminobenzidine (DAB) solution according to manufac-
turer’s instructions until a clear color formation was detected by
naked eye. At this point, the reaction was quenched with PBS and
the stained cells were counted under a BF microscope. The calcula-
tions of the infectious titer were done using the following formula:

A(well) o 1 1mL
Alfield) " d~ vV’

Infectious units/mL =x X

where x is the average of infected cells per field, A(well) is the surface
area of the well (in this case is equal to 190 mm?), A(field) is the sur-
face area of the field, d is the dilution factor used, and V is the volume
of virus dilution applied per well in milliliters.

Cell viability assay

Cells were plated in a 96-well plate, and on the following day cells
were infected at different multiplicities of infection (MOIs). Three-
day post-infection cell viability was assessed using a MTS assay and
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performed according to manufacturer’s protocol (CellTiter 96
AQueous One Solution Cell Proliferation Assay, Promega) according
to manufacturer’s instructions. Absorbance was measured at 490 nm
using Varioskan LUX multimode microplate reader (Thermo Fisher).

Wild-type contamination assay

Virus preparations were first incubated at 95°C for 15 min to release
the genomic DNA from the viral capsid. A PCR was performed using
DreamTaq Polymerase (Thermo Fisher).

To analyze wild-type viruses, the following primers were used: 5'-
tttcctcaataaagcetgegte-3'  (reverse) and 5'-attcaagcaactctacgggct-3
(forward). To analyze genetically modified viruses, the following
primers were used: 5'-ccagtacatgaccttatg-3’ (reverse) and 5'-
ttgtcccagecaatcag-3' (forward).

Transwell migration assays

Migration was tested using a Transwell (Corning) with a 6.5 uM pore
membrane. In the bottom (apical side) 100,000 MDA-MB-436 cells
were added and infected at MOI 100. On the top (basolateral side),
10° PBMCs stained with calcein green (Thermo Fisher) according
to manufacturer’s instructions, were added. After two days, green-
labeled PBMCs that translocated to the bottom of the Transwell
were counted manually.

Concentrations of cytokines

A549 cells were infected with 100 MOI of virus, and supernatant was
collected. From the supernatant, the concentrations of CXCL9,
CXCL10, and IL-15 were measured using the respective ELISA Duo
Set test (R&D Systems) according to the manufacturer’s instructions.
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ABSTRACT

Background Despite the success of immune checkpoint
inhibitors against PD-L1 in the clinic, only a fraction of
patients benefit from such therapy. A theoretical strategy
to increase efficacy would be to arm such antibodies with
Fc-mediated effector mechanisms. However, these effector
mechanisms are inhibited or reduced due to toxicity
issues since PD-L1 is not confined to the tumor and also
expressed on healthy cells. To increase efficacy while
minimizing toxicity, we designed an oncolytic adenovirus
that secretes a cross-hybrid Fc-fusion peptide against
PD-L1 able to elicit effector mechanisms of an IgG1 and
also IgA1 consequently activating neutrophils, a population
neglected by IgG1, in order to combine multiple effector
mechanisms.

Methods The cross-hybrid Fc-fusion peptide comprises
of an Fc with the constant domains of an IgA1 and IgG1
which is connected to a PD-1 ectodomain via a GGGS
linker and was cloned into an oncolytic adenovirus. We
demonstrated that the oncolytic adenovirus was able to
secrete the cross-hybrid Fc-fusion peptide able to bind
to PD-L1 and activate multiple immune components
enhancing tumor cytotoxicity in various cancer cell lines,
in vivo and ex vivo renal-cell carcinoma patient-derived
organoids.

Results Using various techniques to measure cytotoxicity,
the cross-hybrid Fc-fusion peptide expressed by the
oncolytic adenovirus was shown to activate Fc-effector
mechanisms of an IgA1 (neutrophil activation) as well as
of an IgG1 (natural killer and complement activation). The
activation of multiple effector mechanism simultaneously
led to significantly increased tumor killing compared with
FDA-approved PD-L1 checkpoint inhibitor (Atezolizumab),
IgG1-PDL1 and IgA-PDL1 in various in vitro cell lines, in

7 Satu Mustjoki @ 2%8°
Thomas G McWilliams,*° Mikaela Grénholm, ™22 Vincenzo Cerullo

1,2,3,8,11

vivo models and ex vivo renal cell carcinoma organoids.
Moreover, in vivo data demonstrated that Ad-Cab did not
require CD8 + T cells, unlike conventional checkpoint
inhibitors, since it was able to activate other effector
populations.

Conclusion Arming PD-L1 checkpoint inhibitors with
Fc-effector mechanisms of both an IgA1 and an IgG1 can
increase efficacy while maintaining safety by limiting
expression to the tumor using oncolytic adenovirus.

The increase in tumor killing is mostly attributed to

the activation of multiple effector populations rather
than activating a single effector population leading to
significantly higher tumor Killing.

INTRODUCTION

Immune checkpoint inhibitor (ICI) thera-
pies have been established as a potent treat-
ment option for a plethora of tumor types
and have significantly expanded the thera-
peutic armamentarium in oncology. Such
agents target immune inhibitory receptors
and interrupt coinhibitory signaling path-
ways, abrogating their immunosuppressive
function and consequently revitalizing anti-
tumor immune response. The consequent
restoration of immune-mediated elimination
of tumor cells leads to long-term, sustained
tumor responses,' ” resulting in their approval
as firstline treatments for a growing list of
malignancies.?' Nevertheless, accumulating
evidence indicate that checkpoint inhibitors
can only benefit a fraction of patients.*
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In spite of such limitations, there has been a shift of
focus in improving ICIs therapeutic efficacy. All clinically
approved ICIs are antibodies that primarily act as antago-
nizing agents with their main mechanism of action being
the reconstitution of a T-cell response by disrupting an
immunosuppressive axis.” Nevertheless, ICIs are either
limited or entirely not able to elicit crucial antibody-
dependent effector mechanisms® such as complement-
dependent cytotoxicity (CDC) or antibody-dependent
cell cytotoxicity/phagocytosis (ADCC/ADCP) which are
pertinent to an antibody. Based on clinical data, activa-
tion of effector mechanisms are a necessity for thera-
peutic antibodies to achieve tumor clearance.’ Moreover,
effector mechanisms such as ADCC and CDC have been
noticed to be an essential requirement for enhanced anti-
tumor responses for some modified ICIs against CTLA-
4% or PD-L1.” " Thus, equipping or enhancing ICIs with
such effector mechanism via the Fc-fragment may lead to
improved efficacy, resulting in higher response rates in
the clinic.

In the clinic, all therapeutic antibodies against cancer
are of the IgG isotype and predominantly of the IgGl
subtype. This is primarily due to the ability of an IgG to
activate the complement system and natural killer cells
(NK), leading to tumor killing. Yet, IgG fails to efficiently
activate the most abundant leukocyte population able to
infiltrate solid tumors, neutrophils. This is mostly due
to the relatively high expression of inhibitory Fc-yIIB
(CD32B)"" and FeyIIIB (CD16B)," which do not contain
any signaling motif yet has been seen to block the activa-
tion of ADCC."” In order to capitalize on such a prom-
ising population, IgA antibodies have been used since
they bind to the Fc-o. receptor, CD89, which is highly
expressed on neutrophils, monocytes and macrophages
consequently eliciting ADCC or ADCP.'"* ° In addition,
the Fc-o-mediated activation of neutrophils by IgA anti-
bodies has been shown to be more effective in tumor
killing than the Fc-y-mediated effector mechanisms by
IgG antibodies in multiple types of cancers.'® However,
it has been shown that the addition of both IgG and IgA
antibodies further enhances tumor cytotoxicity.17

Here, we have developed a Fc-fusion peptide against
PD-L1 consisting of a cross-hybrid Fc region containing
constant regions of an IgG1 and an IgAl, termed IgGA,"®
connected to a PD-1 ectodomain, carrying mutations that
increase its affinity towards PD-L1 via a glycine linker.
However, carrying a competent/functional Fc region
can be a double-edged sword since immune checkpoints
are expressed ubiquitously and such antibodies are
systemically administered, frequently causing irAEs."’ To
circumvent this obstacle, we limited the expression of the
Fe-fusion peptide directly into the tumor microenviron-
ment by cloning it into an oncolytic adenovirus. Oncolytic
viruses have become ideal gene therapy vehicles because
they are able to selectively infect and kill tumor cells while
leaving healthy tissues intact, as shown in preclinical trials
and patients.g“ Moreover, preclinical and clinical research
has demonstrated that these agents specifically express

their transgenes to the tumor microenvironment with
limited leakage.21 #

We demonstrated that the cross-isotype Fc region gives
the ICI the ability to elicit effector mechanisms of both
an IgA and an IgG isotype in various tumor cell lines.
The subsequent activation of multiple effector mecha-
nisms further enhanced tumor killing and was shown
to be superior than a PD-L1 IgGl antibody or Atezoli-
zumab, a currently approved FDA ICI. To further eval-
uate the efficacy of the Fc fusion peptide, we tested our
engineered adenovirus (named Ad-Cab) in multiple in
vivo tumor models and showed significantly enhanced
tumor growth control as compared with unarmed adeno-
virus or ICI against murine PD-L1. Finally, to examine
the oncolytic efficacy of the Ad-Cab in a testing platform
with high clinical response predictability, we used renal
cell carcinoma patient-derived organoids (RCC PDO). In
this model, we showed significantly enhanced tumor cell
lysis as compared with Atezolizumab or an anti-PD-L1 IgG
antibody with functional Fc region.

Cell lines and antibodies

Human lung cancer cell line A549 ((ATCC Cat#
CRM-CCL-185, RRID:CVCL_0023), human breast
cancer cell line MDA-MB-436 ((ATCC Cat# HTB-130,
RRID:CVCL_0623), murine colon adenocarcinoma CT26
(ATCC Cat# CRIL-2638, RRID:CVCL_7256), murine
breast cancer cell line 4T1 (ATCC Cat# CRL-2539,
RRID:CVCL_0125) and murine skin cancer cell lines
B16F1 (ATCC Cat# CRL-6323, RRID:CVCL_0158) and
B1610 (ATCC Cat# CRL-6475, RRID:CVCL_0159) were
purchased from the American Type Culture Collection
(ATCC) after 2013. Cell lines were thawed at passage 5
and kept in culture until reaching passage 15. All cell
lines were authenticated by the ATCC, cultured under
appropriate conditions and regularly checked for myco-
plasma contaminations. Atezolizumab and IgG1-PD-L1
were purchased from Invivogen. IgA-PD-L1 was kindly
provided by Dr Jeanette Leusen of Utrecht University
Medical University.

Preparation of conditionally replicating adenovirus and
transgene modifications

All adenoviruses were generated as conditionally repli-
cating adenoviruses using standard protocols previously
described.”® Ad-Cab and unarmed viruses are of the
chimeric 5/3 serotype with a 2l-nucleotide deletion
in the EI1A region resulting in selective replication in
Rb-deficient pathway cells. Ad-RFP has the same genetic
modification in E1A but originates from the serotype 5.
All transgenes were cloned by replacing the gpl19K+7.1K
region in the E3 gene using Gibson-Assembly previously
described.”!

Generation of Fc-fusion peptide

The Fc-Fusion peptide consists of a chimeric Fc containing
constant domains of an IgG1 and IgA connected to an
enhanced PD-1 ectodomain via five GGGS linkers. The
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cross-hybrid Fc has been described'® as well as the PD-1
ectodomain.”

Cell viability assays

A total of 10,000 cells were plated in a 96-well plate
overnight and subsequently infected at different MOIs.
Three-day postinfections cell viability was determined
by MTS according to the manufacturer’s protocol (Cell
Titer 96 AQueous One Solution Cell Proliferation Assay;
Promega, Nacka, Sweden). Spectrophotometric data
were acquired with Varioskan LUXMultimode Reader
(Thermo Scientific, Carlsbad, C, USA) operated by
Skanltsoftware.

Competition assay

A total of 100,000 A549 cells were plated in a 96-well,
washed with PBS and incubated with various concen-
trations of purified Fc-fusion peptide for 45min on
ice. Next, 10ug/mL of Atezolizumab (Invivogen, Cat#
hpdll-mab12) was added and incubated for 30 min on
ice. Atezolizumab was then detected by staining with
a PE labeled antihuman IgG (BioLegend Cat# 409303,
RRID:AB_10900424). Cells where then washed and resus-
pended in PBS. Competition was then quantified by flow
cytometry using the BD Accuri 6 plus (BD Biosciences)
and analyzed using the FlowJo software (FlowJo, V.10.7.1,
RRID:SCR_008520).

PBMCs, PMN and serum collection

A total of 40 mL of blood was collected from healthy
volunteers in BD Vacutainer collection tubes (BD Biosci-
ence) and allowed to clot for 30 min at room tempera-
ture. After clotting, clots were removed, and samples
centrifuged for 5min at 2500 rpm. Separated serum was
collected and samples from 15 volunteers were pooled
together. Polymorphonuclear cells (PMNs) and periph-
eral blood mononuclear cells (PBMCs) were isolated
from buffy coats as previously described. 'S The PBMC and
PMN layers were subsequently removed between serum
and Ficoll or in the Histopaque layer, respectively, and
cultured in 1xRPMI (Roswell Park Memorial Institute,
Gibco, Cat# 21875034)-

Mixed leukocyte reaction

Monocytes were first isolated from PBMCs as previously
described. Following isolation, monocytes were differen-
tiated using DMEM low glucose supplemented with 10%
FBS, 500 U/mL of IL-4 (PeproTech, #200-04) and 250U/
mL of GM-CSF (Adcam, ab88382) for 7 days. PBMCs from
a different donor were freshly isolated, labeled with CFSE
and incubated with monocyte-derived dendritic cells for
5days at a ratio of 1:10 in the presence of 1pg/mL of
Atezolizumab or isolated IgGA Fc-fusion peptide. Cells
from the supernatant were then collected and using flow-
cytometry CFSE was measured in CD3 + CD8+ T cells.

Complement-dependent cytotoxicity assay
A total of 100,000 cancer cells were plated per well to a
96-well plate and infected with 10 or 100 MOI of virus

for 48 hours at 37°C. Then, complement active pooled
human serum or heat inactivated serum (by incubating
serum at 56°C for 30 min) was added to a final concen-
tration of 15.5% and incubated for 4 hours. Subsequently,
lysis was quantified by washing cells and stained with
7-amino-actinomycin D (7-AAD) (eBioscience, Cat#
00-6993-50) and measured by flow cytometry.

Antibody-dependent cell cytotoxicity assays

ADCC assays were performed through measuring cell
killing by determining the amount of LDH released using
a colometric assay (CyQUANT LDH Cytotoxicity Assay,
Cat# C20303). A total of 15,000 cells were then seeded
and infected with 10 or 100 MOI of virus for 48 hours
at 37°C. Afterwards, PBMCs or PMNs were added in a
100:1 or 40:1 ratio (E: T), respectively, and incubated for
4hours at 37°C. LDH was measured using the mentioned
kit and percent cytotoxicity was calculated as follows:
Percent cytotoxicity = (“experimental” — “effector plus
target spontaneous”) / (“target maximum” — “target spon-
taneous”) x 100%, where “experimental” corresponds to
the signal measured in a treated sample, “effector plus
target spontaneous” corresponds to the signal measured
in the presence of PMN or PBMC and tumor cells
alone and “target maximum” corresponds to the signal
measured in the presence of detergent lysed tumor cells

Antibody-dependent cell phagocytosis

Around 2,000,000 freshly isolated PBMCs were cultured
in a T25 culture flask for 2hours at 37°C. Floating cells
were removed, and adherent monocytes were differen-
tiated into macrophages by culturing in RPMI supple-
mented with 50 pg/mL of M-CSF (Sigma Aldrich, Cat#
M6518) for 7days at 37°C. 10,000 cells were incubated
and infected with indicated viruses at 10 and 100 MOI
for 48 hours. Cells were then labeled with CFSE (Ther-
moFisher), according to the manufactures instructions
and monocyte-differentiated macrophages were added
at a 5:1 effector:target ratio. After 4hours, supernatant
containing macrophages were removed and CFSE was
measured using flow cytometry.

Trogocytosis

Trogocytosis was performed as previously described.
In brief, 5000 cells were infected with 100 MOI of
virus and incubated for 48 hours at 37°C. Cell’s lipid
membrane were labeled with 5um of DiO (ChemCruz,
Cat# sc-214168), a lipophilic membrane dye, for 30 min
at 37°C. Cells were washed and incubated with PMNs at
a 40:1 (E:T) ratio. Samples were fixed using Paraformal-
dehyde (Sigma Aldrich) and measured using flow cytom-
etry. Trogocytosis was measured by first gating on the
neutrophil population and measuring the mean fluores-
cent intensity (MFI) of cells positive for DiO.

26

Real-rime quantitative analaysis (xCELLigence assay)

The ability to induce ADCC was analyzed using the
impedance-based real-time cytotoxicity assay with the
xCELLigence system (ACEA Biosciences, San Diego,
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California, USA). In each well, 25,000-100,000 cells were
plated for 24 hours. Five pg/mL of designated antibody or
purified Fc-fusion peptide was added along with PBMCs
and PMNs at a 10:1 and 4:1 effector:target ratio. Cell
index was measured every 5min for a period of 6 hours.
Killing rate was obtained by constructing a linear trend-
line and calculating the slope.

Live cell imaging

Imaging target to effector cell contacts, 15,000 A549 cells
were plated per well of a 24 well plate (Corning) over-
night. Cells were imaged for 30min and subsequently
treated with 10pg/mL of indicated Fc-fusion peptides
and PBMCs were added at 10:1 E:T ratio. The videos were
acquired using an ANDOR Spinning Disc Microscope
equipped with a Zyla camera (SR Apochromat x100 objec-
tive, NA 1.49). Images were acquired every 5 min over the
course of 2 hours 20 min.

Live-cell killing assay was performed by plating
100,000 A549 cells per well of a 24 well plate (Corning)
overnight. Fifteen minutes prior to imaging, cells were
incubated with 3pM of Incucyte Caspace3/7 green
apoptosis assay reagent (Sartorius, Cat# C10423). Cells
were imaged using the IncuCyte S3 live cell analysis
system equipped with a 10x air objective for a total
of 24 hours. Images were acquired every 15min and
four fields of view were imaged per well. After 1hour
of imaging, cells were treated with indicated anti-
bodies at 5pg/mL and PMNs and PBMCs were added
at 100:1 and 40:1 E:T ratios, respectively. Treated cells
were returned to the IncuCyte S3 and imaged for the
remainder 23hours. Videos were processed with the
IncuCyte analysis software (IncuCyte Chemotaxis Soft-
ware, RRID:SCR_017316) and are displayed as four
fields of view per second.

Whole blood assay

Blood was collected from three healthy volunteers in
BD Vacutainer Heparin plasma tubes. A total of 200 pL
of unprocessed blood was then incubated with 20pg/
mL of Traztuzumab or IgGA Fc-fusion peptide for 24
hours. After incubation, samples were treated with ACK
lysing buffer (Gibco) to remove red blood cells. Cells
were then stained with CD3, CD15, CD14, CD56 and
CDllc to determine immune cell populations. Absolute
numbers were calculated by using precision count beads
(Biolegend, Cat# 424902) and following the manufac-
turers instructions.

Renal cell carcinoma patient-derived samples and ethical
considerations

Renal cell carcinoma samples were obtained from four
patients that underwent surgical removal of the tumors.
Tumor samples were collected and delivered directly
from the Peijas Hospital. The study was conducted in
accordance with the declaration of Helsinki and patients
gave their written consent.

Syngeneic animal experiments

All animal experiments were reviewed and approved by
the Experimental Animal Committee of the University
of Helsinki and the Provincial Government of Southern
Finland (license number ESAVI/11895/2019). Around
4-6-week-old immunocompetent female BALB/c mice,
purchased from Envigo (Venray, Netherlands), injected
in the right flank with either 500,000 CT26 cells or
300,000 4T1 cells and were treated 7, 9, 11, 13, 19 and
21-days post-tumor implantation with 1x10° viral particles
of virus intratumorally or 100 pg/mL of mPD-L1 (Bio X
Cell Cat# BE0101, RRID:AB_10949073) intraperitoneally.
Viral treatments were administered in 25 uL. volume while
antibodies were given in 100 pL.. Tumor size was measured
every second day and calculated using the following
formula: (long side)x(short side)2/2. Mice were sacri-
ficed when any side of the tumor reached 16 mm.

As for in vivo CD8 depletion, mice were initially injected
intraperitoneally with 500 pg of depleting CD8 antibody
(Bio X Cell Cat# BE0061, RRID:AB_1125541) 1day prior
to treatment and then 100 pg every 2days for the duration
of the experiment.

At day 23 (CT26) and 15 (4T1) post-tumor implanta-
tion, two animals from each group were sacrificed and
blood and tumors were collected. Blood was allowed to
clot, then centrifuged at 500g for 15min and serum was
subsequently collected. Tumors were crushed through a
0.22pm cell strainer, centrifuged at 500 g for 10 min and
supernatant collected. His-tagged proteins from serum
and tumor supernatant was tested using a His-tag ELISA
kit (Cell Biolabs, Cat#AKR-130).

Immune deficient NS (NOD/SCID) mice

Four-six-week-old Nod.CB17-Prkdc*™/NCrCrl mice were
purchased from Charles River and were injected with
5x10% A549 cells in the right flank. Subsequently, 5x10°
freshly isolated PBMCs were then injected intraperitone-
ally. After tumors were palpable, mice were treated two
times (with a 3-day break in between) with 1x10° viral
particles intratumorally.

Flow cytometry analysis

Flow cytometry analysis was done with either BD Accuri 6
plus (BD Bioscience) or Fortessa (BD Bioscience). Anti-
bodies used include APC antimouse Ly6C (BioLegend
Cat# 128015, RRID:AB_1732087), FITC antimouse
NK1.1 (Thermo Fisher Scientific Cat# 11-5941-85,
RRID:AB_465319), PE antimouse PD-1 (BioLegend
Cat# 135206, RRID:AB_1877231), PE anti-Ly6G (BD
Biosciences Cat# 551461, RRID:AB_394208), PerCP
Cy5.5 antimouse CD11b (Thermo Fisher Scientific Cat#
45-0112-82, RRID:AB_953558), BV650 antimouse F4,/80
(BD Biosciences Cat# 743282, RRID:AB_2741400),
PeCy7 antimouse CD4 (Thermo Fisher Scientific Cat#
25-0041-82, RRID:AB_469576), PerCp/Cy5.5 antimouse
CD107a (BioLegend Cat# 121626, RRID:AB_2572055),
Pacific Blue antimouse CD3 (BioLegend Cat# 100214,
RRID:AB_493645), PECy7 antimouse CDllc (Thermo
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Fisher Scientific Cat# 25-0114-82, RRID:AB_469590),
FITC antihuman CD56 (BioLegend Cat# 304604,
RRID:AB_314446), PerCP  antihuman  CD8alpha
(BioLegend Cat# 300922, RRID:AB_1575072), PE-Cy5

antthuman CD4 (Thermo Fisher Scientific Cat#
15-0049-42, RRID:AB_1582251), PE-Cy7 antihuman
CD3 (BioLegend Cat# 300316, RRID:AB_314052),

Pacific blue antihuman PD-1 (BioLegend Cat# 329915,
RRID:AB_1877194), APCantihuman CD107a (BioLegend
Cat# 328620, RRID:AB_1279055), APC antihuman
CDllc (BioLegend Cat# 371505, RRID:AB_2616901),
Pacific Blue antihuman CD15 (BioLegend Cat# 323021,
RRID:AB_2105361) and PE antihuman CD14 (BioLegend
Cat# 301805, RRID:AB_314187).

Renal cell carcinoma patient-derived organoid culturing
Frozen disassociated cells were grown in DMEM/F12
media in 30% Matrigel (Corning, Cat# 354230) on
ultralow attachment plates (ULA Corning, Cat# 3473).
Cells were split and washed with gentle cell disassoci-
ation media (Stemcell, Cat# 07174) and 10,000 cells
mixed with 30% Matrigel and grown for 1week before
the experiment. DMEM/F12 media was supplemented
with 5% FBS, 8,4ng/mL of cholera toxin (Sigma, Cat#
(C8052), 0.4pg/mL hydrocortisone (Sigma, Cat# H4001),
10ng/mL epidermal growth factor (Corning, Cat#
354052), 24pg/mL Adenine (Sigma, Cat# A8626), bpg/
mL insulin (Sigma, 91077C) and 10 pM of ¥-27632 RHO
inhibitor (Sigma, Cat# SCM075).

Immunofluorescence and flow-cytometry on renal cell
carcinoma patient-derived organoids

Gentle cell disassociation media was used on organoid
cultures, and cells washed and carefully pipetted to disas-
sociate cells. Cells were plated on 8 well Nunc; Lab-Tek;
II Chamber Slides and cultured for 4days. Cells were
fixed in 4% cold paraformaldehyde and stained with
CAIX (Novus Cat# NBP1-51691, RRID:AB_11011250),
Vimentin (2D1) (Novus, Cat# 92 687AF647), or Cytoker-
atin pan (AE-1/AE-3) (Novus Cat# NBP2-33200AF750,
RRID:AB_2868569) or Alexa Fluor 633 Phalloidin (Invi-
trogen, Cat# A22284) Microscopy pictures were taking
using an EVOS FL cell imaging system (Thermo Fisher
Scientific).

Ad-RFP infection and PBMC co-culture with renal cell
carcinoma patient-derived organoids

A total of 100,000 VPs of Ad5-RFP were added on top of
the media of already cultured organoids and RFP expres-
sion was then monitored. Cell viability of PDOs was moni-
tored by adding 1pM of Calcein AM (Thermo Fisher
Scientific, Cat# C1430).

As for coculturing, a total of 15,000 isolated PBMCs
were first stained with 1pM Calcein AM and added on
top of the media of RCC PDOs and cultured for 4 hours at
37°C. PBMC invasion was then visualized using the EVOS
FL cell imaging system

Antibody-dependent cell cytotoxicity assays with renal cell
carcinoma patient-derived organoid

RCC PDOs were infected with viruses at 10 or 100 MOI
by adding it on top of the supernatant media and incu-
bated for 72 hours at 37°C. PBMCs and PMNs were then
added individually or combined at 100:1 and 40:1 (E:T),
respectively. The number of cells in the organoids were
assumed to be 10,000. After 4 hours of incubation at 37°C,
cell killing was measured by determining the amount of
LDH released using a colometric assay (CyQUANT LDH
Cytotoxicity Assay, Cat# C20303). Specific lysis was then
calculated as stated before.

Statistical analysis

Statistical analysis was performed using GraphPad Prism
7 (GraphPad Software, La Jolla, California, USA). Data
were analyzed using an unpaired t-test where n>3. Levels
of significance were set at *p<0.05, **p<0.01, ***p<0.001
and *#**p<(0.0001. Error bars represent SEM.

RESULTS

Characterization of an oncolytic adenovirus expressing IgGA-
chimeric anti-PD1 Fc-fusion peptides

In this study, we generated an oncolytic adenovirus,
Ad-Cab (Adenovirus-ChimericAntibody), expressing a
chimeric IgG-IgA (IgGA) Fc linked to an enhanced PD-1
ectodomain via a glycine linker able to bind to PD-L1
(figure 1A). This was cloned in the gpl19K+7.1K region of
the E3A gene (figure 1B) and with an MTS cell viability
assay, we could show that the genetic modification did
not affect the oncolytic fitness or replication of the virus
(online supplemental figure S1A).

First, the Fc-fusion peptide production was tested by
western blot analysis. Ad-Cab was able to secrete a 100kDa
Fc-fusion peptide, under native conditions, in the super-
natant of A549 cells at 48 hours after incubation (online
supplemental figure S1B). As expected, the Fc-fusion
peptide comprised of a homodimer connected via a
sulfide bridge, since a 50kDa band was observed under
denaturing conditions (online supplemental figure SI1B).
Next, we assessed the amount of Fe-fusion peptide secreted
at different time points of infection. After 1day of infec-
tion in A549 cells, Ad-Cab secreted approximately 2 pg of
the Fc-fusion peptide and production kept increasing till
day 3 reaching 7pg (figure 1C). To assess whether the
produced Fcfusion peptide could bind to PD-L1, we
performed a competition assay with a commercially avail-
able anti-PD-L1 (Atezolizumab), a well-established binder
of PD-L1 and disruptor of the PD-1/L1 axis. To this end,
we coincubated A549 cells with increasing concentrations
of Fc-fusion peptides, purified from the supernatant of
infected cells, followed by the addition of 10pg/mL of
Atezolizumab. Detection of bound Atezolizumab to PD-L1
was then analyzed by adding a secondary PE labeled anti-
human IgG not able to recognize the Fc-fusion peptide.
When no Fc-fusion peptide was added Atezolizumab was
able to bind to PD-L1 (figure 1D). Yet, as the concentration
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of the Fe-fusion peptide increased, Atezolizumab binding
decreased substantially (figure 1D). Moreover, to further
demonstrate PD-L1 binding, we conducted live cell
imaging to observe whether the Fe-fusion peptide could
mediate close cell-contacts when PBMC were coincu-
bated with lung carcinoma A549 cells. When Ad-Cab
(online supplemental movie S1) was added, PBMCs
were shown to be in clear proximity to A549 compared
with when we added Atezolizumab, a clinical PD-L.1 anti-
body holding a N298A mutation abrogating Fc-binding
(online supplemental movie S2). To test the ability for the
Fc-fusion peptide to activate CD8 + T cells, an allogenic
mixed leukocyte reaction was performed. In this assay,
monocytic-differentiated dendritic cells from one donor
were mixed with isolated CFSE stained PBMCs from
another donor to mimic the immunosuppressive effects
of PD-L1/PDI interactions. Samples were treated with or
without Atezolizumab or purified IgGA Fc-fusion peptide
to test whether the blocking of PD-L1 could induce a T
cells expansion (figure 1E). When Atezolizumab and
IgGA Fc-fusion peptide were added, a clear expansion of
CD8 + T cells was observed, correlating with a decrease in
CFSE compared with untreated. When calculating their
expansion index, both Atezolizumab and IgGA Fc-fu-
sion peptide were higher than the mock. Taken together,
we demonstrated that Ad-Cab can secrete high levels of
Fc-fusion peptide that is able to bind to PD-L1, outcom-
pete Atezolizumab and activate CD8 + T cells.

The secreted Fc-fusion peptides activate effector mechanisms
of an IgG1 and an IgA1
After testing expression and binding, we examined the
ability of the Fe-fusion peptides to activate antibody effector
mechanisms. Since the Fc entails a hybrid of an IgG1 and
an IgAl, CDC and ADCC were tested with both PMN
and PBMCs on six different human and murine tumor
cell lines expressing varying levels of PD-L1 (figure 2A).
Murine breast cancer (4T1), murine colon carcinoma
(CT26) and murine melanoma cell lines (B16F10 and
B16F1) were used since oncolytic human adenoviruses
cannot induce oncolysis and cytotoxicity in most murine
cell lines and thus the effects seen can then be attributed
to the Fc-activation of effector mechanisms. Cells were
first infected with either Ad-Cab or unarmed oncolytic
adenovirus (Ad-5/3 A24) at two different MOIs (10 and
100) for 2days to limit oncolysis with human cell lines
(MDA-MB-436 and A549). Subsequently, when comple-
ment active serum was added, cell lysis could be observed
with Ad-Cab infected cells (figure 2B). Already at MOI 10,
cell lysis was occurring and was further augmented as the
MOIl increased to 100 in all six cell lines. As expected, cell
lysis was not shown with the control virus (Ad5/3-delta
24) in all conditions, further attributing cell death to
CDC induction, especially in the human cell lines where
viral oncolysis can be induced.

ADCC assays were then tested with two different
immune populations: PBMCs (figure 2C) and PMNs
(figure 2D). In contrast to CDC, at MOI 10 minimal or

no induction of ADCC could be seen with all cell lines
infected with Ad-Cab when PBMCs or PMNs were added.
Nevertheless, when the MOI increased to 100, cell lysis
was observed with both populations. Interestingly, both
PMNs and PBMCs were able to elicit similar levels of cyto-
toxicity with all the cells.

Finally, we wanted to test the ability of Ad-Cab to acti-
vate macrophages and induce ADCP. The ability to elicit
ADCP was determined by the uptake of CFSE by macro-
phages from the tumor cell lines labeled with CFSE.
At MOI 10, no uptake of CFSE was observed with any
condition yet at MOI 100, an increase of CFSE uptake
by the macrophages could be observed in all cell lines
when Ad-Cab was added (figure 2E). Overall, the data
demonstrate that the secreted Fe-fusion peptide can
induce the effector mechanisms of both an IgGl and
an IgA.

Trogocytosis drives the PMN-mediated ADCC

It has been previously shown that in order to initiate
ADCC in vitro, PMNs adhere to the target cells estab-
lishing an immunological synapse with the antibody-
opsonized tumor cells.”” This subsequently causes the
disruption of their plasma membrane and the endocy-
tosis of cytoplasmic fragments, leading to a necrotic type
of cell death termed trogocytosis. In order to explore
the possible nature of the cytotoxic mechanism during
PMN-mediated ADCC, we quantified the transfer of
membrane from tumor cells to PMNs by flow cytometry.
Virally infected cells had their lipid membrane labeled
with  3,30-dioctadecyloxacarbocyanine  perchlorate
(Di0), after which unstained neutrophils were added to
the cell culture. Neutrophils were first gated using the
side and forward scatter since they are smaller than a
tumor cell and also confirmed with neutrophil markers
such as CD15 + and CD14- (online supplemental figure
S2). The MFI of DiO was then measured on these
neutrophils after incubation in three different condi-
tions: without exposure to the target cells (figure 3A),
with exposure to uninfected stained cells (figure 3B)
and with exposure to Ad-Cab infected stained cells
(figure 3C). When neutrophils were examined on their
own, without former exposure to the target cells or
when they were added to uninfected stained tumor cells,
there was no DiO measured, and no membrane transfer
had happened. Yet, when the neutrophils were added to
Ad-Cab infected cells, an uptake of DiO was observed by
PMNs. This implies the uptake of the lipid membrane
of the infected tumor cells by the neutrophils, which
is a characteristic of trogocytosis. The same procedure
was performed using all six cell lines and an increase
in DiO MFI in the neutrophils was noted only when
neutrophils had previously been exposed to cancer cells
infected with the Ad-Cab and not with the other controls
used (figure 3D). Hence, these findings add evidence
in support that one of the mechanisms in which PMNs
employ ADCC with Ad-Cab is trogocytosis.
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Figure 2 Activation of multiple branches of the immune system. (A) The percentage of PD-L1 expression on all cell lines

used in the assays. (B) FACS-based CDC assay against all six different cell lines with Ad-Cab and Unarmed virus. Cells were
infected at two indicated MOls, incubated for 48 hours and pooled serum from healthy volunteers was then added at a final
concentration of 15.5%. After 4hours at 37°C, cell lysis was measured using 7-AAD. ADCC against five different cell lines using
either (C) PBMCs or (D) PMN as effector cells. Indicated viruses were added at 10 and 100 MOI and incubated for 48 hours.
Subsequently, PBMCs and PMNs were added at an E:T ratio of 100:1 and 40:1, respectively, and lysis was by quantifying LDH
release after 4 hours at 37°C. (E) ADCP was measured by incubating target cells with 10 or 100 MOI of Ad-Cab or unarmed virus
for 48 hours. Then, cells were labeled with CFSE and macrophages were added at a 5:1 (effector:target) ratio. Phagocytosis was
quantified by measuring the uptake of CFSE by macrophages. Levels of significance were set at *p<0.05, **p<0.01, ***p<0.001
and ***p<0.0001. Error bars represent SD. AAD; amino-actinomycin D; ADCC, antibody-dependent cell cytotoxicity; ADCP,
antibody-dependent cell phagocytosis; CDC; complement-dependent cytotoxicity; PBMC; peripheral blood mononuclear cell;
PMN, polymorphonuclear.

Ad-Cab induces higher tumor cytotoxicity with multiple
immune populations while leaving myeloid cells untouched
We hypothesized that a synchronous activation of the
multiple branches of the immune system would lead to
enhanced tumor cell killing and complete clearance of the

tumor. To test this, we again performed the ADCC assays
with different combinations of immune components such
as PBMCs+PMNsor PBMCs+PMNS+serum with the same
cell lines as previously expressing PD-L1 (figure 4A). Also,
to further examine this, we used Atezolizumab, which
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holds a N298A mutation abrogating its effector mecha-
nisms, Atezolizumab without the mutation, designated
IgG1-PD-L1, able to elicit effector mechanisms of an IgG1
and an IgA-PD-L1. When each immune component was
added individually (online supplemental figure S3B-D),
Atezolizumab carrying the N298A mutation was not able
to induce cell lysis. Interestingly, the functional IgGl
PD-L1 antibody was able to induce similar cell lysis levels
as the Fc-fusion peptides when the complement system
or PBMCs were added. Nevertheless, the IgGl PD-L1
was able to induce only minimal cell lysis with PMNs
compared with the Fcfusion peptides. As expected, IgA-
PD-L1 was only able to activate PMNs and not PBMCs or
the complement system.

When PBMCs and PMNs were added together, a signif-
icant cytotoxicity augmentation, compared with the cell

populations alone, was observed with Ad-Cab (figure 4B).
This was not seen with IgGl- or IgA-PD-L1 where cell
lysis levels remained like when PBMCs or PMNs were
added alone, respectively. Meanwhile, when all three
components (fresh human serum, PBMCs and PMNs)
were added together, enhanced cytotoxicity could again
be noticed with Ad-Cab and IgG1-PD L1 (figure 4C).
Interestingly, IgG1 PD-L1 showed a significant increase
in cell lysis compared with when serum or PBMCs
were added together. This again further reinforced the
added benefit of activating multiple immune branches.
Moreover, the addition of serum to the combination of
PBMCs+PMNsalso significantly increased cell lysis with
Ad-Cab. This increase in cell lysis almost reached full
clearance of PD-L1 expressing cells. Notably, this syner-
gistic effect was demonstrated with B16F10, B16F1 and

Hamdan F, et al. J Immunother Cancer 2021;9:6003000. doi:10.1136/jitc-2021-003000
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A549 cells but not with 4T1 and MDA-MB-436 cells.
We speculated that this was because most of the PD-L1
expressing 411 and MDA-MB-436 cells had already been
eliminated when each component of the immune system
was added individually. To examine this, PD-L1 expres-
sion on 4T1 and MDA-MB-436 cells was further increased
by treating cells overnight with IFN-gamma before setting
the ADCC assays.” As anticipated, a higher tumor killing
could be observed with all immune components added
individually or in combination with IFN-gamma treated
4T1 and MDA-MB-436 cells. Like the other cell lines, with
the IFN-gamma treated cells, Ad-Cab was able to activate
PMNs and induce higher killing with both combinations
(PBMC+PMN and PBMCs+PMNs+serum) compared with
IgG1 PD-L1.

To further verify such data, we performed both live-
cell microscopy and impedance-based real-time quantita-
tive analysis (XCELLigence) to track target cells treated
with purified Fc-fusion peptide (Ad-Cab) or therapeutic
antibodies (Atezolizumab and IgG1-PDL1) following the
addition of PBMCs and PMNs. With live-cell microscopy,
Ab49 cells were monitored for 12 hours, and death was
determined using a Caspase-3/7 Green Reagent and
phase confluency. At E:T ratios of 10:1 and 4:1, PBMCs
and PMNs, respectively, live-cell imaging supported the
LDH release data since apoptosis was observed when
IgG1-PD-L1 or Ad-Cab was added (online supplemental
figure S4A and online supplemental movie S3-5). More-
over, cell death was further enhanced with Ad-Cab
compared with IgG1-PDL1 (online supplemental file 4).
Using XCELLigence, we analyzed cell-killing in real time
(online supplemental figure S5A-E) and calculated the
rate of cell death for each therapeutic antibody (IgG1- or
IgA-PD-L1) and purified Fc-fusion peptide. The purified
Fc-fusion peptide (Ad-Cab) had the highest killing rate
in all cell lines, ranging from 0.0361 to 0.0482, compared
with IgG-PD-L1 (0.0221-0.0289) and IgA-PD-L1 (-0.0186
to 0.0282) (online supplemental figure S5F). Hence,
we demonstrated that the Fcfusion peptide augment
immune-mediated apoptosis compared with IgG1-PD-L1,
IgA-PD-L1 and the clinically used Atezolizumab in real
time analysis.

Other than cancer cells, immune cells also express
PD-L1, especially myeloid cells. To test whether Ad-Cab
could affect such cells, purified IgGA Fc fusion peptide
was added in unprocessed whole blood of three healthy
donors and incubated for 24 hours. In these conditions,
we would be able to test whether the Fc-fusion peptide
could induce lysis of any immune population in the pres-
ence of all physiological effector populations (NK cells,
neutrophils or complement system). After 24 hours,
samples were processed and stained, and counting
beads were added to determine the absolute numbers
of DCs, NK cells, neutrophils, T cells and monocytes
(online supplemental figure S6A). Ad-Cab was shown
not to induce cytotoxicity to any cell population since
the percentages and absolute numbers were similar to
untreated or Trastuzumab (anti Her2 IgG) treated

samples in all three donors (online supplemental figure
S6B).

In vivo efficacy of Ad-Cab with CT26 and A549 tumor model
Based on the in vitro data, we decided to test the efficacy of
Ad-Cab in vivo using a syngeneic mice model. Mice do not
express Fc-0 receptors, hence not allowing to test the full
efficacy of the Fc-fusion peptide. Nevertheless, due to the
homology of human and murine Fc-y receptors, the IgG
portion of the Fc-fusion can be tested. The colon carci-
noma CT26 model was used since it has been reported
not to respond effectively to PD-L1 checkpoint therapy
and the advantages of Ad-Cab could be more apparent in
this model.”’ * After 7days postengraftment, mice were
treated either with PBS, Ad-5/3A24, Ad-Cab or mPD-L1
for a total of 7 times (figure 5A). As expected, Ad-Cab
was shown to be the most effective group in controlling
tumor growth (figure 5B). Also, mice treated with mPD-L1
were shown to control tumor growth better than mock;
however, this was not statistically significant. We also
calculated a therapeutic threshold based on the average
of the tumor growth of mice treated with Ad-5/3-A24
and mPD-L1 since Ad-Cab represents a combination of
both treatments. Based on this, all the mice treated with
Ad-Cab were responders showing a superior efficacy
compared with mPD-L1(online supplemental figure
S7A). The efficacy of Ad-Cab could also be translated to
an enhanced overall survival compared with all the other
treatment groups (figure 5C). Due to toxicity concerns,
we analyzed the weight of the mice and distribution of the
antibody for each group. No significant weight changes
could be seen among the groups (online supplemental
figure S7B). Moreover, because the Fc fusion peptide was
tagged with an 8xHis, we monitored the distribution in
the blood and tumor. After the mice had received four
treatments, two mice from each group were sacrificed and
their blood and tumors were collected to detect the Fe-fu-
sion peptide. In blood (figure 5D), undetectable levels
of his-tagged Fc-fusion peptide could be observed in all
groups. However, in the tumor (figure 5E), only in the
Ad-Cab group an average of 2 pg/mL of his-tagged Fc-Fu-
sion peptide could be found. After observing that from
the Ad-Cab and mPD-L1 treated groups, some mice were
tumor free, we decided to rechallenge the mice with CT26
to assess if a memory response had been formed. Mice
previously treated with mPD-L1 had a successful tumor
implantation, yet the growth was reduced compared with
naive mice injected with CT26 (figure 5F). Interestingly,
mice treated with Ad-Cab rejected the tumor since no
tumor was visible up to 30 days. This indicated that the
surviving mice from the Ad-Cab group had formed a
memory response able to control a rechallenge of CT26.
We went on to further characterize Ad-Cab in a
human tumor xenograft model with immune deficient
NS (NOD/SCID) mice reconstituted with a human
immune system. NS mice were first implanted with A549
cells and also injected with freshly isolated PBMCs from
the same donor (figure 5G). After tumors had been
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Figure 5 Tumor efficacy and biodistribution of Ad-Cab in syngeneic mouse model CT26 colon carcinoma and xenograft model

A549. (A) Schematic diagram of treatment schedule. Mice were
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intraperitoneally. (B) Summary data for average tumor growth fo
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engrafted, peripheral blood was taken from the mice
to check for human immune cells engraftment. It was
seen that human CD45 and CD3 cells were circulating
in the peripheral blood of the mice, suggesting that the
engraftment with human PBMCs was successful (online
supplemental figure S8). Mice were treated with either
PBS, Ad-5/3 A24 or Ad-Cab for two treatments. Mice
treated with unarmed oncolytic adenovirus had a better
tumor control compared with mock (figure 5H). Yet,
mice treated with Ad-Cab had a statistically significant

tumor control compared with all other groups. Similar
with the CT26 mice, his-tagged Fc-fusion peptide was
not found in the blood (figure 5I) in any group but in
the tumors of Ad-Cab treated mice around 2—4 pg of his-
tagged protein was observed (figure 5]). By analyzing the
tumor microenvironment, we observed that mice treated
with Ad-Cab had an increase in both NK and CD8 + T
cells which were positive for CD107a (figure 5K). This
indicated that these cells had been activated and degran-
ulated perforins and granzymes. These data demonstrate
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the enhanced in vivo efficacy and good safety profile of
Ad-Cab.

Ad-Cab controls 4T1 tumor growth despite CD8+ T cell
depletion
After observing that Ad-Cab was successful in controlling
CT26 and A549 tumors in vivo, we decided to test it
against 4T1 which is a highly immunosuppressive, fast
growing and metastatic tumor. Mice bearing 4T1 tumors
were treated with the same treatments and dosing as with
the CT26 mice (figure 6A). Mice treated with Ad-Cab
showed the best tumor control over all other groups.
mPD-L1 treated mice also showed a degree of tumor
control, yet it was not significant compared with mock
(figure 6B). After sacrificing the mice, the tumor micro-
environment was analyzed for different immune popula-
tions and activation/exhaustion markers. As expected,
4T1 tumors were highly infiltrated with both immunosup-
pressive monocytic (CD11b+Ly6 Chi Ly6G-) and granulo-
cytic (CD11b+Ly6 Ghi Ly6C-) myeloid-derived suppressor
cells (MDSC) which is in line with previous reports
(figure 6C). Surprisingly, there was a significant reduc-
tion in both granulocytic MDSC (figure 6D) and mono-
cytic MDSC (figure 6E) cell populations in the Ad-Cab
treated group compared with other groups. Moreover,
this reduction in the Ad-Cab treated group was accom-
panied with a higher infiltration of NK cells compared
with the rest of the groups (online supplemental figure
$9). No increase of other cell types such as dendritic cells,
CD8 T-cells, CD4 T-cells (online supplemental figure S9)
or tumor-associated macrophages (TAMs) (figure 6F) was
observed since the percentage of cells was similar among
all groups. We then analyzed the activation of both CD8 +
T cells and NK cells using the cytotoxic degranulation
marker CD107a (figure 6G). A clear increase of NK acti-
vation and degranulation could be observed in Ad-Cab
treated groups (figure 6H). This was also seen with the
CD8T cells with the Ad-Cab treated group but as well with
the mPD-L1 treated group (figure 6I). Other than being
activated, CD8 T-cells displayed an exhausted phenotype
in both Ad-Cab and mPD-L1 group with the latter being
higher in expressing exhaustion marker PD1 (figure 6]).
This implies that both Ad-Cab and mPD-L1 were able to
activate and degranulate CD8 + T cells against the tumor
but Ad-Cab was also able to do so with NK cells as well.
Having observed that Ad-Cab was able to strongly acti-
vate NK cells, we wanted to further characterize their
mechanism of action in vivo by repeating the same exper-
iment with 4T1 but depleting CD8 T cells. Mice were
first given a high dose of CD8 depleting antibody before
starting treatment and kept receiving the depleting
antibody during the treatment schedule to make sure
CD8 T cells were absent during the treatment schedule
(figure 6K). After the first treatment, peripheral blood
was taken from mice to check that no circulating CD8 T
cells were present. Depletion was shown to be successful
as no circulating CD8 T cells could be observed in mice
receiving CD8 depleting antibody compared with those

that were not (figure 6L). As expected, mPD-L1 treated
mice showed a similar tumor growth compared with
mock and Ad-5/3 A24 treated mice. Nevertheless, Ad-Cab
treated mice had a significantly lower tumor growth
compared with all other groups (figure 6M). This was
also translated to higher overall survival in the Ad-Cab
treated group (figure 6N). This indicates that, in contrast
to checkpoint inhibitors, Ad-Cab does not solely require
CD8 T cells to induce tumor killing in vivo.

Characterization of patient-derived RCC organoids as testing
platforms for Ad-Cab

To further study the contribution of the IgA portion of
Ad-Cab, we developed a novel testing platform using
RCC PDOs. Freshly dissociated tumor tissue from four
patients (RCC1-4) undergoing radical nephrectomies
were obtained. Samples were grown either as 2D in 3D
by embedding cells in Matrigel (figure 7A). In order to
assess the heterogeneity of the PDOs and to compare
them to the corresponding tumor tissue that they orig-
inated from, we stained PDO cells that were allowed to
grow as 2D on plastic with three commonly used stains to
differentiate RCC (CAIX, Vimentin and Cytokeratin) and
with an F-actin stain (Phalloidin) (figure 7B). Both CATX
and vimentin are highly sensitive and specific for clear
cell renal cell carcinoma (ccRCC).”' This is consistent
with the staining since RCC2, RCC3 and RCC4 samples
were shown to be positive for CAIX and vimentin and
were characterized as ccRCC at the time of diagnosis.
Surprisingly, RCC1 was both CAIX and vimentin posi-
tive despite being classified as a chromophobe RCC, a
subtype that usually is not CAIX or vimentin positive. Yet,
RCC1 had a focal expression of CAIX and lower expres-
sion of vimentin compared with the other samples, where
staining was more diffused.

Subsequently, we tested whether oncolytic adenoviruses
had the ability to pass through the Matrigel and infect the
organoids. To this end, we infected PDOs with an oncolytic
adenovirus expressing the red fluorescent protein (Ad5-A
24-RFP) to visualize the infection and the replication of
the virus (figure 7C, online supplemental figure S10A—
C). The virus was added on top of the supernatant of the
PDO cultures and after 1day PDOs were already infected
and expressing RFP. Expression kept increasing until
reaching a maximum on day 3. To confirm whether the
virus could induce oncolysis, a viability cell stain, Calcein
AM, was added and monitored (figure 7C). Oncolysis
was observed to start at day 3 with minimal death occur-
ring, and by day 4, most cells were shown to be dead. To
finalize the testing platform, we tested whether isolated
PBMCs could travel through the Matrigel and surround
the organoids. Before their addition to the organoid
cultures, PBMCs were labeled with Calcien green and
then added on top of the media (figure 7D). Within
hours, they could be seen to pass through the Matrigel
and surround organoids. Finally, PD-L1 expression was
then tested by dissociating the PDOs into single cells and
evaluating expression using flow cytometry (figure 7E).
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Varying levels of expression of CD3-/PD-L1 +positive cell
were shown from the samples, from 20% to 66%. Hence,
we demonstrate that the RCC PDOs can be used as testing
platforms for the Ad-Cab virus, and since they express
PD-L1, they can be infected by oncolytic adenoviruses
and infiltrated by PBMCs.

After optimizing the RCC organoids as a functional
testing platform for the Ad Cabs, we used them to
perform the ADCC experiments with PBMCs and PMNs
(figure 7F). RCC organoids were first infected with the
viruses or treated with the antibodies and incubated for
3days. As evident from the ADCC results, when PBMCs
were added to the organoids, similar levels of cytotoxicity
were observed with the Ad-Cab and the IgG1 PD-L1 anti-
body. Consistent with in vitro data, cytotoxicity could only
be observed with the Ad-Cab and not with the IgG1 PD-L1
antibody when PMNs were added as the effector cells
(figure 7F). When both populations of effector cells were
added simultaneously, there was an enhanced cell killing
with Ad-Cab compared with when each population was
added individually (figure 7F), with all samples except
RCCl (figure 7F). This could be explained by the fact that
all PD-L1 expressing cells were killed when each effector
population was added individually. The added benefit of
activating an additional effector population with Ad-Cab
was evident since the killing efficiency in RCC2, 3 and
4 patient samples were greater when PBMCs and PMNs
were added together. Thus, the PDOs further reinforced
the efficacy of Ad-Cab and the significance of the syner-
gism of the immune system for tumor eradication.

DISCUSSION

ICIs have emerged as a major clinical milestone for the
treatment of cancer. However, recent data have revealed
that the in vivo activity of such antibodies solely depend
on the Fab-mediated inhibition of inhibitory immune
checkpoints and also the effector mechanisms medi-
ated by the Fc portjon.ﬁ")’ﬁ'1 In this study, we designed a
novel PD-L1 ICI with a cross-hybrid Fc region mediating
effector mechanisms of both an IgG and an IgA. To mini-
mize unwanted cytotoxicity, the novel ICI was cloned into
a conditionally replicating adenovirus to limit release
only to the tumor microenvironment. Ad-Cab secreted
the cross-hybrid IgGA Fc-fusion peptide able to bind to
PD-L1 and activate multiple immune pathways, not acti-
vated when IgG or IgA antibody is added alone, resulting
in enhanced tumor killing in various in vitro, in vivo and
ex vivo models.

As expected, the additive effector mechanisms of the
Fc-fusion peptide increased tumor killing when compared
with the FDA approved IgG, Atezolizumab, containing an
N298A mutation abrogating Fc-y binding. In line with
other studies, the additive effector functions of the Fc-fu-
sion peptides against PD-L1 holds potential into greater
clinical results.” '” Based on in vitro and in vivo analysis,
a crucial mechanism of action of several therapeutic anti-
bodies against cancer s to elicit tumor cell killing via ADCC

and CDC.” As for ICIs, including a functional Fc region
may not always be beneficial and depends on the immune
checkpoint receptor targeted. For example, equipping
CTLA-4® and PD-L1 ICIs" '’ with a competent Fc region
able to elicit ADCC has been shown to enhance efficacy
yet with PD-1 antibodies, it reduced efficacy. Coinciding
with previous results, we also show that incorporating
effector mechanisms to PD-L1 ICIs increases efficacy due
to enhanced tumor killing. Our results demonstrate that
mice bearing CT26 and 4T1 tumors responded better
to Ad-Cab compared with mPD-L1. This superiority is
hypothesized to be due to the enhanced Fc-effector
mechanisms since the Fc-fusion peptide is partly human
IgG1 and such isotype induces greater ADCC compared
with IgG2a (isotype of mPD-L1) in mice.'? This coin-
cides with our data showing an enhanced activation of
NK cells when treated with Ad-Cab compared with mPD-
L1. Moreover, when CD8 T cells were depleted, mPDL1
was not able to control anymore the tumor growth yet
Ad-Cab was able. This is mostly due to the engagement of
other immune cells such as NK cells as an effector popu-
lation by Ad-Cab. Other than augmenting tumor cell
killing, Ad-Cab was also shown to stimulate an antitumor
memory response since CT26 recovered mice treated
with Ad-Cab did not engraft a second challenge of CT26.
The augmented tumor cell killing could have resulted in
the excess release of tumor antigens being picked up by
infiltrated dendritic cells. Therefore, other than having
a local impact, the increased tumor cell killing by the
engagement of multiple effector population could lead
to a systemic effect.

Interestingly, Ad-Cab was able to affect the tumor micro-
environment by reducing highly immunosuppressive cell
populations such as monocytic MDSCs and granulocytic
MDSCs in 4T1 bearing mice. Such cell populations have
been attributed to enhanced tumor growth, suppressing
pre-existing antitumor responses and impeding the effi-
cacy of many cancer immunotherapies. It is believed
that Ad-Cab was able to reduce such immunosuppressive
immune populations due to their abnormally high expres-
sion of PD-L1. Even though other myeloid cells such as
dendritic cells, macrophages, monocytes or neutrophils
express PD-L1, they were unharmed by Ad-Cab both in
vitro and in vivo. These results fall in line with previous
studies and have contributed to the number of PD-L1
molecules expressed on the cell membrane which is a
key determinant for antibody effector functions. Hence,
other than increasing tumor cell killing, Ad-Cab is also
able to counteract suppressive immune populations
highly expressing PD-L1.

Despite the fact that neutrophils express activating
FcyIIA, able to trigger ADCC, the cells also express
one log more of FeyIIIB.” Unlike other Fc-y receptors,
the FcyIIIB receptor does not contain either activating
(ITAM) or inhibitory (ITIM) motifs and its role has
been questioned. Nevertheless, with therapeutic anti-
bodies against cancer, it has been attributed to act as a
molecular “sink” by competitively binding to IgG with
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no resulting activation.'” ¥ *7 Yet, the Fe-fusion peptide
was able to capitalize on such a neglected cell population
due to their high expression of Fc-0.. Neutrophils are
the most abundant leukocyte population in blood and
tumorigenesis skews hematopoiesis towards neutrophil
production by secreting granulocyte-colony stimulating
factor (G-CSF) and granulocyte-macrophage-colony
stimulating factor (GM-CSF) leading to tumor infiltra-
tion.” Regardless of their high tumor infiltration, these
cells have shown to be protumorigenic and their tumor
infiltration has been associated with a low clinical prog-
nosis.”" This associated low prognosis is due to the lack
of effective neutrophil-activating stimulus and the immu-
nosuppressive tumor microenvironment polarizes the
cells towards pro-tumorigenic.” Many studies have shown
that the tumor microenvironment can direct the fate of
neutrophils towards either antitumorigenesis or protum-
origenesis.”’“ Hence, the ability of Fc-fusion peptide to
activate neutrophils can polarize already tumor-infiltrated
neutrophils from tumor-promoting to tumor-killing cells.
Subsequently, the activation of neutrophils can lead
to the release of multiple cytokines and chemokines to
recruit other effector immune cells” that the Fe-fusion
peptide can further activate. Unfortunately, since mice do
not express endogenous Fc-alpha receptors, the full effi-
cacy of Ad-Cab could not be studied in vivo. In the future,
transgenic mice expressing Fc-alpha receptors should be
used to fully assess the efficacy of Ad-Cab. Other than
eliminating, it would be interesting to examine whether
the activation of Fc-alpha receptors on granulocytic or
monocytic MDSC could help polarize such cell to be
antitumorigenic.

To extensively evaluate the efficacy of the Fc-fusion
peptide, we used RCC PDOs. PDOs have revolutionized
the study of cancer since analysis of patient-derived tissue
can be done without invasive procedures. Additionally,
PDO cultures have allowed to test individual responses
of patients ex vivo with a high sensitivity and specificity in
multitude types of tumors.” *” This is because the PDOs
can mimic tumor heterogeneity with respect to genetics
and architecture often lacking with in vitro cell lines and
animal models."” To our knowledge, currently there are
only two published studies that have evaluated the effi-
cacy of oncolytic viruses using PDOs.* * This is the first
study where the efficacy of the oncolytic virus was tested
and an ADCC assay was performed. PDO data further
demonstrated the added efficacy of the Fe-fusion peptide
by eliciting ADCC with PBMCS and PMNs. This dual acti-
vation of both populations was also shown to augment
tumor killing compared with when each population was
added individually, or one population was only activated
by the IgG1 PD-L1. Hence, these data have broadly evalu-
ated the preclinical efficacy of the Fc-fusion peptide.

This synergistic effect by simultaneously engaging Fc-o.
and Fc-y was also shown by Brandsma and colleag.{ues,17
when IgA and IgG antibodies against two different tumor-
associated antigens (TAAs) were added and a higher
tumor killing was observed compared with when each

antibody was used individually. Interestingly, this effect
was only seen when the antibodies were directed towards
two different TAAs and diminished when they were
directed towards the same TAA. From data presented in
this study, it can be deduced that this diminished effect
could have been due to the competitive binding between
the IgG and IgA antibodies towards the same epitope,
since this synergistic effect was shown in the Fc-fusion
peptide that incorporated both an IgG and IgA.

In conclusion, here we demonstrate a novel ICI, with
enhanced tumor killing efficacy, expressed from an onco-
Iytic adenovirus to limit toxicities. We have shown that
the Fc-fusion peptide is able to activate PBMCs, usually
activated by IgG1 antibodies, and engage a neglected but
important population, PMNs. This coengagement of both
populations was shown to work in synergy augmenting
tumor killing in various PD-L1 expressing cell lines and
RCC PDOs. Such preclinical results prompt the further
investigation of Ad-Cab towards the path of clinical
development.
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Immune checkpoint inhibitors have clinical success in prolong-
ing the life of many cancer patients. However, only a minority of
patients benefit from such therapy, calling for further improve-
ments. Currently, most PD-L1 checkpoint inhibitors in the
clinic do not elicit Fc effector mechanisms that would substan-
tially increase their efficacy. To gain potency and circumvent
off-target effects, we previously designed an oncolytic adeno-
virus (Ad-Cab) expressing an Fc fusion peptide against PD-L1
on a cross-hybrid immunoglobulin GA (IgGA) Fc. Ad-Cab eli-
cited antibody effector mechanisms of IgG1 and IgA, which led
to higher tumor killing compared with each isotype alone and
with clinically approved PD-L1 checkpoint inhibitors. In this
study, we further improved the therapy to increase the IgGl
Fc effector mechanisms of the IgGA Fc fusion peptide (Ad-
Cab FT) by adding four somatic mutations that increase natural
killer (NK) cell activation. Ad-Cab FT was shown to work better
at lower concentrations compared with Ad-Cab in vitro and
in vivo and to have better tumor- and myeloid-derived suppres-
sor cell killing, likely because of higher NK cell activation. Addi-
tionally, the biodistribution of the Fc fusion peptide demon-
strated targeted release in the tumor microenvironment with
minimal or no leakage to the peripheral blood and organs in
mice. These data demonstrate effective and safe use of Ad-Cab
FT, bidding for further clinical investigation.

INTRODUCTION

Our immune system has a significant role in maintaining the integrity
of our health. Besides its role in protecting against pathogens, it is also
crucial in cancer prevention and defense. Research has indicated that
immunocompromised individuals have an increased risk for devel-
oping certain cancers’ and that mouse models with defective T cells
and natural killer (NK) cells bear higher susceptibility for the disease.”
Moreover, the tumor microenvironment in patients with cancer has
been shown to be immunosuppressive, with tumor cells able to
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develop multiple immune evasion strategies.3 Therefore, a major
target in drug development for the treatment of cancer has been to
boost the immune system.

An integral inhibitory pathway, the checkpoint pathway, exists within
our body to modulate activation of the immune system. These check-
points prevent the immune response from overactivation, with poten-
tial consequences being autoimmune and autoinflammatory diseases
and collateral immune-mediated tissue damage. One strategy tumor
cells exhibit to evade an immune response is to overexpress the negative
checkpoint regulator PD-L1.“* PD-L1 is a PD-1 ligand that, upon
interaction, leads to T cell exhaustion and tumor evasion. Clinical trials
with PD-L1 inhibitors have demonstrated enhanced overall survival
outcomes with melanoma, non-small cell lung cancer, renal cell carci-
noma, and bladder cancer.” However, a substantial group of patients,
66%, do not respond to such therapy, and some responders develop ac-
quired resistance during the course of treatment.’ Hence, a crucial
improvement in PD-L1 checkpoint inhibitors is required.

Currently, the majority of the PD-L1 inhibitors in the clinic are
monoclonal antibodies (of the immunoglobulin G [IgG] isotype)
that mainly act as antagonizing agents. Their pertinent effector mech-
anisms, such as complement-dependent cytotoxicity (CDC) or anti-
body-dependent cell cytotoxicity (ADCC)/antibody-dependent cell
phagocytosis (ADCP), are limited or abrogated. The subsequent lim-
itation in Fc effector mechanisms is mostly due to safety issues
because PD-L1 expression is ubiquitous and can lead to killing of
healthy cells. However, such effector mechanisms of many antibodies
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are required for full tumor clearance. Moreover, addition of Fc
effector mechanisms has been shown to increase efficacy with PD-
L1 antibodies.””* This has also been shown with the approval of ave-
lumab, which is the only IgG1 PD-L1 checkpoint inhibitor with Fc
effector mechanisms in the clinic.

We previously developed a novel PD-L1 checkpoint inhibitor consist-
ing of a PD-1 ectodomain connected to an IgGA cross-hybrid Fc,
comprising regions of an IgG1 and IgA (termed Ad-Cab).” All ther-
apeutic anti-cancer antibodies in the clinic are of the IgG isotype,
which is excellent in activating the complement system and NK cells.
However, they fail to activate the most abundant leukocyte popula-
tion, neutrophils, because of the expression pattern of Fc gamma re-
ceptors (Fc-v). Although neutrophils express the activating receptor
Fc-yRIIA (CD32A), they have far more abundant expression of the
non-signaling Fc-yIIIB (CD16B)'” and some expression of inhibitory
Fc-yIIB (CD32B)."" Contrary to IgG antibodies, IgA antibodies are
able to exploit neutrophils because of expression of the activating
Fc-a. (CD89) rect-:ptor}o’lz’13 However, they cannot activate the com-
plement system (because of a lack of a C1q binding site) or NK cells
(which do not express Fc-a). Therefore, the IgGA cross-hybrid Fc is
able to generate effector functions of IgG1 and IgA, which leads to
enhanced tumor killing and a decrease in immune effector population

exhaustion.”"

Here, to further improve such therapy, we added certain point muta-
tions in the IgG1 region of the IgGA Fc to increase NK cell activation
(called Ad-Cab FT). Moreover, to circumvent toxicity issues, we
cloned such a construct into an oncolytic adenovirus genome. Onco-
Iytic adenoviruses have been shown to be ideal gene therapy vehicles
because of their selective tropism and replication toward tumor cells
while leaving healthy cells unharmed.'>'® This allows local and
controlled release of our enhanced PD-L1 Fc fusion inhibitor in the
tumor bed.

In this study, we demonstrated that the oncolytic adenoviruses were
able to release substantial amounts of the Fc fusion peptides when in-
fecting tumor cells. Our improved Ad-Cab FT was more potent in NK
cell activation atlower concentrations compared with Ad-Cab but had
a similar potency with activating the complement system and neutro-
phils. This also translated to higher potency with Ad-Cab FT when all
effector components were added, mimicking physiological parame-
ters. Ad-Cab FT also showed a good safety profile in vivo with human-
ized mouse models; mice did not lose weight, and release of the Fc
fusion peptide was limited to the tumor with no leakage to the periph-
eral blood. Interestingly, other than superior tumor control, Ad-Cab
FT was also able to remodel the suppressive microenvironment by
reducing the presence of myeloid-derived suppressor cells (MDSCs).

RESULTS

Cab FT activates higher ADCC with peripheral blood
mononuclear cells (PBMCs) at lower concentrations than Cab
Previously, we designed a novel Fc fusion peptide (Cab) consisting of
a PD-1 ectodomain (binding to PD-L1) connected to a cross-hybrid

IgGA Fcvia a GGGS linker. This Fc fusion peptide was able to display
effector mechanisms of IgG1 and IgA, which increased tumor killing
compared with clinically approved PD-L1 antibodies or IgG1 or IgA
backbones alone. To further improve Cab, four point mutations
(H268F/S324T/S239D/1332E) were added to the IgGl portion of
the cross-hybrid IgGA Fc (Cab FT) to increase activation of NK
cells."” We performed ADCC experiments with isolated PBMCs using
different concentrations (20-0.15625 pg/mL) of Cab and Cab FT.
These experiments were performed with two murine (B16F10 and
B16K1) and two human cell lines (A549 and MDA-MB-439) because
the PD-1 ectodomain is able to bind to murine and human PD-L1.
Moreover, we have previously tested the expression of PD-L1 and
correlated the expression to specific lysis? With all cell lines, a clear
trend can be observed in which Cab FT was more potent at lower con-
centrations (between 2.5-0.3125 pg/mL) compared with Cab (Fig-
ure 1A). However, at high concentrations of 5-20 pg/mL, Cab and
Cab FT had similar efficiency in tumor killing (Figure 1A).

We then repeated the experiments using polymorphonuclear leu-
kocytes (PMNis) as the effector population. No difference in killing
was observed between Cab and Cab FT because IgGl sub-opti-
mally activates neutrophils (Figure 1B). No increase in tumor
killing was observed when serum was added, even though the
point mutations in Cab FT have been shown to increase Cl1q bind-
ing'” (Figure S1).

After seeing increased NK cell activation with Cab FT, we wanted
to see whether we could observe such an effect under more phys-
iological conditions where PBMCs and PMNs would be present.
Similar to previous data, Cab FT was again superior to Cab at
lower concentrations, further emphasizing the added gain in tu-
mor killing (Figure 1C). Overall, the data demonstrate that the
point mutations in Cab FT increase ADCC killing with PBMCs
at lower concentrations.

Cab and Cab FT do not induce leukocyte killing and block the
PD-L1/PD-1 axis

PD-L1 expression is not limited to tumor cells but can also be ex-
pressed by many immune cells, such as macrophages, dendritic cells
(DCs), and monocytes. However, expression of PD-L1 has been docu-
mented to be lower compared with tumor cells. This is to our advan-
tage because the copy number of a target epitope on the cell mem-
brane is an essential requirement for antibody effector mechanisms
to be activated. Hence, despite expression of PD-L1 on immune cells,
Cab and Cab FT could not induce killing of such cell populations. To
test that Cab and Cab FT do not harm crucial immune cells, we per-
formed a whole-blood assay where unmanipulated blood from three
different donors was incubated with 20 pg/mL of both Cab and Cab
FT. In the presence of all effector populations, we analyzed whether a
decrease in cell percentage or absolute number was observed with
T cells, NK cells, DCs, monocytes, and neutrophils (Figure 2A). No
significant differences in percentages (Figure 2B) or absolute numbers
(Figure 2C) were observed among samples treated with Fc fusion pep-
tides, trastuzumab (binding to Her-2 and not found on immune cells)
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(A-C) Cells were treated with different concentrations of Fc fusion peptides and had either PBMCs (A; 100:1, E:T), PMNs (B; 40:1, E:T), or PBMCs and PMNs (C) added for a
4-h incubation. Lysis was then quantified by measuring release of endogenous LDH. All n > 3, and significance levels were set at *p < 0.05, **p < 0.01, **p < 0.001, and

**** < 0.0001. Error bars represent SEM.

or untreated samples. This indicates that, even though Cab and Cab ~ Some studies have shown that increasing Fc effector functions of PD-
FT induce high tumor killing, they do not kill low-PD-L1-expressing L1 checkpoint inhibitors can lead to a higher disruption of the PD-L1/
immune cells. PD1 axis.'® To test whether the enhanced killing of Ad-Cab FT was
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Figure 2. Whole-blood and mixed-leukocyte assay with Cab and Cab FT

Unmanipulated blood from 3 donors was treated with 20 pg/mL of Fc fusion peptides and incubated for 24 h. (A-C) Immune populations were then gated (A) and quantified by
percentage (B) and absolute number (C). DCs and CFSE-labeled PBMCs from different donors were incubated with 10 pg/mL of Fc fusion peptides or antibody for 5 days. (D)
PBMGCs were then collected, and CD8+ T cells had their expansion index calculated based on CFSE staining. All n > 3, and significance levels were set at *p < 0.05,

**p < 0.01, *p < 0.001, and ***p < 0.0001. Error bars represent SEM.

due to the point mutations and not increased PD-L1/PD1 disruption,
we performed a mixed leukocyte reaction assay. In this assay, the PD-
L1/PD1 axis is analyzed by co-incubating monocyte-derived DCs
from one donor with carboxyfluorescein succinimidyl ester (CFSE)-
stained PBMCs from another donor. Because of the presence of
PD-L1 and PD1, we expect to see very little proliferation. However,
in the presence of a PD-L1 checkpoint inhibitor, an increase in the
expansion should be observed. Cab and Cab FT had expansion
indices very similar to each other and to the clinically approved
PD-L1 checkpoint inhibitor atezolizumab (Figure 2D). Hence, Cab
and Cab FT have similar levels of PD-L1/PD-1 axis inhibition.

Ad-Cab and Ad-Cab FT have similar oncolytic activity and
expression levels of the Fc fusion peptide

To reduce safety concerns, Cab and Cab FT were cloned into an on-
colytic adenovirus-5/3 named Ad-Cab and Ad-Cab FT, respectively.
After isolating the cloned viruses, a colorimetric method for deter-
mining cell viability (3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxyme-
thoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium [MTS] assay) was

performed to assess oncolytic fitness. In human cell lines (MDA-
MB-436 and A549), clear cell lysis was observed as the multiplicity
of infection (MOI) increased up to 100. Ad-Cab and Ad-Cab FT
had very similar levels of cell lysis, also when compared with unarmed
Ad-5/3 A24 (Figure 3A), which is identical to Ad-Cab viruses but
lacks the Fc fusion peptide gene. This indicated that Ad-Cab and
Ad-Cab FT had similar oncolytic fitness and that the gene manipula-
tion did not affect fitness/oncolysis/functionality. As expected, no cell
lysis was observed in any of the murine cell lines (B16F10, B16K1, and
4T1) (Figure 3A). This is due to the lower replication of human Ad-5
viruses in murine cells.

We then tested whether Ad-Cab and Ad-Cab FT could express and
secrete the Fc fusion peptides into the supernatant. Cab and Cab
FT had a His tag, allowing such quantification. When A549 cells
were infected at 100 MOI, a clear secretion of Fc fusion peptide was
observed. This secretion level increased until reaching day 3 post
infection, when around 7 pg/mL of released peptides was detected
(Figure 3B). Similar results were shown with B16K1 but with lower
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Figure 3. Oncolytic fitness and expression of Ad-Cab and Ad-Cab FT

(A-C) Different cell types were infected with the indicated MOIs of virus and incubated for 3 days. Using an MTS assay, cell viability (A) was determined. A549 (B) and B16K1
(C) cells were infected with 100 MOI of virus, and the amount of Fc fusion peptides was measured using a His tag ELISA.

amounts of secreted peptide (Figure 3C). Lower peptide levels in
B16K1 are mostly due to lower adenoviral replication of Ad-5 in mu-
rine cells compared with human cells' (Figure 3C). Together, these
results indicate that Ad-Cab and Ad-Cab FT are able to express
and secrete adequate levels of the Fc fusion peptide in human and mu-
rine settings.

Ad-Cab FT induces higher levels of killing at lower
concentrations when PBMCs are added

To test whether the secreted Fc fusion peptides from the adenovirus
were functional, we infected target cells with Ad-Cab and Ad-Cab FT
and again performed ADCC assays. When human cells were infected
at different MOIs ranging from 10-100, Ad-Cab FT outperformed
Ad-Cab when PBMCs were added as an effector population at lower
MOIs (Figure S2A). Moreover, no death was observed with Ad-5/3
A24, indicating that cell lysis was due to the Fc fusion peptide and
not because of viral oncolysis. With murine cells, higher MOIs were
added because secretion of the Fc fusion peptide is lower compared
with human cells. Similar to human cells, higher specific cell lysis
could be observed with Ad-Cab FT at lower MOIs compared with
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Ad-Cab. We then repeated the same experiments by adding either
PMNs (Figure S2B) or complement-active serum (Figure S2C). As ex-
pected, when PMNs or serum was added, clear cell lysis was observed
among Ad-Cab and Ad-Cab FT but not Ad-5/3 A24. Additionally,
similar specific cell lysis levels were seen with Ad-Cab and Ad-Cab
FT at different MOls.

We then performed the same experiments but with effector popula-
tions combined: PBMCs and PMNs (Figure 4), Ad-Cab FT demon-
strated higher tumor cell killing levels compared with Ad-Cab at
lower concentrations. Hence, Ad-Cab FT can secrete functional
Cab FT and induce high tumor killing at lower MOIs when PBMCs
are used as effector cells.

Ad-Cab FT induces faster killing than Ad-Cab

To further elucidate the advantages of Ad-Cab FT, we examined the
kinetics of tumor killing using an impedance-based real-time quanti-
tative analysis (XCELLigence). A549 cells were infected at 30 MOI
and co-incubated with PBMCs and PMNs (Figure 5A). Cell killing
was analyzed in real time, and at around 18 h, killing could be
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Figure 4. ADCC of Ad-Cab and Ad-Cab FT in the presence of PBMCs and PMNs
Cells were infected at various MOls with virus and incubated for 48 h. PBMCs (100:1, E:T) and PMNs (40:1, E:T) were then added. After 4 h, lysis was quantified based on

endogenous LDH release.

observed in A549 cells with Ad-Cab FT. No death was recorded at this
time point with either Ad-Cab or Ad-5/3 A24. Cellkilling for Ad-Cab
and Ad-5/3 A24 started at around 32 and 40 h, respectively. More-
over, within 24 h, Ad-Cab FT had reached its final cell killing capacity,
much earlier than the effects of viral oncolysis that were recorded with
Ad-5/3 A24 or Ad-Cab, for which it took more than 36 h. The level of
cell killing was superior with Ad-Cab FT compared with Ad-Cab,
which corresponds with our previous data. In agreement with the
A549 data, similar kinetics were also observed with B16K1 (Fig-
ure 5B). However, cell killing was observed later, at around 27 h for
Ad-Cab FT, while for Ad-Cab, it was seen at around 42 h. These
data clearly indicate that Ad-Cab FT not only kills tumor cells at a
higher efficiency but also does so at a faster pace than Ad-Cab.

Ad-Cab FT controls tumor growth in vivo with B16K1 and 4T1

Following the in vitro data, we assessed the efficacy of Ad-Cab and
Ad-Cab FT in vivo with different tumor models. For the first tumor
model, we used B16K1 because of its high expression of PD-L1.
Mice were sub-divided into five treatment groups receiving different
treatments: PBS (mock), Ad-5/3 A24, Ad-Cab, Ad-Cab FT, and
mPD-L1. Four injections of each treatment were given intratumorally
(viruses or PBS) or intraperitoneally (antibodies), with a 2-day break
between the injections (Figure 6A). Usually, 10° viral particles are
administered per mouse for oncolytic adenovirus therapy. However,
because Ad-Cab FT was shown to work at lower MOIs, each mouse
was administered a one-tenth lower dose, 10° viral particles. As ex-
pected, Ad-Cab FT outperformed all other treatment groups

(Figures 6B and S4A). Two days after the last dose, mice were sacri-
ficed to investigate the tumor microenvironment. Interestingly, as
in vitro, higher NK cell activation was seen with Ad-Cab FT, explain-
ing better tumor control than with Ad-Cab (Figure 6C). High upregu-
lation of CD107a was observed with NK cells from the Ad-Cab FT
group, which signifies a release of cytotoxic molecules such as perfor-
ins and granzymes. Upregulation of CD107a was also seen with CD8+
T cells in the Ad-Cab, Ad-Cab FT, and mPD-L1 groups because of
PD1/PD-L1 inhibition (Figure 6D). Analyzing the tumor microenvi-
ronment indicates a clear increase in NK cell infiltration in Ad-Cab
FT-treated groups (Figure S4B), while similar levels of CD8+
T cells (Figure S4C) and CD4+ T cells (Figure S4D) can be seen in
all groups. We then tested the biodistribution of the Fc fusion peptide
in the tumor and liver. In both Ad-Cab and Ad-Cab FT treated groups
(Figure 6E), 1ug/mL of Fc-fusion peptide could be observed in the tu-
mor and undectable levels were measured in the liver (Figure 6F).
Overall, Ad-Cab FT was able to control tumor growth at lower dos-
ages than Ad-Cab, with a safe biodistribution.

After observing the added benefit of Ad-Cab FT with B16K1, we
repeated the same experiment but with a highly immunosuppressive
and fast-growing tumor model, 4T1. Similar groups, schedules, and
dosages were used (Figure 6G). Comparable with B16K1, Ad-Cab
FT groups had the best tumor control compared with other groups
(Figures 6H and S5A). Ad-Cab was also able to control tumor growth
better than mPD-L1 or mock. After sacrificing the mice, we evaluated
different immune cell populations. One of the main reasons why 4T1
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Figure 5. Real-time killing of A549 and B16K1 cells with Ad-Cab and Ad-Cab FT
(A and B) A549 (A) and B16K1 (B) cells were first seeded for 24 h. Then viruses were added at 30 MOI (A549) and 100 MOI (B16K1), along with PBMCs (100:1, E:T) and PMNs

(40:1, ET). The cell index was then measured every 30 min for the indicated times.

tumors are immunosuppressive is high infiltration of MDSCs. A
decrease in MDSC granulocytic (Figure 6I) and MDSC monocytic
(Figure 6]) cells can be seen in Ad-Cab FT groups, most likely because
of the high expression of PD-L1. Furthermore, an increase in NK cells
(Figure S5B) can be seen in Ad-Cab FT-treated groups, along with
high activation (CD107a+) (Figure S5C) of such cells. Nevertheless,
no changes in infiltration were seen with other immune populations,
like CD8+ (Figure S5D) or CD4+ (Figure S5E) T cells, among the
treated groups. Finally, a similar biodistribution was observed with
around 1 pg/mL of Fc fusion peptide in the tumor microenvironment
(Figure 6K) and below-detection levels in the liver (Figure 6L). In
conclusion, Ad-Cab FT was able to control 4T1 tumor growth, mostly
because of NK cell activation and downregulation of MDSC
populations.

Ad-Cab FT is effective in controlling the A549 tumor xenograft
model in vivo

As a final tumor model to assess efficacy, we used nonobese diabetic
(NOD)/severe combined immunodeficiency (SCID) (NS)-deficient
mice with a reconstituted human immune system and A549 tumor
xenografts. NS mice were first implanted with A549 tumor cells
and then injected with freshly isolated PBMCs from a healthy donor
(Figure 7A). Before treatment, two mice injected with or without
PBMCs were sacrificed. Mice injected with PBMCs could be seen to
have engrafted human CD45+ cells and human CD3+ T cells (Fig-
ure 7B). Mice were then treated with PBS (mock), Ad-5/3 A24, Ad-
Cab, or Ad-Cab FT for a total of two injections. Two injections
were given instead of four, as done previously with B16K1 and 4T1
tumor models, because a higher amount of Fc fusion peptide can be
obtained with the human cell line A549 compared with murine cells
because of replication kinetics. As expected, mice receiving Ad-Cab
FT had the best tumor control compared with any of the other groups
(Figures 7C and S6). Ad-Cab did exert a therapeutic effect, but it was
low and comparable with mice receiving Ad-5/3 A24. When exam-
ining the tumor microenvironment, the Ad-Cab and Ad-Cab FT
groups had upregulation of CD107a on NK cells, indicating activation
(Figure 7D). This upregulation was nevertheless higher for Ad-Cab
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FT compared with Ad-Cab, which coincides with in vitro data. As
for CD8+ T cells, similar levels of CD107a (Figure 7E) and PD1 (Fig-
ure 7F) can be seen between Ad-Cab and Ad-Cab FT. These levels
were higher compared with the Ad-5/3 A24 group, indicating an in-
crease in T cell activation and exhaustion. Finally, we checked the bio-
distribution of the Fc fusion peptides. No Fc fusion peptides were
found in the blood (Figure 7G), but a high amount could be observed
in the tumor (Figure 7H) and very minimal levels in the liver (Fig-
ure 7I). This indicated that most of the Fc fusion peptide can be found
in the tumor microenvironment, with no leakage to the blood and
liver. Thus, xenograft data further showed the effectiveness of
Ad-Cab FT.

DISCUSSION

Previously, we engineered a cross-hybrid Fc fusion peptide binding to
PD-L1 that consisted of an Fc region made up of an IgA1- and IgG1-
constant heavy domain.” The inclusion of IgAl and IgG1 supple-
mented the Fc fusion peptide with Fc effector mechanisms of both
isotypes, resulting in higher tumor killing in vitro, in vivo, and
ex vivo. To further improve this therapy, we supplemented the
IgGl region with four point mutations shown previously to increase
NK cell kjlling17 (Ad-Cab FT). Ad-Cab FT was shown to activate
higher NK cell tumor killing than Ad-Cab and to result in better
in vivo tumor control with various tumor models when lower
amounts were administered.

The attribute of efficacy in antibody therapy for cancer has been the
ability to elicit Fc effector mechanisms.”® Checkpoint inhibitors (ate-
zolizumab and durvalumab) in the clinic have a reduced ability to
elicit such mechanisms because of the antibody isotype or single-
point amino acid mutations. However, in vitro and in vivo data
have shown that cancer therapeutic antibodies require Fc effector
mechanisms to be effective.® This does not seem to apply to all check-
point inhibitors and primarily depends on the checkpoint receptor.
For example, when CTLA-4%! and PD-L17® checkpoint inhibitors
had a competent Fc able to elicit effector mechanisms, it enhanced
anti-tumor efficacy in vivo. However, for PD-1 checkpoint inhibitors,
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(A) Schematic of B16K1 tumor implantation and the treatment schedule. Mice were implanted with 500,000 cells in the right flank and then treated either with PBS (mock), Ad-
5/3 A 24, Ad-Cab, Ad-Cab FT, or mPD-L1. (B) Tumor growth was then recorded. (C and D) After mice were sacrificed, NK cell activation (C) and T cell activation (D) were
measured with flow cytometry. (E and F) Biodistribution of the Fc fusion peptide was then checkea in the tumor (E) and liver (F). (G) Schematic of the treatment schedule for
mice implanted with 300,000 4T1 cells. The same treatment groups as for the 4T1 tumor model were used with B16K1 mice. (H) Tumor growth was recorded for 17 days.
(I and J) After mice were sacrificed, suppressive immune cell populations, MDSC-granulocytic () and MDSC-monocytic (J), were analyzed with flow cytometry. (Kand L) The
biodistribution of Fc fusion peptides was analyzed in the tumor (K) and liver (L). All n > 3, and significance levels were set at *p < 0.05, **p < 0.01, **p < 0.001, and

****p < 0.0001. Error bars represent SEM.

having a competent Fc had negative effects on efficacy because of a
reduction of effector CD8+ T cells.” The contrasting effects can be
attributed to expression patterns of immune checkpoints that differ
among immune cells.

Coinciding with previous results, we show that incorporating effector
mechanisms into PD-L1 immune checkpoint inhibitors (ICIs) in-
creases efficacy and enhances tumor killing. Moreover, in syngeneic
mouse models, PD-L1 ICIs with ADCC capabilities did not reduce
or deplete neutrophils, DCs, NK cells, T cells, or B cells despite ex-
pressing PD-L1.° Nevertheless, the enhanced efficacy was due to
depletion of two major immunosuppressive populations: MDSCs
and F4/80+ tumor-associated macrophages (TAMs). Contrary to
our results, we did not see a decrease in TAMs. This can be explained
by the fact that TAMs are a heterogeneous group of cells that can be
polarized to either M1 or M2.** M1 cells usually express a lower

amount of PD-L1 compared with M2, and the frequency of infiltra-
tion among these cell types can differ from that of tumor models.
However, our results confirm that Fc-competent PD-L1 checkpoint
inhibitors lead to a decrease in MDSC populations.

IgG antibodies can orchestrate immune cell killing of tumor cells by
binding to their respective receptors, Fc-y receptors. Six of these re-
ceptors are found in humans and can be divided into activating and
inhibitory receptors. The mutations added in Ad-Cab FT selectively
increase the binding of two activating Fc-y receptors, Fc-yIla
(CD32A) and Fc-yIIIA (CD16A)."”” NK cells only possess two Fc-y
receptors, CD16A and CD32C, which are both activating. This could
potentially explain why Ad-Cab FT outperformed Ad-Cab at lower
concentrations in lysing tumor cells in the presence of PBMCs.
This phenomenon was not seen when PMNs were added, despite
expression of CD32A on such cells. This is most likely because the
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(A) Schematic of treatment schedules given to NS mice. Mice were first implanted in the right flank with 5 x 10° A549 cells subcutaneously and 5 x 10® PBMCs intra-
peritoneally. Treatment groups were divided into mice receiving Ad-5/3 A24, Ad-Cab, or Ad-Cab FT. (B) Before treatment, two mice implanted with PBMCs or not were
sacrificed, and human CD3+ and CD45+ cells were analyzed in the peripheral blood. (C) Tumor growth was recorded. (D—F) After mice were sacrificed, NK cell activation (D),
T cell activation (E), and T cell exhaustion (F) were analyzed in the tumor microenvironment. (G—H) Biodistribution of the Fc fusion peptide was then checked in the blood (G),
tumor (H), and liver (). Alln > 3, and significance levels were set at *p < 0.05, *p < 0.01, ***p < 0.001, and ****p < 0.0001. Error bars represent SEM.

mutations in Ad-Cab FT also increase the affinity toward inhibitory
receptor CD32B by 9.9-fold.'” Moreover, PMNs also express a higher
level of CD16B, which does not possess a signaling motif but has been
seen to serve as an inhibitory receptor in cancer therapy. Similarly, no
increase in CDC activation was observed with Ad-Cab FT, despite the
mutations being reported to increase the affinity for C1q. Induction of
the classical pathway in complement activation does not solely
require the Fc; the Fab regions are required, too.** The Fc fusion pep-
tides lack the Fab regions, and this could explain why an increase in
CDC activation was not observed.

Studies have demonstrated that the armamentarium of the immune
system in the fight for cancer is finite.”* The phenomenon of immune
cell exhaustion has rendered many cancer immunotherapies ineffective
in tumor clearance. Hence, activation of multiple immune effector
populations seems to be a viable solution to overcome exhaustion.
Along with previous studies,”* activation of multiple effector popula-
tions by simultaneously stimulating Fc-y and Fe-ot receptors has led to
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higher tumor killing and less immune cell exhaustion. This study
further confirms such findings as well as builds on the use of point mu-
tations to further increase Fc effector mechanisms and tumor killing,
Nevertheless, administering such potent Fc fusion peptides intrave-
nously could be very toxic because PD-L1 is expressed all over healthy
cells. Hence, to increase efficacy while maintaining the safety of PD-L1
checkpoint inhibitors, use of oncolytic viruses is favorable. In this
study, we have shown that Ad-Cab and Ad-Cab FT were able to release
the Fc fusion peptides and maintain them in the tumor. Very minimal
or low detection levels of the Fc fusion peptides were found in the
blood or liver. Usually, IgG antibodies have a half-life of 4-6 days in
mice because of the presence of neonatal Fc rt:(:eptors.25 However,
the Fc fusion peptides lack the binding domain to these neonatal Fc re-
ceptors, explaining why they were not detected in the blood. Moreover,
Ad-Cab FT requires low doses to be effective, leading to low levels of
the Fc fusion peptide being released. However, as mentioned, Ad-5 vi-
ruses do not replicate efficiently in murine settings, which could
explain why the Fc-fusion peptide was not found outside of the tumor.
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Further biodistribution studies are required, using more appropriate
models, such as Syrian gold hamsters and non-human primates. These
data show an encouraging safety profile of Ad-Cab and Ad-Cab FT and
encourage clinical testing.

One of the main advantages of using adenoviruses as a therapeutic
treatment is the feasibility of upscaling large amounts for clinical ther-
apy. However, the purification process of adenoviruses has been an
issue because the amount of adenovirus increases. For a therapeutic
effect, 10" viral particles of oncolytic viruses are given per patient,
which causes purification to be an obstacle. In this study, we have
shown that Ad-Cab FT requires a lower concentration to be admin-
istered to mice to control tumor growth. This could also translate
into lower dosages of Ad-Cab used in the clinic with patient and as
result ease purification issues with adenovirus production. In the
future, Ad-Cab FT shoudl undergo phase I/IIb clinical testing to
investigate whether lower dosages of the virus is as effective compared
to higher dosages of Ad-Cab.

One of the main limitations of Ad-Cab and Ad-Cab FT is long-term
tumor control because oncolytic adenoviruses are usually adminis-
tered intratumorally. For tumor types such as melanoma or other
easily accessible tumors, repeated injections can be possible and can
help with long-term tumor control. However, for tumors that are in
deep tissues, this can pose a problem; guided surgical instruments
are required, and repeated injections might be inconvenient for pa-
tients and pose a possible health risk. As for metastatic tumors, Ad-
Cab or Ad-Cab FT would have very little effect because of the poor
biodistribution of the Fc fusion peptides. One way to overcome this
limitation is by adding a vaccine effect to the platform, such as attach-
ment and/or genetic cloning of tumor peptides.

Conclusion

In this work, we further improved a previously designed PD-L1 Fc
fusion peptide consisting of a cross-hybrid IgGA Fc (Ad-Cab) by add-
ing four point mutations (Ad-Cab FT), leading to an increase in IgG
effector mechanisms. At low concentrations, Ad-Cab FT was shown
to secrete adequate levels of the Fc fusion peptide able to induce
higher tumor killing when PBMCs were added compared with Ad-
Cab. Moreover, other than higher tumor killing, Ad-Cab FT was
able to induce tumor cell death faster than Ad-Cab. The effectiveness
of Ad-Cab FT was also seen in different in vivo models, displaying
better tumor control and higher activation of NK cells. Other than tu-
mor control, Ad-Cab FT was also able to downregulate MDSC pop-
ulations that have been correlated with poor prognosis and tumor
growth. Finally, biodistribution analysis revealed that the oncolytic
adenoviruses restricted release of the toxic Fc fusion peptides to the
tumor, reducing safety concerns. In conclusion, the efficacy and safety
profile of Ad-Cab FT prompt further investigation for clinical use.

MATERIALS AND METHODS

Cell lines

All cell lines in this study were purchased from the American Type
Culture Collection (ATCC) and cultured in appropriate medium at

37°Cand 5% CO,. Cell lines used in this study were human lung can-
cer A549, human triple negative breast cancer MDA-MB-436, murine
triple negative breast cancer 4T1, and murine skin cancer B16K1 and
B16F10. All cell lines were cultured until reaching passage 15 and
routinely checked for mycoplasma infection.

Virus transgene modifications

Adenoviruses were made to be conditionally replicating, using proto-
cols described previously.”® All adenoviruses are of serotype 5 with a
fiber of serotype 3 (Ad-5/3) and contain a 24-bp deletion in the E1A
region. The Fc fusion peptide transgenes were produced using the
GeneArt gene synthesis service (Thermo Fisher Scientific). The Fc
fusion peptide genes were then added to the adenovirus genome using
protocols described previously.”” In short, the gp19K + 7.1k region
was substituted with the Fc fusion peptides using Gibson assembly.
Moreover, the Fc fusion peptides were under a cytomegalovirus
(CMV) promoter.

Cell viability assays

Cell viability was assessed by plating 10,000 cells and infecting them
with various MOIs (0.01-100) for 3 days. Death was then assessed by
MTS according to the manufacturer’s protocol (Cell Titer 96
AQueous One Solution Cell Proliferation Assay, Promega, Nacka,
Sweden). Spectrophotometric data were read using the Varioskan
LUXMultimode Reader (Thermo Scientific, Carlsbad, CA, USA).

Serum collection

Ten volunteers had 40 mL of their blood taken in BD Vacutainer
collection tubes (BD Bioscience), which was left to clot for 30 min
at room temperature. Following clotting, blood samples were centri-
fuged for 5 min at 2,500 rpm. Serum was then collected and frozen at
—80°C until further use.

PBMC, PMN, and monocyte collection

PBMCs and PMNs were separated and isolated from buffy coats as
described previously™® and cultured in Roswell Park Memorial Insti-
tute (RPMI) 1640 medium (Gibco, catalog number 21875034). From
PBMCs, monocytes were further collected as described previously.13

Mixed leukocyte reaction

Monocytes were first differentiated into DCs by cultureing in
DMEM low glucose supplemented with 10% fetal bovine serum
(FBS), 500 U/mL of interleukin-4 (IL-4) (PeproTech, 200-04), and
250 U/mL (Abcam, ab88382) for 7 days. After differentiation,
PBMCs from a different donor were labeled with CFSE (Thermo
Fisher Scientific) according to the manufacturer’s protocol, co-
cultured at a 1:10 ratio, and treated with 1 pug/mL of either atezolizu-
mab (InvivoGen) or Fc fusion peptide. After 5 days, supernatants
were collected, and CFSE was measured in gated CD3+ CD8+
T cells by flow cytometry.

CDC assay

CDC assays were performed either with purified Fc fusion peptides or
viruses. For viruses, 100,000 cells were plated and infected at the
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indicated MOISs for 48 h. For Fc fusion peptides, different concentra-
tions as indicated were added and incubated for 30 min. After incu-
bation, 15.5% of complement-active serum was added for 4 h. Cells
were then stained with 7-aminoactinomycin D (7-AAD) (eBio-
science), and lysis was measured using flow cytometry.

ADCC assays

ADCC assays were performed using either purified Fc fusion peptides
or viruses. Similar to the CDC assays, 15,000 cells were infected with
the indicated MOIs for 48 h, while for Fc-fusion peptides, the indi-
cated concentration was added for 30 min. After incubation, effector
cells were added at a ratio of 100:1 and 40:1 (effector:target) for
PBMCs and PMNs, respectively. After 4 h of incubation at 37°C,
cell lysis was measured by calculating the release of endogenous
lactate dehydrogenase (LDH) using a commercial kit (CyQUANT
LDH Cytotoxicity Assay, catalog number C20303). Specific
percent cell lysis was calculated using the following formula: (“exper-
imental LDH release” — “effector plus target spontaneous”)/(“target
maximum” - “effector plus target spontaneous”) x 100. “Experi-
mental LDH release” corresponds to the signal measured by the
treated samples, “effector plus target spontaneous” corresponds to
the release of LDH when effectors and targets are incubated, and
“target maximum” corresponds to when target cells are treated with
cell lysis buffer.

Whole-blood assay

Whole blood was collected from three healthy volunteers in BD Va-
cutainer heparin plasma tubes (BD Bioscience). Healthy volunteers
were defined as volunteers with no underlying pathologies. 200 pL
of unmanipulated blood was then incubated with 20 pg/mL of anti-
body or Fc fusion peptides for 24 h at 37°C. After 24 h, samples
were treated with ammonium-chloride-potassium (ACK) buffer to
lyse red blood cells and then stained with CD3, CD15, CD14,
CD56, and CD11c (BioLegend) to differentiate immune populations.
Counting beads were then added before performing flow cytometry to
calculate absolute numbers (BioLegend, catalog number 424902).

Animal experiments

For syngeneic mouse experiments, 4- to 8-week-old BALB/c or
C57BL/6 immunocompetent mice, purchased from Envigo, were in-
jected with 300,000 4T1 or 500,000 B16K1 cells in the right flank,
respectively. After 9 days, tumors were palpable, and then followed
a treatment schedule of 4 treatments separated by 2 days of break be-
tween. Viruses or PBS were injected intratumorally at a final volume
of 25 pL, while antibodies were administered intraperitoneally at a
final volume of 100 pL. Viruses were administered at a concentration
of 1 x 10°® viral particles per mouse, while 100 pg of antibody was
administered per mouse. Tumor size was calculated using the
following formula: (long side) x (short side)*/2.

For xenograft mice models, 4- to 6-week-old immunodeficient Nod.
CB17-Prkdcscid/NCrCrl mice were purchased from Charles River
Laboratories. For tumor implantation, mice were injected with
5 x 10° A549 cells subcutaneously in the right flank. On the same
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day, 5 x 10° PBMCs extracted from the same donor were injected
intraperitoneally for engraftment. After tumors were palpable, mice
were given 2 doses of virus at a concentration of 1 x 10° viral particles
per mouse.

All animal experiments were approved and reviewed by the Experi-
mental Animal Committee of the University of Helsinki and Provin-
cial Government of Southern Finland (license ESAVI/11895/2019).
Tumor growth across all experimental groups was regularly measured
throughout the experiment. All injections and tumor measurements
were performed under isoflurane anesthesia.

Biodistribution analysis

After animals were sacrificed, tumors, livers, and peripheral blood
were collected for processing. Tumors and livers were passed through
a 0.22-pm cell strainer to create a single-cell suspension. Samples
were then centrifuged for 10 min at 500 x g to pellet cells and collect
the supernatant for further processing. For blood, samples were
centrifuged for 30 min at 500 x g, and serum was collected. Because
the Fc fusion peptides contain a C-terminal His tag, a His tag ELISA
was used to determine concentrations from the supernatant and
serum samples collected (Cell Biolabs, catalog number AKR-130).

Flow cytometry analysis

All flow cytometry samples were run either with the BD Accuri 6 plus
(BD Bioscience) or Fortessa (BD Bioscience). Human and murine
samples had two antibody panels each that were used. Panel 1 in-
cludes fluorescein isothiocyanate (FITC) anti-mouse NK1.1 (Thermo
Fisher Scientific, catalog number 11-5941-85, RRID: AB_465319),
phycoerythrin (PE) anti-mouse PD-1 (BioLegend, catalog number
135206, RRID: AB_1877231), PeCy7 anti-mouse CD4 (Thermo
Fisher Scientific, catalog number 25-0041-82, RRID: AB_469576),
PerCp/Cy5.5 anti-mouse CD107a (BioLegend, catalog number
121626, RRID: AB_2572055), and Pacific Blue anti-mouse CD3
(BioLegend, catalog number 100214, RRID: AB_493645). Panel 2
included allophycocyanin (APC) anti-mouse Ly6C (BioLegend, cata-
log number 128015, RRID: AB_1732087), PE anti-Ly6G (BD Biosci-
ences, catalog number 551461, RRID: AB_394208), PerCP Cy5.5 anti-
mouse CD11b (Thermo Fisher Scientific, catalog number 45-0112-82,
RRID: AB_953558), BV650 anti-mouse F4/80 (BD Biosciences, cata-
log number 743282, RRID: AB_2741400), and PECy7 anti-mouse
CDl11c (Thermo Fisher Scientific, catalog number 25-0114-829,
RRID: AB_469590). For humans, the first panel included FITC
anti-human CD56 (BioLegend, catalog number 304604, RRID:
AB_314446), PerCP anti-human CD8alpha (BioLegend, catalog
number 300922, RRID: AB_1575072), PE-Cy5 anti-human CD4
(Thermo Fisher Scientific, catalog number 15-0049-42, RRID:
AB_1582251), PE-Cy7 anti-human CD3 (BioLegend, catalog number
300316, RRID: AB_314052), Pacific Blue anti-human PD-1
(BioLegend, catalog number 329915, RRID: AB_1877194), and
APC anti-human CD107a (BioLegend, catalog number 328620,
RRID: AB_1279055). The second panel for human samples included
PE-Cy7 anti-human CD3 (BioLegend, catalog number 300316, RRID:
AB_314052), APC anti-human CD11c (BioLegend, catalog number
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371505, RRID: AB_2616901), Pacific Blue anti-human CD15
(BioLegend, catalog number 323021, RRID: AB_2105361), and PE
anti-human CD14 (BioLegend, catalog number 301805, RRID:
AB_314187).

Statistical analysis

All statistical analysis were performed with GraphPad Prism 7
(GraphPad, La Jolla, CA, USA). Statistical tests used were either
unpaired t test or two-way ANOVA with a post hoc test (Tukey’s
multiple comparisons tests). All n > 3, and significance levels were
set at *p < 0.05, **p < 0.01, ***p < 0.001, and ***p < 0.0001. Error
bars represent standard error of the mean (SEM).
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