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Green box: Yervoy®, Pink box: Plant-produced 2C8, Purple box: DVD AT2C ............... 60

Figure 27. Body weight changes in different groups. Data were shown as mean + SD.



CHAPTER | INTRODUCTION

1.1.Research Background and Significance

Checkpoint blockade immunotherapy has become a revolutionary cancer
treatment approach, with unprecedented long-term responses and favorable toxicity
in a wide range of patients. However, the staggering success of immune checkpoint
blockade is short-lived, revealing that only a fraction of cancer patients benefited
from this intervention. Immune checkpoint inhibitor (ICl) resistance is caused, if not
entirely in part, by a lack of immune cell infiltration and the buildup of
immunosuppressive cells in the tumor microenvironment (1, 2), critically undermines
their clinical utility and ultimately impedes positive therapeutic outcomes. One way
to circumvent tumor resistance and augment the clinical efficacy of ICIs is to exploit
the potential of combination immunotherapy. Based on several preclinical and early-
phase clinical studies, the combined use of ICls (Opdivo® and Yervoy®) has
demonstrated dramatic response rates against advance melanoma; although,
significant treatment-associated toxicities appear to have been reported in the
majority of patients (3, 4). Therefore, challenges remain in determining the overall
survival benefit of such combinations. For this reason, growing research efforts to
develop novel treatments have focused on maximizing their advantages over
monotherapies and combination cancer therapies.

Bispecific monoclonal antibody (BsMab, BsAb) is an antibody that recognizes
two distinct antigens in one antibody molecule. It has long been postulated as
potentially effective cancer treatment, but only recently have they shown promising
results. BsAbs are currently receiving a great amount of attention due to the
heightened interest for antibodies in general. Over 180 bsAbs are currently in
preclinical trials, and more than 50 bsAbs have entered various stages of clinical
investigations as of this writing (5). A remarkable turnaround in 2022 occurred with
the approval of five bsAbs for marketing by FDA. Alternatively, while exploring the
optimal immunotherapy approaches, the therapeutic potentials of bsAbs were
considered in this study. This is why this research was conducted in order to develop

a bsAb-based tumor immunotherapy with dual immune checkpoint blockade.



A dual-variable domain immunoglobulin (DVD-Ig™) bsAb was synthesized
containing the antigen-binding variable fragments of both PD-L1 and CTLA-4
inhibitors. The idea of onbstructing the CTLA-4 and PD-1/PD-L1 mechanisms appears
to be associated with increased levels of inhibitory PD-1 and PD-L1 immune
checkpoints within the tumor microenvironment after anti-CTLA-4 treatment,
suggesting an adaptive resistance mechanism (6). Thereby, the need for this research
is further emphasized in examining the potential combinatorial effect and acceptable
tolerability of dual receptors blockade with DVD-Ig™ bsAb targeting PD-L1 and CTLA-4
when compared to monospecific monoclonal antibody (mAb) therapy. The bsAb as
well as its parental anti-PD-L1 and anti-CTLA-4 mAbs were produced for this purpose
and tested in parallel assays.

BsAbs are rarely found in nature, and the method by which they are
generated is critical and remains a major concern. Their development was once
hampered by a number of obstacles, particularly chain mispairing issues and
assembly. However, thanks to rapidly emerging production modalities, these
challenges that bsAbs confront have been gradually resolved. Thus far, recombinant
technology has dominated the bsAb platform (7), transforming and largely simplifying
their manufacturing. Similarly, in this study, genetic recombination was utilized to
produce the dual-targeting bsAb and parental mAbs. Plants, among other expression
systems, have been spotlichted for many notable benefits, for instance, speed,
flexibility, safety, scalability, and post-translational modifications (8). More
importantly, the potential of plants to alleviate production costs implies
attractiveness for the commercialization of anticancer antibodies. Therefore,
considering all of its advantages, a plant expression system was utilized as an

alternative expression system for immune checkpoint blocking antibodies.

1.2.Research Objectives and Hypotheses

In the current study, the bsAb heavy chain and light chain genes were
synthesized and transiently co-expressed in N. benthamiana plants using geminivirus-
derived vector. The experimental parameter of day post-infiltration or dpi (harvest

time after infiltration) was controlled to determine the best condition with the



highest antibody expression. The bsAb was further characterized for its molecular
structures (size), quality (purity, assembly, isoelectric point, and post-translational
modification), and binding activity using several protein assays to fully elucidate the
properties and specificity of plant-derived protein. Furthermore, preclinical
evaluation of functionality was devised in this study to test the anticancer effects of
plant-produced bsAb in humanized mouse model.

It is hypothesized that the recombinant bsAb can be transiently produced in
N. benthamiana and that the plant-produced bsAb has significant antitumor activity
in vivo. Moreover, dual-targeted plant-produced bsAb is hypothesized to display
synergistic effect over parental antibodies and is well tolerated in tumor-bearing

mice.

1.3.Research Scope

The study aimed to construct and analyze the quality and efficacy of a
recombinant bsAb produced in Nicotiana benthamiana. The expression parameter
dpi, which affects protein yield, was optimized. In addition, the physicochemical
properties, N-glycan structures, binding and antitumor efficacy were evaluated in
order to fully characterize the plant-produced bsAb. Based on our prior works (8-10),
we have confirmed the feasibility of tobacco plants in producing immunotherapeutic
mAbs and antigen. The contribution of this research is to additionally establish the
robustness of plant platform for producing effective immune-oncology mAbs, as well
as to provide preliminary results and a proof-of-concept for plant-based bsAb
technology.

There are totally four main sections in the research methodology. Gene
synthesis depicts a prior literature search and the application of gene construction
and cloning in it. Transformation in N. benthamiana presents the procedures for
plant preparation and infiltration and also the protein extraction and purification
methods. The detailed characterization of plant-produced antibodies was followed
and concluded with data collection and analysis. The flow of experimental design for

each method is shown in Figure 1.
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Figure 1. Flowchart of research study

1.4.Expected Benefits

This research establishes plants as an economically viable system for the
production of anticancer bispecific antibodies and the plant-produced DVD AT2C can
be regarded as an affordable, more effective, and safe bispecific antibody for cancer

immunotherapy.



CHAPTER Il LITERATURE REVIEW

2.1. Conventional cancer therapies

Cancer, one of the most prominent lethal diseases, is a public health
dilemma responsible for nearly 10 million deaths worldwide. It is a multifactorial
disorder characterized by abnormal cell growth, which causes tumor cells to grow
haywire and spread throughout host’s body, developing metastasis. Aside from that,
cancer is incredibly complex because it continues to evolve and undergo mutations,
making treatment extremely difficult.

Since then, three pillars of cancer therapies have been widely used: surgery,
radiation, and chemotherapy. Of these medical interventions, surgical resection of
tumors and radiotherapy with high-energy X-rays have primarily been considered in
the early stages of cancer. Additionally, chemotherapy is another favored option
which involves chemotherapeutic drugs to directly destroy cancer cells. Thousgh,
treatment with conventional treatments has proved to be satisfactory, a growing
body of evidence shown that many patients suffer recurrence or fail to respond at
all (11, 12), eventually limiting their clinical achievement. Besides, like any other
treatment, these therapies also cause several harmful adverse events that can have
a serious influence on one’s quality of life (13, 14). Nonetheless, conventional cancer

treatments remain mainstays up to date.

2.2.  Immunotherapy

In attempt to develop more effective therapies after decades of disappointing
results, immunotherapeutic strategies have emerged as the fourth pillar of cancer
treatment. The immunological aspects of cancer therapy are gaining much attention,
shifting the paradigm towards immune-based therapies. The groundbreaking
advances in immunotherapy have expanded the treatment landscape for cancer.
Immune checkpoint inhibitors (ICls) and cellular immunotherapies, for example, has
transformed the frontline standard of care for advanced malignancies. In this context,
the role of immune system in cancer has come into limelight and is key determinant

of its progression. As a matter of fact, tumors can develop when they outcompete



the immune system, thereby inducing suppression mechanism (15). Reactivating the
immune system to effectively detect and eliminate cancer represents a promising
treatment approach, which is realized in the concept of immunotherapy. Various
types are currently used, with ICls and adoptive T cell immunotherapy being the
most common. Among these treatments, blocking of immune inhibitory pathways
with ICls will be covered briefly in the following section. However, as far as the
treatment of cancer is concerned, there is no ideal treatment regimens presently
known, although feats of immunotherapy unveil its promising future in the field of

oncology.

2.3.  Immune checkpoint blockade immunotherapy

Immunotherapy has taken the spotlight in recent years, with checkpoint
blockade therapy gradually taking the forefront in medicine research. While
endogenous immune responses are witnessed in preclinical and clinical trials, such
responses are rendered ineffective as tumors stimulate tolerance amongst tumor-
specific lymphocytes and exploit inhibitory checkpoint mechanisms (16). One
method to positively regulate the T cell responses has been demonstrated via
checkpoint blockade, which involves significant blocking of inhibitory checkpoint
receptors hijacked by cancer. The advent of immune checkpoints has piloted
enormous advancements in tumor therapy. Checkpoints that have received most
interest include programmed cell death-1 protein (PD-1), programmed death-ligand 1
(PD-L1), and cytotoxic T-lymphocyte-associated protein 4 (CTLA-4) (Figure 2). Novel
immune checkpoint molecules are also identified in recent studies (17) but exceed

the scope of this research.
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Figure 2. Interaction of immune checkpoints with immune cells or tumor cells.
APC: Antigen presenting cell, MHC: Major histocompatibility complex, TCR: T cell
receptor, B7-1: CD80, B7-2: CD86.

2.3.1. PD-1/PD-L1

The PD-1 is an immune checkpoint that has shown expression on a wide
range of immune cells, predominantly T cells but also B cells, monocytes, dendritic
cells (DCs) and natural killer (NK) cells (18, 19). It has essential roles in PD-1 signaling
and is associated in the regulation of T cell responses during physiological conditions
(19, 20). For instance, PD-1 expression reduces the risk of autoimmune reactions by
inhibiting self-reactive lymphocytes. Conversely, the PD-1 inhibitory pathway can be
co-opted in cancer to evade immune surveillance (19, 21), compromising antitumor
immunity. PD-L1, one the contrary, a ligand of PD-1, was found to be expressed on
both immune cells and tumor cells (22, 23). The engagement of PD-1 to PD-L1 within
the tumor counteracts T cells and abrogates antitumor response, thereby limiting

tumor cell destruction. These two immune checkpoints have gotten a lot of



attention as interesting targets for blocking monoclonal antibodies, which are already

being developed and exploited in cancer immunotherapy.

2.3.2. CTLA4

CTLA-4 is another immune checkpoint that is notably expressed by T cells. It
controls the breadth of T cell activation throughout the initial stage. CTLA-4 binds
with greater affinity to B7 ligand expressed by antigen presenting cells (APCs) than its
homolog CD28 receptor. The competition for binding demonstrates that CTLA-4
thwarts CD28 function and, once bound, interferes with the CD28 costimulatory
signaling. More so, the expression of CTLA-4 was found to be drastically different
from that of CD28 (24), with increased levels of former on stimulated T cells and the
latter on naive T cells. This infers that CTLA-4 is necessary for T cell activation
regulation because its absence brought about uncontrolled proliferation of T
lymphocytes. In cancer, high expression of CTLA-4 is observed to downregulate T
cell-mediated immune responses, potentially allowing tumor escape. Hence,

blocking CTLA-4 engagement is being targeted and explored for anticancer therapies.

2.3.3.  Mechanisms for CTLA-4 and PD-1/PD-L1 pathways

The CTLA-4 and PD-L1/PD-1 signaling is illustrated in Figure 3 and summarized
in brief. T cell activation is multifaceted process that entails additional costimulatory
signals. TCR recognition of peptide-MHC complexes initially provides specificity and
stimulatory signal, however it is insufficient to mediate activation. The interplay of B7
ligand on APC and CD28 receptor on T cell provides positive costimulatory signal,
leading to T cell signaling. The TCR signal in concert with CD28 costimulation are
both needed for T cell activation. In early phases of activation, negative regulators,
such as CTLA-4, are induced to counter overstimulation of the immune system
(Figure 3A). CTLA-4 binds to B7, like CD28, but with much higher avidity (25).
Nevertheless, the interaction between CTLA-4 and B7 produced an inhibitory signal
unlike CD28. As such, competitive binding can prevent the positive signaling events
initiated by CD28 costimulatory pathway (26). The relative levels of binding between
CD28 and B7 vs. CTLA-4 and B7 decides if a T cell undergoes activation or becomes



anergic (27). In the context of cancer, CTLA-4 expression attenuates T cell responses,
inducing tumor tolerance and T cell enervation. Monoclonal antibodies (mAbs)
against CTLA-4 immune checkpoint can, though, block these inhibitory signals (Figure
3B). Anti-CTLA-4 mAbs can bind to this co-inhibitory receptor to dampen CTLA-4-
mediated inhibition and reactivate effector functions, such as T cell killing of tumor
cell (28).

PD-1 is another surface receptor that impedes activation of T cells by
engagement to PD-L1 and PD-L2 ligands (Figure 3C, PD-L2 not shown). It is expressed
by antigen-stimulated T lymphocytes that exerts negative signals once bound to its
ligands on APCs or cancer cells. The T cell recognition of tumor antigens can activate
T cell proliferation, cytokine secretion, and survival (29). However, following
persistent antigen exposure, PD-1 expression can be upregulated and maintained, as
seen during chronic viral infection and tumor progression (30, 31). Concurrent TCR
and PD-1 binding ceases early TCR signaling and decreases T cell activation (32).
Likewise, cancer cell can overexpress PD-1 ligands in consequence of inflammatory
cytokines and other signaling networks (33). The interaction between PD-1 to PD-L1
triggers T cell dysfunction, resulting in poor control of infection and tumor. So, the
PD-1 pathway has also been deemed to be a potential target for immune checkpoint
blockade therapy. Blockade of PD-1-mediated inhibition with anti-PD-1 or anti-PD-L1

mAbs reverts T cell dysfunction and boosts T cells to combat cancer (Figure 3D).
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Figure 3. CTLA-4 and PD-L1/PD-1 pathways and modes of blockade. (A) TCR binding
to antigen presented by MHC and CD28 binding to B7 drives T cell activation. The
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binding of CTLA-4 to B7, same ligand for CD28, precludes full activation of T cells by
inhibiting costimulatory signal. (B) mAbs specific for CTLA-4 reactivate CD28
costimulation and enable T cell effector function. (C) The engagement of PD-1 to PD-
L1 in tumors negatively regulates T cell activation and hence occlude antitumor
response. (D) PD-1 or PD-L1 specific mAbs occlude PD-1 signaling and permit
activation of T cells. APC: Antigen presenting cell, MHC: Major histocompatibility
complex, TCR: T cell receptor, B7-1: CD80, B7-2: CD86.

2.4.  Success and challenges of ICl-based immunotherapy

ICls are antibody-based immunotherapeutic agents that reinvigorate the
host’s immune response to cancer via blockade of inhibitory immune checkpoints.
The US FDA has currently approved seven mAbs, which are listed in Table 1. Among
the mAbs marked, data from Ipilimumab, Nivolumab and Atezolizumab will be
concisely presented. This section reviews the benefits and drawbacks of these
commercial antibodies against immunologic CTLA-4, PD-1, and PD-L1 receptors.

Ipilimumab, a CTLA-4 inhibitor, was the very first ICI authorized as first-line
treatment for advanced and unresectable melanoma (34). According to a pooled
meta-analysis of survival data, a 3-year survival rate of 22% in melanoma patients
was projected from ipilimumab treatment (35). In line with this, ipilimumab therapy
reported robust responses in a fraction of patients, with survival benefits in some
lasting for over 3 years (35, 36). The importance of these findings is further
underlined when compared to chemotherapy, where 3-year survival rates of
melanoma patients treated with dacarbazine were just 12.2% (37). The applications
of ipilimumab on several cancers i.e., non-small-cell lung carcinoma (NSCLC), renal
cell carcinoma (RCC), prostatic adenocarcinoma and others are also being actively
investigated. A review on recently completed clinical trials denotes that, although
effectiveness against various malignancies is not as impressive as that shown in
melanoma, a proportion of non-melanoma cancer patients have seen modest
benefits in patient survival (38).

Nivolumab, a PD-1 inhibitor, was the first PD-1 specific ICl to be approved by

the FDA as first-line treatment for melanoma without BRAF mutation. In a phase |l
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clinical trials, objective response rates (ORRs) with nivolumab therapy were greater
than with dacarbazine following 40.0% vs. 13.9% of treated melanoma patients. This
trial as well demonstrated improved progression-free survival and higher 1-year
survival rates of anti-PD-1 mAb (5.1 months; 72.9%) against chemotherapy (2.2
months; 42.1%) (39). Furthermore, nivolumab has also been approved as either the
first- or second-line therapy for a broad spectrum of malignancies, including
squamous cell lung cancer, NSCLC, RCC, and head and neck squamous cell
carcinoma. Following phase Il trials from these cancer types, nivolumab had greater
survival advantages than conventional treatments (40-43). Nivolumab achieved
further licensed as the first ICI for hematological malignancy following two
independent Phase I/Il trials that reported combined ORR of 65% against classical
Hodgkin lymphoma (44, 45).

Atezolizumab, a PD-L1 inhibitor, was the first ICI to be approved for PD-L1
blockade therapy. Since then, it has been utilized to treat multiple cancer
indications, namely liver, skin and lung cancers, and approved as an adjuvant therapy
for patients with stage Il and IlIA PD-L1 positive (21%) NSCLC who had undergone
surgery and chemotherapies (46). Additionally, the outcomes of phase Il
IMpassion130 trial demonstrating durable progression-free survival in atezolizumab-
treated patients also led to FDA’s accelerated approval for breast cancer in 2019
(47). A phase Il study assessing the utility of atezolizumab in advanced bladder
cancer shown better responses with increased PD-L1 expression (48), resulting to
higher ORRs (26%) than those achieved without PD-L1 (8%). Moreover, in a phase |I
POPLAR trial, atezolizumab also had significant survival benefits over chemotherapy
for the treatment of recurrent NSCLC tumors with moderate or high PD-L1 expression
(49).

Despite these promising outcomes, there are also many challenges
confronting immune checkpoint blockade immunotherapy. For instance, even though
many of the patients receiving ICls had complete and durable responses, some
rather experienced disease recurrence or were completely unresponsive (28, 50).
More so, response rates to these antibody therapies have barely surpassed 40% (51).

Combination therapy with ICls were exploited and have obtained meaningful
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antitumor response, however adverse effects were exacerbated following
combinatorial approach (3). In certain cases, poor response of some patients to ICls
may be caused by a compromised immune cell population as a result of prior
rigorous treatments (50). The prerequisite for a pre-existing anti-tumor immunity may
be another barrier to checkpoint blockade therapy (52, 53), as some patients who do
not establish endogenous immune responses to cancer have perceived unfavorable
therapeutic outcomes. Development of resistance could also render ICls ineffective.
For example, patients who are unresponsive to anti-PD-1 treatment may acquire
tumor mutations, which could affect their sensitivity to PD-1 blockade (54).
Alternatively, ICI therapies may also upregulate other inhibitory immune checkpoint
proteins (6). More importantly, undesirable side effects and toxicities can also be
associated with ICI treatment. Some examples of these aftereffects related to
therapy are rash, dermatitis, diarrhea, colitis, hepatotoxicity and so on (50, 55). A
review on these treatment-associated adverse events and their management is well-

documented in other publications (56, 57).

Table 1. Immune checkpoint inhibitors approved by FDA.

Name Target Cancer indications
Ipilimumab (Yervoy®) CTLA-4 | Melanoma
Nivolumab (Opdivo®) PD-1 Multiple solid tumors
Pembrolizumab PD-1 Melanoma, NSCLC, HNSCC, classical
(Keytruda®) Hodgkin lymphoma and UC
Cemiplimab (Libtayo®) PD-1 Advanced cutaneous squamous cell

carcinoma, basal cell carcinoma, and

NSCLC

Atezolizumab (Tecentrig®) PD-L1 NSCLC, liver cancer, advanced bladder

cancer, SCLC, advanced melanoma

Avelumab (Bavencio®) PD-L1 Advanced merkel cell carcinoma and

advanced UC

Durvalumab (Imfinzi®) PD-L1 | Advanced UC, NSCLC, and SCLC
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*Abbreviations: NSCLC - non-small cell lung cancer, HNSCC - head and neck

squamous cell carcinoma, UC - urothelial carcinoma, SCLC - small cell lung cancer.

2.5. Overview of bispecific antibodies (bsAbs)
2.5.1. Formats of bsAbs

The conventional mAb is composed of two heavy chain and two light chain
domains connected by four disulfide bridges (Figure 4). The heavy and light chain
variable domains (VH + VL), of mAb form the Fv region, which has single antigen
specificity. Moreover, the Fab fragment is in charge of antigen binding, whereas the Fc
region is a conserved sequence for crystallization with roles in binding to cellular

receptors.

Fab

Figure 4. Classical IgG structure

BsAbs are antibodies that exhibit dual binding specificity and, in simple term,
can target more than one antigen within the same agent. Compared with mAbs,
bsAbs are advantageous in terms of higher binding avidity and specificity and slower
rate of resistance development (58). Currently, there are more than 100 different
bsAb types that have been engineered, and they are generally categorized as
fragment-based molecules (Figure 5A) and immunoglobulin-like (IgG-like) molecules

(Figure 5B).
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Figure 5. Illustration of bsAb representative structures. (A) Fragment-based bsAb
formats (examples of bsAb lacking Fc). (B) IgG-like bsAb formats (examples of bsAb
containing Fc region). Figure is modified and adapted from (59).

The fragment-based bsAbs lack the Fc region and thereby exert therapeutic
effects via antigen binding. They offer benefits such as simplified production, low
immunogenicity and improved tissue penetration. BiTE is a single-chain Fvs in tandem
(scFv-based) bsAb that has been used to successfully treat leukemia. However, bsAbs

in the BIiTE format and other fragment-based forms generally have shorter serum
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half-lives owing to their low molecular weight (60). The lgG-like bsAbs, in contrast,
retain the Fc fragment of classical mAb, which enables purification and enhances
stability and solubility. Moreover, these bsAbs commonly have extended half-lives
because of their relatively large size and Fc-dependent effector function (60).
Nonetheless, a significant bottleneck in IgG-like bsAb generation is the appropriate
combination of distinct heavy and light chain chains. Several reports elsewhere (61,
62) have covered the development of various technologies to enhance the
heterodimerization of both heavy chains and light chains. Another strategy is to
develop homodimeric bsAbs, which are often employed in checkpoint blocking
agents and other immunomodulating antibodies. So far, bsAbs have been postulated
as the next-generation antibody therapy and their recent applications in therapy are

introduced in the following section.

2.5.2. Applications of BsAbs

Therapeutic mAbs have become a hallmark in the treatment of several
diseases and have so far proved to be overall beneficial. However, in some cases,
these single targeting mAbs only achieve modest efficacy. Alternatively, bsAbs are
engineered to cross-link two distinct epitopes and can thus target two disease
mechanisms. They were discovered decades ago, but only become clinically relevant
after the approval of blinatumomab by FDA. This bsAb is a dual-targeting CD19xCD3
antibody used to treat acute lymphoblastic leukemia (63). Since then, bsAbs have
emerged as viable therapeutic strategy for difficult-to-treat illnesses, like cancer. The
also hold great promise in variety of applications, including but not limited to
immune effector cell redirection, distinctive receptor modulation, blocking two
signaling pathways and disease mediators, and use as delivery vehicles (60).

This section focuses on the roles of bsAbs in restoring antitumor immunity
through immune checkpoint blockade. Although ICI monotherapy has established
significant impact in treating some cancer, its efficacy is limited in a subset of
patients. BsAbs, with its aforementioned ability to target two immune checkpoints,
may enhance immunomodulatory (immune blocking) functions. So far, checkpoint-

targeted bsAbs are mostly used for treating solid tumors. Preclinical evaluation of



17

LY3434172, a PD-1xPD-L1 bsAb, revealed full blockade of inhibitory PD-1 pathway
(64). This bsAb increased T cell response in vitro and stimulated strong antitumor
response in vivo in comparison to single and combination ICls treatment. Clinical
evaluation of AK104, a PD-1xCTLA-4 bsAb, demonstrated favorable safety and
encouraging antitumor response in patients with mesothelioma (65). Furthermore,
phase | study of KNO46, a bsAb targeting PD-L1 and CTLA-4, exhibited early evidence
of efficacy in patients with metastatic thoracic tumors and acceptable safety, which is
consistent with other ICls (66). As listed in Table 2, several immune checkpoint bsAbs

are currently undergoing clinical trials (59, 67, 68).

Table 2. BsAbs targeting PD-1/PD-L1 and CTLA-4 in clinical trials.

Candidate Targets Format Clinical trials (highest phase)
LY3434172 PD-1 x PD-L1 KIH NCT03936959 (Phase 1)
AK104 PD-1 x CTLA4 lgG-(scFv), NCT04172454 (Phase II)
KNO46 PD-L1 x CTLA-4 | CRIB NCT04040699 (Phase IlI)
MGD019 PD-1 x CTLA-4 DART NCT03761017 (Phase 1))
MEDI5752 PD-1 x CTLA-4 DuetMab/KIH NCT04522323 (Phase |)
XmAb20717 | PD-1 x CTLA-4 XmAb NCT03517488 (Phase 1)

*Abbreviations: KIH: Knob-into-hole, CRIB: Charge repulsion improved bispecific

2.6. Bispecific PD-L1xCTLA-4 checkpoint blockade
2.6.1. Dual-variable domain immunosglobulin structure

The selection of target antigen for possible combination is critical in the
biosynthesis of bsAb. The rational design of our bsAb was inspired by (66), in which
variable domains (VDs) of PD-L1 and CTLA-4 mAbs are fused together and linked with
human 1gG1 gamma and kappa chains. Likewise, this bsAb employs a proprietary
dual-variable domain immunoglobulin (DVD-Ig™) format (Figure 6). A DVD-Ig™ is
classified as an IgG-like bsAb that contains two variable heavy chain and light chain
domains in tandem connected via peptide linker. Each binding arm of the resulting
bsAb contains two antigen recognition sites. The outer VD of heavy chain and light

chain are termed as VH1 and VL1, while the inner VD are termed as VH2 and VL2. In
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concept, the DVD-lg™ format could obstruct the complementarity-determining
regions (CDRs) of VH2 and VL2, which are adjacent to the C-terminal constant
domains, limiting structural and rotational flexibility. However, it has been discovered
that affinity at the innermost domain may be affected in part by linkers (69). The
choice of appropriate linkers between the variable domains are crucial for
maintaining the desired properties of bsAb. Prior studies have presented that short-
short peptide linkages of 5 to 6 amino acids assume a flexible and loop-like
orientation that is suitable for connecting two variable domains (70, 71). This type of
linkers provided dual targeting and binding of two antigens with full occupancy to
both variable domains. The outermost domain is depicted as a swinging bucket that
can capably move from one side to another with the help of linkers. In other cases,
longer linkers of 12 to 13 amino acids tend to better conserve the parental domain
actions, specifically the inner domain. Nevertheless, concerns are raised with long
linkers as they may be prone for proteolytic degradation (71). DVD-Ig™ molecules
offer advantages in terms of ease of purification, display pharmacological properties
similar to that of classical mAbs, amenable for mass production and favorable

efficacy in multiple preclinical models (70, 71).

. Linker
1 ‘. é\‘\/ Outer VD
‘. . Imlel VD

CD +CD

Figure 6. Structure of bispecific DVD-Ig™ protein. The figure shows a schematic
representation of DVD-Ig™. VH: heavy chain, CH: constant heavy chain, VL: variable
light chain, CL: constant light chain, VD: variable domain, CD: constant domain The

outer VD and inner VD are coupled by linkers.
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2.6.2. Proposed mechanism of action

In this study, our bsAb (DVD AT2C) aims to target the PD-L1/PD-1 and CTLA-4
inhibitory mechanisms for efficient dual receptors blockade (Figure 7) (28). During the
priming phase, the anti-CTLA-variable domain of DVD AT2C engages to CTLA-4
receptor on the T cell and blocks receptor-ligand interaction. Inhibition of CTLA-4
binding to B7 will reestablish effector functions of T cells in the lymph nodes.
Afterwards, stimulated T cells migrate to the tumor site in order to kill cancer cell.
During effector phase, tumors and other immune cells may overexpress PD-L1 and
consequently impede T cell function via engagement of PD-1 and PD-L1, inducing
inhibitory signal. The anti-PD-L1 variable domain of DVD AT2C binds to the PD-L1
ligand on the tumor cell and blocks PD-L1 interaction with PD-1. PD-1 signaling
obstruction will restore T cell effector function at the tumor site and enable tumor
eradication. Additionally, since our DVD AT2C bsAb favors binding to PD-L1 more than
CTLA-4, the bsAb can target tumor microenvironment with high PD-L1 expression.
This idea also proposes that PD-L1 driven binding reduces treatment-associated

toxicity, since low levels of CTLA-4 and PD-L1 proteins prevent bsAb from binding.

T cell T cell Tumor cell

Immune attack

\

\ | Activation signals TCR zﬁ el

Il

B7 _II <3$| CD28
|

' Activation &

| expansion 2 i

I > T cell inhibitory
|| T cellinhibitory signals blocked

signals blocked PD-L1

Figure 7. Modes of action of DVD AT2C bsAb. Created with BioRender.
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CHAPTER Il METHODOLOGY

This chapter explains the experimental procedures as well as the chemicals and

equipment used in the study.

3.1.  Materials

3.1.1. Gene sequences

2C8 (Patent No. US9758583B2)

Atezolizumab (Drugbank accession number: DB11595)

Human IgG1 gamma chain (Genbank accession number: AAA02914.1)

Human IgG1 kappa chain (Genbank accession number: AAA58989.1)

3.1.2. Enzymes

Q5 DNA polymerase (Promega, USA)

Restriction endonucleases Aflll (New England Biolabs, USA)
Restriction endonucleases Bmtl (New England BiolLabs, USA)
Restriction endonucleases Sacl (New England BiolLabs, USA)
Restriction endonucleases Xbal (New England BiolLabs, USA)
T4 DNA ligase (Promega, USA)

Tag DNA polymerase (Promega, USA)

Trypsin (Promega, USA)

3.1.3. Vector
Plant expression vector (pBYR2eK2Md; pBY) (72, 73)

3.1.4. Commercial kits
DNA-spin™ plasmid DNA purification kit (iNtRON Biotechnology, Korea)
MEGAquick-spin™ plus fragment DNA purification kit (iNtRON Biotechnology, Korea)

3.1.5. Chemical reagents

2-N-morpholino-ethanesulfonic acid (MES), (ITW Reagents, Darmstadt, Germany)
2X sample buffer (LC5311, Bio-Rad, USA)

50x Tris-Acetate-EDTA (TAE) buffer (Vivantis, Malaysia)


https://www.ncbi.nlm.nih.gov/protein/AAA02914.1
https://www.ncbi.nlm.nih.gov/protein/AAA58989.1

Acrylamide (Himedia, India)

Agar powder (Titan Biotech Ltd., India)

Agarose powder (Vivantis, Malaysia)

Ammonium persulfate (AppliChem GmbH, Germany)
Bovine Serum Albumin (BSA) (HiMedia Laboratories, India)
Bromophenol blue (Labochem® International)

Citric acid monohydrate (VWR International, Beligum)
Coomassie Blue blue R-250 (AppliChem®, USA)
Enhanced chemiluminescence detection reagent (Abcam, UK)
Gentamicin (ITW Reagents, Germany)

Glacial acetic acid (Qrec, New Zealand)

Glycerol (Himedia, India)

Glycine (Vivantis, Malaysia)

Hydrochloric acid (HCL) (Merck, USA)

InstantBlue® Coomassie protein stain (Abcam, UK)
Kanamycin sulfate (ITW Reagents, Germany)

Magnesium Sulphate (MgSO,) (Merck, USA)

Methanol (Honeywell, USA)

Peptone (Himedia, India)

Potassium chloride (KCL) (Merck, USA)

Potassium dihydrogen phosphate (KH,PO,) (Merck, USA)
Precision plus protein™ standards all blue (Bio-rad, USA)
Rifampicin (Thermo Fischer Scientific, USA)

SafeGreen (Vivantis, Malaysia)

Sodium chloride (NaCl) (VWR International, Beligum)
Sodium dodecyl sulphate (SDS) (Kemaus, Australia)
Sodium hydrogen phosphate (Na;HPO,) (Himedia, India)
Sulfuric acid (H,SO,4) (Merck, USA)

TEMED (AppliChem GmbH, Germany)

TMB one solution substrate (Promega, USA)

Tris-base (Vivantis, Malaysia)



Tween 20 (Vivantis, Malaysia)
VC 1kb DNA ladder (Vivantis, Malaysia)
Yeast extract (Titan Biotech Ltd., India)

3.1.6. Laboratory materials

0.22 Pm S-Pak membrane filter (Merck Millipore, USA)
0.45 m Nitrocellulose membrane (Bio-Rad, USA)

96-well microtiter plate (269620, Thermo Scientific, USA)
Amicon® Ultra (50K) centrifugal filter (Merck, Germany)
Centrifuge tube 0.2-50 mL (Axygen®, USA)

Costar® 96-well ELISA plate (3690, Corning, USA)

Cuvette

MabSelect SuRe™ LX protein A resin (Cytiva, Sweden)
Medical X-ray green film (Carestream, USA)

NanoEase C18 column (Waters, USA)

NIPRO™ Disposable Syringe 1, 10, 20, and 50 mL and needle (Nipro, Thailand)
PCR tubes/strips (Axygen®, USA)

Petri dish Hycon plates (S.P.S. Lab Company, Thailand)
Pipet Tip sizes: 10, 200, 1000 ML and 5 mL (Axygen®, USA)
Polypropylene column (Qiagen, Germany)

SEC BEH 200 column (Waters, USA)

Snakeskin™ dialysis tubing (Thermo Scientific, USA)

3.1.7. Biological materials

Agrobacterium tumefaciens (GV3101 strain)
Escherichia coli (DH10B strain)

Mice (Mus Musculus) from Gempharmatech, China
Murine colon cancer (CT26) cell line

Tobacco (Nicotiana benthamiana)

3.1.8. Recombinant proteins and antibodies

Goat anti-human IgG-Fc specific antibody (ab97221, Abcam, United Kingdom)

22
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HRP-conjugated anti-human gamma antibody (2040-05, SouthernBiotech, USA)
HRP-conugated goat anti-human kappa antibody (2060-05, SouthernBiotech, USA)
Human CTLA-4/His (11159-H08H, SinoBiological, China)

Human IgG1 (ab206198, Abcam, United Kingdom)

Human PD-L1/His (10084-H08H, SinoBiological, China)

Mouse CTLA-4/His (50503-MO08H, SinoBiological, China)

Mouse PD-L1/His (50010-M08H, SinoBiological, China)

Plant-produced anti-PD-1 Nivolumab (8, 74)

Tecentrig® (Lot no. HO217B01, Roche)

Yervoy® (Lot no. ABQ8027, Bristol-myers Squibb)

3.2. Buffers
3.2.1. DNA loading 6x dye
38% (w/v) Glycerol, 0.08% (w/v) Bromophenol blue, 0.08% (w/v) Xylencyanol

3.2.2. 10X Non-reducing loading dye
125 mM Tris-HCL, 12% SDS, 10% Glycerol, 0.001% Bromophenol blue at pH 6.8

3.2.3. 10X Reducing loading dye
125 mM Tris-HCL, 12% SDS, 10% Glycerol, 0.001% Bromophenol blue, 22% (v/v) B—

Mercaptoethanol at pH 6.8

3.2.4. 1X Phosphate-buffered saline (PBS)
137 mM NaCl, 2.7 mM KCL, 4.3 mM Na,HPO4 and 1.47 mM KH,PO,4 at pH 7.4
Hyclone™ PBS with 0.0067 M PO, at pH 7.0-7.2 (Cytiva, Sweden)

3.2.5. 1X Phosphate-buffered saline-Tween (PBST)
1X PBS and 0.05% (v/v) Tween 20

3.2.6. Coomassie® blue stain solution

Coomassie Brilliant Blue R-250, Methanol, Glacial acetic acid, H,O

3.2.7. Destaining solution

Glacial acetic acid, Methanol, H,O



3.2.8. 1X Running buffer
25 mM Tris, 192 mM Glycine, 1% SDS

3.2.9. 1X Transfer buffer
25 mM Tris, 192 mM Glycine, 15% Methanol

3.2.10. 1X Infiltration buffer
10 mM MES, 10mM MgSO4 pH 5.5

3.3. Media
3.3.1. Luria Bertani Broth
1% NaCl, 0.5% Yeast, 1% Peptone

3.3.2. Luria Bertani Agar
1% NaCl, 0.5% Yeast, 1% Peptone, 1.5% Agar

3.4. Equipment

3.4.1. Machine and accessories

Blue LED transilluminator (Clare Chemical Research)
Grinding balls (Retsch, Germany)

MJ Mini™ 48-well Personal Thermal Cycler (Bio-Rad, USA)
Micropipette 2-1000 Mg (Pipetman, USA)

Microplate incubator (Hercuvan Lab systems, UK)
Microplate reader (Hercuvan Lab Systems, Malaysia)
MicroPulser Electroporator (Bio-Rad, USA)

Mini Centrifuge (Bio-Rad, USA)

Multichannel pipette (Cleaver scientific, UK)

OTTO® Blender (OTTO, Thailand)

Orbitrap Exploris 480 mass spectrometer (Thermo Fisher Scientific, USA)
Tissue lyser (Retsch, Model: MM 400)

TOMY Autoclave sx series (Amuza Inc., Japan)

UHPLC system (Waters, USA)

Vanquish™ Neo UHPLC (Thermo Fisher Scientific, USA)
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WIS-20 Precise Shaking Incubator (WiseCube®, Korea)

3.5. Methods
3.5.1.  Synthesis of recombinant monospecific mAbs

The gene encoding sequences for the heavy chain (HC) and light chain (LC) of
Atezolizumab (anti-PD-L1) and 2C8 (anti-CTLA-4) (75) mAbs were optimized in silico
by Invitrogen GeneArt Gene Synthesis (Thermo Scientific, USA) with Nicotiana
benthamiana codons. To generate the complete HC and LC sequences, the variable
domains of Atezolizumab and 2C8 HCs was fused separately to the constant domain
of human IgG1 gamma chain, whereby point mutations at N297A, D356E, and L358M
were introduced into the gamma chain of Atezolizumab by overlap PCR using
primers shown in Table 3. Whereas the variable domains of LC were linked to human
leG1 kappa chain. Both mAbs harbor an N-terminal signal peptide (SP) and a C-
terminal SEKDEL peptide (Ser-Glu-Lys-Asp-Glu-Leu) of HC.

Table 3. Primers used to generate mutated Atezolizumab HC

Primer name Sequence

Xbal-SP Forward 5’-GCTCTAGAACAATGGGCTGG-3’

Sacl-SEKDEL Reverse | 5’-CGAGCTCTCAAAGCTCATCCTTCTCAGA-3’

N-A Forward 5’-GAGAGAGGAACAGTACGCCAGCACGTACAGGGTTG-3’

N-A Reverse 5’-CAACCCTGTACGTGCTGGCGTACTGTTCCTCTCTC-3’

DEL-EEM Forward 5’-CCTCCATCTCGCGAGGAAATGACCAAGAACCAGG-3’

DEL-EEM Reverse 5’-CCTGGTTCTTGGTCATTTCCTCGCGAGATGGAGG-3’

3.5.2. Cloning of recombinant monospecific mAbs

The HC and LC gene inserts of Atezolizumab and 2C8 were digested from the
recombinant plasmids using Xbal and Sacl restriction enzymes (Table 4) and ligated
into geminiviral expression vector pBY individually (Tables 5 and 6). Then, ligated
plasmids were transformed into Escherichia coli strain DH10B by heat shock method
and spread onto Luria Bertani (LB) agar plate containing 50 mg/L kanamycin overnight
at 37 °C. Transformants were verified by colony PCR and positive clones were

inoculated in kanamycin-selective media at 37 °C for overnight with shaking (250
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rom). Next, plasmid DNAs were extracted following the DNA-spin™ plasmid DNA

purification kit protocol and subjected to sequence analysis by Sanger sequencing

(U2Bio, Thailand).

Table 4. Components for restriction endonuclease digestion

Components

Final concentration

Plasmid DNA

To be determined

10xCutsmart buffer

1x

Xbal restriction enzyme

10 units /50 pl reaction

Sacl restriction enzyme

10 units /50 pl reaction

Nuclease-free water

Adjust to 50 ul

Table 5. Components for HC ligation

Components

Final concentration

pBY vector (Xbal/Sacl)

To be determined

HC gene (Xbal/Sacl)

To be determined

10xT4 DNA ligase buffer

1x

T4 DNA ligase

1 ul/ 20 pl reaction

Nuclease-free water

Adjust to 50 pl

Table 6. Components for LC ligation

Components

Final concentration

pBY vector (Xbal/Sacl)

To be determined

LC gene (Xbal/Sacl)

To be determined

10xT4 DNA ligase buffer

1x

T4 DNA ligase

1 pl/ 20 ul reaction

Nuclease-free water

Adjust to 50 pl

3.5.3. Construction of recombinant bispecific DVD AT2C mAb

To generate the anti-PD-L1 Atezolizumab x anti-CTLA-4 2C8 DVD-Ig™ bsAb
(DVD AT2C), an overlap PCR strategy was carried out using the primers listed on
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Tables 7 and 8. The PCR master mix contained primers, dNTP, MgCl,, Q5 reaction
buffer and Q5 Taq polymerase (Table 9). PCR amplification was performed using a MJ
Mini™ 48-well Personal Thermal Cycler with the following conditions: initial
denaturation at 98 °C for 7 min, 30 cycles of denaturation at 98 °C for 30 sec,
annealing at 52 °C for 30 sec, and elongation at 72 °C for 1 min, and final elongation
at 72 °C for 10 min. During the final elongation step of 2™ PCR, Taq polymerase was
added to insert poly-A overhang at the 3" ends. The resulting PCR products were

electrophorized in agarose gel and examined under blue light illumination.

Table 7. Primers used to generate DVD AT2C HC

Primer name Sequence

Xbal-SP Forward 5’-GCTCTAGAACAATGGGCTGG-3’

DVD AT2C-L-HC Reverse | 5’-CTGAACCTGTGGACCTTTGGTGCTAGCG-3’

DVD AT2C-L-HC Forward | 5’-CAAAGGTCCACAGGT TCAGCTTCAACAATC-3’

Sacl-SEKDEL Reverse 5’-CGAGCTCTCAAAGCTCATCCTTCTCAGA-3’

Table 8. Primers used to generate DVD AT2C LC

Primer name Sequence

Xbal-SP Forward 5’-GCTCTAGAACAATGGGCTGG-3’

DVD AT2C-L-LC Reverse 5’-CTGAATATCGGGGGCGGCGACGGTGCG-3’

DVD AT2C-L-LC Forward | 5’-GCCGCCCCCGATATTCAGCTGACCCAG-3’

Sacl-SEKDEL Reverse 5’-CGAGCTCTCAAAGCTCATCCTTCTCAGA-3’

Table 9. Components for PCR

Components Final concentration

dNTP (dATP/dTTP/dCTP/dGTP) | 0.2 mM

Forward primer 0.2 mM
Reverse primer 0.2 mM
DNA template 0.1-250 ng
Q5 reaction buffer 1X

MgCl, 2.0 mM
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Taqg or Q5 DNA polymerase 2 units/ 50 pl PCR

Nuclease-free water Adjust to 15-25 ul

3.5.4. Cloning of recombinant bispecific DVD AT2C mAb

The obtained DNA bands were cut out of the agarose gel, eluted by
MEGAquick-spin™ plus fragment DNA purification kit and then digested with Xbal and
Sacl restriction endonucleases for both DVD AT2C HC and LC following Table 4. DNA
bands were purified and ligated into pBY expression vector individually for two-piece
ligation, as shown in Tables 5 and 6. The ligated plasmids were transformed into E.
coli strain DH10B by heat shock and transformed cells were inoculated onto agar
plate with 50 mg/L kanamycin. Transformants were randomly picked and screened
by PCR for positive clones, which were further cultivated in kanamycin-selective
broth medium at 37 °C for overnight. Plasmid DNAs were collected by DNA-spin™
plasmid DNA purification kit and analyzed by DNA Sanger sequencing (U2Bio,
Thailand) to confirm the nucleotide sequences of DVD AT2C HC and LC. The resulting
constructs are fused with a SP at the N-terminus and a SEKDEL motif at HC C-

terminus.

3.5.5. Transformation into electro-competent Agrobacterium cells

The purified plasmids harboring anti-PD-L1, anti-CTLA-4 and DVD AT2C HC and
LC genes in pBY vector were mobilized into Agrobacterium tumefaciens strain
GV3101 using MicroPulser by electroporation and then cells were spread onto LB
agar supplemented with kanamycin, rifampicin, and gentamicin (50 mg/L for each
antibiotic). Agar plates were incubated at 28 °C for 48 h and colonies were screened
by PCR wusing vector specific primers: 2e-3R  plus 80bp Forward (5'-
GGAGAGGACCTCGAGAAAC-3’)  and  2e-29¢e  plus 78 bp Reverse (5-
GCTTTGCATTCTTGACATC-3’) to verify presence of gene inserts. Positive colonies were
cultured in an antibiotic-selective LB broth at 28 °C overnight with shaking (250 rpm).
Then, Agrobacterium cultures were used for glycerol stock preparation and

subsequent infiltration experiments.
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3.5.6. Agroinfiltration of Nicotiana benthamiana
For small-scale infiltration, Agrobacterium liquid cultures containing pBY-HC
and pBY-LC plasmids of either Atezolizumab, 2C8, or DVD AT2C antibodies were
mixed at 1:1 ratio, pelleted by centrifugation at low-speed (4, 000xg for 15 min) and
then resuspended in 1X infiltration buffer. The Agrobacterium was gently injected
into the underside of six to eight-week-old N. benthamiana leaves via a needleless
plastic syringe (1 mL). The infiltrated tobacco plants were maintained in a plant room
with controlled conditions (16 h light/8 h dark cycle at 28 °C). To evaluate the level
of antibody expression, transfected leaves were collected within 2-, 4-, and 6-days
post-infiltration (dpi).
For large-scale infiltration, recombinant Agrobacteria harboring plasmids of pBY-
HC and pBY-LC for each antibody were mixed together to ODgy of 0.2 at ratio 1:1
using 1X infiltration buffer and co-delivered into N. benthamiana by vacuum
infiltration (600 - 760 mmHg for 1-2 min). Infiltrated plants were incubated in an

indoor plant room and harvested at optimal dpi.

3.5.7. Extraction and quantification of plant-produced monoclonal antibodies

Small-scale infiltrated leaf samples were collected every 2 days between 2 to
6 dpi and chopped into small leaf discs (~30-50 mg leaf weight). Total soluble
proteins (TSP) were extracted using a tissue lyser with stainless steel grinding balls
(diameter 3 mm) in 200 pl of 1X PBS. Crude plant extracts were centrifuged (20,
000xg for 5 min) at 4°C. TSP concentration and protein yield was calculated by
Bradford assay and enzyme-linked immunosorbent assay (ELISA).

A microtiter ELISA plate was coated with goat anti-human IgG-Fc specific
antibody in 1X PBS (dilution 1:1,000) at 4 °C overnight. Then, plate was washed three
times with 1X PBST and incubated with blocking solution of 5% (w/v) skim milk in 1X
PBS at 37 °C for 2 h. Serial dilutions of commercial human IgG1 isotype as standard
and protein samples were loaded into the plate and the plate was placed at 37 °C
incubator for 2 h. Next, for antibody detection, an HRP-conjugated goat anti-human
kappa antibody (dilution 1:2,500) in 1X PBS was incubated into the plate at 37 °C for

1 h. After washing with 1X PBST, plate was developed using TMB one solution
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substrate. Finally, the reaction was impeded with 1M H,SO, and the absorbance at

450 nm was read using a microplate reader (Hercuvan, Model: NS-100).

3.5.8. Purification of plant-produced monoclonal antibodies

Large-scale leaf samples were grinded in two volumes (w/v) of 1X PBS by
blender. The crude lysates were centrifuged (13,000 rpm for 30 min) at 4 °C and
supernatants were clarified by a cheesecloth and a sterile 0.22-Um S-Pak filter.
Affinity chromatography with Protein A ligand was carried out for purifying the plant-
produced mAbs. Briefly, a polypropylene column (diameter 15 mm) was packed with
MabSelect SuRe™ LX protein A resin and equilibrated with 3 column volumes of 1X
PBS. The filtered supernatant was slowly added into the column at 0.5 mL/min flow
rate. Then, the column was washed with 10 bed volumes of 1X PBS and the plant-
produced antibody was eluted with 5 bed volumes of 0.15 M citrate buffer at pH 2.7,
which was immediately neutralized with 1.5 M Tris-HCl pH 8.8 to approximately pH 7.
The purified plant-expressed antibody was further subjected to buffer-exchange using
Snakeskin™ dialysis tubing (3.5K° MWCO) with 1X PBS and concentrated in
Amicon® Ultra (50K) centrifugal filter. The purity of antibody was evaluated by
sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) and

concentration was calculated using ELISA.

3.5.9. SDS-PAGE and western blot

The expression of antibody in crude extracts and in purified samples were
determined using SDS-PAGE and western blot. Here, antibody samples either in non-
reducing loading buffer or reducing loading buffer were separated in 4-15% SDS-
polyacrylamide gel with 1X running buffer for 90-120 min. Then, proteins from the
gel were electro-transferred to nitrocellulose membrane with 1X transfer buffer. The
membrane was washed with 1X PBS and incubated withthe blocking solution of 5%
(w/v) skim milk for 30-45 min. After blocking, membrane was incubated either with
HRP-conjugated anti-human gamma antibody (1:5,000) or HRP-conjugated anti-human
kappa antibody (1:5,000) in 3% (w/v) skim milk in 1X PBS for 2 h and then washed
with 1X PBST three times for 10 min with shaking (30 rpm). The ECL plus detection
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reagent was incubated with the membrane for 1 min with gentle shaking and later
sprinkled onto the nitrocellulose membrane. Luminescence was detected and
exposed to a medical X-ray green film. The quality of the purified plant-produced

antibodies was visually examined using InstantBlue® staining of SDS gels.

3.5.10. Size exclusion chromatography (SEC)

The purity and aggregation of plant-produced Atezolizumab, 2C8 and DVD
AT2C antibodies were further evaluated by SEC. Accordingly, a SEC BEH 200 column
(4.6 x 300 mm) with 2.5 UM particle size mounted on an UHPLC system was used for
the experiment. The plant-antibody samples were injected into the system and
eluted with 1X PBS at 0.3 mL/min flow rate. Then, the column was maintained at 25
°C for 20 min of each chromatographic run. The ultraviolet absorbance at 280 nm

was observed and the peak was integrated using Empower 3 software (Waters, USA).

3.5.11. Isoelectric focusing

The isoelectric points (pl) of purified plant-derived Atezolizumab, 2C8 and
DVD AT2C antibodies were determined by isoelectric focusing. Antibody protein
samples were resuspended with 2X sample buffer and electrophoresed through
Invitrogen™ Novex™ pH 3-10 IEF Protein Gels (1.0 mm x 10-well) (EC6655BOX,
Thermo Fischer Scientific, USA) for a total run time of 2 h and 30 mon at constant
voltage (100 V for 1 h, 200 V for 1 h and 500 V for 30 min). Then, gel was incubated
with a fixing solution of 12% trichloroacetic acid containing 3.5% sulfosalicylic acid
for 30 min, stained with Coomassie® blue stain solution and destained with

destaining solution.

3.5.12. N-glycosylation analysis

The N-glycan patterns of plant-produced Atezolizumab, 2C8 and DVD AT2C
antibodies were assessed by liquid chromatography-electrospray ionization-mass
spectrometry (LC-ESI-MS). Briefly, plant-produced antibodies were run in reducing
SDS-PAGE and subjected to InstantBlue® staining. Then, the protein bands, which
correspond to the HCs of plant-produced antibodies, were cut into slices, destained

with acetonitrile, S-alkylated with carbamidomethylation reaction and digested with
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trypsin. The glycopeptides were analyzed by LC-ESI MS with a Vanquish™ Neo
UHPLC system coupled to an Orbitrap Exploris 480 mass spectrometer. Peptides
were separated using C18 column. A C18 trapping column was used in line with the

LC before separation with the analytical column.

3.5.13. Antigen binding ELISA

Recombinant human PD-L1/His, human CTLA-4/His, mouse PD-L1/His, and
mouse CTLA-4/His were used to confirm the binding specificity of purified plant-
produced Atezolizumab, 2C8 and DVD AT2C bsAb. Plant-produced Nivolumab and
standard human 1gG1 were tested in parallel assays and used as negative controls.
Purified recombinant proteins at a concentration of 2 pg/mL were coated on
microtiter plates at 4 °C overnight. Plates were then washed thrice with 1X PBST and
incubated with 5% (w/v) skim milk blocking solution at 37 °C for 1 h. After blocking,
two-fold serial dilution of purified plant-antibodies and controls were added into the
plate and incubated at 37 °C for 2 h. Plates were washed with 1X PBST and
incubated with HRP-conjugated anti-human kappa antibody (1:5,000) in 1X PBS at 37
°C for 2 h. The plates were washed again three times and developed using TMB
solution substrate for 15 min, before quenching with 1 M H,SO,4 Lastly, the
absorbance at 450 nm was determined in a microplate reader (Hercuvan, Model: NS-

100).

3.5.14. In vivo analysis of antitumor activity
3.5.14.1.  Ethics statement

The study protocol along with any adjustment(s) or methods concerning the
care and use of animals were assessed and approved by the Institutional Animal
Care and Use Committee (IACUC) of GemPharmatech Co. prior to execution.
Throughout the investigation, the care and use of animals were performed in
compliance with the laws and regulations stated in the Association for Assessment

and Accreditation of Laboratory Animal Care (AAALAQC).
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3.5.14.2.  Animals

Six to eight weeks old BALB/c-hPD-1/hPD-L1/hCTLA-4 female mice from
GemPharmatech Co., Ltd., China was used and a total of 36 mice were enrolled. All
mice were housed on Aikelin cages and maintained at animal housing with 21-25 °C

room temperature, 40-70% humidity and 12 h light/dark cycle.

35.14.3.  Cell culture and inoculation

CT26-hPDL-1 cell line was developed by knocking-out mouse PD-L1 gene
using CRISPR/Cas9 technology and inserting a constitutively expressed human PD-L1
gene. Mycoplasma-free CT26-hPDL-1 murine colon cancer cells were thawed and
cultured, and then collected and resuspended in Dulbecco’s PBS at a cell density of
1x10" cell/mL. Cell viability was calculated before and after inoculation, and each
mouse was inoculated with 1x10%/100 uL cells subcutaneously into the right hind

flank depicted in Figure 8.

Figure 8. Tumor inoculation site

3.5.14.4. Randomization and dosing

When the average tumor size reached roughly 100.07 mm?, all mice (n = 36)
were fairly allocated into 6 groups with 6 mice each. The experimental design is
shown in Table 10. Test groups include plant-produced Atezolizumab, 2C8 and DVD
AT2C antibodies along with commercially available Tecentrig® and Yervoy®. PBS will
be used as the control group. The day of grouping was considered as day 0 and
administration of antibodies and control started on day 0. The tumor bearing mice
were administered with commercial and plant-produced anti-PD-L1 and anti-CTLA-4
mAbs at 3 mg/kg dose and plant-produced DVD AT2C bsAb at 5 mg/kg dose for

treatment. Route of administration (ROA) was via., intraperitoneal injection (i.p.) on
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days 0, 3, 6, 9, 12, 15 with the adjustment of dosing volume based on mouse body
weight (10 pl/g).

Table 10. Experimental design

Group | No. Treatment Dosage | ROA Frequency
(mg/ke)

G1 6 Vehicle - Lp. Q3D x 6 times
G2 6 Tecentriq 3 Lp. Q3D x 6 times
G3 6 Plant-produced Atezolizumab | 3 ip. Q3D x 6 times
G4 6 Ipilimumab 3 ip. Q3D x 6 times
G5 6 Plant-produced 2C8 3 Lp. Q3D x 6 times
G6 6 Plant-produced DVD 5 Lp. Q3D x 6 times

3.5.14.5. Data collection and study endpoint

Tumor volume and mouse body weight were measured twice per week for
the first week of drug administration and then three times a week for the following
weeks based on tumor growth. The tumor volume is expressed as mm? using the
formula: TV = 0.5 a x b% where a and b are the long and short diameters of the
tumors. The body weight changes, tumor growth inhibition based on tumor volume
(TGly) and tumor weight (TGly,) were analyzed at the endpoint. Body weight changes
were measured with an electronic weighing scale, and tumor volume with vernier

calipers.

The calculation of TGl is as follows:

RTV, = h

Vio

% x100%
meanRTV

vehicle

TGl =(1—

V,+ : Tumor volume on day treated (t) of mouse n;
Vio : Tumor volume on day 0 of mouse n;

RTVn : Relative tumor volume on day n of mouse n;
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meanR TV, eq: : Mean RTV of administration group;

meanRTV, epice : Mean RTV of vehicle group;
The calculation of TGl is as follows:

_ meanTVth’Eat X].OO%
meanTW

vehicle

TGl =(1

meanTW;.q: : @verage tumor weight on some day in treatment group.

meanTW,ehicie : @verage tumor weight on some day in vehicle group.

3.5.15. Data and statistical analyses

The data was expressed as mean =+ standard deviation (Mean + SD). For
comparison among three or more groups, one way analysis of variance (ANOVA)
followed by multiple comparison procedures were performed. Data were analyzed
with SPSS and statistical significance will be established as *** p < 0.001; ** p <0.01;

* p <0.05. GraphPad Prism was used for data visualization.
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CHAPTER IV RESULTS AND DISCUSSION

This chapter presents the data collection and the findings obtained in this study. The
results were analyzed and discussed in the context of prior reports and relevant
literature, as appropriate, to highlight similarities and differences between this study

and earlier studies.

4.1. Construction and cloning of recombinant monospecific mAbs

The heavy chain (HC) and light chain (LC) gene sequences of Atezolizumab
and 2C8 were synthesized to contain a 19 amino acid leader sequence peptide,
MGWSCIILFLVATATGVHS (Accession No. P01750), at the N-terminus. This study used a
leader sequence peptide, also referred as signal peptide (SP), which was derived
from the murine immunoglobulin heavy chain to effectively secrete recombinant
mAbs expressed in N. benthamiana (76). Moreover, a 6-residue retention sequence
peptide, SEKDEL, was incorporated at the C-terminus of the HC to induce specific
localization of mAbs in the endoplasmic reticulum (ER). In principle, nascent
recombinant protein first folds and assembles to form the mature protein in the ER
before completing polypeptide translation and being transported to its final
destination (77, 78). Accordingly, our idea was that the HC with SEKDEL could initially
form dimers that are stabilized by disulfide bonds, and that LC could be joined by
disulfide bridges between the HC and LC constant domains (C; and Cyl), in
accordance with relevant references (79, 80). When SEKDEL is attached, the
recombinant proteins could be retained in, or retrieved to, the ER by retrograde
transport (78, 81). In addition, ER retention was associated with higher protein
production levels in seeds and plants (82, 83). The nucleotide and amino acid
sequences of both antibodies were provided in Appendices A to D.

With the commercial Atezolizumab drug sequence as a suide, overlap PCR
was carried out using the primers in Table 3 and plant-produced glycosylated anti-
PD-L1 as the matrix (84) in order to introduce amino acid substitutions on the Fc
portion of Atezolizumab. The process of overlap PCR and the predicted mutations

on the IgG1 HC are depicted in Figure 9.


https://www.ncbi.nlm.nih.gov/protein/P01750
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Figure 9. The overall scheme for the construction of mutant Atezolizumab IgG1.

The amplified PCR product for the mutated version of Atezolizumab was
purified and digested with restriction enzymes Xbal and Sacl (Appendix E) for in vitro
ligation. Meanwhile, the variable HC domain of 2C8 and variable LC domains of both
Atezolizumab and 2C8 were commercially synthesized into the pUC57 vector and
cut with restriction enzymes using Xbal and Bmtl (Appendix E) for HC and Xbal and
Aflll (Appendix E) for LC. All digested products were individually ligated with the
appropriate constant 1gG1 gene fragments (Cy or C) bearing respective restriction
enzymes into the pBY vector (Figure 10A). The pBY geminiviral expression vector
(Appendix F) was generously provided by Professor Hugh Mason (Arizona State
University, USA). The ligated plasmids were artificially transformed into E. coli DH10B
strain competent cells by using heat shock technique. Clones for each antibody
construct was screened by colony PCR using specific primer pairs and loaded on a

1% agarose gel to visualize the positive DNA bands. Here, findings revealed the
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presence of gene inserts at approximately >1,450 bp for HCs and >730 bp for LCs as

expected (Figure 10B,0).

A
Atezolizumab HC Atezolizumab LC
Xbal Bmtl Sacl Xbal AfIIT Sacl
v h 4 v v v v
se v » | cuf| SxE) SE>VL » CL >
2C8 HC 2C8 LC
Xbal Bmtl Sacl XKbal AT Sacl

v v v v

v@@ CH KD SP Y VL » CL

Figure 10. Construction of monospecific mAbs. (A) Schematic diagram of anti-PD-L1
Atezolizumab and anti-CTLA-4 2C8 HCs and LCs with corresponding domains and
restriction enzymes. PCR analysis of E. coli transformants for the presence of HCs (B)

and LCs (Q) in the pBY plasmid. M: DNA ladder, 1: Atezolizumab HC/LC, 2: 2C8 HC/LC.

The arrow indicates the genes of interest.
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4.2.  Construction and cloning of recombinant bsAb

The generation of recombinant bsAb with a DVD-Ig™ format initially started
with the molecular cloning of parental Atezolizumab and 2C8 mAbs. To create the
dual-specific DVD AT2C bsAb, their corresponding HC and LC gene fragments served
as matrices for overlapping PCR using specific primers in Tables 7 and 8. An overview

of DVD-Ig™ construction is depicted in Figure 11.

A
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X
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Figure 11. Summary of DVD AT2C HC (A) and LC (B) construction.

Herein, overlapping PCR strategy involves two PCR cycles. In the first cycle,
two independent rounds of PCR amplification were carried out. The 1* round of PCR
used primers 1 and 2 to amplify the SP, N-terminal outer variable domains and linker

peptide, while the 2™ round of PCR used primers 3 and 4 to amplify the linker
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peptide, C-terminal inner variable domain and constant domain sequences. Since the
amplified products from PCR both contain the linker sequence, they can be linked
together by a second cycle of PCR (overlap PCR) to obtain the full-length DVD AT2C
HC and LC. Based on the results, every amplified product in every round of PCR was
visualized on 1% agarose gel at the predicted size. In the first cycle, the amplified
products for DVD AT2C HC contained DNA bands of approximately 465 bp (1°' PCR)
and 1399 bp (2™ PCR) (Figure 12, lanes 1 and 2), whereas the amplified products for
DVD AT2C LC contained DNA bands of approximately 432 bp (1°' PCR) and 663 bp
(2" PCR) (Figure 13, lanes 1 and 2). In the second cycle, the overlap of two PCR
products for DVD AT2C HC and LC yielded in the complete amplification of bsAb at
sizes of roughly 1,845 bp for HC (Figure 12, lane 3) and 1,077 bp for LC (Figure 13,

M 1 2 M 3
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lane 3).

Figure 12. Amplification of DVD AT2C HC construct. (A) M: DNA ladder, 1: SP-VH1-
Linker, 2: Linker-VH2-CH-KD, 3: SP-VH1-Linker-VH2-CH-KD. The arrow indicates the

genes of interest.
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Figure 13. Amplification of DVD AT2C LC constructs. M: DNA ladder, 1: SP-VL1-Linker,
2: Linker-VL2-CL, 3: SP-VL1-Linker-VL2-CL. The arrow indicates the genes of interest.

The developed DVD AT2C HC and LC genes were confirmed by DNA
sequencing and showed sequence similarity with the expected nucleotide sequences
(Appendix G and H). The HC and LC fragments of bsAb were then cloned into pBY
expression vector and transformed into E. coli cells strain DH10B. All obtained pBY
plasmids that harbor the HC and LC genes of anti-PD-L1 Atezolizumab, anti-CTLA-4
2C8 and DVD AT2C bsAb were ultimately mobilized into Agrobacterium
tumefaciens (GV3101) by electroporation. The plasmids were digested with Xbal and
Sacl restriction enzymes for verification. As expected, results confirmed the presence
of the pBY vector at roughly >13,000 bp and the HC and LC gene inserts (Figure 14A
and B). Prior to agroinfiltration in plants, the Agrobacterium clones containing pBY-HC

and pBY-LC were additionally screened by PCR, as shown in Figures 14C and D.
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Figure 14. Enzyme cut and PCR analyses of pBY-HC and pBY-LC plasmids used in the
study. Restriction enzyme digestion of pBY-HC vectors (A) and pBY-LC vectors (B). PCR
amplification of A. tumefaciens clones containing pBY-HC constructs (C) and pBY-LC
constructs (D). M: DNA ladder, 1: Atezolizumab HC/LC, 2: 2C8 HC/LC, 3: DVD AT2C

HC/LC. The arrow indicates the vector and genes of interest.
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4.3.  Expression of recombinant monospecific and bispecific mAbs in

Nicotiana benthamiana

The production of parent and dual-specific mAbs was carried out by the co-
expression of HC with LC in N. benthamiana via agrobacterium-mediated infiltration.
The geminiviral replicon system (pBY) was employed to express recombinant mAbs.
The pBY-HC and pBY-LC expression cassettes were both controlled by the dual-
enhancer CaMV 35S promoter, which is a a strong constitutive plant promoter
intended for maximum transcription. The vector also contained the silencing
suppressor pl9 gene from tomato bushy stunt virus for improved protein expression
(73). Furthermore, the genes of interest were placed between the long intergenic
region and short intergenic region (LIR and SIR), respectively, in the vector to replace
the genes for viral movement and coat proteins. The expression of the viral Rep
protein (C1/C2 gene), which is connected to the expression cassette, is required for
the amplification of geminiviral replicons (85). In this case, geminiviruses utilize a
rolling-circle replication mechanism for DNA synthesis in which Rep protein facilitates
the nicking and ligating processes (72). Figure 15 shows a schematic illustration of the
T-DNA construct for the geminiviral expression vector used in the study. This T-DNA
region represents the DNA that Agrobacterium will transfer to plant tissue.

TMVQ 5’-UTR NbPsaK2T 5° UTR
Xbal Sacl RB

LB
. [Pin23* | p1o | h | p3ss I p3ss | i Gene of interest | [ Ext 3 FL | Rb7 | I_-_“

Atezolizumab light chain m
Atezolizumab heavy chain VH > I CH || @

2C8 light chain m
2C8 heavy chain VH > CH >E>

DVD AT2C light chain VLI »L VL2 » CL >
DVD AT2C heavy chain VHI »L V2 »  cH SKDD
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Figure 15. Schematic representation of pBY expression vector map of the antibodies
used in this study. Pinll 3" terminator from potato proteinase inhibitor Il gene, P19:
P19 gene from TBSV, TMVQ 5-UTR: 5" untranslated region of tobacco mosaic virus Q,
P35S: CaMV 35S promoter, long intergenic region of BeYDV genome (orange box),
NbPsak2T 5'UTR: 5 UTR of Nicotiana photosystem | reaction center subunit psak,
Ext3'FL: 3" full length of the tobacco extension gene, Rb7: tobacco RB7 promoter,
short intergenic region of BeYDV genome (purple box), C2/C1: BeYDV ORFs C1 and C2
encoding for replication initiation protein (Rep) and RepA, LB and RBL left and right
borders of the T-DNA region. The HC and LC of each antibody is individually inserted

into the gene of interest site (white box with restriction enzymes).

The expression of mAbs was accomplished through syringe co-infiltration of

Agrobacterium cultures containing pBY-HC and pBY-LC into N. benthamiana plants.

Expressed Atezolizumab, 2C8 and DVD AT2C bsAb caused necrosis in infiltrated

leaves, as shown in Figure 16 and Appendix I.

Figure 16. Phenotype of infiltrated N. benthamiana leaves on day 4. Tobacco leaves
were co-infiltrated with Agrobacterium containing  pBY-HC and pBY-LC for
Atezolizumab (1), 2C8 (2), and DVD AT2C (3) expression. Black circle indicates

infection site. The leaves were photographed on 4 dpi.

To measure the antibody expression levels, transfected leaves were
harvested and extracted on different days post-infiltration ( 2, 4, and 6 dpi). The yield
of 1gG in relation to the protein standard used was assessed using the crude extracts

by ELISA. Based on the results, the highest antibody expression was observed within
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4-6 days after agroinfiltration (Figure 17). Briefly, the Atezolizumab mAb was highly
expressed on 6 dpi, with yields of up to 148.09 + 43.9 ug/g fresh weight, whereas the
2C8 mAb was expressed on 4 dpi, with maximum yields estimated to be 39.65 + 8.42
pe/e fresh weight. In addition, the expression level of DVD AT2C bsAb peaked at 4
dpi, reaching up to 81.63 + 17.56 pg/g fresh weight. Our findings demonstrated the
rapid transient production of antibodies in plants in less than a week when

compared with other expression platforms (86, 87) and transgenic plants (88). The
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time course of expression on different dpi revealed the optimal harvest time for
each antibody, which was later on considered in further experiments.

Figure 17. Transient expression of mAbs and bsAb in N. benthamiana plants.
Expression levels of plant-produced antibodies at different days after agroinfiltration.
The leaves were collected within 2, 4 and 6 dpi. Data are presented as mean + SD

from three replicates.

The presence of plant-produced mAbs in crude samples was also verified by
immunoblotting technique with anti-human IgG gamma antibody. Infiltrated crude
extracts of Atezolizumab, 2C8 and DVD AT2C showed protein bands at 150 kDa for
mAbs and 250 kDa for bsAb under a non-reduced condition, while wildtype crude
extract did not show any detectable band (Figure 18). Therefore, our results
indicated that recombinant mAbs and bsAbs were produced rapidly and transiently

in plants.
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Figure 18. Expression of plant-produced antibodies from crude extracts. The samples
were assayed by western blot and detected by anti-human IgG gamma chain

antibody. (-) non-infiltrated wildtype extract.

4.4,  Purification of plant-produced antibodies from N. benthamiana

The production of plant-made mAbs and bsAb was scaled up by
Agrobacterium-mediated vacuum infiltration method. As evidenced by our previous
studies (8, 9, 76, 89-91), this mode of transfection in planta has been used to
generate several vaccine candidates and mAbs against viral infections and cancer, as
well as for other biopharmaceutical applications. To this work, the plant-produced
Atezolizumab, 2C8 and DVD AT2C were isolated and purified from plant crude
supernatants by one-step protein A affinity chromatography. Protein A is a useful and
economic chromatographic technique for purifying mAbs. It specifically binds to the
Fc region of IgG with high affinity, allowing the separation of mAbs from crude
proteins (92, 93). Protein A chromatography has since been widely used for the
purification of various mAbs (94-96), though additional purification steps may be

necessary to meet commercial quality standards.
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The purity of plant-produced antibodies was evaluated by staining SDS-PAGE
gel with InstantBlue® dye under reduced and non-reduced conditions. The
preparation of mAbs and bsAB were estimated to be approximately >80% pure
according to visual assessment of the SDS-stained gels (Figure 19). Purified antibody
and antibody fragments of varying apparent molecular weights were observed in gels.
Under non-reducing condition, both the plant-produced Atezolizumab and 2C8 mAbs
were observed at roughly 150 kDa, as expected, whereas purified plant-produced
DVD AT2C bsAb showed a major protein band at approximately 250 kDa, with trace
levels of antibody fragments also observed (Figure 19A). Under reducing condition,
protein bands of about 50 kDa and 25 kDa were identified, corresponding to the
predicted heavy chain and light chain of plant-produced Atezolizumab and 2C8.
Meanwhile, protein bands with molecular weights of 65 kDa and 37 kDa were found

for heavy chain and light chain of purified plant-produced bsAb (Figure 19B).
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Figure 19. InstantBlue® staining of purified plant-produced antibodies. (A) Non-
reducing condition and (B) reducing condition. M: Protein ladder. Arrow indicates

major bands for full-antibody, heavy chain and light chain.
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The assembly and folding of purified plant-produced antibodies were further
confirmed by immunoblotting with specific anti-human gamma and anti-human
kappa antibodies. A schematic representation of plant-derived mAbs and bsAb for
production in tobacco plants is illustrated in Figure 20A. Western blot analyses under
non-reduced conditions displayed distinct bands at 150 kDa and 250 kDa when
probed with anti-heavy chain (Figure 20B) or anti-kappa chain (Figure 200),
respectively. These bands correspond to the expected sizes of plant-produced
Atezolizumab, 2C8, and DVD AT2C bsAb. Additionally, under reduced conditions, anti-
human gamma antibody bound to 50 kDa and 65 kDa heavy chain proteins (Figure
20C), while anti-human kappa antibody bound to 25 kDa and 37 kDa LC proteins
(Figure 20D). Membranes probed with specific antibodies detected bands with higher
molecular weights, which is consistent with plant-based bsAb under non-reduced or
reduced conditions. The obtained protein bands also matched the band profile on
previously stained gels. Thus, our results confirmed the proper folding and assembly

of a full-length IgGs expressed in N. benthamiana.
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Figure 20. Western blotting of purified plant-produced antibodies. (A) Diagrammatic
representation of Atezolizumab, 2C8, and DVD AT2C assembly (B and D) Anti-human
gamma chain conjugated HRP detection and (C and E) anti-human kappa chain
conjugated HRP detection in non-reducing (top) and reducing (bottom) conditions. M:
protein ladder. Arrow indicates major bands for full-antibody, heavy chain and light

chain.

4.5.  Characterization of purified plant-produced antibodies

To analyze intact antibodies and their aggregates, size exclusion
chromatograpy (SEC) was performed. SEC is a useful and validated tool for
monitoring antibody aggregation, and it is widely used due to its speed and
reproducibility (97, 98). Additionally, it has been used to separate biologics such

bispecific and monospecific antibodies, antibody drug conjugates, and others. As
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protein-based therapeutics have increasingly and recently gained attention, quality
attributes are critically assessed, including quantitation of aggregates, such as
multimers and dimers, of biologically active protein. Protein aggregates are thought
to compromise safety and efficacy (99), so their presence warrants special concern.

In the present study, plant-produced Atezolizumab, 2C8 and DVD AT2C were
examined by SEC separation. Figure 21 shows the chromatograms of SEC fractions
containing the plant-produced mAbs and bsAb. Based on the results, the apparent
elution positions of all antibodies indicate that they exist in their native states as
monomers (major peak). Relatively small amounts of dimers and multimers were
also eluted from the SEC column (minor peaks), suggesting that higher molecular
weight species/aggregates were formed. There were no antibody fragments seen in
any of the chromatograms. The peaks integrated using Empower 3 software are
summarized in Table 11 and appendix J and K. From Table 11, the plant-produced
Atezolizumab occurs as a monomer in about 90.01%, and as larger aggregates in
9.99%. Likewise, the plant-derived 2C8 assembled into a complete IgG, showing a
monomeric peak of 94.13%, and with some aggregate forms of 5.87%. In the case of
plant-produced bsAb, only a small amount of dimer (12.08%) was seen to elute
before the monomer, and the major peak corresponding to DVD AT2C monomer was
estimated to be of 87.92%. Aggregation of mAbs may have occurred during extraction
and purification and caused by a number of variables, including pH, agitation,
temperature etc. (100, 101). Since even a minute quantity of antibody aggregates can
induce an immunogenic response, it is crucial to remove them for medicinal
applications (102). Nonetheless, according to the results, it can be concluded that
each individual plant-derived antibodies largely assembled and remained intact as

monomeric species.

Table 11. Percentage (%) peak area

% Area
Antibody
Aggregate Monomer
Plant-produced Atezolizumab 9.99 90.01
Plant-produced 2C8 5.87 94.13
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Figure 21. Size exclusion chromatography of plant-produced antibodies.

Isoelectric focusing (IEF) was used to further analyze the quality attributes of
plant-produced antibodies based on their isoelectric point (p/). It is an
electrophoretic method used for determining the p/ of a protein, which is the pH

value that indicates when the protein becomes neutral, or for separating protein
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mixtures and other charged variants according to their p/ (103). In the current study,
the identity and charge distribution of mAbs were assessed using IEF on plant-
produced Atezolizumab, 2C8, and DVD AT2C. The antibodies were electrophorized
through a gel with an immobilized pH gradient and then migrated to the pH range
that corresponded to their p/ (104). The use of Coomassie Brilliant Blue R-250 staining

on IEF is a qualitative strategy for monitoring charged isoforms (105).
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Figure 22.Isoelectric focusing of purified plant-produced antibodies.

Figure 22. depicts a Coomassie blue-stained IEF gel of plant-produced
antibodies. Isoelectric positions of each antibody were compared to the positions of
a p/ marker, and their p/s were estimated. Multiple bands were visible in the gel for
plant-produced 2C8, indicating a p/ range of 7.4 to 7.75. The results are consistent
with previous observations that affinity-purified mAbs typically exhibit a complex
multiband pattern (106). Herein, the focusing of plant-produced IgGs revealed

variable microheterogeneity as evidenced by different p/ values from the mAb. This
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microheterogeneity is often caused by differences in post-translational modifications
(PTMs) such as protein S-thiolation, glycosylation and others (106, 107). On the
contrary, smear bands were observed for both plant-produced 2C8 and DVD AT2C,
implying a range of p/ to be 7.75 to >8.0. These findings support prior reports
indicating that mAbs have a fairly broad theoretical p/ range, with some falling in the
range of 8 to 9 (108, 109). In addition, the observed p/ value for the plant-produced
bsAb compares well with the range of theoretical p/ values calculated using its HC,
LC, and bsAb amino acid sequences (Table 12). Thus, the results presented here
show that the plant-produced Atezolizumab, 2C8 and DVD AT2C have p/ values

ranging from 7.4 to >8.0, respectively.

Table 12. Predicted pl values for DVD AT2C proteins.

Protein Predicted pl (EMBOSS) | Predicted pl (ExPASy)
DVD AT2C heavy chain 8.00 8.24
DVD AT2C light chain 7.53 7.52
DVD AT2C full 7.92 8.16

Differences in PTMs, such as glycosylation, was also investigated in the study.
N-linked glycosylation differs in different cell compartments in planta. Among most
organisms, the N-glycan processes in the ER appears conserved and limited to high-
mannose type glycans, while the glycosylation in the Golgi is extremely diverse and
produces hybrid and complex glycan structures (110, 111). Consequently, plant
glycans typically carry complex glycan residues (B-1,2-xylose and a-1,3-fucose) that
are not present from mammalian glycans (112-114), as a result, plant-based proteins
differ from that of mammalian glycoproteins. This reserach aimed to analyze the N-
glycan patterns of different mAbs and bsAb produced in plants.

In a more detail, purified plant-derived Atezolizumab, 2C8 and DVD AT2C
were initially subjected to proteolytic digestion and the resulting glycopeptide
EEQYNSTYR was examined by LC-ESI-MS. Findings revealed that the plant-produced
Atezolizumab did not contain any N-linked glycans (Figure 23 and Appendix L). This is
anticipated since the N-glycosylation site (N297) on the Fc region of the plant-
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produced mAb was mutated, which inhibited the N-glycosylation processing (115,
116). The results confirm the successful removal of N-glycan structures and are
consistent with the aglycosylated Tecentrig® data, as shown in Appendix L.
Meanwhile, in an attempt to modify slycan processing in plants, an ER retention
motif (SEKDEL) was incorporated into the C-terminus of both plant-produced 2C8
and DVD AT2C. The plant-derived 2C8 carried mainly oliscomannose type N-glycans
(Man5-9GlcNAc2) (Figure 23 and Appendix M) as predicted for ER-retained proteins.
The results agree with previous studies in which the use of SEKDEL could restrict
glycosylation to oligomannosidic N-glycans (82, 117-119). However, complex N-
glycans bearing B-1,2-xylose and a-1,3-fucose (e.g., GnGnXF) and a small number of
oligosaccharides carrying xylose or fucose were identified alongside high-mannose-
type N-glycans on plant-produced DVD AT2C (Figure 23 and Appendix M). This
contradicts earlier findings that glycans of SEKDEL-tagged proteins were mostly of
oligomannose type. Even so, as evidenced by previous research, targeted and strict
retention in the ER via SEKDEL peptide may not be sufficient (120) or alternatively
retrieval into the ER could occur from distal Golgi stacks (121, 122). In addition, the
presence of plant glycans had no effect on the binding affinity of plant-produced
antibodies to their targets (9, 84).
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Figure 23. The N-glycosylation profile of plant-produced glycopeptide EEQYNSTYR
(slycosylation site is underlined) from the Fc domain is shown, and the major

glycosylated peaks are described.

It is important to note that the plant-produced bsAb has a functional Fc
region and hence may exhibit binding for Fc gamma receptors (FYRs) typical of 1gG1
(123). On the other hand, glycans attached to the Fc fragment are known to
influence antibody binding to Fc receptors and Fc-dependent functions (124). Given
the presence of plant mannosidic and complex N-glycans in the Fc region of plant-

based DVD AT2C, the interaction of bsAb with human FcYRs may be affected. As
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previously reported in the literature (125), plant glycan structures affect binding
affinity by causing steric constraints in the FcYR binding site, thereby limiting or
abrogating receptor engagement. This phenomenon opens up possibilities for
modulating effector functions, which could be beneficial for bsAb-based

immunotherapy.

4.6. In vitro binding activity of plant-produced antibodies

The plant-produced DVD AT2C was tested for its binding efficacy to its own
specific targets using functional ELISA on recombinant purified PD-L1 and CTLA-4
proteins. Accordingly, serial dilutions of plant-produced DVD AT2C were added to the
coated microtiter plates, and the captured bsAb was detected using anti-human
kappa chain. Both the plant-produced Atezolizumab and 2C8 were used as
experimental positive controls in parallel assays. By contrast, plant-produced
Nivolumab, which confers binding specificity to PD-1 (8), was used as a possible
negative control alongside the commercial human IgG1 isotype.

The results demonstrated that plant-derived DVD AT2C and plant-derived
Atezolizumab could specifically bind to both human (Figure 24A) and mouse (Figure
24B) PD-L1 proteins. Plant-derived 2C8, on the other hand, did not exhibit any
specific binding to both human and mouse PD-L1 targets, as expected. Further,
plant-produced DVD AT2C and 2C8 bound with high specificity to both human (Figure
24C) and mouse (Figure 24D) CTLA-4 purified proteins, whereas only negligible
binding was observed with plant-produced Atezolizumab. Neither plant-based
Nivolumab nor human IgGl isotype bound to any of the coated proteins, as
predicted. Interestingly, the plant-produced bsAb had a higher affinity for the PD-L1
target than CTLA-4, which could be attributed to the imposition of certain binding
constraints on the inner anti-CTLA-4 variable domain of the bsAb (70). Altogether, the
DVD AT2C bsAb produced in N. benthamiana was confirmed to be functional as it
can effectively bind to human PD-L1 and CTLA-4 proteins and cross-react with

mouse recombinant proteins.
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Figure 24. The binding activity of plant-produced antibodies. (A) Schematic diagram
of antigen binding ELISA. Coated human PD-L1 (B) or mouse PD-L1 (C) or human

CTLA-4 (D) or mouse CTLA-4 (E) were incubated with 0-20 nM of plant-Atezolizumab
(blue), plant-2C8 (pink) and plant-DVD AT2C (purple), probed with anti-human kappa

chain conjugated HRP and TMB substrate were used.

4.7.  In vivo antitumor activity of plant-produced antibodies

The tumor growth inhibitory effects of plant-produced DVD AT2C on
humanized mouse model were investigated to determine whether the plant-made
bsAb elicits antitumor activity and whether these responses are superior to parent
mAbs. To this aim, PD-L1 positive CT26 tumor cells were subcutaneously implanted
in BALB/c-hPD-1/hPD-L1/hCTLA-4 mice, which were then treated with plant-produced
DVD AT2C or plant-produced Atezolizumab and 2C8, used as experimental controls.
For comparison with commercially available reference drugs, mammalian cell-
produced Atezolizumab (Tecentrig®) and Ipilimumab (Yervoy®) were included as
positive controls. Mice were given 5 mg/kg of plant-derived DVD AT2C (measured as
conventional IgG equivalent) by intraperitoneal injection on days 0, 3, 6, 9, 12 and 15,
while control groups received 3 mg/kg. On day 21, the plant-produced DVD AT2C
(TGIy=36.22%) significantly regressed the tumor volume (TGly,) in mice relative to
PBS, used as negative control (**p<0.01) (Figure 25 and Appendix N). Moreover, all of
the control groups, including plant-produced Atezolizumab (TGl = 41.90%,
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***p<0.001), Tecentrig® (TGl = 24.59%, *p<0.05), plant-produced 2C8 (TGl =
96.58%, ***p<0.001) and Yervoy® (TGl = 98.83%, ***p<0.001) significantly reduced
tumor growth when compared to the vehicle. Likewise, both the plant-produced
Atezolizumab and 2C8 demonstrated comparable tumor volume reduction to that
observed with Tecentrig® and Yervoy® drugs (p>0.05). Interestingly, tumor growth
inhibition established by plant-produced DVD AT2C differs significantly from plant-
produced 2C8 (***p<0.001), but not from plant-produced Atezolizumab (p>0.05).
Data of tumor volume changes of mice in different groups and tumor volume raw
data are provided in Appendix O and P. Statistical analysis of tumor volume
inhibitory rate and P value of mice in different groups are shown in Appendix Q,

respectively.
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Figure 25. Tumor volume changes in different groups. Data are presented as mean
+SD.

At study endpoint, all mice were terminated, and tumors were collected and
weighed (TW). Data was used as a reference for the evaluation of antitumor effect. As
shown in Figure 26 and summarized in Table 13, tumor sizes in plant-produced DVD
AT2C (TGly, = 34.62%) were significantly smaller than those in the PBS (*p<0.05). In
addition, plant-produced Atezolizumab (TGlny= 12.29%, *p<0.05), plant-produced
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2C8 (TGl = 96.93%, ***p<0.001) and Yervoy® (TGl = 99.20%, ***p<0.001) also
significantly repressed tumor weights. Plant-produced monospecific mAbs and their
mammalian cell-produced mAb counterparts both inhibited tumor growth to a
similar extent based on tumor weight (p>0.05). In comparison with the plant-
produced DVD AT2C, the tumor weight in Atezolizumab-treated group showed no
significant difference (p>0.05), whereas the tumor weight in 2C8-treated group had
significant difference (***p<0.001). The tumor weight raw data were shown in
Appendix R. Photos of tumors and terminal mice are attached in Appendix S and T.
Since no severe body weight loss (over 10%) was observed from continuous
treatment administration during the study, it can be a parameter to show the good

safety and tolerability of plant-produced antibodies (Figure 27 and Appendix U).
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Figure 26. Tumor weight of mice in different groups. Data are presented as mean
+SD. Black box: PBS, Maroon box: Tecentrig®, Blue box: Plant-produced Atezolizuma,
Green box: Yervoy®, Pink box: Plant-produced 2C8, Purple box: DVD AT2C
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Table 13. Statistical analysis of tumor weight in different groups

Tumor P value P value P value P value

Group TGy
weight (¢) (vs G1) (vs G3) (vs G4) (vs G6)
4.7548 +

G1 - - - - -
0.3183
4.1704 +

G2 12.29% | 0.371 0.092 - 0.035*
0.2159
3.3746 +

G3 29.03% | 0.041* - - 0.581
0.4031
0.0380 +

G4 99.20% | <0.001*** - - <0.001%**
0.0096
0.1462 +

G5 96.93% | <0.001*** - 0.814 <0.001%**
0.0651
3.1087 +

G6 34.62% | 0.019* - - -
0.6653

Note: Data were shown as mean + SD. Statistics performed using One-way ANOVA
test, the post-hoc test was LSD, *: P<0.05, **: P<0.01, ***: P<0.001. G1: PBS, G2
Tecentrig®, G3: Plant-produced Atezolizumab, G4: Yervoy®, G5: Plant-produced 2C8,
G6: Plant-produced DVD AT2C
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Figure 27. Body weight changes in different groups. Data were shown as mean + SD.

Preclinical antitumor results present preliminary efficacy of the developed
plant-produced bsAb. Here, plant-produced DVD AT2C was administered
intraperitoneally to humanized BALB/c mice grafted with CT26-hPD-L1 tumors. The
CT26 murine colon carcinoma has been classified as highly immunogenic (126) and
has been used in a number of in vivo studies (127-129), including the current work.
Since there is no immunomodulating (i.e., PD-L1/CTLA-4) bsAb drug available in the
market and numerous reports in the literature (130, 131) indicate that commercial
monospecific immune checkpoint inhibitors successfully induced tumor rejection in
vivo, Tecentrig® and Yervoy®, were deemed useful for our research and were hence
used as positive controls. Furthermore, plant-produced Atezolizumab and 2C8 were
also analyzed concurrently as a basis for comparison with the bsAb. Tumor-bearing
treated mice with plant-derived DVD AT2C showed significant regression of tumor
volumes and weight. In contrast, vehicle treatment failed to control tumor growth.
The antitumor effects of our plant-made bsAb were consistent with other mouse
colon cancer models (CT26, Colon 26, and MC38) that demonstrated substantial
sensitivity and durable responses to checkpoint blockades (127, 132). The ability of
DVD AT2C bsAb to obstruct PD-L1 and/or CTLA-4 mechanisms marked the active
immune response against cancer cells following T cell activation. Notably, plant-

produced mAb treatments had similar effects on tumor size and weight reduction as
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mammalian cell-produced mAbs, correlating with previous results reported in our
study (74). As a result, plant-produced Atezolizumab and 2C8 can be used in place
of their commercial counterparts for comparison purposes.

The anticancer responses from plant-produced DVD AT2C were comparable
to those observed with plant-produced Atezolizumab, yet significantly lower than
those observed with the plant-produced 2C8, which revealed more than 95% tumor
reduction in vivo. This result is surprising since bsAb could not exert synergistic
effects, contradicting our hypothesis and other efficacy data from dual
immunomodulatory bispecifics (133, 134). Nonetheless, the antitumor effect of plant-
produced DVD AT2C appears to be similar to that of plant-produced Atezolizumab,
with no significant difference in tumor growth inhibition between the two groups.
This is in line with the in vitro binding data, which showed that the plant-based bsAb
had a higher affinity for PD-L1 than CTLA-4. It is important to note that the study
lacks a dual-target bridging assay, which is necessary for determining the capability of
bispecific molecules to bind to two targets simultaneously (135). This suggests that
measuring the dual-target binding of DVD AT2C to both PD-L1 and CTLA-4 could help
us better understand our findings and confirm the proposed mode of action. In
addition, according to the data of this study, anti-CTLA-4 treatment is more sensitive
in the established syngeneic CT26 tumor empirically, which agrees with clinical trials
(34, 36, 136). Likewise, previous research has shown that higher doses of checkpoint
inhibitor increased antitumor activity in vivo (130). Thus, future development of dose-
escalation experiments for plant-produced DVD AT2C may be useful and will make a

concerted effort to optimize tumor growth inhibitory response.
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CHAPTER V CONCLUSION

The construction and development of dual-targeting bispecific antibody
(bsAb) have been mainly explored in this study. Here, the variable domains of anti-
PD-L1 Atezolizumab and anti-CTLA-4 2C8 were fused together to form a dual-
variable domain immunoglobulin (DVD-Ig™) bsAb. The outcomes of the study
confirmed that DVD Atezolizumabx2C8 (DVD AT2C) bsAb was successfully generated
using overlap PCR approach, and co-expression of its heavy and light chain genes in
Nicotiana benthamiana revealed rapid and high bsAb production on 4 days post-
infiltration. To shed light on the authenticity of the plant-produced bsAb, protein
properties and biological activity were compared to plant-produced parental
monoclonal antibodies (mAbs), Atezolizumab and 2C8. Molecular weight
determination by SDS-PAGE and western blotting indicated correct formation of bsAb
with a protein band at higher molecular mass than the assembled plant-produced
mAb. Size-exclusion chromatography was used to assess the presence of intact bsAb,
which was found mostly as monomeric species. The isoelectric point of plant-
produced DVD AT2C was determined to be greater than 8.0, and its expression in N.
benthamiana wild type resulted in the generation of plant glycans. The plant-
produced bsAb binds to both human and mouse PD-L1 and CTLA-4 proteins, but
with a higher affinity for PD-L1. However, additional research is needed to confirm
the simultaneous binding of bsAb to both antigens and support the envisioned
mechanism of action. The plant-produced DVD AT2C also inhibited tumor growth in
mice as a result of immune checkpoint inhibition, though the antitumor effects were
less pronounced than the monospecific anti-CTLA-4 antibody. The preliminary safety
of plant-produced bsAb showed no significant body weight loss throughout the
study. This is the first report to our knowledge that shows the antitumor efficacy of
plant-produced bsAb targeting immune checkpoints in an in vivo mouse colon
carcinoma. This study provides evidence that complex antibody derivatives can be
produced in plants. Future work will focus on improving next-generation multispecific

antibody candidates for cancer immunotherapy.
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APPENDIX A

Sequence of Atezolizumab Heavy Chain

TCT AGA ACA ATG GGC TGG TCC TGC ATC ATC CTG

TTC

CTT

GTT

GCT

ACT

GCT

ACC

GGC

GTT

CAC TCT GAT GTT CAA CTT CTC GAG GAG GTC CAG

CAG CCC GGC GGC TCC CTC CGC CTC TCC TGC GCC

TGG ATC CAC TGG GTC CGC CAG GCC CCC GGC AAG

CCC TAC GGC GGC TCC ACC TAC TAC GCC GAC TCC

GAC ACC TCC AAG AAC ACC GCC TAC CTC CAG ATG

GTC TAC TAC TGC GCC CGC CGC CAC TGG CCC GGC

CTC GTC ACC GTC TCC TCC GCT AGC ACC AAA GGT

TCC AAG AGT ACT TCT GGA GGC ACA GCT GCA CTG

GAA CCT GTT ACG GTT TCG TGG AAC TCA GGT GCT

GCT GTT CTT CAG TCC TCA GGA TTG TAT TCT CTT

AGC TTG GGC ACT CAG ACC TAC ATC TGC AAT GTG

GAC AAG AAA GTT GAG CCC AAG TCT TGT GAC AAG

CTC

GCC

GGC

GTC

AAC

GGC

CCA

GGT

CTG

AGC

AAT

ACT

GTC

TCC

G

AAG

TCC

TTC

TCG

TGT

ACC

AGT

CAC

CAT

GAG

GGC

GAG

GGC

CTC

GAC

GTC

CTT

AGT

GTT

AAA

ACG

TCC

TTC

TGG

CGC

CGC

TAC

TTT

GTC

GGA

GTG

CCC

TGT

GGC

ACC

GTC

TTC

GCC

TGG

CCA

AAG

GTG

ACT

AGC
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GGC

TTC

GCC

ACC

GAG

GGC

CTG

GAC

CAC

GTT

AAC

CCG

GGC

TCC

TGG

ATC

GAC

CAG

GCA

TAC

ACC

CCA

ACC

TGC

CTC

GAC

ATC

TCC

ACC

GGC

CCT

TTT

TTT

TCC

AAG

CCA

GTC

TCC

TCC

GCC

GCC

ACC

TCT

CCA

CCA

TCA

GTT

GCA
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CCT

ATG

GAG

AGA

GAT

ATT

CCT

TTC

AAG

GTG

CTT

GAA

ATC

GTG

GAG

TGG

GAG
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TAT
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CTT
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AAG
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TTG

AAG
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TTC
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CCT

AGC
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GAG

GGA

ACT
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TAC

GGC
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GAG
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CCC

AGG

TAC
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GGA

CCT

TGG

GCC

TCC

GAA

ATA

GTT

TGG
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CCG
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TAT
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GTT
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TAC
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APPENDIX B

Sequence of Atezolizumab Light Chain

TCT AGA ACA ATG GGC TGG TCC TGC ATC ATC CTG TTC CTT GTT GCT ACT GCT ACC GGC GTT

S R T M G W S C I I L F L v A T A T G v

CAC TCT GAT GTT CAA CTT CTC GAG GAC ATC CAG ATG ACC CAG TCC CCC TCC TCC CTC TCC

GCC TCC GTC GGC GAC CGC GTC ACC ATC ACC TGC CGC GCC TCC CAG GAC GTC TCC ACC GCC

GTC GCC TGG TAC CAG CAG AAG CCC GGC AAG GCC CCC AAG CTC CTC ATC TAC TCC GCC TCC

TTC CTC TAC TCC GGC GTC CCC TCC CGC TTC TCC GGC TCC GGC TCC GGC ACC GAC TTC ACC

CTC ACC ATC TCC TCC CTC CAG CCC GAG GAC TTC GCC ACC TAC TAC TGC CAG CAG TAC CTC

TAC CAC CCC GCC ACC TTC GGC CAG GGC ACC AAG GTC GAG ATC AAG CGC ACC GTC GCC GCC

CCC TCC GTC TTC ATC TTC CCC CCC TCC GAC GAG CAG CTT AAG TCT GGA ACT GCT TCT GTT

GTG TGC CTT CTG AAC AAC TTC TAT CCT AGA GAA GCC AAA GTA CAG TGG AAG GTT GAC AAT

GCT CTT CAA TCA GGT AAC TCC CAG GAG AGT GTC ACA GAG CAA GAT TCC AAG GAT TCC ACC

TAC AGC CTC TCA AGT ACC TTG ACG TTG AGC AAG GCA GAC TAT GAG AAA CAC AAA GTG TAC

GCA TGC GAA GTC ACT CAT CAG GGC CTG TCA TCA CCC GTG ACA AAG AGC TTC AAC AGG GGA

GAG TGT TGA GAG CTC



Sequence of 2C8 Heavy Chain

TCT AGA ACA ATG GGC TGG

CAC

AAG

ACC

ACC

ATT

GAT

CAG

GCA

TAC

ACC

CCA

ACC

TGC

GAT

R

TCT

CCT

GCT

TAC

AAC

ACC

GGT

CCT

TTT

TTT

TCC

AAG

CCA

ACC

T

GAT

TCT

GCT

TAC

GCT

GCT

ACC

TCT

CCA

CCA

TCA

GTT

GCA

TTG

M

GTT

CAG

TGG

AGG

GAC

GTT

CTC

TCC

GAA

GCT

AGC

GAC

CCT

ATG

TCC TGC ATC
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APPENDIX C

ATC CTG TTC CTT GTT GCT ACT GCT ACC GGC GTT

G

CAA

ACT

AAC

TCC

ACC

TAC

GTC

AAG

CCT

GTT

TTG

AAG

GAA

ATC

W

CTT

CTT

TGG

AAG

AGC

TAC

ACC

AGT

GTT

CTT

GGC

CTT

TCC

CTC

TCT

ATC

TGG

AAG

TGT

GTC

ACT

ACG

CAG

ACT

GTT

CTT

AGG

GAG

CTT

AGG

TAC

AAC

GCT

FCC

TCT

GTT

TCC

CAG

GAG

GGA

ACT

CAG

ACC

CAG

TCT

CAG

AGA

TCC

GGA

TCG

TCA

ACC

Ccc

GGA

CCT

GTT CAG CTT CAA CAA TCT GGT CCT GGT CTG GTG

TGC GCT ATC AGC GGT GAC ACC GTT TCT TCT AAT

TCT CCT TCA AGA GGT CTT GAG TGG CTT GGT AGG

GAT TAC GGC CTG TCT GTG AAG TCC CGG ATG ACC

GTG AGC CTT CAT CTT AAC TCT GTG ACC CCT GAG

GAA GGT TCT GGT GGC ACC CTT ATC TAT TGG GGT

GCT AGC ACC AAA GGT CCA TCG GTC TTT CCA CTG

GGC ACA GCT GCA CTG GGT TGT CTT GTC AAG GAC

TGG AAC TCA GGT GCT CTG ACC AGT GGA GTG CAC

GGA TTG TAT TCT CTT AGC AGT GTT GTG ACT GTT

TAC ATC TGC AAT GTG AAT CAC AAA CCC AGC AAC

AAG TCT TGT GAC AAG ACT CAT ACG TGT CCA CCG

CCG TCA GTC TTC TTG TTT CCT CCA AAG CCT AAG

GAA GTC ACA TGT GTA GTT GTG GAT GTG AGC CAT



GAA

ACA

CTC

CCA

TAC

GTG

AAC

AAG

CAT

GAG

GAT

AAG

CAT

GCC

ACA

AAC

CTC

GAG

AAG

CCT

CCG

CAA

CCC

CTT

GGC

TAC

ACA

GCT

GAT

GAG

AGA

GAT

ATT

CCT

TTC

AAG

GTG

CTT

GAG

GTG

GAG

TGG

GAG

CCA

TAT

ACT

GAC

CAC

CTT

AAG

GAA

TTG

AAG

TCT

CCC

ACA

AAG

AAT

TGA

TTC

CAG

AAT

ACC

CGC

TCT

CCT

AGC

CAC

GAG

AAC

TAC

GGC

ATT

GAT

GAC

CCC

AGG

TAC

CTC

TGG

AAC

TCC

GAA

ATA

GTT

TGG

ACA

TAT

AGC

GAG

CTG

GCT

CTC

CAA

CAG

GTG

ACG

TAC

GCG

ACC

GTA

GAT

CAA

AAG

GAT

TAC

AAG

AAG

GAG

TCT

GGG

AGT

GGT

AGG

TGC

GGG

AAC

TGG

GAC

AAT

CTC

GTG

GTT

AAG

CAA

CAG

GAG

GGC

GTC

TCC

GAA

GTC

GTC

CCC

GTC

AGC

TCC

TTC

TTG

GTG

TCA

TCC

CGT

AGC

AAT

TTC

TCA

TCT

CAC

GTT

AAC

GAA

TTG

GGG

TTC

TGC

CCG

AAT

CTC

AAA

CCA

ACT

CAA

CTC

TCC

GGT

GCC

ACT

GCC

CAA

TGC

CCG

TAC

GTG

AAG

GTT

CTC

GTG

CTG

GAG

AGC

ATG

TCT
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Sequence of 2C8 Light Chain

TCT

CAC

GCT

CTT

TCA

CTG

ACC

GCC

GTT

AAT

ACC

TAC

GGA

AGA

TCT

TCT

GCT

CTT

ACC

CTT

CCC

GTG

GCT

TAC

GCA

GAG

ACA

GAT

GTT

TGG

CAG

ATC

CCG

TCC

TGC

CTT

AGC

TGC

TGT

ATG

GTT

GGT

TAT

TCT

TCT

CTG

GTC

CTT

CAA

CTC

GAA

TGA

GGC

TGG

TCC

TGC

ATC
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APPENDIX D

ATC CTG TTC CTT GTT GCT ACT GCT ACC GGC GTT

CAA

GAT

CAG

GGT

TCA

TTT

TTC

CTG

TCA

TCA

GTC

GAG

CTT

AGG

CAG

GTG

CTT

ACT

ATC

AAC

GGT

AGT

ACT

CTC

CTC

GTG

AAG

CCT

CAG

TTT

TTC

AAC

AAC

ACC

CAT

GAG

ACC

CCT

TCL

CCT

GGT

CCC

TTC

TCC

TTG

CAG

GAT

ATT

GGC

AGG

GAG

CCT

CCC

TAT

CAG

ACG

GGC

ATT CAG CTG ACC CAG TCT CCG TCC TCT GTT TCT

ACT TGC AGG GCT ACC CAG GGA ATT TCT TCT TGG

AAG GCT CCT AAG CTG CTT ATC TAC GCT GCT TCC

TTC AGC GGT TCT GGT TCT GGT ACT GAG TTC ACC

GAT TTC GCC ACC TAT TAT TGC CAG CAG GCT AAC

GGC ACC AAG GTG GAC ATT AAG AGG ACC GTC GCC

TCC GAC GAG CAG CTT AAG TCT GGA ACT GCT TCT

CCT AGA GAA GCC AAA GTA CAG TGG AAG GTT GAC

GAG AGT GTC ACA GAG CAA GAT TCC AAG GAT TCC

TTG AGC AAG GCA GAC TAT GAG AAA CAC AAA GTG

CTG TCA TCA CCC GTG ACA AAG AGC TTC AAC AGG



Restriction enzymes

L
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APPENDIX E

Xbal restriction enzyme

" TCTAGA. 3
. AGATCT. .5

Bmtl restriction enzyme

5 GCTAGC. 3
3. CGATCG. 5

“

a1

Afll restriction enzyme

CCTTAAG.. . 3
GAATTC ... 5

Sacl restriction enzyme

_GAGCTC.. . 3
_CTCGAG...5



APPENDIX F

pBYR2e-K2Md expression vector

EcoRv (12232)
Nsil (12162)
BglIT (12134)

Notl (11998)

Ndel (18979)

Accl (9942)
EcoRV (9666)

BlpL (9398)
BspHI (9239)

BstxI (8789)
Pvull (8787)
Pstl (86@6)
BspHI (8509)

Apall (8103)
MLl (7621)
BSpEL (7806)

BglIl (7543)
Sphi (7524)

Pvull (12755) Pvul (4) BspHI (198) AccI (349) Ndel (357) Nsil (5@89) Mfel (663) NsiI (725)

\/\ ¢
T-ONA 'Left Border 4_\
pin2 3'

-
.
TMVQ 5'UTR

pl9

P 355x2e

pBYRZEKZMd—GFP NbPsak2T 1-63 5° UTR

(13179 bp)

GFP 566

intron
Ext 3' FL /

-
colEl ori

Rb7 MAR 5'del

T-DNA Right Border

- €2 SIR
LIR—— - w0~
e P e,

BamhI (5927)
BspDI (6273)

Agel (7223) 5' splice (6263)
Apal (7018) BglII (6315)
Nhel (6858 Bg1I1 (6333)

BamHI (6654) HindIII (6413)

Pacl (988)

HindIII (1234)
EcoRV (126@)
EcoRI (1326)

col (1474)
EcoRV (1633)
BspEI (1856)
ifel (1885)
-Accl (1932)
Ascl (2192)
Apal (2359)
Sbfl (2569)

Pstl (2569)
Acel (2539)
1fel (2644)
BSpET (2673)
Acel (2026)
1fel (2971)
BSpEI (3080)

Xbal (3390)

FP-R (3785)

BsrGI (4188)
Sacl (4123)
Pacl (4166)

Blpl (4387)

hel (4671)

BsrGI (4868)
del (4952)

Kpnl (5608)
SIRIR (5628)
del (5683
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TCT AGA ACA ATG

S

R

TCT

CAC

CAG

TGG

CCC

GAC

GTC

CTC

CCT

GTT

TGG

TCC

GTG

ATC

GTC

CTT

CCC

ATC

TAC

ACC

TAC

GTC

GGT

TCT

CTT

CGG

ACC

TAT

TTT

GTC

T

GAT

GGC

CAC

GGC

TCC

TAC

ACC

CTG

TCT

GGT

ATG

CCT

TGG

CCA

AAG

M

GTT

GGC

TGG

GGC

AAG

TGC

GTC

GTG

AAT

AGG

ACC

GAG

GGT

CTG

GAC

GGC

TGG

TCC

TGC

ATC

APPENDIX G
Sequence of DVD AT2C Heavy Chain

ATC

CTG

TTC

CTT

GTT

GCT

ACT

GCT

ACC

GGC

GTT

G

CAA

TCC

GTC

TCC

AAC

GCC

TCC

AAG

ACC

ACC

ATT

GAT

CAG

GCA

TAC

W

CTT

CTC

CGC

ACC

ACC

CGC

TCC

CCT

GCT

TAC

AAC

ACC

GGT

CCT

TTT

S

CTC

CGC

CAG

TAC

GCC

CGC

GCT

TCT

GCT

TAC

GCT

GCT

ACC

TCT

CCA

c

GAG

CTC

GCC

TAC

TAC

CAC

AGC

CAG

TGG

AGG

GAC

GTT

CTC

TCC

GAA

GAG

TCC

CCC

GCC

CTC

TGG

ACC

ACT

AAC

TCC

ACC

TAC

GTC

AAG

CCT

GTC

TGC

GGC

GAC

CAG

(cfele;

CTT

TGG

AAG

AGC

TAC

ACC

AGT

GTT

CAG

GCC

AAG

TCC

ATG

GGC

GGT

TCT

ATC

TGG

AAG

TGT

GTC

ACT

ACG

CTC

GCC

GGC

GTC

AAC

GGC

CCA

CTT

AGG

TAC

AAC

GCT

TCC

TCT

GTT

GTC

TCC

CTT

AAG

TCC

TTC

CAG

ACC

CAG

TCT

CAG

AGA

TCC

GGA

TCG

GAG

GGC

GAG

GGC

CTC

GAC

GTT

TGC

TCHTY

GAT

GTG

GAA

GCT

GGC

TGG

TCC

TTC

TGG

CGC

CGC

TAC

CAG

GCT

CCT

TAC

AGC

GGT

AGC

ACA

AAC

GGC

ACC

GTC

TTC

GCC

TGG

CTT

ATC

TCA

GGC

CTT

TCT

ACC

GCT

TCA

GGC

TTC

GCC

ACC

GAG

GGC

CAA

AGC

AGA

CTG

CAT

GGT

GCA

GGT

GGC

TCC

TGG

ATC

GAC

CAG

CAA

GGT

GGT

TCT

CTT

GGC

GGT

CTG

GCT

CTC

GAC

ATC

TCC

ACC

GGC

TCT

GAC

CTT

GTG

AAC

ACC

CCA

GGT

CTG

GTC

TCC

TCC

GCC

GCC

ACC

GGT

ACC

GAG

AAG

TCT

CTT

TCG

TGT

ACC
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AGT

GTT

ACG

CCA

GAT

CAC

GTT

AAC

GAA

TTG

GGG

TTC

TGC

CCT

GGA

GTG

Cccc

TGT

AAG

GTG

AAT

CTC

AAA

CCA

ACT

CAA

CTC

TCC

GGC

GTG

ACT

AGC

CCA

CCT

AGC

GCC

ACT

GCC

CAA

TGC

CCG

TAC

GTG

AAG

CAC

GTT

AAC

CCG

AAG

CAT

AAG

GTT

CTC

GTG

CTG

GAG

AGC

ATG

TCT

ACC

CCA

ACC

TGC

GAT

GAA

ACA

CTC

CCA

TAC

GTG

AAC

AAG

CAT

GAG

TTT

TCC

AAG

CCA

ACC

GAT

AAG

CAT

GCC

ACA

AAC

CTC

GAG

AAG

CCA

TCA

GTT

GCA

TTG

CCT

CCG

CAA

CCC

CTT

GGC

TAC

ACA

GCT

GAT

GCT

AGC

GAC

CCT

ATG

GAG

AGA

GAT

ATT

CCT

TTC

AAG

GTG

CTT

GAG

GTT

TTG

AAG

GAA

ATC

GTG

GAG

TGG

GAG

CCA

TAT

ACT

GAC

CAC

CTT

CTT

GGC

CTT

TCC

AAG

GAA

TTG

AAG

TCT

ccC

ACA

AAG

AAT

TAA

CAG

ACT

GTT

CTT

AGG

TTG

CAG

AAT

ACC

CGC

TCT

CCT

AGC

CAC

GAG

TCC

CAG

GAG

GGA

ACT

AAC

TAC

GGC

ATT

GAT

GAC

CCC

AGG

TAC

CTC

TCA

ACC

Cccc

GGA

CCT

TGG

AAC

AAA

TCC

GAA

ATA

GTT

TGG

ACA

GAA

GGA

TAC

AAG

CCG

GAA

TAT

AGC

GAG

CTG

GCT

CTC

CAA

CAG

GTG

TTG

ATC

TCT

TCA

GTC

GTG

ACG

TAC

GCG

ACC

GTA

GAT

CAA

AAG

ACA

TAT

TGC

TGT

GTC

ACA

GAT

TAC

AAG

AAG

GAG

TCT

GGG

AGT

TCT

AAT

GAC

TTC

TGT

GGT

AGG

TGC

GGG

AAC

TGG

GAC

AAT

CTC

CTT

GTG

AAG

TTG

GTA

GTG

GTT

AAG

CAA

CAG

GAG

GGC

GTC

TCC

AGC

AAT

ACT

TTT

GTT

GAA

GTC

GTC

CCC

GTC

AGC

TCC

TTC

TTG

AGT

CAC

CAT

CcCcT

GTG

GTG

TCA

TCC

CGT

AGC

AAT

TTC

TCA

TCC
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TCT AGA ACA ATG GGC

S

R
TCT

CAC

GCC

GTC

TTC

CTC

TAC

CCC

ACC

CCT

TCT

CCT

GGT

CCC

TTC

TCC

TTG

CAG

S
TCC

GCC

CTC

ACC

CAC

GAT

ATT

GGC

AGG

GAG

CCT

CCC

TAT

CAG

ACG

GGC

T

GAT

D

GTC

TGG

TAC

ATC

CCC

ATT

ACT

AAG

TTC

GAT

GGC

TCC

CCT

GAG

TTG

CTG

M

GTT

v

GGC

TAC

TCC

TCC

GCC

CAG

TGC

GCT

AGC

TTC

ACC

GAC

AGA

AGT

AGC

TCA

TGG TCC TGC

ATC

APPENDIX H
Sequence of DVD AT2C Light Chain

ATC

CTG

TTC

CTT

GTT

GCT

ACT

GCT

ACC

GGC

GTT

G

CAA

Q

GAC

CAG

GGC

TCC

ACC

CTG

AGG

CCT

GGT

GCC

AAG

GAG

GAA

GTC

AAG

TCA

W

CTT

L

CGC

CAG

GTC

CTC

TTC

ACC

GCT

AAG

TCT

ACC

GTG

CAG

GCC

ACA

GCA

Ccc

S

CTC

L

GTC

AAG

CCC

CAG

GGC

CAG

ACC

CTG

GGT

TAT

GAC

CTT

GAG

GAC

GTG

c
GAG

ACC

CCC

TCC

CCC

CAG

TCT

CAG

CTT

TCT

TAT

ATT

AAG

GTA

CAA

TAT

ACA

I
GAC

ATC

GGC

CGC

GAG

GGC

CCG

GGA

ATC

GGT

TGC

AAG

TCT

CAG

GAT

GAG

AAG

I
ATC

ACC

AAG

TTC

GAC

ACC

TCC

ATT

TAC

ACT

CAG

AGG

GGA

TGG

TCC

CAG

TGC

GCC

TCC

TTC

AAG

TCT

TCT

GCT

GAG

CAG

ACC

ACT

AAG

AAG

CAC

TTC

ATG

CGC

CCC

GGC

GCC

GTC

GTT

TCT

GCT

TTC

GCT

GTC

GCT

GTT

GAT

AAA

AAC

ACC

GCC

AAG

TCC

ACC

GAG

TCT

TGG

TCC

ACC

AAC

GCC

TCT

GAC

TCC

GTG

AGG

CAG

TCC

CTC

GGC

TAC

ATC

GCT

CTT

TCA

CTG

ACC

GCC

GTT

AAT

ACC

TAC

GGA

TCC

CAG

CTC

TCC

TAC

AAG

TCT

GCT

CTT

ACC

CTT

CCC

GTG

GCT

TAC

GCA

GAG

Cccc

GAC

ATC

GGC

TGC

CGC

GTT

TGG

CAG

ATC

CCG

TCC

TGC

CTT

AGC

TGC

TGT

TCC

GTC

TAC

ACC

CAG

ACC

GGT

TAT

TCT

TCT

CTG

GTC

CTT

CAA

CTC

GAA

TGA

TCC

TCC

TCC

GAC

CAG

GTC

GAT

CAG

GGT

TCA

TTT

TTC

CTG

TCA

TCA

GTC

GAG

CTC

ACC

GCC

TTC

TAC

GCC

AGG

CAG

GTG

CTT

ACT

ATC

AAC

GGT

AGT

ACT

CTC

TCC

GCC

TCC

ACC

CTC

GCC

GTG

AAG

CCT

CAG

TTT

TTC

AAC

AAC

ACC

CAT



APPENDIX |

The typical phenotype of infiltrated N. benthamiana leaves on different dpi.

Agrobacterium containing Atezolizumab HC and LC

90




APPENDIX J

SEC chromatogram and data of integrated peaks for Atezolizumab

00710

Plant-produced Atezolizumab

0.0

3

H
|
|

RT Area | % Area | Height
1(4.204| 19821 4.12 415
2|6.370 TO42 1.65 497
3| 7.248| 20307 422 T08
4|8.823 433318 | s0.01| B4sa
Commercial Atezolizumab
0.030
0.0251 %
0.0207 ‘||
o 0.0157 ‘ |
< |
|
0.010 ‘ |I
| |
0.0057 |
|
8
N . o S
y 1 T T T T T T T T
0.00 2.00 4.00 6.00 800 1000 12.00 14.00 16.00 18.00 20000
Minutes
RT Area | % Area | Height
1| 9697 329| 005| -37
2(10.346 | 670116 | 99.95 | 27456
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AU

APPENDIX K

SEC chromatogram and data of integrated peaks for 2C8

004+

Ly

00104

0008

0005

0004

0002

B

27142

331

0.00

RT Area | % Area | Height
5279 1.01| 444
25290 4.86| 1093

480036 ( 94.13| 13635

-
o
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—
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-
S
=
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®
£
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20,00

SEC chromatogram and data of integrated peaks for DVD AT2C
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Relative Abundance

Relative Abundance
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APPENDIX L

MS spectra of Atezolizumab (EEQYASTYR)

Unglycosylated
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Relative Abundance

Relative Abundance
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APPENDIX M

MS spectra of 2C8 (EEQYNSTYR)
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Mouse individual tumor changes of different groups

G1l:Vehicle,
Q3D x 6 doses,i.p.

APPENDIX N

G2:Tecentriq,
3 mpk,Q3D x 6 doses,i.p.

95

G3:Plant-produced Atezolizumab,

3 mpk,Q3D x 6 doses,i.p.

m; 4500 m,; m;
£ 3600 £ 3600 £ 3600
Z 2700 E 2700 E 2700
E 1800 g 1800 % 1800
E 900 E 900 E 900
Days Post Treatment (d) Days Post Treatment (d) Days Post Treatment (d)
G4:lpilimumab, G5:Plant-produced 2C8, G6:Plant-produced DVD AT2C bsAb,
3 mpk,Q3D x 6 doses,i.p. 3 mpk,Q3D x 6 doses,i.p. 5mpk,Q3D x 6 doses,i.p.
v;; 4500 "”E‘ m;\
E 3600 E 3600 £ 3600
g 2700 g 2700 E 2700
% 1800 ;: 1800 % 1800
g 900 g 900 E 900
Days Post Treatment (d) Days Post Treatment (d) ° Dsays ;Uost;:eat:‘ﬂem(z:) *
TGlry changes in different goups
G DO D2 D5 D7 D9 D12 D14 D16 D19 D21 D23
0.00 | 327 | 16.10 | 28.09 | 29.45 | 3851 | 40.06 | 4262 | 2963 | 2459 | 10.86
% % % % % % % % % % %
3 0.00 2.19 10.15 18.70 25.99 41.23 46.41 53.16 41.65 41.90 23.99
% % % % % % % % % % %
4 0.00 9 -88 14.08 31.21 52.72 83.22 92.70 96.04 97.97 98.83 99.17
% 0/ % % % % % % % % %
0
5 0.00 8 ;iO 15.65 29.73 44.87 75.12 87.56 93.20 95.37 96.58 95.73
% " % % % % % % % % %
0.00 I I o, | 2502 | 3456 | 3977 | 35.14 | 3622 | 2933
6 % 2(.)/26 1.07% 1.03% | 6.33% o o o % % %
0




APPENDIX O

Tumor volume in different groups

96

Tumor Volume (mm?)

G
Do | D2 | b5 | b7 | Do | p12 | D14 | D16 | D19 | D21 | D23
1009 | 150.1 | 264.2 | 389.6 | 530.6 | 900.2 1§§f' 1;;’} Zggf' 35’755 3666.

GL| 1 | ax | 4x | 2¢ | o0x | 1x | 2| 5L B BT | g
486 | 834 | 1372 | 2081 | 3967 | 68.63 | oo i > 5> | 3093
99.80 | 1432 | 2213 | 280.0 | 374.8 | 552.6 | 756.7 | 1000. 15753' 295113 321113'

Ga| + | 6t | o | 2¢ | 3 | 2+ | 8 | sex | O0f | Ot | S
397 | 503 | 1213 | 1221 | 2472 | 3220 | 4891 | 8820 | '} > )
99.82 | 144.9 | 236.1 | 314.0 | 388.8 | 5229 | 6725 | 818.2 13?135' 13?323 286211'

G3 + ot 2+ 1+ VE= 0+ 5+ 4+ 127_7 144_8 214_5
436 | 1172 | 1903 | 3203 | 3117 | 27.27 | 30.04 | 6367 | 2" , oy
1000 | 162.8 | 2273 | 266.9 | 25014 | 1515 | 92.43 | 68.76 | 48.98 | 38.12 | 28.47

G4 ot 1+ 4+ 3+ 2+ 3+ + + + + +
563 | 980 | 1984 | 1947 | 28.90 | 19.75 | 1625 | 13.67 | 11.68 | 8.96 | 7.29
90.85 | 163.0 | 224.8 | 278.7 | 298.4 | 2263 | 1595 | 1215 | 117.8 | 1169 | 1528

G5 + 2+ 0+ o+ 4+ 8+ 3+ 2+ 6+ 8+ 5+
478 | 13.49 | 1737 | 39.01 | 4338 | 3288 | 2411 | 2518 | 38.96 | 518 | 88.79
99.97 | 152.8 | 271.9 | 402.6 | 507.0 6335 8‘21'0 17lff' 1§§f' leg’f 2;95}'

G6 | + | 6+ | 1+ | 7+ | 3= * z + * * *
5.27 | 1046 | 30.70 | 59.38 | 73.31 1136'9 15g'0 21?'4 31;"0 4701'6 433'3




APPENDIX P

Tumor volume data

97

TV (mm?)
Ani
Group mal | DO | D2 | D5 | D7 | D9 | D12 | D14 | DI6 | DI9 | D21 | D23
ID
(53 | 56 | 133 | 31 453 | 635 | 105 | 179 | 237 | 274 | 350 | _
19 | 18 |39 92| 81| 700|499 | 436 | 1.07 | 9.15
cs1 | 93 | 129 | 25 [ 387 | 483 | 881 | 108 | 170 | 250 | 404 | _
84 | 44 | 65| 42| 50 | 94 | 564|541 | 226 | 1.79
| 37 | 97 | 145 [ 22 [299 [ 379 | 633. | 9L | 166 | 294 | 368 |
G1:Vehicle,Q3 09 | 78 | 06| 36| 60| 70 | 26 | 630 | 1.67 | 0.71
D x 6 doses.ip. | oo | 102 | 143 [ 23 [ 403 | 631 | 110 | 120 | 163 | 220 | 273 | 363
15 | 44 | 78| 16 | 81 | 400 | 6.02 | 559 | 7.59 | 376 | 6.00
cap | 105 | 182 [ 28 | 411 | 546 | 884. | 124 | 151 | 203 | 288 | 369
11| 23|60 37| 04| 18 | 057|781 | 369|086 | 787
(43 | 121|166 [ 27 | 382 [ 505 | 840. | 135 | 161 | 248 | 327 |
11| 77 | 06| 49 | 05 | 44 | 092 | 2.00 | 9.69 | 1.54
co3 | 87 | 141 [ 21 | 267 [ 372 | 578. | 757. | 980. | 159 | 234 | 320
01 | 55|53 | 61| 49| 52 | 09 | 30 | 676 | 548 | 1.86
cgs | 92 | 126 | 19 [ 245 [ 303 | 447. [ 731 | 100 | 222 | 296 | 361
33 | 70 | 18] 84| 59| 99 | 56 | 035 | 7.05 | 1.40 | 923
. 97 [ 151 | 22 | 305 | 386 | 625. | 848. | 116 | 152 | 243 | 285
ij}'){eé?gr;qf 691 o1 | 07 |72 72| 59| 23 | 23 | 368|229 | 586 | 0.04
Possin | [ g2 | 102 [ 13120 [ 249 [ 314 | 463 | 578, | 680. | 141 | 225 | 288
: 49 | 05 |35] 10| 15| 20 | 35 | 96 | 057 | 024 | 135
cco | 105 [ 151 |27 [ 315 | 467 | 629. | 923 131 | 233 | 290 | 328
97 | 87|70 72| 19| 12 | 81 | 415|804 | 879 | 826
cs4 | 113 | 157 | 21 [296 [ 404 | 571 701 | 917. | 141 | 221 | 282
99 | 34 |37 14| 94| 67 | 63 | 91 | 1.69 | 7.68 | 0.54
cso | 85 | 110 | 21 [ 284 [ 372 | 562. | 798. | 102 | 203 | 242 | 350
02 | 92 | 14| 60| 80 | 86 | 03 | 397|535 733|457
o7y | 92 | 181 | 24 374 | 455 | 573. | 697. | 862. | 126 | 208 | 226
Pl sa | 71|49 20| 03| 31 | 59 | 17 | 296 | 085 | 527
gi-guiz ey | 98 | 119 [ 19 [230 [ 296 | 454 [ 543 [ 660. | 119 | 158 | 242
yroduced 55 | 32 |67] 96| 96| 39 | 41 | 12 | 552 | 7.54 | 4.00
k03D 6 | o1 | 101 | 134 | 26 [ 343 [ 440 [ 604. | 707. | 788, 142 | 170 | 251
esaain, 71| 68 | 45| 62| aa | 12 | 27 | 93 | 327|320 957
csp | 104|173 [ 31 | 420 | 465 | 499. | 574. | 629. | 123 | 158 | 211
90 | 77107 79| 70| 38 | 17 | 71 | 363|220 | 735
ccc | 116|149 [ 18 [ 229 [ 302 | 443, | 714, | 944 | 147 | 219 | 303
19 | 38 | 86| 79| 30| 32 | 84 | 54 | 915 | 468 | 829
(5o | 83 | 138 [ 19 262 [ 201 | 128. [ 86.1 | 717 | 559 | 402 | 268
00 | 34 99| 37 06| 17 8 | 7| 3| 9|5
. 86. | 169 | 24 | 281 | 295 | 176. | 126. | 108. | 88.9 | 67.6 | 52.3
gfﬁgﬁ"g‘;‘]‘)“;ag’ 676 | 42 | 86 |06 | 78 | 31| 57 | 00 | sa | 7 | 1 | o
Bt | g5 | 0 | 15420 [ 246 [ 250 [ 149, [ 59.2 | 483 | 446 | 349 | 201
; 98 | 00 |37 20| 91| 26 | 5 | 8 | 7] 0| 3
101 | 162 | 19 | 211 | 151 | 726 | 415 | 147
680 | o0 | 66 |46 | 26| 55| 7 | 4 | g | 09000007000
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TV (mm?)
Ani
Group mal | DO | D2 | D5 | D7 | D9 | D12 | D14 | D16 | D19 | D21 | D23
1D
692 109 | 145 | 20 | 247 | 255 | 167. | 93.7 | 75.0 | 50.6 | 393 | 31.3
351 94 | 45| 94 | 27 31 9 4 7 5 5
667 119 | 206 | 32 | 352 | 354 | 215. | 147. | 93.7 | 53.6 | 46.5 | 40.1
70 | .05 | 0.7 | .00 | .39 21 80 6 5 6 8
693 83. | 115 | 14 | 147 | 149 | 120. | 70.8 | 42.9 | 28.7 | 163 | 159
01 S1 | 32| 44 | .65 68 1 1 1 8 0
679 89. | 137 | 21 | 237 | 246 | 208. | 168. | 131. | 89.5 | 72.9 | 55.7
97 .67 | 2.7 | 37 | .35 77 09 25 5 8 0
G5:Plant- 636 99. | 154 | 24 | 283 | 310 | 317. | 222. | 208. | 297. | 367. | 589.
produced 56 80 | 95| .52 | .81 17 22 29 64 23 47
2C8,3mpk,Q3D 635 103 | 203 | 24 | 276 | 301 | 195. | 134. | 76.8 | 60.6 | 51.2 | 41.6
x 6 doses,i.p. .89 | .04 | 83| 96 | .13 31 06 3 6 9 6
673 107 | 178 | 25 | 441 | 475 | 327. | 225. | 172. | 139. | 115. | 131.
86 | .68 | 2.1 | 91 .55 87 68 74 51 83 02
670 114 | 188 | 24 | 285 | 307 | 188. | 136. | 97.1 | 91.0 | 78.1 | 83.3
85 | .40 | 3.1 | .52 | .13 46 34 1 7 6 4
652 83. | 116 | 22 | 312 | 458 | 621. | 694. | 860. | 110 138 183
79 J1 128 | .38 | .30 72 93 69 0.19 | 9.89 | 4.35
633 88. | 130 | 17 | 215 | 258 | 348. | 410. | 454. | 720. | 971. | 121
Plant- 12 25 119 | 24 | .57 42 69 50 74 87 4.78
prOGdl6l.CI;(?I]l)VD 637 100 | 147 | 24 | 296 | 356 | 478. | 651. | 867. | 159 176 | 258
AT2C 25 S2 152 | .85 11 24 88 12 0.33 | 0.82 | 6.80
bsAb,5mpk,Q3 673 102 | 167 | 29 | 491 | 601 | 775. | 920. | 110 173 221 283
D x 6 doses,i.p. 21 70 | 54| .69 | .17 17 18 053 | 445 | 6.08 | 1.94
675 105 | 176 | 30 | 552 | 646 | 759. | 950. | 131 206 | 296 | 378
.64 | .08 | 9.5 | 48 42 95 32 1.53 1 9.41 | 1.02 | 8.60
694 119 | 178 | 38 | 547 | 721 117 151 203 291 413 )
841 91 | 67| .39 | .63 | 1.55 | 4.10 | 391 | 3.42 | 5.08
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APPENDIX Q

P values based on tumor volume in different groups

Group DO D2 D5 D7 D9 D12 D14 D16 D19 D21 D23
G2vs <0.001 <0.001 <0.001 0.003*

Gl 0.872 0.636 0.135 0.031* 0.016* s o A * 0.014* 0.176
G3vs <0.001 <0.001 | <0.001 <0.001 <0.001

G1 0.874 0.721 0.322 0.129 0.028* o s s o s 0.017*
G4 vs <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001
G5 vs <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001
G6 vs 0.002* | <0.001 0.001* 0.002* 0.006*

Gl 0.892 0.851 0.785 0.789 0.703 0.021* . s * s *
G3vs

G2 0.998 0.907 0.602 0.488 0.820 0.729 0.490 0.242 0.189 0.074 0.112
G5vs

G4 0.976 0.989 0.929 0.808 0.449 0.385 0.581 0.744 0.769 0.806 0.664
G(6;2vs 0.980 0.509 0.080 0.017* 0.039* 0.110 0.412 0.557 0.788 0.386 0.035*
G6 vs

G3 0.982 0.587 0.209 0.077 0.063 0.055 0.136 0.084 0.291 0.339 0.520
G6 vs 0.009* <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001
G6 vs 0.002* | <0.001 <0.001 | <0.001 <0.001 <0.001 <0.001

0.986 0.485 0.102 0.016*

G5 * 3k ok kck kskck 3k okok okok




APPENDIX R

Tumor weight raw data
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Days a.fter 21 23 Days a.fter 21 23
grouping grouping
Group Animal Tu.mor' Tuimor. Group Animal Tu.rnor' Tu.mo?
D weight ; | weight; D weight; | weight;;
g g g g
653 3.2867 - 650 - 0.0467
681 4.7081 - 676 - 0.0543
Q3Dx6 b,3mpk,Q3D
doses,ip. 669 - 44365 | (¢ doses,i.p. 680 - 0.0000
641 - 5.0731 692 - 0.0457
643 4.8668 - 667 - 0.0621
663 - 4.0889 693 - 0.0106
685 - 4.7053 G5:Plant- 679 - 0.0814
G2:Tecentriq | 699 - 3.7534 | _ produced 636 - 0.4570
,3mpk,Q3D 2C8,3mpk,Q3
X 6 doses,i.p. 682 - 3.6086 Dx6 635 - 0.0956
660 - 4.9219 doses,i.p. 673 - 0.1594
654 - 3.9443 670 - 0.0731
659 - 5.2074 652 - 1.6778
G3:Plant- 672 - 2.9872 GO:Plant- 683 - 1.3474
duced produced
produce 642 - 2.3652 | DVD AT2C 687 - 3.7459
Atezolizuma
691 - 3.5692 | bsAb,5mpk,Q 678 - 4.2603
b,3mpk,Q3D D x 6
x 6 doses,i.p. 651 - 2.8256 . 675 - 4.5122
doses,i.p.
666 - 3.2931 694 47511 -
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APPENDIX S

Photos of terminal mice

D21: 5 mice (G1-653#, G1-681#, G1-637#, G1-643#, G6-694#) had been euthanized

due to the tumor volume were more than 3000 mm?.

D23: The other mice had been euthanized at the endpoint.

G R g
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APPENDIX T

Photos of tumors
D21: 5 mice (G1-653#, G1-681#, G1-637#, G1-643#, G6-6944#) had been euthanized

due to the tumor volume were more than 3000 mm?.

G1 |Vehicle,Q3D x 6 doses,i.p.

Plant-produced DVD
G6 |AT2C bsAb,5mpk,Q3D x 6
doses,i.p.

D23: The other mice had been euthanized at the endpoint.

G1 Vehicle,Q3D x 6 doses,i.p.

Tecentriq,3mpk,Q3D x 6

G2 doses,i.p.

Plant-produced
G3 | Atezolizumab,3mpk,Q3D x 6

doses,i.p.
Ipilimumab,3mpk,Q3D x 6
G4 .
doses,i.p.
cs Plant-produced

2C8,3mpk,Q3D x 6 doses,i.p.

Plant-produced DVD AT2C |
bsAb,5mpk,Q3D x 6 doses,i.p.|

G6
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Body weight data
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Body Weight (g)

Animal

Group D DO | D2 | DS | D7 | D9 | DI2 | D14 | D16 | D19 | D21 | D23
653 213 | 21.0 | 22.0 | 220 | 228 | 23.8 | 248 | 244 | 21.8 | 242 | -
681 235 | 220 | 226 | 225 | 233 | 242 | 246 | 250 | 26.1 | 275 | -
Gl ig’ghiCéeaQ 637 19.1 | 192 | 193 | 19.6 | 20.1 | 208 | 21.4 | 22.0 | 240 | 242 | -
X
doses.i.p. 669 17.8 | 173 | 17.7 | 183 | 187 | 195 | 202 | 19.7 | 20.1 | 20.7 | 21.6
641 174 | 176 | 179 | 186 | 184 | 192 | 19.9 | 19.8 | 20.8 | 21.9 | 22.0
643 186 | 185 | 184 | 193 | 19.0 | 198 | 21.0 | 208 | 22.0 | 229 | -
663 200 | 204 | 19.7 | 207 | 20.6 | 21.2 | 21.1 | 214 | 22.1 | 225 | 226
685 204 | 204 | 200 | 205 | 209 | 214 | 21.7 | 21.8 | 23.6 | 24.0 | 245
G2:Tecentri, 699 229 | 222 | 218 | 22.8 | 227 | 23.1 | 234 | 24.1 | 23.1 | 24.6 | 255
3mpk,Q3D x 6
doses,ip. 682 202 | 202 | 205 | 204 | 204 | 215 | 22.0 | 214 | 22.0 | 23.1 | 234
660 220 | 213 | 217 | 219 | 220 | 232 | 23.6 | 23.0 | 246 | 25.1 | 255
654 212 | 207 | 208 | 21.5 | 21.5 | 224 | 23.1 | 22.9 | 22.6 | 234 | 236
659 198 | 19.1 | 195 | 203 | 207 | 21.1 | 21.7 | 21.6 | 23.5 | 22.7 | 245
G3:Plant- 672 224 | 214 | 219 | 220 | 22.1 | 22.7 | 229 | 233 | 23.4 | 242 | 247
produced 642 214 | 213 | 214 | 220 | 216 | 22.6 | 223 | 22.6 | 23.6 | 244 | 243
Atezolizumab,
3mpk,Q3D x 6 691 216 | 217 | 213 | 223 | 22.1 | 224 | 228 | 22.7 | 234 | 23.7 | 246
doses,i.p. 651 213 | 213 1209 | 216 | 213 | 21.7 | 219 | 22.6 | 232 | 238 | 245
666 19.8 | 20.7 | 206 | 20.7 | 21.0 | 209 | 22.1 | 22.0 | 22.7 | 23.7 | 246
650 214 | 214 | 206 | 222 | 21.8 | 213 | 21.9 | 20.8 | 22.0 | 21.5 | 22.0
676 221 | 215 | 219 | 233 | 23.1 | 228 | 228 | 224 | 222 | 235 | 238
G4:Ipilimuma 656 19.2 | 189 | 187 | 204 | 199 | 20.0 | 202 | 19.6 | 20.2 | 20.0 | 20.5
b,3mpk,Q3D x
6 doses.ip. 680 203 | 207 | 203 | 209 | 205 | 21.0 | 209 | 21.1 | 212 | 21.7 | 225
692 207 | 204 | 20.1 | 205 | 20.1 | 203 | 20.0 | 205 | 202 | 21.0 | 213
667 209 | 215 | 214 | 213 | 213 | 217 | 215 | 214 | 21.7 | 224 | 22.1
693 199 | 19.8 | 205 | 20.7 | 206 | 21.1 | 208 | 21.2 | 212 | 21.7 | 215
G5:Plant- 679 220 | 216 | 222 | 215 | 221 | 223 | 227 | 22.8 | 22.1 | 22.7 | 224
produced 636 207 | 206 | 208 | 204 | 21.0 | 21.7 | 21.6 | 21.5 | 21.8 | 224 | 223
2C8,3mpk,Q3
Dx6 635 210 | 215 | 212 | 213 | 22.0 | 21.5 | 213 | 21.5 | 219 | 22.1 | 223
doses,i.p. 673 224 | 214 | 22.1 | 21.6 | 226 | 223 | 22.8 | 224 | 226 | 235 | 232
670 203 | 204 | 205 | 205 | 208 | 21.1 | 21.0 | 20.8 | 209 | 21.9 | 215
G6:Plant- 652 204 | 19.8 | 20.0 | 20.1 | 20.7 | 21.6 | 22.0 | 21.6 | 22.8 | 224 | 234
produced 683 217 | 215 | 208 | 212 | 222 | 22.6 | 23.0 | 22.7 | 23.6 | 23.6 | 23.9
DVD AT2C
bsAb,5mpk.Q 687 184 | 188 | 184 | 179 | 184 | 19.1 | 19.0 | 193 | 203 | 21.2 | 22.1
3Dx6 678 223 | 220 | 225 | 220 | 224 | 232 | 23.6 | 22.9 | 235 | 23.8 | 24.1
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Body Weight (g)
D19 | D21 | D23

D9 | D12 | D14 | D16
21.1 | 21.1 | 21.6 | 23.1
23.0 | 22.7 | 232 | 246 | 25.1 -

Group Anllgal DO | D2 | D5 | D7
19.5 | 199 | 19.6 | 20.0

doses,i.p. 675 19.3
694 218 | 21.6 | 214 | 21.7 | 222

242 | 251
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