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Abstract
Shin, Seol Hwa

Dept. of Medical science, The Graduate School Ulsan University, Seoul 05505, Korea

PART 1

An elaborate new linker system significantly enhances the efficacy of a HER2-antibody-drug

conjugate against refractory HER2-positive cancers.

Despite promising efficacy in cancer cell lines and xenograft models, development of targeted anti-
cancer drugs has frequently been staying in clinical trials. To improve clinical relevance of preclinical
studies, patient-derived xenograft (PDX) models were generated and characterized reflecting HER2-
positive gastric cancer (HER2+ GC) patients to aim successful development of targeted therapies for
HER2+ GC. GC tissues from surgery of GC patients were implanted into immune-deficient mice and
selected HER2+ PDXs from GC PDXs according to the histopathological diagnosis of patients. The
HER2+ PDXs were verified of the patient-mimic HER2 expressing by immunohistochemistry (IHC)
and explored for the feasibility by testing with Herceptin, commercialized therapeutics and novel HER2
antibody therapeutics being developed. I obtained 5 cases of HER2+ GC PDX models reflecting
patient’s GC tumor, consisting of 2 cases of HER2 3+ and 2 cases of HER2 2+. Novel HER2 antibody
displayed improved anti-cancer efficacy in combination with Herceptin. The PDX models were
successfully established to be utilized for preclinical evaluation of HER2-targeting drugs and combined
therapies for GC treatment, as an ideal platform of personalized tools for precision therapy.

HER?2 is amplified and overexpressed in breast and gastric cancers, and this causes poor clinical
outcomes. Although T-DM1 and Enhertu have both been approved as a HER2-targeting antibody drug
conjugate (ADC), the effects of these drugs are still not satisfactory to eradicate diverse tumors
expressing HER2. To address this shortfall in HER2-targeted therapeutics, a novel HER2-targeting
ADC composed with trastuzumab and MMAF were created an elaborate cleavable linker and
manufactured, which is being investigated in a phase 1 clinical trial and is referred to as LCB-ADC in
this study. LCB-ADC displayed a higher cytotoxic potency than T-DM1, and it also had a higher G2/M
arrest ratio in a dose-dependent manner. In animal studies, LCB-ADC produced noticeable tumor
growth inhibition compared with trastuzumab or T-DM1 in a HER2 high-expressing N87 xenograft
tumor. Of particular note, LCB-ADC showed good efficacy in terms of suppressing tumor growth in a
patient-derived xenograft (PDX) model of HER2-positive gastric cancer, as well as in T-DM 1 -resistant
models such as HER2 low-expressing JIMT-1 and PDX. Collectively, the results of this research



demonstrate that LCB-ADC with elaborate linker has a higher efficacy and greater biostability than its

ADC counterparts and may successfully treat cancers that are non-responsive to previous therapeutics.



PART 11

Mechanistic investigation of antitumor immune responses following combined treatment with

radiotherapy and immunotherapy

One of the basic mechanisms by which radiation therapy kills cancer cells is DNA damage-induced
apoptosis. Radiation therapy can be curative, palliative, or serving as an adjuvant therapy after the main
treatment to lower cancer risk. Recently, it has been discovered that radiation therapy shows an abscopal
effect by activating target host immune cells, and not by DNA damage in cancer cells, thereby causing
a general anticancer effect in addition to the localized treatment. Radiotherapy is known to affect the
immune system in a variety of ways, including 1) surface MHC class I and calreticulin upregulation,
and HMGBI secretion 2) increase in the number of activated dendritic cells and antigen cross-
presentation of tumors, 3) increase in tumor-infiltrating lymphocyte (TIL) density, 4) change of immune
checkpoint substances, and 5) the regulation of regulatory T cells (Tregs). Radiotherapy has been shown
to increase the diversity of the T-cell receptor repertoire—a protein complex found on the surface of T
cells—within the tumor. Therefore, many researchers expect to further improve the anticancer effect of
radiation therapy via its enhancement of the immune response. Immunotherapy has recently emerged
as a promising alternative to chemotherapy, and immune checkpoint blockade (ICB) has shown
impressive therapeutic response in the treatment of some solid cancers, such as lung, head, and neck
cancer and metastatic malignant melanoma. This anticancer effect is mediated by immune checkpoint
inhibitors, such as anti-CTLA4 and anti-PD-1, which block on the surface of T cells. The abscopal effect
has been reported in patients treated with radiotherapy and ICB in clinical and preclinical studies;
however, its mechanism of occurrence is still unclear. Although it is difficult to observe the effect in
both clinical and preclinical studies, an optimized combination therapy comprising irradiation (IR)
therapy and ICB could simultaneously reactivate exhausted T cells. In this study, tumor growth was
inhibited in MC-38 allograft tumor model mice through combined treatment with IR and anti-PD-L1.
Compared to that in other single treatment groups, the anti-tumor effect was enhanced in the radiation
and drug-treated group in a dose-dependent manner. Moreover, all the implanted MC-38 tumor models
treated with combination therapy showed a complete remission of the irradiated tumor (primary tumor).
Two mice showed tumor-free as well as contralateral tumors that were not irradiated. The distribution
of the immune cells at the tumor site was confirmed by testing for the levels of TILs and peripheral
blood mononuclear cells (PBMC); moreover, the frequency of CD8+ T cells in the tumor was increased
following combination therapy.

Taken together, these observations indicate that treating patients with a combination therapy of high-

dose radiation and ICB could induce the abscopal effect of radiation therapy and enhance its antitumor



activity through its effect on the systemic immune system, which could induce a long-term immune

response by increasing the levels of effector memory T cells (TEM) in the whole body.
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PART I. An elaborate new linker system significantly enhances the efficacy of a
HER2-antibody-drug conjugate against refractory HER2-positive cancers.



PART I-1. Introduction

Conventionally, cancer cell lines and xenograft models have been used for drug screening and
optimization of drug candidates for development of therapeutics. Nonetheless there have been huge
efforts to develop effective treatment using those models, most novel anticancer agents have failed to
reach clinical trials. According to the reports, cultured cell line and xenograft in artificial could not
replace identical primary tumor microenvironment including heterogeneity (1). Consequently,
investigators evaluate patient-derived xenograft (PDX) models as personalized tools, to reflect the
clinical relevance in various solid tumors including breast, ovarian, pancreatic, prostate, gastric cancer
(2). PDX models maintain morphology, heterogeneity, and molecular properties of primary tumors (3,
4), which permit evaluation of tumor progression and response to therapy (5-7). Herein, patient-derived
xenograft (PDX) models were generated and characterized accurately reflecting HER2+ gastric cancer
(GC) patient. Moreover, the value of the HER2+ GC PDXs were demonstrated as a clinically relevant
tools by evaluating with traditional HER2-targeting therapy such as trastuzumab and 1A12, novel HER2
antibody (Ab) (8, 9).

Gastric cancer (GC) is the one of most frequent human malignancies and the second predominant
cause of cancer-related mortality worldwide (10-13). Surgical resection is considered as the mainstay
of resectable GC with possibly curable disease. However, even after curative surgery, recurrence rates
are still high (13). HER2 is encoded by the proto-oncogene ERBB2, and it is a plasma membrane bound
protein harboring an extracellular domain. HER2 has shown an association with tumorigenesis and
cancer progression and is a particularly important prognostic indicator of invasive breast cancer. Indeed,
ERBB2 gene amplification is observed in 20-25% of breast cancers and causes the overexpression of
the HER2 protein (14, 15). Moreover, HER2 is overexpressed and amplified in approximately 20% of
gastric cancer patients (16, 17), where it is associated with a poor prognosis and is currently recognized
as a new diagnostic factor and novel therapeutic target (14, 17, 18). Accordingly, HER?2 is recognized
as the first target for cancer therapy and assessing the HER2 status in GC tissue has become a routine
approach to these lesions (17). Trastuzumab (Herceptin), the monoclonal antibody against HER2 was
shown to improve significantly the median overall survival after trastuzumab plus chemotherapy,
compared to chemotherapy alone (13.8 vs. 11.1 months) in the Trastuzumab for Gastric Cancer (ToGA)
trial (19-21). However, the overall tumor response rate of trastuzumab plus chemotherapy was reported
to be 47% (21). For HER2-targeted therapy, diagnosis of HER2 status is required, but unfortunately

HER?2 scoring for diagnosis in patient is still controversial (22-24).
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Antibody-drug conjugates (ADCs), the most notable anti-cancer therapeutics in terms of recent
successes in the clinic, selectively deliver cytotoxic drugs to the desired tumor tissue (25, 26). Unlike
chemotherapy for systemic treatment, ADC has the advantage of minimizing damage to normal cells
while greatly enhancing the anticancer killing effect by targeting only cancer cells presenting the
specific antigen. Because of this advantage, the development of ADCs has rapidly progressed; since
Gemtuzumab ozogamicin was first approved by the US Food and Drug Administration (FDA) in 2000
(27), more than 80 clinical trials are currently underway (www.clinicaltrials.gov). To date, nine ADCs
targeting different cancer cell antigens with toxins conjugated by a linker have been approved by the
FDA which are Gemtuzumab ozogamicin (28), brentuximab vedotin (29), trastuzumab emtansine (30),
inotuzumab ozogamicin (31), polatuzumab vedotin-piiq (32), enfortumab vedotin (33), trastuzumab
deruxtecan (34), sacituzumab govitecan (35), and belantamab mafodotin (36) for leukemia, lymphoma,
myeloma, breast cancer, urothelial tumors, and other cancers. Without doubt, ADCs are now firmly
established as the most promising targeted anti-cancer bio-therapeutics. A variety of HER2 targeting
agents have been approved by the Food and Drug Administration (FDA) in the United States, including
trastuzumab, pertuzumab, lapatinib, neratinib, trastuzumab emtasine (trastuzumab-DM1; T-DMI1,
Kadcyla), and trastuzumab deruxtecan (fam-trastuzumab deruxtecan-nxki, Enhertu). Among these
therapeutics, T-DM1, a HER2-targeting ADC (HER2-ADC) that incorporates a thioether bond to the
maytansanoid derivative emtasine, has been investigated for its possible clinical application in HER2-
positive metastatic breast cancer after neoadjuvant treatment with Herceptin and taxane chemotherapy
(37). In the EMILIA study, T-DM1, compared to chemotherapy (lapatinib plus capecitabine), was
shown to significantly improve the objective response rate (43.6% vs. 30.8%), median overall survival
(30.9 vs. 25.1 month) and median progression-free survival (9.6 vs. 6.4 month) in HER2-positive
advanced breast cancer patients previously treated with trastuzumab and taxane (38, 39). Additionally,
the KATHERINE study reported that the number of invasive disease-free cases at 3 years was higher
with T-DM1 than with trastuzumab (88.3% vs. 77.0%), and the risk of recurrence of invasive breast
cancer or death was lower (by 50%) with adjuvant T-DM1 than with trastuzumab for HER2-positive
early breast cancer patients with residual invasive disease after the completion of neoadjuvant therapy
(40-42). Recently, Enhertu was approved in the United States for both unresectable and metastatic
HER2-positive breast cancers treated with two or more anti-HER2 therapies (43). In the phase II
DESTINY-BreastO1 trial, Enhertu was shown to have a durable antitumor effect with an overall
response rate of 60.9% (complete response 6.0%, partial response 54.9%), a median progression-free
survival period of 16.4 months, and a median response duration of 14.8 months in previously treated
HER2-positive breast cancer patients (44, 45). Despite its established effectiveness in HER2-positive

breast cancer patients, several groups of patients, such as those with lower HER2 expression, are



initially resistant or develop resistance to T-DM1, and this drug was found to not to be superior to taxane
in the GASTBY study of HER2-positive advanced gastric cancer patients (46). Hence, there is still an
unmet need for effective targeting agents among low HER2-expressing breast cancers and HER2-
positive gastric cancer patients and therapeutic options continue to be limited in these cases.

An ADC consists of three main structural units such as an antibody, cytotoxic agent and a linker, and
all of them are important factors in the efficiency and safety of the ADC (47, 48). The suitability of
using a platform technique to overcome the limitations previously observed for approved ADCs is now
being investigated (49). The novel ADCs that have been proposed thus far in this regard are prepared
by bonding a drug moiety with the lysine groups of an antibody, or by reducing all or part of the
interchain disulfide groups of an antibody (50). These methods have some issues with regards to
homogeneity, making quality control difficult (51). T-DM1 is a nonreducible thioether heterogeneous
lysine conjugate of trastuzumab with a drug-to-antibody ratio (DAR) of approximately ~3.5 (37).
Several latent weaknesses of T-DM1 that have been reported include a finite Cmax due to toxicities,
slow internalization rate, resistance mechanisms caused by a lack of intracellular trafficking and an
increased expression of the drug transporters MDR1 and MRP1, and a deficiency in payload bystander
effects (52). The ultimate goal of the linker is to allow an efficient drug release to the targeted cancer
cells while maintaining a stable linkage between the antibody and the drug during circulation. Since the
efficacy and systemic toxicity of the antibody-drug conjugate thus depends on the stability of the linker,
it plays a vital role in the safety of the ADC (53).

An advanced linker-drug technology platform was developed, that is universally applicable to
manufacturing novel ADCs and was used to generate the most optimal HER2-ADC. The advantages of
novel ADCs’ new linker technology include: i) an accurate DAR with high homogeneity achieved via
site-specific conjugation, due to prenylation of a CaaX body that can then be recognized by farnesyl
transferase (FTase) at the end of the antibody; ii) efficient toxin release in cancer cells and increased
linker stability in the bloodstream due to modified electron-donating groups in a Seattle Genetics' beta-
glucuronide linker; and iii) a pharmacokinetic (PK) profile equivalent to that of an antibody.

New ADC platform was utilized to produce a novel HER2-ADC, which this research refers to as an
LCB-ADC, and that was verified its efficacy and suitability in various model systems where therapeutic
limitations of ADCs had been described previously. Collectively, LCB-ADCs using cleavable linker
exhibited a good mode of action, biostability, and effective anticancer efficacies in vitro and in vivo. In
this study, the application of our linker-drug technology enables LCB-ADC:s to effectively target cancer
cell types that were not responsive to previous therapeutics. LCB-ADCI is being investigated in phase
1, a dose-escalation study in patients with HER2 expressed advanced solid tumors and local advanced

or metastatic, HER2 positive breast cancer. This clinical trial was registered at clinicaltrials.gov
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(NCT03944499).



PART I-2. Materials and Methods

Cell culture. Human gastric carcinoma N87 cells (ATCC no. CRL-5822, Manassas, VA) were
maintained in RPMI 1640 medium (Gibco-Invitrogen, Carlsbad, CA). Human breast carcinoma JIMT-
1 cells (DSMZ no. ACC 589, Inhoffenstrafle, Braunschweig) were maintained in DMEM medium
(Gibco-Invitrogen). Human breast adenocarcinoma MDA-MB 231-Luc-GFP cells were maintained in
RPMI 1640 medium (Gibco-Invitrogen, Carlsbad, CA). Both media were supplemented with 10% fetal
bovine serum (Gibco-Invitrogen) and 1% penicillin/streptomycin (Gibco-Invitrogen), and the cells were
grown under a humidified atmosphere of 5% CO, at 37°C. The cells were tested for possible
mycoplasma contamination using MycoAlert™ PLUS Mycoplasma Detection Kit (Lonza Walkersville,

Inc., Walkersville, MD).

Study approval. All animal experiments were performed following a protocol approved by the
Institutional Animal Care and Use Committee of the Asan Institute for Life Science (2014-12-168,
2015-12-126). All the patients provided signed informed consent. This study was approved by the
Institutional Review Board (IRB) of Asan medical center (2010-0618).

Generation of gastric cancer PDX model. Five cases of gastric adenocarcinoma specimens were
implanted to six-weeks-old NOD-SCID mice (Charles River Laboratories, Wilmington, MA, USA) for
the first passage. To produce the gastric cancer (GC) patient-derived xenograft (PDX) models, a piece
of tumor tissue in 3x3x3 mm?® size was implanted subcutaneously (s.c.) into flank. After about 3 months,
when the tumor size reached to 500 mm®, the mice were anesthetized via an intra-peritoneal injection
of a 40 mg/kg zoletil (Virbac, Virbac laboratories BP 27-06511 Carros, France) and 5 mg/kg Rumpun
(Bayer, Korea, South Korea), and the tumors were surgically removed. The tumor was implanted again
into male athymic nude mice (BALB/c-nude; six-weeks-old; Japan SLC, Hamamatsu, Japan) for
amplification. After four consecutive passages in male athymic nude mice, the xenograft was used for
examination of in vivo therapeutic efficacy, and full characterization including histopathological

analysis, HER2 expression by IHC assays, genomic mutation detection.

In vivo tumor growth delay. Cell-derived xenograft (CDX) and PDX tumor models using male
athymic nude mice (BALB/c-nude (six-weeks-old); Japan SLC, Hamamatsu, Japan) were used for the
examination of in vivo therapeutic efficacy. A suspension of 3 x 10° cells for the CDX model or a 3 x 3
x 3 mm’ tissue block for the PDX model were implanted subcutaneously (s.c.) into the right hind leg of

the mouse. The mice bearing xenograft tumors grown to 80 to 120 mm® were pair matched according
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to the tumor volume into the experimental and control groups (n = 5-6/group) (54). The single or
repeated dose of Herceptin (Trastuzumab, Roche, Republic of Korea), Perjeta (Pertuzumab, Roche,
Republic of Korea) and 1A12, novel HER2 antibody (provided AbClon) (8, 9) were intravenously (7.v.)
administrated through tail vein at 10 mg/kg, respectively, once a week for four weeks. T-DM1 (Kadcyla,
10172048, Roche, Basel, Switzerland), LCB-ADC1, LCB-ADC2 and LCB-ADC3 were intravenously
(i.v.) administrated through the tail vein, and the dose was a single 2 or 5 mg/kg or repeated 5 mg/kg,
once a week for 4 weeks or every other week for 4 weeks. The doses of all drugs were adjusted to the
equivalent amount of the antibody. The tumor volume and body weight were monitored during whole
period of experiment. Tumor volume was calculated using the formula volume = (length x width?) x
0.5. The results were expressed as the mean + standard deviation. Relative tumor growth inhibition was
calculated as Tumor Growth Inhibition (TGI) = (Ti-T0/Ci-C0), Ti and Ci represent tumor size of
treatment and control group at the end of experiments respectively; TO and CO represent tumor size at
initiation of experiments respectively (55). An objective response was defined by Response Evaluation
Criteria In Solid Tumors (RECIST) as complete response; CR (disappearance of all target lesions),
partial response; PR (at least a 30% decrease in longest diameter of target lesions), stable disease; SD
(neither sufficient shrinkage to qualify for PR nor sufficient increase to qualify for PD), and progressive

disease; PD (at least a 20% increase in target lesions) (56).

Patients and tumor samples. All animal experiments were performed following the protocol approved
by the Institutional Animal Care and Use Committee of the Asan Institute for Life Sciences. Human
gastric adenocarcinoma tissues were excised from five patients during surgery. A part of fresh specimen
was transferred to medium-containing antibiotics immediately after surgical resection under sterile
conditions and transported to an animal facility within 2 hours for implantation into mice. The other
part was frozen in liquid nitrogen or fixed in 4% formaldehyde and embedded in paraffin at 56°C for

histological evaluation.

Assessment of morphology and immunophenotype. For immunohistochemical (IHC) staining of
HER2, tumor tissues from the N87 CDX, JIMT-1 CDX, or PDX models were fixed with 4%
paraformaldehyde, embedded in paraffin and sectioned. Immunohistochemical staining was conducted
with the anti-HER2/neu (4B5) rabbit monoclonal primary antibody (#790-4493; Roche, Basel,
Switzerland), and the stained sections were analyzed under a DP71 microscope (Olympus, Tokyo,
Japan). The tumor tissues were counterstained with hematoxylin and eosin (H&E). The diagnosis of

each case was confirmed by pathologists at Asan medical center.

Construction, expression, and purification of the Herceptin-CaaX body. Modified Herceptin

antibodies were generated using standard PCR cloning protocols. Generally, Herceptin-CaaX body
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plasmids were constructed by inserting a DNA sequence encoding a CaaX motif (G7CVIM) into the C-
terminus of the light chain encoded in the pNATABH::Herceptin LC plasmid. HEK293 E cells were
cultured in DMEM/10% FBS media on 150 mm plates (#430599; Corning, Glendale, AZ) until reaching
70~80% confluency. Then, 13 mg of DNA and 26 mg of PEI (#23966, Polysciences, Warrington, PA)
were mixed at a ratio of 1:2, incubated at RT for about 20 minutes, and then added to the HEK293E
cells. After 16-20 hours, the media was replaced with serum free media (No FBS DMEM (#SH30243.01;
Hyclone Thermo, Marlborough, MA) and the supernatant was collected every two or three days. The
supernatants were filtered through a 0.22 um top-filter (#PR02890, Millipore, Milford, MA) and then
bound to 500 ml of protein A beads (#17-1279-03; GE healthcare, Danderyd, Sweden) packed in a 5
mL column. Using a peristaltic pump, overnight binding was performed at 0.9 mL/min at 4°C. The
column was washed with at least 100 mL of PBS (#70011, Gibco, Waltham, MA). Bound protein was
then eluted with 0.1 M glycine-HCI (#G7126; Sigma, St. Louis, MO) into 6 fractions and neutralized
with 1 M Tris (#T-1503; Sigma, St. Louis, MO) (pH 9.0). The protein was quantified and 2 or 3 fractions
containing the protein were collected and concentrated with Amicon Ultra filter units (#UFC805024;
Millipore). The buffer was changed about 10 times with PBS (#70011; Gibco). The protein product was
confirmed to be Herceptin-HC-GCVIM or Herceptin-LC-GCVIM by western blot. To identify a protein
band containing Herceptin, ImmunoPure peroxidase conjugated goat anti-human IgG Fc (#31413;
Pierce, Waltham, MA) was used. Upon purification, Herceptin-CaaX was obtained from 1 L of cell
culture medium. The Herceptin-CaaX body products were also analyzed with an Agilent bioanalyzer.
Briefly, 8 ml of purified protein sample (approx. 1 mg/ml) was analyzed using the Agilent Protein 230
Kit (5067-1515; Agilent Technologies, Santa Clara, CA). The protein sample was then separated into 2
fractions to which 2 ml of non-reducing buffer or reducing buffer was then added. The sample was next
heated at 95-100°C for 5 minutes and cooled with ice to 4°C. After a spin-down, 84 ml of deionized
water was added to the sample and vortexed. Thereafter, the sample was loaded and analyzed with the

kit per the manufacturer’s instructions.

Prenylation. The prenylation reaction mixture was prepared with the antibodies and reacted at 30  for
12 hours. The reaction mixture was comprised of a buffer solution (50 mM Tris-HCI (pH7.4), 5 mM
MgCly, 10 uM ZnCl,, 5 mM DTT) containing 24 uM antibody, 200 nM FTase (#344145, Calbiochem,
Milford, MA), and 1 mM LCB14-0606 (LegoChemBiosciences, Inc., US2012/0308584). After the
reaction was completed, the prenylated antibody was purified with a G25 Sepharose column on an
AKTA purifier (GE healthcare), which was equilibrated with PBS buffer solution. The prenylated
antibody (final concentration: 12 uM) was then treated with 1 mM CuSOs and reacted at 30  for 3
hours in order to be reoxidized. After this reaction was completed, 2 mM (final concentration) EDTA

was added, and the mixture was kept at 30 for 30 minutes while being gently stirred. The resultant
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preparation was then purified by FPLC.

Drug conjugation. An oxime bond formation reaction mixture between the prenylated antibody and
linker-toxin was prepared by mixing 100 mM Na-acetate buffer (pH 4.5, 10% DMSO), 12 uM antibody,
and 360 uM linker-toxin and gently stirred at 30 . After the reaction had proceeded for 24 hours, FPLC
(AKTA purifier, GE healthcare) was conducted to remove any excess amounts of small molecules used
in the reaction and the protein fractions were collected to be subsequently concentrated. Depending on
the type of linker-payload, the DARs of LCB-ADC1, LCB-ADC2, and LCB-ADC3 were 2, 4, and 4,

respectively.

In vivo rat pharmacokinetics of Herceptin and LCB-ADCI1. To confirm the pharmacokinetics of
Herceptin and LCB-ADCI1 at the time of intravenous administration of a single dose to a rat, the
following experiment was performed. Herceptin or LCB-ADC1 were intravenously administered to
female rats (dose: 3.0 mg/kg) and 0.4 mL of blood was collected from the jugular vein using a 1 mL
syringe (25 gauge) treated with Heparin (85 IU/mL, 35 pL) at predetermined times (3 minutes, 1 hour,
3 hours, 6 hours, 1 day, 2 days, 3 days, 4 days, 7 days, 9 days, 14 days, 17 days, 21 days, and 28 days
after administration). The blood samples were placed a micro tube, treated with a roll mixer for several
minutes, and then centrifuged at 14,000 rpm for 5 minutes, thereby separating the plasma. The separated
plasma was put into a micro tube and stored in a deep freezer until analysis. The test materials in the
plasma were measured using LC-MS. PK analysis was conducted using compartment model 2 using
Phoenix™ WinNonlin® (ver. 6.3, Pharsight), and the drug-antibody ratio (DAR) was quantified by LC-
MS/MS after separating the LCB-ADC] using protein A beads.

In vivo monkey pharmacokinetics of Herceptin and LCB-ADC1. To determine the pharmacokinetics
of Herceptin and LCB-ADCI1 in the monkey, Herceptin and LCB-ADC1 were intravenously
administered into female monkeys, respectively (dose: 3.0 mg/kg). About 1.5 mL of blood was collected
from the cephalic or femoral vein at predetermined times (30 minutes, 3 hours, 7 hours, 12 hours, 24
hours (2 days), 3 days, 4 days, 5 days, 6 days, 11 days, 15 days, 22 days, 29 days, and 36 days after
administration), put into a tube filled with anticoagulant (EDTA-K2), stored in a wet-ice/Kryorack, and
then centrifuged at 3,000 rpm for 10 minutes in a cold-storage state, thereby separating the plasma. The
separated plasma was dispensed into a microtube and stored in a deep freezer until analysis. The test
materials in the plasma were measured using LC-MS. PK analysis was performed with compartment
model 2 using Phoenix™ WinNonlin® (ver. 6.3, Pharsight), and in order to quantify the drug-antibody
ratio, free MMAF was quantified by LC-MS/MS after separating LCB-ADC]1 using protein A beads

and treatment with p-glucuronidase.

Cell cycle distribution. JIMT-1 and N87 cells were plated in a 60-mm tissue culture dish at a density
9



of 5 x 10° cells/plate and incubated overnight. Cells were treated with T-DM1 (Kadcyla, 10172048,
Roche, Basel, Switzerland) or LCB-ADCs (provided by LegoChem Bioscience) at a dose of 0.25 pg/ml
based on the amount of antibody for 24 and 72 hours. The cells were collected and suspended in 100%
cold-ethanol for fixation, stained with propidium iodide (PI), and then the cell cycle distribution was

analyzed by flow cytometry (BD FACS Cancto II).

Immunocytochemistry (ICC). N87 and JIMT-1 cells were cultured in the appropriate medium
supplemented with 10% fetal bovine serum and 1% penicillin/streptomycin at 37°C under 5% COs..
Upon confluency, the cells were detached from the flask by trypsin—EDTA, centrifuged and resuspended
in media. Approximately 5 x 10 cells/ ml were then transferred onto 12 mm round coverslips in a 24-
well plate and incubated for 24 hours. For assessment of microtubule interruption, they were treated
with T-DM1, LCB-ADC1 or LCB-ADC2 at 0.25 pg/ml and incubated for 24 hours. Then, they were
fixed with 4% formaldehyde and treated with 0.5% Triton X-100. After thorough washing with
phosphate-buffered saline (PBS), the cells were incubated with anti-HER2/ErbB2 rabbit polyclonal
primary antibody (#22428S; Cell Signaling, Danvers, MA), anti-a-tubulin rabbit monoclonal primary
antibody (#21258S; Cell Signaling), and Alexa 594 or 488 anti-rabbit IgG (Jackson Immuno Research,
West Grove, PA). The cells were incubated with Hoechst33342 (H33342; Sigma-Aldrich, St. Louis,
MO) for 10 minutes at room temperature. After washing with PBS, the coverslips were mounted on
slides (Vector Laboratories, Inc., Burlingame, CA). Fluorescence imaging was performed under a DP71

microscope (Olympus, Tokyo, Japan) equipped with two band-pass filters with a center wavelength.

Statistical analysis. Sample sizes were not predetermined. All data are presented as a mean + SD
(standard deviation) from at least three separate experiments. Means were compared using a one-way
ANOVA test. P values were obtained by Microsoft Excel 365. P values are represented as *P < 0.05,

**P < 0.01 or ***P < 0.001, which are considered to indicate significant differences.
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PART I-3. Results

1. Establishment of PDX models and phenotypic comparison.

All GC patients’ samples were viable and led to growth in SCID mice after subcutaneous implantation
and continued to grow in nude mice after the second generation. Five GC tissues were used for this
study and assessed after H&E staining and HER?2 expression. Four male patients and one female patient,
aged from 50 to 79 were collated (Table 1). It was confirmed by immunohistochemical analysis that
amplified tumor tissues formed in mice revealed the identical characteristics with original tumors. As
shown in Figure 1, the xenograft tumor (Figure 1, right panel) had similar morphological features and
HER?2 expression to the original tumor (Figure 1, left panel). Two cases (11C94 and 12C63) were scored
as strongly positive (3+) for HER2 staining and three cases were scored as moderately positive (2+). In
addition, morphology of successive transplanted tumors tissue was identical via H&E staining (Figure
2) and finger printing via Next Generation Sequencing (NGS) shown matching rate of above 80%

between original patient tissues and p5 PDX tissues (data not shown).
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Table 1. Patient profiles.

1 11C94 50  Female +++ TUBULAR ADENOCARCINOMA, MD
2 12C63 71 Male +++ TUBULAR ADENOCARCINOMA, MD
3 13C127 52 Male ++ TUBULAR ADENOCARCINOMA, MD
4 14D26 72 Male ++ TUBULAR ADENOCARCINOMA, PD
5 14D27 79 Male ++ ADENOCARCINOMA, MD

MD: Moderately differentiated; PD, poorly differentiated.
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Figure. 1 Immunophenotypic comparison of patient and PDX tumors
HER?2 expression was performed by immunohistochemical analysis. HER2 expression was maintained
in PDX tumor compared with primary tumor from patient. DAB images of immunohistochemically

stained HER2 were obtained under a microscope. Scale bar, 10 um.
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Figure 2. Histological morphology of PDX tumor between P3 and P5
Histological features were identical between P3 and P5 in PDX tumor. Histological evaluation of PDX
tumor was attended by hematoxylin & eosin (H&E) and analyzed under a microscope. Scale bar, 10

um.
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2. Responses of individual GC PDX models to trastuzumab.

To assess the PDX models as personalized tool, in vivo anti-cancer effect of trastuzumab was
evaluated in all five HER2+ GC PDX models. The mice were i.v. injected with trastuzumab at repeated
dose of 10 mg/kg once a week for four weeks. Two GC PDX models (IHC 3+) named 11C94 and 12C63
showed highly anti-cancer effect as 99.9 and 89.9% of tumor growth inhibition (TGI), respectively,
whereas three GC PDX models (IHC 2+) named 13C127, 14D26, 14D27 did not reveal any therapeutic
effect as 28.5, -20.5, 12.9% of TGI at the end point, respectively (Table 2 and Figure 3). In addition,
tumor volume and weight were dramatically decreased at the end point in two GC PDX models. As a
result, HER2+ GC PDX according to HER2 expression was assessed with preclinical test of
trastuzumab, and these results suggested that PDX model could be personalized tool for clinical

relevance of novel drug candidate.

Table 2. Tumor growth inhibition (TGI) of HER2+ GC PDX models.

TGI (%) at the end point

Case 11C9%4 12C63 13C127 14D26 14D27

Herceptin 99.9 89.9 28.5 -20.5 12.9
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Figure 3. Trastuzumab anticancer efficacy in HER2+ GC PDX
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Tumor growth delay curves. Mice bearing HER2+ GC patient’s tumor of 5 cases were intravenously

administrated with Herceptin at dose of 10 mg/kg once a week for four weeks. Tumor volumes and

body weights were monitored during the experimental course. Tumor was removed at the end point and

measured its weight. Data are represented as meantstandard deviation.
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4. Evaluation of anti-cancer efficacy of new HER2 Ab in GC PDX models.

Since the feasibility of PDX models were confirmed as personalized test, in vivo study of therapeutic
effect was next performed by 1A12, novel HER2 antibody. The 1A12 bind to sub-domain IV of HER2-
ECD (extracellular domain), and it has not overlap with epitope of trastuzumab. So, the 1A12 is
developed by AbClon as combination therapy with trastuzumab for GC patient (8). The mice were i.v.
injected with trastuzumab, perjeta and 1A12 at a repeated dose of 10 mg/kg once a week for four weeks.
As shown in Figure 4 and Table 3, TGI of Herceptin, Perjeta and 1A12-treated group were 80, 45, and
38%. The impact of trastuzumab plus 1A12 in 11C94, HER2+ (IHC 3+) GC PDX model was
demonstrated, which remarkably increased TGI at 104% compared to conventional treatment
(trastuzumab plus pertuzumab, TGI at 88%). Moreover, trastuzumab plus 1A12 resulted in CR of 60%
(3/5) and PR of 40% (2/5) (Table 3). Taken together, preclinical testing of novel candidate drug could
be assessed via HER2+ GC PDX.
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Figure 4. 1A12 anticancer efficacy in IHC 3+ case

Tumor growth delay curves. Mice bearing HER2+ (IHC 3+) GC patient’s tumor was intravenously
administrated with Herceptin, Perjeta and 1A12 at dose of 10 mg/kg once a week for four weeks. Tumor
volumes and body weights were monitored during the experimental course. Tumor was removed at the

end point and measured its weight. Data are represented as meantstandard deviation.
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Table 3. Tumor growth inhibition (TGI) and RECIST in HER2+ (IHC3+) GC PDX

9SD 9PD
- 5 (100)
80 1 (20) 4 (100)
45 1 (20) 4 (100)
38 1 (20) 4 (100)
88 2 (40) 1(20) 2 (40)
104 3(60)  2(40)

a) RECIST: Response Evaluation Criteria In Solid Tumors, b) CR: Complete Response, ¢) PR: Partial
Response, d) SD: Stable Disease, €) PD: Progressive Disease
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5. LCB-ADC:s are fabricated with a novel conjugation method and show an improved pharmacokinetic
profile.

To achieve homogeneity of production and a smarter linker system for ADCs, a novel conjugation
method was developed, and an improved linker was designed (Figure 5a and b). Additional amino acid
sequences that can be recognized by farnesyl transferase (FTase) were added to the end of the antibody
(light chain and/or heavy chain), termed the CaaX body. Bonding between the SH on the Cys residue
of CaaX and the pyrophosphate of isoprenoid (farnesyl pyrophosphate) can then be generated by FTase
(prenylation). An oxime bond is generated as a result of the subsequent reaction between the amine
group of the linker-toxin and the carbonyl (ketone) group of the prenylated CaaX body. The prenylation
and drug-conjugation step proceeded very efficiently with high homogeneity of the end product (Figure
5c and Table 4). To increase the linker stability, the three electron-donating groups in the Seattle
Genetics beta-glucuronide linker were modified. The electron density of the phenyl ring of the self-
immolative group (SIG), which is bonded to the B-glucuronide ring, is relatively high and might be
susceptible to metabolism (e.g., oxidation) and therefore is possibly less stable. Through a proprietary
chemical modification, we prepared a reversed amide of the self-immolative group (in relation to the
directionality of the original amide), which became an electron-withdrawing group. Its electron density
is decreased, and this stabilizes the linker (Figure 5d).

To review hypothesis of above-mentioned, mouse plasma stability tests were applied and observed
that the modified SIG linker version is more stable in mouse plasma, which supports hypothesis of this
research (Figure 6a). The HER2-targeting ADCs with the LCB type linker-toxin (LCB-ADC1 and LCB-
ADC-2) maintain their stability for at least 7 days in mouse or rat plasma. When the PK profile was
examined in the rat and monkey, the ADC was comparable to the original antibody (Herceptin). In
addition, stable attachments of the linker toxin were observed in both species (Table 5 and Figure 6).
These results demonstrated that novel HER2-ADCs (LCB-ADCs) generated this research, that were
elaboratively generated for a more precise DAR, show higher stability in mouse, rat and monkey serum

than conventional ADCs.
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Figure 5. ADC conjugation strategy
Composition of the ADC (a). Conjugation process in vitro and drug release mechanism in cancer cells
(b). Results of the HIC analysis with the products in each step (c). Working hypothesis of the linker

stability (d).
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Table 4. Compositions of LCB-ADCI, 2, and 3

ADC name Linker type Payload DAR
LCB-ADC1 PEG-3 MMAF 2
LCB-ADC2 PEG-3,3,3 MMAF 4
LCB-ADC3 PEG-6,6,3 MMAF 4
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Figure 6. Stability of the linker-toxin system and PK profiles of LCB-ADC1
Comparison of linker-drug stability in mouse plasma (a). Plasma stability of ADCs in mouse or rat
plasma (b). PK profiles of Herceptin and LCB-ADCI in the rat and monkey (c). Drug-antibody ratio
(DAR) calculations (d).
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Table 5. The PK parameters of Herceptin and LCB-ADCI1 in the rat and monkey.

Herceptin LCB-ADC1
Half-life AUCY Half-life AUC?
(day) (nugxday/mL) (day) (ugxday/mL)
Rat 13.4 689.3+21.9 12.8 965.5+33.5
Monkey 10.1 622.9+26.5 8.6 684.8+20.4

9 Area Under the Curve
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6. LCB-ADCs showed significant anticancer effect in HER2-positive cell lines more than T-DMI.

To ensure that LCB-ADCs produces HER2-positive specific cytotoxicity, human breast cancer JIMT-
1 cells (HER2-positive), MDA-MB-231 cells (HER2-negative) and human gastric cancer N87 cells
(HER2-positive) were treated with LCB-ADCs, and their viabilities were assessed. Remarkable
inhibitory activity to the cell growth was observed for LCB-ADCs against HER2-positive JIMT-1 and
N87 treated with LCB-ADC1 at 1 ug/ml for 72 hours, with viability of 30% and 48%, respectively
(Figure 7a and b). The viability of JIMT-1 and N87 treated with LCB-ADC2 at 1 pg/ml for 72 hours
was 21% and 42%, respectively. The viability of JIMT-1 cells was reduced to 18% following LCB-
ADC3 treatment at 1 pg/ml for 72 hours, in contrast to the viability of 107% in MDA-MB-231 cells
(HER2-negative) following LCB-ADC3 treatment (Figure 7c). These results indicate that the cell
growth-inhibitory activity of LCB-ADCs was remarkably enhanced by drug conjugation to the anti-
HER?2 antibody, and also that LCB-ADCs show target-specific growth inhibition against HER2-positive

cell lines.
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Figure 7. In vitro cell growth inhibitory activity in the HER2-positive cell lines
The cells JIMT-1 cells (HER2-positive) (a), N87 cells (HER2-positive) (b) and MDA-MB-231 cells
(HER2-negative) (c) were treated with LCB-ADCs and T-DM1 at different concentration (0, 0.004,
0.016, 0.0625, 0.25 and 1 pg/ml) for 72 hours. Each point represents the mean and SD (n = 8). After
incubation, cellular viability was measured using the cell counting kit-8. Data are presented as mean +
standard deviation. ***p<0.001 (T-DM1 vs LCB-ADCI, 2 or 3).
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7. Apotent pharmacologic activity of the LCB-ADCs is induced by MM AF-mediated tubulin inhibition.

Among the analogs of dolastatin, monomethyl auristatin F (MMAF) exerts known anti-neoplastic and
anti-tubulin effects by inhibiting cell division via the disruption of tubulin polymerization. MMAF was
used as the toxic component of our LCB-ADCs as it was designed to be much more active when
delivered into cells with an antibody. It harbors a binding site in its C-terminal carboxyl group for a
dipeptide linker attachment to enzymes capable of catalyzing drug release, and it can modulate the
efficacy, potency, and tolerability of the drug. To evaluate the effect of novel LCB-ADCs on the cell
cycle distribution caused by the payload tubulin inhibitors, human breast cancer JIMT-1 and human
gastric cancer N87 cells were treated and then analyzed by flow cytometry (Figure 8). Trastuzumab
emtansine (T-DM1 or Kadcyla, Genentech), that pairs trastuzumab (Herceptin, Genentech) with the
microtubule inhibitor DM1 containing a non-reducible thioether linker (57), and was approved in 2013
as a second-line treatment for HER2-positive metastatic breast cancer, was used as the reference ADC
for comparison (39). HER2 expression in the JIMT-1 and N87 cells was first evaluated by
immunocytochemistry (Figure 8a). LCB-ADCI, 2, and 3 induced G2/M phase arrest to 47.7%, 63.8%
and 68.5% of the cell populations after 24 hours in the HER2 low expressing JIMT-1, cells, respectively,
and they maintained this arrest for up to 72 hours unlike the control or T-DM1 treated cells (Figure 8b).
In contrast, the N87 high expressing HER2 cells showed a similar induction of G2/M phase arrest by
all three LCB-ADC drugs and by T-DM1 (Figure 8c). T-DM1 did not induce G2/M phase arrest in the
JIMT-1 cells until 72 hours post-treatment, and this was identical to the control. This is consistent with
previous evidence that T-DM1 is effective only in cells expressing high levels of HER2 (46). Moreover,
while T-DM1 showed different effects in the two cell lines I tested, LCB-ADCs showed similarly potent
effects in all of the cells regardless of their HER2 expression level (Figure 8b). Furthermore, LCB-
ADC2 and LCB-ADC3, both having a DAR of 4, showed a greater effect on G2/M phase arrest than
LCB-ADCI in JIMT-1 cells. This suggested that a higher HER2 expression level allows for a higher
accessibility of the HER2-ADCs, leading to a more readily disrupted cell cycle regardless of the DAR
homogeneity. In cells where access to HER2-ADCs is low due to low HER2 expression, the
homogeneity of the ADC and the effective delivery of the payload drug will be crucial. The LCB-ADCs
disrupted tubulin polymerization in the JIMT-1 cell line within 24 hours, whereas all of the drugs in the
experiment including T-DM1 could exert this effect in the N87 cells. Abnormal tubulin polymerization
induced by the payload drugs of the ADCs was visualized by tubulin staining (Figure 9, red arrow), and

the resulting mitotic arrest and eventual death of the cells was captured using live cell imaging.
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Figure 8. HER2 expression and cell cycle distribution in JIMT-1 and N87 cells

HER2 expression in JIMT-1 and N87 cells stained via ICC (red, Alexa 594-stained HER2; blue,
Hoechst-stained nuclei, scale bar; 10 um) (a). Cell cycle distribution in JIMT-1 (b) and N87 cells (c)
treated with T-DM1, LCB-ADC1 or LCB-ADC?2 at 0.25 pg/ml for 72 h. Cells stained with propidium
iodide (PI) were analyzed by flow cytometry.
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Figure 9. In vitro microtubule interruption by LCB-ADCs
JIMT-1 (a) and N87 cells (b) were treated with T-DM1, LCB-ADC1 or LCB-ADC?2 at 0.06 pg/ml for
16 h or 24 h and stained with anti-o-tubulin (blue, Hoechst-stained nuclei; green, Alexa 488-stained a-
tubulin, scale bar; 10 pm). c) Ratio of tubulin disrupted cell per DAPI stained cells (n=3). Data values
are a mean = standard deviation. *p<0.05 (T-DM1 vs LCB-ADC?2).
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8. LCB-ADC:s effectively target HER2-positive xenograft tumors that are resistant to T-DM1.

In vivo experiments were conducted and found that T-DM1 displayed a moderate effect in an N87
xenograft tumor-bearing mouse model, but not in the counterpart JIMT-1 model, likely due to the
different HER2 expression levels (Figure 10a and b). In contrast to T-DM1, the LCB-ADCs showed
potent in vivo efficacy in both the JIMT-1 and N87 xenograft models, as well as a DAR-dependency
between LCB-ADC1 and LCB-ADC?2. In the JIMT-1 model, tumor growth was 96% inhibited by LCB-
ADCI1, 115% by LCB-ADC?2, and tumor-free complete remission (CR) was observed in 3 out of 5 mice
in the LCB-ADC2-treated group at the end point of the experiment (Figure 10a). In the N§7 model,
tumor growth was inhibited by 48%, 67%, and 101% by T-DM1, LCB-ADC1, LCB-ADC?2, respectively,
and 1 out of 5 mice were tumor-free in the LCB-ADC2-treated group at the end point (Figure 10b).
Moreover, repeated treatments with LCB-ADC1 produced very effective tumor growth inhibition, with
tumor-free CR observed in 7 out of 8 animals at the end point (Figure 10d).

T-DM1 showed intermediate efficacy in the high HER2-expressing N87 tumor model but had no effect
in the low expressing JIMT-1 model, which had comparable tumor growth to the control group (Figure
10). These results indicated that while LCB-ADCs have very potent antitumor efficacy against low
expressing HER2 lesions that are resistant to T-DM1, they are also more effective than T-DM1 against
high expressing HER2 tumors.

To determine whether developed linker-drug technology may be clinically applicable and thus
potentially address one of the most critical limitations of existing HER2-ADC:s, the in vivo efficacy of
LCB-ADCs were evaluated in patient-derived xenograft (PDX) tumor models, which were considered
to be the most relevant model for patients (58). PDX models prepared with human GC tissues in which
HER2 expression was relatively high (HER2 +++ GC PDX) or low (HER2 ++ GC PDX) (59) were
treated with T-DM1 or LCB-ADCs (Figure 6a, b). In the HER2 +++ model, tumor growth was inhibited
by 103%, 99%, and 111% by T-DM1, LCB-ADCI1, and LCB-ADC2, respectively, and 2 out of 5 mice
were tumor-free in the LCB-ADC2-treated group at day 38 (Figure 11a). In the HER2 ++ GC PDX
model, tumor growth was inhibited by 66% using repeated LCB-ADCI] treatments at 5 mg/kg, 107%
by repeated treatments with LCB-ADC3 at 5 mg/kg, and tumor-free complete remission (CR) was
observed in all mice in the LCB-ADC3-treated group at the end point (Figure 11b). In addition, repeated
doses of LCB-ADC3 at 2 mg/kg produced sufficient tumor growth inhibition (107%), with tumor-free
CR observed in 4 out of § animals at the end point (Figure 11b). In the HER2 +++ GC PDX model, T-
DM1 showed a potent therapeutic efficacy as expected. However, the LCB-ADCs displayed an equally
potent efficacy to T-DM1 in this model with one treatment (Figure 11a), but it showed a more prolonged
efficacy than T-DM1 over a repeated course (Figure 11a). Although T-DMI1 has been successfully

translated to the clinic for HER2-positive cancer patients, its lack of efficacy in tumor cells expressing
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relatively low HER2 levels is an important unmet clinical need (46). T-DM1 did not have any effect in
the HER2 ++ GC PDX model but the LCB-ADC:s still showed dramatic therapeutic efficacy in these
mice. LCB-ADCI1 inhibited the growth of the tumors by 66% and LCB-ADC3, after pegylation of LCB-
ADC?2 in order to test a clinically suitable candidate, produced completely tumor-free mice in all cases,
which was confirmed by measurement of the tumor weights in each group and by macrography (Figure
11). LCB-ADC3 was further examined to see if it was still effective at a lower dosage or as a single
treatment in the HER2 ++ GC PDX model. A lower dose of LCB-ADC3 displayed a strong therapeutic
efficacy whereby up to 3 out of 5 mice became tumor-free following repeated treatments at a lower
concentration of this drug and there was a greatly increased survival rate (Figure 13). Moreover, LCB-
ADC3 showed sufficient antitumor potency with a tumor inhibition rate of 106% and complete
remission (CR) in all HER2 ++ GC PDX mice after only a single treatment (Figure 12b). These results
clearly demonstrated that the HER2-targeting LCB-ADCs produced by developed linker-drug
technology in this research are clinically applicable and address some of the significant shortfalls with

current HER2-targeting therapeutics.
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Figure 10. Therapeutic efficacy of LCB-ADCs in HER2-positive CDX models

Effect of LCB-ADCI1, LCB-ADC2, T-DM1 in JIMT-1 cells (a). Drugs were i.v. injected at 2 mg/kg
once (1), n=5. Data values are the mean + standard deviation. ***p<0.001 (T-DM1 vs LCB-ADCI1 or
2). Effect of LCB-ADC1, LCB-ADC2, T-DM1 in N87 cells (b). Drugs were i.v. injected at 2 mg/kg
once (1), n=5. Data values are the mean + standard deviation. ***p<0.001 (T-DM1 vs LCB-ADC 2).
HER?2 expression in tumor tissue was detected by IHC (brown, DAB-stained HER2; blue, hematoxylin-
stained nuclei, Scale bar; 10 pm). /n vivo microtubule interruption and mitotic arrest by LCB-ADC1
(c). Mice bearing N87 tumors were i.v. administered with T-DM1, LCB-ADCI1 at 5 mg/kg once. After
10 days, the tumors were isolated, fixed and stained with anti-a-tubulin (upper, blue, Hoechst-stained
nuclei; red, Alexa 594-stained a-tubulin, scale bar; 10 pm) or anti-phosphohistone H3 (PHH3) (lower,
blue, hematoxylin-stained nuclei; brown, DAB-stained PHH3, scale bar; 100 um). Effect of LCB-
ADCI1 in N87 cells (d). Drugs were i.v. injected at 0.2, 1 or 5 mg/kg, once a week for 4 weeks (1), n=8.

Data values are the mean + standard deviation. ***p<0.001 (T-DM1 vs LCB-ADC1).
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Figure 11. Therapeutic efficacy of LCB-ADCs in HER2-positive GC PDX models

Effect of LCB-ADC1, LCB-ADC2, T-DM1 in a HER2 +++ GC PDX model (a). The drugs were i.v.
injected at 5 mg/kg once (1), n=5. Effect of LCB-ADC1, LCB-ADC3, T-DM1 in a HER2 ++ GC PDX

model (b). Drugs were i.v. injected at 5 mg/kg twice (1), n=5. Data values are a mean + standard

deviation. **p<0.01 (T-DM1 vs LCB-ADC3, single or repeated treatment). HER2 expression in tumor
tissues was detected by IHC (brown, DAB-stained HER2; blue, hematoxylin-stained nuclei, Scale bar;

10 um). Mice bearing HER2 ++ GC patient-derived tumors were i.v. administered with LCB-ADCI,

LCB-ADC3 or T-DM1 at 5 mg/kg, every other week for 4 weeks, n=5 (c and d). At the end of the

experiment, tumors were isolated, photographed (scale bar; 1 cm) (c) and weighed (d). Data values are

mean + standard deviation. *p<0.05 (T-DM1 vs LCB-ADC1), **p<0.01 (T-DM1 vs LCB-ADC3).
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Figure 12. In vivo efficacy of LCB-ADCs and T-DM1 in the HER2-positive GC PDX model
Mice bearing HER2 +++ GC patient-derived tumors were i.v. administered with LCB-ADC1 or T-
DM1 at 5 mg/kg, weekly for 4 weeks (1) (a). Data are presented as the mean + standard deviation.
Effect of LCB-ADC3, T-DM1 in a HER2 ++ GC PDX model (b). Drugs were i.v. injected at 5 mg/kg
once (1). Data values are presented as the mean + standard deviation. **p<0.01 (T-DM1 vs LCB-ADC3).
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Figure 13. In vivo efficacy of LCB-ADC3 at a low dose in a HER2 ++ GC PDX model

Tumor growth delay curves (a) and survival rate when the tumor volume reached 1500 mm® (b). Mice
bearing patient-derived tumors were i.v. administered LCB-ADC3 (0.5 mg/kg or 1 mg/kg) or T-DM1
(4 mg/kg), weekly for 4 weeks (1), n=5. Data values are the mean + standard deviation. **p<0.01 (T-
DMI1 vs LCB-ADC3, 0.05 mg/kg), ***p<0.001 (T-DM1 vs LCB-ADC3, 1 mg/kg).
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9. LCB-ADCs evokes mitotic arrest in HER2-overexpressing and -low expressing CDX and PDX
models.

Cells under mitotic arrest with abnormal tubulin polymerization and the presentation of phospho-
histone H3 (PHH3) induced by the intracellular influx of the payload drug were observed in the N§7
tumor tissues of HER2-ADC treated mice, and this effect was more significantly augmented by LCB-
ADCI than by T-DM1 (Figure 10c). When N87 xenograft mice were periodically treated with LCB-
ADCI1 with a DAR of 2, sufficient inhibition was achieved at a lower dose of 1 mg/kg, and dose-
dependency was verified (Figure 10d). Cells arrested in mitosis (expressing PHH3) due to HER2-ADC
exposure were observed in these PDX models (Figure 15). Considerable changes of body weight were
not observed in this experiment, indicating that no mice suffered from severe toxicity (Figure 15). These
results further indicated that LCB-ADCs displayed an efficient anti-cancer effect in HER2-expressing
tumors even at a low level of HER2, and strongly suggest that the intended advantages of LCB-ADC:s,
such as increased linker stability in the bloodstream, an accurate DAR and reliable homogeneity, and

an improved PK profile can be observed in xenograft tumor models.
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Figure 15. Body weight of mice in the HER2 positive CDX and PDX models corresponding to (a) figure
9a, (b) figure 9Db, (c) figure 9d, (d) figure 10a, (e) figure 10b, and (f) figure 12.
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PART I-4. Discussion

Recently, researchers have been developing PDX tumor models in variable cancer types because
novel drug candidates proved of its efficacy in cancer cell line-based xenograft tumor models have been
failed in clinical trials (1, 3, 4). In the present study, HER2+ GC PDX tumor models were established
using gastric cancer tissues derived directly from patient and confirmed histological identity between
original tumor of patient and PDX tumor tissue. Clinically, HER2+ GC occurs approximately 20%, and
patients are diagnosed via histological methods (16, 17). The intensity of HER2 overexpression in GCs
is typically scored using IHC staining (3+ or 2+) and fluorescence in situ hybridization (FISH) (21).
Most HER2-targeting therapies are given to histologically HER2-positive patients (IHC3+ or
IHC2+/FISH-positive cases), but HER2 scoring as a diagnostic process in these patients is still
controversial (22, 23). The HER2 status guidelines were announced following the results of the
Trastuzumab for Gastric Cancer (ToGA trial), which showed that this drug significantly increased the
survival time of patients when administered in combination with 5-fluorouracil or capecitabine and
cisplatin, and this status has since become an important predictor of treatment outcomes for breast as
well as stomach cancer (20, 21). Based on these findings, a combination of trastuzumab with other
chemotherapeutics in patients with HER2 positive GC has become the primary standard therapy.
Despite the availability of various HER2-targeting agents such as trastuzumab, pertuzumab, lapatinib,
and T-DM 1, which have been approved for treating patients with HER2-positive tumors worldwide, the
trastuzumab monoclonal antibody against the HER2 protein is the only targeted treatment used for
patients with HER2-positive GC (21). All the established cases showed growth in athymic mice and
maintenance of histological feature was confirmed by homology comparison. HER2 expression was
analogous in PDX tumor with original tumors, also morphological feature was remained between
generated PDX tumors. Furthermore, HER2-targeting therapy was evaluated in established HER2+ GC
PDX model that result in difference of tumor growth inhibition according to HER2 scoring. Especially,
HER2+ (IHC 3+) cases were revealed remarkable antitumor effect as low T/C value (Figure 3). In
addition, in vivo efficacy of novel HER2 antibody, 1A12 was assessed in HER2+ (IHC 3+), and that
demonstrated dramatic tumor growth inhibition as CR with PR of 100 % (p=0.023, Herceptin vs.
Herceptin plus 1A12) (Figure 4 and Table 3). Taken together, results in this research suggest that HER2+
GC PDX could be a personalized tool and could improve preclinical testing for successful clinical trials
of novel drug candidate. In order to the exacting obstacle caused by lack of appropriate model for new

drug development, PDX models have been generated reflecting the patient’s tumor microenvironment
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and examined with the conventional treatments and novel drug candidate, demonstrating the potential
of PDX models for the development of personalized treatment. I strongly expect that the PDX models
should be effectively utilized to predict responsiveness of anti-cancer agents for precision medicine,
ultimately leading to improved patient survival rates.

ADCs have been continuously investigated as a significant breakthrough technology for targeted
therapeutics against various cancers, with 9 such drugs having current approval for clinical use and
more than 40 kinds of ADCs currently in clinical trials (60). The most interesting ADC to emerge has
been T-DM1 (Kadcyla) that consists of a HER2 antibody (trastuzumab) conjugated with DM1 that has
been approved by the US FDA as a treatment for breast cancer (37). Despite the development of T-DM1
for cancers that are resistant to trastuzumab, many patients treated with this drug ultimately progress to
late-stage disease, and some HER2-positive patients have no or a low response (61). In the previous
TDM4450g trial, 46% of metastatic breast cancers did not respond to T-DM1.[40] Moreover, T-DM1
was found not to improve the objective response in the EMILIA trial in a second-line setting among
patients treated with trastuzumab and taxane, i.e. in 228 (66%) of the 397 subjects (39). Furthermore,
the recent GASTBY study has reported that T-DM1 was not superior to taxane in HER2-positive
advanced GC patients receiving previous HER2-targeting therapy, in which the median overall survival
was 7.9 months with T-DM1 and 8.6 months with taxane (46). Although Enhertu was recently approved
by the FDA for treating HER2-positive breast cancers, about 40% of metastatic breast cancer cases
showed a low or zero response to this ADC in the phase II DESTINY-Breast01 trial (43). In addition,
although Enhertu is comprised of a maleimide tetrapeptide-based cleavable linker and has a higher DAR
of ~ 8 (62), it is a less elaborate molecule but similar to T-DM1. In contrast, LCB-ADCs harbor a
cleavable linker and have a precise DAR. An expected feature of LCB-ADCs are fewer adverse effects
because LCB-ADCs did not show severe weight change, and this technology thus represents a
promising new ADC-platform for a variety of targets.

Retrospective analyses of two phase II trials of T-DM1 have indicated that lower response rates were
achieved in patients with lower HER2 levels (62, 63), suggesting that the actual HER2 expression level
is critical for this drug to work, even in the subset of cancers that are judged to be HER2-positive. The
major limitations of T-DM1 are thought to be the inexact DAR control and its non-cleavable linker (37).
This prompted us to search for methods that would enhance the linker stability and produce harmonious
fabrication (Figure 5). I expected that breast and gastric cancers that would not respond to T-DM1 could
be targeted successfully with better next-generation anti-HER2 ADCs and found this to be the case with
LCB-ADC:s of this research. These novel agents displayed overwhelming efficacy in both in vitro and
in vivo systems, including in the T-DM1-none-responsive breast cancer line JIMT-1, GC line N87, and

in gastric PDX models with low HER2 expression (HER2++) (Figure §, 10, 11, 12 and 13). Substantial
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G2/M arrest and rapid cell death was caused in all cases by the effective actions of MMAF, as observed
via live imaging (data not shown) and histologically increased PHH3 levels (Figure 10 and 14). Of note
in particular, complete remission was observed in our xenograft models following LCB-ADC
treatments, i.e., the N87, JIMT-1 and HER2++ PDX models that were not responsive to the established
ADC, T-DMI.

In contrast with T-DM1, LCB-ADCs contain a cleavable linker that is designed to facilitate a higher
efficacy through various mechanisms, including the bystander effect (63), and they were constructed to
achieve a consistent DAR of 2 or 4, that is, stable in plasma and thus significantly lengthening the half-
life of the drug (Figure 6). I observed that LCB-ADCs had a significantly improved antitumor efficacy
in both HER2 overexpressing and low-expressing cases. As another example, lysine-MCC-DM1, which
is formed by the proteolytic degradation of T-DM1 in the lysosomes, also cannot cross the cell
membrane and T-DM1, and therefore cannot induce a bystander effect (40). Both DM1 and the
auristatins are highly cytotoxic payloads and cause cell death by inhibiting tubulin polymerization (63).
Antibody-dependent cellular cytotoxicity (ADCC) likely contributes substantially to the efficacy of
trastuzumab and T-DM1 in vivo (21, 52). The HT-19 antibody component of XMT-1522 may also evoke
ADCC (22).

In conclusion, I here describe a novel and highly effective linker-drug technology that can be adopted
as a platform technology for a broad range of ADCs and has the potential to greatly enhance their
efficacy against a wide range of cancer targets. In this research, LCB-ADCs targeting HER2 show a
stronger inhibitory effect against breast and GC cells than T-DM1, including those that are sensitive to
T-DML. In addition, these novel agents show significant efficacy against GC cells with primary or
acquired resistance to T-DM1 in vitro, and against T-DM l-resistant breast cancer and GC xenografts in
vivo. A full clinical evaluation of LCB-ADCs in patients with HER2-positive breast or gastric cancer is

warranted.
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PART II. Mechanistic investigation of antitumor immune responses following

combined treatment with radiotherapy and immunotherapy
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PART II-1. Introduction

Radiotherapy (RT) is one of the most effective treatments against various types of solid tumors in
approximately 50% of the patients suffering from cancer (64). The antitumor effect of RT involves the
induction of double-stranded DNA breaks, which leads to tumor cell death via apoptosis, necrosis,
autophagy, mitotic catastrophe, or replicative senescence (65). Conventionally radiation therapy was
used to treat a relatively wide range of patients compared to present RT due to its limitations in the
planning and irradiation part of the treatment technology (66), and it also was recognized that it
suppressed the immune system of the patients (67). However, due to the recent development of
sophisticated IR technologies, such as stereotactic radiosurgery (SRS) and stereotactic body
radiotherapy (SBRT), radiation exposure can be minimized in normal tissues (68). Additionally, with
the implementation of image-guided radiotherapy (IGRT) and intensity-modulated radiotherapy
(IMRT), the need for additional radiation therapy has greatly diminished, which has enabled a reduction
in the overall number of complications (69, 70). These therapeutic strategies can reduce the side effects
of RT by minimizing radiation exposure on the surrounding healthy tissues by accurately applying it
within a few millimeters of the tumor (71, 72). More recently, RT has been shown to have
immunological effects, such as immunogenic cell death (ICD), enhanced antigen presentation, and
cytotoxic T cell activation (73). Clinical and preclinical studies have reported that the immunological
role of RT affects the treatment of distant metastasis. This phenomenon is called the “abscopal effect,”
a term first introduced by Mole in 1953 (74, 75). This also suggests that radiation therapy is closely
related to the immune responses induced during cancer treatment (76). Despite continuous efforts to
increase the anticancer efficacy of RT, it is still significantly limited due to its unavoidable toxicity to
normal tissues, and thus is mainly utilized for the treatment of localized tumors. Therefore, a
combination of RT with other therapies, such as immune checkpoint blockade (ICB) is proposed to
enhance the immune-modulating effect of RT (77, 78).

The immune system in the human body can be classified into innate and adaptive immunity (79).
Innate immunity is responsible for primary immunity, and includes cells, such as dendritic cells,
macrophages, and natural killer cells, which can be subepithelial or submucosal (80, 81). Adaptive
immunity is responsible for secondary immunity. Immunotherapy interventions, such as adoptive T cell
transfer (82), dendritic cell vaccines (83), peptide vaccines (84), use of oncolytic viruses (85), cytokine
therapies (86), and use of monoclonal antibodies (87) have made remarkable progress in the field of

oncology. Among them, preclinical and clinical studies on ICB are being conducted most actively, as it
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represents one of the breakthrough treatments in clinical oncology. Recently, US Food and Drug
Administration (FDA) has approved various immune checkpoint inhibitors (ICIs) for the treatment of
metastatic malignant melanoma, and lung, head, and neck cancer. Programmed death 1 (PD-1) and
programmed death ligand 1 (PD-L1) play key roles in the immunosuppressive pathway in the tumor
microenvironment by inducing T cell exhaustion. Therefore, the PD-1/PD-L1 axis has been
characterized as a promising inhibitory target for immune activation through the modulation of effector
T cell function (88, 89). Recently, the therapeutic interaction between effector T cells and radiation
therapy has been shown to affect the effect of ICB. (82). Despite the emerging success of ICB, its
response rate is still low because of poor immunogenicity, e.g., only lymphocyte-excluded cold tumors
are susceptible to ICB action as opposed to lymphocyte-infiltrated hot tumors (90, 91). The low
response rate of ICB therapy can be overcome by combining it with other immunotherapies, such as
anti-cytotoxic T-lymphocyte-associated protein 4 (CTLA4) therapy, or RT (92, 93). Although the
combination of immunotherapy and traditional therapies, such as RT or chemotherapy have shown
exciting results in clinical and basic research, patients eventually suffer from relapse and durable
responses are rare. Moreover, the mechanisms underlying the effects of such a combination therapy are
still poorly understood.

Hence, in this study, I investigated immune modulation, including that of lymphocyte-infiltrated hot
tumors, activation of T cells, and the local upregulation of the PD-L1/PD-1 axis following IR therapy
to potentially determine a strategy to improve therapeutic outcomes and enhance the abscopal effect of

the combined radiotherapy—immunotherapy.
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PART II-2. Materials and Methods

Cell culture. Murine colon adenocarcinoma MC-38 cells (Kerafast no. ENH204-FP, Boston, MA) were
maintained in DMEM medium (Gibco-Invitrogen, Carlsbad, CA). Murine colorectal carcinoma cells
(ATCC no. CRL-2638, Manassas, VA) were maintained in RPMI-1640 medium (Gibco-Invitrogen,
Carlsbad, CA). Murine melanoma B16-F10 cells (ATCC no. CRL-6475, Manassas, VA) were
maintained in DMEM medium (Gibco-Invitrogen, Carlsbad, CA). Murine Lewis Lung Carcinoma
LLCI cells (ATCC no. CRL-1642, Manassas, VA) were maintained in DMEM medium (Gibco-
Invitrogen, Carlsbad, CA).

In vivo tumor growth delay. MC-38 and B16-F10 cells were implanted subcutaneously (s.c.) to right
or both hind leg of C57BL/6J mice (male, six-weeks-old, Japan SLC, Hamamatsu, Japan). CT-26 cells
were implanted subcutaneously (s.c.) to right or both hind leg of BALB/c mice (male, six-weeks-old,
Japan SLC, Hamamatsu, Japan). B16-F10 cells were implanted subcutaneously (s.c.) to right hind leg
of C57BL/6J mice (male, six-weeks-old, Japan SLC, Hamamatsu, Japan). LLCI cells were implanted
subcutaneously (s.c.) to right hind leg of BALB/c mice (male, six-weeks-old, Japan SLC, Hamamatsu,
Japan). The mice bearing xenograft tumors grown to 80 to 120 mm® were pair matched according to the
tumor volume into the experimental and control groups (n = 3-6/group). anti—PD-L1 (clone 10F.9G2;
Bio-XCell) was intraperitoneal (i.p.) administrated to mice, and dose was a single 5 or 10 mg/kg after
irradiated single 5-25 Gy. The doses of all drugs were adjusted to the equivalent amount of the antibody.
The tumor volumes were calculated using the formula volume = (length x width?) x 0.5. The results are

expressed as a mean = standard deviation.

Flow cytometry. Flow cytometry analysis was performed on freshly isolated blood and single cells
from tumors. Mice were anesthetized and blood was collected via cardiac puncture in KxEDTA tube.
Tumors were excised and collected in ice-cold DMEM media with 10% FBS. Single-cell suspensions
of these organs were obtained using a gentleMACS dissociator (Miltenyi Biotec B.V.) and filtered
through a 70 pm pore cell strainer. Then, 3x10° cells were transferred to a round-bottom tube where
staining was performed while kept on ice. Cells were stained with LIVE/DEAD Fixable Aqua Dead
Cell Stain kit (L/D Aqua, Life Technologies) according to manufacturer’s instructions, washed with
staining buffer (PBS, 2% FBS and 2 mM EDTA), incubated with anti-CD16/32 (2.4G2, BD Biosciences)
to block Fc receptors (FcRs) and stained with the following surface marker antibodies for flow

cytometry analysis: anti-CD45-BV510 (clone 30-F11), anti-CD3-FITC (145-2C11), anti-CD4-PerCP-
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Cy™s5.5 (RM4-5), anti-CD8-BV421 (53-6.7), anti-CD44-BV785 (IM7), anti-CD62L-APC-Cy™7
(MEL-14) (all from Biolegend). Fluorescence compensation was defined using single stained cells.
Data were acquired using 13-color panels with a CytoFLEX (Beckman Coulter). Data were analyzed

with FlowJo V.10.8.0 software.

Nanostring. The Nanostring (NanoString Technologies, Inc., Seattle, WA, USA) procedure was
performed to target 561 different Mouse Immunology panel (XT-CSO-MIM1-12, nCounter Mouse
Immunology kit V1CSO). Briefly, 250-1500 ng of ribonucleic acid (RNA) was hybridized to the capture
probe set at 65 °C for 16-24 h using a thermocycler. Samples were inserted into the nCounter Prep
Station to remove excess probes, purify, and immobilize the sample on the internal surface of a sample
cartridge for 3 h. Finally, the sample cartridge was transferred to the nCounter Digital Analyzer, where
color codes were counted and tabulated for each target molecule. The data counted by the digital
analyzer is read as a Reporter Code Count (RCC) file. RCC file contains not only positive and negative
counts but also in other words, it is data that counts the number of genes corresponding to a code set.
The expression number for the base sequence of the probe part was analyzed using nSolver Analysis

Software.

Statistical analysis. Sample sizes were not predetermined. All data are presented as a mean + SD
(standard deviation) from at least three separate experiments. Means were compared using a one-way
ANOVA test. P values were obtained by Microsoft Excel 365. P values are represented as *P < (.05,

**P < 0.01 or ***P < 0.001, which are considered to indicate significant differences.
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PART II-3. Results

1. Combination therapy with IR and ICB enhanced tumor growth inhibition.
In various syngeneic models, the tumor growth inhibition efficacy of IR and ICIs was assessed in four
allograft mouse models (Figure 16). The percentages of tumor growth inhibition (TGI) observed after
combination therapy were 101.6%, 102.1%, 22.4%, and 92.4% in MC-38 model mice on day 17 (Figure
16a), CT-26 mice on day 12 (Figure 16b), the LLC1 model on day 13 (Figure 16¢), and the B16-F10
model on day 7 (Figure 16d), respectively. The MC- 38 and CT-26 mice showed the most remarkable
antitumor effect after undergoing combination therapy. The TGI observed after ICB therapy alone was
66.6%, 5.4%, 6.6%, and 8.7% in the MC-38 model on day 17, the B16-F10 model on day 7, the CT-26
model on day 12, and the LLC1 model on day 13, respectively. The MC-38 model showed the highest
response to the ICB, and the B16-F10 and LLC-1 models showed similar growth compared to that
observed in the isotype-treated group. Moreover, in the MC-38 model, the highest inhibition was
observed when the tumor size was greatly reduced. These results demonstrated that combination therapy

could enhance the anti-tumor effect in different syngeneic models.
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Figure 16. In vivo tumor growth inhibition efficacy by combination therapy in syngeneic models
Tumor growth delay curve in MC-38, CT-26, LLC1 and B16-F10. Mice bearing MC-38 tumor were
i.p. administrated with anti-PD-L1 at a concentration of 5 mg/kg after irradiated with 5 Gy (a, n=5).
Data values are the mean =+ standard deviation. **p<0.01 (IR+Isotype vs [IR+anti-PD-L1). Mice bearing
CT-26 tumor were 7.p. administrated with anti-PD-L1 at a concentration of 5 mg/kg after irradiated with
20 Gy (b, n=5). Data values are the mean + standard deviation. **p<0.01 (IR+Isotype vs IR+anti-PD-
L1). Mice bearing LLC1 tumor were i.p. administrated with anti-PD-L1 at a concentration of 5 mg/kg
after irradiated with 5 Gy (c, n=5). Mice bearing B16-F 10 tumor were i.p. administrated with anti-PD-
L1 at a concentration of 5 mg/kg after irradiated with 12 Gy (d, n=5). Data are represented as mean +

standard deviation. Means were compared using a one-way ANOVA test. P values were obtained by
Microsoft Excel 365.
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2. Combination therapy with IR and ICB can induce memory immune response.

To confirm the enhancement of the anticancer efficacy by combination therapy and whether it
accompanies an immune response, a tumor re-challenge experiment was performed in the MC-38 model.
As shown in Figure 17, TGI was the highest at 107% after treatment with IR and anti-PD-L1. These
tumors were harvested and complete remission (CR) was observed in the primary tumors of three mice
(Figure 17d). To evaluate the induction of memory immune responses in the mice following
combination therapy, cells from the MC-38 model were re-implanted into the contralateral hind leg of
the primary tumor, which was not transplanted with a tumor. The results of this re-challenge experiment
showed no growth of the re-implanted tumors in cells treated with IR and anti-PD-L1; thus, indicating
CR (Figure 17b). Moreover, considerable changes in body weight were not observed, indicating that no
mice suffered from severe toxicity (Figure 17c). These results suggest that combination therapy could

enhance the anticancer effect of RT and induce memory immune responses.
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Figure 17. In vivo re-challenge experiment of combination therapy in MC-38 syngeneic model

Tumor growth delay curve, re-challenge tumor growth curve and body weight in MC-38. Mice bearing
MC-38 tumor were i.p. administrated with anti-PD-L1 at a concentration of 5 mg/kg after irradiated
with 5 Gy (a, n=5). Data values are the mean + standard deviation. ***p<0.001 (anti-PD-L1 vs IR+anti-
PD-L1). Re-implantation of MC-38 cells was s.c. injected on contralateral hind leg at day 18 (b, n=5).
Data values are the mean + standard deviation. **p<0.01 (IR+Isotype vs IR+anti-PD-L1). Change in
body weight of mice (c). After mice were sacrificed and tumor weight was measured at the end point
(d). Data are represented as mean + standard deviation. **p<0.01 (IR+Isotype vs IR+anti-PD-L1 in re-

challenged tumors). ***p<0.01 (IR+Isotype vs IR+anti-PD-L1 in primary tumors).
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3. Combination therapy with high dose-IR and ICB can induce the abscopal effect of RT.

According to previous experiments, systemic immunity is involved in combination therapy as is
evident from the results of the re-challenge experiment undertaken using the MC-38 model, and it was
expected that this could induce an abscopal effect. The effect could not be observed under an identical
regimen in the re-challenge experiment carried out with an MC-38 model implanted with tumor cells
into both hind legs. Therefore, the process was changed by increasing the radiation and anti-PD-L1 dose.
Consequently, following a combination therapy with high-dose IR (25 Gy) and anti-PD-L1, tumor
growth was found to be inhibited—and the survival rate had increased—not only in the irradiated
primary tumor (right) (Figure 18a), but also in the contralateral secondary tumor (left), which was never
irradiated (Figure 18b). Moreover, the combination therapy with high-dose IR and ICB showed in strong
therapeutic efficacy whereby all primary tumor-harboring mice and 2 out of 5 secondary tumor-
harboring mice became tumor-free (Figure 18e and f), resulting in a greatly enhanced survival rate
(Figure 18d). Considerable changes in body weight were not observed in this experiment (Figure 18c).
These results clearly demonstrated that the combination therapy with high-dose IR and anti-PD-L1

could induce an abscopal effect.
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Figure 18. Induction of abscopal effect by combination therapy in MC-38 syngeneic model

Primary (a) or secondary (b) tumor growth delay curve, body weight and survival curve in MC-38.
Mice bearing MC-38 tumor were i.p. administrated with anti-PD-L1 at a concentration of 10 mg/kg
after irradiated with 25 Gy (a, n=5). Data are represented as mean + standard deviation. **p<0.01 (anti-
PD-L1 vs IR+anti-PD-L1 in secondary tumors). Change in body weight of mice (c). survival rate curve
(d), **p<0.01. Individual tumor growth curve each mouse in primary tumor (right tumor, e) and
secondary tumor (left tumor, f). Data are represented as mean =+ standard deviation.
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4. Combination therapy with IR and ICB recruits tumor-infiltrating lymphocytes (TILs) and affects the
systemic immune response.

In vivo studies, combination therapy was found to improve the anticancer efficacy and the abscopal
effect of RT, which is presumed to be associated with the immune response. To assess the distribution
of immune cells expected to be involved in the underlying mechanism of this effect, TILs and peripheral
blood mononuclear cells (PBMC) of MC-38 model mice were analyzed. Among the TILs, the cytotoxic
T cells (CD8+ cells) showed an increase in number in the combination therapy group compared with
its number in the IR group on day 7, and this increase then initiated TGI (Figure 19b). Among the
PBMC:s, the number of effector memory T cells (TEM, CD8+CD44+CD62L-) was also significantly
increased in the combination therapy group compared to that in the IR group (Figure 20b). Thus, it
could be concluded that CD8+ T cells are involved in inducing the abscopal effect. Further, it is

noteworthy that memory T cells play an important role in the systemic immune response induced after
RT.
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Figure 19. Increase of CD8+ T cells in tumor-infiltrating lymphocyte after radiation plus ICB

The Flow cytometric gating strategy to analyze lymphocyte subsets in tumor-infiltrating lymphocyte
(a). Frequency of CD3+CD4+ T cells analyzed by flow cytometry after treatment of irradiation plus
ICB on day 7 (n=3) (b). Frequency of CD3+CD8+ T cells analyzed by flow cytometry after treatment

of irradiation plus ICB on day 7 (n=3) (c). Data are represented as mean + standard deviation.
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Figure 20. Increase of effector memory T cells (Tem) in PBMC after irradiation plus ICB
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The Flow cytometric gating strategy to analyze lymphocyte subsets in PBMC (a). Frequency of

effector memory T cells analyzed by flow cytometry after radiation plus ICB on day 7 (b). Frequency

of effector T cells analyzed by flow cytometry after radiation plus ICB on day 7 (c). Data are represented

as mean + standard deviation. *p<0.05 (IR+Isotype vs IR+anti-PD-L1).
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5. Analysis of gene expression related to the immune mechanisms involved in the abscopal effect of
RT
The NanoString nCounter Analysis System was used to screen genes involved in the abscopal effect
of combination therapy. A target gene is detected using a probe written specifically for it, and the oligo
end of each probe was labeled in a barcode format for 4 types of fluorescence, and each barcode was
synthesized to generate a specific signal. A total of 561 genes were compared, and it was confirmed that
the expression of 267 genes in the irradiated tumors and 91 genes in the non-irradiated tumors of
combination therapy group differed by more than 2-fold compared to that of those in the control,
irradiation, and anti-PD-L1 groups. A total of 4 genes in the irradiated tumors and 15 genes in non-
irradiated tumors showed overlapping expression between the monotherapy and combination therapy
(G1;Isotype vs. G4;IR+anti-PD-L1, G2;anti-PD-L1 vs. G4;IR+anti-PD-L1, G3;IR vs. G4;IR+anti-PD-
L1) groups, and each comparison was confirmed as shown in Figure 23. The top 20 mRNA hits in IR
or non-IR tumors treated with combination therapy that showed the highest fold change and significance
are shown in Tables 6 and 7. Cd74, Cul9, and H2-Abl were the three most affected genes in the
irradiated tumors of G4 compared with those of G3, whereas I/7r, Sh2d1a, and Bstl were the three most
expressed genes in the non-irradiated tumors of G4 compared with those of G3. Additionally, lots of
genes in top 20 of all compare were involved lymphocyte activation. In Figure 22, Venn diagrams show
the number of genes and their intersection at the level of RNA expression. In the diagram for G4 vs. G1
and G4 vs. G2, 11 common genes were found to be upregulated in the right tumor (IR) sets. However,
only 4 common genes between G4 vs. G1 and G4 vs. G2 were downregulated in the right tumor. There
was only 1 common gene between G4 vs. G1 and G4 vs. G3 in the list of the upregulated genes in the
right tumor, whereas the intersections with G4 vs. G3 and other groups in the set of downregulated
genes in the right tumor did not yield any common genes. In the upregulated gene list of the left tumor
(non-irradiated) for G4 vs. G1, G4 vs. G2, and G4 vs. G3, only 1 gene was found to be common, whereas

19 genes were commonly expressed between G4 vs. G1 and G4 vs. G3.
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Figure 21. Change of mRNA expression in abscopal effect models

Differential expression genes (DEGs) volcano plot of each comparison between groups on nCounter
Mouse Immunology genes panel (n=3). Right tumor was irradiated tumors, and left tumor was non-
irradiated tumors.
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Table 6. The list of top 20 in differential expression genes (DEGs) of irradiated tumor

IR
G4 vs. G1 Fogz fold G4 vs. G2 Fogz fold G4 vs. G3 Fog2 fold

change change change

Fegrt 3.36 Cerl2 2.84 Cd74 1.08
Maf 4.71 Fas 2.19 Cul9 -0.612
Cdknla 3.19 Cds3 2.16 H2-Abl 0.799
Cd97 4.76 Ddx58 -0.577 Fnl 1.19
Il6st 2.92 Ikbkb 1.09 Chuk 0.531

Ccl9 4.04 1110 2.13 Gpil -1.3
Tef4 2.58 Adal 1.9 Adal -0.92
Tollip 2.11 Casp2 1.46 Mrl -0.768
Gm10499 1.52 115 1.42 Stat2 0.985
Irak2 3.75 Cdknla 2.24 Abcbla -1.02
Cd48 4.25 Tapl -0.753 Hifla 1.02
Ube213 2 Nfil3 1.62 Frmpd4 -2.06
Cth 2.88 Tollip 1.22 113 -1.28
Icam2 2.39 il -3.98 Cer2 0.682
Lilrb3 3.91 1123r 243 Cdknla 0.349
Cer2 3.44 Fasl 1.6 Cxcr2 -2.14
Nfatc2 3.73 Cds59%b 3.33 Cd163 -1.27
Tyrobp 4.69 Cxcll3 4.78 Itgbl 0.414
Cd2 4.91 Cd79a 3.97 Vtn -1.04
Abll 1.95 14 3.91 Tnfrsf13c -2.09
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Table 7. The list of top 20 in differential expression genes (DEGs) of non-irradiated tumor

Non-IR
G4 vs. G1 Fogz fold G4 vs. G2 Fog2 fold G4 vs. G3 Fogz fold
change change change
07r 1.84 Cxcl3 2.04 07r 1.32
Slamf7 1.57 Cebpb 0.689 Sh2dla 1.35
Bstl 2.96 C7 -2.57 Bstl 2.36
S100a9 2.19 C2 0.611 S100a9 1.89
Prfl 1.85 Caspl 0.626 Slamf7 1.11
Msrl 1.74 Cd109 -0.491 S100a8 1.61
Thyl 1.35 Ikzf4 -2.1 Ddx58 -0.659
Ccl9 2.23 Nfkb2 -0.685 Clra 0.837
1rn 1.78 C6 -1.53 Maspl 1.4
Nos2 2.03 H2-Ob -2.04 Ccl9 1.55
Ddx58 -0.66 Lilra5 -2.09 Msrl 1.19
Maspl 1.46 113 -1.86 Prfl 1.07
Cer7 0.735 C8b -2.12 Ccl8 1.8
Stat4 1.6 Ikbkg 0.646 Cd247 1.06
Klrdl 1.5 Tnfsf13b -0.7 Nos2 1.6
Irf8 1.58 1112b -1.48 Thyl 0.97
Itgb2 1.61 Cd40lg -1.71 Gzmb 0.885
Fcgrl 1.53 Cer9 -1.28 Cls 1.39
Arhgdib 1.51 Clu 0.521 Stat4 1.03
Cd274 1.43 Cd209¢g -1.78 Bcel6 0.832
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Figure 22. Venn diagram showing the number of up-regulated (red) or down-regulated (green) genes
that overlapped of DEGs in the four groups (G1; Isotype, G2; anti-PD-L1, G3; IR, G4; IR+anti-PD-L1)
by NanoString.
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PART II-4. Discussions

RT is one of the cornerstone treatment modalities used across a spectrum of tumor types. It is also the
most used cancer treatment strategy, with approximately 50% of the patients with solid tumors receiving
curative or palliative irradiation as part of their treatment (94). RT induces single- and double-stranded
DNA breaks, which leads to apoptosis (95). In addition, it affects various processes in the tumor
microenvironment (TME) (96, 97), including vascular depletion (98, 99), endothelial cell death, stromal
fibrosis (100), degree of oxygenation (101) and the immune function (102, 103). With respect to its
effect on the immune function, RT enhances innate and adaptive antitumor immunity and modulates
several components of the immune response through various processes, such as 1) the exposure of neo-
antigen (104); ii) promotion of secreted proinflammatory cytokines, such as IL1 and IL6 (105, 106); iii)
enhanced expression of damage-associated molecular patterns, including calreticulin, high mobility
group box 1 (HMGB1), and ATP (107); iv) increased expression of MHC-I on tumor cells (108); v)
activation of the stimulator of interferon genes (STING) pathway leading to type-I interferon (IFN)
secretion (109, 110). Type-I IFNs can induce PD-L1 expression, which has been proposed to limit local
immunity and promote tumor relapse (102, 110). PD-L1 expression in the tumor microenvironment
provides an opportunity for therapeutic intervention using regulators, such as anti-PD-L1 and anti-PD-
1. In clinical trials, PD-L1 or PD-1 antibodies can elicit favorable responses in approximately 25% of
the patients depending on the tumor type. Moreover, the presence of PD-L1 is a prognostic biomarker
for predicting treatment success (111, 112).

Immunotherapy has emerged as a promising cancer treatment strategy, which directly stimulates the
immune system to induce immune cells and attack cancer cells, unlike conventional anticancer drugs
that target the tumor alone (113). Immune anticancer therapy is classified into immune checkpoint
inhibitor therapy (114), immune cell therapy (115), anticancer vaccines (116), and immune virus
therapeutics (117). Cancer cells have different properties compared to those of normal cells, with the
differing constituents being known as tumor-specific antigens. Immune cells, such as T cells specifically
detect these antigens and initiate the targeted removal of cancer cells (118). However, when the balance
between the proliferating cancer cells and the counter-acting immune system is disrupted, cancer cells
begin to show an increase in proliferation. In this process, cancer cells evade detection by the immune
system to avoid the attack by T cells (immune evasion) (119). This is called an immune checkpoint
(checkpoint), which is regulated by immune checkpoint receptors, such as PD-1, PD-L1, and CTLA-4.
Immune checkpoint inhibitors prevent the binding of PD-L1 and PD-1, thereby maintaining the immune

function of T cells (120). There are 3 immune checkpoint inhibitors that neutralize PD-1: Keytruda
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(pembrolizumab) (121), Opdivo (nivolizumab) (122) and Libtayo (cemiplimab) (123). Immune
checkpoint inhibitors that neutralize PD-L1 and restore the antitumor activity of T cells include
Tecentriq (atezolizumab) (124), Imfinzi (duvalumab) (125) and Bavencio (avelumab) (126). Yervoy
(ipilimumab) is another immune checkpoint inhibitor which inhibits the immune evasion capacity of
cancer cells by targeting CTLA-4 (127). Despite the conceivable advantages associated with
immunotherapy using checkpoint inhibitors, there are demerits of using them for cancer treatment (128).
To overcome some of these inherent limitations of this type of immunotherapy, several research studies
are currently investigating how combination therapies with checkpoint inhibitors and other forms of
antineoplastic treatment may benefit patients for the years to come (129-131).

Here, I investigated the anticancer efficacy of a combination therapy using irradiation and anti-PD-L1
in various syngeneic models (MC-38, CT-26, LLC1, B16-F10; Figure 16). The MC-38 and CT-26
models showed a synergistic effect displaying complete response (CR) by combination therapy
compared with the observations in the groups receiving individual treatment. Moreover, MC-38 cells
did not grow after the re-challenge implantation in CR mice of the MC-38 syngeneic model that were
subjected to combination therapy (Figure 17). Furthermore, I observed an increased frequency of CD8+
T cells in the TIL population of MC-38 tumors on day 7 following the combination treatment (Figure.
19). In addition, the high-dose irradiation (25 Gy) plus anti-PD-L1 combination treatment induced an
abscopal effect in the MC-38 syngeneic model, which showed CR in both the primary tumor (irradiated)
and the secondary tumor (non-irradiated) (Figure 18). Combination therapy showed an increase in the
frequency of effector memory T cells (TEM) among the PBMCs on day 7 (Figure 20). Based on these
results, I confirmed that the irradiation and anti-PD-L1 combination treatment resulted in an
enhancement of the anti-tumor immune response and the anticancer effect. Among the various immune
cell populations, the CD8+ T cells that were recruited to the tumors were the cells primarily involved
in executing this anticancer effect. This effect also alerted the systemic immune response; memory T
cells were found to play an important role in the activation of the systemic immunity and thereby, in
inducing the abscopal effect.

In conclusion, the RT and ICB therapy used in combination show a synergistic action, resulting in
enhanced anticancer effect compared to that obtained with each individual therapy and largely
overcome the limitation of localized RT. Thus, this investigation suggests that combination therapy with
radiation and immunotherapy is a promising new treatment strategy for enhancing the anticancer

efficacy of the treatment through the induction the abscopal effect.
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