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Many studies to date are centered on how SUMOQylation promotes cancer cells
proliferation, but emerging information suggests that SUMOylation also regulates anti-tumor
immune response and the tumor microenvironment. Here, with a clinical-stage small
molecular SUMOQylation inhibitor, TAK-981, | investigated the effects of SUMOylation
inhibition in immune-competent mouse models of head and neck cancers. TAK-981 treatment
of the mouse significantly prolonged survival and induced completed regression in some
cases. The “cured” mice are resistant to rechallenge with the same tumor cells, indicating the
formation of immunological memory. Single-cell transcriptomic analysis showed that
treatment with the SUMOylation inhibitor decreased terminal exhausted T cells and increased
T helper cells in the tumor microenvironment. Besides immune cells, | observed that the
SUMOylation inhibitor synergized with IFN-y in upregulating major histocompatibility
complex (MHC) class I, which is essential for presenting neoantigen on cancer cells. Based
on these findings, | performed combination therapy of the SUMOylation inhibitor with an
immune checkpoint inhibitor (anti-PD1) that showed improved efficacy than the monotherapy

groups.
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Chapter 1 INTRODUCTION

Small Ubiquitin-like Modifier (SUMO), a protein, and the process of adding SUMO to
target protein (SUMOylation) were discovered in 1995, and previous studies discovered that it
has prominent functions in cellular regulation of transcription, DNA repair, cell cycle
progression, protein translocation?. In SUMOylation, a SUMO protein is covalently attached to a
target protein via the catalysis by multiple enzymes, including the E1 activating enzyme, the E2
conjugating enzyme, and the E3 SUMO ligase. Briefly, a SUMO-specific E1 activating enzyme
activates the C terminus of a mature SUMO protein, forming a SUMO-adenylate conjugate®*.
Then, the activated SUMO protein is transferred from the E1 activating protein to the E2
conjugating enzyme with the formation of a thioester linkage**®. Finally, SUMO E3 ligases
transfer a SUMO protein to the target protein by forming an isopeptide bond between the SUMO
protein’s C-terminus and a Lys side chain on a target protein®. SUMOylation is reversible by

different SUMO-specific proteases that are also known as sentrin-specific proteases (SENP)* 78,

With this reversible post-translational modification on the target proteins, the SUMO proteins
and SUMOylation process can regulate many aspects in cells. Since SUMOQylation is widespread
in all types of cells, there have been many studies about how SUMOylation affects cancer cells
since 1995. Still, the functions of SUMOylation in immune cells remain poorly understood,
especially in anti-tumor immune response®.

TAK-981, a SUMOylation small molecular inhibitor, was developed by Takeda
Pharmaceuticals. Through covalently binding to a SUMO protein and non-covalently binding to
thereby terminating the SUMOylation process®. In a previous study on the effect of TAK-981 in
anti-tumor immune response, it was found that TAK-981 can activate dendritic cells to promote

T cell priming*!. Also, it was shown that TAK-981 synergizes with an immune checkpoint



inhibitor (anti-PD1) in a colorectal cancer model*!. However, because immune cell infiltration
and neoantigen development are dependent on tumor types and the organs where they are
located, studies of anti-tumor immune response need to be carried out in additional tumor types.
In studies presented in this thesis, | investigated the role of TAK-981 in the modulation of tumor
cells, tumor immune microenvironment, and tumor-draining lymph nodes in head and neck
syngeneic models.

Head and neck squamous cell carcinomas (HNSCC) or head and neck cancer, in short,
generally represent a type of cancer that occurs in the oral cavity, pharynx, and larynx. Head and
neck cancer was the seventh most common cancer around the world*?. In 2023, new cases of
head and neck cancer rose to 54,540 people, including 39,290 males and 15,250 females in US*3.
Human papillomavirus (HPV) infection and tobacco consumption are considered two main
causes of head and neck cancer. The HPV-caused HNSCC will gradually diminish when more
people receive vaccination4. Also, HPV-positive patients have a better prognosis than HPV-
negative patients*2. Thus, tobacco-induced HNSCC is still one of the deadly threats to public
health. Generally, the standard of care for HNSCC are surgery, pembrolizumab (programmed
death 1 antibodies), pembrolizumab combined with chemotherapy (gemcitabine or cisplatin) and
chemo-radiotherapy®®. Those standards of care will bring ~68% of the 5-year survival rate to
HNSCC patients®®. For survivors, post-therapy quality of life is significantly compromised due to
surgery, resulting in difficulty in eating/drinking and speaking®®. Immunotherapies, like
pembrolizumab, are revolutionary breakthroughs in many types of cancer treatments, including
HNSCC, by inducing spontaneous and durable remissions. However, the overall response rate of
pembrolizumab in HNSCC is ~18%!’. Therefore, it is necessary to target novel mechanisms to

enhance the spontaneous response rate and long-term survival in HNSCCY'.



Animal models are widely used in cancer therapeutic studies. Wang et al. developed a
transplantable model using a 4MOSC1 cell line. This model was developed from a carcinogen-
induced tumors which resulted from repeating the application of 4-nitroquinoline-1 oxide to mice
through the water supply. This 4AMOSC1 cell line shared 93.9% similarity with human cancer
signature 48, which is strongly related to tobacco consumption®®. The similarity is not only in
gene signature, but 4AMOSC1 also mimics the human HNSCC immune microenvironment,
making it a clinically relevant mouse model to study immune therapy in HNSCC. It was
demonstrated that this 4AMOSC1 model has only limited response to immune checkpoint inhibitor
(anti-Pd1); only ~20% of mice reached completed regression upon administration of mouse anti-
PD1 immune checkpoint inhibitor, which is similar to human HNSCC response rate toward
pembrolizumab?®,

Major histocompatibility complex class | (MHC-1) molecules with their bond peptides
are present in all types of cells in humans and mice. Cellular proteins are cleaved into
oligopeptides by the ubiquitin-proteosome pathway, which are then presented by MHC-I
molecules to the cell surface. CD8" T cells, which can recognize those MHC-I presented peptide
antigens, will apply cytotoxicity toward recognized cells. Many cancer cells impair or eliminate
this pathway to evade T cell recognition?°. In many previous studies, MHC-1 is a target gene of
type I interferon (IFN-I) and interferon-gamma (IFN-y)?22, Demel et al. reported that the
SUMOylation inhibitor TAK-981 can robustly synergize with IFN-y to enhance MHC-I
expression on multiple blood cancer cells?3. Because SUMOylation inhibition in myeloid cells,
which are abundant in the tumor microenvironment, can stimulate the production of IFN-1 and
IFN-y, I investigated whether TAK-981 can synergize with IFN-I or IFN-y to increase MHC-I

expression on epithelial cancer cells.



T cells play a critical role in antitumor immunity, including its cytotoxicity, immune cell
activation, immune cell suppression, and even immune memory function. T cell differentiation
starts with naive T cells’ T cell receptors (TCR) recognizing presented antigen peptide by MHC-
| or Il on antigen presenting cells (APC). Upon TCR-MHC interaction, CD3 protein on T cells
initiate downstream intracellular signaling. Besides CD3 protein, other costimulatory and
adhesion proteins, such as CD28, 4-1BB, and LFA-1, form large multimolecular complexes to
enhance TCR-MHC interaction. With TCR-MHC recognition and amplification of costimulatory
factors, these specific antigen-recognized T cells are activated, differentiated, and expanded
according to their expression of either CD8 or CD4 and then they will leave APC to actively
seek cancer cells that present the same MHC molecules that interact with their TCR. When CD8*
T cells interact with MHC-I, they will differentiate into cytotoxic T cells that release granzyme B
and perforin to kill cancer cells®*.

T helper cells are subtypes of CD4+ T cells and can be classified as interleukin-12-driven
Th1 cells and interleukin-4-driven Th2 cells, in which Thl T cells are traditionally considered
antitumor factors due to its secretion of IFN- y that polarizes macrophages toward the M1
phenotype?®. Also, higher amounts of Th1 T cells in tumors were related to better prognosis in
various types of tumors?®. In this study, we assessed the TAK-981 effect on Th1 cells in the
tumors, tumor-draining lymph nodes, and spleen via single-cell RNA sequencing or flow
cytometry.

After activation and differentiation into either cytotoxic CD8+ T cells or CD4+ helper T
cells, the T cells with TCR-MHC specific recognition will go over a process called clonal
expansion in which antigen-specific T cell populations expand to amplify their function toward

eliminating cancer cells. In cancers, chronic stimulation by cancer-related antigens leads to T cell



differentiation into exhaustion due to long-term activation. In exhaustion states, T cells will lose
their effector functions, including the secretion of cytokines and tumor cell killing?’. Recently,
researchers found that there is an intermediate state called Stem-like T cells (or, being called by
TCF1*/PD-1%, stem-like exhausted T cells in some literature) between exhausted T cells and
activated T cells and plays an important role in the success of immune checkpoint inhibitor?2°
3031 These specific stem-like T cells possess functions like restoring exhausted T cells' killing
effects. In this study, I investigate the effects of SUMOQylation inhibition on T differentiation in a
head and neck tumor microenvironment and tumor-draining lymph nodes.

Before activated T cells become exhausted, some of them will differentiate into memory
T cells, including stem-like memory T cells (Tscwm), central memory T cells (Tewm), and effector
memory T cells (Tem), which play an important role in antitumor immunity2. Overall, these
memory T cells have less stringent requirements for the second activation toward cancer cells.
The Tcwm cells, compared to Tewm cells, produce higher levels of cytokines, have stronger
cytotoxic activity in vitro, and last longer than Tewm cells in vivo®*343, In studies of melanoma,
head and neck cancer, and non-small cell lung cancer, a higher TCM population also showed a
positive correlation with better clinical outcomes37°%. Considering the importance of memory T
cells in antitumor effect, | analyzed the Tcm and Tem cell populations in the tumor, tumor-
draining lymph nodes, and spleen of 4MOSC1 head and neck cancer-bearing mice via flow
cytometry.

Regulatory T cells (Treg) are differentiated from CD4" T cells with upregulation of
forkhead box P3 (FOXP3) transcription factor and interleukin 2 (IL-2) receptors. With higher IL-
2 receptor surface expression, Treg competes effectively with CD8" T cells for IL-2, a cytokine

that leads to T cells' expansion to suppress immune response®’. The regulatory, or suppressive,



function of Treg is critical to prevent unhealthy strong immune responses. In healthy adult mice,
the elimination of Treg cells caused the death of mice due to the overreacted immune system
under diphtheria toxin condition®. However, in the tumor microenvironment, a higher Treg
population showed a correlation with poor prognosis®®. Wang and colleagues showed that
depletion of Treg in 4MOSC1 tumor-bearing mice resulted in slower tumor growth'®. In my
study, I investigated the population of Treg in the tumor microenvironment and tumor-draining

lymph node via single-cell RNA sequencing and flow cytometry.



Chapter 2 METHODS and MATERIALS

2.1 Cell line and Cell culture

The 4AMOSC1 and MOC1 mouse head and neck squamous cell carcinoma cell lines were
kindly given by J. Silvio Gutkind's lab at the Moores Cancer Center. 4AMOSC1 cells were
cultured in Defined Keratinocyte-SFM medium with mouse epidermal growth factor (5 ng/mL),
cholera toxin (0.05 nM), and 1% antibiotic/antimycotic (Anti-anti) solution in a collagen pre-
coated plate. 0.4 mg/mL of collagen with 1% of acetic acid were used to coat the cell culture
plate for 15-20 minutes, and the coated cell culture plates were washed with phosphate-buffered
saline twice before seeding cells. The MOC1 murine HNSCC cell line was cultured in 62.6%
HyClone Iscove’s Modified Dulbecco’s Medium (sh30228.02, cytiva) with 31.3% hams nutrient
mixture (sh30026.01 cytiva), 5 % heat-inactive fetal bovine serum, 1% Anti-anti, 5 mg insulin
(16634-50mg, Sigma Aldrich), 40 ug hydrocortisone (HO135-1mg, Sigma Aldrich) and 5 ug

human recombinant epidermal growth factor (01-107, EMD Millipore).

2.2 Orthotopic tumor implantation

Prior to 4AMOSCL1 tumor cell implantation, the cells in the cultured dish were washed with
phosphate-buffered saline once and loosened by 1 mL of 0.25% trypsin. The trypsin digestion
process was terminated by adding 10 mL of 10% fetal bovine serum and 1%
antibiotic/antimycotic Dulbecco’s Modified Eagle Medium. The cells then were resuspended in
the cultured medium at 500,000 per 40 microliters; the cells will only be used for tumor
implantation once their viability is >85% via Countess 3 Automated Cell Counter (ThermoFisher
Scientific). For tongue, 4AMOSC1 tumor implantation, 500,000 (in 40 puL cell-resuspended

culture medium) 4MOSC1 cells were injected into the tongue of female C57BL/6 mice (6-8



weeks of age from the Jackson Laboratory) under isoflurane anesthesia condition. Prior to
MOC1 tumor cell implantation, the plates were washed with PBS and changed media 2-6 hours
before harvest. Right before tumor inoculation, the plates with cells were washed with PBS once
and treated with 5 mL 0.25% trypsin. After around 10 minutes, the plates were observed to make
sure cells were rounded and floating. The trypsin digestion process was terminated by adding 10
mL MOC1 cultured media. The cells were then spined down and resuspended in PBS. This spin-
down and resuspend procedure were repeated once to eliminate residue MOC1 culture media,
and the cells were resuspended in PBS at a final density of 1 million cells per 16.66 uL. For each
16.66 uL MOC1-PBS solution, 33.3 uL of cultrex basement membrane extract (3432-010-01,
R&D system) were added. For tongue MOC1 tumor implantation, 1 million (in 50 ul of 1:2 PBS
and cultrex basement membrane extract mixture) MOC1 cells were injected into the tongue of
female C57BL/6 mice (6-8 weeks of age from the Jackson Laboratory) under isoflurane
anesthesia condition. Following tumor implantation, 5 consecutive days of visiting were done
with a well record. On day 5, after tumor inoculation, soft food was supplied to help the mice
with the tongue tumor swallow. The mice were sacrificed at the indicated time points or the
endpoint, which was determined when the mice’s tumor was> 8 mm in greatest diameter or

ulcerated.

2.3 Tongue tumor size measurement

After 5 days of tumor implantation, mice were observed, and tongue tumors were
measured twice a week. During the tongue tumor measurement, the mice were first anesthetized
with an isoflurane anesthesia machine (VetEquip, #901807S0). Then, the unconscious mouse

was placed under a nose cone, which provided a constant low dose of isoflurane-oxygen mixed



gas. The mouse tongue was brought out by a tweezer and the tumor was measured by dental

castroviejo caliper.

2.4 In vivo antibodies and small molecular drug dosing

SUMOylation inhibitor TAK-981 (CT-TAK981) was ordered from Chemitek and first
diluted in dimethyl sulfoxide (DMSO) at 120 mg/mL. The first-diluted TAK-981 then further
diluted with 5% dextrose, 20% kolliphore EL water solution (vehicle solution). The mouse
would receive 15 mg of TAK-981 per kilogram bodyweight (A 20-gram mouse will receive 0.3
mg of TAK-981). TAK-981 dosing was applied twice a week through intraperitoneal injection.
The anti-mouse programmed death-1 (anti-PD-1) antibody (BP0146) was ordered from BioxCell
and was diluted in BioxCell InVivoPure pH 7.0 Dilution Buffer (IP0070). Every mouse under
anti-PD-1 treatment will receive 10 mg of anti-PD-1 per kilogram bodyweight (A 20-gram

mouse will receive 0.2 mg of anti-PD-1) three times a week through intraperitoneal injection®,

2.5 Mouse sacrifice and cell collection from mouse

For flow cytometry and single-cell RNA-seq, the tumor, lymphatic, spleen, or peripheral
blood mononuclear cells (PBMC) were collected from 4MOSC1-bearing mice at day 15 after
tumor implantation. The tongue tumors were resected at day 15 and cut into pieces at 3-4 mm in
size. Tumor pieces were then put into a Miltenyi Mouse Tumor Dissociation kit (130-096-730)
and ground by gentleMACS™ Dissociator according to the manufacturer’s recommendations for
tumor dissociation. After tumor dissociation, the tumor tissue was digested, and the digested
tissues were passed through 70 um to acquire single-cell suspension. Then, red blood cells in

tumor single-cell suspension were lysed by ACK Lysing Buffer (Gibco A1049201) via



submerging the single-cell suspension solution in ACK lysing buffer for 2 minutes at room
temperature. The red blood cell-free single-cell suspension solution will then be subjected to a
downstream analysis experiment. After tumor training, lymph nodes were collected from
mice44, and the lymph nodes were ground on a 70 um strainer. The cells that pass the strainer
will be collected for future study. Spleens were collected from mice and placed on a 70 um
strainer for grinding. The post-strainer spleen cells were then placed in ACK Lysis Buffer to
remove red blood cells. After red blood cell removal, the spleen cells were used for downstream
analysis. After collecting mouse blood through heart punctuation with 20 pL
ethylenediaminetetraacetic acid (EDTA), the blood was layered on the same volume of
Lymphoprep (STEMCELL, 07851) buffer in a tube. This 2-layer solution was then centrifuged
at room temperature at 800 x g for 20 minutes. Then, the proper layer of PBMC was collected

and ready for downstream analysis.

2.6 Flow Cytometry Sample Acquire and Analysis

Single-cell suspension solution from Tumor, spleen, or lymph node and isolated PBMC
were washed with cell staining buffer (2% FBS, 5mM EDTA, and Dulbecco’s Phosphate-
Buffered Saline). Then, the cell suspensions were first stained with Zombie yellow (Biolegend,
423104) (1:100) at room temperature for 15 minutes, protected from light to identify dead
cells—the cells' suspension solution after Zombie yellow staining was then washed three times
with cell staining buffer. Cell surface staining was processed for 30 minutes at 4 °C protected
from light with the following anti-mouse antibodies: CD45 (Cytek, 30-F11), CD3 (BD
biosciences, 563565), Viability blue Live/Dead (ThermoFisher, L23105), CD8 (ThermoFisher,

368-0081-82), CD4 (Bio-Rad, MCA2691SBUV605), CD69 (Bio-Legend, 104530), CD62L
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(Bio-Legend, 104450), CD44 (ThermoFisher, 365-044-82), CD127 (Bio-Legend, 158214),
CD25 (Bio-Legend, 102048), TIM3 (Bio-Legend, 134010), PD1 (BD biosciences, 568603),
CD11c (Bio-Legend, 117368), CD103 (BD biosciences, 566118), TIGIT (BD biosciences,
565270). After cell surface staining, the cells were first washed three times with cell staining
buffer and then fixed at 4% formaldehyde solution at 4 °C for 30 minutes, protected from light.
A wash process was performed after fixation. If intracellular staining is needed, the post-surface-
staining cells were permeabilized and fixed with Foxp3/Transcription Factor Staining Buffer Set
(ThermoFisher, 00-5523-00) according to the manufacturer’s recommended procedures. Anti-
mouse intracellular antibodies were TCF1/7 (Cell signaling, 14456S), FOXP3 (ThermoFisher,
MAJ5-18160), Thet (BD biosciences, 568167), TOX (BD biosciences, 570193). Post-intracellular
staining cells were washed twice with permeabilization buffer diluted according to the
manufacturer’s manual. Samples were acquired using NovoCyte Advanteon Flow Cytometer
System 1-3 Lasers or Cytek Aurora 5L full spectrum Cytometry, and FlowJo TM v10 Software

analyzed the acquired data.

2.7 Single-cell RNA sequencing sample preparation and data analysis

In both the control and SUMOi treated groups, two mice’s tumor single-cell suspension
solutions of the same groups were evenly combined and labeled with either the control or
SUMOi group. For single-cell library construction, the mixed single-cell suspension solution
from tumors was subjected to a dead cell removal kit (Miltenyi Biotec, 130-090-101). The cells’
viability was determined by Countess 3 automated Cell counter (ThermoFisher Scientific), and
the dead cell removal procedure was repeated if the cells’ viability was lower than 90%. Then,

10,000 cells from each group were used for library construction. The 10,000 single-cell
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suspensions were first used for RNA extraction, reverse transcription, and polymerase chain
reaction (PCR) with Chromium Next GEM Single Cell 3 HT Reagen Kits v3.1. At this step, a
barcode, a unique molecular identifier (UMI), and a poly(dT) primer were attached to each RNA
fragment to identify reads that originate from the same cell, removing repeated DNA duplicates
after the PCR step and initiating reverse transcription with PCR. Then, the barcoded UMI and
poly(dT) primer attached were selected for cDNA amplification for the library. In the library
construction step, the cDNA samples from each group were first subjected to enzymatic
fragmentation to cut the long cDNA into pieces that were suitable for sequencing. And adaptor
oligos were attached to those cDNA pieces. Excess adaptor oligos were removed with magnet
beads from samples. Then, sample indexes were attached to the adaptor oligos attached cDNA
pieces. Size selections were performed on both adaptor oligos and sample index attached
samples, in which excess sample index fragments and cDNA fragments that are not suitable for
sequencing will be removed. Quality control was done with an Agilent Bioanalyzer High
Sensitivity chip by a UCSD IGM Genomics Center staff. Then, the library was sequenced on an
Illumina NovaSeq 6000 S4 at 200M reads per sample.

Data analysis was performed in R with Seurat*!.

2.8 Cell lysis and western blot

TAK-981 treated or untreated cells in 6 wells plate were lysed with 200 pL 25% 4x
Laemmli SDS non-reducing buffer, 5% p-mercaptoethanol, and 70% ultra-pure water. Right
after adding the lysis buffer, the plate with cells was scraped and collected into tubes. Then, cell
lysates were sonicated at 20 MHz and 10 seconds four times; a 30-second interval was held

between each sonication, and the samples were kept on ice during 30-second intervals. After four

12



times of sonication, DNA degradation was determined by the viscosity of the sample and the
non-viscous samples were boiled at 99 °C for 30 minutes to denature the protein. Denatured
protein samples were loaded to 10-wells NUPAGE™ 4 to 12 %, Bis-Tris, 1.0-1.5 mm, Mini
Protein Gels (Invitrogen, NP0321BOX). Then, proteins were transferred from the protein gel to
the nitrocellulose membrane (Invitrogen, Nitrocellulose/Filter Paper Sandwich, 0.2 um, 8.3 x 7.3
cm) in a cold room. The nitrocellulose membranes with transferred protein were blocked by 5%
non-fat milk for 1 hour at room temperature. Primary antibodies SUMO2/3 (cell signaling, 4971)
and GAPDH (Invitrogen, MA5-15738) were applied to membranes in a cold room via overnight
incubation. On the second day, the primary antibodies attached to the membranes were collected
from the cold room and washed for 15 minutes with Tris-Buffered Saline with Tween 20 three
times at room temperature. Then, the membranes were incubated with fluorescent secondary
antibodies (1:10000) for 45 minutes at room temperature. Secondary antibodies bind membranes
were washed 15 minutes with Tris-Buffered Saline with Tween 20 for three times at room

temperature and imaged by the Odyssey detection system (LICOR)

2.9 Statistical analysis

The statistical analysis of data was calculated using GraphPad Prism for Windows. The
significance of flow cytometry data between the experimental and control groups was measured
by independent t-test, one or two-way ANOVA with multiple comparisons. The significance of
the survival test between the experimental and control groups was measured by the Kaplan-
Meier method and log-rank tests. In the figures, the * represents P <0.05, the ** represents P <

0.01, and the *** represents P < 0.001.
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Chapter 3 RESULTS

3.1 SUMOylation inhibition by TAK-981 in human and murine HNSCC cell line

Before studying the effect of SUMOQylation inhibition on mouse tumor models in vivo,
we validated that TAK-981 can inhibit SUMOQylation in both human and mouse HNSCC cell
lines in vitro. Human UM-SCC-47 and murine MOC1 HNSCC cells were treated with 100 nM
TAK-981 for 24 hours; then the extracted protein was used to perform western blot for
SUMO?2/3 protein (Figure 3-1 (A), (B)). Under 100 nM TAK-981 treatment, less SUMO2/3:poly
protein conjugation was detected in both cell lines, which indicated that TAK-981 effectively

inhibited SUMOylation activity in these cancer cells.
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Figure 3-1: Western blot for SUMOQylation in human and murine HNSCC cell line. (A). Western
blot of UM-SCCA47 cells extracted protein for SUMO 2/3 protein. Lane 1: protein ladder. Lane 2:
SUMO2/3 western blot for UM-SCCA47 extracted protein with vehicle control. Lane 3:
SUMO2/3 western blot for UM-SCCA47 extracted protein with 100 nM TAK-981 treatment for
24 hours. (B). Western blot of MOCL1 cells extracted protein for SUMO 2/3 protein. Lane 1:
protein ladder. Lane 2: SUMO2/3 western blot for MOC1 extracted protein with vehicle control.
Lane 3: SUMO2/3 western blot for MOC1 extracted protein with 100 nM TAK-981
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3.2 SUMOylation inhibitor enhanced survivals in 4MOSC1 HNSCC tumor-bearing mice,
and responding mice showed immunological memory

To establish a tumor model, we implanted 500,000 murine HNSCC 4MOSC1 cells on
mouse tongues. When tumors formed, mice were treated with TAK-981 by intravenous (1V)
injection. The SUMOQylation inhibitor significantly increased mouse survival (Figure 3-2 (A)).
Since the tongue tumors are visible and accessible, tumor volume measurement was carried out.
In the TAK-981 mono-therapy group, the median survival was significantly extended compared
with the control group. Also, the tumor in one mouse completely regressed in the TAK-981
treated group (Figure 3-2 (A)). An endpoint of the experiment is ulcer formation in tumors.
TAK-981 treatment slowed down ulcer formation in the tongue tumors. The mouse that TAK-
981 cured was injected with the same tumor cells 49 days after the complete regression. A naive
mouse was also injected with the same tumor cells as a control group. The previously treated
mouse quickly rejected the tumor from the second implantation of 4MOSC1, while the control
mouse developed a tumor that developed an ulcer on day 11, reaching the experimental endpoint

(Figure 3-2 (D)).
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A).

Figure 3-2. Evaluation of the effect of SUMOQylation inhibition in the 4MOSC1 murine model.
(A). 4AMOSC1 tumor on mouse tongue (B). Survival rates of the control group (treated with
vehicle) and the TAK-981-treated group. Mice were injected with 500,000 4MOSC1 cells on
their tongues. (C). Tumor volume vs. Days plot from (A). (D). Tumor volume vs. Days plot of
the tumor rechallenge experiment on a naive mouse and the cured mouse shown in (B).
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Figure 3-2. continued
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Figure 3-2. continued
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3.3. Investigation of the effect of SUMOylation inhibition on the murine HNSCC tumor
microenvironment using single-cell transcriptomics

To understand why the SUMOylation inhibitor was able to enhance survival of
4MOSC1-bearing mice, we conducted single-cell RNA sequencing analysis on tumor-
dissociated single cell suspension. In 4AMOSC1-bearing mice, the tumors from both the vehicle
control group and TAK-981 treated group were collected at day 15 after tumor inoculation (n=2
in each group). The gene library was constructed according to Chromium Next GEM single Cell
3> HT v3.1 (dual index) protocol from 10x Genomics. The library was then sequenced. For
downstream analysis, we first used hierarchical clustering to separate the cells into 18 different
cell types. Due to our finding of immunological memory formation in the rechallenge experiment
(Fig. 3-2), we further analyzed T cell-related processes. T cells cluster 1 and 2 in Figure 3-3 (A)

and (B) that express Cd3e, Cd8a, and Cd4.
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Figure 3-3. Single cell transcriptomic analysis of the 4MOSC1 tumors. (A) UMAP of 4AMOSC1
tumor tissue single-cell RNA-seq. ctrl_ HNSCC: vehicle control group. tak HNSCC: TAK-981
treated group. (B) heatmap of hierarch clustering on 4MOSC1 tumor tissue.
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3.4 Single-cell transcriptomics revealed that SUMOylation inhibition impacts T cell
differentiation and activation

We further sub-clustered Cd3e expressing cells (T cells) into 11 clusters to define T cell
subsets according to literature: CD8*CD11c* T cells (Cd8b1, Itgax)*?, helper 2 T cells (Cd4,
Gata3)*, effector T cells (Cd8a, Gzmb, Tbx21, Ifng, Tnf)*, stem-like T cells (Tcf1, Tox, Sell,
Ccr7)?, regulatory T cells (Cd4, Foxp3, Gzmb)*, terminal exhausted CD8+ T cells (Cd8a,
Foxp3, Gzmb, Havcr2, Lag3)*®, helper 1 T cells (Cd4, Tbx21, Ifng)*, NK T cells (Cd3e,
Klrb1c)*" and three unknown groups that are of small population (Figure 3-4 (A), (B)). In Figure
3-4 (C), a proportional test of T cell subsets was performed, and we found fewer CD8+CD11c+
T cells in the TAK-981 treated tumors. CD11c is expressed at levels on most dendritic cells, but
can also be found on monocytes, macrophages, neutrophils, and some B cells. CD11c, also
known as integrin alpha-X, mediates cell-cell interactions*®*°, The functions of CD11c
expressing CD8+ T cells in anti-tumor immunity are unclear. One report suggested that they
have CD4* T cell depletion function*?. There were no significant changes in the populations of
effector T cells, stem-like T cells, or regulatory T cells. However, we found that the terminal
exhausted T cell population was decreased in the TAK-981 treated group. In addition, the
effector T cells in TAK-981 treated tumors have increased expression of IFN-y and tumor
necrosis factor alpha (TNFa) compared with effector T cells in the vehicle group. This data
suggests that TAK-981 treatment increased the cytotoxic function of effector T cells. Taken
together, these findings indicate that SUMOQOylation inhibition reduced T cell exhaustion and

enhanced T cell activation and effector function.
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Figure 3-4. Single cell transcriptomic analysis of T cells. (A). UMAP of T cell subsets.
ctrl_HNSCC: control group, tak HNSCC: TAK-981 treated group. (B). Heatmap of T cell subset
clusters in CD3* cells. (C). Proportional test of each subset of T cells in CD3" cells, ctrl: control
group, tak: TAK-981 treated group. (D). The violin plot shows the differences in IFN-y, TNFa,
and granzyme B expression levels in effector T cells. Teff_tak: effector T cells in TAK-981
treated group. Teff_ctrl: effector T cells in the control group. The numbers above the plot
represent the adjusted P value.
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Figure 3-4. continued
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Figure 3-4. continued
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Figure 3-4. continued
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3.5. TAK-981 treatment increased effector memory T cell population in tumors of the
HNSCC mouse model as shown by flow cytometry

To validate our finding from single-cell transcriptomics, | carried out flow cytometry on
collected tumor tissue from HNSCC-bearing mice. | found that both CD4* and CD8" effector
memory T cells (CD127*CD44*CD62L°)°*! are significantly increased in the TAK-981 treated
group. Increased expression of effector marker CD44 is consistent with findings from single cell
transcriptomics that TAK-981 treatment increased T cell effector function (Figure 3-5 (A) and
(B)). The expression of CD127, the receptor for IL7, is associated with T cell self-renewal
potential®. Therefore, SUMOylation inhibition, increased self-renewal potential of T cells. In
addition, terminally exhausted T cells (CD8*PD1*TCFTOX")>® were reduced in the TAK-981
treated group (Figure 3-5 (A)). Consistent with single-cell data, we also observed a decreasing
trend in CD8"CD11c* T cells that remains further investigated. Taken together, these findings
suggest that SUMOylation inhibition increased T cell activation and the expression of a surface

receptor (CD127) known to enhance memory formation and reduced T cell exhaustion.
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Figure 3-5. Flow cytometry analysis of 4MOSC1 tumors. (A). CD8*PD1" T cells,
CD8'PD1*TCF1* T cells, CD8*PD1"TCF1"TOX" T cells, CD8"PD1*TCF1*TOX" T cells,
CD8'PD1'TCF1TOX" T cells, CD8"CD127" T cells, CD8"CD127"CD44*CD62L" Tewm cells,
CD8'CD127"CD44*CD62I" Tcwm cells, CD8'CD69* T cells, CD8"CD103" T cells, CD8*TIGIT*
T cells and CD8*CD11c* T cells population in 4MOSC1 bearing mice tumor. CTRL.: vehicle-
treated, TAK-981: TAK-981 treated. The numbers above the bars represent the P value. (B).
CD4"CD69* T cells, CD4*CD25"FOXP3* T cells, CD4*CD127* T cells,
CD47CD127°CD44*CD62L" Tem cells, CD4*CD127"CD44*CD62I" Tcm cells and CD4*Thet*
Th1 cells population in 4AMOSC1 bearing mice tumor. CTRL: vehicle-treated, TAK-981: TAK-
981 treated. The numbers above the bars represent the P value.
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3.6 SUMOylation inhibition synergized with IFN-y and IFN-a to upregulate MHC-I
expression on murine HNSCC cell surface

CD8 T cells recognize and kill tumor cells through binding to MHC-I that present tumor-
specific antigens (neoantigens). Thus, a mechanism for tumor cells to escape from anti-tumor
immunity is through the downregulation of surface MHC-I expression®*. Analysis of single cell
transcriptomics showed an increase of MHC-I genes in TAK-981 treated tumor cells. In the
UMAP plot of all cell types in a tumor (Figure 3-3 (A)), clusters 12 and 13 expressed high
Epcam levels, an epithelial cell marker, and the highest Krt5, a marker of 4AMOSC1 tumor
cells®®. Therefore, these two groups are 4MOSC1 cancer cells. We compared MHC-I (H2-K1,
H2-Q6, H2-Q4, H2-D1, H2-Q7, and H2-Q10) expression levels between SUMOylation
inhibition and control groups (Figure 3-6 (A)). The expression of H2-K1 and H2-D1, which are
MHC-Ia genes widely expressed, was upregulated in the TAK-981 treated group compared with
the control group in vivo.

Then, we tested whether H2-K1 and H2-D1 protein levels on tumor cell surface increased
and determined whether SUMOQylation inhibition of tumor cells has a direct effect in increasing
their upregulation by treating the tumor cells with TAK-981 in vitro and probing these MHC-I
proteins via flow cytometry. Besides TAK-981, we also examined the effect of IFN-y and type |
IFN due to their well-known function of increasing MHC-1 expression and that inhibiting
SUMOylation in T and myeloid cells in the tumor microenvironment could increase the
expression of IFN-y and IFN- (an IFN binding to the same receptor as IFN-o.). Treatment of the
cancer cells with TAK-981 alone did not significantly increase these MHC-I. As described
previously in the literature?>?2, IFN-y and IFN-a were able to upregulate MHC-I expression on

the 4AMOSC1 cell surface. Interestingly, TAK-981 enhanced IFN-y or IFN-a-induced MHC-I
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expression on 4MOSC1 cells (Figure 3-6 (B), (C), (D) and (E)). These data indicate that
SUMOylation inhibition increases the expression of MHC-I on cancer cells through stromal cells
in the tumor microenvironment, and the direct inhibition of TAK-981 on tumor cells further

enhanced the effects mediated by the stroma cells.
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Figure 3-6. Regulation of MHC-1 expression on tumor cells by SUMOylation inhibition. (A).
MHC-1 molecule gene expression level on cancer cell from the single cell RNA-Seq data. Cancer
cells_tak: cancer cells cluster from the TAK-981 treated group. Cancer cells_ctrl: cancer cells
cluster from vehicle treated group. (B). Fluorescent median intensity peak chart of MHC-I levels
in flow cytometry. The unstained control group is cells mixed from all groups without anti-
mouse MHC-I antibodies, The Control group was treated by DMSO, TAK-981 group was
treated by TAK-981 at 100 nM for 24 hours, IFN-y group was treated by 100U/mL IFN-y for 24
hours, combination group was treated by 100 nM TAK-981 and 100U/mL IFN-y for 24 hours.
(C). The fluorescent median intensity for each group from (B) was calculated from FlowJo and
plotted in a dot plot for statistical analysis. (D). Fluorescent median intensity peak chart of
MHC-I levels in flow cytometry. The unstained control group is composed of cells mixed from
all groups without anti-mouse MHC-1 antibodies. The control group was treated by vehicle; the
TAK-981 group was treated by TAK-981 at 100 nM for 24 hours; the IFN-a group was treated
by 100U/mL IFN-a for 24 hours, the combination group was treated by 100 nM TAK-981 and
100U/mL IFN- o for 24 hours. (E). The fluorescent median intensity for each group from (D)
was calculated from FlowJo and plotted in a dot plot for statistical analysis.
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Figure 3-6. continued
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Figure 3-6. continued
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3.7. Examine the combination of SUMOylation inhibition with anti-PD1 immune
checkpoint inhibition

A combination of TAK-981 and PD1 blocking immune checkpoint inhibitor (ICI)
therapy is currently in a Phase Il clinical trial, but head and neck cancer is not included.
Therefore, |1 examined the effect of this combination in NHSCC models. This combination is
logical scientifically because anti-PD1 ICI presumable acts on T cells, and TAK-981
monotherapy significantly improved the survival of mice with HNSCC, enhanced T cell
activation, and inhibited the T cell differentiation into terminally exhausted phenotype in the
tumor microenvironments.

| first treated mice with TAK-981 and anti-PD-1 ICI concurrent combination dosing in
MOC1 and 4MOSC1 HNSCC-bearing mice. In MOC1 tumor-bearing mice, the concurrent
combination dosing group showed better survival than the vehicle and each monotherapy group.
The tumor volume versus days also showed that the combination group had significantly smaller
tumor sizes compared with the anti-PD-1 group (Figure 3-7 (A) and (B)). In the TAK-981
monotherapy group, similar to what | found in the 4AMOSC1 model, one of the seven mice had
complete tumor regression, while the anti-PD1 monotherapy group had two out of seven
complete regressions, and the combination group had three out of eight complete regressions.
The combination group also had significantly increased survival. Therefore, TAK-981 and anti-
PD1 ICI showed synergism in the MOC1 model.

However, in the AMOSC1-bearing mice, | found that the therapeutic effect of combining
TAK-981 and anti-PD-1 ICI therapy varies (Figure 3-7 (C), (D), and (G)). The 4AMOSC1 model
generally responded much better to anti-PD1 ICI than the MOC1 model. In addition, in the three

independent experiments, the response to anti-PD1 depends on the number of cancer cells
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implanted, although treatment started at identical tumor volumes in all experiments. The
response to anti-PD1 monotherapy depends on how many tumor cells were implanted to produce
the tumors, with those grown from implanting 200,000 cancer cells showing the best response
(Figure 3-7 (D)) and those grown from implanting one million cancer cells showed the worst
response (Figure 3-7 (F)). For mice implanted with 500,000 cancer cells, not only their response
to anti-PD1 monotherapy were different over the two independent experiments, but also the
combination of TAK-981 with anti-PD1 showed different outcomes with one enhanced cure
rates and one reduced cure rate (Figure 3-7 (C), (D) and (G)). This finding indicates that the
4MOSC1 cell line tends to change during culturing and passage. | also investigated whether
sequencing the treatments can improve efficacy. Because TAK-981 can modulate T cell
differentiation, | first dosed mice with TAK-981 only, and then anti-PD-1 ICI was added, as
shown in Figure 3-7 (E). Sequencing the combination of two therapies did not improve survival
(Figure 3-7 (F)). Altogether, we found that TAK-981 can induce complete, durable remissions in
both the 4AMOSC1 and MOCL1 models. However, the efficacy of combination of TAK-981 with
anti-PD1 varied among different tumor models. The underlying mechanism of this variation

needs to be further investigated.
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Figure 3-7. Evaluation of the efficacy of the combination of SUMOylation inhibition with anti-
PD1 ICI. (A). Survival of mice that developed tumors from injecting 1 million MOC1 cells.
Vehicle: vehicle-treated, TAK-981: TAK-981 treated, anti-PD1: anti-PD-1 antibodies treated,
TAK-981+anti-PD1: TAK-981 and anti-PD1 treated. *, p < 0.05 when comparing the
combination group with the vehicle or with the TAK-981 treated group. (B) Tumor volume vs.
days of the MOC1 model in Vehicle: vehicle treated, TAK-981: TAK-981 treated, anti-PD1:
anti-PD1 antibodies treated, TAK-981+anti-PD1: TAK-981 and anti-PD1 treated. *, p < 0.05
when comparing the combination group with the anti-PD1 group. (C). Survival of mice that
developed tumors from injecting 500,000 4MOSCI1 cells. Vehicle: vehicle treated TAK-981.:
TAK-981 treated, TAK-981+anti-PD-1: TAK-981 and anti-PD-1 concurrently treated. (D).
Survival of mice bearing tumors developed from injection of 200,000 4MOSCL1 cells. Vehicle:
vehicle treated, TAK-981: TAK-981 treated, anti-PD-1: anti-PD-1 antibodies treated, TAK-
981+anti-PD-1: TAK-981 and anti-PD-1 concurrently treated. (E). Treatment scheme of TAK-
981 anti-PD-1 antibodies sequential strategy (F). (F). Survival of mice bearing tumors developed
from injection of 1 million 4MOSCI1 cells. Vehicle: vehicle treated, TAK-981: TAK-981 treated,
anti-PD-1: anti-PD-1 antibodies treated, TAK-981+, then anti-PD1: TAK-981 and anti-PD-1
sequential treatment as shown in (E). (G). Survival of mice bearing tumors developed from
injecting 500,000 4MOSCL1 cells in anti-PD-1: anti-PD-1 antibodies treated, TAK-981+ anti-
PD1: TAK-981 and anti-PD-1 treated.
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Figure 3-7. continued
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Figure 3-7. continued
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Chapter 4 CONCLUSIONS and FUTURE DIRECTIONS

In this study, we investigated the effect of SUMQylation inhibition on tobacco-induced
head and neck cancer mouse models. SUMOylation inhibition can induce prolonged survival and
can induce cures. My data demonstrated the development of adaptive immunity against tumors.
The effect is likely through both tumor-cell specific and immune cell-specific mechanisms.
Regarding tumor cells, | found that the MHC-I is upregulated by SUMOylation inhibition with
TAK-981 in vivo. Because MHC-I is necessary for the presentation of neoantigen for T cell
recognition and Killing of tumor cells, the increase in MHC-I likely contributes to the therapeutic
effects of SUMOylation inhibition. In vitro studies using tumor cell lines showed that
SUMOylation inhibition alone did not increase MHC-1 expression, but SUMOylation inhibition
enhanced interferon-induced MHC-I increase. This finding suggests that the in vivo increase of
MHC-I is likely through cytokines produced by the immune cells in the tumor
microenvironment. For T cells, | found that SUMOylation inhibition reduced terminally
exhausted CD8" T cells, increased effector memory T cells, and increased cytotoxic functions of
effector T cells. 1 also investigated the combination of the SUMOylation inhibitor with an anti-
PD1 antibody. Unexpectedly, | found that the effect varied among the different models.

Several questions need further investigation. The importance of MHC-I upregulation in
SUMOylation-dependent therapeutic benefit needs to be demonstrated by knocking down MHC-
I in tumor cells and then determining the effects on SUMOylation inhibition-mediated
therapeutic benefit in vivo. In addition, the mechanism of how SUMOQylation inhibition
synergized with IFNs to increase MHC-I expression is unknown. Furthermore, how MHC-I

expression changes with the duration of the exposure remains to be explored.
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The lack of synergism combining TAK-981 with anti-PD-1 ICI with the 4AMOSC1 model
in most experiments indicates that combining one efficacious immune therapy with another
efficacious immune therapy does not necessarily produce additive or synergistic effects. This
finding highlights the importance of understanding the mechanism by which biomarkers are
developed to predict synergism. Such studies are of timely importance because this combination
is currently in clinical trials in multiple solid tumors under the assumption that I made when
testing the combination in the head and neck cancer models. The synergism therapeutic effect
could be tumor model dependent, but further optimizations to improve the 4AMOSC1 model's
reproducibility are required.

In this study, I only investigated the tumor microenvironment. Tumor-draining lymph
nodes and spleen, which are also important for immune therapy response®, need further
investigations. Also, more validations toward the single-cell RNA-Seq finding are needed, for

example, using immunofluorescent real-time quantitative PCR on tumor tissues.
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