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1. INTRODUCTION: The overall goal of this proposal is to understand how diacylglycerol kinase
alpha (DGKA or DGKa) modulates diacylglycerol lipid signaling pathways to influence T cell
function and related disorders. Proper immune response to infection and disease requires that T cells
are active and responsive. Activation of T cells occurs by presentation of Ag-peptides to naive T
cells. Ag-specific T cells become activated and can specifically fight foreign material by rapid
growth, moving to sites where the Ag is present, and producing molecules that serve as signals of
cytotoxicity. Diacylglycerols (DAGs) play a prominent role in T cell activation by serving as
messengers to recruit key proteins involved in signaling pathways that can control T cell function.
Termination of DAG signaling is important because it prevents overactive immune response and the
onset of autoimmunity. Diacylglycerol kinases (DGKS) are enzymes that prompt the conversion of
DAG lipids to phosphatidic acid (PA). DGKA plays a critical role in immunity by regulating DAG
signaling events. Strict balance between lipid, DAG, and enzyme, DGKA, is important in the
regulation of proper T cell function. Excessive amounts of DGA can result in T cell anergy, where
cells become only partially activated and unresponsive. This condition is highly noted in tumor
microenvironments. We seek to identify the precise role of DGKA in T cells in order to translate

DGK biology into novel therapies.

2. KEYWORDS: immunology; immunotherapy; lipid metabolism; T cell; melanoma; tumor; kinase;

cancer; diacylglycerol kinase; phosphatidic acid; chemical proteomics

3. ACCOMPLISHMENTS:
Specific Aim 1: Test our hypothesis that ritanserin binds to a novel allosteric site(s) of DGKA to
impart isoform specific inhibition.

Major Task 1: Mapping the ritanserin binding
site of DGKA using competitive ABPP and quantitative LC-MS



e Subtask 1: Producing recombinant DGK isoforms (5 isoforms in total: alpha, kappa, epsilon,
zeta, and theta plasmids have been validated in Hsu lab) in SILAC HEK293T cells
(commercial source: ATCC)

We completed this task in Year 1 and published our findings in References [1-3]

e Subtask 2: Preparing cell lysate treated +/- compounds for ABPP studies. Compounds to be
tested: ritanserin (DGK inhibitor) and ketanserin (DGK-inactive negative control probe).

We completed this task in Year 1 and published our findings in References [1-3]

e Subtask 3: Treating cell lysates with ATP acyl phosphate probe, enrichment, and preparation
for nano LC-MS

We completed this task in Year 1 and published our findings in References [1-3]
e Subtask 4: nanospray LC-MS analysis of samples prepared from ABPP analysis
We completed this task in Year 1 and published our findings in References [1-3]
e Subtask 5: Data analysis of nanospray LC-MS results by IP2 bioinformatics software
Major Task 2: Evaluating selectivity of ritanserin against kinase superfamily
e Subtask 1: UVA IACUC & USAMRMC ACURO review for all animal studies proposed

We received approval for the proposed animal studies from UVA IACUC in Year 1

e Subtask 2: Isolation and immunopurification (commercial source: Stemcell) of CD8+ T
cells from spleens of C57BL/6J [10 mice X 7 groups = 70 mice total]

Subtask 3: Culture and expansion of spleen CD8+ T cells using anti-CD3/CD28 beads
(commercial source: ThermoFisher) in SILAC media

We have successfully isolated CD8+ T cells from mouse spleens. We have also
activated splenic CD8+ T cells using anti-CD3/CD28 and demonstrated these
conditions can successfully expand these cells in culture. These unpublished data are

shown in Figure 1.
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Figure 1. We successfully isolated, cultured, and expanded spleen CD8+ T cells from
C57BL/6J mice. This data is work in progress and will be published in the future.

e Subtask 4: Preparing cell lysates treated with vehicle or ritanserin (100, 50, 10, 5, 1, 0.1
uM) for ABPP studies

Subtask 5: ATP acyl phosphate probe labeling and sample preparation for nano LC-MS

Subtask 6: nano LC-MS analysis
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Figure 2. Detection of active DGKa in primary human T cells using chemical proteomics
with ATP acyl phosphate probes.

We generated data showing that pretreatment of T cell proteomes with ATP (1 mM,
30 min, 25 °C) blocked DGKa active-site peptide (YPEKFNSR) enrichment

indicating active enzyme in T cells. Interestingly, we did not detect other DGK



isoforms in primary human T cells using our chemical proteomics approach. This
data support DGKa as a principal DGK isoform for targeting T cell biology (Figure

2).
Native DGKa active-site peptide

YPEK*FNSR
Ritanserin ATP
SR=6 SR>20

— YPEKFNSR - 618.8222++ (light)
— YPEKFNSR - 627.8334++ (heavy)

Figure 3. Detection and inhibition of native DGKa in cancer cell proteomes. MS1-
extracted ion chromatograms of the probe labeled active-site peptide of DGKa. Pre-
treatment of heavy A549 proteomes with ritanserin (100 pM) or ATP (1 mM)
resulted in inhibition of DGKa active-site peptide probe labeling (ritanserin SR =
6; ATP SR > 20). All experiments were measured 3 times (technical replicates in
LC-MS) using data from 3 independent biological replicates performed on separate
days (n = 9). Peak images are a representative image from an individual injection.

We also detected native activity of DGKa but not other DGK isoforms in A549
proteomes and showed that treatment with ritanserin potently blocks probe labeling
at the DGKa active site (Figure 3). Our findings that DGKa is expressed and active
in A549 cancer cells is important because one of our future goals is to use DGKa

inhibitors for activation of immunotherapy that can be synergistic with direct

killing of tumor cells.



e Subtask 7: Data analysis by IP2 bioinformatics software

We completed this task in Year 1 and published our findings in Reference [4]

Specific Aim 2: Elucidate the mechanism of action and therapeutic potential of ritanserin for cancer
immunotherapy.

Major Task 1: Determine endogenous substrates/products regulated by DGKA

Subtask 1: Isolation and immunopurification of CD8+ T cells from spleens of C57BL/6J [20
mice X 3 groups = 60 mice total]

Subtask 2: Lipid extraction from cells treated with vehicle, ritanserin, or ketanserin using
Folch method

Subtask 3: LC-MS analysis using PRM to measure endogenous 36:1, 40:5, and 40:6 DAG
and PA species altered in ritanserin-treated T cells

Subtask 4: Data analysis of PRM results

We established a tandem liquid chromatography-mass spectrometry (LC-MS/MS)
platform for comparing diacylglycerol (DAG) fatty acyl specificity across all 10
mammalian DGKSs. These findings were recently published in the following References

[5,6].

We also generated unpublished findings on the role of DGKs in regulation of DAG and
PA metabolism in human T cells. Using Jurkat cells where DGKa has been genetically
knocked out by CRISPR-Cas9’, we compared phosphatidic acid (PA) abundances in
Jurkat T-cells activated under anergic conditions to reveal a predominant role of DGKa
in mediating regulation of this signaling lipid. The results show that these genetic
DGKoa/C KO cells produce less PA lipids following induction of anergy with DGK{
having less of an effect overall. This downward trend in lipid abundance is reflected in

other lipid species, particularly with phosphatidylserine (PS), which is a known signal



for apoptosis. The degree to which this phospholipid experiences changes in metabolism
is related to the expression of DGKa with its KO and the double-KO experiencing the
most prominent shifts. Conversely, full stimulation of the TCR complex results in T-cell
activation and Jurkat cells in this state accumulate PA species in a DGKa/C expression-
dependent manner. Again, DGKa regulates these PA signaling lipids more so than
DGKC as the removal of the type 1 DGK isoform leads to higher dysregulation of their
abundances. Additionally, activation of DGKa or { KO Jurkats influences PS levels but

the double-KO results in accumulation of this phospholipid to a greater degree.

We plan to use these newly identified DGK lipid biomarkers from our HEK293T and
Jurkat T cell studies to target these lipids in primary mouse and human T cells to
understand the substrate specificity of this enzyme in T cell biology. These data are part

of works in progress that we plan to publish in the future.

Major Task 2: Test whether ritanserin modulates T cell biology and enhances anti- tumor
immunity

Subtask 1: Establishing preclinical melanoma models by injecting Pmel CD8+ T cell
transferred-C57BL/6J mice with B16F1 melanoma cells

Subtask 2: Treatment of tumor-bearing mice with vehicle, ritanserin, or ketanserin (50 mg
kg™ *, once daily)

Subtask 3: Isolate TIL and effector CD8+ T cells from vehicle/compound-treated mice by
flow cytometry

Subtask 9: Measure primary tumor size, lung metastases, and overall survival of ritanserin-
treated tumor-bearing mice [12 mice X 3 groups = 36 mice total]

We have generated data showing promising efficacy for ritanserin in combination with
the anticancer drug gefitinib in an established NRASQ¢!R-driven melanoma mouse

model developed by our collaborator Sheri Holmen?. We found that the combination of



oral ritanserin (100 mg/kg) and gefitinib (200 mg/kg) significantly increased survival

compared with delivery of either agent alone.

Importantly, 2 of 6 mice tested with the combination showed complete resolution of
their tumor beyond termination of therapy, and we observed increased CD8 T cell
infiltration in treated mice compared with controls. These studies were performed with
collaborators here at UVA including Tim Bullock, Michael Weber, Dan Gioeli, BJ
Purow, and Thurl Harris as well as Sheri Holmen at the University of Utah. Additional
replicate studies are needed to determine if this effect is reproducible across different
cohorts of mice. These data are part of works in progress and will be published in the

future.

Subtask 4: Assay proliferation of TILs and effector CD8+ T cells by CFSE and flow
cytometry [12 mice X 3 groups = 36 mice total]

Subtask 5: Assay IL-2 and IFN-gamma production by TILs and effector CD8+ T cells by
intracellular cytokine staining [12 mice X 3 groups = 36 mice total]

Subtask 6: Assay production of perforin and granzyme B by TILs and effector CD8+ T cells
[12 mice X 3 groups = 36 mice total]

Subtask 7: Assay viability of TILs and effector CD8+ T cells by CellTiter-Glo [12 mice X 3
groups = 36 mice total]

Subtask 8: Assay trafficking by TILs and effector CD8+ T cells by flow cytometry [12 mice
X 3 groups = 36 mice total]
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Figure 4. We established flow cytometry assays for evaluating proliferation (Ki67),
cytokine production (IFNy, IL-2, TNFa), and activation (CD25, CD44) of primary
CD8+ T cells. Primary CD8+ T cells were isolated from mouse spleens using
commercial immunopurification kits and activated using standard (CD3+CD28) or
anergic (CD3 only) conditions and subjected to flow cytometry analyses.

In collaboration with Tim Bullock’s group, we have established the proposed flow
cytometry assays to evaluate effects of ritanserin treatments on primary CD8+ T cell
function (Figure 4). The ability to assess activation, proliferation, and cytokine response
of T cells using flow cytometry will provide an important tool to understand ritanserin
pharmacology with high resolution at the single cell level. These data are part of works

in progress that will be published in the future.
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Figure 5. Chemical proteomic platform for activity-based profiling of native DGKs in T
cells. (A) Sulfur-triazole exchange (SuTEx) chemistry for driving innovations in developing
DGK activity-based probes and inhibitors. (B) LC-MS chemical proteomics to identify site
of binding (peptide sequencing by MS2) for ligands (DGK inhibitor) and substrates (PMA
is a DAG mimetic) by competition with TH211 probe labeling, which reduces probe-
modified peptide signals (+ inhibition, MS1) that can be quantitated by SILAC or isoTOP-
ABPP (for primary T cells) peptide ratios. Light (vehicle) and heavy (+competitor)
proteomes from lysate or live cell studies are mixed prior to protease digestion, enrichment
of probe-modified peptides, and LC-MS analyses.




As part of our exploration of DGKa inhibitors, we developed sulfur-triazole exchange
(SuTEx) chemistry as a new electrophile for covalent modification of tyrosine residues
across thousands of functional protein binding sites in lysates and live cells (Figure SA).
Importantly, we could modify the structure of SuTEx probes to achieve high selectivity
for tyrosine over other amino acids modified in the proteome (>5-fold). We believe this
new chemistry combined with our chemical proteomics technology (Figure 5B) can be
applied to improve the inhibitory activity of ritanserin (e.g. through development of a
covalent ritanserin analog) against DGKoa. These findings are published in the following
References [9,10]

A Working model of DGKa active site B TH211 (DGK SuTEx probe)
lipid recognition
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Figure 6. Proposed interdomain architecture and corresponding activity-based probes of
the DGKa active site. (A) The DGKa active site is composed of the C1, DAGKa, and
DAGKa domains based on our chemical proteomic and metabolomics studies. (B) TH211
is a DGK activity-based probe that binds and covalently modifies tyrosine residues in the
active site of native human DGKa in live T cells. TH211-modified sites on DGKa from
live T cell treatments (50 uM TH211, 2 hours) are depicted in A and detected using the
platform shown in Figure 4.
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Building on these studies, we developed a new DGK-directed SuTEx probe TH211 for
chemical proteomic evaluation of native DGKa active site through covalent binding to
tyrosine sites in the C1 (Y240), catalytic (Y477), and accessory domain (Y544, Y623) of
native DGKa (Figure 6A). Our rationale for developing tyrosine-reactive probes is the
capability for liganding phosphotyrosine sites (e.g. Y623 on DGKa., Figure 6B), which
presents an exciting opportunity for targeting DGK function through a post-
translational modification (PTM) site. These findings will be reported in a future

publication.

Subtask 10: Measure primary tumor size, lung metastases, and overall survival of ritanserin
treatment in immunodeficient mice [12 mice X 3 groups = 36 mice total]

We did not complete this task because we are still finishing analysis of ritanserin
effects in immunocompetent mice (see findings from above). We plan to complete this

task in future studies.
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What opportunities for training and professional development has the project provided?

In year 1, two of my senior graduate students were provided the opportunity to share and present
their research via poster presentations at the Spring 2018 255" American Chemical Society
National Meeting in New Orleans, LA. Both students were also provided the opportunity to present
posters of their research and one student gave an oral presentation at the highly competitive 2018
Bioorganic Gordon Research Seminar and Bioorganic Gordon Research Conference in Andover,
NH. In year 2, three of my senior graduate students were provided the opportunity to share and
present their research via poster presentations at the highly competitive 2019 Gordon Research
Conference on High Throughput Chemistry & Chemical Biology in New London, NH. In 2020,

travel for students was not possible to the COVID-19 pandemic.

How were the results disseminated to communities of interest?

Results from our studies were disseminated to the chemistry and cancer community in the form of

peer-reviewed manuscripts and conference abstracts both at the American Chemical Society,
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Bioorganic Gordon Research Seminar, and the American Association for Cancer Research. In
addition, I was invited to present a seminar at 30+ universities and institutions in the past 3 years to
discuss my DGK research. We have also listed our publications on the lab website (hsulab.com),
which provides additional opportunities for the local, national, and international general public to see

the outcomes from our proposed studies.

What do you plan to do during the next reporting period to accomplish the goals?

Nothing to report.

IMPACT:

Our studies have impacted the chemistry and cancer immunology field by revealing that DGKa is
active in primary human T cells and blockade of this enzyme has profound effects on T cell
metabolism. We have also shown that ritanserin can kill tumor cells at concentrations that are non-
toxic to noncancerous primary immune cells and demonstrates the synergistic potential of this drug
for chemo- and immuno-therapy. In this last year, we also have generated preclinical data in mouse
models showing the promising efficacy of ritanserin for activating CD8+ T cell responses to control
tumor outgrowth and a cohort of mice. We also introduced new chemistry to further improve
the inhibitory activity of ritanserin by converting into a compound that works through a
covalent mechanism. Collectively, our studies continue to explore the druggability of DGKa

and how blockade of this enzyme can be exploited for activating T cells in the tumor environment.

What was the impact on other disciplines?

13



Our findings have impacted fields outside of chemistry and cancer immunology by showing the lipid
biology field that chemical biology approaches can provide fundamental information on how lipid
kinases select lipid substrates in cells. We continue to pave the way for innovative chemical

approaches to tackle lipid kinases.

What was the impact on technology transfer?

We introduced new covalent chemistry that can impact therapeutic and drug discovery by our group
and the wider academic and pharmaceutical industry. We discovered new lipid biomarkers for DGKa
function in T cells. We believe these findings will not only enable drug discovery efforts in our group

but also allow other research group and pharmaceutical companies to explore this target.

What was the impact on society beyond science and technology?

We believe our studies and findings have broader impacts in society by continuing to show our
commitment to drug fat metabolism for immuno-oncology. Working with fats, especially as
signaling molecules, is challenging and we are enthusiastic about educating the public and

providing tools for the wider scientific community to study these metabolites.

CHANGES/PROBLEMS:

Changes in approach and reasons for change

Nothing to Report.

Actual or anticipated problems or delays and actions or plans to resolve them
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Nothing to Report.

Changes that had a significant impact on expenditures

Nothing to Report.

Significant changes in use or care of human subjects, vertebrate animals, biohazards, and/or
select agents

Nothing to Report.

Significant changes in use or care of human subjects

Nothing to Report.

Significant changes in use or care of vertebrate animals
Nothing to Report.
Significant changes in use of biohazards and/or select agents

Nothing to Report.

6. PRODUCTS:

o Publications, conference papers, and presentations
Journal publications.
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o Other Products
Nothing to Report.
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