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Abstract

The immune system possesses a remarkable ability to distinguish between “self’ and
‘non-self’ antigens to help maintain homeostasis. A key mechanism underlying this
capability is the presentation of peptides on the major histocompatibility complex (MHC).
This process is essential for mounting immune responses against infectious disease and
cancer. Notably, many FDA-approved cancer immunotherapies, including checkpoint
inhibitors and cancer vaccines rely on the recognition of MHC-displayed antigens by
effector immune cells. However, the continued success of these therapies depends on
the identification of conserved cancer antigens and a deeper understanding of the

biological mechanisms governing antigen presentation.

Cancers can escape immune detection by eliminating cancer-specific antigens. One class
of these antigens includes neoantigens, which are modified peptides presented on MHC
that arise from tumor-specific alterations. Cancer cells can avoid immune recognition of
their neoantigens by either (1) losing neoantigen expression or (2) downregulating MHC
molecules, thereby reducing antigen presentation. Given the central role of antigen
presentation in immune surveillance, understanding the mechanisms that drive
neoantigen loss and MHC downregulation is critical for developing more effective
immunotherapies. Additionally, understanding the biological pathways behind the
generation of neoantigens also aids in identifying promising neoantigens to target. By
elucidating these pathways, we can refine existing immunotherapies and identify new

approaches to improve immune targeting of cancer cells.

Chapter 3 details the selective delivery of a neoantigen to cancer cells using a pH(low)
insertion peptide (pHLIP). pHLIP selectively integrates into the membranes of cells in
acidic environments and facilitates the transport of large molecules, including peptides,
across the cell membrane. The acidic tumor microenvironment is a well-conserved
feature across cancer, driven by the increased energy demand and the resulting
production of lactic acid through glycolysis. Here, we demonstrate that pHLIP can
efficiently deliver a model neoantigen across the cell membrane and into the antigen
presentation pathway in a pH-dependent manner. Furthermore, brief treatment with the
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conjugate enables neoantigen-specific T cells to recognize the peptide-MHC complex,

highlighting the potential of this strategy for enhancing immune targeting of tumors.

Next, we addressed the challenge of MHC-I downregulation, a common immune evasion
strategy, by developing a screening platform to identify small molecules that enhance
MHC-I surface expression. Loss of MHC-I is observed in various tumor types, including
colorectal cancer, and is associated with resistance to checkpoint inhibition therapy. In
Chapter 4, we identify promising chemical scaffolds that increase MHC-I display on
colorectal cancer cells. Through screening diverse classes of compounds reported to
upregulated MHC-I, we found that a purine-based scaffold derived from heat shock
protein 90 inhibitors exhibited the most robust activity. To further optimize this scaffold,
we employed a click-chemistry-based approach to rapidly generate and evaluate
hundreds of derivatives, selecting those that enhance MHC-I expression while minimizing

toxicity relative to the parent compound.

In Chapter 5, we investigated how enzymatic post-translational modifications (PTMs)
influence the antigen presentation pathway. Peptides modified with PTMs represent a
significant class of cancer-specific neoantigens. However, the molecular basis of their
immunomodulatory effects remains poorly understood for most PTMs. We hypothesized
that PTMs play a critical role in modulating peptide affinity for MHC-I as well as recognition
by T cells through their T cell receptors (TCRs). To test this, we integrated experimental
data with computational modeling to assess the impact of various PTMs on peptide-MHC-
| binding affinity. Additionally, we observed substantial changes in TCR recognition of
modified peptides, suggesting that TCR specificity is a key determinant in the immune

response to modified self-antigens.

While most modified self-antigens presented on MHC-|I arise from nonenzymatic
modifications, their impact on the immune response remains less understood. In Chapter
6, we investigated how nonenzymatic modifications influence the antigen presentation
pathway. Specifically, we assessed their effects on MHC-I binding affinity and TCR
recognition. Additionally, we also identify key changes in peptide presentation between
unmodified and modified cancer-associated MHC peptides. Finally, we are developing an

enrichment strategy to map sites of nonenzymatic modifications displayed on MHC to
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provide insights onto the role of the modification on immune responses. This is particularly
significant given that many inflammatory conditions involve the release of electrophilic
molecules capable of nonenzymatically modifying proteins, potentially shaping immune

recognition and response.

Finally, in Chapter 7, we examine how intracellular pathogens evade both immune
defenses and antibiotic treatment. Bacteria have evolved strategies that allow them to
survive within host cells, where they are shielded from immune effectors and antimicrobial
agents. A key challenge in treating intracellular infections is determining whether reduced
antibiotic efficacy stems from bacterial phenotypic changes or limited antibiotic
accumulation within intracellular compartments. To address this, we developed a method
to incorporate a bioorthogonal alkyne handle into the peptidoglycan of Staphylococcus
aureus, enabling the quantification of azide-modified antibiotic accumulation. By
comparing the kinetics of azide-modified antibiotic accumulation with alkyne-labeled
peptidoglycan in S. aureus residing within macrophages, we aimed to elucidate the extent

to which antibiotics reach intracellular pathogens.
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Chapter 1 Introduction

1.1 Major Histocompatibility Complex

The Major Histocompatibility Complex (MHC) plays a crucial role for the immune system
by enabling the identification and elimination of foreign entities. It was first identified in
1936 when researchers sought to understand the molecular mechanisms underlying
organ transplant rejection.” Since then, extensive investigations have focused on its role
in antigen presentation and immune detection. MHC proteins, also known as MHC
molecules, function primarily by displaying antigens on cell surfaces, where they are
recognized by specific immune cells.? There are two main classes of MHC molecules:
MHC class | (MHC-I) and MHC class Il (MHC-Il). These classes differ in the types of
antigens they present, the cells that express these proteins, and the immune cells they
interact with.? Both MHC-I and MHC-II are essential for mounting immune response

against pathogens and cancer.*

MHC-I is responsible for presenting peptides derived from the cytosol to CD8+ T cells. It
is expressed on the surface of all nucleated cells, allowing for continuous immune
surveillance.® If a peptide being presented is a foreign antigen, the interaction between
the peptide MHC-I complex (pMHC) and the T cell receptor (TCR) on CD8+ T cells
triggers their differentiation into cytotoxic T lymphocytes (CTLs).6 These CTLs then target
and destroy the cells displaying the peptide antigen. While most pMHC complexes
present endogenous peptides, virally infected cells will have viral proteins present in the
cytosol. These proteins are degraded into peptide fragments and presented on MHC-I,
forming virus-specific pMHC complexes. This enables CTLs to recognize and eliminate
infected cells by detecting viral peptides through their TCRs.” Besides viral infections,
MHC-I can also display peptides from other intracellular pathogens like bacteriaé and
fungi® as well as disease-associated peptides in conditions such as cancer’ and

autoimmunity. 70

MHC-I has evolved several mechanisms to present various peptides derived from diverse
sources. A key mechanism is its promiscuous peptide-binding groove, which allows a

single MHC-I molecule to display thousands of unique peptide sequences.’’ Additionally,
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each individual expresses six MHC-| alleles, selected from over 35,000 known alleles in
the human population.’ The high degree of polymorphism in MHC-I genes enhances the
ability of the immune system to recognize a broad range of pathogens. The vast diversity
of MHC-I molecules and the peptides they can present ensure effective antigenic peptides

to CTLs and improve the population’s ability to respond to various infectious agents.

CD8* T cell

\@Of\ m . Peptides

Proteins in Proteasome

the cytosol t
or nucleus

Figure 1.1 MHC-I antigen presentation pathway

Reproduced from?2.

Peptides presented on MHC-| are primarily derived from the cytosol, typically as products
of protein degradation by the proteasome’3 or from errors in protein translation, such as
defective ribosomal products.’ While most cytosolic peptides are fully degraded by
cytosolic proteases, some are transported from the cytosol to the endoplasmic reticulum
(ER) via the transporter associated with antigen processing (TAP).5 In the ER, these
peptides can interact with MHC-I molecules. If necessary, the proteases ERAP1 and

ERAP2 can further trim the peptides to the correct length (typically 8-12 amino acids) to
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ensure proper binding into the MHC-I peptide binding groove.’¢ Additionally, numerous
chaperone proteins, including TAP, tapasin, Erp57, and calreticulin, form the peptide
loading complex (PLC) to help stabilize MHC-I and facilitate peptide loading.?” If a peptide
fails to bind to MHC-I, then it is translocated back into the cytosol and degraded.’® Once
a peptide is successfully loaded onto MHC-I, the pMHC is transported to the cell

membrane to display the peptide antigen to CTLs for immune surveillance (Figure 1.1).79
1.2 Major Histocompatibility Complex Class Il

MHC-II, however, differs from MHC-I in that MHC-II expression is primarily restricted to a
subset of immune cells known as professional antigen presenting cells (APCs) such as
dendritic cells, macrophages, and B cells.# Additionally, MHC-II presents peptides to a
distinct type of T cells known as CD4+ T cells.?0 CD4+ T cells recognize antigens
presented on MHC-II through their TCRs, but the unlike CD8+ T cells, their activation
typically does not result in a cytotoxic response. Instead, antigen recognition by CD4+ T
cels promotes their differentiation into T helper (Th) cells.?” These T helper cell cells are
critical in supporting the immune response by secreting cytokines that enhance CTL

activity.??

MHC-II also differs from MHC-I in the source of peptides it presents, and the mechanism
by which the peptides are loaded. Instead of primarily presenting intracellularly derived
peptides, APS mainly acquire extracellular material through various processes such as
micropinocytosis, phagocytosis, and endocytosis, as well as some cytosolic material
through autophagy.# Once trapped in an early endosome, captured proteins can be
processed either in lysosomes or in late endosomes/MHC class Il-enriched compartment
(MIIC). From here, endosomal proteases, such as the various types of cathepsins,
degrade endosomal trapped proteins. Importantly, if the protein being processed contains
disulfide bonds, they can be reduced in the lysosome by gamma-interferon-inducible
lysosomal thiol reductase (GILT).23 Additionally, before MHC-II is loaded with new peptide
it is first bound to the class ll-associated invariant chain peptide (CLIP).2# CLIP can be
released by the glycoprotein DM to allow for endosomal trapped peptide to bind to MHC-
[1.25 26 Once loaded, the pMHC-II complex is transported from the endosome to the cell

surface. The exact mechanisms of this transport are not well understood and may vary
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among different types of APC.27. 28 However, once on the cell surface, the pMHC-II

complex is displayed for recognition by CD4+ T cells (Figure 1.2).
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Figure 1.2 MHC-II antigen presentation pathway
Adapted from?.
1.3 T Cell Response to MHC

As mentioned previously, the different classes of MHC present peptides to distinct T cell
populations that have distinctive functions. In the case of MHC-I, the pMHC complex is
presented to TCRs on CD8+ T cells that initiate a cytotoxic immune response. The TCR
is composed of an o and B chain, each containing both a variable and a constant
domain.?? The variable domains are responsible for recognizing the specific pMHC-I it
has been trained to detect. The constant domain consists of a transmembrane domain
that anchors the receptor to the cell membrane and interacts with CD3 which is a critical
signaling component.3? A recognition event between the variable domain of the TCR and
the pMHC-I recruits the kinase Lck to phosphorylate CD3 and induce a downstream
signaling cascade.3’ Critically, the TCR signaling must be accompanied by a co-
stimulatory signal to fully activate the CD8+ T cell and enable a cytotoxic response.32 This
typically involves CD28 receptors on CD8+ T cells binding to the co-stimulatory ligand

B7.1 or B7.2 on the antigen-presenting cell. Once fully active, CD8+ T cells secrete the
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pore forming protein, perforin, along with various granzyme proteases that trigger

apoptosis in the target cell.33

In addition to positive modulators of TCR activation, CD8+ T cells also express negative
modulators of activation known as immune checkpoints. The most studied immune
checkpoints are programmed cell death receptor 1 (PD-1) along with cytotoxic T-
lymphocyte associated protein 4 (CTLA-4).3436 This family of proteins is responsible for
binding to their respective ligands on other endogenous cells to ensure that T cell
activation does not become uncontrolled.3” Immune checkpoints also are known markers

of T cell exhaustion in which the CD8+ T cells have reduced cytotoxic capabilities.3?

In the case of MHC-II, peptides presented on MHC-II are recognized by CD4+ T cells
which then differentiate into various subsets types of Th cells.3? Upon antigen recognition,
CD4+ T cells differentiate into T helper 1 (Th1), T helper 2 (Th2), T helper 17 (Th17),
follicular helper T cells (Tfh), or regulatory T cells (Tregs).#? Each of these subsets have
specialized roles in immunity, including responses to intracellular pathogens, extracellular
bacteria, allergies, and immune regulation.4’ The differentiation of CD4+ T cells into these
subsets depends on the type of APC presenting the antigen, as well as the cytokine

environment during activation.4?

Th1 cells and Tregs play the most significant roles in terms of modulating CD8+ T cell
activity. Th1 cells primarily secrete the pro-inflammatory cytokines interferon-gamma
(IFNy) and interleukin-2 (IL-2) which enhance CD8+ T cell response. IFNy promotes the
activation and expansion of CD8+ T cells while IL-2 helps promote the differentiation of
CD8+ T cells into memory T cells ensuring a durable immune response.#?2 However, Tregs
play an important role in preventing overactive immune responses. Tregs achieve this
through the secretion of anti-inflammatory cytokines such as IL-10, IL-35, and
transforming growth factor-beta (TGF-B). These cytokines suppress CD8+ T cell

response to prevent autoimmunity or excessive inflammation.43

1.4 Neoantigen Presentation in Cancer

The biological function of antigen presentation through MHC has traditionally been
recognized for its role in combating infectious diseases. However, there is growing
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interest in leveraging antigen presentation via MHC for cancer treatment. Typically, T cells
undergo negative selection in the thymus which removes CTLs that recognize
endogenous peptides to prevent autoimmunity.#4 However, in cancer, alterations in the
proteome of tumor cells can generate novel peptide sequences not found in healthy cells.
Therefore, these new peptides, or neoantigens, are not subject to negative selection and
can be recognized by the immune system enabling a cancer-specific response. Many
neoantigens result from DNA mutations which are a hallmark of cancer development.#®
Additionally, neoantigens can also arise from aberrant post-translational modifications
(PTMs), dysregulated RNA splicing, integrated viral DNA, and a variety of other

mechanism.?

Neoantigens are unique in that their expression is restricted to cancer cells.6 In contrast,
most targeted therapeutics for cancer therapy obtain their specificity to cancer by
targeting biomarkers that are highly abundant on cancer, but are also present in low levels
on other tissue types. This can lead to significant on-target off-tumor toxicity issues.
Therefore, extensive work has been done to create therapeutics to target neoantigens
presented on MHC-I through interventions such as vaccination,4” 48 adoptive T cell
therapy,#> % and TCR-mimic antibodies.®” These treatments work by either directly
engaging and eliminating cells presenting neoantigens in the context of MHC-I, or by
training the immune system to recognize and eliminate cells presenting specific

neoantigens.

However, targeting cancer cells through neoantigen presentation presents several
challenges. While tumors with a high mutational burden are more likely to display
neoantigens, their heterogenous neoantigen expression within the tumor can impede
complete eradication resulting in the development of resistance.52 Additionally, variability
in neoantigen expression between patients complicates the development of universal “off-
the-shelf” therapies.%3 Personalized vaccines containing patient-specific neoantigens may
improve treatment outcomes in such cases.?* Conversely, tumors with a low mutational
burden present fewer neoantigens, further restricting therapeutic options and
necessitating alternative approaches.®® When targeting conserved neoantigens is

unfeasible, alternative strategies to enhance neoantigen presentation may be beneficial.
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Recent advances in this area include utilizing delivery platforms such as engineered
bacteria®¢ and peptides®”, which facilitated neoantigen transport to cancer cells and

improve their display on MHC molecules for immune-mediated clearance.
1.5 Cancer Immune Evasion Mechanisms

Due to the selective pressure excreted by the immune system onto cancer cells, cancer
often evolves sophisticated mechanisms to avoid immune-mediated clearance. Many of
these strategies involve avoiding recognition, interfering with immune signaling pathways,
or blocking cytotoxic activity of immune cells.?® One prominent mechanism to inhibit
activity of cytotoxic T cells is through upregulation of immune checkpoints such as protein
death ligand-1 (PD-L1). PD-L1 is the protein ligand of PD-1 on CTLs which plays an
important negative feedback role to prevent autoimmunity.® However, increased
expression of PD-L1 in cancer can prevent T cells from eliminating the tumor and can
even contribute to T cell exhaustion. To circumvent this immune evasion mechanism,
antibodies blocking the PD-L1/PD-1 interactions have shown impressive clinical efficacy
(Figure 1.3).67
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Figure 1.3 Immune checkpoint inhibition
Adapted from62,
Another mechanism by which the immune system avoids detection is through the
downregulation of MHC-I. Downregulation of MHC-I has been seen in multiple tumor

types including colorectal, melanoma, and cervical cancers and can be caused through
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a variety of mechanisms such as genetic mutations, transcriptional downregulation, and
altering signaling pathways.%3 Importantly, disruptions in MHC-I surface expression is
reported to be a prominent resistance mechanisms in response to PD-1 blockade
therapy.#¢ In response to this, screening efforts to enhance the expression of MHC-I in
cancer cells are being used to identify potential clinical candidates to improve

immunotherapy treatments.64-66
1.6 Summary and Future Outlook

Chapter 1 explores the biological role of antigen presentation through MHC-I and MHC-
Il in response to infectious disease and cancer. MHC-I presentation enables the immune
system to detect intracellular antigens, including viral peptides and tumor-associated
neoantigens, allowing for the elimination of unhealthy or infected cells. In contrast, MHC-
Il antigen presentation plays a crucial role in initiating and regulating adaptive immune
responses by displaying extracellular antigens to CD4+ T cells. Enhancing these
processes has shown great promise in advancing cancer treatment options. The
presence of cancer-specific neoantigens on MHC molecules provides a unique
therapeutic opportunity, as these antigens are absent on healthy cells and selectively
recognized by immune cells. This combination allows for the targeted elimination of

cancer cells while minimizing off-target toxicity.

A comprehensive understanding of the biological pathways governing antigen processing
and presentation, as well as T cell response to pMHC complexes, is essential for
improving immunotherapy strategies. These efforts have driven major advances in
checkpoint blockade, adoptive T cell therapy, and cancer vaccine development. However,
key challenges remain, including the identification of patient-specific neoantigens.
Additionally, understanding the molecular mechanisms driving the presentation of
different neoantigens would provide an avenue into developing more effective
therapeutics. Addressing these obstacles requires a deeper understanding of the factors
that drive neoantigen presentation on MHC and improved methods for neoantigen

detection.



Kelly | 19

1.7 References

. Gorer, P. A. (1936) The detection of antigenic differences in mouse erythrocytes by the
employment of immune serra., Brit J Exp Pathol 17, 42-50.

. Neefjes, J., Jongsma, M. L., Paul, P, and Bakke, O. (2011) Towards a systems
understanding of MHC class | and MHC class Il antigen presentation, Nat Rev
Immunol 11, 823-836.

. Rock, K. L., Reits, E., and Neefjes, J. (2016) Present Yourselfl By MHC Class | and
MHC Class Il Molecules, Trends Immunol 37, 724-737.

. Blum, J. S., Wearsch, P. A., and Cresswell, P. (2013) Pathways of antigen processing,
Annu Rev Immunol 31, 443-473.

. Hulpke, S., and Tampe, R. (2013) The MHC | loading complex: a multitasking
machinery in adaptive immunity, Trends Biochem Sci 38, 412-420.

. Koh, C. H., Lee, S., Kwak, M., Kim, B. S., and Chung, Y. (2023) CD8 T-cell subsets:
heterogeneity, functions, and therapeutic potential, Exp Mol Med 55, 2287-2299.

. Pishesha, N., Harmand, T. J., and Ploegh, H. L. (2022) A guide to antigen processing
and presentation, Nat Rev Immunol 22, 751-764.

. Pfeifer, J. D., Wick, M. J., Roberts, R. L., Findlay, K., Normark, S. J., and Harding, C.
V. (1993) Phagocytic processing of bacterial antigens for class | MHC presentation
to T cells, Nature 361, 359-362.

. Xie, N., Shen, G., Gao, W., Huang, Z., Huang, C., and Fu, L. (2023) Neoantigens:

promising targets for cancer therapy, Signal Transduct Target Ther 8, 9.

10. Fernando, M. M., Stevens, C. R., Walsh, E. C., De Jager, P. L., Goyette, P., Plenge,

R. M., Vyse, T. J., and Rioux, J. D. (2008) Defining the role of the MHC in

autoimmunity: a review and pooled analysis, PLoS Genet 4, e1000024.

11. Stopfer, L. E., D'Souza, A. D., and White, F. M. (2021) 1,2,3, MHC: a review of mass-

spectrometry-based immunopeptidomics methods for relative and absolute
quantification of pMHCs, Immunooncol Technol 11, 100042.

12. Arrieta-Bolanos, E., Hernandez-Zaragoza, D. |., and Barquera, R. (2023) An HLA map

of the world: A comparison of HLA frequencies in 200 worldwide populations

reveals diverse patterns for class | and class Il, Front Genet 14, 866407.



13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

Kelly | 20

Liepe, J., Marino, F., Sidney, J., Jeko, A., Bunting, D. E., Sette, A., Kloetzel, P. M.,
Stumpf, M. P., Heck, A. J., and Mishto, M. (2016) A large fraction of HLA class |
ligands are proteasome-generated spliced peptides, Science 354, 354-358.

Yewdell, J. W., Anton, L. C., and Bennink, J. R. (1996) Defective ribosomal products
(DRiPs): a major source of antigenic peptides for MHC class | molecules?, J
Immunol 157, 1823-1826.

Spies, T., and DeMars, R. (1991) Restored expression of major histocompatibility
class | molecules by gene transfer of a putative peptide transporter, Nature 351,
323-324.

Saveanu, L., Carroll, O., Lindo, V., Del Val, M., Lopez, D., Lepelletier, Y., Greer, F.,
Schomburg, L., Fruci, D., Niedermann, G., and van Endert, P. M. (2005) Concerted
peptide trimming by human ERAP1 and ERAP2 aminopeptidase complexes in the
endoplasmic reticulum, Nat Immunol 6, 689-697.

Sadasivan, B., Lehner, P. J., Ortmann, B., Spies, T., and Cresswell, P. (1996) Roles
for calreticulin and a novel glycoprotein, tapasin, in the interaction of MHC class |
molecules with TAP, Immunity 5, 103-114.

Koopmann, J. O., Albring, J., Huter, E., Bulbuc, N., Spee, P., Neefjes, J., Hammerling,
G. J., and Momburg, F. (2000) Export of antigenic peptides from the endoplasmic
reticulum intersects with retrograde protein translocation through the Sec61p
channel, Immunity 13, 117-127.

Vyas, J. M., Van der Veen, A. G., and Ploegh, H. L. (2008) The known unknowns of
antigen processing and presentation, Nat Rev Immunol 8, 607-618.

Bawden, E., and Gebhardt, T. (2023) The multifaceted roles of CD4(+) T cells and
MHC class Il in cancer surveillance, Curr Opin Immunol 83, 102345.

Bevan, M. J. (2004) Helping the CD8(+) T-cell response, Nat Rev Immunol 4, 595-
602.

Topchyan, P, Lin, S., and Cui, W. (2023) The Role of CD4 T Cell Help in CD8 T Cell
Differentiation and Function During Chronic Infection and Cancer, Immune Netw
23, e41.



23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

Kelly | 21

Arunachalam, B., Phan, U. T., Geuze, H. J., and Cresswell, P. (2000) Enzymatic
reduction of disulfide bonds in lysosomes: characterization of a gamma-interferon-
inducible lysosomal thiol reductase (GILT), Proc Natl/ Acad Sci U S A 97, 745-750.

Riberdy, J. M., Newcomb, J. R., Surman, M. J., Barbosa, J. A., and Cresswell, P.
(1992) HLA-DR molecules from an antigen-processing mutant cell line are
associated with invariant chain peptides, Nature 360, 474-477.

Sherman, M. A., Weber, D. A., and Jensen, P. E. (1995) DM enhances peptide binding
to class Il MHC by release of invariant chain-derived peptide, Immunity 3, 197-205.

Fung-Leung, W. P., Surh, C. D., Liljedahl, M., Pang, J., Leturcq, D., Peterson, P. A,,
Webb, S. R., and Karlsson, L. (1996) Antigen presentation and T cell development
in H2-M-deficient mice, Science 271, 1278-1281.

Vascotto, F., Lankar, D., Faure-Andre, G., Vargas, P., Diaz, J., Le Roux, D., Yuseff, M.
l., Sibarita, J. B., Boes, M., Raposo, G., Mougneau, E., Glaichenhaus, N.,
Bonnerot, C., Manoury, B., and Lennon-Dumenil, A. M. (2007) The actin-based
motor protein myosin Il regulates MHC class I trafficking and BCR-driven antigen
presentation, J Cell Biol 176, 1007-1019.

van Niel, G., Wubbolts, R., Ten Broeke, T., Buschow, S. |., Ossendorp, F. A., Melief,
C. J., Raposo, G., van Balkom, B. W., and Stoorvogel, W. (2006) Dendritic cells
regulate exposure of MHC class Il at their plasma membrane by
oligoubiquitination, Immunity 25, 885-894.

Raskov, H., Orhan, A., Christensen, J. P., and Gogenur, |. (2021) Cytotoxic CD8(+) T
cells in cancer and cancer immunotherapy, Br J Cancer 124, 359-367.

Bettini, M. L., Guy, C., Dash, P,, Vignali, K. M., Hamm, D. E., Dobbins, J., Gagnon, E.,
Thomas, P. G., Wucherpfennig, K. W., and Vignali, D. A. (2014) Membrane
association of the CD3epsilon signaling domain is required for optimal T cell
development and function, J Immunol 193, 258-267.

Weiss, A., and Littman, D. R. (1994) Signal transduction by lymphocyte antigen
receptors, Cell 76, 263-274.

Zumerle, S., Molon, B., and Viola, A. (2017) Membrane Rafts in T Cell Activation: A
Spotlight on CD28 Costimulation, Front Immunol 8, 1467.



33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44

Kelly | 22

Gordy, C., and He, Y. W. (2012) Endocytosis by target cells: an essential means for
perforin- and granzyme-mediated killing, Cell Mol Immunol 9, 5-6.

Nishimura, H., Minato, N., Nakano, T., and Honjo, T. (1998) Immunological studies on
PD-1 deficient mice: implication of PD-1 as a negative regulator for B cell
responses, Int Immunol 10, 1563-1572.

Nishimura, H., Nose, M., Hiai, H., Minato, N., and Honjo, T. (1999) Development of
lupus-like autoimmune diseases by disruption of the PD-1 gene encoding an ITIM
motif-carrying immunoreceptor, Immunity 11, 141-151.

Krummel, M. F., and Allison, J. P. (1995) CD28 and CTLA-4 have opposing effects on
the response of T cells to stimulation, J Exp Med 182, 459-465.

Wang, J., Yuan, R., Song, W., Sun, J., Liu, D., and Li, Z. (2017) PD-1, PD-L1 (B7-H1)
and Tumor-Site Immune Modulation Therapy: The Historical Perspective, J
Hematol Oncol 10, 34.

Thommen, D. S., and Schumacher, T. N. (2018) T Cell Dysfunction in Cancer, Cancer
Cell 33, 547-562.

Luckheeram, R. V., Zhou, R., Verma, A. D., and Xia, B. (2012) CD4(+)T cells:
differentiation and functions, Clin Dev Immunol 2012, 925135.

Kan, A. K. C., Tang, W. T., and Li, P. H. (2024) Helper T cell subsets: Development,
function and clinical role in hypersensitivity reactions in the modern perspective,
Heliyon 10, e30553.

Zhu, J. (2018) T Helper Cell Differentiation, Heterogeneity, and Plasticity, Cold Spring
Harb Perspect Biol 10.

Schmitt, N., and Ueno, H. (2015) Regulation of human helper T cell subset
differentiation by cytokines, Curr Opin Immunol 34, 130-136.

Sumida, T. S., Cheru, N. T., and Hafler, D. A. (2024) The regulation and differentiation
of regulatory T cells and their dysfunction in autoimmune diseases, Nat Rev
Immunol 24, 503-517.

. Palmer, E. (2003) Negative selection--clearing out the bad apples from the T-cell

repertoire, Nat Rev Immunol 3, 383-391.



Kelly | 23

45. Borden, E. S., Buetow, K. H., Wilson, M. A., and Hastings, K. T. (2022) Cancer
Neoantigens: Challenges and Future Directions for Prediction, Prioritization, and
Validation, Front Oncol 12, 836821.

46. Zaretsky, J. M., Garcia-Diaz, A., Shin, D. S., Escuin-Ordinas, H., Hugo, W., Hu-
Lieskovan, S., Torrejon, D. Y., Abril-Rodriguez, G., Sandoval, S., Barthly, L., Saco,
J., Homet Moreno, B., Mezzadra, R., Chmielowski, B., Ruchalski, K., Shintaku, I.
P., Sanchez, P. J., Puig-Saus, C., Cherry, G., Seja, E., Kong, X., Pang, J., Berent-
Maoz, B., Comin-Anduix, B., Graeber, T. G., Tumeh, P. C., Schumacher, T. N., Lo,
R. S., and Ribas, A. (2016) Mutations Associated with Acquired Resistance to PD-
1 Blockade in Melanoma, N Engl J Med 375, 819-829.

47. Ye, L., Creaney, J., Redwood, A., and Robinson, B. (2021) The Current Lung Cancer
Neoantigen Landscape and Implications for Therapy, J Thorac Oncol 16, 922-932.

48. Sahin, U., Derhovanessian, E., Miller, M., Kloke, B. P., Simon, P., Lower, M., Bukur,
V., Tadmor, A. D., Luxemburger, U., Schrors, B., Omokoko, T., Vormehr, M.,
Albrecht, C., Paruzynski, A., Kuhn, A. N., Buck, J., Heesch, S., Schreeb, K. H.,
Muller, F., Ortseifer, I., Vogler, |., Godehardt, E., Attig, S., Rae, R., Breitkreuz, A.,
Tolliver, C., Suchan, M., Martic, G., Hohberger, A., Sorn, P., Diekmann, J., Ciesla,
J., Waksmann, O., Bruck, A. K., Witt, M., Ziligen, M., Rothermel, A., Kasemann,
B., Langer, D., Bolte, S., Diken, M., Kreiter, S., Nemecek, R., Gebhardt, C.,
Grabbe, S., Holler, C., Utikal, J., Huber, C., Loquai, C., and Tureci, O. (2017)
Personalized RNA mutanome vaccines mobilize poly-specific therapeutic
immunity against cancer, Nature 547, 222-226.

49. Xie, G., lvica, N. A, Jia, B, Li, Y., Dong, H., Liang, Y., Brown, D., Romee, R., and
Chen, J. (2021) CAR-T cells targeting a nucleophosmin neoepitope exhibit potent
specific activity in mouse models of acute myeloid leukaemia, Nat Biomed Eng 5,
399-413.

50. Anderson, K. G., Voillet, V., Bates, B. M., Chiu, E. Y., Burnett, M. G., Garcia, N. M.,
Oda, S. K., Morse, C. B., Stromnes, |. M., Drescher, C. W., Gottardo, R., and
Greenberg, P. D. (2019) Engineered Adoptive T-cell Therapy Prolongs Survival in
a Preclinical Model of Advanced-Stage Ovarian Cancer, Cancer Immunol Res 7,
1412-1425.



51.

52.

53.

54.

55.

56.

57.

58.

59.

Kelly | 24

Hsiue, E. H., Wright, K. M., Douglass, J., Hwang, M. S., Mog, B. J., Pearlman, A. H.,
Paul, S., DiNapoli, S. R., Konig, M. F., Wang, Q., Schaefer, A., Miller, M. S., Skora,
A. D., Azurmendi, P. A., Murphy, M. B., Liu, Q., Watson, E., Li, Y., Pardoll, D. M.,
Bettegowda, C., Papadopoulos, N., Kinzler, K. W., Vogelstein, B., Gabelli, S. B.,
and Zhou, S. (2021) Targeting a neoantigen derived from a common TP53
mutation, Science 371.

Roerden, M., Castro, A. B., Cui, Y., Harake, N., Kim, B., Dye, J., Maiorino, L., White,
F. M., Irvine, D. J., Litchfield, K., and Spranger, S. (2024) Neoantigen architectures
define immunogenicity and drive immune evasion of tumors with heterogenous
neoantigen expression, J Immunother Cancer 12.

Chen, I., Chen, M. Y., Goedegebuure, S. P., and Gillanders, W. E. (2021) Challenges
targeting cancer neoantigens in 2021: a systematic literature review, Expert Rev
Vaccines 20, 827-837.

Blass, E., and Ott, P. A. (2021) Advances in the development of personalized
neoantigen-based therapeutic cancer vaccines, Nat Rev Clin Oncol 18, 215-229.

Budczies, J., Kazdal, D., Menzel, M., Beck, S., Kluck, K., Altburger, C., Schwab, C.,
Allgauer, M., Ahadova, A., Kloor, M., Schirmacher, P., Peters, S., Kramer, A.,
Christopoulos, P., and Stenzinger, A. (2024) Tumour mutational burden: clinical
utility, challenges and emerging improvements, Nat Rev Clin Oncol 21, 725-742.

Redenti, A., Im, J., Redenti, B., Li, F., Rouanne, M., Sheng, Z., Sun, W., Gurbatri, C.
R., Huang, S., Komaranchath, M., Jang, Y., Hahn, J., Ballister, E. R., Vincent, R.
L., Vardoshivilli, A., Danino, T., and Arpaia, N. (2024) Probiotic neoantigen delivery
vectors for precision cancer immunotherapy, Nature 635, 453-461.

Yurkevicz, A. M., Liu, Y., Katz, S. G., and Glazer, P. M. (2025) Tumor-Specific Antigen
Delivery for T-cell Therapy via a pH-Sensitive Peptide Conjugate, Mol Cancer Ther
24, 105-117.

Galassi, C., Chan, T. A., Vitale, |., and Galluzzi, L. (2024) The hallmarks of cancer
immune evasion, Cancer Cell 42, 1825-1863.

Tang, Q., Chen, Y,, Li, X,, Long, S., Shi, Y., Yu, Y., Wu, W., Han, L., and Wang, S.
(2022) The role of PD-1/PD-L1 and application of immune-checkpoint inhibitors in

human cancers, Front Immunol 13, 964442.



Kelly | 25

60. Baessler, A., and Vignali, D. A. A. (2024) T Cell Exhaustion, Annu Rev Immunol 42,
179-206.

61. Liu, J., Chen, Z., Li, Y., Zhao, W., Wu, J., and Zhang, Z. (2021) PD-1/PD-L1
Checkpoint Inhibitors in Tumor Immunotherapy, Front Pharmacol 12, 731798.

62. Parvez, A., Choudhary, F., Mudgal, P., Khan, R., Qureshi, K. A., Farooqi, H., and
Aspatwar, A. (2023) PD-1 and PD-L1: architects of immune symphony and
immunotherapy breakthroughs in cancer treatment, Front Immunol 14, 1296341.

63. Taylor, B. C., and Balko, J. M. (2022) Mechanisms of MHC-I Downregulation and Role
in Immunotherapy Response, Front Immunol 13, 844866.

64. Dong, H., Wen, C., He, L., Zhang, J., Xiang, N., Liang, L., Hu, L., Li, W., Liu, J., Shi,
M., Hu, Y., Chen, S., Liu, H., and Yang, X. (2024) Nilotinib boosts the efficacy of
anti-PDL1 therapy in colorectal cancer by restoring the expression of MHC-I, J
Transl Med 22, 769.

65. Yu, Q., Dong, Y., Wang, X., Su, C., Zhang, R., Xu, W., Jiang, S., Dang, Y., and Jiang,
W. (2024) Pharmacological induction of MHC-I expression in tumor cells revitalizes
T cell antitumor immunity, JCI Insight 9.

66. Tripathi, C., Tovar Perez, J. E., Kapoor, S., Muhsin, A., Dashwood, W. M., Demirhan,
Y., Demirhan, M., Shapiro, A., Mohammed, A., Sei, S., Thompson, J., Zaheer, M.,
Sinha, K. M., Brown, P. H., Savage, M. 1., Vilar, E., Rajendran, P., and Dashwood,
R. H. (2025) Antitumor efficacy of intermittent low-dose erlotinib plus sulindac via

MHC upregulation and remodeling of the immune cell niche, Int J Cancer.



Kelly | 26

Chapter 2 Post-Translationally Modified Peptide Display on MHC

2.1 Identification of MHC-Associated Peptides

A significant challenge in creating MHC-| targeting therapeutics is identifying which
peptides are presented by cancer cells. Most efforts to characterize the cancer
immunopeptidome utilized mass spectrometry (MS)-based techniques.’” This approach
involves isolating peptides bound to MHC-I molecules, followed by the identification of
their sequence using liquid chromatograph coupled with tandem mass-spectrometry (LC-
MS/MS). Advances in MS-based techniques have further enhanced the sensitivity and
specificity of immunopeptidome mapping. LC-MS/MS remains a powerful tool and have
been used to identify tumor-associated peptides in cancers such as melanoma?
colorectal cancer?, breast?, lung® and others®9. Furthermore, MS-based approaches
have provided insights into peptide properties that enhance binding to specific MHC-I

allotypes, informing the development of more effective immunotherapies.

Two main approaches are used to isolate the immunopeptidome for analysis via LC-
MS/MS. The first approach, known as mild acid elution (MAE), involves briefly incubating
cells with a citric acid buffer at pH 3. This treatment causes the dissociation of the p2-
microglobulin subunit from MHC-I molecules, leading to the release of bound peptides
while minimizing effects on cell viability.’% 7" Using this method, Rammensee et al. were
the first to identify virus-derived peptide sequences that were displayed on MHC-I
validating this approach.”? MAE still remains as a commonly used method to map out the

immunopeptidome of various cell types.

The other approach involves isolating and purifying pMHC complexes through
immunoprecipitation and was first developed by Hunt et al.”3 In this method, cells are
lysed, and pMHC complexes are captured using antibodies (typically using the W6/32
clone) that recognizes MHC-I heavy chains.’”# Both immunoprecipitation and MAE
approaches yield reproducible and comparable results (Figure 2.1). However,
immunoprecipitation is generally preferred as it has been shown to recover higher yields
of peptide.?® Additionally, immunoprecipitation is compatible with frozen tissues whereas

MAE is not.”” This is especially advantageous in a clinical setting in which patient-derived
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tumor samples are often stored as frozen tissue. One drawback of this approach is that
immunoprecipitation is primarily limited to human cells as effective antibodies for

enriching MHC molecules from other species are limited.’6

s

Mild acid elution MHC immunoaffinity
- intact cells chromatography
- no antibody - cell lysate

\ - antibody

Figure 2.1 Schematic of mild acid elution and immunoaffinity chromatography for

isolation of MHC-associated peptides. Reproduced from?’.

In addition to LC-MS/MS, DNA and RNA sequencing are also valuable tools for identifying
potential neoantigens. Tumors exhibit varying degrees of mutational burden, which can
give rise to neoantigens. The advantage of identifying neoantigens through genetic
sequencing is that the peptides identified will be tumor specific antigens (TSA) rather than
tumor associated antigens (TAA).”8 Unlike TAAs which may also be expressed in healthy
tissue, TSAs arise exclusively from tumor-specific mutations, reducing the risk of off-
target immune responses. Ideally, neoantigens selected through genetic sequencing will
correspond to driver mutations in a specific cancer type, as targeting these mutations
reduces the likelihood of immune evasion through loss of neoantigen expression.’?

However, a key limitation of genomic information by itself is that it does not provide
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information on whether a mutation is likely to be represented via display on MHC-I. To
address this, genomic sequencing information is often combined with computational
prediction algorithms to identify neoantigens most likely to have high affinity to specific
MHC isoforms.2 NetMHCpan is one of the most widely used prediction software that uses

machine learning to predict peptide affinity to MHC molecules.??

2.2 Post-Translationally Modified Peptides

While neoantigens arise from genetic mutations, another important class of TSAs and
TAAs includes peptides modified with post-translational modifications (PTMs). These
modifications can alter peptide binding to MHC-I, affect immune recognition by CTLs, and
influence peptide processing by antigen presentation machinery.??2 Importantly, these
modifications expand on the diversity of the immunopeptidome beyond what is predicted
by genomic sequencing alone. Additionally, the dysregulation of PTMs is a known
hallmark of diseases such as cancer and autoimmunity which results in enhanced
presentation of peptides bearing PTMs in these conditions.23 PTM modified peptides play
a crucial role in antigen presentation, as they have been shown to be more efficient in
triggering an immune response.” This enhanced immunogenicity is likely due to PTM-
modified antigens being absent during thymic negative selection thereby allowing PTM-
specific T cells to persist in circulation.?# In support of this, aberrant changes in protein
“‘writers” (enzymes that add modifications) and “erasers” (enzymes that remove
modifications) within cancer cells have been shown to generate cancer-specific PTM
antigens presented on MHC-I. Identifying these PTM antigens remains a growing area of

research to expand the potential pool of TAAs for immunotherapy applications.

One of the key challenges in identifying MHC-associated peptides using MS-based and
genomics-based methods is their limited ability to detect PTM modified peptides. A major
difficulty arises from the promiscuous binding nature of MHC molecules, where a single
isoform can present more than 10,000 distinct peptide sequences.?® Therefore,
identification of MHC-associated peptides require enough sensitivity to distinguish
between the different peptide sequences presented. Identification of PTMs can also be
challenging if the modified antigen is not abundant. However, even a small nhumber of

pMHC complexes can be biologically important as T cells are known to be able to activate



Kelly | 29

against cells presenting only one pMHC on its surface. Additionally, sample preparation
and MS analysis can introduce artificial modifications that do not accurately reflect the
native immunopeptidome, further complicating the identification of true PTM-modified
peptides.26 Therefore, it is crucial to distinguish genuine PTMs on MHC-associated
peptides from artifacts introduced during sample processing (Figure 2.2). To mitigate
these issues and improve detection, enrichment methods can be used to help identify

modified peptides.?”

Cancer-associated
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Figure 2.2 MS-based identification of modified peptides.

Reproduced from?8.

Tandem mass-spectrometry analysis relies on peak annotations matched to known
peptide sequences, often obtained from databases. However, incorporating various
PTMs significantly expands the search space, making peptide identification more
computationally intensive. With approximately 400 known PTMs, including all of them in
MS-based searches is currently impractical due to hardware and software limitations,
which can contribute to high false discovery rates.?? 29 To address these technical
challenges, researchers have focused on identifying and characterizing some of the most

common PTMs to evaluate their impact on the immunopeptidome. These efforts have
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started to shed light on the ways that certain PTMs can enhance or alter MHC display

and immune recognition of the modified peptides.
2.3 Enzymatic PTMs
2.3.1 Phosphorylation

Phosphorylation was one of the first PTMs identified in MHC-associated peptides.3° A
pivot finding regarding phosphorylated MHC-associated peptides was their preferential
presentation in melanoma cells and recognition by phosphopeptide-specific CD8+
CTLs.?" It was demonstrated that phosphopeptide-specific CTLs could distinguish
phosphorylated peptides from their non-phosphorylated counterparts and lead to a cancer
specific response.3? The underlying mechanism for this selectivity is that dysregulated
kinase signaling cascades in cancer cells led to the generation of phosphorylated
peptides that are not present in healthy tissue. This phenomenon was later observed in
other cancer types including lung, colorectal, and certain carncomas.33 Early clinical trial
data further suggested that vaccination with a phosphopeptide epitope provided modest
tumor growth control in mice. Additionally, vaccination with phosphorylated neoantigens
pIRS21097-1105 and pBCAR3126-134 elicited a T-cell response in 40% of melanoma patients

in the study.34

Mechanistically, the effects of phosphorylation have been studied on a subset of
immunogenic peptides presented for HLA A*02:01. In one study, the crystal structure of
three immunogenic phosphorylated peptides and their unmodified counterparts were
solved to assess the impact of phosphorylation on MHC binding. In all cases, the
phosphate group was primarily solvent exposed and likely served as a TCR contact site
(Figure 2.3). Additionally, two of the three peptides exhibited negligible changes in MHC-
| binding affinity, while one of the phosphorylated peptides greatly showed significantly
enhanced binding affinity. This indicates that phosphorylation may act as an MHC-I
stabilizing modification for certain pMHC complexes potentially increasing their display
on cells.35 Supporting this, another study found that among previously identified
phosphopeptide, the majority with phosphorylation at position 4 of the peptide chain

exhibited improved binding to HLA-A*02:01 compared to their unmodified counterparts.36
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Overall, these studies suggest that phosphorylation plays a role in modulating peptide

presentation on MHC and influences CTL recognition.

Figure 2.3 Crystal structure of IRS2 (A) CDC25 (B) IRS2-phospho (C) and CDC25-
phospho (D). Arrows indicate peptide phosphorylation site. Electrostatic potential shown
in blue (positive) and red (negative). Putative TCR contact sites shown in purple.

Reproduced from?35,
2.3.2 Glycosylation

Glycosylation is one of the most common class of PTMs.3” Early studies on glycosylation
in MHC-associated peptides involved synthesizing glycosylated peptides to assess their
effects on MHC binding and the activation of glycosylation-specific CTLs. These studies
demonstrated that both N-linked and O-linked glycopeptides could be processed by TAP
and that glycosylated MHC-associated peptides could be selectively enriched using lectin
affinity columns. Notably, glycosylated peptides were estimated to constitute
approximately 1% of the total MHC peptidome.38 Additionally, peptide bearing extended

glycan chains have been shown to be presented in the context of MHC. 3

It was also demonstrated that O-linked and N-linked glycosylation of a Sendai virus

peptide could lead to glycosylation-specific CTL responses.#’ Additionally, an
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immunodominant epitope of the lymphocytic choriomeningitis virus (LCMV) was found to
contain a glycosylation motif. The glycosylated form of this epitope, along with its
unmodified counterpart, exhibited comparable binding affinities to the mouse MHC
molecule H-2DP but activated distinct CTL populations.4’ This suggests that glycosylation
may diversify immune responses to infectious diseases by generating neoepitopes that
engage different T cell repertories. Similar results were also seen for a glycosylated
version of an immunodominant peptide in vesicular stomatitis virus,#? tuberculosis,*
HIV,#4 and SARS-CoV-2.45

In addition to their role in infectious diseases, glycosylated peptides are also presented
on HLA molecules. While most N-linked glycosylated peptides are cleaved by peptide: N-
glycosidase (PNGase) during antigen processing, O-linked glycosylated peptides have
been identified in the context of MHC presentation.#6 One study identified 36 O-
GlcNAcetylated peptides, the majority of which were absent in healthy tissue.4” This
suggests that O-linked glycosylation may generate tumor-specific neoantigens with
potential implications for cancer immunotherapy. Additionally, a glycosylated neoantigen
derived from p53, a tumor suppressor protein commonly mutated in cancer, has been
identified in HLA-A*24:02.48 The majority of the glycosylated neoantigens identified have
their sugar moieties surface-exposed which may influence TCR engagement and immune
recognition.#9: %0 Recently, advances in methodologies to analyze previously published
MS databanks have further identified an order of magnitude higher number of
glycopeptides presented on HLA class Il further underscoring their importance in the

immunopeptidome.??

In many cases, glycosylated MHC-associated peptides also contribute to the progression
of autoimmune disease, such as rheumatoid arthritis (RA), through their presentation on
MHC-Il. While N-linked glycosylation is not typically observed in MHC-I, N-linked
glycosylated antigens have been identified in the context of MHC-II. Early studies
demonstrated that MHC-II can present peptides with either a single monosaccharide or
an extended polysaccharide chain.®” 52 Subsequent research revealed that that distinct T
cell clones reacted differently to the glycosylated and unmodified epitope of type I
collagenzeo-270, suggesting that the glycosylated form is more arthritogenic than its
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unmodified counterpart.53 54 Later, it was discovered that peripheral blood mononuclear
cells (PBMCs) from RA patients contained T cells that specifically recognized different
glycosylated variants of the type Il collagen peptide further supporting a role for

glycosylation in driving autoimmune inflammation.%®
2.3.3 Citrullination

Another PTM commonly implicated in autoimmunity is the conversion of arginine to
citrulline by peptidyl arginine deiminase (PAD) enzymes. Citrullination of myelin basic
protein (MBP) is a well-established driver of multiple sclerosis (MS), with the extent of
citrullination correlating strongly with disease progression.56 While citrullination does not
introduce significant steric changes in a peptide sequence, it alters the charge of the
arginine side chain from positively charged to neutral, which can influence antigen
processing, MHC binding affinity, and TCR recognition. Studies in an animal model of MS
demonstrated that citrullination of the immunodominant T cell epitope from MBP
enhanced its immunogenicity.®” Further research revealed that PBMCs from MS patients
differentiated into Th1 CD4+ T cells when stimulated with various citrullinated peptides,
suggesting citrullinated MHC-associated peptides play a role in disease progression.%8
Surprisingly, this effect was also identified in healthy individuals indicating that the
enhanced presentation of citrullinated epitopes on MHC-II in MS patients may be a key

factor in breaking immune tolerance and triggering autoimmunity.°

Citrullination also plays a role in RA. Early studies demonstrated that citrullination of
vimentin, a prominent joint-derived protein that is often a target of autoreactive antibodies,
enhances its binding affinity to HLA-DRB1*0401 and elicited a citrullination specific CD4+
T cell response.?? The molecular mechanism underlying this response was later
elucidated through the crystal structure of citrullinated vimentin peptide complexed with
HLA-DRB1*0401, revealing that the citrullination improved binding interactions with the
MHC-II moelcule.b’ Ting et al. further expanded these findings to closely related MHC-II
alleles, demonstrating that citrullination at the P4 position generally increases peptide
affinity for MHC-II, potentially broadening the pool of self-antigens available for

presentation.62 More recently, a study described how citrullination influences the antigen
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presentation pathway in MS by altering the stability of proteins and their degradation

patterns leading to the generation of cryptic citrullinated antigens. 63
2.3.4 Other Enzymatic Modifications

While phosphorylation, glycosylation, and citrullination are among the most thoroughly
studied enzymatically induced PTMs, recent advances in computational processing have
expanded the scope of identified PTM-modified MHC-associated peptides.28 64 Among
these newly identified PTMs, methylation and acetylation have emerged as the next most
abundant modifications of MHC-associated peptides. Methylation plays a key role in
modulating the activity of DNA and RNA binding proteins. One study identified a
demethylated arginine peptide derived from heterogenous nuclear ribonucleoprotein
(hnRNP) displayed on HLA-B*3910, though the immunological consequences of this
modification were never determined.®® Methylated arginine peptides were also identified
in healthy donors in which T cells reacted specifically to the modified version rather than
the unmodified peptide suggesting that the modification may be important for immune
recognition.#” A later report described 149 arginine (di)methylated MHC-associated
peptides indicating that methylation may be a more frequent feature of antigen processing

than previously appreciated.56

N-terminal acetylation is another major class of PTM-modified peptides and has been
identified as the most frequently occurring PTMs in cancer cells.6” This modification is
typically catalyzed by a family of N-terminal acetyltransferases, which regulate protein
stability and function.%8 The role of N-terminal acetylation in antigen presentation was first
recognized in the 1980s, when it was discovered that N-terminal acetylation was required
for the activation of T cells against a peptide derived from MBP and potentially contributed
to encephalomyelitis.9 A subsequent crystal structure of the pMHC complex revealed that
the N-terminal acetylation enhanced interactions with MHC-1.70 Further studies confirmed
that N-acetylated peptides are naturally presented on MHC-I molecules, with the majority
of acetylated peptides displaying improved binding affinity compared to their non-
acetylated counterparts.”’

Additionally, lysine acetylation has been shown to influence the antigen presentation

pathway. One study showed that acetylation of a lysine residue at position 120 of p53 led



Kelly | 35

to the display of an acetylated p53 epitope that could be recognized by specific CD4+ T
cell clones. Interestingly, this study also revealed that treatment with a histone
deacetylase inhibitor increased the expression of the acetylated protein and lead to
enhanced T cell activation.”? These findings suggest that inhibitors targeting PTM writers
or erasers may have potential applications in immunotherapy by modulating antigen

presentation and T cell recognition.
2.4 Non-enzymatic PTMs

Another major class of modifications found in MHC-associated peptides are non-
enzymatic modifications, which can arise under conditions of oxidative stress. These
modifications typically occur on cysteine, methionine, tyrosine, tryptophan, and proline
residues and can be presented by both MHC class | and MHC class Il molecules
(Figure 2.4).28 Unlike enzymatic PTMs, non-enzymatic modifications occur
spontaneously, often as a result of inflammation, which generates high concentration of

reactive oxygen species (ROS).

Ox M, H, W oxidation
Deam Deamidation
Cam Carbamidomethyl
Cys Cysteinylation

Me Methylation
Ox P, K, C oxidation
Ac Acetylation

N acetylation I PTM sites
Ubiquitination n=1
Cit || Citrullination \ i
Dim Dimethyl
Ph Phosphorylation
Su SUMOylation

Figure 2.4 |dentified PTMs identified on MHC-associated peptides.

Reproduced from?8,
2.4.1 Cysteinylation

Cysteinylation, the formation of a disulfide bond between a free cysteine residue and

another cysteine containing molecule, is one of the most common non-enzymatic PTMs
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and has been shown to influence immune recognition when presented on MHC.
Although cysteinylation typically does not occur under the reducing conditions of the
cytosol, oxidative stress can alter these conditions, allowing cysteinylation to take place.
Additionally, this modification can occur in more oxidative environments such as the ER

or intracellular vesicle before peptide loading onto MHC.

One of the first immunological roles of cysteinylation of MHC -associated peptides was
identified in the context of graft-versus-host disease. The male-specific H-Y antigen was
known to contribute to the rejection of male-to-female skin grafts in mice. Researchers
discovered that a cysteinylated version of an H-Y antigen-derived peptide activated a
distinct T-cell population, suggesting a role for this PTM in immune recognition.”3 74
Similarly, another study found that cysteinylated peptides formed during influenza
infection. While cysteinylation did not affect binding to H-2K®, it did result in the induction
of cysteinylation-specific T cells in mice.”® Cysteinylation may also be involved in
autoimmune disease as it was found that CD4+ T cells from donors with type 1 diabetes
recognized a cysteinylated insulin peptide, whereas healthy donors did not respond to
the modified peptide.”® This finding suggests that cysteinylation may contribute to the

breakdown of immune tolerance in certain autoimmune conditions.
2.4.2 Oxidation

Inflammation and cancer can generate reactive oxygen species (ROS), which may
contribute to the presentation of oxidized peptides on MHC. However, a major challenge
in studying oxidation’s role in antigen presentation is distinguishing between peptides
that are naturally oxidized in vivo and those that undergo oxidation during sample
preparation. Despite this technical limitation, oxidation remains one of the most
frequently identified classes of PTMs on MHC-associated peptides.28 77 The functional
impact of oxidation on antigen presentation, however, remains unclear. As a proof of
concept, one study demonstrated that exposing hen egg-white lysozyme (HEL) to nitric
oxide enhanced its uptake and processing by antigen presenting cells (APCs) through
the oxidation of tyrosine residues.”8 This result suggests that oxidation could play a role
in modulating the antigen presentation pathway in ways that are separate from

influencing MHC binding or T cell recognition. Similarly, another group found that
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nitration of a pollen allergen enhanced the presentation of allergen-associated MHC
peptides.” However the impact of oxidation on MHC binding and T cell interaction

remains largely unexplored.
2.5 Hapten Display on MHC

An emerging class of PTMs on MHC-associated peptides arise from reactions with
electrophilic molecules, leading to permanent, covalent modifications of proteins. These
modifications have been implicated in both allergic responses and cancer. Their
significance was first recognized in the context of drug hypersensitivity, where
chemically reactive drugs or their metabolites modify self-proteins and trigger an
immune response.& One of the primary models proposed to explain how these
modifications influence antigen presentation and immune activation is the hapten
model. This model suggests that small reactive molecules covalently modify proteins,
leading to the generation of altered peptides that can be processed and presented on
MHC molecules. Once displayed, these modified peptides can activate T cells,

potentially driving immune response against the covalent moiety.8’

B-lactams were among the first identified agents supporting the hapten model,
particularly in cases involving piperacillin and benzylpenicillin. The four-member 3-
lactam ring of penicillin is highly reactive and readily forms covalent bonds with
nucleophilic residues in proteins. Notably, treatment with piperacillin or benzylpenicillin
modifies human serum albumin (HAS), allowing the altered protein to be processed and
presented by APCs, ultimately activating HAS-specific T cell clones.”6 82 These findings
have since been extended to identifying benzylpenicillin and amoxicillin-specific CD4+ T

cells in patients with penicillin allergies. 83 84

Beyond B-lactams, another drug metabolite known to form haptens that trigger a T cell-
specific response is sulfamethoxazole (SMX). Oxidized metabolites of SMX, such as
nitroso-sulfamethoxazole (SMX-NO) and sulfamethoxazole hydroxylamine (SMX-
NHOH), react with thiol groups in biological systems.8 Notably, exposure to SMX-NO
has been shown to induce SMX-NO-specific T cell activation in lymphocytes from 90%

of donors, providing strong evidence of its role in immune response. 86
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More recently, haptens have been explored as a strategy to target cancer-specific
covalent modification. The Craik lab ingeniously leveraged sotorasib, a covalent
inhibitor of the KRAS G12C mutation, to generate recombinant antibodies and bispecific
T cell engagers that selectively recognize and attack cancer cells (Figure 2.5).87
Building on this approach, they further adapted the technology for use in combination
with radiotherapy, enabling the targeted delivery of radioligands to the surface of cancer
cells.88 This work highlights the potential of cancer-specific hapten as a foundation for

developing novel immunotherapy strategies.
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Figure 2.5 Cancer specific display of hapten ligand derived for sotorasib modified K-
Ras(G12C). Reproduced from?”.

An emerging area of research focuses on identifying metabolites that generate modified
peptides displayed on MHC. A recent study investigating PTMs associated with
ankylosing spondylitis (AS) uncovered a connection between 3-hydroxypropionate (3-
HPA) and neoantigen presentation to CD4+ T cells. This research demonstrated that 3-
HPA, a metabolite produced by commensal gut microbes, induces carboxyethylation of a
cysteine residue. This modification resulted in peptide presentation on HLA-DRA*01,

where it was specifically recognized by CD4+ T cells in patients with AS.89
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2.6 Summary and Future Outlook

There are fundamental molecular aspects of cancer and autoimmune disease that remain
largely unknown. A prevailing theory centers on the loss of self-tolerance, where the
immune system fails to recognize and tolerate self-antigens. This breakdown in self-
tolerance can result in the immune system attacking healthy cells. While detrimental in

terms of autoimmunity, this response can be beneficial for eliminating cancer.

Identifying MHC-associated peptides with biological responses has been a major step
toward understanding these mechanisms. MHC-associated peptides bearing PTMs
represent a promising class of biologically active peptides to study due to their immune
privilege, as they are often not subject to negative selection during thymic development.
Recent advances in mass spectrometry have expanded the known repertoire of PTM-
modified MHC-associated peptides. However, most studies investigating their biological
impact on antigen presentation have focused on a limited subset of PTMs, such as
phosphorylation, glycosylation, and citrullination. The broader influence of PTMs on

antigen display and immune recognition remains largely unexplored.

Furthermore, the emerging understanding of how reactive chemical species modulate
immune signaling provides insights into the mechanisms underlying autoimmunity and
allergic responses. At the same time, this knowledge can also be leveraged to develop
novel cancer-specific immunotherapies. To fully realize the therapeutic potential of
modified antigens, future research must integrate structural, functional, and
immunological studies to systematically define the impact of diverse PTMs on antigen

presentation and immune recognition.
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Chapter 3 Targeted Acidosis Mediated Delivery of Antigenic MHC-Binding Peptides

Adapted from: Kelly, J. J.; Ankrom, E. N.; Newkirk, S. E.; Thévenin, D.; Pires, M. M.,
Targeted acidosis mediated delivery of antigenic MHC-binding peptides Front. Immunol.
2024, 15:1337973.

3.1 Abstract

Cytotoxic T lymphocytes are the primary effector immune cells responsible for protection
against cancer, as they target peptide neoantigens presented through the major
histocompatibility complex (MHC) on cancer cells, leading to cell death. Targeting
peptide-MHC (pMHC) complex offers a promising strategy for immunotherapy due to their
specificity and effectiveness against cancer. In this work, we exploit the acidic tumor
micro-environment to selectively deliver antigenic peptides to cancer using pH(low)
insertion peptides (pHLIP). We demonstrated the delivery of MHC binding peptides
directly to the cytoplasm of melanoma cells resulted in the presentation of antigenic
peptides on MHC, and activation of T cells. This work highlights the potential of pHLIP as
a vehicle for the targeted delivery of antigenic peptides and its presentation via MHC
bound complexes on cancer cell surface for activation of T cells with implications for

enhancing anti-cancer immunotherapy.
3.2 Introduction

The unmet need for effective and innovative treatments against cancer has underscored
the importance of targeted delivery of therapeutic agents for cancer therapy.! Cytotoxic
effects associated with conventional cancer treatments have significantly limited their
overall effectiveness.? In addition, off-target effects also pose challenges in terms of
dosing and administration by causing unwanted side effects to normal cells.3 Balancing
the therapeutic benefits with the risk of toxicity is critical in minimizing damage to healthy
tissue and to improve existing treatments. To overcome these limitations, there is an
increasing demand for innovative cancer treatment strategies that can overcome the

cytotoxicity-associated drawbacks and improve pharmacological properties.
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An effective method to mitigate off-target impact involves linking therapeutic agents to
well-defined carriers to precisely target cancer cells. Current advances in targeted cancer
treatment primarily leverage the overexpression of specific biomarkers on cancer cell
surfaces to administer high doses of therapeutic compounds more precisely. An important
consideration in designing these types of therapeutics is the specific covalent attachment
used to link the therapeutic payload. Numerous covalent linkers, including peptides,
disulfides, and thioethers, have been employed to conjugate the therapeutic payload to
the antibody.>° Additionally, other delivery systems such as nanoparticles, liposomes,
and dendrimers have been engineered to target overexpressed biomarkers such as
epidermal growth factor receptors, folate receptors, surface glycoproteins, and transferrin
receptors to effectively target cancer.10-15 While targeting overexpressed biomarkers has
been successful in increasing the effective concentration of therapeutic compounds in
cells, the same biomarkers expressed at low levels on healthy cells have contributed to
significant levels of on-target off-tumor toxicity, highlighting the need to develop

alternative strategies.16

Alternatively, a strategy to enhance targeted delivery toward tumors involves exploiting
the acidic microenvironment that is characteristic of solid tumors. Most tumors display
rapid growth levels, which demands increased energy production via glycolysis. This
metabolic shift results in the production of lactic acid as a byproduct and the expulsion of
protons from the cancer cells into the extracellular space, a phenomenon known as the
Warburg effect.!” As a result, the extracellular space surrounding cancer cells typically
has an acidic pH ranging from 6.7 to 7.1 as opposed to a healthy pH range of 7.35 to
7.45. Interestingly, the environment closest to the cell surface is even more acidic; the pH
can reach 6.1, making them an ideal target for pH(low) insertion peptides (pHLIPs).18 The
distinctive feature of pHLIP centers on its ability to specifically target the acidic
microenvironment by undergoing a pH-dependent rearrangement. This pH-dependent
change leads to the insertion of its C-terminus across the cell membrane, forming a
transmembrane a-helix.1% 20 Importantly, pHLIP can effectively target tumors, transport
cargo, and facilitate the translocation of various payloads into the cytosol without needing

cell receptor interactions or membrane pore formation.?-26 Previous studies have
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successfully harnessed pHLIP to deliver various drug molecules (including peptides) into

solid tumors and metastatic sites in animal models.27-32

A promising payload for targeted tumor therapies involves antigenic peptides for
presentation on the major histocompatibility complex (MHC). MHC molecules can present
antigenic peptides to cytotoxic T lymphocytes, initiating an immune response.33
Specifically, antigenic peptides presented on MHC class | molecules can be recognized
by cytotoxic CD8+ T cell receptors (TCRSs), triggering the release of perforin and
granzyme B, ultimately leading to target cell death.34 35 In the context of cancer, cancer
cells often display unique peptide-MHC complexes due to various alterations in their
proteome, such as protein mutations, aberrant post-translational modifications, and other
cellular processes.36-38 These unique peptides, called neoantigens, are absent in healthy
cells and enable the immune system to selectively target and eliminate cancer cells with
high efficiency, particularly in cancers with a high mutational burden.3® However, targeting
neoantigens in cancers with a low mutational burden or heterogenous neoantigen
expression has shown limited success.0 Additionally, the negative selection of self-
reactive T cells can prevent neoantigens from having strong anti-cancer activity.4!
Therefore, delivering highly antigenic peptides that are orthogonal to endogenous
neoantigens and prompting their presentation on MHC molecules represents a potential

strategy for enhancing treatment outcomes.

Prior work by Irvine and colleagues highlighted the benefit of delivering antigenic peptides
in a non-specific manner by using cell-penetrating peptides. This approach led to the
improved display of antigenic peptides on MHC and the development of T cells
specifically targeting the desired epitope.*2 An advantage of cytosolic delivery of antigenic
peptides is that it bypasses endosomal processing of peptides, which can lead to
significant degradation of MHC-binding peptide epitopes before they can be presented
on MHC.43 Additionally, recent clinical trials have demonstrated the effectiveness of

delivering cancer-specific neoantigens for display on MHC in use for cancer therapy.*4

Building upon these findings, we posed that pHLIP could deliver antigenic peptides to
cancer cells and this would offer a novel approach to selectively activate the immune
system against cancer cells. Here, we showed that pHLIP conjugated to the model
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antigen SIINFEKL selectively translocated through the membrane of cells in low pH
environments and becomes displayed on MHC (Figure 3.1). The peptide epitope
SIINFEKL (OVA) comes from ovalbumin and there are no known human equivalents, thus
making it an orthogonal antigenic peptide with high affinity towards MHC molecules.
Notably, melanoma cells in acidic environments showed enhanced MHC display of the
target epitope and increased recognition and activation by CD8+ T cells. These findings

highlight the potential of pHLIP-mediated delivery of immunomodulatory agents.
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Figure 3.1 Schematic representation of pHLIP-mediated translocation of antigenic
peptides for display on MHC. Intracellular delivery of the OVA peptide results in

transportation to the endoplasmic reticulum for eventual display on MHC.
3.3 Results and Discussion

We sought to link the OVA peptide to pHLIP via a chemical handle that would selectively
uncouple upon arrival in the cytosolic space. While there are a number of strategies that
would be compatible with our system, we selected to connect OVA to pHLIP via a disulfide

bond. The selection of OVA was based on its considerable precedence as a model MHC
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binding antigen, and the rationale behind employing disulfide conjugation was to facilitate
the release of the peptide in the reducing cytosolic environment to enable its entry into
the antigen presentation pathway. To accomplish this strategy, it would be necessary to
introduce a thiol group into the sequence of OVA. Our initial goal was to identify a site on
OVA where adding a cysteine would have minimal impact on MHC binding and maintain
recognition by OVA-specific TCRs, considering that structural alterations on peptide

sequences can significantly influence both parameters.4> 46
3.3.1 Strategic placement of cysteine handle

To assess changes in peptide affinity to MHC complexes (including thiol-modified OVA
peptides), we used the RMA-S stabilization assay. The RMA-S cell line, which lacks the
transporter associated with antigen processing (TAP), can be used to isolate the effect of
peptide affinity because it lacks the ability to intracellularly process peptides for
presentation.#’- 48 Under low-temperature conditions (22-26°C), RMA-S cells present low-
affinity pMHC complex on their cell surface. Increasing the temperature to 37°C causes
the low-affinity pMHC complex to dissociate and become internalized and degraded. By
introducing peptides with high affinity to bind to the MHC molecules, the pMHC complex
remains stable on the cell surface at 37°C. The quantification of the peptide-MHC binding
affinity, specifically to the H-2KP haplotype on RMA-S cells, is determined using flow

cytometry with a fluorescent anti-H-2K® antibody.

Cysteine-containing OVA peptides were synthesized using a standard solid-phase
peptide synthesis (SPPS) approach. Cysteine residues were introduced in sites within the
OVA peptide that we projected would minimally impact binding to MHC molecules. These
included the addition of cysteine to the termini of the sequence and replacement of
residues for cysteine. Subsequently, RMA-S cells were incubated with the synthesized
peptides at 26°C, allowing for the exchange of existing low-affinity pMHC complexes.
Afterwards, the cells were then warmed to 37°C and treated with an APC-conjugated anti-
mouse H-2KP antibody. As expected, RMA-S cells treated with unmodified OVA peptide
displayed high levels of MHC presentation on the cell surface (Figure 3.2A). The peptide
SNFVSAGI (cntPEP) was used as a negative control as it has been reported to not
appreciably bind to MHC.45. 49 Satisfyingly, the introduction of cysteine was well tolerated
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in most of the cysteine-modified OVA peptides; in particular, the cysteine introduction was
better tolerated when the cysteine residues were located near the N-terminus.
Nonetheless, all the cysteine-modified OVA peptides demonstrated substantial

stabilization of the pMHC complex.
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Figure 3.2 (A) Flow cytometry analysis of RMA-S cells. RMA-S cells were incubated
with 20 uM peptide for 6 hours and pMHC complex display was quantified via APC
conjugated anti-mouse H-2KP antibodies. MFI is mean fluorescence intensity of the level
of fluorescence relative to the control peptide. (B) RMA-S cells were incubated with 20
UM peptide and co-cultured with B3Z T cells for 8 hours at an effector-to-target ratio of
1:1. B-galactosidase expression was analyzed by measuring the hydrolysis of the
colorimetric reagent CPRG on a plate reader at 570 nm and the data presented has
been normalized to the absorbance from cntPEP. Data are represented as mean + SD
of biological replicates (n=3). P-values were determined by a two-tailed t-test (**p <
0.01, ***p < 0.001, ns, not significant).

Presentation of a cysteine-modified OVA peptide on MHC is critical for the success of our
strategy; However, we appreciated that the cysteine modification could also alter the
recognition of T cells by the OVA-specific TCR. TCRs can display altered binding affinity
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towards modified peptide sequences, prompting us to empirically assess how the position
of cysteine might impact T cell activation. Previous findings, conducted by us and others,
have indicated that changes to the OVA structure can potentially abolish TCR binding
and subsequent T cell activation.*> 50 Additionally, we introduced cysteines in places
reported to have the least disruptive effects to minimize any unfavorable interactions with
SIINFEKL-specific TCRs.5!

We used the effector cells, B3Z T cells, to evaluate T cell activation of target cells
displaying cysteine modified OVA peptides. These cells have OVA-specific TCRs and
express the enzyme -galactosidase under the control of an IL-2 inducible promoter upon
activation of target cells. The hydrolysis of chlorophenol red-B-D-galactopyranoside
(CPRG) by B-galactosidase leads to a measurable color change, reflecting the levels of
T cell activation. RMA-S cells were incubated with the peptides at 26°C before being co-
cultured with B3Z T cells at 37°C. In this assay, B-galactosidase expression was
guantified by measuring the hydrolysis of CPRG at 570 nm. All cysteine-containing OVA
peptides demonstrated the capability to activate T cells to varying levels (Figure 3.2B).
However, amongst the peptides tested, CSIINFEKL (CysOVA) exhibited both high MHC
binding and TCR activation levels, comparable to those of the wild-type OVA peptide.
Therefore, we proceeded with CysOVA for conjugation to pHLIP.

3.3.2 Assessing the ability of pHLIP-CysOVA to insert into membranes in acid

environments

Next, pHLIP was synthesized using SPPS and itincluded a corresponding cysteine added
on its C-terminus. The disulfide conjugation between CysOVA and pHLIP was performed
in solution, and the resulting conjugate (pHLIP-CysOVA) was purified via reverse phase
high performance liquid chromatography (RP-HPLC). To determine the secondary
structures of pHLIP-CysOVA in the presence of a lipid bilayer at neutral and acidic pH,
we utilized far-ultraviolet circular dichroism (CD) spectroscopy. pHLIP-OVA was
incubated in the presence of 200 nM 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine
(POPC) liposomes at pH 7.4 or pH 5.0. As shown in Figure 3.3A, a pH-dependent
conformational shift from an unstructured random coil (pH 7.4) to an a-helix (pH 5.0)

characteristic of pHLIP’s behavior was observed. Tryptophan (Trp) fluorescence
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spectroscopy was also employed to validate the pH-dependent membrane insertion
propensity of pHLIP-CysOVA. Fluorescence emission from the two Trp residues in the
sequence of pHLIP is sensitive to environment polarity and thus reports on lipid
membrane insertion. When the pH was lowered from pH 7.4 to pH 5.0, we observed a
Amax blue shift indicating the Trp residues have transitioned to the hydrophobic
environment of the lipid bilayer (Figure 3.3B). Together with the CD spectra, these results
indicate that conjugation to CysOVA does not significantly impact the ability of pHLIP to
insert across lipid membranes. This result agrees with the many previous studies showing
that pHLIP can translocate a wide variety of C-terminally linked peptide cargoes across

lipid bilayers.?23. 24. 26,28, 52
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Figure 3.3 (A) CD spectrum of pHLIP-CysOVA in the presence of POPC vesicles at pH
7.4 or 5.0. (B) Tryptophan fluorescence spectra of pHLIP-CysOVA (20 uM) in the
presence of POPC vesicles at pH 7.4 or 5.0

3.3.3 Analyzing pHLIP-CysOVA delivery into antigen presentation pathway

Given that the length of peptides that bind to MHC class | molecules are in the range of
8-12 amino acids, we anticipated that the disulfide bond would have to be reduced to
generate CysOVA before proper MHC binding. Therefore, we set out to investigate
whether pHLIP-CysOVA needs to be reduced for enhanced antigen presentation on
MHC. For this, we used the RMA-S stabilization assay to assess the relative affinity of

the peptide to MHC before and after disulfide reduction at physiological pH. In this assay,
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RMA-S cells were incubated in the presence or absence of 3-mercaptoethanol (BME) to
cleave the disulfide linkage to assess changes in MHC binding affinity. Our results
showed that cleaving the disulfide bond to generate CysOVA stabilized the peptide-MHC
complex on RMA-S cells and significantly improved antigen presentation on the cell
surface (Figure 3.4A). We observed cytotoxic effects of the RMA-S cells with higher
concentrations of BME. Therefore, we believe that there may be an incomplete reduction
of the pHLIP-CysOVA in the presence of BME. There is also the possibility that CysOVA
produces an in situ adduct with BME, which would change the stabilization levels. Overall,
these results indicate that pHLIP-CysOVA must be reduced into CysOVA for optimal
display on MHC.
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Figure 3.4 (A) RMA-S cells at physiological pH were incubated with 2.5 uM pHLIP-
CysOVA for 6 hours in the presence or absence of BME. Cells were then labeled with
anti-mouse H-2KP antibody and analyzed via flow cytometry. MFI is mean fluorescence

intensity of the level of fluorescence relative to the control peptide (B) 2.5 uM pHLIP-
CysOVA was incubated with B16 cells for 5 mins before adjusting to the indicated pH
for 10 mins. Cells were washed and co-cultured with B3Z T cells for 8 hours before
lysing and measuring 3-galactosidase activity via the colorimetric reagent CPRG on a
plate reader at 570 nm and the data presented has been normalized to the absorbance
from cntPEP. (C) B16 cells were treated with pHLIP-CysOVA for 5 mins before
adjusting to pH 5 for 10 mins. Subsequently, these cells were washed and co-cultured
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with B3Z T cells overnight, with secreted IL-2 levels measured through ELISA. Data are
represented as mean + SD of biological replicates (n= 3). P-values were determined by
a two-tailed t-test (**p<0.01, ****p < 0.0001).

To evaluate the efficacy of pHLIP-CysOVA in enabling antigen presentation on MHC in
cells within acidic microenvironments, DC2.4 dendritic cells were subjected to incubation
with pHLIP-CysOVA under neutral and acidic conditions. Cells were treated with pHLIP-
CysOVA at either pH 7.4 or 5.0 for 10 mins at 37°C. Subsequently, cells were washed
and were incubated with APC-conjugated 25-D1.16 antibodies (specific to SIINFEKL
bound to H-2KP) to quantify antigen presentation on MHC. Our data demonstrated a
significant increase in antigen presentation on MHC in cells treated at low pH, indicating
successful translocation of pHLIP-CysOVA across the membrane and entry into the
antigen presentation pathway (Figure S3.1).

Finally, to demonstrate that treatment at low pH enables selective immune activation of
pHLIP-CysOVA in a clinically relevant model, B16 melanoma cells were employed. B16
cells were incubated with pHLIP-CysOVA at either physiological or low pH for 10 min.
Following this incubation, the cells were washed and co-cultured with effector cells (B3Z
T cells). Once again, treatment at lower pH conditions significantly enhanced T cell
activations against the target B16 cells (Figure 3.4B). Satisfyingly, pHLIP-CysOVA also
shows improved T cell activation against the melanoma model at a more physiologically
relevant pH of 6.2 (Figure 3.4B). Noteworthy, cells treated with CysOVA peptide alone
did not show any pH dependent T cell activation (Figure S3.2). Additionally, ELISA results
confirmed that pHLIP-CysOVA treatment at low pH induced significant T cell activation
through elevated IL-2 cytokine secretion from B3Z T cells (Figure 3.4C). Taken together,
these findings demonstrate selective activation of T cells in response to pHLIP-CysOVA

treatment within acidic environments.
3.4 Conclusion

In this study, we have described a targeted approach to deliver antigenic peptides
specifically to cancer cells, thereby aiding their presentation on MHC molecules to
enhance immune activation. Our method used pHLIP to deliver CysOVA directly to the

cytosol, allowing for the cytoplasmic delivery of exogenously derived peptides.
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Traditionally, antigen-presenting cells would be required to translocate exogenous
peptides into the cytosol for display on MHC class | through a process called cross-
presentation.53 By avoiding this step, we can deliver peptides to non-antigen presenting

cells.

A key advantage of our approach is the versatility of pHLIP, which has previously
demonstrated the ability to translocate a wide range of molecules, including hydrophilic
peptides, across cell membranes.?2 We envision that our strategy can be adapted to
deliver various potential neoantigens, thereby broadening its applicability and therapeutic
potential. Additionally, it was recently reported that MHC peptides tagged with distinct
covalent small-molecule inhibitors can be targeted by immune cells for immunotherapy
applications.>* Consequently, we anticipate that pHLIP can serve as a delivery vehicle for
chemically modified peptides, potentially used alongside antibodies or CAR-T cells to

enable precision immunotherapy against cancer.>

However, developing a robust T cell response towards pMHC complexes is hindered by
the variety of ways in which cancer evades immune recognition. One widely reported
mechanism for immune escape is the downregulation of MHC which impairs their ability
to display antigenic peptides.%® 57 Indeed, non-responders to immune checkpoint
inhibition often possess cancer mutations that decrease the presentation of peptides on
the cell surface via MHC.58 Furthermore, the acidic cancer microenvironment is known to
diminish T cells activity against tumors.>?-61 Another means by which CD8+ T cells
become less effective against tumors is through the immunosuppressive activity of
regulatory CD4+ T cells.52 Therefore, effective immunotherapy strategies will likely
require a multifactorial approach in order to overcome these limitations related to immune

evasion.
3.5 Summary and Future Outlook

In Chapter 3, we leveraged pHLIP to selectively deliver immunogenic peptides to cancer
cells, enhancing T cell recognition. Tumors often exhibit heterogeneous neoantigen
expression which can hinder complete eradication by the immune system. Moreover, few
neoantigens are shared across individuals, limiting broad therapeutic application. An

alternative strategy to engage T cells more effectively involves the direct delivery of
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immunogenic peptides to malignant cells. Here, we exploited the acidic tumor
microenvironment, a conserved hallmark of many cancers, as a targeting mechanism for
peptide delivery. By capitalizing on this feature, we facilitated antigenic peptide

presentation on MHC-I molecules and promoted T cell recognition.

A key advantage of employing pHLIP as a delivery vehicle lies in its ability to transport
peptides significantly larger and more polar than typical MHC-I ligands. This inherent
versatility suggests that pHLIP-mediated delivery can be readily adapted to various
neoantigens of interest. However, for MHC haplotypes beyond H-2Kb, it will be necessary
to empirically determine whether the N- or C-terminus is more amendable to cysteine
modifications for disulfide linkage to ensure optimal display on MHC-I molecules and
recognition by cognate TCRs. Establishing a broadly applicable platform for neoantigen
delivery could ultimately enhance personalized cancer immunotherapy against diverse

tumor types.
3.6 Materials and Methods

Materials. All peptide related reagents and protected amino acids were purchased from
Chem-Impex. APC-labeled anti-mouse H-2Kd/H-2Dd antibody was purchased from
Biolegend. Pooled Human Serum was purchased from Sigma Aldrich. Dulbecco’s
Modified Eagle’s Medium (DMEM) and Roswell Park Memorial Institute (RPMI) 1640
medium were purchased from VWR. Fetal Bovine Serum (FBS) was purchased from R&D
Systems. Penicillin-streptomycin and mouse IL-2 ELISA kits was purchased from Sigma-
Aldrich. All other organic chemical reagents were purchased from Fisher Scientific or
Sigma Aldrich and used without further purification. All compounds are >95% pure by

HPLC analysis.

Mammalian Cell Culture. RMA-S cells were a kind gift from Dr. John Sampson. RMA-S
cells were maintained in RPMI 1640 media supplemented with 10% fetal bovine serum,
50 IU/mL penicillin, 50 pug/mL streptomycin,1X a MEM non-essential amino acid solution
(ThermoFisher) and cultured in a humidified atmosphere of 5% CO:2 at 370C. B3Z cells
were kindly provided by Dr. Aaron Esser-Kahn and maintained in RPMI 1640 media

supplemented with 10% fetal bovine serum, 50 IU/mL penicillin, 50 pg/mL streptomycin
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and cultured in a humidified atmosphere of 5% CO2 at 37°C. B16 cells were kindly
provided by Dr. Victor Engelhard and also maintained in RPMI 1640 media supplemented
with 10% fetal bovine serum, 50 IU/mL penicillin, 50 pg/mL streptomycin and cultured in
a humidified atmosphere of 5% CO: at 37°C.

RMA-S Stabilization Assay. 10° RMA-S cells were seeded in a treated 96 well plate at
37°C overnight. The next day, RMA-S cells were moved to a 26°C incubator for 24-48
hours. Following the incubation period, cells were incubated with 20 uM peptides in
culture media at indicated concentrations for 1 hour at 26°C before being moved to the
37°C incubator for 6 hours. For assays involving -mercaptoethanol, 100 uM of BME was
added along with peptide during these incubation periods. The media was then replaced
with a 1:100 dilution of APC labeled anti-mouse H-2Kd/H-2Dd antibody in culture media
for 1 hour at 4°C. Cells were removed from the well plate by vigorous pipetting, fixed with
2% formaldehyde solution, and analyzed using the Attune NxT Flow Cytometer (Thermo

Fischer) equipped with a 637 nm laser with 670/14 nm bandpass filter.

B3Z T Cell Activation. 10° RMA-S cells were seeded in a treated 96 well plate at 37°C
overnight. The following day the culture media was replaced with media containing 20 uM
peptide along with 10° B3Z cells in culture media and co-incubated overnight. Cells were
then spun down at 500xg for 5 mins and washed with 1X PBS a total of two times. Lysis
buffer containing 0.2% saponin, 500 uM CPRG reagent, 20 mM MgClI2, and 100 mM -
mercaptoethanol in 1X PBS was added to each well. After 2-4 hours absorbance 570 was

recorded using a BioTek Epoch 2 microplate reader.

Sample Preparation for CD and Tryptophan Emission Spectroscopy. pHLIP-OVA
was solubilized to 20 uM in 5 mM sodium phosphate buffer (pH 8.0). The peptide was
diluted to a final concentration of 5 yM before analysis. Liposomes were prepared by
drying 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC) as a thin film and
desiccation under vacuum for at least 24 h. Lipids were rehydrated in 5 mM sodium
phosphate (pH 8.0) for at least 30 min at 37°C with periodic gentle vortexing. The resulting
large multilamellar vesicles were rapidly frozen and thawed seven times and
subsequently extruded through a polycarbonate membrane with 200 nm pores using a
Mini-Extruder (Avanti Polar Lipids) to produce large unilamellar vesicles (LUVs). pHLIP-
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OVA was incubated with the resulting LUVs at a 1:300 ratio. pH was adjusted to the
desired experimental values with HCI and the samples were incubated at RT for 30 min
prior to analysis. Fluorescence emission spectra were recorded using a Fluorolog-3
spectrofluorometer (HORIBA). The excitation wavelength was set at 280 nm, and the
emission spectra were measured from 300 to 450 nm. The excitation and emission slit

widths were set to 5 nm.

CD Spectroscopy. Far-ultraviolet CD spectra were recorded on a Jasco J-815 CD
spectrometer equipped with a Peltier thermally controlled cuvette holder (Jasco).
Samples were measured in 0.1 cm quartz cuvette. CD intensity was expressed as mean
residue molar ellipticity [0] calculated by the following equation: [8] = Bobs/10Icn (in deg
cm-2 dmol-1) Bobs is the observed ellipticity in millidegrees, | is the optical path length
in centimeters, c is the molar peptide concentration, and n is the number of amino acid
residues. Spectra were recorded from 260 to 200 nm in 1 nm intervals at a 100 nm/min
scan rate. Five scans were averaged for each sample. The spectrum of POPC liposomes

was subtracted out from samples containing pHLIP-OVA in the presence of POPC.

B3Z Targeting pHLIP-OVA Treated B16 Cells. B16 cells were seeded in a treated 96-
well plate at 37°C overnight. The following day the media was removed, and cells were
incubated with indicated concentration of pHLIP-OVA at 37°C for 5-10 min. The pH was
then adjusted to a pH of 5 by using a pre-established volume of DMEM, pH 2.0 buffered
with citric acid, and the plate was incubated for 10 min. After the treatment, the media
was washed once with DMEM and 10° B3Z cells were added to each well. B3Z and B16
cells were co-cultured for 8 hours before being spun down at 500xg for 5 min and washed
with 1X PBS a total of two times. Lysis buffer containing 0.2% saponin, 500 uM CPRG
reagent, 20 mM MgCI2, and 100 mM  mercaptoethanol in 1X PBS was added to each
well. After 2-4 hours absorbance 570 was recorded using a BioTek Epoch 2 microplate

reader

25-D1.16 Labeled pHLIP-CysOVA treated DC2.4 Cells. DC2.4 cells were seeded in a
treated 96-well plate at 37°C overnight. The following day the media was removed, and
cells were incubated with indicated concentration of pHLIP-OVA at 37°C for 5-10 min.

The pH was then adjusted to the desired value using a pre-established volume of DMEM,
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pH 2.0 buffered with citric acid, and incubated for 10 min. The media was replaced with
a 1:50 dilution of the APC conjugated SIINFEKL-H-2KP specific antibody clone 25-D1.16
for 2 hours at 4°C. Cells were fixed with 2% formaldehyde solution and analyzed using
the Attune NXT Flow Cytometer (Thermo Fischer) equipped with a 637 nm laser with
670/14 nm bandpass filter.

B3Z IL-2 Secretion. B16 cells were seeded in a treated 24-well plate at 37°C overnight.
The following day cell media was removed and treatment solution with 2.5 uM of pHLIP-
OVA and incubated at 37°C for 5-10 min. The pH was then adjusted to a pH of 6.2 or 5.0
by using a pre-established volume of DMEM, pH 2.0 buffered with citric acid, and the
plate was incubated for 10 min. After the treatment, the media was washed once with
DMEM and 108 B3Z cells were added to each well. B3Z and B16 cells were co-cultured
overnight. IL-2 released by B3Z or B16 cells in cell supernatants were detected by IL-2

ELISA kits according to the manufacture’s instruction.
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3.7 Supplementary Figures
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Figures S3.1. DC2.4 cells were incubated with peptide for 5 mins before adjusting to
pH 5 for 10 mins. Cells were washed and incubated with APC labeled 25-D1.16
antibody (specific for SIINFEKL on H-2Kb) for 1 h and analyzed via flow cytometry. Data
are represented as mean + SD of biological replicates (n= 3). P-values were determined

by a two-tailed t-test (** p < 0.01).
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Figures S3.2. 2.5 uM pHLIP-CysOVA was incubated with B16 cells for 5 mins before
adjusting to the indicated pH for 10 mins. Cells were washed and co-cultured with B3Z
T cells for 8 hours before lysing and measuring f-galactosidase activity via the
colorimetric reagent CPRG on a plate reader at 570 nm. Data are represented as mean
+ SD of biological replicates (n= 3). P-values were determined by a two-tailed t-test (** p
<0.01).
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4.1 Abstract

Immunotherapy has emerged as a powerful strategy for combating cancer by harnessing
the patient’'s immune system to recognize and eliminate malignant cells. The major
histocompatibility complex class | (MHC-I) has a pivotal role in the recognition step. These
surface proteins present cancer-specific neoantigens to CD8+ T cells, which triggers
activation and T cell-mediated killing. However, cancer cells can often evade immune
detection by downregulating MHC-| surface expression, which renders the immune
response less effective. In turn, this resistance mechanism offers an opportunity to bolster
MHC-I surface expression via therapeutic interventions. Here, we conducted an initial
comprehensive evaluation of previously purported small molecule MHC-I inducers and
identified heat shock protein 90 (Hsp90) inhibitors as privileged inducers of MHC-| surface
expression. With a core scaffold in hand, we employed an in situ click chemistry-based
derivatization strategy to generate 380 novel compounds in the same family. New agents
from this library showed high levels of induction, with one of the triazole-based analogs,
CliMB-325, also enhancing T cell activation and exhibiting lower toxicity, which could
potentiate some immunotherapeutic modalities. Moreover, we demonstrated the potential
of a click chemistry-based diversification strategy for the discovery of small molecules to
counter immune evasion.

4.2 Introduction

The immune system can, often times, be precise, efficient, and powerful in detecting and
eliminating cancerous cells. One of the principal mechanisms that the immune system

leverages for cancer cell detection is through the presentation of cancer-specific peptides
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on the major histocompatibility complex (MHC) of the pathogenic cell.! In particular, MHC
class | (MHC-I) is a membrane protein expressed on most nucleated cells and is
responsible for presenting short (typically 8-12 amino acids long) peptides to CD8+ T
cells. 2 Recognition of a peptide-MHC complex (pPMHC) by a CD8+ T cell through its T cell
receptor (TCR) can result in a cytotoxic response through release of a host of agents
including perforin and granzyme B. 2 For a CD8+ T cell to be activated against a target
cell (and undergo subsequent phenotypic changes), it must first recognize a ‘non-self’
peptide which are generated inside the cell and presented on MHC-I. The types of non-
self peptides that are typically found on the surface of cancer cells are broadly known as

neoantigens. 4

Neoantigens are generated via structural alterations to the proteome of cancer cells
through amino acid substitution, ° post-translational modifications, © and other
mechanisms. ’ These non-self peptides, which can be loaded on MHC-I for presentation,
can potentially engage with TCRs on T cells.  Therefore, CD8+ T cells displaying the
cognate TCR are well positioned to specifically recognize and respond to neoantigen-
presenting cancer cells to promote an anti-cancer immune response. ’ In many instances,
these mechanisms are central to eliminate the emergence of cancerous cells. Yet, there
is considerable evidence demonstrating that cancer cells can actively avoid immune
recognition by CD8+ T cells. * '° These mechanisms of resistance include, but are not
limited to, remodeling of the tumor environment to be hypoxic and immunosuppressive,
1-13 increasing expression of immune checkpoint proteins (e.g., programmed death-
ligand (PD-L1) and cytotoxic T-lymphocyte associated protein 4 (CTLA-4), * 15 promoting
the secretion of immunosuppressive cytokines, '® and downregulating MHC-I molecules.
17 Critically, the downregulation of surface MHC-I can directly impair patient response to
programmed cell death protein 1 (PD-1) blockade immunotherapy. '® Given the
tremendous success of cancer immunotherapy that directly relies on MHC-I/TCR
engagement, there is a clear need to discover potent agents that promote the expression
of MHC-I in cancer patients. By restoring or enhancing MHC-I expression, it may be
possible to overcome immune resistance observed in many cancers, thus making the

cancer cell more susceptible to T cell-mediated killing (Figure 4.1).
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Figure 4.1. Schematic representation of strategy to increase MHC-I expression and
CD8+ T cell response. Cancer cells can downregulate the expression of MHC-I as a
mechanism of evasion from a patient’s immunosurveillance. The use of small molecule
inducers could potentially enhance immunotherapeutic approaches that are widely used

in the clinic.

The concept of using small molecules to promote the expression of MHC-I is not novel in
and of itself. There have been a number of reports that identified compounds with this
purported function. These compounds span a diverse set of biological functions and
include DNA methyltransferase (DMNT) inhibitors, %26 histone deacetylase (HDAC)
inhibitors, 2-2° kinase inhibitors, 3° heat shock protein 90 (Hsp90) inhibitors, 3! 32 stimulator
of interferon genes (STING) agonists, 33-3% and others. 36-3° Although a wider range of FDA
approved agents have been screened for MHC-I induction, %41 principally, to the best of
our knowledge, a definitive comparison across small molecule inducers has not been
previously reported. Given the diversity of reagents across the prior reports (e.g., cell
lines, antibodies, concentrations, incubation times, etc.), it is critical to first establish the
best-in-class scaffold. In this work, we conducted a rigorous head-to-head screen of small
molecules to compare their ability to enhance MHC-I surface expression in colorectal
cancer cells. Additionally, we show that Hsp90 inhibitors can increase the presentation of

cancer-specific neoantigens. With a privileged scaffold in hand, we conducted a high-
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throughput diversification screen to generate a range of analogs that could be evaluated

for their pharmacological properties.
4.3 Results and Discussion
4.3.1 Screening small molecules for their MHC-I upregulation activity

To identify the best-in-class drug scaffold for MHC-I upregulation, a flow cytometry-based
assay was developed. Briefly, CT26 murine colorectal cancer cells were incubated with
individual members of a library of 25 small molecules that have previously been shown
to increase MHC-| expression. These included DNMT, kinase, HDAC, bromodomain and
extra-terminal (BET), proteasome, and Hsp90 inhibitors, as well as STING agonists and
IMiDs. After cellular treatment with each individual compound, a fluorescent anti-H-2K¢
antibody was used to quantify MHC-I expression via flow cytometry (Figure 4.2A). As
expected at this high concentration, most of these molecules showed an increase in
MHC-I surface expression at a concentration of 5 uM (Figure S4.2). Still, it was notable
that some of the molecules did not show any enhancement above background. To identify
the most potent inducers of MHC-I surface expression, a second screen was performed
at a more stringent concentration of 1 uM. Our results showed that three of the small
molecules exhibited an increase in MHC-| surface expression above a two-fold cutoff
(Figure 4.2B). The identified MHC-I enhancers were primarily in two pharmacological
classes: DNMT inhibitors (decitabine 1 and guadecitabine 3) and Hsp90 inhibitors
(zelavespib 23). After incubation of the three lead compounds at a concentration of 500
nM with CT26 cells, it was found that 23 led to higher overall expression of MHC-I on the
surface compared to the two DNMT inhibitors (Figure 4.2C). Therefore, we decided to
focus on Hsp90 inhibitors and expand our search within this class beyond zelavespib in

search of the most potent MHC-I inducers.
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Figure 4.2 (A) Schematic representation of fluorescent antibody readout for increased
MHC-I surface expression upon treatment with small molecules inducers. (B) Flow
cytometry analysis of CT26 cells treated with 1 uM of indicated compounds. Red
dashed lined indicates threshold of 2-fold increase in MHC-I surface expression relative
to DMSO control. MFI is the mean fluorescence intensity of the level of fluorescence
relative to the DMSO control. Data are represented as mean + SD (n=3). p-values were
determined by a two-tailed t-test (* p < 0.05, ** p < 0.01, ***p < 0.001). (C) Flow
cytometry histograms of CT26 cells incubated with 500 nM of indicated compounds. H-
2K expression was measured by APC anti-mouse H-2K¢Y antibody. The vertical grey

line represents median fluorescence intensity of DMSO treated cells.
4.3.2 Screening Hsp90 inhibitors for MHC-I Surface upregulation activity

To further explore the relationship between Hsp90 inhibitors and MHC-I surface
expression, six additional Hsp90 inhibitors were examined (Figure 4.3A). In total within
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this sub-library, three of the molecules were from the purine-based family, one from the
resorcinol family, and three from the benzoquinone family of Hsp90 inhibitors. To more
readily assess their potency, a concentration scan was performed in CT26 cells rather
than a single concentration analysis. Our results revealed that all but two (pimitespib and
tanespimycin) of the Hsp90 inhibitors tested had ECso values in the nanomolar range for
MHC-I surface expression. Among these, it was found that radicicol, BIIB021 and
geldanamycin had the lowest ECso values, at 72, 92, and 144 nM, respectively.
Interestingly, together these top hits covered all three primary classes of Hsp90 inhibitors;
we pose that this could suggest that Hsp90 inhibition is a primary driver of the phenotypic
observation of MHC-I induction. Presumably, if any off-target activity were to be observed
and if it were to be the driver of the induction, there is likely to be a single class that is
favored. We note that the top hits enhanced MHC-I surface expression in CT26 cells by
approximately 5 to 8-fold compared to basal expression levels, a marked increase relative
to the initial hit that prompted the focus on Hsp90 inhibitors (Figure 4.3B). To ensure that
Hsp90 inhibitors could operate in other cellular contexts, we tested them in the human
colorectal cancer cell line HCT116 and found them to be effective MHC-I inducers (Figure
4.3C). Overall, these results demonstrate that Hsp90 inhibitors are potent inducers of
MHC-I surface expression, and this prompted us to further explore them in assembling a

larger and more diverse structure activity relationship campaign.
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Figure 4.3 (A) Chemical structures of seven Hsp90 inhibitors tested for their
enhancement of MHC-I surface expression. (B) Dose-response analysis by flow
cytometry of CT26 cells treated with varying concentrations of seven Hsp90 inhibitors.
H-2K¢9 expression was measured by APC anti-mouse H-2K? antibody. Data are
represented as mean = SD (n=3), and Boltzmann sigmoidal curves were fitted to the
data using GraphPad Prism. ECso values are the concentration of compound needed to
achieve 50% of the maximal MHC-I surface expression levels. (C) Flow cytometry
histograms of HCT116 cells incubated with 200 nM of indicated compounds. HLA-A, B,
C surface expression was measured by APC anti-human HLA-A, B, C antibody. The
vertical grey line represents median fluorescence intensity of DMSO treated cells. (D)
Flow cytometry analysis of MC38-OVA cells treated with 100 nM of indicated compound.
SIINFEKL-H2-KP expression was measured by APC anti-mouse H-2K? bound to
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SIINFEKL antibody. MFI is the mean fluorescence intensity of the level of fluorescence
relative to the DMSO control. Data are represented as mean = SD (n=3). p-values were
determined by a two-tailed t-test (*p < 0.05, ** p < 0.01, **** p < 0.0001).

In theory, the enhancement of MHC-| surface expression should broadly sample a greater
breadth of cytosolic peptides including potential neoantigens. This is key because the
efficacy of checkpoint blockage therapy relies principally on cytotoxic CD8+ T cells
recognizing neoantigens presented on cancer cell surfaces. We next investigated the
potential upregulation of specific antigens from live cells upon their treatment with Hsp90
inhibitors (Figure 4.3D). To test this, we used murine MC38-OVA cells which are
genetically modified to express the protein ovalbumin (OVA). 42 OVA contains the
sequence SIINFEKL, which has been previously used as a model neoantigen. Upon the
intracellular processing of OVA and the production of SIINFEKL, it is known that this
peptide can be presented by H-2KP and is recognized by SIINFEKL-specific CD8+ T cells.
43 MC38-OVA cells were treated with 100 nM of Hsp90 inhibitors for 48 hours, followed
by incubation with a fluorescent antibody specific for H-2KP bound to SIINFEKL.
Satisfyingly, cellular treatment with Hsp90 inhibitors led to a significant increase in the
presentation of the model neoantigen SIINFEKL, indicating that Hsp90 inhibitors can
potentially promote the presentation of neoantigen-specific pMHC complexes (Figure
4.3D).

4.3.3 High-throughput click chemistry diversification strategy of Hsp90 inhibitor

With the three top candidates in hand, we sought to further diversify a core scaffold to
broadly understand how structure could potentially drive MHC-I upregulation. We posed
that a large-scale sub-library around a single agent could provide us with a larger set of
agents that can be tested and selected for specific biological properties (e.g., improved
toxicity profile, solubility, and selectivity). From the three agents, we moved forward with
BIIB021 due to its potency (with many similar structures in clinical evaluation for Hsp90
inhibition) 4446 and its robust chemical structure. Given the nature of our derivatization
strategy, it was important to consider the potential stability of the starting scaffold; both
radicicol and geldanamycin have structural fragments that are known to have low inherent

chemical stability. Also, the availability of the crystal structure of BIIBO21 in complex with
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Hsp90 can provide an avenue to understand how the analogs may be interacting with

their target protein. 4’

For the generation of the library, we chose to use in situ click chemistry. In this format, an
alkyne is installed within the core scaffold, and this parent molecule is plated into a
microwell plate system with each well containing a new azide-tagged fragment. This
approach presents considerable advantages for drug discovery of MHC-I inducers. Click
reactions have a high level of specificity and efficiency, particularly exemplified by the
Cu(l)-catalyzed azide-alkyne cycloaddition (CuAAC), which enables precise
modifications and synthesizes complex molecules with minimal byproducts. 4% The
versatility inherent in using a library of azides allows for the exploration of diverse
molecular combinations and structural variations, essential for identifying drug candidates
with optimal pharmacological properties. Moreover, it facilitates the simultaneous
screening and synthesis of potential drug candidates, speeding up the identification of
active compounds. Recently, this click chemistry-based strategy has been used to identify
small molecule modulators of glucagon-like-peptide-1 receptor. %' It has also been shown
with this method that over 80% of azide molecules formed triazole products at yields of
70% or higher. 2

In the context of our core purine scaffold, we needed to consider a site to install the alkyne
handle. From the crystal structure of BIIB021 in complex with Hsp90, we identified the N9
position of the purine core as a solvent-exposed site that is amendable to chemical
modification. 47 Moreover, previous reports have demonstrated that this position can be
leveraged to access purine-based analogs while retaining Hsp90 inhibition. 53 Therefore,
our envisioned approach involved modifying a precursor of BIIB021, 2-amino-6-
chloropurine, with an alkyne on the N9 position in order to react it with a library of small
molecule azides (Figure 4.4A). We reasoned that the resulting triazole ring from the click
reaction would structurally mimic the pyridine ring of BIIB021 and allow us to rapidly

generate hundreds of derivatives.

To build the alkyne-bearing purine, we reacted 2-amino-6-chloropurine with propargyl
bromide to yield the major product 9-propargyl-2-amino-6-chloropurine. The other product

was the N7 regioisomer, which was separated during purification. The identity of isolated
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N9 alkyne-bearing compound was confirmed by NMR and its purity was analyzed by RP-
HPLC. Next, a model in situ CUAAC test reaction was performed with the alkyne-modified
precursor and a small subset of azide bearing molecules. To cover the potential variability
in types of chemical structures found in the full library, we selected a subset of molecules
that varied in size, polarity, and steric environment surrounding the azide. Of note, the
reactions were performed in microwell plates in an experimental procedure that mimicked
the conditions for the eventual in situ set of reactions. All three reactions showed a
conversion rate of >90% to the triazole product (Figure S4.3-4.5). With the model
reactions showing high levels of conversion, we reasoned that the reaction conditions
were well-suited for a larger screen. The goal of utilizing a larger library was to ensure
that modifications to the purine core would cover a large chemical space to broadly
sample the engagement with the target. Moreover, given the nature of the phenotypic
assay, we reasoned that the diversity of this library could also be important in improving
other properties that are necessary for a lead candidate including high accumulation

levels, low off-target effects, and reduced toxicity.

In total, 380 azide-containing small molecules were dispensed into wells containing the
alkyne-bearing purine analog and the click reaction reagents. After the reaction step,
contents of each well were incubated with CT26 cells, and MHC-| induction was
monitored by treatment with a fluorescently tagged antibody as previously described.
Critically, incubation of CT26 cells with the alkyne precursor alone or the additional click
reagents did not result in any increase in MHC-| surface expression (Figure $4.6). This
indicates that the reaction reagents have no activity on their own. The results from the
380-member screen revealed that four of the click reaction mixtures (3, 27, 325, and 335),
showed an increase in MHC-I surface expression above a two-fold cutoff over the DMSO
control (Figure 4.4B). To further confirm these results, cells were treated with each of four
reaction mixtures in a more stringent concentration (theoretically 500 nM, assuming
complete conversion). From these results, cell treatment with compound 325 led to the
highest levels of MHC-I surface expression (Figure S4.7). The click product between the
alkyne precursor and compound 325 of the azide library was then synthesized and
purified to yield ‘Click MHC-I Booster-325 (CliMB-325).
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Figure 4.4 (A) Schematic representation of BIIBO21 derivatization strategy. (B) Flow
cytometry analysis of CT26 cells treated with click products between 9-propargyl-2-
amino-6-chloropurine and the 380-member azide library. H-2K9 expression was
measured by APC anti-mouse H-2KY antibody and performed in singlet. Red dashed
lined indicates threshold of 2-fold increase in MHC-I surface expression relative to
DMSO control. MFl is the mean fluorescence intensity of the level of fluorescence
relative to the DMSO control. (C) Stick model of CliMB-325 (white) docked into Hsp90
(light orange) was generated using existing crystal structure data (PDB ID: 3qdd) and
Rosetta. (D) Dose-response curve and chemical structure of CliMB-325. CT26 cells
were treated with varying concentrations of CliMB-325. H-2K? expression was
measured by APC anti-mouse H-2KY antibody via flow cytometry. MFl is the mean
fluorescence intensity of the level of fluorescence relative to the DMSO control. Data
are represented as mean + SD (n=3), and Boltzmann sigmoidal curves were fitted to the
data using GraphPad Prism. ECso values are the concentration of compound needed to
achieve 50% of the maximal MHC-I surface expression levels. (E) Dose-response

curves of CT26 cells treated with varying concentrations of CliMB-325 or BIIB021
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determined via MTT cell viability assay. Data are represented as mean + SD (n=4), and
nonlinear regression curves were fitted to the data using GraphPad Prism. IC50 values
are the concentration of compound at which maximal cell viability is inhibited by 50%.
(F) MC38-OVA cells were incubated with 100 nM BIIB021 and 1 uM CIliMB-325 for 48
hours. Subsequently, cells were co-cultured with B3Z T cells for six hours. -
galactosidase expression was then measured via the colorimetric reagent CPRG on a
plate reader at 570 nm. Data are represented as mean + SD (n=7). p-values were

determined by a two-tailed t-test (ns = not significant, **** p < 0.0001).
4.3.4 CIiIMB-325 enhances MHC-I surface expression and T cell activation

Finally, we sought to further characterize our novel purine-based lead agent CliMB-325.
By docking CIliMB-325 into Hsp90 using RosettaLigand, we found that CliMB-325 binds
in a similar manner to BIIB021 (PDB ID: 3qdd) with no measurable deviation in Hsp90
conformation (Figure 4.4C). Next, to establish its potency, a concentration scan of CliMB-
325 was performed using CT26 cells to assess its ability to increase MHC-I expression.
Our results showed that CliMB-325 retained MHC-I upregulation activity with an ECso of
498 nM (Figure 4.4D). Given the failed clinical progression of BIIB021 due to toxicity
issues, 4 we also performed an MTT cell viability assay comparing BIIB021 with CliMB-
325. We found that CliMB-325 demonstrated a 3.7-fold improvement in toxicity over its
parent compound, BIIB021, with ICso values of 861 nM and 233 nM, respectively (Figure
4.4E).

Given that the downregulation of MHC-I surface expression reduces T cell recognition of
neoantigens, we then sought to investigate whether the upregulation of MHC-I induced
by CIliMB-325 results in enhanced T cell activation. To do so, we used the B3Z T cell
hybridoma cell line, which contains OVA-specific TCRs and expresses the enzyme [3-
galactosidase under the control of an IL-2 inducible promoter. Upon B3Z recognition of
the OVA-pMHC complex on OVA expressing cells, the subsequent IL-2 production
promotes the expression of [(-galactosidase. B-galactosidase activity can then be
measured via hydrolysis of the reagent chlorophenol red-B-galactopyranoside (CPRG)
which leads to a color change that is reflective of T cell activation levels. 3 MC38-OVA
cells were incubated with BIIB021 and CliMB-325 for 48 hours before being co-cultured
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with B3Z T cells. While TCR activation in cells treated with BIIB021 did not significantly
differ from the DMSO control, MC38-OVA cells treated with CliMB-325 exhibited a nearly
1.6-fold increase in TCR activation levels (Figure 4.4F). Overall, these results validate
the use of a high-throughput click chemistry screen to generate bioactive compounds with

MHC-I upregulation activity.
4.4 Conclusion

Here, we have identified compounds that have immunomodulatory effects on colorectal
cancer cell lines. Hsp90 inhibitors were found to be among the most potent class of
molecules tested that increase MHC-I surface expression as well as promote the display
of cancer-specific neoantigens for CD8+ T cell recognition. Leveraging an Hsp90 inhibitor
core scaffold, we have also demonstrated as proof-of-concept a novel high-throughput
click chemistry-based screening platform for the discovery of molecules with
immunomodulatory activity. While our initial screen utilized a 380-member azide library,
we plan to expand to a 1,200-member azide library to sample a wider chemical space for
molecules that upregulate MHC-I. Additionally, beyond the purine-based scaffold used in
this study, we intend to extend this strategy to resorcinol and benzoquinone-based
scaffolds, which have also been favored for the development of new Hsp90 inhibitors. %5
60 Ultimately, however, we envision that our approach of modifying preexisting chemical
scaffolds with alkynes for large-scale click chemistry-based derivatization can be broadly

applicable for various phenotypic screens beyond MHC-I upregulation.

Counteracting cancer immune evasion mechanisms is necessary to enhance the efficacy
of immunotherapy treatments. To this point, a significant portion of patients fail to respond
to PD-1 blockade therapy due to the development of resistant tumors resulting from MHC-
| downregulation. '® This challenge underscores the need to reengage the immune system
by converting immunologically ‘cold’ tumors back into ‘hot’ tumors that can be recognized
and targeted for elimination. Therefore, we anticipate that developing a widely applicable
approach to increase MHC-I surface expression is a promising avenue to combat

resistant cancer.
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4.5 Summary and Future Outlook

Here, we investigated how diverse classes of small molecules modulate MHC-I surface
expression on cancer cells. We identified a best-in-class scaffold for enhancing MHC-I
expression in colorectal cancer cells and developed a high-throughput derivatization
strategy to discover additional immunomodulatory compounds. Building on this, we are
expanding our scaffold library to improve our structure-activity relationship analysis and
optimize efficacy. With a 4,000-member azide library in hand, we aim to scale our efforts
by an order of magnitude to explore a broader chemical space and identify high-priority
candidates. Finally, we will assess the in vivo activity of MHC-I upregulating compounds
in combination with checkpoint inhibitors to evaluate potential synergy in enhancing anti-

tumor immunity.

Most small molecule drugs exhibit some degree of polypharmacology, engaging multiple
protein targets rather than acting exclusively on their intended target, which can lead to
diverse biological effects. Even highly selective small molecules can still induce
unexpected phenotypic outcomes in patients. We hypothesized here that some of the
anti-cancer activity of small-molecule drugs may arise from enhancing immune system
interactions with cancer cells rather than solely through their proposed primary
mechanism of action. Since small molecule efficacy is primarily optimized using in vitro
cell culture models, which typically lack immune components, the extent to which the
immune system contributes to their anti-cancer effects remains incompletely understood.
Obtaining a deeper understanding of these immune-modulatory effects could inform the

development of combination therapies that enhance anti-tumor activity.

4.6 Material and Methods

Materials. All library compounds were purchased from either Selleck Chemicals, AK
Scientific, A2B Chem, MedChemExpress, GlpBio, Cayman Chemical Company, or
AmBeed. Compounds were solubilized in DMSO and stored at -20°C. Recombinant
murine and human IFN-y were purchased from PeproTech. APC-labeled antibodies
against H-2K9/H-2D9, HLA-A,B,C, and H-2KP bound to SIINFEKL were purchased from

BioLegend. The library of 380 azide-containing small molecules were purchased from
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Enamine (catalog # AZD-380-X-100). For the synthesis of CliMB-325, 2-amino-6-
chloropurine was purchased from AmBeed (catalog # A135577) and 2-azido-5-
chlorobenzonitrile was purchased from Enamine (catalog # EN300-279694). Dulbecco’s
Modified Eagle’s Medium (DMEM), Roswell Park Memorial Institute (RPMI) 1640
medium, and McCoy’s 5A medium were purchased from VWR. Fetal Bovine Serum (FBS)

and penicillin-streptomycin were purchased from Sigma-Aldrich.

Mammalian Cell Culture. CT26 cells were cultured in RPMI 1640 media supplemented
with 10% fetal bovine serum, 50 IU/mL penicillin, and 50 pg/mL streptomycin. HCT116
cells were kindly provided by Dr. Anja-Katrin Bielinsky and were cultured in McCoy’s 5A
media supplemented with 10% fetal bovine serum, 50 IU/mL penicillin, 50 pg/mL
streptomycin, and 2 mM GlutaMAX. MC38-OVA cells were kindly provided by Dr. Mirna
Perusina Lanfranca and were cultured in DMEM supplemented with 10% fetal bovine
serum, 50 IU/mL penicillin, 50 pg/mL streptomycin, 50 pg/mL gentamycin, and 10 pg/mL
blasticidin. B3Z cells were kindly provided by Dr. Aaron Esser-Kahn and maintained in
RPMI 1640 media supplemented with 10% fetal bovine serum, 50 IU/mL penicillin, and
50 ug/mL streptomycin. All cells were cultured in T75 flasks and maintained in a
humidified atmosphere of 5% CO2 at 37°C.

Flow Cytometry-Based Assays. 1.5 x 10* cells were seeded in a treated 96-well plate
along with indicated concentrations of library compounds at 37°C. After 48 hours, cells
were washed once with PBS, removed using TrypLE™ Express Enzyme (Thermo Fisher),
and transferred to a round-bottom 96-well plate. Transferred cells were centrifuged (1100
X g, 5 min) in a Thermo Scientific Jouan C4i centrifuge, and the cell pellets were
resuspended and fixed in 4% formaldehyde solution for 20 minutes. The plate was
centrifuged (1100 x g, 5 min) and pelleted cells were resuspended in a 1:100 dilution of
indicated fluorescence antibodies in culture media for 1 hour at 4°C. Flow cytometry was
performed using the following antibodies: APC anti-mouse H-2K%/H-2D9 (clone 34-1-2S),
APC anti-human HLA-A,B,C (clone W6/32), or APC anti-mouse H-2KP bound to SIINFEKL
(clone 25-D1.16). Cells were analyzed using an Attune NxT Flow Cytometer (Thermo

Fisher) equipped with a 637 nm laser with 670/14 nm bandpass filter.
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MTT Cell Viability Assay. 1.5 x 10* CT26 cells were seeded in a treated 96-well plate,
either with or without compounds (BIIB021 and CIliMB-325) at indicated concentrations
at 37°C. After 48 hours, a solution of MTT in PBS (filter sterilized through a 0.2-uM filter)
was added to each well to achieve a final concentration of 0.45 mg/mL. After incubating
at 37°C for 2 hours, cells were centrifuged (1100 x g, 5 min) in a Thermo Scientific Jouan
C4i centrifuge and the supernatant was removed. 100 pL of DMSO was added to each
well to dissolve the formation of formazan precipitate. The absorbance of the solution in
each well was read at 570 nm using a BioTek Synergy H1 Microplate Reader. Wells
containing no cells (only the added DMSO) were used as a negative control for viability,

while untreated cells served as the positive control for 100% viability.

B3Z T Cell Activation. 1.5x10* MC38-OVA cells were seeded in a treated 96 well plate,
either with or without compounds (BIIB021 and CliMB-325) at indicatedd concentrations
at 37°C. After 48 hours, the culture media was replaced with media containing 10° B3Z
cells, which were co-incubated with the MC38-OVA cells for 6 hours. Cells were
centrifuged (1100 x g, 5 min) in a Thermo Scientific Jouan C4i centrifuge and the
supernatant was removed. Lysis buffer containing 0.2% saponin, 500 mM CPRG reagent,
20 mM MgClz, and 100 mM B-mercaptoethanol in 1X PBS was added to each well. After
45 minutes, absorbance at 570 nm was recorded using a BioTek Synergy H1 Microplate

Reader.

Molecular Docking Studies. Conformational predictions of CliMB-325 in Hsp90 were
performed using Rosettaligand using the crystal structure of BIIB021 bound to Hsp90
(PDB ID: 3gdd). Native crystal structure was prepared for docking by removing all water
molecules and co-crystallized ligands. PyMOL was used for visualization of the docking

results.



Kelly | 91

4.7 Supplementary Figures
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Figure S4.1. Structures of 256 compounds in library of small molecule MHC-I inducers,
subdivided by class. Compounds 1-10 are DNMT inhibitors, 11-14 are STING agonists,
15 is a kinase inhibitor, 16-19 are HDAC inhibitors, 20-21 are BET inhibitors, 22 is an

Hsp90 inhibitor, and 23-25 are miscellaneous compounds.
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Figure S$4.2. Flow cytometry analysis of CT26 cells treated with 25-member library at 5
uM. H-2Kd surface expression was measured by APC-conjugated anti-mouse H-2Kd
antibody. MFI means fluorescence intensity of the level of fluorescence relative to the

DMSO control. Compounds containing no data bar and denoted with * indicate that the

compound was toxic to the cells at 5 uM concentration. Data are represented as mean +

SD (n=3).
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Figure S4.3. Analytical HPLC of reaction between 9-propargyl-2-amino-6-chloropurine
and 2-azido-1-(4-methoxy-phenyl)-ethanone. 9-propargyl-2-amino-6-chloropurine and 2
azido-1-(4-methoxy-phenyl)-ethanone, each at a concentration of 10 mM, were reacted
with 40 mM L-ascorbic acid and 2 mM CuSO4/THPTA in a 3:2 ratio of DMSO to water,
with a total reaction volume of 100 uL. Overlaid HPLC chromatograms of reaction
mixture prior to addition of 2-azido-1-(4-methoxy-phenyl)-ethanone (black) and the full

reaction mixture after incubation shaking at 37 °C for 20 h (blue) are shown.
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Figure S4.4. Analytical HPLC of reaction between 9-propargyl-2-amino-6-chloropurine
and 4-azido-1-butanamine. 9-propargyl-2-amino-6-chloropurine and 4-azido-1-
butanamine, each at a concentration of 10 mM, were reacted with 40 mM L-ascorbic
acid and 2 mM CuSO4/THPTA in a 3:2 ratio of DMSO to water, with a total reaction
volume of 100 uL. Overlaid HPLC chromatograms of reaction mixture prior to addition of
4-azido-1 butanamine (black) and the full reaction mixture after incubation shaking at 37

oC for 20 h (green) are shown.
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Figure S4.5. Analytical HPLC of reaction between 9-propargyl-2-amino-6-chloropurine
and Boc-4-azido-L-phenylalanine. 9-propargyl-2-amino-6-chloropurine and Boc-4-azido-
L phenylalanine, each at a concentration of 10 mM, were reacted with 40 mM L-
ascorbic acid and 2 mM CuSO4/THPTA in a 3:2 ratio of DMSO to water, with a total
reaction volume of 100 uL. Overlaid HPLC chromatograms of reaction mixture prior to
addition of Boc-4 azido-L-phenylalanine (black) and the full reaction mixture after

incubation shaking at 37 °C for 20 h (purple) are shown.
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Figure S4.6. Flow cytometry analysis of CT26 cells treated with 1 uM 9-propargyl-2-
amino 6-chloropurine or a 1:10,000 dilution of CUAAC click reagents. H-2Kd expression
was measured by APC anti-mouse H-2Kd antibody. MFI is mean fluorescence intensity
of the level of fluorescence relative to the DMSO control. Data are represented as mean

+ SD (n=3). P-values were determined by a two-tailed t-test (ns = not significant).

HoN N
_ 7 ’ .o = 4
N= \N N~‘N+ .N"'N N- N+N X
*N- N~ .N* >
N N
325

3 27

=Z

327

1.6+
% %k 3k
1.4 I
T
=
$ 1.2
©
: L1 | &
1.04 e i T
08— L1



Kelly | 97

Figure S4.7. Structures of the four azide-containing small molecules from 380
compound library screen that resulted in the greatest fold change over background in
MHC-I surface expression when reacted with 9-propargyl-2-amino-6-chloropurine. Flow
cytometry analysis of CT26 cells treated with 1:20,000 dilution of click reaction mixtures
containing azides 3, 27, 325, and 335. H-2KY expression was measured by APC anti-
mouse H-2Kd antibody. MFI means fluorescence intensity of the level of fluorescence
relative to the DMSO control. Data are represented as mean = SD (n=3). p values were
determined by a two-tailed t-test (*** p < 0.001).
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Figure S4.8. Dose-response curve and chemical structure of the regioisomer of CliMB
325, formed from a reaction between the minor N7 regioisomer of the alkyne-modified
BIIB021 precursor (7-propargyl-2-amino-6-chloropurine) and 2-azido-5
chlorobenzonitrile (azide 325 from 380 compound screen). CT26 cells were treated with
varying concentrations of the CliMB-325 regioisomer. H-2Kd expression was measured
by APC anti-mouse H-2K? antibody via flow cytometry. MFI means fluorescence
intensity of the level of fluorescence relative to the DMSO control. Data are represented
as mean * SD (n=3), and Boltzmann sigmoidal curves were fitted to the data using
GraphPad Prism. ECso values are the concentration of compound needed to achieve

50% of the maximal MHC-I surface expression levels.
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Chapter 5 A Chemical Approach to Assess Impact of Post-Translational
Modification on MHC Peptide Binding and Effector Cell Engagement

Adapted from: Kelly, J. J.; Bloodworth, N.; Shao, Q.; Shabanowitz, J.; Hunt, D.; Meiler, J.;
Pires, M. M., A Chemical Approach to Assess Impact of Post-Translational Modification
on MHC Peptide Binding and Effector Cell Engagement ACS Chem. Biol. 2024, 19, 9,
1991-2001.

5.1 Abstract

The human major histocompatibility complex (MHC) plays a pivotal role in the
presentation of peptidic fragments from proteins, which can originate from self-proteins
or from nonhuman antigens, such as those produced by viruses or bacteria. To prevent
cytotoxicity against healthy cells, thymocytes expressing T cell receptors (TCRs) that
recognize self-peptides are removed from circulation (negative selection), thus leaving T
cells that recognize nonself-peptides. Current understanding suggests that post-
translationally modified (PTM) proteins and the resulting peptide fragments they generate
following proteolysis are largely excluded from negative selection; this feature means that
PTMs can generate nonself-peptides that potentially contribute to the development of
autoreactive T cells and subsequent autoimmune diseases. Although it is well-established
that PTMs are prevalent in peptides present on MHCs, the precise mechanisms by which
PTMs influence the antigen presentation machinery remain poorly understood. In the
present work, we introduce chemical modifications mimicking PTMs on synthetic
peptides. This is the first systematic study isolating the impact of PTMs on MHC binding
and also their impact on TCR recognition. Our findings reveal various ways PTMs alter

antigen presentation, which could have implications for tumor neoantigen presentation.
5.2 Introduction

To maintain homeostasis, the human immune system must efficiently recognize and
destroy cells that have accumulated genetic mutations or have been invaded by
pathogenic microorganisms.® 2 Self-identification to the immune system is a primary
mechanism deployed by human cells to flag the presence of nonself-proteins or proteins

produced by genetic lesions.2 To this end, presentation of antigenic peptidic fragments
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via the major histocompatibility complex (MHC) to surveying immune cells serves as a
key system to recognize diseased cells (Figure 5.1A).2 MHC is present in the membrane
of every nucleated cell and is responsible for presenting both antigenic and endogenous
protein fragments to the extracellular space. The recognition of peptide-MHC complexes
(PMHCs) by T cell receptors (TCRs)# initiates an immune cell response, the nature of
which depends on the type of the T cell (primarily CD4+ and CD8+ cells).>
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Figure 5.1 (A) Schematic representation of the process involving the proteolytic
processing of cytosolic protein into peptides. Subsequent steps lead to the loading of
the peptides onto MHC molecules that are then transported to cell surface for
presentation. (B). Chemical structures of sarsWT and the PTM modified variants. (C)
Flow cytometry analysis of RMA-S cells treated with specific peptide (20 uM) detected
by APC conjugated antimouse H-2KP antibody. Data are represented as mean + SD
(n = 3). P-values were determined by a two-tailed t-test (**** p < 0.0001, ns = not
significant). (D) A general schematic representation of how the orientation of the PTM
within the presented peptide could negatively impact binding to MHC molecules (right)
compared to the unmodified peptide (left). Note that modifications can also occur on the

termini of the peptides.
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Critically, precise recognition and binding of pMHCs by TCRs must operate with a high
level of fidelity since the response to self-peptides in healthy cells can result in cellular
injury.® Through negative selection, thymocytes expressing TCRs that bind tightly to self-
peptides are removed from circulation.* 7 In theory, changes to the primary sequence of
a protein could yield autoreactive pMHC as long as the primary sequence was not part of
the negative selection process. Some primary sequence changes can be permanent such
as amino acid changes due to gene mutations, while others can be transient, like post-
translational modifications (PTMs). In healthy states, enzymatic PTMs are added by
specific sets of enzymes to modulate protein activity, localization, and interactions of the
protein with other cellular components.® Because PTMs are covalent modifications, most
are stable enough to persist through protease digestion and loading onto MHC molecules,

potentially leading to the presentation of modified peptide during immune surveillance.®

Remarkably, human proteins containing PTMs have been shown to be excluded from
negative selection, despite the potential that pMHCs with PTM-modified peptides to yield
autoreactive cells.10 It has been hypothesized that this exclusion is due to the relatively
low abundance of PTMs in healthy and young adults in the prime phase of negative
selection, compared to the unmodified parent proteins. However, thymus involution after
adolescence may contribute to age-related autoimmune diseases.!l 12 Additionally,
various factors, such as imbalances of PTM writers and erasers in diseased states,
cellular stresses, or aging, can dramatically increase the prevalence of PTMs across the
proteome.13 Collectively, the increased level of pMHCs bearing PTMs mean that a higher
proportion of potentially autoreactive cells is present.19.14-19 |n other words, when peptides
with PTM modifications are presented, the immune system may perceive them as nonself,
triggering a pathogenic autoimmune response.2%-22 A recent example of this phenomenon
involved cysteine carboxyethylation by a cellular metabolite, leading to a pathogenic

neoantigen presented on pMHC and resulting in autoreactive T cell responses.23

Various PTMs have been previously found in pMHCs.20: 24-30 Notably, increased
conversion of arginine to citrulline in the myelin sheath has been shown to lead to the
development of self-reactive T cells that exacerbate the progression of autoimmune

diseases such as Rheumatoid Arthritis (RA) and Multiple Sclerosis (MS).31-36 Moreover,
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there is mounting evidence that pMHCs presenting peptides with PTMs are prevalent in
tumors.37-40 A recent report revealed that PTMs can shape the antigenic landscape.°
Despite the importance of PTMs in potentially generating autoreactive peptides, several
aspects of PTM biology in this field remain poorly defined. One primary barrier to better
understanding the impact of PTMs on pMHCs has been the complexity of assigning the
role of PTMs in the context of the many steps leading to MHC presentation. These
processes may include changes in a protein half-life, altered proteolytic processing to
generate presentable peptides, or binding affinity of individual peptides to MHC
molecules. Among these factors, peptide binding affinity to MHC molecules is a primary
determinant of the peptide repertoire within pMHCs.41- 42 Here, we systematically isolate
the impact of PTMs on the ability of the peptides to bind to MHC molecules and be

recognized by cognate T cells.
5.3 Results and Discussion

In general, PTMs can be challenging to detect in the context of complex biological
systems, and the levels of PTMs can change in response to cellular cues.*3 Traditional
cellular assays do not typically establish the ratio of PTM proteins relative to their
unmodified counterparts.** These challenges are amplified when analyzing PTMs on
peptides from pMHCs.# Extracting peptides from isolated MHCs involves challenging
separation steps and downstream mass spectrometry analysis.#6 On the other hand, a
top-down approach of treating cells with PTM-modified proteins also poses a challenge
because exogenous proteins are not readily processed to yield peptides that are
presented by MHC | molecules.*’ Even if the peptides get processed, the ultimate pMHC
presentation involves multiple factors including peptide half-life,*8 uptake efficiency, or
peptide binding affinity to MHC. Consequently, assessment of how various naturally
occurring PTMs impact peptide binding to MHCs and recognition by TCRs has not been

systematically conducted.
5.3.1 PTMs alter peptide binding affinity to MHC

To address these challenges, we based our approach on the RMA-S cell line, which lacks
the TAP importer.4%: 50 TAP is essential for delivering peptides from the cytosol to the

endoplasmic reticulum. By incubating peptides with RMA-S cells at lower temperatures,
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we allowed peptides to associate with surface-bound MHCs (Figure S5.1). Upon
increasing the temperature, we observed the stabilization of pMHCs on the cell surface.
The quantity of MHC on the cell surface correlated with the binding affinity>1-6 of the
peptide to the MHC molecule, quantified via a fluorescently labeled anti-MHC
antibody.5” Given the features of this well-established cell line, we anticipated that RMA-
S cells would effectively reveal the impact of PTMs on peptides that bind to MHC with
high affinity. Moreover, RMA-S cells have been used extensively for isolating the affinity

of a peptide for MHC.

To start, we sought to identify a peptide from SARS-CoV-2 spike protein that could be
displayed on MHC molecules. We used NetMHCPan4.0,%8 an algorithm that estimates
the propensity of peptides to bind MHC, to select a peptide sequence (ESIVRFPNI,
referred to as sarsWT) for stabilization of the specific MHC molecule (H-2KP) on the
surface of RMA-S cells. The peptide was synthesized using standard solid-phase peptide
synthesis techniques. The culture medium of the RMA-S cells was supplemented
with sarsWT at 26 °C to enable association of the peptide with surface bound MHCs.
Following sarsWT incubation, the temperature was raised to 37 °C. Subsequently, the
cells were incubated with APC conjugated antimouse H-2KP antibody and analyzed by
flow cytometry where fluorescence is expected to correspond with the amount
of sarsWT bound to the MHC. The peptide SNFVSAGI (cntPEP) was used as a negative
control since it has been reported to not interact appreciably with H-2KP.5° Various
concentrations of sarsWT were used to optimize the RMA-S stabilization assay with the
goal of increasing the number of pMHC molecules formed on the surface of the cells
(Figure S5.2). We found an increased fluorescence signal corresponding to increasing
concentrations of sarsWT, indicating that the peptide bound and stabilized the MHC on
the surface of the cell. The amount of stable pMHCs that formed at the surface also
saturated at 50 yM of peptide and showed an ECso of 1.7 yM. These results confirmed
the suitability of RMA-S to report on the stabilization of the pMHC complex by sarsWT.

Another parameter to consider is the time in which the MHC binding peptide has to
associate with the MHC to reach MHC saturation. To evaluate this time frame, the

workflow described above was conducted; however, the peptide incubation time at 37 °C
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was varied from 2 to 6 h (Figure S5.3). The results showed that the fluorescent signal
increased with increased incubation periods. This is likely due to accumulation of
stabilized pMHCs in the presence of excess high-affinity peptide. Nevertheless, a 6 h
incubation at 37 °C provided the highest signal-to-noise ratio and was used for

downstream assays.

With an optimized protocol in hand, we then synthesized a panel of peptides containing
PTMs to investigate their potential impact on MHC binding (Figure 5.1B). We envisioned
that modifying residues on sarsWT would be representative of how the selected
modifications may impact binding of different MHC peptides. The specific PTMs chosen
were a proline to hydroxyproline,®0 61 arginine to citrulline®2, and N-terminus
acetylation® modifications, as they are naturally occurring PTMs. By performing the
RMA-S stabilization assay, we found that the citrullination and hydroxy-proline
modifications had no significant effect on MHC binding, but the N-terminal acetylation
modification completely disrupted MHC binding (Figure 5.1C). Gratifyingly, there is
precedence for N-acetylated peptides to be displaced in MHC class 1.64 These results
demonstrate that naturally occurring PTMs can alter pMHC complex formation and
influence the antigen presentation pathway depending on the interface of the peptide and
the MHC molecule (Figure 5.1D).

5.3.2 TCR recognition of pMHC is distinctly altered by PTM compared to MHC affinity

Next, we shifted our focus to the peptide epitope SIINFEKL (ovaWT) from the model
antigen ovalbumin (OVA) to interrogate how other PTMs impact MHC binding as well as
TCR recognition.®® To this end, we synthesized a new library of OVA peptides containing
PTMs on its serine and lysine residues and performed a concentration scan to assess
MHC binding using the RMA-S stabilization assay (Figure 5.2A). Interestingly, there was
a significant decrease in MHC binding when serine was phosphorylated despite
predictions that this site does not contribute significantly to binding (Figure 5.2B).56 QOur
results highlight the potential deficiency of current models to predict how PTMs could
impact peptide binding to MHC molecules given how PTM products can be structurally

distinct relative to the side chains of the canonical amino acids.
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Figure 5.2 (A) Chemical structures of ovaWT and the PTM modified variants. (B) Flow
cytometry analysis of RMA-S cells treated with specific peptide (20 uM) detected by
APC conjugated antimouse H-2KP antibody. (C) RMA-S cells were incubated with
peptide and B3Z T cells overnight at an effector to target ratio of 1:1. 3-galactosidase
expression was then measured via the colorimetric reagent CPRG on a plate reader at
570 nm. (D) Schematic representation of how PMTs can impact engagement with
TCRs. Data are represented as mean + SD (n = 4). P-values were determined by a two-
tailed t test (**** p < 0.0001)

The side chain of lysine (K7) on ovaWT was explored next. Lysine was decorated with
different types of PTMs that included three different charge states. Previously, the same
lysine on SIINFEKL had been altered with various groups including fluorophores and
caging groups.57-6° Qur data showed considerable accommodation of structural
alterations to the lysine side chain (Figure 5.2B). With larger modifications such as biotin,
binding levels are altered but the change is not significant. These findings can be
explained by the solvent exposed nature of lysine on the pMHC complex and the length

of the lysine side chain, which may reduce structurally unfavorable interactions with the
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MHC molecule (Figure 5.1D).%6 Critically, for ovaWT the anchor residues that are more
important for the overall binding affinity to MHC molecules (Phe5 and Leu8) are not

amendable to conventional PTMs.70

We then sought to detect changes in peptide binding via a competition assay using the
parent cell line (RMA) that has a competent TAP system. To this end, we performed a
competition assay using the panel of OVA peptides barring PTM mark in live RMA cells.
The assay was performed by coincubating RMA cells individually with PTM-modified
peptides and also ovaFI| (SIINFEK(FITC)L), in which the y position of lysine is modified
with fluoresceine. ovaFl has long been utilized by the field to interrogate binding of
untagged peptides for MHC molecules. A decrease in cellular fluorescence should
indicate higher association levels with MHC molecules, thereby informing on the relative
affinity of the PTM-modified molecules. Critically, this assay retains MHC molecules within
a physiologically relevant context and this alternative readout should complement the
RMA-S MHC stabilization assay. As expected, the trend in binding affinity in the
competition experiment closely mirrored our results with the RMA-S stabilization assay
indicating that the RMA-S assay can accurately report on relative MHC binding affinities
in a cellular context (Figure S5.4). As further evidence and to specifically detect PTM-
modified peptides bound on MHC, ovaWT and ovaK7m3 treated RMA-S cells had their
MHC-bound peptides eluted and identified using mass spectrometry. The canonical
binding peptide, ovaWT, was clearly detected after elution from live RMA-S cells (Figure
S5.5-S5.6). Likewise, the ovaK7m3 was detected by mass spectrometry and this
provides direct evidence that trimethylation of K7 does not disrupt binding of this peptide
to MHC (Figure S5.7-S5.8). While PTMs on solvent exposed residues could potentially
retain binding to MHCs, their overall impact may be more strongly reflected in the pMHC
engagement with TCRs. TCRs recognize T cell exposed motifs of the bound peptide
within pMHCs.68. 70 Therefore, PTMs at these positions may have a greater impact on T

cell activation.

To assess the impact of ovaWT PTMs on TCR recognition, we utilized the B3Z T cell
hybridoma cell line that contains an OVA specific TCR along with a NFAT-LacZ reporter

gene that encodes for B-galactosidase on an IL-2 inducible promoter.” Upon B3Z
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recognition of the OVA pMHC complex on RMA-S cells, IL-2 production promotes [3-
galactosidase expression, which can hydrolyze chlorophenol red-B-D-galactopyranoside
(CPRG), and the resulting color change is representative of activation levels. Our results
showed that the PTMs have a much more significant effect on TCR recognition than on
peptide binding to MHC (Figure 5.2C). While relatively modest disruption of TCR
recognition was seen for increasing the degree of methylation on the lysine residue, near
complete disruption of TCR recognition was seen for all PTMs that imparted a change in
charge of either the serine or lysine residue. Additionally, the reduction in TCR recognition
for both the phosphoserine and biotinylated OVA cannot be fully explained solely by their
decrease in MHC binding. Instead, the PTMs that are well accommodated for MHC
binding could be displayed away from the binding cleft and alter engagement with TCRs

on cognate T cells (Figure 5.2D).
5.3.3 Assessing influence of PTMs on display of disease relevant peptides

To confirm the relevance of these findings in a broader context, we also performed the T
cell activation assay on DC2.4 dendritic cells, which also express H-2KP. Unlike the RMA-
S cells, peptides were incubated with DC2.4 cells at 37 °C and were expected to load
onto MHC molecules if they display sufficient affinity toward H-2KP. Satisfyingly, the
pattern of T cells activation with PTM modified ovaWT peptides showed a similar profile
with DC2.4 cells as RMA-S cells (Figure S5.9). Our results confirmed that the impact of
PTMs on T cell activation may be consistent across multiple cell types. Finally, we sought
to investigate whether we could assess PTMs on a peptide that has potential pathological
implications. To this end, a number of autoimmune diseases, including RA and MS, have
been described to involve the citrullination of arginine.”2 Citrullination is carried out by
peptidylarginine deiminases (PADs) and higher levels of citrullinated proteins have been
found in older mice relative to young mice.”® A shift in higher levels of citrullination past
the full scope of negative selection could provide a pathway for autoreactivity. Using a
peptide originating from a known PAD substrate myelin basic protein
(RTAHYGSL, mbpWT) as the baseline (Figure 5.3A), we found that there was a

statistically significant increase in peptide binding to MHC molecules upon citrullination
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(Figure 5.3B). This result is consistent with the possibility that PTMs can impact
presentation of peptides in the context of disease-linked peptides.
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Figure 5.3 (A) Chemical structures of mbpWT and the PTM modified variant. (B) Flow
cytometry analysis of RMA-S cells treated with specific peptide (20 uM) detected by
APC conjugated anti-mouse H-2KP antibody. (C) NetMHCpan 4.1 predicted binding

scores of tumor associated peptides. %Rank is the prediction score for comparing MHC
binding across random peptides where a %Rank of 1 indicates that a peptide scored in
the top 1% of random peptides. A %Rank of <2 or <0.5 are the cutoffs for weak binding
or strong binding to MHC respectively. A %Rank >2 indicates nonbinders. (D) A heat
map of wild-type and PTM modified peptides relative MHC binding analyzed by using
the RMA-S stabilization assay. RMA-S cells were incubated with peptide at indicated
concentration of peptides and detected via flow cytometry with APC conjugated

antimouse H-2KP antibodies. Abbreviations: Cit (citrullination), Yp (phosphorylated
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tyrosine), Kac (lysine acetylated at the y position), NAc (acetylation at the a position),
and Sp (phosphorylated serine). Data are represented as mean = SD (n = 4). P-values
were determined by a two-tailed t test (**** p < 0.0001).

We then sought to uncover if PTMs are playing a role in influencing the presentation of
cancer antigens. However, only a limited number of studies have identified a wide range
of PTM modified MHC peptides presented on cancer cells.3% 40 Additionally, the specific
impact of these PTMs on peptide-MHC binding remains unclear. To this end, we
synthesized 10 PTM modified MHC peptides previously identified on cancer cells and
compared their binding affinity to MHC to their respective unmodified versions.3? 40 Qut
of this library, only 3 PTM modified peptides were found to bind to MHC at the biologically
relevant concentrations, highlighting the need for secondary validation assays for peptide
libraries identified through mass spectrometry screens (Figure 5.3C,D). Interestingly, out
of the peptides that bound, the PTM versions all showed significant improvement in MHC
stabilization on RMA-S cells suggesting that PTMs may enhance the presentation of

cancer associated peptides (Figure S5.10).
5.3.4 Modeling PTM influence on peptide-MHC binding affinity

To gain additional insight into how PTM s might alter peptide binding affinity to H-2K®, we
simulated peptide binding to H-2K® using ROSETTA and FlexPepDock. FlexPepDock has
been previously benchmarked against MHC-I bound peptides and is capable of
generating models with subangstrom accuracy.’* 7> One advantage of FlexPepDock over
contemporary machine learning methods is its ability to incorporate noncanonical amino
acids and PTM residues by generating custom ROSETTA parameters files; this enables
FlexPepDock to generate accurate models of MHC-I bound epitopes containing such
residues.’® 77 Furthermore, the binding energy metrics calculated by this application (the
reweighted_sc score term) can serve a surrogate for peptide binding affinity to MHC-
.78 We simulated the binding of the SARS-CoV-2-derived peptides to H-2KP and
generated results recapitulating experimentally derived binding affinity changes (Figure
5.4). ROSETTA correctly predicts decreased binding affinity for the top-scoring decoys
after N-terminal acetylation (corresponding to an increase in the average reweighted_sc
term; ROSETTA energy metrics are inversely proportional to binding affinity). ROSETTA
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predicts either no change or a modest increase in binding affinity for the other two PTMs
assessed (Figure 5.4A). When the top-scoring model for each peptide is visually
inspected, we noted significant alterations in the peptide backbone structure for the
acetylated N-terminus peptide variant largely confined to the H-2KP N-terminus binding
pocket (Figure 5.4B), a region that is largely responsible for dictating epitope binding
specificity and cannot easily accommodate large conformational changes. Conversely,
R5 citrullinated and P7 hydroxylated variants are located outside the H-2KP binding

pockets and regions tolerant of larger conformational changes (Figure 5.4C).
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Figure 5.4 Modeling the sars peptide with and without PTMs using FlexPepDock. (A) N-

terminal acetylation results in higher reweighted_sc values (and thus lower likelihood of
binding) compared to the wild-type peptide, consistent with experimental results (one-
way ANOVA and Holm-Sidak posthoc; individual values correspond to the top 0.5% of
models generated, and bars represent mean score term values). (B) Top peptide
models generated for each epitope positioned in the H-2Kb binding cleft. (C) Side chain
modifications compared to the unmodified epitope for the SARS-CoV-2 peptide.
Modeling the ovalbumin-derived peptide with and without PTMs using FlexPepDock. (D)
Phosphorylation of the N-terminal serine residue generates models with higher average
reweighted_sc terms, similar to N-terminal acetylation of the SARS-CoV-2 peptide (one-
way ANOVA and Holm-Sidak posthoc; individual values correspond to the top 0.5% of

models generated, and bars represent mean score term values). (E) Superimposed
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peptide backbones for the top peptide models generated for each PTM. (F) Detailed
side-chain configurations for the top-scoring models generated by FlexPepDock.

We repeated this analysis on the ovalbumin-derived peptide and each PTM (Figure
5.4D). Phosphorylation of the N-terminus serine generates structures with higher (and
therefore less favorable) score terms, again likely due to disruption of the N-terminus
peptide-binding pocket (Figure 5.4E). Peptide models with the remaining PTMs scored
either equivalently or slightly better than their wild-type counterparts. While largely
consistent with experimental data, ROSETTA predicts modest increases in peptide
binding favorability that are not observed experimentally. This may be a result of biases
inherent in ROSETTA's scoring weights that have not been fully optimized for unusual or
noncanonical amino acids such as those modeled here. Alternatively, the assay used for
assessing binding affinity may be insufficiently sensitive to detect small changes above
certain affinity thresholds. Modifications at the lysine in position 7 alter T cell activation in
vitro as illustrated in Figure 5.2C. In silico, these altered residues do not interact
appreciably with peptide binding pockets but instead occur in the region displayed by
MHC-I to patrolling T cells (Figure 5.4F). Methylated and acetylated lysine alters residue
charge and hydrophobicity; succinylation adds a negative charge (as opposed to lysine’s
normally positively charged side chain); and biotinylation results in the addition of a large
aliphatic heteropolycyclic side chain very different in size and character from the native

lysine residue.

Finally, we performed a similar analysis with the mbp peptide with and without R1
citrullination and generated in silico results that recapitulated experimental findings
(Figure 5.3). Citrullination at R1 significantly increases the reweighted_sc metrics for the
models generated by ROSETTA (Figure S5.11). While this modification occurs at the N-
terminus binding pocket, it does not appreciably alter peptide backbone configuration
(Figure S5.11). It does, however, alter side chain hydrophobicity and charge. Given that
the citrullinated variant is charge-neutral (compared to arginine’s 1+ charge) and given
H-2Kb’s preference for hydrophobic or charge-neutral residues at binding pockets, it is

reasonable to expect this modification may enhance peptide binding affinity.
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Increasingly, there are efforts dedicated to developing therapeutic agents that harness a
patient's immune system against cancerous lesions.”9-81 A prominent example involves
the modulation of the programmed death-1 (PD-1) system and its cognate programmed
death-ligand 1 (PD-L1). Cancers can often hijack this set of proteins to maintain growth
while suppressing the patient immune response against transformed cells. Immune
checkpoint inhibitors that disrupt the association of PD-1 and PD-L1 have shown potent
anticancer activity by a number of mechanisms but primarily via increased T cell
engagement.82 83 Neoantigens arising from genetic lesions likely provide a pool of
antigens that can be presented by cancer MHCs on the cell surface during checkpoint
therapy. Importantly, our results suggest that therapeutic agents that increase the
presentation of peptides through an altered balance of PTM marks could potentially

complement the targeting antigenic pool.

Considering the observed roles of PTMs in MHC binding and recognition by TCRs, it is
conceivable that the balance of PTM addition by “writers” and PTM removal by “erasers”
can be central in immunological health. Any imbalance that could be driven by age or
manufactured by therapeutic interventions could result in pathological state. For example,
proteins could naturally exist in high abundance of nonacetylated states on lysine side
chains past the peak period of negative selection of T cells. After cancer development,
there is an increased level of acetylation, but those marks need to be removed by
“erasers” called Lysine Deacetylases (KDAC) to reduce an anticancer immunological
response against the cancerous cells. Upon the administration of KDAC inhibitors, a
larger pool of acetylated peptide would be presented. As our data showed, the acetylation
of lysine that interacts with TCRs would escape negative selection and provide an
anticancer immunological response. Such “cryptic” antigens could potentially be driving
the pharmacological effect of some PTM modulators in cancer patients. To this end, there
are a high number of ongoing studies evaluating the combination of KDAC inhibitors and
PD-1/PDL-1 inhibitors across many types of difficult-to-treat tumors.84-9° We are currently
working toward using this strategic platform to demonstrate how KDAC inhibitors directly
lead to an immunopeptidome that reveal cryptic antigens able to enhance antitumor

immunological activity.
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5.4 Conclusion

In conclusion, the data presented here demonstrate that naturally occurring PTMs can
drastically impact the antigen presentation pathway by altering either their affinity towards
MHC molecules or TCR recognition by cognate T cells. In our assays, we showed that
some PTMs can disrupt peptide binding to MHC, but primarily on residues that directly
engage with MHCs. Conversely, PTMs on residues whose sidechains are positioned
away from the MHC binding face are more sensitive to TCR recognition due to the altered
binding modality with TCRs. To the best of our knowledge, our study is the first systematic
analysis of the impact that PTMs have on MHC binding in a whole cell context and how
PTMs can also alter T cell activation using live target and effector cells. Provided that
negative selection is age-dependent and becomes increasingly diminished past
adolescence, it is evident that PTMs could be causal events that result in autoimmune
diseases.

5.5 Summary and Future Outlook

In Chapter 5, we aimed to systematically determine the molecular mechanisms behind
how PTMs influence antigen presentation. Two key determinants of antigen recognition
by the immune system are (1) the binding affinity of peptides to MHC molecules and (2)
the specific recognition of the pMHC complex by T cells through their TCRs. To isolate
and assess the contributions of each factor, we used a controlled cell-based system to

evaluate how PTMs influence antigen presentation and immune recognition.

Expanding this work requires a deeper understanding of how cancer cells generate
PTMs that are absent in healthy tissue and how the immune system responds by
generating PTM-specific T cells. The biochemical pathways underlying PTM-modified
neoantigen formation in cancer remain poorly understood, making it challenging to
predict which PTM-containing peptides will be displayed on MHC. Furthermore,
emerging evidence suggests that PTMs may serve as privileged structures for eliciting
cancer-specific T cell responses, likely because they are absent during T cell
development in the thymus. Developing predictive strategies to determine whether a
PTM induces sufficient physiochemical changes to generate circulating T cells could

significantly advance immunotherapy approaches for targeting cancer.
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5.6 Materials and Methods

Materials. All peptide related reagents and protected amino acids were purchased from
Chem Impex. APC-labeled anti-mouse H-2K%H-2D¢ antibody was purchased from
Biolegend. Pooled Human Serum and acetic acid (glacial, >99.99% trace metals basis),
and penicillin-streptomycin was purchased from Sigma Aldrich. Dulbecco’s Modified
Eagle’s Medium (DMEM) was purchased from VWR. Fetal Bovine Serum (FBS) was
purchased from R&D Systems. Angiotensin Il phosphate > 95% HPLC and vasoactive
intestinal peptide (VIP) 1-12 human, porcine, rat was purchased from AnaSpec.
PierceTM Waters, LC/MS grade was purchased from Thermo Scientific. Methanol,
OptimaTM LC/MS grade was purchased from Fisher Chemical. Acetonitrile, B&J
BrandTM LC-MS, for LC-MS and HPLC, >99.9% was purchased from Honeywell. Kasil
1624 potassium silicate solution was purchased from PQ Corporation. 100 pm i.d. x 360
pm o.d. Polyimide coated fused silica nano-capillary tubing and 75 pm i.d. x 360 um o.d.
Polyimide coated fused silica hano-capillary tubing were purchased from PolyMicro
Technologies, Inc. Reprosil Pur 120 C18 AQ 3 um and Reprosil Pur 120 C18 AQ 10 um
were purchased from Dr Maisch GMBH. Mode 5424 Centrifuge and Protein LoBind
microcentrifuge tubes were purchased from Eppendorf. Teflon tubing, 0.012-inch i.d. x
0.060-inch 0.d. was purchased from Zeus Industrial Products, Inc. P-2000
microcapillary laser puller with fused silica adapter was purchased from Sutter
Instrument Co. LTQ-Orbitrap mass spectrometer was purchased from Thermo-Fisher
Scientific. All other organic chemical reagents were purchased from Fisher Scientific or
Sigma Aldrich and used without further purification. ALL COMPOUNDS ARE >95%
PURE BY HPLC ANALYSIS.

Mammalian Cell Culture. RMA-S cells were a kind gift from Dr. John Sampson. RMA-S
cells were maintained in RPMI 1640 media supplemented with 10% fetal bovine serum,
50 IU/mL penicillin, 50 pg/mL streptomycin,1X MEM non-essential amino acid solution
(ThermoFisher) and cultured in a humidified atmosphere of 5% CO2 at 37°C. B3Z cells
were kindly provided by Dr. Aaron Esser-Kahn and maintained in RPMI 1640 media
supplemented with 10% fetal bovine serum, 50 IU/mL penicillin, 50 pg/mL streptomycin

and cultured in a humidified atmosphere of 5% CO:2 at 37°C.
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RMA-S Stabilization Assay. 10° RMA-S cells were seeded in a treated 96 well plate at
37°C overnight. The next day, RMA-S cells were moved to a 26°C incubator for 24-48
hours. Following the incubation period, cells were incubated with peptides in culture
media at indicated concentrations for 1 hour at 26°C before being moved to the 37°C
incubator for 6 hours. The media was then replaced with a 1:100 dilution of APC-labeled
anti-mouse H-2KYH-2DY antibody in culture media for 1 hour at 4°C. Cells were removed
from the well plate by vigorous pipetting, fixed with 2% formaldehyde solution, and
analyzed using the Attune NXT Flow Cytometer (Thermo Fischer) equipped with a 637
nm laser with 670/14 nm bandpass filter.

Mild Acid Elution. 10° RMA-S cells were treated with 20 uM peptide at 26°C for 1 h.
Cells were then warmed to 37°C for 6 h. RMA-S cells were collected by spinning down at
500 x g for 5 mins and thoroughly washed with 1X PBS Buffer pH 7.4 (Invitrogen). Next,
15 mL of mild acid elution (MAE) buffer (0.131 M citric acid, 0.066M Naz2HPO4, 150 mM
NacCl, 0.3 uM Aprotinin, and 5 mM iodoacetamide at pH 3.3) was added to RMA-S cells
for 2 min. RMA-S cells were then spun down at 4000 x g for 5 min and the supernatant

was collected, lyophilized, and stored at -80°C until further use.

Mass Spectrometry Analysis. The emitter tip of the analytical column was laser-pulled
to produce an opening of 2-5 um, and a 2 mm kasil frit was used in place of the irregular
reverse phase (RP) resin. The precolumns (100 um i.d. x 360 um O.D. fused silica) were
packed to 7 cm with 10 um C18 beads, and the analytical columns (75 pum i.d. x 360 pum
0.d. fused silica) were packed to 10 cm with 3 um C18 beads. Ova samples and 100 fmol
each of the internal standards (Angio and Vaso) were loaded onto the precolumn using a
pressure vessel for a 15-minute desalting rinse at a flow rate of 100 nL/min with 0.1%
acetic acid (AcOH) in water before connecting to the analytical column with a 2 cm Teflon
tubing. Reverse phase separation was conducted at a flow rate of 100 nL/min by HPLC
using 0.1% AcOH for solvent A and 0.1% AcOH in 60% acetonitrile for solvent B, and a
gradient as follows: 0% to 60% solvent B in 60 minutes, 60% to 100% solvent B in 2
minutes, 100% solvent B for 4 minutes, 0% in 2 minutes, followed by a 22-minute
equilibration with 100% solvent A. The peptides eluted from the analytical column were

electrosprayed into an LTQ-Orbitrap mass spectrometer. MS1 spectra were acquired with
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a resolution of 60,000, an AGC target of 5e5 and scan range of 300 to 2000 m/z in the
Orbitrap analyzer, followed by low resolution data dependent MS2 acquisition in the ion
trap with normal scan rate. Only precursor ions with charge +2 and +3 were selected for
fragmentation. The top 2 most abundant precursor ions, as well as the targeted +1 and
+2 precursor masses for the ovaWT and ovaK7m3 peptides, were selected for collision-
activated dissociation (CAD) in the ion trap analyzer with an AGC target of le4, a
normalized collision energy of 35%, an activation time of 30 ms, and a 2.0 m/z isolation
window. If the same precursor ion was selected three times or was detected twice within
a 20-second repeat duration, the ion was dynamically excluded for 15 seconds. The
presence of ovaWT and ovaK7m3 peptides was verified by manually inspecting the

targeted MS2 spectra for the expected fragmentations and fragment ion masses.

B3Z T cell activation: 10° RMA-S cells were seeded in a treated 96 well plate at 37°C
overnight. The following day the culture media was replaced with media containing
indicated concentration of peptide along with 10° B3Z cells in culture media and co-
incubated overnight. Cells were then spun down at 500xg for 5 mins and washed with 1X
PBS a total of two times. Lysis buffer containing 0.2% saponin, 500 uM CPRG reagent,
100 mM MgClz, and 100 mM B-mercaptoethanol in 1X PBS was added to each well. After

2-4 hours absorbance 570 was recorded using a BioTek Epoch 2 microplate reader.

Computational Methods: We used the FlexPepDock refinement application in
combination with ROSETTA scripts to simulate peptide docking to H-2Kb in ROSETTA
3.13.1,2 FlexPepDock refinement has successfully recapitulated peptide/MHC-1 complex
structures with sub-angstrom accuracy, and we have used this protocol to generate
peptide/MHC-| structures for peptides containing post-translational modifications and
other non-canonical amino acids. The refinement protocol requires initial templates that
approximate the final peptide configuration. We identified templates by scoring sequence
alignments between the peptide to model and H2-Kb bound peptides with structures
available in the PDB. The H-2Kb MHC-1 model was generated using AlphFold2.5
Residues in the template peptide were sequentially mutated to match those of the peptide
to model using the ROSETTA mover MutateResidue. For modeling residues with post-

translational modifications, we applied either pre-existing patches with the ROSETTA
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mover ModifyVariantType or created de-novo parameter files and rotamer libraries as
described. For each docking simulation 1000 models were created. Models were sorted
by the reweighted_sc statistic (a modified ROSETTA energy score term that doubles
contributions from interface residues and triples contributions from peptide residues) and
the top 0.5% scoring models selected for further analysis. We previously validated this
statistic as a metric for peptide binding affinity using a variant of the FlexPepBind protocol
as described by Alam et al.4,7 Computations were carried out with resources provided by
the Vanderbilt Advanced Computing Center for Research and Education (ACCRE). Top
scoring models were rendered and visually inspected using the Pymol Molecular
Graphics System v2.0 by Schrodinger, LLC.

5.7 Supplemental Figures
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Figure S5.1. RMA-S stabilization assay workflow. RMA-S cells express low affinity

peptides on their surface at 26 °C. When the temperature is raised to 37 °C, in the

absence of a high affinity MHC binding peptide (top) the low affinity pMHC complex
dissociates and the empty MHC is internalized and degraded. In the presence of a high
affinity binder (bottom) the pMHC complex remains stable at 37 °C and can be detected

via fluorescently labeled anti-MHC antibodies.
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Figure S5.2. Flow cytometry analysis of RMA-S cells treated with indicated
concentration of sarsWT detected by APC conjugated anti-mouse H-2KP antibody. Data
are represented as mean + SD (n= 3). P-values were determined by a two-tailed t-test (*

p <0.05, * p <0.01, ** p <0.001, *** p < 0.0001, ns = not significant).
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Figure S5.3. Flow cytometry analysis of RMA-S cells treated with of sarsWT (20 uM) for
indicated time points detected by APC conjugated anti-mouse H-2KP antibody. Data are
represented as mean + SD (n= 3). P-values were determined by a two-tailed t-test (* p <
0.05, ** p <0.01, ** p < 0.001, *** p < 0.0001, ns = not significant).
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Figure S5.4. Flow cytometry analysis of RMA-S cells treated with indicated peptide and
detected by APC conjugated anti-mouse H-2Kb antibody (red). RMA cells were co
incubated with ovaFI (4 M) and excess of indicated peptide (32 ©M) (green). Data is
represented as a percent decrease in fluorescence relative to ovaWT. Data are
represented as mean + SD (n= 3).
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Figure S5.6. Collision-activated dissociation (CAD) tandem mass spectrometry (MS/MS)
spectrum acquired in the ion trap showing fragment masses of ovaWT [M+2H]2+
precursor ion with m/z 482.2744. Sequence coverage for b+ ion fragments are labeled
in blue, and y+ ion fragments are labeled in pink. The identified ions are sufficient for
complete sequence coverage.
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Figure S5.7: LC-MS analysis of ovaK7m3 and spiked internal standard peptides.
Extracted ion chromatograms (EIC) are shown for the base peak and selected ion m/z
corresponding to the ovaK7m3, 100 fmol each of Vaso and Angio peptides.
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Figure S5.8. Collision-activated dissociation (CAD) tandem mass spectrometry (MS/MS)
spectrum acquired in the ion trap showing fragment masses of ovakK7m3 [M+2H]2+
precursor ion with m/z 482.2744. Sequence coverage for b+ ion fragments are labeled
in blue, and y+ ion fragments are labeled in pink. The identified ions are sufficient for
complete sequence coverage.
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Figure S5.9. DC2.4 cells were incubated with peptide and B3Z T-cells overnight at an
effector to target ratio of 1:1. f-galactosidase expression was then measured via the
colorimetric reagent CPRG on a plate reader at 570 nm.
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Figure S5.10. (A) Dose response-curve of WT and PTM modified peptides using the
RMA-S stabilization assay. RMA-S cells were incubated with peptide at indicated
concentration of peptides and detected via flow cytometry with APC conjugated anti
mouse H-2Kb antibodies. (B) Table of log(EC50) values. Abbreviations: Cit
(citrullination), Yp (phosphorylated tyrosine).
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FlexPepDock
reweighted_sc (REU)

Figure S5.11. Modeling the peptide mbp with and without citrullination of the N-terminus
arginine residue. (A) Arginine citrullination generates models with a higher average
reweighted_sc, consistent with experimental results showing citrullination enhances

binding affinity (two-tailed student’s t test; individual values correspond to the top 0.5%

of models generated, and bars represent mean score term values). (B) Superimposed
backbones for the top model generated for the mbpWT and mbpR1cit variants show
little difference in overall peptide configuration. (C) Detailed side-chain configuration for
both the mbpWT and mbpR1cit variant at the N-terminal arginine residue.
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Chapter 6 Impact of Non-Enzymatic Modification to Peptides on MHC Peptide
Binding and TCR Engagement

Adapted from: Joey J. Kelly, Tian Zhang, and Marcos M. Pires., Impact of Non-Enzymatic
Modification to Peptides on MHC Peptide Binding and TCR Engagement. 2025.

Manuscript in preparation.

6.1 Abstract

The adaptive immune system relies on the presentation of antigenic peptides by major
histocompatibility complex class | (MHC-I) molecules to cytotoxic T cells, enabling the
identification and elimination of infected or transformed cells. These peptides are typically
derived from intracellular proteins and undergo a rigorous selection process to ensure
self-tolerance. However, post-translational modifications (PTMs) and non-enzymatic
chemical modifications can introduce structural and chemical modifications to peptides,
potentially affecting immune recognition. In this study, we investigated the impact of non-
enzymatic PTMs on antigen presentation and T cell recognition. Using the well-
characterized model epitope SIINFEKL, we synthesized and analyzed variants
incorporating common non-enzymatically derived PTMs to assess their impact on MHC-
| binding interactions as well as T cell recognition. Additionally, we developed an
enrichment strategy using an alkyne-modified probe to identify sites of non-enzymatic
acylation prone to MHC-I display. These findings underscore the significance of non-

enzymatic PTMs in altering the immunopeptidome and modulating immune responses.
6.2 Introduction

The adaptive immune system represents a formidable defensive system against infected
and transformed cells. Principally, adaptive immunity relies on the ability of immune cells
to recognize and respond to specific antigens, which are often presented as peptides on
the surface of host cells. Major histocompatibility complex (MHC) molecules, and the
peptides they present, are pivotal to the orchestration of immune defense.l: 2 MHC

molecules are grouped into two main classes: class | and class II.2 While both classes
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are critical for immune function, MHC class | (MHC-I) molecules are the primary vehicle
in presenting peptides to cytotoxic T cells.*

MHC-1 molecules are expressed on the surface of nearly all nucleated cells in the human
body. MHC-I molecules bind and present a diverse array of peptides derived from the
protease digestion of intracellular proteins.> Once displayed on the surface of the host
cells within MHC-I, this complex is primed to engage with cytotoxic T cells, a subset of T
lymphocytes specialized in identifying and eliminating peptides that are not recognized to
be “self’.® The designation of self vs non-self is paramount to the proper function of the
adaptive immune system. The repertoire of T cells circulating in an adult represents the
output that follows a negative selection process in the thymus, which starts in early
childhood and effectively wanes towards the end of adolescence.’” Through this process,
T cells who'’s the T cell receptors (TCRs) have propensity to bind self-peptides are killed
and removed from future propagation. As a result, the remaining T cells in circulation can

potentially bind to any peptides that were not included in the negative selection process.8

We typically assign non-self-antigens as peptides derived from pathogens (e.g., bacteria,
fungi, and viruses) or transformed cells derived from genetic lesions that yielded new
primary sequences. But more broadly, non-self-peptides can be any peptide sequence
that has altered chemical composition.® Crucially, the presented peptides on MHC-I
molecules are not static; they are highly dynamic and subject to variation based on the
chemical changes to the proteome.1® The amino acid sequence of the presented peptide
is critical for this recognition. Even a single amino acid alteration can drastically affect the
TCR's ability to recognize the peptide, potentially rendering the immune response
ineffective.11. 12 Therefore, it is of paramount importance to evaluate the impact of amino
acid modifications on the peptides presented by MHC-I molecules, as these changes can

profoundly influence the efficiency of immune surveillance and response.

Amino acid modifications on presented peptides can occur through various mechanisms.
Pre-translational modifications often occur via a genetic mutation that swaps an amino
acid for another canonical amino acid. Because the human genome (except for cancerous
lesions) is relatively stable, pre-translational modifications are mostly represented in the

negative selection and do not constitute a non-self-peptidic antigen.13 In contrast, post-
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transitional modifications (PTMs) are not necessarily covered in the negative selection.4
To this end, it was recently revealed that most PTMs are poorly selected against due to
their low abundance through the thymus lifetime.1> PTMs, such as phosphorylation,
glycosylation, and ubiquitination, can alter the structure and function of proteins, including
those that are later processed into peptides for presentation.16. 17 These modifications can
affect the peptide binding affinity for MHC-I molecules or its recognition by TCRs,
ultimately influencing the immune response.18-22 We recently systematically assessed the
impact of PTMs on the binding affinity and T cell recognition by synthetically accessing
these modified peptides and comparing them with their unmodified counterparts.?2 PTMs
are chemical marks that are installed and removed by enzymatic process, which are often
orchestrated in a regulated balanced manner.2* In diseased states, the PTM balance can

be altered and result in immunopathological conditions.25-29

A less appreciated form of post-translational modification of proteins involves chemical
change by non-enzymatic chemical entities. While some of these modifications are native
and regulated (e.g., some forms of cysteine oxidation during oxidative bursts), other
chemical alterations are not tightly regulated, and, therefore, can yield a pool of non-self
peptides.30-34 Most significantly, whereas most enzymatic PTMs can be reversed by
erasers, the reversal of non-enzymatic PTMs have not been reported to be natively
reversed.®® By in large, the chemical entities that result in non-enzymatic PTMs are
electrophilic species that react with nucleophilic amino acids (e.g., cysteine, arginine,
lysine, histidine, tyrosine, and to a less extent aspartic acid and glutamic acid). The source
of the electrophilic species also varies, and this has implications for the source of the
immunological response. There are well known examples of reactive species naturally
formed in healthy cells such as reactive oxygen species (ROS), reactive nitrogen species
(RNS), oxidative phosphorylation byproducts (starting with methyl oxyglacal), and non-

native short chain fatty acids that are activated to acetyl-co-enzyme A adducts.36

In the absence of the inclusion of these chemical modifications during the negative
selection, these modified proteins (and the non-self peptides they generate) can
potentially be the source of auto-immunity pathologies.3” The implications of the amino

acid modifications on peptide presentation are vast. Firstly, such modifications can affect
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the stability of the peptide-MHC complex. The binding affinity between a peptide and
MHC-I molecule is a critical determinant of whether the peptide will be effectively
presented to T cells. Amino acid modifications can either enhance or disrupt this binding,
thereby influencing the stability of the complex and the likelihood of T cell recognition.38
39 Secondly, these modifications can directly impact the interaction between the
presented peptide and the T cell receptor (TCR) of cytotoxic T cells. TCRs are finely tuned
to recognize specific peptide-HLA combinations. Any alteration in the peptide sequence
due to amino acid modifications can potentially disrupt this recognition, inhibiting the
immune response against the infected or transformed cell.4% 41 Furthermore, the presence
of modified peptides can lead to the activation of autoimmune responses, where the
immune system mistakenly targets healthy, self-cells.42 This is particularly relevant in the
context of autoimmune diseases where the immune system erroneously recognizes self-
peptides with amino acid modifications as foreign, leading to chronic inflammation and
tissue damage.**4’ Here, we determine the effects of non-enzymatic PTMs on the
stability of the pMHC complex and T cell recognition, as well as develop a novel

enrichment strategy to identify sites of non-enzymatic modification displayed on MHC.
6.3 Results and Discussion

To investigate how non-enzymatic PTMs influence peptide affinity for MHC molecules,
we employed RMA-S cells. These cells lack the transporter associated with antigen
processing (TAP), leading to reduced surface expression on H-2KP.48. 49 However,
incubation with high-affinity peptides stabilizes H-2K° molecules, restoring their surface
expression. Previous studies have demonstrated a strong correlation between the
abundance of surface MHC complexes and peptide affinity for H-2KP.50-52

To investigate the effects of non-enzymatic PTMs on peptide affinity for MHC, we used
the model epitope SIINFEKL (ovaWT) from the protein ovalbumin. ovaWT is widely used
in antigen presentation studies due to its well-characterized interactions with H-2K®,
allowing us to assess how non-enzymatic PTMs influence antigen presentation.>® One of
the residues we investigated was the lysine residue of ovaWT as lysine is among the
most frequently modified amino acids. One major driver of non-enzymatic PTMs is

oxidative stress, which can lead to lysine modifications such as side-chain formylation
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and the conversion of the y-amine to aminoadipic acid or homocitrulline.>* 5 Another
significant class of lysine PTMs arise from reactions with reactive sugar metabolites,
forming stable covalent adducts.%® 57 To examine these modifications, we synthesized
ovaWT variants incorporating a formylated lysine side chain (ovaK7:ormyt), aminoadipic

acid (ovaK7aad), homocitrulline (ovaK7ncit), and a lactic acid adduct (ovaK7iac).

Additionally, ovaWT contains an asparagine residue which is commonly presented on
MHC-I after its undergone deamidation.>® Deamidation often occurs through the formation
of a succinimide intermediate, leading to the conversion of asparagine to aspartate or the
formation of an iso-aspartate bond in the peptide backbone.>® Notably, deamidation can
also result from enzymatic activity, as N-glycosidase enzymes remove glycosylated
asparagine residues, contributing to the presentation of deamidated peptides on MHC
molecules.’° To assess the impact of deamidation on ovaWT, we synthesized peptide
variants in which asparagine was replaced with aspartate (ovaN4D) or an iso-aspartate
bond (ovaN4Diso)

Lastly, cysteine is another nucleophilic residue prone to non-enzymatic PTMs. However,
because ovaWT does not naturally contain a cysteine residue, we introduced a cysteine
at position six (ovaE6C) to assess its impact on MHC binding. This modification allowed
us to investigate how PTMs at different peptide positions affect H-2KP binding while
minimizing disruptions to known “anchor point” residues essential for affinity.61 Notably,
ovaE6C exhibited enhanced MHC binding compared to ovaWT. Cysteine is highly
susceptible to oxidation, leading to the irreversible formation of a sulfonic acid PTM.62 To
examine this modification, we synthesized a sulfonic acid-modified variant (ovaE6Cso3).
Additionally, cysteine-containing peptides have been reported to form disulfide bonds with
free molecules, altering their immunogenic properties.33 6 To explore this, we
synthesized variants featuring glutathione disulfide modification (ovaE6CcsH). Beyond
oxidation, cysteine is also highly reactive toward electrophilic metabolites such as
fumarate and itaconate.%4 65 To investigate these modifications, we synthesized peptides
modified with fumarate (ovaE6Cum) and itaconate (ovaE6Cita).
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Figure 6.1 (A) Schematic representation of how chemical modifications can negatively
influence binding to MHC-I molecules (right). (B) Chemical structures of ovaWT and the
PTM modified variants. Flow cytometry analysis of RMA-S cells treated with indicated
peptide (5 «M) detected by APC conjugated anti-mouse H-2Kb antibody for lysine
modifications (C) asparagine modifications (D) or cysteine modifications (E). Data is
represented as mean +/- SD (N=3). Adjusted p-values were determined by a one-way
ANOVA with multiple comparisons (*** p < 0.001, *** p < 0.0001, ns = not significant).

6.3.1 Impact of modifications on MHC-I affinity

With these peptides in hand, we examined how the modifications affect ovaWT binding
to H-2K°. RMA-S cells were incubated with 5 uM peptide, revealing that the lysine
modifications had minimal impact on MHC affinity. This result was expected, as position
7 of ovaWT is a solvent-exposed site with limited interactions with the H-2K° molecule
(Figure 6.1C). While such residues are less critical for MHC binding, they are more likely
to influence T cell recognition. For asparagine modifications, ovaN4D had no significant
effect on MHC affinity compared to ovaWT. However, ovaN4Diso showed a marked
decrease in MHC surface expression on RMA-S cells, suggesting that structural alteration

to the peptide backbone can significantly disrupt peptide binding (Figure 6.1D). We next
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assessed how cysteine modifications influence MHC binding relative to ovaEG6C.
Oxidation to sulfonic acid (ovaE6Csos) resulted in the greatest reduction in affinity.
Surprisingly, conjugation to glutathione (ovaE6CcsH) had no significant effect, indicating
that even large structural modifications at this position can be well tolerated for MHC

presentation (Figure 6.1E).
6.3.2 Impact of modifications on TCR recognition

Next, we evaluated how non-enzymatic PTMs affect T cell recognition of their target
ligand. RMA-S cells were incubated with 5 uM peptide and then co-cultured with B3Z T
cells. B3Z T cells express a TCR specific to ovaWT presented by H-2K" and contain a -
galactosidase reporter gene under the control of an IL-2 inducible promoter. Upon
recognition of its cognate ligand, B3Z activation induces B-galactosidase expression,
which can be quantified on a plate reader via the enzymatic conversion of chlorophenol

red B-D galactopyranoside (CPRG) to chlorophenol red.56
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Figure 6.2 (A) Schematic representation of how chemical modifications can influence
TCR recognition. (B) RMA-S cells were incubated with indicated peptide and B3Z T

cells overnight at an effector to target ration of 1:1. f-galactosidase expression was then
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measured via the conversion of the colorimetric reagent CPRG on a plate reader at 570
nm. f-galactosidase expression was determined for peptides with lysine modifications
(C) asparagine modifications (D) or cysteine modifications (E). Adjusted p-values were
determined by a one-way ANOVA with multiple comparisons (**** p < 0.0001, ns = not

significant).

As previously mentioned, position 7 of ovaWT is a solvent-exposed residue that plays a
key role in TCR interactions. As expected, despite its minimal effects on H-2KP affinity,
modifications this position completely abrogated T cell activation (Figure 6.2B). This is
likely due to the loss of the lysine side chain’s positive charge, as previous studies have
shown that charge alterations at TCR-contact residues can eliminate recognition.23. 67
Similarly, both asparagine modifications abolished T cell activation, further supporting the
notion that charge-altering modifications significantly impact TCR recognition (Figure
6.2C).

Since ovaEG6C introduces a structural change relative to ovaWT, we did not anticipate
significant insights into how cysteine modifications influence T cell activation. Indeed,
ovakE6C did not enhance activation compared to the control peptide. However,
unexpectedly, the sulfonic acid-modified variant ovaE6Csos restored T cell activation
(Figure 6.2D). We attribute this response to the sulfonic acid moiety structurally
mimicking the original glutamate residue. This finding suggests that negatively charged
oxidized PTMs can functionally mimic negatively charged residues, potentially
contributing to cross-reactivity of T cells. Overall, these results provide proof-of-concept
that non-enzymatic PTMs can dramatically influence the antigen presentation via MHC

molecules and modulate T cell responses.
6.3.3 Identification of acylation sites displayed on MHC-I

We next aimed to identify targets of non-enzymatic modifications by developing an
enrichment strategy to isolate modified peptides. A targeted pull-down approach was
necessary because unbiased methods often fail to detect low-abundance modifications
in complex cellular environments.% To achieve selective capture, we propose to first tag
sites of non-enzymatic acylation sites using an alkyne-modified chemical probe (1),
previously developed for labeling such modifications.®® Then, we would isolate MHC-
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associated peptides from cells by mild-acid elution,’® 71 followed by a reaction with biotin-
azide through copper-catalyzed azide-alkyne cycloaddition (CUAAC). This would allow for
the subsequent capture of modified peptides on streptavidin-functionalized beads and
identification of the acylation sites by LC-MS/MS. Non-enzymatic lysine acylation occurs
from the nucleophilic attack of the lysine side-chain amine on a coenzyme A thioester
intermediate, leading to modifications such as acetylation, succinylation, crotonylation,
butyrylation, and malonylation.”?’4 Therefore, we anticipate that this strategy would

enable the identification of non-enzymatic acylation sites displayed on MHC-I.
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Figure 6.3 (A)Schematic representing release of MHC-binding peptides from MAE
treatment. (B) Distribution of peptide lengths identified from a MAE treated sample of
10° MDA-MB-231 cells. (C) Schematic representation of protein labeling strategy with 1.
(D) Flow cytometry analysis of 1 treated MDA-MB-231 cells. MDA-MB-231 were treated
with indicated concentrations of 1 before being treated with FAM-N3 in a solution of
CuSO0y4, ascorbic acid, and THPTA. Data is represented as mean +/- SD (N=3). P-
values were determined by a two-tailed t-test (* p < 0.05, ** p <0.01, *** p < 0.001, **** p

< 0.0001, ns = not significant). (E) Fluorescent SDS-PAGE analysis of MDA-MB-231
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cells treated with 1 followed by incubation with FAM-N3, CuSOs, ascorbic acid, and
THPTA.

We first confirmed that mild-acid elution allowed us to isolate MHC-associated peptides
from MDA-MB-231 cells (Figure 6.3A). Cells were treated with a citric acid buffer at pH
3.3 and the supernatant underwent centrifugation and purification on an Oasis-HLB
column prior to filtration with a molecular weight cutoff Amicon ultrafilter device then
analyzed via LC-MS/MS. Here, we found that 80% of peptides recovered were centered
around 8-12 amino acids in length, which is in agreement with the known lengths

preferred by presentation by MHC-I molecules (Figure 6.3B).7

Next, we evaluated if whether 1 could label acylation sites. To confirm cellular
incorporation, MDA-MB-231 cells were treated with increasing concentrations of 1,
followed by reaction with FAM-azide, and then cellular fluorescence was measured by
flow cytometry (Figure 6.3C). We observed a concentration-dependent increase in
labeling efficiency, indicating successful probe uptake (Figure 6.3D). To further validate
that 1 effectively labeled protein targets, we performed florescent gel analysis using
lysates from 1 treated cells after FAM-azide labeling (Figure 6.3E), confirming effective
incorporation onto protein targets. With this, we are well-suited to capture and enrich
MHC-associated peptides modified with 1 to identify sites of non-enzymatic acylation that
are displayed on MHC.

6.4 Conclusion

In this study, we investigated the impact of non-enzymatic PTMs on MHC-I antigen
presentation and T cell recognition. Our results demonstrate that non-enzymatic PTMs
can significantly alter peptide binding affinity to MHC-I molecules and modulate TCR
recognition. These findings highlight the potential for non-enzymatic PTMs to influence
immune surveillance by modifying the immunopeptidome in ways that could either
enhance or disrupt antigen presentation. Furthermore, our analysis of cancer-associated
peptides revealed that non-enzymatic PTMs can affect MHC-I stability. This suggests that
such modifications may contribute to immune evasion or, conversely, create novel

antigenic targets for immune recognition.
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Additionally, we are developing an enrichment strategy to identify non-enzymatic
acylation sites displayed on MHC-I. This is particularly important because modified MHC-
associated peptides can evade negative selection, enabling them to initiate an immune
response. ldentifying these modified MHC-associated peptides could provide insights into
the development of neoantigens for cancer immunotherapy and their role in autoimmune

disease

One major source of non-enzymatic acylation occurs from short-chain fatty acids
(SCFAs), which can be incorporated into coenzyme A and modify lysine residues. SCFAs
are produced by the gut microbiota through the fermentation of dietary fibers and are
presented in millimolar concentrations in the gut lumen, where they have been shown to
induce acylation in human proteins.”® 77 Moreover, recent studies suggest that SCFAs
may contribute to the progression of irritable bowel syndrome (IBS).”8 Given their ability
to modify proteins, including sequences displayed on MHC-I, investigating SCFA-induced
modifications could help elucidate mechanisms underlying inflammatory conditions such
as IBS.

6.5 Summary and Future Outlook

In Chapter 6, we examined how non-enzymatic modifications to peptides by reactive
species influence the antigen presentation pathway. These modifications may play a
crucial role in the presentation of cancer-specific neoantigens, given the tumor
microenvironment’s high levels of reactive oxygen species and other reactive metabolites
due to accelerated tumor growth. These conditions create ideal conditions for generating
unique neoantigens, which could be exploited for cancer-specific immune responses.
Identifying these modified neoantigens could enable the development of novel
immunotherapies by improving neoantigen prediction and enhancing T cell recognition.
Additionally, identifying modified neoantigens may help describe the progression of

inflammatory autoimmune conditions.

More broadly, there is growing recognition that exogenous metabolites can shape
immune responses. For example, haptenated antigens presented on MHC molecules
have been implicated in B-lactam allergy development. This suggests that exposure to

other electrophilic species, such as pesticides or environmental toxins, could similarly
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induce immune responses by modifying peptides and altering antigen presentation.
Additionally, pioneering work by the Craik lab has shown that haptens modifying cancer-
specific mutations can be leveraged for immunotherapy. Given the increasing prevalence
of covalent drugs as a therapeutic modality, it is plausible that covalent modifications
contribute to immune responses over time by promoting the display of modified peptides
on MHC. A deeper investigation into the mechanisms by which covalent drug
modifications influence antigen presentation could reveal new insights into unintended

immunogenicity or even novel therapeutic strategies.

6.6 Materials and Methods

Materials. All peptide related reagents and protected amino acids were purchased from
Chem Impex. APC-labeled anti-mouse H-2K9%H-2D9 antibody was purchased from
Biolegend. Pooled Human Serum and acetic acid (glacial, >99.99% trace metals basis),
and penicillin-streptomycin was purchased from Sigma Aldrich. Dulbecco’s Modified
Eagle’s Medium (DMEM) was purchased from VWR. Fetal Bovine Serum (FBS) was
purchased from R&D Systems.

Mammalian Cell Culture. RMA-S cells were a kind gift from Dr. John Sampson. RMA-S
cells were maintained in RPMI 1640 media supplemented with 10% fetal bovine serum,
50 1IU/mL penicillin, 50 pg/mL streptomycin,1X MEM non-essential amino acid solution
(ThermoFisher) and cultured in a humidified atmosphere of 5% CO:2 at 37°C. B3Z cells
were kindly provided by Dr. Aaron Esser-Kahn and maintained in RPMI 1640 media
supplemented with 10% fetal bovine serum, 50 IU/mL penicillin, 50 ug/mL streptomycin
and cultured in a humidified atmosphere of 5% CO2 at 37°C. MDA-MB-231 cells were
maintained in DMEM media supplemented with 10% fetal bovine serum, 50 1U/mL
penicillin, 50 ug/mL streptomycin and cultured in a humidified atmosphere of 5% CO: at
37°C.

RMA-S Stabilization Assay. 10° RMA-S cells were seeded in a treated 96 well plate at
37°C overnight. The next day, RMA-S cells were moved to a 26°C incubator for 24-48

hours. Following the incubation period, cells were incubated with peptides in culture
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media at indicated concentrations for 1 hour at 26°C before being moved to the 37°C
incubator for 6 hours. The media was then replaced with a 1:100 dilution of APC-labeled
anti-mouse H-2K9/H-2D¢ antibody in culture media for 1 hour at 4°C. Cells were removed
from the well plate by vigorous pipetting, fixed with 2% formaldehyde solution, and
analyzed using the Attune NXT Flow Cytometer (Thermo Fischer) equipped with a 637
nm laser with 670/14 nm bandpass filter.

B3Z T cell activation: 10° RMA-S cells were seeded in a treated 96 well plate at 37°C
overnight. The following day the culture media was replaced with media containing
indicated concentration of peptide along with 10> B3Z cells in culture media and co-
incubated overnight. Cells were then spun down at 500xg for 5 mins and washed with 1X
PBS a total of two times. Lysis buffer containing 0.2% saponin, 500 uM CPRG reagent,
100 mM MgCl2, and 100 mM B-mercaptoethanol in 1X PBS was added to each well. After

2-4 hours absorbance 570 was recorded using a BioTek Epoch 2 microplate reader.

Mild Acid Elution. 10° MDA-MB-231 cells thoroughly washed with 1X PBS Buffer pH 7.4
(Invitrogen). Next, 15 mL of mild acid elution (MAE) buffer (0.131 M citric acid, 0.066M
NazHPO4, 150 mM NaCl, 0.3 uM Aprotinin, and 5 mM iodoacetamide at pH 3.3) was
added to MDA-MB-231 cells for 2 min. MDA-MB-231 cells were then spun down at 4000
x g for 5 min and the supernatant was collected. Next, the supernatant was filtered
through an Oasis HLB column (Waters). The supernatant was then filtered through a 15

mL Amicon 3 kDa cutoff centrifuge filter before being lyophilized and stored at -80°C.
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Chapter 7 Measurement of Accumulation of Antibiotics to Staphylococcus
aureus in Phagosomes of Live Macrophages

Adapted from: Kelly, J. J.#; Dalesandro, B. E.*; Lui, Z.; Chordia, M. D.; Ongwae, G.E.;
Pires, M. M., Systematic Evaluation of the Permeability of Antibiotics to the Peptidoglycan
of Intracellular Staphylococcus aureus. 2024. Angew. Chem. Int. Ed. 63, €202313870

#authors contributed equally
7.1 Abstract

Staphylococcus aureus (S. aureus) has evolved the ability to persist after uptake into host
immune cells. This intracellular niche enables S. aureus to potentially escape host
immune responses and survive the lethal actions of antibiotics. While the elevated
tolerance of S. aureus to small-molecule antibiotics is likely to be multifactorial, we pose
that there may be contributions related to permeation of antibiotics into phagocytic
vacuoles, which would require translocation across two mammalian bilayers. To
empirically test this, we adapted our recently developed permeability assay to determine
the accumulation of FDA-approved antibiotics into phagocytic vacuoles of live
macrophages. Bioorthogonal reactive handles were metabolically anchored within the
surface of S. aureus, and complementary tags were chemically added to antibiotics.
Following phagocytosis of tagged S. aureus cells, we were able to specifically analyze
the arrival of antibiotics within the phagosomes of infected macrophages. Our findings
enabled the determination of permeability differences between extra- and intracellular S.
aureus, thus providing a roadmap to dissect the contribution of antibiotic permeability to

intracellular pathogens.
7.2 Introduction

Staphylococcus aureus (S. aureus) is a significant human pathogen that can cause a
wide range of infections from mild skin infections to severe diseases such as sepsis and
pneumonia.l3 The increasing incidence of drug-resistant S. aureus infections, particularly
methicillin-resistant S. aureus (MRSA), is a major concern.*% MRSA is resistant to many

commonly used antibiotics; this resistance poses a significant challenge in effectively
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treating MRSA infections and can lead to more severe illness, prolonged hospital stays,
and increased healthcare costs. Overall, the increasing incidence of drug-resistant S.
aureus infections highlights the importance of understanding the factors that impact the

efficacy of therapeutics against bacterial pathogens.

In addition to genetic alterations that result in drug resistant phenotypes, S. aureus has
evolved another mode of persistence in a host organism. Host immune cells, such as
macrophages and neutrophils, phagocytose bacteria as an anti-bacterial response.”11 In
turn, immune cells have a variety of potent mechanisms to kill phagocytosed bacteria
including the release of reactive oxygen and nitrogen species (ROS and RNS), the
production of antimicrobial peptides and enzymes, and the acidification of the
phagosome.!? Yet, some pathogens continue to remain viable despite these challenging
environments.11. 1318 S aureus that survive inside immune cells can serve as potential
reservoirs that can seed reoccurring infections and can persist for days® 10. 19 a feature

that has been demonstrated both in vitro and in vivo.20-22

Mechanistically, antibiotic tolerance by intracellular S. aureus has been previously
ascribed to a phenotypic switch to small colony variants.” 23 24 An alternative or
complementary mechanism that can promote the persistence of S. aureus within immune
cells is reduced accumulation of antibiotics to the subcellular organelle housing these
cells (Figure 7.1A). Antibiotics must traverse two membrane bilayers (immune cell plasma
membrane and phagosome bilayer) to reach the target pathogen relative to extracellular
S. aureus cells. These additional barriers could potentially diminish the effective
concentration of the therapeutic agent within the phagosome, leading to less effective
antibacterial activity. Herein, we developed an assay to directly measure the permeability
of the antibiotic to the surface of S. aureus present in the phagosomes of macrophages
(Figure 7.1B). We demonstrated that structural modifications of antibiotics can dictate the
abundance of agents within phagocytic vacuoles. Uniquely, these measurements are
reflective of antibiotic accumulation at the target bacteria cells and not a total

measurement of antibiotic levels in the immune cell.
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7.3 Results and Discussion

Prior efforts to assess levels of antibiotics in host mammalian cells have most commonly
been approximated by their antibacterial activity (minimum inhibitor concentration,
MIC).22 25 26 The main challenges in using MIC determinations as a proxy for the
concentration of the antibiotics in the phagosome are that tolerant phenotypes (induced
following phagocytosis) can alter MIC values regardless of drug concentration and/or
phagosome pH can alter drug efficacy.?’” Aside from MIC determination, antibiotic
concentration measurements have also been made based on the inherent fluorescence
of those agents, such as in the case of quinolones or by introducing a radioactive
isotope.28 29 These methods pose clear challenges and limitations including the overall
throughput and confounding antibacterial/ permeation effects. Moreover, these analyses
revealed the antibiotic concentration of the entire immune cell rather than the phagocytic
vacuole. The concentration of the antibiotic inside the phagosome could potentially differ
from that in the general cytosol; thus, the whole cell concentration may not properly

describe the effective level that reaches the target bacterial cells.

Appreciating that intracellular residence can lower the efficacy of antibiotics, a group at
Genentech developed an antibody-antibiotic conjugate that eliminated intracellular S.
aureus in an in vivo model of infection. More specifically, a rifamycin derivative was
conjugated to an antibody directed at the wall-teichoic acids (WTA) of S. aureus, whereby
rifamycin was released upon cleavage by intracellular proteases.?! Another clever
strategy involved the use of a proline-based cell penetrating peptide that was conjugated
to kanamycin that targeted intracellular bacteria.®® Similarly, vancomycin was conjugated
to an arginine-based cell penetrating peptide, which led to its potentiation.3! Antimicrobial
peptides have also been designed to directly target intracellular bacterial pathogens.32
Together, these efforts highlight diverse and promising approaches to targeting
intracellular pathogens.33. 34 We set out to isolate the impact of intracellular residence to
the accessibility of antibiotics by systematically determining the permeability of a panel of

antibiotics to the cell wall of intracellular S. aureus.
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Figure 7.1 Mode of incorporation of single amino acids into the 5 position of the

peptidoglycan stem peptide

To measure the accumulation of antibiotics, we combined an assay our laboratory
recently developed aimed at systematically assessing how flexibility and size of large
biopolymers impact their ability to reach the peptidoglycan (PG) surface of S. aureus
cells3% 36 to with one that we developed measure the permeability of molecules into
mycobacteria.3” In this new iteration (Figure 7.1), a strained alkyne dibenzocyclooctyne
(DBCO) is metabolically installed within the PG of S. aureus. DBCO-tagged bacterial cells
are then incubated with macrophages to promote their uptake. Treatment of cells with
azide-modified antibiotics (azAbx) post infection was expected to result in the reaction
between the DBCO and azAbx via strain promoted alkyne-azide cycloaddition
(SPAAC).38-40 A chase step with an azide modified fluorophore imprints a signal that is

reflective of unmodified DBCO epitopes. Cellular fluorescence measurement should then



Kelly | 170

enable a fluorescent, live-cell analysis of antibiotic accumulation, whereby cellular

fluorescence inversely correlates with antibiotic accumulation levels (Figure 7.2).

The site-specific metabolic installation of a bioorthogonal reactive handle within the PG
of S. aureus is central to the overall assay. For Gram-positive bacteria, the cell wall is
primarily comprised of a thick layer of PG that displays various surface proteins and
extracellular matrices; these biomacromolecules are essential to maintain the overall
integrity of the celll PG is composed of repeating disaccharide units, N-
acetylglucosamine (GIcNAc) and N acetylmuramic acid (MurNAc), covalently linked to a
short stem peptide (L-Ala-D-Glu-L-Lys-D-Ala-D-Ala). The stem peptide strands are
crosslinked together by transpeptidase (TP) enzymes to create a dense, mesh-like
scaffold that surrounds the cell as a single molecule.#244 Given that the PG is a critical
component to the fitness of the pathogen, many antibiotics target PG biosynthesis
enzymes.*> 46 Qur lab36 47-57 and others®8-61 have extensively demonstrated the ability to
metabolically remodel bacterial PG with synthetic analogs of PG precursors. For most of
these modifications, the viability and overall cellular structure of the PG remain
unaffected. Further, we demonstrated that such analogs can be incorporated in vivo into
the cell wall of S. aureus infected C. elegans*® and various diverse bacterial species

residing in the gut microbiome of a mouse model.%®
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7.3.1 Optimizing D-DapD labeling conditions for S. aureus

To start, we prepared DBCO-tagged PGs by synthesizing the unnatural amino acid, D-

diaminopropanoic acid (Dap) and conjugated its sidechain with DBCO to yield D-DapD.

Incubation of this amino acid in the growth media of S. aureus results in the exchange of

the terminal D-alanine on the PG stem peptide with the supplemented unnatural amino

acid (Figure S7.1). S. aureus cells were incubated with culture media containing D-DapD

(or its stereocontrol, L-DapD) overnight to allow for incorporation throughout the PG

matrix. The modified L-amino acid is not expected to be metabolically processed by the

cell wall transpeptidases, and, therefore, no tagging should occur. Bacterial cells were

washed to remove unincorporated metabolic tags, followed by incubation with azide-
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modified rhodamine 110 (R110az), and cellular fluorescence measurement by flow
cytometry (Figure 7.3A). Satisfyingly, the fluorescence associated with S. aureus cells
metabolically labeled with D-DapD were significantly higher than DMSO treated cells
(Figure 7.3B). Cells treated with the stereocontrol, L-DapD, exhibited similar
fluorescence levels to DMSO treated cells indicating that the DapD was incorporated in
the PG scaffold of S. aureus in a stereoselective manner. Additionally, incubation with D-
DapD did not perturb cell growth (Figure 7.3C). Confocal microscopy showed that the
fluorescence pattern was consistent with PG incorporation as the fluorescence remained

peripheral and septal (Figure 7.3D).

We further confirmed DBCO installation on the PG of S. aureus by isolating the entire PG
scaffold (sacculi) from cells that had been treated with D-DapD followed by R110az.
Sacculi isolation was performed using standard methods that disrupt the whole cell,
leaving discrete and intact units of sacculi that are similar in size.52 Isolation of sacculi
with the DBCO tag was not performed due to the chemical instability of the triple bond of
DBCO in the isolation conditions (acid, high temperatures). Instead, we isolated the stable
triazole product formed after the SPAAC reaction. Flow cytometry analysis of the
fluorescently tagged sacculi (SaccuFlow®2) was performed wherein the sacculi was found
to be highly fluorescent (Figure S7.2). Sacculi isolated from DMSO-treated S. aureus
cells displayed minimal fluorescence levels. As expected, confocal microscopy analysis
revealed that the fluorescently labeled sacculi were similar in size and shape compared
to whole cell S. aureus while also retaining similar labeling patterns (Figure 7.3D).
Together, these results established that tagging of the sacculi was successful and the

DBCO sites could be specifically labeled by treatment with an azide-modified fluorophore.

We next set out to test labeling conditions to optimize the dynamic range of the assay.
Following the same workflow as described before, S. aureus cells were grown over night
in the presence of increasing concentrations of D-DapD, washed, treated with R110az,
and analyzed by flow cytometry. As expected, the cellular fluorescence levels of S. aureus
grown with D-DapD increased in a concentration dependent manner (Figure S7.3A); this
indicates that more D-DapD was covalently linked into the growing PG scaffold as more

amino acid was supplemented into the growth media. From these results, the D-DapD
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concentration of 500 uM was selected for subsequent experiments. We next evaluated
the impact of fluorophore concentration on the cellular fluorescence levels. S. aureus cells
were labeled D-DapD followed by incubation with increasing concentrations of R110az,
which resulted in increasing cellular fluorescence levels, as expected (Figure S7.3B).
The selected parameters of D-DapD and R110az concentrations were based on the large
dynamic range that these conditions afforded while reducing reagent consumption and
the exposure to non-native molecules. To ensure the timeframe of the assay on the
surface of S. aureus will enable completion of the SPAAC reaction, a time course of
R110az labeling was performed, which indicated that the R110az reaction mostly
plateaued within 30 minutes (Figure S7.3C). Lastly, to investigate the permeation effects
of the fluorophore itself, we examined two additional azide fluorophores: fluorescein azide
(Flaz) and coumarin azide (Coaz). These dyes have different physiochemical properties
(charges/molecular weight) than R110az and could potentially result in superior signal-to-
noise ratios. Although inferior to R110az, both were demonstrated to be compatible
(Figure S7.3D) as indicated by significant fluorescence signals over cells in the absence

of the metabolic label.
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Figure 7.3 (A) Workflow schematic of the PG labeling with a DBCO-displaying agent
followed by treatment with an azide-tagged fluorophore. (B) S. aureus was incubated
overnight with 500 uM of D-DapD or L-DapD in tryptic soy broth (TSB) at 37° PBS and
incubated for an additional 30 min with 25 uM of R110az in PBS at 37°C. The next day
cells were washed 3x with C. Cells were then fixed with 2% formaldehyde in PBS and
10,000 events per sample were analyzed via flow cytometry. (C) Measurement of OD
600 over time for S. aureus cells treated with either DMSO or 500 uM of D-DapD in
TSB. (D) Confocal microscopy analysis of S. aureus cells (top) and isolated sacculi
(bottom) after treatment with 500 uM of D-DapD in tryptic soy broth. Cells were washed
3% with PBS and incubated for an additional 30 min at 37°C with 25 uM of R110az in
PBS before fixation with 2%formaldehyde in PBS. Scale bar=5 um. Data are

represented as mean + SD of biological replicates (n=3)
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7.3.2 Assessing accessibility of antibiotics to cell surface of S. aureus

We then evaluated the ability of the assay to report on the accessibility of FDA-approved
antibiotics modified with azide tags to the PG of S. aureus in phagocytic vacuoles. We
synthesized an azAbx panel to make them compatible with our assay workflow (Figure
7.4). Azides were installed on parts of the antibiotic that were found to minimally perturb
their structure. The azAbx included were rifamycin, erythromycin, linezolid, and
ciprofloxacin, which are treatment options for S. aureus infections.53-66 The selected
antibiotics have chemical compositions that range in hydrophobicity, polarity, size, and
charge to examine how these factors affect their ultimate accumulation into phagosomes.
Furthermore, we also tested two variations of ciprofloxacin: one containing the azide
modification on the piperazine group that has an overall net negative charge and another
that has an additional ester modification to return the molecule to a net neutral charge.
This modification was done to evaluate the impact of net charge on the permeability of
antibiotics to the phagosome. In the pulse step, DBCO-tagged cells were treated with the
azAbx. Antibiotics that reach the PG are expected to form a stable and irreversible bond
with DBCO. In the chase step, R110az reacts with the remaining intact DBCO sites on
the PG. Therefore, antibiotics that readily reach bacterial pathogens should result in low

cellular fluorescence levels (Figure 7.2B).

To establish the baseline reactivity level of the azAbx without a membrane-permeability
barrier, S. aureus cells were metabolically tagged with D-DapD and incubated with each
individual member of the azAbx library. All azAbx were tested at 25 uM based on our
findings using R110az. Following incubation with the azAbx, cells were washed, treated
with R110az, and cellular fluorescence was analyzed by flow cytometry (Figure 7.5A).
From the data observed, it was found that nonpolar antibiotics, such as linezolid and
rifamycin, were able to sieve through the PG and fully react with the DBCO modified PG
within 2 h, as indicated by a low fluorescence signal. The small size of linezolid and the
flexible backbone of rifamycin could be, at least in part, the reason for these observations.
Conversely, the increased rigidity and polarity of ciprofloxacin and erythromycin could
play a role in hindering the permeation of these molecules through the PG; to this end,

full reaction was not observed until nearly 8 h (Figure 7.5A). When extracellular S. aureus
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was treated with untagged antibiotics, we observed no change in cellular fluorescence
levels (Figure S7.5). These results suggest that the change in fluorescence observed in
Figure 7.4A are not related to bacterial cell lysis/death. Interestingly, a similar pattern of
permeation was observed for the two ciprofloxacin derivatives, indicating that masking
the net negative charge of ciprofloxacin-N had negligible effects in terms of reaching
DBCO sites within PG of 3 S. aureus.

To further ensure whether that the SPAAC reaction between the azAbx and D-DapD was
complete within the timeframe of the assay, we modified amine-terminated beads to
display DBCO epitopes (Figure S7.4A). As these beads are compatible with flow
cytometry, this approach provides a parallel workflow to the live cell analysis but without
the potential barrier of the matrix-like PG scaffold. Our results showed that the antibiotics
in this panel readily react in the absence of a complex cell wall structure, as indicated by
background fluorescence levels observed for all five azAbx within 2 h (Figure S7.4B).
These results clearly suggest that the PG itself could pose as a permeation barrier.
Sieving through the crosslinked PG has been ascribed to play a role in the activity of
antimicrobial peptides” and components of the human immune system (e.g., lysozyme
and antibodies).%® 6 Early work showed that molecular sieving was operative within
isolated sacculi with synthetic polymers’% 71 but systematic studies had not been carried
out in live bacterial cells using antibiotics. Sieving within the PG scaffold is likely to be
dependent on multiple factors, including the level of crosslinking, which can vary across
strains and species.”? Given that the estimated crosslinking levels in S. aureus can range

from 80 to 90%, it is probable that sieving could be particularly prominent.”3. 74
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Figure 7.4 Chemical structures of azide modified antibiotics.
7.3.3 Investigating accumulation of antibiotics to MRSA

To demonstrate the adoptability of the assay across other strains of S. aureus, we also
performed a similar analysis with MRSA. Satisfyingly, treatment of USA300 S. aureus
with D-DapD resulted in a high fluorescence signal when incubated with R110az,
indicating that D-DapD was incorporated into the PG layer of a methicillin-resistant strain
and readily reacted with an azide molecule (Fig ure 4B). Further, we went on to investigate
azAbx accessibility to USA300 PG. After incubating D-DapD labeled USA300 with the
azAbx, a similar pattern was observed for all azAbx compared to methicillin sensitive S.
aureus (25923, MSSA), as evidenced by a significant decrease in fluorescence signal
compared to DMSO treated cells (Fig ure 4C) after incubation with the azAbx for 4 h. This
indicates that the azAbx were able to sieve through the USA300 PG layer.
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Figure 7.5 (A) S. aureus was incubated overnight with 500 ¢M of D-DapD in TSB at
370C. The next day cells were washed 3x with PBS and incubated with 25 M azAbx in
PBS for indicated time points at 37°C. Following the azAbx incubation, the cells were
resuspended in 25 4M of R110az in PBS for 30 min at 37°C and fixed with 2%
formaldehyde in PBS before 10,00 events per sample were analyzed via flow cytometry.
(B) S. aureus 25923, USA 300, and a WTA deletion strain, AtarO, were incubated
overnight with 500 ¢M of D-DapD in TSB at 37°C. Cels were then fixed with 2%
formaldehyde in PBS and 10,000 events per sample were analyzed via flow cytometry.
(C) S. aureus cells (USA300 and 4tarO) were incubated with 500 ¢M of D-DapD
overnight, washed 3x with PBS, and followed by incubation with 25 M of azAbx in PBS
for indicated time points. Following azAbx incubation, the cells were resuspended in 25
uM of R110az in PBS for 30 min, fixed in 2% formaldehyde in PBS, and 10,000 events
per sample were analyzed via flow cytometry. Data are represented as mean + SD of
biological replicates (n=3). P-values were determined by a two-tailed T-test (****

p<0.0001, ns = not significant).
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Further, we aimed to investigate the contribution that PG-anchored, brush-like
polysaccharides play on permeability. The surface of S. aureus is coated with wall teichoic
acids (WTASs), that are anionic glycopolymers known to sterically hinder biomolecules
from reaching the surface of the PG.21.36.69 Qur group recently described how WTA can
be a major determinant of surface accessibility to large polymers (polyprolines and PEG-
based), which was determined by also using a combination of PG tags and SPAAC.36
Analogously, we tested whether WTAs may alter the accessibly of azAbx, which are
considerably small er, to the PG layer. Our data showed no significant difference between
the USA300 parental strain and tarO deletion strain, which cannot biosynthesize WTA on
the surface of S. aureus (Figure 7.5 B,C). These results indicate that WTAs do not appear
to hinder permeation of smaller molecules to the PG matrix. To the best of our knowledge,

this had not been shown before.
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Figure 7.6 (A) S. aureus was grown overnight with 500 uM of D-DapD in TSB at 37°C.
The following day the S. aureus was washed 3 x with PBS and infected J774A

macrophages in DMEM containing no antibiotics at an MOI of 100 for 1 h in a humidified
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incubator at 37°C and 5% CO.. Following bacterial uptake, macrophages were
incubated with varying concentrations of R110az in PBS for 30 min, fixed with 4%
formaldehyde in PBS, and 10,000 events per sample were analyzed via flow cytometry.
(B) Confocal analysis of D-DapD infected J774A macrophages. S. aureus was labeled
overnight with 500 uM of D-DapD and then immediately reacted with 25 uM of R110az.
Fluorescently labeled S. aureus was infected into J774A macrophages at MOI 100 in a
humidified incubator at 37°C and 5% CO». Immediately following bacterial uptake, time
0 h samples were fixed and analyzed by confocal microscopy. Time 8 h samples were
resuspended in PBS for 8 h, fixed with 4% formaldehyde in PBS, and analyzed by
confocal microscopy. Macrophage membranes were labeled with 5 mg/mL wheat germ
agglutin (WGA) tetramethylrodamine. Scale bar = 10 mm. (C) S. aureus was grown
overnight with 500 M of D-DapD in TSB at 37°C. The following day the S. aureus was
washed 3x with PBS and infected J774A macrophages in DMEM containing no
antibiotics at an MOI of 100 for 1 h in a humidified incubator at 37°C and 5% CO.. After
that, the azAbx library was incubated with bacteria infected macrophages for 8 h before
being incubated with 25 4M R110az, fixed with 4% formaldehyde in PBS, and 10,000
events per sample were analyzed by flow cytometry. Data are represented as mean *
SD of biological replicates (n=3). P-values were determined by a two-tailed t-test

(*p<0.05, **p<0.001, ns = not significant).
7.3.4 Measuring antibiotic permeability to intracellular pathogens

Finally, the accumulation levels of the molecules in the azAbx panel were tested. After
macrophage phagocytosis of D-DapD labeled S. aureus, cells were incubated with the
azAbx panel over an 8 h period (Figure 7.6C). When internalized S. aureus labeled with
D-DapD was incubated with linezolid and erythromycin, fluorescence levels were similar
to those of extracellular S. aureus; these results are suggestive that these antibiotics can
readily reach phagocytic vacuoles. Conversely, ciprofloxacin appeared unable to access
the phagosome, as evidenced by indistinguishable fluorescence levels between
ciprofloxacin incubated cells and those in the absence of an azAbx. We reason that the
net negative charge of ciprofloxacin-N3 could play a role in reducing the permeability of

this antibiotic across the membrane bilayers. To test this, a derivative was also made in
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which the carboxylic acid was masked as a methyl ester. Our data showed that a marked
improvement in permeability was observed, as the fluorescence for intracellular S. aureus
treated with ciprofloxacin-MeO was significantly lower than those treated with

ciprofloxacin.

The masking of the carboxylic acid of ciprofloxacin (and other fluoroquinolones) as an
ester has been explored in the past.”> 76 Moreover, our results may indicate that
performing phenotypic susceptibility testing via MIC against intra cellular pathogens may
be biased by the inability of an antibiotic to reach the phagosome. We demonstrated that
masking groups known to hinder membrane permeability, i.e. ciprofloxacin-MeO,
improved antibiotic accumulation to the phagosome, emphasizing the need to develop
strategies to improve the permeability profiles of existing antibiotic classes. Therefore,
our results highlight the importance of taking antibiotic accessibility to the phagosome into
consideration when evaluating drug effectiveness against intra cellular pathogens.
Furthermore, we successfully demonstrated the applicability of our assay to empirically
analyze the permeability of antibiotics to the surface of intracellular S. aureus. We
anticipate that this platform can serve as foundational precedence to address the
permeability of other classes of antibiotics to aid in developing effective treatments for

persisting intracellular S. aureus infections.

Additionally, we applied our assay workflow to another intracellular pathogen,
Streptococcus pyogenes (S. pyogenes), to establish that our concept can be translated
to other bacterial pathogens. As such, S. pyogenes was labeled overnight with D-DapD
and incorporation levels were assayed by incubation with R110az. Our results
demonstrated a significant increase in cellular fluorescence compared to unlabeled S.
pyogenes, indicating successful metabolic labeling and SPAAC on the surface of S.
pyogenes (Figure S7.7A). As expected, azide-tagged linezolid treatment led to a
reduction in cellular fluorescence. Next, D-DapD labeled S. pyogenes were incubated
with macrophages to enable cell uptake. Cells treated with linezolid led to a decrease in
cellular fluorescence, indicating that the mammalian cell and phagosome bilayer did not

hinder linezolid permeation to intracellular S. pyogenes (Figure S7.7B). Overall, our
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results indicate that our assay workflow can be applied to other intracellular pathogens to
aid in the assessment of antibiotics accumulation in phagocytic vacuoles.

7.4 Conclusion

We demonstrated that the assay we developed is a suitable approach to assess the
permeability of antibiotics to the surface of extracellular Gram-positive pathogens and in
the phagocytic vacuoles of macrophages. A select group of FDA-approved antibiotics
were successfully modified with an azide handle to covalently react with DBCO moieties
embedded within the PG of S. aureus to give a direct read out of antibiotic accumulation.
Understanding the ability of antibiotics to penetrate both the mammalian cell membrane
and phagosome is critical in terms of treating intracellular S. aureus infections. With our
approach, we were able to identify that the overall efficacy of certain classes of antibiotics
against intracellular S. aureus may be largely impacted by the membrane barrier provided
by the phagocytic cell. Therefore, it is critical to consider additional membrane
components when it comes to treating intra cellular bacterial infections. We anticipate our
assay will be valuable in distinguishing the root cause of antibiotic resistance in

intracellular pathogens.
7.5 Summary and Future Outlook

The stagnation in antibiotic development over the past few decades has severely limited
our ability to combat antibiotic resistant bacteria. To address this challenge, it is critical to
accelerate the discovery of new antibiotics that can circumvent resistance mechanisms.
One major strategy employed by opportunistic pathogens, such as S. aureus, to evade
antibiotic and immune pressure is intracellular survival within host cells. This presents a
significant barrier to antibiotic development, as the extent to which antibiotics reach their

bacterial targets in this environment remains poorly understood.

Chapter 7 describes the novel application of our lab’s recently developed Peptidoglycan
Accessibility Click-Mediated AssessmeNt (PAC-MAN) to quantify the accumulation of
azide-modified antibiotics in intracellular pathogens. Using this approach, we
demonstrated that a prodrug derivative of ciprofloxacin significantly enhances its
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intracellular accumulation in S. aureus. We anticipate that this technique will facilitate the
development of more effective antibiotics for intracellular bacterial infections.

To further elucidate the molecular determinants governing the accumulation of
compounds in intracellular pathogens, we aim to expand this assay to incorporate a
diverse library of azide-modified compounds. This approach will enable us to identify the
chemical properties that enhance intracellular accumulation to S. aureus. Ultimately,
these insights will inform the rational design of antibiotic leads with improved efficacy
against resistant bacteria.

7.6 Materials and Methods

Materials. All peptide related reagents and protected amino acids were purchased from
Chem-Impex. DBCO-NHS (Catelog # BP-22231) was purchased from Broad Pharm.
Deacetamide Linezolid Azide was purchased from Toronto Research Chemicals (Cat #:
D195600). Dulbecco’s Modified Eagle’s Medium (DMEM) was purchased from VWR.
Fetal Bovine Serum (FBS) was purchased from R&D Systems. Penicillin-Streptomycin
was purchased from Sigma-Aldrich. All other organic chemical reagents were purchased

from Fisher Scientific or Sigma Aldrich and used without further purification.

Bacterial Cell Culture. Bacterial cells were cultured in specified media in an aerobic
environment while shaking at 250 rpm at 37°C. Staphylococcus aureus (S. aureus) ATCC
25923 and S. aureus USA 300 were grown in Tryptic Soy Broth (TSB). BLS2 organisms
should be manipulated using proper protective equipment.

Mammalian Cell Culture. J774A.1 cells were cultured in Dulbecco’s modified Eagle’s
medium (DMEM) supplemented with 10% (v/v) FBS, 50 IU/mL penicillin, 50 ug/mL

streptomycin, and 2 mM L-glutamine in a humidified atmosphere of 55 CO: at 37°C.

Labeling of Whole Bacterial Cells with D-DapD. S. aureus was grown over-night to
stationary phase in TSB while shaking (250 rpm) at 37°C. Bacterial cells from the
overnight growth were used to inoculate TSB (1:100) supplemented with 500 uM D-DapD
(or indicated concentration) and incubated at 37°C with shaking (250 rpm) for 16 h. The
bacteria were harvested, washed three times with 1X phosphate buffered saline (PBS).

The bacterial cells were resuspended in 1X PBS supplemented with 25 uM (or indicated
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concentration) of either 6-azido-rhodamine 110 (R110az, Lumiprobe #D5230), 6-azido-
fluorescein (Flaz, Lumiprobe #D1530), or 3-azido-7-hydroxy coumarin (Coaz, Sigma
Aldrich #909513) in 1X PBS and incubated at 37°C for 30 min. The bacteria were spun
down to remove excess dye, immediately fixed with a 2% formaldehyde solution in 1X
PBS, and analyzed using the Attune NxT Flow Cytometer (Thermo Fisher) equipped with
a 488 nm laser with 530/30 nm bandpass filter. The data were analyzed using Attune Nxt

software.

Peptidoglycan Isolation of S. aureus. S. aureus ATCC 25923 was grown over-night to
stationary phase in TSB medium. A 2 mL culture volume containing either DMSO or 500
uM D-DapD in TSB medium was inoculated (1:100) from the stationary phase cultures
and allowed to grow for 16 h while shaking (250 rpm) 37°C. The cultures were harvested,
resuspended in 25 uM of R110az in 1X PBS for 30 min at 37°C, and washed thrice with
1X PBS. The samples were boiled at 100 °C for 25 min and centrifuged at 14,000 g for 5
min at 4°C. The cells were placed in 2 mL of 2% (w/v) sodium dodecyl sulfate (SDS) and
boiled for 30 min followed by centrifugation at 14,000 g for 5 min at 4°C. Cells were then
washed 6 times with DI water to remove the SDS. After washing, cells were resuspended
in 2 mL of 20 mM Tris buffer (pH 8.0). Pellets were treated with 800 ug DNase for 24 h
followed by 800 ng trypsin for another 24 h at 37°C while shaking (115 rpm). Pellets were
boiled for 25 min followed by centrifugation at 14,000 g for 5 min at 4°C. The pellet was
harvested by centrifugation at 16,000 g for 5 min, resuspended in 1X PBS, and further

diluted for analysis by flow cytometry and confocal imaging.

Azide- Antibiotic (Abx) competition of Whole Bacterial Cells with D-DapD. S. aureus
was grown over-night to stationary phase in TSB while shaking (250 rpm) at 37°C.
Bacterial cells from the overnight growth were used to inoculate TSB (1:100)
supplemented with 500 uM D-DapD and incubated at 37°C with shaking (250 rpm) for 16
h. The bacteria were harvested, washed three times with 1X PBS. The bacterial cells
were resuspended in 1X PBS supplemented with 25 uM of azide- Abx for the indicated
amount of time at 37°C. The bacteria were spun down to remove excess antibiotics and
were resuspended in 1X PBS supplemented with 25 uM 6-azido-rhodamine 110 (R110az,
Lumiprobe #D5230) in 1X PBS and incubated at 37°C for 30 min. The bacteria were spun
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down to remove excess dye, immediately fixed with a 2% formaldehyde solution in 1X
PBS, and analyzed using the Attune NxT Flow Cytometer (Thermo Fisher) equipped with
a 488 nm laser with 530/30 nm bandpass filter. The data were analyzed using Attune Nxt

software.

Confocal Microscopy Analysis of Whole Bacterial Cells and Bacterial Sacculi. Glass
microscope slides were spotted with a 1% agarose pad and 2 uL of the fixed bacterial
samples were deposited onto the agarose. Samples were covered with a micro cover
glass and imaged using a Zeiss 880/990 multiphoton Airyscan microscopy system (63x
oil-immersion lens) equipped with a 488 nm laser. Images were obtained and analyzed
via Zeiss Zen software. We acknowledge the Keck Center for Cellular Imaging and for
the usage of the Zeiss 880/980 multiphoton Airyscan microscopy system (PIl- AP: NIH-
0D025156).

DBCO Modification of Polystyrene Beads. 100 uL amino functionalized polystyrene
beads (5% w/v, 5 mg) were spun down at 21000 g for 10 min in a 1.7 mL ebb tube and
washed with 1 mL deionized water before use. The beads were then spun down and
resuspended in 1 mL 20 mM sodium borate buffer pH 9 with 2 pg/mL DBCO-NHS and
reacted in 37°C for 2 h with shaking. The resulting beads were spun down at 21000 g for
10 min, washed once and resuspended in sodium borate buffer. 20 uL acetic anhydride
was added to the suspension and reacted in 37°C for 2h with shaking. The resulting
product was then spun down and washed twice with 1 mL PBS and resuspend in 1 mL
PBS for further use. Control beads were acetylated with acetic anhydride directly after

wash with deionized water in the same conditions.

Competition with Azide-Abx on DBCO Modified Polystyrene Beads. DBCO modified
and acetylated polystyrene beads were 1 to 1 diluted in PBS before adding to the assay.
To a 96-well plate added 5 pL beads each well to 25 uM of each azide-abx in the library
with a final volume of 100 uL in multiplicity of 12. The plate was incubated in 37°C for 2
h, 4 h, 6 h, 8 h. At each time point, 3 wells of the beads in each group were transferred to
a 0.45 mm MultiScreen HV Filter Plate (Sigma, Cat # MSHVN4510) and vacuum filtered.
The beads were then washed with 200 mL PBS two times to remove the residue azide-

abx and resuspended in 100 uL PBS until next reaction. After collection of the last time
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point, 100 uL of 25 mM FI-Az was added to each well and the plate was then incubated
in 37°C for 30 min. The samples were then vacuum filtered and washed twice with 200
uL PBS and then resuspended in 200 uL PBS. The samples were then analyzed by
Attune™ NXT Flow Cytometer (Thermo Fisher) equipped with a 488 nm laser with 530/30
nm bandpass filter. The data were analyzed using Attune Nxt software.

Azide- Abx Competition to Intracellular S. aureus. S. aureus ATCC 25923 was grown
to stationary phase in TSB while shaking (250 rpm) at 37 °C. Bacterial cells from the
overnight growth were used to inoculate TSB (1:100) supplemented with 500 yM D-DapD
and incubated at 37 °C with shaking (250 rpm) for 16 h. The bacteria were harvested,
washed three times with 1X PBS. The bacterial cells were resuspended with 1X PBS to
the original culture volume. J774A.1 cells were cultured as described above. On the day
prior to the experiment, J774A.1 cells were seeded into a 48- well plate and allowed to
adhere. On the day of the experiment, J774A.1 cells were washed with 1X PBS by
centrifuging 5 min at 100 g. The washed J774A cells were then mixed with D-DapD
labeled S. aureus (MOI 100) in DMEM + 10% FBS containing no antibiotics. The cell
mixture was then incubated at 37 °C for 1 hour to induce phagocytosis. The cell mixture
was centrifuged for 5 min at 100 g and media was replaced with DMEM + 10% FBS +
300 pug/mL gentamycin and incubated at 4°C for 30 min. The cells were washed three
times with 1X PBS and incubated with either a solution containing 25 uM R110az (for no
Abx competition samples) or 25 uM azide- Abx + 300 ug/mL gentamycin in 1X PBS for
indicated amounts of time at 37°C. The Abx medium was removed, and the cells were
incubated with a solution of 25 uM R110az in 1X PBS for 30 min at 37°C.The cells were
washed thrice with 1X PBS and fixed for 30 min with 4% formaldehyde in 1X PBS.
Samples were then removed from the well plate by scraping and analyzed via flow

cytometry as described above.

Confocal Analysis of S. aureus Infection of Macrophages. S. aureus was grown over-
night to stationary phase in TSB while shaking (250 rpm) at 37 °C. Bacterial cells from
the overnight growth were used to inoculate TSB (1:100) supplemented with 500 uM D-
DapD and incubated at 37 °C with shaking (250 rpm) for 16 h. The bacteria were
harvested, washed three times with 1X PBS. The bacterial cells were resuspended in 1X
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PBS supplemented with 25 uM of R110az in 1X PBS and incubated at 37°C for 30 min.
The bacteria were washed thrice and resuspended in in 1X PBS to the original culture
volume. J774A.1 cells were cultured as described above. On the day prior to the
experiment, J774A.1 cells were seeded into 35 mm glass bottom microwell dishes and
allowed to adhere. On the day of the experiment, J774A.1 cells were washed with 1X
PBS by centrifuging 5 min at 100 g. The washed J774A cells were then mixed with D-
DapD labeled S. aureus (MOI 100) in DMEM + 10% FBS containing no antibiotics. The
cell mixture was then incubated at 37°C for 1 hour to induce phagocytosis. The cell
mixture was centrifuged for 5 min at 100 g and media was replaced with DMEM + 10%
FBS + 300 ug/mL gentamycin and incubated at 4°C for 30 min. The cells were washed
thrice with 1X PBS and fixed for 30 min with 4% formaldehyde in 1X PBS. J774A.1
macrophages were then treated with 5 pg/mL of TMR-tagged Wheat Germ Agglutinin
(Vector Laboratories, RI-1022) for 30 min at 4°C and imaged using a Zeiss 880/990
multiphoton Airyscan microscopy system (63x oil-immersion lens) equipped with 488 nm
and 550 nm lasers. Images were obtained and analyzed via Zeiss Zen software. We
acknowledge the Keck Center for Cellular Imaging and for the usage of the Zeiss 880/980

multiphoton Airyscan microscopy system (Pl- AP: NIH-OD025156).

7.7 Supplementary Figures

GlIcNAc < MurNAc GlcNAc « MurNAc
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| |
L-Lys L-Lys

D-Ala D-Ala
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Figure S7.1. Mode of incorporation of single amino acids into the 5th position of the
peptidoglycan stem peptide.
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Figure S7.2. Flow cytometry analysis of whole bacterial cells and isolated
bacterial sacculi. S. aureus 25922 were labeled overnight with 500 #M of D-DapD
followed by incubation with 25 M of R110az. Whole cell samples were analyzed by
flow cytometry. Following incubation with R110az, both DMSO-treated and DBCO-
treated S. aureus sacculi were isolated and analyzed by flow cytometry. 10,000 events
were recorded for each condition. Data are represented as mean + SD of biological
replicates (n= 3)
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Figure S7.3.in vitro S. aureus labeling optimization. A) Flow cytometry analysis of
S. aureus incubated over-night with increasing concentrations of D-DapD, followed by
incubation with 25 4#M R110az for 30 min. B) Flow cytometry analysis of S. aureus
incubated over-night with 500 M D-DapD, followed by incubation with increasing
concentrations of R110az for 30 min. C) Flow cytometry analysis of S. aureus incubated
over-night with 500 xM D-DapD, followed by incubation with 25 M R110az over time.
D) Flow cytometry analysis of S. aureus incubated overnight with 500 M D-DapD,
followed by incubation with R110az, 6-azido-fluorescein azide (Flaz), and 3-azido-7-
hydroxy coumarin azide (Coaz). 10,000 events were recorded for each condition. Data
are represented as mean + SD of biological replicates (n= 3). P-values were determined

by a two-tailed t-test (***p < 0.001, ****p < 0.0001, ns = not significant).
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Figure S7.4. Synthesis of DBCO- modified polystyrene beads and azAbx
competition to DBCO- modified polystyrene beads. A) Amine functionalized
polystyrene beads were reacted with DBCO-NHS to form DBCO functionalized flow
cytometer beads. The beads were further reacted with acetic anhydride to cap the
remaining free amines. B) DBCO functionalized beads were incubated with 25 xM of
azAbx over time, followed by incubation with 25 4M of Flaz for 30 min. Data are
represented as mean + SD of biological replicates (n= 3). 10,000 events were recorded
for each condition. P-values were determined by a two-tailed t-test (***p < 0.001, ****p <
0.0001, ns = not significant).
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Figure S7.5. Non-azide Abx competition to DBCO-modified S. aureus. S. aureus
cells were incubated with 500 M of D-DapD overnight followed by incubation with 25
uM of unmodified (non-azide) Abx for indicated time points. Following the unmodified
Abx incubation, the cells were resuspended in 25 4M of R110az for 30 min and
analyzed by flow cytometry. 10,000 events were recorded for each condition. Data are
represented as mean + SD of biological replicates (n= 3).
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Figure S7.6. Multiplicity of Infection (MOI) Assay. S. aureus was grown overnight
with 500 M of D-DapD and infected into J774A macrophages at MOI 50 and MOI 100.
Following bacterial uptake, varying concentrations of R110az were incubated for 30
min, and cells were analyzed by flow cytometry. 10,000 events were recorded for each
condition. Data are represented as mean + SD of biological replicates (n= 3). P-values
were determined by a two-tailed t-test (***p < 0.001, ****p < 0.0001, ns = not significant).
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Figure S7.7. Application of Assay Workflow to S. pyogenes. A) Flow cytometry
analysis of S. pyogenes incubated over-night with D-DapD or DMSO, followed by
incubation with either DMSO or linezolid-N3, and then incubated with 25 4M R110az for
30 min. B) S. pyogenes was grown overnight with 500 xM of D-DapD and infected into
J774A macrophages at MOI 100. Following bacterial uptake, DMSO or linezolid-N3 was
incubated with the macrophages for 2 hours. The cells were then treated with R110az
for 30 min, and cells were analyzed by flow cytometry. 10,000 events were recorded for
each condition. Data are represented as mean = SD of biological replicates (n= 3). P-
values were determined by a two-tailed t-test (***p < 0.001, ****p < 0.0001, ns = not
significant).
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COMPOUND MIC (mg/l) COMPOUND MIC (mg/l)
CIPROFLOXACIN-N; 16 CIPROFLOXACIN 22
LINEZOLID-N; 16 LINEZOLID 4b
RIFAMYCIN-N; 2 RIFAMYCIN 0.1°
ERYTHROMYCIN-N; >392 ERYTHROMYCIN 0.4¢

Table S1. Minimum Inhibitory Concentration (MIC) of azAbx library. S. aureus
25923 was grown overnight and diluted with TSB to OD600 = 0.2 and was regrown to
OD600 = 1.0. Cultures were diluted to 106 CFU/mL in cation-adjusted MH broth. 100 xL
was inoculated into each well of a U-bottom 96-well plate containing 100 wL of serially
diluted azAbx solution. After incubation for 24 hours at 37°C, MIC values were
determined by the lowest concentration of azAbx resulting in no bacterial growth visible
to the naked eye based on three biological replicates.

a Antibiotics (Basel). 2021 Sep 24;10(10):1159. doi: 10.3390/antibiotics10101159.
b Antimicrob Agents Chemother. 1996 Apr;40(4):839-45. doi: 10.1128/AAC.40.4.839.
¢ Antimicrob Agents Chemother. 1981 Jun;19(6):1050-5. doi: 10.1128/AAC.19.6.1050.
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Chapter 8 Summary and Future Outlook

The emergence of cancer immunotherapy has transformed patient treatment. However,
significant challenges remain in identifying conserved, cancer-specific antigens as well
as overcoming immune evasion mechanisms. To this end, neoantigens presented on
MHC represent a promising class of tumor-specific antigens to target. However, cancer
cells often escape detection by suppressing neoantigen expression or by downregulating
MHC presentation, thereby diminishing T cell-mediated responses. These evasion
strategies underscore the urgent need to further understand the molecular mechanisms
governing antigen presentation. Additionally, it provides opportunities to develop
therapeutic strategies to enhance neoantigen display, restore MHC expression, and

improve immune recognition to drive more effective anti-tumor responses.

Chapter 1 explores the biological role of antigen presentation through MHC-I and MHC-
Il in response to infectious disease and cancer. MHC-I presentation enables the immune
system to detect intracellular antigens, including viral peptides and tumor-associated
neoantigens, allowing for the elimination of unhealthy or infected cells. In contrast, MHC-
Il antigen presentation plays a crucial role in initiating and regulating adaptive immune
responses by displaying extracellular antigens to CD4+ T cells. Enhancing these
processes has shown great promise in advancing cancer treatment options. The
presence of cancer-specific neoantigens on MHC molecules provides a unique
therapeutic opportunity, as these antigens are absent on healthy cells and are selectively
recognized by immune cells. This combination allows for the targeted elimination of

cancer cells while minimizing off-target toxicity.

A comprehensive understanding of the biological pathways governing antigen processing
and presentation, as well as T cell response to pMHC complexes, is essential for
improving immunotherapy strategies. These efforts have driven major advances in
immune checkpoint blockade, adoptive T cell therapy, and cancer vaccine development.
However, key challenges remain, including the identification of patient-specific
neoantigens and the underlying molecular mechanisms resulting in their presentation on

MHC molecules. Overcoming these obstacles requires deeper investigation into the



Kelly | 204

factors influencing neoantigen presentation on MHC and improved methods for

neoantigen detection.

A key advancement in MHC-targeted therapies was the identification of the peptide
sequences presented by MHC-I molecules. In Chapter 2, we outlined the evolution of
techniques used to characterize MHC-associated peptides. Notably, we discussed how
PTM-modified MHC-associated peptides represent a distinct and biologically relevant
class of antigens, as their evasion of thymic negative selection enables them to modulate
immune responses. Recent advances in mass spectrometry have greatly expanded the
catalog of identified PTM-modified MHC-associated peptides. However, studies on their
functional impact on antigen presentation have largely focused on a limited subset of
PTMs, such as phosphorylation, glycosylation, and citrullination. The broader implications
of PTMs on antigen display and immune recognition remain largely unexplored.
Therefore, there is a significant need for more comprehensive investigations into their

role in adaptive immunity.

Furthermore, an emerging understanding of how reactive chemical species influence
immune signaling is shedding light on mechanisms that drive autoimmunity and allergic
responses. Concurrently, these insights provide a foundation for developing cancer-
specific immunotherapies that exploit covalent ligands that target cancer-specific protein
mutations. To fully harness the therapeutic of PTM modified antigens, future research
must integrate structural, functional, and immunological approaches to systematically

elucidate how diverse PTMs influence antigen presentation and immune recognition.

In Chapter 3, we explored the use of pHLIP to selectively deliver immunogenic peptides
to cancer cells and enhanced T cell recognition. Tumors often exhibit heterogenous
neoantigen expression which complicates immune-mediated clearance. Also, the lack of
widely shared neoantigens across individuals in a population further restricts the
development of universal therapies. To address this, we pursed an alternative strategy of
targeting cancer cells directly for delivery with an immunogenic peptide. By exploiting the
acidic tumor microenvironment, a feature commonly conserved among various types of
tumors, we facilitated the presentation of antigenic peptides on MHC-I molecules and
ultimately improving T cell engagement.
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One of the key advantages of pHLIP as a delivery platform is its ability to transport
peptides that are larger and more polar than conventional MHC-I ligands. This versatility
makes it a promising tool for delivering a diverse range of neoantigens. However,
extending this strategy to MHC haplotypes beyond H-2KP will require investigation into
which sites on peptides of interest are available for modification to install a cysteine for
disulfide bond formation. Establishing a broadly applicable system for neoantigen delivery
could significantly enhance the personalization of cancer immunotherapies allowing for

more precise immune targeting across different tumor types.

In Chapter 4, we investigated the potential of using small molecules to modulate MHC-I
surface expression in cancer cells. Through this work, we identified a promising scaffold
that enhances MHC-I expression in colorectal cancer cells and developed a high-
throughput derivatization platform to systematically generate and evaluate additional
immunomodulatory compounds. Moving forward, we plan to expand our library of
derivatives to better understand the structure-activity relationship between our molecules
and MHC-I upregulation as well as optimize our compounds biological properties. We aim
to do this by scaling our screening efforts to our 4,000-member azide library. Additionally,
we aim to assess our compound’s ability to upregulate MHC-I expression in vivo as well
as determine if they enhance the efficacy of checkpoint inhibitors for immunotherapy

applications.

A broader consideration for this project is that most small molecule drugs exhibit some
degree of polypharmacology, the phenomenon where compounds interact with multiple
protein targets, which often leads to unexplored biological effects. We hypothesized that
certain small molecule anticancer agents may exert their cytotoxic effect by altering
immune interactions with tumors in ways that extend beyond their expected primary
mechanism of action. Since small molecules are typically optimized for efficacy in in vitro
models that lack most immune system components, their impact on the immune response
remains largely unknown. Gaining a deeper understanding of these effects could inform

the development of combination therapies that enhance anti-tumor immunity.

Chapter 5 focuses on the role of PTMs in modifying antigen presentation. The immune

system’s recognition of antigenic peptides depends on two critical factors. One being the
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binding affinity of peptides to MHC molecules and the other being their subsequent
recognition by T cell receptors. To dissect these contributions, we employed a cell-based
system to investigate how PTMs alter antigen presentation and influence T cell

recognition.

Further exploration in this area will require a more detailed understanding of how cancer
cells generate PTMs that are absent in healthy tissue and how these modifications shape
immune responses. The biochemical pathways governing PTM-modified neoantigen
formation remains poorly characterized making it difficult to predict which peptides will be
displayed on MHC. Additionally, emerging evidence suggests that PTMs may serve as
privileged targets for immune activation, likely due to their limited presence in the thymus
during T cell development. Moreover, developing predictive models to assess whether a
PTM sufficiently alters peptide structure to generate a robust T cell response could have

significant implications for cancer immunotherapy.

Chapter 6 examined how non-enzymatic modifications induced by reactive species
influence antigen presentation. The tumor microenvironment is characterized by elevated
levels of reactive oxygen species and other reactive metabolites which are likely to give
rise to unique neoantigens that serve as selective immune targets. ldentifying and
characterizing these modified antigens may improve neoantigen prediction models and
advance the design of novel cancer immunotherapies. Additionally, these findings could

provide insight into the role modified antigens play in inflammatory autoimmune diseases.

More broadly, it is becoming increasingly clear that exogenous metabolites shape
immune response. For instance, hapten-modified peptides presented on MHC molecules
are known to play a role in B-lactam allergies, suggesting that exposure to electrophilic
environment agents may similarly alter antigen presentation and trigger and immune
response. Furthermore, pioneering work from the Craik lab has demonstrated that hapten
modification of a cancer-specific mutation can be leveraged for immunotherapy. Given
the increasing use of covalent drugs, it is plausible that these compounds contribute to
the immune response over time by modifying peptides presented on MHC. Investigating
these interactions could not only provide insights into unintended immune responses but

also reveal novel therapeutic strategies.
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Beyond immunotherapy, antibiotic resistance remains a pressing global challenge that is
exacerbated by the lack of new antibiotic development. One major strategy used by
bacterial pathogens such as Staphylococcus aureus to evade both antibiotic and immune
pressure is through intracellular persistence within host cells. However, our
understanding of how well antibiotics penetrate and accumulate within these intracellular

bacteria remains poorly understood and poses a significant barrier to drug development.

In Chapter 7, we applied our lab’s recently developed Peptidoglycan Accessibility Click-
Mediated AssessmeNt (PAC-MAN) assay to quantify intracellular antibiotic accumulation.
Using this method, we demonstrated that a prodrug derivative of ciprofloxacin significantly
enhances its intracellular accumulation to S. aureus. We anticipate that this approach will
facilitate the rational design of antibiotics with improved efficacy against intracellular
pathogens. To further elucidate the molecular determinants governing intracellular
antibiotic accumulation, we plan to expand our assay to screen a diverse library of azide-
modified molecules. This will enable us to identify chemical properties that enhance
accumulation to intracellular S. aureus and guide the development of next-generation

antibiotics capable of overcoming resistance mechanisms.

Taken together, the work presented in this dissertation advances our understanding of
antigen presentation, immune modulation, and antibiotic accumulation. These studies
provide a foundation for future efforts to refine cancer immunotherapy strategies, explore
novel immunomodulatory compounds, and develop more effective treatments for drug-

resistant infections.



Kelly | 208

Appendix

*Note: Unless otherwise indicated, all chromatographs for HPLC analysis were
observed at 220 nm.

A.3 Synthesis and Characterization of Compounds in Chapter 3

Scheme S1. Synthesis of SIINFKEL
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A 25 mL vessel of CEM discover bio manual peptide synthesizer was charged with 0.25
mmol of leucine wang resin. The Fmoc group was removed by using a 20% piperidine
solution in DMF (10 mL). Using Synergy software, the deprotection protocol was run. The
piperidine solution was drained and the resin was washed with DMF (4 x 10 mL). Fmoc-
L-lysine(Boc)-OH (5 eq, 1.25 mM) along with Oxyma (5 eq, 1.25 mM) and DIC (5 eq, 1.35
mmol) in DMF was added to the reaction vessel and the coupling protocol was run. The
amino acid solution was drained, and the resin was washed with DMF (2 x 10 mL). The
fmoc removal and coupling procedure was repeated as before using the same
equivalencies for the remaining amino acids. To remove the peptide from resin, a TFA
cocktail solution (95% TFA, 2.5% TIPS, and 2.5% DCM) was added to the resin and
agitated for 2 hours. The resin was filtered, and the resulting solution was concentrated
in vacuo. The peptide was trituated with cold diethyl ether and purified using reverse
phase HPLC using H20/CH3CN. The sample was analyzed for purity using a Waters 1525
Binary HPLC Pump using a Phenomenex Luna 5u C8(2) 100A (250 x 4.60 mm) column;
gradient eluted with H20/CH3CN. Molecular weight was confirmed using high resolution
electrospray ionization mass spectrometry (HRMS, ESI/MS) analyses obtained on an
Agilent 6545B Q-TOF LC/MS equipped with 1260 infinity || LC system with auto sampler.
The final peptide product was lyophilized and stored at -20°C until further use.
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Scheme S2. Synthesis of pHLIP

pHLIP (GGEQNPIYWARYADWLFTTPLLLLDLALLVDADEGTCG) was prepared by
Fmoc solid-phase peptide synthesis using rink amide resin (CEM, 0.19 mmol/g loading
capacity) on a CEM Liberty Blue™ microwave peptide synthesizer. Each amino acid
solubilized at 0.2 M in DMF was coupled using DIC or HBTU as the activator and oxyma
or DIEA as the activator base. After each coupling step, Fmoc protecting groups were
removed with 6% piperazine and 0.1 M HOBt in DMF. The peptide was cleaved from
resin using a cocktail of trufluoroacetic acid (TFA)/phenol/water/thioanisole/1,2-
ethanodithiol (82.5/5/5/5/2.5, viv) for 2 h at room temperature. The solution was filtered
to remove the resin and concentrated prior to precipitation with ice cold diethyl ether.
pHLIP was purified by reverse-phase high-performance liquid chromatography (RP-
HPLC) on a Phenomenex Luna Omega, 5pym, 250 mm x 21.2 mm C18 column; flow
rate of 5 mL/min; phase A being water with 0.1% TFA; phase B being acetonitrile with
0.1% TFA; 60 min gradient from 95:5 to 0:100 A:B). Peptide identity was confirmed by
matrix-assisted laser desorption ionization time-of-flight (MALDI-TOF) mass
spectrometry (Shimadzu 8020).

MALDI-TOF calculated [M+H*]:4210.72, found 4209.81.
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Scheme S3. Synthesis of pHLIP-CysOVA

The pHLIP peptide was dissolved to 1 mM in DMSO followed by the addition of 1.5 mM
CysOVA in DMSO. The samples were thoroughly mixed before adding 1 M tris buffer pH
8.0 for 4 h. The resulting pHLIP-CysOVA was purified using a Waters 1525 Binary HPLC
Pump using a Phenomenex Luna 5u C8(2) 100A (250 x 4.60 mm) column; gradient
eluted with H20/CH3CN. Molecular weight was confirmed via a Shimadzu MALDI-TOF
Mass Spectrometer (MALDI-8020).
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MALDI-TOF calculated [M+H*]: 5277, found 5280.
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Scheme S4. Synthesis SCINFEKL
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A 25 mL vessel of CEM discover bio manual peptide synthesizer was charged with 0.25
mmol of leucine wang resin. The Fmoc group was removed by using a 20% piperidine
solution in DMF (10 mL). Using Synergy software, the deprotection protocol was run. The
piperidine solution was drained and the resin was washed with DMF (4 x 10 mL). Fmoc-
L-lysine(Boc)-OH (5 eq, 1.25 mM) along with Oxyma (5 eq, 1.25 mM) and DIC (5 eq, 1.35
mmol) in DMF was added to the reaction vessel and the coupling protocol was run. The
amino acid solution was drained, and the resin was washed with DMF (2 x 10 mL). The
fmoc removal and coupling procedure was repeated as before using the same
equivalencies for the remaining amino acids. To remove the peptide from resin, a TFA
cocktail solution (95% TFA, 2.5% TIPS, and 2.5% DCM) was added to the resin and
agitated for 2 hours. The resin was filtered, and the resulting solution was concentrated
in vacuo. The peptide was trituated with cold diethyl ether and purified using reverse
phase HPLC using H20/CH3CN. The sample was analyzed for purity using a Waters 1525
Binary HPLC Pump using a Phenomenex Luna 5u C8(2) 100A (250 x 4.60 mm) column;
gradient eluted with H20/CH3CN. Molecular weight was confirmed using high resolution
electrospray ionization mass spectrometry (HRMS, ESI/MS) analyses obtained on an
Agilent 6545B Q-TOF LC/MS equipped with 1260 infinity Il LC system with auto sampler.
The final peptide product was lyophilized and stored at -20°C until further use.
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Scheme S5. Synthesis CIINFKEL
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A 25 mL vessel of CEM discover bio manual peptide synthesizer was charged with 0.25
mmol of leucine wang resin. The Fmoc group was removed by using a 20% piperidine
solution in DMF (10 mL). Using Synergy software, the deprotection protocol was run. The
piperidine solution was drained and the resin was washed with DMF (4 x 10 mL). Fmoc-
L-lysine(Boc)-OH (5 eq, 1.25 mM) along with Oxyma (5 eq, 1.25 mM) and DIC (5 eq, 1.35
mmol) in DMF was added to the reaction vessel and the coupling protocol was run. The
amino acid solution was drained, and the resin was washed with DMF (2 x 10 mL). The
fmoc removal and coupling procedure was repeated as before using the same
equivalencies for the remaining amino acids. To remove the peptide from resin, a TFA
cocktail solution (95% TFA, 2.5% TIPS, and 2.5% DCM) was added to the resin and
agitated for 2 hours. The resin was filtered, and the resulting solution was concentrated
in vacuo. The peptide was trituated with cold diethyl ether and purified using reverse
phase HPLC using H20/CH3CN. The sample was analyzed for purity using a Waters 1525
Binary HPLC Pump using a Phenomenex Luna 5u C8(2) 100A (250 x 4.60 mm) column;
gradient eluted with H20/CH3CN. Molecular weight was confirmed using high resolution
electrospray ionization mass spectrometry (HRMS, ESI/MS) analyses obtained on an
Agilent 6545B Q-TOF LC/MS equipped with 1260 infinity Il LC system with auto sampler.
The final peptide product was lyophilized and stored at -20°C until further use.
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Scheme S6. Synthesis CSIINFEKL

[Bnc}HN o

)—J\/\/\/NH[BUC)
HN

20% Plperldlne oxyma DIC :
NHFmoc
FmacHN FMDCHN OH o

Leucine Wang Resin

20% Piperidine 95% TFA, TIPS

—’
4,.
> Q—L-K-E-F-N--I-5-C-Fmoc — p—

A 25 mL vessel of CEM discover bio manual peptide synthesizer was charged with 0.25
mmol of leucine wang resin. The Fmoc group was removed by using a 20% piperidine
solution in DMF (10 mL). Using Synergy software, the deprotection protocol was run. The
piperidine solution was drained and the resin was washed with DMF (4 x 10 mL). Fmoc-
L-lysine(Boc)-OH (5 eq, 1.25 mM) along with Oxyma (5 eq, 1.25 mM) and DIC (5 eq, 1.35
mmol) in DMF was added to the reaction vessel and the coupling protocol was run. The
amino acid solution was drained, and the resin was washed with DMF (2 x 10 mL). The
fmoc removal and coupling procedure was repeated as before using the same
equivalencies for the remaining amino acids. To remove the peptide from resin, a TFA
cocktail solution (95% TFA, 2.5% TIPS, and 2.5% DCM) was added to the resin and
agitated for 2 hours. The resin was filtered, and the resulting solution was concentrated
in vacuo. The peptide was trituated with cold diethyl ether and purified using reverse
phase HPLC using H20/CH3CN. The sample was analyzed for purity using a Waters 1525
Binary HPLC Pump using a Phenomenex Luna 5u C8(2) 100A (250 x 4.60 mm) column;
gradient eluted with H20/CH3CN. Molecular weight was confirmed using high resolution
electrospray ionization mass spectrometry (HRMS, ESI/MS) analyses obtained on an
Agilent 6545B Q-TOF LC/MS equipped with 1260 infinity Il LC system with auto sampler.
The final peptide product was lyophilized and stored at -20°C until further use.
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Scheme S7. Synthesis SIINFKELC
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A 25 mL peptide synthesis vessel charged with 2-chlorotrityl chloride resin (0.25mmol)
was added Fmoc-L-Cys(Trt)-OH (1.1 eq, 0.275 mmol) and DIEA (3 eq, 0.75 mmol) in dry
DCM. The resin was agitated for 1 h at ambient temperature and washed with MeOH and
DCM (3 x each). The Fmoc group was removed by using a 20% piperidine solution in
DMF for 30 min at ambient temperature, then washed as before. Fmoc-L-leucine-OH (5
eq, 1.25 mM) along with Oxyma (5 eq, 1.25 mM) and DIC (5 eq, 1.35 mmol) in DMF was
added to the reaction vessel and agitated for 2 h at ambient temperature. The Fmoc
removal and coupling procedure was repeated as before using the same equivalencies
for the remaining amino acids. To remove the peptide from resin, a TFA cocktail solution
(95% TFA, 2.5% TIPS, and 2.5% DCM) was added to the resin and agitated for 2 hours.
The resin was filtered, and the resulting solution was concentrated in vacuo. The peptide
was trituated with cold diethyl ether and purified using reverse phase HPLC using
H20/CH3CN. The sample was analyzed for purity using a Waters 1525 Binary HPLC
Pump using a Phenomenex Luna 5u C8(2) 100A (250 x 4.60 mm) column; gradient eluted
with H20/CH3CN. Molecular weight was confirmed using high resolution electrospray
ionization mass spectrometry (HRMS, ESI/MS) analyses obtained on an Agilent 6545B
Q-TOF LC/MS equipped with 1260 infinity Il LC system with auto sampler. The final
peptide product was lyophilized and stored at -20°C until further use.
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Scheme 8: Synthesis of SNFVSAGI
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A 25 mL vessel of CEM discover bio manual peptide synthesizer was charged with 0.25
mmol of isoleucine wang resin. The Fmoc group was removed by using a 20% piperidine
solution in DMF (10 mL). Using Synergy software, the deprotection protocol was run. The
piperidine solution was drained and the resin was washed with DMF (4 x 10 mL). Fmoc-
L-glycine (5 eq, 1.25 mM) along with Oxyma (5 eq, 1.25 mM) and DIC (5 eq, 1.35 mmol)
in DMF was added to the reaction vessel and the coupling protocol was run. The amino
acid solution was drained, and the resin was washed with DMF (2 x 10 mL). The fmoc
removal and coupling procedure was repeated as before using the same equivalencies
for the remaining amino acids. To remove the peptide from resin, a TFA cocktail solution
(95% TFA, 2.5% TIPS, and 2.5% DCM) was added to the resin and agitated for 2 hours.
The resin was filtered, and the resulting solution was concentrated in vacuo. The peptide
was trituated with cold diethyl ether and purified using reverse phase HPLC using
H20/CH3CN. The sample was analyzed for purity usinga a Waters 1525 Binary HPLC
Pump using a Phenomenex Luna 5u C8(2) 100A (250 x 4.60 mm) column; gradient eluted
with H20/CH3CN. The final peptide product was lyophilized and stored at -20°C until
further use.
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A.4 Synthesis and Characterization of Compounds in Chapter 4

Scheme 1. Synthesis of 9-propargyl-2-amino-6-chloropurine

—
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9-propargyl-2-amino-6-chloropurine was synthesized based on literature procedure.” 2-amino-6-
chloropurine (3.0 g, 1 eq) was suspended DMF (50 mL) followed by addition of anhydrous K,CO3
(2.934 g, 1.2 eq) and stirring under N2 atmosphere for 1 hour. After this time, propargyl bromide
(1.894 g, 0.9 eq) was added and stirred for 48 hours under N, atmosphere at room temperature.
DMF was evaporated at 60°C under high vacuum to afford a yellowish-white powder. A 1:2 ratio
of minor and major compound was produced as determined by NMR. The crude material was
purified by reverse-phase preparative high-performance liquid chromatography (RP-HPLC)
equipped with Waters 1525 with a 2489 UV/Visible Detector monitoring at 311 nm wavelength, on
a Phenomenex Luna Omega 5 uM Polar C18 250 x 21.2 mm column using gradient elution with
using H.O/MeOH with 0.1% TFA at 10 mL/min. The HPLC fractions of the major compound were
concentrated under reduced pressure using a rotary evaporator, then lyophilized to dryness using
a Labconco Freezone 4.5 L (- 84°C) lyophilizer and characterized by NMR which matched with
the reported compound.? This product was analyzed for purity using RP analytical HPLC equipped
with Waters 1525 with a 2489 UV/Visible Detector monitoring at 311 nm wavelength, on a
Phenomenex Luna 5 yM C18(2) 250 x mm column using gradient elution with using H.O/MeOH
with 0.1% TFA at 1 mL/min. The major product was used for click chemistry.
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Analytical HPLC chromatogram of 9-propargy-2-amino-6-chloropurine
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NMR of 9-propargyl-2-amino-6-chloropurine

6-chloro-9-(prop-2-yn-1-yl)-9H-purin-2-amine. White solid% 'H NMR (600 MHz, DMSO-ds) §
8.18 (s, 1H, 8-H), 7.02 (brs, 2H, -NH2), 4.93 (d, 2H, J=1 Hz, -CH2), 3.48 (t, 1H, J = 1 Hz, C=CH).
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Scheme 2. High-Throughput Synthesis of Triazole-Containing BIIB021 Derivatives
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Triazole analogs were synthesized based on literature procedure.® Azide solutions from the azide
library in Plates 1-5 were initially at a concentration of 100 mM in DMSO. Azides were added in
each well of a 96-well plate at a concentration of 10 mM. To each well of this newly loaded plate,
L-ascorbic acid solution was added to a concentration of 40 mM along with 10 mM of 9-propargyl-
2-amino-6-chloropurine (synthesis shown in Scheme 1) and 2 mM of CuSO4/THPTA in a solution
of DMSO and water at a 3:2 ratio to a total volume of 100 pL. The plates were sealed and swirled
at 250 rpm and 37°C for 20 hours to afford the corresponding triazole product in each well.
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Scheme 3. Synthesis of CliMB-325.
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2-azido-5-chlorobenzonitrile

In a 50 mL conical tube, the following reagents were added: 10 mM of 2-azido-5-chlorobenzonitrile
(azide #325 from 380 screen), 40 mM of aqueous L-ascorbic acid, 10 mM of 9-propargyl-2-amino-
6-chloropurine (synthesis shown in Scheme 1), 2 mM of aqueous CuSO.4/THPTA solution, in a
3:2 ratio of DMSO to water at a total volume of 15 mL. The tube was swirled at 250 rpm and 37°C
for 20 hours to yield CliMB-325. The compound was purified by reverse-phase preparative high-
performance liquid chromatography (RP-HPLC) equipped with Waters 1525 with a 2489
UV/Visible Detector monitoring at 311 nm wavelength, on a Phenomenex Luna Omega 5 uM Polar
C18 250 x 21.2 mm column using gradient elution with using Ho.O/MeCN with 0.1% TFA at 10
mL/min. The HPLC fractions of the desired purified product were concentrated under reduced
pressure using a rotary evaporator, then lyophilized to dryness using a Labconco Freezone 4.5 L
(- 84°C) lyophilizer. The product was analyzed for purity using RP analytical HPLC equipped with
Waters 1525 with a 2489 UV/Visible Detector monitoring at 311 nm wavelength, on a
Phenomenex Luna 5 yM C18(2) 250 x mm column using gradient elution with using H.O/MeCN
with 0.1% TFA at 1 mL/min. The final product was stored at -20°C until further use, and stocks
were made at 10 mM in DMSO.
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Analytical HPLC Chromatogram of CliMB-325
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"H NMR of CliMB-325
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3C NMR of CliMB-325
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2-(4-((2-amino-6-chloro-9H-purin-9-yl)methyl)-1H-1,2,3-triazol-1-yl)-5-chlorobenzonitrile.
White solid; '"H NMR (600 MHz, DMSO-ds) § 8.73 (s, 1H, 8-H), 8.36 (d, 1H, J= 1 Hz, Ar-H), 8.24
(s, 1H, triazole-H), 8.04 (dd, 1H, J= 3.6 Hz, Ar-H), 7.88 (d, 1H, J= 3.6 Hz, Ar-H), 6.95 (brs, 2H, -
NH), 5.51 (s, 2H, -CH.); *C NMR (150 MHz, DMSO-ds) § 159.9, 153.9, 149.4, 143.4, 142.9,
136.5, 134.7, 134.5, 134.1, 127.3, 124.7, 123.2, 114. 6, 108.6, 38.0.
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A.5 Synthesis and Characterization of Compounds in Chapter 5

Scheme S1. Synthesis of SIINFKEL
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A 25 mL vessel of CEM discover bio manual peptide synthesizer was charged with 0.25
mmol of leucine wang resin. The Fmoc group was removed by using a 20% piperidine
solution in DMF (10 mL). Using Synergy software, the deprotection protocol was run. The
piperidine solution was drained and the resin was washed with DMF (4 x 10 mL). Fmoc-
L-lysine(Mtt)-OH (5 eq, 1.25 mM) along with Oxyma (5 eq, 1.25 mM) and DIC (5 eq, 1.35
mmol) in DMF was added to the reaction vessel and the coupling protocol was run. The
amino acid solution was drained, and the resin was washed with DMF (2 x 10 mL). The
fmoc removal and coupling procedure was repeated as before using the same
equivalencies for the remaining amino acids. To remove the peptide from resin, a TFA
cocktail solution (95% TFA, 2.5% TIPS, and 2.5% DCM) was added to the resin and
agitated for 2 hours. The resin was filtered, and the resulting solution was concentrated
in vacuo. The peptide was trituated with cold diethyl ether and purified using reverse
phase HPLC using H20/CH3CN. The sample was analyzed for purity using a Waters 1525
Binary HPLC Pump using a Phenomenex Luna 5u C8(2) 100A (250 x 4.60 mm) column;
gradient eluted with H20/CH3CN. Molecular weight was confirmed using high resolution
electrospray ionization mass spectrometry (HRMS, ESI/MS) analyses obtained on an
Agilent 6545B Q-TOF LC/MS equipped with 1260 infinity Il LC system with auto sampler.
The final peptide product was lyophilized and stored at -20°C until further use.
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Scheme S2. Synthesis of Monomethyl Lysine SIINFKEL
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A 25 mL vessel of CEM discover bio manual peptide synthesizer was charged with 0.25
mmol of leucine wang resin. The Fmoc group was removed by using a 20% piperidine
solution in DMF (10 mL). Using Synergy software, the deprotection protocol was run. The
piperidine solution was drained and the resin was washed with DMF (4 x 10 mL). Fmoc-
L-lysine(Mtt)-OH (5 eq, 1.25 mM) along with Oxyma (5 eq, 1.25 mM) and DIC (5 eq, 1.35
mmol) in DMF was added to the reaction vessel and the coupling protocol was run. The
amino acid solution was drained, and the resin was washed with DMF (2 x 10 mL). The
fmoc removal and coupling procedure was repeated as before using the same
equivalencies for the remaining amino acids. The MTT protecting group was removed by
the addition of 1% TFA, 2.5% TIPS, in 10 mL DCM for 15 min, washed and repeated 5
more times. O-NBS-CI (4 eq, 1 mM) was added along with sym-collidine (10 eq, 2.5 mM)
in dry DCM and treated with resin for 15 mins while agitated for a total of 2x. The solution
was drained and DBU (3 eq, 0.75 mM) and DMS (10 eq, 2.5 mM) in DMF was added and
agitated for 5 mins. The solution was drained and BME (10 eq, 2.5 mM) and DBU (5 eq,
1.25 mM) we added in DMF, and the solution was agitated for 30 mins.To remove the
peptide from resin, a TFA cocktail solution (95% TFA, 2.5% TIPS, and 2.5% DCM) was
added to the resin and agitated for 2 hours. The resin was filtered, and the resulting
solution was concentrated in vacuo. The peptide was trituated with cold diethyl ether and
purified using reverse phase HPLC using H20/CH3CN. The sample was analyzed for
purity using a Waters 1525 Binary HPLC Pump using a Phenomenex Luna 5u C8(2) 100A
(250 x 4.60 mm) column; gradient eluted with H20/CH3CN. Molecular weight was
confirmed using high resolution electrospray ionization mass spectrometry (HRMS,
ESI/MS) analyses obtained on an Agilent 6545B Q-TOF LC/MS equipped with 1260
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infinity Il LC system with auto sampler. The final peptide product was lyophilized and
stored at -20°C until further use.
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Scheme S3. Synthesis of Dimethyl Lysine SIINFKEL
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A 25 mL vessel of CEM discover bio manual peptide synthesizer was charged with 0.25
mmol of leucine wang resin. The Fmoc group was removed by using a 20% piperidine
solution in DMF (10 mL). Using Synergy software, the deprotection protocol was run. The
piperidine solution was drained and the resin was washed with DMF (4 x 10 mL). Fmoc-
L-lysine(Mtt)-OH (5 eq, 1.25 mM) along with Oxyma (5 eq, 1.25 mM) and DIC (5 eq, 1.35
mmol) in DMF was added to the reaction vessel and the coupling protocol was run. The
amino acid solution was drained, and the resin was washed with DMF (2 x 10 mL). The
fmoc removal and coupling procedure was repeated as before using the same
equivalencies for the remaining amino acids. The MTT protecting group was removed by
the addition of 1% TFA, 2.5% TIPS, in 10 mL DCM for 15 min, washed and repeated 5
more times. Peptide solution was reacted with formaldehyde (10 eq, 12.5 mM) in THF at
pH 3 for 15 mins. Sodium cyanoborohydride (20 eq, 25 mM) was added to reaction vessel
and reacted for 3 hours and washed 3x with DCM and methanol. To remove the peptide
from resin, a TFA cocktail solution (95% TFA, 2.5% TIPS, and 2.5% DCM) was added to
the resin and agitated for 2 hours. The resin was filtered, and the resulting solution was
concentrated in vacuo. The peptide was trituated with cold diethyl ether and purified using
reverse phase HPLC using H20/CH3CN. The sample was analyzed for purity using a
Waters 1525 Binary HPLC Pump using a Phenomenex Luna 5u C8(2) 100A (250 x 4.60
mm) column; gradient eluted with H20/CH3CN. Molecular weight was confirmed using
high resolution electrospray ionization mass spectrometry (HRMS, ESI/MS) analyses
obtained on an Agilent 6545B Q-TOF LC/MS equipped with 1260 infinity Il LC system
with auto sampler. The final peptide product was lyophilized and stored at -20°C until
further use.
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Scheme S4. Synthesis of Trimethyl Lysine SIINFKEL
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A 25 mL vessel of CEM discover bio manual peptide synthesizer was charged with 0.25
mmol of leucine wang resin. The Fmoc group was removed by using a 20% piperidine
solution in DMF (10 mL). Using Synergy software, the deprotection protocol was run. The
piperidine solution was drained and the resin was washed with DMF (4 x 10 mL). Fmoc-
L-lysine(Mtt)-OH (5 eq, 1.25 mM) along with Oxyma (5 eq, 1.25 mM) and DIC (5 eq, 1.35
mmol) in DMF was added to the reaction vessel and the coupling protocol was run. The
amino acid solution was drained, and the resin was washed with DMF (2 x 10 mL). The
fmoc removal and coupling procedure was repeated as before using the same
equivalencies for the remaining amino acids. The MTT protecting group was removed by
the addition of 1% TFA, 2.5% TIPS, in 10 mL DCM for 15 min, washed and repeated 5
more times. Resin was transferred to a round bottom flask and stired in a solution of
iodomethane (50 eq, 12.5 mM) and potassium carbonate (10 eq, 2.5 mM) in DCM and
heated to 90°C overnight and repeated three times with fresh reagent. To remove the
peptide from resin, a TFA cocktail solution (95% TFA, 2.5% TIPS, and 2.5% DCM) was
added to the resin and agitated for 2 hours. The resin was filtered, and the resulting
solution was concentrated in vacuo. The peptide was trituated with cold diethyl ether and
purified using reverse phase HPLC using H20/CH3CN. The sample was analyzed for
purity using a Waters 1525 Binary HPLC Pump using a Phenomenex Luna 5u C8(2) 100A
(250 x 4.60 mm) column; gradient eluted with H20/CH3CN. Molecular weight was
confirmed using high resolution electrospray ionization mass spectrometry (HRMS,
ESI/MS) analyses obtained on an Agilent 6545B Q-TOF LC/MS equipped with 1260
infinity Il LC system with auto sampler. The final peptide product was lyophilized and
stored at -20°C until further use.
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Scheme S5. Synthesis of Succinyl Lysine SIINFKEL
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A 25 mL vessel of CEM discover bio manual peptide synthesizer was charged with 0.25
mmol of leucine wang resin. The Fmoc group was removed by using a 20% piperidine
solution in DMF (10 mL). Using Synergy software, the deprotection protocol was run. The
piperidine solution was drained and the resin was washed with DMF (4 x 10 mL). Fmoc-
L-lysine(Mtt)-OH (5 eq, 1.25 mM) along with Oxyma (5 eq, 1.25 mM) and DIC (5 eq, 1.35
mmol) in DMF was added to the reaction vessel and the coupling protocol was run. The
amino acid solution was drained, and the resin was washed with DMF (2 x 10 mL). The
fmoc removal and coupling procedure was repeated as before using the same
equivalencies for the remaining amino acids. The Mtt protecting group of L-Lysine(Mtt)-
OH was removed by adding 10 mL of a TFA cocktail solution (1% TFA, 2% TIPS in DCM)
to the resin and agitating for 10 minutes protected from light. The solution was drained,
and this procedure was repeated five additional times. Succinic acid (8 eq, 2 mM) along
with Oxyma (5 eq, 1.25 mM) and DIC (5 eq, 1.25 mmol) in DMF was added to the reaction
vessel and agitated at room temperature for 2 hours. To remove the peptide from resin,
a TFA cocktail solution (95% TFA, 2.5% TIPS, and 2.5% DCM) was added to the resin
and agitated for 2 hours. The resin was filtered, and the resulting solution was
concentrated in vacuo. The peptide was trituated with cold diethyl ether and purified using
reverse phase HPLC using H20/CH3CN. The sample was analyzed for purity using a
Waters 1525 Binary HPLC Pump using a Phenomenex Luna 5u C8(2) 100A (250 x 4.60
mm) column; gradient eluted with H20/CH3CN. Molecular weight was confirmed using
high resolution electrospray ionization mass spectrometry (HRMS, ESI/MS) analyses



Kelly | 238

obtained on an Agilent 6545B Q-TOF LC/MS equipped with 1260 infinity Il LC system
with auto sampler. The final peptide product was lyophilized and stored at -20°C until
further use.
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Scheme S6. Synthesis of Acetyl Lysine SIINFKEL
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A 25 mL vessel of CEM discover bio manual peptide synthesizer was charged with 0.25
mmol of leucine wang resin. The Fmoc group was removed by using a 20% piperidine
solution in DMF (10 mL). Using Synergy software, the deprotection protocol was run.
The piperidine solution was drained and the resin was washed with DMF (4 x 10 mL).
Fmoc-L-lysine(Mtt)-OH (5 eq, 1.25 mM) along with Oxyma (5 eq, 1.25 mM) and DIC (5
eq, 1.35 mmol) in DMF was added to the reaction vessel and the coupling protocol was
run. The amino acid solution was drained, and the resin was washed with DMF (2 x 10
mL). The fmoc removal and coupling procedure was repeated as before using the same
equivalencies for the remaining amino acids. The Mtt protecting group of lysine was
removed by adding 10 mL of a TFA cocktail solution (1% TFA, 2% TIPS in DCM) to the
resin and agitating for 10 minutes. The solution was drained, and this procedure was
repeated five additional times. The resin was transferred to a 25 mL synthetic vessel
and the lysine side chain of the peptide was acetylated agitating the resin for 1 hour in a
solution of 5% acetic anhydride (0.5 mL), 8.5% DIEA (0.85 mL), and 86.5% DMF (8.65
mL). To remove the peptide from resin, a TFA cocktail solution (95% TFA, 2.5% TIPS,
and 2.5% DCM) was added to the resin and agitated for 2 hours. The resin was filtered,
and the resulting solution was concentrated in vacuo. The peptide was trituated with
cold diethyl ether and purified using reverse phase HPLC using H2O/CH3CN. The
sample was analyzed for purity using a Waters 1525 Binary HPLC Pump using a
Phenomenex Luna 5u C8(2) 100A (250 x 4.60 mm) column; gradient eluted with
H20/CH3CN. Molecular weight was confirmed using high resolution electrospray
ionization mass spectrometry (HRMS, ESI/MS) analyses obtained on an Agilent 6545B
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Q-TOF LC/MS equipped with 1260 infinity 1l LC system with auto sampler. The final
peptide product was lyophilized and stored at -20°C until further use.
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Scheme S7. Synthesis of Biotinylated Lysine SIINFKEL
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A 25 mL vessel of CEM discover bio manual peptide synthesizer was charged with 0.25
mmol of leucine wang resin. The Fmoc group was removed by using a 20% piperidine
solution in DMF (10 mL). Using Synergy software, the deprotection protocol was run. The
piperidine solution was drained and the resin was washed with DMF (4 x 10 mL). Fmoc-
L-lysine(Mtt)-OH (5 eq, 1.25 mM) along with Oxyma (5 eq, 1.25 mM) and DIC (5 eq, 1.35
mmol) in DMF was added to the reaction vessel and the coupling protocol was run. The
amino acid solution was drained, and the resin was washed with DMF (2 x 10 mL). The
fmoc removal and coupling procedure was repeated as before using the same
equivalencies for the remaining amino acids. The Mtt protecting group of lysine was
removed by adding 10 mL of a TFA cocktail solution (1% TFA, 2% TIPS in DCM) to the
resin and agitating for 10 minutes. The solution was drained, and this procedure was
repeated five additional times. Biotin N-hydroxy succinimide ester (10 eq, 2.5 mM) and
DIEA (4 eq, 1 mM) in DMF were reacted with peptide for 2 h while agitated. To remove
the peptide from resin, a TFA cocktail solution (95% TFA, 2.5% TIPS, and 2.5% DCM)
was added to the resin and agitated for 2 hours. The resin was filtered, and the resulting
solution was concentrated in vacuo. The peptide was trituated with cold diethyl ether and
purified using reverse phase HPLC using H20/CH3CN. The sample was analyzed for
purity using a Waters 1525 Binary HPLC Pump using a Phenomenex Luna 5u C8(2) 100A
(250 x 4.60 mm) column; gradient eluted with H20/CH3CN. Molecular weight was
confirmed using high resolution electrospray ionization mass spectrometry (HRMS,

20% Piperidine 95% TFA, TIPS \)L
4)‘ 4’*
DCM
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ESI/MS) analyses obtained on an Agilent 6545B Q-TOF LC/MS equipped with 1260
infinity Il LC system with auto sampler. The final peptide product was lyophilized and
stored at -20°C until further use.
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Scheme S8. Synthesis of Phosphoserine SIINFKEL

o]

0 L
o HN .

20% Piperidine 2‘:'0 oxyma, DIC H
DME + DM NHFmoc
g FmocHN OH
HaN o

FmocHNQ

Isoleucine Wang Resin

. () o
0
™ (Q—LK-E-F-N--I-NHFmoc 4 . o N i D
—— -~ L R —
—_— T O Er I\o op T
07 “OH

20% Piperidine 95% TFA, TIPS

(Q——L-K-E-F-N-I-I-(PhosphoS)-NHFmoc

DMF DCM

o] o]
HJ'L N
N N.,
N - OH
(o] (o]

A 25 mL vessel of CEM discover bio manual peptide synthesizer was charged with 0.25
mmol of leucine wang resin. The Fmoc group was removed by using a 20% piperidine
solution in DMF (10 mL). Using Synergy software, the deprotection protocol was run. The
piperidine solution was drained and the resin was washed with DMF (4 x 10 mL). Fmoc-
L-lysine(Mtt)-OH (5 eq, 1.25 mM) along with Oxyma (5 eq, 1.25 mM) and DIC (5 eq, 1.35
mmol) in DMF was added to the reaction vessel and the coupling protocol was run. The
amino acid solution was drained, and the resin was washed with DMF (2 x 10 mL). The
fmoc removal and coupling procedure was repeated as before using the same
equivalencies for the remaining amino acids. To remove the peptide from resin, a TFA
cocktail solution (95% TFA, 2.5% TIPS, and 2.5% DCM) was added to the resin and
agitated for 2 hours. The resin was filtered, and the resulting solution was concentrated
in vacuo. The peptide was trituated with cold diethyl ether and purified using reverse
phase HPLC using H2O0/CH3CN. The sample was analyzed for purity using a Waters 1525
Binary HPLC Pump using a Phenomenex Luna 5u C8(2) 100A (250 x 4.60 mm) column;
gradient eluted with H20/CH3CN. Molecular weight was confirmed using high resolution
electrospray ionization mass spectrometry (HRMS, ESI/MS) analyses obtained on an
Agilent 6545B Q-TOF LC/MS equipped with 1260 infinity Il LC system with auto sampler.
The final peptide product was lyophilized and stored at -20°C until further use.
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Scheme S9. Synthesis of SNFVSAGI
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A 25 mL vessel of CEM discover bio manual peptide synthesizer was charged with 0.25
mmol of isoleucine wang resin. The Fmoc group was removed by using a 20% piperidine
solution in DMF (10 mL). Using Synergy software, the deprotection protocol was run. The
piperidine solution was drained and the resin was washed with DMF (4 x 10 mL). Fmoc-
L-glycine (5 eq, 1.25 mM) along with Oxyma (5 eq, 1.25 mM) and DIC (5 eq, 1.35 mmol)
in DMF was added to the reaction vessel and the coupling protocol was run. The amino
acid solution was drained, and the resin was washed with DMF (2 x 10 mL). The fmoc
removal and coupling procedure was repeated as before using the same equivalencies
for the remaining amino acids. To remove the peptide from resin, a TFA cocktail solution
(95% TFA, 2.5% TIPS, and 2.5% DCM) was added to the resin and agitated for 2 hours.
The resin was filtered, and the resulting solution was concentrated in vacuo. The peptide
was trituated with cold diethyl ether and purified using reverse phase HPLC using
H20/CH3CN. The sample was analyzed for purity using a Waters 1525 Binary HPLC
Pump using a Phenomenex Luna 5u C8(2) 100A (250 x 4.60 mm) column; gradient eluted
with H20/CHsCN. Molecular weight was confirmed using high resolution electrospray
ionization mass spectrometry (HRMS, ESI/MS) analyses obtained on an Agilent 6545B
Q-TOF LC/MS equipped with 1260 infinity Il LC system with auto sampler. The final
peptide product was lyophilized and stored at -20°C until further use.
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Scheme S$10. Synthesis of ESIVRFPNI

O DIEA 20% Plperadlne
o} NHFmac
I DMF
cl FmocH;N OH ‘ o

o
FmocHN NH(Tn)
(TryHN
oxyma DIC

o NH; 0 o] HN

+ o °
cl cl

‘ o FmocHN OH O o

—

— % Piperidi
- —-N-P-F-R-VI-S-E-Fmoc 27" PPerding
—— DM

mar e Uﬁw 1;\»\ e
ol

A 25 mL peptide synthesis vessel charged with 2-hlorotrityl chloride resin (0.25mmol) was
added Fmoc-L-isoleucine-OH (1.1 eq, 0.275 mmol) and DIEA (3 eq, 0.75 mmol) in dry
DCM. The resin was agitated for 1 h at ambient temperature and washed with MeOH and
DCM (3 x each). The Fmoc group was removed by using a 20% piperidine solution in
DMF for 30 min at ambient temperature, then washed as before. Fmoc-L-asparagine(Trt)-
OH (5 eq, 1.25 mM) along with Oxyma (5 eq, 1.25 mM) and DIC (5 eq, 1.35 mmol) in
DMF was added to the reaction vessel and agitated for 2 h at ambient temperature. The
Fmoc removal and coupling procedure was repeated as before using the same
equivalencies for the remaining amino acids. To remove the peptide from resin, a TFA
cocktail solution (95% TFA, 2.5% TIPS, and 2.5% DCM) was added to the resin and
agitated for 2 hours. The resin was filtered, and the resulting solution was concentrated
in vacuo. The peptide was trituated with cold diethyl ether and purified using reverse
phase HPLC using H2O/CH3CN. The sample was analyzed for purity using a Waters 1525
Binary HPLC Pump using a Phenomenex Luna 5u C8(2) 100A (250 x 4.60 mm) column;
gradient eluted with H20/CH3CN. Molecular weight was confirmed using high resolution
electrospray ionization mass spectrometry (HRMS, ESI/MS) analyses obtained on an
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Agilent 6545B Q-TOF LC/MS equipped with 1260 infinity [l LC system with auto sampler.

The final peptide product was lyophilized and stored at -20°C until further use.
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Scheme S11. Synthesis of N-Acetyl ESIVRFPNI

DIEA 20% P\peradlne
NHFmoc
D F
FmocHN
FmocHN NH(Trt)
(TrtJHN
cxyma DIcC
CI C\
chchN

_
% Pi il i i
—_— }N-P-F-R-V-I-S-E-NHFmoc 20% Piperidine Acetic Anhydride N-P-F-R-V-I-S-E-NHAC
—_—T DMF DIEA

DMF

95% TFA, TIPS NH N\/J.Laﬁ( »d \)L N\)Lﬁﬁ“,
—
DCM

\@ wn’H:

A 25 mL peptide synthesis vessel charged with 2-hlorotrityl chloride resin (0.25mmol) was
added Fmoc-L-isoleucine-OH (1.1 eq, 0.275 mmol) and DIEA (3 eq, 0.75 mmol) in dry
DCM. The resin was agitated for 1 h at ambient temperature and washed with MeOH and
DCM (3 x each). The Fmoc group was removed by using a 20% piperidine solution in
DMF for 30 min at ambient temperature, then washed as before. Fmoc-L-asparagine(Trt)-
OH (5 eq, 1.25 mM) along with Oxyma (5 eq, 1.25 mM) and DIC (5 eq, 1.35 mmol) in
DMF was added to the reaction vessel and agitated for 2 h at ambient temperature. The
Fmoc removal and coupling procedure was repeated as before using the same
equivalencies for the remaining amino acids. The final amino acid was Fmoc deprotected
as described before and was acetylated by agitating the resin for 1 hour in a solution of
5% acetic anhydride (0.5 mL), 8.5% DIEA (0.85 mL), and 86.5% DMF (8.65 mL). To
remove the peptide from resin, a TFA cocktail solution (95% TFA, 2.5% TIPS, and 2.5%
DCM) was added to the resin and agitated for 2 hours. The resin was filtered, and the
resulting solution was concentrated in vacuo. The peptide was trituated with cold diethyl
ether and purified using reverse phase HPLC using H20/CHsCN. The sample was
analyzed for purity using a Waters 1525 Binary HPLC Pump using a Phenomenex Luna
5u C8(2) 100A (250 x 4.60 mm) column; gradient eluted with H20/CH3CN. Molecular
weight was confirmed using high resolution electrospray ionization mass spectrometry
(HRMS, ESI/MS) analyses obtained on an Agilent 6545B Q-TOF LC/MS equipped with
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1260 infinity 1l LC system with auto sampler. The final peptide product was lyophilized
and stored at -20°C until further use.
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Scheme S$12. Synthesis of Citrullinated ESIVRFPNI
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A 25 mL peptide synthesis vessel charged with 2-hlorotrityl chloride resin (0.25mmol) was
added Fmoc-L-isoleucine-OH (1.1 eq, 0.275 mmol) and DIEA (3 eq, 0.75 mmol) in dry
DCM. The resin was agitated for 1 h at ambient temperature and washed with MeOH and
DCM (3 x each). The Fmoc group was removed by using a 20% piperidine solution in
DMF for 30 min at ambient temperature, then washed as before. Fmoc-L-asparagine(Trt)-
OH (5 eq, 1.25 mM) along with Oxyma (5 eq, 1.25 mM) and DIC (5 eq, 1.35 mmol) in
DMF was added to the reaction vessel and agitated for 2 h at ambient temperature. The
Fmoc removal and coupling procedure was repeated as before using the same
equivalencies for the remaining amino acids. For the 5™ position of the amino acid, Fmoc
was deprotected as described above and Fmoc-L-citrulline (5 eq, 1.25 mM) along with
Oxyma (5 eq, 1.25 mM) and DIC (5 eq, 1.35 mmol) in DMF was added to the reaction
vessel. To remove the peptide from resin, a TFA cocktail solution (95% TFA, 2.5% TIPS,
and 2.5% DCM) was added to the resin and agitated for 2 hours. The resin was filtered,
and the resulting solution was concentrated in vacuo. The peptide was trituated with cold
diethyl ether and purified using reverse phase HPLC using H2O/CH3CN. The sample was
analyzed for purity using a Waters 1525 Binary HPLC Pump using a Phenomenex Luna
5u C8(2) 100A (250 x 4.60 mm) column; gradient eluted with H20/CH3CN. Molecular
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weight was confirmed using high resolution electrospray ionization mass spectrometry
(HRMS, ESI/MS) analyses obtained on an Agilent 6545B Q-TOF LC/MS equipped with
1260 infinity 1l LC system with auto sampler. The final peptide product was lyophilized
and stored at -20°C until further use.
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Scheme S13. Synthesis of Hydroxy Proline ESIVRFPNI
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A 25 mL peptide synthesis vessel charged with 2-hlorotrityl chloride resin (0.25mmol) was
added Fmoc-L-isoleucine-OH (1.1 eq, 0.275 mmol) and DIEA (3 eq, 0.75 mmol) in dry
DCM. The resin was agitated for 1 h at ambient temperature and washed with MeOH and
DCM (3 x each). The Fmoc group was removed by using a 20% piperidine solution in
DMF for 30 min at ambient temperature, then washed as before. Fmoc-L-asparagine(Trt)-
OH (5 eq, 1.25 mM) along with Oxyma (5 eq, 1.25 mM) and DIC (5 eq, 1.35 mmol) in
DMF was added to the reaction vessel and agitated for 2 h at ambient temperature. The
Fmoc removal and coupling procedure was repeated as before using the same
equivalencies for the remaining amino acids. For the 6" position of the amino acid, Fmoc
was deprotected as described above and Fmoc-L-trans-4-hydroxyproline (5 eq, 1.25 mM)
was added along with Oxyma (5 eq, 1.25 mM) and DIC (5 eq, 1.35 mmol) in DMF the
reaction vessel. To remove the peptide from resin, a TFA cocktail solution (95% TFA, 2.5%
TIPS, and 2.5% DCM) was added to the resin and agitated for 2 hours. The resin was
filtered, and the resulting solution was concentrated in vacuo. The peptide was trituated
with cold diethyl ether and purified using reverse phase HPLC using H20/CH3CN. The
sample was analyzed for purity using a Waters 1525 Binary HPLC Pump using a
Phenomenex Luna 5u C8(2) 100A (250 x 4.60 mm) column; gradient eluted with



Kelly | 254

H20/CHsCN. Molecular weight was confirmed using high resolution electrospray
ionization mass spectrometry (HRMS, ESI/MS) analyses obtained on an Agilent 6545B
Q-TOF LC/MS equipped with 1260 infinity 1| LC system with auto sampler. The final
peptide product was lyophilized and stored at -20°C until further use.
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Scheme S14. Synthesis of YNVRKSEM
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A 25 mL peptide synthesis vessel charged with 2-hlorotrityl chloride resin (0.25mmol) was
added Fmoc-L-methionine-OH (1.1 eq, 0.275 mmol) and DIEA (3 eq, 0.75 mmol) in dry
DCM. The resin was agitated for 1 h at ambient temperature and washed with MeOH and
DCM (3 x each). The Fmoc group was removed by using a 20% piperidine solution in
DMF for 30 min at ambient temperature, then washed as before. Fmoc-L-
glutamate(OtBu)-OH (5 eq, 1.25 mM) along with Oxyma (5 eq, 1.25 mM) and DIC (5 eq,
1.35 mmol) in DMF was added to the reaction vessel and agitated for 2 h at ambient
temperature. The Fmoc removal and coupling procedure was repeated as before using
the same equivalencies for the remaining amino acids. To remove the peptide from resin,
a TFA cocktail solution (95% TFA, 2.5% TIPS, and 2.5% DCM) was added to the resin
and agitated for 2 hours. The resin was filtered, and the resulting solution was
concentrated in vacuo. The peptide was trituated with cold diethyl ether and purified using
reverse phase HPLC using H20/CH3CN. The sample was analyzed for purity using a
Waters 1525 Binary HPLC Pump using a Phenomenex Luna 5u C8(2) 100A (250 x 4.60
mm) column; gradient eluted with H20/CH3CN. Molecular weight was confirmed using
high resolution electrospray ionization mass spectrometry (HRMS, ESI/MS) analyses
obtained on an Agilent 6545B Q-TOF LC/MS equipped with 1260 infinity Il LC system
with auto sampler. The final peptide product was lyophilized and stored at -20°C until
further use.
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Scheme S15. Synthesis of YNV(cit) KSEM
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A 25 mL peptide synthesis vessel charged with 2-hlorotrityl chloride resin (0.25mmol) was
added Fmoc-L-methionine-OH (1.1 eq, 0.275 mmol) and DIEA (3 eq, 0.75 mmol) in dry
DCM. The resin was agitated for 1 h at ambient temperature and washed with MeOH and
DCM (3 x each). The Fmoc group was removed by using a 20% piperidine solution in
DMF for 30 min at ambient temperature, then washed as before. Fmoc-L-
glutamate(OtBu)-OH (5 eq, 1.25 mM) along with Oxyma (5 eq, 1.25 mM) and DIC (5 eq,
1.35 mmol) in DMF was added to the reaction vessel and agitated for 2 h at ambient
temperature. The Fmoc removal and coupling procedure was repeated as before using
the same equivalencies for the remaining amino acids. To remove the peptide from resin,
a TFA cocktail solution (95% TFA, 2.5% TIPS, and 2.5% DCM) was added to the resin
and agitated for 2 hours. The resin was filtered, and the resulting solution was
concentrated in vacuo. The peptide was trituated with cold diethyl ether and purified using
reverse phase HPLC using H20/CH3CN. The sample was analyzed for purity using a
Waters 1525 Binary HPLC Pump using a Phenomenex Luna 5u C8(2) 100A (250 x 4.60
mm) column; gradient eluted with H20/CH3CN. Molecular weight was confirmed using
high resolution electrospray ionization mass spectrometry (HRMS, ESI/MS) analyses
obtained on an Agilent 6545B Q-TOF LC/MS equipped with 1260 infinity Il LC system



Kelly | 258

with auto sampler. The final peptide product was lyophilized and stored at -20°C until

further use.
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Scheme S$16. Synthesis of RIYQYIQSRF
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A 25 mL vessel of CEM discover bio manual peptide synthesizer was charged with 0.25
mmol of phenylalanine wang resin. The Fmoc group was removed by using a 20%
piperidine solution in DMF (10 mL). Using Synergy software, the deprotection protocol
was run. The piperidine solution was drained and the resin was washed with DMF (4 x 10
mL). Fmoc-L-arginine(Pbf)-OH (5 eq, 1.25 mM) along with Oxyma (5 eq, 1.25 mM) and
DIC (5 eq, 1.35 mmol) in DMF was added to the reaction vessel and the coupling protocol
was run. The amino acid solution was drained, and the resin was washed with DMF (2 x
10 mL). The fmoc removal and coupling procedure was repeated as before using the
same equivalencies for the remaining amino acids. To remove the peptide from resin, a
TFA cocktail solution (95% TFA, 2.5% TIPS, and 2.5% DCM) was added to the resin and
agitated for 2 hours. The resin was filtered, and the resulting solution was concentrated
in vacuo. The peptide was trituated with cold diethyl ether and purified using reverse
phase HPLC using H20/CH3CN. The sample was analyzed for purity using a Waters
1525 Binary HPLC Pump using a Phenomenex Luna 5u C8(2) 100A (250 x 4.60 mm)
column; gradient eluted with H20/CH3CN. Molecular weight was confirmed using high
resolution electrospray ionization mass spectrometry (HRMS, ESI/MS) analyses obtained
on an Agilent 6545B Q-TOF LC/MS equipped with 1260 infinity Il LC system with auto
sampler. The final peptide product was lyophilized and stored at -20°C until further use.
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Scheme S17. Synthesis of RIYQ(YPO4)IQSRF
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A 25 mL vessel of CEM discover bio manual peptide synthesizer was charged with 0.25
mmol of phenylalanine wang resin. The Fmoc group was removed by using a 20%
piperidine solution in DMF (10 mL). Using Synergy software, the deprotection protocol
was run. The piperidine solution was drained and the resin was washed with DMF (4 x 10
mL). Fmoc-L-arginine(Pbf)-OH (5 eq, 1.25 mM) along with Oxyma (5 eq, 1.25 mM) and
DIC (5 eq, 1.35 mmol) in DMF was added to the reaction vessel and the coupling protocol
was run. The amino acid solution was drained, and the resin was washed with DMF (2 x
10 mL). The fmoc removal and coupling procedure was repeated as before using the
same equivalencies for the remaining amino acids. To remove the peptide from resin, a
TFA cocktail solution (95% TFA, 2.5% TIPS, and 2.5% DCM) was added to the resin and
agitated for 2 hours. The resin was filtered, and the resulting solution was concentrated
in vacuo. The peptide was trituated with cold diethyl ether and purified using reverse
phase HPLC using H20/CH3CN. The sample was analyzed for purity using a Waters
1525 Binary HPLC Pump using a Phenomenex Luna 5u C8(2) 100A (250 x 4.60 mm)
column; gradient eluted with H20/CH3CN. Molecular weight was confirmed using high
resolution electrospray ionization mass spectrometry (HRMS, ESI/MS) analyses obtained
on an Agilent 6545B Q-TOF LC/MS equipped with 1260 infinity Il LC system with auto
sampler. The final peptide product was lyophilized and stored at -20°C until further use.
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Scheme S$18. Synthesis of HPDKFVGI
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A 25 mL vessel of CEM discover bio manual peptide synthesizer was charged with 0.25
mmol of isoleucine wang resin. The Fmoc group was removed by using a 20% piperidine
solution in DMF (10 mL). Using Synergy software, the deprotection protocol was run. The
piperidine solution was drained and the resin was washed with DMF (4 x 10 mL). Fmoc-
L-glycine (5 eq, 1.25 mM) along with Oxyma (5 eq, 1.25 mM) and DIC (5 eq, 1.35 mmol)
in DMF was added to the reaction vessel and the coupling protocol was run. The amino
acid solution was drained, and the resin was washed with DMF (2 x 10 mL). The fmoc
removal and coupling procedure was repeated as before using the same equivalencies
for the remaining amino acids. To remove the peptide from resin, a TFA cocktail solution
(95% TFA, 2.5% TIPS, and 2.5% DCM) was added to the resin and agitated for 2 hours.
The resin was filtered, and the resulting solution was concentrated in vacuo. The peptide
was trituated with cold diethyl ether and purified using reverse phase HPLC using
H20/CH3CN. The sample was analyzed for purity using a Waters 1525 Binary HPLC
Pump using a Phenomenex Luna 5u C8(2) 100A (250 x 4.60 mm) column; gradient eluted
with H20/CHsCN. Molecular weight was confirmed using high resolution electrospray
ionization mass spectrometry (HRMS, ESI/MS) analyses obtained on an Agilent 6545B
Q-TOF LC/MS equipped with 1260 infinity Il LC system with auto sampler. The final
peptide product was lyophilized and stored at -20°C until further use.
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Scheme S$19. Synthesis of HPD(Kac)FVGI
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A 25 mL vessel of CEM discover bio manual peptide synthesizer was charged with 0.25
mmol of isoleucine wang resin. The Fmoc group was removed by using a 20% piperidine
solution in DMF (10 mL). Using Synergy software, the deprotection protocol was run. The
piperidine solution was drained and the resin was washed with DMF (4 x 10 mL). Fmoc-
L-glycine (5 eq, 1.25 mM) along with Oxyma (5 eq, 1.25 mM) and DIC (5 eq, 1.35 mmol)
in DMF was added to the reaction vessel and the coupling protocol was run. The amino
acid solution was drained, and the resin was washed with DMF (2 x 10 mL). The fmoc
removal and coupling procedure was repeated as before using the same equivalencies
for the remaining amino acids. To remove the peptide from resin, a TFA cocktail solution
(95% TFA, 2.5% TIPS, and 2.5% DCM) was added to the resin and agitated for 2 hours.
The resin was filtered, and the resulting solution was concentrated in vacuo. The peptide
was trituated with cold diethyl ether and purified using reverse phase HPLC using
H20/CH3CN. The sample was analyzed for purity using a Waters 1525 Binary HPLC
Pump using a Phenomenex Luna 5u C8(2) 100A (250 x 4.60 mm) column; gradient eluted
with H20/CH3CN. Molecular weight was confirmed using high resolution electrospray
ionization mass spectrometry (HRMS, ESI/MS) analyses obtained on an Agilent 6545B
Q-TOF LC/MS equipped with 1260 infinity Il LC system with auto sampler. The final
peptide product was lyophilized and stored at -20°C until further use.
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Scheme S20. Synthesis of ANLERTF
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A 25 mL vessel of CEM discover bio manual peptide synthesizer was charged with 0.25
mmol of phenylalanine wang resin. The Fmoc group was removed by using a 20%
piperidine solution in DMF (10 mL). Using Synergy software, the deprotection protocol
was run. The piperidine solution was drained and the resin was washed with DMF (4 x
10 mL). Fmoc-L-threonine(tBu)-OH (5 eq, 1.25 mM) along with Oxyma (5 eq, 1.25 mM)
and DIC (5 eq, 1.35 mmol) in DMF was added to the reaction vessel and the coupling
protocol was run. The amino acid solution was drained, and the resin was washed with
DMF (2 x 10 mL). The fmoc removal and coupling procedure was repeated as before
using the same equivalencies for the remaining amino acids. To remove the peptide
from resin, a TFA cocktail solution (95% TFA, 2.5% TIPS, and 2.5% DCM) was added to
the resin and agitated for 2 hours. The resin was filtered, and the resulting solution was
concentrated in vacuo. The peptide was trituated with cold diethyl ether and purified
using reverse phase HPLC using H20/CH3CN. The sample was analyzed for purity
using a Waters 1525 Binary HPLC Pump using a Phenomenex Luna 5u C8(2) 100A
(250 x 4.60 mm) column; gradient eluted with H20/CH3CN. Molecular weight was
confirmed using high resolution electrospray ionization mass spectrometry (HRMS,
ESI/MS) analyses obtained on an Agilent 6545B Q-TOF LC/MS equipped with 1260
infinity 11 LC system with auto sampler. The final peptide product was lyophilized and
stored at -20°C until further use.
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Scheme S21. Synthesis of NAc-ANLERTF
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A 25 mL vessel of CEM discover bio manual peptide synthesizer was charged with 0.25
mmol of phenylalanine wang resin. The Fmoc group was removed by using a 20%
piperidine solution in DMF (10 mL). Using Synergy software, the deprotection protocol
was run. The piperidine solution was drained and the resin was washed with DMF (4 x
10 mL). Fmoc-L-threonine (5 eq, 1.25 mM) along with Oxyma (5 eq, 1.25 mM) and DIC
(5 eq, 1.35 mmol) in DMF was added to the reaction vessel and the coupling protocol
was run. The amino acid solution was drained, and the resin was washed with DMF (2 x
10 mL). The final amino acid was Fmoc deprotected as described before and was
acetylated by agitating the resin for 1 hour in a solution of 5% acetic anhydride (0.5 mL),
8.5% DIEA (0.85 mL), and 86.5% DMF (8.65 mL). To remove the peptide from resin, a
TFA cocktail solution (95% TFA, 2.5% TIPS, and 2.5% DCM) was added to the resin
and agitated for 2 hours. The resin was filtered, and the resulting solution was
concentrated in vacuo. The peptide was trituated with cold diethyl ether and purified
using reverse phase HPLC using H20/CH3CN. The sample was analyzed for purity
using a Waters 1525 Binary HPLC Pump using a Phenomenex Luna 5u C8(2) 100A
(250 x 4.60 mm) column; gradient eluted with H20/CH3CN. Molecular weight was
confirmed using high resolution electrospray ionization mass spectrometry (HRMS,
ESI/MS) analyses obtained on an Agilent 6545B Q-TOF LC/MS equipped with 1260
infinity 11 LC system with auto sampler. The final peptide product was lyophilized and
stored at -20°C until further use.
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Scheme S22. Synthesis of SAIQNHSF
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A 25 mL vessel of CEM discover bio manual peptide synthesizer was charged with 0.25
mmol of phenylalanine wang resin. The Fmoc group was removed by using a 20%
piperidine solution in DMF (10 mL). Using Synergy software, the deprotection protocol
was run. The piperidine solution was drained and the resin was washed with DMF (4 x
10 mL). Fmoc-L-serine(tBu)-OH (5 eq, 1.25 mM) along with Oxyma (5 eq, 1.25 mM) and
DIC (5 eq, 1.35 mmol) in DMF was added to the reaction vessel and the coupling
protocol was run. The amino acid solution was drained, and the resin was washed with
DMF (2 x 10 mL). The fmoc removal and coupling procedure was repeated as before
using the same equivalencies for the remaining amino acids. To remove the peptide
from resin, a TFA cocktail solution (95% TFA, 2.5% TIPS, and 2.5% DCM) was added to
the resin and agitated for 2 hours. The resin was filtered, and the resulting solution was
concentrated in vacuo. The peptide was trituated with cold diethyl ether and purified
using reverse phase HPLC using H20/CH3CN. The sample was analyzed for purity
using a Waters 1525 Binary HPLC Pump using a Phenomenex Luna 5u C8(2) 100A
(250 x 4.60 mm) column; gradient eluted with H20/CH3CN. Molecular weight was
confirmed using high resolution electrospray ionization mass spectrometry (HRMS,
ESI/MS) analyses obtained on an Agilent 6545B Q-TOF LC/MS equipped with 1260
infinity 11 LC system with auto sampler. The final peptide product was lyophilized and
stored at -20°C until further use.
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Scheme S23. Synthesis of NAc-SAIQNHSF
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A 25 mL vessel of CEM discover bio manual peptide synthesizer was charged with 0.25
mmol of phenylalanine wang resin. The Fmoc group was removed by using a 20%
piperidine solution in DMF (10 mL). Using Synergy software, the deprotection protocol
was run. The piperidine solution was drained and the resin was washed with DMF (4 x
10 mL). Fmoc-L-serine-OH (5 eq, 1.25 mM) along with Oxyma (5 eq, 1.25 mM) and DIC
(5 eq, 1.35 mmol) in DMF was added to the reaction vessel and the coupling protocol
was run. The amino acid solution was drained, and the resin was washed with DMF (2 x
10 mL). The final amino acid was Fmoc deprotected as described before and was
acetylated by agitating the resin for 1 hour in a solution of 5% acetic anhydride (0.5 mL),
8.5% DIEA (0.85 mL), and 86.5% DMF (8.65 mL). To remove the peptide from resin, a
TFA cocktail solution (95% TFA, 2.5% TIPS, and 2.5% DCM) was added to the resin
and agitated for 2 hours. The resin was filtered, and the resulting solution was
concentrated in vacuo. The peptide was trituated with cold diethyl ether and purified
using reverse phase HPLC using H2O0/CH3CN. The sample was analyzed for purity
using a Waters 1525 Binary HPLC Pump using a Phenomenex Luna 5u C8(2) 100A
(250 x 4.60 mm) column; gradient eluted with H20/CH3CN. Molecular weight was
confirmed using high resolution electrospray ionization mass spectrometry (HRMS,
ESI/MS) analyses obtained on an Agilent 6545B Q-TOF LC/MS equipped with 1260
infinity 1l LC system with auto sampler. The final peptide product was lyophilized and
stored at -20°C until further use.
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Scheme S24. Synthesis of TVFVFKRA
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A 25 mL vessel of CEM discover bio manual peptide synthesizer was charged with 0.25
mmol of alanine wang resin. The Fmoc group was removed by using a 20% piperidine
solution in DMF (10 mL). Using Synergy software, the deprotection protocol was run.
The piperidine solution was drained and the resin was washed with DMF (4 x 10 mL).
Fmoc-L-arginine(Pbf)-OH (5 eq, 1.25 mM) along with Oxyma (5 eq, 1.25 mM) and DIC
(5 eq, 1.35 mmol) in DMF was added to the reaction vessel and the coupling protocol
was run. The amino acid solution was drained, and the resin was washed with DMF (2 x
10 mL). The fmoc removal and coupling procedure was repeated as before using the
same equivalencies for the remaining amino acids. To remove the peptide from resin, a
TFA cocktail solution (95% TFA, 2.5% TIPS, and 2.5% DCM) was added to the resin
and agitated for 2 hours. The resin was filtered, and the resulting solution was
concentrated in vacuo. The peptide was trituated with cold diethyl ether and purified
using reverse phase HPLC using H20/CH3CN. The sample was analyzed for purity
using a Waters 1525 Binary HPLC Pump using a Phenomenex Luna 5u C8(2) 100A
(250 x 4.60 mm) column; gradient eluted with H20/CH3CN. Molecular weight was
confirmed using high resolution electrospray ionization mass spectrometry (HRMS,
ESI/MS) analyses obtained on an Agilent 6545B Q-TOF LC/MS equipped with 1260
infinity 1l LC system with auto sampler. The final peptide product was lyophilized and
stored at -20°C until further use.
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Scheme S25. Synthesis of TVFVFK(cit)A
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A 25 mL vessel of CEM discover bio manual peptide synthesizer was charged with 0.25
mmol of alanine wang resin. The Fmoc group was removed by using a 20% piperidine
solution in DMF (10 mL). Using Synergy software, the deprotection protocol was run.
The piperidine solution was drained and the resin was washed with DMF (4 x 10 mL).
Fmoc-L-citruline (5 eq, 1.25 mM) along with Oxyma (5 eq, 1.25 mM) and DIC (5 eq,
1.35 mmol) in DMF was added to the reaction vessel and the coupling protocol was run.
The amino acid solution was drained, and the resin was washed with DMF (2 x 10 mL).
The fmoc removal and coupling procedure was repeated as before using the same
equivalencies for the remaining amino acids. To remove the peptide from resin, a TFA
cocktail solution (95% TFA, 2.5% TIPS, and 2.5% DCM) was added to the resin and
agitated for 2 hours. The resin was filtered, and the resulting solution was concentrated
in vacuo. The peptide was trituated with cold diethyl ether and purified using reverse
phase HPLC using H20/CH3sCN. The sample was analyzed for purity using a Waters
1525 Binary HPLC Pump using a Phenomenex Luna 5u C8(2) 100A (250 x 4.60 mm)
column; gradient eluted with H20/CH3sCN. Molecular weight was confirmed using high
resolution electrospray ionization mass spectrometry (HRMS, ESI/MS) analyses
obtained on an Agilent 6545B Q-TOF LC/MS equipped with 1260 infinity Il LC system
with auto sampler. The final peptide product was lyophilized and stored at -20°C until
further use.
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Scheme S26. Synthesis of SGIAKTAL
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A 25 mL vessel of CEM discover bio manual peptide synthesizer was charged with 0.25
mmol of isoleucine wang resin. The Fmoc group was removed by using a 20%
piperidine solution in DMF (10 mL). Using Synergy software, the deprotection protocol
was run. The piperidine solution was drained and the resin was washed with DMF (4 x
10 mL). Fmoc-L-alanine (5 eq, 1.25 mM) along with Oxyma (5 eq, 1.25 mM) and DIC (5
eq, 1.35 mmol) in DMF was added to the reaction vessel and the coupling protocol was
run. The amino acid solution was drained, and the resin was washed with DMF (2 x 10
mL). The fmoc removal and coupling procedure was repeated as before using the same
equivalencies for the remaining amino acids. To remove the peptide from resin, a TFA
cocktail solution (95% TFA, 2.5% TIPS, and 2.5% DCM) was added to the resin and
agitated for 2 hours. The resin was filtered, and the resulting solution was concentrated
in vacuo. The peptide was trituated with cold diethyl ether and purified using reverse
phase HPLC using H20/CHsCN. The sample was analyzed for purity using a Waters
1525 Binary HPLC Pump using a Phenomenex Luna 5u C8(2) 100A (250 x 4.60 mm)
column; gradient eluted with H20/CH3sCN. Molecular weight was confirmed using high
resolution electrospray ionization mass spectrometry (HRMS, ESI/MS) analyses
obtained on an Agilent 6545B Q-TOF LC/MS equipped with 1260 infinity Il LC system
with auto sampler. The final peptide product was lyophilized and stored at -20°C until
further use.
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Scheme S27. Synthesis of SGIA(Kac)TAL
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A 25 mL vessel of CEM discover bio manual peptide synthesizer was charged with 0.25
mmol of isoleucine wang resin. The Fmoc group was removed by using a 20%
piperidine solution in DMF (10 mL). Using Synergy software, the deprotection protocol
was run. The piperidine solution was drained and the resin was washed with DMF (4 x
10 mL). Fmoc-L-alanine (5 eq, 1.25 mM) along with Oxyma (5 eq, 1.25 mM) and DIC (5
eq, 1.35 mmol) in DMF was added to the reaction vessel and the coupling protocol was
run. The amino acid solution was drained, and the resin was washed with DMF (2 x 10
mL). The fmoc removal and coupling procedure was repeated as before using the same
equivalencies for the remaining amino acids. To remove the peptide from resin, a TFA
cocktail solution (95% TFA, 2.5% TIPS, and 2.5% DCM) was added to the resin and
agitated for 2 hours. The resin was filtered, and the resulting solution was concentrated
in vacuo. The peptide was trituated with cold diethyl ether and purified using reverse
phase HPLC using H20/CH3CN. The sample was analyzed for purity using a Waters
1525 Binary HPLC Pump using a Phenomenex Luna 5u C8(2) 100A (250 x 4.60 mm)
column; gradient eluted with H20/CH3sCN. Molecular weight was confirmed using high
resolution electrospray ionization mass spectrometry (HRMS, ESI/MS) analyses
obtained on an Agilent 6545B Q-TOF LC/MS equipped with 1260 infinity Il LC system
with auto sampler. The final peptide product was lyophilized and stored at -20°C until
further use.
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Scheme S28. Synthesis of SNPKPLVL
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A 25 mL vessel of CEM discover bio manual peptide synthesizer was charged with 0.25
mmol of leucine wang resin. The Fmoc group was removed by using a 20% piperidine
solution in DMF (10 mL). Using Synergy software, the deprotection protocol was run.
The piperidine solution was drained and the resin was washed with DMF (4 x 10 mL).
Fmoc-L-valine (5 eq, 1.25 mM) along with Oxyma (5 eq, 1.25 mM) and DIC (5 eq, 1.35
mmol) in DMF was added to the reaction vessel and the coupling protocol was run. The
amino acid solution was drained, and the resin was washed with DMF (2 x 10 mL). The
fmoc removal and coupling procedure was repeated as before using the same
equivalencies for the remaining amino acids. To remove the peptide from resin, a TFA
cocktail solution (95% TFA, 2.5% TIPS, and 2.5% DCM) was added to the resin and
agitated for 2 hours. The resin was filtered, and the resulting solution was concentrated
in vacuo. The peptide was trituated with cold diethyl ether and purified using reverse
phase HPLC using H20/CH3CN. The sample was analyzed for purity using a Waters
1525 Binary HPLC Pump using a Phenomenex Luna 5u C8(2) 100A (250 x 4.60 mm)
column; gradient eluted with H20/CH3sCN. Molecular weight was confirmed using high
resolution electrospray ionization mass spectrometry (HRMS, ESI/MS) analyses
obtained on an Agilent 6545B Q-TOF LC/MS equipped with 1260 infinity Il LC system
with auto sampler. The final peptide product was lyophilized and stored at -20°C until
further use.
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Scheme S29. Synthesis of SNP(Kac)PLVL
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A 25 mL vessel of CEM discover bio manual peptide synthesizer was charged with 0.25
mmol of leucine wang resin. The Fmoc group was removed by using a 20% piperidine
solution in DMF (10 mL). Using Synergy software, the deprotection protocol was run.
The piperidine solution was drained and the resin was washed with DMF (4 x 10 mL).
Fmoc-L-valine (5 eq, 1.25 mM) along with Oxyma (5 eq, 1.25 mM) and DIC (5 eq, 1.35
mmol) in DMF was added to the reaction vessel and the coupling protocol was run. The
amino acid solution was drained, and the resin was washed with DMF (2 x 10 mL). The
fmoc removal and coupling procedure was repeated as before using the same
equivalencies for the remaining amino acids. To remove the peptide from resin, a TFA
cocktail solution (95% TFA, 2.5% TIPS, and 2.5% DCM) was added to the resin and
agitated for 2 hours. The resin was filtered, and the resulting solution was concentrated
in vacuo. The peptide was trituated with cold diethyl ether and purified using reverse
phase HPLC using H20/CH3CN. The sample was analyzed for purity using a Waters
1525 Binary HPLC Pump using a Phenomenex Luna 5u C8(2) 100A (250 x 4.60 mm)
column; gradient eluted with H20/CH3sCN. Molecular weight was confirmed using high
resolution electrospray ionization mass spectrometry (HRMS, ESI/MS) analyses
obtained on an Agilent 6545B Q-TOF LC/MS equipped with 1260 infinity Il LC system
with auto sampler. The final peptide product was lyophilized and stored at -20°C until
further use.
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Scheme S30. Synthesis of VVYPWTQRF
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A 25 mL vessel of CEM discover bio manual peptide synthesizer was charged with 0.25
mmol of phenylalanine wang resin. The Fmoc group was removed by using a 20%
piperidine solution in DMF (10 mL). Using Synergy software, the deprotection protocol
was run. The piperidine solution was drained and the resin was washed with DMF (4 x
10 mL). Fmoc-L-arginine(Pbf)-OH (5 eq, 1.25 mM) along with Oxyma (5 eq, 1.25 mM)
and DIC (5 eq, 1.35 mmol) in DMF was added to the reaction vessel and the coupling
protocol was run. The amino acid solution was drained, and the resin was washed with
DMF (2 x 10 mL). The fmoc removal and coupling procedure was repeated as before
using the same equivalencies for the remaining amino acids. To remove the peptide
from resin, a TFA cocktail solution (95% TFA, 2.5% TIPS, and 2.5% DCM) was added to
the resin and agitated for 2 hours. The resin was filtered, and the resulting solution was
concentrated in vacuo. The peptide was trituated with cold diethyl ether and purified
using reverse phase HPLC using H20/CH3CN. The sample was analyzed for purity
using a Waters 1525 Binary HPLC Pump using a Phenomenex Luna 5u C8(2) 100A
(250 x 4.60 mm) column; gradient eluted with H20/CH3CN. Molecular weight was
confirmed using high resolution electrospray ionization mass spectrometry (HRMS,
ESI/MS) analyses obtained on an Agilent 6545B Q-TOF LC/MS equipped with 1260
infinity 11 LC system with auto sampler. The final peptide product was lyophilized and
stored at -20°C until further use.
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Scheme S31. Synthesis of VVYPWTQ(cit)F

O.__NH,
o NH
0 iyl
20% Piperidine o] oxyma, DIC HN H
NHFmoc
S DMF DMF
FmocHN OH o}
20% Piperid 95% TFA, TIPS
— ™ (O F<it-Q-T-W-P-Y-V-V-Fmoc ST,
— DMF pcm

4’,

5 g
VS,
5 lNHz h®

A 25 mL vessel of CEM discover bio manual peptide synthesizer was charged with 0.25
mmol of phenylalanine wang resin. The Fmoc group was removed by using a 20%
piperidine solution in DMF (10 mL). Using Synergy software, the deprotection protocol
was run. The piperidine solution was drained and the resin was washed with DMF (4 x
10 mL). Fmoc-L-citruline (5 eq, 1.25 mM) along with Oxyma (5 eq, 1.25 mM) and DIC (5
eq, 1.35 mmol) in DMF was added to the reaction vessel and the coupling protocol was
run. The amino acid solution was drained, and the resin was washed with DMF (2 x 10
mL). The fmoc removal and coupling procedure was repeated as before using the same
equivalencies for the remaining amino acids. To remove the peptide from resin, a TFA
cocktail solution (95% TFA, 2.5% TIPS, and 2.5% DCM) was added to the resin and
agitated for 2 hours. The resin was filtered, and the resulting solution was concentrated
in vacuo. The peptide was trituated with cold diethyl ether and purified using reverse
phase HPLC using H20/CH3CN. The sample was analyzed for purity using a Waters
1525 Binary HPLC Pump using a Phenomenex Luna 5u C8(2) 100A (250 x 4.60 mm)
column; gradient eluted with H20/CH3sCN. Molecular weight was confirmed using high
resolution electrospray ionization mass spectrometry (HRMS, ESI/MS) analyses
obtained on an Agilent 6545B Q-TOF LC/MS equipped with 1260 infinity Il LC system
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with auto sampler. The final peptide product was lyophilized and stored at -20°C until
further use.
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Scheme S32. Synthesis of RQYDKFLTHF
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A 25 mL vessel of CEM discover bio manual peptide synthesizer was charged with 0.25
mmol of phenylalanine wang resin. The Fmoc group was removed by using a 20%
piperidine solution in DMF (10 mL). Using Synergy software, the deprotection protocol
was run. The piperidine solution was drained and the resin was washed with DMF (4 x
10 mL). Fmoc-L-histadine(Trt)-OH (5 eq, 1.25 mM) along with Oxyma (5 eq, 1.25 mM)
and DIC (5 eq, 1.35 mmol) in DMF was added to the reaction vessel and the coupling
protocol was run. The amino acid solution was drained, and the resin was washed with
DMF (2 x 10 mL). The fmoc removal and coupling procedure was repeated as before
using the same equivalencies for the remaining amino acids. To remove the peptide
from resin, a TFA cocktail solution (95% TFA, 2.5% TIPS, and 2.5% DCM) was added to
the resin and agitated for 2 hours. The resin was filtered, and the resulting solution was
concentrated in vacuo. The peptide was trituated with cold diethyl ether and purified
using reverse phase HPLC using H2O/CH3CN. The sample was analyzed for purity
using a Waters 1525 Binary HPLC Pump using a Phenomenex Luna 5u C8(2) 100A
(250 x 4.60 mm) column; gradient eluted with H20/CH3CN. Molecular weight was
confirmed using high resolution electrospray ionization mass spectrometry (HRMS,
ESI/MS) analyses obtained on an Agilent 6545B Q-TOF LC/MS equipped with 1260
infinity 11 LC system with auto sampler. The final peptide product was lyophilized and
stored at -20°C until further use.
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Scheme S33. Synthesis of citQYDKFLTHF
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A 25 mL vessel of CEM discover bio manual peptide synthesizer was charged with 0.25
mmol of phenylalanine wang resin. The Fmoc group was removed by using a 20%
piperidine solution in DMF (10 mL). Using Synergy software, the deprotection protocol
was run. The piperidine solution was drained and the resin was washed with DMF (4 x
10 mL). Fmoc-L-histadine(Trt)-OH (5 eq, 1.25 mM) along with Oxyma (5 eq, 1.25 mM)
and DIC (5 eq, 1.35 mmol) in DMF was added to the reaction vessel and the coupling
protocol was run. The amino acid solution was drained, and the resin was washed with
DMF (2 x 10 mL). The fmoc removal and coupling procedure was repeated as before
using the same equivalencies for the remaining amino acids. To remove the peptide
from resin, a TFA cocktail solution (95% TFA, 2.5% TIPS, and 2.5% DCM) was added to
the resin and agitated for 2 hours. The resin was filtered, and the resulting solution was
concentrated in vacuo. The peptide was trituated with cold diethyl ether and purified
using reverse phase HPLC using H20/CH3CN. The sample was analyzed for purity
using a Waters 1525 Binary HPLC Pump using a Phenomenex Luna 5u C8(2) 100A
(250 x 4.60 mm) column; gradient eluted with H20/CH3CN. Molecular weight was
confirmed using high resolution electrospray ionization mass spectrometry (HRMS,
ESI/MS) analyses obtained on an Agilent 6545B Q-TOF LC/MS equipped with 1260
infinity 11 LC system with auto sampler. The final peptide product was lyophilized and
stored at -20°C until further use.
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Scheme S34. Synthesis of RSPSPKTSL
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A 25 mL vessel of CEM discover bio manual peptide synthesizer was charged with 0.25
mmol of leucine wang resin. The Fmoc group was removed by using a 20%
piperidine solution in DMF (10 mL). Using Synergy software, the deprotection
protocol was run. The piperidine solution was drained and the resin was washed
with DMF (4 x 10 mL). Fmoc-L-serine(tBu)-OH (5 eq, 1.25 mM) along with
Oxyma (5 eq, 1.25 mM) and DIC (5 eq, 1.35 mmol) in DMF was added to the
reaction vessel and the coupling protocol was run. The amino acid solution was
drained, and the resin was washed with DMF (2 x 10 mL). The fmoc removal and
coupling procedure was repeated as before using the same equivalencies for the
remaining amino acids. To remove the peptide from resin, a TFA cocktail solution
(95% TFA, 2.5% TIPS, and 2.5% DCM) was added to the resin and agitated for 2
hours. The resin was filtered, and the resulting solution was concentrated in
vacuo. The peptide was trituated with cold diethyl ether and purified using
reverse phase HPLC using H20/CH3CN. The sample was analyzed for purity
using a Waters 1525 Binary HPLC Pump using a Phenomenex Luna 5u C8(2)
100A (250 x 4.60 mm) column; gradient eluted with H20/CH3CN. Molecular
weight was confirmed using high resolution electrospray ionization mass
spectrometry (HRMS, ESI/MS) analyses obtained on an Agilent 6545B Q-TOF
LC/MS equipped with 1260 infinity Il LC system with auto sampler. The final
peptide product was lyophilized and stored at -20°C until further use.1.
Nagapradeep, N., and Verma, S. (2011) Characterization of an unprecedented
organomercury adduct via Hg(ll)-mediated cyclization of N9-propargylguanine, Chem
Commun (Camb) 47,1755-1757.
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MALDI-TOF MS calculated [M]: 972.5473, found 972.855
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Named Calibration "tof mix 4 16 24" by sen8aba on April 16, 2024 1:21:19 PM (Original)

Scheme S35. Synthesis of RSP(SPO4)PKTSL
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A 25 mL vessel of CEM discover bio manual peptide synthesizer was charged with 0.25
mmol of leucine wang resin. The Fmoc group was removed by using a 20% piperidine
solution in DMF (10 mL). Using Synergy software, the deprotection protocol was run.
The piperidine solution was drained and the resin was washed with DMF (4 x 10 mL).



Kelly | 298

Fmoc-L-serine(tBu)-OH (5 eq, 1.25 mM) along with Oxyma (5 eq, 1.25 mM) and DIC (5
eq, 1.35 mmol) in DMF was added to the reaction vessel and the coupling protocol was
run. The amino acid solution was drained, and the resin was washed with DMF (2 x 10
mL). The fmoc removal and coupling procedure was repeated as before using the same
equivalencies for the remaining amino acids. To remove the peptide from resin, a TFA
cocktail solution (95% TFA, 2.5% TIPS, and 2.5% DCM) was added to the resin and
agitated for 2 hours. The resin was filtered, and the resulting solution was concentrated
in vacuo. The peptide was trituated with cold diethyl ether and purified using reverse
phase HPLC using H20/CHsCN. The sample was analyzed for purity using a Waters
1525 Binary HPLC Pump using a Phenomenex Luna 5u C8(2) 100A (250 x 4.60 mm)
column; gradient eluted with H20/CHsCN. Molecular weight was confirmed using high
resolution electrospray ionization mass spectrometry (HRMS, ESI/MS) analyses
obtained on an Agilent 6545B Q-TOF LC/MS equipped with 1260 infinity Il LC system
with auto sampler. The final peptide product was lyophilized and stored at -20°C until
further use.
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MALDI-TOF MS calculated [M]: 1051.5058, found 1052.519
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A.6 Synthesis and Characterization of Compounds in Chapter 6

Scheme S1. Synthesis of ovaWT
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A 25 mL vessel of CEM discover bio manual peptide synthesizer was charged with 0.25 mmol of
leucine wang resin. The Fmoc group was removed by using a 20% piperidine solution in DMF (10
mL). Using Synergy software, the deprotection protocol was run. The piperidine solution was
drained and the resin was washed with DMF (4 x 10 mL). Fmoc-L-lysine(Mtt)-OH (5 eq, 1.25 mM)
along with Oxyma (5 eq, 1.25 mM) and DIC (5 eq, 1.35 mmol) in DMF was added to the reaction
vessel and the coupling protocol was run. The amino acid solution was drained, and the resin was
washed with DMF (2 x 10 mL). The fmoc removal and coupling procedure was repeated as before
using the same equivalencies for the remaining amino acids. To remove the peptide from resin, a
TFA cocktail solution (95% TFA, 2.5% TIPS, and 2.5% DCM) was added to the resin and agitated
for 2 hours. The resin was filtered, and the resulting solution was concentrated in vacuo. The
peptide was trituated with cold diethyl ether and purified using reverse phase HPLC using
H,O/CH3CN. The sample was analyzed for purity using a Waters 1525 Binary HPLC Pump using
a Phenomenex Luna 5u C8(2) 100A (250 x 4.60 mm) column; gradient eluted with H20/CH3CN.
Molecular weight was confirmed using high resolution electrospray ionization mass spectrometry
(HRMS, ESI/MS) analyses obtained on an Agilent 6545B Q-TOF LC/MS equipped with 1260
infinity 11 LC system with auto sampler. The final peptide product was lyophilized and stored at -
20°C until further use.
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ESI-MS calculated [M+H"]: 963.5515, found 963.5503.

Scheme S2. Synthesis of cntPEP
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A 25 mL vessel of CEM discover bio manual peptide synthesizer was charged with 0.25 mmol of
isoleucine wang resin. The Fmoc group was removed by using a 20% piperidine solution in DMF
(10 mL). Using Synergy software, the deprotection protocol was run. The piperidine solution was
drained and the resin was washed with DMF (4 x 10 mL). Fmoc-L-glycine-OH (5 eq, 1.25 mM)
along with Oxyma (5 eq, 1.25 mM) and DIC (5 eq, 1.35 mmol) in DMF was added to the reaction
vessel and the coupling protocol was run. The amino acid solution was drained, and the resin was
washed with DMF (2 x 10 mL). The fmoc removal and coupling procedure was repeated as before
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using the same equivalencies for the remaining amino acids. To remove the peptide from resin, a
TFA cocktail solution (95% TFA, 2.5% TIPS, and 2.5% DCM) was added to the resin and agitated
for 2 hours. The resin was filtered, and the resulting solution was concentrated in vacuo. The
peptide was trituated with cold diethyl ether and purified using reverse phase HPLC using
H20/CH3CN. The sample was analyzed for purity using a Waters 1525 Binary HPLC Pump using
a Phenomenex Luna 5u C8(2) 100A (250 x 4.60 mm) column; gradient eluted with H,0/CH3CN.
Molecular weight was confirmed using high resolution electrospray ionization mass spectrometry
(HRMS, ESI/MS) analyses obtained on an Agilent 6545B Q-TOF LC/MS equipped with 1260
infinity Il LC system with auto sampler. The final peptide product was lyophilized and stored at -
20°C until further use.
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Scheme S3. Synthesis of ovaK7aad
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A 25 mL vessel of CEM discover bio manual peptide synthesizer was charged with 0.25 mmol of
leucine wang resin. The Fmoc group was removed by using a 20% piperidine solution in DMF (10
mL). Using Synergy software, the deprotection protocol was run. The piperidine solution was
drained and the resin was washed with DMF (4 x 10 mL). Fmoc-L-a-aminoadipic acid é-tert-butyl
ester (5 eq, 1.25 mM) along with Oxyma (5 eq, 1.25 mM) and DIC (5 eq, 1.35 mmol) in DMF was
added to the reaction vessel and the coupling protocol was run. The amino acid solution was
drained, and the resin was washed with DMF (2 x 10 mL). The fmoc removal and coupling
procedure was repeated as before using the same equivalencies for the remaining amino acids.
For the 7™ position of the amino acid, Fmoc was deprotected as described above and Fmoc-L-a-
aminoadipic acid (5 eq, 1.25 mM) along with Oxyma (5 eq, 1.25 mM) and DIC (5 eq, 1.35 mmol)
in DMF was added to the reaction vessel. To remove the peptide from resin, a TFA cocktail solution
(95% TFA, 2.5% TIPS, and 2.5% DCM) was added to the resin and agitated for 2 hours. The resin
was filtered, and the resulting solution was concentrated in vacuo. The peptide was trituated with
cold diethyl ether and purified using reverse phase HPLC using H>O/CHsCN. The sample was
analyzed for purity using a Waters 1525 Binary HPLC Pump using a Phenomenex Luna 5u C8(2)
100A (250 x 4.60 mm) column; gradient eluted with H,0/CH3CN. Molecular weight was confirmed
using high resolution electrospray ionization mass spectrometry (HRMS, ESI/MS) analyses
obtained on an Agilent 6545B Q-TOF LC/MS equipped with 1260 infinity Il LC system with auto
sampler. The final peptide product was lyophilized and stored at -20°C until further use.
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Scheme S5. Synthesis of ovaK7hcit
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A 25 mL vessel of CEM discover bio manual peptide synthesizer was charged with 0.25 mmol of
leucine wang resin. The Fmoc group was removed by using a 20% piperidine solution in DMF (10
mL). Using Synergy software, the deprotection protocol was run. The piperidine solution was
drained and the resin was washed with DMF (4 x 10 mL). Fmoc-L-homocitrulline-OH (5 eq, 1.25
mM) along with Oxyma (5 eq, 1.25 mM) and DIC (5 eq, 1.35 mmol) in DMF was added to the
reaction vessel and the coupling protocol was run. The amino acid solution was drained, and the
resin was washed with DMF (2 x 10 mL). The fmoc removal and coupling procedure was repeated
as before using the same equivalencies for the remaining amino acids. For the 7" position of the
amino acid, Fmoc was deprotected as described above and Fmoc-L-homocitrulline (5 eq, 1.25
mM) along with Oxyma (5 eq, 1.25 mM) and DIC (5 eq, 1.35 mmol) in DMF was added to the
reaction vessel. To remove the peptide from resin, a TFA cocktail solution (95% TFA, 2.5% TIPS,
and 2.5% DCM) was added to the resin and agitated for 2 hours. The resin was filtered, and the
resulting solution was concentrated in vacuo. The peptide was trituated with cold diethyl ether
and purified using reverse phase HPLC using H,O/CH3sCN. The sample was analyzed for purity
using a Waters 1525 Binary HPLC Pump using a Phenomenex Luna 5u C8(2) 100A (250 x 4.60
mm) column; gradient eluted with H>0/CH3CN. Molecular weight was confirmed using high
resolution electrospray ionization mass spectrometry (HRMS, ESI/MS) analyses obtained on an
Agilent 6545B Q-TOF LC/MS equipped with 1260 infinity Il LC system with auto sampler. The final
peptide product was lyophilized and stored at -20°C until further use.
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Scheme S6. Synthesis of ovaK7lac
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A 25 mL vessel of CEM discover bio manual peptide synthesizer was charged with 0.25 mmol of
leucine wang resin. The Fmoc group was removed by using a 20% piperidine solution in DMF (10
mL). Using Synergy software, the deprotection protocol was run. The piperidine solution was
drained and the resin was washed with DMF (4 x 10 mL). Fmoc-L-lysine(Mtt)-OH (5 eq, 1.25 mM)
along with Oxyma (5 eq, 1.25 mM) and DIC (5 eq, 1.35 mmol) in DMF was added to the reaction
vessel and the coupling protocol was run. The amino acid solution was drained, and the resin was
washed with DMF (2 x 10 mL). The fmoc removal and coupling procedure was repeated as before
using the same equivalencies for the remaining amino acids. The MTT protecting group was
removed by the addition of 1% TFA, 2.5% TIPS, in 10 mL DCM for 15 min, washed and repeated
5 more times. Lactic acid (5 eq, 1.25 mM) along with Oxyma (5 eq, 1.25 mM) and DIC (5 eq, 1.25
mM) in DMF was added to the reaction vessel and agitated at ambient temperature for 2 hours
To remove the peptide from resin, a TFA cocktail solution (95% TFA, 2.5% TIPS, and 2.5% DCM)
was added to the resin and agitated for 2 hours. The resin was filtered, and the resulting solution
was concentrated in vacuo. The peptide was trituated with cold diethyl ether and purified using
reverse phase HPLC using H.O/CH3CN.. The sample was analyzed for purity using a Waters
1525 Binary HPLC Pump using a Phenomenex Luna 5u C8(2) 100A (250 x 4.60 mm) column;
gradient eluted with H>0/CH3CN. Molecular weight was confirmed using high resolution
electrospray ionization mass spectrometry (HRMS, ESI/MS) analyses obtained on an Agilent
6545B Q-TOF LC/MS equipped with 1260 infinity Il LC system with auto sampler. The final peptide
product was lyophilized and stored at -20°C until further use.
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Scheme S7. Synthesis of ovaE6C

(Mtt)HN o

o J-L/\/\/ NH(Mtt)
20% Piperidine 0 o oxyma, DIC HN H
\ 4>DMF + 4>DMF NHFmoc
EmocHN é FmocHN OH
HzN o]

Leucine Wang Resin

20% Piperidine 95% TFA, TIPS
. -

—_—
——* (Q—L-KC-F-N-l-I-S-Fmoc
p—

DMF DCM

s

NH;
NH, O W o o W ©
Ho A M. b\rn\_)tm[ EN\)LN<:I\_)LGH
o} H 95 HTHH; fo HH o =
! h

A 25 mL vessel of CEM discover bio manual peptide synthesizer was charged with 0.25 mmol of
leucine wang resin. The Fmoc group was removed by using a 20% piperidine solution in DMF
(10 mL). Using Synergy software, the deprotection protocol was run. The piperidine solution
was drained and the resin was washed with DMF (4 x 10 mL). Fmoc-L-lysine(Mtt)-OH (5 eq,
1.25 mM) along with Oxyma (5 eq, 1.25 mM) and DIC (5 eq, 1.35 mmol) in DMF was added to
the reaction vessel and the coupling protocol was run. The amino acid solution was drained,
and the resin was washed with DMF (2 x 10 mL). The fmoc removal and coupling procedure
was repeated as before using the same equivalencies for the remaining amino acids. To remove
the peptide from resin, a TFA cocktail solution (95% TFA, 2.5% TIPS, and 2.5% DCM) was
added to the resin and agitated for 2 hours. The resin was filtered, and the resulting solution
was concentrated in vacuo. The peptide was trituated with cold diethyl ether and purified using
reverse phase HPLC using H.O/CH3CN. The sample was analyzed for purity using a Waters
1525 Binary HPLC Pump using a Phenomenex Luna 5u C8(2) 100A (250 x 4.60 mm) column;
gradient eluted with H20/CH3CN. Molecular weight was confirmed using high resolution
electrospray ionization mass spectrometry (HRMS, ESI/MS) analyses obtained on an Agilent
6545B Q-TOF LC/MS equipped with 1260 infinity 11 LC system with auto sampler. The final
peptide product was lyophilized and stored at -20°C until further use.
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Scheme S8. Synthesis of ovaE6Cfum
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A 25 mL vessel of CEM discover bio manual peptide synthesizer was charged with 0.25 mmol of
leucine wang resin. The Fmoc group was removed by using a 20% piperidine solution in DMF
(10 mL). Using Synergy software, the deprotection protocol was run. The piperidine solution
was drained and the resin was washed with DMF (4 x 10 mL). Fmoc-L-lysine(Mtt)-OH (5 eq,
1.25 mM) along with Oxyma (5 eq, 1.25 mM) and DIC (5 eq, 1.35 mmol) in DMF was added to
the reaction vessel and the coupling protocol was run. The amino acid solution was drained,
and the resin was washed with DMF (2 x 10 mL). The fmoc removal and coupling procedure
was repeated as before using the same equivalencies for the remaining amino acids. To remove
the peptide from resin, a TFA cocktail solution (95% TFA, 2.5% TIPS, and 2.5% DCM) was
added to the resin and agitated for 2 hours. The resin was filtered, and the resulting solution
was concentrated in vacuo. The peptide was trituated with cold diethyl ether and purified using
reverse phase HPLC using H.O/CH3CN. The sample was analyzed for purity using a Waters
1525 Binary HPLC Pump using a Phenomenex Luna 5u C8(2) 100A (250 x 4.60 mm) column;
gradient eluted with H20/CH3CN. Molecular weight was confirmed using high resolution
electrospray ionization mass spectrometry (HRMS, ESI/MS) analyses obtained on an Agilent
6545B Q-TOF LC/MS equipped with 1260 infinity 11 LC system with auto sampler. The final
peptide product was lyophilized and stored at -20°C. Purified peptide (1 mM) and fumaric acid (4
mM) were mixed in 150 mM NaCl and 20 mM Tris pH 8 for 4 hours and purified as described
before.
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Scheme S9. Synthesis of ovaE6Cita
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A 25 mL vessel of CEM discover bio manual peptide synthesizer was charged with 0.25 mmol of
leucine wang resin. The Fmoc group was removed by using a 20% piperidine solution in DMF
(10 mL). Using Synergy software, the deprotection protocol was run. The piperidine solution
was drained and the resin was washed with DMF (4 x 10 mL). Fmoc-L-lysine(Mtt)-OH (5 eq,
1.25 mM) along with Oxyma (5 eq, 1.25 mM) and DIC (5 eq, 1.35 mmol) in DMF was added to
the reaction vessel and the coupling protocol was run. The amino acid solution was drained,
and the resin was washed with DMF (2 x 10 mL). The fmoc removal and coupling procedure
was repeated as before using the same equivalencies for the remaining amino acids. To remove
the peptide from resin, a TFA cocktail solution (95% TFA, 2.5% TIPS, and 2.5% DCM) was
added to the resin and agitated for 2 hours. The resin was filtered, and the resulting solution
was concentrated in vacuo. The peptide was trituated with cold diethyl ether and purified using
reverse phase HPLC using H.O/CH3CN. The sample was analyzed for purity using a Waters
1525 Binary HPLC Pump using a Phenomenex Luna 5u C8(2) 100A (250 x 4.60 mm) column;
gradient eluted with H,0/CH3CN. Molecular weight was confirmed using high resolution
electrospray ionization mass spectrometry (HRMS, ESI/MS) analyses obtained on an Agilent
6545B Q-TOF LC/MS equipped with 1260 infinity || LC system with auto sampler. The final
peptide product was lyophilized and stored at -20°C. Purified peptide (1 mM) and itaconic acid
(4 mM) were mixed in 150 mM NaCl and 20 mM Tris pH 8 for 4 hours and purified as described
before.
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Scheme $10. Synthesis of ovaE6CgsH
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A 25 mL vessel of CEM discover bio manual peptide synthesizer was charged with 0.25 mmol of
leucine wang resin. The Fmoc group was removed by using a 20% piperidine solution in DMF
(10 mL). Using Synergy software, the deprotection protocol was run. The piperidine solution
was drained and the resin was washed with DMF (4 x 10 mL). Fmoc-L-lysine(Mtt)-OH (5 eq,
1.25 mM) along with Oxyma (5 eq, 1.25 mM) and DIC (5 eq, 1.35 mmol) in DMF was added to
the reaction vessel and the coupling protocol was run. The amino acid solution was drained,
and the resin was washed with DMF (2 x 10 mL). The fmoc removal and coupling procedure
was repeated as before using the same equivalencies for the remaining amino acids. To remove
the peptide from resin, a TFA cocktail solution (95% TFA, 2.5% TIPS, and 2.5% DCM) was
added to the resin and agitated for 2 hours. The resin was filtered, and the resulting solution
was concentrated in vacuo. The peptide was trituated with cold diethyl ether and purified using
reverse phase HPLC using H.O/CH3CN. The sample was analyzed for purity using a Waters
1525 Binary HPLC Pump using a Phenomenex Luna 5u C8(2) 100A (250 x 4.60 mm) column;
gradient eluted with H20/CH3CN. Molecular weight was confirmed using high resolution
electrospray ionization mass spectrometry (HRMS, ESI/MS) analyses obtained on an Agilent
6545B Q-TOF LC/MS equipped with 1260 infinity || LC system with auto sampler. The final
peptide product was lyophilized and stored at -20°C. Purified peptide was treated in a 1:1.5 ratio
of peptide to reduced glutathione in 50 mM tris and 150 mM NacCl buffer at pH 8. The product
was repurified via HPLC and the lyophilized product was stored at -20°C.



Absorbance (AU)

1.8
1.6
1.4
1.2

0.8
0.6
0.4
0.2

-0.2

10

15

20
Time (min)

25

30

35

40

Kelly | 316



Kelly | 317

Scheme S11. Synthesis of ovaE6Cso3
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A 25 mL vessel of CEM discover bio manual peptide synthesizer was charged with 0.25 mmol of
leucine wang resin. The Fmoc group was removed by using a 20% piperidine solution in DMF
(10 mL). Using Synergy software, the deprotection protocol was run. The piperidine solution
was drained and the resin was washed with DMF (4 x 10 mL). Fmoc-L-lysine(Mtt)-OH (5 eq,
1.25 mM) along with Oxyma (5 eq, 1.25 mM) and DIC (5 eq, 1.35 mmol) in DMF was added to
the reaction vessel and the coupling protocol was run. The amino acid solution was drained,
and the resin was washed with DMF (2 x 10 mL). The fmoc removal and coupling procedure
was repeated as before using the same equivalencies for the remaining amino acids. To remove
the peptide from resin, a TFA cocktail solution (95% TFA, 2.5% TIPS, and 2.5% DCM) was
added to the resin and agitated for 2 hours. The resin was filtered, and the resulting solution
was concentrated in vacuo. The peptide was trituated with cold diethyl ether and purified using
reverse phase HPLC using H.O/CH3CN. The sample was analyzed for purity using a Waters
1525 Binary HPLC Pump using a Phenomenex Luna 5u C8(2) 100A (250 x 4.60 mm) column;
gradient eluted with H,0/CH3CN. Molecular weight was confirmed using high resolution
electrospray ionization mass spectrometry (HRMS, ESI/MS) analyses obtained on an Agilent
6545B Q-TOF LC/MS equipped with 1260 infinity || LC system with auto sampler. The final
peptide product was lyophilized and stored at -20°C. Roughly 5 mg of purified peptide was then
treated with 500 pL of 1:19 H20,: formic acid for 2 hours at ambient temperature. The product
was repurified via HPLC, lyophilized, and stored at -20°C.
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Scheme S12. Synthesis of ovaK7formyl
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A 25 mL vessel of CEM discover bio manual peptide synthesizer was charged with 0.25 mmol of
leucine wang resin. The Fmoc group was removed by using a 20% piperidine solution in DMF (10
mL). Using Synergy software, the deprotection protocol was run. The piperidine solution was
drained and the resin was washed with DMF (4 x 10 mL). Fmoc-L-lysine(Mtt)-OH (5 eq, 1.25 mM)
along with Oxyma (5 eq, 1.25 mM) and DIC (5 eq, 1.35 mmol) in DMF was added to the reaction
vessel and the coupling protocol was run. The amino acid solution was drained, and the resin was
washed with DMF (2 x 10 mL). The fmoc removal and coupling procedure was repeated as before
using the same equivalencies for the remaining amino acids. The MTT protecting group was
removed by the addition of 1% TFA, 2.5% TIPS, in 10 mL DCM for 15 min, washed and repeated
5 more times. Formic acid (5 eq, 1.25 mM) and DIC (5 eq, 1.35 mmol) in DMF was added to the
reaction vessel and the coupling protocol was run. To remove the peptide from resin, a TFA
cocktail solution (95% TFA, 2.5% TIPS, and 2.5% DCM) was added to the resin and agitated for
2 hours. The resin was filtered, and the resulting solution was concentrated in vacuo. The peptide
was trituated with cold diethyl ether and purified using reverse phase HPLC using H,O/CH3CN.
The sample was analyzed for purity using a Waters 1525 Binary HPLC Pump using a
Phenomenex Luna 5u C8(2) 100A (250 x 4.60 mm) column; gradient eluted with H>.0/CH3;CN.
Molecular weight was confirmed using high resolution electrospray ionization mass spectrometry
(HRMS, ESI/MS) analyses obtained on an Agilent 6545B Q-TOF LC/MS equipped with 1260
infinity 1l LC system with auto sampler. The final peptide product was lyophilized and stored at -
20°C until further use.
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Scheme S$13. Synthesis of ovaN4D
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A 25 mL vessel of CEM discover bio manual peptide synthesizer was charged with 0.25 mmol of
leucine wang resin. The Fmoc group was removed by using a 20% piperidine solution in DMF
(10 mL). Using Synergy software, the deprotection protocol was run. The piperidine solution
was drained and the resin was washed with DMF (4 x 10 mL). Fmoc-L-lysine(Mtt)-OH (5 eq,
1.25 mM) along with Oxyma (5 eq, 1.25 mM) and DIC (5 eq, 1.35 mmol) in DMF was added to
the reaction vessel and the coupling protocol was run. The amino acid solution was drained,
and the resin was washed with DMF (2 x 10 mL). The fmoc removal and coupling procedure
was repeated as before using the same equivalencies for the remaining amino acids. To remove
the peptide from resin, a TFA cocktail solution (95% TFA, 2.5% TIPS, and 2.5% DCM) was
added to the resin and agitated for 2 hours. The resin was filtered, and the resulting solution
was concentrated in vacuo. The peptide was trituated with cold diethyl ether and purified using
reverse phase HPLC using H.O/CH3CN. The sample was analyzed for purity using a Waters
1525 Binary HPLC Pump using a Phenomenex Luna 5u C8(2) 100A (250 x 4.60 mm) column;
gradient eluted with H,0/CH3CN. Molecular weight was confirmed using high resolution
electrospray ionization mass spectrometry (HRMS, ESI/MS) analyses obtained on an Agilent
6545B Q-TOF LC/MS equipped with 1260 infinity 11 LC system with auto sampler. The final
peptide product was lyophilized and stored at -20°C.
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Scheme S14. Synthesis of INFDFPKL

A 25 mL vessel of CEM discover bio manual peptide synthesizer was charged with 0.25 mmol of
leucine wang resin. The Fmoc group was removed by using a 20% piperidine solution in DMF
(10 mL). Using Synergy software, the deprotection protocol was run. The piperidine solution
was drained and the resin was washed with DMF (4 x 10 mL). Fmoc-L-lysine(boc)-OH (5 eq,
1.25 mM) along with Oxyma (5 eq, 1.25 mM) and DIC (5 eq, 1.35 mmol) in DMF was added to
the reaction vessel and the coupling protocol was run. The amino acid solution was drained,
and the resin was washed with DMF (2 x 10 mL). The fmoc removal and coupling procedure
was repeated as before using the same equivalencies for the remaining amino acids. To remove
the peptide from resin, a TFA cocktail solution (95% TFA, 2.5% TIPS, and 2.5% DCM) was
added to the resin and agitated for 2 hours. The resin was filtered, and the resulting solution
was concentrated in vacuo. The peptide was trituated with cold diethyl ether and purified using
reverse phase HPLC using H.O/CH3CN. The sample was analyzed for purity using a Waters
1525 Binary HPLC Pump using a Phenomenex Luna 5u C8(2) 100A (250 x 4.60 mm) column;
gradient eluted with H20/CH3CN. Molecular weight was confirmed using high resolution
electrospray ionization mass spectrometry (HRMS, ESI/MS) analyses obtained on an Agilent
6545B Q-TOF LC/MS equipped with 1260 infinity 11 LC system with auto sampler. The final
peptide product was lyophilized and stored at -20°C.
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Scheme S15. Synthesis of TALENLSTL

A 25 mL vessel of CEM discover bio manual peptide synthesizer was charged with 0.25 mmol of
leucine wang resin. The Fmoc group was removed by using a 20% piperidine solution in DMF
(10 mL). Using Synergy software, the deprotection protocol was run. The piperidine solution
was drained and the resin was washed with DMF (4 x 10 mL). Fmoc-L-threonine(tBu)-OH (5 eq,
1.25 mM) along with Oxyma (5 eq, 1.25 mM) and DIC (5 eq, 1.35 mmol) in DMF was added to
the reaction vessel and the coupling protocol was run. The amino acid solution was drained,
and the resin was washed with DMF (2 x 10 mL). The fmoc removal and coupling procedure
was repeated as before using the same equivalencies for the remaining amino acids. To remove
the peptide from resin, a TFA cocktail solution (95% TFA, 2.5% TIPS, and 2.5% DCM) was
added to the resin and agitated for 2 hours. The resin was filtered, and the resulting solution
was concentrated in vacuo. The peptide was trituated with cold diethyl ether and purified using
reverse phase HPLC using H.O/CH3CN. The sample was analyzed for purity using a Waters
1525 Binary HPLC Pump using a Phenomenex Luna 5u C8(2) 100A (250 x 4.60 mm) column;
gradient eluted with H20/CH3CN. Molecular weight was confirmed using high resolution
electrospray ionization mass spectrometry (HRMS, ESI/MS) analyses obtained on an Agilent
6545B Q-TOF LC/MS equipped with 1260 infinity || LC system with auto sampler. The final
peptide product was lyophilized and stored at -20°C.
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Scheme S16. Synthesis of TALEDLSTL

A 25 mL vessel of CEM discover bio manual peptide synthesizer was charged with 0.25 mmol of
leucine wang resin. The Fmoc group was removed by using a 20% piperidine solution in DMF
(10 mL). Using Synergy software, the deprotection protocol was run. The piperidine solution
was drained and the resin was washed with DMF (4 x 10 mL). Fmoc-L-threonine(tBu)-OH (5 eq,
1.25 mM) along with Oxyma (5 eq, 1.25 mM) and DIC (5 eq, 1.35 mmol) in DMF was added to
the reaction vessel and the coupling protocol was run. The amino acid solution was drained,
and the resin was washed with DMF (2 x 10 mL). The fmoc removal and coupling procedure
was repeated as before using the same equivalencies for the remaining amino acids. To remove
the peptide from resin, a TFA cocktail solution (95% TFA, 2.5% TIPS, and 2.5% DCM) was
added to the resin and agitated for 2 hours. The resin was filtered, and the resulting solution
was concentrated in vacuo. The peptide was trituated with cold diethyl ether and purified using
reverse phase HPLC using H.O/CH3CN. The sample was analyzed for purity using a Waters
1525 Binary HPLC Pump using a Phenomenex Luna 5u C8(2) 100A (250 x 4.60 mm) column;
gradient eluted with H20/CH3CN. Molecular weight was confirmed using high resolution
electrospray ionization mass spectrometry (HRMS, ESI/MS) analyses obtained on an Agilent
6545B Q-TOF LC/MS equipped with 1260 infinity || LC system with auto sampler. The final
peptide product was lyophilized and stored at -20°C.
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Scheme S17. Synthesis of TALED(iso)LSTL

A 25 mL vessel of CEM discover bio manual peptide synthesizer was charged with 0.25 mmol of
leucine wang resin. The Fmoc group was removed by using a 20% piperidine solution in DMF
(10 mL). Using Synergy software, the deprotection protocol was run. The piperidine solution
was drained and the resin was washed with DMF (4 x 10 mL). Fmoc-L-threonine(tBu)-OH (5 eq,
1.25 mM) along with Oxyma (5 eq, 1.25 mM) and DIC (5 eq, 1.35 mmol) in DMF was added to
the reaction vessel and the coupling protocol was run. The amino acid solution was drained,
and the resin was washed with DMF (2 x 10 mL). The fmoc removal and coupling procedure
was repeated as before using the same equivalencies for the remaining amino acids. To remove
the peptide from resin, a TFA cocktail solution (95% TFA, 2.5% TIPS, and 2.5% DCM) was
added to the resin and agitated for 2 hours. The resin was filtered, and the resulting solution
was concentrated in vacuo. The peptide was trituated with cold diethyl ether and purified using
reverse phase HPLC using H.O/CH3CN. The sample was analyzed for purity using a Waters
1525 Binary HPLC Pump using a Phenomenex Luna 5u C8(2) 100A (250 x 4.60 mm) column;
gradient eluted with H20/CH3CN. Molecular weight was confirmed using high resolution
electrospray ionization mass spectrometry (HRMS, ESI/MS) analyses obtained on an Agilent
6545B Q-TOF LC/MS equipped with 1260 infinity 11 LC system with auto sampler. The final
peptide product was lyophilized and stored at -20°C.
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Scheme S18. Synthesis of KGMNYTVRL

A 25 mL vessel of CEM discover bio manual peptide synthesizer was charged with 0.25 mmol of
leucine wang resin. The Fmoc group was removed by using a 20% piperidine solution in DMF
(10 mL). Using Synergy software, the deprotection protocol was run. The piperidine solution
was drained and the resin was washed with DMF (4 x 10 mL). Fmoc-L-arginine(Pbf)-OH (5 eq,
1.25 mM) along with Oxyma (5 eq, 1.25 mM) and DIC (5 eq, 1.35 mmol) in DMF was added to
the reaction vessel and the coupling protocol was run. The amino acid solution was drained,
and the resin was washed with DMF (2 x 10 mL). The fmoc removal and coupling procedure
was repeated as before using the same equivalencies for the remaining amino acids. To remove
the peptide from resin, a TFA cocktail solution (95% TFA, 2.5% TIPS, and 2.5% DCM) was
added to the resin and agitated for 2 hours. The resin was filtered, and the resulting solution
was concentrated in vacuo. The peptide was trituated with cold diethyl ether and purified using
reverse phase HPLC using H.O/CH3CN. The sample was analyzed for purity using a Waters
1525 Binary HPLC Pump using a Phenomenex Luna 5u C8(2) 100A (250 x 4.60 mm) column;
gradient eluted with H20/CH3CN. Molecular weight was confirmed using high resolution
electrospray ionization mass spectrometry (HRMS, ESI/MS) analyses obtained on an Agilent
6545B Q-TOF LC/MS equipped with 1260 infinity 11 LC system with auto sampler. The final
peptide product was lyophilized and stored at -20°C.
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Scheme S$19. Synthesis of sulfoxide KGMNYTVRL

A 25 mL vessel of CEM discover bio manual peptide synthesizer was charged with 0.25 mmol of
leucine wang resin. The Fmoc group was removed by using a 20% piperidine solution in DMF
(10 mL). Using Synergy software, the deprotection protocol was run. The piperidine solution
was drained and the resin was washed with DMF (4 x 10 mL). Fmoc-L-arginine(Pbf)-OH (5 eq,
1.25 mM) along with Oxyma (5 eq, 1.25 mM) and DIC (5 eq, 1.35 mmol) in DMF was added to
the reaction vessel and the coupling protocol was run. The amino acid solution was drained,
and the resin was washed with DMF (2 x 10 mL). The fmoc removal and coupling procedure
was repeated as before using the same equivalencies for the remaining amino acids. For the
sulfoxide modification, Fmoc-L-methionine sulfoxide (Chem Impex catalog # 03724) (5 eq, 1.25
mM) along with Oxyma (5 eq, 1.25 mM) and DIC (5 eq, 1.35 mmol) in DMF was added to the
reaction vessel and the coupling protocol was run. To remove the peptide from resin, a TFA
cocktail solution (95% TFA, 2.5% TIPS, and 2.5% DCM) was added to the resin and agitated for
2 hours. The resin was filtered, and the resulting solution was concentrated in vacuo. The
peptide was trituated with cold diethyl ether and purified using reverse phase HPLC using
H>O/CH3CN. The sample was analyzed for purity using a Waters 1525 Binary HPLC Pump
using a Phenomenex Luna Su C8(2) 100A (250 x 4.60 mm) column; gradient eluted with
H.0/CH3CN. Molecular weight was confirmed using high resolution electrospray ionization mass
spectrometry (HRMS, ESI/MS) analyses obtained on an Agilent 6545B Q-TOF LC/MS equipped
with 1260 infinity || LC system with auto sampler. The final peptide product was lyophilized and
stored at -20°C.
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Scheme S20. Synthesis of sulfone KGMNYTVRL

A 25 mL vessel of CEM discover bio manual peptide synthesizer was charged with 0.25 mmol of
leucine wang resin. The Fmoc group was removed by using a 20% piperidine solution in DMF
(10 mL). Using Synergy software, the deprotection protocol was run. The piperidine solution
was drained and the resin was washed with DMF (4 x 10 mL). Fmoc-L-arginine(Pbf)-OH (5 eq,
1.25 mM) along with Oxyma (5 eq, 1.25 mM) and DIC (5 eq, 1.35 mmol) in DMF was added to
the reaction vessel and the coupling protocol was run. The amino acid solution was drained,
and the resin was washed with DMF (2 x 10 mL). The fmoc removal and coupling procedure
was repeated as before using the same equivalencies for the remaining amino acids. For the
sulfoxide modification, Fmoc-L-methionine sulfone (Chem Impex catalog # 03725) (5 eq, 1.25
mM) along with Oxyma (5 eq, 1.25 mM) and DIC (5 eq, 1.35 mmol) in DMF was added to the
reaction vessel and the coupling protocol was run. To remove the peptide from resin, a TFA
cocktail solution (95% TFA, 2.5% TIPS, and 2.5% DCM) was added to the resin and agitated for
2 hours. The resin was filtered, and the resulting solution was concentrated in vacuo. The
peptide was trituated with cold diethyl ether and purified using reverse phase HPLC using
H>O/CH3CN. The sample was analyzed for purity using a Waters 1525 Binary HPLC Pump
using a Phenomenex Luna Su C8(2) 100A (250 x 4.60 mm) column; gradient eluted with
H.0/CH3CN. Molecular weight was confirmed using high resolution electrospray ionization mass
spectrometry (HRMS, ESI/MS) analyses obtained on an Agilent 6545B Q-TOF LC/MS equipped
with 1260 infinity || LC system with auto sampler. The final peptide product was lyophilized and
stored at -20°C.
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Scheme S21. Synthesis of SAPENAVRM

A 25 mL vessel of CEM discover bio manual peptide synthesizer was charged with 0.25 mmol of
methionine wang resin. The Fmoc group was removed by using a 20% piperidine solution in
DMF (10 mL). Using Synergy software, the deprotection protocol was run. The piperidine
solution was drained and the resin was washed with DMF (4 x 10 mL). Fmoc-L-arginine(Pbf)-
OH (5 eq, 1.25 mM) along with Oxyma (5 eq, 1.25 mM) and DIC (5 eq, 1.35 mmol) in DMF was
added to the reaction vessel and the coupling protocol was run. The amino acid solution was
drained, and the resin was washed with DMF (2 x 10 mL). The fmoc removal and coupling
procedure was repeated as before using the same equivalencies for the remaining amino acids.
To remove the peptide from resin, a TFA cocktail solution (95% TFA, 2.5% TIPS, and 2.5%
DCM) was added to the resin and agitated for 2 hours. The resin was filtered, and the resulting
solution was concentrated in vacuo. The peptide was trituated with cold diethyl ether and
purified using reverse phase HPLC using H.O/CH3CN. The sample was analyzed for purity
using a Waters 1525 Binary HPLC Pump using a Phenomenex Luna 5u C8(2) 100A (250 x 4.60
mm) column; gradient eluted with H.0/CH3CN. Molecular weight was confirmed using high
resolution electrospray ionization mass spectrometry (HRMS, ESI/MS) analyses obtained on an
Agilent 6545B Q-TOF LC/MS equipped with 1260 infinity Il LC system with auto sampler. The
final peptide product was lyophilized and stored at -20°C.
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Scheme S22. Synthesis of sulfoxide SAPENAVRM

A 25 mL vessel of CEM discover bio manual peptide synthesizer was charged with 0.25 mmol of
leucine wang resin. The Fmoc group was removed by using a 20% piperidine solution in DMF
(10 mL). Using Synergy software, the deprotection protocol was run. The piperidine solution
was drained and the resin was washed with DMF (4 x 10 mL). Fmoc-L-arginine(Pbf)-OH (5 eq,
1.25 mM) along with Oxyma (5 eq, 1.25 mM) and DIC (5 eq, 1.35 mmol) in DMF was added to
the reaction vessel and the coupling protocol was run. The amino acid solution was drained,
and the resin was washed with DMF (2 x 10 mL). The fmoc removal and coupling procedure
was repeated as before using the same equivalencies for the remaining amino acids. For the
sulfoxide modification, Fmoc-L-methionine sulfoxide (Chem Impex catalog # 03724) (5 eq, 1.25
mM) along with Oxyma (5 eq, 1.25 mM) and DIC (5 eq, 1.35 mmol) in DMF was added to the
reaction vessel and the coupling protocol was run. To remove the peptide from resin, a TFA
cocktail solution (95% TFA, 2.5% TIPS, and 2.5% DCM) was added to the resin and agitated for
2 hours. The resin was filtered, and the resulting solution was concentrated in vacuo. The
peptide was trituated with cold diethyl ether and purified using reverse phase HPLC using
H>O/CH3CN. The sample was analyzed for purity using a Waters 1525 Binary HPLC Pump
using a Phenomenex Luna Su C8(2) 100A (250 x 4.60 mm) column; gradient eluted with
H.0/CH3CN. Molecular weight was confirmed using high resolution electrospray ionization mass
spectrometry (HRMS, ESI/MS) analyses obtained on an Agilent 6545B Q-TOF LC/MS equipped
with 1260 infinity || LC system with auto sampler. The final peptide product was lyophilized and
stored at -20°C.
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Scheme S23. Synthesis of sulfone SAPENAVRM

A 25 mL vessel of CEM discover bio manual peptide synthesizer was charged with 0.25 mmol of
leucine wang resin. The Fmoc group was removed by using a 20% piperidine solution in DMF
(10 mL). Using Synergy software, the deprotection protocol was run. The piperidine solution
was drained and the resin was washed with DMF (4 x 10 mL). Fmoc-L-arginine(Pbf)-OH (5 eq,
1.25 mM) along with Oxyma (5 eq, 1.25 mM) and DIC (5 eq, 1.35 mmol) in DMF was added to
the reaction vessel and the coupling protocol was run. The amino acid solution was drained,
and the resin was washed with DMF (2 x 10 mL). The fmoc removal and coupling procedure
was repeated as before using the same equivalencies for the remaining amino acids. For the
sulfoxide modification, Fmoc-L-methionine sulfone (Chem Impex catalog # 03725) (5 eq, 1.25
mM) along with Oxyma (5 eq, 1.25 mM) and DIC (5 eq, 1.35 mmol) in DMF was added to the
reaction vessel and the coupling protocol was run. To remove the peptide from resin, a TFA
cocktail solution (95% TFA, 2.5% TIPS, and 2.5% DCM) was added to the resin and agitated for
2 hours. The resin was filtered, and the resulting solution was concentrated in vacuo. The
peptide was trituated with cold diethyl ether and purified using reverse phase HPLC using
H>O/CH3CN. The sample was analyzed for purity using a Waters 1525 Binary HPLC Pump
using a Phenomenex Luna Su C8(2) 100A (250 x 4.60 mm) column; gradient eluted with
H.0/CH3CN. Molecular weight was confirmed using high resolution electrospray ionization mass
spectrometry (HRMS, ESI/MS) analyses obtained on an Agilent 6545B Q-TOF LC/MS equipped
with 1260 infinity || LC system with auto sampler. The final peptide product was lyophilized and
stored at -20°C.
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Scheme S24. Synthesis of CGYEFTSKL

A 25 mL vessel of CEM discover bio manual peptide synthesizer was charged with 0.25 mmol of
leucine wang resin. The Fmoc group was removed by using a 20% piperidine solution in DMF
(10 mL). Using Synergy software, the deprotection protocol was run. The piperidine solution
was drained and the resin was washed with DMF (4 x 10 mL). Fmoc-L-lysine(boc)-OH (5 eq,
1.25 mM) along with Oxyma (5 eq, 1.25 mM) and DIC (5 eq, 1.35 mmol) in DMF was added to
the reaction vessel and the coupling protocol was run. The amino acid solution was drained,
and the resin was washed with DMF (2 x 10 mL). The fmoc removal and coupling procedure
was repeated as before using the same equivalencies for the remaining amino acids. To remove
the peptide from resin, a TFA cocktail solution (95% TFA, 2.5% TIPS, and 2.5% DCM) was
added to the resin and agitated for 2 hours. The resin was filtered, and the resulting solution
was concentrated in vacuo. The peptide was trituated with cold diethyl ether and purified using
reverse phase HPLC using H.O/CH3;CN. The sample was analyzed for purity using a Waters
1525 Binary HPLC Pump using a Phenomenex Luna 5u C8(2) 100A (250 x 4.60 mm) column;
gradient eluted with H20/CH3CN. Molecular weight was confirmed using high resolution
electrospray ionization mass spectrometry (HRMS, ESI/MS) analyses obtained on an Agilent
6545B Q-TOF LC/MS equipped with 1260 infinity 11 LC system with auto sampler. The final
peptide product was lyophilized and stored at -20°C.
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Scheme S25. Synthesis of cysteinylated CGYEFTSKL

A 25 mL vessel of CEM discover bio manual peptide synthesizer was charged with 0.25 mmol of
leucine wang resin. The Fmoc group was removed by using a 20% piperidine solution in DMF
(10 mL). Using Synergy software, the deprotection protocol was run. The piperidine solution
was drained and the resin was washed with DMF (4 x 10 mL). Fmoc-L-lysine(boc)-OH (5 eq,
1.25 mM) along with Oxyma (5 eq, 1.25 mM) and DIC (5 eq, 1.35 mmol) in DMF was added to
the reaction vessel and the coupling protocol was run. The amino acid solution was drained,
and the resin was washed with DMF (2 x 10 mL). The fmoc removal and coupling procedure
was repeated as before using the same equivalencies for the remaining amino acids. To remove
the peptide from resin, a TFA cocktail solution (95% TFA, 2.5% TIPS, and 2.5% DCM) was
added to the resin and agitated for 2 hours. The resin was filtered, and the resulting solution
was concentrated in vacuo. The peptide was trituated with cold diethyl ether and purified using
reverse phase HPLC using H.O/CH3CN. The sample was analyzed for purity using a Waters
1525 Binary HPLC Pump using a Phenomenex Luna 5u C8(2) 100A (250 x 4.60 mm) column;
gradient eluted with H20/CH3CN. Molecular weight was confirmed using high resolution
electrospray ionization mass spectrometry (HRMS, ESI/MS) analyses obtained on an Agilent
6545B Q-TOF LC/MS equipped with 1260 infinity 11 LC system with auto sampler. The final
peptide product was lyophilized and stored at -20°C.
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Scheme S26. Synthesis of VAYEYLCHL

A 25 mL vessel of CEM discover bio manual peptide synthesizer was charged with 0.25 mmol of
leucine wang resin. The Fmoc group was removed by using a 20% piperidine solution in DMF
(10 mL). Using Synergy software, the deprotection protocol was run. The piperidine solution
was drained and the resin was washed with DMF (4 x 10 mL). Fmoc-L-histidine(trt)-OH (5 eq,
1.25 mM) along with Oxyma (5 eq, 1.25 mM) and DIC (5 eq, 1.35 mmol) in DMF was added to
the reaction vessel and the coupling protocol was run. The amino acid solution was drained,
and the resin was washed with DMF (2 x 10 mL). The fmoc removal and coupling procedure
was repeated as before using the same equivalencies for the remaining amino acids. To remove
the peptide from resin, a TFA cocktail solution (95% TFA, 2.5% TIPS, and 2.5% DCM) was
added to the resin and agitated for 2 hours. The resin was filtered, and the resulting solution
was concentrated in vacuo. The peptide was trituated with cold diethyl ether and purified using
reverse phase HPLC using H.O/CH3CN. The sample was analyzed for purity using a Waters
1525 Binary HPLC Pump using a Phenomenex Luna 5u C8(2) 100A (250 x 4.60 mm) column;
gradient eluted with H20/CH3CN. Molecular weight was confirmed using high resolution
electrospray ionization mass spectrometry (HRMS, ESI/MS) analyses obtained on an Agilent
6545B Q-TOF LC/MS equipped with 1260 infinity 11 LC system with auto sampler. The final
peptide product was lyophilized and stored at -20°C.
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Scheme S27. Synthesis of cysteinylated VAYEYLCHL

A 25 mL vessel of CEM discover bio manual peptide synthesizer was charged with 0.25 mmol of
leucine wang resin. The Fmoc group was removed by using a 20% piperidine solution in DMF
(10 mL). Using Synergy software, the deprotection protocol was run. The piperidine solution
was drained and the resin was washed with DMF (4 x 10 mL). Fmoc-L-histidine(trt)-OH (5 eq,
1.25 mM) along with Oxyma (5 eq, 1.25 mM) and DIC (5 eq, 1.35 mmol) in DMF was added to
the reaction vessel and the coupling protocol was run. The amino acid solution was drained,
and the resin was washed with DMF (2 x 10 mL). The fmoc removal and coupling procedure
was repeated as before using the same equivalencies for the remaining amino acids. To remove
the peptide from resin, a TFA cocktail solution (95% TFA, 2.5% TIPS, and 2.5% DCM) was
added to the resin and agitated for 2 hours. The resin was filtered, and the resulting solution
was concentrated in vacuo. The peptide was trituated with cold diethyl ether and purified using
reverse phase HPLC using H.O/CH3CN. The sample was analyzed for purity using a Waters
1525 Binary HPLC Pump using a Phenomenex Luna 5u C8(2) 100A (250 x 4.60 mm) column;
gradient eluted with H20/CH3CN. Molecular weight was confirmed using high resolution
electrospray ionization mass spectrometry (HRMS, ESI/MS) analyses obtained on an Agilent
6545B Q-TOF LC/MS equipped with 1260 infinity 11 LC system with auto sampler. The final
peptide product was lyophilized and stored at -20°C.
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A.7 Synthesis and Characterization of Compounds in Chapter 7

Scheme S1. Synthesis of D-DapD

~0

o COOH

To a 25 mL peptide synthesis vessel with 100 mg 2-Chlorotrityl chloride resin (0.142
mmol) resuspended in 15 mL dry dichloromethane, was added Na-Boc-Np-Fmoc-D-2,3-
diaminopropionic acid (D-Dap, 67 mg, 1.1 eq, 0.16 mmol), and DIEA (4.4 eq, 0.11 mL,
0.62 mmol). The resin was shaken for 1 hour at room temperature and washed with
methanol and dichloromethane (3 times and 15 mL each). Fmoc protecting group was
removed with 6M piperazine in N, N-Dimethylformamide (DMF, 15 mL) for 30 min at room
temperature and washed as before. DBCO was coupled on the side chain of D-Dap on
resin. 25-30 mg DBCO-NHS was dissolved in 1 mL dry DMF and added to the 25 mL
peptide synthesis vessel with 100 mg equivalent 2-Chlorotrityl chloride resin with D-Dap
resuspended in 2 mL DMF. The resin was shaken overnight at room temperature and
washed with methanol and dichloromethane (3 times and 15 mL each). The resin was
then added 20% trifluoroacetic acid (TFA) in dichloromethane after wash and shaken in
room temperature for 1 h. The liquid phase was filtered and concentrated with nitrogen
flow and added icy ether to precipitate the peptide. The ether layer was decanted, and
the resulting solid was washed with icy ether and air dried. The crude material was
purified with reverse phased high performance liquid chromatography (RP-HPLC) using
a 40 to 100% linear gradient of methanol in H20/MeOH with 0.1% TFA to yield D-DapD.
The sample was analyzed for purity using a Waters 1525 with a Phenomenex Luna 5u
C8(2) 100 A (250 x 4.6 mm) column; gradient elution with H2O/CH3CN. Molecular weight
was confirmed using an Agilent LC-QTOF (Agilent 1260 Infinity || Prime LC with Agilent
6545B QTOF).
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Calculated (M+H)*, 392.1605, found: (M+H)* 392.1607.

Sample Name D-Dap-DBCO Position P1-AL Instrument Name Instrument 1

User Name Inj Vol 2 InjPosition

Sample Type sample IRM Calibration Status Al Ions Missed Data Filename D-Dap-DBCO-MW392-3.d

ACQ Method Acq 100 MeOH Tso-ESLm Comment Acquired Time 9/30/2022 3:53:18 PM (UTC-04:00)

x10 5 |*ES! Scan (it: 1.345-1.484 min, 26 scans) Frag=120.0V D-Dap-DBCO-MW392-3.d Subtract
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392.1607
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286.0743

0.15
0.1

344.0304
360.0041
4141420

0.05
0
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Counts vs. Mass-to-Charge (m/z)

*Note: '"H and '3C-NMR spectra for all new compounds and intermediates for
characterization were acquired on a Varian 600MHz spectrophotometer. All NMR spectra
were analyzed using MestreNova software. Residual solvent signal from CDCIs, CD3OD
and DMSO-d6 referenced to tetramethylsilane (TMS) were used as reference
standards for defining chemical shifts of 'H or '3C spectra of compounds. Chemical
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shifts are reported in & ppm and coupling constants (J) are reported in Hertz [HZz].
Deuterated solvents were used as received from Cambridge Isotopes.
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Scheme S2. Synthesis of Rifampicin-azidobutane

O 1-Amino-4-azidobutane

— > H
ZnCl,, CH,Cl,, 45 °C

45 min/
2.NaCNBH;/EtOH,/RT
(] [ J
Chemical Formula: C33H47NO 3 o o
Exact Mass: 725.3047 Chemical
Formula:
CyoHs57NsOyp fooke ey
1 2 3

Exact Mass:
823.4004

Rifamycine aldehyde (72.5mg. 0.1 mmol) dissolved in 5.0mL of anhydrous methylene
chloride in 50 mL RB flask equipped with reflux condenser, to this solution was added 1-
amino-4-azidobutane (17.1 mg, 0.15 mmol), followed by ZnCl2 (11.0mg, at room
temperature and the mixture was refluxed at 45 °C in an oil bath for 45 minutes. The
mixture was the allowed cooled to room temperature. The solvents were evaporated, and
crude material as is used for reduction of iminium. The crude material was dissolved in
ethanol (200% proof, 2.5mL), sodium cyanoborohydride (10.7 mg, 0.17mmol) was added
to it and stirred the mixture at room temperature for 2 hr. TLC analysis of crude material
indicated complete conversion starting material (Rt ~0.4) to polar new compound (Rt
~0.2) in EtOAc:methanol (95:5) . The volatiles were removed under vacuo using rotary

evaporator. The remaining residue was dissolved in EtOAc and purified by column
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chromatography over silica gel using gradient ranging from ethyl acetate to 3% methanol
EtOAc. Fractions showing homogeneity on TLC were combined and concentrated under
reduced pressure to yield red solid (65.1 mg, 79%). Further purification with reverse

phase HPLC (80:20; Water;Methanol) afforded pure compound used for assay.

Molecular weight was confirmed using an Agilent LC-QTOF (Agilent 1260 Infinity Il Prime
LC with Agilent 6545B QTOF).

Calculated m/z,824.534, found m/z, 824.4131

Sample Name MDC Rifampicin azide Position P1-M Name 1
User Name Inj Vol 1 InjPosition

Sample Type Sample IRM Calibration Status  Success Data Filename MDC rifampicin azide 1.3ul injection.d
ACQ Method Acq 80_20 MeOH_H20 Iso.m Comment Acquired Time 8/26/2022 2:37:15 PM (UTC-04:00)

x10 § +ESI Scan (rt: 0.586-0.985 min, 73 scans) Frag=175.0V MOC rifampicin azide 1.3ul injection.d Subtract

1.74

0.9
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0.4
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0.2

: | h ‘ il 1! :
820 821 822 823 824 825 826 827 828 829 830 831 832
Counts vs. Mass-to-Charge (miz)
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"H-NMR

Rifamycine-azido-butyl-amine-DMSO-d6-h1
STANDARD FLUORINE PARAMETERS
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Scheme S3. Synthesis of Erythromycin-azidoacetamide

Z
2 \
\ 2 N \ %

\‘\\\\\

EDC, Azidoacetic acid
NEt;, RT | OH

CH,Cl /N///hé

Chemical Formula: C3gH7;N503
Exact Mass: 817.5048

Chemical Formula: C37H;,N,04,
Exact Mass: 734.4929

Erythromycin (25.1 mg, 0.034mmol) was dissolved in methylene chloride (5 mL),
subsequently azido acetic acid (3.9 mg, 0.0386 mmol), EDC (11.5 mg) and triethyl amine
(25.0ul) were added and mixture was stirred at room temperature for overnight (16hr).
Next day, the solvents were evaporated under reduced pressure using rotary evaporator,
the leftover crude material was purified by gradient reverse phase HPLC (C8,
Water:MeOH; 95:5). The homogenous fractions collected at 205nm, were concentrated
to yield pure compound. Molecular weight was confirmed using an Agilent LC-QTOF
(Agilent 1260 Infinity 1l Prime LC with Agilent 6545B QTOF).



Calculated (M+D)*,819.5208, found (M+D)*, 819.5321

Sample Name
User Name.
Sample Type
ACQ Method

MDC erythromycin azide

Sarnple

ey BO_20 MeOH_H20 Isoum

x10 5

524
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2
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14
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1

IRM Calibration Statiss Sueress
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InjPosition
Data Filename
Acquired Time
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MDC erythire 10l 8.26.22.4
Bf26/2022 12:29:12 PM (UTC-4:00)

+ESI Scan (rt: 0.546-0.773 min, 42 scans) Frag=175.0v MDC erythro 1ul 8.26.22.d Subtract
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Scheme S4. Synthesis of N-azidoacetyl-Ciprofloxacin

0 OH o OH
F F
o 0
| DMF/DIEA |
N N N N
0
HN N3/Y N \)
N3
ONHS
o

Chemical Formula: C{7HgFN30;
Exact Mass: 331.1332
Molecular Weight: 331.3474

Chemical Formula: C{gHgFNzO,4
Exact Mass: 414.1452
Molecular Weight: 414.3974

Ciprofloxacin (33.1mg, 0.1 mmol) suspended in anhydrous DMF (1.0mL), to which first
DIEA (50uL) was added the stirred for minute prior to addition of Azido-N-hydroxy
succinate (20.3mg, 0.102mmol) and the mixture was stirred at room temperature for
overnight. Some white fine solid remained undissolved in the mixture. 15.0mL of ethyl
acetate was added to reaction mixture followed by 10.0mL of water. The ethyl acetate
layer was pale yellow colored while water layer was brownish colored. The ethyl acetate
layer was separated, the aq. Layer was once more extracted with ethyl acetate 5.0mL.
The combined ethyl acetate layer wash washed with brine, dried over MgSO4 and
concentrated on rotary evaporator under reduced pressure. The left-over residue was
triturated with ether to obtained white solid. TH-NMR of white solid indicated presence of
unreacted azido acetic acid. The solid was dissolved in 0.5 mL DMSO and diluted with
water to total volume of 10 mL. The analytical HPLC showed desired compound at Rt =
min. Preparative HPLC using Water:CH3CN gradient (95:5 from 5 min. 25 min, 100% B
for 5 min., total of 35 min run) purified to homogeneity by collected peak at Rt=23.4 min.
(monitored at 280 and 320nm) as fractions. Combined fractions were concentrated first
on rotary evaporator and then by lyophilized to obtain off white solid (14.7mg). Molecular

weight was confirmed using an Advion Expression® CMS mass spectrometer.



Calculated m/z, 414.4, found m/z, 415.2
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Scheme S5. Synthesis of Ciprofloxacin-azidoacetyl methyl ester

Chemical Formula: C18H20FN303
Exact Mass: 345.1489
Molecular Weight: 345.3744

Chemical Formula: C20H21FN604
Exact Mass: 428.1608
Molecular Weight: 428.4244

Ciprofloxacin-methyl ester as white solid was synthesized and characterized as per
reported procedure using MeOH, SOCI2. The ciprofloxacin-methyl ester (34.5 mg,
0.1mmol) was dissolved in anhydrous DMF (1.0 mL) and DIEA (50.0uL), followed by
Azido-acetic acid NHS ester (25.3mg, 0.13 mmol) were added to it at room temperature
and stirred for 4 hr. The TLC analysis indicated formation of new compound. The mixture
was then diluted with chloroform (15.0mL), transferred to separatory funnel and washed
thoroughly with water, and dil. HCI (0.1M). The organic layer was finally washed with
brine, dried over NaxSO4 and concentrated under reduced pressure to yield crude
material, which was purified with silica gel column chromatography using
chloroform:methanol gradient (98:2), Homogenous fractions as analyzed by TLC were
combined and concentrated on rotary evaporator, to afford white solid (32.5mg, 76%).

Molecular weight was confirmed using an Advion Expression® CMS mass spectrometer.



Kelly | 362

Calculated m/z, 428.4, found m/z, 429.2

Spectrum RT 8.94 - 9.06 {13 scans} - Background Subtracted 601 - 8.70
MDC-Ciprofloxacin-Acetylazide1 2021.1027 18:25:31 Type in summary here;
ESI + Settings for compounds with typical temperature and fragmentation stability using source type ESI Positive, Max: 1.2E7
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